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Abstract: 
3D culture platforms with tunable stiffness have the potential to improve many applications such as drug 
discovery, organoid studies, and stem cell differentiation. Both dimensionality and stiffness regulate 
crucial and relevant cellular processes. However, 3D culture models are often limited in throughput and 
difficult to adopt for widespread use. Here, we demonstrate an accessible 3D, stiffness-tunable tissue 
culture platform, based on an interpenetrating network of collagen-1 and alginate. When blended with 
polymers that induce phase separation, these networks can be bioprinted at microliter volumes, using 
standard liquid handling infrastructure. We demonstrate robust reproducibility in printing these 
microgels, consistent tunability of mechanical properties, and maintained viability of multiple printed 
cell types. To highlight the utility and importance of this system, we demonstrate distinct morphological 
changes to cells in culture, use the system to probe the role of matrix mechanics and soluble factors in a 
collagen contraction assay, and perform a prototype viability screen against a candidate 
chemotherapeutic, demonstrating stiffness-dependent responses. 

Introduction 
Three-dimensional biomaterial culture systems have emerged as critically important platforms for in 
vitro cell-based applications, as dimensionality is an important regular of cell function, influencing 
morphology, proliferation, and migration, amongst many other cell behaviours.1 Technological 
innovations in biomaterial design now afford the ability to tune key microenvironment properties such 
as binding ligand density and stiffness; variables known to drive cellular function.2 3 4 5 This is 
particularly important in models of development, disease, and drug efficacy, as stiffness is now a well-
established driver of important cellular processes connected to stem cell differentiation and disease 
progression.6 7 8 9 However, conventional culture technologies used in high-throughput applications such 
as petri dishes, and even spheroid and organoid cultures cannot be easily tuned to manipulate these 
parameters, as previously reviewed.10 Hence, the ability to tune stiffness in engineered models may be 
particularly desirable to advance applications such as drug discovery, personalized medicine, and tissue 
engineering screening platforms.11 12 13 14 15 16 10 
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Applying these platforms beyond relatively artisanal fundamental studies, and towards industrial-scale 
screening applications is made difficult by the challenges associated with increased-throughput testing 
of mechanically-tunable 3D cultures. In general, 3D culture models require large volumes of expensive 
reagents, high cell quantities, and complex handling procedures; all major drawbacks in fields where 
cost, speed, and robustness drive culture adoption. Bioprinting is emerging as a useful technique to 
create simple 3D tissues17 18 19 20 and we have previously demonstrated the use of aqueous two-phase 
systems (ATPS) to print microliter volumes of cell-laden collagen hydrogels within a well-plate, using 
standard liquid handling tools.21 Printing small volumes is particularly challenging with conventional 
printing methods, as they are highly sensitive to evaporation, often resulting in low cell viability.21 This 
issue is circumvented in the ATPS-collagen system, where gelation of small volumes occurs while 
submerged, with no gel-to-air interface. Briefly, this is accomplished by inducing phase separation of a 
collagen pre-polymer during gelation, by incorporating immiscible dextran and polyethylene glycol 
(PEG) polymers into the two phases. The small-volume gels further allow rapid diffusion and 
equilibration of large molecules, simplified imaging, reduced reagent consumption, and easy adoption 
into existing high-throughput workflow infrastructures.   
 
In this work, we build upon our previous studies and demonstrate the ability to precisely control stiffness 
independently from binding ligand density within this bioprintable collagen system. 
Interpenetrating networks (IPNs) of alginate with extracellular matrix (ECM) have previously been used 
to control stiffness of engineered cultures with great success.2 22 5 23 24 25 26 27 Alginates are 
biocompatible polysaccharide polymers that can be crosslinked using cell-friendly divalent ions such as 
calcium, and present no additional binding sites to cells unless specifically modified to do so.28 
Collagen-1 is the most abundant extracellular matrix protein present in tissue29 and provides biochemical 
feedback for cellular processes such as survival and proliferation.30 Blending these two gels into an IPN 
with the polymers necessary to induce phase separation should hence provide the ability to tune the 
mechanical properties of ATPS-bioprintable microgels.  
 
