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Decellularized extracellular matrix (dECM) deposited by mesenchymal stromal cells (MSCs) has emerged as a promising substrate for improved expansion of MSCs. To date, essentially all studies that have produced dECM for MSC expansion have done so on tissue culture plastic or glass. However, substrate surface chemistry has a profound impact on the adsorption of proteins that mediate cell-material interactions, and different surface chemistries can cause changes in cell behavior, ECM deposition, and the in vivo response to a material. This study tested the hypothesis that substrate surface chemistry impacts the deposition of ECM and its subsequent bioactivity. This hypothesis was tested by producing glass surfaces with various surface chemistries (amine, carboxylic acid, propyl, and octyl groups) using silane chemistry. ECM was deposited by an immortalized MSC line, decellularized, and characterized through SDS-PAGE and immunofluorescence microscopy. No significant difference was observed in dECM composition or microarchitecture on the different surfaces. The decellularized surfaces were seeded with primary MSCs and their proliferation and differentiation were assessed. The presence of dECM improved the proliferation of primary MSCs by ~100% in comparison to surface chemistry controls. Additionally, the adipogenesis increased by 50–90% on all dECM surfaces in comparison to surface chemistry controls, and the osteogenesis increased by ~50% on the octyl-modified surfaces when dECM was present. However, no statistically significant differences were observed within the set of dECM surfaces or control surfaces. These results support the null hypothesis, meaning surface chemistry (over the range tested in this work) is not a key regulator of the composition or bioactivity of MSC-derived dECM. These results are significant because they provide an important insight into regenerative engineering technologies. Specifically, the utilization of dECM in stem cell manufacturing and tissue engineering applications would require the dECM to be produced on a wide variety of substrates. This work indicates that it can be produced on materials with a range of surface chemistries without undesired changes in the bioactivity of the dECM.
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INTRODUCTION

Over 700 clinical trials have assessed the therapeutic potential of mesenchymal stromal cells (MSCs) to treat pathologies as diverse as Crohn's disease, graft-vs.-host disease, and multiple sclerosis (1). However, the low in vivo prevalence of MSCs necessitates prolonged ex vivo expansion to produce sufficiently large quantities of MSCs for clinical therapies (2, 3), but key MSC properties including proliferative capacity and differentiation potential are rapidly lost when MSCs are expanded using conventional ex vivo cell culture technologies such as tissue culture flasks (3–5). When expanded under these conditions, a large proportion of the population are “filler cells” that no longer exhibit the desired MSC phenotype. This loss of phenotype limits the clinical success of MSC therapies and illustrates the need to develop new cell culture strategies that enable the large-scale expansion of highly potent MSCs.

Decellularized extracellular matrix (dECM) isolated following in vitro culture of MSCs is one of the newer and more promising techniques for production of large numbers of viable MSCs. We recently reviewed how MSCs cultured on dECM surfaces maintain key phenotypic properties during prolonged expansion when compared with traditional cell culture surfaces including untreated tissue culture plastic, monolayers of adsorbed proteins, and Matrigel (6, 7). For example, MSCs grown on these dECMs show a 425-fold increase in colony forming unit capacity over 8 passages in vitro (8), and these cells resulted in a 5-fold increase in bone formation capacity in an in vivo ectopic bone assay (9). Remarkably, dECM can rejuvenate key properties of less potent MSCs collected from aged donors or those that have lost potency due to prolonged ex vivo culture on tissue culture plastic (10, 11). The beneficial properties of dECM materials are thought to arise from their biological complexity and ability to better mimic key features of the MSC niche (12). Specifically, cells cultured on dECM preferentially express proliferation genes compared to matrix producing genes on tissue culture plastic (13). Moreover, MSCs cultured on dECM materials produce significantly lower levels of reactive oxygen species and maintain telomerase activity, which may delay the onset of senescence (6). While dECM is markedly better than the majority of synthetic cell culture substrates, there is further research to be done to improve the bioactivity and scalability of these dECM biomaterials.

Conventionally, dECM is produced by low passage number (< P5) primary MSCs (2, 5), limiting the scalability of the technique. However, we showed that stably transfected MSC cell lines can be used to produce orders of magnitude (~106) more high quality dECM in comparison to primary cells. Moreover, these dECMs were produced from a single cell source, eliminating the patient-to-patient variability from primary MSCs (14). A subsequent study improved the scalability of these cell line-derived matrices by showing that biologically active molecules in the matrices could be solubilized and transferred to coat ~1.3–5.2 times the surface area of the native dECM while retaining some of the key properties of the native dECM (15). These advances increase the technological feasibility of generating dECM for the expansion of MSCs, toward clinical scale production.

To the authors' knowledge, all studies to date that produced dECM for MSC expansion have done so on tissue culture plastic or glass. However, substrate properties can impact the response of a cell to a material. One particularly important physical property is substrate surface chemistry. Unless functionalized with bioactive motifs, cells rarely interact directly with a biomaterial. Instead, the interactions are governed by a layer of proteins and biomolecules that adsorb to the material surface (16, 17). Controlling the surface chemistry influences the amount of adsorbed protein, the composition of the protein layer, the orientation of adsorbed proteins, and the degree of protein denaturing (18–21). For example, hydrophilic and electrically neutral surfaces like PEG or zwitterionic materials hold onto their waters of hydration, preventing the adsorption of biomolecules, and thus these surfaces are largely not adherent to cells (22–24). Additionally, surfaces that are more hydrophobic tend to be more proinflammatory in vivo due to greater denaturation of proteins upon adsorption (25). Consequently, manipulation of surface chemistry indirectly influences the cellular response (26, 27).

