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Abstract

Substrate stiffness is known to alter cell behavior and drive stem cell differentiation, though most 

research in this area has been restricted to traditional, two-dimensional (2D) culture systems rather 

than more physiologically relevant, three-dimensional (3D) platforms. In this study, we utilized 

polymer-based, cell mimicking microparticles (CMMPs) to deliver distinct, stable mechanical 

cues to human adipose derived stem cells (ASCs) in 3D spheroid culture to examine changes in 

adipogenic differentiation response and mechanophenotype. After 21 days of adipogenic 

induction, spheroids containing CMMPs (composite spheroids) stiffened in accordance with 

CMMP elasticity such that spheroids containing the stiffest, ~10 kPa, CMMPs were over 27% 

stiffer than those incorporating the most compliant, ~0.25 kPa CMMPs. Adipogenically induced, 

cell-only spheroids were over 180% larger and 50% more compliant than matched controls. 

Interestingly, composite spheroids cultured without chemical induction factors dissociated when 

presented with CMMPs stiffer than ~1 kPa, while adipogenic induction factors mitigated this 

behavior. Gene expression for PPARG and FABP4 were upregulated more than 45-fold in 

adipogenically induced samples compared to controls but were unaffected by CMMP elasticity, 

attributed to insufficient cell-CMMP contacts throughout the composite spheroid. In summary, 

mechanically tuned CMMPs influenced whole-spheroid mechanophenotype and stability but 

minimally affected differentiation response.
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Introduction

The mechanical properties of cells and the substrates they interact with are important 

considerations for tissue engineering applications. Substrate compliance is well-recognized 

to stimulate lineage-specific gene expression in stem cells.11 Likewise, the intrinsic 

mechanophenotype of undifferentiated adipose-derived stem cells (ASCs) indicates a 

preference for lineage-specific differentiation.14 These mechanical characteristics are 

interdependent as well, with recent work indicating that cellular assembly into three-

dimensional (3D) nodules versus monolayers on two-dimensional (2D) substrates depends 

on the relative stiffness of the cell compared to its substrate.31 By strategically selecting 

materials that mimic the mechanical properties of living cells and their microenvironments, 

improved tissue engineered constructs are possible.

Though stimulation through material compliance is accepted as having implications in 

cellular morphology, gene expression, and fate, research in this area has been largely 

restricted to 2D culture platforms, with little investigation into how these signals alter cell 

behavior in more complex, 3D tissues.11, 35 Yet, 3D culture systems are considered to be 

more biologically relevant for tissue engineering as they better mimic in vivo 

microenvironments of living tissue.1 Compliant substrate-driven stem cell differentiation in 

3D has been studied via encapsulation in mechanically tuned hydrogels or porous scaffolds.
30, 38 Such research has revealed that scaffolds with reduced elasticity or crosslinking 

enhance adipogenic differentiation.2, 15 However, these systems limit cell-cell interactions as 

they rely on either cell infiltration or isolating single cells or microtissue constructs within 

the mechanically tuned environment.21, 26 Another 3D culture system, spheroid culture, 

involves seeding cells into a non-adherent environment to promote intercellular interactions 

and the self-assembly of spheroids/aggregates.28 This method maximizes the number of cell-

cell contacts formed, simplifies cell harvesting, and allows for the passive incorporation of 

recognizable substrates during self-assembly – all advantages over other 3D culture systems. 

Additionally, previous studies have reported that stem cells cultured in 3D spheroids 

exhibited enhanced differentiation potential compared to those cultured in 2D, providing 

additional motivation to optimize this technique for stem cell differentiation.4, 6 

Furthermore, the incorporation of microparticles in spheroids has been shown to improve 

metabolic activity and differentiation responses.17 However, the effect of microparticle 

elasticity on stem cell behavior in spheroid culture has never been studied. Recently 

developed polyacrylamide (PAAm) cell mimicking microparticles (CMMPs), which 

replicate the size and elasticity of living cells, are a convenient tool for delivering stable 

mechanical cues to cells in 3D spheroid cultures.22, 24

The goal of this study was to investigate the effects of substrate stiffness on the 

mechanophenotype and adipogenic differentiation response of self-assembled composite 
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spheroids containing both ASCs and CMMPs. We hypothesized that highly compliant 

CMMPs would reduce whole-spheroid stiffness and enhance adipogenic differentiation, 

while stiffer CMMPs would yield spheroids with higher elastic moduli paired with lower 

levels of lineage-specific mRNA expression. To test this hypothesis, self-assembled 

composite spheroids containing ASCs and mechanically distinct CMMPs were maintained 

in either control or adipogenic induction medium for 21 days. The mechanophenotype of 

individual spheroids was characterized weekly using an atomic force microscope (AFM). 

End point assessments included the analysis of the adipogenic specific genes peroxisome 

proliferator-activated receptor gamma (PPARG) and fatty acid binding protein 4 (FABP4) 

and confocal imaging of cell-CMMP organization.

