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Abstract

The foreign body response (FBR) to implantable materials can negatively impact performance of 

medical devices such as the cochlear implant. Engineering surfaces that resist the FBR could lead 

to enhanced functionality including potentially improving outcomes for cochlear implant 

recipients through reduction in fibrosis. In this work, we coat poly(dimethyl siloxane) (PDMS) 

surfaceswith two zwitterionic polymers, poly(sulfobetaine methacrylate) (pSBMA) and 

poly(carboxybetaine methacrylate) (pCBMA), using a simultaneous photografting/photocross-

linking process to produce a robust grafted zwitterionic hydrogel. reduce nonspecific protein 

adsorption, the first step of the FBR. The coating process uses benzophenone, a photografting 

agent and type II photoinitiator, to covalently link the crosslinked zwitterionic thin film to the 

PDMS surface. As the concentration of benzophenone on the surface increases, the adhesive 

strength of the zwitterionic thin films to PDMS surfaces increases as determined by shear 

adhesion. Additionally, with increased concentration of the adsorbed benzophenone, failure of the 

system changes from adhesive delamination to cohesive failure within the hydrogel, demonstrating 

that durable adhesive bonds are formed from the photografting process. Interestingly, anti-fouling 

properties of the zwitterionic polymers are preserved with significantly lower levels of nonspecific 

protein adsorption on zwitterion hydrogel-coated samples compared to uncoated controls. 

Fibroblast adhesion is also dramatically reduced on coated substrates. These results show that 

crosslinked pSBMA and pCBMA hydrogels can be readily photografted to PDMS substrates and 

show promise in potentially changing the fibrotic response to implanted biomaterials.
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Introduction

Implantable medical devices including pacemakers, myringotomy tubes, joint replacements, 

and neural prosthetics have dramatically increased quality of life over the past several 

decades. The function of many of these implants is significantly limited by the formation of 

fibrotic tissue (fibrosis) around the devices1–3 that occurs weeks to months after 

HHS Public Access
Author manuscript
Langmuir. Author manuscript; available in PMC 2020 February 05.

Published in final edited form as:
Langmuir. 2019 February 05; 35(5): 1100–1110. doi:10.1021/acs.langmuir.8b00838.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



implantation.4 Fibrosis is particularly problematic for neural prosthetic devices as it impedes 

the transmission of electrical current between stimulating electrodes and the target neurons.5 

For example, fibrotic tissue formation in the scala tympani is an expected consequence of 

cochlear implantation but is detrimental to hearing outcomes.6,7 A foreign body response 

(FBR) occurs with an initial inflammatory response that progresses to fibrosis that 

encapsulates the implant.8 Fibrotic capsule formation around the electrode array increases 

electrical impedance, necessitating use of higher current thresholds resulting in increased 

current spread. More recently intracochlear fibrosis in response to the implanted electrode 

array has been linked to loss of residual acoustic hearing in the implanted ear.1 Other neural 

prostheses and implanted medical devices face similar challenges to the FBR.

The initial step in the FBR is nonspecific adsorption of protein to device surfaces.9 

Mitigation of protein adsorption to reduce fibrosis has recently become an active area of 

research. Traditional anti-fouling materials are uncharged hydrophilic polymers, such as 

poly(ethylene glycol) (PEG) or poly(hydroxyethyl methacrylate) (pHEMA). However both 

still allow some degree of protein adsorption and ultimately induce a fibrotic response.4 

Zwitterionic polymers, such as carboxybetaines and sulfobetaines, have emerged as a new 

class of anti-fouling materials. These polymers are generated from monomers that have a 

positively charged group and a negatively charged group on the same repeat unit. A unique 

aspect of these materials is that they are hydrophilic yet retain a net neutral charge. It has 

been proposed that charged groups on the zwitterionic repeat units tightly bind water 

molecules, forming a layer of hydration that makes displacement of the water energetically 

unfavorable, resulting in significantly reduced protein and other biomolecule adsorption.10,11 

Polymers formed from sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate 

(CBMA) have shown promise in a variety of applications including glucose sensing in blood 

serum,12,13 antigen detection in complex media,14 and prolonging the blood circulation time 

of coated drugs,15 among others.16 Importantly, SBMA- and CBMA-based polymers have 

shown resistance to cell17,18 and bacterial19,20 adhesion in vitro in addition to mitigating the 

FBR in vivo.2 Thus, SBMA and CBMA are ideally suited monomers for generating 

polymers to prevent biofouling on implantable materials.