To provide a robust system for increased throughput of 3D, mechanically-tunable cultures (Figure 1), we 
designed and characterize collagen-alginate IPNs as biomaterials for automated ATPS-based “printing” 
into microlitre droplets. We demonstrate reproducible microdroplet printing with precise control over 
storage modulus, and distinctive stiffness-driven morphological phenotypes for breast cancer cells and 
fibroblasts. As a first application for this platform, a chemotherapy screening assay of breast cancer cells 
demonstrated the role that stiffness plays in drug response and underscores its placement in high-
throughput screening. Finally, contraction assays demonstrated the role of stiffness in these remodellable 
micro-matrices under contractile stimulating or suppressive conditions. 
 



 

 
 
 
Figure 1. Schematic of the stiffness tunable microgel printing culture platform. Microgel matrices consist of a constant 
collagen-1 concentration for cell adhesion and increasing alginate concentrations for storage modulus control. Robotic liquid 
handling pipettes microlitre volumes of the interpenetrating network into PEG and the matrix is thermodynamically gelled. 
Alginate is ionically crosslinked with calcium ions and PEG is replaced with conditioned media as the final step. 
 
 
Materials and Methods 
 
Materials 
Dulbecco’s modified eagle’s medium x1, acetic acid, sodium hydroxide, phosphate buffered saline, 
sodium alginate, poly(ethylene glycol) (PEG) (35K), calcium chloride, dimethyl sulfoxide (DMSO), 
paclitaxel, pluronic F-108, paraformaldehyde, Triton X-100, Hoechst 33258, phalloidin, ultra-low 
attachment 96 well flat bottom plates, and goat serum were purchased from Sigma Aldrich (Oakville, 
ON). Antibiotic antimycotic, type I collagen (5mg/mL), Calcein AM, and ethidium homodimer-1 were 
purchased from Life Technologies (Carlsbad, CA, USA). HyClone fetal bovine serum, 0.25% trypsin-
EDTA, HyClone phosphate buffered saline, cell culture treated 96 well flat bottom plates, and UltraPure 
distilled water were purchased from Fisher Scientific (Ottawa, ON). Anti-Ki67 antibody and goat anti-
rabbit IgG were purchased from Abcam (Cambridge, UK). Dextran (500K) was purchased from 
Dextran.ca. 
 
Cell Culture 
HS5 human fibroblast cell lines and MDA-MB-231 epithelial adenocarcinoms cell lines (ATCC) were 
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics-antimycotics, 
and maintained at 37 °C, 5% CO2. Cells were routinely passaged for seeding experiments or re-plating 
using 0.25% trypsin-EDTA.  
 
Microgel printing 
All handling was carried out under sterile conditions. A dextran-rich gel solution was prepared on ice by 
adding the following reagents in sequence to a 1.5mL Eppendorf tube: 3mg/mL collagen, diluted down 
from 5mg/mL in 20mM acetic acid, 1M sodium hydroxide, 10x PBS, 15% dextran dissolved in distilled 
water, distilled water, alginate of desired concentration, and cell suspension in PBS (see Supplemental 
Table S1 for volumetric mixing recipes). Cells were added in a PBS suspension to prevent premature 
calcium addition and alginate gelation. The solution was mixed by pipetting, taking care not to create air 



bubbles. A PIPETMAX® (Gilson) automated liquid handling system was loaded with reagents and 
programmed to dispense the PEG-rich phase and dextran-rich droplets into plasticware.  96-well plates 
adhesive to adherent cells were used for standard culture experiments, and ultra-low attachment plates 
were used for collagen contraction experiments. PEG was dispensed into each well of a 96 well plate, 
followed by a drop of the dextran rich gel solution. Plates were then removed from the PIPETMAX® 
and gels were incubated at 37 °C for 45 minutes. Calcium chloride was added to all cultures for 5 
minutes, at an ~1000x molar excess for alginate crosslinking (0.1 wt%) to saturate crosslinking sites. 
Calcium was allowed to diffuse for 5 minutes to allow complete alginate crosslinking. Given that 
maximal diffusion distances are less than 1 mm, small molecules such as calcium, equilibrate near-
instantaneously, based on experimental results and computational models previously developed.21 
Samples were either aspirated by hand or serially diluted to replace the PEG media with supplemented 
media, and cultured at 37 °C, 5% CO2 during experiments. 
 
