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Abstract

Host immune response leading to fibrosis of implanted biomaterials and devices can significantly 

limit implant performance and life span. The surface physicochemical properties of implanted 

materials play an important role in modulating this fibrotic response. Here, we demonstrate the 

surface modification of model devices with zwitterionic phosphorylcholine polymer through 

mussel-mimetic catecholamine polymer thin films. Using this method, we successfully modify the 

surfaces of alginate hydrogel microspheres to reduce the tissue reaction by reducing the fibrosis in 

immunocompetent C57BL/6J mice We demonstrate that this facile coating method can be 

extended to other solid biomaterials, such as polystyrene microspheres, a model material known to 

produce robust foreign body responses and fibrosis, as a platform approach to improve 

biocompatibility and reduce fibrosis in vivo.

Graphical Abstract

The surface modification of model biomaterials with zwitterionic phosphorylcholine polymer 
is demonstrated through mussel-mimetic catecholamine polymer thin films. Using this method, the 

surfaces of alginate hydrogel microspheres are successfully modified to reduce the tissue reaction 

by reducing the fibrosis in immunocompetent C57BL/6J mice. It is also demonstrated that this 
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facile coating method can be used as a platform approach to improve biocompatibility and reduce 

fibrosis in vivo.
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The success of an implanted device is often dependent on a favorable interaction with the 

host immune system. Implanted materials can elicit a cascade of host immune responses, 

including acute/chronic inflammation, a foreign body reaction, and formation of a fibrotic 

capsule around the implant.[1–3] This fibrotic tissue growth can lead to isolation of the 

implant from the host, compromising device performance and ultimately leading to device 

failure. Therefore, strategies to mitigate the fibrotic foreign body response are imperative in 

the design of long-term use of implanted biomaterials and medical devices. Several methods 

have been reported to modify the implant surface with coatings that have anti-inflammatory 

properties and/or resist fibrosis.[4–6] Among the many natural and synthetic materials used 

as coatings for implantable devices, zwitterionic polymers have received much attention as a 

result of their ultra-low fouling properties.[7–11] Recently, Jiang et al. reported that 

zwiterionic hydorogels uniquly are able to supress foreign body and fibrotic responses in 

robust rodent models of fibrosis.[12] However, surface modification of materials can be 

challenging, requiring surface-specific multi-step protocols. For example, a coating 

procedure may necessitate a step-wise progression of surface hydrophilization via plasma 

treatment, silanization to immobilize handles for attachment, followed by surface grafting 

and/or polymerization to the device surface.[13,14] Therefore, the development of simple and 

universal coating methods to modify a broad range of surfaces with nonfouling zwitterionic 

polymers is of great interest.

Here we develop a platform approach to coating biomaterial surfaces with anti-biofouling 

zwitterionic polymers using facile and scalable methodology. We then assess the effect of 

this coating on in vivo biocompatibility. This approach employs, first, modification of the 

surface with mussel-inspired polydopamine (PDA) films by oxidative self-polymerization of 

dopamine, and followed by conjugation of thiol-containing zwitterionic polymers to this 

PDA layer (Figure 1). [15–17] Although there is a reported one pot approach to immobilize 

thiol or amine free molecules on PDA layer, we preferred using a thiol containing polymer 

to be immobilized on PDA layer through micheal addition reaction for stable covalent 

attachment.[18] Catechol groups have been used as anchoring moiety for various types of 
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natural and synthetic polymers to be coated on surfaces.[19] Among all those polymers used 

for coating via self-polymerization of dopamine, anti-biofouling zwitterionic polymers 

constitute a very small percantage. Some of these examples include coating of zwitterrionic 

polymers onto various substrates such as silica, gold, and iron oxide, and these showed 

excellent non-fouling properties.[20–22] However, majority of these studies have focused 

their evaluation of biocompatability in vitro. Despite progress in the development of 

catechol-mediated zwitterionic surface coatings, evaluation of in vivo biocompatability is 

important to further assess the potential utility of these coatings.

