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One of the common issues that occur after total knee replacement surgery is the aseptic loosening. The problem usually occurs after about 15 years from the surgery. The destructive effects of residual particles due to wear, the stress shielding effect, and micro-movements are the causative factors for this type of loosening. In this research, using the advantages of functionally graded biomaterials (FGBM), it is tried to design a prosthetic system that can reduce the above-mentioned effects. For this purpose, the materials used in the most important part of the prosthesis system, i.e., the femoral part are redesigned so that the bioactivity between the prosthesis and bone, and the stress applied to the adjacent tissues increase simultaneously. In addition, to reduce the effect of wear at contact areas, wear-resistant biocompatible ceramics such as alumina and zirconia are used. The value of stress at the bone-prosthesis interface and adjacent tissues is the most important parameters. Two types of three-phase ceramic-based FGBMs are recommended. The prosthesis with three-phase hydroxyapatite-titanium-zirconia has increased the average stress in the bone tissues around high-risk areas up to 71.8% with respect to a commonly used Cr-Co prosthesis. The result for the prosthesis with three-phase hydroxyapatite-titanium-alumina is up to 65%, respectively. At bone-prosthesis interfaces, an increase of 92% in the stress for both zirconia-based and alumina-based is seen. Briefly, the recommended FGBMs can improve the bone-prosthesis performance in all desired indices.

Keywords: ceramic-based FGBM, finite element method, stress shielding effect, bone-prosthesis system, orthopedic prosthesis, femoral diseases


INTRODUCTION

The knee, as one of the complex joints in the body, connects the femur bone to the tibia and fibula. The kneecap patella is another component of this important joint. It is also surrounded by a joint capsule, synovial membrane (containing synovial fluid) and ligaments. Synovial fluid reduces joint friction and also plays a role in feeding the cartilages. In a knee replacement surgery, damaged cartilages, and bones are removed from the joint and replaced by a prosthesis system. Depending on the type of damage, the prosthesis system may include from one to three layers. In a total replacement of the knee, the lower part of the femur and the upper part of the tibia are connected with the prosthesis.

Due to any reason, the weakening of the connection between the prosthesis and the bone is a factor that in many cases results in a re-surgical procedure. In this case, there is a need to replace the prosthesis system with a newer one that has its own limitations with significantly lower success and more costs. In 2011, Bahraminasab and Jahan (2011) considered the challenge of aseptic loosening as the most important factor after the knee replacement operation. They showed that three factors of excessive wear, stress shielding effect, and development of soft tissue between the prosthesis and the bone are the most important reasons in the occurrence of this phenomenon.

The knee prosthesis has attracted the attention of many researchers, in terms of geometry and material. Saari et al. (2006) studied the geometry of the tibia-prosthesis component and showed how the posterior stabilization leads to bone loss. Wang et al. (2011) investigated the basic geometry of femoral knee prosthesis and considered eight different geometries to obtain the distribution of stress and type of bone destructions in the models. Zietz et al. (2012) focused their studies on the effects of different femoral bone segments on the behavior of bone-prosthesis systems to recommend the best model in terms of reduction in stress shielding effect.

As far as geometry is concerned for prostheses, there are numerous articles on the types and properties of the prostheses materials. Long and Rack (1998) focused on the comparison of Titanium alloy to stainless steel with a concentration on fatigue and wear and examined the advantages of Titanium alloys in this respect. Peterson et al. (1988) compared the behaviors of Titanium and Cobalt-Chromium-Molybdenum alloys in terms of wear for the femoral part of the knee prosthesis. McEwen et al. studied the effect of material, local movement and prosthesis geometry on the wear of an ultra-high molecular weight polyethylene (UHMWPE) prosthesis system. They showed that the backside motion contributes to an overall rate of UHMWPE wear in the system.

Due to the fact that several materials with different and sometimes contradictory properties can be used in the structure of functionally graded materials, these materials are recommended as suitable alternatives for the design of new generation of the knee prostheses. Also, in these materials, the properties between the components vary continuously; so, there is no need to worry about the disadvantages of composite laminated materials. For example, the prosthesis can be designed to reduce the effects of loosening, including wear, micro-motion and the effect of shielding stress simultaneously. At contact bearing surfaces, wear-resistant materials should be used while in areas close to bone tissues, materials with less elastic modulus are recommended to reduce the effect of shielding stress. Finally, at direct contact areas of the prosthesis and bone, a bioactive material to reduce the micro-motions is suggested. The use of functionally graded biomaterials in medical prosthetics has been considered in recent researches (Sadollah and Bahreininejad, 2011; Gong et al., 2012; Enab and Bondok, 2013). Some works on the use of these materials in knee prostheses have also been reported in the literature (Bahraminasab et al., 2013a,b); however, the bioactivity that prevents micro-motions, the reduction in the effects of shielding stress, and establishing strength have not been sufficiently taken into consideration.

In this research, two types of ceramic-based prosthesis systems using three-phase functionally graded biomaterials are proposed by considering the effects of stress shielding, wear resistance, and bioactivity simultaneously. Also, the required strength and toughness are also investigated. The behavior and performance of the proposed prosthesis systems and the ones commonly used in previous works are compared to each other.



MATERIALS AND METHODS
 

Mechanical Requirements of FGBM Prostheses

The mechanical strength of an artificial knee can effect both the performance and failure of the prosthesis system. If the osseointegration between the prosthesis and bone does not form well, soft fibrous tissues are formed in the connection, results in more relative movement between the implants and the bone. Initially, this causes increased pain in the patient and after a certain period, the implant loses its effectiveness and the need for implant replacement is inevitable (Geetha et al., 2009). It should be noted that the high strength of the prosthesis with the low elastic modulus is of great importance (Wang, 1996; Long and Rack, 1998). A high difference between the modulus of the implant's elasticity and the surrounding bone can contribute to the effect of shielding stress. This phenomenon may lead to a weakening of the bone and its connections to the implant and, consequently, the loosening of the prosthesis system. Additionally, the low elastic modulus means higher flexibility and damping capacity which directly increases the absorption energy of the impact and reduces the stress between the bones and the knee prosthesis. Therefore, the modulus of implant material elasticity is a major factor for the selection of materials for knee replacement prosthesis.

Low resistance to wear or high friction coefficient can also cause loosening in the implants (Ramsden et al., 2007). In addition, the remaining particles of wear are biologically active and may produce a severe inflammatory reaction. This may damage the immune supporting bone. Friction also increases the possibility of corrosion.

Another important requirement for orthopedic biomaterials is biocompatibility. Biocompatibility refers to the ability of prosthesis to communicate with the living tissue of the surrounding bones. Biocompatibility is not just about the implications of the implant and the surrounding tissues, and it is important to check its effects on the rest of the organic system (Navarro et al., 2008; Williams, 2008).

The osseointegration process is another major orthopedic necessity related to the bone improvement process. In some cases, for example, due to relative micro-movements, the implant cannot properly bind to the surrounding bone and tissues. This leads to the formation of fibrous tissues around the implant, and ultimately accelerates the loosening process (Viceconti et al., 2000).

In addition to the above, the corrosion which is an important factor in the field of biomaterials, and the issues related to the manufacturing process of biomaterials such as ductility, toughness, etc. should also be taken into account.



A Discussion on Prosthesis Biomaterials

Titanium alloys are among the most popular orthopedic materials. Titanium alloys have excellent properties such as high strength, low density, good corrosion resistance, complete non-toxicity to the body, and moderate elastic modulus suitable for planting in the body (Nag et al., 2009). Titanium and its alloys can provide a relatively strong bond to the bone, which greatly improves the fixity of the implant and significantly prevents micro-movement. The elastic modulus of titanium alloys is about 110 GPa, less than steel and cobalt-chromium alloys. Therefore, a titanium implant is expected to reduce the shielding stress effect compared to a more elastic modulus material; however, the occurrence of this phenomenon is still possible due to the large difference between the modulus of elasticity of titanium alloys and human bones. Unfortunately, these alloys have a low wear resistance (one of the first factors in aseptic loosening) due to relative movements at bearing surfaces between themselves and other metals. Due to oxidation of titanium and the low adhesion of the oxidized layer, some particles are removed from the material and remain on the bearing surfaces. Based on experimental results, it has been shown that for the relative motion between UHMWPE and Ti-6Al-4V, the wear rate of both metal and polymer is much higher than that of stainless steel or cobalt-chromium-molybdenum alloy. In addition, the residual particles of wear from titanium alloys cause side effects like tissue discoloration indicative of metallosis (Nasser et al., 1990). Therefore, the use of titanium in areas with the high potential of wear i.e., knee and hip joints is limited (Nag et al., 2009). Also, there is concern about the release of aluminum and vanadium ions in titanium alloys that may lead to health problems (Okazaki and Gotoh, 2005; Navarro et al., 2008; Geetha et al., 2009).

Alumina (Al2O3) ceramics belongs to the group of oxide ceramics and polycrystalline materials with properties including high stiffness, good stability, high oxidation ability, very low friction coefficient (high wear resistance) and good biocompatibility (Hannouche et al., 2005). The earliest clinical use of pure ceramics was seen in 1970 for the hip prostheses (Boutin, 1971). It has been expected that the use of these materials for knee replacement can essentially improve in two aspects to minimize bone osteolysis: greater stability in biocompatibility and reduction of residual particles due to wear. Therefore, based on the results of the knee simulator, it was attempted to use a combination of alumina ceramics and UHMWPE as an alternative for knee prostheses (Heimke et al., 2002; Oonishi et al., 2006). The serious problem if the alumina ceramics is used alone is its high modulus of elasticity (350 GPa) which resulted in the effect of shielding stress and the aseptic loosening in the bone-prosthesis system (Boutin, 1971).

Unfortunately, alumina is not bioactive and cannot directly create a level of bone and implant interface, which results in micro-movements and thus aseptic loosening. It also has a low failure toughness than metal materials used in orthopedic applications. It shows brittle behavior i.e., no significant deformation is seen to fracture (Hannouche et al., 2003). To overcome the limitations of the mechanical properties of alumina, zirconia (ZrO2) was introduced. High strength, high toughness (about twice the alumina) and higher flexural strength (500-1,000 MPa) can be attributed to this ceramic. However, in contrast to alumina, zirconia has an unstable and multifaceted crystalline structure including monoclinic, tetragonal, and cubic. Therefore, phase transfer can occur from a crystalline structure to another, especially from the tetragonal phase to monoclinic. Phase transformation with shape and volume changes makes the material susceptible to cracking (Bal et al., 2006).



The Need of Functionally Graded Change of Properties

For optimal use of material properties, every advantage and every interest should be used in the right position and situation. To satisfy all conditions, a three-phase functionally graded biomaterial is proposed. At the site of bone bonding, hydroxyapatite (HA) is recommended for maximum biocompatibility. At bearing surfaces, alumina or zirconia ceramics is suggested to have maximum wear resistance. Titanium alloys are also offered in the middle of the material to provide both required strength and toughness. Figure 1 shows a schematic distribution of properties in a cross section of the material. The properties of materials used in this study to propose new FGBMs can be seen in Table 1. It should be noted that due to the almost same Poisson coefficient of materials used in the design of the FGBM, this coefficient is considered 0.3 in all simulations.


[image: image]

FIGURE 1. The schematic of material properties distribution in a cross section of the functionally graded biomaterial; red spheres: HA, green spheres: Ti, blue spheres: Al2O3 or ZrO2.





Table 1. The properties of materials used in this study.
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The functions of how to change the properties including the modulus of elasticity and the Poisson coefficient are:
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Where
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Finite Element Modeling

In a finite element modeling, considering the desired function and selecting the material for each phase, a 3D model of the knee prosthesis and surrounding bone tissue was prepared and analyzed to obtain the distribution of stress and deformation in the system (see Figure 2).


[image: image]

FIGURE 2. The geometry (left) and the generated mesh (right) for finite element analysis.



The element type in the 3-D model is tetrahedron. The number of elements after the sensitivity analysis was 82,387 elements. It should be noted that the method of function assignment to a model is possible in two ways:

1- Partitioning the model into a number of layers (30 to 40 layers) proportional to the direction of changing the properties in the model and assigning the properties of the material with the approximation of its value from the desired function, or

2- Applying the function in the matrix of the properties of the material.

In this research, we try to use the function directly to assign material properties using the COMSOL Multiphysics5.2 software. The results of each route were only reported after a mesh study was done so that we ensured about the correctness of the outcomes and the convergence phenomenon.



Load and Boundary Conditions

The basis of knee and knee prosthesis modeling is based on dynamic analysis and a variety of created conditions caused by daily activities. In these activities, such as walking, running, climbing, etc. modeling the force applied to different points of the knee and prosthesis has a lot of complexity. This article focuses on the effect of changing the properties of the prosthesis on the surrounding bones, which can be generally examined for different loading conditions. In this research, the maximum value of the force at most dominant gait i.e., the walking is selected as a static load and then applied to the model. The amount of static load was considered to be 3110N (Bergmann et al., 2014) along the axial direction of the femur. This amount of load is reported in the literature for walking gait (Bergmann et al., 2014). The displacement of the lower surface of the tibia from the knee prosthesis is fixed in direction of the force applied, and in other directions are bounded by a point. Two contact constraints were defined; the first contact is associated with the area of the bone and prosthetic contact area, and the second contact is related to the prosthetic contact area and the tibia component. The contact between the prosthesis and the bone should be a constraint without any displacement; otherwise, the prosthesis is removed from the bone, which is not the basis of this research. Therefore, this constraint is considered as an all-inclusive fully fixed constraint between bone and prosthesis elements. The contact between the prosthesis and the tibia component is considered non-frictional. In fact, because of the absence of a specific friction coefficient in that environment between the prosthesis and the tibia component, which is subject to a variety of factors, the exact modeling has a particular complexity.




RESULTS

The values of Von Mises stress are evaluated along 12 directions in the prosthesis-bone system regarding a 3D model (see Figures 3A,B for more details). The center point is the midpoint of the prosthetic along-side its arms, with paths of 15, 20, 30 mm radius and at angles of 45, 135, 225, and 315 relative to the horizon line, and are numbered according to the Figure 3.
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FIGURE 3. (A) Twelve assumed directions in the prosthesis-bone system; (B) The most important directions in 3-D model; (C) The most damaged areas due to stress shielding effect based on lateral radiograph of a distal femur showing distal anterior femoral osteopenia behind the femoral component (arrowheads) (Van Loon et al., 2001).



According to reports in the literature (Van Loon et al., 2001), the most damaged areas due to stress shielding effect are along directions 9 and 10; after that 5 and 6 and finally 1 and 2 (see Figures 3B,C). Here, the results are obtained in these directions for the commonly used cobalt-chromium prosthesis, also; alumina and zirconia-based three-phase FG biomaterials. Tables 2, 3 demonstrate the average and bone-prosthesis interface stresses along assumed paths at Cr-Co and alumina/zirconia-based proposed FG biomaterials. In Figure 4, one can follow the Von Mises stress vs. proximal distance from the interface in response to all paths for both Cr-Co and alumina-based proposed FG biomaterial. Figure 5 present the same results reported previously in Figure 4 except that the zirconia-based FGBM is used. Qualitatively, the same similarities are seen but there are some quantitative differences. It is again to be noted that the results presented in Figures 4, 5 and Tables 2–4 are based on the paths considered in Figures 3A,B.



Table 2. Average and bone-prosthesis interface stresses along assumed paths at Cr-Co and alumina-based proposed FG biomaterial [PoI: Percent of increase (%)].
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Table 3. Average and bone-prosthesis interface stresses along assumed paths at Cr-Co and zirconia-based proposed FG biomaterial [PoI: Percent of increase (%)].
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FIGURE 4. Von Mises stress (MPa) vs. proximal distance from the interface (m) in response to the all paths for both Cr-Co (solid line) and alumina-based proposed FG biomaterial (dashed line).
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FIGURE 5. Von Mises stress (MPa) vs. proximal distance from the interface (m) in response to the all paths for both Cr-Co (solid line) and zirconia-based proposed FG biomaterial (dashed line).





Table 4. Average and bone-prosthesis interface stresses along assumed paths at alumina-based and zirconia-based proposed FG biomaterials [PoI: Percent of increase (%)].
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DISCUSSION

The Von Mises stress is considered as an indicator to be obtained in both the prosthesis and surrounding bones in our simulations. This measure is related to other factors such as wear, strength, and shielding stress effect; so, one can use it to have an almost precise look at the global and local behavior and performance of the prosthesis system. To show the performance of the recommended FGBM prosthesis, three comparisons were made; the first two are between the commonly used cobalt-chromium prosthesis with the three-phase FG biomaterials proposed in this study, one is based on alumina and the other on zirconia. The third comparison was also made between the two proposed FG biomaterials.


Three-Phase Alumina-Based FG Biomaterial vs. Cr-Co One

According to the results presented in Table 2, for the three-phase FG biomaterial (alumina-titanium-hydroxyapatite), all routes in the design of FGM have shown moderate stress in bone tissue, which means a reduction in stress shielding effect. The paths on which the stress values were calculated are the same as those shown in Figures 3A,B. Reference (Van Loon et al., 2001) indicated that paths 9 and 10 played a more important role in the shielding stress phenomenon; thus, the study of these two paths is more important. According to Table 2, the proposed material has been able to increase the average stress by 65.55% and 35.76% in these pathways, which reduces the effect of shielding stress and, consequently, aseptic loosening. In major paths such as 1, 2, 5 and 6, and most of the paths, stress in the bone has increased. Only on the 11th and 12th routes, little changes are observed. In fact, the change in properties of the prosthesis has not had a significant change in the stress of these two paths, which can be concluded that stress in these two paths is independent of the properties of the prosthetic material.

In Figure 4, it can be noted that the stress in the bone-prosthesis interfaces has increased significantly. The percent values of increase at interfaces along each path are listed in Table 2. As previously indicated, moderate values of stress at bone- prosthesis interfaces are important to reduce the shielding stress effect and consequently the aseptic loosening. The maximum increase occurred on route 9, with the lowest increase in path 11. Using this FG biomaterial, the maximum change in the stresses is seen at the bone-prosthesis interfaces which are quite desirable and valuable.



Three-Phase Zirconia-Based FG Biomaterial vs. Cr-Co One

In the same way previously indicated in section Three-Phase Alumina-Based FG Biomaterial vs. Cr-Co One, the average stresses along the assumed paths together with the bone-prosthesis interface stresses are obtained for a zirconia-based FG biomaterial and compared to the ones of the commonly used cobalt-chromium prosthesis. Same qualitative similarities are seen while the quantitative values are different. There is again a significant increase in stresses in all directions except the average stresses along paths 11 and 12. More important paths 9 and 10 show an average increase of 41 and 71.8%, respectively. The values of stress are greater in comparison with the amount in the same path for the alumina-based FGBM. One can follow the values of average and interface stresses for this case in Table 3.



Alumina-Based vs. Zirconia-Based FG Biomaterial

In this section, a comparison is done between two proposed FG biomaterials. Based on the results listed in Table 4, Zirconia-based FG biomaterial has a better performance in terms of stress shielding effect reduction in the bone tissues. It is due to the fact that the Young modulus of zirconia which is equal to 175 GPa is much less than the modulus of alumina which is equal to 365 GPa. The greatest increase in terms of both average stress and interface one occurred in routes 7 and 8. Along important paths 9 and 10, zirconia-based FG biomaterial shows better performance in terms of average stress whereas no significant change in terms of stress in the interface is seen for these two paths. As shown in Table 4, the stress values in bone tissues for all paths are higher when the zirconia-based FG biomaterial is employed. The largest differences are seen for paths 7 and 8.




CONCLUSION

To improve the performance of the bone-prosthesis system and prevent the aseptic loosening in a total knee replacement surgery, two types of ceramic-based functionally graded biomaterials were proposed in this article. To have a right investigation, 12 directions in a 3D finite element model of the prosthesis system were considered. The Von Mises stress values along the paths, as an important indicator, were obtained for proposed materials and then compared to commonly-used Cr-Co prosthesis. Specifically, the average values and the stress at the bone-prosthesis interfaces along the paths were compared to each other. Along all the paths, both the alumina-based and zirconia-based FG biomaterials showed significantly better performance. The average stress when the zirconia-based FGBM was used was higher than that of alumina-based one. Generally, both recommended FGBMs can reduce the effect of shielding stress, while the zirconia-based one shows better performance in this respect.
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Substances at nanoscale, commonly known as “nanomaterials,” have always grabbed the attention of researchers for hundreds of years. Among these different types of nanomaterials, magnetic nanomaterials have been the focus of considerable attention during the last two decades as evidenced by an unprecedented increase in the number of research papers focusing these materials. Iron oxide magnetic nanoparticles have occupied a vital position in imaging phenomena; as drug vehicles, controlled/sustained release phenomena and hyperthermia; atherosclerosis diagnosis; prostate cancer. In fact, these are wonderful “theranostic” agents with some under clinical trials for human use. In this review, we have attempted to highlight the advances taking place in the field of magnetic nanoparticles as theranostic agents. Extensive progress has been made in the two most important parameters, namely, control over the size and shape which decide the importance of iron oxide magnetic nanoparticles by developing suitable procedures like precipitation, co-precipitation, thermal decomposition, hydrothermal synthesis, microemulsion synthesis and plant mediated synthesis. After using a suitable synthetic route, workers encounter the most daunting task linked with the materials at nanoscale i.e., the protection against corrosion. Only properly protected iron oxide magnetic nanoparticles can be further connected to different functional systems to make building blocks for application in catalysis, biology and medicines. Finally, “theranostics” which is a combined application of imaging and drug delivery has been discussed. With all the potential uses, toxicity of the of iron oxide magnetic nanoparticles has been discussed.
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INTRODUCTION

Scientists, and materials scientists particularly, have shown remarkable interest in the properties of magnetic materials on the nanometer scale, while life scientists are also benefiting from nanomagnets (Buzug, 2010). Iron oxide magnetic nanoparticles are quite different from other nanomaterials as the fundamental properties of magnets are defined at the nanoscale and measurements can be made in the range of a micrometer to a few nanometers in size (Riaz et al., 2015; Monsalve et al., 2017). Iron oxide magnetic nanoparticles are one of the most promising substances in clinical diagnostic and therapeutic applications (theranostics) (Ho et al., 2011; Ahmed et al., 2012). Superparamagnetism displayed by iron oxide magnetic nanoparticles makes ferromagnets useful for application in biomedical sciences; briefly, when compared with other nanomaterials, these are usually coated with inorganic materials like silica, organic fatty acids phospholipids, and so on, and these can be directed to active site by controlling with external AC magnetic field making these attractive for biomedical applications (Figure 1) (Li et al., 2013).
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FIGURE 1. Magnetism in the presence and absence of an external applied magnetic field.



Recently, substantial efforts have been made in the field of iron oxide magnetic nanoparticles to develop and understand their behavior and for improving their applicability (Bansal et al., 2017). Control over the synthetic procedures including surface functionalization is imperative as it leads to their unique properties, such as physicochemical, stability and biological fate. For application in pharmaceutical and biomedical purposes, iron oxide magnetic nanoparticles should possess smaller size (50–160 nm) and high magnetization values (Mohammed et al., 2017). Surface coatings are meant to ensure stability and biocompatibility for specific localization at the target site (Figure 2) (Kandasamy, 2017).
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FIGURE 2. Stabilization of iron oxide nanoparticles; (A) polymer end bearing functional group (B) polymer-grafted (C) di-block copolymer with grafting groups (D) wrapping conformation of the polymer (E) coatings with opposite charges (F) amphiphilic polymers [adapted and modified from Barrow et al. (2015) and Habibi et al. (2017)].



Nevertheless, the intrinsic instability is an inevitable problem related with these particles when stored over certain periods of time; as these small particles tend to agglomerate and reduce the energy associated with high surface to volume ratio of the nanoparticles (Kovár et al., 2017). Uncapped magnetic iron oxide nanoparticles are highly reactive and prone to easy oxidation under ambient conditions damaging in magnet behavior and dispersion (Yu et al., 2014). For these reasons, it is critical to devise strategies to achieve stability of the naked magnetic iron oxide nanoparticles and degradation in the course and after the synthetic procedures. One approach is to coat the magnetic nanoparticles with layers of organic or inorganic stabilizing agents; the major advantage of this strategy is that the coating not only gives stability, but these can further be used for functionalization depending on the anticipated application (Tombácz et al., 2015). After surface functionalization, iron oxide magnetic nanoparticles are capable of use as catalysts and biomarkers etc. (Pang et al., 2016). The objective this review is to bring into focus the syntheses and wide-ranging applications of iron oxide magnetic nanoparticles.



SYNTHESIS OF IRON OXIDE MAGNETIC NANOPARTICLES

A huge number of research papers have appeared during the last several decades describing the synthesis of magnetic iron oxide nanoparticles with versatile compositions and phases.

Synthetic routes are selected to control shape, stability and dispersion trends of iron oxide magnetic nanoparticles (Figure 3). Excellent quality iron oxide magnetic nanoparticle can be synthesized by adopting versatile synthetic approaches include thermal decomposition, co-precipitation, micelle formation, hydrothermal and laser pyrolysis techniques. It was difficult for us to compile all this literature and we have attempted to present each synthetic approach by giving a few examples along with the corresponding formation mechanism (Ali et al., 2016; Martínez-Cabanas et al., 2016; Elrouby et al., 2017; Kandasamy, 2017; Lin et al., 2017; Liu et al., 2017; Rajiv et al., 2017; Sathya et al., 2017).
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FIGURE 3. Comparative presentation of the synthesis of iron oxide magnetic nanoparticles by three different routes [adapted and modified from Ali et al. (2016)].




Solution Precipitation

To date, precipitation from homogeneous solutions is a classical in use for decades for the lab-scale preparation of iron oxide magnetic nanoparticles (Pang et al., 2016). Routinely, during a precipitation reaction, a precipitating agent is added to the aqueous solution of metal precursor generating an insoluble solid product and the major benefit is the higher yields of the products. Another advantage of homogeneous precipitation reaction is the uniformity of the particles, a process that depends largely on the separation, the nucleation and growth of the particles (Yang et al., 2014).

Overall, precipitation methods are simple and allow the preparation of magnetic iron oxide nanoparticles with rigorous size and shape control and these reactions are employed to obtain uniform size of the product. Nucleation must be avoided during the growth process for achieving the monodispersity of the iron oxide magnetic nanoparticles (Mahmed et al., 2011).



Co-precipitation Methods

Co-precipitation is perhaps a more suitable method to prepare magnetic iron oxide nanoparticles from aqueous solution containing Fe(II) and Fe(III) by adding a base under anaerobic condition at ambient or high temperatures (Lodhia et al., 2010). However, there are certain factors like the type of iron salts, Fe(II):Fe(III) ratio, temperature of the reaction, pH of the medium, volume and ionic strength of the solution that markedly affect size, shape and composition of the magnetic iron oxide nanoparticles (Surowiec et al., 2017). In the co-precipitation approach, once the synthetic conditions are met, the quality of the magnetic iron oxide nanoparticles is successfully reproducible. At laboratory conditions, nanoscale magnetite tend to decompose easily to maghemite when dissolved in an acidic solution which is a ferrimagnetic material; therefore, magnetite can be deliberately oxidized to maghemite. This can be achieved by dispersing magnetite in acidic medium followed by the addition of Fe(III) nitrate; thus, the product obtained furnished excellent chemical stability to basic as well as acidic conditions. Therefore, altering conditions of the aforesaid process is the key in controlling the dispersion behavior of magnetic iron oxide nanoparticles; the size and shape of the SPIONs can be successfully tailored by adjustment of pH, ionic strength, temperature, nature of the salts used and concentration ratio of FeII/FeIII. While addition of organic chelating agents or polymers surface complexing agents during the formation of magnetite can help to control the size of the nanoparticles (Mascolo et al., 2013).

Recently, monodispersed magnetic iron oxide nanoparticles of variable sizes have been reported by the use of the stabilizing agent polyvinylalcohols in chainlike clusters signifying the importance of appropriate surfactant for stability (Freitas et al., 2015). Organic stabilizing agents containing carboxylate and hydroxide anions have been the priority choices as they form surface complexes by competing mechanisms (Lu et al., 2007). First is the complex formation of metal ions which prevents nucleation; second is the adsorption of additives on nuclei thereby inhibiting particles' growth (Boyer et al., 2010). All these facts make co-precipitation as the most widely used excellent synthetic route to obtain magnetic iron oxide nanoparticles.



Thermal Decomposition Approach

In this approach, generally organometallics compounds are decomposed; organometallic precursors are decomposed in organic solvents using surfactants as capping agents under anaerobic conditions and it is a very diverse approach for the synthesis of magnetic iron oxide nanoparticles (Laurent et al., 2008). Thermal decomposition helps achieve control of the size and shape and dispersion behaviors of the nanomaterials; however, safety issues are associated at higher temperatures and pressure of organic liquids and vapor phases used during the reactions conducted in the absence of air (Figure 4) (Dong et al., 2015). But one question has always arisen that, If the reaction is carried out in the absence of oxygen, how can metal oxide nanoparticles be formed successfully and reproducibly? The answer to this is example of iron oxide as in the first step ferrous hydroxide is formed, which is then oxidized to iron oxide by the protons of water to different types of iron oxides.
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FIGURE 4. Thermal decomposition of iron(III) glucuronate to synthesize superparamagnetic Fe3O4 nanoparticles [adapted and modified from Patsula et al. (2016)].



Reaction conditions, for instance temperature, duration of the reaction and the aging may also be vital for controlling size and morphology (Patsula et al., 2016). Annealing temperature is another factor which allows for the control of size and size distribution, namely the dispersion of the synthesized iron oxide magnetic nanoparticles, their structural motifs and magnetic properties. Monodispersed iron oxide magnetic nanoparticles in the size range of 6–20 nm were reported prepared by the polymer-catalyzed decomposition of reaction of Fe(CO)5 (Smith and Wychick, 1980; Huber, 2005). Literature also reports very precise control of the size of iron oxide magnetic nanoparticles; this was successfully achieved by thermally decomposing larger concentrations of expensive and toxic precursors as well as surfactants in organic medium. Precursors containing zero-valent metal like Fe(CO)5, initially lead to metallic nanoparticles followed by oxidation yielded high quality monodisperse iron oxide magnetic nanoparticles (Effenberger et al., 2017). In contrast, iron(III) acetylacetonate when treated under identical conditions decomposed to cationic metal centers (Hufschmid et al., 2015). Another drawback associated with this method is the solubility of magnetic nanoparticles in organic solvents; this restricts their usage in biology and medicine. Even surface modification has no significant impact on the solubility of nanoparticles which are generally only dissolved in non-polar solvents (Dong et al., 2015).



Polyol Method

Polyol method is a liquid-phase synthetic approach for magnetic iron oxide nanoparticles in multivalent alcohols under higher boiling conditions (Hufschmid et al., 2015). Ethylene glycol is the simplest representative of the polyol family and, based on this, polyols comprise of a series of glycols diethylene glycol, triethylene glycol, tetraethylene glycol up to polyethylene glycol (Figure 5) (Deshmukh and Niederberger, 2017). Polyethylene glycol is available in a wide range of molecular weights and the respective product may contain up to 100,000 ethylene groups; other examples of this family are propanediol, butanediol, pentanediol, glycerol, and pentaerythritol and certain carbohydrates. Polyol is a very promising approach to synthesize uniform magnetic iron oxide nanoparticles, having the potential use in magnetic resonance imaging. The reason for the success of the polyol method is that all these polyols are water-comparable and chelation; polyols instantaneously coordinate to the nuclei formed and this allow excellent control of particle size, dispersity and particle distribution. Post synthesis treatment for the removal of polyols can be achieved easily by repeated washing with simple water, coordination exchangers like carboxylates, amines etc. and thermal annealing (Watt et al., 2017). Particle size increases with the increasing precursor's concentration and water; particle size can be limited to minimum depending on the solubility of the product in the polyol. A bigger advantage of the polyol method is the production of highly crystalline oxide nanoparticles based on elevation of the temperature of reaction medium; this rules out any post-sintering treatment of the product (Yang et al., 2014). Apart from conventional heating, other sources like microwaves and ultrasonic waves have been successfully applied (Hemery et al., 2017). The synthesis of metal oxides can be restricted by the reducing action of polyols yielding elemental metals, and it is also possible by adjusting the reaction temperature (Wee et al., 2017).
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FIGURE 5. Polyol route for the synthesis of nanoparticles [adapted and modified from Dong et al. (2015)].





Microemulsion Synthesis

When two immiscible solvents are mixed together, a thermodynamically stable isotropic dispersion is formed which is defined as microemulsion with the presence of an interfacial layer of surfactant's molecules (de Toledo et al., 2018). Surfactants molecules generally bearing hydrophilic heads soluble in water and hydrophobic tails soluble in oil phase form a monolayer at the interface of the two immiscible liquids (water-oil) (Williams et al., 2016). Surfactant is an amphiphilic molecule playing a role to lower the water-oil interfacial tension to give a transparent solution. Microemulsion technique has several advantages when compared with other synthetic strategies. For example, with the use of simple equipment, a great variety of nanomaterials can be synthesized with excellent control over size, shape and composition, desired crystalline structure and high specific surface area, simple synthetic conditions at ambient/near ambient temperatures and pressures (Zhao et al., 2016). Microemulsions of water-in-oil are formed when microdroplets (up to 50 nm) of water surrounded by a monolayer of surfactant molecules are dispersed in continuous hydrocarbon phase (Drozdov et al., 2016). If two identical water-in-oil microemulsions containing the desired reagents are mixed, the microdroplets formed will experience continuous collisions, coalesce and break again and again leading to the appearance of precipitate inside the micelles. After completion of the reaction, acetone or ethylalcohol are added for extracting the precipitate via filtration or by centrifugation.

Microemulsions are termed as “nanoreactors” to produce nanoparticles, mixed metal-iron oxide magnetic (MFe2O4, M: first row transition metals) nanoparticles are one of the most interesting materials used for electronic applications (Gutiérrez et al., 2015). MnFe2O4 nanoparticles in the range 4–15 nm are successfully synthesized through water-toluene inverse micelles with sodium dodecylbenzenesulfonate surfactant, aqueous solutions of Mn(NO3)2 and Fe(NO3)3 as starting precursors. The microemulsion method used for the magnetic nanoparticles yielded spheroids with a rectangular cross section or as tube (Hasany et al., 2013). A wide range of magnetic nanomaterials have been synthesized using the microemulsion method with good control and the sizes, as well as shapes, usually varied over a wider range. In the microemulsion technique, large quantities of solvents are used to produce considerable amounts of nanomaterial; based on this, it's categorized as a very efficient procedure and relatively difficult to be applied at large scale (Figure 6) (Kumar et al., 2013; Williams et al., 2016).


[image: image]

FIGURE 6. Reverse phase microemulsion route for size-controlled synthesis of Cu and CuO nanoparticles [adapted and modified from Kumar et al. (2013) and Williams et al. (2016)].





Hydrothermal Route

Hydrothermal or solvothermal route is one of the most successful methods to prepare magnetic nanoparticles and ultrafine powders (Malo de Molina et al., 2016). By using this technique, crystals of different materials have been grown satisfactorily. Generally, hydrothermal synthesis accompanies higher temperatures (125–250°C) at very high pressures (0.3–4 MPa) (Cai et al., 2013; Madadlou et al., 2014; Yelenich et al., 2015). Powdery iron oxide magnetic nanoparticles with 40 nm diameter have been reported using hydrothermal route (140°C) and a saturation magnetization of 85.8 emu. g−1, which is far lower than that of the bulk iron oxide.

Precursors' concentration controls the size and size distribution; however, the duration of the reaction had affected the average particle size more significantly; monodisperse particles were obtained at shorter reaction times (Guo et al., 2013). An increase in the precursors' concentration with the rest of the variables kept constant lead to spherical particles (15.6–4 nm) (Naghibi et al., 2014). A major drawback of the hydrothermal route is the slowness of kinetics at any given temperature; but this problem can be addressed using microwaves which can increase the kinetics of crystallization. A reaction mixture containing ethylene glycol, iron(III) chloride, sodium acetate and polyethylene glycol sealed inside a stainless-steel autoclave (Teflon-lined) was and heated at 200°C for 8–72 h, yielded monodisperse spheres in the range of 200–800 nm. The mechanism is not yet clear, and the multicomponent approach seemed to be powerful in directing the formation of the desired materials.



Biological Synthesis

The introduction of Green Chemistry in nanotechnology has grabbed a great deal of attention from workers around the globe (Maryanti et al., 2014). The green chemistry approach includes chemical manipulations with the aim to either decrease or eliminate toxic materials dumped into the environment (Tadic et al., 2014; Nassar et al., 2016). Biological synthesis of metallic nanomaterials by plants resources is currently under development and one of the most researched areas under investigation. Plant-mediated syntheses of metallic nanomaterials is the most modern option for researchers, carried out by using various parts of plants including tissue, extracts, exudates and other parts of the living plants. Green methods that are environmentally-friendly, safe and non-toxic for the development of reliable and eco-friendly methods to produce nanomaterials are of great importance in biomedical applications.

Biological resources including microbes, enzymes, fungi and plant extracts have been utilized as eco-friendly alternates for the synthesis of nanoparticles (Shah et al., 2015; Dhal et al., 2017). In some papers, plants and/or their parts proved to be beneficial over the other biological processes like microbial or enzymatic resources by elaborating work to maintain microbial culture. Plants are green resources for the biological synthesis of nanoparticles containing reducing agents for instance citric acid, ascorbic acid, flavones, crude enzymes like dehydrogenases, reductases and extracellular electron shuttles, which plays a key role in the biological synthesis of nanoparticles (Figure 7) (Bai et al., 2009; Makarov et al., 2014; Baranwal et al., 2016).
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FIGURE 7. Plant-mediated synthesis of metallic nanomaterials showing reduction as well as stabilization by secondary metabolites present in plant extracts for numerous applications in clinical research [adapted and modified from Makarov et al. (2014) and Baranwal et al. (2016)].



Carob leaf extract has been successfully employed as a rapid, non-toxic, facile and green resource for preparation of iron oxide magnetic nanoparticles in a single step reaction using Fe(III): Fe(II) and sodium hydroxide solutions (Baxter-Plant et al., 2003). The reaction occurred at a relatively low temperature range in a single-vessel reaction with an average diameter of the monodispersed nanoparticles (4–8 nm) coated with carboxylic groups of respective amide-I and II chain of the proteins present in the extract (Rai et al., 2015).

As the biological synthesis of nanoparticles is a comparatively newer approach and is developing, these are certain disadvantages associated with it, for example, plants produce low quantities of secreted proteins which lead to a decreased rate of synthesis, creating the following implications: culturing microorganisms which takes more time; the prime objective of the synthesis of nanoparticles regarding control over size, shape and crystallinity is only achieved with difficultly; and most importantly is the dispersity of the nanoparticles, which are preferably monodispersed. Another disadvantage is that all the plants are not capable of being put to use for the synthesis of nanoparticles. The researchers are still working on the mechanisms of metal ion uptake and biological reduction by green approach.




DRUG DELIVERY

About 40 years ago, the concept of “magnetic drug delivery” was introduced as a very promising application of magnetic nanomaterials (Iravani, 2011). The concept of magnetic targeting starts with attaching drug molecules to magnetic nanomaterials followed by the injection and guidance of these particles to a site of action under the influence of localized magnetic field-gradients and holding there at site till the completion of therapy and final removal (Awwad et al., 2013). Literature reveals six types of magnetic materials, i.e., diamagnetic, paramagnetic, ferromagnetic, superparamagnetic, ferromagnetic and antiferromagnetic (Njagi et al., 2010). When the external field is removed, paramagnetic substances lose magnetic momentum and superparamagnetic materials become non-magnetic, but if an external field is placed, these develop a mean magnetic momentum. Magnetic nanoparticles can carry large doses of drugs to achieve high local concentration, avoiding toxic and other adverse side effects arising due to high drug doses in other parts of the organism (Langer, 1990). In vivo studies proved that actual clinical trials are a challenging task due to size control, stability, biocompatibility and coating-layer for drug binding and other physiological parameters.

The objective of developing and/or improving drug delivery systems is to position medications to target parts of the subject's body through a medium that can control the therapy's administration by means of a physiological or chemical trigger (Mody et al., 2014). Polymeric microspheres, micelles and hydrogels proved to be effective in enhancing drug target specificity, systemic drug toxicity lowering, improved treatment absorption rate and protection of pharmaceuticals against biochemical degradation (Bucak et al., 2012; Kharissova et al., 2013; Kharisov et al., 2014; Hola et al., 2015; Jiles, 2015; Anselmo and Mitragotri, 2017; Seeli and Prabaharan, 2017). In addition to these, biodegradable polymer and dendrimers based experimental drug delivery systems displayed exciting signs of promise (Figure 8).
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FIGURE 8. Transition metal/metal oxides magnetic core-shell nanoparticles [adapted and modified from Kharissova et al. (2013)].



Dendrimers, due to their size and structure, are suitable carriers and these can be easily processed to good biocompatibility and biodegradation, but these are poor coating materials magnetic nanoparticles (Yu et al., 2017). Suitable materials may be nanoparticles, emulsions, micelles and dendrimers etc.; a typical drug delivery process includes the loading of drugs in biocompatible carrier materials, transferred to bodies for cancer treatment. Biocompatibility, subcellular size and targeting action make nanoparticles excellent carrier materials and several nanosized materials have shown interesting potential for drug delivery; this potential stems from their intrinsic magnetic properties, such as room temperature superparamagnetism, magnetization and high magnetic susceptibility (Figure 9).


[image: image]

FIGURE 9. Novel drug-carrier systems depicting different types of coating polymers and copolymers [adapted and modified from Veiseh et al. (2010)].



Surface functionalization by chemical as well as biological means improve stability and biocompatibility of the magnetic nanoparticles. The most interesting aspect of magnetic nanoparticles in drug delivery is the controlled delivery of drugs to target site under external magnetic fields. Magnetic driving of drugs to the target area is based on the binding of drugs to ferrofluid and desorption from the ferrofluid after reaching the target site by external magnetic field. Still, a lot of work is needed to be done, as successful drug delivery is affected by different factors, for example pH, temperature, osmolality, and so on (Veiseh et al., 2010). The strength of the external applied magnetic field may hamper the magnetic drug delivery process as living cells withstand to a certain extent. The responsive nature of the magnetic nanoparticles carriers to external magnetic fields is due to the presence of incorporated magnetic materials, for example magnetite and some other transition metals and mix-metals (Figure 10).
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FIGURE 10. Controlled delivery of anti-tumor drug with a new design incorporating a phase-change material in magnetic nanoparticles allowing chemo-photothermal combined tumor therapy with multimodal tumor imaging [adapted and modified from: http://www.advancedsciencenews.com/pent-drug-delivery-tumor-therapy-trimodal-imaging (accessed on July 07, 2018, 2200 PST)].



While designing a magnetic targeted drug delivery system, certain factors must be borne in mind like strength of the applied magnetic field and geometry. There are some other factors like magnetic properties and particles size, magnetic field strength, drug loading capacity, remoteness of the target site and blood flow rate. The aim of the magnetically targeted drug delivery system is to carry the drug to the site of action at a rate needed by the body during the treatment time (Funke and Szeri, 2017).



IMAGING

The most advanced application of nanoscale materials toward human health is the application of iron oxide magnetic nanoparticles-based formulations as a contrasting agent in magnetic resonance imaging (Fish et al., 2017). The past 50 years have seen remarkable improvements in diagnostic imaging procedures; for example in tumor diagnoses, damaged tissues and neurological disorders. Among various diagnostic imaging techniques, Magnetic Resonance Imaging abbreviated as MRI is an established tool in biomedical applications; exhibit stronger contrast of tissues makes it a favorable diagnostic test in medicine. In other diagnostic techniques like X-ray, the contrast quality is hindered leading to the misdiagnosis of several medical conditions. Looking at the superior contrast properties of MRIs, developments are needed and are made possible using a special medium called contrast agent (Hyeon et al., 2016). Contrast agent consists of a metal-based core with an external coating of a biocompatible material; the contrast agent intensifies the contrast of images obtained from MRI for accurate diagnoses. MRI equipment exerts a strong magnetic field within the CAs as well as other magnetic particles of biological significance respond (Hachani et al., 2016). MRI contrasting agents are classified into five categories as: T1, T2/T[image: image], CEST, 19F-based and hyperpolarized agents (T1 and T2 are relaxation rates) (Sood et al., 2017).

T1 agents include paramagnetic GdIII or MnII complexes capable of enhancing the magnetic resonance water signal known as “signal brightening.” The benefits of using T1 contrasting agents relies on the high versatility of the interesting contrast mechanism that is dependent on their structures and biological aspects; for example, the use of paramagnetic complexes to see the delivery as well as the drug release from liposomes (Xiao et al., 2016). However, these systems have got limited sensitivity based on the local concentration. To tackle this problem, scientists proposed the use of nanoscale materials which will aggravate numerous contrasting unit's necessary to detect a T1 contrast. T1/T[image: image] contrasting agents are mostly superparamagnetic iron oxide nanoparticles capable of shortening T1/T[image: image] of water protons than T1 signal; in fact, they darken the MRI due to signal loss. T1/T[image: image] show higher intrinsic sensitivity than T1 contrasting agents which make them highly helpful in cellular imaging; this signal loss is undesirable as in the case of intrinsically low signal locations such as the lungs, while r2 is the relaxivity of the CA as a function of effect of concentration of the solution on the relaxation rates reflects the (Figure 11). This can be explained by classical outer-sphere relaxation theory that, with the increase in particle size, the relaxavity ratio (r1/r2) increases while decrease in particle's size lead to better T1-shortening (Taboada et al., 2007; Xiao et al., 2016).


[image: image]

FIGURE 11. T2-weighted contrasts and r2 color maps for iron oxide nanoparticles of different sizes (Nanoparticles in magnetic resonance imaging: from simple to dual contrast agents) [adapted and modified from Estelrich et al. (2015) and Xu et al. (2016)].



CEST (Chemical Exchange Saturation Transfer) is the future of MRI contrasting agents; the principal governing CEST imaging is that these agents generate MRI contrast signals through chemical exchange of saturated protons from donor (CEST) to acceptor (water) (Taboada et al., 2007; Xiao et al., 2016). The uniqueness of using CEST agents is that the contrasting signal can be detected by irradiating with the characteristic NMR resonance of the donor. The 19F nucleus is the most sensitive spin after proton so needs no enrichment, bearing similar detection sensitivity to CEST. Fluorinated agents are preferred over other media agents, due to possible correlation of signal to agent concentration (Bünzli, 2016). Hyper polarized agents are the most sensitive media contrasting agents using polarization techniques which dramatically increase the population difference between the spin energy levels. These have got limited use because of the signal loss over time.

Before extending our discussion about nanoscale magnetic materials as contrasting media, some in vivo considerations must be discussed like toxicity, size and shape, and charge. Iron oxide magnetic nanoparticles are regarded as harmless for in vivo applications; based on iron's concentration inside the human body. Iron becomes toxic at a concentration level of 60 mg/kg; iron oxide magnetic nanoparticles have been used as contrasting agents for more than two decades in clinics are below 1 mg/kg. However, iron oxide magnetic nanoparticles have been reported to have adverse effects on cell cultures based on the proposal that the internalization of nanoparticles alters the fate of the cells. Iron oxide magnetic nanoparticles consist of two components, namely magnetic core and organic coatings, and the role of the contribution of either of these is difficult to assess. Moreover, the toxicity of iron oxide magnetic nanoparticles is not dependent only on organic coating but cell type as well. Iron oxide magnetic nanoparticles can induce oxidative stress by disturbing oxidant/antioxidant balance.

Based on the size, charge and shape, the potential toxicity of iron oxide magnetic nanoparticles has been closely related to two factors, their size and charge, while less is reported about the relation to shape. Sizes between 10 and 100 nm have longer half-lifes in the blood and are small enough to go through capillaries; these considerations are to be kept in mind while cancer imaging is under discussion relevant to size (Estelrich et al., 2015; Xu et al., 2016). Organic polymers of molecular weights above 50 kDa has been found to have an effective blood half-life of 6 h. The in vivo effect of shape on the toxic behavior of iron oxide magnetic nanoparticles is difficult to assess because of the difficulty in the preparation of comparable samples of nanoparticles with different shapes (McMahon and Bulte, 2018).



THERANOSTICS

Theranostic is the seamless integration of therapy and diagnosis into one step; it is perhaps one of the trend setters in modern day research. The pivotal idea behind theranostic is that nanoparticles are unique in nature, i.e., these are capable of imaging and treating a lesion simultaneously (Khandhar et al., 2017). A careful survey of the literature revealed it was 2006 when this term was coined for the first time in scientific literature; theranostics was described as “Future nanotechnology developments will most likely include the capability of designing and fabricating multifunctional nanoparticles to combine imaging and therapeutic capabilities (“theranostics”)” (Sun et al., 2016). In this regard, iron oxide magnetic nanoparticles have attracted interest due to their unique magnetic properties which make these excellent MRI contrasting agents and effective cytotoxic agents against tumors.

The use of nanoparticles allows imaging and treatment to be achieved simultaneously, in addition it also assists multiple treatment modalities in combination. This multi-modal approach was observed during the use of cisplatin-bonded gold nanospheres to administer chemo-radiotherapy in GBM cell models, leading to apoptic cell death after the intracellular uptake (Li et al., 2017). During the experiment, it was observed that due exposure to radiation in either of the metals started functioning as high atomic number radiosensitising agents and initiated the release of photoelectrons and Auger electrons. Radiosensitisation of the nanoparticle's formulations enhanced the in vitro cytotoxic effects of chemo- and radiotherapy and contributed to the photoablation of tumor cells (Bissonnette and Bergeron, 2006). These results upstretched the prospect of concomitant administration of diagnostics and multiple forms of therapy.

Photoablation therapy is used for cancer treatment and is divided into two types, photothermal therapy (PTT) and photodynamic therapy (PDT) (Zheng et al., 2008). Among these, PTT is an excellent contender for cancer treatment and focuses on the use of photo-induced heat to kill cancer cells (Her et al., 2017). While in PDT treatment, a poorly soluble drug and visible light irradiations are used at certain wavelengths for generating reactive oxygen species such as singlet oxygen to kill cancer cells (McNamara and Tofail, 2017). PTT is an attractive method owing to advantages such as the safety of non-target regions, its minimally invasive nature, fast recovery, and so on. Magnetic nanoparticles generate heat when placed in a varying magnetic field due to magnetic hysteresis loss (Neel-relaxation and Brown-relaxation). This led scientists to apply these magnetic in hyperthermia treatment which is considered as a supplementary treatment to radiation, chemotherapy and surgery in cancer therapy (Marangon et al., 2017). Magnetic induction hyperthermia is based on the fact that when alternating magnetic field is applied to magnetic nanoparticles, induced currents are generated and consequently heat is produced in magnetic nanoparticles. Based on this principal, when magnetic fluids are exposed to alternating magnetic field, the fluids turn into powerful heat sources, destroying tumor cells, since these cells are more sensitive to temperatures more than 41°C than their normal counterparts (Gomer et al., 2016). PTT has certain disadvantages as well, like the need for high-power lasers and the thermal destruction of cancer selective cell lines. Recently, PDT has attracted considerable attention in cancer treatment, as it is a non-invasive method, low energy light, site-specific tumor targeting and negligible side effects. Due to the poor solubility of drugs in water, these tend to accumulate in physiological media, hence indicating the need to work on developing improved drug delivery systems.

Photoacoustic imaging is a new method which is a combination of optical and acoustic imaging of burns, studying blood vessels, melanoma sites etc. This technique gives in-depth analysis of various tissues, e.g., breast cancer cells, brain cancer cells and tumor monitoring (Sakellari et al., 2016). In photoacoustic tomography, the laser system used for photoacoustic imaging (532 nm) has great promise for non-invasive early diagnosis and the imaging of tumor cells and tissues. Gold nanoparticles have proven to be excellent non-invasive contrasting agents for early diagnosis of tumor by photoacoustic imaging. Computed tomography is one of the most common hospital's diagnostic tools; it is another excellent imaging method for grabbing anatomical information. It is a choice made for clinical applications because of cost, efficiency, availability, deep tissue penetration and high spatial resolution. In this method, gold nanoparticles can be used as contrasting agents because of the high X-ray absorption, lower toxicity and slow clearance in the body. it was also suggested that gold nanoparticles may replace conventional iodine based contrasting agents as these reagents display renal toxicity and fast excretion. Gold nanoparticles displayed excellent biocompatibility, enhanced stability and increased accumulation in computed tomography tumor imaging (Kobayashi et al., 2016). Ultrasound imaging is a clinical diagnostic tool extensively used due to interesting features such as being non-invasive, cost-effective and portable. Like all the other diagnostic imaging methods, contrasting agents can be adopted to enhance imaging precision in ultrasound imaging. In this method, microscale fluorocarbon bubbles are typically used as contrasting agents: in literature, ultrasound imaging contrasting agents should feature four characteristics, easy fabrication, easy administration, high biosafety and excellent echogenicity.



ATHEROSCLEROSIS

Atherosclerosis, a complex disease and one of the leading causes of death in the developed world (Chen et al., 2016). It is a chronic inflammation and remodeling processes which leads to the stenosis of the aorta; generally, it's a gradual process spanning over decades, but under certain conditions, it grows rapidly leading to an ischaemia.

In recent years, an extraordinary number of research projects have been funded to make advances in the diagnosis, prognosis and treatment of this fatal disease (Yildirim et al., 2016). Pathological detection of atherosclerosis has improved significantly with the use of magnetic resonance imaging due to contrasting agents and their excellent spatial resolution and average sensitivity; modern-day research in this area is probing new contrasting agents for improved imaging (Fernández-Ruiz, 2016). Other techniques used to detect early-stage atherosclerosis include computed tomography, photoacoustic tomography, positron emission tomography, single-photon emission computed tomography and fluorescence molecular tomography and every technique has pluses as well as minuses. For example, some methods give outstanding sensitivity but low resolution while others have excellent resolution but lower sensitivity. Magnetic nanomaterials have shown the promise to implement magnetic nanomaterials binding to specific surfaces to reduce the detection time (Brown et al., 2016).

As discussed earlier, iron oxide magnetic nanoparticles' magnetic moments rotate rapidly when exposed to external magnetic field and the magnetic flux gets enhanced; and upon the removal of the magnetic field, Brownian motion causes randomization of the magnetic field; this condition is superparamagentism which is observable only at nanoscale. Commonly used as good contrasting agents are gadolinium-based substances; with adverse characteristics including cytotoxicity and the persistent accumulation of gadolinium. Iron oxide magnetic nanoparticles have better results as magnetic resonance imaging contrasting agents when compared with gadolinium and manganese oxide nanoparticles (Li et al., 2016). Gadolinium-based formulations are still dominating contrasting agents; however, after a careful survey of literature and recent clinical trials evidences, the future of iron oxide magnetic nanoparticles is highly promissory for diagnostic imaging guided therapy with the suitable incorporation of specific ligands to well-defined pathologies. So far, we have learnt that atherosclerosis may occur anywhere in the vascular system and the lack of sensitivity in the use of commercially available contrasting agents is a major challenge for the early diagnosis of the plaque which usually possesses a thickness and length. Positron emission tomography has low resolution for the detection of atherosclerotic plaque while the magnetic resonance imaging technique has excellent resolution but lacks sensitivity for pertinent screening. Superparamagnetic iron oxide nanoparticles synthesized by polyol method were successfully applied to mice as an MRI contrasting agent with promising results 5 h after post-injection treatment (Wang et al., 2016). More recently, the in vivo application of magnetic nanoparticles in the range of 90 nm allowed for excellent visuals of atherosclerotic plaque in mice; similarly, the NIR-fluorescence based method approach have also been applied with interesting results (Cuadrado et al., 2016; Yoo et al., 2016; Schneider and Lassalle, 2017). In all three techniques, it was observed that the magnetic nanoparticles got accumulated in the atherosclerotic area.



CONCLUDING REMARKS

Magnetic nanoparticles possess a great promise in drug-delivery systems due to their unique properties to overcome some of the problems to efficiently target diverse cell types. The future is encouraging as well as challenging and novel research ideas are needed to be worked out to prevent its limitations for the therapy of more diseases. Iron oxide magnetic nanoparticles possess a strong candidature for aqueous/non-aqueous phase solubility with great potential in medical applications. To achieve this, several factors play a key-role including suitable precursors, pH of the medium, coating agents and solvents for the synthesis of magnetic nanoparticles. Aqueous phase solubility can be significantly improved by using water-soluble surface functionalization agents via thermal decomposition, co-precipitation, microwave and high-temperature methods.