 
 
Scanning electron microscopy 
IPNs were gelled in 250 μLvolumes, rather than using the ATPS method to allow more surface area for 
handling and imaging. Gels were snap frozen in liquid nitrogen for 1 minute, and lyophilized overnight. 
Dehydrated ECM was then peeled back with tweezers to uncover more central gel architecture and 
imaged using a scanning electron microscope (SEM, SU3500, Hitachi Hi Technologies, Tokyo, Japan). 
Observations were performed under variable-pressure imaging mode (3.0 kV, 30 Pa).   
 
Shear Modulus measurements 
150 μL of gel prepolymer was dispensed into 35 mm glass bottom petri dishes containing 1mL of 6 
wt % PEG and gelled at 37 °C for 45 minutes. Calcium chloride was then added at a final concentration 
of 0.1wt% to each dish for 15 minutes to crosslink the alginate. The PEG/calcium chloride suspension 
was replaced with 1 mL PBS, and left to swell overnight at 4 °C. To mechanically probe the hydrogel at 
length scales relevant to individual cells, twisting magnetic cytometry was used to measure the micro-
scale shear moduli of the gels and this method is discussed elsewhere. 31 Briefly, a ferromagnetic bead 
4.5 μm in diameter was depressed into the surface of the gels and subjected to an external magnetic 
field. This magnetic field caused the beads to oscillate, and the displacement of the beads was used to 
calculate the shear modulus of the gel. 
 
 
Cell viability 
HS5 viability in 3D gels was examined at day 9 after seeding cells at a density of 250 cells/ μL and 
MDA-MB-231 viability was examined at day 5 after seeding cells at a density of 200 cells/μL. Viability 
was visualized by live/dead staining the cells with 2 μM calcein AM and 2 μM ethidium homodimer in 
supplemented media before image collection.  
 
Cell morphology 
To study 2D cell morphology on gel surfaces, 40 μL of cell-free hydrogel IPN solution was added to 
well in a 96 well plate, gelled at 37 °C, 5% CO2 for 45 minutes followed by alginate crosslinking with 
0.1 wt% Ca Cl2  for 15 minutes. Subcultured HS-5 cells were suspended in supplemented media at low 
densities of 70 cells/μL, and 50 μL were added to each well.  Cells were allowed to attach and spread for 
24 hours. Gels were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton-X and stained with 
0.5 μg/mL phalloidin and 1 μg/mL Hoescht to view the F-actin cytoskeleton and nucleus respectively. 
 



HS5 and MDA-MB-231 morphology in 3D gels was analyzed at day 3 after seeding cells at a density of 
125 cells/ μL to view single cell morphology before gel contraction. HS5 morphology was also analyzed 
at day 9 after an initial seeding density of 1000 cells/ μL to view overall tissue architecture following 
contraction. Gels were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton-X and stained 
with 0.5 μg/mL phalloidin and 1 μg/mL Hoescht to view the F-actin cytoskeleton and nucleus 
respectively.  
 
Microgel contraction analysis 
HS-5 cells were printed into 1 μL microgel droplets at a density of 1000 cells/ μL and incubated with 
either FBS free media, FBS supplemented media, or FBS supplemented media containing 5 ng/mL of 
TGFβ-1 at 37 °C, 5% CO2. Microgels were allowed to contract for 6 days and brightfield images of 
contracting microgels were taken every 24 hours. Media was exchanged every 48 hours. 
 
