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Variations in mechanical properties of the extracellular matrix occurs in various processes, such as tissue fibrosis. The impact of changes in tissue stiffness on cell behaviour are studied in vitro using various types of biomaterials and methods. Stiffness patterning of hydrogel scaffolds, through the use of stiffness gradients for instance, allows the modelling and studying of cellular responses to fibrotic mechanisms. Gelatine methacryloyl (GelMA) has been used extensively in tissue engineering for its inherent biocompatibility and the ability to precisely tune its mechanical properties. Visible light is now increasingly employed for crosslinking GelMA hydrogels as it enables improved cell survival when performing cell encapsulation. We report here, the photopatterning of mechanical properties of GelMA hydrogels with visible light and eosin Y as the photoinitiator using physical photomasks and projection with a digital micromirror device. Using both methods, binary hydrogels with areas of different stiffnesses and hydrogels with stiffness gradients were fabricated. Their mechanical properties were characterised using force indentation with atomic force microscopy, which showed the efficiency of both methods to spatially pattern the elastic modulus of GelMA according to the photomask or the projected pattern. Crosslinking through projection was also used to build constructs with complex shapes. Overall, this work shows the feasibility of patterning the stiffness of GelMA scaffolds, in the range from healthy to pathological stiffness, with visible light. Consequently, this method could be used to build in vitro models of healthy and fibrotic tissue and study the cellular behaviours involved at the interface between the two.
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1 INTRODUCTION
The extracellular matrix (ECM) provides support for cells and is a crucial component that contributes to cell fate and behaviour due to wide variety of chemical or mechanical cues (Engler et al., 2006). Similarly, the composition and properties of the ECM is controlled by the cells that reside in it. The ECM may undergo severe changes in response to disease or to traumatic events, which can profoundly affect the integrity and functioning of the tissue. Fibrotic tissue, or scar tissue, is usually formed after an injury, but presents very different structural properties from healthy tissue. One of the main characteristics of fibrosis (or scarring) is the excess production of ECM, mainly in the form of collagen and fibronectin, by the activation of fibroblast cells into myofibroblasts (Keane et al., 2018). Consequently, the mechanical properties of fibrotic tissue are significantly modified compared to healthy tissue, and characterised by tissue stiffening. For example, atomic force microscopy (AFM) measurements on biological samples have shown that the elastic (Young’s) modulus of healthy myocardium from rats is approximately 18 kPa, whereas fibrotic myocardium can display an elastic modulus from approximately 55–800 kPa (Berry et al., 2006; Hiesinger et al., 2012). The interface between healthy and fibrotic tissues thus presents significant changes in composition and gradients of elastic modulus. Stiffness gradients play a crucial role in cell migration through what is called “durotaxis” (Isenberg et al., 2009; Sunyer et al., 2016). It is believed that durotaxis is a key factor for wound healing and scar formation, in that fibroblasts and myofibroblasts have been observed to migrate to a lesion site (Wells, 2013; Ozcelikkale et al., 2017), although there is still a debate about the occurrence of durotaxis in vivo (Shellard and Mayor, 2021).
Hydrogels are biomaterials that can closely replicate the structure and properties of ECM and are often used as cell culture substrates for various applications (Caliari and Burdick, 2016; Huang et al., 2017; Narasimhan et al., 2021). Durotaxis has been extensively studied in vitro with the help of various biomaterials and techniques to produce stiffness gradients (Whang and Kim, 2016; Xia et al., 2017; Li et al., 2021). In vitro fibrotic ECM models are also developed with hydrogels to replicate changes in mechanical properties and to study their influence on cell behaviour (Zhao et al., 2014; Ariyasinghe et al., 2018; Davidson et al., 2020). The influence of matrix mechanical properties in three-dimensional (3D) cultures have also been investigated (Lin et al., 2018; Crocini et al., 2020). Gelatine methacryloyl (GelMA) is a common and reliable biomaterial that enables precise control over its mechanical properties thanks to the chemical crosslinking (or curing) of the polymer network through its methacryloyl functional groups (Yue et al., 2015; Loessner et al., 2016). Gelatine on its own is perfectly biocompatible, however its melting point of 37°C and the difficulty of controlling its mechanical properties limit its application. Grafting methacryloyl groups to gelatine is a simple process that helps overcome these limitations while retaining good biocompatibility of the material.
To make hydrogels out of GelMA, the pre-polymer is mixed in solution with photoinitiators and exposed to light with a wavelength that can lead to photoinitiation, usually in the range of the absorption peak of the photoinitiator. As a result, covalent crosslinking occurs between the gelatine chains by forming bonds between the methacryloyl groups, thus reinforcing the polymer network in a controlled way through adjustment of light exposure and concentrations of the reactants. GelMA is typically crosslinked using ultraviolet (UV) light with photoinitiators, such as 2-hydroxy-1-[4-(2-hydroxyethyl) phenyl]-2-methyl-1-propanone (Irgacure 2959) (Fan et al., 2018) or 2,2′-azobis [2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086) (Occhetta et al., 2015). However, when encapsulating cells in GelMA to replicate a 3D environment, Lim et al. (2019) found that UV light can be detrimental to cell survival. Visible-light crosslinking has thus been increasingly applied using other types of photoinitiators, such as lithium acylphosphinate (LAP) (Monteiro et al., 2018) or ruthenium combined with sodium persulfate (Ru/SPS) (Lim et al., 2016). Eosin Y is a readily available chemical compound that forms reactive species by activation under blue-green light (absorption peak at 515 nm) and has proven to be an efficient and safe photoinitiator to encapsulate cells inside GelMA scaffolds (Kerscher et al., 2017; Noshadi et al., 2017; Wang et al., 2018).
Several techniques can be used to create hydrogels with spatially heterogeneous mechanical properties, such as stiffness gradients. Such techniques include ascending frontal polymerisation (He et al., 2021), electrophoresis (Hu et al., 2021), drop coalescence (Lee et al., 2019), buoyancy difference of solutions (Li et al., 2019), variation of hydrogel thickness (Chin et al., 2021), or microfluidics (Lavrentieva et al., 2020). Photopatterning, or photolithography, is another method for patterning the stiffness of hydrogels by spatially varying the light irradiance. Photopatterning can be performed in a straightforward manner by using a physical photomask (Rape et al., 2015; Tomba and Villard, 2015; Kim et al., 2020; Li and Bratlie, 2021; Mgharbel et al., 2022), via direct laser writing (Song et al., 2021; Jagiełło et al., 2022), or by spatially varying the light source itself (Norris et al., 2016; Oh et al., 2022). The latter can be achieved using digital micromirror devices (DMDs), such as those contained in some video projectors. A DMD is typically an array of several hundreds of thousands to millions of micromirrors (one mirror for each pixel) that can be individually switched between two states “on” and “off”. By controlling the ratio of the on time to off time, each micromirror can produce a pixel with a specific intensity, thus creating images with various shades (Van Kessel et al., 1998). Such a system can then be used to project images onto the surface of hydrogels, thereby curing and patterning their mechanical properties (Wang et al., 2021). Photopatterning the stiffness of GelMA hydrogels with UV light has been extensively studied using some of the methods cited above (O’Connell et al., 2018; Ko et al., 2019; Li et al., 2019; Kim et al., 2020; Lavrentieva et al., 2020). To date, several studies have stiffness-patterned hydrogels through visible light (Rape et al., 2015; He et al., 2018) and used projection-based patterning of GelMA (Levato et al., 2021), but to our knowledge, this is the first study employing visible light projection-based patterning to control and pattern the stiffness of GelMA hydrogels.
In this article, we report the fabrication of stiffness-patterned GelMA constructs using visible light crosslinking with eosin Y as the photoinitiator. We synthesised GelMA from gelatine and characterised its degree of functionalisation. To obtain hydrogel stiffness in the relevant range of 10–100 kPa, to mimic healthy and fibrotic tissues, we optimised the gelation conditions by controlling the precursor concentration and exposure time. Photopatterning of GelMA was then investigated through different designs–either as distinct regions of different stiffnesses or as gradients of stiffness–and via different methods such as physical photomasks or photopatterning with a DMD. The latter also demonstrated the ability to create scaffolds with complex shapes, to demonstrate the ease by which this technique can be used to generate complex stiffness patterns to mimic tissue features, such as areas of fibrosis.
2 MATERIALS AND METHODS
2.1 Materials
All the solutions were prepared with Ultrapure/Type 1 water sourced from a Milli-Q Direct 8 water purification system with a resistivity of 18.2 MΩ cm. Gelatine, methacrylic anhydride, eosin Y, triethanolamine (TEA), ninhydrin, (3-aminopropyl)triethoxysilane, 50% v/v glutaraldehyde solution, dichlorodimethylsilane, Corning sterile syringe filters and cellulose dialysis tubing were all purchased from Sigma-Aldrich (Auckland, New Zealand). Gibco phosphate buffer saline (PBS) tablets were purchased from Life Technologies (Auckland, New Zealand). N-vinylpyrrolidone (NVP) was purchased from Merck Pty Ltd. (Bayswater, Australia). Ethanol, acetone, and toluene (AR grade) were purchased from ECP Ltd. (Auckland, New Zealand). Polypropylene centrifuge tubes were purchased from Interlab Ltd. (Wellington, New Zealand). Silicon (Si) wafers (100 orientation, P-type, boron doped) were purchased from University Wafers (Boston, MA, United States).
2.2 Measurement of the Absorbance of Eosin Y
The absorbance of an eosin Y solution in PBS at a concentration of approximately 34 μM was measured between 400 and 700 nm in a UV-vis spectrophotometer (Shimadzu UV-2550, Shimadzu Scientific Instruments, Auckland, New Zealand) against a solution of pure PBS as reference. A blank transparency was also placed in between the light source and the cuvette containing the eosin Y solution to verify that the transparencies had no effect on the crosslinking experiments.
2.3 GelMA Synthesis