Despite significant work on how a biomaterial's surface chemistry impacts its interaction with cells, its impact on the deposition and bioactivity of MSC dECM has not been well explored. Previous investigations have centered around fabrication of a specific biomaterial and subsequent dECM protein binding onto this scaffold (28, 29), rather than targeted manipulation of surface chemistry and its ensuing effects on MSC dECM. This is an important research gap because there is potential for dECM to be produced on a wide variety of different biomaterials with varying surface chemistries for either tissue engineering or cell expansion applications. We hypothesize that surface chemistry during dECM deposition modifies the bioactivity of the dECM, and this will impact the proliferation and differentiation of primary MSCs cultured on the dECM. This hypothesis was tested by functionalizing glass coverslips with silanes to possess hydrophilic (carboxylic acid or amine) groups or hydrophobic (propyl or octyl) groups. The surfaces were used as cell culture substrates for dECM deposition, and the proliferation and differentiation of primary MSCs was assessed. The presence of dECM improved the proliferation and adipogenesis of MSCs in comparison to surface chemistry controls and improved osteogenesis on the octyl-modified surfaces. Surprisingly, we did not observe significant differences when comparing the proliferation or differentiation of MSCs on the dECM surfaces. These results indicate that dECM coatings can be produced with minimal variations in properties over the range of surface chemistries assessed in this work. These results are significant because they facilitate the use of dECM technology on a wide range of materials without significant changes to the bioactivity of the dECM.



MATERIALS AND METHODS


Materials

3-aminopropyl triethoxysilane, trimethoxypropylsilane, trimethoxyoctylsilane, and propylamine solutions were purchased from Sigma Aldrich (Castle Hill, NSW, Australia). Carboxyethylsilanetriol was obtained as a 25% solution obtained from Gelest (Morrisville, PA, USA). 3-aminopropyl triethoxysilane was purchased as a 99% solution and carboxyethylsilanetriol was obtained as a 25% solution.



Surface Modification Using Silane Chemistry

All silanization reactions were performed in liquid phase. 3-aminopropyl triethoxysilane, trimethoxypropylsilane, and trimethoxyoctylsilane were separately diluted to concentrations of 1% v/v in 95% ethanol/5% water. 0.5% propylamine was used as a catalyst for during silanization with 3-aminopropyl triethoxysilane. Carboxylethylsilanetriol was diluted to 1% in 0.1 M acetic acid. Glass coverslips were first cleaned with oxygen plasma and placed in the freshly made silane solutions for 4 h at room temperature. After silanization, the coverslips were rinsed with respective diluents and dried under a stream of nitrogen. The coverslips were stored for no longer than 24 h before use.



Surface Characterization of Glass Substrates

Water contact angle was measured using a Dataphysics OCA 20 system. Silanized and control coverslips were washed with ethanol and deionized water and dried under a stream of nitrogen. The static water contact angle was measured by using a glass syringe to place a ~8 μL water droplet on the glass coverslips. Measurements were taken at room temperature. The contact angle of each droplet was measured through the denser water phase.

The surface topography of silanized and control coverslips was assessed with atomic force microscopy (AFM). The silanized glass coverslips were stored under nitrogen until AFM measurements were taken. A Tap 300 cantilever (Budget Sensors) was used with a resonant frequency of 300 kHz, and a spring constant of 40 N/m. Scans were taken over a 5 ×5 μm area.

The zeta potential of the glass substrates was measured using an Anton Paar SurPASS analyzer. Coverslips were diced to 20 ×10 mm rectangles and silanized as previously described. Measurements were taken over an aqueous HCl titration from pH 3–11 at a pressure of 400 mbar, with 0.001 M aqueous KCl used as the electrolyte, with at least 12 data points collected for each sample at a temperature of 21°C.



dECM Production and Primary Cell Culture

The decellularized extracellular matrices were produced using the immortalized DMSC23 cell line as we described previously (14). Briefly, cells were seeded at 1,000 cells/cm2 onto silanized or control glass coverslips and cultured to confluence with media changes every 2–3 days. The cells were cultured in α-MEM basal medium (Sigma Aldrich) with 10% fetal bovine serum (Gibco), 100 U/mL penicillin/streptomycin, and 2 mM L-glutamine. Cells were maintained at 37°C and 5% CO2. At the onset of confluence, 50 mM L-ascorbate 2-phosphate was added to the medium to induce extracellular matrix deposition. After an additional 7 days of culture, cultures were decellularized using 20 mM ammonium hydroxide/0.5% Triton X-100 at 37°C for 5 min, then rinsed three times with PBS to remove residual detergent. Passages 18–30 of the immortalized DMSC23 cells were used for matrix deposition.

Human term placentae from uncomplicated pregnancies were used to isolate primary MSCs from the decidua basalis according to our previously published protocol (1, 30–32). Written and informed patient consent and ethics approval from the Royal Women's Hospital Human Research and Ethics Committee was obtained (HREC #14/35). The cells were cultured in α-MEM basal medium (Sigma Aldrich) with 10% fetal bovine serum (Gibco), 100 U/mL penicillin/streptomycin, and 2 mM L-glutamine. Cells were maintained at 37°C and 5% CO2. Medium was changed every 2–3 days, with passaging when cells reached ~70% confluence. Primary MSCs used in this work were a pooled sample of cells from 5 donors. Passages 4–5 were used in this study.



Confocal Microscopy of Stained ECM

Samples were fixed in 10% formalin prior to staining. dECM microarchitecture was visualized by staining for collagen I as previously described (14, 15) using a 1/1,000 v/v dilution of mouse anti-collagen I primary antibody (Sigma Aldrich lot #067M4805V) and 2 μg/mL donkey anti-mouse Alexa Fluor 488 (Invitrogen) secondary antibody.