Many implantable devices utilize poly(dimethyl) siloxane (PDMS), a highly flexible, 

chemically inert, and easy to fabricate material used in urinary catheters and to house 

cochlear implant electrode arrays.21,22 While this silicone-based polymer is not toxic to 

cells, the hydrophobic surface is especially prone to protein adsorption, resulting in a 

significant FBR and ultimate formation of a fibrotic capsule. Therefore, durable zwitterionic 

materials for coating PDMS surfaces have the potential to significantly reduce the FBR to 

implantable materials and improve implant quality and longevity. Silane coupling agents 

have previously been used to graft zwitterionic polymer brushes onto the surface of PDMS 

which involves plasma/O3 treatment of the material followed by grafting a reactive group to 

the surface.23,24 For example, Jiang et. al. functionalized the surface of PDMS with an atom 

transfer radical polymerization (ATRP) initiator using O3 treatment followed by application 

of a silane coupling agent to generate carboxybetaine methacrylate (CBMA) polymer 

brushes showing dramatic reduction in protein adsorption.24 Further, Huang and coworkers 

immobilized a zwitterionic silane coupling agent with a sulfobetaine group onto a silicone 

substrate which showed resistance to protein, cellular, and bacterial adhesion.23
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Another potential approach would be to use a photochemical process to graft zwitterionic 

polymers to the surface of PDMS. Research has shown that a type II photoinitiator, such as 

benzophenone (BP), can be adsorbed to a polymer surface followed by irradiation with UV 

light. The type II photoinitiator, is excited with the light to a highly reactive diradical state 

when a photon is absorbed which then abstracts a hydrogen from the grafting surface, 

producing a radical that allows polymerization to occur from the surface.25 Using this 

method, polymers can be covalently grafted from a variety of polymeric surfaces including 

PDMS. Furthermore, this approach also offers the inherent spatial and temporal control of 

photopolymerization. For example, Ishihara et. al. grafted phosphoryl choline methacrylate 

polymerized from PDMS surfaces demonstrating decreased contact angles and reduced 

protein adsorption.26

In this work, we describe a process to simultaneously form and graft a durable zwitterionic 

cross-linked coating for PDMS surfaces that resists protein and cell adsorption showing 

potential to mitigate FBR. Our approach uses a one-step photoinitiated grafting process to 

covalently link poly(sulfobetaine methacrylate) (pSBMA) and poly(carboxybetaine 

methacrylate) (pCBMA) crosslinked hydrogel polymers to PDMS. The relationship between 

the amount of the hydrogen abstraction agent (BP) adsorbed on the surface and the 

concentration of the BP in the feed was examined. The role of BP concentration on 

adhesion/delamination from the PDMS substrate was characterized by scanning electron 

microscopy (SEM). Adhesion of these pSBMA and pCBMA hydrogels was examined using 

shear adhesion for both as prepared and swollen samples. . The anti-fouling properties of the 

grafted surfaces are also tested using protein adsorption. To demonstrate the efficacy of these 

materials to potentially resist the FBR, cell density of fibroblasts cultured on these substrates 

was measured. These findings demonstrate that durable zwitterionic hydrogels can be 

grafted to implant materials using a one-step and rapid process that significantly decreases 

biofouling of PDMS.

Experimental

Materials and synthesis

2-(N,N’-dimethylamino)ethyl methacrylate (DMAEM), β-propiolactone, triethyl amine, 

hydroquinone, [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide 

(SBMA), benzophenone (BP), poly(ethylene glycol) diacrylate (PEGDA, MW 575), 

paraformaldehyde, collagenase, Dulbecco’s modified eagle medium (DMEM), human 

fibrinogen, human anti-fibrinogen, and all organic solvents were purchased from Sigma 

Aldrich. 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (HEPK, 

photoinitiator) was purchased from Ciba. Alexa 488 labeled phalloidin and Alexa 488 

conjugated goat anti-rabbit secondary antibody were purchased from ThermoFisher 

Scientific (Waltham, MA). Hank’s balanced salt solution (HBS), fetal bovine serum (FBS), 

poly-L-ornithine, trypsin-EDTA dissociation reagent, DAPI-containing mounting medium, 

were purchased from Gibco (Carlsbad, CA).

2-Carboxy-N,N-dimethyl-N-(2’-(methacryloyloxy)ethyl)ethanaminium inner salt 

(carboxybetaine methacrylate,CBMA) was synthesized as previously described.17 Briefly, β-

propiolactone was added to 10 mL of acetone. The solution was then added dropwise to 
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DMAEM dissolved in acetone at 0o C. The reaction was stirred overnight, after which a 

small amount of hydroquinone (radical inhibitor) was added. The solvent was removed 

under reduced pressure with the residual oil dissolved in methanol. Triethylamine was added 

to the solution to quench any side reactions and the CBMA product was precipitated into 

cold diethyl ether and vacuum filtered to yield a white solid. The product was then used 

without further purification. NMR spectra were collected on a Bruker Spectrometer (Avance 

300) to confirm chemical structure. 1H NMR (D2O, 300 MHz), δ 6.06 (s, 1H, =CH), δ 5.68 

(s, 1H, =CH), δ 4.55 (t, 2H, OCH3), δ 3.70 (t, 2H, NCH2), δ 3.59 (t, 2H, NCH2), δ 3.10 (s, 

6H, NCH3), δ 2.64 (t, 2H CH2COO), δ 1.84 (s, 3H =CCH3).

Zwitterion-functionalized PDMS substrate fabrication and characterization

PDMS substrates were fabricated using Sylgard 184 (Dow Corning) by thoroughly mixing 

10 parts base to 1 part curing agent. For shear adhesion tests the mixture was cured in an 

aluminum mold with 4 mm depth and 8 mm width. All other samples were cured in Petri 

dishes. The PDMS was cured by heating to 80o C for 2 hours. Once the samples cooled, 

slabs in the aluminum molds were cut to approximately 25 mm long strips. Samples cured in 

Petri dishes were cut into 15 mm x 15 mm squares. To allow photografting, PDMS was 

coated with BP by submersing in a solution of BP in acetone (0.01 to 50 mg/mL) for 1 hour. 