GelMA was synthesised according to Loessner et al.’s protocol (Loessner et al., 2016). Briefly, gelatine (from porcine skin, gel strength 300, Type A) was dissolved at a concentration of 10 wt% in PBS and heated at 50°C for an hour. Methacrylic anhydride (0.6 g/g of gelatine) was added dropwise to the reaction mixture, which was then left to react under stirring for 3 h. The reaction mixture was centrifuged to remove the unreacted methacrylic anhydride, and the supernatant was diluted in twice its volume of warm PBS and transferred into dialysis tubing (cellulose tubing, MWCO 12,400 kDa). The GelMA was then dialysed against Type 1 water for 7 days at 40°C. After purification, the resulting GelMA was freeze-dried and stored at −20°C.
2.4 Determination of the Degree of Functionalisation of GelMA
Following Zatorski et al.’s protocol, a ninhydrin assay was performed to determine the degree of functionalisation of the synthesised GelMA (Zatorski et al., 2020). As references, a 10 mg/ml gelatine solution in PBS was prepared and diluted at (90, 80, 70, 60, 50, 40, 30, 20 and 10) % in PBS. A GelMA solution in PBS at a concentration (Cnom) of 10 mg/ml was also prepared. A ninhydrin solution in ethanol at 20 mg/ml was prepared. The gelatine or GelMA solutions were mixed with the ninhydrin solution (2.2 mg/ml final) at a 1:8 volume ratio (ninhydrin to gelatine/GelMA ratio) and heated at 70°C under stirring for 12 min. The different solutions were pipetted in triplicates into the wells of a 96-well plate, and their absorbance at 570 nm was measured at room temperature (RT). A calibration curve was plotted to represent the absorbance of the gelatine against its concentration, and a linear fit was made between concentrations of 2 and 8 mg/ml. The “apparent concentration”, Capp, of GelMA in mg/ml was then calculated by reporting the average absorbance of the GelMA solutions to the linear fit. The fraction of available amine functions (f) in the GelMA can be calculated as [image: image] The degree of functionalisation was then calculated as: [image: image].
2.5 Functionalisation of Substrates to Cast Hydrogels
Two kinds of functionalised substrates were needed to prepare the hydrogels: a glutaraldehyde-functionalised Si substrate on top of which the gel was cast, and that ensured good adhesion of the gel to the substrate, and a hydrophobic glass coverslip placed on top of the pre-gel to even the hydrogel’s surface and that allowed the light to go through it and to be easily removed.
2.5.1 Glutaraldehyde-Functionalised Si Substrates
Small pieces of Si wafer (∼1 cm2) were cut with a glass cutter and cleaned by exposing the surfaces to UV ozone (UV Ozone Cleaner—ProCleaner, Bioforce Nanoscience, United States) for 20 min. The Si pieces were then soaked for 30 min in a 2% v/v solution of (3-aminopropyl)triethoxysilane in toluene, followed by 15 min of sonication in toluene and 10 min sonication in Type 1 water. The substrates were subsequently soaked for 30 min in a solution containing 1% v/v glutaraldehyde (from the 50% v/v stock glutaraldehyde solution) in PBS and then rinsed with Type 1 water.
2.5.2 Hydrophobic Glass Coverslips
Coverslips were cleaned by sonication for 15 min in acetone and exposure to UV ozone for 20 min on both sides. Around 20 μl of dichlorodimethylsilane was then applied to each side of the clean glass coverslips and left to react for approximately 2 min. The excess silane was wiped with a paper, and the functionalised coverslips were rinsed with Type 1 water.
2.6 Preparation of GelMA Hydrogels
For 10 wt% GelMA hydrogels, freeze-dried GelMA was dissolved in PBS at 40°C at a concentration of 13.8 wt%, containing NVP at 3.7 wt%. A 1.66 mM eosin Y solution and a 0.67 g/ml TEA solution were prepared in PBS. For 15 wt% GelMA, a GelMA solution in PBS was prepared at 20.7 wt% containing NVP at 5.5 wt%. An eosin Y solution was prepared at 2.5 mM, and a TEA solution at 63 vol% (0.94 g of TEA dissolved in 500 μl of PBS). For both conditions, 200 μl of the pre-gel solution was prepared by mixing 15 μl of TEA solution, 45 μl of eosin Y solution and 145 μl of GelMA + NVP solution. For the 10 wt GelMA hydrogels, the resulting final composition was 10 wt% in GelMA, 0.66 mM in eosin Y, 5 wt% in TEA, and 2.67 wt% in NVP. For 15 wt% GelMA hydrogels, the final composition was 15 wt% in GelMA, 0.5 mM in eosin Y, 7.5 wt% in TEA, and 4 wt% in NVP. The pre-gel solution was sonicated for 5 min at RT to remove the dissolved O2 and then melted again at 40°C to enable pipetting. 9.3 μl of the pre-gel solution was pipetted in a metal ring (6 mm diameter, 210 μm thickness) mounted on a glutaraldehyde-functionalised Si substrate and then covered by a hydrophobic glass coverslip. The sample was subsequently exposed to a high-power green LED with a centre wavelength of 525 nm (Thorlabs Inc., United States, SOLIS-525C), or to the light of the projector set-up, for times between 1 and 8 min. The sample received an irradiance of approximately 160 mW/cm2 for the high-power LED or a maximum of approximately 128 mW/cm2 for the projector set-up. Irradiance was measured with an optical power meter (Newport Corporation, model 1936-C, United States). After crosslinking, the hydrogels were soaked overnight in 2 ml of PBS in the dark at RT.
2.7 Photomask-Based Stiffness-Patterning
2.7.1 Binary Pattern
Photomasks were placed on top of the hydrophobic coverslip for stiffness-patterned hydrogels before crosslinking under the green light. The photomasks were designed on a vector graphics software (Inkscape) and subsequently printed in black and white at 1,200 dpi on transparencies with a laser printer. These photomasks are referred to as their defined percentage of opacity for the black colour in the software, i.e., a “0–50” mask displays 0 and 50% opacity areas.
2.7.2 Gradient Pattern
To create gradients of stiffnesses with the green LED, we used a continuous optical density (OD) filter (Thorlabs Inc., NDL-10C-4, United States), consisting of a glass rectangle covered with a linear gradient of metal coating. The optical density of this filter ranged from 0.04 to 4.0 over a length of 50 mm. The filter was positioned on top of the mould containing the pre-gel solution before crosslinking the gel with the 525 nm LED.
2.7.3 UV-Vis Spectroscopy Measurements of the Printed Photomask Transmittance
To measure the light transmittance of the printed photomasks, we printed them on transparencies with a laser printer at 1,200 dpi and then positioned them in the UV-vis spectrophotometer (Shimadzu UV-2550, Shimadzu Scientific Instruments, Auckland, New Zealand) in between the light source and the sensor. The transmittance of the photomasks was measured at 525 nm (wavelength of the green LED).
2.8 Projection-Based Stiffness Patterning
For projection-based stiffness-patterning, we built a system that consisted of a modified digital projector (Optoma, EX525ST) containing a digital micromirror device (DMD). The projection lens and colour wheel were removed and replaced with a lens (Nikon, 50 mm) followed by an optical filter (Thorlabs, MF510-42) with a centre wavelength of 510 nm and bandwidth of 42 nm (full-width at half-maximum). Focusing the image at the top of the hydrogel mould gave an image over an area of approximately 8 mm × 6 mm. A presentation program (Microsoft PowerPoint) was used to design the patterns projected at the surface of the pre-gel solutions. The greyscale values in the pattern were set from black (greyscale value = 0) to white (greyscale value = 1) in the software. A timer for the slide was used to set the exposure time to 4 min.
2.8.1 Irradiance Measurements
Slides with a defined greyscale value were projected on the sensor of an optical power meter to measure the irradiance of the projector as a function of the defined greyscale value (Newport Corporation, model 1936-C, United States). The resulting power was measured and divided by the area of the slides on the sensor to calculate the irradiance, which was then plotted against the greyscale value.
2.8.2 Sliding Mask
A simple animation of a black sliding mask (irradiance of 1.0 mW/cm2), revealing a white background at an irradiance of 128 mW/cm2, was made in Microsoft PowerPoint, and moving at a velocity of 10.7 pixel/s. The animation was then projected onto the pre-gel solution. After the sliding mask reached the other extremity of the sample, a fully white pattern was shone for 1 min to further crosslink the hydrogel.
2.9 Mechanical Characterisation of the Hydrogels With Atomic Force Microscopy
The elastic modulus measurements of the hydrogel samples were performed on an MFP-3D Origin AFM (Asylum Research, Santa Barbara, United States) in a liquid environment at RT. After being rinsed overnight, the 2 ml of PBS in which each hydrogel was soaking was replaced. Pre-calibrated silicon nitride cantilevers with spring constants ranging between 0.07 and 0.08 N/m with a 5 μm glass bead at the tip (Novascan, United States) were used. The spring constant of each cantilever was precisely calibrated by the manufacturer beforehand, and its value was subsequently updated in the AFM software. Before each set of measurements, force-indentation curves were measured on a clean Si substrate in PBS to calibrate the DeflInvols value. Each hydrogel-coated Si substrate was fixed on a glass slide with double-sided tape, put on the AFM stage, and a droplet of PBS was placed on top of the gel. The parameters used for measuring the elastic moduli of the hydrogels were adapted from Schillers et al. (2017): 100 force-indentation curves over an area of 20 μm × 20 μm (= 1 force map) were recorded, typically with a scan rate of 0.7 Hz, travel range of 2–4 μm, tip velocity of 3 to 6 μm/s and trigger force of 2.5–5.0 nN. At least four force maps were recorded over the sample’s area for each hydrogel. The resulting force maps were analysed in the acquisition software, Asylum Research Software AR16 (version 16.10.211), operating in Igor Pro (version 6.38, WaveMetrics, United States), and the approach section of the curve was fitted with the Hertz model (Hertz, 1882). The equation used to fit force curves to approximate the sample’s elastic modulus is the following:
[image: image]
with Fapp the applied force in N, Es the sample’s modulus in Pa (N m−2), ϑs the sample’s Poisson’s ratio (dimensionless), R the radius of the bead in m, and d the depth of indentation in m (Matzelle et al., 2003). The value of the Poisson’s ratio of the gels was assumed to be 0.33 (Greaves et al., 2011). A fit between 10% and 90% of the maximum applied force was used to quantify the elastic modulus of the hydrogel samples from the force-indentation curves (see Supplementary Figure S1 for examples of fits on force curves). A histogram of the elastic modulus values was generated for each force map, and a Gaussian fit was applied to it. This fit provided a mean value of the elastic modulus and the standard deviation (SD) for each force map. If some force curves within the force maps displayed irregular shapes or values, these were excluded from the fit by applying a mask that excluded force curves with a fit above or below a certain threshold of elastic modulus.
For force measurements on gradient hydrogels, 100 force-indentation curves over an area of 10 μm × 10 μm were recorded every 500 μm or 1 mm, measured with the AFM stage micrometre, along the direction of the gradient. The data are presented as the mean value of the elastic modulus ±SD, as calculated by the Gaussian fit on the histogram of each force map.
