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Abstract

Despite lacking visual, auditory, and olfactory perception, bacteria sense and attach to surfaces. 

Many factors including, the chemistry, topography, and mechanical properties of a surface, are 

known to alter bacterial attachment, and in this study, using a library of nine protein-resistant 

poly(ethylene glycol) (PEG) hydrogels immobilized on glass slides, we demonstrate that the 

thickness or amount of polymer concentration also matters. Hydrated atomic force microscopy and 

rheological measurements corroborated that thin (15 μm), medium (40 μm), and thick (150 μm) 

PEG hydrogels possessed Young’s moduli in three distinct regimes, soft (20 kPa), intermediate 

(300 kPa), and stiff (1000 kPa). The attachment of two diverse bacteria, flagellated gram-negative 

Escherichia coli and non-motile gram-positive Staphylococcus aureus was assessed after a 24 h 

incubation on the nine PEG hydrogels. On the thickest PEG hydrogels (150 μm), E. coli and S. 
aureus attachment increased with increasing hydrogel stiffness. However, when hydrogel’s 

thickness was reduced to 15 μm, a substantially greater adhesion of E. coli and S. aureus was 

observed. Twelve times fewer S. aureus and eight times fewer E. coli adhered to thin-soft 

hydrogels than to thick-soft hydrogels. Though a full mechanism to explain this behavior is 

beyond the scope of this paper, we suggest that because the Young’s moduli of thin-soft and thick-

soft hydrogels were statistically equivalent, potentially, the very stiff underlying glass slide was 

causing the thin-soft hydrogels to feel stiffer to the bacteria. These findings suggest a key 

takeaway design rule; to optimize fouling-resistance, hydrogel coatings should be thick and soft.
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Supporting Information. The Supporting Information is available free of charge on the ACS Publications website. Figure S1 
provides AFM topographical images of dried hydrogels. Figure S2 provides AFM topographical images of hydrated hydrogels. Table 
S1 provides average surface roughness values for the hydrated PEG hydrogels. Table S2 provides properties of PEG hydrogels. Figure 
S3 provides representative micrographs of S. aureus adhesion to hydrogels. Figure S4 provides representative micrographs of E. coli 
adhesion to hydrogels.
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INTRODUCTION

In nature, 99% of bacteria are part of robust complex biological systems attached to 

surfaces.1–3 Hence, bacterial communities present on the engineered surfaces found in food 

industries, maritime operations, and biotechnology remain challenging to eliminate.4–7 

Much research has focused on optimizing the chemistry and surface energy of materials to 

minimize the non-specific adsorption of proteins and biomacromolecules, which facilitates 

microbial adhesion and biofilm formation.8–11 Many other factors influence the attachment 

of microorganisms to surfaces, including roughness12–14 and topography.15,16 Moreover, an 

emerging body of evidence suggests that the stiffness of a substrate also affects bacterial 

attachment.1–3,17–22

Previous studies conducted on ultrathin (~50 nm) poly(allylamine hydrochloride) and 

poly(acrylic acid) polyelectrolyte multilayered films showed that more Escherichia coli (E. 
coli) and Staphylococcus epidermis attached to their stiffest films, 100,000 kPa versus their 

softest films, 1,000 kPa.17 Recently, we demonstrated that independent of hydrogel 

chemistry and incubation time, the adhesion of both E. coli and Staphylococcus aureus (S. 
aureus) scaled linearly with stiffness on thick (150 μm) poly(ethylene glycol) dimethacrylate 

(PEG) and agar hydrogels that ranged from 44 kPa to 6500 kPa.18 Guégan et al. determined 

that a greater adhesion of Pseudoalteromonas sp. D41 occurred on agarose hydrogels that 

had a storage modulus of 110 kPa than on soft agarose hydrogels that had a storage modulus 

of 6.6 kPa.23 Additionally, proteomic profiling indicated that significant phenotypic changes 

(i.e., differential regulation of key metabolic pathways and an increased synthesis of outer 

membrane proteins) occurred to the bacteria that adhered to the stiffer versus the softer 

agarose hydrogels. These studies definitively show that bacteria respond to substrate 

stiffness or polymer concentration and exhibit phenotypic changes in response to surface 

association.24 However, if this stiffness preference depends on hydrogel thickness remains 

an open question.