SDS-PAGE

SDS-PAGE was used to compare the compositions of the dECMs. Protein extracts were prepared using the Pierce Protein Assay Kit according to manufacturer instructions and resuspended in 7.5 μL XT sample buffer/1.5 μL XT reducing agent (Bio-Rad), placed in a 95°C heating block for 10 min, and centrifuged for 2 min at 14,000 g. Samples were loaded into 1.0 mm 4–12% gradient Bis-Tris Criterion XT Precast Gel (Bio-Rad), with collagen I (Sigma Aldrich) and Precision Plus protein ladder (Bio-Rad) used as controls. Loaded gels were placed into XT MOPS buffer (Bio-Rad) and electrophoresed at 150 V for ~100 min. Gels were then stained with BioSafe Coomassie (Bio-Rad) for at least 2 h and washed with deionized water three times for 5 min each. Bands were visualized using a GE Image Scanner III, with images taken using ImageQuant TL software (GE Healthcare).



Cell Proliferation Assay

Primary decidua basalis MSCs were seeded onto dECM and control surfaces at a density of 2,000 cells/cm2. Cell surface densities were determined using a PicoGreen DNA quantification assay at 7 days according to our previously published protocol (33). Briefly, cultures were rinsed three times with PBS, cells were lifted using trypsin-EDTA, suspensions were centrifuged at 230 g for 5 min to form a cell pellet, and cells were resuspended in 1 mL cysteine buffer (5 mM cysteine-HCl, 5 mM Na2EDTA in PBS). The cells were lysed by mixing 150 μL cell suspension with 150 μL 0.25 mg/mL papain (Sigma Aldrich) and incubated for 20 h at 60°C. Lysed cell solution (50 μL) was transferred to a well of a black 96-well plate, and 50 μL of 1:200 PicoGreen solution (Thermo Fisher Scientific) in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) was added to the well. The plate was incubated at room temperature in the dark for 5 min. The fluorescence of each well was measured at an excitation wavelength of 480 nm and emission of 520 nm. The number of cells were determined using a calibration curve generated from a known number of cells, and the cell surface density (cells/area) were calculated by normalizing that the number of cells to the cell culture surface area. Experiments were performed with a minimum of three replicates.



Adipogenic Differentiation of Primary MSCs

Adipogenesis assays were performed accordingly to our previously established protocol (30), with changes made to the seeding density of the primary decidua basalis MSCs. Briefly, primary MSCs were seeded at a density of 5,000 cells/cm2 onto dECM and control surfaces and cultured in α-MEM supplemented with StemXVivo Adipogenic Supplements (R&D Systems) according to the manufacturer's instructions. Media was changed every 3–4 days. At the end of the 21-day culture period, cultured were fixed in 10% formalin, and adipogenesis was assessed through the staining of lipid droplets using a solution of Oil Red O (36 mg in 20 mL 70% isopropanol). Stained cultures were visualized using brightfield microscopy. Quantification of triglyceride accumulation was performed by solubilizing stained cells with 100% isopropanol for 10 min. The optical density of the solution was then measured at a wavelength of 520 nm using a SpectraMax Plus microplate reader (Molecular Devices).



Osteogenic Differentiation of Primary MSCs

Osteogenesis assays were performed as previously described (1, 30). Briefly, primary decidua basalis MSCs were seeded at a density of 4,200 cells/cm2 onto dECM and control surfaces and cultured in α-MEM supplemented with StemXVivo Osteogenic Supplements (R&D Systems) according to the manufacturer's instructions. Medium was changed every 3–4 days. Osteogenesis was quantified using an OsteoImage mineralization assay (Lonza) according to the manufacturer's protocol. Briefly, cells were washed with PBS and fixed using ethanol, washed with diluted Wash Buffer, incubated with Staining Reagent for 30 min, washed 3x with Wash Buffer, and measured using a Fluostar Optima.



Statistical Analysis

Quantitative data is given as mean ± standard deviation. Minitab software was used to perform two-way ANOVA with Tukey's post-hoc statistics tests, with p-values of * <0.05, ** <0.01, and *** <0.001 considered significant. Cell culture experiments were performed with a minimum of three replicates.




RESULTS


Substrates With Various Surface Chemistries Can Be Generated Through Silanization of Glass Coverslips

Silane chemistry is a well-established method of functionalizing glass surfaces with desired chemical moieties. In this work, silanes were used to control the surface chemistry of glass substrates to assess how surface chemistry impacted dECM deposition and bioactivity. Specifically, glass coverslips were modified with one of four silane species. Two silanes were selected to produce hydrophilic surfaces (functionalization with charged amine or carboxylic acid groups) at physiological pH, while the other two produced relatively hydrophobic surfaces (functionalization with linear propyl or octyl groups). Unmodified glass coverslips were used as controls. Silanization was chosen as the method of controlling surface chemistry instead of using a range of different substrate materials to better control other material parameters such as stiffness and creep.

The surface roughness, water contact angle, and zeta potential for the various surfaces were characterized (Figure 1). Silanization can cause changes in surface roughness, and MSCs have been shown to alter their behavior depending on surface roughness (34–38). Therefore, it was necessary to experimentally determine the impact of silanization on the surface roughness of the substrates. Resulting AFM maps are seen in Figure 1. Visually, octyl-modified surfaces appear rougher than the other surfaces. This is corroborated by quantitative AFM results presented in Table 1; however, the quantification illustrates that the magnitude of change in the surface roughness is small, indicating relative homogeneity between groups.


[image: Figure 1]
FIGURE 1. Characterization of (A–E) surface roughness, (F–J) water contact angle, and (K) zeta potential of (A,F) amine-, (B,G) carboxylic acid-, (C,H) propyl-, and (D,I) octyl-modified glass surfaces, and (E,J) glass control.



Table 1. Surface roughness, water contact angle, and surface charge at physiological pH of silane-modified surfaces.

[image: Table 1]

To verify that the surface hydrophilicity and chemistry of the glass coverslips were modified, the water contact angle and zeta potential were measured (Figure 1; Table 1). Unmodified glass surfaces had the greatest hydrophilicity, with water droplets having contact angles of 11 ± 1°. In contrast, the prepared surfaces had increased water contact angles, illustrating that the silanization treatment altered the surface chemistry. Additionally, surfaces modified with the amine- and carboxylic acid-bearing silanes were more hydrophilic as observed through lower contact angles (55 ± 1 and 33 ± 1°, respectively) than the propyl- and octyl-bearing silanes (76 ± 3 and 81 ± 5°, respectively), illustrating that the hydrophilicity of the surfaces could be tailored in the desired manner. Interestingly, contact angle for the propyl- and octyl-modified surfaces was still <90°, indicating that the surfaces were still relatively hydrophilic.