2.10 Statistical Analysis of the Mechanical Characterisation Results
Several sets of data were used to plot the hydrogels’ elastic moduli as a function of exposure time. For each exposure time with the 15 wt% hydrogels, seven replicates were tested, and four replicates were made for the 10 wt% hydrogels. For each hydrogel, a minimum of three force maps and a maximum of six were generated over different sample regions. For each force map, the mean value of the elastic modulus and its SD, generated from the Gaussian fit of the histograms, were collected. The mean values of the elastic modulus were averaged over all the generated force maps pooled together to calculate the average elastic modulus of the hydrogels for each condition (concentration and exposure time), provided that the SD of the force map was <30% of its mean value. If the SD was >30%, the corresponding force map was excluded from the analysis. Force maps with irrelevant overall elastic modulus were also excluded from the analysis (i.e., very low elastic modulus for long exposure time). The standard error was also calculated over the corresponding force maps with a SD < 30% for each average elastic modulus. For each GelMA concentration, the resulting average elastic modulus was plotted against the hydrogels’ exposure time, and the corresponding error bars represent the standard error of the data set.
For assessment of the stiffness-patterned hydrogels with the binary masks, one control gel and two patterned replicates were tested per condition. Four force maps were made on the control gels at different places on the surface, and the mean values and SDs of the force maps were extracted. The average elastic moduli of the control gels for each condition were calculated by averaging the four mean values, and the standard errors of the data sets were also calculated. Concerning the patterned gels, for each sample, three force maps were made on the non-masked region and a minimum of four force maps were made on the masked region of the gel. Similarly, the mean values and SDs of the elastic moduli were extracted for each force map. Subsequently, the mean values per mask region were averaged over the two samples, and the standard error was calculated. The graphs represent the values of the average elastic modulus, and the error bars represent the standard error.
For assessment of the gradients of stiffness, each point on the graph represents the mean value of elastic modulus from the Gaussian fit of the histogram of a single force map. The error bars represent the SDs of the Gaussian fit.
For statistical comparison of two data sets, a Student’s t-test (two-tailed distribution, two-sample equal variance) was performed on the pooled mean elastic modulus values obtained with the force maps measured from each sample.
3 RESULTS AND DISCUSSION
3.1 Synthesis of Gelatine Methacryloyl
Gelatine methacryloyl (GelMA) was synthesised by reacting gelatine with methacrylic anhydride in phosphate buffer saline (PBS) under stirring for approximately 3 h at 50°C. This process allows the functionalisation of the gelatine backbone by grafting methacrylamide and methacrylate groups on the free amine and alcohol functions, with methacrylamide groups being the majority of the functions (>90%) (Yue et al., 2015; Loessner et al., 2016) (Figure 1A). To determine the degree of crosslinking achievable with the synthesised compound, we assessed the degree of functionalisation (DoF) of the resulting GelMA with a ninhydrin assay (Zatorski et al., 2020). This assay relies on the reaction of ninhydrin with free primary amine functions present on the gelatine backbone. When bound to an amine, ninhydrin forms Ruhemann’s Purple, a purple-coloured soluble product whose absorbance peak is at 570 nm. It is then possible to determine the amount of free primary amines in the sample by measuring the absorbance at 570 nm of a solution containing gelatine or GelMA reacted with ninhydrin. Therefore, by comparing a sample of unreacted gelatine and a sample of GelMA, it is possible to calculate the amount of unreacted amine functions in the GelMA and thus calculate its percentage, or degree, of functionalisation. We thus estimated the DoF of our synthesised GelMA to 80%, which translates a relatively high functionalisation of the gelatine with this synthesis method (Shirahama et al., 2016). However, this assay does not take into account the free alcohol groups on the gelatine backbone, thus introducing a small error on the assessment of the DoF by ignoring the amount of methacrylate groups present in the GelMA.
[image: Figure 1]FIGURE 1 | Scheme of the reactions for the synthesis of GelMA (A) and for the formation of GelMA hydrogels (B).
GelMA was obtained as a white foam after purification by dialysis and freeze-drying. To make hydrogels out of this foam, GelMA was dissolved in PBS and mixed with three other compounds: eosin Y, which is the photoinitiator activated by blue-green light (absorbance peak at 515 nm in PBS, see Supplementary Figure S2), triethanolamine (TEA) that acts as a co-initiator to generate reactive species, and N-vinylpyrrolidone (NVP), which is a co-monomer that accelerates the reaction (Noshadi et al., 2017). By exposing this pre-gel mix to a green 525 nm high-power light-emitting diode (LED), the crosslinking reaction can occur and produces a hydrogel by trapping water within the polymer network (Figure 1B).
3.2 Optimisation of the Gelation Conditions and Mechanical Characterisation
Fibrotic, scarred, tissue is generally stiffer than healthy tissue. Therefore, it is important to optimise gelation to reach elastic modulus values for both healthy and scarred tissue. For cardiac tissues for example, the relevant range of elastic moduli from 10 to 100 kPa that mimics healthy and fibrotic cardiac tissues (Berry et al., 2006; Hiesinger et al., 2012) can be achieved by tuning several parameters of the hydrogel. Herein, we focussed on pre-polymer concentration and on exposure time to green light, which initiates the cross linking. Concerning the “photoinitiator” concentrations (the term “photoinitiators” will subsequently refer to eosin Y, TEA and NVP altogether), we chose to use final concentrations in the hydrogel of 0.66 mM in eosin Y, 5 wt% in TEA, and 2.67 wt% in NVP for a final GelMA concentration of 10 wt%. To reach the highest possible crosslinking, we also increased the GelMA and photoinitiator concentrations to 15 wt% GelMA and 0.5 mM eosin Y, 7.5 wt% TEA, and 4 wt% NVP, respectively. These concentrations were chosen as they enable the fabrication of very stiff hydrogels [up to 90 kPa of compressive modulus (Xu et al., 2021)] and can be used to encapsulate viable cells–even though it has been shown that cells encapsulated in lower GelMA concentrations display better proliferation and functionality.
Force indentation measurements with atomic force microscopy (AFM) were used to assess the mechanical properties of the GelMA hydrogels (Figure 2). For this, 10 and 15 wt% GelMA pre-gel solutions were exposed to green light (LED setup as described in Section 2, irradiance of 160 mW/cm2) for times from 1 to 8 min, and kept in PBS at room temperature (RT) overnight. The average elastic modulus of each sample was assessed by generating 100-point force maps at least at three different locations of the samples. By fitting the force-indentation curves of the force maps with the Hertz model (Hertz, 1882), the average and standard error of the elastic moduli was obtained (Figure 2). The results showed that, by increasing the exposure time to the green LED, the average elastic modulus of the hydrogels also increased. This is expected, as exposing the pre-gel solution for a longer time to the green light increases the number of bonds formed between the gelatine chains, thus resulting in a stronger polymer network and stiffer gel. The elastic moduli obtained with these exposure times range from approximately 10–46 kPa for 10 wt% GelMA and from approximately 10–70 kPa for 15 wt% GelMA, giving ranges within the initial target range of 10–100 kPa. In both conditions, the average elastic modulus of the hydrogels stabilises after a certain exposure time (6 min for 10 wt% and 8 min for 15 wt%). This shows that, after a certain exposure time at fixed irradiance (160 mW/cm2), the maximum number of crosslinks between the gelatine chains has been reached, either because of the limiting amount of free methacrylate groups that could react together or because of the limiting amount of photoinitiators.
[image: Figure 2]FIGURE 2 | AFM force indentation measurements of the average elastic moduli of 10 wt% (black diamond) and 15 wt% (red circle) GelMA hydrogels as a function of their exposure time to the green LED. The error bars represent the standard error (10 wt%: between 15 and 21 force maps over four separate gels for each exposure time; 15 wt%: between 27 and 31 force maps over seven separate gels for each exposure time).
For the 10 wt% hydrogels, the average elastic modulus decreased after 6 min of crosslinking. This decrease was also observed for some sets of 15 wt% GelMA samples after 8 min (Supplementary Figure S3). A previous study from Zhu et al. (2018) mentions that this phenomenon could occur because of the photobleaching of eosin Y. Alternatively, this phenomenon could be due to thermal effects on the hydrogel due to the high power of the light that gives rise to heating in the material. Measurements of the temperature under the green LED over time showed an increase from RT to a maximum of 47°C after approximately 7 min (Supplementary Figure S4). Prolonged exposure of the surface of the gel to such temperature could induce melting of the gelatine and disorganisation of the chains resulting in a looser network and reduced elastic modulus.
The data points in Figure 2 display large error bars, which highlight the significant variation of elastic modulus between the replicates despite rigorously using the same crosslinking conditions each time. The stiffness variation within each sample is actually considerably lower (Supplementary Figure S3). A possible explanation for these variations is the time required to pipette the 9 μl into the mould and place it under the lamp before crosslinking. The pre-gel solution was heated at 40°C to keep it liquid and transfer it into the mould. However, the liquid can cool down very rapidly with such a small volume. Several studies found that cooling down a GelMA pre-gel solution to temperatures below 25°C before crosslinking actually increased the elastic modulus of the crosslinked hydrogel compared to crosslinking the pre-gel solution directly at RT (Rizwan et al., 2017; Young et al., 2020; Chansoria et al., 2021). This is due to the physical gelation of the gelatine before light-curing, which induces a better organisation of the gelatine chains resulting in a higher crosslinking density. Our significant variations in the elastic modulus may arise from the same effect due to different pipetting and sample preparation times prior to crosslinking.