The BP-coated samples were removed and dried in a nitrogen stream to remove solvent then 

dried in a vacuum for 1 hour. The BP-coated PDMS slabs were kept in a sealed container 

until directly before film grafting and polymerization.

The concentration of BP adsorbed onto PDMS surfaces was determined using UV/Vis 

measurements. Coated samples were sonicated in an ethanol solution for 30 minutes to 

remove the adsorbed BP. The concentration of BP in the ethanol solution was then 

determined from UV/Vis absorbance at 253 nm as compared to a calibration curve of known 

concentrations. The calibration curve showed excellent linearity (R2=0.9989) and all BP 

concentration measurements were evaluated within the calibrated concentrations.

The process for photografting the zwitterionic polymers to PDMS is shown in Fig. 1. 

Zwitterionic polymers were generated from solutions containing 50 wt% SBMA or CBMA, 

2.5 wt% poly(ethylene) glycol diacrylate (PEGDA, crosslinker), 1 wt% 1-[4-(2-

hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (HEPK, photoinitiator), and 

46.5 wt% water. To test the adhesion of the zwitterionic thin films to the PDMS substrate, 

2.5 μL of monomer solution was pipetted onto a glass substrate, the PDMS was placed on 

top, and capillary action dispersed the solution evenly between the glass and PDMS to form 

a 8 mm x 8 mm contact area. The solution was then polymerized using a mercury vapor arc 

lamp (Omnicure S1500, Lumen Dynamics, Ontario, Canada) at 30 mW/cm2 measured at 

365 nm for 10 min. Standard 2.54 × 7.62 cm glass microscope slides used for shear adhesion 

experiments were functionalized with a silane coupling agent, (3-(trimethoxysilyl)propyl 

methacrylate) as previously described.27 The coupling agent contains a reactive methacrylate 

group which forms a covalent bond between the glass substrate and the crosslinked film 

upon polymerization. Shear adhesion of as prepared samples was measured directly after 

polymerization with a dynamic mechanical analyzer (DMA; Q800 DMA TA instruments). 

Swollen samples were immersed in deionized water for 48 hr prior to testing. The adhered 
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glass and PDMS samples were fractured in the DMA using a controlled force ramp rate of 

0.5 N/min. at room temperature. The force at break was recorded and normalized to the area 

of adhesion to the glass substrate.

Thickness of the zwitterion-coated thin films were measured using scanning electron 

microscopy (SEM, S-4800, Hitachi). Zwitterion-coated PDMS substrates were cut and 

mounted vertically on specimen stages. Prior to imaging, samples were sputter coated with 

gold. Electron accelerating voltage was set at 2.0 kV.

Protein adsorption

Immunofluorescence was used to measure protein adsorption to substrates. The PDMS and 

zwitterion-coated samples were hydrated overnight in PBS (room temperature) prior to 

protein exposure. Human fibrinogen (1 mg/mL) was pipetted onto substrates and dispersed 

by placing a glass coverslip on the solution followed by a 1 hour incubation at room 

temperature. The samples were then soaked in PBS for three hours, changing the PBS 

hourly. After rinsing, the samples were incubated in a blocking buffer solution to block the 

areas unoccupied by fibrinogen for 1 hour at room temperature. An anti-fibrinogen antibody 

(dilution 1:500) was applied to the samples overnight at 2o C. The substrates were then 

immersed in PBS for 45 minutes with the solution PBS being exchanged every 15 minutes. 

The samples were incubated with Alexa 488 conjugated secondary antibody (dilution 

1:1000) for one hour at room temperature. The samples were then again rinsed in PBS for 45 

minutes with the PBS, changing the PBS every 15 min. and coverslips were applied before 

epifluorescent imaging. Digital epifluorescent images were captured on a Leica DMIRE2 

microscope (Leica Microsystems, Bannockburn, IL) with Leica DFC350FX digital camera 

and Metamorph software (Molecular Devices, Silicon Valley, CA). Gray-scale images were 

used to measure relative fluorescence intensity using Image J software (NIH, Bethesda, 

MD). All conditions were repeated in triplicate, and five representative images were used for 

analysis at each condition.

Cell culture and density quantification

Dissociated fibroblast cultures were obtained from p4–7 perinatal rat skin as previously 

described.28 The tissue was scraped to remove subcutaneous fat, morcellized, then digested 

in 0.125% trypsin with EDTA and 0.2% collagenase for one hour at 37oC. Enzymatic 

dissociation was stopped with FBS and the cell suspension was spun, rinsed twice, then 

triturated. The resultant suspension was then seeded into poly-L-ornithine and laminin 

coated culture flasks. Fibroblasts were maintained in DMEM with 10% FBS, splitting the 

cells when cultures became confluent but not splitting more than twice prior to use. Prior to 

seeding onto experimental substrates, the fibroblasts were dissociated from the culture 

plastic.