Materials and Methods

Cell Culture

ASCs were isolated from abdomen and thigh lipoaspirate of a 56-year old, female patient 

with a past history of breast cancer following procedures approved by the institutional 

review board (IRB) of Rhode Island Hospital. Tissue was processed using previously 

established methods 12. Prior to experiments, ASCs were expanded to third passage in 

medium consisting of DMEM/F-12 (Hyclone, GE Healthcare Life Sciences, Logan, UT), 

10% fetal bovine serum (FBS, ZenBio, Research Triangle Park, NC), and 1% antibiotic/

animycotic (Hyclone), supplemented with 5 ng/mL epidermal growth factor, 1 ng/mL 

fibroblast growth factor, and 0.25 ng/mL transforming growth factor-β1 (R&D Systems, 

Minneapolis, MN).13 For differentiation experiments, ASCs were exposed to either control 

medium containing DMEM/F-12 with 10% FBS and 1% antibiotic/antimycotic or 

adipogenic medium containing control medium supplemented with 0.5 μM 3-isobutyl-1-

methylxanthine (IBMX), 10 μM insulin, 200 μM indomethacin, and 1 μM dexamethasone 

(Sigma-Aldrich, St. Louis, MO).37 Media were changed every two days.

Preparation of Mechanically Distinct Substrates

Cell Mimicking Microparticle Fabrication—Mechanically distinct populations of 

CMMPs were generated through inverse emulsification using 4 or 8% acrylamide with 0.05, 

0.1, 0.2, or 0.3% bis-acrylamide cross-linker (Table I), initiated with ammonium persulfate 

(APS) and tetramethylethylenediamine (TEMED), following previous protocols.24 

Physiologically relevant CMMP diameters were obtained using a 1500 RPM stir rate and 40 

μm cell strainer. CMMPs were visualized with a rhodaminde-based dye and functionalized 

with a 100 μg/mL suspension of collagen-1 (Millipore, Billerica MA), via NHS-ester 

mediated crosslinking using 1 mg/mL sulfo-SANPAH (CovaChem, LLC, Loves Park, IL), to 

promote cell-CMMP interactions, as described previously.24 The size distributions of stained 

CMMP populations were generated from the assessment of nine, randomly taken, 10x 

images using intensity thresholding and image analysis tools in Image J (U.S. National 

Institutions of Health, Bethesda, MD, version 1.47).

2D Gel Preparation and Coating—Two-dimensional thin gels were fabricated to match 

the elastic moduli of each CMMP population. Gels were formed by pipetting 75 μL of each 

PAAm solution (Table II) between a hydrophobic glass slide and a circular, hydrophilic glass 
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coverslip following previous protocols.34 One day prior to cell seeding, gels were covalently 

functionalized with collagen and equilibrated in control medium.

Mechanical Characterization by AFM

The mechanical properties of individual ASCs, CMMPs, thin gels, and spheroids were 

characterized with an MFP-3D-BIO AFM (Asylum Research, Santa Barbara, CA) using 

previously described methods.8 Samples were attached to plasma treated coverslips in 50 

mm, low-profile Petri dishes with a thirty-minute incubation at 37°C and then gently flooded 

with 3 mL of phosphate buffered saline (PBS) or DMEM/F-12 for non-biological and 

biological samples, respectively. Elastic and viscoelastic properties were obtained from force 

vs. indentation/time curves using a modified, thin-layer Hertz model.7, 9 Spheroid heights 

were determined from the difference in z-position between the initial contact when 

positioned over the apex of the spheroid and over the glass adjacent to where each spheroid 

was adhered. Data were acquired using the settings specified in Table III.

3D Spheroid Formation and 2D Culture of ASCs

To promote intercellular interactions and the self-assembly of spheroids, non-adherent 

microwells were fabricated from 2% molten agarose (Thermo Fisher Sci.) using 3D Petri 

Dish® molds (24–96-Small, Microtissues Inc., Providence, RI).28 Microwells were cured at 

4°C for 15 minutes, transferred to 24-well plates, and equilibrated in control medium for 2 

days prior to introducing ASCs. Spheroids consisted of either only cells (1,200 cells) or cells 

mixed with one population of mechanically distinct CMMPs at a 1:1 ratio (600 cells: 600 

CMMPs).

To parallel the 2D experiments reported in literature, cells were cultured on mechanically 

distinct PAAm gels with elastic moduli matched to the various CMMP populations. ASCs 

were seeded onto collagen type-1-coated coverslips or PAAm gels at 80,000 cells/well (n=3) 

within 24-well plates. Phase microscopy images were acquired of ASCs after 1, 10, and 21 

days of culture in either adipogenic or control medium to track lipid production and 

morphological changes resulting from chemical and mechanical cues.

Gene Expression Analysis by Quantitative Polymerase Chain Reaction (qPCR)

To assess the adipogenic differentiation response of ASCs in 3D spheroids and on 2D gels, 

the expression of PPARG and FABP4 was determined by qPCR after 21 days in culture. 