We verified the influence of physical crosslinking before light curing by placing the pre-gel solutions in the moulds at 4°C for 15 min. The results showed a significant increase in elastic modulus for the gels first placed at 4°C compared to those directly crosslinked under the lamp right after pipetting into the mould (Supplementary Figure S5). Consequently, systematically placing the pre-gel solutions at 4°C before crosslinking could, at the same time, allow us to obtain reproducible hydrogels with higher elastic moduli. However, this process may not be compatible with the encapsulation of cells into the hydrogels, as exposure of several minutes to cold temperatures could potentially harm them. Pipetting the solution in the mould and placing it as fast as practically possible under the lamp was the method employed here, but variation in this amount of time (at the scale of a few tens of seconds) remained hard to avoid. Placing the substrate on a thermoelectric cooler/heater kept at 37°C during the whole process of crosslinking could also help reduce the variability in the resulting gels elastic modulus. It is also important to align the samples with the emission axis of the lamp to reduce errors due to uneven illumination. Therefore, a sample holder to guide the alignment was added and used for the 10 wt% GelMA hydrogels, likely contributing to the smaller variation seen in the stiffness for these gels (Figure 2).
3.3 Photomask-Based Stiffness Patterning
After confirming the ability to control GelMA hydrogels’ elastic modulus through the exposure time, the next step was to pattern regions of different stiffnesses using photomasks to spatially vary the irradiance, and thereby the crosslinking. For these experiments, gels with 10 wt% GelMA were used as this concentration is more suited for further cell culture applications (Xu et al., 2021). By designing patterns of opacity on the photomasks, it becomes possible to also pattern the stiffness. In this study, we used two types of photomasks placed between the green LED and the pre-gel solution during crosslinking. Both types of photomasks were applied to GelMA hydrogel samples, which were then characterised with force indentation measurements with AFM to confirm the patterning of the elastic modulus.
3.3.1 Binary Pattern
As a first simple type of patterning, binary photomasks were used (Figure 3C). These were designed on a vector graphics software (Inkscape) as disks of 6 mm in diameter, which aligned with the metal ring mould used for making the hydrogels. The disks were divided into halves: one fully transparent (0% opacity on the software) to serve as a control, the other half with a defined opacity of 33% or 50%, as defined by the software. The masks were printed at 1,200 dpi in black and white on transparencies with a laser printer and placed on top of the hydrogel samples before crosslinking. Beforehand, we ensured that the transparency did not disrupt the absorbance of eosin Y by measuring its absorbance spectrum with and without blank transparency in front of the light source (Supplementary Figure S1). The transmittance of the photomasks was also measured by UV-vis spectroscopy at 525 nm, the wavelength of the green LED, and used to calculate the resulting irradiance compared to the native one of the green LED (Supplementary Table S6). Two sets of 10 wt% GelMA hydrogels were prepared with printed photomasks placed on top of the samples during crosslinking. A crosslinking time of 4 min was chosen for these experiments, as this is in the range of the elastic modulus vs. exposure time curve (Figure 2), and because it results in a sufficiently high gel stiffness for a relatively short exposure time. Indeed, for further cell culture applications, it is better to limit the time that cells are left at RT to prevent cell death. Figure 3 shows the effect of a 33% opacity mask (Figure 3A) and a 50% opacity mask (Figure 3B) on the elastic modulus of the hydrogels according to the resulting irradiance.
[image: Figure 3]FIGURE 3 | Stiffness patterning of 10 wt% GelMA hydrogels crosslinked for 4 min under the green LED with two binary photomasks: “33–0” (A) and “50–0” (B) masks. The elastic modulus of the hydrogels was significantly reduced by the opaque area of the photomask, which modulated the green LED irradiance (error bars are the standard error over at least six force maps on two samples per photomask, p < 0.0005). Photograph of a “50–0” binary photomask placed on top of a pre-gel solution into a mould (C).
For both conditions, a decrease in the average elastic modulus of the masked region was observed compared to the transparent region: from 24.12 to 15.36 kPa for the “33–0” photomask and from 35.11 to 15.66 kPa for the “50–0” photomask. It is interesting to observe that the percentage of decrease in elastic modulus between the two regions is approximately the same value as the defined opacity percentage of the photomasks: a 36% reduction in elastic modulus for the “0–33” photomask and a 55% decrease for the “0–50” photomask. However, the stiffness reductions did not correspond to the percentage of decrease in the irradiance, which was 79% for the “33–0” photomask and 94% for the “50–0” photomask. This highlights a non-linear correlation between the irradiance received by the GelMA and its resulting crosslinking ratio. A significant difference of stiffness between the 0% opacity of the two samples was noted, this stiffness variation was within the elastic modulus inter-sample variance of our GelMA system (Figure 2).
Furthermore, with this kind of photomask, we observed under the microscope a sub-patterning at the surface of the hydrogels due to the halftoning carried out in the printer to simulate greyscale tones (Supplementary Figure S7). The size of the ink dots is around 100–120 μm, and the less opaque photomask is achieved by a lower spatial density of dots, leaving transparent gaps where the crosslinking can occur at its maximum. The difference in stiffness between the area of the gel under the ink dots and the gaps was characterised, and we found a significant difference between the two: around 13 kPa under the ink dots and around 21 kPa under the transparent gaps. In fact, the results in Figure 3 were obtained by probing the gels at the positions of the ink dots. While this sub-patterning is not desired for mechanotransduction studies of cells responding to gradients or step changes in modulus, simple binary-coloured printed masks have the potential for patterning features down to the size of pixels. This kind of sub patterning in gels cured using printed photomasks has not been reported in UV cured hydrogels (Kim et al., 2020). This might be due to several effects, such as differences in light diffraction as well as reaction times (longer reaction times lead to more diffusion and blurring of pattern).
3.3.2 Gradient Pattern
To improve the fidelity of the pattern, a commercially available optical filter was used to produce gradients. It consisted of a glass slide covered with a progressive metal coating that produces a continuous gradient of optical density (OD), from 0.04 to 4.0 over 50 mm (Figure 4B). The optical filter was placed on the mould on top of the pre-gel solution and then exposed to the 525 nm LED. For this experiment, an exposure time of 4 min was chosen. Figure 4A shows the elastic modulus of a 10 wt% GelMA hydrogel patterned with the filter positioned where the transition from transparent to opaque is visible to the naked eye (Figure 4B).
[image: Figure 4]FIGURE 4 | Gradient of stiffness on a 10 wt% GelMA hydrogel crosslinked for 4 min under the green LED (A) (error bars = standard deviation of the force maps). Photograph of the gradient filter (0.04–4.0 OD) used for the patterning of hydrogels (B). The red circle represents the approximate position of the sample under the mask.
By probing the hydrogel along the axis aligned with the gradient filter, we measured a linear relationship between the elastic modulus and the distance across the hydrogel (corresponding to the increasing OD of the gradient filter), with a gradient of 2.3 kPa/mm (R2 = 0.9696). According to Vincent et al. (2013), this stiffness gradient lies between a physiological gradient (around 1 kPa/mm) and pathological gradients (between 10 and 40 kPa/mm) for fibrotic tissue. As our goal is to achieve the modelling of pathological tissue presenting fibrosis, it is desirable to enable fabrication of steeper stiffness gradients.
3.4 Projection-Based Stiffness Patterning
A projection-based photopatterning system was developed to overcome the limitations of photopatterning using physical photomasks. This system consisted of a modified digital projector containing a digital micromirror device (DMD) which enabled direct control of irradiance across the gel, and the exposure time. This set-up was used to directly project the patterned light at the surface of the pre-gel solutions and thus cure the gels accordingly (Figures 5A,B). However, as with the green LED set-up, we first assessed the influence of exposure time to projected light at full irradiance (128 mW/cm2) on 10 wt% GelMA hydrogels’ elastic modulus, measured by force indentation measurements with AFM (Figure 5C).
[image: Figure 5]FIGURE 5 | Crosslinking of GelMA via the projector system (A). With this system, a digital image is directly projected at the surface of the pre-gel solution to create patterns of stiffness in the GelMA (B). The resulting elastic modulus of 10 wt% GelMA hydrogels according to their exposure time under the projector has been measured by force indentation measurements with AFM (C) (errors bars: standard error over five force maps per exposure time).
Using the projector to cure the gels, we observed a similar trend as with the green LED, where the gel’s elastic modulus increased with increased exposure time until reaching a plateau and eventually decreased for longer exposure time, here 6 min. Again, this decrease in elastic modulus for longer exposure times may be due to photobleaching of the eosin Y. The plateau was reached for a shorter exposure time than the green LED, around 3 min. This phenomenon is somewhat unexpected since the irradiance of the projector is lower than the one of the green LED (160 mW/cm2). However, like with the LED, the maximum achievable elastic modulus remained at around 45 kPa, confirming that this is the limit for 10 wt% GelMA hydrogels with a DoF of 80%. The difference in temperature of the sample during light exposure between the two systems could also explain why similar moduli can be achieved with lower light intensity. Indeed, under the projector, the samples only heat up to a maximum of 22.5°C after 3 min of exposure, whereas in the case of the green LED, the temperature of the gel under the glass coverslip reaches 41.8°C after 3 min. As previously mentioned, a disorganisation of the gelatine network due to high temperature could explain the lower stiffness observed with the LED.
3.4.1 Binary Pattern
The projector system was compared with the printed photomasks by fabricating binary gels with two areas of different greyscale values: one area with a value of 1 (white, meaning displaying the maximum irradiance of 128 mW/cm2) and one with values of 0.80 (74.2 mW/cm2), 0.67 (47.6 mW/cm2) or 0.5 (17.8 mW/cm2) (with 0 being black and displaying an irradiance of 1.0 mW/cm2). The relationship between the defined greyscale value in the software and the projected irradiance was determined with a photometer and is represented in Supplementary Figure S8. This relationship is non-linear, due to gamma corrections being applied in the software and the projector (Nesbitt et al., 1999).