Drug responsiveness and proliferation analysis 
MDA-MB-231 cells were printed into the gels at a density of 200 cells/ μL and incubated with 
supplemented media at 37 °C, 5% CO2 for 3 days to allow spreading. For drug responsiveness studies, 
gels were then treated with 0.1, 1 or 150 μM Paclitaxel in supplemented media. Control gels were given 
the matched volume of the vehicle (DMSO). After 48 hours cell viability was examined by replacing 
media with 2 μM calcein AM and 2uM ethidium homodimer in supplemented media. For proliferation 
studies, gels were fixed on day 3 in 4% paraformaldehyde, permeabilized with 0.5% Triton-X, blocked 
with 2.5% goat serum, incubated with 1/1000 dilution of Ki67-rabbit antibody, rinsed twice with PBS, 
blocked again with 2.5% goat serum, incubated with 1/100 dilution of goat-anti rabbit secondary 
antibody.  
 
Image and Statistical analysis 
Fluorescent, brightfield, and phase-contrast images were collected on an Olympus microscope (IX73, 
using Metamorph software). Percent void space was quantified by applying a consistent threshold value 
across all images, selected to visually separate the matrix from the background. Area fraction was then 
measured in ImageJ. All gel areas and cell spread areas were quantified by carefully tracing the outside 
of the gel or cell using the freehand selection tool in ImageJ software and collecting area from the 
measurements tab under “Analyze”. Gel circularity was also retrieved in this manner. Cell aspect ratio 
was collected using the bounding rectangle measurement in ImageJ software. F-actin fluorescent 
intensity was quantified by sampling the mean gray value of 130μm2 sections within each microgel using 
the ImageJ analyze tool, while maintaining consistent staining and imaging parameters. Cell viability 
and Ki67 staining were both quantified by applying a consistent threshold value across all images, 
inverting the image, and collecting analyzed particles. 
 
 
Prism v8.2 (GraphPad Software, San Diego, CA) statistical analysis software was used to calculate one-
way ANOVAs between treatment groups, followed by a Tukey post hoc test, carried out at 95% 
significance. Each well was considered independent for all experiments. 
  



Results 
 
Characterization of printed collagen-alginate IPNs. 
 
Microgel formulations with equivalent collagen content and alginate concentrations ranging from 0 to 
1.6 mg/ml were printed at volumes ranging from 0.1 μL to 2 μL (Figure 2A). Volumes larger than 2 μL 
are also capable of being printed (data not shown). Holding the concentration of collagen constant across 
the gels controls for binding ligand availability, ensuring that only one variable (storage modulus) is 
changing at a time. This is important, as it allows the decoupling of stiffness and binding ligand density: 
two independent drivers of cell behaviour.32 In using alginate concentration to tune stiffness, alginate 
crosslinking sites were saturated by exposing microdroplets to excess calcium ions. Due to outside-in 
alginate crosslinking as calcium ions diffuse, calcium crosslink instability over multiday culture 
periods,28 and cell release of calcium into surrounding culture,33 saturating alginate crosslinks should 
provide a uniform and stable mechanical profile within the gels. Printed droplets form consistently sized 
microgels, based on projected area and droplet circularity (Figure 2B,C). Occasional irregularities and 
gel folding occurs due to media movement during plate handling and can be avoided with careful plate 
transport before collagen gelation or by gelling on a thermally controlled stage. While the 0.1 µL 
droplets do demonstrate the low volumes possible with the ATPS technique, some variation was 
observed at 0.1 µL print volumes, likely because the Pipetmax printing platform is calibrated to 
reproducibly dispense print volumes greater than 1 µL. Uniformity can hence be improved even at these 
small volumes by using appropriately rated liquid handling tools. Further, microgels are able to either 
securely stick to the bottom of the well, or remain free floating in the media depending on the desired 
application by selecting appropriate plasticware. Bioprinting the microgels into standard plates used for 
adherent cell culture allows gels to remain adhered on the plastic surface, even after multiple washes in 
media. In contrast, microgels bioprinted into ultra-low attachment wells results in free floating gels. 
Plasticware can therefore be selected based on the desired application, allowing further flexibility in 
using this technique. 
 