Here, for the first time, we systematically control the thickness and stiffness of hydrogels to 

decouple their effects on bacterial adhesion, Figure 1. We selected the antifouling polymer, 

PEG, as our model hydrogel system because of its excellent protein fouling resistance.25,26 

To ensure that PEG hydrogels of various thicknesses (15 μm, 40 μm, and 150 μm) were 

synthesized with three distinct thickness-independent Young’s moduli (~20, ~300, and 
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~1000 kPa) we performed local nanomechanical characterization using atomic force 

microscopy (AFM) in an aqueous environment. Hydrated AFM is the optimal technique to 

study the local mechanical properties of fully hydrated soft hydrogels27 since it does not 

introduce artifacts typically observed with scanning electron microscopy or dry AFM.28–32 

Because of their unique surface sensing mechanisms,33,34 bacteria adhesion studies were 

conducted using two model microbes, non-motile gram-positive S. aureus and flagellated 

gram-negative E. coli. By combining well-controlled PEG hydrogel design parameters 

(antifouling chemistry, thickness, stiffness) with two distinct model bacteria we have formed 

a powerful platform to systematically evaluate if bacteria adhesion is affected by the 

thickness or amount of PEG concentration in a hydrogel coating.

MATERIALS AND METHODS

Materials

All compounds were used as received. Poly(ethylene glycol) dimethacrylate, (PEG, Mn = 

750 Da), 3-(trimethoxysilyl)propyl methacrylate, phosphate buffered saline (PBS, 10× 

sterile biograde) were purchased from Sigma-Aldrich (St. Louis, MO). Irgacure 2959 was 

obtained from BASF (Ludwigshafen, Germany). Deionized (DI) water was obtained from a 

Barnstead Nanopure Infinity water purification system (Thermo Fisher Scientific, Waltham, 

MA).

Hydrogel Fabrication

PEG solutions (10, 25, and 50 vol% in 162.7 mM PBS, corresponding to soft, intermediate 

and stiff hydogels) were sterile filtered using a 0.2 μm syringe, then degassed using nitrogen 

gas. For UV-curing, 0.8 wt% Irgacure 2959 (a radical photo initiator) was added to the PEG 

solution with induction under a long wave UV light, 365 nm for 10 min. Hydrogels with 

three different thicknesses (thin, medium, and thick) were prepared by depositing 10, 40, 

and 85 μL aliquots of a PEG solution onto a glass coverslip (22-mm Fisher Scientific) that 

was functionalized with 3-(trimethoxysilyl)propyl methacylate.35 A clean 22-mm coverslip 

was placed on top of the PEG solution to limit oxygen diffusion, facilitate polymerization, 

and to enable a uniform hydrogel thickness. Following polymerization, the top coverslip was 

removed using forceps and the PEG hydrogels immobilized on glass slides were swollen for 

48 hr in 162.7 mM PBS.

Hydrogel Characterization

The thickness of PEG hydrogels was determined using a digital micrometer (Mitutoyo 

Corporation, Kawaski, Japan) by averaging 5 measurements on at least 3 fully swollen 

hydrogels. Surface topographic images of hydrogels were acquired using a Cypher ES 

atomic force microscope (AFM, Asylum Research/Oxford Instruments, Goleta, CA). Dry 

hydrogels were imaged in AC mode in air using Tap300-G cantilevers (Budget Sensors, 

Watsonville, CA) while hydrated hydrogels were imaged using a closed perfusion cell in 

water AC mode using Olympus TR800PSA (k = 183.54 pN/nm) cantilevers. The 

topographical profiles were analyzed using Igor Pro 6.37 (WaveMetrics, Inc., Lake Oswego, 