10 wt% GelMA binary hydrogels were crosslinked for 4 min under the projector and the mechanical properties of both areas were probed with force indentation measurements with AFM. Figure 6A shows the relationship between the projected irradiance and the resulting elastic modulus of the hydrogel. As with the printed photomasks, the modulation of irradiance induced the modulation of the GelMA hydrogels’ elastic moduli, in a non-linear fashion (Figure 3), saturating in this case at about 80 mW/cm2.
[image: Figure 6]FIGURE 6 | Relationship between the projected irradiance and the 10 wt% GelMA gels’ elastic moduli after exposure of 4 min (A). The average elastic moduli have been assessed by force indentation measurements with AFM (error bars: standard error over at least four force maps per area). Images of the gels taken with a USB microscope show that the projector system does not produce sub-patterning over the masked area (B) compared to patterned gels prepared with the printed photomask (C) (scale bars = 2 mm). The numbers on (B,C) are the greyscale values that were applied to the gels. The boundary between the two areas of a 1/0.5 binary gel crosslinked for 3 min was probed with AFM and showed a height gradient (D) as well as a stiffness gradient on the force map (E) (scale bars: 20 μm). The numbers above maps (D,E) represent the orientation of the boundary in terms of greyscale values. Three lines on the force map (E) were averaged (lines identified with *) and plotted against the distance to show the strength of the gradient (F) (error bars: standard error of the mean over the three lines).
A significant improvement with the use of the projector is the absence of sub-patterning, as was observed with the printed photomasks. Under a USB microscope, we did not observe any sub-patterning on the surface of the gel made with the projector (Figure 6B), whereas the sub-patterning of the ink dots was clearly visible on the surface of the gel made with the printed photomask (Figure 6C). Indeed, the pixels projected at the surface of the hydrogel with the projector set-up were considerably smaller than the ink dots of the printed masks (around 120 μm): the native resolution of the projector is 1,024 × 768 pixels, and the projected image was measured to be approximately 8 mm × 6 mm, which gives a pixel size of approximately 8 μm. The hydrogel’s surface thus appears homogeneous at the microscopic level, and no sub-patterning was detected with the AFM either. We should also note that, contrary to the printed photomasks where the grey colour was made of black ink dots more or less spaced on the surface, the grey colour created by the projector is a modulation of the irradiance. This means that all the pixels have the same intensity within the grey area of the binary pattern, which is why no sub-patterning should be observed. The projector-based photopatterning therefore ensures a more homogeneous stiffness environment at the microscopic scale for the cells seeded into or onto hydrogels.
The boundary between the two areas indicates the maximum stiffness gradient that can be achieved with these crosslinking conditions. A force map of 90 μm × 90 μm was made at the interface between areas of a 10 wt% GelMA hydrogel exposed to greyscale values of 0.5 (17.8 mW/cm2) and 1 (128 mW/cm2) for 3 min. The force map gave the height profile (Figure 6D) of the area and its elastic modulus profile (Figure 6E), and from left to right, the transition goes from the area exposed to 17.8 mW/cm2 to the area exposed to 128 mW/cm2. Figure 6D shows that the left part of the map sits 11 μm higher than the right, and Figure 6E shows that the left part has a lower elastic modulus than the right. These results are consistent because if the gel displays a low elastic modulus, the gelatine network is loosely crosslinked, which means that it can take up more water and is thus more swollen (Oh et al., 2022). On the contrary, a higher elastic modulus means a more crosslinked network and thus a reduced swelling. Three lines of elastic modulus on the force map were averaged and plotted in Figure 6F. The average elastic modulus along this gradient ranged from 13.9 to 35.6 kPa over a length of 85 μm, which resulted in a slope of 243.5 kPa/mm. This type of very steep gradient is actually characteristic of tissue interfaces and not of stiffness gradients found in fibrotic tissues (Vincent et al., 2013). The average elastic modulus over each area of the binary gel was 4.8 kPa for the 0.5 area and 30.0 kPa for the 1 area. The fact that the value of 5 kPa was not reached on the force map shows that the boundary is even larger than 90 μm, even though on the projected image, the boundary is defined by a single line transition from a grey pixel to a white one. Diffraction of light and diffusion of radical species at the boundary can explain this result.
3.4.2 Gradient Pattern
Two methods were used to produce stiffness gradients with the projector. The first was to create greyscale gradients projected on the pre-gel solutions. Here again, several designs were made. A disk displaying a gradient with greyscales values from 1 to 0.5 over its diameter (6 mm) was first projected at the surface of the pre-gel solution for 4 min (Figure 7A). This resulted in a linear gradient (R2 = 0.9792) of stiffness over the sample’s diameter, ranging from approximately 21–3.3 kPa, with a slope of 3.4 kPa/mm. This value remains in the range of physiological gradients for living tissues (Vincent et al., 2013). To increase the strength of the gradient with the same greyscale values, we reduced the distance over which the gradient spreads to 2 mm instead and exposed the pre-gel solution to this pattern for 4 min. Figure 7B shows that the fully crosslinked gel has an elastic modulus of approximately 35 kPa (the first two points on the left and the last on the right of the graph) and that the greyscale gradient induced a reduction of the elastic modulus to approximately 21 kPa. The slope of this gradient was 11.7 kPa/mm (R2 = 0.9384), which is in the range of stiffness gradients for pathological tissues.
[image: Figure 7]FIGURE 7 | Stiffness gradients with the projector set-up. 10 wt% GelMA hydrogels were crosslinked for 4 min with a gradient ranging from greyscale values of 1 to 0.5 over a distance of approximately 6 mm (A) or 2 mm (B). Another method to produce a stiffness gradient with a sliding mask was also used (C). Error bars: standard deviation of the elastic modulus over the force maps.
It was noted that the magnitude of the elastic moduli of the 6 and 2 mm gradients are not consistent for the same greyscale values. This can possibly be explained by the inherent mechanical variations encountered in our system between different samples. It should also be noted that diffusion of the reactive species at the boundaries of the 2 mm gradient may have induced a higher modulus because of the presence of the fully crosslinked surrounding gel.
It is important to note that the greyscale gradient projected by the projector system is not linear due to the gamma correction applied. Surprisingly, even though the greyscale gradients were not linear, the stiffness gradients were approximately linear, with R2 > 0.93 in each case. As we saw in Figure 6A, the crosslinking phenomenon is itself non-linear, and when combined with the non-linearity of the greyscale gradient, it has resulted in an approximately linear gradient.
To avoid the non-linearity of gamma correction, we used a sliding mask to produce a stiffness gradient (Figure 7C). The principle of the sliding mask is that the pre-gel solution is progressively exposed to the light, from one extremity of the sample to the other. This results in different exposure times along the sliding direction of the mask and thus in various crosslinking densities and elastic moduli. If the speed of the sliding mask is constant throughout the length of the sample, this would have the same effect as a true linear greyscale gradient (as defined by a linear colour space): instead of controlling the projected irradiance, the exposure time is tuned along the sample’s diameter. Figure 7C shows a 10 wt% GelMA hydrogel cured by projecting onto it a video of a sliding mask. The mask took 1.5 min to cross the sample, which was then fully exposed to the light for one additional minute. The resulting gel exhibited an elastic modulus of approximately 35 kPa at one extremity to 9 kPa to the other, resulting in an overall slope of 4.3 kPa/mm. The linear regression to the stiffness gradient with this method produced a R2 value of 0.95. However, upon inspection of the curve, a non-linear curve shape is indicated. This is in fact according to expectations due to the non-linear relationship between irradiance and stiffness in this system.
3.5 Complex Shape Designs
Finally, we demonstrated the versatility of the projector set-up by fabricating complex shapes by projecting them on the surface of the pre-gel solution. Figure 8 shows examples of structures that can be fabricated by this method. Black colour was displayed around the white shape and prevented the pre-gel solution from crosslinking, thus leaving only the crosslinked shape after rinsing.
[image: Figure 8]FIGURE 8 | Complex shapes such as a star (A) or the University of Auckland logo (B) were projected for 4 min at the surface of a 10 wt% GelMA pre-gel (scale bars: 1 mm). It resulted in hydrogels with specific designs (the gels were dried for 1 h at RT before the pictures were taken).
With the star shape, Figure 8A shows that the diffusion of the radical species potentially makes a less accurate design of the star, especially at the junctions of the branches. It is also worth noting that the gels have been dried at RT for 1 h before taking photos, as the water surrounding the gel hindered the precise observation of the shapes under the microscope. It is also possible that the shape inaccuracy was a result of drying.
Figure 8B shows how complex and fine these constructs can be. There is, however, a limit to the resolution of these details in the gel. For instance, the word “AUCKLAND” could be easily read on the gel, but for instance “NEW ZEALAND”, which had smaller dimensions on the projected picture, was not legible.
These results show that the projector set-up is a simple and versatile tool also able to produce hydrogels with specific shapes. Further development will still be needed to improve the fidelity of the constructs, by optimising the hydrogel composition for instance.