 
As alginate concentration increases within the matrix, pore structure changes, causing total void space to 
decrease, as evidenced by SEM images of the printed hydrogels (Figure 2D,E). This is expected, as the 
total polymer concentration increases with increasing alginate content; but it is important to note that 
cell-adhesive collagen content remains constant across all conditions. We then verified that by changing 
the concentration of alginate in the IPN, the storage moduli of the microgels could be tuned. Storage 
moduli of cell-free IPNs ranged from 0.54 ± 0.15 kPa to 2.3± 0.28 kPa between 0 mg/mL and 1.6 
mg/mL of alginate (Figure 2F). As storage moduli are subject to change during cell remodelling, only 
initial mechanical properties are referred to throughout this work. Loss moduli also increased with 
alginate concentration (Figure S1B), resulting in a consistent elastic to viscous ratio (or phase angle; 
Figure S1C) between all microgel formulations. Phase angle influences gene expression and 
inflammatory secretion of mesenchymal stem cells,34 and was hence controlled for in these experiments. 
The successful production of microlitre matrix volumes via robotic liquid handling, combined with the 
flexibility to provide robustly tunable mechanical properties suggests the possibility of a high-
throughput 3D, stiffness-tunable culture platform through compatibility with existing high through-put 
liquid-handling infrastructure. 
 
 



 
Figure 2. Characterization of printed microgels. (A) Microprinted droplets at different volumes and alginate concentrations. 
Scale: 1mm. (B) Areas of microprinted droplets at different volumes and alginate concentrations. Areas have been 
normalized to the average area printed by each corresponding pipette head.  (C) Circularity of microprinted droplets at 
different volumes and alginate concentrations. (D) Scanning electron microscopy images of matrices with increasing 
concentrations of alginate. Scale: 50 μm. (E) Percent void space of matrices, as a measure of porosity. (F) Storage moduli of 
matrices, as assessed by optical magnetic twisting cytometry (data presented as mean +/- standard deviation; (E): n = 3; (F): 
n= 3 gels, minimum of 30 measurements per gel;  * p < 0.05; ** p < 0.01; ****p<0.0001, by one-way ANOVA with Tukey 
post-hoc analysis). 
 
 
 

Microgel stiffness influences cell morphology 

Cell viability of HS5 fibroblasts immediately following bioprinting was over 95% (Figure S2). Cultured 
separately, fibroblasts and MDA-MB-231 breast cancer cells displayed high viability for up to nine and 
five days in culture respectively (Figure 3A,B), at both low (125 cells/ μL) and high cell densities (1000 
cells/ μL), demonstrating the platforms utility for longer culture periods and versatile cell densities. The 
ability to print 3D cultures with as few as 10-100 cells in each sample may have strong potential in 
personalized medicine applications for which patient cells are both precious and limited. 
 
The morphological behaviours of both HS5 and MDA-MB-231 cell types are well-established, making 
them ideal candidates to investigate morphology within the microgels. Cell morphology throughout the 
microgels was readily measured using conventional epifluorescent imaging, as the droplets are 
sufficiently small to present no challenges in imaging using standard long-working distance objectives. 
Breast cancer cells displayed two major morphologies (rounded or spindle-shaped) within all four test 
conditions, giving rise to highly heterogeneous cell aspect ratios (Figure S3). The proportion of spindle-
shaped versus rounded breast cancer cells skewed towards rounder cells with increasing initial stiffness 
(Figure 3C,D). Similarly, high initial microgel stiffness limited spread area of the fibroblast cell line 
(Figure 3E,F). Although fibroblasts often took on a spindle-shaped morphology (Figure 3E) with similar 
aspect ratios within the microgels of differing stiffness (Figure S4), the spread area decreased 



considerably in all gels stiffened with alginate (Figure 3F). This trend is also noted when fibroblasts are 
cultured on top of our gels (as in a 2D system), where initially stiffer gels give rise to decreased spread 
(Figure S5). Morphology also differed between 2D and 3D conditions, where fibroblasts cultured on top 
of the gels visually displayed higher aspect ratio with lower spread area as compared to 3D culture 
(Figure S6), further rationalizing the need for 3D culture when conducting morphological analysis. 
 
