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Abstract

Inverse emulsification was used to fabricate polyacrylamide (PAAm) microbeads with size and 

elastic properties similar to typical, mammalian cells. These biomimicking microbeads could be 

fluorescently stained and functionalized with a collagen type-I coating, post-polymerization, for 

tracking bead locations and promoting cell recognition/binding, respectively. By occupying a 

previously unfilled range of sizes and mechanical properties, these microbeads may find unique 

use in both biomedical and materials applications.

Graphical Abstract

Polymer microparticles have been used extensively throughout the biomedical sciences (e.g., 

drug delivery, tissue engineering, encapsulation, etc.). Such particles have been produced 

through a variety of methodologies, including microfluidics,1 layer-by-layer deposition,2 

particle replication in non-wetting templates,3 hydroelectrodynamic jetting,4 dispersion 

polymerization,5 and emulsification,6 among others. The inherent differences associated 

with these methodologies result in varying levels of compatibility with specific polymers, as 

well as different particle elasticity and size distributions (Fig. 1). Importantly, there is 

currently a gap for the sizes (5–50 µm)7 and elasticities (0.1–5 kPa)8 that are similar to 
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living cells. To the best of our knowledge, our study is the first to demonstrate the 

fabrication of microbeads with characteristics that mimic cell elasticity, size, and spherical 

shape.

Cellular mechanical properties, or mechanophenotype, have increasingly been used as a 

novel biomarker for identifying specific cell types or disease states. A mechanophenotype 

can be used for both diagnostic and research purposes, with relevant examples including 

cancer, sickle cell, and diabetes.10 Microfluidic devices are one means by which cellular 

mechanophenotypes are being identified and explored, e.g., to isolate rare, circulating tumor 

cells (CTCs) from blood based on their unique size and deformability.11 However, 

standardization of this type of equipment can be complicated, especially since reference 

materials combining size and stiffness do not currently exist. The microbeads presented in 

this study could be used to test and calibrate devices or methodologies intended to 

manipulate, characterize, or sort cells.

Additional motivation for creating microbeads with high mechanical compliance is to mimic 

the stimulatory effect cells can receive when adhered to materials with biologically relevant 

mechanical properties.12 Through mechanosensing, cells recognize the stiffness of their 

substrates and undergo cytoskeletal remodelling that can alter cell fate. Because this effect 

does not require exogenous molecules, there has been increased interest in developing new 

cell culture systems that use material mechanical properties to direct cell behavior and 

physiological responses in general.13 As such, polymer microbeads that mimic the size and 

mechanical properties of cells will have a variety of applications in research involving three-

dimensional (3D) culture systems used to study cell responses to physiologically relevant 

substrate mechanical properties, various surface coatings, and localized delivery of bioactive 

molecules.

Emulsification is a common and straightforward technique used to produce micro/nano-

beads and is compatible with many polymers.14 The method described herein uses 

polyacrylamide (PAAm), a mechanically tunable polymer12 that relies on free radical 

initiation15 to form a hydrogel mesh structure, in conjunction with water-in-oil emulsion, or 

inverse emulsification, to produce “cell-like” microbeads. PAAm offers simple chemistry, 

rapid polymerization, long-term mechanical and morphological stability, functionalization, 

and compatibility with protein coatings through NHS ester-mediated cross-linking. Of 

paramount importance is the capability of PAAm to allow for reproducible formulation of 

cross-linked gels with Young’s moduli below 1 kPa, which can be problematic for other 

materials.

The aim of this work was to fabricate PAAm microspheres with diameters and mechanical 

properties similar to cells exhibiting a spherical morphology. Here we describe for the first 

time a method that can create cell-sized (5–40 µm) PAAm microbeads with tunable 

mechanical properties (0.25–2 kPa) through inverse emulsification. The microbeads were 

additionally modified post-polymerization by fluorescent staining and collagen coating.