We report here the simple transformation of a commercially available projector containing a DMD to easily pattern and shape GelMA hydrogels with visible light. Such devices have already been used to pattern the stiffness of different types of hydrogels such as polyethylene glycol diacrylate (PEG-DA) by either crosslinking (Oh et al., 2022) or de-crosslinking the polymer network (Norris et al., 2016). Contrary to most studies that use UV light to crosslink and pattern GelMA (Major et al., 2019), we show here the feasibility of photopatterning GelMA with visible light via activation of eosin Y at 515 nm. Visible light has been employed to pattern DNA in a PEG-DA matrix with the help of photoinitiators sensitive to blue light (470 nm) (Dorsey et al., 2019), or to reversibly pattern with 450 nm light hydrogels made out of poly (hydroxyethyl acrylate) and a redox-responsive crosslinker (Amir et al., 2019). Several studies tried to pattern GelMA hydrogels using DMDs (Grogan et al., 2013; Wang et al., 2018, 2021), but this is, to our knowledge, the first example where the stiffness of GelMA has been patterned using projected visible light. Several studies have successfully 3D printed precise structures with GelMA hydrogels using visible light (Lim et al., 2018; Wang et al., 2018; Kumar et al., 2021; Levato et al., 2021), but without trying to control at the same time the stiffness of the scaffolds. In terms of achievable gradients, our system can generate stiffness gradients with slopes ranging from several hundreds of kPa/mm (at boundaries between areas of defined stiffness) to a few kPa/mm, which spans physiological and pathological gradients in tissues and at tissue interfaces (Vincent et al., 2013). Thus, GelMA hydrogels prepared by the method described here can be better suited for modelling fibrotic tissue in vitro, as well as for mechanotransduction studies to investigate the influence of matrix mechanical properties on stem cell behaviours, which also often use stiffness gradients on their scaffolds (Wang et al., 2012; Mosley et al., 2017; Chin et al., 2021). More generally, this method could also be adapted to other hydrogel systems that require light-based chemical crosslinking, such as methacrylated hyaluronic acid (Chen et al., 2021) or poly (ethylene glycol diacrylate) (PEGDA) (Nachlas et al., 2018), and that employ visible-light activated photoinitiators, which have been found to have a better light penetration depth in the gel compared to UV light, enabling thicker hydrogel constructs to be fabricated (Lim et al., 2019).
4 CONCLUSION
This work demonstrates the possibility of controlling and patterning the stiffness of GelMA with visible-light photo-crosslinking. Two set-ups were used for this purpose: one with a green high-power LED and physical photomasks, and another consisting of a projector mounted on an optical set-up to directly project patterns with green light at the surface of the samples. For both set-ups, the relationship between the hydrogel’s elastic modulus and the exposure time to the green light displayed an increase in stiffness with increasing exposure times. We also demonstrated that stiffness photopatterning was possible with both set-ups, in the form of binary hydrogels or gels presenting stiffness gradients. The projector system presented a much better fidelity of the patterns compared with photomasks and enabled the fabrication of constructs with complex shapes. Consequently, this study shows promising results for the fabrication of specific hydrogel designs in which cells can be safely encapsulated thanks to the use of visible light. With this method, GelMA hydrogels with well-defined stiffness patterning can then be employed to study mechanotransduction and cell fate in environments with different mechanical properties, which can potentially be used to build in vitro models of scar tissue and help finding novel fibrosis treatments.
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 authors.
AUTHOR CONTRIBUTIONS
AC, AD, AT, and JM contributed to the conception and design of the study. AD and AT built experimental set-ups. AC performed the experiments, analysed the data and wrote the first draft of the manuscript. AD wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
Further financial support is acknowledged from the MacDiarmid Institute for Advanced Materials and Nanotechnology, the Marsden Fund Council, the Rutherford Discovery Fellowship, and the James Cook Research Fellowship from Government funding, managed by Royal Society Te Apārangi.
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.
ACKNOWLEDGMENTS
The authors thank the Faculty of Engineering of the University of Auckland for funding this work. The authors thank Josh Workman for supplying chemicals and for his advice, Joseph Vella for his help with the use of the AFM, Badri Narayanan Narasimhan and Matthew Ting for their advice, and Kevin Lee, Nancy Kim and Harrison Porritt for their help during this project.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.946754/full#supplementary-material
REFERENCES
 Amir, F., Liles, K. P., Delawder, A. O., Colley, N. D., Palmquist, M. S., Linder, H. R., et al. (2019). Reversible Hydrogel Photopatterning: Spatial and Temporal Control over Gel Mechanical Properties Using Visible Light Photoredox Catalysis. ACS Appl. Mat. Interfaces 11, 24627–24638. doi:10.1021/acsami.9b08853
 Ariyasinghe, N. R., Lyra-Leite, D. M., and McCain, M. L. (2018). Engineering Cardiac Microphysiological Systems to Model Pathological Extracellular Matrix Remodeling. Am. J. Physiology-Heart Circulatory Physiology 315, H771–H789. doi:10.1152/ajpheart.00110.2018
 Berry, M. F., Engler, A. J., Woo, Y. J., Pirolli, T. J., Bish, L. T., Jayasankar, V., et al. (2006). Mesenchymal Stem Cell Injection after Myocardial Infarction Improves Myocardial Compliance. Am. J. Physiol. Heart Circ. Physiol. 290, H2196–H2203. doi:10.1152/ajpheart.01017.2005
 Caliari, S. R., and Burdick, J. A. (2016). A Practical Guide to Hydrogels for Cell Culture. Nat. Methods 13, 405–414. doi:10.1038/nmeth.3839
 Chansoria, P., Asif, S., Polkoff, K., Chung, J., Piedrahita, J. A., and Shirwaiker, R. A. (2021). Characterizing the Effects of Synergistic Thermal and Photo-Cross-Linking during Biofabrication on the Structural and Functional Properties of Gelatin Methacryloyl (GelMA) Hydrogels. ACS Biomater. Sci. Eng. 7, 5175–5188. doi:10.1021/acsbiomaterials.1c00635
 Chen, J., Yang, J., Wang, L., Zhang, X., Heng, B. C., Wang, D.-A., et al. (2021). Modified Hyaluronic Acid Hydrogels with Chemical Groups that Facilitate Adhesion to Host Tissues Enhance Cartilage Regeneration. Bioact. Mater. 6, 1689–1698. doi:10.1016/j.bioactmat.2020.11.020
 Chin, I. L. I., Hool, L., and Choi, Y. S. (2021). Interrogating Cardiac Muscle Cell Mechanobiology on Stiffness Gradient Hydrogels. Biomater. Sci. 9, 6795–6806. doi:10.1039/D1BM01061A
 Crocini, C., Walker, C. J., Anseth, K. S., and Leinwand, L. A. (2020). Three-dimensional Encapsulation of Adult Mouse Cardiomyocytes in Hydrogels with Tunable Stiffness. Prog. Biophysics Mol. Biol. 154, 71–79. doi:10.1016/j.pbiomolbio.2019.04.008
 Davidson, M. D., Burdick, J. A., and Wells, R. G. (2020). Engineered Biomaterial Platforms to Study Fibrosis. Adv. Healthc. Mat. 9, 1901682. doi:10.1002/adhm.201901682
 Dorsey, P. J., Rubanov, M., Wang, W., and Schulman, R. (2019). Digital Maskless Photolithographic Patterning of DNA-Functionalized Poly(ethylene Glycol) Diacrylate Hydrogels with Visible Light Enabling Photodirected Release of Oligonucleotides. ACS Macro Lett. 8, 1133–1140. doi:10.1021/acsmacrolett.9b00450
 Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 126, 677–689. doi:10.1016/j.cell.2006.06.044
 Fan, L., Liu, C., Chen, X., Zou, Y., Zhou, Z., Lin, C., et al. (2018). Directing Induced Pluripotent Stem Cell Derived Neural Stem Cell Fate with a Three-Dimensional Biomimetic Hydrogel for Spinal Cord Injury Repair. ACS Appl. Mat. Interfaces 10, 17742–17755. doi:10.1021/acsami.8b05293
 Greaves, G. N., Greer, A. L., Lakes, R. S., and Rouxel, T. (2011). Poisson’s Ratio and Modern Materials. Nat. Mat. 10, 823–837. doi:10.1038/nmat3134
 Grogan, S. P., Chung, P. H., Soman, P., Chen, P., Lotz, M. K., Chen, S., et al. (2013). Digital Micromirror Device Projection Printing System for Meniscus Tissue Engineering. Acta Biomater. 9, 7218–7226. doi:10.1016/j.actbio.2013.03.020
 He, Y. J., Santana, M. F., Staneviciute, A., Pimentel, M. B., Yang, F., Goes, J., et al. (2021). Cell‐Laden Gradient Hydrogel Scaffolds for Neovascularization of Engineered Tissues. Adv. Healthc. Mat. 10, 2001706. doi:10.1002/adhm.202001706
 He, Y. J., Young, D. A., Mededovic, M., Li, K., Li, C., Tichauer, K., et al. (2018). Protease-Sensitive Hydrogel Biomaterials with Tunable Modulus and Adhesion Ligand Gradients for 3D Vascular Sprouting. Biomacromolecules 19, 4168–4181. doi:10.1021/acs.biomac.8b00519
 Hertz, H. R. (1882). Über die Berührung fester elastischer Körper und über die Härte. Verhandlungen des Vereins zur Beförderung des Gewerbflei\"ses . Berlin: Verein zur Beförderung des Gewerbefleisses, 449–463. 
 Hiesinger, W., Brukman, M. J., McCormick, R. C., Fitzpatrick, J. R., Frederick, J. R., Yang, E. C., et al. (2012). Myocardial Tissue Elastic Properties Determined by Atomic Force Microscopy after Stromal Cell-Derived Factor 1α Angiogenic Therapy for Acute Myocardial Infarction in a Murine Model. J. Thorac. Cardiovasc. Surg. 143, 962–966. doi:10.1016/j.jtcvs.2011.12.028
 Hu, Y., Yang, Y., Tian, F., Xu, P., Du, R., Xia, X., et al. (2021). Fabrication of Stiffness Gradient Nanocomposite Hydrogels for Mimicking Cell Microenvironment. Macromol. Res. 29, 453–461. doi:10.1007/s13233-021-9056-x
 Huang, G., Li, F., Zhao, X., Ma, Y., Li, Y., Lin, M., et al. (2017). Functional and Biomimetic Materials for Engineering of the Three-Dimensional Cell Microenvironment. Chem. Rev. 117, 12764–12850. doi:10.1021/acs.chemrev.7b00094
 Isenberg, B. C., DiMilla, P. A., Walker, M., Kim, S., and Wong, J. Y. (2009). Vascular Smooth Muscle Cell Durotaxis Depends on Substrate Stiffness Gradient Strength. Biophysical J. 97, 1313–1322. doi:10.1016/j.bpj.2009.06.021
 Jagiełło, A., Hu, Q., Castillo, U., and Botvinick, E. (2022). Patterned Photocrosslinking to Establish Stiffness Anisotropies in Fibrous 3D Hydrogels. Acta Biomater. 141, 39–47. doi:10.1016/j.actbio.2021.12.028
 Keane, T. J., Horejs, C.-M., and Stevens, M. M. (2018). Scarring vs. Functional Healing: Matrix-Based Strategies to Regulate Tissue Repair. Adv. Drug Deliv. Rev. 129, 407–419. doi:10.1016/j.addr.2018.02.002
 Kerscher, P., Kaczmarek, J. A., Head, S. E., Ellis, M. E., Seeto, W. J., Kim, J., et al. (2017). Direct Production of Human Cardiac Tissues by Pluripotent Stem Cell Encapsulation in Gelatin Methacryloyl. ACS Biomater. Sci. Eng. 3, 1499–1509. doi:10.1021/acsbiomaterials.6b00226
 Kim, C., Young, J. L., Holle, A. W., Jeong, K., Major, L. G., Jeong, J. H., et al. (2020). Stem Cell Mechanosensation on Gelatin Methacryloyl (GelMA) Stiffness Gradient Hydrogels. Ann. Biomed. Eng. 48, 893–902. doi:10.1007/s10439-019-02428-5
 Ko, H., Suthiwanich, K., Mary, H., Zanganeh, S., Hu, S.-K., Ahadian, S., et al. (2019). A Simple Layer-Stacking Technique to Generate Biomolecular and Mechanical Gradients in Photocrosslinkable Hydrogels. Biofabrication 11, 025014. doi:10.1088/1758-5090/ab08b5
 Kumar, H., Sakthivel, K., Mohamed, M. G. A., Boras, E., Shin, S. R., and Kim, K. (2021). Designing Gelatin Methacryloyl (GelMA)‐Based Bioinks for Visible Light Stereolithographic 3D Biofabrication. Macromol. Biosci. 21, 2000317. doi:10.1002/mabi.202000317
 Lavrentieva, A., Fleischhammer, T., Enders, A., Pirmahboub, H., Bahnemann, J., and Pepelanova, I. (2020). Fabrication of Stiffness Gradients of GelMA Hydrogels Using a 3D Printed Micromixer. Macromol. Biosci. 20, 2000107. doi:10.1002/mabi.202000107