Cells/spheroids were lysed with TRIzol Reagent (Thermo Fisher Sci.), then agitated through 

vigorous pipetting, vortexed, and frozen at −80°C. The lysates were thawed and mRNA was 

isolated using QuickRNA Miniprep Kit (Zymo Research, Irvine, CA) in accordance with the 

manufacturer’s guidelines. Isolated RNA (80 ng/reaction) was reverse transcribed using 

SuperScript III First Strand cDNA Synthesis Kit (Life Technologies, Waltham, MA). 

TaqMan Gene Expression Assay human primers (Life Technologies) for genes of interest 

PPARG, variant 2 (Hs00234592_m1), and FABP4 (Hs01086177_m1), as well as reference 

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs03929097_g1), were used in 

all iterations, and all samples were run in technical triplicate. Fluorescence signal denoting 

abundance was detected using a CFX96 Real-Time PCR Detection System (Bio-Rad, 
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Hercules, CA). Data were analyzed using the comparative delta Ct method,32 with relative 

PPARG and FABP4 expression normalized to corresponding GAPDH values.

Spheroid Imaging

Spheroid Formation Time-Lapse—ASCs stained with calcein AM green (1 μg/mL, 

AnaSpec Inc., Fremon, CA) were seeded into equilibrated agarose microwells either 

exclusively or with one of the mechanically distinct, rhodamine-stained, collagen-coated 

CMMP populations at a 1:1 ratio (115,000 total). CMMP only conditions showed no 

movement or self-assembly over time. A five-hour time-lapse was generated with the 

automatic acquisition of bright field, green-fluorescence, and red-fluorescence images at 

fifteen minute intervals using a Carl Zeiss Axio Observer Z1 fitted with a 20x objective, an 

Xcite 120 XL mercury lamp (Exfo, Life Science Division, Mississauga, Ontario), and an 

AxioCam MRm camera (Carl Zeiss MicroImaging, Thronwood, NY). A custom incubation 

chamber kept the samples at 37°C and 5% CO2 throughout the imaging session.

Actin Staining/Confocal Imaging—Live spheroids were harvested and placed on pre-

mounted coverslips within 50 mm, low-profile petri dishes (MatTek Corporation, Ashland 

MA) for the acquisition of confocal images. After spheroid attachment, dishes were washed 

three times with PBS and fixed overnight at 4°C in 10% phosphate buffered formalin 

(Thermo Fisher Sci.). Prior to imaging, fixed samples were rinsed thoroughly with PBS, 

permeabilized with a 30-minute incubation in 0.1% TritonX-100 (Sigma Aldrich) at room 

temperature, and stained for intracellular actin with a 30-minute incubation in 0.165 μM 

Alexa Fluor 488 phalloidin (Molecular Probes, Thermo Fisher Sci.). Samples were washed 

with PBS, and cell nuclei were subsequently stained with a 30-minute incubation in 0.1 

μg/mL 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI, Molecular Probes, Thermo 

Fisher Sci.). To visualize cell nuclei, actin structures, and resident CMMPs, the bottom 50 

μm of stained composite spheroids was imaged in 1.33 μm slices with a 40x objective on a 

Zeiss LSM 510 Meta Confocal Laser Scanning Microscope with an Axiovert 200M inverted 

microscope using Zeiss Efficient Navigation (ZEN) software version 2.1 (Carl Zeiss 

MicroImaging). Due to technical limitations, only half of the spheroids could be imaged 

using this equipment.

Statistical Analyses

To determine statistically significant differences in non-normal data sets, which included the 

mechanophenotype and heights of spheroid samples, two-sample Kolmogorov-Smirnov non-

parametric tests were performed with R statistical analysis software version 3.31 (R Core 

Team 2016, Vienna, Austria). Pearson’s r coefficient and p-value were calculated to 

determine the relationship between adipogenic composite spheroid mechanophenotype and 

incorporated CMMP stiffness after 21 days in culture using Microsoft Excel (2011 for Mac 

v.14.6.7; Microsoft Corporation, Redmond, WA). For gene expression comparisons, 

statistical significance was determined using a Student’s T-test in Microsoft Excel. 

Comparisons were considered significant for p-values < 0.05. Data points more than 2.5 

standard deviations from the mean were considered outliers and eliminated for all 

experiments. Statistical significance levels for all comparisons are presented in supplemental 

materials. Results and Discussion are based on interpretations using raw p-values due to the 
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size and scope of the study, although it should be noted this does not account for potential, 

type-I error introduced by multiple comparisons. For completeness, analysis using highly 

conservative, Holm-Bonferroni corrected p-values have been made available in 

Supplemental Materials.