PAAm microbead fabrication was accomplished through inverse emulsion polymerization in 

a 250 mL Erlenmeyer flask using 200 mL of cyclohexane (HPLC grade, Thermo Fisher 
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Scientific, Madison, WI, USA). The surfactant polysorbate 85 (Span 85, Sigma-Aldrich, 

Nantic, MA) was dispersed at a 1% (v/v) concentration in the cyclohexane solvent to 

stabilize microbeads in spherical morphologies and to minimize particle aggregation using a 

magnetic stirrer (375 Hotplate/Stirrer, VWR Scientific Products, Bridgeport, CT) with a 

cylindrical stir bar (39 × 10 mm, 2 × 11 mm pivot ring). Since free radicals are required to 

initiate the polymerization of PAAm, it was critical to remove oxygen, a free radical trap, 

from the system for synthesis to proceed uninhibited.16 The solubility of dissolved gases 

was decreased by reducing the local environmental pressure with a vacuum pump.17 While 

stirring at 700 RPM, a −25” Hg vacuum was applied to the surfactant/solvent mixture for 30 

minutes by linking a vacuum pump to the flask’s rubber stopper (Note: An additional large 

volume vessel should be connected in series between the pump and reaction vessel, and can 

be additionally cooled, to condense any evaporated cyclohexane). During the degassing 

period, a 10 mL PAAm solution was prepared using acrylamide (Bio-Rad, Hercules, CA), 

bis-acrylamide (Bio-Rad), ammonium persulfate (APS, Sigma-Aldrich), and phosphate 

buffered saline (PBS, Thermo Fisher Sci.). PBS was prepared with ultrapure, Milli-Q water 

(18 MΩ resistivity, Merck Millipore, Billerica, MA). For the three formulations used in this 

study, the final concentration of acrylamide and APS were kept constant at 4% and 0.1%, 

respectively. The final concentrations of bis-acrylamide used were 0.05%, 0.1%, or 0.2% to 

create varying levels of crosslinking and elasticity. Immediately after degassing, N,N,N’,N’-

tetramethylethylenediamine (TEMED, Thermo Fisher Sci.) was added to the PAAm solution 

to yield a final concentration of 0.1%. The mixture was vortexed for ten seconds and added 

drop-wise into the cyclohexane/Span 85 mixture. Vacuum was reapplied for one hour, and 

the stirring rate was increased to produce microbeads of the desired size. For this study, a stir 

rate of ~1500 RPM yielded a range similar to typical mammalian cells (Fig. 2).

Once polymerization was completed (~1 hr), stirring was stopped, vacuum was released, the 

stir bar was removed, and microbeads were allowed to settle for 30 minutes. The solvent was 

removed, and the remaining solution containing microbeads (~10 mL, viscous white fluid) 

was split between two, 50 mL conical tubes (Genesee, San Diego, CA). The microbeads 

were washed twice with 100% ethanol and pelleted by 5-minute centrifugation at 400 g. The 

microbeads were rehydrated, overnight, with 45 mL of PBS on a shaker. After rehydration, 

the microbeads were consecutively passed through 100, 70, and finally 40 µm cell strainers 

(Thermo Fisher Sci.), increasing the monodispersity of the bead populations to more closely 

mimic the distribution of cell populations through the removal of large beads and aggregates. 

Proper polymerization of PAAm microbeads was confirmed by FT-IR (supplementary 

materials Fig. S1).

The elastic properties of individual microbeads were characterized through indentation 

testing with an MFP-3D-Bio atomic force microscope (AFM, Asylum Research, Santa 

Barbara, CA) equipped with a spherically tipped cantilever, made by adhering a 5 µm 

diameter, polystyrene bead (Microbeads AS, Skedsmoorset, Norway) to a tip-less, silicon 

nitride cantilever (Bruker Corporation, MLCT10, k ~ 0.03 N/m), using an approach velocity 

of 10 µm/s, and a trigger force of 5 nN (~1–2 µm indentation). This testing set up has 

routinely been used to characterize live cells by our group.18 The elastic/Young’s moduli 

(Eelastic) of the microbeads were determined from force vs. indentation curves using a 

modified Hertz model, as described previously.19 As has been demonstrated in two-
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dimensional gels,12 the elastic modulus of PAAm hydrogel microbeads was positively 

correlated to the concentration of the bis-acrylamide cross-linker, which connects linear 

chains of acrylamide together. Thus, we were able to generate mechanically distinct 

microbead populations by changing only the volume of bis-acrylamide in the polymer 

solution (Fig. 3). Interestingly, microbead moduli were approximately half that of 2D gels 

using the same PAAm formulation (Fig. S2). This phenomenon is hypothesized to be due the 

surfactant adsorbing in place of acrylamide sub-units as well as interacting with looped 

regions of the polymer chains, altering the amorphous structure of the polymer and resulting 

in reduced mechanical stability.20 The elastic modulus for a given microbead batch typically 

had a standard deviation of less than 15% of the mean and consistent size distributions. 