 Lee, D., Golden, K., Rahman, M. M., Moran, A., Gonzalez, B., and Ryu, S. (2019). Fabrication of Hydrogels with a Stiffness Gradient Using Limited Mixing in the Hele-Shaw Geometry. Exp. Mech. 59, 1249–1259. doi:10.1007/s11340-018-0416-1
 Levato, R., Lim, K. S., Li, W., Asua, A. U., Peña, L. B., Wang, M., et al. (2021). High-resolution Lithographic Biofabrication of Hydrogels with Complex Microchannels from Low-Temperature-Soluble Gelatin Bioresins. Mater. Today Bio 12, 100162. doi:10.1016/j.mtbio.2021.100162
 Li, C., Ouyang, L., Armstrong, J. P. K., and Stevens, M. M. (2021). Advances in the Fabrication of Biomaterials for Gradient Tissue Engineering. Trends Biotechnol. 39, 150–164. doi:10.1016/j.tibtech.2020.06.005
 Li, C., Ouyang, L., Pence, I. J., Moore, A. C., Lin, Y., Winter, C. W., et al. (2019). Buoyancy‐Driven Gradients for Biomaterial Fabrication and Tissue Engineering. Adv. Mat. 31, 1900291. doi:10.1002/adma.201900291
 Li, Z., and Bratlie, K. M. (2021). Macrophage Phenotypic Changes on FN-Coated Physical Gradient Hydrogels. ACS Appl. Bio Mat. 4, 6758–6768. doi:10.1021/acsabm.1c00489
 Lim, K. S., Klotz, B. J., Lindberg, G. C. J., Melchels, F. P. W., Hooper, G. J., Malda, J., et al. (2019). Visible Light Cross‐Linking of Gelatin Hydrogels Offers an Enhanced Cell Microenvironment with Improved Light Penetration Depth. Macromol. Biosci. 19, 1900098. doi:10.1002/mabi.201900098
 Lim, K. S., Levato, R., Costa, P. F., Castilho, M. D., Alcala-Orozco, C. R., van Dorenmalen, K. M. A., et al. (2018). Bio-resin for High Resolution Lithography-Based Biofabrication of Complex Cell-Laden Constructs. Biofabrication 10, 034101. doi:10.1088/1758-5090/aac00c
 Lim, K. S., Schon, B. S., Mekhileri, N. V., Brown, G. C. J., Chia, C. M., Prabakar, S., et al. (2016). New Visible-Light Photoinitiating System for Improved Print Fidelity in Gelatin-Based Bioinks. ACS Biomater. Sci. Eng. 2, 1752–1762. doi:10.1021/acsbiomaterials.6b00149
 Lin, C. H., Su, J. J., Lee, S. Y., and Lin, Y. M. (2018). Stiffness Modification of Photopolymerizable Gelatin-Methacrylate Hydrogels Influences Endothelial Differentiation of Human Mesenchymal Stem Cells. J. Tissue Eng. Regen. Med. 12, 2099–2111. doi:10.1002/term.2745
 Loessner, D., Meinert, C., Kaemmerer, E., Martine, L. C., Yue, K., Levett, P. A., et al. (2016). Functionalization, Preparation and Use of Cell-Laden Gelatin Methacryloyl-Based Hydrogels as Modular Tissue Culture Platforms. Nat. Protoc. 11, 727–746. doi:10.1038/nprot.2016.037
 Major, L. G., Holle, A. W., Young, J. L., Hepburn, M. S., Jeong, K., Chin, I. L., et al. (2019). Volume Adaptation Controls Stem Cell Mechanotransduction. ACS Appl. Mat. Interfaces 11, 45520–45530. doi:10.1021/acsami.9b19770
 Matzelle, T. R., Geuskens, G., and Kruse, N. (2003). Elastic Properties of Poly(N-Isopropylacrylamide) and Poly(acrylamide) Hydrogels Studied by Scanning Force Microscopy. Macromolecules 36, 2926–2931. doi:10.1021/ma021719p
 Mgharbel, A., Migdal, C., Bouchonville, N., Dupenloup, P., Fuard, D., Lopez-Soler, E., et al. (2022). Cells on Hydrogels with Micron-Scaled Stiffness Patterns Demonstrate Local Stiffness Sensing. Nanomaterials 12, 648. doi:10.3390/nano12040648
 Monteiro, N., Thrivikraman, G., Athirasala, A., Tahayeri, A., França, C. M., Ferracane, J. L., et al. (2018). Photopolymerization of Cell-Laden Gelatin Methacryloyl Hydrogels Using a Dental Curing Light for Regenerative Dentistry. Dent. Mater. 34, 389–399. doi:10.1016/j.dental.2017.11.020
 Mosley, M. C., Lim, H. J., Chen, J., Yang, Y.-H., Li, S., Liu, Y., et al. (2017). Neurite Extension and Neuronal Differentiation of Human Induced Pluripotent Stem Cell Derived Neural Stem Cells on Polyethylene Glycol Hydrogels Containing a Continuous Young's Modulus Gradient. J. Biomed. Mat. Res. 105, 824–833. doi:10.1002/jbm.a.35955
 Nachlas, A. L. Y., Li, S., Jha, R., Singh, M., Xu, C., and Davis, M. E. (2018). Human iPSC-Derived Mesenchymal Stem Cells Encapsulated in PEGDA Hydrogels Mature into Valve Interstitial-like Cells. Acta Biomater. 71, 235–246. doi:10.1016/j.actbio.2018.02.025
 Narasimhan, B. N., Horrocks, M. S., and Malmström, J. (2021). Hydrogels with Tunable Physical Cues and Their Emerging Roles in Studies of Cellular Mechanotransduction. Adv. NanoBio Res. 1, 2100059. doi:10.1002/anbr.202100059
 Nesbitt, R. S., Smith, S. L., Molnar, R. A., and Benton, S. A. (1999), Holographic Recording Using a Digital Micromirror Device. Holographic Recording Using a Digital Micromirror Device ed . in, ed. S. A. Benton (San Jose, CA), 12–20. doi:10.1117/12.343767
 Norris, S. C. P., Tseng, P., and Kasko, A. M. (2016). Direct Gradient Photolithography of Photodegradable Hydrogels with Patterned Stiffness Control with Submicrometer Resolution. ACS Biomater. Sci. Eng. 2, 1309–1318. doi:10.1021/acsbiomaterials.6b00237
 Noshadi, I., Hong, S., Sullivan, K. E., Shirzaei Sani, E., Portillo-Lara, R., Tamayol, A., et al. (2017). In Vitro and In Vivo Analysis of Visible Light Crosslinkable Gelatin Methacryloyl (GelMA) Hydrogels. Biomater. Sci. 5, 2093–2105. doi:10.1039/C7BM00110J
 O'Connell, C. D., Zhang, B., Onofrillo, C., Duchi, S., Blanchard, R., Quigley, A., et al. (2018). Tailoring the Mechanical Properties of Gelatin Methacryloyl Hydrogels through Manipulation of the Photocrosslinking Conditions. Soft Matter 14, 2142–2151. doi:10.1039/C7SM02187A
 Occhetta, P., Visone, R., Russo, L., Cipolla, L., Moretti, M., and Rasponi, M. (2015). VA-086 Methacrylate Gelatine Photopolymerizable Hydrogels: A Parametric Study for Highly Biocompatible 3D Cell Embedding. J. Biomed. Mat. Res. 103, 2109–2117. doi:10.1002/jbm.a.35346
 Oh, E., Meckes, B., Chang, J., Shin, D., and Mirkin, C. A. (2022). Controlled Glioma Cell Migration and Confinement Using Biomimetic‐Patterned Hydrogels. Adv. NanoBiomed Res. 2, 2100131. doi:10.1002/anbr.202100131
 Ozcelikkale, A., Dutton, J. C., Grinnell, F., and Han, B. (2017). Effects of dynamic matrix remodelling on en masse migration of fibroblasts on collagen matrices. J. R. Soc. Interface. 14, 20170287. doi:10.1098/rsif.2017.0287
 Rape, A. D., Zibinsky, M., Murthy, N., and Kumar, S. (2015). A Synthetic Hydrogel for the High-Throughput Study of Cell-ECM Interactions. Nat. Commun. 6, 8129. doi:10.1038/ncomms9129
 Rizwan, M., Peh, G. S. L., Ang, H.-P., Lwin, N. C., Adnan, K., Mehta, J. S., et al. (2017). Sequentially-crosslinked Bioactive Hydrogels as Nano-Patterned Substrates with Customizable Stiffness and Degradation for Corneal Tissue Engineering Applications. Biomaterials 120, 139–154. doi:10.1016/j.biomaterials.2016.12.026
 Schillers, H., Rianna, C., Schäpe, J., Luque, T., Doschke, H., Wälte, M., et al. (2017). Standardized Nanomechanical Atomic Force Microscopy Procedure (SNAP) for Measuring Soft and Biological Samples. Sci. Rep. 7, 5117. doi:10.1038/s41598-017-05383-0
 Shellard, A., and Mayor, R. (2021). Durotaxis: The Hard Path from In Vitro to In Vivo. Dev. Cell 56, 227–239. doi:10.1016/j.devcel.2020.11.019
 Shirahama, H., Lee, B. H., Tan, L. P., and Cho, N.-J. (2016). Precise Tuning of Facile One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci. Rep. 6, 31036. doi:10.1038/srep31036
 Song, J., Michas, C., Chen, C. S., White, A. E., and Grinstaff, M. W. (2021). Controlled Cell Alignment Using Two‐Photon Direct Laser Writing‐Patterned Hydrogels in 2D and 3D. Macromol. Biosci. 21, 2100051. doi:10.1002/mabi.202100051
 Sunyer, R., Conte, V., Escribano, J., Elosegui-Artola, A., Labernadie, A., Valon, L., et al. (2016). Collective Cell Durotaxis Emerges from Long-Range Intercellular Force Transmission. Science 353, 1157–1161. doi:10.1126/science.aaf7119
 Tomba, C., and Villard, C. (2015). Brain Cells and Neuronal Networks: Encounters with Controlled Microenvironments. Microelectron. Eng. 132, 176–191. doi:10.1016/j.mee.2014.10.007
 Van Kessel, P. F., Hornbeck, L. J., Meier, R. E., and Douglass, M. R. (1998). A MEMS-Based Projection Display. Proc. IEEE 86, 1687–1704. doi:10.1109/5.704274
 Vincent, L. G., Choi, Y. S., Alonso-Latorre, B., del Álamo, J. C., and Engler, A. J. (2013). Mesenchymal Stem Cell Durotaxis Depends on Substrate Stiffness Gradient Strength. Biotechnol. J. 8, 472–484. doi:10.1002/biot.201200205
 Wang, P.-Y., Tsai, W.-B., and Voelcker, N. H. (2012). Screening of Rat Mesenchymal Stem Cell Behaviour on Polydimethylsiloxane Stiffness Gradients. Acta Biomater. 8, 519–530. doi:10.1016/j.actbio.2011.09.030
 Wang, Z., Kumar, H., Tian, Z., Jin, X., Holzman, J. F., Menard, F., et al. (2018). Visible Light Photoinitiation of Cell-Adhesive Gelatin Methacryloyl Hydrogels for Stereolithography 3D Bioprinting. ACS Appl. Mat. Interfaces 10, 26859–26869. doi:10.1021/acsami.8b06607
 Wang, Z., Yang, W., Qin, Y., Liang, W., Yu, H., and Liu, L. (2021). Digital Micro-mirror Device -based Light Curing Technology and its Biological Applications. Opt. Laser Technol. 143, 107344. doi:10.1016/j.optlastec.2021.107344
 Wells, R. G. (2013). Tissue Mechanics and Fibrosis. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1832, 884–890. doi:10.1016/j.bbadis.2013.02.007
 Whang, M., and Kim, J. (2016). Synthetic Hydrogels with Stiffness Gradients for Durotaxis Study and Tissue Engineering Scaffolds. Tissue Eng. Regen. Med. 13, 126–139. doi:10.1007/s13770-016-0026-x
 Xia, T., Liu, W., and Yang, L. (2017). A Review of Gradient Stiffness Hydrogels Used in Tissue Engineering and Regenerative Medicine. J. Biomed. Mat. Res. 105, 1799–1812. doi:10.1002/jbm.a.36034
 Xu, P., Guan, J., Chen, Y., Xiao, H., Yang, T., Sun, H., et al. (2021). Stiffness of Photocrosslinkable Gelatin Hydrogel Influences Nucleus Pulposus Cell Properties In Vitro. J. Cell Mol. Med. 25, 880–891. doi:10.1111/jcmm.16141
 Yue, K., Tamayol, A., Annabi, N., Khademhosseini, A., Annabi, N., and Khademhosseini, A. (2015). Synthesis, Properties, and Biomedical Applications of Gelatin Methacryloyl (GelMA) Hydrogels. Biomaterials 73, 254–271. doi:10.1016/j.biomaterials.2015.08.045
 Yue, K., Trujillo-de Santiago, G., and Alvarez, M. M. (2020). Rheological Properties of Coordinated Physical Gelation and Chemical Crosslinking in Gelatin Methacryloyl (GelMA) Hydrogels. Macromol. Biosci. 15. doi:10.1002/mabi.202000183
 Zatorski, J. M., Montalbine, A. N., Ortiz-Cárdenas, J. E., and Pompano, R. R. (2020). Quantification of Fractional and Absolute Functionalization of Gelatin Hydrogels by Optimized Ninhydrin Assay and 1H NMR. Anal. Bioanal. Chem. 412, 6211–6220. doi:10.1007/s00216-020-02792-5
 Zhao, H., Li, X., Zhao, S., Zeng, Y., Zhao, L., Ding, H., et al. (2014). Microengineered In Vitro Model of Cardiac Fibrosis through Modulating Myofibroblast Mechanotransduction. Biofabrication 6, 045009. doi:10.1088/1758-5082/6/4/045009
 Zhu, H., Yang, X., Genin, G. M., Lu, T. J., Xu, F., and Lin, M. (2018). The Relationship between Thiol-Acrylate Photopolymerization Kinetics and Hydrogel Mechanics: An Improved Model Incorporating Photobleaching and Thiol-Michael Addition. J. Mech. Behav. Biomed. Mater. 88, 160–169. doi:10.1016/j.jmbbm.2018.08.013
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.
Copyright © 2022 Chalard, Dixon, Taberner and Malmström. 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/fcell-10-946754-g005.gif