Results

ASC, CMMP, and Gel Mechanical Characterization

Assessment of individual ASCs, CMMPs, and 2D gels with AFM confirmed physiologically 

relevant, yet unique, elastic moduli (Fig. 1A). Four sets of CMMPs and gels were fabricated 

with elastic moduli of ~0.25, ~1, ~2, and ~10 kPa, which were mechanically distinct from 

one another (p < 0.0001). The stiffest formulations were approximately an order of 

magnitude higher than the average ASC modulus. Average CMMP diameters were between 

10–25 μm, with full distributions extending from 5–40 μm, which encompasses the typical 

range of mammalian cells, ~15–20μm (Fig. 1B).18, 25

Spheroid Temporal Mechanophenotype

Both chemical induction factors and mechanical cues induced significant temporal changes 

in the mechanophenotype of cell-only and composite spheroids. Initial exposure to 

adipogenic induction factors resulted in a rapid drop in spheroid elasticity for all CMMP 

conditions, such that control spheroids, on average, exhibited elastic moduli 130% higher 

than adipogenic spheroids by Day 1 (p < 0.0001; Fig. 2, Table S.I., Fig. S1–S2). After 7 days 

in culture, the average stiffness of all adipogenic samples increased by over 110% compared 

to the initial, Day 1 time point (p < 0.004), while controls remained unchanged (p > 0.1), 

resulting in spheroids with similar mechanophenotypes, independent of chemical induction 

factors (p > 0.07). Only ~0.25 kPa composite spheroids exhibited differences between media 

conditions and were 20% more compliant in adipogenic medium than control (p < 0.02). 

After the full 21-day induction period, cell-only spheroids in adipogenic media were 

approximately half the stiffness of paired controls (p < 0.0001), ~0.25 composite spheroids 

exhibited no difference in elasticity between medium conditions (p > 0.3), and adipogenic, 

~1, ~2 and ~10 kPa composite spheroids were, on average, 110, 560, and 100% stiffer than 

paired controls, respectively (p < 0.003).

Within a single medium condition, no mechanophenotype differences existed in spheroids 

containing different CMMP populations after 1 day in culture (p > 0.09), with the exception 

of adipogenic, ~1 kPa composite spheroids, which exhibited elastic moduli that were 30% 

stiffer than ~0.25 kPa or cell only spheroids (p < 0.04). After 21 days in culture, the 

elasticity of adipogenic composite spheroids was positively correlated with the stiffness of 

incorporated CMMPs (Pearson’s r coefficient = 0.37, p < 0.005), while no such correlation 

was observed for control samples (Pearson’s r coefficient = 0.02, p > 0.8). This CMMP-

based adjustment in mechanophenotype of adipogenic samples resulted in ~10 kPa 

composite spheroids exhibiting average elastic moduli that were 25% stiffer than ~0.25 kPa 

spheroids by the end of the induction period (p < 0.03). Additionally, adipogenic composite 

spheroids were 60–100% stiffer than adipogenic cell-only spheroids (p < 0.0003). 

Composite spheroids grown in the absence of chemical induction factors became unstable 
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and decreased in stiffness by the end of the 21-day induction period (p < 0.05), while cell-

only spheroids in these conditions did not exhibit any changes in mechanophenotype (p > 

0.4). Viscoelastic data were also collected and exhibited similar trends (Table S.II., Fig. S3–

S6). In general, spheroid mechanical properties were distinct from either single ASCs or 

compliant CMMPs alone.

3D and 2D Temporal Morphologies

Spheroid heights changed temporally when presented with various chemical and mechanical 

cues. At the initial Day 1 time point, cell-only spheroids and composite spheroids containing 

~0.25, ~1, and ~10 kPa CMMPs exhibited no differences in heights across media conditions 

(p > 0.07; Table S.I., Fig. S1–S2), while adipogenic ~2 kPa composite spheroids were 10% 

larger than paired control samples (p < 0.02). In response to chemical induction factors, cell-

only spheroids continually expanded or contracted in adipogenic or control medium, 

respectively (p < 0.008, p < 0.03), such that cell-only control spheroids were significantly 

smaller than adipogenic spheroids after 21 days in culture (p < 0.0001). The presence of 

CMMPs mitigated the expansion response of adipogenic composite spheroids such that Day 

1 and Day 21 samples exhibited no differences in height for any stiffness CMMP population 

(p > 0.06) and cell-only spheroids were larger than ~1, ~2, and ~10 kPa composite spheroids 

after 21 days (p < 0.02). In the absence of induction factors, composite spheroids presented 

with stiff CMMPs exhibited a dissociation response while hyper-compliant CMMPs 

prevented this behavior, such that ~10 kPa composite spheroids were significantly smaller 

on Day 21 than Day 1 (p < 0.0002), while ~0.25 kPa spheroids exhibited no temporal height 

differences (p > 0.1).

Light microscopy imaging of ASCs cultured on 2D gels revealed morphological and 

potential metabolic changes when grown on compliant substrates. Cells grown on ~1, ~2, 

and ~10 kPa gels, as well as glass coverslips, exhibited similar morphologies and 

intracellular lipid production (determined visually) over the 21-day induction period (Fig. 3). 

Cells exhibited reduced spreading on ~0.25 kPa gels and also appeared to produce lipids 

slightly earlier/more robustly than the samples grown on stiffer substrates. Interestingly, 

without induction factors present, cells cultured on ~0.25 kPa gels appeared to form 

spheroids/nodules.