The zeta potential of the surfaces was assessed, as seen in Figure 1. Amine-modified samples had a higher isoelectric point compared to carboxylic acid-modified surfaces, as expected, and the trends in the zeta potential data are consistent with previous literature on other surface modification techniques such as self-assembled monolayers on gold (39). Similarly, the negative charge observed on the hydrophobic surfaces is also consistent with previous reports. This is often attributed to preferential adsorption of OH− ions at the interface; however, there is still debate on the exact mechanism (40–43). These results illustrate that the silanization alters surface chemistry, resulting in distinct electrostatic environments for each treatment. These changes in zeta potential could impact protein adsorption, which could then impact cell attachment and subsequent dECM production.



Substrate Surface Chemistry Does Not Significantly Alter dECM Composition or Microarchitecture

dECM was produced by the DMSC23 cell line as we have previously reported, and the matrices produced on the various surfaces were assessed by SDS-PAGE and fluorescence microscopy to look for changes in composition and microstructure (Figure 2). SDS-PAGE produced multiple bands, illustrating that the dECMs were a complex mixture of biomolecules. Interestingly, there was no major differences in the banding pattern between samples, indicating that the dECM had a similar composition across all surfaces. Similarly, confocal microscopy showed the presence of matrix on all samples but there was no visually discernible difference between ECMs, suggesting that surface chemistry does not play a significant role in determining structure of secreted ECM.


[image: Figure 2]
FIGURE 2. (A) SDS-PAGE and (B–F) confocal microscopy images of dECMs on surfaces with different surface chemistries surface chemistries. Matrices deposited on (B) amine-, (C) carboxylic acid-, (D) propyl-, and (E) octyl-modified surfaces are stained for collagen I, compared to (F) unmodified controls. Scale bars represent 200 μm.




Surface Chemistry Did Not Significantly Alter the Proliferation of MSCs on dECM or Control Surfaces

Primary MSCs were seeded onto dECMs or surface chemistry control surfaces, and the cell number was assessed after 7 days (Figure 3). dECM improved primary MSC proliferation by a factor of ~2 when compared to surface chemistry controls. These results are consistent with our previous work (11, 14). Interestingly, no differences in proliferation were observed between the different dECM treatments or within the surface chemistry control treatments. These results indicate that the range of surface chemistries explored in this work do not alter the bioactivity of MSC dECM for MSC proliferation.


[image: Figure 3]
FIGURE 3. Cell proliferation on dECMs and surface chemistry control surfaces. Brackets indicate significant differences, with ** <0.01. All means were statistically compared using a two-way ANOVA and a Tukey's post-hoc test. However, only differences between a dECM-coated surface and its surface chemistry control are indicated for clarity.




Surface Chemistry Did Not Significantly Alter the Adipogenic Potential of MSCs on dECM or Control Surfaces

Primary MSCs were cultured on the dECM and control surfaces with adipogenic supplements for 21 days. After the induction period, Oil Red O revealed the presence of lipid droplets inside the cells (Figure 4). Qualitatively, MSCs exhibited greater adipogenic differentiation on dECMs in comparison to their surface chemistry control surface as observed through greater concentrated intracellular lipid droplets. Cells on control surfaces still displayed adipogenic differentiation, although lipid droplets were more sparsely distributed. Quantitatively, cells cultured on the dECM surfaces exhibited a statistically significant increase in adipogenesis, with an ~2-fold increase in the amount of triglyceride accumulation compared to those cultured on surface chemistry controls. However, no significant differences were observed between adipogenesis on surfaces with dECMs or between surface chemistry control surfaces. These results indicate that surface chemistry, over the range of values studied, is not a significant regulator of adipogenesis, nor does it impact the bioactivity of the deposited dECM for adipogenic applications.


[image: Figure 4]
FIGURE 4. Primary MSCs were differentiated down adipogenic lineages and stained for adipogenesis using Oil Red O on (A–E) dECM-coated surfaces and (F–J) surface-modified glass controls. (K) Adipogenesis was quantified through solubilization and intensity measurements of Oil Red O stain. Scale bars represent 200 μm. Brackets indicate significant differences, with * <0.05. All means were statistically compared using a two-way ANOVA and a Tukey's post-hoc test. However, only differences between a dECM-coated surface and its surface chemistry control are indicated for clarity.




Surface Chemistry Did Not Significantly Alter the Osteogenic Potential of MSCs on dECM or Control Surfaces

Primary MSCs were differentiated down the osteogenic lineage over 14 days, and differentiation was quantified as shown in Figure 5. As with the proliferation and adipogenesis data, no statistical difference was observed between any of the dECM surfaces or the control surfaces. However, we observed in increase in osteogenesis on the octyl-modified surface in the presence of dECM. These results indicate that surface chemistry is not a key factor in controlling the osteogenic potential of dECM over the range of surface chemistries assessed in this work, as no statistical differences were observed between the dECM groups.


[image: Figure 5]
FIGURE 5. Quantification of MSC osteogenesis when cultured on silanized surfaces with and without dECM. Brackets indicate significant differences, with * <0.05. All means were statistically compared using a two-way ANOVA and a Tukey's post-hoc test. However, only differences between a dECM-coated surface and its surface chemistry control are indicated for clarity.