OR) to quantify the surface roughness of the hydrated hydrogels, including, their route mean 

square roughness (Rq), average roughness (Ra), skewness (Rshw), kurtosis (Rkur) minimum 
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roughness (Rmin), and maximum roughness (Rmax).36 The local stiffness of hydrogels was 

obtained using TR400PB cantilevers through AFM nanoindentation in water at 3 distinct 

locations on each of 9 fully swollen hydrogels. Thermal calibration in air was first 

performed to determine the probe’s spring constant (k = 29.56 pN/nm). Subsequently, a 

calibration force curve on a hard surface (silicon) in water was obtained using same probe to 

determine the lever sensitivity (Invols = 36.34 nm/V). Considering the cone shape of the 

chosen AFM tip, the Young’s moduli was determined by data analysis in Igor Pro using the 

Sneddon’s model:37

Equation 1

where F, E, υ, α, δ are the applied force, the reduced modulus, sample’s Poisson ratio, half-

opening angle of AFM tip and depth of indentation.

The bulk mechanical properties of PEG hydrogels were determined through small amplitude 

oscillatory shear measurements using a plate–plate geometry (Kinexus Pro rheometer 

(Malvern Instruments, UK), with a diameter of 20 mm and a gap of 1 mm. All hydrogels 

were prepared for rheology using 1 mm deep Teflon molds that had a 25-mm diameter; 

hydrogels were loaded into the rheometer and then trimmed to size using a razor blade. A 

strain amplitude sweep was performed to ensure that experiments were conducted within the 

linear viscoelastic region and a strain percent of 0.1% was selected. Oscillation frequency 

sweeps were conducted over an angular frequency domain, 1.0 and 100 rad/s at 23 °C. As 

hydrogels are incompressible solids with a Poisson ratio of 0.5, the Young’s modulus was 

calculated from the complex modulus using the Trouton ratio, Equation 238:

Equation 2

where E, G*, and v are the Young’s modulus, complex modulus, and the sample’s Poisson 

ratio.

Evaluation of Bacterial Growth

E. coli K12 MG1655 was purchased from DSMZ (Leibniz-Institut, Germany) and 

transformed with pMF230, a high copy GFP plasmid. S. aureus SH1000 containing the 

high-efficiency sGFP was a generous donation of Dr. Alexander Horswill (University of 

Colorado Anschutz Medical Campus). Hydrogels immobilized on glass slides were placed at 

the base of 6-well polystyrene plates (Fisher Scientific) to which 5 mL of M9 media 

containing 100 μg/mL ampicillin or 10 μg/mL chloramphenicol was added for E. coli or S. 
aureus (1.00 × 108 cells/mL), respectively. Internal controls (glass coverslips) were run in 

parallel (data not shown). The growth media in each well was inoculated with an overnight 

culture of E. coli or S. aureus, which were washed and resuspended in M9 media,18,39 before 

being placed in an incubator at 37 °C for 24 hr. Hydrogels with attached bacteria were 

removed from the 6-well polystyrene plates and washed with PBS to remove loosely 

adhered bacteria. E. coli and S. aureus attachment was evaluated using an adhesion 
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assay40,41 that monitored the bacteria colony coverage within a 366,964 μm2 area using a 

Zeiss Microscope Axio Imager A2M (20× magnification, Thornwood, NY). The particle 

analysis function in ImageJ 1.48 software (National Institutes of Health, Bethesda, MD) was 

used to calculate the bacteria colony area coverage (%) by analyzing 10–15 randomly 

acquired images over three parallel replicates. Significant differences between samples were 

determined with an unpaired student t-test. Significance (p ≤ 0.05) is denoted in graphs 

using asterisks.

RESULTS AND DISCUSSION

Characteristics of PEG Hydrogels

By controlling the volume of poly (ethylene glycol) dimethacrylate (PEG) solution 

deposited onto glass slides, we have successfully synthesized hydrogels with three distinct 

thicknesses, Figure 1. A digital micrometer was used to determine that the average thickness 

of the thin hydrogels was 14 ± 2 μm, the medium hydrogels was 49 ± 4 μm, and the thick 

hydrogels was 155 ± 8 μm thick. Because all of the hydrogels are comprised of the same 

PEG chemistry, they displayed excellent resistivity to the adsorption of serum proteins, 

consistent with previous reports.18

The Young’s modulus of the hydrogels was tuned by increasing the polymer concentration. 