Adipogenic Gene Expression

Expression patterns of PPARG and FABP4 indicated that chemical induction factors have a 

much larger impact on adipogenic differentiation response than CMMP elasticity. Spheroids 

in adipogenic medium exhibited greater than a 45-fold increase in PPARG and 58,000-fold 

increase in FABP4 compared to control medium (p < 0.02, Fig. 4, Fig. S7–S8). CMMP 

elasticity as a factor showed no statistical significance (p > 0.05). A potentially minor 

influence of the compliant CMMPs could be observed in the control medium conditions. For 

example, cell-only and ~0.25 kPa control samples both upregulated PPARG expression by 

20% compared to ~1 kPa spheroids (p < 0.02). Generally, 3D control spheroids exhibited 

slightly higher expression of FABP4 compared to paired, 2D samples, while the expression 

of PPARG in 3D spheroids was more than three times that of 2D monolayers for both cell-

only and ~0.25 kPa control samples (p < 0.03).

Labriola et al. Page 7

Ann Biomed Eng. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Spheroid Assembly and CMMP Distribution

Cells successfully incorporated collagen type-I coated CMMPs into self-assembled 

spheroids in a passive manner (Fig. 5A). Cells appeared to initially bind to both one another 

and CMMPs, forming small aggregates that subsequently coalesced into a composite 

spheroid. Throughout the 5-hour time-lapse, cell-only spheroids appeared similar in size to 

composite spheroids containing coated beads. Uncoated ~1 kPa CMMPs interacted 

differently with cells, exhibiting one of two behaviors not observed for coated particles. 

Non-functionalized CMMPs were either largely excluded during assembly, suggested by the 

presence of red-labeled CMMPs surrounding a centralized spheroid and accumulating along 

the perimeter of the agarose microwells, or acted as a barrier to aggregation where cells 

formed smaller aggregates that did not condense into a spheroid, illustrated by both cells and 

CMMPs spread throughout the agarose microwells (Fig. 5B).

Confocal imaging revealed that CMMPs were largely sequestered to the center of composite 

spheroids after 21 days in adipogenic medium, independent of CMMP elasticity (Fig. 6). 

Very few cells or cell extensions were observed between CMMPs throughout the z-stacks of 

the spheroids. Based on limited sampling, spheroids containing ~10 kPa CMMPs exhibited 

increased actin cytoskeletal staining compared to those with ~0.25 or ~1 kPa CMMPs. 

Additionally the more compliant, ~0.25 and ~1 kPa CMMPs were noticeably deformed 

while ~10 kPa CMMPs maintained their spherical shapes.

Discussion

This study investigated the changes in mechanophenotype and adipogenic differentiation 

response of 3D ASC spheroids when presented with distinct mechanical and chemical 

stimuli. Time-lapse imaging illustrated that collagen-coated CMMPs are recognized by cells 

and that composite and cell-only spheroids self-assemble on a similar time scale into 

microtissue constructs of comparable diameters. After 21 days in culture, ASCs in 

adipogenic medium responded to CMMP elasticity by altering whole-spheroid 

mechanophenotype, e.g., stiffer CMMPs yielded stiffer spheroids, while composite control 

spheroids failed to maintain cohesive microtissues with stiffer CMMPs. Chemical induction 

robustly upregulated ASC adipogenic gene expression in both monolayer and spheroidal 

culture, while material elasticity only modestly altered the adipogenic differentiation 

response in either media environment. Within one day, CMMPs were sequestered to the 

center of composite spheroids, which limited cell-CMMP contacts and subsequent 

mechanical stimulation. It should be noted that this localization likely caused AFM 

indentation data to reflect mostly the outer shell layer of cells rather than the internalized 

CMMPs. This work is the first to demonstrate the self-assembly of stem cells into 3D 

composite spheroids with mechanically distinct microparticles incorporated as a passive, 

compliant element to potentially modulate mechanophenotype and differentiation response.

Time-lapse imaging of initial spheroid formation revealed that cells bind to coated CMMPs 

almost immediately to form small aggregates around the beads. Multiple cell-CMMP 

aggregates then coalesced and contracted to form a composite spheroid (Fig. 5). Notably, 

over the initial 5-hour formation, cell-only conditions yielded spheroids similar in size to 

those with CMMPs. Since total cell/microparticle number was kept constant, this suggests 
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that the CMMP populations of all stiffnesses were reasonable volumetric mimics of the ASC 

population and were incorporated at similar rates, despite a slight inverse relationship 

between CMMP stiffness and diameter. A previous study reported that composite spheroids 

generated with a 1:1 ratio of cells to particles exhibited increased cell proliferation in 

conditions incorporating larger particles (>100 μm) compared to those more closely matched 

to cell sizes (~17 μm), which maintained consistent cell numbers over a week in culture.17 

The slight size differences among CMMPs were not considered a critical characteristic for 

data interpretation because size differences in particles were relatively small, substantial 

overlap existed in the diameter distributions of all CMMP types as well as ASCs, and all 

stiffness particles formed similarly sized and shaped spheroids during initial formation. 