Increased stiffness also promoted well-defined actin structures in fibroblasts, which were much more 
diffuse in softer microgels (Figure 3E,G) (Figure S7), consistent with known effects of stiffness on actin 
fiber formation,35 36 and suggestive of a more contractile and mechanically-active phenotype within 
stiffened matrices. 
 
 
 

 
 
Figure 3. Morphological characterization of breast cancer cells and fibroblasts in stiffness-tunable microgels. 
(A) Representative calcein AM (live) and ethidium homodimer (dead) stain of a 0.97 kPa IPN containing HS5 
fibroblast cells on day 9 [green: live cell, red: dead cell, Scale: 500 μm]. (B) Quantification of MDA-MB-231 
breast cancer cell and HS5 fibroblast viability within the microgels at 5 and 9 days in culture respectively. (C) 
Morphology of breast cancer cells on day 3 within the microgels of various stiffness and (D) quantitative results 
of cell aspect ratio. (E) Fibroblast actin architecture, within multicellular tissues at day 9 (top) and single cell 
fibroblast spread area at day 3 (bottom) of culture within microgels [green: F-actin, blue: nuclei, scale: 50μm]. 
Quantitative results of (F) single cell spread area and (G) average F-actin fluorescent intensity per 130μm2 (data 
presented as mean +/- standard deviation; (B): n=3 microgels (D): n=3 microgels, 10-30 cells each (F): n=6-12 
microgels, 28-84 cells each; (G): n=3 microgels, 3-4 areas each; **p < 0.01; **** p < 0.0001 by one-way 
ANOVA with Tukey post-hoc analysis). 
 
 
  



Soluble factors can stimulate contractility even in stiffened matrices 
 
Decreases in fibroblast spread area with simultaneous formation of defined architectures suggest 
opposing effects on contraction of the collagen matrix, a commonly-used assay to assess ECM 
remodelling.36 We have previously demonstrated the utility of bioprintable collagen gels as a microscale 
contraction assay; and noted that small gels allow rapid equilibration of even large-molecular weight 
soluble factors throughout the gel volume.21 We hence asked whether tissue contraction was influenced 
by initial matrix stiffness; and used the small-volume gels to simultaneously understand the effects of 
soluble cues on this contraction process, using FBS and TGFβ-1 as candidate stimuli, as both are well-
established to stimulate collagen contraction in culture.36  In serum-free media, initially soft microgels 
contracted faster and to a much higher overall contraction within 6 days than initially stiffened microgels 
(Figure 4A), demonstrating that alginate stiffens tissues sufficiently to hinder contraction. However, 
supplementing the media with FBS was sufficient to induce similar degrees of contraction, but at a 
slower rate (Figure 4B). Further addition of TGFβ-1 prompted no additional contraction, suggesting that 
factors in serum are sufficient to drive maximal contraction (Figure 4C,D).  
 
This data demonstrates that although the alginate-doped gels are stiffened, they still retain the capacity 
to be remodelled under appropriate stimulation. It also suggests that contrary to previous suggestions35 
increased tissue stiffness is not sufficient to drive contractile processes in these gels, and that soluble 
stimuli are still necessary to recreate this phenotype in culture. Additionally, microgel stiffness increases 
across contraction.37 As such, microgel stiffness is dynamic and can only be guaranteed immediately 
following gelation. The change in gel stiffness in real-time, along with how instantaneous stiffness 
influences cell behaviours such as contraction and proliferation are intriguing questions. More broadly, 
this experiment demonstrates the utility of the stiffness-tunable bioprintable microgels as a miniaturized 
collagen contraction assay to simultaneously probe the effects of matrix stiffness and soluble stimuli on 
this important developmental and disease-related process.  
 