Disk substrates (10 mm diameter) for cell adsorption determination were punched from the 

15×15 mm samples prepared as described above. These substrates were soaked overnight 

either in PBS or FBS prior to cell plating. In all cases 0.5 mL of suspension with a density of 

1×107 cells/mL was placed onto each sample in a 24 well plate. These cultures were 

maintained for 48 hours prior to fixing with 4% paraformaldehyde in PBS. All samples were 
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then labeled with Alexa 488 conjugated phalloidin (0.165 μM for 30 minutes) followed by 

three washes with PBS. Coverslips with DAPI-containing mounting medium were placed 

onto the stained cultures to label nuclei.

Cell density was determined by counting the total number of nuclei from digital images of 

randomly selected 20x microscopic fields using the cell counting feature of MetaMorph 

software package. At least 10 images were taken for each culture, with at least 3 substrates 

per experiment. All experimental conditions were repeated in triplicate.

Statistics

Statistical analysis was conducted using Graphpad Prism 7.01 software. To compare cell 

density between uncoated, pCBMA-coated, and pSBMA-coated, a one-way ANOVA with 

post hoc Tukey test was used.

Results and Discussion

Surface-initiated zwitterionic graft polymerization

Engineering coatings for existing implantable material may represent a practical and quickly 

implemented approach to mitigating FBR without compromising the inherent mechanical 

properties. Because the surface is the only portion of a device that will come into direct 

contact with host fluids and tissues, functionalizing the substrate with a zwitterionic polymer 

thin film (<25 μm) may significantly reduce the FBR. Introducing hydrophilic polymers 

(poly(ethylene glycol) (PEG) or zwitterionic polymers) onto the surface of hydrophobic 

materials such as PDMS or other polymers may prevent the accumulation of proteins, other 

biomolecules, and cells on the surface.26,29

In this work, sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate (CBMA) 

were chosen as potential photograftable monomers due to their excellent anti-fouling 

properties including ultra-low protein adsorption and cell adhesion as reported elsewhere.
30,31 SBMA and CBMA contain a methacrylate group which can be polymerized through a 

radical chain polymerization mechanism. To engineer a durable zwitterionic cross-linked 

zwitterionic hydrogel coating, poly(ethylene glycol) diacrylate (PEGDA, MW 575), a 

crosslinking molecule, was incorporated into the formulation. The crosslinker allows the 

zwitterionic polymer to form a covalent network, which enables thicker film fabrication and 

is more resistant to shear forces. These formulations were photografted to poly(dimethyl 

siloxane) (PDMS), which is used extensively in implantable devices such as orthopedics, 

shunts, and catheters.32 To covalently graft the pSBMA and pCBMA thin films to PDMS 

substrates, a photografting process was used. Benzophenone (BP), a type II photoinitiator, 

can be applied to substrates to covalently photograft (meth)acrylates to a variety of 

polymers.25 Adsorbing BP onto the surface of PDMS enables photografting/polymerization 

reaction resulting in covalent grafting to the substrate. Type II photoinitiators are excited to a 

short-lived singlet state by absorption of UV light which is quickly transformed to a triplet 

state.33 This highly-reactive triplet state initiates the grafting process by abstracting aliphatic 

hydrogens from the substrate and transferring the radicals to the surface. After this step, 

polymerization is initiated from the surface and covalently bonds the polymer chain to the 
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substrate (See Fig. 2). A second water-soluble photoinitiator is added to the solution that 

also initiates polymerization in the bulk. Thus, initiation of polymerization simultaneously 

occurs in the bulk and at the surface to graft the film to the surface and form a strongly 

adhered thin film in a single step. One major advantage of this grafting mechanism is that it 

is effective for nearly all polymer surfaces because most polymers contain aliphatic 

hydrogens which can be abstracted to initiate polymerization.34

The ability of BP to abstract hydrogens from the surface plays a critical role in the process 

of grafting zwitterionic networks to PDMS surfaces. PDMS substrates were submersed in a 

BP/acetone solution with varying feed concentrations. Concentrations of 0.25 to 50 mg/mL 

were used to adsorb different amounts of BP on the surface required to effectively graft the 

zwitterionic polymer to the PDMS. After submersion in the BP solution and subsequent 

drying under vacuum, the coated samples were sonicated in an ethanol solution for 30 

minutes to remove all adsorbed BP. The solution concentration was quantified by comparing 

absorbance of the BP at 253 nm to a calibration curve of known concentration via UV/Vis 

spectroscopy. The relationship between feed BP concentration and amount of BP physically 

adsorbed to the PDMS surface is shown in Fig. 3. As the feed concentration increased, the 

amount of adsorbed BP increased by several orders of magnitude, ranging from just under 1 

μg/cm2 to over 500 μg/cm2. At concentrations above 50 mg/mL BP visible crystals started to 

form on the surface and as such were not used in thin film preparation. These findings 

demonstrate that the surface concentration of BP can be controlled by altering the feed 

concentration of BP. By changing the surface concentration of BP, the amount of initiation 

occurring at the surface is likely to change which will alter the degree of photografting to the 

surface.