After the initial 5 hours of spheroid formation, cells appeared to organize towards the 

outskirts of the spheroid, sequestering CMMPs to the spheroid center over the next 24–48 

hours. This organizational behavior was not observed in previous studies utilizing composite 

spheroids containing a 1:1 ratio of cells to gelatin particles with matched diameters, nor 

those produced using lower ratios of heterogeneously sized, fibronectin coated, PAAm 

particles.10, 17 Because particles with similar sizes and ratios have not demonstrated particle 

aggregation within composite spheroids in previous studies, we hypothesize that this cell/

CMMP organization may be due to cell action on the collagen-coated CMMPs. As the 

uncoated CMMPs were largely unrecognized by the cells in the current study, and 

fibronectin coated, PAAm particles remained dispersed in previously published work, it is 

unlikely that the PAAm itself is responsible for this sequestration. Altering the surface 

functionalization of the CMMPs with specific proteins/peptides may result in better particle 

distribution throughout composite spheroids.

CMMP stiffness and soluble induction factors had significant effects on whole-spheroid 

mechanophenotype and morphology. After 21 days in culture, the elastic moduli of 

adipogenically-induced ASC spheroids correlated with the stiffness of passively 

incorporated CMMPs. More specifically, composite spheroids containing CMMPs an order 

of magnitude stiffer (~10 kPa) than the average ASC were significantly stiffer than those 

containing hyper-compliant CMMPs (~0.25 kPa) that mimicked the low end of ASC 

elasticity. Since no differences in the elasticity of ~0.25 and ~10 kPa composite spheroids 

existed at early time points, these changes are attributed to cells responding to the elasticity 

of incorporated CMMPs. Additionally, in adipogenic induction medium, cell-only spheroids 

were more compliant and larger than any of the composite spheroid conditions. This is in 

good agreement with previous work, which has demonstrated that incorporating (rigid) 

microparticles in stem cell spheroids results in higher elastic moduli.3 The initial 

introduction of soluble, adipogenic induction factors caused all spheroids to adopt a more 

compliant phenotype followed by a stiffening period, resulting in mechanophenotypes more 

similar to control spheroids after 7 days in culture. A similar initial drop in elasticity 

followed by stiffening has been reported in adipogenic differentiating ASCs in 2D 

monolayer culture,23 suggesting that this is a real response that is conserved across both 

morphologies. Interestingly, when cultured without chemical induction factors, ASC 

spheroids became even more compliant and dissociated if CMMPs with elastic moduli 

greater than typical ASCs (> ~1 kPa) were incorporated, while adipogenic and control ~0.25 

kPa composite spheroids exhibited no differences in mechanophenotype. The dissociation of 
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control spheroids containing stiffer CMMPs is hypothesized to occur as cells preferentially 

bind to the stiffest available substrate, in this case they bind to the CMMPs rather than other 

neighboring cells. As cells compete to bind to CMMPs and the two components rearrange 

within the spheroid, a single cell may spread across the majority of a microparticle’s surface. 

When the cell adheres strongly enough, cell-cell connections to its neighbors are severed and 

the CMMP+cell may dissociate from the spheroid. After 18 days in culture, images of 

control composite spheroids still within the agarose microwells reveal dissociated CMMP

+cell aggregates around a central cohesive spheroid when cultured with stiffer CMMPs (Fig. 

S9A). Select confocal images show that some of these dissociated aggregates could also 

bind to coverslips (Fig. S9B). The ability of cells to upregulate actin polymerization in the 

presence of stiffer mechanical cues can result in a stronger spreading response on stiffer 

CMMPs,16 while cells presented with more compliant ~0.25 kPa substrates do not increase 

actin polymerization and remain more spherical with reduced spreading, resulting in more 

stable spheroid microtissues. This mechanosensitive response is reinforced by the 2D gel 

images which revealed adipogenic samples assumed spread morphologies while control 

samples spontaneously formed spheroids/nodules on ~0.25 kPa gels but spread on stiffer 

substrates. This behavior has been shown to be dependent to not only the elasticity of the 

substrate but also that of the cells in the system.31 Of note, adipogenic spheroids do not 

dissociate with CMMPs of any stiffness, attributed to the inhibition of actin polymerization, 

through RhoA-ROCK signaling, caused by IBMX in the adipogenic medium.29 It should be 

noted that the differences in whole-spheroid mechanophenotype of control and adipogenic 

composite spheroids containing either ~1, ~2 and ~10 kPa CMMPs were driven mostly by 

the decreased elasticity of control samples, attributed to reduced spheroid cohesiveness in 

these conditions. Alternative protein coatings or CMMP diameters may help mediate the 

dissociation response through altering the level of cell spreading. This phenomenon should 

be considered when delivering stiff microparticles to spheroids without additional chemical 

treatments and may have implications for dissociating unwanted tissue masses in more 

clinical applications.