While rheology is commonly used to characterize the mechanical properties of very thick 

hydrogels (1000 μm), we needed to confirm that decreasing the thickness of the hydrogels 

did not change their Young’s moduli. Therefore, we characterized the mechanical properties 

of our hydrogels using hydrated atomic force microscopy (AFM). To validate our AFM 

approach, we acquired topographic images of PEG hydrogels that were dried at room 

temperature (Figure S1) and compared them to hydrogels that were maintained in an 

aqueous environment (Figure S2). While the dried hydrogels appeared wrinkled, collapsed, 

and decorated with salt precipitates,28 by maintaining hydration during analysis, the surfaces 

were smooth and extensive analysis of the surface roughness demonstrated that there was no 

correlation between the surface roughness and thickness of hydrogels, Table S141,42 

Notably, there was no discernable trend between the thickness of the hydrogels and their 

route mean square roughness (Rq), average roughness (Ra), skewness (Rshw), kurtosis (Rkur) 

minimum roughness (Rmin), or maximum roughness (Rmax). With an optimized method for 

keeping the hydrogels hydrated, we next confidently characterized the Young’s moduli of 

the hydrogels.

Figure 2 and Table S2 contain the Young’s modulus of thin, medium, thick hydrogels 

acquired using hydrated AFM, as well as the bulk rheological measurements acquired on 

very thick (1000 μm) hydrogels. AFM determined that the thin-stiff, medium-stiff, and 

thick-stiff hydrogels had a statistically equivalent Young’s modulus values of 950 ± 90 kPa, 

1000 ± 90 kPa, and 11000 ± 90 kPa, respectively, which were consistent with the literature.
27,43 There was no statistical differences between the two techniques; the Young’s moduli of 

soft and intermediate hydrogels at all thicknesses (thin, medium, thick, and bulk) was the 

same. While the AFM measurements were consistent within the stiff hydrogels (thin, 

medium, and thick), their Young’s moduli were lower than that acquired using rheology. 

This was likely because the lower water content of the stiff hydrogels exacerbated the 

Kolewe et al. Page 5

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differences between the compressive AFM measurements and shear rheological 

measurements, as previously reported.44 The reasonable agreement between local and bulk 

measurements reaffirms that polymer concentration dictates mechanical properties of the 

PEG hydrogels and allows us to group the thin, medium, and thick hydrogels into three 

distinct regimes based on their Young’s modulus: soft, intermediate and stiff.

General Trends Regarding the Attachment of S. aureus and E. coli to PEG Hydrogels

Consistent with literature,9,45 the presence of any hydrophilic PEG coating statistically 

reduced the amount of adhered bacteria compared to internal glass controls by ~95% for S. 
aureus and by ~93% for E. coli. Despite the reduction, it is notable that some microbes still 

attach and this study investigates how microbial attachment is affected by the thickness and 

stiffness of a PEG hydrogel layer. To decouple the effect that hydrogel stiffness and 

thickness pose on bacterial adhesion, we conducted static bacterial adhesion experiments in 

minimal growth media on thin, medium, and thick PEG hydrogels (immobilized on glass 

slides), which were fabricated at each stiffness regime (Figure 1). Two general trends 

emerged following a 24 h incubation: (1) fewer bacteria adhered to soft hydrogels than to 

stiff hydrogels and (2) more bacteria adhered to thin hydrogels than to thick hydrogels at all 

stiffnesses. Due to the substantial differences in the data, which likely resulted from unique 

sensing and/or attachment mechanisms, the specific results for each bacterium is discussed 

separately.

Attachment of S. aureus to PEG Hydrogels

Representative fluorescent micrographs of S. aureus incubated on PEG hydrogels are 

provided in Figure S3. Consistent with our previous study on thick PEG hydrogels,18 S. 
aureus adhesion scaled with stiffness, as demonstrated by the statistically significant higher 

colony coverage on intermediate and stiff hydrogels (15 times and 25 times, respectively) 

than on the soft hydrogels, Figure 3. For the thin (15 μm) hydrogels, the effect of stiffness 

was significantly diminished, where the colony area coverage of S. aureus on thin-

intermediate and thin-stiff hydrogels was 1.2 and 2 times greater than on the thin-soft 

hydrogels. Interestingly, the thickness of intermediate and stiff hydrogels had no impact on 