OPS/images/fcell-10-946754-g006.gif





OPS/images/fcell-10-946754-g003.gif
qoo o by
‘1l @
: I | IREN B






OPS/images/fcell-10-946754-g004.gif
Elastic modulus (kPa)

254

3

2
Distance (mm)





OPS/images/inline_1.gif





OPS/images/fcell-10-946754-g007.gif





OPS/images/fcell-10-946754-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Visible-Light Stiffness Patterning of GelMA Hydrogels Towards In Vitro Scar Tissue Models		1 Introduction

		2 Materials and Methods		2.1 Materials

		2.2 Measurement of the Absorbance of Eosin Y

		2.3 GelMA Synthesis

		2.4 Determination of the Degree of Functionalisation of GelMA

		2.5 Functionalisation of Substrates to Cast Hydrogels

		2.6 Preparation of GelMA Hydrogels

		2.7 Photomask-Based Stiffness-Patterning

		2.8 Projection-Based Stiffness Patterning

		2.9 Mechanical Characterisation of the Hydrogels With Atomic Force Microscopy

		2.10 Statistical Analysis of the Mechanical Characterisation Results





		3 Results and Discussion		3.1 Synthesis of Gelatine Methacryloyl

		3.2 Optimisation of the Gelation Conditions and Mechanical Characterisation

		3.3 Photomask-Based Stiffness Patterning

		3.4 Projection-Based Stiffness Patterning

		3.5 Complex Shape Designs





		4 Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-946754-g001.gif





OPS/images/fcell-10-946754-g002.gif
mmmmmm





OPS/images/math_qu1.gif





OPS/images/inline_2.gif
DoF (%) =100x (1 - f)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