MRI is a non-invasive imaging technique used to study anatomical site and biologically compatible nanomaterials aid in detailed images for more accurate diagnosis. Magnetic nanoparticles act as contrasting agents which are advantageous to improve the contrast in these images. Magnetic iron oxide nanoparticles have been the key focus in this review article; which are stabilized by increasing the hydrophilicity through coatings onto the metal surface followed by the attachment of additional ligands like antibodies etc. Next is the specific linking to signal-secreting cells which permits specific agglomeration of nanoparticles to the inflamed/tumor bearing site. Contrast is still a challenge in MRI and new improvements are being sought through labeled magnetic nanoparticles with a fluorescent protein, such as green fluorescent protein or red fluorescent protein; giving rise to a distinct color of the target area under investigation. This research requires more intense in vivo studies which will lead to improve the biological compatibilities and any possible negative side effects associated with the injection of magnetic nanoparticles. Magnetic iron oxide nanoparticles comparatively proved to be a highly reliable and better theranostic option as gadolinium complexes gives excellent contrast, but these are nephrotoxic.

Finally, the scientific information collected here while compiling this review opens novel insights into the role of magnetic nanoparticles to develop nanocarriers enabled to increase the efficiency of the modern-day theranostics.
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Progression in implant science has benefited from ample amount of technological contributions from various disciplines, including surface biotechnology. In this work, we successfully used atmospheric plasma to enhance the biological functions of surgical implants by coating them with extracellular matrix proteins. The developed collagen and laminin coatings demonstrate advantageous material properties. Chemical analysis by XPS and morphological investigation by SEM both suggested a robust coating. Contact angle goniometry and dissolution study in simulated body fluid (SBF) elicited increased hydrophilicity and physiological durability. Furthermore, these coatings exhibited improved biological interactions with human mesenchymal and neural stem cells (NSCs). Cell adhesion, proliferation, and differentiation proved markedly refined as shown by enzymatic detachment, flow cytometry, and ELISA data, respectively. Most importantly, using the pathway-specific PCR array, our study discovered dozens of deregulated genes during osteogenesis and neurogenesis on our newly fabricated ECM coatings. The coating-induced change in molecular profile serves as a promising clue for designing future implant-based therapy. Collectively, we present atmospheric plasma as a versatile tool for enhancing surgical implants, through customizable implant-specific and tissue-specific coatings.
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INTRODUCTION

Surgical implants are the quintessence of modern medicine. They represent a unique therapeutic modality owing to their interdisciplinarity. They are designed to replace missing body parts, to support damaged organs and tissues, or to enhance deficient biological functions (van Eck et al., 2009). Depending on the type of target tissue, implants can be roughly categorized into those repairing hard tissue and those restoring soft tissue. In head and neck surgery, the two best examples are bone anchored hearing aid (BAHA) and cochlear implant (CI), which influence bone and nerve tissue, respectively (Gaylor et al., 2013; Ghossaini and Roehm, 2019). Metals and polymers are the dominant classes of biomaterial used in these implants. Metals possess exceptional mechanical properties and corrosion resistance (Spriano et al., 2018), whereas polymers feature extraordinary flexibility and long-term stability (Teo et al., 2016). However, none of these materials is functionally perfect, as each has its advantageous and disadvantageous properties. Thus, there is constant need and drive to enhance the current surgical implants.

The surface of a surgical implant is the key area where implant-tissue reaction occurs. Biotechnology targeting the implant surface can promote the performance profiles of surgical implants. Recent innovations in surface biotechnology have demonstrated at least four intriguing strategies: substitute biomaterial, surface modification, drug delivery, and coating (Tan et al., 2013). Coating normally uses an entirely different material from the underlying surgical implant, attempting to combine the advantages of both layers. For example, from an osteogenic perspective, coating the intracortical screw of BAHA with ceramic can significantly improve its osteoconductivity while maintaining the implant's high mechanical strength (Sanden et al., 2002; Tan et al., 2012a). From a neurogenic perspective, coating the electrode of CI with conducting polymer can greatly enhance its neural biocompatibility without affecting the implant's electrical conductivity (Quigley et al., 2009; Green et al., 2012). Therefore, a coating should be implant-specific to enhance its established therapeutic function.

Furthermore, an ideal coating should also be tissue-specific. The native extracellular matrix (ECM) happens to consist of a tissue-specific, highly complex network of proteins and polysaccharides which provide structural scaffolding and biochemical cues for surrounding cells, including stem cells (Theocharis et al., 2016). In addition, the main protein components of ECM: collagen, laminin, and fibronectin have substantial impact on tissue-specific stem cell morphogenesis, differentiation, and homeostasis (Frantz et al., 2010; Ahmed and Ffrench-Constant, 2016). For example, collagen promotes mesenchymal stem cell (MSC) proliferation and encourages osteogenic differentiation from MSCs (Somaiah et al., 2015). On the other hand, laminin enhances neural stem cell (NSC) migration, expansion, differentiation into neurons, and their derived neurite outgrowth (Flanagan et al., 2006). Many coating techniques have been explored to deposit proteins onto surgical implants. These include simple immersion (Rammelt et al., 2004), covalent immobilization (Ao et al., 2016), and chemical bonding (Hum and Boccaccini, 2018). These methods all share a common characteristic, i.e., non-thermality, due to the heat-sensitive nature of proteins.

Atmospheric plasma is an emerging non-thermal biotechnology. In simple term, non-thermal plasma is a technical, adjustable, and ambient version of thermal plasma (e.g., solar corona) (Tendero et al., 2006). Atmospheric plasma has been recently applied in medicine and the life sciences. Depending on the approach, application can involve direct, or indirect treatment (Fridman et al., 2008). Direct plasma treatments can assist in wound healing and skin rejuvenation in dermatology (Heinlin et al., 2011), and perform effective dissection and precise tissue removal in head and neck surgery (Metcalfe et al., 2017). Meanwhile, indirect plasma treatments exert the therapeutic effect mainly through processing the surface of biomedical devices (e.g., surgical implants). Recent examples cover most of the strategies in surface biotechnology: surface modification (Prasad et al., 2010; Tan et al., 2012b), drug delivery (Yoshida et al., 2013; Dowling et al., 2016), and implant coatings (Dowling et al., 2009; Tynan et al., 2009). We have successfully used atmospheric plasma as a surface modification method to activate ceramic implants, thereby achieving better osteogenesis (Tan et al., 2012b). However, coating surgical implants by atmospheric plasma remains an underexploited area, especially with ECM proteins.

The primary objective of this study was to establish implant-specific (metal and polymer) and tissue-specific (osteogenic and neurogenic) ECM coatings (collagen and laminin) facilitated by atmospheric plasma. The secondary objective was to compare coatings deposited using different techniques (atmospheric plasma vs. traditional adsorption). Particular emphasis was placed on material properties (physical and chemical), cellular interactions (MSC and NSC), and transcriptomic activities (osteogenesis and neurogenesis pathways). The final objective was to elucidate the molecular basis through which these novel coatings enhance tissue-specific differentiation from stem cells.



MATERIALS AND METHODS


Atmospheric Plasma Set-Up

In order to simulate the metal and polymer surgical implants, grade V Titanium (Ti) alloy coupon (Lisnabrin Engineering Ltd., Cork, Ireland) and tissue culture grade polystyrene (PS) disk (Thermo Scientific, Surrey, UK) sized 20 × 20 × 1 mm were used, respectively. Surface roughness plays an important role in cell attachment and differentiation (Ponsonnet et al., 2003; Li et al., 2016). Since polystyrene surfaces tend to be relatively smooth, for comparison purposes, we created a rough surface via grit-polishing and grit-blasting Ti samples. The Ti alloy substrates were polished to a 1,200 grit size using silicon carbide paper. The polished samples were ultrasonically cleaned for 5 min to remove residual particulates, consecutively in acetone, methanol, and isopropyl alcohol (Sigma-Aldrich, Dorset, UK). They were then blasted by Al2O3 (Comco Incorporated, Burbank, USA) with a mean particle size of 100 μm using a microblasting platform (ENBIO, Dublin, Ireland) (Tan et al., 2012a). Finally, the roughened metal disks and as-received polymer specimens were immersed in deionized water (dI H2O) and ultrasonically cleaned for 5 min. They were dried at room temperature, stored in a desiccator, and prepared for the coating process.

The PlasmaPlus® technology (Plasmatreat GmbH, Steinhagen, Germany) was used to facilitate coating formation (Bringmann et al., 2009; Dowling et al., 2009; Scopece et al., 2009). It is essentially an atmospheric pressure plasma jet (APPJ) based on air or nitrogen plasma (Figure 1). The Plasmatreater AS 400 laboratory system was modified for this study. The plasma was driven by a DC power supply operating at 23 kHz (280 V, 15 A). Clean dry industrial air with a flow rate of 35 l/min was used as ionization gas in the plasma torch. The plasma cycle time (PCT), an indicator of plasma intensity, was set at 100%. The APPJ was mounted on an X-Y-Z motion system, which traveled in a raster pattern at a line speed of 180 mm/s and a scanning interval of 1 mm. The plasma jet orifice was placed above the test substrates at a standoff distance of 15 mm.
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FIGURE 1. Cross-section diagram of the PlasmaPlus APPJ coating nozzle.





Deposition of ECM Coatings

In order to obtain ECM coatings on the aforementioned implants, type I collagen from human fibroblasts, and laminin from human fibroblasts and epithelial cells co-culture were used, respectively (Sigma-Aldrich). A 10 μg/ml working solution of collagen or laminin was prepared. The former was diluted from stock using phosphate-buffered saline (PBS) and pH-adjusted to 7.2–7.6 using 0.1 M NaOH or 0.01 M HCl (Heino, 2007), whereas the latter was simply diluted using Hank's balanced salt solution (HBSS) (Kleinman, 2001). The above reagents all came from Fisher Scientific, Dublin, Ireland. All samples were divided into three groups: negative control (substrate only), positive control (coating by adsorption), and test group (coating by atmospheric plasma) (Figure 2).
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FIGURE 2. Illustration of the 3 groups of samples used in material comparison and cellular study: negative control (substrate only), positive control (coating by adsorption), and test group (coating facilitated by atmospheric plasma).



In the test group, the Ti or PS substrates were each surface-activated by atmospheric plasma with ten passes. The collagen or laminin working solution was then sprayed immediately after plasma activation in order to maximize its efficacy. The ECM protein was applied in a nebulized form to the substrate using a piezoelectric sonication system (Breathnach et al., 2018). The nebulized collagen or laminin was sprayed for 3 s using nitrogen at a relatively low flow rate of 3 l/min. The amount of ECM protein solution delivered was ~3 ml per substrate.

In the positive control group, where the coating was created using an adsorption method, the stored metallic and polymeric specimens were placed in 6-well tissue culture plates (Sarstedt, Wexford, Ireland). Each well was immersed with 3 ml of collagen and laminin working solution, respectively. They were then incubated at 37°C for 20 min and rinsed 3 times with PBS or HBSS. Irrespective of the coating method, the coated samples were air dried under a laminar flow hood.



Material Characterization of Coatings

The chemical composition of coatings was disclosed by X-ray photoelectron spectroscopy (XPS) analysis using VersaProbe XPS microprobe (ULVAC-PHI Inc., Kanagawa, Japan). This instrument provided dual beam charge neutralization. Measurement was conducted on three areas of each sample, and data were recorded as relative atomic percentage concentration.

The hydrophilicity of coatings was quantified using the static sessile drop technique at room temperature by a computer automated goniometer (OCA 20, Dataphysics, Filderstadt, Germany). In detail, the static contact angle of simulated body fluid (SBF) was measured for eight separate locations on each sample (Tan et al., 2012b). In order to obtain SBF with an ion concentration close to that of human blood plasma, reagent grade powders were dissolved in dI H2O at 37°C, and pH-adjusted to 7.4 using 50 mM Tris aminomethane and 45 mM HCl (Kokubo, 1991). All reagents were supplied by Fisher Scientific, Dublin, Ireland. Due to the limit of the equipment, surfaces with a contact angle <5° were all considered super-hydrophilic.

The topography of ECM protein coatings was documented using a white light optical profilometer (Wyko NT1100, Veeco, Cambridge, UK). The arithmetical mean roughness Ra was calculated using corresponding formula.

The collagen coatings acquired in this study were used as examples for morphological analysis, which included both scanning electron microscopy (SEM) and stereomicroscopy. On one hand, coating samples were coated with gold by a turbo pumped high-resolution sputter coater (K575X, EmiTech, Kent, UK) prior to examination under a scanning electron microscope (Quanta 3D FEG, FEI Ltd., Cambridge, UK) which operated at 5 kV and 6.66 pA with an observation angle at 90°. On the other hand, the robustness of collagen coatings was analyzed using the Sircol collagen assay (Biocolor, Carrickfergus, UK). This assay is based on the binding of a dye, Sirius Red, to the intact triple helix organization of native collagens. In brief, the Sircol dye reagent was mixed with dI H2O (1:1 v/v). The stained samples were then visualized under a SZX12 stereomicroscope (Olympus, Southend-on-Sea, UK).

The kinetic dissolution of collagen and laminin coatings was quantified using an enzyme-linked immunosorbent assay (ELISA). The coated implants were incubated at 37°C in SBF with a constant agitation at 6 rpm. At each time point, protein-containing aliquots were replaced by fresh SBF. The type I collagen level was measured using a MicroVue sandwich ELISA kit (Quidel California, USA), which detects the carboxy-terminal propeptide of type I collagen (CICP). Whereas, the laminin concentration was determined using a QuantiMatrix ELISA kit (Millipore, Cork, Ireland), which employs the principal of competitive antibody inhibition and chromogenic detection. The light absorbance of the colored end solution from above coatings was measured at 405 and 450 nm, respectively. A standard colorimetric curve was used to calculate the ECM proteins concentration. The results present an average of three analyses. The replacement of aliquots with fresh SBF was taken into account for calculation.



Stem Cell Cultures

This study used the StemPro® human bone marrow-derived MSCs and StemPro® human fetal brain-derived NSCs (Thermo Scientific, Surrey, UK) as cellular models. Unique to these cells is the low-oxygen manufacturing process in which they are isolated and expanded, resulting in higher yields of potent stem cells (Vertelov et al., 2013). They were cultured at 37°C in a humidified 5% CO2 atmosphere in a commercial complete cell culture medium. For the MSCs culture, the MesenPRO RS™ complete medium with a Dulbecco's modified Eagle's medium (DMEM)-based and reduced-serum formulation was used. In order to avoid reduced multipotency of MSCs, cells were passaged when they reach 70% confluency, cell viability was at least 90%, and the growth rate was in mid-logarithmic phase. Cells were harvested according to the company's protocol. The MSCs were differentiated into osteogenic lineage in the StemPro® osteogenesis differentiation kit containing ascorbic acid and dexamethasone.

In contrast, the NSCs were maintained in suspension culture for proliferation because plating NSCs on a matrix as an adherent culture would trigger differentiation. The complete NSC culture medium contained 97% DMEM, 2% StemPro® neural supplement, 20 ng/ml basic fibroblast growth factor (bFGF) and 20 ng/ml epidermal growth factor (EGF), 2 mM L-alanyl-L-glutamine, 6 units/ml heparin, and 200 μM ascorbic acid (Sigma-Aldrich). The NSCs were harvested using Accutase® (Sigma-Aldrich) cell dissociation reagent to separate the neurospheres in the suspension culture system. Spontaneous neural differentiation of NSCs was allowed using the differentiation medium which consisted of complete NSC culture medium without bFGF and EGF. Passages 3–8 of stem cells were used to minimize change in growth pattern by in vitro expansion. Cellular experiments on coated and non-coated implants were performed in 6-well tissue culture plates (Sarstedt) with each well-immersed in 3 ml of medium.



Cell Attachment and Adhesion

Cell attachment was analyzed quantitatively and qualitatively using flow cytometry and confocal laser scanning microscopy (CLSM), respectively. The number of attached cells was quantified using the Cell Lab Quanta SC flow cytometry system (Beckman Coulter Inc., Florida, US), employing propidium iodide (PI) as a fluorescent DNA dye. Stem cells were inoculated onto the implants at a concentration of 8 × 105 cells/ml. This relatively high concentration was used to saturate the bonding capacity of each surface to prevent falsely low results. After 12 h incubation at 37°C, unattached cells were gently rinsed away with Dulbecco's phosphate buffered saline (DPBS). Following enzymatic detachment, cells were carefully collected and counted by flow cytometer.

After 12 h of culture, MSCs were fixed in situ with 4% (w/v) paraformaldehyde DPBS solution, gently washed twice with wash buffer containing 0.05% (v/v) Tween-20, permeabilized with 0.1% (v/v) Triton X-100 solution, and blocked with 1% (w/v) bovine serum albumin (BSA). The immunofluorescent staining was completed using the actin cytoskeleton and focal adhesion staining kit (Millipore, Watford, UK). In brief, 1% (v/v) primary anti-Vinculin antibody, 1% (v/v) fluorescein isothiocyanate (FITC)-conjugated secondary antibody, and 1% tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin were used successively. The stained MSCs were observed using an LSM 510 Meta confocal laser scanning microscope (Carl Zeiss Ltd., Cambridge, UK).

Cell adhesion on the implants was measured via cell detachment by Accutase. Prior to detachment, the stem cells were inoculated at a concentration of 1 × 106 cells/ml to saturate the bonding capacity of the substrate. Over-seeded cells were gently rinsed away with warm DPBS. Following 24 h of incubation, the adherent cell number was determined using alamarBlue assay (Invitrogen, Paisley, UK), which is an in situ, non-toxic metabolism-based cell counting method. Then 3 ml of Accutase was added to each well and incubated for 2 min at 37°C. After enzymatic detachment, floating cells were discarded, and residual cells were collected and counted. The cell viability was always over 90% after cell adhesion assay. Fraction of adherent cells is defined as the post-detachment cell number divided by the pre-detachment cell number.



Cell Cycle and Proliferation

Human MSCs and NSCs were inoculated onto the non-coated and coated implants at a density of 2 × 105 cells/ml. This relatively low concentration was to prevent the cells from reaching confluency too soon. As previously mentioned, MSCs and NSCs used in this study were maintained in different culture types: adherent culture vs. adherent/suspension culture, respectively. Therefore, different approaches were taken during medium change and cell quantification in each implant-containing well of the tissue culture plate. For the MSCs groups, only the adherent cells on the implants were collected. Whereas, for the NSCs groups, both the adherent cells and those suspending in the medium were harvested. The spent cell culture medium was replaced every 2 days. At each time point, cells were enzymatically detached from the implants, carefully collected, and counted using flow cytometry.

In order to simplify the comparison of cell cycle distribution, only the negative control and test group were used. After the initial cell seeding, a sufficient volume of medium was added on day 1 so that nutrient deprivation would not occur even after 5 days of continuous culture (Tan et al., 2012b). In short, the collected stem cell pellet was mixed with hypotonic DNA staining buffer (0.1% sodium citrate, 0.3% v/v Triton-x100, 0.01% PI, and 0.002% ribonuclease A in dI H2O; all from Sigma-Aldrich), and analyzed using a C6 flow cytometer (Accuri, Cambridge, UK) which was equipped with FlowJo 9 software (TreeStar Inc., Oregon, USA).



Stem Cell Differentiation

The osteogenic differentiation from MSCs and neurogenic differentiation from NSCs were measured after culturing in corresponding differentiation media for 14 days and 10 days, respectively. The osteogenic capacity was reflected by calcium deposition in the secreted mineral matrix. On day 14, the MSCs were decalcified with 0.6 M HCl for 24 h. The calcium content of the HCl supernatant was quantified colorimetrically, using the o-cresolphthalein complexone method (Sigma-Aldrich) (Mori et al., 1998). Following decalcification, the MSCs were washed three times with PBS and solubilized with 0.1 M NaOH/0.1% sodium dodecyl sulfate (SDS). The intracellular protein content was estimated using a bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich), and the amount of calcium was normalized to the total protein content.

On the other hand, the neurogenic competence was demonstrated by neurite formation. Since the PS substrate used was naturally transparent, the NSCs-grown implants were examined with a DM 500 light inverted phase contrast microscope (Leica, Milton Keynes, UK). On day 10, eight random locations (x100 magnification ratio) were chosen from each sample. The number of differentiated neurons and the total cell number in each visual field were counted. The cells with one or more neurites were considered differentiated neurons (Xiong et al., 2014). The differentiation ratio was quantified as the percentage of neurons.



Pathway Expression Analysis

On day 12 of osteogenic and neurogenic differentiation, the target mRNA strands were reverse transcribed into their DNA complements (cDNA) and amplified using a reverse transcription polymerase chain reaction (RT-PCR). The RNA was extracted and purified using the RNeasy Plus Mini kit (QIAGEN, West Sussex, UK), which was followed by a quality check of total RNA using an ND-1000 NanoDrop spectrophotometer (Thermo Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Cork, Ireland). Then cDNA was synthesized by using the RT2 PCR array First Strand Kit (SABiosciences, Frederick, USA) to ensure compatibility with the subsequent PCR array analysis.

The human osteogenesis and neurogenesis RT2 Profiler PCR Array (SABiosciences) were used to profile the expression of a focused panel of genes related to the pathways of osteogenesis/MSC differentiation and neurogenesis/NSC differentiation, respectively. This system used a 7900HT Fast Real-Time PCR (Q-PCR) machine (Applied Biosystems, Cheshire, UK) with 96-well plates. Each plate contained primers for 84 target genes and 5 housekeeping genes, 1 control to rule out human genomic DNA contamination, triplicates of the reverse transcription control to confirm RNA quality, and triplicates of positive PCR control to quality-control the general PCR performance (Tan et al., 2012b). The RT2 Q-PCR master mix containing SYBR Green/ROX was mixed with cDNA and aliquoted into 96 wells. PCR cycling was performed with the following thermal profile: 1 cycle of 10 min at 95°C for enzyme activation, 40 cycles of 15 s at 95°C for denaturation, and 1 min at 60°C for annealing and extension. The RT2 PCR Array Data analysis Web Portal (SABiosciences) was used to import cycle threshold (CT) values to enable data calculation. The fold change and fold up/down regulation (test group vs. negative control) was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). Statistical comparison of the mean CT values originated from the triplicates of each implant specimen, expressed as P-value, was calculated using the Student's t-test. In this study, gene expression was considered significantly altered only when two conditions were simultaneously met: the fold regulation >2 or <-2, and the P-value <0.05 (Tan et al., 2012b).

The data of our pathway-focused gene analysis was verified at the protein level. A total of 8 genes from the above PCR array results were picked to represent up- and down-regulated genes during the osteogenesis and neurogenesis differentiation. The Quantikine® colorimetric sandwich ELISA kits (R&D Systems, Abingdon, UK) quantified the translated proteins from these genes. The analytes and standards were immobilized and sandwiched by capture antibodies and detection antibodies, respectively. Streptavidin-HRP was then used to bond the detection antibodies, and substrate solution was added to develop colors. The reaction was terminated using the acidic stop solution, and the optical density of each well was determined immediately at 450 nm (Ketelaar et al., 2016).



Statistical Analysis

Student's t-test was conducted for one-to-one comparison unless stated otherwise. A statistical difference was claimed when the P value was <0.05. In order to signify the statistical differences in tables and figures, a single asterisk was used when comparing a test group or positive control with a negative control, and a double asterisk, when comparing a test group with a positive control). All statistical calculations were performed using SPSS Statistics 25 (IBM®, Chicago, IL).




RESULTS AND DISCUSSION


Material Characterization of the Coated and Non-coated Implants

This study assessed the material characteristics of surgical implants before and after coating as to four aspects: chemical properties, physical properties, morphological appearance, and biological stability. XPS revealed distinct shifting in the surface chemical composition when comparing Ti and PS implants (Table 1). The native Ti-6Al-4V substrate exhibited an abundant TiO2 layer along with possibly either a hydrocarbon layer on top or carbon contamination from the passivation process (Sittig et al., 1999). The minor presence of aluminum on the surface was most likely due to residuals from the micro-blasting process, which used Al2O3 to roughen the surface (Milošev et al., 2000). Vanadium is not usually detected in spontaneously formed surface oxides (Ask et al., 1990). After coating the Ti implant with collagen, a substantial increase in carbon (from 33.5 to 60.4%) and nitrogen (from 1.2 to 15.9%) was noticed, indicating a robust layer of amino acid-based protein molecules. The dramatic reduction of titanium (from 18.1 to 1.9%) suggests a reasonable coverage of the collagen coating over the implant surface. These elemental changes are very similar to collagen coatings realized by other methods (Morra et al., 2006; Scarano et al., 2019). By comparison, even though polystyrene's chemical formula is (C8H8)n, the native PS surface is seemingly composed of carbon only (Table 1). This is because hydrogen cannot be directly detected using the XPS technique. After coating the PS implant with laminin, the strong appearance of nitrogen (6.7%) was accompanied by a considerable drop in carbon (from 98.7 to 80.4%). Laminin is a macromolecule with the skeleton of the molecular chain mainly consisting of C and N; and previous work has shown that the C/N ratio of laminin layer is around 12 (He et al., 2013). This ratio is identical to our finding, denoting the successful deposition of the laminin layer.



Table 1. Quantitative XPS analysis of Ti substrate with and without collagen coating, and PS substrate with and without laminin coating (Data is shown as atomic % elemental composition).
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Surface wettability is another important chemical property of implant material. In order to predict the implant wettability under physiological conditions, SBF was used instead of DI H2O during contact angle goniometry (Tan et al., 2012b). Both Ti and PS surfaces are considered hydrophilic, as they have water contact angles are <90° (Zeiger et al., 2013; Strnad et al., 2016). Coating these implants with ECM proteins seems to enhance their hydrophilicity, with a greater effect seen in the plasma-facilitated coatings (from 65° to 25°) (Figure 3A). Although coatings by adsorption reduce the contact angle to ~45°, this results in a much larger standard deviation, indicating a less homogenous surface. It is well-known that hydrophilic surfaces tend to provide superior stem cell behavior than hydrophobic surfaces (Ahn et al., 2014; Hao et al., 2014; Yang et al., 2017). In addition, among surfaces with various degrees of hydrophilicity, moderately hydrophilic ones (20°−40° water contact angle) might render optimum cell attachment, spreading, and cytoskeletal organization (Webb et al., 1998). Thus, using atmospheric plasma to apply collagen and laminin coatings have the potential to create more favorable surfaces for MSCs and NSCs.
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FIGURE 3. Material characterization of implant surface with and without ECM protein coatings. (A) Surface hydrophilicity measured by goniometry (expressed as water contact angle in SBF). (B) Surface roughness measured by profilometry (expressed as Ra in μm). (C) Dissolution of ECM coatings over 8 days, quantified using ELISA (expressed as % cumulative release). A single asterisk denotes statistical significance when comparing a test group or positive control with a negative control, and a double asterisk when comparing a test group with a positive control.



Surface roughness is a key physical property of implant material. Moreover, roughness and hydrophilicity are two independent but synergistic material properties for implant-related biocompatibility (Ponsonnet et al., 2003). Using optical profilometry, surface roughness is reflected by Ra which is the average distance from an arithmetic center line. The Ti and PS implants are considered relatively rough and smooth, respectively, as their surface roughness are at the micro-scale and nano-scale (1.21 μm vs. 8.5 nm). However, the effect of collagen or laminin coating on surface roughness is curiously opposite (Figure 3B). For the Ti implant group, adding a collagen coating by atmospheric plasma marginally reduces the surface roughness (from 1.02 to 0.96 μm). On the contrary, for the PS group, coating using the plasma with laminin significantly increases the surface roughness (from 8.4 to 19.9 nm). This unexpected change is best explained by the nanometer dimension of ECM proteins (Sharma et al., 2019). Depending on the roughness scale, nm proteins could “shallow” rougher surface and “deepen” smoother surface, respectively. Exciting recent studies demonstrate that, either an average roughness of 0.93 μm alone (Faia-Torres et al., 2015), or collagen itself (Lan and Wang, 2003), can serve as compelling alternatives to osteogenic supplements in stimulating osteogenic differentiation of MSCs.

The surface morphology of non-coated and coated implants was observed using SEM and functional staining (Figure 4). The Ti substrate exhibited a typical topography after grit-polishing and micro-blasting (Figure 4A). Its surface was carved with unidirectional linear grooves which are from polishing with sand paper, and decorated with random troughs and peaks which are from Al2O3 blasting. In addition, little residual micro-grit could be found on the surface. Collagen coatings by adsorption and plasma shows completely different morpholoies. The plasma-facilitated collagen coating is dense, compact, multilayered, and homogenous (Figure 4C). On the contrary, the adsorbed collagen coating is thin, loose, disorganized, and heterogenous (Figure 4B). Zooming out from the μm-scale SEM analysis to the mm-scale Sircol collagen staining, again they exhibit obvious differences. The non-coated Ti substrate does not seem to be stained, and displays a typical grainy and randomly reflective morphology (Figure 4D). The adsorbed collagen coating has rather a patchy and incomplete collagen clusters, and is only partially stained (Figure 4E). The plasma-facilitated collagen coating, on the other hand, demonstrates the typical tint of Sirius red, and is completely colored (Figure 4F). In addition, atmospheric plasma deposited 5.3 times more collagen than the adsorption method. These results support coating by atmospheric plasma as the more robust method, and agree with the findings on collagen coatings created using other advanced techniques (Truong et al., 2012; Kim and Kim, 2016).


[image: image]

FIGURE 4. Surface morphology of Ti implants with and without collagen coatings visualized using SEM (A–C) and Sircol staining (D–F). (A,D) Ti substrate only. (B,E) Coating by adsorption. (C,F) Coating by atmospheric plasma. Scale bar = 5 μm (A–C) & 1 mm (D–F), respectively.



Coating dissolution in SBF is a reliable predictor for its durability in physiological conditions. Figure 3C demonstrates the cumulative amount of collagen and laminin released in SBF over an 8-day period. All samples shared a similar release kinetics: a burst release in the first day, followed by a slower release over the next week. The comparison among coatings is 2-fold: collagen coating vs. laminin coating, and coating by adsorption vs. coating by atmospheric plasma. Firstly, a collagen coating has a slower release than laminin coating, especially when they are deposited by simple immersion (55.0 vs. 63.7% at day 8). This most likely occurs due to the coating coverage on the substrate. Coatings applied by simple adsorption are incomplete, resulting in much greater exposure of the underlying Ti or PS substrate (Figure 4). Meanwhile, commercial Ti has a better protein adsorption than tissue culture PS (Derhami et al., 2001). Thus, the difference in substrate implants translated into the difference in coating dissolution. Secondly, coating by atmospheric plasma has a slower dissolution than coating by adsorption (41.6 vs. 55.0% at day 8). We suspect the key to this advantage comes from the plasma activation step during the coating process. Atmospheric plasma is a partially ionized low-pressure gas comprising of ions, electrons, ultraviolet photons, and reactive neutral species including radicals and excited atoms and molecules (Breathnach et al., 2018). Plasma activation bombards the implant surface with these ions and radicals inserting reactive functionality. The advantage of this surface biotechnology includes increased surface wettability without any structural damage (Tan et al., 2012b) and improved protein adsorption on the implant surface (Stallard et al., 2012). Thus, the resultant surface is suitable for crosslinking or subsequent deposition of organic and bioactive agents (Hauser et al., 2010). A recent study of collagen coating showed that introducing more reactive -OH groups on the surface can increase the amount of covalently bonded collagen (Hum and Boccaccini, 2018). It should be noticed that the initial burst release of the ECM coatings is still significant (35.5% of collagen and 37.4% of laminin). This is because the plasma activation only alters ECM proteins close to the surface; those not covalently bonded to the surface still diffuse relatively fast.

Collectively, ECM protein coatings facilitated by atmospheric plasma are more chemically hydrophilic, biologically rough, morphologically robust, and physiologically durable, than their counterparts deposited by simple adsorption. The interaction between these coatings and stem cells will be probed at cellular, protein, and genetic levels in the subsequent experiments.



Stem Cell Attachment and Adhesion

Human stem cells were seeded onto the Ti and PS implants, incubated for 12 h, and counted using flow cytometry. Unlike MSCs, an adherent cell line, NSCs can be grown either as floating 3D neurospheres or attached 2D monolayers on specially coated plates (Conti et al., 2005). Therefore, enhancing cell attachment by ECM protein coatings has a greater importance for MSCs than for NSCs. Compared to non-coated Ti samples, collagen coating by atmospheric plasma nearly doubles the MSC attachment (6.84 vs. 3.53 × 105 cells) (Figure 5A). However, there is no statistical difference between cell attachment on Ti only and coating by adsorption. Collagen is well-known for better promoting attachment and the subsequent proliferation of MSCs (Somaiah et al., 2015). But it only recently became clear that surface matrix has a much more profound effect than induction medium on MSC cellular events (He et al., 2017). In other words, an in-situ collagen coating is more potent than diffused collagen during MSC attachment. Similarly, coating a PS surface with laminin by either technique also dramatically enhances NSC attachment, as NSC attachment on non-coated tissue culture PS is minimal (0.79 × 105 cells). In addition, laminin coating by atmospheric plasma attached more than twice as many cells than that by adsorption (4.12 vs. 1.85 × 105 cells). It is a common practice to coat tissue culture containers with attachment proteins such as laminin and poly-L-lysine in laboratory and industrial settings to improve stem cell attachment and proliferation (Lam and Longaker, 2012). Thus, our findings on plasma-facilitated ECM coatings possess huge potential for regenerative medicine and related disciplines.
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FIGURE 5. Stem cell attachment and adhesion on surgical implants with and without ECM protein coatings. (A) Quantitative evaluation of MSC and NSC attachment 12 h after inoculation. (B) Adherence fraction of stem cells after enzymatic detachment. (C–F) CLSM images of MSCs morphology. (C) Vinculin focal adhesion on Ti substrate. (D) Vinculin focal adhesion on collagen coating by atmospheric plasma. (E) Actin cytoskeleton on Ti substrate. (F) Actin cytoskeleton on coating by atmospheric plasma. Scale bar = 15 μm. A single asterisk denotes statistical significance when comparing a test group or positive control with a negative control, and a double asterisk when comparing a test group with a positive control.



Stem cell attachment was also qualitatively examined using CLSM 12 h after the initial inoculation, when cells on all surfaces were similarly settled (Tan et al., 2011). Cell attachment is reflected by the distribution of intracellular actin filaments and extracellular vinculin focal adhesion. MSCs attached onto the Ti substrate and collagen coating by atmospheric plasma exhibited substantially different morphologies (Figures 5C–F). Firstly, fewer cells are attached on the Ti surface, which is consistent with the findings in Figure 5A. Secondly, cells attached on the collagen coating had more well-defined, robust, and dotted vinculin-containing focal adhesion plaques (Humphries et al., 2007), which are patterned along the entire edge of the cells helping them to anchor to the implant surface (Figure 5D). Thirdly, cells attached onto the collagen coating are more relaxed and are dispersed with a sturdy actin network consisting of cortical and radial fibers (Figure 5F). Thus, cell attachment is morphologically better on collagen coatings.

Cell adhesion is a relatively static state compared to cell attachment, which is a dynamic process. Various methods have been established to test cell adhesion on surgical implants (Tan et al., 2012a,b; Fong et al., 2017); this study uses an enzymatic one. Around half of the MSCs still remained attached on the collagen coating facilitated by plasma, whereas nearly 80% of cells were dissociated on the Ti and collagen coating by adsorption (Figure 5B). Comparably, almost all the NSCs are detached from the PS surface and the laminin coating by adsorption, while roughly a third of cells remain adhered to the laminin coating by atmospheric plasma. Therefore, cells adhered much more firmly on ECM protein coatings created by atmospheric plasma.

Collectively, ECM protein coatings facilitated by atmospheric plasma supported superior cell attachment and adhesion. This enhancement might be multifactorial: such a coating not only features better chemico-physical material properties, such as hydrophilicity (Paital and Dahotre, 2009) and roughness (Ponsonnet et al., 2003), but also furnishes biologically adhesive functionality (Hagbard et al., 2018). It should be noticed that attachment or adhesion not only anchors cells in place but also plays a critical role in stem cell survival and phenotypic maintenance (Flanagan et al., 2006).



Stem Cell Proliferation and Cell Cycle Distribution

Cell growth curves of both stem cell types (Figures 6A,B) exhibit three distinct kinetic patterns. At almost every time point within a 9-day culture, the quantity of grown cells on each surface type was as follows: test group (ECM coating by atmospheric plasma) > positive control (coating by simple adsorption) > negative control (substrate only). In detail, after the initial lag phase, cells on plasma-facilitated ECM coatings entered the exponential growth phase sooner. In addition, cell growth appeared to decelerate on plasma-facilitated collagen coating from day 7, which helpfully signals the start of the stationary phase. It is worth mentioning that the MSCs tended to propagate more quickly than NSCs, which is consistent with the data from the stem cell provider. Based on the values in the exponential phase, cells in the test group coatings had a higher specific growth rate and a lower generation time/doubling time when compared to those on positive control coatings and negative control substrates. In other words, coatings with same ingredient but created by different methods (e.g., atmospheric plasma vs. traditional adsorption) can influence cellular activity to a different extent (Hauser et al., 2010). In any case, reaching cell confluency faster is vital for engineering stem cell-grown implants in vitro because MSCs could age sooner than expected, and it is much better to consider them for cell and gene therapy early on (Bonab et al., 2006; Paccola Mesquita et al., 2019).
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FIGURE 6. Stem cell proliferation and cell cycle distribution on non-coated and coated surgical implants in non-differentiating culture. (A) MSCs growth curve over 9 days of culture. (B) NSCs growth curve over 9 days of culture. (C) Cell cycle distribution of MSCs grown on the Ti implant and collagen coating by atmospheric plasma, respectively. Statistical annotation is per section Statistical analysis.



In order to establish whether the higher cell numbers during cell proliferation followed indirectly from improved cell attachment or was caused directly by elevated growth rate, cell cycle distribution was analyzed by flow cytometry (Figure 6C). The cell cycle comprises of five phases: G0 phase (quiescence), G1 phase (cell growth), S phase (DNA synthesis), G2 phase (continued cell growth), and M phase (mitosis & cytokinesis). The cell cycles are tightly controlled: activation of each phase depends on the progression and completion of the previous one (Sclafani and Holzen, 2007). Therefore, the results of cell cycle phase distribution are best analyzed chronologically. To simplify the comparison, collagen coating by atmospheric plasma and substrate only were chosen. On day 1, the percentages of G0/G1, S, and G2/M phases did not differ significantly. On day 2, slightly more cells were found in the G0/G1 phase and fewer in the G2/M phase, while proving virtually same in the S phase, when comparing test group and negative control. On day 3, all 3 cell cycle phases had statistically different distributions: S phase (7.1 vs. 5.9%), G2/M phase (5.9 vs. 3.4%), and G0/G1 phase (87.0 vs. 90.7%). Overall, using atmospheric plasma to deposit collagen coating on the Ti substrate stimulated MSCs to transit more rapidly from G1 to S phase. Cell cycle machinery plays a profound role in the establishment or maintenance of the stem cell state (Morgan, 2007), and is possibly mediated by the timely phosphorylation of focal adhesion kinase (Tan et al., 2012b) and the precocious activity of cyclin-dependent protein kinase (White and Dalton, 2005). The results of NSC cell cycle distribution induced by laminin coating were similar to aforementioned MSCs/collagen group, except that their phase change was slightly delayed due to the slower proliferation rate.



Osteogenic and Neurogenic Differentiation From Stem Cells

One defining feature of stem cells is their unique ability to develop into specialized cell types in the body. MSCs are multipotent stromal cells that can differentiate into osteoblasts, chondrocytes, myocytes, and adipocytes (Ullah et al., 2015), whereas NSCs primarily differentiate into neurons, astrocytes, and oligodendrocytes (Bergström and Forsberg-Nilsson, 2012). The target differentiation pathways studied in this work were osteogenesis and neurogenesis (Figure 7). The osteogenic differentiation from MSCs on the Ti substrate and on collagen coatings was reflected by calcium mineralization normalized to the total protein content. No statistical difference was found between the Ti substrate and the collagen coating by adsorption. But the calcium deposition on plasma-facilitated collagen coating nearly doubled that on the metallic substrate (99.7 vs. 58.8%). Comparable results were found on laminin coatings. The non-coated PS surface is a poor candidate to support neurogenic differentiation as just over 20% of NSCs have developed into neurons. Laminin coatings by either deposition technique overcame this disadvantage, increasing the neurogenic ratio up to 83.1%, even though laminin coating by atmospheric plasma still proved superior to its counterpart, simple adsorption.
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FIGURE 7. Osteogenic and neurogenic differentiation from stem cells. Osteogenesis is expressed as calcium production by MSCs on Ti implants with and without collagen coatings; neurogenesis is expressed as neuron ratio among NSCs on PS implants with and without laminin coatings. A single asterisk denotes statistical significance when comparing a test group or positive control with a negative control, and a double asterisk when comparing a test group with a positive control.



Our results on tissue-specific differentiation induced by ECM proteins are consistent with peer work. Firstly, MSCs adhere to ECM proteins with varying affinity, resulting in different degrees of osteogenic differentiation: collagen I > vitronectin > laminin (Salasznyk et al., 2004). Interestingly, ECM contact alone may suffice to induce differentiation without osteogenic drugs. Secondly, combining laminin coatings with various surface geometry, topography, and micropatterns might further increase neuronal differentiation (Liu et al., 2006; Christopherson et al., 2009; Xie et al., 2014). Last but not least, mixing various ECM proteins (e.g., Matrigel® and Cultrex®) and co-culturing of MSCs/NSCs might provide synergistic solutions for implant-based therapies (Gattazzo et al., 2014; Yang et al., 2018).



Pathway-Specific Gene and Protein Analysis

Although the depiction of tissue-specific differentiation here is straightforward, the underlying molecular mechanism can be very complicated (Tan et al., 2012b). Therefore, we conducted pathway-specific gene analysis using a PCR array, which combines the multi-gene profiling capabilities of a microarray with the performance of Q-PCR. Both MSCs on a collagen coating and NSCs on a laminin coating showed constitutive expression of majority of the 84 genes associated with human osteogenesis and neurogenesis, respectively (Figure 8A). But PCR efficiency differed between the two groups, as their predominant CT value was distributed differently (<25 vs. 25–30). This was most likely due to differences in the cell lines (Brendel et al., 2005). Comparing the CT value of the test group and the positive control, 19 genes during osteogenesis and 17 genes during neurogenesis were deregulated, respectively. The organization of these statistically significantly deregulated genes (fold change >2 or <-2, and P-value <0.05), along with the organization of biologically significantly deregulated genes (fold change between −2 and 2 & P-value <0.05, and fold change >2 or <-2 & P-value >0.05) are best appreciated in the “volcano” charts (Figures 8B,C). A distinct gene expression pattern can be discovered, where the “volcano” axis is shifted to the right during osteogenesis (more genes up-regulated than down-regulated) and centralized during neurogenesis (a balanced number of up- and down-regulated genes). A breakdown of these deregulated genes is illustrated in Figures 8D,E. The fold changes of gene deregulation range from 11.24 (bglap) to −5.66 (ctsk) during osteogenesis and from 7.31 (nrcam) to −7.01 (bmp2) during neurogenesis. These deregulated genes are categorized into various functional groups covering all major aspects of osteogenic and neurogenic pathways (Tables 2, 3). We believe that the cause of gene deregulation induced by atmospheric plasma-facilitated ECM coatings is multifactorial, since implant parameters such as surface wettability (Tan et al., 2012b), surface roughness (Brett et al., 2004), collagen (Shekaran et al., 2015), and laminin (Liu et al., 2016) surface modification all can influence the gene expression of interfacial cells. Thus, it would be very intriguing to use atmospheric plasma as a surface biotechnology to combine the above parameters, hoping to achieve a novel implant-based therapy with gene-altering capabilities.
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FIGURE 8. Gene expression during osteogenic differentiation of MSCs and neurogenic differentiation of NSCs. (A) The average CT distribution of 84 genes studied in the atmospheric plasma-facilitated ECM coating samples. CT <25 indicates genes are expressing with high transcript copy number, and CT >35 suggests gene expression falls below the detection threshold of the equipment. (B) “Volcano plot” of the fold change and statistical significance of the expressed genes during osteogenesis. (C) “Volcano plot” of the fold change and statistical significance of the expressed genes during neurogenesis. (D) Histogram demonstrating significantly deregulated genes during osteogenesis. (E) Histogram demonstrating significantly deregulated genes during neurogenesis. Tick labels in X-axis are composed of gene symbols.





Table 2. Functional grouping of up- and down-regulated genes in the osteogenic pathway of human MSCs grown on collagen coatings (coating by atmospheric plasma vs. coating by adsorption).
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Table 3. Functional grouping of up- and down-regulated genes in the neurogenic pathway of human NSCs grown on laminin coatings (coating by atmospheric plasma vs. coating by adsorption).
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The above transcriptomic data were verified at the translational level. All eight of the representative genes chosen from the above gene assay of osteogenesis and neurogenesis were appropriately translated (Figure 9). Osteocalcin (aka bone gamma-carboxyglutamate protein), encoded by the up-regulated gene bglap, is among the most abundant proteins in bone and is produced exclusively by osteoblasts (Zoch et al., 2016). It is a well-known biochemical marker for bone formation, and its level in vivo can be affected by the design of surgical implant and post-implantation osteolysis (Qureshi et al., 2002). Cathepsin K, the protein product of the down-regulated gene ctsk, is an ECM protease involved in bone remodeling and resorption through osteoclast activation (Costa et al., 2011). Its expression is diminished during bone formation on biomaterials cultured with human MSCs and induced pluripotent stem cells (Jeon et al., 2016). On the other hand, deregulated genes during neurogenesis also reveal transcriptomic authenticity. The neuronal cell adhesion molecule, translated from the up-regulated gene nrcam, can induce neurite outgrowth and mediate adhesion among neurons (Weledji and Assob, 2014). Tethering neuronal cell adhesion molecule on biomaterial has become a promising strategy to promote neural adhesion and ultimately, neural tissue regeneration (Rao and Winter, 2009). Bone morphogenetic protein 2, translated from the down-regulated gene bmp2, is a potent osteoinductive agent that enhances bone therapy (Poon et al., 2016). Interestingly, it is also heavily involved in the central nervous system where it irreversibly alters NSCs from neurogenesis to undesirable gliogenesis, leading to a failure of neuronal regeneration (Nakashima et al., 2001).
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FIGURE 9. Expression of proteins translated from representative deregulated genes discovered in PCR array analysis for osteogenesis and neurogenesis. Using the optical absorbance at 450 nm during ELISA, the data are presented as percentage of control. Statistical annotation is omitted because the difference between test group and control is statistically significant for each protein tested.



To recapitulate, collagen and laminin coatings created by atmospheric plasma can significantly alter the gene expression of MSCs and NSCs during osteogenesis and neurogenesis, respectively. This improvement over coatings using the traditional technique is reflected within multiple functional pathways among tissue-specific differentiation. The 36 deregulated genes discovered in this study can be used as potential targets to design treatments delivered by surgical implants. One option with great promise for clinical therapies would be biomaterials capable of localized gene delivery that synergistically target multiple cell processes, leading to the regeneration of many tissues (Gower and Shea, 2013).




CONCLUSIONS

Extracellular proteins were coated onto surgical implants using the atmospheric plasma. Coatings formed by this novel technique were compared with those created by the conventional adsorption method. The study compared how both methods affected material characteristics and biological interactions with stem cells. XPS, SEM, and functional staining collectively revealed that atmospheric plasma created complete and homogeneous coatings. The resultant collagen and laminin coatings proved more hydrophilic in vitro and potentially more durable in vivo. Quantitative and qualitative assessment confirmed the superior mesenchymal and NSC attachment and adhesion on plasma-facilitated coatings. In addition, cell proliferation was independently faster, as verified by the cell cycle distribution analysis. Finally, tissue-specific differentiation from mesenchymal and NSCs was also significantly boosted by our newly designed ECM coatings. The underlying molecular mechanism was probed using pathway-specific PCR array. A total of 36 genes were discovered to be deregulated during osteogenesis and neurogenesis. The overall transcriptomic advantage of these promising coatings was evidenced throughout diverse functional pathways. Altogether, we have demonstrated the versatility of atmospheric plasma as a surface biotechnology, since it produces an implant-specific coating which offers tissue-specific enhancement. Future work could include using atmospheric plasma for implant-based drug delivery in regenerative medicine.
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Modification of the inorganic particle surface is one approach toward enhancing the mechanical and swelling properties of a bone-inspired composite. In this study we sought to manipulate the surface of non-stoichiometric nHA particles by utilizing a gentler methacrylation approach with two different methacrylates—methacrylic anhydride (MAh) and glycidyl methacrylate (GMA). While silanization of nHA (Si-nHA) is a recognized functionalization approach, one notable disadvantage is the need for relatively harsh reaction conditions. Here, ATR-FTIR and liquid state 13C-NMR provided evidence for a stronger affinity of the nHA surface for methacrylic anhydride compared to glycidyl methacrylate under the same reaction conditions; fewer GMA molecules reacted with the nHA surface. However, the affinity of MAh is more electrostatic in nature, whereas GMA attachment involves some covalent bond formation. In addition, while in water, there was no detectable dependence of particle settling on methacrylate choice, in ethanol, native nHA and nHA methacrylated with GMA each had detectably greater stability in suspension than the other sample groups. Lastly, the addition of GMA-nHA detectably increased the dynamic stiffness and did not impact the swelling in 37°C water of a GelMA-based composite compared to that observed upon adding native nHA. Overall, the GMA-based methacrylation approach was found to be a viable alternative to silanization and offers possibilities for future fabrication of bone-inspired composites.

Keywords: nano-hydroxyapatite, methacrylation, methacrylic anhydride, glycidyl methacrylate, surface functionalization, nanocomposite, dynamic stiffness, swelling


INTRODUCTION

As an osteoconductive ceramic which resembles the inorganic component of bone, hydroxyapatite (HA; Ca10(PO4)6(OH)2) is interesting to biologists and biomaterial scientists alike. To date, HA has found use in applications such as a bone filler (Frame et al., 1981), orthopedic implant coating (Liu et al., 2009), composite filler (Liu et al., 2013), and cell culture substrate (Cheng et al., 2013). In many of these cases, the ability to control or manipulate the surface properties of HA is very important and informs how successful the application will be. For example, the incorporation of HA in bone cement formulations has previously been found to reduce the strength of these materials (Leite Ferreira et al., 2014); this is likely due to a poor interfacial bonding between the polymeric matrix and HA, as well as agglomeration of the HA leading to stress concentrations (Leite Ferreira et al., 2014). It is well-recognized that interfacial adhesion between organic matrix and inorganic fillers is one attribute which contributes to the successful development of a composite with good mechanical properties (Ji et al., 2003; Xie et al., 2004). To address this challenge, coupling agents may be used to modify the HA surface and tune conditions at the composite interface (Vaz et al., 2002; Roether and Deb, 2004), including the ability to disperse the HA within the chosen organic matrix. Fortunately, several groups have found that HA may strongly interact with both polar and polarizable molecules, including various proteins and cells (Redey et al., 1999; El-Ghannam, 2005; Pieters et al., 2010; Gamelas and Martins, 2015). As one class of coupling agents, methacrylates covalently attached to a particle surface provide an opportunity for selective radical reactions within a composite. Methacrylated groups can aid in the covalent cross-linking between inorganic and organic phases within a composite; this can be very beneficial in the processing and application of nanocomposites in various industries, including for the biomedical materials and devices industries. Grafting of HA micro-particles with methacrylates has been previously achieved using a redox initiating system with some success (Murugan and Panduranga Rao, 2003; Murugan and Ramakrishna, 2004). However, the gentler approach offered in this study should generate fewer potentially cytotoxic by-products (or unreacted residual chemicals) (Temenoff et al., 2003). In addition, our proposed approach is expected to be more controlled than a redox initiation system owing to the lack of radicals (or growing macroradicals) which may terminate reactive sites (Murugan and Panduranga Rao, 2003). In this paper, we first present the results of direct functionalization of non-stoichiometric HA nanoparticle (nHA) surfaces using two different methacrylates under mild conditions—methacrylic anhydride (MAh), and glycidyl methacrylate (GMA)—and subsequently report changes to nHA particle dispersion in different media, before adding the nHA to methacrylated gelatin (GelMA) and assessing the composite stiffness and swelling in a proof-of-concept investigation. A surface functionalization control for this study is the well-studied silanated-nHA (Si-nHA), achieved using methacryloxypropyltrimethoxysilane (MPTS) (Cisneros-Pineda et al., 2014; Lung et al., 2016). Unfortunately, typical silanization reactions involve harsh reaction conditions (e.g., acidic pH), and a high risk of forming unstable multilayers (Liu et al., 2001; Halvorson et al., 2003; Amdjadi et al., 2017), neither of which is ideal toward the development of an nHA-based bone-mimetic composite.

Crystalline HA consists of Ca2+, [image: image], and OH− groups packed closely together in a hexagonal structure (Valle et al., 2014; Poralan et al., 2015). While OH− serves as the backbone, the 6 phosphate ions helically arranged around the c-axis are responsible for stabilizing the skeletal frame of HA (Poralan et al., 2015). With a Ca/P ratio lower than the stoichiometric value for HA (i.e., 1.67), there are calcium vacancies on the surface of non-stoichiometric HA. As a result, the surface calcium atoms are likely covered by excess phosphate ions (El Shafei and Moussa, 2001; Sarig, 2004; Jahromi et al., 2013) which, when protonated in the aqueous solutions, will produce predominantly P-OH groups at the surface. We hypothesized that these surface hydroxyl groups would play a key role in the methacrylation of non-stoichiometric HA nanoparticles (nHA) and aid in the formation of covalent bonds between the nHA surface and the methacrylate agents. Furthermore, the amount of nHA surface methacrylation would also be highly dependent on the type of methacrylate reagent, with glycidyl methacrylate less successful at neutral pH conditions than methacrylic anhydride. Methacrylic anhydride surface functionalization will be more enhanced owing to a notable side reaction which forms methacrylic acid, reduces the pH, and displaces calcium from the nHA surface; this increases the availability of surface hydroxyl groups available for methacrylation. Meanwhile, the GMA reaction at neutral pH involves both transesterification (which divides GMA in to methacrylate and glycidyl groups) and epoxide ring opening; together these processes encourage both covalent bonding and electrostatic interactions at the nHA surface.

The formation of agglomerates and particle settling are detrimental to the formation and performance of nanocomposites. Finding a surface functionalization approach which addresses nanoparticle agglomeration and dispersion is key to the development of uniformly mixed and dispersed nanocomposites and their bulk properties for subsequent successful application (Lee et al., 2006). Particles suspended in liquids inherently form aggregates and eventually settle as a result of gravity (Liyanage et al., 2016). A single particle in a static fluid will show a settling rate that is dependent on the density and viscosity of the fluid, as well as the nature of the particle (density, size, shape, surface texture) (Witharana et al., 2012). At higher particle concentrations, some inter-particle interaction must also be considered. In the case of nanoparticles, when dispersed in liquids, the intermolecular forces along with the thermal vibrations and diffusivity play a greater role than Newtonian forces (and gravity). As a result, nanoparticles have a more random (and less vertically downward) motion during settling than particles that are 1 μm or larger in size. We hypothesized that the dispersion of the methacrylated particles in different media will be largely dependent on methacrylate reagent type, with each reagent resulting in a different surface charge owing to differences in the nature of surface coverage with the methacrylate agent.

Lastly, a proof-of-concept investigation was pursued to study the impact of nHA surface methacrylation on the dynamic stiffness and swelling of a nHA-added GelMA composite. We hypothesized that successful surface methacrylation of nHA would result in greater composite dynamic stiffness and reduced swelling in water.



MATERIALS AND METHODS

Non-stoichiometric nHA was purchased from MKNano (division of M K Impex Corp, Canada). All other reagents were purchased from Sigma-Aldrich Canada. We have previously reported on the characteristics of this nHA (Comeau and Willett, 2018). The nHA powder has been found to have a crystallinity of 66%, a Ca/P of 1.52 and is rod shaped with a ~120 nm length and 20–30 nm width on average (Comeau and Willett, 2018). In addition, ATR-FTIR spectroscopy of the raw native nHA has confirmed its carbonated nature (Comeau and Willett, 2018).


Methacrylation of the Non-stoichiometric nHA Surface

0.425 M solutions of methacrylic anhydride and glycidyl methacrylate were first prepared using MilliQ distilled water (MQ dH2O), and brought to a pH of 7.4 using 4.0 M sodium hydroxide (NaOH), before 300 mL of this mixture was added to 12 g of nHA within a 1 L capped flask. The pH of the nHA-based mixture was then maintained at a pH of 7.4 using 4.0 M NaOH, while placed on a horizontal shaking plate at 200 rpm for 2 h. After 2 h, the mixture was centrifuged at 2,000 rpm for 10 min, before the liquid was decanted, the powder re-suspended in MQ dH2O, and the mixture centrifuged for a second time. Once the liquid was decanted for a second time, the nHA powder pellet was manually crushed and placed in a 60°C oven for 5 days in order to dry. Figure 1 provides a schematic of the proposed surface reaction between nHA and either MAh or GMA.