While successive batches of microbeads created using the same formulation did not always 

yield the same average elastic modulus (supplementary materials Table S1 and Fig. S2), size 

distributions after 40 µm filtering remained in good agreement. This finding emphasizes the 

need to mechanically sample individual microbead batches to confirm properties align with 

those needed for a given application.

Following polymerization, microbeads were stained fluorescently with pyrene, rhodamine, 

or triphenylmethane dye(s) (Sharpie, Oak Brook, IL, supplementary materials Table S2 & 

Fig. S3). A suspension of 10 million microbeads/mL in deionized water was spiked with 20 

µL/mL of dye (dilution factor 1:50), vortexed, and further diluted 1:1 with 100% ethanol. 

The suspension was then centrifuged for 5 minutes at 400 g, supernatant removed, and pellet 

resuspended in 15 mL of deionized water. Following this wash, the suspension was 

centrifuged for 5 minutes at 1000 g with the brake disabled to reduce resuspension of the 

microbead pellet during rapid deceleration. All subsequent centrifugations followed this 

procedure. The pellet was resuspended in PBS at the desired final concentration for the 

intended application. The dye is hypothesized to bind to the PAAm via hydrogen bonding 

between the carboxylic groups of the dye and the amide of the acrylamide sub-units. 

Although dye can likely be incorporated directly into the PAAm solution, the option to stain 

after fabrication allows a single microbead batch to be used easily with multiple dyes. The 

addition of fluorescence is also useful for determining bead sizes (see supplementary 

materials), tracking their movement in culture systems, or for distinguishing different 

microbead formulations.

To make the microbead surfaces recognizable for cell adhesion, Sulfo-SANPAH 

(CovaChem, LLC., Loves Park, IL) was used to conjugate rat tail collagen type-I (Millipore) 

to the PAAm bead surface. Briefly, this reaction proceeds by covalently linking the UV-

sensitive nitrophenylazide group of the sulfo-SANPAH to the PAAm surface after exposure 

to a UV light source. The collagen then binds to the free N-hydroxysuccinimide ester to 

create a recognizable surface for cells to interact with.21 After the microbeads were washed 

and stained, they were centrifuged and resuspended in 500 µL of 1 mg/mL Sulfo-SANPAH 

solution. The tube was uncapped and exposed to ultraviolet light in a Rayonet UV reaction 

chamber (The Southern New England Ultraviolet Co., Branford, CT) for 15 minutes. 

Samples were then flooded with 14.5 mL of deionized water, centrifuged, and subjected to a 

second Sulfo-SANPAH treatment.
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After re-pelleting the microbeads, they were resuspended in 5 mL of deionized water and 

transferred to a polyethylene terephthalate (PET) tube (Corning Inc., Corning, NY), which 

exhibited reduced microbead adhesion compared to other plastic alternatives. Collagen type-

I was added to the suspension to yield a final concentration of 100 µg/mL, greater than 

1000-fold molar excess to accessible amide groups of the microbeads. The suspension was 

vortexed and placed on a shaker overnight at 4°C. The next day, 50 µL of 1 M HCl was 

added to create a slightly acidic environment (pH ~6.9), intended to prevent collagen 

gelation that can aggregate and entrap microbeads. After 5 minutes, 10 mL of deionized 

water was added to the tube followed by centrifugation and a second wash in 15 mL 

deionized water spiked with 50 µL of 1 M HCl. The microbead pellet was then resuspended 

in PBS to yield the desired final concentration. Significant loss of microbeads can occur 

during treatment and wash steps (30–80%, supplementary materials Table S3), due primarily 

to cell aggregation and adhesion to plastic after being coated with collagen. To investigate 

how cells interacted with the compliant PAAm microbeads, MG-63, osteosarcoma cells 

(ATCC, Manassas, VA) were seeded into 2% agarose 3D Petri Dishes® (#24–96-Small, 

Microtissues, Inc., Providence, RI) either alone, with only uncoated or collagen-coated 

microbeads, or with both uncoated and collagen-coated microbeads (Eelastic ~ 1 kPa) at a 4:1 

ratio (cells:microbeads, 100,000 particles/well). Results showed that cells incorporated 

collagen-coated microbeads into self-assembled spheroids, confirming cell recognition. 