The adipogenic differentiation response of ASCs was dominated by chemical induction 

factors, with minimal apparent effects from CMMP or gel substrate stiffness. Adipogenic 

medium significantly increased PPARG and FABP4 expression in ASCs by 2 and 6 orders of 

magnitude, respectively, while material compliance induced no significant differences. 

Though there were few statistically significant differences in gene expression, some 

interesting trends did exist. Notably, ASCs had the highest relative expression for PPARG 
when grown on ~0.25 kPa, 2D gels in adipogenic medium. This suggests there could have 

been minor adipogenic enhancement of ASCs on the most compliant gels, though not as 

dramatic as reported in previous studies.5, 11, 19 The expression of FABP4, which 

corresponds to later stages of adipogenesis, provides additional evidence of a potential 

mechanosensitive response as coverslips and ~10 kPa gels appeared to have slightly lower 

transcript levels than on ~0.25, ~1, or ~2 kPa gels without induction factors present, 

paralleling previous studies well.5, 11, 19 The observation that these stiffness-dependent 

trends were not present in 3D control samples suggests that cells did not sense the 

mechanical stimuli effectively enough to alter average gene expression levels. Interestingly, 

cells in 3D spheroid culture generally exhibited higher adipogenic gene expression 
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compared to mechanically comparable 2D conditions, particularly in the absence of 

adipogenic induction factors. It should be noted that lysates were collected directly from 

agarose microwells, meaning that aggregates of cells and CMMPs surrounding dissociating 

spheroids were averaged into the gene expression measurements. The lack of cell-cell 

contacts in these instances may help explain the disconnect between the mechanophenotype 

of ~10 kPa control spheroids, which suggest a dissociation of the composite, and their 

reduced adipogenic gene expression levels, which would typically be unexpected to occur 

with increasing compliance. Overall, neither substrate stiffness nor culture system increased 

the expression levels of either PPARG or FABP4 comparable to the upregulation achieved 

with soluble adipogenic induction factors alone.

This chemically dominated response suggests that loading CMMPs with drugs or growth 

factors may produce more significant enhancement in stem cell differentiation response than 

mechanical properties alone. As has been demonstrated with other 3D, microbead-based 

scaffold systems, it is possible to obtain spatial or temporal control of signals by varying 

amount or type of cargo loaded into CMMPs with controlled release rates that can be mixed 

at specific ratios.33 The minimal effect of mechanical signals in 3D spheroids could be 

explained by the self-segregating behavior of CMMPs. Organizationally, most CMMPs were 

sequestered to the center of composite spheroids, limiting the extent of CMMP-cell contact 

and mechanosensing to a shell of ASCs (Fig. 5B). Interestingly, the mechanical cues 

provided by the 2D gels also had little effect on adipogenic gene expression, with significant 

upregulation only occurring in ~2 kPa samples. Substrates with elastic moduli of ~2 kPa are 

most similar to bulk adipose tissue and have been previously reported to induce an 

adipogenic differentiation response in ASCs.36 Surprisingly, the more compliant 2D 

substrates did not yield the typical, rounded cell morphology reported in literature, believed 

to be the driving force behind upregulation of adipogenic genes without chemical induction 

factors present.20 Instead, ASCs on the most compliant gels formed nodules, creating a 

completely different microenvironment, apparently less conducive to adipogenesis. The 

increased expression of PPARG and FABP4 in ASC spheroids compared to paired 2D 

cultures, despite increased availability of soluble factors in monolayer culture, suggests that 

the more rounded morphology adopted by cells in spheroid cultures may promote 

adipogenic differentiation.20, 27 ASCs are known to exhibit enhanced differentiation 

capabilities for other lineages when cultured in 3D spheroids compared to 2D monolayers.
4, 6

In this study, collagen type-I-coated, PAAm CMMPs provided passive, stable mechanical 

cues to ASCs, influencing the mechanical and biological response of 3D spheroids. CMMPs 

mimicking the size and stiffness of ASCs allowed for normal self-assembly of spheroids 

with a striking core-shell arrangement of the two constituents. Composite spheroid 

mechanophenotype positively correlated to CMMP elasticity and was largely distinct from 

both the cells and CMMPs. Interestingly, spheroids containing CMMPs > ~1 kPa underwent 

dissociation in the absence of adipogenic induction factors, likely due to ASCs preferentially 

binding to stiff CMMPs over soft, neighboring cells. The most compliant, ~0.25 kPa 

CMMPs yielded composite spheroids with elastic moduli and heights most closely 

resembling the cell-only, adipogenic spheroids when cultured with or without soluble, 

chemical cues. This result suggests that the compliant CMMPs may induce a more 
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adipogenic-like mechanophenotype without requiring chemical factors. However, these low-

elasticity cues yielded minimal upregulation of adipogenic-specific mRNA sequences 

compared to stiffer CMMP conditions in either media environment. More dramatic changes 

in adipogenic gene expression may arise if CMMPs were distributed homogeneously within 

composite spheroids throughout culture periods. Compliant CMMPs effectively modulated 

the mechanical and biological properties of whole spheroids without compromising the 

integrity of the structure, providing possibilities for the use of these cell mimics as scaffolds 

or mechanical dopants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations, Symbols, and Terminology