[image: Figure 1]
FIGURE 1. Proposed reaction schematic for surface methacrylation of nHA with (top) methacrylic anhydride (MAh), and (bottom) glycidyl methacrylate (GMA).




Silanization of the Non-stoichiometric nHA Surface

First, following a modification of a published protocol (Lung et al., 2016), 30 % by-volume of methacryloxypropyltrimethoxysilane (MPTS) was added to a 90% ethanol solution, the pH was adjusted to 4 with 3.4 M acetic acid, and the mixture was placed under aluminum foil on a magnetic stir plate at 200 rpm for 1 h. Next, the mixture was added to 12 g of nHA powder in a 1 L glass capped flask, and the suspension sonicated for 15 min at 50°C in a water bath. The ratio of reactant moles per gram of nHA powder is the same under silanization conditions as under methacrylation conditions (e.g., 0.1275 mol reactant /12 g nHA). After 15 min, the suspension was returned to the magnetic stir plate at 200 rpm for 24 h. Finally, the Si-nHA suspension was dialyzed for 2 h against MQ dH2O, before being collected and dried at room temperature for several days. Owing to the high concentration of MPTS, this powder also required additional rinsing with 100% ethanol and drying in a furnace for 1 week at 60°C.



Functionalized nHA Powder Characterization

The nHA powder was analyzed by Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) spectroscopy (Tensor 27, Bruker) to confirm the presence of methacrylate groups (n = 3). From the ATR-FTIR spectra, vibrations corresponding to [image: image] were identified at 1,028, 605, and 565 cm−1, while bands indicating C=O and C=C (from the methacrylates) could be found at 1,680–1,740 and 1,600–1,680 cm−1, respectively (Arcís et al., 2002; Gonzalez-McQuire et al., 2004). The peak area for the C=C functional group was calculated using DMFit 2010 Software, following normalization to that of the phosphate vibration at 605 cm−1 and subtraction of the similarly normalized native nHA peaks. The C=C functionalization is of greatest interest for our research group with regards to future use of a methacrylated nHA in UV-curable nanocomposites. However, the identification of C=O in the ATR-FTIR spectra is very relevant for the recognition of how the different reactant species interact with the nHA surface. Additional analysis of the chemical structure of the methacrylated nHA was obtained using liquid-state nuclear magnetic resonance imaging (NMR; Bruker 500 MHz Ultrashield™) with a 13C probe. Prior to NMR, the nHA powder was first dissolved in 400 mM ethylenediaminetetraacetic acid (EDTA) and the solution filtered with cheese cloth (to ensure complete dissolution) before adding deutrium oxide (D2O) and placing the sample in liquid NMR tubes. Samples were run at a frequency of 125.77 MHz using a 90-degree pulse of 15 μs. Spectra were reported in ppm using the reference of methanol in D2O. Peaks in the 13C NMR spectra were identified using Topspin (Bruker) software. It is important to recognize an important source of error resulting from the hydrolysis of nHA during liquid NMR sample preparation. However, native (i.e., unmodified) nHA was used as a control in both ATR-FTIR and NMR characterization; this helps to mitigate this concern.

Following drying, the surface charge and relative suspension stability of the methacrylated nHA was assessed by characterizing the zeta potential of nHA-dH2O solutions with a zeta potential analyzer (WallisTM, Cordouan Technologies) and ZetaQ V1.7.0 software (n = 5). Sample suspensions of 0.5 mg/mL nHA were prepared in unbuffered solutions of MQ dH2O or 100% ethanol (EtOH). MQ dH2O and EtOH were the two media chosen owing to their suitability in future biomimetic composite fabrication. Zeta potential is a common method to measure the electrostatic interaction between suspended particles and the overall colloidal stability of the solution (Salopek et al., 1992; White et al., 2007). Typically, a zeta potential magnitude of >15 mV indicates that the particles will have some beginning stability from electrostatic considerations; however, a magnitude >30 mV is associated with more apparent (and “medium”) suspension stability (Salopek et al., 1992; White et al., 2007).



nHA Particle Gravity Settling Experiments in Polar Liquid

To further assess the ease of dispersion and likelihood of particle settling in different liquids, 0.1 g of each nHA powder was added to a 20 mL glass scintillation vial and 20 mL of liquid (either MQ dH2O or 100% ethanol) was added to match zeta potential measurement conditions. This concentration is chosen as it is close to the upper limit for inter-particle interference in light scattering and imagining techniques (Witharana et al., 2012). Next, an ultrasonicator with a micro-horn (Symphony™, VWR) was used to initially disperse the powder for 30 s (30% power setting). Immediately following the completion of sonication (i.e., time of 0 s), a digital image of the powder suspension was recorded using a Canon (Powershot Digital ELPH) camera. The suspension was then left undisturbed overnight with images taken at 1, 2, 5, 10, 20, and 30 min, as well as at 24 h.

After 30 min of gravity settling, 5 μL of particle-suspended solution (0.1 g in 20 mL MQ dH2O or EtOH) was removed from the vials at the middle of the volume, and added to SEM stubs using carbon tape. The stubs were then left in a desiccator with Drierite® for 24 h in order to dry prior to SEM imaging (Zeiss Merlin FESEM 1530). Operating conditions for SEM consisted of a working distance of 10.5 mm, an accelerating voltage of 10.00 kV, and a vacuum of 1.21 e−006 mbar.



Fabrication of nHA-Added GelMA Composite

Type B, 225 bloom gelatin was methacrylated according to an existing protocol. Gelatin (25 g) was slowly added to 40°C MilliQ distilled water (MQ dH2O; 100 mL) and the pH then adjusted to 7.40 using sodium hydroxide (NaOH; 4 M) solution. Next, methacrylic anhydride was added while maintaining the pH at 7–7.4 with NaOH (4 M). Sufficient methacrylic anhydride was added to obtain a methacrylic anhydride–to–amine group ratio of 10:1 during reaction. Over the next 2 h the reaction was continued while maintaining the pH at 7–7.4 with NaOH (4 M). After 2 h, the pH of the gelatin solution was adjusted to 8 with NaOH (4 M), before dialyzing the methacrylated gelatin (GelMA) solution with 13 kDA cut-off tubing against MQ dH2O for seven days. The GelMA solution was then frozen overnight and subsequently freeze dried (Labconco Freezone 1L Benchtop) for 2–3 days to obtain dried GelMA. Finally, GelMA-based inks containing 8% /vol nHA were prepared by adding nHA (MKNano, MK Impex Corp.) to an aqueous 62% w/v GelMA solution using a mechanical mixer (Caframo®) at 60 rpm.



Dynamic Mechanical Analysis of nHA-Added GelMA Composite

To obtain viscoelastic properties of the 30 s UV-cured nHA-GelMA samples (of ~4.8 mm diameter and ~~4.5 mm height), the fresh samples were preloaded in compression to 0.1 N before subjecting them to cyclic sinusoidal loading between 0 and 10% compressive strain at a frequency of 0.1 Hz using a 50 N loading cell (UniVert, CellScale, Waterloo, Ontario, Canada). Data was acquired at 100 Hz and analyzed using Matlab code. From this analysis, the dynamic modulus (E*), storage modulus (E'), and loss modulus (E”) were determined (n = 6).



Swelling of nHA-Added GelMA Composite in Water

To assess the swelling of freshly prepared nHA-GelMA composite samples, the mass of each sample (again, cured for 30 s) was first recorded (“m1”) and then added directly to 37°C MQ dH2O. After 3 days, the mass of the samples was recorded (“m2”). The swelling percentage of the UV-cured samples in water was calculated according to Equation (1) (n = 6).

[image: image]
 

Statistical Analysis

Differences in the means of study outcomes were analyzed using IBM® SPSS® Statistics software and a one-way or two-way general linear model with a significance value of p = 0.05 (and a post-hoc Tukey analysis). Specific p-values for given data sets are provided (noting that p-values < 0.05 are significant). All data are presented in this paper as mean ± one standard deviation.




RESULTS AND DISCUSSION


Characterization of Functionalized nHA Powders

nHA particles were functionalized using the two methacrylates—methacrylic anhydride (MAh) and glycidyl methacrylate (GMA). A 0.425 M concentration of methacrylate reagents was chosen to encourage full saturation of the nHA surface with excess remaining in solution following reaction. This methacrylate reagent concentration also closely matches the previously reported study of GMA-functionalization of HA micrometer-sized particles using a redox-initiating system (Murugan and Panduranga Rao, 2003; Murugan and Ramakrishna, 2004). Meanwhile, these two methacrylates were chosen for their different chemical structure and potential differences in bonding to the nHA surface upon reaction (e.g., electrostatic or covalent in nature). ATR-FTIR spectroscopy (Figure 2) of the two methacrylated powders shows evidence of additional peaks (compared to native nHA) that correspond to the presence of methacrylate groups.


[image: Figure 2]
FIGURE 2. ATR-FTIR spectroscopy of native and methacrylated nHA particles. In this study, nHA was methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA). Phosphate peaks in the fingerprint region of the spectra (500–1,200 cm−1) are evident, with spectra of methacrylated nHA also presenting additional peaks. Peaks owing to C=C stretch are identified by dashed vertical lines and C=O broad stretch peak by a gray region for the functionalized nHA samples. The peaks identifying carbonate groups that have replaced tetrahedral phosphate sites are indicated by +, while a free residual water (H-O-H) peak is indicated by * in the native nHA spectra.


ATR-FTIR spectroscopy confirmed the carbonate-substitution of the native, non-stoichiometric nHA with peaks at 1,423 and 1,457 cm−1 attributed to asymmetric stretching modes of carbonate groups which replaced the tetrahedral phosphate sites (Figueiredo et al., 2012; Tkalčec et al., 2014). The broad peak at 1,642 cm−1 for native nHA is attributed to free residual water (H-O-H) (Zou et al., 2012), which following methacrylation is less evident in the MAh-nHA and GMA-nHA samples. Several additional peaks also appear in the spectra following methacrylation of the nHA. For example, the band at 1,566 cm−1 for MAh-nHA is representative of the carboxylate group formed during the ionic side reaction between methacrylic acid and calcium ions at the nHA surface (Cisneros-Pineda et al., 2014); this suggests a large amount of electrostatic interactions at the nHA surface. In addition, C=O and C=C bond stretches are apparent for each methacrylate reagent; these are indicative of at least the presence of these reagents at the nHA surface (Arcís et al., 2002; Cisneros-Pineda et al., 2014). For MAh-nHA, the C=O peak occurs at 1,696 cm−1, while the C=C peak occurs at 1,634 cm−1. For GMA-nHA, these same peaks occur at 1,715 and 1,640 cm−1, respectively. In addition, for MAh-nHA and GMA-nHA, the C=C and C=O peak areas are similar (data for C=O peak fitting not shown)—this is likely indicative that the COO− functional group is not the sole form of attachment for the respective reagents at the nHA surface. Finally, GMA-nHA spectra show a band at ~1,300 cm−1 which is attributable to the C-O-C bond present in the respective reagent; notably MAh-nHA spectra does not show such a peak (Cisneros-Pineda et al., 2014). Meanwhile, the reduced peak area under C=C peaks for GMA-nHA compared to MAh-nHA suggests that fewer methacrylate groups are present at the nHA surface for the GMA-nHA group (Figure 3).


[image: Figure 3]
FIGURE 3. ATR-FTIR analysis of the methacrylated nHA C=C peak area normalized to [image: image] peak area. Horizontal bars indicate statistically detectable difference (p-values indicated) (n = 3).


The difference in means between sample groups was statistically detectable for normalized C=C peak area (p < 0.001). For example, GMA-nHA was found to have detectably less C=C signal than MAh-nHA (p = 0.006). Meanwhile, upon normalization of the C=C peak area to that of the 605 cm−1 phosphate peak, it is evident that the silanization protocol (Lung et al., 2016) resulted in detectably more C=C bonds at the surface of Si-nHA than nHA functionalized with either methacrylate reagent (p < 0.001). Such C=C bonds are integral to the radical photopolymerization reaction; introducing these groups on the nHA surface should encourage radical photopolymerization with similar groups within the GelMA matrix (once nHA and GelMA are blended together in a bone-inspired composite).

Liquid-state 13C-NMR spectra further support this difference between the different functionalization approaches and gives insight in to the nature of bonding and/or surface interaction with the different reagents (Figure 4).


[image: Figure 4]
FIGURE 4. Liquid state 13C NMR spectra of native, silanated and methacrylated nHA. In this study, nHA is methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA). There are several peaks labeled (i)–(iv) in the Si-nHA, MAh-nHA and GMA-nHA spectra which do not appear in the native nHA spectrum.


The 13C-NMR spectra confirm silanization or methacrylation of the nHA following the respective protocols. The highlighted peaks [at (i)–(iv)] are detected in the spectra of MAh-nHA and GMA-nHA, but not in that of native nHA. For example, at 120–145 ppm (peak “ii”), there are two strong peaks for MAh-nHA and GMA-nHA that indicate the presence of vinyl carbon atoms (i.e., = CR2 and = CH2) (Reis et al., 2009; Mertz et al., 2014). For MAh-nHA the = CR2 peak has been shifted downfield (i.e., more positive ppm) to 142 ppm, while for GMA-nHA this same peak is at 127 ppm. This difference in peak position is likely due to greater van der Waals attractive interactions between MAh and nHA (Li and Chesnut, 1986; Chesnut et al., 1988). The = CH2 peak is at the same position (i.e., 120 ppm) for MAh-nHA and GMA-nHA. Meanwhile, peaks between 160 and 180 ppm (peak “i") in all spectra are associated with carbonyl carbon atoms (Mertz et al., 2014), and the presence of a peak at 70 ppm (peak “iii”) in GMA-nHA supports the presence of a C-O-P covalent bond (Avci and Mathias, 2005). Interestingly, there is no apparent C-O-P peak in 13C NMR spectra for MAh-nHA; this suggests that while functionalization results in a covalent bond between GMA and nHA, this is not the case for MAh. Therefore, MAh interaction with the surface of nHA may be more electrostatic in nature. Lastly, methylene carbon atoms are likely represented by the peak at 20 ppm (peak “iv”). Based on a larger vinyl carbon signal, as well as the additional peaks in 13C-NMR spectra of MAh-nHA compared to that of GMA-nHA, the methacrylation with methacrylic anhydride results in more methacrylate groups being present at the nHA surface following functionalization; however, these are not covalently bonded to nHA. This is corroborated with a stronger C=C peak in ATR-FTIR spectra for MAh-nHA compared to GMA-nHA (Figures 1, 2). Altogether, the ATR-FTIR and 13C NMR results support the initial hypothesis that methacrylic anhydride surface functionalization will be more successful with a greater abundance of vinyl groups, owing to the formation of methacrylic acid and the increased presence of hydroxyl groups at the nHA surface. Meanwhile, GMA functionalization involves notable covalent bonding (as a result of epoxide ring opening) and non-covalent interactions (resulting from hydrogen bonding and interactions with Ca2+ at the nHA surface). A notable limitation of liquid 13C-NMR analysis is the use of ethylenediaminetetraacetic acid (EDTA) to dissolve the nHA, as this creates additional carbon peaks in the spectra. However, identification of peaks due to EDTA and native non-stoichiometric nHA aided in distinguishing those peaks due to the surface functionalization process alone. This was found to be an acceptable approach for processing the liquid NMR spectra and assessing surface functionalization success; particularly when compared with ATR-FTIR spectroscopy results.

Prior to performing settling experiments, the powder was assessed with a Zeta Potential Analyzer in unbuffered MQ dH2O and EtOH. There was a noticeable dependence of the zeta potential of the particles on the choice of methacrylating agent in either of the two unbuffered media (Figure 5).
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FIGURE 5. Zeta potential analysis of methacrylated and silanated nHA particles in unbuffered MQ dH2O and EtOH. In this study nHA was methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA. Horizontal bars indicate statistically detectable difference (p-values indicated) (n = 5).


The impact of sample type and solution type on zeta potential was statistically detectable (p = 0.015 and p < 0.001, respectively). In fact, the interaction between sample type and solution type was also found to be significant (p < 0.001). Both MAh-nHA and Si-nHA were found to have a detectably less negative zeta potential in MQ dH2O than GMA-nHA (p = 0.035 and p < 0.001, respectively). Meanwhile, in EtOH, MAh-nHA and Si-nHA were found to have a detectably less positive zeta potential than either native nHA or GMA-nHA (p < 0.001 for each respective pair).

To explain the zeta potential dependence on methacrylating reagent, the reactions which are uniquely specific to each reagent at the nHA surface must be considered. For example, upon methacrylating nHA with methacrylic anhydride, a side reaction between methacrylic anhydride and water produces methacrylic acid. These methacrylic acid molecules are able to stick to the nHA surface and, subsequently, release additional protons into the solution. Meanwhile, methacrylating nHA with glycidyl methacrylate itself involves additional interactions between the glycidyl groups (formed during the transesterification of glycidyl methacrylate) and the hydroxyl groups and/or positive charge (e.g., Ca2+) at the nHA surface. Altogether, the zeta potential of the two methacrylated nHA supports a theory of less glycidyl methacrylate bonding to the hydroxyl groups at the nHA surface (and less coverage of the negative surface charge reported for unmodified nHA). In fact, there is no statistically detectable difference in zeta potential between native nHA and GMA-nHA in either media measured. From the zeta potential measurements alone, it would then be anticipated that none of the sample groups will exhibit appreciable particle stability (i.e., suspension) in MQ dH2O. Meanwhile, in EtOH native nHA and GMA-nHA particles show more particle stability than either Si-nHA or MAh-nHA particles.

There are a number of mechanisms responsible for developing charge—the three of notable relevance here are (1) ionization of surface groups, (2) differential ion adsorption from electrolyte solution, and (3) differential ion dissolution from a crystal lattice. For example, water is dissociated to a larger extent than alcohols (e.g., ethanol) (Logtenberg and Stein, 1986). As a result, a greater concentration of H+ and OH− are available to be adsorbed by the nHA surface when in water; this coincides with some dissolution of the positive divalent calcium ion from the nHA lattice and an altogether more negative zeta potential in water. In ethanol (EtOH), there are fewer ions available to adsorb on to nHA, and the calcium ions are less mobile in leaving nHA; this results in a more positive zeta potential. Owing to the silane groups on the Si-nHA, the surface is more hydrophobic (Roether and Deb, 2004), with much lower adsorption of H+ and OH−, and the zeta potential is the most positive of the four nHA sample groups upon dispersion in water. This also explains why the difference of Si-nHA zeta potential in water compared to that in ethanol is the smallest (of the four groups studied).



nHA Particle Settling Experiments

Results from gravity settling experiments of the sample groups in MQ dH2O and EtOH are shown in Figures 6, 7, respectively.
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FIGURE 6. Gravity settling of native, methacrylated, and silanated nHA in MQ dH2O at room temperature. In this study, nHA is methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA.



[image: Figure 7]
FIGURE 7. Gravity settling of native, methacrylated, and silanated nHA in 100% ethanol (EtOH) at room temperature. In this study nHA is methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA.


Consistent with the zeta-potential results, the unstable suspension of the sample groups in MQ dH2O demonstrates quick settling, particularly during the first 2–5 min of the experiment. The liquid above the particle bed becomes more transparent after 2 min for the native nHA and nHA methacrylated with either agent; this suggests more of the particles have settled out. For each sample group, the liquid phase is not completely clear within the first 30 min in dH2O—this is indicative that some small particles remain suspended at each time point. However, 24 h later, most of the particles have settled to the bottom of the vial. Zeta potential results in MQ dH2O correlate well with the observed particle settling in dH2O; the magnitude of zeta potential is <15 mV for each sample (which itself suggests poor nanoparticle suspension in the given media). Meanwhile, the suspensions of all but the Si-nHA sample group particles in ethanol may be considered stable for at least the first 30 min recorded, as few particles appear to settle. Following 24 h of settling in ethanol, the MAh-nHA particles have largely settled to the bottom of the vial, while Si-nHA have a few particles still suspended, and the other sample groups have a significant amount of powder suspended. This is again correlated with the zeta potential results as only native nHA and GMA nHA were found to have a charge >30 mV in magnitude (and some expected suspension stability) (Salopek et al., 1992; White et al., 2007). The lower the magnitude of zeta potential, the greater the ease of particle approach with other particles (i.e., less inter-particle repulsion). In considering the concentration of nHA in the suspension media, there is considerable room for the particles to move around in either media. The difference based on suspension media then is largely owing to how the particles interact with the media, the nature of the solvent layer, and how the various forces (e.g., attractive, repulsive) balance. A common law for understanding particle settling is Stoke's law. In accordance with this law, as ethanol has a lower density and greater dynamic viscosity than water, it is to be expected that particle settling will occur at a slightly slower rate. However, as Stoke's law minimizes the interactions between particles, these are not the only factors to consider. For example, ethanol (C2H5OH) has only one polar end which, upon interaction with the surface of nHA, manages to neutralize some of the attractive forces, minimize agglomeration, and improve the overall dispersion of nHA (compared to that observed in water). Of significance is that while native nHA and GMA-modified nHA have similar settling behavior in either media, the GMA-modified nHA also offer C=C groups which should benefit the mechanical and swelling performance of future nHA-added bone-inspired composites. Future study may consider additional quantification of the particle settling behavior qualified here (including additional settling time points), as well as that within the future composite of interest.

Under dry conditions, and using SEM to image the powder following 30 min of dispersion, the differences observed in zeta potential measurement were less strongly evident owing to a relatively small magnitude of surface charge in most conditions (Figure 8). Typically powder dispersion is qualified by a zeta potential magnitude >15 mV, and while native nHA and GMA-nHA do report such a high magnitude in EtOH, this is not strongly evident in the SEM images. Each sample groups shows some agglomeration, with both methacrylation and silanization protocols appearing to have slightly reduced this agglomeration tendency (compared to native nHA). In addition, while agglomeration is evident in all SEM images the proportion of small, fine particles appears to be greater in samples collected after 30 min in ethanol than in samples after 30 min in water. The minimal impact of sample group on short-term dispersion (i.e., up to 30 min) is likely indicative of the strong role dispersion media has on nanoparticle settling and the random motion of the nanoparticles themselves (i.e., gravity is not the biggest contributor to settling here).


[image: Figure 8]
FIGURE 8. SEM images of native, methacrylated, and silanated nHA particles with left-side showing particles collected from dH2O suspension, and right-side images showing particles collected from EtOH suspension. In this study nHA is methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA. White scale bar represents 1 μm.




nHA-Added GelMA Composite

Following characterization of the modified nHA particles alone, the next objective of this study was to investigate the impact of nHA surface methacrylation on the dynamic stiffness and swelling of nHA-added GelMA composite; both of which are integral to the potential application of this material. In this proof-of-concept investigation 8 % /vol nHA was dispersed into an aqueous GelMA solution (62 % w/v). Following initial ink processing, it was observed that both MAh-nHA and Si-nHA particles settled out of the GelMA phase relatively quickly, while native nHA remained well-dispersed for at least 30 min and GMA-nHA experienced only a small amount of settling in this same time period. While all inks were re-mixed immediately prior to preparing the UV-cured samples, this settling behavior is of great significance and correlates well with prior zeta potential observations in an aqueous environment. Meanwhile, a univariate general linear model revealed that the type of surface functionalizing agent impacted dynamic stiffness (E*), storage modulus (Estorage), loss modulus (Eloss), and change in mass during swelling (p = 0.005, 0.004, 0.014, and p < 0.001, respectively; Figure 9).


[image: Figure 9]
FIGURE 9. (A) Dynamic stiffness (E*), storage modulus (Estorage), and loss modulus (Eloss), and (B) change in mass after 3d in 37°C water for the nHA-GelMA composites. In this study nHA was methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA. Horizontal bars indicate statistically detectable difference (p-values indicated) (n = 6).


In fact, of the three nHA-modified GelMA composites, only the GMA nHA-GelMA composite had a detectably greater dynamic stiffness than the native nHA-GelMA composite (p = 0.043). In addition, GMA nHA-GelMA composite swelling after 3 d in water was comparable to that of native nHA-GelMA composite. Furthermore, the MAh nHA-GelMA composite had the only detectably increased change in mass during swelling compared to either native nHA-GelMA or Si nHA-GelMA composites (p = 0.001 and p < 0.001, respectively). Future studies will need to investigate the dispersion of the surface methacrylated nHA within the GelMA matrix and assess how such dispersion may have impacted the composite properties. In addition, the role that the introduced vinyl groups on the nHA surface have on composite properties, as a result of UV curing (and radical photopolymerization), requires further investigation.

Overall, the processing of nanocomposites suitable for various industries, such as biomedical materials, may be improved with the use of ethanol to improve dispersion of non-stoichiometric nHA, and the inclusion of directly methacrylated non-stoichiometric nHA particles within the composite. In turn, the resulting composite will be better suited to meet requisite properties (e.g., mechanical and swelling) for the given tissue engineering application.




CONCLUSIONS

In this study, we investigated a new approach to the methacrylation of non-stoichiometric hydroxyapatite nanoparticles (nHA) using two different methacrylates. Methacrylation using methacrylic anhydride (MAh) was found to add more vinyl (i.e., C=C) groups than glycidyl methacrylate (GMA) upon characterization with ATR-FTIR and liquid-state 13C-NMR. However, the MAh interaction at the nHA surface was more electrostatic in nature, while for GMA-nHA there was additional evidence of epoxide ring opening and covalent bonding (in the form of P-O-C linkages). Meanwhile, gravity settling experiments revealed a small dependence on methacrylate type after 24 h in ethanol; both native and GMA-modified nHA particles dispersed better in ethanol than the MAh- or Si-modified nHA particles. This latter result corroborated well with the detectably greater magnitude of zeta potential reported for native and GMA-nHA in ethanol (compared to the other sample groups). Finally, a proof-of-concept investigation revealed that a GMA-nHA-GelMA composite had a greater dynamic stiffness than the native nHA-GelMA composite, and comparable swelling after 3 d in water.

By analyzing the dependence of nHA surface methacrylation on the type of methacrylate agent, this study has improved current understanding of non-stoichiometric nHA surface affinity for methacrylates. This study also presents a gentler approach to methacrylation of the HA surface and introduction of vinyl groups. Lastly, this work highlights the significance of methacrylate reagent on non-stoichiometric nHA dispersion, with GMA-modified nHA particles showing a notable improvement in ethanol dispersion compared to MAh-modified nHA. As a result, the GMA-modified nHA particles are a viable alternative to silanated nHA in the fabrication of future biomimetic composites, owing to improved dispersion in ethanol and similar covalent nature of the nHA surface modification.
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Non-invasive Production of Multi-Compartmental Biodegradable Polymer Microneedles for Controlled Intradermal Drug Release of Labile Molecules
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Transdermal drug delivery represents an appealing alternative to conventional drug administration systems. In fact, due to their high patient compliance, the development of dissolvable and biodegradable polymer microneedles has recently attracted great attention. Although stamp-based procedures guarantee high tip resolution and reproducibility, they have long processing times, low levels of system engineering, are a source of possible contaminants, and thermo-sensitive drugs cannot be used in conjunction with them. In this work, a novel stamp-based microneedle fabrication method is proposed. It provides a rapid room-temperature production of multi-compartmental biodegradable polymeric microneedles for controlled intradermal drug release. Solvent casting was carried out for only a few minutes and produced a short dissolvable tip made of polyvinylpyrrolidone (PVP). The rest of the stamp was then filled with degradable poly(lactide-co-glycolide) (PLGA) microparticles (μPs) quickly compacted with a vapor-assisted plasticization. The outcome was an array of microneedles with tunable release. The ability of the resulting microneedles to indent was assessed using pig cadaver skin. Controlled intradermal delivery was demonstrated by loading both the tip and the body of the microneedles with model therapeutics; POXA1b laccase from Pleurotus ostreatus is a commercial enzyme used for the whitening of skin spots. The action and indentation of the enzyme-loaded microneedle action were assessed in an in vitro skin model and this highlighted their ability to control the kinetic release of the encapsulated compound.

Keywords: polymer microneedles, multi-compartmental, enzyme, controlled release, skin model
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GRAPHICAL ABSTRACT. Highly controlled intradermal delivery can be performed with multi-compartmental polymer microneedles that are able to indent the skin and be implanted in it with a fast dissolving tip and a slow degradable body made of porous PLGA μPs.



INTRODUCTION

Transdermal drug delivery is an attractive alternative to parenteral administration. It bypasses the hepatic first-pass metabolism, preventing intestinal degradation and reducing systemic drug exposure (Kumar and Philip, 2007; Chu et al., 2010; Nguyen et al., 2018). However, classic transdermal delivery systems are severely limited by the inability of the vast majority of drugs to cross the skin barrier imposed by the stratum corneum, the outermost lipophilic layer of the skin (thickness of 10–30 μm), which only allows the transport of molecules of fewer than 400 Da (Schaefer et al., 1997, 2011; Naik et al., 2000; Bouwstra and Ponec, 2006).

Several techniques, such as microdermabrasion, laser ablation, radiofrequency, and thermal abrasion, are used to enhance skin permeability (Kumar and Philip, 2007). However, such techniques can seriously damage the skin, are painful for patients, and require both skin treatment and agent application.

These limitations can be overcome using needles of micrometer dimensions, namely microneedles, which penetrate the skin and then release their cargo (Bronaugh and Maibach, 1999; Joshi and Raje, 2002; Prausnitz et al., 2004). In fact, when inserted into the skin, they create microchannels that enable a broad range of therapeutic agents to be delivered, such as drugs, vaccines, enzymes, proteins, and peptides (Park et al., 2006; Jiang et al., 2007; Sullivan et al., 2010; Kim et al., 2012; Matsuo et al., 2012; Tsioris et al., 2012; Hiraishi et al., 2013; Edens et al., 2015a,b; Lee et al., 2015; Arya et al., 2016; Qiu et al., 2016; Ruggiero et al., 2018), without inducing serious skin damage, irritation, or infection (Nguyen and Banga, 2017). They are also painless because they do not stimulate the dermal nerves (Donnelly et al., 2010). Microneedle-based technology has also attracted the attention of the cosmetic industry for skin aging, acne, photodamage, and hyperpigmentation treatment (Preetha and Karthika, 2009).

One of the commonest and most reliable fabrication methods for polymeric microneedle preparation is the stamp-based technique (Raja et al., 2013; Yang et al., 2015). However, microneedles are commonly made of water-soluble materials, such as polymers and sugars, that will dissolve into the skin a few minutes after insertion (Park et al., 2005; Kim et al., 2012) or of biodegradable polymers that need to remain embedded in the skin for several days to promote a prolonged release (Park et al., 2006).

To overcome the long application times of the biodegradable polymers, Li et al. proposed a microneedle patch with rapidly separable biodegradable PLGA needles for the continuous release of a contraceptive hormone. The fabrication method consists of the casting step and the formation of a bubble at the base of the cone that rapidly separates the needles from the patch. Despite the interesting results obtained in terms of microneedle penetration in the skin, microneedle detachment from the patch, and therapeutic agent delivery, this method does not allow for a tunable drug release of the compounds over time (Li et al., 2019).

A spray-based method has recently been introduced to obtain controlled biphasic release (Park et al., 2019). Microneedles are detached from the stamp after overnight dehydration. A slow release from the biodegradable compartment is not easily tunable. Previously, to overcome the limitations related to controlling the delivery rate, a new approach had been proposed by Irvine (DeMuth et al., 2013) that combined poly(acrylic acid) (PAA), as a fast dissolvable polymer matrix, and PLGA μPs for sustained release. However, despite the clear improvements obtained, this method remains time consuming (at least 48 h). Apart from being expensive, long fabrication processes can promote the unloading of hydrophilic cargos from the μPs to the PAA matrix as well as the loss of moisture-sensitive drugs during the long drying step.

In order to overcome these drawbacks, we have developed a novel and fast stamp-based method for fabricating multi-compartmental polymeric microneedles with tunable drug delivery properties.

The first step in the production of microneedles was the fabrication of a master using a 2 photon polymerization (2PP) technique that ensures a tip curvature radius smaller than 20 μm (Pennacchio et al., 2017, 2018). Then, after replicating PDMS stamps, multi-compartmental microneedles were fabricated. First, the cavities of the stamp were spin-coated with a hydrophilic polymer, the PVP, to obtain the fast-dissolvable tips, according to a recently proposed method (Vecchione et al., 2016). PVP is mechanically strong because of its chemical backbone, which contains rigid rings, and it has been widely used in the production of polymer microneedles (Lopérgolo et al., 2003). PVP is also water soluble, facilitating the rapid dissolution of the microneedles when inserted into the skin. Once dissolved in the body, PVP can be safely cleared within a few days (Kodaira et al., 2004). The cavities were then filled with porous PLGA μPs and assembled by a mild-softening method, creating the body of the microneedle, which is devoted to the prolonged release of the cargo. PLGA is one of the most successfully used biodegradable polymers approved by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA) due to its biodegradability and biocompatibility (Bobo et al., 2016).

It is thus possible to fabricate multi-compartmental microneedles with tunable drug release properties that combine the fast release of the tip with the prolonged release of the cargo from the μPs as well as the possible co-delivery of two molecules.

Interestingly, the whole process is carried out at RT, thus allowing the encapsulation of thermo-sensitive molecules. We assessed the compliance of the method by monitoring the activity of an enzyme, namely POXA1b laccase from Pleorutus ostreatus, which was encapsulated both in the tip and the microparticles.

The performance of the microneedles was highlighted in vitro by assessing their indentation capacity in a pig cadaver skin model together with the enzyme diffusion and activity in an advanced in vitro human skin equivalent model.



MATERIALS AND METHODS


Materials

Poly (lactic-co-glycolic acid) 50:50 (PLGA RESOMER® RG 504H, 38,000–54,000 Dalton), was purchased from Boeringer Ingelheim. Polyvinylpyrrolidone (PVP 856568 Mw 55 KDa), Pluronic® F-68, dimethyl carbonate (DMC, D152927), dichloromethane (DCM) sodium acetate anhydrous, sulphorhodamine B (Rhod) (SulphoRh6G, S470899), fluorescein isothiocyanate isomer I (FITC), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were purchased from Sigma Aldrich. NOA 61 glue was purchased from Norland Optical Adhesive. Poly (dimethyl-siloxane) (PDMS) was provided by Sylgard® (184 Silicone Elastomer Kit, Dow Corning). Poly(methyl methacrylate) (PMMA) was purchased from GoodFellow. The medical tape came from 3 M. Pure recombinant POXA1b (rPOXA1b) laccase enzyme was provided by Biopox srl. IP-DIP negative tone photoresist was purchased from Nanoscribe GmbH. Bidistilled water was pretreated with a Milli-Q R Plus System (Millipore Corporation, Bedford, USA). The MPatch™ Mini Applicator was purchased from Micropoint Technologies Pte Ltd.



Laccase-Atto 647 Conjugation

Laccase (Biopox, Naples, Italy) was covalently conjugated to Atto-647 NHs by ATTO-TEC GmbHprocedure (https://www.atto-tec.com/fileadmin/user_upload/Katalog_Flyer_Support/Procedures.pdf). To summarize, a solution of 2 mg/mL of the enzyme (Carbonate buffer, pH 8.5) was mixed with a 10-fold molar excess of reactive dye for 1 h at 25°C under magnetic stirring. Unbound dye was removed using a 5 kDa molecular weight cutoff Amicon Ultra-4 centrifuge filter. The correct enzyme-dye conjugation was validated by the UV-vis technique.



Preparation of PLGA Microparticles

PLGA μPs were prepared by double emulsion solvent evaporation (De Alteriis et al., 2015). Briefly, the aqueous phase, composed of 100 μl of a 0.55 mg ml−1 sulforhodamine B aqueous solution or 70 U of pure recombinant POXA1b water solution, was homogenized (Ultra-turrax, IKA T-25 ULTRA-TURRAX Digital High-Speed Homogenizer Systems) for 30 s at 15,000 rpm with 1 ml of a DCM solution composed of 83 mg ml−1 of PLGA and 17 mg ml−1 of Pluronic F68. The first emulsion was immediately poured into 10 ml of 2% (w/v) aqueous PVA solution and further homogenized for 1 min at 20,000 rpm. The second emulsion was immediately poured into 40 ml of water under mechanical stirring for 3 h at 450 rpm with a paddle stirrer for complete solvent diffusion and evaporation.

The same procedure was also used for Laccase-Atto647-loaded μPs. Briefly, a concentration of 8.4 μg/mL of protein was encapsulated, and, after washing, the microparticles were characterized by fluorescent microscopy (Olympus IX73P1F fluorescence microscope Tokyo, Japan) in order to evaluate the signal of the enzyme inside porous structures. Fluorescence images were acquired using an HCX IRAPO L 40×/0.95 water objective with a 633 nm laser as the excitation source. In order to maintain the enzyme activity, the laccase-loaded microparticles were entirely prepared under refrigeration on ice. The μPs suspension was then centrifuged three times for 10 min at 4°C and 10,000 rpm (AvantiTM J-25, Beckman, USA) for washing. Finally, μPs were lyophilized overnight (Heto PowerDry PL6000 Freeze Dryer, Thermo Electron Corp., USA; −50°C, 0.73 hPa).



Morphological Characterization of the Microparticles

Microparticle morphology was investigated through a scanning electron microscope (SEM). SEM samples were prepared, depositing 50 μg of μPs on a cover slip mounted on a standard SEM pin stub. The samples were gold-sputtered (10 nm thickness) with a HR208 Cressington sputter coater and analyzed by FESEM ULTRA-PLUS (Zeiss) at 5 kV with the SE2 detector. μPs mean size was determined by static light scattering (Mastersizer 2000, Malvern Instruments, Malvern, UK) on a 0.4 mg ml−1 μPs suspension in water.



Laccase-Atto647 Entrapment Efficiency (%η) Within the μPs

The %η Laccase-Atto 647 μPs was measured by an extraction method as previously reported (Kirby et al., 2011). Briefly, 10 mg of Laccase-Atto647 μPs were incubated in a solution of 50% dimethyl sulphoxide (DMSO)/0.5% Sodium dodecyl sulfate (SDS)/0.1 M Sodium hydroxide (NaOH) for 1 h, at 25°C. The final solution was then analyzed by fluorescence, using an EnSpire® Multimode Plate Reader and following the signal of Laccase-Atto647 at 663 nm. The content of the enzyme loaded was obtained using a titration curve of the free Laccase-Atto 647 conducted at the same time and under the same conditions (Figure S1A).



Fabrication of Master and Flexible Support

The microcone master was fabricated by means of 2-photon polymerization (2PP) using the Nanoscribe Photonic Professional GT system (Nanoscribe GmbH). The Nanoscribe system uses a 780 nm Ti-Sapphire laser emitting ≈100 fs pulses at 80 MHz with a maximum power of 150 mW and equipped with a 63×, 1.4 NA oil immersion objective. The substrate was placed in a holder that fitted into a piezoelectric x/y/z stage. A galvo scanner determined the laser trajectories.

The master was fabricated by processing the IP-DIP negative tone photoresist (Nanoscribe GmbH). To speed up the process, a galvo stage was used, which is almost 100 times faster than the basic piezo mode setup. The basic master was fabricated with a conical shape and with a microneedle height of 600 μm and base diameter of 300 μm. To enhance the photoresist adhesion, an oxygen plasma treatment (1 min) was performed. A layer of IP-DIP was spin-coated onto the glass substrate (5,500 rpm for 30 s) and photo-polymerized by UV lamp exposure (16 mW/cm2 for 4 h). A drop of photoresist was then dispensed onto the glass substrate and fabricated with the Nanoscribe to directly produce the microcone master.

The master produced by 2PP was put under a UV lamp (3 h) to induce microcone hardening before use. The master structure was then replicated by pouring a solution of liquid PDMS precursor and its curing agent (10:1 w/w) onto it. This was then put under vacuum to remove entrapped air bubbles and cured in an oven at 70°C for 1 h. After curing, the PDMS was peeled off and attached onto double-sided adhesive tape on a glass slide; then, NOA 60 was poured onto it and put under vacuum to remove the bubbles for about 1 h. NOA 60 is a clear, colorless, liquid photosensitive polymer that is cured when exposed to ultraviolet light in the wavelength range of 350–380 nm (www.norlandprod.com). The curing time depends on the thickness and on the energy of the ultraviolet light. In our case, the wavelength light was 365 nm and the optimized exposure time was 3 h. Finally, the PDMS negative stamp was removed and the NOA positive mold was obtained. The NOA positive mold was attached onto a petri dish or glass slide with double-sided adhesive tape. Finally, the PDMS precursor was poured onto the NOA positive mold, cured at 70°C for 1 h, and then peeled off from the NOA to obtain PDMS stamps. The master produced can thus be used many times without being damaged.



Fabrication of the Microneedles

Microneedles tips were produced using the hydrophilic polymer PVP. Briefly, 200 μL of 25% (w/v) PVP aqueous solution was poured onto the PDMS stamp and then degassed and spin-coated (3,000 rpm, 1 min) (Laurell Technologies, WS-650-23NPP Spin Coater) to remove the excess. The PDMS stamp cavities were filled with the μPs with the aid of an optical stereomicroscope (Olympus, SZX16 double objective). For each stamp, several arrays of PMMA pillars were produced using a micromilling machine (CNC micromill, Minitech MiniMill 3/Pro, Minitech Machinery Corporation, Georgia, USA) to press the μPs into them. The μPs loaded in the stamps were then plasticized and induced with a solvent mixture made up of 4 ml of ethanol and 0.5 ml of DMC.

The temperature and the pressure were set at 25.3°C and 0.15 bar, respectively (Kodaira et al., 2004) while the time of exposure was 6 min. Microneedles were extracted from the stamps using a harvesting layer, produced as follows: the medical tape (3 M) was placed on a PMMA slice with the aid of double-sided adhesive tape and 200 μl of 25% (w/v) PVP aqueous solution was poured onto the adhesive medical tape (3 M) surface, dried out at 40°C for 2 h, and finally plasticized for 11 min under the previously reported conditions. The harvesting layer was then placed upon the stamp. After 3 h of drying at RT, the microneedles were extracted.

Depending on the type of analysis, FITC-loaded or enzyme-loaded microneedle tips were also produced by adding 0.1 mg ml−1 of FITC or 70 U of enzyme into the 25% (w/v) PVP aqueous solution.



Characterization of the Microneedles
 
Optical Microscopy

After fabrication, the microneedles were analyzed by a stereomicroscope (Olympus, SZX16 double objective) to investigate the sharpness of the tips and the pattern distribution.



Scanning Electron Microscopy

Microneedle morphology was investigated through a scanning electron microscope (SEM). SEM samples were prepared by attaching the microneedle patch onto a cover slip mounted on a standard SEM pin stub. The samples were gold-sputtered with a sputter coater (15 nm thickness) and analyzed by FESEM ULTRA-PLUS (Zeiss) at 10–20 kV with the SE2 detector.



Fluorescent Microscopy

Fluorescent microscopy analyses were performed using FITC-loaded tips and Rhod-loaded μPs. Sample morphology was investigated using a confocal microscope (Leica Microsystems TCS SP5 II, Germany) with a 20× air objective. Images were acquired with a resolution of 1,024 × 1,024 pixels.




Slicing of Microneedles and Microparticles

The internal morphological structure of both the microneedles and μPs was investigated according to a previously reported procedure (Kodaira et al., 2004). First, a 2 mm thickness PDMS base layer was produced and cured at 80°C for 30 min. After cooling, the microneedles or μPs were deposited on it and another 2 mm thickness PDMS layer was used to cover the microneedles and μPs. The PDMS was cured for 24 h, at RT, in order to preserve the state of the μPs and microneedles incorporated in it. Finally, the solid PDMS block was frozen in liquid nitrogen (−196°C) and sectioned using a Leica CryoUltra Microtome EM-FC7-UC7. A total of five μm slices were deposited onto a 12 mm round glass cover slip for the confocal analysis and then mounted on a standard SEM pin stub for SEM imaging.



Image Analysis of Microneedles and Microparticle Slices

To check the microstructure of the porous microneedles and μPs, sample slices were analyzed using a field emission SEM (FESEM ULTRA-PLUS, Zeiss). The samples were gold-sputtered with a sputter coater (15 nm thickness) and analyzed by SEM at 10 kV with the SE2 detector.

To investigate the distribution of the chromophores inside the microneedles, slices of fluorescent microneedles and μPs were then imaged by a confocal microscope (Leica Microsystems TCS SP5 II, Germany) with a 20× air objective. Images were acquired with a resolution of 1,024 × 1,024 pixels. A 3D reconstruction from the z-stack slices was made using LAS AF software.



In vitro Release of Laccase-Atto647 From μPs Inside the Microneedles

Three patches of microneedles with Laccase-Atto647 μPs were suspended in 1.5 mL of phosphate buffered saline (PBS) pH 7.1 and incubated at 37°C under continuous stirring at 250 rpm. At different time periods (from 30 min to 24 h), 1 mL of PBS was removed and analyzed by fluorescence assay as previously reported. The patches were refreshed with the same amount of PBS. Calibration curves of free enzymes were prepared in PBS as previously described (Figure S1B).



Microneedle Indentation Test in Cadaver Pig Skin

Microneedle arrays of 600 μm height were inserted into full thickness cadaver pig skin without the subcutaneous fat layer. The skin was shaved with depilatory cream and washed in a phosphate buffered saline (PBS) solution and placed on absorbent paper for a few minutes to eliminate excess water. Two different indentation tests were carried out with an MPatch™ applicator system. This applicator is engineered to apply microneedle patches effectively by ensuring a 100% penetration rate. The penetration speed and force are optimized to provide repeatable and reproducible results (www.micropoint-tech.com).



Histological Analysis

The microneedle patch was removed after indentation and the skin was fixed in a solution of 10% neutral buffered formalin (Bio-Optica) for 24 h, dehydrated in an incremental series of ethanol (75, 85, 95, 100, and 100% again, each step performed for 30 min at RT), treated with two series of xylene (Sigma Aldrich) for 30 min, and then embedded in paraffin (Bio-Optica). Samples were then sectioned with a thickness of 3 μm and stained with hematoxylin and eosin (Bio-Optica), and finally the sections were mounted with Histomount Mounting Solution (INVITROGEN) on coverslips, and the morphological features of constructs were observed by optical microscope (BX53; Olympus).



Enzyme Analysis

Laccase activity was determined by the ABTS oxidation method (Lettera et al., 2010). ABTS is oxidized by laccase to the most stable and preferred state of the cation radical. The concentration of the cation radical responsible for the intense blue-green color can be correlated to the enzyme activity and is read at 420 nm (Majcherczyk et al., 1998). The assay mixture contained 2 mM ABTS, 0.1 M sodium acetate (pH 3.0), and the enzymatic solution. In the case of enzymes encapsulated in μPs, 5 mg of μPs were dissolved in 200 μl of DMC for 1 min; then, 5 μl of DMC dissolved μPs solution were assayed in a final volume of 1 ml. Oxidation of ABTS was monitored by determining the increase in A420 (ε420, 3.6 × 104 M−1·cm−1). Absorbance was read at 420 nm in a spectrophotometer against a suitable blank. One unit was defined as the amount of laccase that oxidized 1 μmol of ABTS substrate per min.



Comparison of Spatial Profile of the ABTS Oxidation Product Concentration at Different Time Points After Microneedle Array Indentation in the Full-Thickness Skin Model

Endogenous-Human Skin Equivalent (Endo-HSE) (Casale et al., 2016, 2018) was used as the assay platform to evaluate the diffusion profile of the oxidation product formed by the reaction of ABTS soaked in Endo-HSE with the Laccase encapsulated in the array of microneedles. Endo-HSE was soaked in the ABTS solution (11 mg/ml in sodium citrate) for 30 min at RT. In addition, Endo-HSE was kept on absorbent paper to remove excess solution and indented by microneedles in both configurations. Medical tape was used to maintain the microneedles and allow indentation. The medical tape was removed 1 min after the indention had been performed. The enzyme was loaded in the hydrophilic tip (configuration 1) or in the porous μPs (configuration 2), and its activity was assessed in vitro.

Observations of the epidermal side of Endo-HSE after indentation in both configurations were performed under a stereomicroscope. Images were recorded at different time points with the same magnification and in the same lightness conditions. The time sampling for each photo was 1, 30 min, 24, and 48 h after the indentation and medical tape removal. The images obtained were then analyzed using image analysis software (Image J®) to calculate the spatial profile of the ABTS oxidation product concentration at different time points. Briefly, each image was converted into 8-bit format and after the lookup table had been inverted. The diameter of the circular spatial profile of the ABTS oxidation product shown by the blue dark stain was subsequently measured three times. The intensity of the brightness pixel scale along the diffusion radius tracked for three time points were shown in the graphs. Three Endo-HSEs for each microneedle configuration were used for the diffusion tests. A total of five images for each sample (about eight microneedles per image) and for each time point were used for the analysis.




RESULTS AND DISCUSSION


Microparticles

PLGA μPs were chosen to produce the body of the multi-compartmental and biodegradable polymeric microneedles. The μPs were produced by means of double emulsion in order to obtain porous microstructures that ensure the encapsulation of hydrophilic molecules and show a kinetic degradation for extended release over time. Microparticle morphology was assessed using SEM microscopy. The images show that μPs have a homogeneous and spherical shape (Figure 1A) as well as a porous surface (Figure 1B). Particle size was analyzed with a Malvern mastersizer. The data show that microparticles have a narrow size distribution with a slightly higher mean diameter in the case of enzyme encapsulated μPs (from ~8 to 10 μm) (Figures 1C,D).


[image: Figure 1]
Figure 1. (A,B) SEM images of enzyme-loaded μPs at different magnifications. Particle size distribution analysis of PLGA μPs performed by Mastersizer 3000. (C) Sulphorhodamine-loaded μPs. (D) Laccase-loaded μPs.




Master and Stamp

The microcones of the master were individually prepared in a serial production by 2PP onto a glass substrate. In order to improve the material-substrate adhesion of the microcones, the substrate was first treated with oxygen plasma and then a thin layer of photoresist was spin coated and cured on it. Finally, another layer of uncured photoresist was dispensed and processed by 2PP according to the defined 3D layout. In order to optimize the master fabrication time, only the external shell of the microcones was photopolymerized by 2PP, whereas their body was one-shot cured under a UV lamp.

A master of the microcones was produced with 300 μm base diameter and 600 μm height extended onto an area of 1 cm2. A maximum density of 256 microneedles per cm2 was chosen in order to avoid any “bend-of-nails” effect. In fact, if the tips bend when designing arrays of microneedles, this has a negative impact on the microneedles' ability to penetrate the skin as the insertion force would be distributed among too many microneedles so that none would be able to penetrate the skin (Yan et al., 2010).

Because of the fragility of the master material, the polydimethylsiloxane (PDMS) stamp was not used directly. In fact, in order to avoid master breakage, a less fragile master was fabricated using Norland Optical Adhesive (NOA) 60. Therefore, starting from the original positive master, a negative PDMS stamp was replicated on it first and then a positive replica was obtained using NOA. This stamp was then used as a final master, according to the procedure reported in the Materials and Methods section.

Optical images of the master produced by 2PP, the PDMS replica, the NOA master, and the final PDMS stamp are shown in Figure 2. The high quality of the PDMS stamps, achieved through replication from the starting master and from the NOA master, is highlighted in Figures 2C,E, which show sections of the tips belonging to the PDMS stamps.


[image: Figure 2]
FIGURE 2. Optical image of microneedles molded at various steps. (A) Master of 600 um of height and 300 um of bases of microneedles fabricated by 2PP, (B) PDMS stamp replicated on the master, and (C) cross-section of the PDMS mold. (D) NOA master replicated on the PDMS stamp, and (E) final PDMS stamp replicated on it (F) including a cross-section. A comparison of photos (C,F) reveal how, despite the various stages of replication, the needles keep tips with the same curvature radius.




The Fabrication of Multi-Compartmental Polymeric Microneedles

The initial stage of the fabrication of the multi-compartmental microneedles consisted of pouring an aqueous PVP solution onto the PDMS stamp, which was then degassed and spin coated in order to spread out the excess solution from the stamp and allow a rapid evaporation of the residual solvent. The tips of the microneedles were thus produced (Figure 3A). Depending on the experimental needs, FITC- or enzyme-loaded tips were produced. PVP was chosen as the structural material for the fabrication of the microneedle tips because of its processability in an aqueous environment and at RT. These process conditions facilitate the encapsulation of several drugs, which are known to be often denaturized by the interaction with an organic solvent and/or by the presence of high temperatures. Subsequently, stamp cavities were filled with PLGA μPs according to the procedure reported in the experimental section.


[image: Figure 3]
FIGURE 3. Schematic view of the multi-compartmental microneedle array. PDMS stamp with (A) PVP deposited by spin coating and with (B) PLGA μPs compacted and sintered. (C) Application of the harvesting layer on the stamp. (D) Microneedle array extracted from the stamp.


The stamp was then exposed to a solvent/non-solvent vapor mixture in order to carry out a mild plasticization for assembling; the μPs thus create the body of the microneedles while keeping the microstructure of the starting μPs (Figure 3B). This mild softening method (i.e., at room temperature using a solvent/non-solvent vapor mixture) was developed in one of our previous works for the mild deformation of single μPs located in the cavities of a PDMS stamp (Kodaira et al., 2004). Here, this patented method was applied for the first time to multiple μPs in order to promote their assembly by gentle sintering within the cavities of the stamp. Sharp microneedles were thus produced without needing to use the strong plasticization of single μPs (Kodaira et al., 2004). This approach preserves not only the internal microstructure of the μPs, but also the properties of the encapsulated drug, also allowing the use of thermo-labile cargo.

Finally, polymer microneedles were extracted from the stamp with the aid of a 3 M medical tape coated with PVP according to the procedure reported in the experimental section (Figure 3C). Figure 3D shows the double compartment microneedles peeled off from the PDMS stamp.

To the best of our knowledge, the most similar procedure reported for the fabrication of biodegradable microneedles is the one published by Irvine et al., who manufactured arrays of microneedles composed of drug-loaded PLGA μPs with a supporting and rapidly water-soluble PAA matrix (Park et al., 2019). The main limitation to this method is the assembly procedure. In fact, the dehydration of the matrix takes 48 h, which, apart from being a time-consuming and expensive step, can lead to the unloading of hydrophilic cargo from the μPs and its consequent diffusion into the external polymer matrix. Moreover, sensitive drugs may lose their activity because of the surrounding moisture.

On the other hand, a key advantage of our method is that it allows the polymer solution to dehydrate in just a few minutes. In addition, it is possible to work with particle sizes of up to 10 μm with a wider realm of possible porosities and therefore higher tunability of the kinetic release.

In the present work, the multi-compartmental feature of the proposed microneedles was obtained with a rapid protocol that provides a tip made of a hydrophilic polymer, namely PVP, and a body made of porous PLGA μPs, both embedding the enzyme. This facilitates the rapid release of the enzyme from the tips, followed by a prolonged release promoted by the μPs. The need for a combined release from multi-compartmental microneedles has also recently been addressed with a combination of PVP and PLGA deposited by spray coating (Park et al., 2019). In this case, the time to detach the microneedles from the stamp is <48 h but it still requires overnight dehydration. In addition, the biodegradable PLGA matrix is deposited by spray coating so the microstructure is not easy to tune, nor is the kinetic release from this compartment. Conversely, porous PLGA μPs can be provided with several microstructures that can promote a huge variety of kinetic releases.



Morphological Microneedle Characterization

The morphological features of the microneedles were investigated by using optical, scanning electron, and confocal microscopy (Figure 4).
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Figure 4. (A) Stereomicroscope micrographs of microparticle-loaded microneedle patches. (B) Scanning electron microscopy images of microneedle arrays. (C) 3D confocal reconstruction of a microneedle array. The FITC loaded tips are shown in green, while the sulphorhodamine B loaded PLGA μPs are in red.



Optical Microscopy

An optical stereomicroscope was employed to visualize the array and tips of the microneedles. The image shows (Figure 4A) a whole array of uniformly distributed 600 μm height microneedles with sharp tips.



Scanning Electron Microscopy

SEM imaging was used to visualize the morphology of freshly fabricated 600 μm height microneedles. The image (Figure 4B) shows that the final multi-compartmental microneedles clearly reflect the stamp cavity architecture with fine and sharp tips. The base diameter and the height of the microcones are 300 and 600 μm, respectively, in agreement with the design parameters.



Fluorescent Microscopy

Fluorescent imaging analyses were performed by means of confocal microscopy. The aim was to characterize the multi-compartmental structure of the microneedles using two different hydrophilic chromophores as reported in Figure 4C. The polymeric matrix was loaded with FITC, while the pores of the μPs were loaded with sulphorhodamine B. The 3D reconstructed image clearly shows that the PVP compartment (loaded with FITC) is located at the tip of the microneedles. On the other hand, as expected, the μPs (loaded with sulphorhodamine B) are located in the body of the microneedles.