 



 

 
 
Figure 4. Microgel contraction as a function of time under various stiffnesses and soluble factors. (A) Representative 
contracted microgels at day 2 in regular supplemented media (white dashed line represents microgel at day 0; scale: 400 μm). 
Overall global microgel contraction time course over 6 days in (B) serum free conditions, (C) FBS supplemented media 
conditions, and (D) FBS supplemented media + 5ng/mL TGFβ-1 conditions (data presented as mean +/- standard deviation; n 
=6-12 microgels). 
 
 
 
Microgel stiffness influences chemotherapy effectiveness 
 
Given the responsiveness of this platform to soluble factors, we then sought to demonstrate the utility of 
stiffness-tunable microgels in a more conventional and industry-relevant assay. 3D culture has 
previously been demonstrated to have a strong protective effect against certain chemotherapeutics, 
compared to 2D cultures,38 and 3D stiffness is known to have an effect on chemotherapeutic efficacy.39 
40  Clinically, patients with low breast tissue stiffness also respond better to chemotherapy than those 
with high breast tissue stiffness,41 suggesting that considering stiffness in early drug screening protocols 
would be an important factor in screening for the next generation of therapeutics. To determine whether 
stiffness may play a role in this process, and simultaneously demonstrate the utility of this platform for 
drug-screening, we designed a simple viability-based screen for MDA-MB-231 cells in stiffness-tunable 
gels against paclitaxel, a well-established chemotherapeutic agent. Breast tissue stiffness spans a shear 
modulus range from < 1 kPa in healthy tissue, to between 1 kPa and 3 kPa+ at the invasive front of 
disease.42 The microgel formulations selected here may therefore model the stiffness evolution that 
occurs during breast cancer progression.  
      
 



Breast cancer cells cultured in initially softer gels were more responsive to paclitaxel than cells in the 
initially stiffest gels, suggesting that increased stiffness has a small but statistically significant 
chemoprotective effect (Figure 5A) (Figure S8). Interestingly, this effect was not monotonic with 
stiffness.   
 
The initially mid-range 1.6 kPa gels were more sensitive to all concentrations of paclitaxel than were 
each of the other gels, suggesting that an optimal stiffness exists at which certain drugs can be more 
effective. Stiffness did not influence viability due to the chemotherapeutic vehicle for delivery (Figure 
S9). As paclitaxel is selectively taken up by proliferating cells,43 and stiffness is a known factor 
influencing proliferation,8 we reasoned that stiffness-induced changes in proliferation may be 
responsible for this response. We therefore characterized the relative proliferation of cancer cells in this 
system, and found that increasing stiffness generally is associated with decreased proliferation, except in 
the 1.6 kPa gels which notably demonstrate the highest proliferative rates of all cultures tested (Figure 
5B). Hence, differences in proliferation likely underlie the observed phenotypes.  
 

 
 
Figure 5. Breast cancer cell susceptibility to chemotherapy changes depends on microgel stiffness. (A) Live/dead analysis 
following 48 hours of exposure to Paclitaxel at a concentration of either 0.1 μM, 1 μM, or 150 μM. Presented significance 
reflects the lowest seen significance in 0.1 μM gels and all other concentrations display higher significance. For detailed 
significance, see Figure S8. (B) Ki67 staining illustrates the total percentage of cancer cells undergoing active proliferation 
within each microgel (data presented as mean +/- standard deviation; n =3-6 microgels;  * p < 0.05; ** p < 0.01; *** p= 
0.0001 by one-way ANOVA with Tukey post-hoc analysis). 

