










 

We also tested the stability of the covalent attachment of these hydrogels to the glass bottom 

surfaces (Figure 3b). This attachment was similar comparing hydrogels attached to the glass-bottom 

Figure 3. 2D PEG-PC hydrogels can be synthesized in a 96-well plate with an efficient photoinitiator. a. 
Indentation testing of 2D PEG-PC hydrogels made at 1, 3, 6, and 10 wt% PEGDMA with a constant 17 v% solution of 
PC shows an increasing effective Young’s modulus with increasing PEGDMA weight percent, N = 10 hydrogels per 
condition. b. Percentage of the hydrogels at each condition that remain covalently attached to the MPS functionalized 
glass bottom 96-well plate throughout 30 days, N ≥ 6 hydrogels per condition. c. Immunofluorescence images of 
MDA-MB-231 and Hs578T cell lines on TCPS or PEG-PC hydrogels (10 wt% PEGDMA) coated with an expected 
maximum theoretical surface concentration of either 5 μg/cm2 collagen I or 5 μg/cm2 comprised of 65% collagen I, 
33% collagen III, and 2% fibronectin. Cells were stained for vinculin (green), F-actin (red), and DNA in the nuclei 
(blue). Scale bar = 100 μm. Images are representative of N = 2 biological replicates. Statistical significance where p 
� 0.0001 is denoted with ****. 
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multi-well plates and individual coverslips (Figure S3b), suggesting that the efficacy of the silane 

treatment is similar between the two different glass formats.  

To evaluate our ability to control protein attachment to these hydrogel surfaces, and to 

demonstrate a proof-of-concept study using this system to study cell behavior, MDA-MB-231 and Hs578T 

breast cancer cell lines were seeded on a 10 wt% hydrogel condition coupled with an expected maximum 

theoretical surface concentration of 5 μg/cm2 collagen I alone or a “collagen-rich” mixture (65% collagen I, 

33% collagen III, & 2% fibronectin).6 After 24 hours, we fixed and stained the cells (Figure 3c). Both cell 

lines spread out less on the soft hydrogels compared to TCPS, confirming the results of many other 

groups.6, 34, 38-41 Cells were unable to spread out on 2D hydrogels that were not functionalized with protein 

(Figure S3c-d). Comparing the 2D hydrogels by qualitative visual inspection, we observed that more cells 

could adhere to the “collagen-rich” substrate over the collagen I only substrate for both MDA-MB-231 and 

Hs578T cell lines. This result is likely due to the variety of integrin-binding sites provided by the protein 

mixture. Largely in agreement with our previous work on PEG-PC gels, we saw very little evidence of 

punctate focal adhesions in any of the conditions tested, which appears to be a general feature of these 

breast cancer cell lines.34 

PEG-Maleimide hydrogels with encapsulated cells in 3D were created with liquid handling 

robotics. Cells experience a 3D microenvironment in vivo and we adapted our 3D PEG-MAL hydrogel10 

to 96-well plates via liquid handling robotics to increase the throughput of this platform for studying cells in 

3D. As in our PEG-PC system, we could control the effective Young’s modulus of the hydrogels within the 

well plates by tuning the polymer weight percent (Figure 4a). Also, there was no significant difference 

between the stiffnesses measured for hydrogels synthesized on coverslips or in multi-well plates (Figure 

S4a), and the values reported for these hydrogels is consistent with previous reports.27 This result was 

expected since this reaction does not require UV light irraditation.27  

During gelation, the 3D PEG-MAL hydrogels covalently attached to the glass bottom plates by 

reacting to the thiol group we silane-functionalized to the surface. Most of the 3D PEG-MAL hydrogels 

remained adhered to the well surface for more than 30 days (Figure 4b). This was also observed for the 

2D PEG-PC hydrogels (Figure 3b), and this stability was dependent on the polymer weight percent, likely 

due to the number of available maleimide groups to react with the silane-functionalized surface and how 
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much the different hydrogels swell within the well (Figure 4b). It was not possible to synthesize these 3D 