Image Analysis of Microneedles and Microparticle Slices

Morphological analyses were performed using a field emission SEM on porous microneedles and μPs slices. Images of both multi-compartmental microneedles and μPs were acquired. Figure 5 shows that a similar porosity distribution can be observed on both samples, demonstrating that the microneedle production process does not significantly affect μPs morphology. This evidence suggests that in principle it is possible to import and exploit the extensive background of the PLGA μPs in terms of encapsulation and control of the kinetic release of the microneedles.
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Figure 5. (A) SEM images of microneedles slices obtained with cryosectioning. (B) Slice of a microparticle contained in the microneedle after sintering. (C) Slice of a microparticle just prepared. A comparison of (B,C) reveals that sintering does not change the morphology of the microparticles.




In vitro Penetration Studies

It is fundamental that microneedles are able to pierce the stratum corneum of the skin. To assess this aspect, an MPatch™ applicator system (see Materials and Methods), which is recommended for performing reproducible indentations, was used. Pig cadaver skin was used as a model for the indentation test, and a patch of microneedles as previously described was applied to it for 5 min. The effectiveness of the indentation was confirmed by the cross section of indented skin stained with H/E (Figure 6, upper line). In addition, the optical image also shows the microneedles in the skin upon indentation and medical tape removal (Figure 6, bottom line).


[image: Figure 6]
FIGURE 6. Microneedle patches efficiently penetrate the skin. (A,B) Cross-sectional images of the H/E stained skin after microneedle removal. (C,D) Stereomicroscope image of microneedles in the skin.


The H/E images clearly show that the microneedles reached the dermis, thus confirming the potential use for drug delivery. In fact, they penetrated all the layers of the epithelium and part of the papillary dermis.



Enzyme Encapsulation in Microneedles

The encapsulation of catalyzers in biodegradable polymeric microneedles is a simple and effective method to deliver enzymes into human skin for dermatology and cosmetic treatments (Haj-Ahmad et al., 2015; Pezzella et al., 2017). The cosmetic sector is interested in enzymes that enhance the beauty of the skin or help the skin to defend itself against the ravages of the environment. However, since creams are not effective in the delivery of compounds with high molecular weight, molecules, such as proteins and invasive injection systems are typically used for enzyme dosage. Painless biodegradable polymeric microneedles therefore represent a promising tool.

In the present work, we loaded polymeric and multi-compartmental microneedles with recombinant laccase POXA1b belonging to the edible fungus Pleurotus ostreatus as a model enzyme (Pezzella et al., 2013, 2017). Laccases are an interesting group of multi copper enzymes, which have received much attention in several biotechnological processes (Lettera et al., 2016; Patel et al., 2019).

In order to evaluate the content of the enzyme encapsulated in μPs and its release in physiological conditions, we conjugated a dye (Atto647) to the Lysine side chain in the protein, as reported in the Materials and Methods. The correct conjugation was evaluated by UV, monitoring the presence of two shoulders at 600 and 643 nm that are typical of the dye and the signal at 280 nm related to the protein (Figure 7A). We obtained a perfect degree of loading (DOL) equivalent to 2. Thereafter, we showed, using a fluorescence technique, that this formulation was able to encapsulate a high content of protein equal to 77.5% ± 3.5. This data was in ageemento with fluorescence imaging (Figure 7B) which highlighted a high fluorescent enzyme signal. Thanks to the fluorescence assays we were able to calculate that μPs from microneedles released 43.1% ± 6.2 of the laccase over 24 h. This result means the microparticles did not lose their morphological structure after plasticization and were thus still able to release the drug in a time frame of hours (Figure 8).
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FIGURE 7. Laccase-Atto 647 μPs. (A) UV spectrum of Laccase (light blue line) and Laccase Atto647 (red line). (B) Fluorescence image of Laccase-Atto647 μPs.
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FIGURE 8. Cumulative percentage of Laccase-Atto647 released from μPs in the microneedles (0.5–24 h) (n = 3).


A laccase activity assay was used to monitor the presence and the preservation of laccase encapsulated in the PLGA μPs pores. A solution of ABTS and buffer was added onto the μPs slices in order to verify the enzyme activity. Figures 9A,B show the differences between the enzyme-loaded μPs slices in the presence and absence of ABTS, respectively. The ABTS solution highlights the enzyme activity, and the activity of the enzyme inside the μPs was confirmed by the presence of a green color located in the μPs pores due to the ABTS oxidation from the encapsulated enzyme itself. The activity of Laccase μPs was monitored for up to 14 days after production and after a slow reduction, registered in the first day, it was stable over time (Figure 9C).
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Figure 9. (A) Optical image of μPs slice. (B) Optical μPs slice with a solution of ABTS and buffer. Scale bar 10 μm. (C) Laccase activity in μPs up to 14 days after the production. The blue column represents the initial enzyme activity used for μPs preparation.




Enzyme Release and Activity in Skin Models

To check the enzyme activity, a preliminary test was performed on a 3 mm gelatin B substrate embedding the ABTS substrate. The results confirmed the activity of the encapsulated enzyme as reported in Figure S2.

Microneedles are designed to guarantee the reproducible transdermal indentation as well as the controlled and functional release of the encapsulated substance. To assess the microneedles' ability to satisfy such requirements, a human skin equivalent (Endo-HSE) was used as assay platform. Endo-HES is a functional and histological competent tissue that captures several fundamental features of the native human skin (Casale et al., 2016, 2018). In addition, in contrast to the use of pig skin, Endo-HSE is of human origin and can reproduce the sample's thickness as well as ECM compactness, thus avoiding the variability correlated to the age and region of the animal. Moreover, compared with other full thickness human skin models (Bellas et al., 2012; Carriel et al., 2012) that are formed with exogenous biopolymers, such as collagen and/or elastin, Endo-HSE is completely scaffold-free possessing a 1-mm thick dermis that is continuously assembled and remodeled by fibroblasts. The presence of such living and endogenous dermis may represent the best in vitro condition to perform transdermal transport studies. Histological images of Endo-HSE cross sections after the indentation highlighted that the microneedles were able to penetrate Endo-HSE, going through the epidermis and reaching a depth of ~250 μm for both microneedle configurations (Figures 10A,D).
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FIGURE 10. Functional test of microneedles for transdermal delivery of high molecular weight substances in a full-thickness human skin model. The pictures in (A–C) refer to microneedle configuration 1, while (D–F) refer to configuration 2. (A,D) Histological images of Endo-HSE 48 h after microneedle indentation to highlight the transdermal penetration; black asterisks indicate the PVP polymer remaining after medical tape removal (scale bar = 100 μm). (B,E) Stereomicroscopic images of Endo-HSE 48 h after indentation (scale bar = 500 μm). The inserts of the stereomicroscopic images are the schematic representation of the methods used to calculate the diffusive radius. (C,F) The graphs plot the pixel intensity at three time points correlated to the concentration of the ABTS oxidation product diffusing into ECM vs. the radius of the diffusion pattern.


The stereomicroscope images revealed the pattern of the microneedles' array and the ability of the enzyme loaded in each microneedle to react with the ABTS substrate. In fact, the ABTS oxidation product was blue and was detected easily. In the case of microneedle configuration 1, the ABTS oxidation occurred in a very short time since the enzyme loaded in the microneedle tip was rapidly available. In the case of microneedle configuration 2, the observation time was several hours because the laccase diffusion occurred upon μPs biodegradation.

Figures 10C,F plot the pixel intensity along the diffusion radius of the ABTS oxidation product for three time points. For configuration 1, diffusion began after 1 min and its radius was centered with the microneedle pattern for at least the first half hour, increasing for longer times as shown at 48 h. At 48 h, we observed an inversion of the bell apex indicating that no more enzymes were present in the microneedles, and, as a consequence, the ABTS oxidation product (dark pixels) was no longer present. The inversion of the bell apex was due to the accumulation of the ABTS oxidation product around the body of the microneedles (made of microparticles), which is located in the center of the pattern.

In configuration 2, the reaction product diffused more slowly than in configuration 1, and the concentration profile was flat at t0. The PLGA μPs adsorbed the ABTS, which reacts inside the microneedles with the active enzyme, as reported at 24 h in Figure 10F. At 48 h, we still observed an intense staining in relation to the indented region very close to the walls of the microneedles (Figure 10F) due to the localization and preservation of the enzyme within μPs and its slow release from μPs.

We stopped observations at 48 h because the ABTS soaked in the Endo-HSE was by then oxidized by the air present in the atmosphere thereby making the sample completely dark.

In conclusion, the experimental results showed that the activity of the enzyme was preserved after microneedle production in both encapsulation procedures. In addition, we demonstrated the more rapid diffusion of the encapsulated enzyme in configuration 1 compared to configuration 2 (Figures 10B,C,E,F). The release of the ABTS oxidation product through PLGA μPs occurred by means of a combined diffusion-degradation mechanism, which led to the prolonged release in the ECM. In fact, in configuration 2, the diffusion-controlled systems based on slow-biodegradable polymers were designed for the controlled release of the encapsulated substance. By encapsulating the enzyme in both compartments, therefore, we can combine a fast release with a prolonged release depending on the type of application required.




CONCLUSIONS

In this work we have presented a novel, fast, and stamp-based procedure for the fabrication of microneedles.

First, the master production process was optimized by using a 2PP technique. In addition, the procedure to fabricate the microneedles was designed with an RT procedure that allows the use of thermo-sensitive biomolecules, such as laccase.

The tips of the microneedles are made of a biodegradable and biocompatible polymer, such as PVP, and the bodies of the microcones are made up of mild sintered PLGA microparticles. Both compartments can entrap therapeutic agents, leading to the production of a biodegradable, biocompatible and multi-compartmental system. The multi-compartmental feature enables the co-delivery of two molecules, along with a rapid and prolonged release of the cargo. This release was confirmed by the diffusion test. In fact, when the enzyme was incorporated into the hydrophilic matrix, there was an instantaneous release of the cargo, but when the enzyme was incorporated into the μPs, it was released over a prolonged period.

This method preserved the porous microstructure of the μPs, as testified by the morphological characterizations carried out, and the prolonged release of the cargo can be tuned by engineering the properties of the initial μPs.

In addition, due to the thin interconnecting layer between microneedles they can be integrated onto a flexible patch keeping the flexibility of the entire patch to improve the conformal contact with the skin and to facilitate the implantation of the microneedles upon indentation, as revealed during our in vitro tests.

The overall fabrication procedure is faster compared to other stamp-based techniques, this is fundamental for the possible future marketing of such a tool.
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Methanol plasma has been proposed as an effective way to improve the performances of fluorocarbon (CFx) ultrathin films as stent coatings as it can successfully modulate fluorine content and wettability of the films. Nevertheless, plasma treatment may affect mechanical properties of the films, which therefore need comprehensively characterizing to verify the suitability of treated films for application as stent coating materials. In this work we investigate mechanical properties of methanol plasma treated CFx ultrathin films on stainless steel. In particular, cohesion of the films and their adhesion to the substrate is investigated using small punch test combined with atomic force microscopy (AFM) imaging. Also, elastic and viscoelastic properties are investigated at the nanometer scale using two different AFM based advanced technique for nanomechanical characterization, i.e., HarmoniX™ and contact resonance AFM (CR-AFM). Overall, methanol plasma treated CFx films have been demonstrated to be suitable for application as stent coating also on the basis of their nanomechanical properties.
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1. INTRODUCTION

Mechanical characterization of thin coatings is increasingly emerging as a need in the development and optimization of biomaterials. Indeed, biomaterials for medical devices are often subjected to surface modification processes, such as functionalization and deposition of thin coatings, with the aim of improving their functionality and biocompatibility, without sacrificing the high structural properties given by the bulk materials. Besides the opportune chemical, physical and biocompatibility properties, a coating for medical devices must exhibit appropriate mechanical properties in order to maintain its integrity, cohesion and adhesion to the underlying substrate, even after significant elastic and plastic deformations to which the device can undergo. Together with cohesion and adhesion to the substrate, the stiffness of the coating, i.e., the part of the biomaterial in contact with the biological medium, is emerging as key factor, in addition to chemical composition, surface energy and roughness, in the regulation of the biological response. Indeed, the stiffness of biomaterials has been demonstrated to affect adhesion, proliferation, differentiation and migration of several kind of cells (Lo et al., 2000; Guo et al., 2006; Chowdhury et al., 2010). For instance, neurons have been shown to proliferate better on soft substrates (Flanagan et al., 2002) while fibroblasts and chondrocytes exhibited maximum spread and proliferation on stiffer substrates (Subramanian and Lin, 2005; Hopp et al., 2013). Native mesenchymal stem cells undergo different differentiation behavior when interacting with surfaces with different elastic modulus (Engler et al., 2006). Endothelial cells have been observed to exhibit tube-like structures on soft substrates and high spread and proliferation on stiffer substrates (Califano and Reinhart-King, 2008, 2010); smooth muscle cells and myoblasts have been shown to have higher projected area on stiff substrates (Engler et al., 2004a,b). Moreover, substrate stiffness has been demonstrated to affect adhesion, spreading and activation of platelets, suggesting that the mechanical properties at the surface of cardiovascular devices could also have an effect on blood contact behavior and clot formation (Qiu et al., 2014). Therefore, the capability to characterize the mechanical properties of thin coatings for medical devices is fundamental, not only from the point of view of the integrity and mechanical behavior of the device, but also for the comprehension of the effect of surface stiffness on the biological events occurring at the interface of the device. Indeed, the capability of measuring and modulating the elastic modulus at the very surface of an implant might allow improved body response and implant performance. In previous studies, fluorocarbon (CFx) thin films deposited by plasma enhanced chemical vapor deposition (PECVD) with thickness of about 35 nm have been demonstrated to be effective as coatings for cardiovascular stents, thanks to their chemical inertness, high uniformity, flexibility and adhesion to the substrate (Haïdopoulos et al., 2005). These characteristics make them resistant to corrosion (Touzin et al., 2010) and able to overcome the high deformation occurring during stent deployment (about 25%) (Lewis et al., 2008). The higher hemocompatibility of CFx coatings in respect of bare metallic surfaces has been shown (Montaño-Machado et al., 2017) and can be mainly attributed to the presence of fluorine content. Nevertheless, the hydrophobic nature of these coatings could limit protein adsorption, hemocompatibility and endothelialization (Arima and Iwata, 2007; Tang et al., 2008). Recently, a novel oxidative methanol plasma treatment has been developed and demonstrated to be effective in tuning the hydrophobicity of CFx coatings without affecting their integrity, uniformity and morphology (Montaño-Machado et al., 2019). By analyzing coatings with different wettability and oxygen and fluorine content, it has been shown that the blood contact behavior of CFx coatings can be improved by modulating surface energy and fluorine species content (Montaño-Machado et al., 2019). Nevertheless, the effect of the treatment on the mechanical properties of the modified films, which could affect the cohesion and adhesion to the substrate as well as the blood contact behavior, has not been evaluated yet. The mechanical characterization of these ultrathin coatings is challenging. The capability of the coating to maintain its integrity after a determined deformation can be tested by the method developed by Lewis et al. (2008), called small punch test, consisting in the application of a known deformation and the subsequent morphological analysis of the coating.

However, the quantitative evaluation of the elastic modulus cannot be obtained by conventional techniques, such as micro- and nanoindentation, due to the limited thickness which makes the results of the measurements strongly affected by the mechanical properties of the underlying substrate (Fischer-Cripps, 2006; Reggente et al., 2017). Moreover, micro- and nanoindentation do not allow one to visualize the distribution of these surface properties because of their poor spatial resolution. Alternatives methods, based on atomic force microscopy (AFM), can be used to obtain quantitative maps of mechanical properties, such as indentation modulus, damping, adhesion and energy dissipation (Passeri et al., 2013a) as well as viscoelastic moduli, i.e., storage and loss modulus, and loss tangent (Killgore and DelRio, 2018).

In this work, we perform an exhaustive mechanical characterization of methanol plasma treated CFx ultrathin films, with thickness in the range 30–65 nm, deposited on stainless steel in order to verify the effect of plasma treatment on the mechanical properties of the films. Cohesion of the films and their adhesion to the substrate after deformation was analyzed with small punch test method combined with AFM morphological characterization. The challenging analysis of elastic and viscoelastic response of ultrathin soft films on stiff substrates was performed with two different AFM based techniques for nanomechanical characterizations, i.e., HarmoniX™ and contact resonance AFM (CR-AFM), for the latter using two different data analysis procedures, in order to cross-validate these methods.



2. MATERIALS AND METHODS


2.1. Materials
 
2.1.1. Pre-treatment of 316L Stainless Steel Substrates

316 L stainless steel disks of 12.7 mm diameter and 0.5 mm thickness (Goodfellow, Devon, PA, USA) are used as substrates. First, they have been cleaned in an ultrasonic bath with acetone, deionized water, and methanol for 10 min for each solvent and then dried with particle-free compressed air. Then an electropolishing and an acid dipping treatment have been performed in order to reduce the surface roughness. Electropolishing has been carried out in 100 mL of solution containing glycerol, phosphoric acid and deionized water for 3 min at 90°C. Acid dipping was performed for 30 s at 50°C in a solution consisted in nitric acid, hydrofluoric acid, and deionized water (Montaño-Machado et al., 2019).



2.1.2. Plasma-Enhanced Chemical Vapor Deposition of Fluorocarbon Coating

CFx coatings with different wettability and oxygen and fluorine content have been obtained by PECVD, following the protocols previously developed (Montaño-Machado et al., 2019). Specimens were introduced into the previously described radio frequency (RF) plasma reactor (Lewis et al., 2008) at 6 cm below the electrode for a pulsed H2 plasma etching at 100 W for 100 s (ton = 100 ms; toff = 300 ms). Etching was carried out to (i) remove the layer of organic contaminants and (ii) reduce the oxide layer on the sample surface. After the plasma etching of the substrates, a fluorocarbon coating has been deposited by pulsed afterglow plasma polymerization using C2F6 and H2 as precursors. The sample was placed at 11 cm below the electrode and the coating was realized using a peak power input of 150 W, a duty cycle of 20%, a pressure of 700 mTorr and a total gas flow rate of 20 sccm for a deposition time of 5 min. An oxidation treatment with methanol plasma was then carried out with the sample at 6 cm below the electrode, using a continuous power of 50 W and a flow of 10 sccm during 30 and 90 s. In this way, three different coatings with decreasing hydrophobicity (static contact angle of 117° for the unmodified CFx coating, 87° for the coating after 30 s methanol treatment and 68° for the coating after 90 s methanol treatment) and increasing O/F ratio (0.01 for the unmodified CFx coating, 0.44 for the coating after 30 s methanol treatment and 1.08 for the coating after 90 s methanol treatment) were obtained (Montaño-Machado et al., 2019). For the sake of clarity, from herein CFx-A refers to the sample which has not been processed with methanol plasma treatment, while CFx-B and CFx-C indicate the samples modified by 30 and 90 s methanol plasma treatment, respectively.




2.2. Instrumentation and Equipment
 
2.2.1. X-Ray Photoelectron Spectroscopy Analysis

Chemical composition of the coating was analyzed by X-ray photoelectron spectroscopy (XPS), using an X-ray photoelectron spectrometer (XPS-PHI 5600-ci Spectrometer-Physical Electronics, Eden Prairie, MN, USA), with a base pressure below 5 × 10−7 Pa. Survey and high resolution spectra were acquired using the Kα line of a standard aluminum (Kα = 1486.6 eV) and magnesium (Kα = 1253.6 eV) X-ray sources, respectively, operated at 300 W, without charge compensation. Three spots on three samples were analyzed for each experiment.



2.2.2. Small Punch Test

A plastic deformation of 25%, i.e., the estimated maximum deformation to which a stent undergoes during deployment (Migliavacca et al., 2005), was applied to the coated samples using a custom-made small punch test device mounted on a SATEC T20000 testing machine (Instron, Norwood, MA, USA) as previously described (Lewis et al., 2007). All deformations were performed at room temperature at a displacement rate of 0.05 mm s−1 and a maximal load of 2200 N. The state of the coating, i.e., the morphology and the eventual presence of delamination or cracks, after deformation was analyzed by AFM. A Dimension™ 3100 AFM (Veeco, Woodbury, NY, USA) was used in tapping mode with a silicon tip (OTESPA, Bruker). 20 × 20 μm images in correspondence of the topmost part of the samples, where the maximum deformation (25%) occurs, were acquired and analyzed. Three specimens for each condition (CFx-A, CFx-B and CFx-C) were tested.



2.2.3. Nanomechanical Characterizations by Atomic Force Microscopy

Mechanical characterizations of the films have been performed through both CR-AFM and HarmoniX™.

HarmoniX™ has been carried out using a standard AFM apparatus (ICON, Bruker Inc.), equipped with a standard T-shape Si cantilever (HMX10, Bruker Inc.) having kc = 4 N/m (as reported by the manufacturer) and first flexural and torsional resonance frequencies in air equal to f0,1 = 52.9 kHz and t0,1 = 949 kHz, respectively. Cantilever force sensitivity has been measured from force-deflection curves performed on Si (100) single crystal. Calibration procedure has been performed using a blend of polystyrene (PS) and low-density polyethylene (LDPE) film deposited on a Si substrate (PS/LDPE, Bruker Inc.), being MPS = 1.6 GPa and MLDPE = 100 MPa the indentation modulus of PS and LDPE, respectively, as supplied by the producer.

CR-AFM has been carried out using a standard AFM apparatus (Solver, NT-MDT, Russia). The AFM setup was equipped with a Si cantilever (CSG10, NT-MDT, Russia) with spring constant kc = 0.116 N/m, determined through the method described by Sader et al. (1999). In order to evaluate the instrumental parameters required to analyze CR-AFM data, a well-established experimental procedure was followed (Reggente et al., 2015): standard force-deflection curves have been acquired on Si (100) single crystal to calibrate the cantilever force sensitivity; tip radius Rt has been evaluated by reconstructing the tip shape through the analysis of the images collected on an array of inverted tips used as reference sample (TGZ1, NT-MDT, Russia); the exact position of the tip along the cantilever axis has been determined through scanning electron microscopy (SEM) analysis. Being the tip in contact with the sample surface, contact resonance frequencies (CRFs) were detected for each sample and CRFs values and the corresponding uncertainties have been evaluated from statistics performed on not <512 points of CR-AFM images. Calibration of CR-AFM has been performed using as the reference the PS regions of the above described PS/LDPE sample. Numerical simulation of the entire experimental session was performed using Matlab (version 7.1.0.246, 2005).





3. TECHNIQUES


3.1. HarmoniX™

HarmoniX™ is a tapping mode based AFM technique in which a T-shaped cantilever with an out-of-axis tip is used (Sahin et al., 2007; Sahin and Erina, 2008). The first flexural mode of the cantilever, characterized by the first flexural resonance frequency f0,1, is used to reconstruct sample morphology, as in standard AFM tapping mode. During tapping performed at frequency f0,1, the tip periodically (with period T0 = 1/f0,1) interacts with the sample surface. The actual tip-sample interaction force depends on the instantaneous value of tip-sample separation d, i.e., is given by the van der Waals force if d > a0, and by the sum of van der Waals and repulsive (elastic) forces if d < a0, where a0 is an intermolecular distance. More explicitly, by modeling the repulsive force using the Derjaguin-Muller-Toporov (DMT) (Derjaguin et al., 1975) and assuming that the lateral extension of the sample is much bigger than the tip size (Santos et al., 2011), the tip-sample interaction force Fts is given by

[image: image]

where H is the Hamaker constant, Rt is the tip radius, and E* is the reduced modulus given by [image: image] being Ms and Mt the indentation modulus of the sample and of the tip, respectively (Derjaguin et al., 1975; García and San Paulo, 1999). When Ms ≪ Mt as in the case of the materials investigated in this work, [image: image]. This force is measured by recording the cantilever deflection Δz which is proportional to the tip-sample force through the (normal) spring constant kc. Being periodic with period T0, the force-separation curve could be, in principle, reconstructed through inverse Fourier transform after acquiring the harmonic components (multiple of f0,1) of the deflection signal. Nevertheless, the presence of higher deflection modes of the cantilever distorts the harmonic components of the force-separation curve. A smart solution consists in using a T-shaped cantilever with an out-of-axis tip. Indeed, during tapping, the tip-sample interaction produces a torque Tts = Ftslt where lt is the distance between the tip location and the cantilever axis. This results in the torsion of the cantilever of an angle Δϕ = Tts/kϕ where kϕ is the cantilever torsional spring constant (Green et al., 2004; Pettersson et al., 2007). Thus, the cantilever torsional signal is proportional to Fts and is periodic with period T0. Therefore, the periodic Fts can be reconstructed by inverse Fourier transform of the components of the torsional signal at frequencies multiple of f0,1. Being the value of the first free torsional resonance t0,1 much higher than f0,1, this allows the analysis of harmonic components of the torsional signal in an undistorted spectral region and leads signal-to-noise ratio higher than the one relative to the deflection signal. Therefore, the cantilever torsional signal can be analyzed using inverse Fourier transform analysis in order to extract a complete loading/unloading force-distance curve during each tapping cycle. Unloading force-distance curves are analyzed in real time to evaluate Ms through the DMT model (Derjaguin et al., 1975) which is currently implemented in HarmoniX™ software, although the Johnson-Kendall-Roberts (JKR) model (Johnson et al., 1971) has been demonstrated to be more accurate in the range of materials analyzed in this work (Dokukin and Sokolov, 2012). To overcome the need for accurate calibration of the cantilever geometrical and elastic parameters, a phenomenological calibration is performed using a reference sample with well-known indentation modulus Mref.



3.2. Contact Resonance Atomic Force Microscopy

In contact resonance AFM (CR-AFM) the tip is in contact with the sample surface and the system constituted by the cantilever, the tip, and a volume of the sample under the tip is set into oscillation using an ultrasonic transducer coupled to the sample (Rabe and Arnold, 1994) or to the cantilever (Yamanaka et al., 2008), or by the direct photothermal excitation of the cantilever (Wagner and Killgore, 2015). In these conditions, the resonance frequencies of the cantilever, namely the contact resonance frequencies (CRFs) fn, can be detected. When the investigated material is considered elastic, the system can be described as sketched in Figure 1A. In this model: the cantilever is considered inclined by an angle α with respect to the sample surface; the tip is located at distance L1 from the cantilever clamped end, so that the parameter r = L1/L can be defined being L the cantilever length; the height of the tip is ht; the tip interacts with the sample surface via both normal and lateral forces, and the contact is thus described by the normal and lateral contact stiffness, modeled through the linear springs k* and [image: image], respectively. The values of the CRFs are determined by k* and [image: image], which depends on the elastic parameters of the sample, i.e., on the indentation and shear moduli of the sample (Ms and Gs, respectively). Therefore, the measured values of fn can be used to evaluate the elastic properties of the sample. Nevertheless, due the complexity of the model in Figure 1A, the analysis of CRFs data are generally carried out considering the simplified model depicted in Figure 1B, in which the cantilever inclination, the tip height, and the lateral tip-sample coupling are neglected. In the standard procedure, the values of two different CRFs (say fn and fm with n ≠ m) are measured and used to determine r and k* by numerically solving [image: image] (Kester et al., 2000). The value of k* is related to that of Ms through the relation

[image: image]

where ac is the tip-sample contact radius and assuming Ms ≪ Mt and, thus, [image: image]. Using the Hertzian model to describe the tip-sample contact, Equation (2) can be rewritten as

[image: image]

where FN is the static normal load applied by the tip on the sample as a result of the selected deflection set point. To evaluate Ms from k*, the knowledge of the Rt is required. As Rt may change during a measurement session due to abrasion, especially when relatively stiff materials are investigated (Amelio et al., 2001), and thus the use of predetermined values of Rt in Equation (3) may result in a not accurate estimation of Ms. The uncertainty in the value of Rt is one of the major factors affecting the accuracy of CR-AFM measurements. Therefore the actual tip radius (and also the tip shape) should be determined during each experimental session by calibrating the tip radius using one sample with well-known indentation modulus as reference material (Yamanaka et al., 2000; Kopycinska-Müller et al., 2006; Marinello et al., 2010, 2011). Really, to avoid the explicit calculation of Rt, after the contact stiffness [image: image] is determined on the reference material with reduced modulus [image: image], the reduced modulus of the investigated sample [image: image] is calculated from the measured contact stiffness [image: image] as

[image: image]

if measurements on the investigated sample and on the reference material are performed at the same value of FN (Rabe et al., 1996; Hurley et al., 2005; Passeri et al., 2005). For the sake of clarity, this procedure—which is admittedly the most widespread one—will be referred to as “single reference” approach in the rest of the paper. In more accurate calibration procedures not only Rt but also the indentation modulus of the tip Mt can be calibrated using two (or more) reference materials (Stan and Price, 2006). In particular, using two reference materials, Ms and Mt

[image: image]

and

[image: image]

where [image: image] and [image: image] are the contact stiffness measured on the first and second reference sample, respectively, and Mref1 and Mref2 are the indentation moduli of the two reference materials (Stan and Price, 2006). In particular, despite in a relatively limited range of elastic moduli, the use of multiple reference materials allows one to neglect lateral forces, thus using the model in Figure 1B instead of that in Figure 1A although apparent values of Rt and Mt (different from the real ones) are determined (Passeri et al., 2013b).


[image: Figure 1]
FIGURE 1. (A) Beam model of the cantilever with length L, inclined of an angle α respect to the sample surface; the tip is located at distance L1 from the cantilever clamped end, its height being ht; the tip interacts with the sample surface via both normal and lateral forces, and the contact is thus described by the normal and lateral contact stiffness modeled through the linear springs k* and [image: image], respectively. (B) Simplified beam model of the cantilever, supposed parallel to the sample surface; the tip, the height of which is neglected, interacts with the sample only through normal forces modeled by the contact stiffness k*. Reprinted and adapted from Passeri et al. (2013b).


In this work, results of CR-AFM data analysis through the “single reference” approach were compared to those obtained using an original method, which we refer to as the “apparent stiffness” method. In the “apparent stiffness” method, the output of numerical simulations of CR-AFM experiments performed using the model in Figure 1A is analyzed using the simplified model reported in Figure 1B in order to obtain calibration curves in which the apparent value of k* is related to that of Ms. Therefore, these calibration curves are used to evaluate Ms from the values of k* determined in the first steps of the “single reference” procedure.

Finally, not only can CR-AFM be used to study elastic but also viscoelastic materials (Killgore and DelRio, 2018). In order to account for the viscoelastic behavior of samples, a dashpot of dumping σ is included in parallel to k* in the model in Figure 1B (Yuya et al., 2008). The tip-sample contact is described by the normalized tip-sample contact stiffness α and the normalized damping coefficient β. These parameters can be evaluated measuring the frequency fn of a given contact mode of the cantilever and the corresponding quality factor Qn (Yuya et al., 2011). Finally, the values of α and β can be used to evaluate the storage and the loss modulus of the sample ([image: image] and [image: image], respectively) and the loss tangent defined as [image: image]. In particular, a “single reference” approach can be followed, using a material with well-known storage and loss modulus ([image: image] and [image: image], respectively). In this case, considering the tip much stiffer than the sample, [image: image] and [image: image] can be calculated as [image: image] and [image: image], where fn, ref, αref, and βref are measured and calculated on the reference sample (Killgore et al., 2011). Conversely, tanδ can be evaluated without the need for calibration using a reference material through the relation

[image: image]

where knL = 7.855 if the third mode of the cantilever is analyzed (n = 3) (Hurley et al., 2013), which we used in this work as it was demonstrated to be more sensitive than, e.g., the first one (Killgore and Hurley, 2012). In this work, we evaluated [image: image] using the “single reference” approach assuming the PS as the reference material, tanδ was evaluated using Equation (7), and finally [image: image] was calculated as [image: image].




4. RESULTS


4.1. Chemical Analysis

Survey XPS spectra of CFx coatings before and after 30 and 90 s methanol plasma treatments are reported in Figure 2 and show that methanol plasma treatment produced an increase of the oxygen amount of the coating (from 0% in CFx-A to 12% in both CFx-B and CFx-C); the increase of the time of methanol plasma treatment produced the increase of carbon amount (from 32.75 in CFx-A to 61.8% in CFx-B and 77.75 in CFx-C) and the corresponding decrease of fluorine content (from 66.9 in CFx-A to 26.5% and 10.7% in CFx-B and CFx-C, respectively). No metal species were detected, demonstrating that the coating was not damaged by methanol plasma treatment.


[image: Figure 2]
FIGURE 2. XPS survey spectra of the untreated CFx film (A) and CFx films treated with 30 s (B) and 90 s (C) methanol plasma treatment and histogram of the relative concentration of C, O, and F (D).


Figure 3 shows high resolution XPS spectra for C(1s) of the unmodified CFx coating (a) and CFx coatings after 30 and 90 s methanol plasma treatments. The C(1s) spectra of the CFx films are fitted with five spectral components, as assigned to C–H/C–C– (BE = 285 eV), C–CF/C–O (BE = 287), CF/C = O (BE = 289.5 eV), –CF2 (BE = 292), and CF3 (BE = 294 eV) groups, according to literature (Horie, 1995; Mackie et al., 1997; Bourgoin et al., 1999; Boehm, 2002). As a percentage of oxygen lower than 1% was detected at the surface of the untreated CFx coating, no attribution due to C–O (286.9) or C = O (288.1) is proposed, while for methanol treated samples, peaks at BE = 287 and 289.5 can be attributed to oxygen containing groups. Figure 3A shows the typical C(1s) spectrum of CFx coating without any methanol plasma treatment, which consists mainly of C–CF groups, CF2 and CF3 groups that are characteristic of fluorocarbon plasma-polymer films. High resolution spectra of CFx coating after 30 and 90 s methanol plasma treatments (Figures 3B,C) show the increasing hindrance of the CF2 and CF3 bands—characteristic of CFx coatings—with the increase of the time of oxidative treatment, from 55 to 15% and <2%, respectively, and the corresponding increase of C–C and C–O containing species. This demonstrates that methanol plasma treatments allows the deposition of oxygen species not containing fluoride on the surface of fluorocarbon coating, without damaging it. The increase of the time of methanol plasma treatment produces the increasing covering of the fluorocarbon coating by oxygen species, which is also consistent with the previously reported time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis and the previously observed increased thickness of the coating (from 30 nm for untreated CFx coating to 41 nm for 30 s and 64 nm for 90 s methanol treated samples) (Montaño-Machado et al., 2019).


[image: Figure 3]
FIGURE 3. XPS high resolution C (1s) spectra of CFx film (A) and CFx films treated with 30 s (B) and 90 s (C) methanol plasma treatment and histogram of the relative concentration of the characteristic bands (D).




4.2. Cohesion and Adhesion After Deformation (Small Punch Test)

In Figure 4 typical AFM topographies of the areas corresponding to the topmost part of the deformed samples are reported. AFM analysis of all the deformed samples (unmodified CFx and CFx after methanol treatment of 30 and 90 s) shows the occurrence of slip bends due to the plastic deformation of the underlying stainless steel substrate, but does not show any cracks, delamination or failure. This demonstrates that the methanol treatment did not significantly affect cohesion and adhesion properties of the CFx films, which resulted in having sufficient interfacial adhesion and cohesion to be employed as stent coatings.


[image: Figure 4]
FIGURE 4. AFM topography images of the topmost part of CFx-A (a), CFx-B (b), and CFx-C (c) samples after application of 25% deformation.




4.3. Nanomechanical Characterizations
 
4.3.1. Elastic Modulus

A typical result of the characterization of CFx samples using HarmoniX™ is shown in Figure 5, where topography (Figure 5A), phase image (Figure 5B), map of the (not calibrated) indentation modulus (Figure 5C), and map of the (not calibrated) tip-sample adhesion force (Figure 5D) obtained on the sample CFx−C are shown. Morphological reconstruction shows the presence of ripples on the surface, indicating that the film reproduces the features typical of the stainless-steel substrate. These features are observed also in phase, indentation modulus, and adhesion maps, and can be ascribed to the modulation of the local value of the tip-sample contact area (Stan and Cook, 2008) and to the variation of the local inclination of the surface with respect to the tip axis (Passeri et al., 2013b). Calibration of the indentation modulus maps was performed on the PS/LDPE reference sample (Passeri et al., 2013a). More specifically, the PS regions were used for calibration purposes, while LDPE regions were used to check the calibration range by comparing the obtained value to the one indicated by the vendor (100 MPa). In Figure 6, the histograms of the indentation modulus of the investigated CFx samples and those of the reference sample are reported. The obtained value of the indentation modulus of the LPDE is compatible with that expected but lower (51 ± 1 MPa), indicating a not perfect calibration in low modulus range. Nevertheless, the moduli of CFx samples are comparable to those of PS, and thus the calibration can be considered accurate enough in the range of interest. Indentation modulus values with the corresponding uncertainty were obtained by Gaussian fitting of data in Figure 6 and are reported in Table 1.


[image: Figure 5]
FIGURE 5. Example of nanomechanical mapping of the CFx−C sample using HarmoniX™: (A) height, (B) phase, (C) not calibrated indentation modulus, (D) not calibrated adhesion force.



[image: Figure 6]
FIGURE 6. Distribution of the values of indentation modulus of the three CFx samples and of the PS/LDPE reference, measured using HarmoniX™.



Table 1. Result of the nanomechanical characterizations using HarmoniX™ and CR-AFM: indentation modulus obtained with HarmoniX™ (Ms); first and third flexural CRFs (f1 and f3, respectively); calculated contact stiffness k*; indentation modulus calculated using the “single reference” method and the “apparent stiffness” method ([image: image] and [image: image], respectively).

[image: Table 1]

CR-AFM was first used to evaluate mechanical properties of the CFx thin films in elastic approximation. After characterization of the free cantilever resonance in air, the tip was brought in contact with the sample which was made oscillate by the piezoelectric transducer coupled with its back side. Values of f1 and f3 were obtained from statistics on the corresponding CRFs maps acquired simultaneously to the topographical images. For calibration purposes, CRFs maps on the reference sample were acquired before and after each measurement session. To limit the effect of tip wear, CFx samples were purposely analyzed following the decreasing order of their expected stiffness, i.e., starting from the sample expected to be the stiffer one. Table 1 reports the values of f1 and f3 measured on the CFx samples and the corresponding value of k* calculated using the model in Figure 1B. The corresponding values of indentation modulus calculated through the “single reference” approach ([image: image]) are then reported. The measured values of CRFs confirm that the mechanical properties of the CFx samples are close to those of the reference PS film (f1 = 121−123 kHz and f3 = 704−715 kHz), encouraging the use of the “single reference” approach. Conversely, CRFs measured on LDPE seemed too low to use LDPE as a second reference sample (f1 = 111−112 kHz and f3 = 660−685 kHz). To verify the accuracy of the method, experimental data were analyzed through a numerical simulation (the “apparent stiffness” method). CR-AFM experiment was first simulated using the model in Figure 1A to obtain as output the pairs of CRFs f1 and f3 with a code which received as input the mechanical properties of the cantilever and the tip, their geometrical parameters, and the mechanical properties of the sample (Passeri et al., 2013b). The characteristic parameters of the system were optimized in order to simultaneously match f1 and f3 experimentally obtained in contact with the PS film. Pair of f1 and f3 were than calculated as a function of Ms by varying Ms in the range 0.5−1.7 GPa, obtaining the curves reported in Figure 7A, where the values of CRFs corresponding to the PS reference sample are indicated (symbols). Then, assuming the model in Figure 1B, for each Ms the values of f1 and f3 were used to calculate k*, which represents the “apparent” value of the tip-sample contact stiffness. Values of the apparent contact stiffness as a function of Ms are shown in Figure 7B (red solid line). For comparison, the values of real contact stiffness calculated as [image: image] (black solid line), where FN is the static normal load applied by the cantilever during the contact and Ms is used instead of the reduced modulus as Ms ≪ Mt. As expected, the apparent value of k* is bigger than the real one as a result of neglecting lateral forces (Passeri et al., 2013b). Finally, the values of k* were calculated for the CFx samples using the model in Figure 1B and the curve of the apparent stiffness was used to determine the corresponding values of Ms (symbols in Figure 7B). The procedure was repeated using the CRFs measured on the PS reference before and after the analysis of the CFx samples and the corresponding values of indentation modulus calculated using the “apparent stiffness” method ([image: image]) are reported in Table 1.


[image: Figure 7]
FIGURE 7. (A) Values of the CRFs f1 and f3 calculated as a function of the sample indentation modulus Ms using the model depicted in Figure 1A (solid lines) and values of f1 and f3 measured on the PS reference material (symbols). (B) Real and apparent contact stiffness (black and red solid line, respectively) as a function of the sample indentation modulus, and values corresponding to the CFx and PS samples (symbols).




4.3.2. Viscoelastic Modulus

To characterize the viscoelastic response of the CFx films using CR-AFM, maps of the quality factor of the third mode (Q3) have been acquired in addition to those of f3 which are reported in Table 2. First, by approximating the samples as elastic, f1 and f3 were used as described in section 4.3.1 to determine the value of r, which was eventually used to calculate α and β using a in-house written Matlab code (Passeri et al., 2013c) which are reported in Table 2 together with the values of tanδ calculated using Equation (7). The values of β were used to calculate E′ through the “single reference” approach after determining β on the PS reference sample and the values of E″ were determined as E′ × tanδ. E′ and E″ calculated for the CFx samples are reported in Table 2.


Table 2. Measured values of the contact resonance frequency and quality factor of the third mode of the cantilever (f3 and Q3, respectively), calculated values of the normalized contact stiffness (α) and the normalized damping (β) and calculated values of the loss tangent tan δ, storage modulus (E′) and loss modulus (E″).

[image: Table 2]





5. DISCUSSION

CFx materials are attractive for the use as stent coatings, in particular after oxidative methanol plasma treatment which has been demonstrated to modulate the hydrophobicity of their surface in order to improve their performances, e.g., as far as blood contact behavior is regarded, without altering integrity, uniformity, and morphology (Montaño-Machado et al., 2019). Mechanical properties of CFx coatings can undergo significant changes when changes in the chemical composition and in the thickness occur. Indeed, it has been shown that fluorocarbon coatings thicker than 100 nm do not exhibit the required cohesion and adhesion properties to resist during stent expansion (Lewis et al., 2008). Furthermore, the elastic modulus of CFx coatings has been demonstrated to be strongly dependent on fluorine and crosslinking C–C units content (Tang et al., 2005). We showed that our methanol plasma treatment produces a significant increase of coating thickness and the decrease of fluorine content at the surface, which could significantly affect adhesion, cohesion and elastic modulus of the coatings. A comprehensive mechanical characterization was therefore necessary in order to evaluate the effect of methanol plasma treatment on the mechanical properties of the modified coatings.

Small punch tests have demonstrated that the innovative methanol plasma treatment does not undermine interfacial adhesion and cohesion to be employed as stent coatings as no delamination or cracks were observed even at plastic deformations as high as 25%, corresponding to the estimated maximum deformation which a stent may undergo during deployment (Migliavacca et al., 2005).

The effect of plasma treatment on mechanical properties of CFx films is another key issue that must be assessed to evaluate the suitability of CFx thin films as stent coatings. Indeed, depending on the polymerization and the post-deposition treatments, elastic modulus of CFx film is reported to vary from hundreds of megapascals like that of polytetrafluoroethylene (PTFE) (Ianev and Schwesinger, 2001), to a few gigapascals (Sirghi et al., 2009) and up to tens of gigapascals (Tang et al., 2005; Li et al., 2008; Koumoulos et al., 2012). Results reported in the present work show a good agreement between HarmoniX™ and CR-AFM. In particular, no discrepancies were observed between the two different methods for CR-AFM data analysis, i.e., the “single reference” approach and the simulation of the actual CRFs using the more comprehensive model depicted in Figure 1A and calculating the “apparent stiffness” using the simpler model in Figure 1B. The agreement between the two different approaches can be rationalized observing that all the investigated materials (CFx and PS) correspond to a region of the curve in Figure 7B in which k* is proportional to Ms, i.e., [image: image] being c = 66 nm. It must be observed that if softer materials were included among the investigated samples, the use of the single reference method using PS would imply an overestimation of their indentation modulus. Notably, considering the relatively large thickness of the coatings (i.e., in the range 30−60 nm), the similar nanometer tip-sample contact radius values typical of CR-AFM and HarmoniX™ make the results of both the techniques representative of the sole CFx thin films indentation modulus, without the effect of the stainless steel substrate (Reggente et al., 2017). This undoubtedly represents an advantage of these (and similar) techniques over AFM-based nanoindentation, which more extensively suffers from substrate effect in case of thin compliant films on stiff substrates (Kovalev et al., 2004; Shulha et al., 2004; Clifford and Seah, 2006; Passeri et al., 2011). Nevertheless, in case of thinner films are investigated and/or tip with larger Rt are used, substrate effects may affect also CR-AFM and HarmoniX™ measurements and must be subtracted to obtain the elastic modulus of the sole film (Passeri et al., 2008, 2015). The obtained indentation modulus values, in the range 1.0−1.6 GPa, are compatible with those obtained on analogous materials using AFM based nanoindentation or conventional nanoindentation. Indeed, Sirghi et al. (2009) measured by AFM nanoindentation the elastic modulus of CFx films deposited by PECVD using C2F8 as precursor and found values between 1.75 GPa and 3.2 GPa depending on the deposition parameters (power of the RF discharge and dc bias potential). Tang et al. (2005) studied, by nanoindentation, the hardness and the elastic modulus of fluorocarbon coatings deposited by RF magnetron sputtering using a PTFE target using different process parameters (RF power, Ar and H2 flux) and found a dependence of the studied properties with the fluorine and carbon content and, more specifically, on the content of CFx or C–C crosslinking units. The measured elastic modulus decreased with the increase of fluorine content (i.e., CFx units) and the decrease of carbon (i.e., crosslinking units) content from 18 GPa (for films having 33% fluorine and 67% carbon content) to 12 GPa (for films having 43% fluorine and 57% carbon content) (Tang et al., 2005). Considering the significantly higher fluorine content of our untreated CFx coating (66.9%), the value of the elastic modulus we measured by HarmoniX™ (1.18 GPa) and CR-AFM (1.26 GPa) appears to be coherent with the results of Tang et al. (2005). As shown in Table 1, indentation modulus of CFx films has been found dependent on the methanol plasma treatment. Indeed, a slight increase of the elastic modulus of the coating with the increase of the time of methanol plasma treatment was observed. An increase of about 30% is observed between the as prepared sample and that treated with methanol plasma for 90 s, which is coherent with the covering of the fluorocarbon coating by a thin layer of carbon and oxygen species not containing fluoride.

As expected, an analogous dependence with plasma exposure time is observed in the measured viscoelastic parameters, i.e., in E′, E″, and tanδ. In particular, although the comparison with PTFE properties is not always straightforward, we observe that the values of E′ obtained on both untreated and plasma treated CFx films are coherent with those reported for PTFE (Faughnan et al., 1998; Fu and Chung, 2001; Blumm et al., 2010). Conversely, the values of tanδ ad thus of E″ are definitely lower than those observed on PTFE, indicating that the mechanical behavior of the films is characterized by a very low viscous component. However, it should be observed that viscoelastic parameters generally depend on the frequency at which the mechanical response of the material is investigated, e.g., the viscous component may either increase or decrease with the frequency and depends on the specific polymer (Le Rouzic et al., 2009). Results by standard dynamical mechanical analysis (DMA) usually reported in literature are generally obtained for low frequency values, e.g., not exceeding 100 Hz, while CR-AFM investigates the sample at much higher frequencies, e.g., from tens to hundreds kilohertz or even a few megahertz (Hurley et al., 2013). In any case, plasma treatment is observed to be responsible for the reduction of the viscous component of the mechanical response of the films with respect to the untreated sample.



6. CONCLUSION

In conclusion, mechanical characterization of methanol plasma treated CFx ultrathin films on stainless steel demonstrated that methanol plasma treatment does not affect cohesion of the films and their adhesion to the substrate after deformation. Also, nanoscale analysis of elastic and viscoelastic response of films indicated that although these are slightly affected by methanol plasma, which is responsible for the stiffening and reduction of viscosity of the films. Nevertheless, such an effect is admittedly marginal and, especially from the point of view of the biological response, methanol plasma treatment does not significantly modify mechanical properties of the films. Thus, methanol plasma is a promising route to treat CFx ultrathin stent coating, which allows the modulation of the wettability (and fluorine content) of CFx coatings, without affecting their integrity, morphology, adhesion, and cohesion of the coatings, as well as their elastic and viscoelastic properties.
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In this study, a bio-inspired hybrid material is investigated by in situ X-ray scattering experiments in combination with mechanical tensile testing. The material is composed of nanometer-sized spherical magnesium fluoride particles which are linked via material-specific peptide poly(ethylene glycol)-PEG conjugates to a semi-crystalline poly(ethylene oxide) PEO matrix. Mechanically relevant changes in crystal size and orientation in the PEO matrix are followed by wide angle X-ray scattering during the application of tensile stress. The amorphous phase of PEO is stabilized by the surface-engineered MgF2 nanoparticles, leading to increased Young's modulus and tensile strength. Furthermore, small angle X-ray scattering experiments allowed the identification of a layer on the MgF2 particle surfaces, which increases in thickness with the conjugate amount and leads to suppression of the agglomeration of MgF2 nanoparticles. In conclusion, the use of selected peptide-PEG conjugates tailored to link MgF2 particles to a PEO matrix successfully mimics the biological principle of interface polymers and suggests new directions for material fabrication for bio-applications.

Keywords: wide and small angle X-ray scattering, peptide-polymer conjugate, structure-function relationships, interface stabilization, functional material


INTRODUCTION

Inorganic fillers are widely used in synthetic polymers as well as in natural hybrid materials to enhance their mechanical performance. Especially biological hybrid materials, made of inorganic nanoparticles embedded in an organic matrix, are of great interest for material scientists in terms of their mechanical performance (Studart, 2012; Wegst et al., 2015). Bio-inspired hybrid materials with defined structuring of the material constituents across various length scales as well as precisely defined internal material interfaces exhibit advanced material properties (Bonderer et al., 2008; Munch et al., 2008; Studart, 2012; Wegst et al., 2015). Nature shows many examples of materials where the control over size, shape, and distribution of the composites' building blocks leads to hierarchically structured materials with outstanding mechanical properties. Bone is probably one of the most prominent examples of hierarchically structured hybrid materials with well-dispersed inorganic hydroxyapatite particles in a collagen matrix and tailored internal interfaces between these constituents (Fratzl et al., 2004b). The dominating influence of the nanostructure of hybrid materials on their mechanical properties does not only depend on the properties of the individual components, but also on the interfaces between the components (Dujardin and Mann, 2002; Fratzl et al., 2004a; Meyers et al., 2008; Laaksonen et al., 2012). In Nature, the hydroxyapatite platelets in bone are bound to the collagen matrix by proteoglycans (Fratzl, 2003a; Fratzl et al., 2004a; Gupta et al., 2005) and the aragonite mineral crystals in nacre are linked by a series of proteins (Currey, 1977; Espinosa et al., 2009; Laaksonen et al., 2012). This concept of linking immiscible components by adding further polymer components to reduce the interfacial tension between phases is also used in hybrid materials science and usually termed as compatibilization (Kickelbick, 2003). The components are connected by thin layers of proteins that bind to the inorganic surfaces and compatibilize into the organic matrix to act as glue stabilizing the internal interfaces. The mineral phase in these materials provides strength, while the soft matrix allows ductility and toughness.

Research has been undertaken in recent years to develop new synthetic processing routes by applying design principles of Nature (Studart, 2012). One of the technical challenges during the embedding process of nanoparticles into the organic matrix is to avoid particle agglomeration to produce hybrid materials with homogeneously dispersed fillers. A large and diverse set of techniques is available in literature for the fabrication of bio-inspired hybrid materials, lasting from virus-based self-assembly to electrochemical deposition and sol-gel synthesis (Gregorczyk and Knez, 2016). Kemnitz et al. (2003) established a fluorolytic sol-gel synthesis for the preparation of nanoscopic metal fluorides with extraordinarily high specific surface areas. By using phosphonic acids to prevent agglomeration, Noack et al. (2011) utilized fluoride MgF2 nanoparticles to prepare transparent organic-inorganic nanocomposites made of magnesium fluoride homogenously dispersed in organic polymers. MgF2 has been shown to potentially being used in various biomedical applications, e.g., to coat the surface of biodegradable scaffolds for improved corrosion resistance and biological performance (Kang et al., 2016). Polymer composites consisting MgF2 nanoparticles exhibit good biocompatibility and improved mechanical properties (Hansske et al., 2017).

In the last decades, few bio-inspired concepts were developed to tailor the interfaces between organic matrix and inorganic particles in synthetic hybrid materials (Palmer et al., 2008; Sommerdijk and de With, 2008; Hardy and Scheibel, 2010; Wang et al., 2011), e.g., by the use of material-affine peptide-PEG conjugates binding to the inorganic particles as well as anchoring the particles in the organic matrix (Hansske et al., 2015; Samsoninkova et al., 2017). By using a bio-combinatorial approach Hanßke et al. introduced specific stabilizers for sol-gel processes, which enable access to de novo modifying agents (Hansske et al., 2015). Twelve-mer peptides (comprised of 12 amino acids) have been selected from large peptide libraries covering a sequential space of ~109 different peptides. According to the adsorption behavior onto MgF2 surfaces the most promising sequence was synthesized as a peptide-PEG conjugate (Hansske et al., 2015). The conjugates proved sequence-specific interactions with MgF2 materials in a sol state, effectively stabilizing the sols in solution via surface modification and provided completely redispersible nanoparticles.

By using the peptide-PEG conjugates to stabilize and compatibilize MgF2 nanoparticles in a PEO matrix Samsoninkova et al. prepared bio-inspired hybrid materials, which presented remarkable material properties in terms of stiffness and toughness (Samsoninkova et al., 2017). Increased Young's modulus (E) values and increased tensile toughness (Rm) values could be achieved. TEM showed an effective reduction of agglomeration and also influences on the form of the formed agglomerates by the presence of the peptide-PEG conjugates have been evident. SAXS measurements revealed sizes of primary particles to be in the range of 2–3 nm, while larger agglomerates of those were also present.

Within this study, structure-function relationship in model hybrid materials made of a PEO matrix and MgF2 nanoparticles compatibilized by peptide-PEG conjugates were explored in view of material fabrication for bio-applications. The PEO matrix consists of (lamellar) crystalline and amorphous domains. The amounts of particles and conjugate were elucidated to optimize the mechanical performance of the hybrid materials. Multi-scale analysis tools were applied to perform simultaneous mechanical tensile testing and X-ray scattering experiments. By this approach, the role of unmodified nanoparticles, the use of the peptide-PEG conjugates alone and the combination of inorganic nanoparticles compatibilized by peptide-PEG conjugates in the PEO matrix in terms of the mechanical properties of the material were investigated. Changes in crystal orientation during applied tensile stress were followed to describe mechanically relevant reorientation effects of the crystalline domains. By examining the crystallite size and the deformation of the crystallites by recording the micro strain in situ on the crystallites, the crystalline as well as the amorphous phase were investigated.



EXPERIMENTAL SECTION


Sample Preparation

The hybrid materials were synthesized following a protocol described previously (Samsoninkova et al., 2017). In short, the surfaces of the spherical MgF2 particles with a size of around 2–3 nm were non-covalently coated with a tailor-made peptide-PEG conjugate containing a monodisperse MgF2-binding peptide sequence and a PEG block (Mn = 3200 g/mol; GTQYYAYSTTQKS-block-PEG73) to enhance the interactions with the PEO matrix material (Mn = 900.000 g/mol) (Hansske et al., 2015). After solution blending in methanol, the hybrid materials were hot-pressed into thin hybrid films with a thickness of around 200 μm. Hot pressing of the hybrid materials was performed on a SPECAC device from Specac Limited (Orpington, UK) at a constant temperature of 70°C. First, the hybrid materials were heated without load for 3 min and then 1 ton of pressure was applied for 1 min, followed by 2 tons of pressure for 3 min. After cooling, samples were punched out with a bone-shaped stamp to match the tensile testing set-up. The sample compositions for the hybrid films were chosen with 15 wt.% MgF2 and 0.5, 1.0, 2.0, 3.0, and 6.0 mol% conjugate, with non-filled PEO, PEO in combination with 3 mol% conjugate compatibilizer as well as PEO in combination with 15 wt.% MgF2 fillers without the presence of compatibilizers as references.



X-Ray Scattering Experiments and Mechanical Tensile Testing

X-ray scattering experiments were performed at the synchrotron source BESSY II [Helmholtz-Zentrum Berlin für Materialien und Energie (HZB), Adlershof, Germany] at the μSpot beamline. Using a synchrotron source has the advantage that SAXS and WAXS measurements are possible simultaneously and a suitable time resolution is facilitated which is required for combined X-ray scattering and in situ tensile testing. X-ray patterns were recorded using an X-ray beam (100 μm in diameter; wavelength λ = 0.82656 Å) with a 2D CCD detector (MarMosaic 225, Rayonix Inc., Evanston, U.S.A.) with a pixel size of 73.242 μm and an array of 3,072 × 3,072 pixels. The calibrations of the sample-to-detector distance and beam center were performed using a quartz standard and analyzed with the software Fit2d (by Andy Hammersley, ESRF, v. 12.077). All patterns were corrected for empty beam background. Using the software packages DPDAK (Benecke et al., 2014) and OriginPro data evaluation was performed.