Using a dopamine-mediated conjugation method, we attached zwitterionic polymers on to 

the surface of biomaterials and examined the efficacy of our coating approach to reduce host 

immune responses and fibrosis to implanted biomaterials in vivo. We conjugated 

zwitterionic polymers onto the surface of alginate hydrogel microspheres. Alginate, a 

naturally occurring anionic biopolymer, forms hydrogels in aqueous conditions in the 

presence of divalent cations such as Ca2+and Ba2+. Commonly prepared as gelled 

microspheres, alginate has been broadly used as biomaterials for drug delivery, tissue 

engineering, and cell transplantation.[23] However, following implantation, alginate 

microspheres can promote the formation of fibrous overgrowth around the microspheres, 

compromising function of the implant.[24,25] Polycations, such as poly-L-lysine (PLL), are 

commonly used to coat alginate and other material surfaces, but in general do not block 

fibrosis.[26,27] A library of cationic poly(β-amino alcohols) was also developed and some 

members were shown to reduce the immune response to polystyrene microparticles.[5] Using 

combinatorial methods our group has recently developed a large library of alginate 

hydrogels and identified chemical modifications that substantially reduce the inflammatory 

effects of alginate microspheres in non-human primates.[28] However, there continues to be a 

need to develop covalent surface treatments to reduce the fibrosis of hydrogels.

To assess the effect of zwitterionic coatings on the biocompatibility of alginate 

microspheres, we first synthesized a zwitterionic phosphorylcholine polymer with pendant 

dithiol-containing comonomers. Phosphorylcholine polymers have several advantages as 

coating materials, including hydrophilicity, high water solubility and anti-biofouling 

properties.[29,30] Reversible addition-fragmentation chain transfer (RAFT) polymerization of 

methacryloyloxyethyl phosphorylcholine (MPC) and lipoic acid methacrylate monomers 

followed by disulfide reduction yielded poly(MPC) polymer with free pendant thiol groups 

along the backbone (Figure 2a). GPC analysis showed no change in the polymer molecular 

weight and/or PDI after reduction (Figure 2b). After successfully synthesizing poly(MPC) 

copolymers with free thiol groups (Mn: 27 kDa, PDI: 1.3) we next immobilized these 

polymers onto Ba2+-crosslinked alginate hydrogel microspheres (~0.5 mm diameter, Figure 

2c), a size shown to produce higher level of fibrosis in vivo.[31] For our studies, we utilized 

Barium ions to make alginate beads as it was shown that Barium-alginate beads have higher 

mechanical stability than Calcium beads.[32] First, alginate microspheres were coated with 

PDA by immersion for 18–20 hours in a 3 mg/mL dopamine solution prepared in 10 mM 

Tris buffered saline (pH 8.5), followed by multiple rinses with Tris buffer. PDA coated 

alginate microspheres were then treated with poly(MPC) polymer in Tris buffer (pH 8.0) at 

room temperature for 18–24 hours (Figure 2d). Since it was previously reported that 

polycations such as PLL and dopamine coatings on alginate enhanced the physical stability 
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of alginate micropsheres,[33,34] it is also reasonable to envison that dopamine-zwittterionc 

coating might exhibit similar mechanical stabilities.

Cryogenic scanning electron microscopy (cryo-SEM) images of surface coated alginate 

microspheres (Alg-MPC) revealed non-porous surface topology, whereas the surface of 

alginate capsules appeared highly porous (Figure 2e,f).