DISCUSSION

Environmental parameters are key drivers of MSC behavior. Surface chemistry alters MSC differentiation and protein expression. For example, Lanniel et al. fabricated polyacrylamide hydrogels and modified them with amine, carboxyl, or phosphate functional groups. The researchers found that phosphate moieties resulted in increased expression of osteogenic marker Runx2, whereas myogenic marker MyoD1 was highest on surfaces with carboxylic acid moieties (26). While the specific surface functional groups and differentiation pathways differed from those studied in our investigation, they demonstrate the dependence of MSC differentiation behavior on surface chemistry. Additionally, Bachhuka et al. demonstrated that collagen deposition was different when fibroblasts were cultured on plasma polymer surfaces containing amine, carboxylic acid, and propyl groups in comparison to glass controls. Specifically, the researchers looked at the production of collagen type I and collagen type III across the surfaces. The researchers found that the amount of collagen type I and collagen type III was greatest on amine-bearing surfaces after 3 days of culture. However, all the surfaces had a similar amount and ratio of collagen type I and collagen type III after 16 days of culture (44).

Surface chemistry affects the behavior of adherent cells and impacts the composition of the ECM that they deposit. As such, it seems intuitive that surface chemistry would play an important role in regulating the bioactivity of MSC-derived dECM, but this has never been investigated. To address this research gap, we produced dECMs on glass surfaces modified with amine, carboxylic acid, propyl, or octyl functional groups through silane chemistry. The four silanes were chosen for multiple reasons. Cell culture substrates experience protein adsorption, and this adsorption facilitates cell adhesion and their subsequent behavior (19). The two hydrophobic surfaces were selected as hydrophobicity promotes the denaturing of proteins upon adsorption (22). In the short term, the effect of this denaturation is often the presence of fewer viable cells and reduced cell adhesion (27). However, over longer time periods, hydrophobic surfaces show comparable cell activity to hydrophilic surfaces, most likely due to the masking of surface properties by cells and extracellular matrix (45, 46). Additionally, the surface charge is a main driver which influences the species of proteins which adsorb to a surface (47). As such, creating surfaces which are functionalized with positive (amine) and negative (carboxylic acid) groups at physiological pH could influence protein adsorption and the subsequent bioactivity of deposited ECM. Different charged chemical moieties could have been selected to functionalize our surfaces; however, the amine and carboxylic acid groups were selected as they are commonly found in biological systems such as charged amino acids.

Our results illustrate that dECM can be used to improve proliferation and adipogenesis on the dECM surfaces compared to their surface chemistry controls and improve osteogenesis on octyl-modified surfaces. However, our results illustrate that substrate surface chemistry does not significantly impact the composition or bioactivity of MSC-derived dECM over the range of surface chemistries investigated, as no significant differences were observed in proliferation and differentiation results between the dECM surfaces. At first glance, these results seem to contrast those reported by Bachhuka et al. who observed changes in ECM composition with surface chemistry. However, they found that substrate surface chemistry only impacted the collagen type I and collagen type III deposition process over short timeframes (3 days), and all surfaces appeared similar by the end of the experiment on day 16 (44). The dECM substrates produced in this work take ~2 weeks to obtain. During the first week, the cells are grown to confluence, and during the second week the cells are supplemented with ascorbic acid to stimulate collagen production (48). We attribute the relative insensitivity of our dECMs to surface chemistry to two main reasons. First, we only assessed matrix composition after ~14 days. Our experiments simply may have skipped over the relatively short timepoints over which changes in matrix composition are observed. Second, the cultures were supplemented with ascorbic acid during the ECM deposition phase. This is a common practice as the supplementation has been shown to stimulate matrix deposition of ECM by many cell types in vitro including vascular smooth muscle cells, fibroblasts, and MSCs (49–51), enabling a larger amount of matrix to be produced in the same timeframe. Specifically, the ascorbic acid stimulates the deposition of collagen (48), and this may override surface chemistry affects, resulting in a dECM with a similar composition across all surfaces.

While the results of this study did not support the hypothesis that surface chemistry would be a key parameter that impacted the bioactivity of MSC dECM, these results are still significant to the field. To fully utilize the potential of MSC dECM in stem cell manufacturing and in tissue engineering applications, the dECM layers will need to be produced on a variety of different materials depending on the application. As such, it is critical to know that the dECM can be produced on surfaces with a range of surface chemistries, and that this will not significantly alter its biological properties. However, it must be acknowledged that the water contact angles of the surfaces studied in this work ranged from 11 to 81° and looked at 5 different surface chemistries, including the glass control. Surfaces such as hydrophobic polymers with much greater hydrophobicities and surfaces with other charged moieties may produce different results. Additionally, silane layers on glass can undergo hydrolysis during prolonged exposure to an aqueous environment. While we have selected silanization conditions best suited for use in cell culture (52, 53), this may result in transience in the surface chemistry of the substrates during prolonged cell culture. However, it has been previously demonstrated that the contact angle of silane layers on glass can be relatively stable for hundreds of hours (54), while the key steps of protein adsorption and cell adhesion occurs in seconds to hours. Additional future work could include performing similar experiments on a variety of common biomedical surfaces with stable surface chemistries. However, the use of multiple substrates does not allow for control over other parameters that influence cell fate such as substrate stiffness and viscoelasticity, which is why this strategy was not pursued in this research.



CONCLUSION

Here, we investigate the effect of controlling surface chemistry on the bioactivity of MSC-derived extracellular matrices. Extracellular matrices deposited over 2 weeks on surfaces with amine, carboxylic acid, propyl, and octyl functional moieties were able to improve proliferation and adipogenic differentiation on all surfaces and improve osteogenic differentiation on octyl-modified surfaces. However, no significant differences in proliferation or differentiation were observed when comparing dECM. This is an important finding as it illustrates that surface chemistry, over the range assessed in this work, is not a key variable that must be controlled during secretion of extracellular matrix by MSCs. Furthermore, these results indicate that a wide variety of substrate materials could be used for ECM deposition without detriment to the bioactivity of the surface, expanding the use of MSC dECM technology for a wide variety of applications requiring different substrates.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Human Research and Ethics Committee at the Women's Hospital, Melbourne, Australia (HREC#14/35). The patients/participants provided their written and informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MY: 60%, experimental design, data collection, and manuscript preparation. AO'C and BK: 10%, experimental design, and manuscript preparation. DH: 20%, experimental design, and manuscript preparation. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Victorian Medical Research Acceleration Fund (2019-Round 3) and an ARC Future Fellowship (FT190100280). We gratefully acknowledge the support of the University of Melbourne and an Australian Government Research Training Program Scholarship.