The crystallite sizes L of the polymer matrix were calculated by using the Scherrer equation:

[image: image]

in which λ represents the wavelength, C the full width at half maximum of the (120) peak, θ the Bragg angle of the (120) peak and the Scherrer constant k (Holzwarth and Gibson, 2011). To correct the peak widths for instrumental broadening the measurements were performed using a Si111 monochromator with known instrumental contributions to C.

The tensile testing device was developed to perform simultaneous X-ray scattering experiments and mechanical tensile testing at a synchrotron source. A 20 N load cell (11E-020N-1a, Althen, Kelkheim, Germany) was used with a DC-encoder motor (M-126 DG, Physik Instrumente, Karlsruhe, Germany) to fit the requirements of the samples. To track the strain of the samples during tensile stress over the whole sample area and to perform video extensometry a camera (piA2400-17gm, pilot serie, Basler AG, Ahrensburg, Germany) with corresponding objective (TC 23 024, 2/3-Mpx detector, OPTO Engineering, Munich Germany) was used. Figure 1 shows the schematic design of the in-situ tensile testing set-up and two halves of typical x-ray scattering patterns for 0 and 50% strain.


[image: Figure 1]
FIGURE 1. Experimental in-situ X-ray scattering setup combined with mechanical tensile testing. Tensile load is applied to the sample, which is simultaneously scanned by an X-ray beam. Two-dimensional X-ray diffraction patterns are recorded by a two-dimensional detector (shown: two halves of diffraction patterns representing 0 and 50% strain).


To measure Young's modulus E and nominal tensile strength Rm stress-strain curves were recorded ([image: image]), where σ represents the recorded stress and ε the recorded strain, to the linear-elastic region between 1 and 3% strain of the recorded stress-strain curve Young's modulus values were achieved. The macro strain ε was obtained by video extensometry using a camera observing the elongation Δl of the distance l0 between black markers on the sample (ε = Δl/l0). As reported earlier (Samsoninkova et al., 2017), samples exhibit different values for elongation at break, depending on the amount of conjugate, ranging from around 700 up to 900%. A limitation of our study is, that the used synchrotron in-situ tensile tester did not allow elongating up to such high deformations.

Molecular deformations induced by applied tensile stress within polymers leads to a micro strain in crystallites and causes a peak shift of the crystalline X-ray diffraction peaks (Mallick et al., 2006). By applying the following equation to the X-ray scattering data the micro strain εmicro could be calculated:

[image: image]

with q0 as the q value of the (120) signal position before applied tensile stress and qε as the q value after applied tensile stress.




RESULTS

In this study, a combination of mechanical tensile testing in combination with SAXS and WAXS was used to provide insights into structure-function relationships. By performing SAXS experiments, the size and shape as well as the agglomeration behavior of the MgF2 nanoparticles were investigated. In situ WAXS experiments combining X-ray scattering and mechanical tensile testing allowed a detailed analysis of the relationship between structure and mechanical properties of the hybrid material by examining the crystallite size and deformation of the crystallites during applied tensile stress of the matrix material PEO.


Size and Arrangement of the Incorporated Nanoparticles

The radius of the MgF2 particles R (Samsoninkova et al., 2017), as well as the fractal dimension D was determined by applying the following equation described in Samsoninkova et al. (2017) on the SAXS data.

[image: image]

For calculating the true layer thickness (δ) of the conjugate layer coating the MgF2 particles the following equation was used to relate the differences of the electron densities of MgF2 with ρ(r) = 0.91 e−1/3, ρ(r) = 0.38 e−1/3 for PEO (Glatter et al., 1994) and ρ(r) = 0.45 e−1/3 for the conjugate by using the biomolecular scattering length density calculator (http://psldc.isis.rl.ac.uk/Psldc/).

[image: image]

The electron density difference between PEO and MgF2 is defined as CP, while CK is the electron density difference between PEO and conjugate. The radius of the primary particles is defined as R, while RP gives the particle radius in combination with peptide-PEG conjugates revealed by SAXS experiments (Samsoninkova et al., 2017). Therefore, the equation can be converted into the corrected layer thickness to calculate the increasing particle radius due to adhesion of the conjugate to the MgF2 nanoparticle surface. Table 1 shows the calculated values for the true layer thickness δ of different sample compositions. The dependency of δ on the conjugate amount is displayed in Figure 2A. Looking at the dependency of conjugate amount, up to 1.0 mol% conjugate a slight increase, followed by a strong increase starting at 2.0 mol% conjugate can be observed with a slow further increase.


Table 1. Results for conjugate layer thickness δ and fractal dimension D.

[image: Table 1]
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FIGURE 2. Dependency of (A) true layer thickness δ and (B) fractal dimension D on amount of added conjugate in the composition. Both curves show strong changes between 1.0 and 2.0 mol% conjugate.


Furthermore, by calculating the fractal dimension D the morphology and the state of agglomeration can be investigated. It can be seen as a value for the degree of branching within the structure of a material (Logan and Kilps, 1995; Husing et al., 1998; Bushell et al., 2002; Fratzl, 2003b). Lower values for D in aggregates refer to less branching, while higher values represent higher branching and therefore, more densely packed agglomerates (Emmerling et al., 1995; Logan and Kilps, 1995; Husing et al., 1998; Bushell et al., 2002). By plotting the fractal dimension D vs. used mol% conjugate a dependency of the agglomeration behavior and amount of used conjugate could be observed. Up to 1.0 mol% conjugate, the values for the fractal dimension D did not differ significantly and were maintained in a range between D = 1.74-1.77. At 2.0 mol% conjugate a significant decrease to around D = 1.47 can be observed with a slow further decrease. The dependency of the fractal dimension D and the used conjugate ratio is shown in Figure 2B, which indicates an inverse behavior for the fractal dimension D compared to the true layer thickness δ. Both graphs exhibit strong changes between 1.0 and 2.0 mol% conjugate.



In situ Tensile Testing

The samples were measured at the μSpot beamline at BESSY II to perform simultaneous tensile testing and X-ray scattering experiments. With the recorded stress-strain curves every sample could be investigated for Young's modulus E and nominal tensile strength Rm (based on the original cross section area). Figure 3 shows an exemplary stress-strain curve of non-filled PEO as reference to demonstrate the origin of the determined values for Young's modulus E and tensile strength Rm.


[image: Figure 3]
FIGURE 3. Representative stress-strain curve of non-filled PEO with characteristic parameters marked on the graph showing the mechanical material properties by tensile strength Rm and Young's modulus E. The drops in stress during constant tensile strain result from required stops during the measurements necessary to record X-ray diffraction patterns with larger accuracy.


The measurements were interrupted to record WAXS patterns at 0, 1, 3, 5, 8, 10, 20, 30, 50% strain. These stops occurred as an area with decreasing stress in the stress-strain curves during constant strain. At every stop, 10 diffraction patterns were recorded to ensure measurements in the deformation area of the hybrid material. As the areas where necking occurred in the samples were hard to predict, 10 points with a distance of 300 μm were measured in longitudinal direction of the sample. Table 2 shows the Young's moduli and the tensile strengths of the samples.


Table 2. Young's moduli and tensile strengths of in situ mechanical tensile testing experiments.

[image: Table 2]

With the insertion of MgF2 nanoparticles and conjugate the values for both determined material parameters increased. The values for Young's modulus increased by nearly factor 2 after MgF2 incorporation and even more after addition of conjugate. Also tensile strengths increased with MgF2 and conjugate insertion. The sample composition with 6.0 mol% conjugate showed the highest values for Young's modulus and tensile strength.



In situ Wide Angle X-Ray Diffraction Studies

The commonly observed WAXS patterns of semi-crystalline PEO samples describe a monoclinic lattice (Zhu et al., 2000). Based on this, several reflections in the reciprocal space could be seen, which were coexistent with the experimental WAXS data. Two prominent signals could be obtained in the WAXS signal with q = 13.6 nm−1 and q = 16.4 nm−1. The first signal corresponds to the reflection of the (120) plane lying perpendicular to the c-axis of the crystallites (crystalline domains). The second signal corresponds to the reflections of overlapping rings from the (032), ([image: image]), ([image: image]), (112), ([image: image]), ([image: image]), and (004) planes, which are hard to distinguish and therefore, not used for further analysis (Zhu et al., 2000; Lai et al., 2012).

At 50% strain, a clear texture of both signals was observed. Figure 4 shows two-dimensional diffraction patterns of non-filled PEO (Figure 4A) before tensile testing and (Figure 4B) at 50% tensile strain during applied tensile stress. The (120) plane, which was used for further data evaluation showed a strong meridional texture after applied tensile stress. The (120) reflection has an angle of 90° to the c-axis in PEO crystals. Different integration angles were chosen for the two-dimensional data processing of the (120) signal to consider the differences of the crystallites according to the orientation of the c-axis during the applied tensile stress. This enables an interpretation of the progression of crystallite orientations during deformation. The angles were selected perpendicular to the tensile direction and directly in tensile direction with an angle of 30°. The defined integration areas are shown in Figures 4A,B with corresponding one-dimensional radial profiles where the c-axis crystallite orientation is aligned (Figure 4C) in tensile direction and (Figure 4D) perpendicular to the tensile direction.


[image: Figure 4]
FIGURE 4. Two-dimensional diffraction patterns of non-filled PEO (A) before and (B) at 50% tensile strain. Before applied tensile stress, only weak textures as a result of sample preparation were visible in the Debye Scherrer rings, whereas the rings at 50% strain show a distinct texture. (C) Radial profiles before and at 50% tensile strain of the (120) signal with a c-axis crystallite orientation in tensile direction. A broadening of the signal appeared at 50% tensile strain. (D) Radial profiles before and at 50% tensile strain of the (120) signal with a c-axis crystallite orientation perpendicular to the tensile direction. A peak shift to lower q values appeared after applied tensile stress.


Two effects on the radial profiles could be observed depending on the c-axis crystallite orientation. They show obvious differences in the peak broadening and the positions of the (120) signal. Perpendicular to the tensile direction, a peak broadening after applied tensile stress is visible, whereas in tensile direction broadening appeared with much less intensity. Additionally, the peak positions before tensile testing and at 50% strain with different integration areas differ greatly. Perpendicular to the tensile direction no peak shifting could be observed, whereas in tensile direction a peak shift to lower q values appeared. These two effects on the (120) signal were evaluated to gain information about the crystalline and the amorphous phases. By quantifying the peak broadening of the signal it was possible to measure the average crystallite size (Holzwarth and Gibson, 2011) within the crystalline lamellae and hence, to make statements about the crystallite perfection of the crystalline phase. The crystallite size as well as the determined micro strain during applied tensile stress can be plotted against the applied macro strain to reveal information about structure-function relationships on both the micro and nanometer scale. In Figure 5, the crystallite size vs. the macro strain is drawn (Figure 5A) with the c-axis crystallite orientation in and (Figure 5B) perpendicular to the tensile direction, as well as the micro strain vs. the macro strain with (Figure 5C) the c-axis crystallite orientation in and (Figure 5D) perpendicular to the tensile direction. Evaluating the crystallite sizes with c-axis crystallite orientation in tensile direction, after the insertion of conjugate and MgF2 nanoparticles a decrease of the crystallite sizes could be observed. With increasing macro strain the crystallite sizes strongly decreased for all investigated samples down to sizes of L = 10−20 nm. The same applied for the crystallite sizes with the c-axis crystallite orientation perpendicular to the tensile direction but only down to sizes of L = 30−40 nm, as the crystallites are getting aligned during applied tensile stress in tensile direction. For this reason, we focused on the crystallite sizes with c-axis crystallite orientation in tensile direction for further data evaluation.


[image: Figure 5]
FIGURE 5. Plots of crystallite sizes vs. macro strain with c-axis crystallite orientation (A) in and (B) perpendicular to the tensile direction of exemplary sample compositions. The crystallite size changes to lower sizes after MgF2 and conjugate insertion and with increasing macro strain. Major changes of the crystallite sizes can be seen with increasing macro strain with the c-axis crystallite orientation in tensile direction. The applied micro vs. macro strain is drawn with the c-axis crystallite orientation (C) in tensile direction and (D) perpendicular to the tensile direction. With increasing macro strain the micro strain showed negative values for the c-axis crystallite orientation in tensile direction and increasing positive values up to a plateau perpendicular to the tensile direction. Dotted lines in the graph are shown to aid the eye.


By comparing the induced micro strain on the crystalline domains in PEO vs. macro strain a different behavior could be seen for the c-axis crystallite orientations. With a c-axis crystallite orientation (Figure 5C) in tensile direction negative values for micro strain appeared, whereas the crystallites oriented (Figure 5D) perpendicular to the tensile direction showed a strong increase of the micro strain, with increasing macro strain up to a plateau where the values reached a constant level.

For further data interpretation and to compare the samples between themselves the percentage crystallite size change (CSC) was drawn vs. macro strain and the slope within the elastic range between 1 and 3% strain was determined (Figure 6A). The mean values and corresponding standard deviations were drawn as bar charts in Figure 6B for n = 3 samples. The insertion of the conjugate led to a strong decrease of the slope of the percentage CSC within the elastic range, whereas the insertion of MgF2 in combination with conjugate led to an increase of the slope up to a factor 2. This means that only the insertion of MgF2 nanoparticles compatibilized by the peptide-PEG conjugate caused faster decreasing crystallite sizes under load.


[image: Figure 6]
FIGURE 6. Percentage crystallite size change (A) of the crystallites with the c-axis aligned in tensile direction. The slope was determined within the elastic range (red bars) and drawn as bar charts (B) with corresponding standard deviation for n = 3 samples. An increase of the values can be observed after the insertion of MgF2 compatibilized by the peptide-PEG conjugate and therefore, a faster decrease of the crystallite sizes during applied tensile stress. Also the slope of micro vs. macro strain (C) within the elastic range (red bars) of the crystallites with the c-axis aligned perpendicular to the tensile direction was determined. The results were drawn as bar charts (D) as well as the plateau values (E) for n = 3 samples. Again an increase after insertion of compatibilized MgF2 could be observed for the slope values, whereas the plateau values stayed in the same range for all sample compositions.


The slope of the micro strain vs. macro strain of the crystallites with the c-axis oriented perpendicular to the tensile direction was determined within the elastic regime (Figure 6C). Allowing statements on the force transmission from the amorphous to the crystalline phase of the organic semi crystalline matrix. This is a key point to explain materials mechanical properties. All values were drawn as bar charts for n = 3 samples in Figure 6D with corresponding standard deviations. By using compatibilized MgF2 nanoparticles higher values of the slope up to a factor of 4 could be realized, whereas the plateau values (Figure 6E) stayed almost in the same range for all sample compositions of the stabilized composites. This means that the transmitted force from the amorphous to crystalline phase was the same for all sample compositions, but the force transmission from the amorphous to the crystalline phase occurred earlier after MgF2 nanoparticle compatibilization.




DISCUSSION

In this study, relations between nano-structure and deformation mechanisms at several length scales in a new hybrid material consisting of PEO as a semi-crystalline polymer matrix and MgF2 nanoparticles was investigated. By using an MgF2-affine peptide-PEG conjugate, the nanoparticles were compatibilized in the PEO matrix and the function of interface polymers as found in natural hybrid materials could be mimicked.

The samples were investigated for layer thickness of the conjugate δ and fractal dimension D by performing small angle X-ray scattering experiments. Recently, a study with congeneric PEO/MgF2 hybrid materials revealed decreasing agglomerate sizes on increased conjugate amounts (Samsoninkova et al., 2017). In the present system, this effect was explained by the thickness of the conjugate layer on the MgF2 surface, which was found to increase with the amount of conjugate. Based on the differences in electron density of the different components, the layer thickness was calculated. From these results, a saturation of the MgF2 surface at 2 mol% conjugate with a layer thickness of δ = 6.4 nm was concluded, because at this composition the system showed an abrupt change in δ. This conclusion was confirmed by calculating the fractal dimension D as a value for the degree of branching within the system (Schmidt, 1991; Peterlik and Fratzl, 2006). The abrupt change between 1.0 and 2.0 mol% for the fractal dimension D can be interpreted as the transition to more open fractal structures leading to a suppression of agglomeration. The effect of the addition of stabilizing agents to nanoparticles by binding to the particle surfaces was described in different studies as a prevention of uncontrolled growth and aggregation (Niemeyer, 2001), which can be also confirmed in this study. The interpretation of the SAXS results is schematically illustrated in Figure 7A. With increasing conjugate amount an increasing layer of conjugate around MgF2 particles is found as well as reduced agglomeration of the particles. The investigated hybrid materials with higher conjugate amount showed less branched particle networks.


[image: Figure 7]
FIGURE 7. Schematic representation of the hybrid material at the nanometer scale. (A) Increasing amount of conjugate leads to higher layer thickness and reduces agglomeration (less branched aggregates) as derived from the fractal dimension D. (B) Deformation mechanisms of PEO + 15 wt.% conjugated MgF2 during applied tensile stress. The use of conjugate led to a stabilization of the amorphous phase. The stabilization of MgF2 nanoparticles by the peptide-PEG conjugate blocked the movement of dislocations within the amorphous phase. The amorphous PEO chains cannot elongate as in non-filled PEO and the force transmission from the amorphous to the crystalline phase appears earlier resulting in a faster block-slip mechanisms and therefore, decreasing crystallite sizes.


Improved mechanical properties were found with higher conjugate amounts, leading to increased Young's moduli and tensile strengths. The sample set with 15 wt.% MgF2 stabilized by 6.0 mol% conjugate exhibited obviously the highest reinforcement effect. The Young's moduli of these compatibilized hybrid materials were increased almost by a factor of 2 compared to non-stabilized composites. This confirms prior observations that the amount of compatibilizers has to reach about 3.0–6.0 mol% to provide materials interface stabilization effectively (Samsoninkova et al., 2017). There, samples showed values for elongation at break from around 730% (15 wt.% MgF2 and 0 mol% conjugate), a relative maximum of around 930% (15 wt.% MgF2 and 1 mol% conjugate) to around 690% (15 wt.% MgF2 and 3 mol% conjugate), while samples with 15 wt.% MgF2 and 6 mol% conjugate showed a strong reduction in ductility and therefore only around 70% elongation at break. Therefore, an amount of around 1–3 mol% conjugate seems to give an optimal compromise to achieve relatively high stiffness and toughness in these hybrid materials with 15 wt.% MgF2 nanoparticles.

By performing WAXS experiments two prominent peaks were identified as characteristic PEO signals corresponding to the (120) plane at q = 13.6 nm−1 and an overlay of different rings from the [image: image], [image: image], (032), (004), [image: image], and [image: image] planes. During applied tensile stress a clear texture of both rings appeared in the two-dimensional WAXS pattern. The (120) signal showed two strong meridional arcs with increasing tensile strain. By comparing the WAXS patterns at 50% strain with simulated 2D WAXS patterns from literature, we could assume that during applied tensile stress the (120) plane, which lies perpendicular to the c-axis, is meridional aligned to the tensile direction. Therefore, the c-axis is becoming aligned in tensile direction (Adams et al., 1986; Petermann and Ebener, 1999; Zhu et al., 2000; Lai et al., 2012). Due to the crystalline structure of PEO with an angle of 90° between the (120) plane and the c-axis, this correlation can be used to make predictions about the crystalline structure by examining the peak broadening and position during applied tensile stress.

The crystallite size changes were evaluated by calculating the crystallite sizes of the (120) plane. By performing the two mentioned integration areas the crystallite size change during applied tensile stress of the crystalline phase aligned in tensile direction was described. The (120) plane lies perpendicular to the c-axis and is meridional aligned during applied tensile stress. This fact gives the possibility to make direct conclusions about the crystalline phase and correlate them with material properties. The determined slope of the percentage crystallite size change vs. macro strain, allows the making of statements concerning the deformation mechanism of the hybrid material. As reference, non-filled PEO was measured with a value of m = 3.15, whereas the reference sample of non-filled PEO in combination with compatibilized MgF2 showed a clear decrease in the slope. This flatter slope can be explained by a softening of the amorphous phase. With a factor of 2, an increase of m = 6.1 could be seen after MgF2 insertion with increasing values for increasing conjugate amounts. This increase can be rationalized probably by a positive effect of the compatibilized MgF2 nanoparticles on the amorphous phase of the matrix. Comparable to the interface polymers in natural materials, the PEG-blocks adsorption on surfaces of compatibilized MgF2 particles enhanced apparently the interactions with the PEO matrix, leading to a better mechanical performance of the interface-engineered hybrid materials. This effect is even improved by the use of higher equivalents of the peptide-PEG conjugate.

Additional information could be gained by calculating the micro strain within the crystalline domains. Firstly, the negative values of the strain aligned in tensile direction could be explained by reasonable Poisson ratio values of around μ = 0.3. The Poisson ratio describes the relation between longitudinal to lateral deformation during tensile stress and the most common materials such as polymers or composites hold a Poisson ratio of 0.25 < μ < 0.35 (Askeland et al., 2010; Rawlings et al., 2013; Silberschmidt and Matveenko, 2015). These values fit well to the determined values and appoints to an increase of the volume during applied tensile stress, since materials with a Poisson ratio μ>0.5 show a decrease of the volume during applied tensile stress.

The process of deformation for bulk semi-crystalline polymers has been described by different studies (Adams et al., 1986; Petermann and Ebener, 1999; Zhu et al., 2000; Liu et al., 2006). The deformation in such materials during applied tensile load can be characterized by an initial elongation of the amorphous phase, followed by a shearing and tilting of the lamellar folded chains. Afterwards, block crystals are pulled out of the lamellae, which is referred to as “block slip” mechanism and those blocks become further aligned along the tensile axis (Adams et al., 1986; Petermann and Ebener, 1999; Lai et al., 2012).

Statements about the force transmission from the amorphous to the crystalline phase could be made by determining the slope of the micro vs. the macro strain of the crystallites aligned perpendicular to the tensile direction. Higher values indicate a faster force transmission from the amorphous to the crystalline phase, as it is known that deformation of semi-crystalline block polymers starts with an elongation of the amorphous phase. After insertion of MgF2 compatibilized by the conjugate the energy transmission appeared faster with a factor of 4. This increase can be explained by the increased interactions between the filler particles and the polymer matrix, which resulted in a stabilization of the amorphous phase. As reported earlier (Samsoninkova et al., 2018), the MgF2 particles are non-covalently coated with peptide-PEG conjugates and by means of NMR study we found mixtures of interactions but predominantly electrostatic ones. By applying uniaxial tensile stress on the hybrid material initially, the statistical coil conformation of the PEO chains in the amorphous phase were extended and aligned. This process is apparently modulated by the compatibilized MgF2 filler that were anchored in the PEO matrix and thus leading as physically network points to a more efficient force transmission in the hybrid material. This accelerated pull out of the lamellae and decreasing crystallite sizes proved the block slip mechanism. The main findings of the in situ X-ray scattering experiments for the stabilized hybrid material are illustrated in Figure 7B. By stabilizing the MgF2 particles with the conjugate the amorphous phase is becoming stabilized and therefore, the force transmission from the amorphous to the crystalline phase appeared earlier resulting in higher slopes for micro vs. macro strain and decreasing crystallite sizes. Samples with higher conjugate amount and less branched particle networks might also exhibit a reorientation of these branches; most likely an alignment of single branches along the loading directions.



CONCLUSIONS

A detailed study on the deformation mechanism in PEO/MgF2 hybrid materials in the presence of specific compatibilizers was performed by the use of in situ X-ray scattering experiments and tensile testing. By evaluating the crystallite size change and the micro strain of the crystallites a stabilization of the amorphous phase followed by a more efficient force transmission from the amorphous to the crystalline phase could be proven by the combination of MgF2 nanoparticles compatibilized by the MgF2-binding peptide-PEG conjugate. The concept of tailor-made bio-inspired interfaces by the use of material-specific peptide-PEG conjugates was verified as a new route to prepare synthetic hybrid materials with enhanced mechanical properties. By mimicking aspects of interfacial proteins from biomaterials the peptide-PEG conjugates proved to act as interfacial “glue” and improved the tensile strength and Young's modulus in comparison to non-stabilized composite materials. This study provides new insights into possible approaches toward a new class of bio-inspired hybrid materials with tailored interface chemistry. By this approach, it might be possible to fabricate materials with similar structure-function relations as found in natural hybrid materials and making them therefore good candidates for bio-applications.
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Mesoporous materials with high specific surface, pores volume and unique pore size were recently intensively studied as bio-materials, such as carriers for controlled bio-active principles delivery. Mesoporous silica materials exhibit greater capacity for drugs loading and insure a controlled bio-active compound release if they are functionalized, in comparison with amorphous colloidal silica. Mesoporous silica nanomaterials have lately earned increasing interest also due to their substantial capability to be used in tumors treatment and imaging. Recently, functionalized mesoporous silica materials known a rapid development in imagistic and curative applications. This review summarizes the recent advancement in the obtaining and biological properties of mesoporous silica nanomaterials, emphasizing the synthesis methods and drug delivery application. Commonly used synthetic strategies are discussed, followed by a systematic review of applicability in optical and MRI imaging.
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INTRODUCTION

In 1906, Paul Ehrlich introduced the term “magic bullet,” referring to an antigen capability to specific select “side chains” on the cells surface (Strebhardt and Ullrich, 2008; Li et al., 2012). In the cytotoxic chemotherapy, the design of a targeted component is essential if an efficient dose of a drug must attack only the damaged region, without affecting healthy cells. Hypothetically, this “magic bullet” must contain a nanoscale delivery system able to specifically targeting tumor, avoiding premature degradation (Peer et al., 2007). This integrated concept could result in a controlled-release upon activation.

Various theranostic drugs have been developed over the past 30 years, the most clinically used being multifunctional liposomes and polymeric micelles. However, the aim of this investigation is to draw special attention to the use of silica-based mesoporous nanomaterials as drugs robust and tuneable delivery systems.

Nanotherapeutics have been intensively studied in the last years, as a consequence of the capability to be used as effective drug delivery frameworks with decreased unwanted secondary effects (Lin et al., 2012). Contrary to the classical therapies, nanomaterials can be designed properly to target affected sites (tumors) and selectively deliver their load. Until now, different nanomaterials (polymers, metal, metal oxide, etc.) have been obtained and used as systems for integrating active principles and diagnostic functions in a single nanomaterial, called multifunctional nano-theranostic (Sanvicens and Marco, 2008; Lammers et al., 2010; Xie et al., 2010).

The unstoppable nanotechnology development resulted in the design of various nanomaterials with important therapeutic potential. For example, there have been discovered many materials suitable for treating various pathologies (Anselmo and Mitragotri, 2015, 2016), such as: magnetic (Hao et al., 2010; Lin et al., 2012; Wu et al., 2016) or plasmonic compounds (Lin et al., 2012; Liu et al., 2016), that can be isolated excited with a magnetic field and light, resulting a thermic reaction able to induce cell death (Lin et al., 2012).

Mesoporous silica gained a raised interest, due to its extensive multi-functionality, based on its high specific surface, uniform and tuneable pore size, high pore volume, and facile functionalization (Rosenholm et al., 2011; Lin et al., 2012).

The first surfactant-assisted synthesis of MCM-41 mesoporous silica (Mobil Composition of Matter No. 41) was achieved by Mobil Company in 1992 (Kresge et al., 1992), but MCM-41 begun to be studied for bio-applications since 2001 as a matrix for drugs release (Vallet-Regi et al., 2001; Lin et al., 2012). Also, other studies reported silica derivates with reduced dimensions for drugs release (Cai et al., 2001; Fowler et al., 2001; Lin et al., 2012). Since then, extensive research have been carried out in order to improve nanosilica synthesis, its functionalization and to study in vitro/in vivo activity. Figure 1 reflects a scheme used for highlighting the development of mesoporous silica nanomaterials used in biomedical-applications (Lin et al., 2012).


[image: Figure 1]
FIGURE 1. Timeline scheme of mesoporous silica nanomaterials development for bio-applications.


First modified mesoporous silica nanomaterials for stimuli-reactive guided liberation of active compounds through chemically extractible nanoparticles as coatings were obtained in 2003 (Lai et al., 2003; Lin et al., 2012). Since then, research focused on the addition of different compounds to obtain various diagnostic or therapeutic effects, which include: controlled drug delivery (Lai et al., 2003; Schlossbauer et al., 2009; Shen et al., 2017) and targeting (Wang et al., 2010; Shen et al., 2017).

Multifunctional mesoporous silica with imaging capabilities were synthesized and reported in 2006 (Kim et al., 2006; Lin et al., 2006). Until now, various routes to incorporate imaging agents were designed, for example fluorophores (for fluorescence imaging, Lin et al., 2005; Wu et al., 2008), or superparamagnetic nanoparticles (Kim et al., 2006; Lin et al., 2006).

From 2008, in vivo investigations have been achieved for the identification of mesoporous silica biodistribution (Kim et al., 2008; Lin et al., 2012), toxicity (Huang et al., 2011; Meng et al., 2011), and therapeutic effect (Kim et al., 2008; Meng et al., 2011).

Although these nanomaterials have gain an increased interest and proved their compatibility for bio-applications in the last 10 years, various aspects must be taken into consideration prior to be clinically used (Lin et al., 2012). For instance, if they are intravenous injected, the biodistribution depends on the particles diameters and surface properties, therefore, the concern must be targeted in the size and stability control under the biological environment (37°C, highly salted or serum-containing media) before injection (He et al., 2010; Lin et al., 2012). Another aspect that must be taken into consideration is the toxicity of mesoporous silica nanomaterials, the adverse effects being carefully examined.

Various studies concentrated on in vitro drug delivery, controlled release, or toxicity of mesoporous silica materials (Rosenholm et al., 2010; He and Shi, 2011; Lin et al., 2011; Xu et al., 2012). This review will mainly emphasize advancement in the domain, underlining the emergent synthesis methods, strategies to improve mesoporous silica stability and biodegradability.

Nowadays, the chemotherapeutics delivery evolved, resulting nano-encapsulated drug formulations which can improve the pharmacological profile of the free drugs. However, mesoporous silica materials are gradually receiving interest due to their unique properties, such as well-established drug delivery properties (Vallet-Regi et al., 2007) and versatility for creating high-performing hybrid materials. Besides mesoporous silica, other multifunctional devices based on various nano-platforms were discovered (Soenen et al., 2011; Monnier et al., 2014; Chauhan et al., 2018; Hameed et al., 2018).

It is well-known that bulk silica is intensively used in food or cosmetic industry, indicating that it has low toxicity. FDA (US Food and Drug Administration) cataloged silica compound as safe (ID Code: 14808-60-7)1. However, when a chemical compound is conceived like a nanomaterial, new limitations or safety risks arise, caused by their particles size (Lin et al., 2012). As an example, the interaction that appears between the nanoparticles and the cells, allowing their assimilation by the tumor cells, could result in unpredicted side effects in the healthy cells (Buzea et al., 2007).

For the mesoporous silica utilization in bio-approaches (Santos et al., 2015), the matrix degradation should be considered for the elucidation of the release kinetics, although for functionalized silica the parameter is harder to manage (Allen and Cullis, 2013; Sercombe et al., 2015).

The parameters and effects that must be monitored include, beside the degradability and the possibility to be eliminated (Figure 2), the size (Shang et al., 2014), shape (Huang et al., 2010; Li et al., 2015), pore volume (Li et al., 2018), and surface functionalization. Mesoporous silica with 100–200 nm nanoparticles dimensions are considered the optimal choice, preventing fast release (Li et al., 2012; Lin et al., 2012) and acute toxic effect (Napierska et al., 2009; Nishimori et al., 2009; Abbaraju, 2017), without aggregating on physiological fluids, blood capillaries and alveoli (McCarthy et al., 2012; Abbaraju, 2017).


[image: Figure 2]
FIGURE 2. Scheme of the main nanoparticles metabolic path and the glomerular filtration barrier.


Furthermore, the rod-like particles are considered more satisfactory than the spherical particles, as a consequence to easily achieve polyvalent interactions with the membranes (Huang et al., 2010; Meng et al., 2011; Lin et al., 2012).

The interest on mesoporous silica for drug delivery depends on various factors the most important being the scale of the silica nanoparticles interaction with living systems. Before reaching the market, all nanomedicines must be industrially transferred, obviously, after clinical translation. Regarding the first step, the industrial technology is related to the scaling up process, involving also the reproducibility and the total costs, resulting in the ordinary barriers for commercialization. For example, the mesoporous silica nanoparticles are obtained in the lab from milligrams to grams of product, but the large-scale batches production under Good Manufacturing Practices (GMP) conditions is a roadblock to their commercialization. Furthermore, reproducibility on their synthesis at small scale is relatively easy, but at the industrial scale is difficult. In this respect, the mesoporous silica clinical translation has been delayed, being blocked in the first milestone, whether or not the nanoparticles are reproducible and scalable, in terms of stability and high loading capacity. So far, researchers have not overlapped this milestone, although some advances were made. The next milestone to consider must be related to their potential toxicity and immunogenicity, which has been found to strongly depend on the surface functionalization. It has been demonstrated that mesoporous silica was perfectly biocompatible, in different animal models, in which toxicity has been discarded. However, until now, the mesoporous silica nanomaterials were not evaluated into any clinical trial, this being a delicate step, since many nanodrugs failed the clinical translation even before the clinical trials because of reiterative pitfalls.

Taking into account all the above-mentioned drawbacks and limitations, the integration of various features in a single entity could be considered a mirage. This review will highlight also the evolution of hybrid inorganic-silica nanomaterials with various bio-applications.

Taking into account all aspects, to currently categorize the mesoporous silica nanomaterials as appropriate tools for bio-applications, they must act in accordance with modification requirements with respect of morphology and surface, resulting in the minimization of the immune reply and enhance tissue/cell recognition—targeting.



SYNTHESIS OF MESOPOROUS SILICA NANOMATERIALS

At the beginning, scientists focused on improving the synthesis of mesoporous silica nanomaterials, trying to control their pore structure, size, and stability. Table 1 summarizes some typical synthesis methods for the mesoporous silica nanomaterials.


Table 1. An overview of some synthesis methods for mesoporous silica nanomaterials.
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Typical scanning and transmission electron microscopy (SEM and TEM) images of mesoporous silica prepared by our group are presented in mesoporous Figure 3 (Miricioiu et al., 2019).


[image: Figure 3]
FIGURE 3. Typical scanning electron (a) and transmission electron (b) microscopy for MCM-41 mesoporous nanosilica.


Mesoporous silica nanoparticles can be used as host materials for transporting therapeutics medicaments or encapsulation of molecules due to their biocompatibility, high loading capacity, the capability to attach target ligands for specific cellular recognition, or the design of well-defined and tuneable porosity (Tang et al., 2012; Hao et al., 2016; Vazquez et al., 2017). In order to achieve these, the morphology of the silica must be considered as one of the most important factors. One common synthesis method for mesoporous silica is the use of structure directing agents (neutral or charged surfactants) (Yuan et al., 2011; Vazquez et al., 2017). Generally, mesoporous silica are obtained from a silica precursor (or sodium silicate tetraethylorthosilicate-TEOS) by incorporating a surfactant, in an alcoholic solution under basic conditions (Pang and Tang, 2005; Hodali et al., 2016). Some studies focused on the mechanism of silica nanospheres and nanorods formation, by modifying the surfactant concentration (Lelong et al., 2008; Wang et al., 2013) and sol-gel dilution (Chen and Wang, 2012). The interaction between the Si–O–Si/species and the surfactant was monitored, and the pore diameters, shape, order, and morphology were correlated with the surfactant properties (size, length, etc.) (Vazquez et al., 2017). Also, the mesoporous silica obtaining was studied in non-alcoholic medium (Lelong et al., 2008; Chen and Wang, 2012; Vazquez et al., 2017), but the spherical particles formation was restricted by the surfactant amount (under 1 wt.%). The specific surface area of the mesoporous silica materials was around 1,030–1,070 m2/g, with a pore volume of 0.81–0.85 cm3/g. The use of EtOH was considered, maintaining a fixed amount of CTAB (4.1 wt.%) and ordered spherical and rod-like particles was obtained (Wang et al., 2013). The mesoporous silica material presented a specific surface area of 1,500 m2/g and a pore volume of 0.86 cm2/g. As it can be noticed, the dilution of the sol-gel results in the modification of the specific surface area and in the transformations of the particles morphology (from spherical to rod-like), highlighting that silica mesoporosity and morphology are related to the micelles formation and ordering.

A general synthetic route follows some typical steps: a silica source (tetraethyl orthosilicate-TEOS or sodium orthosilicate-Na2SiO6) is mixed with a surfactant, then, a hydroxide (NH4OH or NaOH) is added, allowing that the silicate is hydrolyzed, surrounding the spherical micelles; finally, in order to silicate micelles self-assemble into cylinders, the mixture must be subjected to hydrothermal treatment (Lin et al., 2012). Surfactant can be removed by calcination, solvent extraction, or dialysis. First mesoporous silica with nanoparticles adequate for bio-application were obtained in 2001 (Fowler et al., 2001; Lin et al., 2012). Afterwards, many investigations adopted the introduction of a co-solvent or another surfactant (Lin et al., 2012) for particles growth suppression, in order to get mesoporous silica nanomaterials with controlled size—Table 1 (Cai et al., 2001; Fowler et al., 2001; Lin and Tsai, 2003; Han and Ying, 2005; Berggren and Palmqvist, 2008; Sutewong et al., 2011).

The addition of surfactant during the synthesis generates a structure with many small pores (mesoporous structure) between 2 and 50 nm, according to IUPAC notation (Assefa et al., 2016). Recently, templates as chitosan were used to inherent amino and hydroxyl functional groups, intermediating future functionalization of the mesoporous silica (Lalchhingpuii et al., 2017).

In order to produce silica nanomaterials with size suitable for bio-applications, a catalyzed sol–gel process has been employed. This process uses the organo-silane precursors which, by hydrolysis (1) and condensation (2), generating a new state (sol) (Brinker and Scherer, 1990; Mai and Meng, 2013):
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For example, monodispersed nanosilica with particles size between 50 and 2,000 nm was obtained by Stober process, using the hydrolysis of tetraethylorthosilicate, catalyzed by ammonia, in an aqueous alcohol solution (Stober et al., 1968; Yanagisawa et al., 1990). The first sanvicens mesoporous silica nanomaterials were synthesized for catalytic applications (Yanagisawa et al., 1990; Kresge et al., 1992). Later, sub-micrometer-scaled MCM-41 particles were prepared by a modified Stober process (Grun et al., 1997) and MCM-41 with 100 nm was synthesized by means of a diluted surfactant solution (Cai et al., 2001). Nano-silica with particle diameter under 50 nm were synthesized by applying two surfactants or dialysis (Suzuki et al., 2004; Li et al., 2012).

MCM-41 silica was typically obtained via a surfactant (hexadecyltrimethylmonium bromide) dispersed in ultrapure water; the mixture is stirred for several hours in ambient conditions; then the silica source, for example sodium silicate is added, stirring continuously the mixture. After that, the mineralizer, tetramethyl ammonium hydroxide is added, stirring the mixture another 30 min (Oshima et al., 2006). Then, the pH is adjusted to 10.5, checking it after 15 min. The mixture is agitated for 24 h and then it is subjected to hydrothermal treatment, by introduction into an autoclave 3–5 days, at 100–120°C. The resulting mixture is filtered under vacuum, washed with water and dried (Miricioiu et al., 2019). After aging, the resulting nanoparticles are calcined at 550–600°C in order to eliminate the excess of hexadecyltrimethylmonium bromide and to weaken the interactions between the surfactant and the formed silica (Li et al., 2012). Scanning and transmission electron microscopy certified the hexagonal arrangement after the hexadecyltrimethylmonium bromide removal (Figure 3; Miricioiu et al., 2019).



FUNCTIONALIZATION OF THE MESOPOROUS SILICA NANOMATERIALS

For the silica nanomaterials extension in the bio-domain, physical and chemical surface modifications have been applied. In this manner, the biocompatibility can be enhanced, the non-specific adsorption can be prevented and functional groups for further biomolecule conjugation purposes can be provided. The most common surface modification includes layer by layer self-assembly (LSA) and chemical surface functionalization (Jafari et al., 2019).

The mesoporous silica nanomaterials can be functionalized by incorporation during the synthesis of metal or metal oxide nanocrystals (Figures 4a,b).


[image: Figure 4]
FIGURE 4. Typical TEM image for (a) mixed iron-oxide and silver mesoporous silica and (b) Zn embedded in mesoporous silica.


A heterogeneous mixture formed by the surfactant-coated metal nanocrystals in an organic solvent must be added to a solution of a surfactant (such as hexadecyltrimethylmonium bromide), in order to obtain a metal-functionalized silica (Li et al., 2012). Then, a silicate source is added to the mixture to promote the condensation reaction, thus, gold, silver and iron oxide being embedded into the mesoporous silica (Coti et al., 2009; Thomas et al., 2010). This functionalized systems can possess various bio-activities, for example antimicrobial, assured by the dissolved metallic ions, plasmonic, or magnetic characteristics (Li et al., 2012).

To evaluate the substantial effect of different functionalization methods, research have been achieved to design colloidal core–shell mesoporous silica with various types of linear PEG (polyethylene glycol) modifications (Cauda et al., 2010). The silica functionalization can decrease the degradation rate comparing with the un-functionalized ones, the explication being the existence of the PEG matrix on the nanomaterial surface. PEG is hydrophilic, preventing in this manner the proteins adsorption and it reduces unwanted interactions of the physiological environment with the nanosilica (Yang et al., 2019).

Other research highlighted the silica surface functionalization with hydroxyl, carboxyl and PEG groups (noted OH–SiNPs, COOH–SiNPs, and PEG–SiNPs)and their bio-distribution and urinary excretion were studied (Figures 5A,B; He et al., 2008).


[image: Figure 5]
FIGURE 5. Illustration (A) and TEM images (B) of three silica surface functionalized nanomaterials. (C) Ex vivo imaging of mice after intravenous injection, with various organs throughout necropsy after 4.5 h, for treated mice (1) OH–SiNPs, (2) COOH–SiNPs; (3) PEG–SiNPs and untreated mice (4). Arrows represent from left to right: liver, kidney, spleen, lung, heart, spermary, bladder, brain, and muscle. Reproduced with permission He et al. (2008) Copyright 2008, American Chemical Society.


In vivo optical data from the urinary bladder showed that the nanomaterials were partially eliminated through renal route, highlighting that these modifications are independent on the renal elimination (Figure 5C; Yang et al., 2019). Nevertheless, PEG derivate manifested longer blood circulation and lower liver uptake compared to the hydroxyl and carboxyl derivates.

Various research investigated the SBA-15 silica functionalization. For studying the effect of surface functionalization upon deterioration behavior, Kim et al. explored the biodegradation of functionalized SBA-15, modified with hydroxyl, amine and carboxyl moieties on the surface (Choi et al., 2015; Yang et al., 2019). The carboxyl functionalized silica had the lowest degradation percentage. These studies indicated that the SBA-15 surface functionalization results in a reduction of the degradation rate then the neat silica, highlighting that the functionalization could affect the silica shell corrosion by connecting with the cations from the biological media for reducing the SBA-15 clearance rate (Choi et al., 2015; Yang et al., 2019).

A key factor that enables silica nanomaterials to be used in bio-applications is the capability to capture various loads in the pores channels, thus protecting the active compounds from enzymatic degradation (Li et al., 2012). The mesoporous silica nanoparticles are usually charged by immersion in the active compound solution, the therapeutic being assimilated through adsorption. When silica surface is functionalized, the cargo is able to be controllable released at the targeted damaged tissue, no premature release in the bloodstream being observed, reducing any secondary effect and increasing the therapeutic efficiency (Li et al., 2012). For example, Niculescu et al. reported SBA-15 mesoporous silica functionalized with amino groups from organic amines (aminopropyl triethoxysilane) for bio-active coordinative complex delivery (Niculescu et al., 2018). It was observed a linkage between the functional groups from the coordination compound and the amino groups from the silica surface, resulting an improvement of the hydrophobic interaction with the hydrophobic active principle (Niculescu et al., 2018). Once the degree of silylation is decreased by amination, the drug release rate will be improved.



BIOCOMPATIBILITY

In the context of bio-applications, mesoporous silica nanomaterials are generally considered biocompatible, with minimal non-specific or adverse effects. However, there are several factors that affect the silica biocompatibility, such as individual size, shape, and surface chemistry, until this moment the mesoporous silica biocompatibility remaining inconclusive (Hudson et al., 2008; Tang et al., 2012). This review take into account the current advances on how particles shape, size and surface properties influence the interaction with living cells (Jafari et al., 2019).

The biocompatibility, bio-distribution and clearance are influenced by the mesoporous silica nanomaterials morphology. For example, short-rod mesoporous silica is distributed predominantly at the liver level, whereas long-rod silica is caught in the spleen and manifest a reduced elimination rate (Huang et al., 2011; Jafari et al., 2019). The particles shape also influences cellular uptake, in vitro research reporting that the shape is independent of the endocytosis rates and dependent on endocytotic rate (Trewyn et al., 2008; Jafari et al., 2019).

Particles dimensions can influence the biological parameters (distribution, duration of blood circulation, or elimination rate) (Jafari et al., 2019). When the nanoparticles are intravenously delivered, they are predominantly directed to the liver and spleen (Maleki and Hamidi, 2016). The silica nanoparticles with smaller size have a longer blood circulation lifetime (He et al., 2011). The mesoporous silica nanoparticles elimination by urine increases with the particles size, affecting the degradation rate and the biocompatibility. In vitro studies showed some toxicity for spherical 1,220 nm nanoparticles at concentration levels higher than 25 mg/mL (He et al., 2009).

Furthermore, the mesoporous silica nanomaterials biocompatibility may be influenced by the surface properties. Cationic charges on the surface may produce considerable immune reaction and cytotoxicity in contrast with the neutral and anion counterparts (Nel et al., 2009; Verma and Stellacci, 2010; Jafari et al., 2019), but they are favorable for trans-vascular transport in tumors. A negative zeta potential is considered related to the serum opsonin. The mesoporous silica biocompatibility is affected by the silanol groups at the outer layer, they negatively interacting with the biological molecules and destroying their structure (Slowing et al., 2009). Therefore, surface functionalization is essential for altering surface reactivity, in order to enhance the biocompatibility.



BIO-APPLICATIONS


Drug Delivery

Mesoporous silica nanomaterials present unique properties that qualify them as ideal nano-carriers for hosting, protecting and transporting drugs to the target site. The incorporation of targeting agents at the mesoporous silica surface is feasible for conducting them to the damaged tissue, growing the specificity and reducing unwanted secondary effects (Lin et al., 2012). Furthermore, multifunctional mesoporous silica nanomaterials can be design so that they possess synergistic therapeutic effects against diseased tissues. Most of the investigations on the mesoporous silica for drug delivery has been dedicated to cancer therapy.

The first study on silica type-MCM-41 for ibuprofen controlled release was achieved by the group of Vallet-Regi et al. (2001). The ibuprofen liberation profile highlighted a divergent behavior, which depends on the way that the active substance is loaded in the silica, but it is independent on the pore size. The in vitro experiments were achieved within constant state and the mixture was not stirred while the drug was released, limiting the diffusion at the particles surface (Wang, 2009). Later on, other study focused on the effect of pores size from the MCM-41 on the ibuprofen release rate, revealing that, in a simulating body fluid (SBF) solution, it is decreasing direct proportional with the pores size decreasing in the domain of 2.5–3.6 nm (Horcajada et al., 2004).

Another important mesoporous material for therapeutics delivery systems is MCM-48 silica, recently attracting interest due to its matrix containing unique penetrating bi-continuous channels, which can be used when easy molecule accessibility and rapid transport is required. MCM-48 was investigated as carrier for ibuprofen and erythromycin (Izquierdo-Barba et al., 2005), the therapeutics release rate decreasing with the pores diameters and the surface chemical modification (Izquierdo-Barba et al., 2005).

Several investigations have been reported for drug delivery based on organic modified mesoporous materials. It is generally accepted that the functionalization influences the adsorption and delivery. MCM-41-based materials were modified with organic aminopropyl groups for the control of the ibuprofen release, the functionalization being decisive for the active compound adsorption and release (Munoz et al., 2003; Zeng et al., 2005).

From the same class of mesoporous silica, SBA-15 with large and controlled pore size has a high ordered hexagonal matrix (Zhao et al., 1998). The SBA-15 has pores with an average diameter around 6 nm, larger than the MCM-41 pores diameter, which is around 3 nm (Niculescu et al., 2011). Due to this characteristic, it is generally assumed that SBA-15 will present less limitation for the release of bulk molecules. Calcined SBA-15 was tested for the antibiotic amoxicillin delivery (Vallet-Regi et al., 2004), proven that the drug quantity incorporated within the silica network depends on the solvent, pH, and amoxicillin concentration (Zhang et al., 2018). In the pure SBA-15, the Si-OH groups exist only at the surface, forming weak hydrogen bonds with the active compound; this is the reason why silica is not strong enough to retain the drug and allow it to be delivered in a sustained manner (Hashemikia et al., 2015; Zhang et al., 2018). In order to surpass this milestone, functional groups were introduced on the surface of SBA-15 (Doadrio et al., 2006).

SBA-15 nanomaterials were post- and one-pot reaction modified with amino groups for ibuprofen (IBU) and bovine serum albumin (BSA) delivery (Song et al., 2005). Results showed that the drugs assimilation and delivery were extremely influenced by the SBA-15 silica surface properties. The ibuprofen delivery from the post-synthesis functionalized SBA-15 was efficiently controlled, because of the ionic interaction established between the ibuprofen carboxylic groups and the amino groups from silica surface. Recently, SBA-16 mesoporous silica was used for immobilization and release of two antiseptic organic complexes with Zn was tested in deionized water, not in a simulated body fluid (Zelenak et al., 2005). The complexes were liberated after 10 h. Nevertheless, traces of the active compounds were found in the silica after 80 h, as a consequence of the vigorous immobilization in the silica matrix.

MSU-type mesoporous silica has also been studied for drug delivery, such as penta-peptide drug, which is instantaneously delivered after the solid was washed with dimethylformamide (DMF) (Tourne-Peteilh et al., 2003; Wang, 2009). Ibuprofen and antipyrine can be delivered by carbonized mesoporous silicon microparticles, but no release profile was reported (Lehto et al., 2005).



Cell Imaging and Photosensitizer Carrier

The silica nanoparticles can be used in imaging, dye-doped materials being synthesized by Stöber or reverse micro-emulsion method. Monodispersed solid nanosilica with particle diameter between 50 nm and 2 μm was obtained by Stöber method, which is a simple and efficient approach. The first well-dispersed colloidal silica spheres including fluorophores or dyes were synthesized by Vanblaaderen and Vrij (1992) and Abbaraju (2017). This study was extended for obtaining fluorescent core-shell nanosilica particles (C dots), which are water-soluble and non-toxic and having particle diameters between 20 and 30 nm (Ow et al., 2005; Abbaraju, 2017). These dots constitute biological exploration devices with increased bio-stability, dye quantum effectiveness and diminished energy transfer reaction, caused by the limited rotational motility of the dye captured in the C dots nucleus, assuring the preservation against a dissolution medium effect or molecular quenchers (Burns et al., 2009; Abbaraju, 2017). FDA approved the use of the C dots in human clinical trial in 2011, the study showing that the nanoparticles were harmless in human use, without any traces after renal elimination (Abbaraju, 2017).

The reverse micro-emulsion method for obtaining dye-doped nanosilica particles involves the use of water, surfactant and oil (Jin et al., 2011). The silica precursor's hydrolysis, condensation, and the formation of dye trapped nanoparticles occur at the surfactant-oil interface, to form fluorescent nanoparticles. By using this method, monodispersed silica nanoparticles with the diameters of 30–60 nm were obtained (Santra et al., 2001a,b; Bagwe et al., 2004; Sanvicens and Marco, 2008; Yoo and Pak, 2013). In 2004, a modified micro-emulsion method was reported for the incorporation of organic dye into silica nanoparticles (Zhao et al., 2004). The same approach was applied for obtaining hybrid silica nanoparticles doped with Pb-Se quantum dots for cell imaging, their toxicity being lowered by individual or multiple covering of the silica (Tan et al., 2007; Abbaraju, 2017).

Moreover, hollow nanosilica containing vast cavity and mesopores were used for optical magnetic resonance imagistic, positron emission tomography (PET) (Suschek et al., 2002; Abbaraju, 2017) and ultrasound imaging (Shi et al., 2013).

Photodynamic therapy is a photosensitizer-based tumor ablative treatment, followed by the tumor local radiation at a specific wavelength in order to activate the photosensitizer (Suschek et al., 2002; Abbaraju, 2017). After activation, it shifts the energy to molecular oxygen, producing reactive oxygen entities with cytotoxic effect, which are able to oxidize the target cellular macromolecule, resulting in the tumor cell removal (Figure 6; Lucky et al., 2015).


[image: Figure 6]
FIGURE 6. Schematic photodynamic reaction. Adapted with permission Lucky et al. (2015) Copyright 2015, American Chemical Society.


Mesoporous silica nanomaterials have also been employed as vehicles for fluorescent agents, being optically transparent due to their nanoscale particle size, not disturbing the emission of fluorescent agents. Taking into account that quantum dots can be easily oxidized, exhibiting fluorescence, PEGylated liposome-coated quantum dots-mesoporous silica were developed the oxidation prevention and the dispersion stability improvement (Pan et al., 2011; Wang et al., 2015). For example, the in vitro study of cadmium ions as quantum dots highlighted that the liposome-modified mesoporous silica prevented the quantum dots degradation (Pan et al., 2011).

An effective biomedical tool is considered the magnetic resonance imaging (MRI), providing the capacity to non-invasively get anatomic and functional data with high resolution (Wang et al., 2015). Mesoporous silica nanomaterials-based magnetic resonance contrast agents exhibit an increased sensitivity due to their high specific surface, providing increased payloads of the active magnetic centers (Wartenberg et al., 2013; Cha and Kim, 2019). Moreover, silica mesoporous structure provides easy access into the magnetic center. Mesoporous silica nanomaterials functionalized with targeted ligands may be efficiently conducted to damaged tissue for diagnostic goals, the accumulation of these nanomaterials-based magnetic resonance contrast agents at the selected site conferring an augmented imaging susceptivity (Wang et al., 2015).

Mesoporous silica nanoparticles are also used for application in photodynamic therapy, being vectors due to their flexible synthesis, porosity and the matrix capacity to absorb the light (Abbaraju, 2017). For example, there were prepared organically modified nanosilica particles for the retention of 2-devinyl-2-(1-hexyloxyethyl)-pyropheophorbide (HPPH), which is a photosensitizer used in phase I/II of clinical trials for treating esophageal cancer (Roy et al., 2003; Abbaraju, 2017). The entrapment of the photosensitizer into mesoporous silica nanoparticles can conduct to the discharge from the nanocarrier, inducing reduced efficiency. Some mesoporous silica nanomaterials were obtained for combined photodynamic and photothermal therapy, by using the release of carboxy aluminum phthalocyanine with small Pb nanosheets (Zhao et al., 2014; Abbaraju, 2017). The mesoporous silica nanomaterials covalently bond the photosensitizer, while the Pb electrostatically covered the silica surface. The HeLa-type cervical cancer cells viability decreased with 65% after the administration of functional nanocomposites, the effect being significant than the individual treatment (Abbaraju, 2017).



Mesoporous Silica Nanomaterials in Vaccines

The actual challenge in vaccines includes the induction of strong and safely immune-protective response in the host at low cost. Mesoporous silica nanomaterials can be used as an antigen carrier due to antigen preservation and its delivery to presenting cells (Kapczynski et al., 2012; Abbaraju, 2017).

For example, SBA-15-type nanomaterial possesses enhanced immunogenicity and immune reaction than Al(OH)3, in vitro macrophages studies showing that silica manifested increased phagocyte intake and minimal interaction with the cells (Carvalho et al., 2010; Abbaraju, 2017). Furthermore, the highest concentration of SBA-15 also conducted to a significant increase of the cells number, creating interleukin(IL)-4 and interleukin(IL)-13 and, generating a heterogeneous reaction of both Th1-type and Th2-type cytokines (Abbaraju, 2017).