Figure 4. Silane functionalization allows for the synthesis of 3D PEG-MAL hydrogels in a 96-well plate 
format. a. Indentation testing of 5, 10, and 20 wt% 3D 4-arm PEG-MAL hydrogels crosslinked with linear PEG-
dithiol measured the effective Young’s modulus of hydrogels in a 96-well plate, N ≥ 11 hydrogels per condition. b. 
Long-term 3D PEG-MAL hydrogel covalent attachment to the glass bottom 96-well plates, which were treated with 
MPT, N ≥ 6 hydrogels per condition. c. LIVE (green)/DEAD (red) imaging of MDA-MB-231 and Hs578T cells one 
day post- encapsulation with manual pipetting in the 3D hydrogel with 2 mM RGD, DGEA, or GFOGER cell-
adhesion peptides and crosslinked with PEG-dithiol or PEG-dithiol plus a Pan-MMP degradable sequence 
(indicated as degradable crosslinker). d. LIVE (green)/DEAD (red) imaging of MDA-MB-231 and Hs578T cells one 
day after encapsulation with liquid handling robotics in the 3D hydrogel with 2 mM RGD cell-adhesion peptide and 
crosslinked with PEG-dithiol or PEG-dithiol plus a Pan-MMP degradable sequence. Images are representative 
from N ≥ 3 biological replicates. e. LIVE (green)/DEAD (red) imaging of MDA-MB-231 and Hs578T cells four days 
post-encapsulation at selected conditions. Scale bar = 100 μm. Statistical significance where p<0.05 is denoted 

with * and ≤0.001 with ***. 
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PEG-MAL hydrogels in plates that were not silane treated, because the hydrogels wicked to the sides of 

the wells. When we synthesized the hydrogels on silane treated coverslips, they adhered for more than 

100 days (Figure S4b-c).  

As a proof-of-concept study, we encapsulated MDA-MB-231 or Hs578T cells in 3D PEG-MAL 

hydrogels with both manual pipetting (Figure 4c,e) and liquid handling robotics (Figure 4d-e). We chose 

three peptide sequences, RGD, GFOGER, and DGEA, that represent cell-adhesion sites in collagen I 

(GFOGER & DGEA)42-44 and fibronectin/vitronectin/osteopontin (RGD).43,45 Additionally, an enzyme-

degradable crosslinker (Pan-MMP, GPQG↓IWGQ) was incorporated into some of the hydrogels to allow 

the cells to degrade and move through the matrix. Cell viability was measured at one and four days post-

encapsulation via LIVE/DEAD staining (Figure 4c-e, S5). The cells encapsulated in hydrogels without cell-

adhesion peptides were still mostly viable one day post-encapsulation, but at four days post-

encapsulation the cell viability was clearly much lower as expected since these are adherent cell lines 

(Figure S5a). Cells were over 80% viable within the hydrogels one day post-encapsulation regardless of 

whether the hydrogels were made manually or via liquid handling robotics (Figure 4c-d). The cells 

encapsulated in the Pan-MMP degradable hydrogel had higher viability (>60%) at day four than the PDT 

only crosslinking condition (<60%, Figure S5b). We speculate that this increase in cell viability is due to 

the degradable sequences provided, which facilitated higher cell spreading, a possible explanation in the 

difference in viability. Overall, these results indicate that the PEG-MAL hydrogel system is adaptable to 

automated liquid handling robotics, and the incorporation of degradable sequences in the matrix improves 

cell viability.  
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DISCUSSION 

Many groups have developed biomaterial cell culture platforms and suggested that future 

applications could include drug screening.4-5,46-47 These materials could have significant impact on 

improving the data obtained by in vitro cell studies, if adapted to current high-throughput screening 

technologies. Towards this goal, we adapted our lab’s existing biomaterial technologies to 96-well plates 

and semi-automated liquid handling robotics. Our ability to adapt these materials from fully manual 

fabrication methods to semi-automated fabrication in 96-welll plates demonstrated that these materials 

are adaptable to liquid handling robotics. This is an important step for eventual implementation in an 

industrial setting, or even lab-scale screening studies. In our case, the liquid handling robotics is shared 

equipment, specifically configured for 250 μL syringe pumps for pipetting. Although not possible for us to 

do in this study, modifying the syringe pumps can increase the pipetting capacity of the system. For this 

reason, we limited the use of the robotics for pipetting repeated volumes greater than 100 μL. This fact 

meant that in our study, the semi-automated liquid handling robotics saved only a moderate amount of 

time relative to manual pipetting when making a few plates at a time. However, if more than 10 plates are 

needed for a study, the robotic workstation becomes a time-saver, and this savings scales upward with 

the number of plates. Protocols to use liquid handling robotics have been established for TCPS plates, 

but the incorporation of a variety of different types of biomaterials is a contribution we make here as a 

mechanism to enable higher-throughput screening with biomaterials in vitro. 