 
 
Discussion 
Blending collagen-alginate IPNs with the PEG and dextran polymers to induce phase separation was 
shown to support bioprinting microvolumes of stiffness-tunable biomaterials, and was demonstrated 
here as a robust, increased-throughput method for 3D cell culture capable of multiple biological assays. 
We specifically focused on morphological analysis of multiple cell types, implementation of a functional 
collagen contraction assay, and a demonstration of a scalable live/dead viability assay against a 
commonly used chemotherapeutic. In each of these assays, low biomaterial volumes allow for decreased 
costs in terms of materials, reduced cell number requirements, and as previously determined,21 can 
support faster diffusion and equilibration of soluble factors than bulk gels, allowing dynamic or long-
term cell culture studies. Furthermore, both automatable handling using a desktop liquid handling robot, 



and compatibility with standard fluorescent and brightfield microscopy techniques indicate that these 
methods can be rapidly adopted by standard wet-labs with this basic infrastructure. 
 
In addition to demonstrating the utility of this system, our experiments also present some interesting 
findings. As expected, increasing 3D biomaterial stiffness results in decreased cell spreading, but this 
relationship is not linear with stiffness. Interestingly, there is a small trend towards increased spread area 
at the mid-range of stiffness in alginate-doped gels (1.6 kPa), and although not statistically significant, 
this observation is consistent across multiple repeated experiments, and correlates with statistically 
significant increases in chemotherapeutic efficacy (Figure 5A) and proliferative percentage (Figure 5B).  
Given the well-known relationship between cell spread area and proliferation,32 8 and the proliferation-
based mechanism of action for paclitaxel,43 these results are internally consistent and suggest that the 
increase in spread area at the mid-range of stiffness is a genuine effect. Our observations of increased 
formation of well-defined F-actin structures due to increased stiffness (Figure 3G) suggests that the 
increased matrix stiffness does allow enhanced tension generation at the binding site to increase spread 
area,32 but a competing mechanism must be simultaneously restricting spread area, despite the formation 
of pro-spreading actin structures. This is likely due to recently developed descriptions of ECM fiber 
recruitment being required to increase local binding ligand density and therefore cell spreading.44 26 4 23 
Hence, our observations support the idea of increased fibrous matrix stiffness hindering the ability of a 
cell to deform and therefore recruit fibers, while simultaneously providing tension at the binding 
complex to prompt increases in spread area. Notably, pore size also decreases as stiffness increases and 
cell confinement also attenuates cell spread.45 Our data therefore suggests a “sweet spot” of ideal 
stiffness for maximal cell spreading and proliferation. 
 
Some limitations should also be considered in the use of this culture technology. Although the phase 
angle is conserved over the range of alginate concentrations tested here, the viscoelastic storage and loss 
moduli of these matrices cannot be independently controlled. Since viscoelastic characteristics impart 
important and biologically relevant cues in culture, future work should consider incorporating the 
tunable viscoelastic properties of alginate in modifying the collagen mechanical properties. Second, 
although our OMTC measurements do provide a measure of cellular-scale rigidity within the materials, 
we only perform these prior to cell seeding. As collagen gels are well established to stiffen during 
contraction,37 46 47 these remodelled matrices likely effect cell functions differently. The effects of cell 
spreading and contraction on highly local mechanical properties within the matrix are unclear, and 
studying the effects of these dynamic properties, particularly using a variety of novel techniques to 
characterize stresses and mechanical properties within 3D matrices at this cellular length scale,48 49 50 
could provide valuable future insight into cell-environment interactions. Finally, while the ATPS 
technique is compatible with standard liquid handling tools, adoption into standard workflows will 
require careful characterization of the effects of PEG and dextran on the specific biological assay being 
developed. 
 
Conclusions 
The present platform provides the ability to tune 3D culture stiffness, while bioprinting directly into 
well-plates for high-throughput screening applications using readily-available liquid handling tools. 
Hence, this platform may easily be adopted for a variety of applications requiring high-throughput 
culture, and may be particularly beneficial for those involving limited or rare cell populations, multiple 
culture conditions, and testing of secreted or soluble factors; such as drug screening, personalized 
medicine, organoid formation, and stem cell differentiation, each of which have significant stiffness-
related effects. Our findings highlight the importance of using stiffness-tunable 3D culture models in 
fundamental biological discovery, and simultaneously provide accessible strategies to achieve this.  
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