ACKNOWLEDGMENTS

We would like to thank patients who generously consented to use of their samples in this research, clinical research midwives Ms. Moira Stewart and Ms. Sue Duggan, lab technician Ms. Janet Stevenson for technical advice, Dr. Tian Zheng for assistance with atomic force microscopy measurements, and Dr. Hemayet Uddin for assistance with zeta potential characterization. We would also like to thank the Melbourne Centre for Nanofabrication and the Materials Characterisation and Fabrication Platform for allowing the use of their instruments.



REFERENCES

 1. Kusuma G, Menicanin D, Gronthos S, Manuelpillai U, Abumaree M, Kalionis B, et al. Ectopic bone formation by mesenchymal stem cells derived from human term placenta and the decidua. PLoS ONE. (2015) 10:e0141246. doi: 10.1371/journal.pone.0141246

 2. Banfi A, Muraglia A, Dozin B, Mastrogiacomo M, Cancedda R, Quarto R. Proliferation kinetics and differentiation potential of ex vivo expanded human bone marrow stromal cells: implications for their use in cell therapy. Exp Hematol. (2000) 28:707–15. doi: 10.1016/S0301-472X(00)00160-0

 3. DiGirolamo C, Stokes D, Colter D, Phinney D, Class R, Prockop D. Propagation and senescence of human marrow stromal cells in culture: a simple colony-forming assay identifies samples with the greatest potential to propagate and differentiate. Br J Haematol. (1999) 107:275–81. doi: 10.1046/j.1365-2141.1999.01715.x

 4. Røsland G, Svendsen A, Torsvik A, Sobala E, McCormack E, Lønning P, et al. Long-term cultures of bone marrow–derived human mesenchymal stem cells frequently undergo spontaneous malignant transformation. Cancer Res. (2009) 69:5331–9. doi: 10.1158/0008-5472.CAN-08-4630

 5. Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Eckstein V, et al. Replicative senescence of mesenchymal stem cells: a continuous and organized process. PLoS ONE. (2008) 3:e2213. doi: 10.1371/journal.pone.0002213

 6. Shakouri-Motlagh A, O'Connor A, Brennecke S, Kalionis B, Heath D. Native and solubilized decellularized extracellular matrix: a critical assessment of their potential for improving the expansion of mesenchymal stem cells. Acta Biomater. (2017) 55:1–12. doi: 10.1016/j.actbio.2017.04.014

 7. Yang M, Kalionis B, Heath D. Decellularized cell-secreted matrices: novel materials for superior stem cell expansion and tissue engineering. In: Tamaoka T, Hoshiba T, editors. Decellularized Extracellular Matrix. London: The Royal Society of Chemistry (2019).

 8. Lai Y, Sun Y, Skinner C, Son E, Lu Z, Chen X, et al. Reconstitution of marrow-derived extracellular matrix ex vivo: a robust culture system for expanding large-scale highly functional human mesenchymal stem cells. Stem Cells Dev. (2010) 19:1095–107. doi: 10.1089/scd.2009.0217

 9. Chen X, Dusevich V, Feng J, Manolagas S, Jilka R. Extracellular matrix made by bone marrow cells facilitates expansion of marrow-derived mesenchymal progenitor cells and prevents their differentiation into osteoblasts. J Bone Mineral Res. (2007) 22:1943–56. doi: 10.1359/jbmr.070725

 10. Sun Y, Li W, Lu Z, Chen R, Ling J, Chen X. Rescuing replication and osteogenesis of aged mesenchymal stem cells by exposure to a young extracellular matrix. FASEB J. (2011) 25:1474–85. doi: 10.1096/fj.10-161497

 11. Ng C, Sharif A, Heath D, Chow J, Zhang C, Griffith J, et al. Enhanced ex vivo expansion of adult mesenchymal stem cells by fetal mesenchymal stem cell ECM. Biomaterials. (2014) 35:4046–57. doi: 10.1016/j.biomaterials.2014.01.081

 12. Hynes R. The extracellular matrix: not just pretty fibrils. Science. (2009) 326:1216–9. doi: 10.1126/science.1176009

 13. Ragelle H, Naba A, Larson B, Zhou F, Prijić M, Anderson D. Comprehensive proteomic characterization of stem cell-derived extracellular matrices. Biomaterials. (2017) 128:147–59. doi: 10.1016/j.biomaterials.2017.03.008

 14. Kusuma G, Brennecke S, O'Connor A, Kalionis B, Heath D. Decellularized extracellular matrices produced from immortal cell lines derived from different parts of the placenta support primary mesenchymal stem cell expansion. PLoS ONE. (2017) 12:e0171488. doi: 10.1371/journal.pone.0171488

 15. Kusuma G, Yang M, Brennecke S, O'Connor A, Kalionis B, Heath D. Transferable matrixes produced from decellularized extracellular matrix promote proliferation and osteogenic differentiation of mesenchymal stem cells and facilitate scale-up. ACS Biomater Sci. (2018) 4:1760–9. doi: 10.1021/acsbiomaterials.7b00747

 16. Barczyk M, Carracedo S, Gullberg D. Integrins. Cell Tissue Res. (2010) 339:269–80. doi: 10.1007/s00441-009-0834-6

 17. Amani H, Arzaghi H, Bayandori M, Dezfuli S, Pazoki-Toroudi H, Moradi L, et al. Controlling cell behavior through the design of biomaterial surfaces: a focus on surface modification techniques. Adv Mater Interfaces. (2019) 6:1900572. doi: 10.1002/admi.201900572