Mesoporous silica rods were tested in adjusting the immune cells and potential application as a vaccine matrix to induce adaptive immune reaction (Kim et al., 2015; Abbaraju, 2017). In vivo tests showed that mice immunized with full mesoporous silica rods vaccine manifested important growth of Thy 1.2+ leukemic cells, inducing increased expression of the Peripheral blood CD4+ CXCR5+ T helper cell clonal and T follicular helper cells differentiation (Kim et al., 2015). The silica surface modification effect upon immune cell activation was studied (Abbaraju, 2017). The mesoporous silica nanomaterials were modified with poly(ethylene glycol) (PEG) and poly(ethylene glycol) (PEG)/arginine-glycine-aspartic (RGD) and they were investigated in the immune cell adhesion and infiltration, the PEG derivate inducing higher CD86 expression than the RGD derivate (Abbaraju, 2017). Also, the PEG-RGD derivate exhibited lower inflammatory effect than the PEG-one.

However, the impact of all the crucial factors in adjusting the immune reaction was not completely elucidated. The effect of nanomaterials pores and particles size on immunological properties was studied by orally administration to mice, using Bovine serum albumin as model adjuvant (Wang et al., 2012). Three types of nanosilica particles with various particles diameters {S1, [S2 and 1-2(SBA-15)]} were applied, the Immunoglobulin G antibody from the plasma after oral administration of bovine serum albumin-loaded S1, S2, SBA-15 being in the sequence SBA-15<S2<S1 (Abbaraju, 2017).

Also, the influence of particle size on targeting dendritic cells was studied, demonstrating that the particles smaller than 20–30 nm in diameter can straight get to dendritic cell. Figure 7 presents the silica nanoparticles delivery into lymph nodes. Nevertheless, particles with diameters higher than 20 nm can be phagocyted and the dendritic cells uptake is also presented (Navarro-Tovar et al., 2016).


[image: Figure 7]
FIGURE 7. Silica nanomaterials-based vaccines delivery by parenteral (A) and mucosal (B) routes. Adapted with permission Navarro-Tovar et al. (2016) Copyright 2016, Taylor & Francis.


On the other hand, silica nanomaterials were also used for DNA vaccines delivery, relying on the transitory manner of the intended antigen in the host cells (Navarro-Tovar et al., 2016). Silica nanomaterials-DNA exhibited a clear enhancement in the immunogenicity, in contrast with DNA at a reduced magnitude as against the conventional vaccine. Silica-based vaccine also manifested increased proliferative responses, suggesting that silica nanomaterials can be considered as good delivery systems for the DNA vaccines, stimulating cellular and humoral reactions. This perspective for the distribution by mucosal routes constitutes an important target, due to the advantages of mucosal immunization such as easy administration and immune profiles.




CONCLUSIONS

Various types of nanosystems for cancer-targeted imaging and therapy were developed in the last decade. Among them, silica-based nanomaterials have been extensively synthesized, due to their non-toxic nature and facile chemistry for surface functionalization. The state-of-the-art reflected that materials based on nanosilica constitute fascinating media for new vaccines design, insuring the antigen conjugation (Cassano et al., 2017) and cellular adaptive immune responses. Mesoporous silica nanoparticles have been used in clinical trials for diagnostic purposes and drug delivery. The toxicity of these nanomaterials should be further investigated and evaluated at the clinical and pre-clinical levels. Concluding, the utilization of silica nanoparticles is significantly influencing the medicine domain, by obtaining new compounds to fight epidemiologic diseases.

This review drew special attention the main progress in drug delivery and bio-applications (Wang et al., 2015) of mesoporous silica nanomaterials. Mesoporous silica nanomaterials have attractive characteristics, such as a large specific surface, uniform and tuneable pores, increased pore volume, and decreased mass density (Kumar et al., 2018). They were intensively studied for drug delivery since 2000, to provide the improvement of the drug loading capacity and in vivo targeting efficiency, decreasing the unwanted effects on healthy organs. Due to their versatile mesoporous structure and porosity, they possess important advantages, for example, as drug delivery system, the release of the cargo is well controlled. Also, magnetic and luminescent mesoporous silica nanomaterials provide the simultaneous bioimaging and drug delivery.

However, significant milestones must be addressed, for example, obtaining novel multifunctional mesoporous silica nanomaterials with controllable drug release, which can also be supervised via on line bioimaging in the target tissue (Wang et al., 2015). Also, more comprehensive and detailed toxicity tests are required before the mesoporous silica nanomaterials may be used in human patients. In order to design mesoporous silica nanomaterials appropriate in biomedical applications with no side effects, intensive in vivo tests are still required.
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FOOTNOTES
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Nature-inspired ensemble of organic and inorganic constituents, such as that found in the microstructure of nacre and dactyl clubs of Mantis shrimp, has evolved into the model system for the structural design of industrial composites. This novel design concept, which helps attaining the balance between strength, toughness and ductility, has not only induced a paradigm shift in the synthesis of advanced materials such as graphene-based composites but also, in the development of more abundant, low-cost materials such as cement and concretes. The advance in synthetic techniques and the advent of new manufacturing technologies such as 3D printing has enabled effective integration of cementitious materials with soft materials across various length scales. Furthermore, novel functional properties such as self-healing have also been materialized based on a variety of strategies. This review will provide the comprehensive overview on the ongoing research efforts, encompassing 3D printing, self-healing strategies and integration of C-S-H with organic components, all of which are actively exploited in synthesizing bioinspired, multifunctional cementitious materials.
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INTRODUCTION

Nature provides a large pool of living examples, where materials with distinct types of properties are orchestrated with each other synergistically at various length scales. The unique structural arrangement coupled with bioinspired compositional properties often induces exceptional mechanical properties at macroscale. Notable examples encompass a nacre, where strong, platelet-shaped calcium carbonate minerals are periodically stacked upon each other and organic materials, totaling only 5% of the material's entire composition, exist between the platelets. As illustrated in Figure 1, this tiny fraction of the organic components serves as a major driving force behind the exceptional mechanical properties, which are marked by high strength and high toughness (Sakhavand and Shahsavari, 2015; Wegst et al., 2015).


[image: Figure 1]
FIGURE 1. Structural features of a nacre leading to enhanced fracture resistance at different length scales. Figure adapted from Wegst et al. (2015), with permission from Springer Nature.


Human bones are also marked by the close interplay between two constituent nanophases, hydroxyapatite nanocrystals and collagen fibrils, thereby introducing multiple toughening mechanisms across different length scales (Wegst et al., 2015). Intrinsic toughening, characterized by plasticity, which is primarily caused by fibrillar sliding governs the toughening process at nano and sub-micron scale. Extrinsic toughening mechanisms, largely induced by crack bridging and crack deflections dominate at a larger, micro and macro scale. Human teeth are also perfect examples, where organic and inorganic components are arranged synergistically to overcome inherent mechanical shortcomings of the latter. Cracks initiated in enamel, the highly mineralized, brittle component of teeth are arrested at a junction between enamel and dentin. Dentin the inner component of teeth exhibit distinct types of structural arrangement at different length scales While it shows bone-like arrangement marked by a matrix of mineralized fibrils at nanoscale, it consists of dentinal tubules surrounded by mineral, which introduces extrinsic toughening mechanism via creation of microcracks upon loading. Spider silk also shows structural arrangement of distinct types of materials, characterized by beta-sheet nanocrystals confined within semi-amorphous protein matrix. The elastic matrix phase plays critical roles during small mechanical deformation while the crystalline phases play major roles during larger deformation (Nova et al., 2010).

Overall, the strength-enhancing bioinspired features, coupled with novel functional properties found in nature such as self-healing are now being actively employed as a design guideline for material scientists. Those bioinspired strategies can now be implemented using a variety of synthetic techniques and also, newly rising manufacturing technologies including 3D printing.

Cementitious materials, including concretes, which are the most widely employed synthetic material on the planet, are strong, cost-effective but highly brittle and thus, greater diversity in industrial applications is being impeded. The high brittleness in turn induces high susceptibility toward the formation of small-scale cracks, which if left unhealed, can induce rapid propagation and ultimately, results in a complete failure of entire structures. Since cementitious materials are ubiquitous in today's modern infrastructures, implementation of bioinspired structural features to overcome their inherent mechanical shortcomings has been the ultimate goal for numerous research efforts. For example, advanced synthetic techniques have enabled fine-tuning of structural and compositional features of their most fundamental building units and also, the advent of novel manufacturing technologies such as 3D printing has enabled automatized, facile production of bioinspired reinforcement materials for concretes.

This review provides an overview on the ongoing research efforts, which are currently devoted to implementing bioinspired structural concepts using cementitious materials. The review discusses the current status of research in each major strategy and also, states the major obstacles in applying the aforesaid concepts at large-scale construction sites. The research efforts can be broadly divided into three major areas, self-healing, 3D printing, and the synthesis of bioinspired calcium-silicate-hydrate (Table 1), the most basic building blocks of cementitious materials.


Table 1. Summary of three major implementation routes for biomimetic, cementitious composites.
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Self-Healing Cementitious Materials

One of the most exciting phenomena observed in many of living organisms is self-healing capability. For example, bones in vertebrates undergo a series of healing steps upon the occurrence of damage, with bone cells known as osteoclasts and osteoblasts working in tandem with each other to eventually secrete extracellular matrix at the wound site, which undergoes mineralization to wrap up the healing process (Cremaldi and Bhushan, 2018). Furthermore, when skin and blood vessels underneath the skin are damaged, blood platelets reach the damaged site, initially forming a plug and subsequently, they become activated by collagen to undergo coagulation with fibrin, eventually forming a clot to prevent further blood loss1. Although the real skin repair process involves a greater number of different chemicals and much more complex sequence of chemical reactions, similar concept has also been applied for inanimate materials. Artifical “stores” in the form of microcapsules, tubes or network of microchannels can be embedded inside matrix, thereby carrying multiple types of healing agents, which become released upon damage and undergo further reactions to heal the damaged region.

Concretes, unlike majority of inanimate materials, possess the ability to recover from small-scale cracks via autogenous healing (Van Tittelboom and De Belie, 2013). This is possible due to the coexistence of multiple phases, which, even when the hardening process of concretes is complete, can undergo further reactions to yield strength-giving or space-filling phases. For example, unhydrated clinker phases, such as tricalcium silicate (C3S) and dicalcium silicate (C2S) can react with water entering through micro- or millimeter-sized cracks to produce more of calcium-silicate-hydrate, C-S-H, which is the primary, strength-giving binder phase of concretes (Van Tittelboom and De Belie, 2013). Portlandite Ca(OH)2, another product from the hydration of Portland cement, can also react with carbon dioxide dissolved in water to produce space-filling minerals of calcium carbonate (Possan et al., 2017). Despite this inherent ability to self-heal without autonomous agents, the size and the total number of cracks, which could be healed by this autogenous healing are restricted. Consequently, researchers proposed autonomous and simultaneously, novel and tailored strategies for self-healing cement-based materials. Over the past decade, remarkable progress has been attained, eventually reaching the point where the combination of those strategies has been evaluated at full-construction sites, thereby exhibiting promising potentials (Teall et al., 2016).



Glass Tube-Based Approach

The early efforts in implementing self-healing concretes were primarily focused on manually embedding thin hollow glass tubes filled with external healing agents inside concretes. Cracking would naturally fracture the tubes thereby prompting the release of inner contents to the damaged areas (Dry, 1994; Van Tittelboom and De Belie, 2013). This basic concept somewhat resembles the network of blood vessels existing underneath human skin, where external cut would trigger the release of blood and clotting at damaged areas. This “network-inside-matrix” concept has also been successfully employed for polymeric materials (Toohey et al., 2007).

However, incorporating cargo-loaded glass tubes inside concretes has numerous shortcomings. For example, polymeric agents filled inside tubes are often too viscous at ambient conditions and consequently, they would not possess sufficient flowability to penetrate into microcracks and induce sufficient self-healing effects. This is verified by the recent work, where Van Belleghem et al. found that polyurethane with lower viscosity induces higher surface coverage and also, higher self-healing efficiency in cementitious mortar samples (Van Belleghem et al., 2018). Furthermore, glass tubes, which are often employed as carriers are brittle and thus, they could possibly undergo premature fracture during vigorous mixing procedures rather than fracturing exclusively upon the formation of cracks. In the light of those shortcomings, new types of microscopic carriers coupled with wide variations in types of healing agents, have been developed.

Hu et al. incorporated miniaturized glass tubes (30 mm length and 8 mm diameter) filled with a mixture of polyurethane, which is one-component healing agent with high viscosity and acetone, which serves as a viscosity-decreasing agent (Hu et al., 2018). The authors confirmed that acetone decreased the overall viscosity to a sufficient level, which eventually led to filling of the crack with the size of 300 um.



Capsule-Based Approach

Microscopic carriers or capsules from more elastic types of materials have also been developed using various processing techniques such as polymer extrusion. Dong et al. synthesized polymer-based, core-shell type microcapsules with the size ranging between 400~1,200 um using extrusion-spheronization technique and endowed the capsules with pH-responsive behavior, which triggers release and chemical dissociation of the inner self-healing contents (Dong et al., 2015). When the authors placed the microcapsules in calcium hydroxide solutions, which were employed to simulate concrete pore solutions, high pH values served as external stimulus. They triggered release of the core content, sodium monofluorophophate, which subsequently dissociates into its constituent ions, Na+ and PO3F2−.

Since the survival of those external capsules during the vigorous mixing process and also, during casting procedures is critical for this capsule-based methodology, researchers also developed new evaluation techniques for self-healing efficiency. Araujo et al. extruded microscale poly(methyl methacrylate) capsules with the width less than a millimeter using a single screw extruder (Araujo et al., 2018). The authors encapsulated an accelerating agent inside those PMMA capsules and backtracked the number of capsules broken during the mixing process by quantifying the accelerating effect observed during the setting process.

In order to increase the survival ratio of the external capsules, Hilloulin et al. extruded three different types of polymeric capsules, poly(lactic acid), polystyrene and Poly(methyl methacrylate/n-butyl methacrylate), all of which possess low glass transition temperatures below 100°C, using a twin screw extruder (Hilloulin et al., 2015). The authors applied heat to raise the temperature beyond their glass transition temperatures, in order to induce a switch in mechanical behavior from brittle to elastomeric states. This heat-induced “brittle-to-rubbery” transition ultimately increased the survival ratio of the capsules even in a high temperature concrete mixing. Certain fractions of heat-treated P(MMA/n-BMA) based capsules were found to possess a well-balanced and optimized mechanical properties, enabling them to survive vigorous mixing procedure and simultaneously, become successfully fractured upon the formation of cracks during 3-point bending loading.

In addition to the aforementioned extrusion-based synthesis of polymeric capsules, solution-based polymerization has also been used to synthesize polymeric capsules with even smaller ranges of sizes below one millimeter. Pelletier encapsulated sodium silicate solution in polyurethane microcapsules, with the size of 40~800 μm using in situ interfacial polymerization (Pelletier et al., 2011). The authors artificially introduced microcracks in cement mortar samples and measured the flexural strengths, which were found to be at least 10% higher for the cement mortar samples containing the microcapsules compared to control samples without external agents.

Advanced and innovative technique has also been employed to synthesize core-shell type microcapsules for self-healing concretes. Yang et al. prepared sulfonated polystyrene (PS) particles and dispersed them in a oil/water solution, where the oil is comprised of methyl methacrylate (MMA), triethylborane and tetraethylorthosilicate (TEOS) (Yang et al., 2011). The PS particles become attracted to the oil droplets and sulfonated groups on surfaces of the particles serve as catalysts for the hydrolysis and condensation of TEOS, thereby synthesizing silica microcapsules, which encapsulate MMA monomer. Uniaxial fatigue testing revealed that the microcapsules served to enhance crack resistance in cementitious mortar samples reinforced with carbon microfiber.



Bacteria-Based Approach

Although the abovementioned capsule-based approach has been widely employed for various types of materials, certain self-healing strategies have been designed exclusively for cementitious materials. One example is bacteria based self-healing. Bacterial species, like many other microorganisms, can perform a wide range of chemical conversions if they are provided with the appropriate chemical substrate and the appropriate conditions.

Jonkers and Schlangen confirmed the potential of applying bacterial species for self-healing concretes by directly adding bacterial spores along with calcium lactate during the concrete mixing process (Jonkers and Schlangen, 2008). The authors saw that naturally-formed calcite (CaCO3) minerals were much more pronounced in size than those formed from intact concretes. Jonkers and Schlangen subsequently confirmed that the strategy based on the addition of bacterial spores along with the mineral substrate, calcium lactate, exhibits high CaCO3-forming capacity on cracked surfaces of young-aged concrete samples (Jonkers and Schlangen, 2008). On the other hand, the authors also confirmed the inability of the bacterial spores to survive the long curing age (~28 days), thereby confirming both promising potentials and limitations of bacterial-based self-healing strategy.

Since the aforementioned early attempts in applying bacterial-based self-healing, a large number of subsequent research efforts have been directed toward overcoming the key restrictions, which impede widespread materialization at practical scales. Luo et al. found numerous factors, which influence the efficiency of bacteria-based self-healing, including the crack width, curing condition and the age of concrete at the time of crack formation (Luo et al., 2015). Herein, the authors confirmed via the electron microscopy that at the initial and 20 day period, bacterial self-healing system exhibited different self-healing capacity for different crack widths, 0.3 and 0.8 mm, inducing only partial degree of healing for the latter. Also, the authors found that curing in water was more effective in inducing healing phenomenon than wet curing.

Tziviloglou et al. encapsulated bacterial spores, calcium lactate and yeast extract inside lightweight aggregates via a vacuum-induced incorporation and used them as replacement for normal sand in preparing cementitious mortar (Tziviloglou et al., 2016). Self-healing capability was evaluated by introducing a crack with the width of 350 um using three-point bending test and measuring water permeability test. The test proved that the self-healing system induced less water flow compared to the intact mortar samples. Although the bacteria-loaded aggregates decreased compressive strengths compared normal sand aggregates, they verified their potential to serve as carriers for bacterial-based healing agents.

Novel monitoring techniques were also introduced to further enhance the efficiency of bacterial-based self-healing system. Liu et al. employed coda wave interferometry to evaluate and quantify the degree of self-healing induced by the formation of CaCO3 in a non-destructive way (Liu et al., 2016).



Shape-Memory Polymer-Based Approach

Certain natural materials can alter their shapes in response to external stimuli. This is often observed for plant-based materials such as branches of trees and pine cones, which can control orientations of their constituent fibers to adopt different structural states (Studart and Erb, 2014). Albeit being based on a different type of mechanism, certain petroleum-based polymers, including polyethylene terephthalate (PET) tendons also exhibit shape changes upon external stimuli. While PET polymer undergoes certain processing techniques, its constituent molecules are aligned and subsequently frozen, thereby developing shrinkage potential. Consequently, the external application of heat induces shrinkage of the tendons. The aforesaid heat-responsive shape memory polymer can be incorporated in concrete structures as reinforcement materials and induce self-healing when cracks are formed. The strategy is based on the mechanism that once cracks are formed, external heat stimulus can be applied to induce a shape change that facilitates closing the cracks and strength recovery. Jefferson employed PET tendons as prestressing tendons and evaluated their ability to close cracks upon heating and induce strength recovery (Jefferson et al., 2010). As illustrated in Figure 2, the shrinkage potential developed during heating and cooling procedure induces shrinkage upon heating, thereby exerting a compressive force on cracked faces.
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FIGURE 2. Self-healing of a concrete induced by shrinkage of PET tendons with shape-memory capability. Figure reproduced from Jefferson et al. (2010), with permission from Elsevier.


After the validity and potential of the strategy using shape memory polymer were first verified, the subsequent efforts were devoted to improving the method further by implementing new additional ideas. Teall et al. encapsulated the assembly of PET filaments inside heat distribution layer, equipped with nichrome wire coiling around on the outer surface and placed the assemblies inside concrete beams to confirm if electrical currents can serve as external stimulus for a shape change (Teall et al., 2018). The authors found that the tendons not only induced around 85% crack closure in unreinforced concretes but they also enhanced the overall stiffness of the concrete samples.

Overall, the large depth and breadth of the proposed self-healing strategies and a large number of research efforts devoted to each strategy eventually led to full-scale trials. Various self-healing concepts described above have been implemented at real construction sites via EPSRS funded research project, named as “Materials for Life (M4L)” (Davies et al., 2018). The project built several concrete panels, each of which was designed to evaluate one of the three representative self-healing concepts for concretes discussed above, capsule-based approach, shape-memory polymer and bacteria-based concretes. Implementation of this project, evaluating formerly lab-based self-healing strategies at a large-scale itself can be seen as a huge step forward. Despite this remarkable progress, there still exists major obstacles in attaining widespread commercialization. Although the effectiveness of the self-healing strategies has been notably improved when viewed from technical perspective at lab- and a pilot-scale, attaining economic feasibility for continuous, and widespread use at real world-scale still remains a challenge.




3D PRINTING


General Introduction to 3D Printing

As stated in the Introduction, natural materials often exhibit exceptional mechanical properties stemming from the interplay between different types of materials. Furthermore, their constituent materials often adopt specific geometries and orientations with respect to each other in order to maximize beneficial effects on macroscale mechanical properties. The advent of advanced manufacturing technologies, such as 3D printing, has now enabled the implementation of those bioinspired features for cement-based structures. 3D printing is a modern, generic term for an automated layer-by-layer assembly, where various types of industrial materials including polymer, metal and ceramic are directly employed as constituents of printing “ink” and thin layers are deposited in sequential steps. Overall, the global market for 3D printing is expanding rapidly owing to an increase in the range of types of print materials and also, to the advent of different techniques ranging from stereolithography, fused deposition modeling and selective laser sintering (Du et al., 2018; Snikhovska, 2019). For example, bioactive, ceramic based scaffolds have been 3D printed for utilization in bone repair and the ongoing research efforts are devoted to ultimately attaining widespread practical applications (Du et al., 2018).

The idea of applying 3D printing for cementitious materials was materialized as early as 1997, when Pegna performed a sequential layer-by-layer deposition of Portland cement and sand and applied post-steam curing to prompt hardening process (Pegna, 1997; Shahsavari and Hwang, 2017). Since then, 3D printing in construction industry has branched into different types of techniques emcompassing controur crafting, D-shape technology and concrete printing, with the ongoing research efforts to enhance practical applicability at real construction sites (Bos et al., 2016). Once the latter is attained, shelters can be provided at underdeveloped, homeless regions in a short amount of time and tall buildings could be finally printed, saving cost, and time required for manual construction.

One of the most renowned 3D printing techniques in construction industry is contour crafting, which is computer-controlled and originally developed by Hager et al. (2016). Herein, cementitious paste with the optimized composition, which in turn leads to the appropriate rheology for 3D printing is extruded through a nozzle and two trowels, which constitute important parts of the nozzle system constrain the flow of the extruded ink in situ to ensure a smooth surface (Khoshnevis and Bekey, 2002; Hwang and Khoshnevis, 2004). The proper application of this cement-based, 3D printing technique started with the creation of small-scale sections having the size of around 10 inches and the technique was later developed further to create a two-feet tall, five-feet long concrete wall as illustrated in Figure 3 (Hwang and Khoshnevis, 2004).
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FIGURE 3. Concrete wall synthesized via contour crafting technique. Figure adapted from Hwang and Khoshnevis (2004), with permission from Int. J. Industrial and Systems Engineering.


The active, ongoing research efforts encompass coupling software-based technologies with contour crafting in order to take the efficiency to a next level. Davatalab et al. recently introduced a software platform called “A Planning and Operations Control Software for Automated Construction” (PROSAC), which can be employed to link information from building information modeling (BIM) with contour crafting (Davtalab et al., 2018). Zhang et al. introduced a new 3D printing system where multiple robots work together on a single structure. This indicates a potential for utilizing 3D printing for full scale construction (Zhang X. et al., 2018).



3D Printable Cementitious Mix

The major research efforts in cement-based 3D printing were focused on obtaining appropriate rheological properties of the print ink, which would ensure sufficient flowability closely linked to successful extrusion without compromising buildability and mechanical properties of the final object. Two of the critical factors for successful extrusion of cement-based ink are pumpability, which represents how readily the paste material can be pumped from storage to the point of extrusion and buildability, which implies the degree of stability for the sequential deposition of extruded layers (Weng et al., 2018; Zhang Y. et al., 2018). Fresh properties of a novel 3D printing concrete ink. Both factors are highly correlated with rheological behavior of the cement-based and thus, a large number of research efforts has been devoted to optimizing its rheological properties by altering its composition.

Weng et al. employed a gradation technique based on Fuller-Thompson theory for sand aggregates and also, packing fraction based on Mercy-Percy model in preparing the cementitious mix for 3D printing (Weng et al., 2018). The authors compared the “Fuller-Thompson”-based gradation with other known gradation techniques, which are uniform gradations and gap gradations. They investigated and compared the gradation-induced rheological behavior between the samples, revealing that the Fuller-Thompson-based gradation was evidently more effective in enhancing buildability of the cementitious mix for 3D printing.

Among the research efforts to optimize composition of the mix for 3D printing, a large proportion has also been directed toward utilizing industrial waste as a part of the ink composition. This would ultimately enhance eco-friendliness of the slurry material due to the decreased utilization of Portland cement and increased recycling of the waste. Furthermore, it would facilitate reducing the cost issues associated with 3D printing in construction industry. In general, industrial waste such as fly ash, rice husk and ground blast furnace slag, has been subjected to active research as potential candidates for replacement of Portland cement, whose production is carbon dioxide intensive (Barnett et al., 2006; Habeeb and Mahmud, 2010; Hwang and Shahsavari, 2018).

Ma et al. partially replaced sand in cement mortar with copper tailing, the industrial waste from mining industry and evaluated 3D printing-related properties of the resultant mortar (Ma et al., 2018). The authors varied the replacement ratio from 0 to 50% and investigated the resultant effect on 3D printing-related properties, encompassing flowability, extrudability, and buildability. They found that owing to the fine particulate size of copper tailing, increasing the ratio of replacement favored flowability while it degraded the buildability. In general, the overall printability of the cementitous mix is dependent on a series of factors, which at large, can be divided into material properties including strength, flowability, and stiffness and processing conditions such as print path and extrusion rate. The aforementioned material properties and processing conditions are often interrelated with each other. Consequently, the authors evaluated the printability of this environmentally-friendly mortar by obtaining two critical coefficients, buildability and extrudability, based on various types of parameters mentioned above, thereby proposing a new design scheme for 3D printable cementitious mix.

Panda et al., also prepared geopolymer-based mix for 3D printing using fly ash F and ground granulated blast-furnace slag and utilized the paste to perform a computer-controlled, layer-by-layer deposition (Panda et al., 2017). The printed object exhibited a direction-dependent enhancement in compressive strengths, thereby verifying the potential of using geopolymer-based ink as environmentally-friendly mortar for 3D printing.

Prompted by the large availability of 3D printing instruments for research purposes and also, the notable progress in enhancing printability using various types of cement-based mixes as depicted above, research efforts have also been devoted to attaining bioinspired, cementitious composites based on 3D printing.



Bio-Inspired, 3D-Printed Cementitious Composites

One way of applying 3D printing for bioinspired cementitious composites is utilizing cement-based mortar directly as print ink and creating structures with biomimetic complex geometries. The exceptional mechanical properties of natural materials or body parts of living organisms arise not only from the mere coexistence of organic and inorganic materials but in many cases, also from unique geometrical complexities at various length scales. Dactyl clubs of Mantis shrimp are the perfect, representative example, where the helicoidal arrangement of soft organic components serves as the foundation for exceptional toughness (Weaver et al., 2012). In the “impact” region of the dactyl clubs, which constitute the outermost parts, are primarily composed of hard, hydroxyapatite crystallites arranged in specific orientations, which favor the overall rigidity. Furthermore, the “periodic” region located underneath the impact region is marked by the helicoidal arrangement of chitin fibrils, which introduces helicoidal and thus, more tortuous pathways for crack propagation.

Cement-based paste can be directly utilized as an ink for 3D printing and bioinspired structures with complex geometrical features such as honeycomb or Bouligand architecture with varying pitch angles can be created as shown in Figure 4 (Moini et al., 2018). Martin et al. also applied 3D magnetic printing to synthesize a polymer/ceramic composite where the ceramic fillers are arranged in specific orientations inside polymer matrix, thereby inducing a direction-dependent mechanics in composites (Martin et al., 2015). The individual cases above have verified the potential of utilizing 3D printing technique to endow cementitious materials with bioinspired, geometric complexities as those seen in living organisms. Nevertheless, the aforesaid cases have been implemented at a laboratory-scale and various challenges regarding cement-based 3D printing need to be overcome in order to accomplish bioinspired, structural complexities at a larger scale.
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FIGURE 4. 3D printed cementitious structures with complex geometries. (Scale bar−10 mm) Figure adapted from Moini et al. (2018), with permission from John Wiley and Sons. (a–f) Different printed morphologies along with respective schematics.




3D-Printed Reinforcement Materials With Biomimetic Features

3D printing can also be used to print “reinforcement” materials with biomimetic features, which can be incorporated inside concretes to enhance mechanical properties. They often perform their strength-enhancing functions by introducing additional failure mechanisms during mechanical loading. Certain types of materials, including polymer are widely established as a material source for 3D printing and thus, polymeric fibers with a greater variety of bioinspired structural features, such as auxetic or hierarchical properties can be synthesized.

Rosewitz et al. 3D-printed acrylonitrile butadiene (ABS)-based mesh, with the geometry of individual unit cells ranging from reentrant, “bow-tie” to tubular structures, thereby exhibiting auxetic behavior i.e., Negative Poisson's ratio upon mechanical loading (Rosewitz et al., 2019). Auxetic behavior is observed by several living organisms in nature, for example in skin of salamander and also, in cat's skin, which exhibits out-of-plane auxetic behavior (Veronda and Westmann, 1970; Santulli and Langella, 2016). Mechanical evaluation after 7 days of curing revealed that the auxetic reinforcement, also with the “brick-and-mortar” geometry increased the flexural strength, toughness and compressive strength via newly introduced failure mechanisms. The reinforcement triggered lateral shear failure as verified by the sliding of layers during fracture, while the intact cementitious samples exhibited shear failure in diagonal directions.

Similarly, Xu et al., also 3D printed polymeric meshes composed of repeating triangular cells using renowned fused-deposition modeling (FDM) technique and incorporated the meshes inside cementitious mortar beam (Xu et al., 2019). The authors varied the size of individual, triangular unit cells and performed tensile, as well as four-point bending test to reveal the effects of those polymeric meshes on the overall mechanical properties. It was found that the polymeric meshes can induce strain hardening and also enhance ductility via crack-bridging effect, which accompanies the formation of multiple cracks near the failure point.

Structural hierarchy is one of the key biomimetic features observed in natural materials including the red abalone, where mineral bridges connecting individual aragonite tablets exist in addition to the organic layers comprising chitin proteins in the interlayer spaces (Sun and Bhushan, 2012). 3D printing has opened up the door toward introducing such hierarchical structures within cementitious composites. Farina et al., 3D printed both polymeric and metallic fibers with structural hierarchies, with the first level of hierarchy induced by small lattices attached on the surface and the second level attained by fractal geometries formed by those lattices along the fiber (Farina et al., 2016). The authors found that the fibers with higher degree of surface roughness induce shear failure mechanism while the smooth fibers undergo flexural failures during three-point bending test.

The advance in manufacturing technologies such as 3D printing has enabled the implementation of such naturally-observed geometrical complexities using industrial building blocks. Martin et al. applied 3D magnetic printing to synthesize a polymer/ceramic composite where the ceramic fillers are arranged in specific orientations inside polymer matrix and this verifies that 3D printing can induce a direction-dependent mechanics in composites (Martin et al., 2015).

In this section, two distinct ways of exploiting 3D printing techniques for bio-inspired, cementitious structures have been discussed. The first way is creating a biomimetic structure using cementitious slurry directly as print ink and the second way is printing reinforcement materials with unique bioinspired features and incorporating them inside concretes afterwards. In addition to those two general routes, polymer-reinforced concretes have also been directly extruded using cementitious mix composed of high-density polyethylene fibers. Ogura et al. applied an extrusion-based 3D printing to create a seven-layered, cement-based composite wall containing high density polyethylene microfibers and the mechanical evaluation on tensile and compressive strength was performed after 28 days of curing (Ogura et al., 2018). The evaluation confirmed that larger strain capacity was attained for the cementitious-HDPE composite under tensile loading with the formation of multiple cracks.

Overall, several challenges need to be overcome to render the automated 3D printing process to construction industry more widespread. Despite several successes in creating full-construction scale components via 3D Printing and the upward trend in the number of relevant projects worldwide, current extrusion-based 3D printing requires expert control on the usage of equipment and preparation of the printing materials (Buswell et al., 2018). Furthermore, ensuring reliability in materializing the pre-designed geometry of the component during the printing process remains a challenging task, since material properties, such as rheology and setting time of the printing ink as well as processing parameters can affect final shape of the structure.



Synthesis and Biomimetic Modification of C-S-H

Another bioinspired strategy for cementitious materials is the bottom-up approach, where the most fundamental building blocks, called calcium-silicate-hydrate abbreviated as C-S-H are synthesized and their structural, physicochemical, and size properties are engineered at a microscopic scale. This enables controlled integration of the most fundamental building units of cementitious materials with organic components even from the length scale as microscopic as nano- and submicron scale. This integration of different types of materials from a microscopic scale is the common feature observed in natural materials. Structural, compositional and morphological properties of C-S-H can now be engineered and optimized for the subsequent assembling process, which would ultimately lead to enhanced mechanical properties at macroscale. Synthetic C-S-H can be produced via several routes including slurry-phase reaction between calcium oxide and silica, mechanochemical synthesis using a vibration mill and solution-based synthesis between calcium nitrate and sodium silicate (Sasaki et al., 2005; Foley et al., 2012; Mogghaddam et al., 2017).

The synthesis of hybrid, organic-inorganic composites composed of C-S-H particles as inorganic components can be attained via two major experimental routes. It can either occur in one step, whereby organic components are incorporated during the actual synthesis of C-S-H. The second route can occur in two separate stages, where the integration of organic components with C-S-H is attained following the synthesis of C-S-H. In the second route, synthesized C-S-H particles can be integrated with organic components via various assembly techniques including self-assembly and pressure-induced assembly.



Synthesis of C-S-H/Polymer Composites

Matsuyama and Young incorporated cationic and anionic polymer with high molecular weights within the structure of quasicrystalline C-S-H at varying Ca/Si ratios and studied the nature of interactions using a variety of characterization techniques encompassing (Jefferson et al., 2010) Si nuclear magnetic resonance magic angle spinning and Fourier Transform Infrared Spectroscopy (Matsuyama and Young, 1999a,b). Expansion of basal spacing within the structure of a C-S-H crystallite, which in turn indicates the interlayer intercalations within the structure of C-S-H was observed for both cationic and anionic polymers, including poly (diallyldimethylammonium chloride) (PDC), poly(4-vinylbenzyltrimethylammonium chloride) (PVC), and poly(methacrylic) acid.

Similar to the work above performed by Matsuyama and Young, Pelliser et al. also added poly(diallyldimethylammonium chloride) during the synthesis of C-S-H using direct precipitation method and found the sign of its intercalation between the C-S-H lamellae based on XRD analysis (Pelisser et al., 2010). The authors also verified via nanoindentation testing that the polymer-induced structural change led to a decrease in packing density of C-S-H at mesoscale, thereby leading to a decrease in indentation hardness and elastic modulus.

In contrast to the previous reports on C-S-H/polymer composites implying the intercalation of polymeric molecules within the layered structure of C-S-H, Merlin et al. did not find an as-evident sign of nanoscale and intercalative interactions for cationic and anionic polymers (Merlin et al., 2002). Instead, the authors found the sign of mesocale interactions between polymer and C-S-H crystallites instead of nanoscale intercalation within the structure of each C-S-H crystallite.

Alizadeh et al. also incorporated aniline during the synthesis of C-S-H based on the reaction between calcium oxide and silica in water and the resultant C-S-H/aniline composite was further subjected to the reaction with ammonium persulfate, thereby prompting homopolymerization of aniline (Alizadeh et al., 2010). This two-step process, where compositing C-S-H with organic monomer was followed by polymerization, resulted in the formation of C-S-H/polyaniline composite.

Aside from simply adding polymeric materials during the solution-based synthesis of C-S-H as described above, creative techniques for the synthesis of C-S-H/polymer nanocomposites have also been introduced at a laboratory scale. Kamali and Ghahremaninezhad applied the layer-by-layer assembly technique using two types of solutions, one containing cationic polymer such as poly(ethyleneimine) along with calcium nitrates and another type, containing negatively charged polymer such as poly(sodium 4-styrenesulfonate) (PSS) along with sodium silicates (Kamali and Ghahremaninezhad, 2018). The authors found via atomic force microscope (AFM)-based nanoindentation that the C-S-H/polymer composite synthesized using this layer-by-layer assembly exhibits similar indentation properties to the previously reported values of C-S-H polymer composites.

Picker et al. created a mesocrystalline, organic-inorganic superstructure from a colloidal solution of C-S-H, stabilized by polymeric materials (Picker et al., 2017). Two types of copolymer, PVP-co-PAA and PAAm-co-PAA were employed as organic dispersants, preventing the random aggregation of colloidal C-S-H particles. Controlled self-assembly was induced via a pH increase or via regulating the C-S-H/polymer ratio, ultimately leading to the formation of a hybrid, crystalline superstructure. A long-range order extending over the scale of millimeters was observed. The layered structure composed of inorganic C-S-H and polymeric materials resembles the microstructure of a nacre, which contains calcium carbonate platelets stacked upon each other with organic components existing at interfaces. Mechanical evaluation of the crystals using nanoindentation and bending test based on a focused ion beam microscope revealed that the hybrid C-S-H/polymer crystals exhibit much more elastic behavior and also, higher flexural strength compared to cement paste. The results verify the potential of synthesizing hybrid, biomimetic superstructures, which can directly enhance mechanical properties.

The advance in synthetic techniques has now enabled the synthesis of C-S-H particles with specific, well-designed properties such as morphology, meso- or nanoporosity, and varying Ca/Si molar ratios, which are closely related to structural and mechanical properties. Specific, well-defined morphology can facilitate inducing a nacre-like microstructure, marked by repeating, stacked patterns of similarly-shaped minerals. Furthermore, meso- or nano-porosity can facilitate inducing submicron or micro-scale integration of inorganic C-S-H with organic materials using, for example, infiltration techniques.



Synthesis of CS-Based Particles With Specific Morphologies

Mogghadam et al. employed a seed-mediated, surfactant-assisted approach to attain specific, well-defined morphology for C-S-H (Mogghaddam et al., 2017). The authors employed naturally formed calcite particles in aqueous solution as basic seeds, thereby prompting heterogenous nucleation and growth of C-S-H on top of them. Mechanical evaluation from the state of single, individual particles to assembled, compacted state revealed that that the well-defined, rectangular morphology exerts positive effects on mechanical properties across different length scales. If the technique is developed further and a larger yield of C-S-H with well-defined cubic morphology can be produced at a large scale with acceptable economic feasibility in future, the particles could be assembled with organic components to produce a nacre-mimetic cementitious composite for applications in real construction sites.

Hwang et al. employed porous calcium silicate-based (CS) particles with well-defined, spherical morphology and employed them as the most basic building blocks for a heat-responsive, self-healing composite. The particles had similar composition to C-S-H, narrow distribution in size between 200 and 300 nm and also, narrow distribution in pore size around 3 nm. The authors integrated the particles with epoxy-based, heat responsive self-healing system, thereby synthesizing organic-inorganic hybrid particles (Hwang et al., 2017). The composite produced by compacting those hybrid particles showed superior micromechanical properties compared to the composite comprised of only CS particles with organic components and also, the composite exhibited heat-responsive, self-healing behavior.



Computational Approach on Studying C-S-H/Polymer Composites

In designing bioinspired, C-S-H/polymer composites, computational techniques encompassing molecular dynamics and atomistic simulation play enormous roles in revealing the nature of interactions at various length scales (Zhou et al., 2017). Particularly, molecular dynamics has been a powerful tool for studying varying degrees of affinities between C-S-H, which lacks long-range structural order and organic polymer. The technique has often been employed for finding the dominant mechanism of interactions.

Zhou et al. employed molecular dynamics to study the nature of interactions between C-S-H and three different types of polymer, poly(acrylic acid) (PAA), poly (vinyl alcohol) and poly (ethylene glycol), all of which have been investigated experimentally as an organic component for C-S-H/polymer composites (Zhou et al., 2018). The authors found that PAA exhibits the strongest interaction among the three types of polymer, primarily via bonding between calcium from C-S-H and double bonded oxygen of carboxylic acid.

Sakhavand et al. also studied the interaction between poly(vinyl alcohol), which had been composited with C-S-H numerous times in previous experimental studies and tobermorite, the crystalline analog of C-S-H. Tobermorite is often adopted as a model system for C-S-H (Tao and Shahsavari, 2017; Zhang et al., 2017). The authors employed the combination of various computational techniques including molecular dynamics and the first-principles study, thereby finding that the maximum toughness, instead of shear strength, dominates the breaking process of interfacial hydrogen bonds, which form the primary route for interaction between the two types of constituent materials (Sakhavand et al., 2013).

The same authors also devised the universal composition-structure-property map for hybrid, “brick-and-mortar”-type composites based on only four dimensionless parameters, encompassing those, which define platelet dissimilarity and symmetry of elastic stress distributions (Sakhavand and Shahsavari, 2015). The map, as shown in Figure 5, was proposed as a possible “design tool” for the synthesis of nacre-mimetic composites since it enables quantifying strength and toughness of any type of nacre-mimetic structures, thereby verifying the potential of producing synthetic, biomimetic cementitious composites with mechanical properties tailored for specific industrial applications.
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FIGURE 5. Universal map for mechanical properties of nacre-mimetic hybrid structures obtained based on dimensionless parameters. Figure reproduced from Sakhavand and Shahsavari (2015), with permission from Springer Nature.





CONCLUSIONS

The review has provided an extensive insight into three major areas of research efforts, self-healing, 3D printing and nano/mesoscale integration of organic materials with C-S-H, all of which have been actively exploited in attaining novel, biomimetic cementitious materials. Bioinspired materials often characterized by the unique microstructural arrangement of soft and hard materials as observed in nacre and human bones. Furthermore, bioinspired features in nature also encompass self-healing capability, auxetic behavior, and geometrical complexities at various length scale. The advance in synthetic techniques such as the controlled self-assembly of C-S-H with organic materials and seed-mediated synthesis of C-S-H has led to the production of C-S-H or calcium silicate-based materials with well-defined morphological properties and also, successful integration of C-S-H with organic materials. Furthermore, the decade-long research efforts to optimize material and process parameters of cement-based 3D printing have introduced novel routes for biomimetic implementation, for example, creating polymeric reinforcement materials with hierarchical and auxetic features. The three major areas introduced in this review, self-healing, 3D printing, and the integration of C-S-H with organic materials have all led to notable progress based on a variety of implementation strategies.

In order to accomplish further widespread commercialization of aforesaid strategies, self-healing concepts in particular, further efforts need to be devoted to enhancing their cost-effectiveness. For example, despite the aforesaid success in generating a large number of self-healing agent-loaded microcapsules and incorporating them inside concrete panels during field trials, the production cost for these hybrid cementitious composites could become incredibly high if the scale become even larger. Consequently, the development of cost-effective, mass production technique for healant-loaded microcapsules could be one of the bottlenecks in materializing widespread application of capsule-based self-healing strategy for concretes at large scale. Furthermore, if the trial scale become larger, evaluating the effectiveness of the embedded self-healing systems could also become challenging. This is because conventional techniques for strength testing and crack introduction would become more difficult to implement if the test scale becomes larger than the field trials recently performed via the “Materials for Life” project. Therefore, appropriate evaluation techniques should also be devised for large-scale self-healing.
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Observations in crystal growth and assembly from recent in situ methods suggest alternative, non-classical crystallization pathways play an important role in the determination of the micro- and meso- structures in crystalline systems. These processes display parallels that cross-cut multiple disciplines investigating crystallization across four orders of magnitude in size scales and widely differing environments, hinting that alternative crystal growth pathways may be a fundamental scheme in natural crystal formation. Using a system of short-range attractive microbeads, we demonstrate that the addition of a small concentration of sub-species incommensurate with the lattice spacing of the dominant species results in a stark change in crystal size and morphology. These changes are attributed to the presence of fleeting, amorphous-like configurations of beads that ultimately change the melting and growth dynamics in preferred directions. From these real-time observations, we hypothesize the amorphous mineral precursors present in biological mineralized tissues undergo similar non-classical crystallization processes resulting in the complex structures found in biomineralization.
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INTRODUCTION

Functional biological materials possess a myriad of intricate architectures and material properties, brought about by similarly diverse and complex formation processes (Coelfen and Antonietti, 2008; Noorduin et al., 2013). Biology has adapted mechanisms to sequester and organize local environments to provide the conditions necessary for growth of these materials while the organism exists in a global environment unsuited for growth or development of these materials. Local environments have shown to be controlled in numerous ways, such as regulation of pH, material concentration, protein concentration, and cellular density (Fritz et al., 1994; Aizenberg, 2004; Seto et al., 2004; Dunlop and Fratzl, 2010; Schenk et al., 2012; Seto, 2012; Rao et al., 2017). For example, organic scaffolds can template inorganic mineral components to create hierarchical composites such as teeth, sea shells, and bones (Lowenstam, 1981; Ashby et al., 1995; Weiner and Wagner, 1998; Fratzl and Weinkamer, 2007; Huang et al., 2019). Crystallization plays an essential role in the development of these materials, though the exact physical processes governing this process are not well understood. However, there is intense interest in these fundamental mechanisms (Gasser, 2009; Dalmaschio et al., 2010; Vekilov, 2010; Weiner and Addadi, 2011; Vekilov and Vorontsova, 2014), and the results of recent studies have produced valuable insights that may enable better understanding of these processes. Important among these insights is that classical nucleation and crystal growth paradigms cannot sufficiently explain the existence of certain phases, structures, or properties of various materials developed in solution, many of which are found in biological materials. Thus, alternative pathways for the structure and growth of these crystalline materials must be considered (Auer and Frenkel, 2001; Filion et al., 2010).

Many of these crystallization processes relevant to formation and structuring in biological materials can now be studied at the single-particle level even at the nanoscale in situ due to advances in computational and experimental methods. Thus, a growing body of evidence showing the importance of non-classical nucleation and growth mechanisms utilizing intermediate, metastable or kinetically-determined states can arise that considerably alter the resulting crystal growth (DeYoreo and Vekilov, 2003; Ivanov et al., 2014; Deyoreo et al., 2015). For example, crystal growth assisted by structured pre-crystalline states (Gebauer et al., 2008; Dey et al., 2010; Demichelis et al., 2011), nucleation from metastable phases (Chung et al., 2009; Washington et al., 2012; Baumgartner et al., 2013; Maes et al., 2015), oriented attachment of crystallites (Banfield et al., 2000; Li et al., 2012; Nielsen et al., 2014), and growth emerging out of amorphous phases (Weiss et al., 2002; Politi et al., 2004; Killian et al., 2009; Savage and Dinsmore, 2009; Mahamid et al., 2010; Lechner et al., 2011; Salvalaglio et al., 2014; Ma et al., 2017; Pendola et al., 2018) have all been shown to alter growth in non-trivial ways, often resulting in complex structure formation that appear to defy the evolution of the system toward its ultimate lowest energy configuration. Moreover, these types of alternative growth mechanisms have been suggested in systems with widely different environmental conditions, from biological context such as protein crystal nucleation (Vekilov and Vorontsova, 2014), calcite growth (Weiss et al., 2002; Politi et al., 2004; Killian et al., 2009; Seto et al., 2012), tissue mineralization (Wang et al., 2012; Weaver et al., 2012; Tao et al., 2019), magnetite nucleation and growth (Kuhrts et al., 2019; Mirabello et al., 2019; Rawlings et al., 2019), as well as inorganic contexts like cadmium selenide quantum dot growth (Washington et al., 2012), iron oxide growth (Banfield et al., 2000; Baumgartner et al., 2013; Dideriksen et al., 2015), and colloidal microparticle crystallization (Savage et al., 2006; Savage and Dinsmore, 2009), just to name a few examples. The vast range of systems exhibiting these behaviors is paralleled by the span of the size scales of the crystallizing components, from the micro to the atomic scale.

Looking at tissue mineralization in particular, intermediate mineral phases in mineralization have been shown to exist and form metastable assemblies that eventually undergo a transition to high crystallinity over time (Mahamid et al., 2010; Seto et al., 2013, 2014). Several groups have shown that interactions with these intermediate phases drive mineralization along diverse paths (Teng et al., 1998; De Yoreo et al., 2015; Mass et al., 2017; Zhou et al., 2019). The presence of these mineralization precursors across such a diverse range of systems implies that there are underlying universal mechanisms at play (Figure 1). From previous work, specific macromolecules are known in nature to interact with minerals and form metastable phases as well as select specific crystalline polymorphs and form unique bulk crystalline arrangements (Zou et al., 2017) as measured by select in situ techniques such as Raman, electron microscopy and X-ray scattering methods (Figure 1). In perturbing such organic-inorganic interactions through physiochemical and microfluidic methods, it can be shown that local ion supersaturation can be altered to drive mineralization along specific mineral-organic assemblies (Wang et al., 2012; Seto et al., 2014). The characteristics of these assemblies are crucial in changing the local chemical environments as they stabilize/destabilize neighboring assemblies (Noorduin et al., 2009). Thus, neighboring non-crystalline assemblies have an indirect effect on nucleation, crystal growth mechanisms, and subsequently, final structure. By delineating the basic components and parameters (both thermodynamic and kinetic) that drive some of these crystallization processes, an improved understanding of nucleation and crystal growth events can be updated in the context of recent observations with advanced methods.
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FIGURE 1. Biological crystallization of diverse mineralized tissues ranging from sea urchin spines to bones and teeth demonstrate a non-classical crystallization pathway. From calcium carbonate (CaCO3) to hydroxyapatite (Ca10(PO4)6(OH)), these divergent mineralization systems have been found to contain intermediates mineral phases not explained by classical crystallization theories. Adapted from Coelfen and Antonietti (2008) with permission from John Wiley and Sons.


In the case of biomineralization, specialized cells lay the groundwork for the mineralized tissue by secreting an organic scaffold that serves as a template for crystal growth, regardless of mineral type (Politi et al., 2004; Seto et al., 2004; Jee et al., 2010; Gong et al., 2012; Cho et al., 2016; de Melo Pereira and Habibovic, 2018). Using the developing sea urchin larval spine as an example organism, we extracted the proteinaceous extracellular matrix and performed remineralization to determine the roles of constituent proteins in the mineralization of the highly crystalline larval spicule. Of specific interest is understanding the organization and the specific components involved in stabilization of an amorphous mineral precursor phase in the growing spicule. As shown in Figure 2, physio-chemical selective domains of these scaffolds initially bind directly to nascent intermediate phases and amorphous precursors to create localized layer-by-layer arrangements of mineral on/within an organic layer. The mineral precursors in this case are promoted and cover an organic layer in order to start an initial epitaxial growth process (Figures 2B,C,E,F). Eventually, this isotropic epitaxy of stabilized mineral precursors and their organic counterparts fill voids and spaces not already occupied (Figures 2A,D). Through this biological control of mineral precursors, subsequent assemblies are arranged such that crystallinity and organization of the organic and mineral constituents in the forming mineralized material are highly regulated.
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FIGURE 2. High spatial and temporal arrangement of organic and mineral islands of CaCO3 intermediate phases of crystallization found in the developing sea urchin larval spine. (A–C) Transmission electron micrographs (TEM) of CaCO3 remineralized proteinaceous scaffolds from sea urchin spine at increasing magnification insets in panels (B,C) show diffraction patterns of crystalline and amorphous regions, respectively. (D–F) A schematic diagram demonstrates a biphasic behavior found in protein mediated biological CaCO3 mineralization systems among the organic and mineral components. Subsequent panels are corresponding higher magnification zoom-ins of the previous panel.


To simplify these interactions and crystalline states found in biological crystallization, we utilize a model system of attractive polystyrene microbeads to focus on the interactions of the mineral phases involved in the early formation processes in mineralized tissues. With the ability to fine-tune the strength of the interaction between microspheres, we can investigate crystal nucleation, growth, and melting with single-particle precision. This technique is well-suited for investigating the effects of phenomena that occur on short timescales or within rare assemblies, because the individual particles can be imaged in real-time (Crocker and Grier, 1996; Larsen and Grier, 1996; Ganapathy et al., 2010; Zeravcic et al., 2014; Mergo, 2017). Through use of this system, assembly and dissociation kinetics can be observed without the added complexity of material properties or solution chemistry, allowing us to relate the effects of kinetics to the final crystal state on the single-particle scale. These direct observations enable for the investigation of events immediately before and after nucleation as well as during crystal growth in order to observe intermediate and “exotic” states altering particle dynamics that are difficult to observe on smaller scales and only now becoming noticed as important for driving growth along specific pathways (Gebauer et al., 2008; Dey et al., 2010; Picker et al., 2017). Of specific interest are questions related to amorphous precursors, neighboring crystal domains, and their effects on the resulting material structure as observed by previous work in biological materials and systems (Aizenberg, 2004; Politi et al., 2004; Munch et al., 2008; Meyers et al., 2013; Fischer et al., 2017; Tao et al., 2019). Similar model systems of attractive microbeads have revealed that island formation, step-edge barriers (Ganapathy et al., 2010), and even multi-layer growth on heavily strained substrates (Lechner et al., 2011; Savage et al., 2013) arise even when the length scale of the interparticle interaction is far shorter than a particle radius. In all these cases, the particles’ dynamics are slowed via interactions with their neighbors, creating a dynamic analog to structures often attributed to the influence of a particle’s next-nearest-neighbors. The ability to identify individual particles allows us the ability to measure changes to crystal morphology via controlled variation of the microbead population itself (i.e., slight variations in bead population like: 100% small beads, 0% large beads or 90% small beads, 10% large beads, lead to drastic changes in morphology)—perturbations that are prevalent in the formation of biological tissues.

In this microbead system, we observe the evolution of a bidisperse quasi-2D colloidal system during crystal nucleation, growth, and coarsening. In a monodisperse system, crystallization and growth occur in a manner consistent with prior observations representative of that which is expected of particles with short-range attractive interactions (Dinsmore et al., 1997; Dullens et al., 2006; Palberg, 2014). In our bidisperse system consisting of microbeads of two different diameters, crystal growth results in a fundamentally different final morphology. During growth, crystals of the more numerous particle species slows and reverses while a second layer nucleates and grows on most islands. The intermixing of this secondary species with the primary species in the regions between crystal islands, before eventual separation into crystals of similar species, determines the time scales over which they can act as either promoters of crystallization or intermediate phase stabilizers—corresponding to natural interactions of proteins and metals found in the mineralization of sea urchin larval spicule.

We can not only observe sequences of events as a function time, but also can quantify the energetic states found in certain configurations of bead assemblies. This uniquely enables an opportunity to fill in gaps left behind by Ostwald’s theory on classical nucleation as these diverse states form (Ostwald, 1897). These states include the immediate events after nucleation processes when a nucleate reaches a specific size, classical nucleation theory states that the nucleate continues to grow larger from the nucleated state, however, it does not reconcile observations from in situ cryo-Transmission Electron Microscopy (TEM) and X-ray studies that demonstrate that neighboring nucleates can also predominantly shrink, divide, and merge at the sake of growing nucleates (Noorduin et al., 2009; Nielsen et al., 2014; Smeets et al., 2015; Zhou et al., 2019). Recent experiments using in situ TEM of iron-palladium composite nanoparticles composed of only 10s of atoms to seed nucleation and observe crystallization processes (Zhou et al., 2019) while in dissolution experiments with glucose isomerase crystallization, the density of mesoscopic clusters are found to control the rate of nucleation (Sleutel and Van Driessche, 2014). Like the microbeads, these nanoparticles and protein crystals show intermediate states that are not explainable in the framework of classical nucleation theory. We show a system that can concisely describe inter-bead interactions on a time scale that is manipulatable as well as containing enough accuracy to attribute kinetic and thermodynamic parameters in order to expand on recent findings of non-classical nucleation behaviors occurring in nucleation and crystallization processes on a non-infinite time-scale.

With these observations, we can begin to characterize the configuration states of rare physical states along the crystallization pathway (i.e., prenucleation and intermediate phases) recently observed with in situ techniques at the molecular level (Gebauer et al., 2008; Mahamid et al., 2010; Demichelis et al., 2011; Habraken et al., 2013; Hedges and Whitelam, 2013; Zou et al., 2017). It is also noteworthy that these observations can detail how nascent states develop and translate into the final microstructural configurations in the mineralized tissue over time despite possessing the same assumed final configurations on an infinite timescale. Although these mixed states are not stable, their presence creates a long-lasting effect on the final structures of these biomineralized materials as found in nature. This improved understanding about nucleation and crystallization processes involved in the growth and development of mineralized tissues over multiple scales not only provides a window how biological regulation and control can take root at tissue formation, but encourages inspiration to search for novel approaches that utilize these biological strategies in creating synthetic, bulk functional crystalline materials with tunable materials properties and structures.