Cells interacted differently with uncoated microbeads, which lacked a complementary 

ligand, either excluding them from the spheroid or randomly entrapping them in a dispersed 

manner. The demonstrated ability to functionalize the microbeads for cellular recognition 

makes them a promising component for 3D scaffolding technologies. While PAAm, as a 

material, is non-ideal for tissue engineering applications because it is non-biodegradable, 

there are biocompatible polymer alternatives that may be compatible with the presented 

methodology. For investigations purely into the effects of a passive mechanical signal on cell 

behavior, a stable polymer such as PAAm is ideal since a biodegradable polymer would 

likely undergo drastic changes in mechanical properties.

Conclusions

In this work, we have described a method for generating PAAm microbeads that mimic the 

size and elastic modulus distributions of typical cell populations using a vacuum-maintained 

inverse emulsification process. We successfully controlled microbead elasticity by altering 

cross-linker concentration and diameter by varying stir rate in conjunction with filtering. The 

fully polymerized microbeads were also compatible with fluorescent dyes that allow for easy 

particle visualization. Additionally, microbeads can be functionalized with a protein coating 

to promote cell recognition and binding. The relatively tight distributions of elastic moduli 

and diameters of microbeads within individual bead populations makes them ideal 

calibration particles for microfluidic devices designed to examine, quantify, or exploit the 

elastic moduli of cells. Combining mechanical tunability with the ability of cells to 

recognize and bind to the microbeads after protein coating will also make it possible to 

investigate the mechanosensitive responses seen in 2D culture in 3D microtissue culture/

scaffold systems.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Previously reported particle/bead size and elasticity ranges. Each region represents the span 

of microbead diameters and elastic moduli documented in other studies alongside that 

developed for this work (dark blue).9 The dashed, red line represents the approximate 

diameter (~10 µm) and elastic moduli (~1 kPa) associated with mammalian cells in their 

spherical morphology.8 *Reference 9 contains each of the references from the legend of this 

figure, in order.
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Fig 2. 
Microbead size distributions for various stir rates: A) The population density histograms for 

microbeads generated using 0.1% bis-acrylamide at 1500 RPM with 40 µm filtering (green, 

20 ± 7 µm), 1250 RPM (red, 48 ± 20 µm), and 700 RPM (blue, 104 ± 24 µm) show the 

expected inverse relationship between stir speed and particle size. The inclusion of 40 µm 

filtering yielded a much more monodisperse population within the target size range by 

removing large beads and aggregates. B) Representative images of each bead population 
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(false colored to match the distribution plots) show bead sizes relative to white “scale 

microbeads” with 25, 50, and 100 µm diameters (left to right).
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Fig. 3. 
Microbead elasticity and size distributions measured by atomic force microscopy. This 

scatter plot illustrates the ranges of sizes and elastic moduli for each PAAm formulation. 

The red region represents the most compliant 0.05% bis-acrylamide formulation (250 ± 10 

Pa, 14 ± 5 µm), green represents 0.1% bis-acrylamide (1200 ± 100 Pa, 15 ± 4 µm), and blue 

represents 0.2% bis-acrylamide (2100 ± 300 Pa, 14 ± 4 µm).
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Fig. 4. 
Cells recognize and attach to protein-coated microbeads. Fluorescence and phase contrast 

images illustrate the self-assembly of MG-63, osteoscarcoma cells stained with calcein AM 

blue (blue, 10 µg/mL, AnaSpec Inc. Fremont, CA) in the presence of collagen-coated (green, 

pyrene-based dye, Sharpie) and uncoated (red, rhodamine-based dye, Sharpie) microbeads 1 

hour (top) and 20 hours (bottom) after seeding. Spheroids containing cells alone (left 

column) assembled into compact structures over 20 hours. Spheroids containing cells and 

only coated microbeads (center-left column), only uncoated microbeads (center-right 
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column), or both types of microbeads (right column) formed similar, compact spheroids but 

with different incorporation behavior of the microbeads.
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