Characterization of the photografted zwitterionic polymer

To understand the dependence of the photografting process on the concentration of adsorbed 

BP, pSBMA and pCBMA thin films were photopolymerized onto PDMS substrates using 

feed concentrations as above. pSBMA- and pCBMA-grafted thin films were fabricated by 

sandwiching 2.5 μL of zwitterionic monomer solution between a piece of methacrylate-

functionalized glass and an 8 mm wide PDMS sheet. Capillary action allowed the monomer 

to disperse evenly between the two substrates. After polymerization, the glass slide was 

removed leaving a crosslinked thin film that may be covalently grafted to the PDMS 

substrate (Fig. 1). pSBMA- and pCBMA-coated PDMS substrates were sliced and then 

imaged using scanning electron microscopy (SEM) to reveal cross-sectional images of the 

adhesion.

At concentrations at or less than 2.5 mg/mL, the pSBMA and pCBMA polymers began to 

peel from the PDMS substrate as shown by SEM images in Fig. 4A–B. While the polymer 

remained attached to the substrate after preparation, it only weakly adhered and could be 

easily removed. At these concentrations, insufficient covalent bonds were formed from the 

photografting reaction to create strong adhesion between the film and the surface, causing 

delamination after short-term use. As the amount of BP adsorbed onto the surface was 

increased, both the pSBMA- and pCBMA-coated surfaces demonstrated stronger adhesion 

to the PDMS, with no delamination observed as shown in Fig. 4C–D. At higher BP solution 
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concentrations, and thus greater available BP at the surface, the number of surface radicals 

generated upon illumination increases, allowing more covalent bonds to form between the 

substrate and the polymer chains in the thin film. A greater number of covalent bonds 

between the zwitterionic thin film and the PDMS prevents film delamination. At higher 

concentrations of BP (10 or 50 mg/mL), delamination from the substrates was not observed 

during subsequent substrate testing, suggesting that these concentrations are more 

appropriate for further testing.

Additionally, the thicknesses of both the pSBMA and pCBMA films prepared as outlined 

were measured using SEM imaging. pSBMA-coated samples were 7.3 (±2.8) μm thick while 

pCBMA-coated samples were similarly 7.5 (±1.7) μm thick. Interestingly, the thickness of 

the thin films was independent of the surface concentration of BP. Because of the fabrication 

process, the thin film thickness is dictated by the amount of monomer in contact with the 

surface. A crosslinked network is formed upon polymerization, which will gel the monomer 

on the PDMS substrate. Thus, it is reasonable that no changes in thickness were observed 

with different concentrations of benzophenone as the concentration and amount of monomer 

solution did not change. If desired, film thickness could easily be changed by increasing or 

decreasing the amount of monomer solution contacting the surface during polymerization.

To quantitatively assess the adhesion of the pSBMA- and pCBMA-grafted polymers to 

PDMS surfaces, shear adhesion to the PDMS was measured. This test evaluated how the 

materials responded to shear by measuring the force at which failure occurs along a plane 

parallel to the direction the force was applied. The strength of the bond between the thin film 

and the substrate is estimated by measuring the maximum force per unit area required to 

fracture the sample or delaminate the coating. Samples that require more force per unit area 

indicate stronger adhesion to the substrate. Fig. 5 illustrates how this method was used to 

evaluate the adhesion of the zwitterionic polymers to the PDMS substrates. A solution of 

zwitterionic monomer (SBMA or CBMA), crosslinker (PEGDA, MW 575), and 

photoinitiator (HEPK) in aqueous solution was applied to a functionalized glass surface. A 

PDMS substrate was then placed on top of the liquid and capillary action was used to 

disperse the solution evenly between the substrates. The glass used was functionalized using 

a methacrylated silane coupling agent to ensure adhesion between the polymer and the glass.

As the bond between the glass and polymer is much stronger than what would be expected 

from the hydrogel coating or the adhesion between the coating and PDMS substrate, three 

potential modes of failure could occur using this method: 1) substrate/backing failure, 2) 

adhesive failure, and 3) cohesive failure. Substrate failure occurs when the substrate 

fractures, and indicates that the substrate is weaker than the forces from either adhesive or 

cohesive bonds from the coating. This type of failure would indicate a high degree of 

adhesion and high cohesive strength of the adhesive relative to the mechanical strength of 

the substrate. Adhesive failure occurrs when the bond between the substrate and the adhesive 

is broken. The forces exerted on the connection are greater than the forces created between 

the substrate and the adhesive, which cause the adhesive to peel from the substrate (see left 

image in Fig. 5). When failure of this type is observed, it often indicated relatively low levels 

of adhesion between the substrate and the adhesive. Finally, cohesive failure occurs when the 

bonds within the adhesive brake because the external force exceeded the cohesive bond (see 
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right image in Fig. 5). When this failure is observed, the adhesive is strongly adhered to the 

substrate, but the mechanical strength of the adhesive may have been relatively weak.

For the system in study, cohesive and adhesive failure were the only types observed due to 

the relatively high strength of the glass and PDMS compared to the zwitterionic crosslinked 

hydrogel. Further, adhesive failure would indicate that the grafted polymer was only weakly 

bonded to the PDMS. Adhesive failure between the glass and the zwitterionic polymer was 

never observed. The surface methacrylate groups provided a high degree of covalent grafting 

between the zwitterionic polymer and the glass which was stronger than the cohesive 

strength of the films. The strong bond between the zwitterionic thin film and the glass 

ensured that measurements would only measure failures between the PDMS and thin film or 

failures within the thin film.