MATERIALS AND METHODS


Remineralization of Sea Urchin Larval Spine

Organic extracellular matrices (ECM) were precipitated from demineralized sea urchin larval spines collected after 48 h of fertilization. The ECM were resuspended in ddH2O and aliquoted onto copper TEM grids (Quantifoil, Ted Pella, Inc.). Supersaturated solutions of 10 mM CaCl2 and 10 mM Na2CO3 and 10 mM NaHCO3 were added to initiate remineralization as described elsewhere (Seto et al., 2013). A TEM (Libra 120, Zeiss SMT) examined the remineralized structures after subsequent ddH2O washes and air-drying.



Bead-Bead Interactions

The solvent used in these experiments consisted of 2 mM NaCl in H2O (Millipore). The non-ionic surfactant hexaethylene glycol monododecyl ether (C12E6), 2.5 mM, was added to induce an attraction between microparticles via depletion and was gently shaken until the surfactant was dissolved. Colloidal microspheres were introduced by adding an additional 2% of sample volume of polystyrene microbeads suspended in water. Bidisperse samples were prepared using a mixture of polystyrene microbeads with radii of rl = 0.6 and rs = 0.5 μm and less than 4% size polydispersity, mixed 1:10 by volume, both drawn from stock solutions of 8% solids by volume from Sigma Aldrich. Monodisperse samples used as a control were prepared using the 0.5 μm spheres.

Samples were pipetted into glass chambers that had been cleaned with a strong base and rinsed with methanol and deionized (DI) water. The chambers were sealed and loaded onto an inverted optical microscope. Because of the temperature sensitivity of the depletant, the microscope was thermally isolated from its surroundings using an extruded polystyrene box 5 cm in thickness (Owens Corning). The target temperature of the sample was controlled using two PID heating elements placed above and below the sample. Colloids sedimented for about 12 h at 22°C before undergoing a temperature ramp of+0.1°C every 30 min until failed nucleation events were observed. The temperature ramp was halted, and images of the sample were captured at one frame per minute for 78 h.

Particle locations were extracted from the video data using custom software based on previously developed particle tracking methods (Seto et al., 2014). Significant effort went into implementing additional segmentation and featuring algorithms, as well as manual checks to account for optical artifacts that arise from setting the focal plane at the second layer (Mahamid et al., 2010).



Free Energy Computation

A heatmap of the bond energy states of the microbeads shows the energy landscape presented to small particles due to the presence of particles on the glass substrate. This is computed by generating two sparse binary matrices, one for each particle size, marking the pixels containing a particle center-of-mass. The images are convolved with a thin annulus representing the extent of the depletion interaction at the height of the crystals’ second layer and scaled by the relative bond strength of the small-small and large-small bonds. The images are then superimposed and summed, resulting in a heatmap depicting the bond energy for a small test particle placed at the corresponding location.



RESULTS

We observe that monodisperse solutions form single layer islands that display previously observed growth behaviors (Dinsmore et al., 1997; Savage and Dinsmore, 2009). Remarkably, bidisperse samples form crystals consisting of two full layers of small particles in the same time span. A characteristic image of the crystals formed at the end of the experiments on the monodisperse and bidisperse samples are shown in Figures 3A,B, respectively. Microbeads that reside on the glass substrate of the sample chamber appear as black circles, while microbeads at the height of the top layer appear white. To illustrate the evolution of the bilayer crystal morphology, we display a time lapse image of the bidisperse sample in the four panels that make up Figure 3C. Within the first 400 min, the sample transitions from a quasi-2D gas composed of mixed large and small particles to a gas crystal coexistence of small particles and a gas of large particles. The large particles are excluded from the solid phase of small particles and can be seen near the crystal edges. Rather than continuing to grow and coarsen, the crystal islands melt from their periphery while a second layer nucleates and grows on a subset of the islands. This simultaneous melting of the bottom layer and growth of the top layer continues until all crystal islands have either evaporated or have grown two full layers of small particles.


[image: image]

FIGURE 3. Characteristic images of crystallizing mixtures of attractive colloidal hard spheres. Dark particles reside on the glass sample chamber. White particles are in focus, about 1 μm above the black particles. Crystals formed from panel (A) monodisperse and (B–F) bidisperse mixtures show distinctly different “final” morphologies, 20 h after initial nucleation. The monodisperse sample forms monolayer crystals, while the bidisperse sample forms bilayer crystals of small particles. To illustrate the formation of bilayer crystals in the bidisperse sample, we show one image every 400 min (scale bar = 10 μm). (C) At 0 min, the system is a gas of bidisperse particles (scale bar = 10 μm). (D) After 400 min, the nucleation and growth of the monolayer crystals of small particles has completed, with the larger particles displaced to the periphery of the islands. In addition, we observe the nucleation and growth of a second crystal layer as indicated by the white particles (scale bar = 10 μm). (E) The top layers continue to grow through 800 min, while the exposed monolayer regions shrink. The large particles have formed monolayers of their own species at the crystal edges (scale bar = 10 μm). (F) The final panel shows the final configuration of the system after 1200 min. We see that all islands throughout the sample chamber consist of two full layers (scale bar = 10 μm). Furthermore, we find that the largest crystal island in the field of view completely melts during the transition to a two-layer system, while the smallest two-layer islands persist.


For clarity, we will refer to the top layer as the second layer, and the bottom as the first layer. To quantify the growth behavior of the two crystalline layers, we measure the total number of particles in the first and second layers of the crystals and plot these in Figure 4. A particle is considered part of a layer if it has at least two neighbors and a bond orientational order parameter ψ6 value greater than 0.8, where ψ6 is defined as | 1/Nj Pk exp(6iθjk)|, Nj is the particle’s total number of nearest neighbors, and θjk is the angle between the particle and its kth neighbor relative to a reference axis (Mergo, 2017).
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FIGURE 4. Measurement of the counts of particles in various states in the sample (Left axis, black). The number of particles in the bottom (N1) layers are indicated by the squares. The number of particles in the top (N2) layers are indicated by the diamonds. The number of unblocked perimeter particles (N1P) are indicated by the closed circles. The number of gaseous particles promoted off of the sample floor (N2G) are indicated by the stars. Measurement of the growth rate of the top layer as a function of time is indicated by the open circles (Right axis, red). A fit using the model described in Eq. 1 is overlaid as a solid red line.


We observe that the number of particles incorporated into the first crystal layer, N1 (black squares), rises rapidly during the first 200 min, during which nucleation and subsequent growth of monolayers occur. The number of particles in the first layer peaks at 300 min and then declines by roughly one-third at later times. Meanwhile the number of particles in the second crystal layer, N2 (black diamonds), increases monotonically. The growth rate of the second layer (red open circles) peaks at roughly 550 min and decays to zero when all second layer positions are filled. In addition, we observe that particles are never promoted to the top layer from the interior of an island during the span of the experiment (Figure 3). We also observe that any adatoms atop a monolayer that nucleate or join a second layer edge remain bound to the second layer.

Collectively, these observations indicate that to model the top layer growth, incorporation into the top layer crystal can be treated as a permanent adsorbing state. Thus, the top-layer growth rate should only depend on the number of particles elevated off of the substrate that may resediment onto a crystal island, N2G, and the number of particles at the perimeter of the first layer that are able to take a neighboring position above the first layer. This restriction is critical: in addition to gaining another bond to the crystal, particles on the first layer’s perimeter become geometrically blocked from vertical motion by neighboring second layer particles. It is this “mobile perimeter,” N1P, that is free to participate directly in growth of the second layer. N1P is plotted in Figure 4 and follows a similar trend to N1, while N2G contains about 300 particles at the onset of monolayer nucleation but nearly vanishes by 200 min. This level is held for the majority of the experiment, and slowly increases to about 100 particles at the end of the experiment.

We fit the growth rate data for the top layer with a simple model of the form
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where k1 and k2 are fit constants and each term represents the contribution from one of the two pathways described in the previous paragraph. While we assume the simplest relationship for N2G particles to contribute to second-layer growth, the same cannot be true for particles along the mobile perimeter. Once promoted to the top layer, the rate of capture into second layer must depend on the fraction of sites adjacent to the growing layer. N2/N1 represents a rough but useful approximate to this fraction (personal communication with Peter Harrowell). We find a good qualitative fit for the second layer growth rate with k1 = 2 × 10–2min–1 and k1/k2 = 3.1. The results are plotted in Figure 4.



DISCUSSION

We have identified two major contributions to the growth of the bilayer of beads in this system. The initial top-layer growth is heavily influenced by the resedimenting gas (N2G), above the plane of the bottom layer particles. During this time, there are no attachment sites for particles promoted onto the top layer, and the number of perimeter particles is small due to the relatively small number of crystals and crystal sizes. The elevated gas particles contribute to the top layer growth by increasing the particle density, encouraging nucleation of a new layer. After the onset of new layer growth, these particles are captured faster than they are created, causing a decrease in N2G. Promotion from the island edges becomes the dominant contribution to total top-layer growth once N2G is depleted. This does not hold true for every individual island. An island that does not nucleate a second layer after N2G is depleted has a vastly reduced chance to capture an adatom on its surface, as multiple adatoms must converge to nucleate a new layer. As a result, first-layer melting is observed, decreasing the footprint of islands over time. To illustrate this effect, the position of a large monolayer crystal – the largest crystal in the field of view – is highlighted in Figures 3D–F. Adatoms are promoted to the surface of this crystal, where they diffuse and detach without participating in a nucleation event. The island eventually evaporates, along with noticeably fast melting of large monolayer regions, as seen in Supplementary Video S1.

Assuming an island has nucleated a bilayer before N2G has depleted, second-layer growth accelerates as the top layer becomes larger until the top layer begins to stabilize the perimeter. Top layer growth slows as the sizes of the top and bottom layers begin to converge.

It would be reasonable to conclude that the growth model is applicable for both monodisperse and bidisperse samples, as the model has no explicit dependence on particle size. In either system, the lowest energy position that a particle can assume is inside the interior of a multilayer crystal. Thus, the energetically preferred structures are large, 3D, close-packed crystals of microparticles. Nevertheless, only samples containing bidisperse particles exhibit 3D growth during the course of the experiment. The nucleation and growth of these crystals spanned 15 h, while the monodisperse samples showed no second-layer growth after 78 h. This indicates that large particles are enabling an accelerated pathway to the promotion of small particles onto the crystal islands. We hypothesize that this is due to a combination of effects: the observed inability of the large particles to incorporate into crystals of small particles, and the energetic preference of a bond between a large and small particle over the bond between two small particles.

The preference for small particles to bond with larger particles arises from the linear dependence of the depletion interaction’s strength on the diameter of the particles experiencing the depletion force (Asakura and Oosawa, 1954; Lekkerkerker and Tuinier, 2011). Combined with relegation of large particles to the crystal exterior, this leads to intermixing of large and small particles and the formation of short-lived amorphous clusters in the regions unoccupied by crystals. Examples of such arrangements are shown from our experiment in Figure 5A. The energetic differences associated with 2D clusters consisting of small particles versus similar clusters with one large particle replacing the central small particle are shown to scale in Figure 5B. Keeping the number of particles constant, a cluster containing a large particle is energetically favored until the central particle is close-packed and has six nearest neighbors. Interstitial sites involving a large particle also present a stronger bond site as shown schematically in Figure 5C.
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FIGURE 5. Stabilization of amorphous clusters. Four representative images of the intermixing of large and small particles taken from the same time frame (A). Red circles mark large particles. The black line marks the boundary of crystal islands (scale bar = 4 μm). Using Usas the bond energy between two small particles in contact due to depletion, the effect of the increased bond strength on total cluster bond energy is illustrated in (B). 2D clusters of small particles (Row 1) have a higher total bond energy, U, compared to clusters containing a large particle (Row 2), and until close-packed clusters of seven particles are formed. Particles are drawn to scale. Images of promotion and/or capture events occurring between subsequent frames are displayed in (C). The illustration demonstrates the energetic preference, ΔUtop, for adatoms (green) occupying interstitials formed with large particles vs. those formed with only small particles. These configurations are commonly observed in the experiment, with examples also visible in (A). (D) Heat map demonstrating the different energetic configurations presented to a hypothetical small particle that takes up residence on the second layer due to the presence of particles present on the substrate. Although there are relatively strong bonding locations located at the interstitial sites (orange) and troughs (teal), there are stronger bonding locations in the amorphous areas near large particles (scale bar = 4 μm, inset scale bar = 4 μm).


In the absence of a second crystal layer, these interstitials are the energetically preferred top-layer sites. In addition to being present in amorphous configurations, these interstitials are always formed by large particles at a crystal’s edge, effectively halting monolayer growth while simultaneously presenting advantageous bonding sites for small particles in- and out-of-plane. A particle at a preferred site may take up residence on the monolayer surface but will eventually leave the crystal if it does not participate in a nucleation event. Thus, the second layer growth depends on the prior nucleation of the layer. Once a second layer has formed on the island, the lowest energy sites are always interstitial sites that border a second layer.

Given these energetic arguments, we hypothesize that the mechanism by which large particles accelerate promotion of particles onto crystal islands is intricately related to their role in the formation of amorphous clusters of particles. In a true 2D system, particles in these mixed regions of neighbors and crystal interfaces have no means to reduce their free energy by rearrangement. In our quasi-2D system, small particles have access to a unique option: promotion off of the substrate. Promoted particles retain contact with the strongly interacting large particles as well as any surrounding small particles. In this model, the promotion is driven by the exchange of a strained or frustrated interfacial environment on the lower layer with a less constrained environment on the upper layer. Once promoted, the presence of a surface particle atop this interface constrains any further local promotion until the particle eventually moves away, allowing the interface to participate in another promotion. Once promoted, these particles are elevated gas particles, which were the drivers of initial top-layer nucleation in our experiment. The overall effect of the large particles is to catalyze second-layer growth by enabling the formation of temporary low-energy sites that cannot form in a monodisperse system, while also geometrically inhibiting crystal growth of the smaller particle species, forcing the system to evolve along a different pathway.

When these interactions between bidisperse particles are allowed an infinite amount of time to react, we will observe complete phase separation between the large and small particles as homogenous bonding (between large-on-large and small-on-small particles) begins to occur more frequently. While heterogeneous bonding is common, the presence of incommensurate particles at crystal boundaries inhibits growth at nearby lattice positions while also restricting the ability of compatible particles to diffuse away from the growing crystal. In biological systems, the amorphous and intermediate phase assemblies are often stabilized by an accompanying organic component at the interface and energetically stabilized, with the ultimate effect of “jamming” the pathway to initiate and complete phase separation. In the case of bacterial S layer formation, the nucleation and growth of carbonate minerals on organic template surfaces is widespread, such that at the subsurface organic constituents directly promote carbonate mineralization through an amorphous transition (Chung et al., 2010). All of these organic mediated interactions are short ranged and provide local stability to maximize the energy input and material output ratio. We observe these interactions with an organic component in the formation of mollusk shells where compartmentalization of these assemblies is partitioned away from the larger milieu of mineral particles. In sea urchin larval spicules, a similar sequestration route occurs within a syncytial membrane that enables for local regulation for tissue growth (Seto et al., 2004; Killian et al., 2009). A similar parallel with hydroxyapatite mineral is found with the periosteum in bone in the formation and growth of bone tissue (Weiner and Wagner, 1998; Fratzl and Weinkamer, 2007). It is interesting to note, all the organic interacting components in all these biomineralization cases have similar structural effects and chemical characteristics, but are very different in amino acid sequence and kinetic behaviors when compared independently. Unlike the bead experiments, none of the mineralized tissues formed from intermediate phases occur in a “clean, non-interacting” chamber but within biological environments that skew the pathways of mineralized tissue formation and growth. This makes it exceedingly difficult to ascertain underlying causes for growth pathway selection, especially when structure formation may depend on rare but important events.

Further experiments altering the size ratios and concentration of these secondary particles should determine the parameter space where such mechanisms most strongly alter the crystallization pathways. Additionally, tailoring future experiments to focus on the various growth regimes we have identified in this work would enable identification and better characterization of the various mechanisms at play. During the onset of accelerated second-layer growth, high frame-rate imaging of the interface between amorphous clusters and the crystal edge would elucidate mechanisms for particle detachment and promotion to the second layer via the types of intermediary structures seen in Figure 5, providing direct measurement of interfacial fluctuations and rearrangements occurring in these regions. Similar imaging techniques could be used to measure the evolution of the free energy of amorphous clusters in these bidisperse, attractive colloidal systems based on analysis methods outlined in Dullens et al. (2006). In addition, using total internal reflection microscopy or scanning probe methods it should be possible to identify the direct effects of the large particles on the detachment of small particles from the substrate (Ganapathy et al., 2010; Chen et al., 2019). We anticipate that the lessons learned by extensive study of these colloidal systems will ultimately shed light on molecular processes where crystallization occurs in the presence of unwanted impurities in solution.



CONCLUSION

Biological mineralization has provided examples of materials with a diversity of morphologies and functions found in the biological world. Contrary to studies on crystal nucleation and growth from the last century, biology utilizes mechanisms where regulation of crystallite size and distribution takes on intermediate phases and metastable clusters as precursors to crystalline assemblies. From recent in situ investigations on a diversity of biomineralization model systems, we find common themes in the construction of strong, tough biological materials from their nano-scale constituents. Specifically, many of these model systems involve the utility of a proteinaceous scaffold to interact with nascent mineral precursors and the formation of intermediate mineral states like amorphous phases, and subsequently, the assembly and growth of crystallization states. As shown here in this work, we describe mechanistic behaviors from a simple colloidal system that parallel biological mineralization showing insights into biological materials utilizing 2D pathways to form 3D materials at molecular length-scales. This biphasic model concisely shows the energetic and kinetic advantages of intermediate states and non-classical crystallization paths to crystallization states. These intermediate states, like their biological equivalents, are templated by an organic component and their utility is to aid in the pre-programed construction of larger, complex assemblies required to build the hierarchical architectures observed in biological materials. By manipulating the unit assemblies and local parameters, the same mechanistic behaviors can be utilized and lead to drastic divergence in morphology (Etinger-Geller et al., 2017; Zhao et al., 2018; Kartha et al., 2019) and subsequently materials properties. Biological control of substrate chemistry is vital and determines the energetic barriers of the following layers of assemblages. With these constraints, the designing of bio-inspired hierarchically architecture materials with high toughness and strength can be realized from the presence of specific constituents at the molecular scale and the control of their interactions at interfaces for bottom-up, bioinspired materials engineering.
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VIDEO S1 | A compressed video of the microparticle system outlined in the experimental methods which demonstrates the initial monolayer growth, melting, and simultaneous second-layer growth of crystal islands. The video is accelerated in time by 1500x, such that 1 s of video playback spans 25 min in real time.
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Micro/nanoscale textured surfaces have presented promising tissue–implant integration via increasing surface roughness, energy, and wettability. Recent studies indicate that surface texture imparted on the metallic implants via surface relief induced with simple bulk plastic deformation methods (e.g., tension or compression tests) does result in enhanced cell response. Considering these recent findings, this study presents a thorough investigation of the effects of surface relief on surface properties of implants and cell adhesion. Experiments are conducted on the samples subjected to interrupted tensile tests up to the plastic strains of 5, 15, 25, and 35%. Main findings from these experiments suggest that, as the plastic deformation level increases up to 35% from the undeformed (control) level, (1) average surface roughness (Ra) increases from 17.58 to 595.29 nm; (2) water contact angle decreases from 84.28 to 58.07°; (3) surface free energy (SFE) increases from 36.06 to 48.89 mJ/m2; and (4) breast cancer cells show 2.4-fold increased number of attachment. Increased surface roughness indicates the distorted topography via surface relief and leads to increased wettability, consistent with Wenzel’s theory. The higher levels of SFE observed were related to high-energy regions provided via activation of strengthening mechanisms, which increased in volume fraction concomitant with plastic deformation. Eventually, the displayed improvements in surface properties have increased the number of breast cancer cell attachments. These findings indicate that surface relief induced upon plastic deformation processes could be utilized in the design of implants for therapeutic or diagnostic purposes through capturing breast cancer cells on the material surface.
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INTRODUCTION

Metallic materials constitute approximately 70% of the total production volume in biomedical applications (Peron et al., 2017), which stems from a set of excellent properties, such as mechanical strength, ductility, biocompatibility, and corrosion resistance (Chen and Thouas, 2015; Uzer et al., 2016; Peron et al., 2017; Nune et al., 2018). Austenitic stainless steels, titanium alloys, and cobalt–chromium alloys can be listed among the most commonly used metallic biomaterials, which could find application in a wide variety of biomedical fields including cardiovascular surgery, orthopedics, dentistry, or cranioplasty (Misra et al., 2009; Chen and Thouas, 2015; Uzer et al., 2016; Nune et al., 2018).

Clinical success of the implantation strongly relies on early tissue–implant integration along with the elimination of fibrous connective tissue formation on the interface (Le Guéhennec et al., 2007; Hanawa, 2019). This integration can be influenced strongly by the implant surface wettability, which is indeed governed by surface free energy (SFE) and roughness of the material (Liu and Jiang, 2011; Latifi et al., 2013). Modification of these aforementioned surface properties can be utilized to trigger specific molecular reactions controlling the adhesion, proliferation, or differentiation behavior of the cells (Ventre et al., 2012; Barthes et al., 2014; Huo et al., 2017; Raines et al., 2019). For instance, microscale textured surfaces can regulate the expression of integrin, which is a transmembrane receptor protein enabling cell adhesion on the metal surface (Raines et al., 2019), or hydrophilic surfaces (contact angle <90 °) can promote enhanced cell response via promoting the deposition of focal adhesion proteins (Ponsonnet et al., 2003; Ranella et al., 2010; Bauer et al., 2013; Rupp et al., 2014; Cicek et al., 2019). Surface properties obviously play a crucial role in cell adhesion, and in order to reveal their cumulative effects, more thorough analyses are required.

Research carried out on the relationship between the surface properties and tissue–implant interaction has shown that mimicking the tissue microenvironment on the material surface via micro/nanoscale patterns can stimulate cell adhesion significantly (Le Guéhennec et al., 2007; Gentile et al., 2010; Barthes et al., 2014; Gui et al., 2018; Raines et al., 2019). These textured materials can provide increased mechanical stability and rigid tissue formation on the implant, which can lead to an earlier recovery after implantation (Kunrath and Hübler, 2019). Various surface treatment techniques have been utilized to create micro/nanoscale topography on the surface, such as acid etching, electrochemical polishing, passivation, or anodization (Le Guéhennec et al., 2007; Gentile et al., 2010; Latifi et al., 2013). These physical or chemical treatments have created textured structures, which have stimulated cell growth via providing greater surface area for the formation of focal adhesion points (Uzer et al., 2016). Moreover, increased roughness through these treatments has led to enhanced surface wettability, catalyzing the deposition of extracellular matrix (ECM) proteins on the surface (Miyajima et al., 2019).

Similar results were also obtained via surface mechanical treatments such as shot peening, sliding friction, or surface mechanical attrition treatment (SMAT) (Multigner et al., 2010; Arifvianto et al., 2011; Bagherifard et al., 2016; Valiev et al., 2016; Huo et al., 2017). Activation of these deformation mechanisms subdividing coarse grains into smaller sizes provided grain refinement in the near surface layer of the material (Arifvianto et al., 2011). Furthermore, these methods improved the fatigue resistance of the materials via inducing compressive residual stress on the surface (Arifvianto et al., 2011; Bagherifard et al., 2016). However, all of the aforementioned physical, chemical, or mechanical treatment methods were confined to the surface layer of the material.

Research has shown that micro/nanoscale topography mimicking morphology of ECM could also be utilized to control the response of cancer cells (Beri et al., 2018). For instance, Beri et al. (2018) found that circulating tumor cells’ (CTCs’) adhesion can be promoted on biomaterials with nanoscale roughness. It should be noted that metastasis accounts for approximately 90% of cancer-related diseases (Conde et al., 2016), and CTCs are believed to play crucial role in metastatic processes (Chen et al., 2016). Thus, use of surface roughness to enhance cancer cell–substrate interactions would enable the capturing of CTCs and therefore decrease disease dissemination (Beri et al., 2018; Chen et al., 2016). Moreover, directional adhesion of breast cancer cells, which is necessitated for cancer invasion and metastasis, has been achieved by micro/nanoscale-patterned topography (Ray et al., 2017; Tabdanov et al., 2018). Overall, these studies can indicate that biomaterials with modulated topography could be promising tools for detection and treatment of cancer cells via controlling their adhesion response.

Recently, simple bulk plastic deformation methods (e.g., tension or compression tests) have been utilized to impart micro/nanoscale topography on the metal surface (Matsugaki et al., 2012; Matsugaki and Nakano, 2016; Uzer et al., 2016, 2018; Nune et al., 2018). These studies showed that texture reflecting the activated strengthening mechanisms, namely, surface relief, can alter surface topography significantly (Matsugaki et al., 2012; Matsugaki and Nakano, 2016; Uzer et al., 2016; Cicek et al., 2019). Specifically, markings produced by twinning or slip are shown to form groove- or step-like surface topographical features that can increase surface roughness and provide ideal sites for the deposition of focal adhesion proteins (Matsugaki et al., 2012; Uzer et al., 2016, 2018; Uzer and Canadinc, 2018).

Surface relief can be induced on the implant surface via manufacturing processes or during the deployment of the implants (Weiss and Mitevski, 2015). Furthermore, it can enable the oriented elongation of the osteoblast cells, which promotes the formation of anisotropic bone tissue necessary for its mechanical function (Matsugaki et al., 2012; Matsugaki and Nakano, 2016). Consequently, these microstructural features can increase cell viability and adhesion, which enhances tissue formation on the implant surface (Uzer et al., 2018). Moreover, they could be used to increase the adhesion of cancer cells (Uzer et al., 2016). It is noteworthy that the level of plastic strain constitutes importance, because excessive plastic deformation is accommodated through the activation of strengthening mechanisms in greater volume fractions within the bulk material. As a result, each deformation level results with a different surface state, causing healthy or cancer cell response to vary along each plastic strain level (Matsugaki et al., 2012; Uzer et al., 2016, 2018).

The aforementioned studies regarding plastic deformation of bulk materials have established a firm relationship between surface relief, roughness, and cell response. However, current state of knowledge in this area falls short of elucidating the relative change in surface wettability and energy, which are also strongly modulated via surface topography (Rupp et al., 2014). Given the established influence of these properties on cell response, this study aims to investigate the role of surface relief on surface wettability, energy, roughness, and cell attachment behavior. The findings propose the idea that surface relief could be an effective means to control surface properties and cell response. This knowledge could enable the design of metallic biomaterials that could be used for therapeutic purposes in dealing with cancer cells.



MATERIALS AND METHODS

The specimens investigated in the current study were 304L grade stainless steels with the elemental composition of Fe balance-0.029C-18.414Cr-8.314Ni-1.044Mn-0.091Mo-0.369Si-0.022P-0.023S-0.416Cu (in weight%). Dog bone–shaped tensile test specimens with the technical drawing explained elsewhere (Cicek et al., 2019) were obtained by laser cutting. These samples were subjected to interrupted tensile tests (AGS-X 10kN; Shimadzu, Kyoto, Japan) up to the engineering strains of 5, 15, 25, and 35% with the strain rate of 10–4 s–1. These varying strain values enabled the activation of strengthening mechanisms in different volume fractions throughout the bulk material, which also helped to have materials with different microstructural and surface properties. Moreover, one set of the samples was kept as undeformed in order to use as a control group.

After plastic deformation the gauge sections of the samples were cut with a precision saw. Microstructure of the undeformed and deformed specimens was captured via differential interference contrast (DIC) technique in optical microscope (Axiocam 506 color; Zeiss, Jena, Germany). For that purpose, the undeformed sample was ground with 800, 1,000, 1,200, and 2,500 grit SiC papers and then polished with 3- and 1-μm sized diamond abrasives, respectively. In order to reveal its microstructure, this polished specimen was then etched by immersing in a mixture of 10 mL nitric acid, 30 mL hydrochloric acid, and 30 mL distilled water for 3 min long at room temperature. The deformed sample’s microstructure has been captured via extended depth of field imaging technique. The microstructures of the samples were also analyzed in detail via field emission scanning electron microscope (GeminiSEM 300; Zeiss, Jena, Germany) utilizing secondary electron (SE) detector, which operated at accelerating voltage of 10 kV.

In order to elucidate the effect of surface relief on the topography of the deformed and undeformed samples, atomic force microscopy was utilized (Multimode 8, Bruker). The analyses were carried out with tapping mode in air utilizing a phosphorus-doped silicon cantilever with a rotated tip (radius of 8 nm), and linear scanning rate was of 1 Hz (1 line/s). Average surface roughness (Ra) of the samples was calculated by taking the average of the roughness values of at least three different regions with the scanning area of 50 × 50 μm.

Wettability and SFE of the undeformed and deformed samples were analyzed with sessile drop technique (Attension Theta Optical Tensiometer; Biolin Scientific, Gothenburg, Sweden). Prior to the analyses, the samples were ultrasonically cleaned with acetone and 70% vol/vol ethanol for 15 min and then dried in air. For the wettability analysis, deionized (DI) water droplet with the volume of 2 μL was dispensed on the surface, and its shape was recorded with a high-speed camera. The final contact angle was reported as the average of the right and left angle, which is between the tangent of the drop at liquid–gas interface and horizontal baseline at solid–liquid interface. The analyses were run on three different samples for each strain level, and measurements were repeated five times on each one. For the SFE analyses, diiodomethane was used as the dispersive component; formamide and DI water were utilized as the polar components. Similar to the wettability measurements, the samples were cleaned with the same procedure before conducting measurements with different liquids. The measurements were repeated three times on each sample (three samples for each strain level). Recorded contact angle values of the three liquids were implemented in the Owens–Wendt (OW) theoretical method as (Miyajima et al., 2019):
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where γl  and γs  represent liquid and solid free energy; superscripts d and p represents the dispersive and polar components, respectively (Rupp et al., 2014).

In order to evaluate the effect of surface relief on cell response, breast cancer cells were seeded on the undeformed control sample and the 35% deformed sample (highest degree of plastic deformation). Initially, SKBR3 breast cancer cells obtained from the American Type Culture Collection were grown in McCoy’s 5A medium with 10% fetal bovine serum and 1% penicillin/streptomycin. Then, three samples from each set were sterilized in an autoclave for 1 h and placed in 12-well cell culture plate. Cancer cells were seeded in each well (1 × 105 cells per well) containing 2 mL of growth medium and then incubated for 24 h. Afterward, the medium was removed, and the samples were rinsed with phosphate-buffered saline (PBS). The cells were fixed with 2.5% glutaraldehyde for 2 h at 37°C, followed by rinsing with PBS. After this, the nuclei of these fixed cells were labeled with DAPI and incubated for 5 min at ambient temperature. Then the samples were rinsed again with PBS, and the cell adhesion was observed with confocal microscope through capturing three different images from each sample surface (LSM 900; Zeiss). The number of attached cells was quantified manually, and their average value was reported.

The morphology and adhesion behavior of cells were further analyzed via SEM under an accelerating voltage of 2 kV with the SE detector. In order to enhance the quality of the SEM images, the metallic samples were cleaned with DI water to remove the residues of the PBS and sputtered with a 2-nm thickness of gold to eliminate the charging problem. To the best of the author’s knowledge, the adhesion response of the breast tumor cells has not been analyzed on a metallic biomaterial surface earlier. Hence, this study can pave the way for future research regarding the relationship between breast cancer cells and metallic biomaterials.

All of the reported results are presented as mean ± standard deviation. Statistical significance of the differences between the means was determined with one-way analysis of variance (ANOVA) followed by least-squares difference (LSD) post hoc comparison tests or t tests. The findings were also supported by non-parametric equivalents of the aforementioned tests. A p value smaller than 0.05 was required for the rejection of null hypotheses (highest type I error level deemed acceptable was set at 0.05).



RESULTS

The optical microscope image of the undeformed sample in Figure 1A presents smooth surface with annealing twins, where a detailed image of one of these twins can be observed in Figure 2A captured via SEM. As the sample is plastically strained, deformation markings become prevalent, and surface gets distorted significantly (Figure 1B). These activated deformation traces have been presented more clearly in Figure 2B. The interaction of these mechanisms (i.e., mechanical twinning, slip, or martensite) with each other can be also observed. Microstructures of the samples have been further analyzed via AFM (Figure 3). The effect of plastic deformation can be visible specifically on the 35% deformed sample, where significant grain elongation concomitant with plastic straining was captured (Figure 4).


[image: image]

FIGURE 1. Optical microscope DIC images of the (A) undeformed and (B) 25% deformed sample. Scale bars are 10 μm. (Figure is more readable and visible on the screen rather than in print).
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FIGURE 2. Scanning electron microscopy images of the (A) undeformed and (B) 25% deformed samples. Scale bars are 3 μm. (Figure is more readable and visible on the screen rather than in print).



[image: image]

FIGURE 3. Topographical images of the undeformed and deformed samples obtained via AFM. (Figure is more readable and visible on the screen rather than in print).
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FIGURE 4. Photographs of the water droplets on the undeformed and deformed samples represent the wettability of the samples. AFM amplitude images of the undeformed and deformed samples show the influence of plastic deformation on the microstructure. (Figure is more readable and visible on the screen rather than in print).


The detailed AFM images present the topographies of the samples in Figure 3, where they get distorted gradually in parallel with plastic straining. Furthermore, increasing height between the peaks and valleys can be observed as the plastic deformation increases. Moreover, grain boundaries protruding out of the surface becomes prevalent on the 15, 25, and 35% samples (Figure 3). In order to quantitatively analyze the influence of plastic deformation on the surface topography, average surface roughness (Ra) of the samples is evaluated. The results present that Ra values of the samples vary from 17.58 ± 1.12 nm in the undeformed sample to 595.29 ± 32.74 nm in the 35% deformed sample (Table 1). One-way ANOVA results of the roughness data indicate that all group means are not equal [F(4,18) = 459.16, p < 0.001]. Additional post hoc multiple comparisons (LSD) indicate that all group means are significantly different from each other at p < 0.05 level or better. These results are also confirmed by non-parametric Kruskal–Wallis tests [χ2(4) = 20.91; p < 0.001].


TABLE 1. Water contact angle, surface free energy, average surface roughness, and number of attached cells values of the undeformed and deformed samples.

[image: Table 1]
The wettability measurements carried out by the DI water droplets on the samples subjected to the varying degrees of plastic deformation are presented in Table 1. The angle on the undeformed sample is captured as 84.28° ± 3.02°, whereas it decreases down to 58.07° ± 1.67° on the sample deformed up to 35% of plastic strain. Figure 4 presents this gradual decline clearly, where water droplets spread more on the surface in parallel with plastic deformation. These results are plotted against plastic strain in order to clearly present the relative changes measured in surface roughness and water contact angle values (Figure 5). One-way ANOVA results of the surface wettability data indicate that all group means are not equal [F(4,10) = 58.49, p < 0.001]. Additional post hoc multiple comparisons (LSD) indicate that all group means are significantly different from each other at p < 0.05 level or better. These results are also confirmed by non-parametric Kruskal–Wallis tests [χ2(4) = 13.5; p < 0.01].


[image: image]

FIGURE 5. Graph presenting the water contact angle and average surface roughness values of the undeformed and plastically deformed samples.


Next, presented in Table 1 are the results of the SFE analyses. As can be observed in this table, surface energy increases from 36.06 ± 0.82 to 48.89 ± 0.75 mJ/m2 as the applied plastic strain reaches up to 35% from the non-deformed state, and the observed difference is statistically significant (p < 0.001). More specifically, the null hypothesis stating that all five group means are equal is rejected [F(4,10) = 199.8, p < 0.001], and post hoc multiple comparisons (LSD) indicate that each group mean is significantly different from others at p < 0.05 level or better. These results are also confirmed by non-parametric Kruskal–Wallis tests [χ2(4) = 13.5; p < 0.01].

The adhesion and spreading behavior of the cells were closely monitored with SEM. Figures 6, 7 present similar cell morphology and attachment behaviors on the undeformed and 35% deformed samples. Cytoplasmic protrusions, such as filopodia or lamellipodia, can be observed on both of these samples.
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FIGURE 6. Scanning electron microscopy images of the breast cancer cells attached on the undeformed stainless-steel samples. Figure in (A) shows two neighboring cells and (B) shows a single cell with higher magnification. Arrows point out the cytoplasmic protrusions. Scale bars are 3 and 2 μm, respectively.
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FIGURE 7. Scanning electron microscopy images of the breast cancer cells attached on the 35% deformed stainless-steel samples. Figure in (A) shows two neighboring cells and (B) shows a single cell with higher magnification. Arrows point out the cytoplasmic protrusions. Scale bars are 3 and 1 μm, respectively.


Breast cancer cells with DAPI-labeled nuclei on the undeformed and 35% deformed samples were also monitored via confocal microscope (Figure 8). The quantified data of the attached cells are presented in Table 1. These results show that the cell attachment increases on average 2.4-fold on the 35% deformed sample compared to the control sample. Furthermore, a non-parametric Mann-Whitney U test indicates that the difference in number of cell attachments on these two samples is statistically significant (p < 0.001).


[image: image]

FIGURE 8. Confocal microscope images of the breast cancer cells with DAPI-labeled nuclei attached on the (A) undeformed and (B) 35% deformed sample. Scale bars are 100 μm.




DISCUSSION

The significant microstructural differences observed between the undeformed and deformed samples via optical microscopy and SEM techniques stem from the introduction of surface relief via activated plastic deformation mechanisms in different volume fractions. Slip, mechanical twinning, or martensite can get activated on 304L stainless-steel samples, contributing to hardening and ductility of the material (Hamdi and Asgari, 2008; Shen et al., 2012). The hierarchical structures of these mechanisms can be observed in Figure 2B, where they interact with each other and further contribute to strengthening of the material (Uzer et al., 2016). Moreover, elongated grains observed on the 35% deformed sample can show tensile plasticity of the steel sample (Qu et al., 2008), which constitutes importance in defining the plastic deformation capability of the bulk material.

Increasing volume fraction of the strengthening mechanisms within the bulk material is represented with a more distorted surface, as indicated in the literature (Sinha et al., 2015). The reflection of these mechanisms on the material surface, namely, surface relief, can be observed in the SEM and AFM observations. Specifically, it is clearly seen in Figures 3, 4 that the deformation markings protruding out of the material surface modify surface topography significantly and increase surface roughness (Matsugaki et al., 2012; Matsugaki and Nakano, 2016; Uzer et al., 2016). Misorientation angle between the neighboring grains might increase with plastic straining further contributing to the roughness of the samples (Sinha et al., 2015; Srinivasan et al., 2016). Ra of the 35% deformed sample showed approximately 34-fold increase compared to the undeformed sample (Table 1). It is important to note that this increase on the polycrystalline stainless steels was related earlier specifically with the activation of deformation twinning, which causes abrupt changes on the texture (Uzer et al., 2016). Hence, designing the material microstructure, which would preferably activate twinning upon deformation, could be advantageous to achieve microscale surface topography and advanced tissue–implant integration.

The water contact angle results show that the 35% deformed sample presents the highest hydrophilicity. This increase in the wettability behavior can be stemming from the increased surface roughness due to surface relief and high-energy regions provided by the activated strengthening mechanisms. It is noteworthy that surface wettability along with surface roughness may play pivotal role in the early tissue–implant integration (Rupp et al., 2014). That is, surfaces with enhanced wettability and roughness promote the deposition and spreading of cellular adhesion proteins on the implant surface via increasing surface exposure of biological molecules (Venkatsurya et al., 2012). This eventually could lead to improved tissue–implant integration within a shorter period of time (Venkatsurya et al., 2012; Uzer et al., 2016). Hence, increased surface hydrophilicity as a result of bulk plastic deformation and surface relief can be effective for achieving a successful implantation.

The observed increase of surface wettability in parallel with surface roughness can be explained further with Wenzel’s equation (cosθw = r. cosθyoung; where r, θw, and θyoung are roughness factor, apparent Wenzel contact angle, and Young contact angle, respectively) (Rupp et al., 2014; Cicek et al., 2019). Considering the θw of 58.07°, and θyoung of 84.28°, r can be predicted as 5.3, which is the ratio between the actual and projected surface area. On the hydrophilic surfaces (θyoung < 90°), Wenzel equation suggests that surface wettability increases with higher levels of surface roughness. The greater hydrophilicity observed on the 35% deformed sample thus conforms well with Wenzel’s theory.

Moreover, wetting is favored on the high-energy solid surfaces (Rupp et al., 2014), and therefore SFE of the material can also play significant role in tissue–implant integration (Rupp et al., 2014; Uzer et al., 2016). For instance, enhanced protein absorption, attachment, and differentiation of osteoblasts have been related with higher SFE of metallic implants (Miyajima et al., 2019). The SFE values calculated based on OW method in the current study increased gradually with plastic straining (Table 1). This result could be attributed to the activated strengthening mechanisms, which have created high-energy regions (Toker et al., 2014; Uzer et al., 2016; Nune et al., 2018). The interaction of slip, twinning, and martensite mechanisms can further increase these energetic regions, which can facilitate the adhesion of biological molecules on the surface (Toker et al., 2014). The role of metallic biomaterial’s microstructure on cell response has been analyzed earlier, and enhanced cell adhesion was reported on the smaller grain sized sample, possibly due to increased grain boundary area and SFE (Choubey et al., 2009; Misra et al., 2013). In the current study, the energy-rich twin boundaries, which increase in total area parallel with plastic straining, can also contribute to increased levels of SFE concomitant with the preexisting grain boundaries.

Scanning electron microscopy analyses of the breast cancer cells attached on the undeformed and 35% deformed samples show similar morphologies. Specifically, cytoplasmic protrusions (i.e., lamellipodia or filopodia), which play a crucial role in cancer cell invasion and metastasis (Caswell and Zech, 2018), were formed on both of these samples (Figures 6, 7). These integrin-rich protrusions can regulate cell adhesion, because they are involved in the formation of focal contact points (Caswell and Zech, 2018). Next, the observed 2.4-fold increase in the number of breast cancer cell attachment on the 35% deformed sample compared to the undeformed sample (Figure 8) indicates that the aforementioned improved surface properties have provided an advantageous environment for cancer cells. Specifically, increased SFE and wettability on the 35% deformed sample (the highest level of surface relief) would have promoted the deposition of the adhesion proteins, enhancing the attachment of a greater number of cells. Overall, these results indicate that enhanced surface properties via surface relief may increase the number of cell attachments on the implant surface, but may not be influential in the morphology or spreading behavior of the breast cancer cells. Further investigations would be needed to understand mechanisms governing the greater number of cell attachment on the deformed surfaces.

It is well known that the initial interaction of healthy cells (e.g., osteoblasts or fibroblasts) with implant surfaces constitutes significance for establishing successful tissue–implant integration (Nune et al., 2018; Uzer et al., 2018; Raines et al., 2019). When it comes to cancer cells, however, enhanced attachment on the biomaterial surface could be utilized for therapeutic purposes, where cells could be captured on the material before metastasizing to other tissues (Azarin et al., 2015). Azarin et al. (2015) have shown a decrease in tumor burden by developing a polymer implant, which has been used to capture and detect metastasizing breast cancer cells before reaching another organ. In that way, the metastatic disease has been identified at an early stage, and the progression of the disease has been halted. Findings from the current study could also pave the way for a new stream of research revealing potential applications of metallic biomaterials for a similar purpose, whereby cancer cells’ attachment would be regulated via modulated surface properties and the progression of the disease could be slowed.

Improvement of the surface properties and cell response was also achieved by surface plastic deformation methods, such as sandblasting, shot peening, or sliding friction earlier (Frutos et al., 2010; Bagherifard et al., 2016; Huo et al., 2017). Arifvianto et al. (2011) have investigated the wettability of the SMAT applied 316L stainless steels, which showed decrease in the contact angle from 88.6 to 74.4°, while surface roughness of the deformed sample increased up to a range of 681 to 909 nm, which is greater than the Ra attained in the current study. Greater hydrophilicity obtained in the current study could be stemming from the activation of deformation mechanisms throughout the bulk material (in comparison to activation in Arifvianto et al. (2011) study predominantly on the material surface). Specifically, surface plastic deformation methods can cause early saturation of the activation of slip, twinning, or martensite, because plastic deformation takes place within the limited deformation zone (Arifvianto et al., 2011). However, bulk plastic deformation can lead to the activation of the strengthening mechanisms in greater densities throughout the bulk material, which can increase high-energy regions more significantly.

This finding is consistent with those in prior studies, where the materials have been subjected to bulk plastic deformation methods, for example, rolling or equal angular channel pressing (ECAP) processes (Misra et al., 2013; Günay-Bulutsuz et al., 2018). Specifically, as the grains of the pure titanium samples were refined through the ECAP process, contact angle decrease from 82.56° down to 41.28° was captured on the postmortem polished surface (Günay-Bulutsuz et al., 2018). This can imply that bulk plastic deformation methods can effectively increase hydrophilicity of materials. Hence, bulk plasticity could play a crucial role in determining surface characteristics of the material. However, it is important to note that surface wettability and energy can also be influenced strongly by surface chemistry (Latifi et al., 2013). Therefore, in order to thoroughly elucidate the role of plastic deformation on surface properties and cell response, further systematic analyses need to be carried out.



CONCLUSION

In this study, surface properties regulating cell–implant interactions have been investigated on the plastically deformed 304L stainless-steel samples. The tensile loading of the samples up to 5, 15, 25% and 35% of plastic strains has resulted with surface relief in different volume fractions. The greatest surface wettability (θw = 58.07° ± 1.67°), SFE (48.89 ± 0.75 mJ/m2), and roughness (Ra = 595.29 ± 32.74 nm) were attained on the 35% deformed sample. Furthermore breast cancer cells presented an approximately 2.4-fold increased number of cell attachment on the 35% deformed sample compared to the undeformed control one. Whereas cell morphology and spreading showed similarity on these two samples. The following markings have been concluded:


1. Increasing volume fraction of the twinning, slip, and martensite activated on the samples via bulk plastic deformation technique can be an effective way to impart micro/nanoscale texture and modulate surface properties.

2. Increased SFE could be stemming from the high-energy regions created with strengthening mechanisms and increased surface area of the energy-rich boundaries (twin and grain).

3. Relatively higher number of cells attached on the 35% deformed sample can indicate that implants with surfaces modulated by plastic deformation processes can be utilized for therapeutic purposes via capturing metastatic cancers and slowing the progression of disease.

4. Bulk and surface plastic deformation techniques can each result with different surface properties, which could influence cell response accordingly.



Overall, the aforementioned listed findings provide insight on how surface relief can influence surface properties of the implants and attachment behavior of the breast cancer cells. These results could be utilized in the design of implants for therapeutic or diagnostic purposes. Further investigations would be needed to understand mechanisms governing the cancer cell adhesion on the metallic implants.
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Invisible aligners are medical devices, which allow repositioning of teeth through a treatment designed by the orthodontists. During this orthodontic treatment, patients use several aligners each for a couple of weeks. The aligner will apply a system of forces on the teeth to shift them to desired position. Since aligners exert forces thanks to their particular shape, it is important that during lifetime’s service they do not undergo significant deformations. This research aims to study the mechanical behavior of invisible aligners made by polyethylene terephthalate-glycol (PET-G), which is one of most used the plastic materials to produce such devices. In this study, cyclic compression tests in atmospheric environment (∼25°C) as well as in the presence of saliva (to simulate intraoral environment) were performed. The mechanical behavior of aligners with two different thicknesses (0.75 and 0.88 mm) was studied. In particular, each aligner was subjected to 22500 load cycles from 0 to 50 N. The chosen number of load cycles simulates the average load history to which an aligner is subjected during its lifetime. The tests were performed on a testing machine, using a hard resin dental cast properly fixed to the machine. Analysis of the results shows that the stiffness of the aligners increases during the cyclic test. In particular, a gradual reduction of the crosshead displacement was observed during the test, highlighting the occurrence of cyclic hardening phenomena. It was also found that the aligners show a residual strain recovery after removing the applied load. Moreover, in the analyzed range of load rate, the aligners show a low tendency to accumulate residual strains as loading cycles progress.

Keywords: compression cyclic loading, mechanical characterization, PET-G, invisible aligners, residual stress


INTRODUCTION

Polyethylene terephthalate-glycol (PET-G) is one of the most famous and used thermoplastic materials in the world. In particular, it is widely used in many applications such as displays, vending machine windows, food packaging, cosmetics and electronics. This material is an amorphous copolymer of PET but, unlike this one, it is not able to undergo strain-induced crystallization independently of the stretching rates and temperatures used during processing (Dupaixa and Boyce, 2005; Elkholy et al., 2019). Due to the favorable combination of excellent esthetic characteristics, formability, high mechanical strength, excellent flexibility and high impact resistance (Sheridan et al., 1994; Sheridan and Armbruster, 1999; Oh and Wang, 2007; Lloyd et al., 2001), this material has gained great interest in the last decade in the medical device industry. In fact, it is adopted for manufacturing orthodontic retainers, temporomandibular joint splints, periodontal splints, and mouth guards (Ryokawa et al., 2006; Fang et al., 2013; Ma et al., 2016). At the same time, its excellent transparency makes PET-G copolymer promising in manufacturing removable tooth aligners for orthodontics (Ponitz, 1971; McNamara et al., 1985; Lindauer and Shoff, 1998). Orthodontic aligners allow repositioning of teeth through a treatment designed by the orthodontists. During this orthodontic treatment, the patients wear several aligners, each of them for about 2 weeks. Aligners are typically removed only during eating and teeth brushing (Jeremiah et al., 2010). The aligner will apply a system of forces on the teeth to shift them to the desired position. As the teeth move, the forces applied by the aligner decrease as a consequence of the shifting of the teeth. Since aligners exert forces thanks to their particular shape, it is important therefore that during lifetime’s service they do not undergo significant deformations (Kesling, 1945; Nahoum, 1964; Ponitz, 1971; Pohl and Yoshii, 1994; Boyd et al., 2006). Generally, a number of factors may contribute to affect the deformation of the thermoplastic materials under loading. These may include environmental conditions (i.e., temperature and humidity), thickness of the aligner, time after elastic deformation and forming procedures features (Landel and Nielsen, 1993; Ryokawa et al., 2006).

Several studies have looked at the effect of different environmental conditions on the mechanical behavior of thermoplastic materials used for invisible aligners. These studies have shown that the mechanical properties differ depending on the environmental factors and that they are influenced by molecular structure and orientation (Ryokawa et al., 2006). In particular, under wet conditions, the water molecules are able to penetrate into the polymer chain or to form hydrogen bonding with the hydrogen end group thereby altering the free volume and mobility of neighboring polymer chains. In addition, water in the polymer matrix may attack the hard and soft-segment domains (Scaffaro et al., 2008; Rajeesh et al., 2010; Xu and Muldowney, 2015; Kim et al., 2016). Moreover, since PET-G is a thermoplastic material with highly viscoelastic properties, the stress induced by initial deformation affects severely the co-polymer’s mechanical properties (Tricca and Li, 2006). This phenomenon is known as stress relaxation. In (Fang et al., 2013) the dynamic stress relaxation of a variety of commercial orthodontic thermoplastic materials was studied including PET-G and PET. It was observed that hygrothermal environment can significantly accelerate the stress relaxation of these materials. Moreover, the residual stress within all materials decreases with time. In (Lombardo et al., 2017) the relaxation behavior during a 24-h loading time was evaluated during a three-point-bending test. It was observed that PET-G specimens show stress relaxation value of 44% after the first 8 h, reaching a value of 62% after a 24-h loading period.

Other experimental studies report results from tensile tests or uniaxial and plane strain compression tests conducted over a wide range of temperatures and strain rates (Eliades and Bourauel, 2005; Kwon et al., 2008; Pascual et al., 2010; Zhang et al., 2011; Elkholy et al., 2019).

Nowadays the literature is very poor of experimental data on the cyclic deformation behavior of thermoplastic materials, despite of this it is well known that the cyclic stress-strain behavior of polymers is not the same as that of static loading. The investigation of the cyclic deformation behavior is a very important topic for a correct design of aligners made by these materials. The cyclic deformation behavior was investigated experimentally in Kizypow and Rimnac (2000) and in Ariyama (1993, 1996), respectively, for the ultra-high-molecular-weight polyethylene (UHMWPE) and for PET. In particular, regarding PET polymer, also the effects of strain rate, number of cycles, mean strain, and strain amplitude on the constitutive curves were investigated.

Unfortunately, to date, the response of PET-G co-polymer under cyclic loading has not been investigated.

Therefore, this study presents the experimental results of compression cyclic tests performed on PET-G invisible aligners. Each aligner was subjected to 22500 loading cycles ranging from 0 to 50 N. The number of load cycles was chosen to simulate the average load history to which an aligner is subjected normally during its lifetime. In particular, aligners with two different thicknesses (0.75 and 0.88 mm) were produced and analyzed. The tests have been conducted in atmospheric environment (∼25°C) and in presence of artificial saliva to simulate intraoral environment. The effects of thicknesses and environmental conditions on the mechanical behavior of the co-polymer have been analyzed. A better comprehension of the mechanical behavior of the aligners at room temperature and under simulated intraoral conditions will be helpful for a better product design.



MATERIALS AND METHODS


Specimen Preparation

An intraoral scan (TRIOS-3Shape) was performed on a patient with a moderate crowding of upper and lower incisors. This scan has been used to generate a STL file, using the 3Shape OrthoAnalyzer® software (TRIOS-3Shape). Subsequently the STL file was used to 3D print a resin cast (Daylight Hard Resin, Photocentric Ltd.) by means of a Liquid Crystal HR2 3D printer (Photocentric Ltd.).

The aligners specimens were produced from PET-G discs with two different nominal thicknesses: 0.75 and 0.88 mm. In particular the PET-G was a Ace® Plastic produced by GAC International. Its composition was as it follows: 95% copolyester and 5% trade secret. Starting from these transparent disks the aligners were thermoformed using the Essix® SelectVac vacuum machine. The Essix® SelectVac vacuum machine used to fabricate the invisible aligners of different thicknesses is shown in Figure 1. Before testing, the aligners were stored at room temperature (approximately 25°C) and indoor humidity (ambient conditions) for 24 h while saliva was added just a few minutes before starting the test.


[image: image]

FIGURE 1. (A) Essix® SelectVac vacuum machine used for fabricated the invisible aligners and (B) PET-G discs used and specimen produced.




Compression Cyclic Testing

The compression cyclic tests were performed by using a model 3344 single column universal testing machine produced by Instron (Norwood, MA, United States) equipped with a 1 kN loading cell. The loading machine is directly controlled by a PC through the Instron Bluehill software which was programmed in order to define the desired test procedure (e.g., features of the cycle and number of the cycles). The hard resin dental casts were gripped by flat face hydraulic jaws at a pressure of 10 MPa. During assembling of the dental casts, particular attention was paid to ensure that they were perfectly lined up one above the other and perpendicular to the direction of application of the load. The invisible aligner was placed on the upper dental cast and then casts were put in occlusion obtaining the contact between the upper and lower dental cast. For the case of tests in saliva they were performed by impregnating a thin sponge with artificial saliva. Sponge was preliminary cut in order to follow the shape of the dental cast. In such a way it was possible to insert the cast and the over imposed aligners inside the sponge. A thin transparent film of cellulose hydrate was used to envelope the entire system in order to preserve humidity of the system and avoid fast evaporation.

Figure 2 illustrates the PET-G specimen undergoing to the cyclic compression test. The tests were performed under load control mode at constant cyclic load frequency f = 0.25 cycles/s. The applied load history is schematized in Figure 3. Figure 3 shows that each loading cycle is constituted by four stages each one lasting 1 s. In the first stage the load increases from 0 to 50 N. That maximum load is maintained for 1 s (stage 2) and then the descending ramp starts down to 0 N (stage 3). Finally, the sample is kept at 0 N for 1 s (stage four) and then a new cycle starts. Compression cycles were repeated 22500 times, distributed over 4 days in order to simulate also the non-loading time corresponding to the phases when the aligner is not used. The chosen number of load cycles simulates the average load history to which an aligner is subjected normally during its lifetime. The number of cycles and ramp duration was calculated on the basis of the average number of daily dental contacts during the swallowing act (1500 swallowing act) and the time of swallowing act (1 s).
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FIGURE 2. Setup for the cyclic compression testing.
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FIGURE 3. Load vs time history for the time specimen; cycles were repeated 22500 times.


Samples with two different thicknesses (0.75 and 0.88 mm) were tested in atmospheric environment (∼25°C). Furthermore, tests in presence of artificial saliva and at room temperature were performed to understand better the mechanical behavior of PET-G aligner within the oral environment. To this scope, commercially available artificial saliva was used whose composition is reported in Table 1.


TABLE 1. Chemical composition of artificial saliva.