 18. Kurtz-Chalot A, Villiers C, Pourchez J, Boudard D, Martini M, Forest V, et al. Impact of silica nanoparticle surface chemistry on protein corona formation and consequential interactions with biological cells. Mater Sci Eng C. (2017) 75:16–24. doi: 10.1016/j.msec.2017.02.028

 19. Hasan A, Pattanayek S, Pandey L. Effect of functional groups of self-assembled monolayers on protein adsorption and initial cell adhesion. ACS Biomater Sci Eng. (2018) 4:3224–33. doi: 10.1021/acsbiomaterials.8b00795

 20. Fabre H, Mercier D, Galtayries A, Portet D, Delorme N, Bardeau J. Impact of hydrophilic and hydrophobic functionalization of flat TiO2/Ti surfaces on proteins adsorption. Appl Surf Sci. (2018) 432:15–21. doi: 10.1016/j.apsusc.2017.08.138

 21. Lu X, Xu P, Ding H, Yu Y, Huo D, Ma Y. Tailoring the component of protein corona via simple chemistry. Nat Commun. (2019) 10:1–14. doi: 10.1038/s41467-019-12470-5

 22. Keselowsky B, Collard B, García A. Surface chemistry modulates fibronectin conformation and directs integrin binding and specificity to control cell adhesion. J Biomed Mater Res Part A. (2003) 66:247–59. doi: 10.1002/jbm.a.10537

 23. Heath D, Cooper S. Design and characterization of sulfobetaine-containing terpolymer biomaterials. Acta Biomater. (2012) 8:2899–910. doi: 10.1016/j.actbio.2012.03.052

 24. Heath D, Cooper S. Design and characterization of PEGylated terpolymer biomaterials. J Biomed Mater Res Part A. (2010) 94:1294–302. doi: 10.1002/jbm.a.32811

 25. Mariani E, Lisignoli G, Borzì R, Pulsatelli L. Biomaterials: foreign bodies or tuners for the immune response? Int J Mol Sci. (2019) 20:636. doi: 10.3390/ijms20030636

 26. Lanniel M, Huq E, Allen S, Buttery L, Williams P, Alexander M. Substrate induced differentiation of human mesenchymal stem cells on hydrogels with modified surface chemistry and controlled modulus. Soft Matter. (2011) 7:6501–14. doi: 10.1039/c1sm05167a

 27. Kennedy S, Washburn N, Simon Jr C, Amis E. Combinatorial screen of the effect of surface energy on fibronectin-mediated osteoblast adhesion, spreading and proliferation. Biomaterials. (2006) 27:3817–24. doi: 10.1016/j.biomaterials.2006.02.044

 28. Hezaveh H, Cosson S, Otte E, Su G, Fairbanks B, Cooper-White J. Encoding stem-cell-secreted extracellular matrix protein capture in two and three dimensions using protein binding peptides. Biomacromolecules. (2018) 19:721–30. doi: 10.1021/acs.biomac.7b01482

 29. Köllmer M, Keskar V, Hauk T, Collins J, Russell B, Gemeinhart R. Stem cell-derived extracellular matrix enables survival and multilineage differentiation within superporous hydrogels. Biomacromolecules. (2012) 13:963–73. doi: 10.1021/bm300332w

 30. Shakouri-Motlagh A, O'Connor A, Kalionis B, Heath D. Improved ex vivo expansion of mesenchymal stem cells on solubilized acellular fetal membranes. J Biomed Mater Res Part A. (2019) 107:232–42. doi: 10.1002/jbm.a.36557

 31. Kusuma G, Manuelpillai U, Abumaree M, Pertile M, Brennecke S, Kalionis B. Mesenchymal stem cells reside in a vascular niche in the decidua basalis and are absent in remodelled spiral arterioles. Placenta. (2015) 36:312–21. doi: 10.1016/j.placenta.2014.12.014

 32. Qin S, Kusuma G, Al-Sowayan B, Pace R, Isenmann S, Kalionis B, et al. Establishment and characterization of fetal and maternal mesenchymal stem/stromal cell lines from the human term placenta. Placenta. (2016) 39:134–46. doi: 10.1016/j.placenta.2016.01.018

 33. Karimi F, Thombare V, Hutton C, O'Connor A, Qiao G, Heath D. Beyond RGD; nanoclusters of syndecan-and integrin-binding ligands synergistically enhance cell/material interactions. Biomaterials. (2018) 187:81–92. doi: 10.1016/j.biomaterials.2018.10.002

 34. Hou Y, Xie W, Yu L, Camacho L, Nie C, Zhang M, et al. Surface roughness gradients reveal topography-specific mechanosensitive responses in human mesenchymal stem cells. Small. (2020) 16:1905422. doi: 10.1002/smll.201905422

 35. Faia-Torres A, Charnley M, Goren T, Guimond-Lischer S, Rottmar M, Neves M, et al. Osteogenic differentiation of human mesenchymal stem cells in the absence of osteogenic supplements: a surface-roughness gradient study. Acta Biomater. (2015) 28:64–75. doi: 10.1016/j.actbio.2015.09.028

 36. McNamara L, Sjöström T, Seunarine K, Meek K, Su B, Dalby M. Investigation of the limits of nanoscale filopodial interactions. J Tissue Eng. (2014) 5:2041731414536177. doi: 10.1177/2041731414536177

 37. Oh S, Brammer K, Li J, Teng D, Engler A, Jin S, et al. Stem cell fate dictated solely by altered nanotube dimension. Proc Nat Acad Sci. (2009) 106:2130–5. doi: 10.1073/pnas.0813200106

 38. Howarter J, Youngblood J. Optimization of silica silanization by 3-aminopropyltriethoxysilane. Langmuir. (2006) 22:11142–7. doi: 10.1021/la061240g

 39. Lin Y, Yu B, Lin W, Lee S, Kuo C, Shyue J. Tailoring the surface potential of gold nanoparticles with self-assembled monolayers with mixed functional groups. J Colloid Interface Sci. (2009) 340:126–30. doi: 10.1016/j.jcis.2009.08.014

 40. Zangi R, Engberts J. Physisorption of hydroxide ions from aqueous solution to a hydrophobic surface. J Am Chem Soc. (2005) 127:2272–6. doi: 10.1021/ja044426f

 41. Luxbacher T. The zeta potential for solid surface analysis: a practical guide to streaming potential measurement. Anton Paar GmbH (2012) 51:5625–28.