Shear adhesion strength was examined for pSBMA and pCBMA grafted polymers that were 

either tested without further treatment after photografting (as prepared) or swollen to 

equilibrium in water. The zwitterionic hydrogels were fabricated with 50% water from the 

polymerization solution, but will absorb additional water. Upon swelling, the hydrogel thin 

films increased in volume inducing changes in mechanical properties. As fully swollen thin 

films more closely approximates in vivo conditions, it was important to identify changes in 

adhesion properties in the fully hydrated state. The same BP feed concentrations were 

evaluated to assess the role of BP in the photografting process. Examination of shear 

adhesion strength data as a function of BP concentration is shown in Fig. 6. For as prepared 

pSBMA-coated samples, an upward trend in maximum force per area is observed as BP feed 

concentrations were increased as would be expected with more covalent bonds formed 

during the photografting/polymerization process (Fig. 6A). For BP feed concentrations 

below 2.5 mg/mL, adhesive failure between the PDMS and pSBMA thin film was observed. 

At or above 2.5 mg/mL, cohesive failure occurred indicating a critical amount of BP is on 

the surface and therefore sufficient covalent bonds have formed to prevent delamination. 

Swollen pSBMA samples follow a similar trend, but require less force per area to fracture. It 

is important to note that many of the samples below 2.5 mg/mL fractured adhesively before 

sample loading and were recorded as 0 N/m2. Similar to the as prepared samples, at and 

above 2.5 mg/mL cohesive failure was observed. As the thin films absorbed water, the 

modulus and force required for fracture decreased even when cohesive failure was observed. 

When cohesive failure occurred, the force required to fracture the thin film was measured 

rather than force required to overcome adhesion between the PDMS and zwitterionic thin 

film. Therefore, no significant changes in maximum force per area were observed above 

concentrations where cohesive failure was recorded.

Adhesion of the pCBMA thin films to PDMS followed a similar trend to the pSBMA. For as 

prepared samples, the maximum force per area required to fracture the samples increased 

with increasing BP concentrations (Fig. 6B). While the general trend was the same, cohesive 

failure was not observed until BP feed concentrations were greater than or equal to 5 

mg/mL. pCBMA swollen samples were very similar to the pSBMA below 2.5 mg/mL, with 

many of the samples failing before testing. A decrease in maximum force per area was also 

evident compared to the as prepared samples across all concentrations, even when cohesive 

failure was observed. It is notable that the pCBMA hydrogels in general exhibited higher 

Leigh et al. Page 9

Langmuir. Author manuscript; available in PMC 2020 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maximum force per area values than pSBMA at higher feed concentrations. This increase is 

likely due to the fact that pCBMA forms a higher modulus hydrogel than pSBMA.35,36 At 

concentrations where cohesive failure was observed, the cohesive strength of the pCBMA 

thin film was measured; as expected the maximum force required to cause failure was higher 

for pCBMA than for pSBMA. These findings demonstrate that the adhesion of the 

crosslinked zwitterionic films increases with higher BP surface concentrations and that 

durable bonds can be formed between the PDMS and the hydrogel films.

Cell and protein adsorption to zwitterion-coated PDMS

Resistance to protein adsorption is a key indicator of anti-fouling properties and such 

resistance could significantly change FBR.4,9,37 Fibrinogen is abundant in serum, and was 

therefore used as a representative protein. For all experiments evaluating anti-fouling 

properties of the zwitterion-coated PDMS, 50 mg/mL BP feed was used to prevent 

delamination from the substrate. Epifluorescent images of immunostained adsorbed protein 

after incubation for 1 hour in a 1 mg/mL fibrinogen solution are shown in Fig. 7A–C. The 

uncoated PDMS exhibited a bright green color where the pSBMA- and pCBMA-coated 

surfaces showed almost no fluorescence. Quantification of the adsorbed protein by 

measuring fluorescence intensity indicated a significant reduction in protein adsorption for 

both pSBMA- and pCBMA-coated surfaces compared to bare PDMS (Fig. 7D). No 

statistically significant difference was observed between pCBMA-coated compared to 

pSBMA-coated samples (One way ANOVA, p=0.9585). These results demonstrate the 

efficacy of both pSBMA and pCBMA in preventing the adsorption of protein and potentially 

mitigating the FBR.

Fibroblasts are the predominant cell type found in the fibrotic capsules that form around 

implanted materials.37 Thus, to further evaluate the ability of these crosslinked zwitterionic 

coatings to prevent fouling and the foreign body response, fibroblast adhesion was 

measured. Accordingly, pSBMA-coated, pCBMA-coated, and uncoated PDMS were 

evaluated for fibroblast adhesion with and without first incubating the samples in fetal 

bovine serum (FBS).Cells were allowed to remain in culture for 48 hours and were then 

fixed, labeled with fluorescently tagged phalloidin which binds cytoskeletal actin, and 

epifluorescent microscopy was then performed. Images of fibroblast adhesion without FBS 

are shown in Fig. 8A–C. Phalloidin staining revealed a markedly different cellular 

morphology on uncoated substrates compared to that seen on coated PDMS (Fig. 8A). When 

cultured on uncoated PDMS, fibroblasts showed a characteristic elongated multipolar shape, 

indicating that the cells were healthy and adherent to the underlying substrate. In contrast, 