S. aureus adhesion, as the thin-intermediate, medium-intermediate, and thick-intermediate 

hydrogels induced statistically equivalent surface coverages of 2.5 ± 0.4%, 2.4 ± 0.3%, and 

2.7 ± 0.2%, respectively. The thickness of soft hydrogels, which were immobilized on glass 

slides, however, displayed a profound effect on S. aureus adhesion. Significantly more 

bacteria adhered to thin-soft hydrogels than thick-soft hydrogels (99% confidence). There 

were statistically different area coverages of 1.9 ± 0.2%, 1.3 ± 0.5%, and 0.4 ± 0.2% on thin-

soft, medium-soft, and thick-soft hydrogels, respectively. These results suggest that S. 
aureus surface attachment is sensitive to the thickness of soft hydrogels.

Attachment of E. coli to PEG Hydrogels

Hydrogel thickness had a greater effect on E. coli adhesion than S. aureus adhesion. 

Consistent with our previous study,18 more E. coli adhered to thick-stiff hydrogels than to 

thick-soft hydrogels, with 4 times and 7 times more colony coverage observed on the thick-

intermediate and thick-stiff hydrogels than on the thick-soft hydrogels, respectively (Figure 

4). Notably the area coverage of E. coli on the thick hydrogels was statistically lower than 
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the E. coli coverage on thin and medium thickness hydrogels across all three stiffness 

regimes. Thin-stiff and medium-stiff hydrogels displayed a statistically equivalent E. coli 
coverage of 3.0 ± 0.4% and 2.9 ± 0.1%, respectively, but significantly less adhesion (95% 

confidence) than the thick-stiff hydrogels, 2.2 ± 0.2%. The E. coli adhesion on thin 

hydrogels occurred independent of stiffness, 1.9 ± 0.3%, 2.3 ± 0.5%, and 3.0 ± 0.4% for the 

thin-soft, thin-intermediate, and thin-stiff hydrogels, respectively.

Discussion and Implications on Designing Antifouling Coatings

Our results demonstrate that two different bacteria, non-motile gram-positive S. aureus and 

flagellated gram-negative E. coli, adhered to PEG hydrogels in distinct manners, as evident 

by their different thickness and stiffness dependencies. The heat maps shown in Figure 5 

displays the relative adhesion of E. coli and S. aureus as a function of hydrogel thickness 

and Young’s modulus, thus facilitating a direct comparison of structure-property 

relationships between the two-microbial species. For example, the E. coli adhesion 

dependence observed on the intermediate hydrogels is noticeably absent from S. aureus, 

indicative of a species-specific phenotype. The remarkably similar increase in bacterial 

adhesion observed for both species on the soft hydrogels suggests that for soft hydrogels, the 

thickness of that hydrogel coating matters. We hypothesize that both bacteria types feel 

through the thin hydrogels sensing the underlying very stiff glass substrate, thus instigating 

increased adhesion typical of a stiffer material. Notably, the hydrogels used in this study are 

comprised of the same protein-resistant PEG chemistry and consistent surface roughness. 

However, surface features arising from hydrogel formation including local polymer 

fluctuations or the release of air bubbles can create topographical features than may cause 

bacteria to view the hydrogels differently. Bacteria lack visual, auditory, and olfactory 

perception; surface sensing by bacteria is considered to occur as a combination of chemical 

signaling cues and physical appendage or membrane-based interactions.34 After adhering to 

a surface, the membrane of a microbe deforms, which causes the bacteria to react to the 

membrane stress and change from a planktonic to a biofilm phenotype.46 The mechanisms 

controlling the adhesion of bacteria to surfaces and the deformation of the cell membrane 

have been well studied on metal and polymeric materials.47–49

The extracellular organelle of E. coli are known to probe the stiffness of a surface in a 

manner similar to an AFM cantilever.33,50 Unlike E. coli, S. aureus lacks extracellular 

appendages, thus an alternative surface sensing mechanism must dictate the statistically 

different adhesive behavior of S. aureus. While the mechanism remains unknown,51 Li et al. 
reported that the kinetics of S. aureus adhesion was altered by shear stress, but does not alter 