Since the importance of cell culture dimensionality has been increasingly evident,48 a tunable, 

reproducible, and easily fabricated high-throughput 3D in vitro cell culture platform is a valuable tool for 

drug screening.48-49 The Lutolf group has demonstrated the use of 3D hydrogels in a microarray made 

using automated liquid handling robotics to test many microenvironmental conditions on the regulation of 

mouse embryonic stem cell self-renewal.50 This study was a valuable demonstration of the utility of 

biomaterials in a high-throughput format and it was an important contribution towards using synthetic 

materials for large-scale in vitro screens. In our previous 3D PEG-MAL hydrogels drug screening study,10 

we used 10 μL hydrogel volumes to avoid diffusion limitations, and in 96-well plates this volume wicked to 

the edge of the wells, which limited our study 48-well plates. Here, we overcame this challenge by 

functionalizing glass well surfaces with thiol-terminated silane to covalently attach the 3D hydrogels to the 
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surface. The stiffness of the hydrogels in the plate was tunable (Figure 4a), and these hydrogels also 

stuck reliably to the surface of the plate for over 30 days (Figure 4b), which is critical for long-term cell 

culture studies. These PEG-maleimide-based hydrogels are very compliant and are appropriate for 

mimicking soft tissues. The silane chemistry could be used to attach hydrogels up to 100 days (Figure 

S4c), indicating that this surface preparation can be done well in advance of hydrogel synthesis.  

The chemistry of PEG-MAL hydrogels allows for gelation at neutral pH,27 and the encapsulated 

cells were not exposed to UV light, as is common in other systems.9, 11 The PEG-based hydrogel system 

allows the specific incorporation of cell-binding and cell-degradable functional groups, which is not 

possible with protein-based gels such as collagen51 or Matrigel.52 Moreover, these protein based gels 

have high amounts of batch-to-batch variability,53 which makes the reproducibility of results difficult in 

large scale drug screening assays. Since our synthetic 3D model only requires two components: 1) PEG, 

which allows for tuning the hydrogel stiffness, and 2) peptides, which allow for cell attachment to the 

matrix and hydrogel degradation, it is more reproducible than protein-based hydrogels where there is 

known lot-to-lot variability. To increase the throughput of this platform, we synthesized the hydrogels with 

semi-automated liquid handling robotics. After isolating the appropriate cells and preparing the hydrogel 

precursor solutions, one plate of these hydrogels can be synthesized in less than five minutes with liquid 

handling robotics, where manual pipetting takes about 20 minutes. Further, as an extension of the study 

of ECM proteins attached to glass, we incorporated peptides representative of collagen I (GFOGER & 

DGEA) or fibronectin/vitronectin/osteopontin (RGD) binding sequences and a Pan-MMP degradable 

sequence. The MDA-MB-231 and Hs578T cells maintained over 80% viability for all conditions one day 

post-seeding (Figure 4c-d, S5b). Cell viability was also maintained with the use of liquid handling robotics 

(Figure 4d-e). Looking specifically at Hs578T cells encapsulated with RGD, there was lower survival on 

day four than on day one. This may be due to a need for additional integrin-binding sites other than RGD 

or an increase in total binding sites for long-term survival in the hydrogel. This result was important for 

scaling up our 3D PEG-MAL hydrogel system for high-throughput applications.  

For situations where full-length proteins are essential, we also demonstrated a silane-based 

approach to create multi-well plate 2D hydrogels. This also allows users to capture stiffness when 3D 

geometry is unnecessary to answer the biological question at hand. Others have developed 2D hydrogel 
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platforms,7, 20 which produce perfectly flat hydrogels, but they are complicated to fabricate7 or require a 

plate insert,20 limiting the number of plates that can be made at once. Microarrays with multiple 2D 

hydrogel stiffnesses and protein binding surfaces have been developed to demonstrate that both factors 

impact mesenchymal stem cell behavior.3 Hydrogels with incorporated nanofibers to control the spatial 

arrangement of biochemical signals have also been developed,54 but this type of system is complicated to 

fabricate. Our original 96-well plate 2D PEG-PC hydrogel system design6 was hindered for scale up 

because gelation required an oxygen-free environment. Irgacure is a photoinitiator that is commonly used 

for initiating hydrogel polymerization,35-37 and it was used for 2D PEG-PC hydrogels when they were first 

developed for coverslips.34 Irgacure is not a very efficient photoinitiator26 because it does not absorb light 

readily at 365 nm,35 but this wavelength is used in other platforms that include cell encapsulation to limit 

damage to the cells.35, 55-56 Since the pre-polymer solution resides deep within the wells of black-walled 

plates, the efficacy of Irgacure was particularly problematic, and therefore it was not possible to form 

PEG-PC hydrogels in 96-well plates. Since LAP is more efficient than Irgacure, it was possible to make 

the PEG-PC hydrogels in 96-well plates using this photoinitiator. This allows the use of liquid handling 

robotics for pipetting the pre-polymer solution without initiating polymerization of hydrogels in the pipette 

tips. 