[image: Table 1]Three samples for each test condition and for each thickness were tested. Average values and standard deviations were calculated for each analyzed point. The total energy and stiffness were calculated to compare their behaviors. In particular, total energy was determined by integrating the load-displacement hysteresis loops while the stiffness was determined as the slope of a linear regression fitting the loops.



RESULTS AND DISCUSSION

The evolution of the load–displacement hysteresis loops (ratcheting displacement) for each specimen tested at both atmospheric environment (∼25°C) and at presence of artificial saliva is shown in Figure 4. The data reported in the figure are referred to the first day of cyclic loading. Similar ratchetting behavior can be found on other days.
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FIGURE 4. Evolution of the load–displacement loops for each sample tested under different environmental conditions. 0.75 mm sample tested (A) in atmospheric environment (∼25°C) and (B) in presence of artificial saliva. 0.88 mm sample tested (C) in atmospheric environment (∼25°C) and (D) in presence of artificial saliva. The serial number of the compression cycle (N) increases from right to left.


In Figures 4A–D it is possible to observe that the two samples tested at both atmospheric environment and with artificial saliva follow analog trends. As it can be observed, the hysteresis loops of two samples are shifted to the left (lower displacements) during the cyclic compression testing. Furthermore, it is noted that, for the sample of 0.75 mm thick (s0.75) tested at atmospheric environment (Figure 4A), the hysteresis loops are almost non-linear in shape during the entire cycling process. This behavior is similar that observed in Shen et al. (2004) for the case of the hardened epoxy resin Epon 826/Epi-Cure Curing Agent 9551. While, for the s0.75 sample tested in presence of artificial saliva the hysteresis loops exhibit, initially, some non-linear response, but with the increase number of cycles (N) the hysteresis loops become slimmer and more linear (Figure 4B). The 0.88 mm thick samples (s0.88) tested with and without saliva display similar behavior (Figures 4C,D). In fact, it can be observed that the hysteresis loops in the high cycle region become slightly stiffer while the corresponding irreversible work decreases.

Moreover, it was observed that the ratcheting displacement reduction was greater in the first cycles than in the final ones. In general, above the 1000 cycles the displacement reduction tends to stabilize (Figure 4). The s0.75 sample both at atmospheric environment and with artificial saliva displays in the low cycle region (between 2 and 1000 cycles), a decrease in the ratcheting displacement of about 20%. The same level of displacement reduction was also observed for the s0.88 sample both with or without artificial saliva.

In order to assess the viscoelastic nature and explain the mechanical behavior of aligners tested at environmental ambient and with artificial saliva, the stiffness and the viscoelastic energy loss per cycle were determined. Figures 5 and 6 show, respectively, the relative stiffness defined as the stiffness per unit length multiplied by the resistant area, and the energy as a function of the number of cycles (N). In particular, in Figure 5 it can be noted an abrupt increase in stiffness in the aligners in the low cycle region (during the first 1000 cycles), after that the stiffness values remained almost constant. The maximum stiffness value obtained was 400 N/mm. This trend was observed for both the thicknesses, for both the testing conditions and for all days of cyclic loading (Figure 5). A possible interpretation of this stiffening effect could be connected with molecular orientation and/or polymeric chain entanglement (network) which takes place as the compression test progresses (Schrauwen, 2003; Dupaixa and Boyce, 2005). In addition, another effect that contributes to increase the stiffness of the aligners can be connected with the stress generated during cyclic mechanical compression. In fact, stresses in aligners tend to accumulate during fatigue. As a consequence, stress level rises throughout the test, making the aligners at the same time stiffer and less viscoelastic. Finally, also the absorption of water molecules through humidity in the air or immersion in water may alter the behavior of the aligner during compression loading (Ryokawa et al., 2006).


[image: image]

FIGURE 5. Relative stiffness vs. number of cycles for the two copolymer thicknesses: (A) 0.75 mm sample tested in atmospheric environment (∼25°C), (B) 0.75 mm sample tested in presence of artificial saliva and at room temperature, (C) 0.88 mm sample tested in atmospheric environment (∼25°C), and (D) 0.88 mm sample tested in presence of artificial saliva and at room temperature.
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FIGURE 6. Variation of hysteresis loop energy vs. number of cycles for the two copolymers thicknesses. 0.75 mm sample tested (A) in atmospheric environment (∼25°C) and (B) in presence of artificial saliva and at room temperature. 0.88 sample mm tested (C) in atmospheric environment (∼25°C) and (D) 0.88 mm sample tested in presence of artificial saliva and at room temperature.


By comparing the behavior of s0.75 and s0.88 samples tested in presence of artificial saliva with those tested at atmospheric environment, two observations are possible. The first is that during the compression loading the increase of stiffening of samples tested in presence of saliva was higher with respect to the same samples tested at atmospheric environment. The increase of stiffness observed is, in fact, also due to the absorption of the saliva (compare Figures 5A,B and Figures 5C,D). Such water absorption can produce not only an expansion of the aligner but it can contributes to a change in the molecular orientation (Ryokawa et al., 2006). At the same time, the authors believed that subsequent water molecules absorption or binding into material makes the overall structure more rigid due to modification (reduction) of the free volume. This phenomenon is particularly evident at the beginning of the test in the first day of loading, when the level of saliva absorbed is poor, and tends to increase along the test contributing to increase the stiffness.

A second observation can be done for the case of samples tested in presence of saliva. In this case, in fact, a more marked difference, in average, between the stiffening experienced at the end of the previous test and that shown at the beginning of the next one (Figures 5B,D) can be deduced if these data are compared with those obtained in absence of saliva. This is due to a stress relaxation effect during unloading time (time between two subsequent days of testing). This indicates that a hygrothermal environment, such as that connected with the presence of saliva, can accelerate stress relaxation of aligners (Fang et al., 2013). In other words, the aligners tested in presence of saliva display higher capability to recover the local stress, after load removal, with respect to samples tested at environmental ambient.

Moreover, as already evidenced by the hysteresis response (Figure 4) of the aligners, the energy (irreversible work) decreases as the cycles increase (Figure 6). This trend was observed for the two thicknesses both in presence and without saliva even if, for the case of s0.88 in presence of saliva higher data deviation is observed that would require more consistent statistic to be confirmed. The initial higher value of energy can be attributed to the progressive accumulation of stress inside the material as observed before. This effect is high in the initial parts of the test and tends to stabilize while the loading cycles increase. As a consequence, the accumulated energy tends to reduce. In the non-exercise time between two subsequent days of testing, stress recovery was observed and, as consequence, the amount of energy dissipation is observed to increase again in the first cycles of a new session of cyclic compression test.

To understand better the relative ratcheting displacement of the aligners when the tests are conducted both at atmospheric environment (∼25°C) and with artificial saliva the maximum displacement was calculated. Figure 7 shows the relationship between the maximum displacement and the number of cycles (N) for the two thicknesses tested under the same conditions, throughout the 4 days. In close accordance with the above presented results (Figure 5), the maximum displacement decreases with increasing N (Figure 7). This trend was observed for both the thicknesses, for both the testing conditions, and throughout the 4 days. The displacement reduction is directly related to the stiffening of aligners. In addition, it can be observed that the displacement at the first cycle of a new test session is always greater than that at the last cycle of the previous day (Figures 7A–D) moreover, the displacement values (for the same N) recorded during a test day are always lower than those of the previous day (Figures 7A,B) if tests in absence of saliva are considered. Hence, the data indicate that after load removal (unloading time: time between 1 day and the next day) the aligners recover a part of the displacement because of their viscoelasticity. So, when the aligner is completely unloaded it can recover from the loading cycle.
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FIGURE 7. Relationship between maximum displacement and number of cycles of two sample: (A) 0.75 mm sample tested in atmospheric environment (∼25°C), (B) 0.75 sample tested in presence of artificial saliva and at room temperature, (C) 0.88 mm sample tested in atmospheric environment (∼25°C), and (D) 0.88 mm sample tested in presence of artificial saliva and at room temperature.


During cyclic compression loading in presence of artificial saliva, aligners exhibit extensive recovery (Figures 7B,D). Indeed, it may be observed that increased the displacement recovery occurs, between 1 day and the next one, due to the stress relaxation of aligners. At the same time, the hygrothermal environment contributes to stress relaxation even during the loading cycles within of the same day. As a result, only a small amount of displacement reduction was observed with increase of N for each day. Our results, therefore, indicate that samples tested in presence of saliva undergo major deformations in the last days of loading unlike of same tested at environmental ambient. Of course, the residual stress win aligners tested with saliva decrease with time (Figure 7B) and this confirms higher displacement during the last days (Ryokawa et al., 2006).

Figure 8 depicts the displacement variation as a function of fraction of compression test life (N/Nfinal) for the two copolymer thicknesses tested under the same conditions. In particular, the displacement variation along the different days was calculated as the difference between the displacement value of the first cycle of a new test session and that recorded at the end of the previous test session. An increase of displacement variation indicates an increase of deformation recovery. Therefore, it was found that displacement recovery of s0.75 sample tested in ambient environmental was greater in halfway of compression test life, after which the polymer is not able to recover the displacement due to the high level of accumulated stress (Figure 8A). While, for s0.88 tested under the same conditions (Figure 8B), a constant deformation recovery for each interval in which the load is removed was observed, indicating that a greater thickness allows a more uniform stress distribution, and consequently a slower loss of viscoelastic nature. Finally as it was previously observed the presence of saliva increases displacement recovery, expressing a stress relaxation effect (Figures 8A,B) which is not reduced during the test.
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FIGURE 8. Displacement variation among the different days for the two PET_G copolymer thickness: (A) sample of 0.75 mm thick tested in both atmospheric environment (∼25°C) and in presence of artificial saliva and (B) sample of 0.88 mm thick tested in both atmospheric environment (∼25°C) and in presence of artificial saliva. (N/Nfinal = fraction of compression test life).




CONCLUSION

The compression behavior under cyclic loading of PET_G invisible aligners was studied for two different thickness and two different testing conditions: atmospheric environment (∼25°C) and in presence of artificial saliva. It was observed for the first day of testing of the aligners in the four different configurations that stiffening effects occur while cyclic loading progresses. It was also observed that stiffening decreases during the non-loading time between two successive sessions of test while stiffening effects are observed again when a new set of cycles is applied to the aligners. Moreover, a work dissipative effect is also observed during cycling loading, this is more pronounced at the beginning of the test while it tends to reduce and stabilize while the test progresses. Also in this case, the time elapsed during two subsequent sessions is observed to contribute to increase again the work dissipative effect in the first cycles of the new session of loadings. With reference to the comparison between the test performed at atmospheric environment and those performed in presence of saliva, it was observed that, in this last case, an higher stress recovery is observed between two subsequent loading sessions; moreover, the hygrothermal environment showed a contribution to reduce the stress accumulation effect during the test. In addition, with reference to the comparison between the two thicknesses, it was observed a reduction in the capability to recover accumulated stresses with the increasing of the total number of applied cycles for the case of 0.75 mm. This effect was not observed for the thicker aligner (0.88 mm) this being an indication that larger thickness allows more even distribution of accumulated stress and minor degradation of viscoelastic properties. Tests have shown that aligners with 0.75 mm thickness have a greater deformation than those with 0.88 mm thickness, in presence of artificial saliva. This result is important from a clinical point of view by taking into account that, in the management of orthodontic treatment, the replacement of the aligner occurs every 15 days. This research suggests that the 0.75 mm thickness aligners should therefore be replaced more quickly due to the modification of their initial rigidity and therefore of the fitting on dental elements, while the 0.88 mm thickness aligners can be used for a longer time.
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Adaptive actuators are stimuli-responsive materials able to make a direct use of primary energy to produce motion, as it is well known from motile plant structures. Changes in environmental conditions, such as temperature and humidity, trigger passive movements without the need of metabolism or the use of electrical energy. This bioinspired adaptive mechanism is an alternative and sustainable approach in terms of energy conservation in technical applications. The cellulose-based functional material Cottonid is a promising candidate in this context. It is hygroscopic and possesses a process-related structural anisotropy, which results in direction-dependent actuation and fatigue performance. Since Cottonid is a modified natural material, its microstructure is tunable through chemical modification of the cellulose during the manufacturing process. To assess the influence of varying manufacturing parameters on the microstructure, the actuation behavior as well as the mechanical properties, a parameter study was carried out to identify the most promising modifications for stimuli-responsive element production while maintaining mechanical robustness. This was accomplished with respect to variations of the cellulose source, the chemical catalyst for cellulose modification, temperature of the catalyst bath Tcat as well as reaction time treact. Specimens’ microstructures were investigated with scanning electron microscopy, infrared spectroscopy as well as X-ray diffraction. The actuation behavior was characterized over instrumented experiments in a climate chamber in varying environmental conditions, whereas the environmental fatigue behavior was evaluated in tests with superimposed medial and mechanical loading. Obtained results identified Tcat as most influential process parameter onto resulting material actuation properties, which enables a limitation of the possible process window. The findings are used to develop tailored functional materials, where anisotropy and hygroscopicity can be adjusted through the manufacturing process.

Keywords: Cottonid, bioinspired materials, microstructural tuning, cellulose modification, humidity-driven actuators, environmental fatigue, stimuli-responsive element production


INTRODUCTION

Active adaptation to changing environmental conditions as an intrinsic material function is a biological mechanism that is increasingly used as an energy-efficient approach in the development of technical systems. A large proportion of plants react to external stimuli, such as varying temperature and relative humidity of the environment or solar radiation, with adaptive behavior expressed by passive or active movements (Markin et al., 2008; Forterre, 2013). Depending on the weather conditions, these movements serve, e.g., for seed dispersal or protection, to catch prey (in carnivorous plants) or for defense. The direction of the resulting movements is determined either by the microstructural structure of the cell walls (passive) or by the position of the acting stimulus (active). A vivid example of moisture-driven passive movements is the pinecone, which opens its scales for reproduction in a dry environment and closes them at high humidity to protect the seed. The reason for the bending movement of the scales lies in their bilayered structure, whereas the layers have a divergent orientation of the cellulose fibrils, which results in differently pronounced swelling and shrinking behavior (Fratzl and Barth, 2009; Reyssat and Mahadevan, 2009; van Opdenbosch et al., 2016).

In current research, this efficient relationship between structure and function of a material is implemented in many ways in bio-based or artificial material systems. The transfer and targeted use of the structural properties of biological systems is fundamental, whereby the pine cone is a frequently used model as a bilayered actuator. Stimulus-adaptive material systems can offer advantages in a wide variety of technical applications. Based on thermo-, hygro-, or light-sensitive materials, such sensor/actuator systems can directly convert primary energy, such as solar radiation or hydropower, into a technically usable kinetic energy, which is energetically advantageous (Dai et al., 2013; Guiducci et al., 2016; Shin et al., 2018).

In addition to saving energy, the use of renewable resources in material development is also an important aspect. Cellulose-based material systems are hygroscopic and an efficient raw material basis for humditiy-responsive actuators. With wood as a traditional construction material, the moisture-controlled swelling and shrinkage behavior is exploited, for example, in the manufacture of curved architectural elements. Through the intelligent combination of layers with varying microstructural composition, complex geometries are developed by treatment with moisture, which are used, among other things, in the form of facade elements. As smart building skins, they adapt their position and orientation to the ambient conditions as required and provide shade in the event of high solar energy irradiation without permanently obstructing the view (Menges, 2012; Grönquist et al., 2018).

In this context, Cottonid is a functional material based on chemically modified cellulose, which shows a pronounced and directed swelling and shrinking behavior in reaction to varying relative humidity. It is manufactured over the parchmentizing process, which is a chemical process used to modify organic polymers, like native cellulose, changing its molecular structure. The chemical catalyst partly dissolves the polymer chains, whereas the degree of dissolution is highly dependent on the source of the cellulose as well as the process conditions (Vieweg and Becker, 1965; Jedvert and Heinze, 2017). As cellulosic raw material, unsized filter paper is used, based on cotton linters, wood pulp or a mixture of the two. The paper is fed into a tempered catalyst bath, comprising a zinc chloride (ZnCl2) solution or a sulfuric acid (H2SO4) solution, where the surfaces of the cellulose fibrils are etched superficially and new intra- and intermolecular hydrogen bonds can form in one and between several paper layers. This results in a chemical modification of the native cellulose (cellulose 1) in the raw paper. The amount of paper layers fed into the process defines the thickness of the end product. This provides a simple and energy-efficient procedure to manufacture thin and flexible Cottonid for actuators or thicker, dimensionally stable material for construction purposes. After the catalyst bath, Cottonid is washed out until no chemical residuals are left and subsequently dried and planned. Due to the directed paper making process, the cellulose short fibers have a preferred direction, which can be seen in the anisotropic material behavior of Cottonid. The highest mechanical strength can be detected in manufacturing direction and is comparable to common technical plastics, like PA or PVC. Perpendicular to manufacturing direction, a pronounced swelling and shrinking behavior in reaction to humidity is present (Mittendorf, 2016; Scholz et al., 2016, 2019b; Esch, 2018).

Cottonid was already patented in the late 19th century but was replaced later by synthetic plastics in most technical applications. Today, with regard to sustainability and eco-friendliness, Cottonid is a resource-efficient alternative again (Taylor, 1871; Scholz et al., 2019a). Further, the motivation for investigations on this material lies in the fact, that in contrast to wood it is possible to influence and tune the microstructure of Cottonid by specifically adjusting the manufacturing parameters. Delignified cellulose bulk materials e.g., are also wood-derived and structure and properties are highly dependent on the heterogeneity of the wood substrate (Rüggeberg and Burgert, 2015; Frey et al., 2018; Scholz et al., 2019b). Since structural directionality is a beneficial attribute in terms of mechanical as well as – besides hygroscopicity – swelling properties, Cottonid is an efficient candidate for adaptive humidity-driven actuators. A targeted combination of different Cottonid variants would provide an efficient way of producing architectural components with complex adaptive deformation behavior. To determine the influence of individual process parameters, four different Cottonid variants were investigated in this study with regard to their microstructure and actuation performance. Further, to assess the influence of the process-related predefined orientation of the cellulose fibrils, specimens for fatigue experiments were prepared with different locations in respect to manufacturing direction of the Cottonid sheet.

In this study, the influence of a variation of Tcat and treact on the actuation and fatigue properties of Cottonid is focused taking into account the process-related anisotropic behavior as well as the hygroscopicity of Cottonid.



EXPERIMENTAL PROCEDURE


Sample Preparation

The raw paper for the produced Cottonid variants was obtained from Hahnemühle FineArt GmbH (Dassel, Germany) and has a weight of 320 g/m2 with a material thickness tmat = 0.9 mm. It consists of 100% cotton linters, this raw material basis is subsequently marked as “M.” A 70 wt-% ZnCl2 solution, hereinafter referred to as “Z,” is used as the chemical catalyst for parchmentizing.

In order to determine the influence of the temperature of the catalyst bath Tcat as well as the reaction time treact on the resulting material properties, one paper layer was parchmentized at Tcat,I = 20°C and one at Tcat,II = 50°C with respective reaction times of treact,I = 10 s and treact,II = 60 s. The term catalyst bath is defined as a 70 wt-% ZnCl2 solution in which the chemical modification of the native cellulose in the paper layers takes place. The investigation of interdependencies between a variation of the temperature of this bath (Tcat) and the time a paper layer is placed in it (treact) was focused in this study. The sample designation of the resulting Cottonid variants consists out of the chosen manufacturing parameters (see Table 1). After the chemical reaction, the catalyst residues are washed out again. This is first accomplished in washing baths with decreasing ZnCl2 concentration, starting at 30% by weight and ending at 5% by weight. Finally, it is washed out with pure water until a chloride detection with silver nitrate no longer shows any precipitation. The samples are then smoothed and dried in a calander (Sumet, Denklingen, Germany) under pressure and temperature. In order to prevent a dimensional change of the material due to water absorption from the environment, the samples are stored under-weight in a dry atmosphere until further analysis.


TABLE 1. Sample designation of the produced Cottonid variants.

[image: Table 1]For actuation tests, bilayered Cottonid/paper actuators were prepared, whereas the Cottonid variants represent the hygroscopically active layer and the untreated office paper (area weight 80 g/m2) the passive one. The layers were adhesively bonded with water resistant wood glue D4 (Leimwerk, Nuremberg, Germany). Specimens’ dimensions were 15.0 × 30.0 × 0.5 mm3. To get a first impression on the influence of the manufacturing parameters on the humidity-driven actuation behavior of Cottonid, one specimen was tested for each variant.

For mechanical testing, specimen geometry was chosen according to DIN EN ISO 527. The investigations were carried out on industrial material (“Hornex,” Ernst Krüger GmbH & Co., KG, Geldern, Germany) with a material thickness of tmat = 4.5 mm. Hornex is also parchmentized using a ZnCl2 solution. Specimens were manufactured in 0°, 45°, and 90° according to manufacturing direction of the Cottonid sheet (Scholz et al., 2016, 2019b). Figure 1C displayes Cottonid specimens for mechanical tests and in Figure 1D test setup for fatigue experiments with integrated climate chamber is shown. During fatigue investigations, 16 specimens were tested in sum, i.e., three samples for each varied parameter.
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FIGURE 1. (A) Full water immersion of Cottonid/paper bilayer actuator, (B) Optical monitoring of actuation performance, (C) Cottonid specimens for fatigue testing, (D) Test set up for fatigue testing.




Microstructural Investigations and Analytics

Scanning electron microscopy (SEM) and infrared (IR) spectroscopy are applied to the raw paper “M” and to the manufactured variants M10Z20, M60Z20, M10Z50, and M60Z50 to visualize structural changes in the raw paper caused by the action of the ZnCl2 solution and a variation of Tcat during manufacturing of Cottonid.

The microstructure images were obtained with an FE-REM (MIRA3, Tescan GmbH, Dortmund, Germany) and provide optical information on the reaction degree of the cellulose fibrils as a function of Tcat and treact. Surfaces of the raw paper and Cottonid variants were sputtered with a conductive medium. The absorption of IR radiation is an energy absorption of the material, which, depending on its chemical composition, results in a material-specific spectrum with peaks at characteristic frequencies f or wavelengths ṽ. A Nicolet 380 spectrometer (Thermo Scientific Inc., Waltham, MA, United States) with an ATR module in attenuated total reflection was used for the measurements. In contrast to transmission, this method enables a surface analysis of opaque substances and thus allows a correlation of the information about microstructural changes on the surface obtained by SEM images with the associated chemical processes. The focus lies on the evaluation of the influences of the process parameters Tcat and treact. For the wave number interval from 3,600 to 400 cm–1, 32 scans per sample with a resolution of 4 cm–1 were performed and averaged using the corresponding software (Omnic 7.4.127 Thermo Electron Corp.). A background scan was performed prior to each measurement to avoid overlay of sample material and ambient air. The ratio of crystallinity was determined by the following equitation:
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With A1430 is the absorbance ratio at 1,430 cm–1 and A893 is the absorbance ration at 893 cm–1 (Ciolacu et al., 2011).

X-ray diffractograms were collected on a Rigaku Miniflex 600. The diffracted intensity of CuKα radiation (λ = 0.154 nm, 40 kV and 15 mA) was measured in a 2θ range between 5° and 40°, with scan steps 0.02° at 10°/60 s. The crystallinity of the samples was analyzed by using the method of Segal et al. (1951). This method estimates a crystallinity index, which is defined as:
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Where I002 is the maximum intensity (in a.u.) of the 002 plane diffraction for cellulose Iα at ∼22°. Iam is the intensity of the amorphous background at 2θ = 18°. Since this is an empirical method for the determination of crystallinity, the values are not absolute, but they indicate the crystallinity change for the Cottonid samples (Bertran and Dale, 1986).



Investigations on Humidity-Driven Actuation Behavior

Investigations on the actuation performance of the different Cottonid variants M10Z20, M60Z20, M10Z50, and M60Z50 were carried out in an alternating climate chamber (MKF 115, Binder, Tuttlingen, Germany). The bilayered Cottonid/paper actuators were clamped at one side and deflection angle Δα was measured on the free end by optical monitoring of a tracking point. Within the test duration, i.e., swelling time of ts = 6 h, several hygroscopic loading cycles between φmax = 95% r.H. and φmin = 40% r.H. were performed, where adsorption and desorption phases were ∼30 min. Ambient temperature was held constant at Tamb = 23°C. In Figure 1A a Cottonid/paper actuator in different swelling states when fully immersed in water and in Figure 1B an extract of the test setup is presented.



Investigations on Fatigue Performance

For the investigation of microstructural and environmental influences on the fatigue behavior of Cottonid, multiple step tests (MST) where performed, which represent a time- and energy-efficient methodology to evaluate and compare the fatigue performance of various materials (Colombo et al., 2012, 2018; Schmiedt-Kalenborn et al., 2019). The detection of physical measured variables during a cyclic mechanical loading provides the basis for characterization of initiation and development of microstructural damage within the specimen before final failure. The test methodology is a resource-efficient alternative for the conventional creation of a SN experimental curve (Walther, 2014).

In this study, MST were performed to evaluate the influence of different specimen locations according to manufacturing direction, meaning investigation of anisotropic deformation behavior, and ambient atmospheres on the fatigue behavior of Cottonid. Tests were performed on a servo hydraulic testing machine (Fmax = 30 kN, Shimadzu, Duisburg, Germany) equipped with an integrable climate chamber (THC, Shimadzu, Duisburg, Germany) to control the surrounding atmosphere. The cyclic loading was applied with a frequency of f = 5 Hz and a sinusoidal load-time function. Stress ratio was R = 0.1, so tension-tension loading was present. Maximum stress at start was σmax,start = 15 MPa and was increased stepwise with Δσmax = 2.5 MPa every ΔN = 104 cycles until failure of the specimen. To detect material’s reactions during loading, specimens were instrumented with thermocouples and deformations were detected contact free via digital image correlation (DIC, Limess Messtechnik & Software GmbH, Krefeld, Germany). For that, a speckle pattern is applied on specimens’ surfaces, which can be monitored by a camera system. MST were performed at two different humidity levels (φlow = 20% r.H., φhigh = 95% r.H.), whereas ambient temperature was held constant at Tamb = 23°C.



RESULTS


Microstructure

Figure 2 displays scanning electron microscopy (SEM) micrographs of the Cottonid variants (Figure 2A) M10Z20, (Figure 2B) M60Z20, (Figure 2C) M10Z50, and (Figure 2D) M60Z50. From left to right, microstructural changes on Cottonid’s surface caused by an increase of the reaction time about Δtreact = 50 s and from top to bottom, changes caused by an increase of the process temperature about ΔTcat = 30 K can be seen. In Figure 2A can be discovered for M10Z20, that due to the short reaction time of treact,I = 10 s and the low process temperature of Tcat,I = 20°C the reaction of the cellulose fibrils has already begun at some locations, but in wide areas there are still unconnected fibrils and defects visible. Increased reaction time of treact,II = 60 s in Figure 2B seems to result in less defects on the surface, but in general the surfaces of M10Z20 and M60Z20 are very similar with regard to the modification stadium of the cellulose. In comparison to that, an increased process temperature of Tcat,II = 50°C results in a stronger reaction of the cellulose fibrils. In Figure 2C only a few very small defects are visible and the fibrils seem to be interconnected over the whole area. The combination of treact,II = 60 s and Tcat,II = 50°C results in the strongest reaction. The fibrils are thicker and shorter in comparison to the other Cottonid variants, are interconnected over the whole area and almost no defects are visible. In general, during the process the fibrils are just superficially etched, so that the original fibrous structure of the paper is still visible. This is reflected in the direction-dependent deformation behavior of Cottonid (Scholz et al., 2016, 2019b). The small white crystals on and in between the fibers are remaining zinc chloride.
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FIGURE 2. SEM micrographs of different Cottonid variants: (A) M10Z20, (B) M60Z20, (C) M10Z50 and (D) M60Z50.


Figure 3 shows infrared spectra of the raw paper M in relation to the Cottonid variants (Figure 3A) M10Z20, (Figure 3B) M60Z20, (Figure 3C) M10Z50, and (Figure 3D) M60Z50. The spectra were collected in a wavelength interval between 3,600 and 400 cm–1 and all of them show the characteristic peaks for cellulose. In the interval between 3,600 and 3,100 cm–1 the stretching vibrations of the hydroxyl group [ν(–OH)] of the cellulose chains can be seen. The height and area of the peak therefore provides information about the inter- and intra-molecular hydrogen bonds present in the material. The much lower peak at 2,900 cm–1 stands for the stretching vibrations of the alkyle [ν(–CH)] groups. Absorbed water is the reason for the peak at 1,640 cm–1. In the interval between 1,300 and 900 cm–1 peaks of the alcohols derived from to the cellulose chains can be observed. The peak of the glycosidic linkage, which is also known as amorphous peak, can be found at 898 cm–1 (Ciolacu et al., 2011).
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FIGURE 3. Infrared spectra with peak definition of raw paper M (Basis: cotton linters, Hahnemühle FineArt GmbH) and Cottonid variants (A) M10Z20, (B) M60Z20, (C) M10Z50, and (D) M60Z50.


By comparative evaluation of the spectra it becomes clear, that the basic structure of cellulose sustains the chemical treatment during parchmentizing as a step of the manufacturing process. Choosing a process temperature of Tcat,I = 20°C results in no distinct change in microstructure. Even when increasing the reaction time in the ZnCl2 solution to treact,II = 60 s, the spectra of M10Z20 in Figure 3A and M60Z20 in Figure 3B are nearly identical to the one of the raw paper M. With an increase of the process temperature to Tcat,II = 50°C changes can be seen concerning the peak in the interval from 3,600 to 3,100 cm–1 for M10Z50 in Figure 3C. The peak becomes more flat and wider. The change in this interval marks the modification of cellulose taking place during parchmentizing and indicates the formation of new inter- and intramolecular hydrogen bonds. This effect is even more significant for variant M60Z50 in Figure 3D with longer reaction time treact,II.

Figure 4A displayes obtained XRD patterns exemplary for M10Z20 and M60Z50. Whereas the pattern of M10Z20 is still characteristic for cellulose I, for M60Z20 and M10Z50 the intensity and sharpness of the marked peaks at 2θ = 18° and 2θ = 22° decrease with increasing reaction time treact and process temperature Tcat. The first significant changes could be obtained for M60Z50 (dotted green line). Here two new peaks occur at 2θ = 10.5° and in the range of 2θ = 18–20°. In Figure 4B the results of crystallinity determination based on IR spectra and XRD patterns for all Cottonid variants characterized in this study. Even if both methods show values that are very far apart, a relative decrease in crystallinity becomes clear with increasing process temperature Tcat and reaction time treact. With both measurements, a loss of crystallinity of about 25% from M10Z20 to M60Z50 in relation to raw paper M can be seen. It also underlines, that the influence of Tcat is more significant than the effect of treact.
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FIGURE 4. (A) Determination of crystallinity exemplary on XRD pattern of Cottonid variant M10Z20, (B) Cristallinity determined on the base of IR spectra and XRD patterns for all Cottonid variants.




Humidity-Driven Actuation

In Figure 5 the results of cyclic actuation experiments on the Cottonid variants (Figure 5A) M10Z20, (Figure 5B) M60Z20, (Figure 5C) M10Z50, and (Figure 5D) M60Z50 are shown. Deflection angle Δα as material reaction is plotted over the swelling time ts. Also shown are relative humidity φ as cyclic control parameter and temperature T as constant variable. The bilayered Cottonid/paper actuators are clamped at one side, whereas the hygro-sensitive Cottonid layer was on the bottom and more hygro-passive office paper on top. A positive Δα during the adsorption phase from φmin = 40% r.H. to φmax = 95% r.H. therefore represents a swelling of the Cottonid layer.
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FIGURE 5. Cyclic actuation test (Deflection angle Δα vs. swelling time ts): (A) M10Z20, (B) M60Z20, (C) M10Z50, and (D) M60Z50.


When comparing the actuation curves it can be observed, that the M10Z20 and he M60Z20 bilayer actuators show an acyclic actuation behavior. When increasing φ, both specimens react with a negative Δα, which means, that the untreated office paper shows a stronger swelling and shrinking behavior than Cottonid. The relative deflection angle balances over the whole test duration are Δα10/20 = –19.8° and Δα60/20 = –12.3°. When looking at the variants with higher process temperature Tcat,II, as expected, when increasing relative humidity to φmax the M10Z50 and M60Z50 bilayer actuators show a positive Δα, so the Cottonid layer shows a stronger hygroscopic reaction than the untreated office paper layer. This effect is even more significant for variant M60Z50 in Figure 5D with longer reaction time treact,II. The relative deflection angle balances over the whole test duration are Δα10/50 = +24.9° and Δα60/50 = +96.1°.



Fatigue

Figure 6 displays the results of the fatigue investigations. In Figure 6A microstructural influences are focused and Cottonid specimens are tested in 0°, 45°, and 90° with regard to the manufacturing direction of the Cottonid sheet. Maximum stress σmax as control value is plotted over number of cycles N. As material reaction, maximum total strain εmax,t is shown. It can be seen, that different specimen orientations result in different maximum stresses σmax,f and maximum strains εmax,t,f at failure. As it was already shown by the authors in quasi-static investigations on industrial Cottonid material (Scholz et al., 2016), the specimen, which was prepared in manufacturing direction of the Cottonid sheet, shows highest values for σmax,f, whereas the specimen perpendicular to it shows the lowest one. The 45°-specimen lies between them. Table 2 sums up the obtained values. In Figure 6B environmental influences on the fatigue behavior of Cottonid are shown exemplary on 45°-specimens. It is clearly visible, that a high relative humidity of φhigh = 95% r.H. has a negative influence on the fatigue behavior, i.e., mechanical robustness during service loading. σmax,f,45,95 reaches ∼23.5% lower values than σmax,f,45,20. Figure 6C gives an insight in the integrated climate chamber with mounted fatigue specimen, where the speckle pattern for contact free strain measurement via DIC can be seen within the gauge length.
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FIGURE 6. Results of multiple step test (MST): (A) Direction-dependent and (B) Humidity-dependent fatigue properties of Cottonid, (C) Mounted and instrumented fatigue specimen.



TABLE 2. Direction-dependent fatigue properties of Cottonid.
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DISCUSSION

The analysis of the structural investigations via SEM and IR spectroscopy leads to the conclusion, that the basic structure of cellulose is not affected by the chemical modification during parchmentizing. However, slight differences between the SEM micrographs and the IR spectra of the different Cottonid variants are present. When cellulose is exposed to a tempered catalyst both, the amorphous and crystalline regions are affected. The reduce of crystallinity becomes obvious through the visible microstructural linking of the cellulose micro fibrils, which correlates with changes in the IR spectra in the interval between 3,600 and 3,100 cm–1. The changes indicate the modification of cellulose taking place during the manufacturing process, which is characterized by formation of additional inter- and intramolecular hydrogen bonds. This also becomes clearer when evaluating the crystallinity determination using XRD and IR. The formation of new hydrogen bonds leads to an increase of the amorphous regions and therefore to a loss of crystallinity caused by the treatment with a tempered chemical catalyst. Since amorphous regions are essential for water uptake, the cellulose is now able to absorb more moisture from its environment, hence its hygroscopicity gets improved.

Accordingly, increasing the temperature of the catalyst bath by ΔTcat = 30 K, which leads to a stronger chemical reaction during manufacturing, has a positive effect on the actuation behavior of Cottonid. Bertran and Dale (1986) verified this phenomenon in their studies with differential scanning calorimetry on cellulose with different crystallinities. They came to the result, that hygroscopicity and crystallinity have a linear relation. So, the semi-crystalline cellulose I transforms within the parchmentizing process into another cellulose modification. The formation of two new peaks in the XRD pattern of M60Z50 in comparison to the other Cottonid variants investigated in this study underlines this statement. If the M60Z50 pattern is compared to simulated diffractographs according to French (2014) it can be assumed, that some parts of the cellulose I are transformed into cellulose II. The angular displacement of ∼1.5° is due to the sample height. That would mean, that Cottonid is a mixture of cellulose I and II. In this context (Schestakow et al., 2016) reported, that the mechanical properties of cellulose aerogels from aqueous zinc chloride solution have more in common with cellulose II aerogels from ionic liquids compared to aerogels made of other salt hydrate melts. Esch (2018) came to the same conclusion in her doctoral thesis, that cellulose II is formed, when treating cellulose I with a zinc chloride solution some cellulose II is formed.

The obtained fatigue properties of Cottonid are strongly dependent on the specimen location according to manufacturing direction of the Cottonid sheet, which is expressed by varying strength and deformation values at failure. Accompanying to the quasi-static investigations on industrial Cottonid material (Scholz et al., 2016), these observations verify the direction-dependent deformation behavior of Cottonid. This strong influence of the cellulose short fibers, which just have a predefined orientation due to the directed paper making process, can be exploited for a microstructural tuning of Cottonid to produce architectural components with complex adaptive deformation behavior. Further, the surrounding environmental conditions show a large influence on the mechanical strength. A high relative humidity, which ensures a pronounced actuation performance in case of humidity-adaptive elements, reduces the maximum stress at failure in the fatigue tests about 25%. Since mechanical robustness would also be an important factor when considering the material for architectural applications, these property-function relations have to be further investigated to identify ideal service conditions.



SUMMARY AND OUTLOOK

In this study, the influence of manufacturing parameters, microstructural orientation as well as environmental factors on the actuation and fatigue performance of Cottonid was investigated. For that, different Cottonid variants were manufactured by varying process temperature Tcat as well as reaction time treact in the catalyst bath. Further, fatigue specimens were prepared in 0°, 45°, and 90° according to manufacturing direction of the Cottonid sheet and tested in varying environmental surroundings to assess the impact of microstructure and humidity on the mechanical robustness.

The variation of Tcat and treact resulted in Cottonid variants with significant differences in material properties. They differ concerning their microstructure, which is visible in the SEM micrographs as well as in the infrared spectra and XRD patterns. Further, it has an impact on the humidity-driven swelling and shrinking behavior. Generally it could be obtained, that Tcat is the decisive parameter. An increase about ΔTcat = 30 K has a positive effect on the actuation performance, whereas a too low process temperature seems to impair these properties. If Tcat is high enough, an increase of the reaction time treact is also beneficial for improving actuation performance. When Tcat is too low, an increase of treact shows no positive effect. With the results of XRD measurements in addition to SEM and IR spectroscopy and correlation with the actuation performance it could be proved, that a decrease of crystallinity through the formation of additional intra- and intermolecular hydrogen bonds, standing for an increase of amorphous areas, causes these findings. The next step is the investigation of fundamental mechanisms concerning transformation from cellulose I into cellulose II in aqueous zinc chloride solutions.

In fatigue experiments, specimens with varying microstructural orientation according to manufacturing direction show different cyclic strength and deformation values. This underlines the anisotropic behavior of Cottonid comparable to fiber-reinforced plastics, although the cellulose short fibers exhibit just a process-related predefined orientation. In addition, a high relative humidity has a negative influence on the mechanical robustness. This behavior can be exploited in the design of adaptive elements with programmed actuation performance via microstructural tuning. Since up to now mechanical tests were just performed on industrial material, the investigations will be repeated on the Cottonid variants I to IV (see Table 1).

In ongoing studies, the influence of further manufacturing parameters, like raw material for cellulose derivation, e.g., wood pulp instead of cotton linters, or chemical basis of the catalyst, e.g., sulfuric acid instead of zinc chloride solution, on the actuation and fatigue performance of Cottonid will be investigated. The obtained mechanical values serve further as a scientific basis for material-adapted modeling and prediction of deformations as a function of changing environmental parameters.
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Titanium oxide nanotube arrays are extremely promising materials for localized drug delivery in orthopedic implants due to their excellent properties and facile preparation. TiO2 nanotubes can act as an effective drug reservoir to prevent bacterial colonization and implant infection and, at the same time, could promote tissue regeneration and effective osseointegration. Here, highly ordered TiO2 nanotubes (NTs) were synthesized by electrochemical anodization of titanium foils and the process parameters were varied in order to obtain a large range of NT diameters to evaluate its influence. The effect of NTs’ diameter on gentamicin loading/release and on osteosarcoma cell and bacterial adhesion was assessed. Anodization was confirmed as an easy and effective method to prepare highly ordered, open top nanotubes with predictable diameter as a function of imposed voltage. A lower amount of bacteria Staphylococcus Aureus adhesion was found on unloaded NTs surfaces at 24 h. When gentamicin was loaded, protracted release and antibacterial action was observed and bacteria adhesion was prevented on all NTs dimension. However, higher cell proliferation and a more favorable cell morphology was observed on smaller nanotubes, to support the indication toward a reduction in NTs diameter for the preparation of effective implant surfaces.
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INTRODUCTION

One of the main challenges in the orthopedic field is the development of implant surfaces that combine a fast and durable fixation with an effective limitation of bacterial adhesion, to prevent implant failure and the incidence of implant-associated osteomyelitis.

Among the large variety of methods aimed at improving the interfacial properties of titanium implants (Giavaresi et al., 2008; De Nardo et al., 2012; LeGeros et al., 2016; Jäger et al., 2017; Zhao et al., 2018; Stewart et al., 2019), the generation of TiO2 nanotubes (NTs) by anodization has recently attracted considerable attention with the objective to evolve from osteoconductive to osteoinductive implant performance (Farid, 2019).

TiO2 nanotubes were first described in the nineties as having a “columnar honeycomb-like lattice,” observed upon addition of fluoride ionic species to the electrolyte in the anodization of Ti and Ti6Al4V (Zwilling and Darque-Ceretti, 1997). More recently, titania nanotubes have gained interest as bone contact surfaces mainly for two characteristic properties: a unique topography, to support early osteoblast adhesion and proliferation (Iwata et al., 2017) and the possibility to incorporate different classes of biologically-active molecules (either with osteogenic or antimicrobic activity) (Liu et al., 2016; Tao et al., 2019; Ion et al., 2020).

In vitro experiments on nanotube surfaces have shown improved cell adhesion, proliferation, and differentiation, as well as enhanced bone-forming abilities (Xia et al., 2012). In vivo experiments with screw- and disk-shaped implants have shown that nanotubes’ surfaces increase direct bone/cell contact and improve osseointegration strength compared to their blasted counterpart (Bjursten et al., 2010; Sul, 2010; Li et al., 2019).

The effectiveness of different bioactive agents differently loaded into nanotubes, which includes the simple adsorption of growth factors (e.g., bone morphogenetic protein-2; Li et al., 2019) or antibiotic compounds, as well as coatings with biopolymers (Huang et al., 2014; Saha et al., 2019), was investigated. Gentamicin-loaded nanotubes, in particular, were used to deliver high doses of antibiotics locally and inhibit bacterial adhesion without systemic toxicity and with no significant effect on osteogenic differentiation (Lin et al., 2014).

Together with the potential benefits in terms of clinical response, the processes for the preparation of nanotubes is simple, scalable, reproducible (Maher et al., 2018), and applicable to relatively complex 3D geometries. TiO2 nanotubes can be effectively grown on any pure titanium surface, and, in principle, to different titanium alloys’ surfaces of implantable orthopedic devices. Sandblasted surfaces, as well as machined surfaces, are eligible substrates for their preparation by anodization. Furthermore, according to specific clinical needs, drug loading can be performed either during the implant production, or, technically, even during surgery.

The array of nanotubes obtained on titania through electrochemical anodization is highly controllable in dimensions by acting on applied voltage and processing time. To date, however, there appears to be no consensus on the optimal nanotube diameter to promote cellular adhesion and proliferation and effective drug delivery. Although nanotubes with an 100–150 nm diameter were shown to promote cell viability (Brammer et al., 2009; Zhang et al., 2015), apoptosis was also reported for diameters larger than 50 nm (Park et al., 2007, 2009; von Wilmowsky et al., 2009; Kulkarni et al., 2016). Similarly, different works (Popat et al., 2007; Lin et al., 2014) have studied the interaction between gentamicin-loaded nanotubes with bacteria, but little attention has been dedicated to the optimization of drug release in time.

Here, highly ordered and open top nanotubes with different diameters were prepared and loaded with gentamicin to evaluate the effect of dimensions on their “reservoir effect,” loading capacity, and release profiles together with the effectiveness in inhibiting bacterial adhesion and growth and on cellular interaction.



MATERIALS AND METHODS

If not otherwise specified, all reagents were purchased from Sigma-Aldrich and used without further purification.


TiO2 Nanotubes Synthesis

Titanium disks (12 mm Φ, 0.07 mm thick) were punched from cold-rolled grade 2 titanium foils (Titalia S.p.A.) with Ra = 0.22 ± 0.05 μm and Rmax = 1.98 ± 0.7 μm. TiO2 nanotubes (Roy et al., 2011; Regonini et al., 2013; Apolinario et al., 2014) were generated on the surface of titanium disks in a conventional two-electrode cell at room temperature. A platinum electrode was used as the cathode. Before anodization, Ti samples were sonicated for 5 min in acetone and then in Milli-Q water. After a preliminary evaluation on different ethylene glycol- (EG) based solutions and anodization times, a solution of NH4F 0.5% and 5.5 M Milli-Q water in EG and 3 h were, respectively chosen to generate nanotubes with different diameters by changing the anodization voltage.

After anodization, the samples were washed in ethanol for 1 h on a shaking platform to remove organic residuals, sonicated for 20 s in Milli-Q water to remove the nanograss structures generated during the process, and finally oven-dried at 37°C.

The morphology of TiO2 nanotubes was observed using a scanning electron microscope (SEM Stereoscan 360, Cambridge Instruments). ImageJ image processing software (Schneider et al., 2012) was used to calculate the external and internal diameter of nanotubes on the acquired images.



Antibiotic Loading

To load samples with antibiotic (Kulkarni et al., 2016; Stewart et al., 2019), 100 μl of gentamicin solution 5 mg/mL in PBS were pipetted on the surface of titanium disks to cover their entire surface and samples were allowed to dry in an orbital shaker at 50 rpm and 40°C. Deposition and evaporation steps were repeated four times in order to load each disk with a total of 2 mg of gentamicin. After the final drying, sample surfaces were rinsed by pipetting 1 mL of PBS to remove weakly bounded antibiotics.



Drug Loading and Release

Gentamicin loading efficiency was calculated as:
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Where η is the loading efficiency, mo is the amount of gentamicin in the loading solution, and mr is the antibiotic found in the rinsing solution.

Release kinetics of gentamicin was investigated at 37°C with loaded samples individually soaked in 500 μl of PBS solution, collected, and replaced at selected time-points up to 48 h.

The presence of gentamicin in the eluates was analyzed using a colorimetric assay (Schneider Frutos et al., 2000). Briefly, 2.5 g of o-phthaldialdehyde, 62.5 mL of methanol, and 3 mL of 2-mercaptoethanol were mixed in 560 mL 0.04 M sodium borate solution in deionized water and refrigerated for at least 24 h. Eluates from gentamicin loaded samples were mixed 1:1 with phthaldialdehyde solution and incubated for 30 min at room temperature, protected from light, to allow the formation of gentamicin o-phthaldialdehyde complexes that were spectrophotometrically read at 332 nm.

A calibration curve using six known gentamicin concentrations was used to calculate the actual amount of gentamicin released by nanotubes.



Agar Diffusion Test

An agar diffusion test (Hudzicki, 2009) was performed to test the ability of nanotubular surfaces to inhibit bacterial growth using Staphylococcus aureus (NCTC 10788). Antibiotic-loaded samples were placed on the agar plate seeded with bacteria and incubated overnight at 37°C; the growth inhibition zone was then measured.



Microbial Adhesion and Proliferation

A quantitative measure of antibacterial activity of gentamicin-loaded nanotubes samples were obtained by Colonies Forming Units (CFU) counting (Mathur et al., 2006) of Staphylococcus aureus. Ti samples were soaked in a suspension of 107 bacteria in 1 mL of trypticase soy broth (TSB) and incubated at 37°C, then both planktonic and adhered cells were evaluated. Bacterial suspension incubated with no material was used as control.

To count planktonic bacteria, 50 μl of supernatant was collected after 7 and 24 h, plated on agar, and incubated at 37°C for 24 h. To count adherent bacteria, titanium disks were washed in PBS to eliminate non-adherent bacteria, inserted in a centrifuge tube with 2 mL of fresh PBS and 3 small glass spheres (∼ 3 mm diameter), and vortexed for 30 sec to ensure complete detachment of cells.



Osteosarcoma Cells Adhesion and Proliferation

Cells’ adhesion and proliferation on both loaded and unloaded NTs was evaluated using a human osteosarcoma cell model (Saos 2) and by evaluating cell adhesion and proliferation on samples after 24 and 72 h (von der Mark et al., 2009; Demetrescu et al., 2010; Pérez-Jorge et al., 2012).

To determine the number of viable and non−viable cells, 50 μl of Hoechst dye and 50 μl propidium iodide were diluted in 900 μl of medium and 60 μl of the resulting solution was added to each culture well. Images of stained samples were acquired under a fluorescence microscope to count live (blue), apoptotic (brighter blue), and dead (red) cells.

Phalloidin staining was used to evaluate cell morphology. Briefly, 80 μl of 3.7% paraformaldehyde solution in PBS was added in each well to fix the samples. After soaking for 5 min in 1% Triton X solution in PBS to permeabilize the cell membrane, 100 μl phalloidin solution (1:100 in PBS) was added and incubated for 1 h at room temperature.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 7. Groups were compared using one-way ANOVA and post-hoc tests after verification of data normality. P < 0.05 were considered statistically significant.



RESULTS


Production and Characterization of TiO2 Nanotubes

The relation between anodization voltage and nanotube outer (O.D) and inner diameter (I.D.) are illustrated in Figure 1 and were consistent with previous findings (Lin et al., 2014). However, in the chosen conditions, a voltage threshold of 10 V was found, as no formation of nanotubes could be observed below this value.
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FIGURE 1. Diameter vs. voltage relationship in NTs’ anodization.


As can be seen in Figure 2, an array of highly ordered nanotubes with a well-defined and open top morphology is found on the titanium surface.


[image: image]

FIGURE 2. Surface morphology of nanotubes’ array obtained at different voltages (A–C) and section view (D). Scale bar = 1 μm.


To build an experimental group on a representatively extended range of diameters, the voltage values in Table 1 were chosen for experimental samples of NTs’ preparation. For each voltage, the corresponding NTs’ diameters, lengths, and the designations used hereafter are indicated. If the length of nanotubes is considered, a reduction in nanotube depth is observed at lower voltages.


TABLE 1. TiO2 nanotubes’ diameter, length, and sample designation.

[image: Table 1]


Drug Loading and Release

The loading efficiency of gentamicin calculated based on the quantity of antibiotic in the rinsing solution is reported in Table 2. As can be observed, similar values were generally found, but bigger nanotubes (NT160) appeared to have a slightly higher loading efficiency compared to smaller ones.


TABLE 2. Estimated loading efficiency of gentamicin in TiO2 nanotubes.

[image: Table 2]When the in vitro release was considered (Figure 3), a significant fraction of loaded gentamicin was found to be released from NTs after 1 h (about 30%). After this initial burst, the antibiotic release decreased slowly to become undetectable after 48 h.
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FIGURE 3. Cumulative gentamicin release from loaded NTs.


A comparatively higher amount of gentamicin was released from larger nanotubes, but this is only partially attributable to the higher loading efficiency. Release from larger nanotubes was, in fact, notably faster between 1 and 2 h.



Agar Diffusion Test

After incubation at 37°C, an inhibition area was observed for all loaded NT samples on agar plates (Figure 4). All gentamicin-loaded disks were characterized by an inhibition zone with a diameter of about 30 mm, surrounding samples, with no statistically significant difference between the three different NTs’ dimensions. As reasonably expected, untreated Ti samples did not show any detectable inhibition zone.


[image: image]

FIGURE 4. Representative images of inhibition zones in Agar diffusion test for gentamicin-loaded samples.




Bacterial Adhesion and Proliferation

The number of adhered bacteria for gentamicin loaded and unloaded Ti samples after 24 h incubation is shown in Figure 5.
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FIGURE 5. Number of adhered bacteria on Ti surface after 24 h incubation. * indicates that no bacteria were detected.


Compared to untreated Ti disks, nanotube samples show a considerable reduction in bacterial adhesion even without gentamicin. When gentamicin was loaded, bacteria could not be detected.

Interestingly, a significant difference in the number of adhered bacteria was found among nanotube diameters size. Specifically, nanotubes with larger diameters were found to allow a lower bacterial adhesion compared to smaller NTs.

When planktonic bacteria were considered (Figure 6), a comparable CFU count was observed for all samples after 7 h. Conversely, after 24 h a statistically significant difference in bacteria number among untreated Ti and all nanotubes samples was observed, with an average 40% reduction. For planktonic bacteria, however, no significant differences were noticed among the different nanotube diameters size.


[image: image]

FIGURE 6. Bacteria number in planktonic form at 7 and 24 h.




Cells Adhesion and Proliferation

The normalized number of live cells on the surface of NTs samples after 24 and 72 h are reported for unloaded samples in Figure 7. When gentamicin – loaded samples were considered, superimposable results were found (data not shown). In both cases, statistical analysis did not evidence any significant differences in cell number among NTs with different diameter sizes.
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FIGURE 7. Cell density after 24 and 72 h.


Interestingly, initial cell density is notably lower on NTs samples compared to the control (40% less in average), but the number of cells increases comparatively faster on NTs and the number of cells reaches and overcomes the values on control after 72 h.

Differences in cell morphology were instead observed as a result of change in diameter (Figure 8) and phalloidin staining revealed more spindle-shaped cells on nanotubes with a smaller diameter, whereas more rounded cells were observed for larger NTs.


[image: image]

FIGURE 8. Representative images of the Saos 2 cells on the nanotube samples (NT30, NT80, and NT160) after 24 and 72 h.




DISCUSSION AND CONCLUSION

To act as an effective drug reservoir and to offer a high number of anchoring sites for cells, TiO2 nanotube arrays should possess an open top morphology. In this regard, the protocol for NTs preparation optimized in this work appeared extremely effective. In our experience, the balance of water content and fluoride concentration was critical for obtaining nanotubes with an almost 100% open top while containing the process duration. A higher water content, in fact, results in a more open top structure, but generally requires longer treatment times, while time reduction can be obtained by increasing fluoride content in the solution (the morphologies of NTs’ optimization can be found in Supplementary Material).

By changing the anodization voltage, NTs’ diameter can be easily controlled, as a consistent dependence with applied voltage exists and the size of resulting structures is highly predictable.

The reservoir capability of NTs was confirmed by the observed release of loaded gentamicin for up to 48 h. After this time interval, the release quantity was too small to be detected by our assay. However, based on the cumulative release, about half the drug loaded is still present in the nanotubes and is potentially effective for a longer time.

In this work we specifically focused on the effect of nanotubes’ diameters and we tried to analyze the largest range possible to evaluate its effect on drug release and cell adhesion. The diameter of nanotubes was confirmed to be a very relevant variable for both drug release and cell/bacteria interaction. Bigger nanotubes (NT160) were capable of accommodating a comparatively higher quantity of antibiotics than smaller ones, but faster release was observed. On the other hand, smaller nanotubes have a higher available surface, are more likely to withhold the antibiotic molecules more effectively, and showed a slightly slower release.

When Ti samples were incubated with bacteria, no adherent cells were found for all gentamicin samples, to indicate that the quantity of loaded antibiotics is sufficient for an effective antibacterial action. Interestingly, a significant reduction of bacterial adhesion was also observed for unloaded samples, but this phenomenon can possibly be explained by the presence of residual fluoride ions (Ercan et al., 2011; Anitha et al., 2015). The number of adhered bacteria was significantly lower for larger nanotubes (160 nm), and this can also be related to the fact that smaller NTs stimulate bacterial cells to produce pili and attach to the surface (Ercan et al., 2011).

When osteosarcoma cells were seeded on the sample surface, although no statistical difference was observed among NTs with different nanotubes, samples with larger nanotubes appeared to induce cellular apoptosis more than smaller ones. A higher cell compatibility of these latter NTs was also confirmed by the spindle-like morphology observed on their surfaces. This more favorable behavior can be explained with the higher number of anchoring site provided (Roy et al., 2011), as small-sized NTs can promote cell growth and differentiation by supporting a higher density of integrin focal contacts (Zhang et al., 2015).

When using gentamicin, many authors report the use of very high doses (up to 20-fold the recommended concentrations) without appreciable side effect on cells in vitro (Schafer et al., 1972; Sigma-Aldrich, 2002; Kovacikanton et al., 2017). To confirm these results, here no difference in the cell viability between loaded and unloaded samples was observed. However, the chosen gentamicin quantity appears adequate to eliminate the bacteria.

Overall, our results confirm that anodization of titanium substrates to prepare TiO2 nanotubes is an extremely favorable surface treatment and has the potential to both improve osseointegration of orthopedic prosthesis and prevent infection-related failures. Within the tested range, smaller NTs appear as the more promising option for further investigation, as they offer effective antibacterial action together with a more favorable cell interaction.
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