AFM atomic force microscopy

APS ammonium persulfate

ASCs adipose derived stem cells

CMMP cell mimicking microparticle

Eelastic young’s modulus/elastic modulus

ER relaxed modulus

E0 instantaneous modulus

FABP4 fatty acid binding protein 4

IBMX 3-isobutyl-1-methylxanthine

PAAm polyacrylamide

PBS phosphate buffered saline

PPARG peroxisome proliferator-activated receptor gamma

TEMED tetramethylethylenediamine

μ apparent viscosity

2D two-dimensional
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3D three-dimensional
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Figure 1. ASC, CMMP, and thin gel characterization
(A) Box and whisker plots represent the distribution of Eelastic for human ASCs (purple) as 

well as the four CMMP formulations (blue) and their paired, thin gels (red). The three most 

compliant CMMP formulations fall within the ASC range while the final formulation is 

approximately an order of magnitude stiffer than the cells. (B) Probability density plots 

illustrate the distribution of microparticle diameters for each polyacrylamide formulation: 

~0.25 kPa (grey), ~1 kPa (blue), ~2 kPa (red), and ~10 kPa (green). The size distributions of 

all populations overlap the typical size of mammalian cells (5–50 μm). The probability 

density plot of the ASCs used in this study is illustrated by the red dotted line.
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Figure 2. Temporal changes in composite spheroid elasticities and heights
(A) Box plots of adipogenic (red) and control (blue) spheroid elastic moduli, Eelastic, and (B) 

matched, representative, bright field images are displayed in a matrix where descending 

rows illustrate later time points and columns represent increasing stiffness of incorporated 

CMMPs from left to right. For box plots, the blue (control) and red (adipogenic) colored 

regions represent the 25–75% quartile ranges, the central black line represents the median of 

the data, and the whiskers represent the data with outliers (circles) removed. The smaller 

matrices at the end of each row and column depict the statistical comparisons using raw p-

values across CMMP conditions and day, respectively. Significant differences within either 

control or adipogenic groups are represented by blue and red boxes, respectively. 

Differences across media environments are denoted by yellow boxes, while comparisons that 

were not significantly different are represented by white boxes.
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Figure 3. Two-dimensional imaging of ASCs on matched, compliant gels
Phase contrast images depict ASCs after 1, 10, and 21 days in either control or adipogenic 

medium on coverslips or ~0.25, ~1, ~2, or ~10 kPa PAAm gels. Induced ASCs produced 

visible lipids after 10 days, with the most dramatic response occurring on the most 

compliant gel. After 21 days, lipids droplets increased in diameter with less noticeable 

differences among the substrates. Nodule formation was apparent for control ASCs on the 

most compliant gels.
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Figure 4. Adipogenic gene expression of ASCs after 21 days of exposure to mechanical cues in 2D 
and 3D, both with and without chemical induction
Bar graphs illustrate the expression of PPARG (top) and FABP4 (bottom) of ASCs after 21 

days of culture in either adipogenic or control medium environments. Colored bars indicate 

comparisons with p-values < 0.05 between 2D and 3D culture systems (black), 3D 

adipogenic samples (blue), 2D adipogenic samples (red), 3D control samples (green), and 

2D control samples (purple).
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Figure 5. Composite spheroid formation during initial 5 hrs
(A) Human ASCs (green) recognized collagen type-I-coated CMMPs (red) of varying elastic 

moduli (~0.25 kPa, ~1 kPa, ~2 kPa, ~10 kPa) and successfully formed composite spheroids. 

Using ~1 kPa as a representative case, cells did not recognize uncoated microbeads and 

either formed small aggregates, remained separates with CMMPs acting as barriers, or 

formed cell-only spheroids, excluding the majority of CMMPs. Cell-only spheroids were 

roughly the same size as the composite spheroids. Columns from left to right illustrate 

increasing time from t=0, which was approximately 15–20 minutes after the first well was 

seeded with cells, while rows represent CMMP sample groups. Yellow coloring represents 

co-localization of red and green signals and the scale bar represents 100 μm. (B) This 

cartoon illustrates a simplified depiction of spheroid assembly for cells (green) alone as well 

as with coated or uncoated CMMPs (red with blue and black outlines, respectively).
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Figure 6. Confocal images of composite spheroids and CMMP deformation after 21 days of 
adipogenic induction
Composite spheroids containing ~0.25, ~1, and ~10 kPa CMMPs self-segregated in a 

consistent manner. Cell nuclei (blue) were stained with DAPI, actin cytoskeletal structures 

(green) with phalloidin, and CMMPs (red) with rhodamine. Illustrated here are (A) 

representative z-stacks of the first 50 μm in 5 μm steps, (B) 3D projections of the z-stacks, 

and (C) isolated regions of CMMPs illustrating deformation differences.
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