Using LAP, we could control hydrogel stiffness within the plate across three orders of magnitude, 

enabling this material to mimic most soft and elastic tissues (Figure 3a).33-34 Also, the silane treatment 

allowed for the long-term adherence of the hydrogels to the well surface (Figure 3b). Both MDA-MB-231 

and Hs578T breast cancer cell spreading was mechanosensitive, in agreement with observations by us 

and many other groups.6,34,38-41 Specific to our study, both cell lines adhered and spread more on the 

“collagen-rich” mixture than with collagen I alone (Figure 3c), perhaps due to the additional integrin 

binding sites provided. Both MDA-MB-231 and Hs578T breast cancer cell lines express high levels of β1 

integrin,57 which pairs with multiple integrin α subunits to bind to collagen I and fibronectin, possibly 

explaining the result we observed.  

To isolate cell-ECM binding, we developed a third form of silane-treated glass-bottom 96-well 

plate. Previous work with this platform had been limited to a 24-well plate,19 where treated glass 

coverslips were prepared and inserted by hand. Unlike the 2D and 3D hydrogel platforms, the chemical 
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functionalization to the glass cannot be performed in a fully assembled glass-bottom well plate due to the 

incompatibility of polystyrene and some of the solvents. Therefore, the custom 96-well plate format was 

created by first modifying one well plate-sized piece of glass and attaching it to a commercially available 

bottomless 96-well plate with a medical-grade adhesive. The benefits of using of a 96-well plate for 

covalently attaching ECM proteins to glass include both a reduction in costly materials, such as full-length 

proteins, and a savings in time to prepare the platform, particularly since we chemically modified and 

attached a single piece of glass instead of individual glass coverslips. This approach presents a feasible 

method for scaling up to 384 or 1,536 well plates, which are also commonly used in industrial 

applications. If this approach is adopted by industry, the reproducibility of the chemistry is essential for 

quality control. We noted from XPS that the reaction stoichiometry was not 100% efficient (Figure 2a-b). 

This could be due to the starting glass not being completely pure/clean or some amount of APTES layer 

peeling typical of multilayer silane formation25 In an attempt to maximize silane monolayers vs multilayers, 

our silane deposition was done in the vapor phase, but multilayer silanes are still possible. Regardless, 

we showed that the surface concentration of protein in each well can be carefully controlled (Figure 2c-d), 

and these 2D biomaterial platforms could be used as a straightforward way to study tumor progression 

where collagen density increases and ECM composition changes.58 We observed an overall trend of 

increasing cell area in MDA-MB-231 cells with increasing collagen I surface concentration (Figure 2e), 

alongside a decrease in the circularity of the Hs578T cells (Figure 2f). These types of studies may help 

identify a certain threshold of ligand density where efficacy of a compound is greatly enhanced or 

reduced.  

The use of synthetic biomaterials allows for the capture of both biochemical and mechanical cues 

experienced by cells in vivo. These rationally designed in vitro models are beneficial because 

components of the microenvironment can be controlled individually, which is an impossible task in vivo. 

The likely application of interest for each platform will be dependent on the user’s end goal. For example, 

the ECM proteins attached to glass and 2D PEG-PC hydrogels incorporate full-length proteins, whereas 

the 3D PEG-MAL hydrogels only include peptides representative of integrin-binding sequences to specific 

proteins. Since the structure of the protein can impact integrin-binding,59-60 it is an important consideration 

in biomaterial choice. Our goal was to present mechanisms to use each of these platforms in 96-well 
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plates with semi-automated liquid handling robotics to enable high-throughput applications in the future. 

Specific features included in each, such as protein versus peptide, stiffness, and geometry will guide their 

exact applications in individual labs or companies.  

CONCLUSIONS 

We have adapted three unique, but complementary biomaterial platforms to 96-well plates and 

used semi-automated liquid handling robotics to enable high-throughput screening applications. Each 

platform was modified from existing technology to reduce material requirements and fabrication time per 

condition. Specifically, our 2D hydrogels can be synthesized with a photoinitiator in a 96-well plate in the 

presence of oxygen, our 3D hydrogels synthesis can be semi-automated to reduce the time invested per 

plate by four-fold, and our custom 96-well plate design enables screening on controlled glass substrate 

compositions. While more complex and expensive than traditional TCPS, these systems include specific 

microenvironmental features that could be key to better predict in vivo cell behavior, either for applications 

in preclinical drug screening or as better tools for hypothesis test-beds. 
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SUPPORTING INFORMATION 

Supplemental Materials and Methods: DGEA synthesis 

Figure S1: Custom glass bottom 96-well plates can be made with commercially available materials. 

Figure S2: XPS survey traces for the chemical modification steps to prepare ECM proteins attached to 

glass. 

Figure S3: 2D PEG-PC hydrogels can also be made on coverslips and cells do not attach to hydrogels 

without protein functionalization. 

Figure S4: 3D PEG-MAL hydrogels can also be made on coverslips. 

Figure S5: Cell viability in 3D PEG-MAL hydrogels. 
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