pSBMA- and pCBMA-coated substrates exhibited a rounded morphology with few if any 

cytoplasmic extensions (Fig. 8B–C). Interestingly, fewer cells appeared to adhere to the 

pCBMA-coated surfaces than the pSBMA-coated substrates. Fibroblast cell density, a direct 

measure of the cell adhesion, without FBS was dramatically reduced over coated compared 

to uncoated substrates (Fig. 8D). pSBMA-coated surfaces showed less than 5% of the cells 

adhered when compared to the PDMS control. The pCBMA-coated substrates had slightly 

lower cell adhesion with just above 3% of the cell density of the uncoated samples.
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When devices are implanted into the body they are first exposed to serum proteins that can 

adhered to the implant surfaces. To mimic exposure to serum proteins and to provide a more 

challenging environment for resistance of fouling, the samples were incubated with FBS 

prior to cell culture. This did not dramatically alter the cell density and adhesion. Fibroblasts 

adherent to the uncoated PDMS were dense and evenly distributed across the substrates (Fig. 

9A). In contrast, cell density was noticeably lower on pSBMA- and pCBMA-coated 

surfaces, with the remaining cells exhibiting a rounded morphology (Fig. 9B–C). 

Quantification of cell density showed significant reductions in cell counts (Fig. 9D). Once 

again the pSBMA-coated samples contained slightly more adherent cells than the pCBMA-

coated PDMS although not significantly (One-way ANOVA, p=0.8489). This result is 

consistent with prior work that has demonstrated improved efficacy of pCBMA polymers 

when compared to pSBMA.38,39 This increase in anti-fouling properties is likely due to 

enhanced structuring and ordering of water molecules around the pCBMA polymer 

compared to pSBMA, as supported by molecular simulations conducted by Jiang et. al.40 

Our lab also found that linear pCBMA polymers photografted to glass were more effective 

than pSBMA in preventing adhesion of multiple cell types including fibroblasts.28 These 

results demonstrate the efficacy of crosslinked and photografted zwitterionic coatings in 

preventing fibroblast adhesion.

While pSBMA- and pCBMA-coatings on PDMS were effective in preventing protein and 

fibroblast adhesion over short time frames, it is also important to evaluate the long-term anti-

fouling properties of the films. Thus, zwitterion-coated samples were incubated in culture 

media for 14 days before fibroblasts were seeded onto the substrates to test the efficacy after 

extended exposure to media. A parallel experiment was conducted where fibroblasts were 

seeded directly after substrate fabrication as a control (Day 0 samples). For the day 0 

experiment, cell density on the uncoated PDMS was similar to the previous experiments 

with relatively high cell density (Fig. 10D). The pSBMA- and pCBMA-coated surfaces were 

resistant as before to cell adhesion in the 0 day seeding with pCBMA preventing all 

fibroblast adhesion. Epifluorescent images of fibroblasts seeded after 14 days are shown in 

Fig. 10A–C. Cell density is slightly higher on the uncoated PDMS, and cells have spread 

and elongated. As seen before extensive exposure to culture media, cell density is noticeably 

reduced on the pSBMA- and pCBMA-coated PDMS. Quantification of the cell density 

revealed that the number of cells increased on all substrates after the 14 day exposure to 

media, but not to a statistically significant degree. The number of cells adhered in the 

uncoated PDMS increased from approximately 11 ×10−4 cells/μm2 to 13 ×10−4 cells/μm2. 

For the pSBMA-coated samples, cell density doubled from about 0.6 ×10−4 cells/μm2x to 

1.3 ×10−4 cells/μm2 while pCBMA-coated PDMS increased from no observable cells to 0.6 

×10−4 cells/μm2, almost 20 times less than the cell density on the PDMS control. For both 

experiments, cell density was dramatically lower for the zwitterion-coated surface and the 

incubation time did not result in a significant increase in cell density. Further, for the entirety 

of the experiment, the pSBMA and pCBMA thin films remained securely adhered to the 

PDMS. These results show that photografted/polymerized zwitterionic coatings show 

promise in maintaining anti-fouling properties while remaining durable for potential 

biological applications.
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Conclusions

Engineering surfaces that resist biofouling represents a critical first step in developing neural 

prosthetics that integrate effectively with biological systems. Coating existing implant 

materials with a zwitterionic coating is one potential approach to mitigate the foreign body 

response. In this work, we describe a simple method to simultaneously photograft pSBMA 

and pCBMA zwitterionic crosslinked hydrogels to PDMS, a common implant material. 