 42. Roger K, Cabane B. Why are hydrophobic/water interfaces negatively charged? Angew Chemie Int Ed. (2012) 51:5625–8. doi: 10.1002/anie.201108228

 43. Ferraris S, Cazzola M, Peretti V, Stella B, Spriano S. Zeta potential measurements on solid surfaces for in vitro biomaterials testing: surface charge, reactivity upon contact with fluids and protein absorption. Front Bioeng Biotechnol. (2018) 6:60. doi: 10.3389/fbioe.2018.00060

 44. Bachhuka A, Hayball J, Smith L, Vasilev K. Effect of surface chemical functionalities on collagen deposition by primary human dermal fibroblasts. ACS Appl Mater Interfaces. (2015) 7:23767–75. doi: 10.1021/acsami.5b08249

 45. Eriksson C, Nygren H, Ohlson K. Implantation of hydrophilic and hydrophobic titanium discs in rat tibia: cellular reactions on the surfaces during the first 3 weeks in bone. Biomaterials. (2004) 25:4759–66. doi: 10.1016/j.biomaterials.2003.12.006

 46. Lang N, Salvi G, Huynh-Ba G, Ivanovski S, Donos N, Bosshardt D. Early osseointegration to hydrophilic and hydrophobic implant surfaces in humans. Clin Oral Implants Res. (2011) 22:349–56. doi: 10.1111/j.1600-0501.2011.02172.x

 47. Attwood S, Kershaw R, Uddin S, Bishop S, Welland M. Understanding how charge and hydrophobicity influence globular protein adsorption to alkanethiol and material surfaces. J Mater Chem B. (2019) 7:2349–61. doi: 10.1039/C9TB00168A

 48. Murad S, Grove D, Lindberg K, Reynolds G, Sivarajah A, Pinnell S. Regulation of collagen synthesis by ascorbic acid. Proc Nat Acad Sci. (1981) 78:2879–82. doi: 10.1073/pnas.78.5.2879

 49. Zhang X, Battiston K, Simmons C, Santerre J. Differential regulation of extracellular matrix components using different vitamin C derivatives in mono-and coculture systems. ACS Biomater Sci Eng. (2017) 4:3768–78. doi: 10.1021/acsbiomaterials.7b00389

 50. Marinkovic M, Sridharan R, Santarella F, Smith A, Garlick J, Kearney C. Optimization of extracellular matrix production from human induced pluripotent stem cell-derived fibroblasts for scaffold fabrication for application in wound healing. J Biomed Mater Res Part A. (2021) 109:1803–11. doi: 10.1002/jbm.a.37173

 51. Choi K, Seo Y, Yoon H, Song K, Kwon S, Lee H, et al. Effect of ascorbic acid on bone marrow-derived mesenchymal stem cell proliferation and differentiation. J Biosci Bioeng. (2008) 105:586–94. doi: 10.1263/jbb.105.586

 52. Leyden D, Collins W. Silylated Surfaces. New York, NY: CRC Press (1980).

 53. Arkles B. Tailoring surfaces with silanes. CHEMTECH (1977) 7:766–78.

 54. Wei M, Bowman R, Wilson J, Morrow N. Wetting properties and stability of silane-treated glass exposed to water, air, and oil. J Colloid Interface Sci. (1993) 157:154–9. doi: 10.1006/jcis.1993.1170

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, O'Connor, Kalionis and Heath. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmedt-04-834123-g005.gif





OPS/images/fmedt-04-834123-t001.jpg
Surface Average  Contact Estimate of zeta
roughness  angle potential at physiological pH'

(pm) © (mv)
Amine 268442 551 ~17.9+08
Carboxyiic acid (COOH) 27826 331 -838+22
Propyl 283422 7643 815+ 1.1
Octyl 3504124 815 -1120+04
Glass 278456 111 —472+12

tValues were determined by evaluating best fit lines at a pH of 7.4.





OPS/images/fmedt-04-834123-g003.gif





OPS/images/fmedt-04-834123-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Improvement of Mesenchymal Stromal Cell Proliferation and Differentiation via Decellularized Extracellular Matrix on Substrates With a Range of Surface Chemistries



		Introduction



		Materials and Methods



		Materials



		Surface Modification Using Silane Chemistry



		Surface Characterization of Glass Substrates



		dECM Production and Primary Cell Culture



		Confocal Microscopy of Stained ECM



		SDS-PAGE



		Cell Proliferation Assay



		Adipogenic Differentiation of Primary MSCs



		Osteogenic Differentiation of Primary MSCs



		Statistical Analysis







		Results



		Substrates With Various Surface Chemistries Can Be Generated Through Silanization of Glass Coverslips



		Substrate Surface Chemistry Does Not Significantly Alter dECM Composition or Microarchitecture



		Surface Chemistry Did Not Significantly Alter the Proliferation of MSCs on dECM or Control Surfaces



		Surface Chemistry Did Not Significantly Alter the Adipogenic Potential of MSCs on dECM or Control Surfaces



		Surface Chemistry Did Not Significantly Alter the Osteogenic Potential of MSCs on dECM or Control Surfaces







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Medical Technology

Improvement of Mesenchymal
Stromal Cell Proliferation and
Differentiation via Decellularized
Extracellular Matrix on Substrates
With a Range of Surface Chemistries





OPS/images/fmedt-04-834123-g001.gif
a2 toes, « control





OPS/images/fmedt-04-834123-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medical Technology