S. aureus’ expression of fibronectin-binding or collagen-binding proteins.52 In this study, 

membrane deformation potentially plays a role due to the difference in Young’s moduli 

between the peptidoglycan membrane of S. aureus and the hydrogel’s stiffness. AFM force 

spectroscopy studies previously determined that the Young’s modulus of the peptidoglycan 

membrane of S. aureus was ~ 47 kPa,53 comparable to the soft hydrogels used in this study, 

but significantly less than the intermediate and stiff hydrogels. Thus, soft hydrogels would 

deform more upon S. aureus contact, potentially enhancing the sensing mechanism and 

subsequently increasing the likelihood of adhesion. While the exact mechanism of how or 

why individual microbes display depth sensitivity is beyond the scope of this manuscript, we 
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suggest that antifouling coatings should be designed with thickness in mind and that these 

results will spur further study in the burgeoning field of microbial response to substrate 

mechanics.

CONCLUSION

To our knowledge, this is the first demonstration that bacterial attachment displays a depth-

sensitivity through hydrogels to an underlying stiff substrate. Through systematic, AFM 

characterization under aqueous environments, we decoupled hydrogel stiffness and thickness 

effects on the depth sensing of two diverse microbial species, S. aureus and E. coli. 
Decreasing the thickness of PEG hydrogels significantly increased bacterial adhesion, as 12 

times more S. aureus and 8 times more E. coli adhered to the thin-soft hydrogels than to the 

thick-soft hydrogels. S. aureus adhesion was strongly influenced by the thickness of soft 

hydrogels, but displayed only minimal variation in bacterial adhesion on thinner 

intermediate and stiff hydrogels. E. coli displayed greater thickness-dependence; a higher 

colony coverage occurred on medium than on thick hydrogels of all Young’s moduli. The 

substantial differences in bacterial adhesion observed between thin and thick hydrogels 

suggests that the underlying stiff substrate may have influenced the perceived mechanical 

properties of the hydrogel by the adherent bacteria. These findings suggest that bacteria are 

sensitive to the thickness of soft hydrogels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A schematic of the nine PEG hydrogels tested in this study. Throughout the results section, 

we will refer to a hydrogel sample by their thickness-stiffness (bottom and left axes), which 

was fabricated using the recipe noted on the top and right axes (precursor volume (μL) 

versus PEG concentration (wt%)). All PEG hydrogels were immobilized on glass slides.
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Figure 2. 
The Young’s modulus of PEG hydrogels increased with increasing polymer concentration. 

AFM nanoindentation and bulk rheology were used to determine the Young’s modulus of 

soft (11 wt% PEG), intermediate (29 wt% PEG), and stiff (55 wt% PEG) hydrogels. Error 

bars denote standard error. An asterisk (*) denotes 99% significance between stiffness 

regimes.
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Figure 3. 
S. aureus attachment is influenced by the thickness of soft hydrogels. The total S. aureus 
area coverage after a 24 h incubation period on thin (15 μm), medium (40 μm), and thick 

(150 μm) PEG hydrogels that were soft (30 kPa), intermediate (400 kPa), and stiff (1000 

kPa). One asterisk (*) denotes 95% significance between hydrogels in different stiffness 

regimes. Two asterisks (**) denote 95% significance between samples of the same stiffness.
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Figure 4. 
E. coli attachment increased on thin hydrogels at all Young’s moduli. Total E. coli area 

coverage after a 24 h incubation period on thin (15 μm), medium (40 μm), and thick (150 

μm) PEG hydrogels that were soft (30 kPa), intermediate (400 kPa), and stiff (1000 kPa). 

One asterisk (*) denotes 95% significance between hydrogels in different stiffness regimes. 

Two asterisks (**) denote 95% significance between samples of the same stiffness.
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Figure 5. 
Heat map displays of the normalized (A) S. aureus and (B) E. coli area coverage on 

hydrogels after a 24 h incubation period on thin (15 μm), medium (40 μm), and thick (150 

μm) PEG hydrogels that were soft (30 kPa), intermediate (400 kPa), and stiff (1000 kPa). 

Data from Figures 3 and 4.
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