Photografting was achieved by adsorbing the type II photoinitiator benzophenone onto the 

PDMS surface, which initiated a polymerization reaction from the surface upon UV-light 

absorption. This process generated a durable covalently-grafted bond between the 

crosslinked zwitterionic hydrogels and the PDMS substrate. The amount of BP adsorbed on 

the surface was increased by higher BP feed concentrations. At higher surface BP 

concentrations, the crosslinked zwitterionic thin films resisted delamination as examined by 

SEM imaging. Shear adhesion experiments quantitatively revealed that the strength of 

adhesion increased with higher BP surface concentrations until a critical concentration was 

reached between 1 and 2.5 g/L above which cohesive instead of adhesive failure was 

observed. Examination of anti-fouling properties of the crosslinked zwitterionic hydrogels 

revealed a greater than 90% reduction in fibrinogen adsorption for both pSBMA- and 

pCBMA-coated substrates. Fibroblast adhesion was also reduced 20 fold or greater for 

zwitterion-coated PDMS. Finally, the thin films maintained resistance to fibroblast adhesion 

after exposure to culture media for up to 14 days in vitro. This work demonstrates that a 

simple and controllable process has been developed to successfully photograft and 

simultaneously polymerize zwitterionic hydrogelson PDMS substrates. These durable 

hydrogels resist protein and fibroblast adhesion, demonstrating significant potential to resist 

fouling in implantable materials.
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Fig. 1. 
Schematic of the photografting process. UV-light is used to initiate polymerization and 

grafting of zwitterionic monomers from the PDMS surface forming a polymer thin film 

hydrogel covalently attached to the material substrate.
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Fig. 2. 
Schematic representing the basic chemistry of the photografting process. Benzophenone 

(BP) adsorbed on the substrates initiates covalent grafting and polymerization of the 

polymer to the PDMS.
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Fig. 3. 
Quantification of BP surface concentration with respect to BP feed concentration. The 

surface concentration increases with increasing feed concentration.
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Fig. 4. 
SEM images of photografted zwitterionic polymers. Shown are pSBMA-coated PDMS 

using A) 2.5 and C) 50 mg/mL BP feed concentration and pCBMA-coated PDMS using B) 

2.5 and D) 50 mg/mL BP feed concentration.

Leigh et al. Page 18

Langmuir. Author manuscript; available in PMC 2020 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Schematic representing shear adhesion experiments. A benzophenone activated sample was 

covalently bound to methacrylate-functionalized glass by photografting/photopolymerizing 

the zwitterionic polymer between substrates. The samples were strained until fracture by 

applying a force to both ends of the substrates. The samples showed either adhesive failure 

(left image), where the polymer remains adhered to the glass, or cohesive failure (right 

image), where the film itself fractures yet remains adhered to both substrates.
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Fig. 6. 
Maximum force per area results as measured using shear adhesion experiments as a function 

of BP feed concentration for zwitterion-grafted thin films to PDMS substrates. A) Shear 

adhesion test data for pSBMA-grafted thin films. B) Shear adhesion results for pCBMA-

coated PDMS. Max force per area increases with increasing BP feed concentration. Shaded 

area represents samples that failed cohesively.
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Fig. 7. 
Characterization of protein adsorption. Representative epifluorescent images of 

immunostained fibrinogen (green) on A) uncoated, B) pSBMA-coated, and C) pCBMA-

coated PDMS. D) Fibrinogen adsorption on uncoated, pSBMA-coated and pCBMA-coated 

PDMS as measured by epifluorescent microscopy. pSBMA- and pCBMA-coated substrates 

significantly reduce fibrinogen adsorption (*p < 0.001 one way ANOVA). Error bars 

represent standard deviation of the mean.
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Fig. 8. 
Representative epifluorescent images of fibroblasts grown on A) uncoated, B) pSBMA-

coated, and C) pCBMA-coated PDMS without FBS in the culture medium. Fibroblast 

cytoskeletal actin is labeled with Alexa 488-phalloidin to demonstrate morphology (green). 

D) Fibroblast cell density on uncoated pSBMA-coated, and pCBMA-coated PDMS 

substrates. pSBMA- and pCBMA-coated PDMS significantly reduce fibroblast cell adhesion 

(*p < 0.001 one way ANOVA). Error bars represent standard error of the mean.
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Fig. 9. 
Representative epifluorescent images of fibroblasts grown on A) uncoated, B) pSBMA-

coated, and C) pCBMA-coated PDMS with FBS in culture medium. Fibroblast cytoskeletal 

actin is labeled with Alexa 488-phalloidin to demonstrate morphology (green). D) Fibroblast 

cell density on uncoated pSBMA-coated, and pCBMA-coated PDMS substrates. pSBMA- 

and pCBMA-coated PDMS significantly reduce fibroblast cell adhesion (*p < 0.001 one 

way ANOVA). Error bars represent standard error of the mean.
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Fig. 10. 
Representative epifluorescent images of fibrobasts grown on A) uncoated, B) pSBMA-

coated, and C) pCBMA-coated PDMS after substrate immersion in culture medium for 14 

days. Fibroblasts are labeled with Alexa 488-phalloidin (green). D) Fibroblast cell density at 

0 and 14 days in culture medium for uncoated, pSBMA-coated, and pCBMA-coated PDMS. 

A significant difference was observed between uncoated and the zwitterion-coated PDMS at 

0 and 14 days. No significant increase in cell density was observed after the 14 day 

incubation for all substrates. Error bars represent standard error of the mean.

Leigh et al. Page 24

Langmuir. Author manuscript; available in PMC 2020 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Experimental
	Materials and synthesis
	Zwitterion-functionalized PDMS substrate fabrication and characterization
	Protein adsorption
	Cell culture and density quantification
	Statistics

	Results and Discussion
	Surface-initiated zwitterionic graft polymerization
	Characterization of the photografted zwitterionic polymer
	Cell and protein adsorption to zwitterion-coated PDMS

	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.