Using X-ray photoelectron spectroscopy (XPS), the characteristic N 1s peak of PDA at 

399.5 eV and a distinct P 2p peak of poly(MPC) polymer at 134 eV were observed, 

confirming successful coating of alginate microspheres (Figure S1).[17]

To investigate the effect of poly(MPC) coating on the foreign body reactions, MPC-modified 

alginate microspheres were implanted into the intraperitoneal space of immunocompetent 

C57BL/6J mice (n=5). Based on our previous studies where we evaluated the kinetics of 

fibrosis formation in the intraperitoneal space, we determined that 14 days would be 

indicative of longer term performance.[28,31,35] Therefore, after 14 days, the capsules were 

retrieved and examined for cellular overgrowth and fibrosis. Dark field phase contrast 

microscopy of retrieved unmodified capsules showed extensive cellular deposition on 

unmodified microspheres, whereas poly(MPC) coated microspheres showed little cellular 

deposition (Figure 3a,bFigure S2a,b). Immunofluorescence imaging was used to further 

characterize the cellular deposition on the microsphere surface. Staining of the retrieved 

microspheres using DAPI (nuclear stain), F-actin (cellular cytoskeleton marker) and α-

smooth muscle actin (α-SMA, fibrosis-associated myofibroblast marker) revealed very little 

cellular staining on zwitterionic-coated microspheres (Figure 3b).[31] In contrast, the 

unmodified alginate microspheres stained extensively for these markers, indicating 

significant fibrosis formation on the unmodified spheres (Figure 3a).

To ensure that the reduction in cellular deposition on modified alginate microspheres was 

attributable to coating with poly(MPC), PDA-coated alginate microspheres without 

subsequent zwitterionic modification were also evaluated. 14 days following implantation, 

phase contrast microscopy of these PDA microspheres showed clumping and extensive 

cellular deposition (Figure S2c). This supports the function of the zwitterionic poly(MPC) 

coating in mitigating the fibrotic tissue response.

We next sought to evaluate the versatility of this anti-fibrotic effect for other biomaterials. 

Since the PDA coating procedure can be used on effectively nearly all types of materials, the 

coating strategy should likewise be largely material-independent.

Polystyrene (PS), when used as a biomaterial, is known to induce a fibrotic reaction when 

implanted.[36,37] Therefore, polystyrene microspheres (~0.5 mm) were coated with 

poly(MPC) polymer and implanted into mice to explore the versatility of our approach to 

reducing fibrosis of implanted materials. Phase contrast microscopy of retrieved PS 

microspheres confirms that unmodified materials become heavily encased in fibrotic tissue. 

However, poly(MPC) coated PS microspheres remained completely free of fibrosis (Figure 

3c, Figure S2d).
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Immunofluorescence imaging of retrieved PS microspheres confirmed poly(MPC) coating 

resulted in a dramatic reduction in cellular depositions on PS microspheres (Figure 3d, 

Figure S2e). These results support the versatility of this coating methodology to a variety of 

implantable materials in order to control the fibrotic tissue response.

Flow cytometry analysis was performed on the cellular deposition from retrieved 

microspheres to quantify immune cells (macrophages and neutrophils) present onto the 

microsphere surface. It was found that poly(MPC) coating reduced the macrophage adhesion 

by ~4 fold for alginate and ~25 fold for PS microspheres. Interestingly, zwitterionic coating 

seems to completely abrogate neutrophil attachment to both materials. (Figure 4). The 

reduction of immune cells on the material surface confirms findings from microscopy 

analysis for a reduction in cellular deposition attributable to poly(MPC) coating.

In summary, we have demonstrated a facile and versatile method for surface modification of 

biomaterials with anti-fouling zwitterionic polymers. This approach improved the 

biocompatibility of implanted materials by reducing the surface-mediated fibrotic reaction in 
vivo. This methodology is broadly applicable to endowing a variety of materials with 

zwitterionic polymer surface coatings, as demonstrated in data collected for both alginate 

and PS microspheres. We believe that this approach to surface modification with 

zwitterionic polymers can be applied to virtually any implantable biomaterial, with broad 

use for cell transplantation, drug delivery, tissue engineering, and biomedical device 

implantation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cartoon representation of surface coating of biomaterials (e.g. Alginate microspheres)
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Figure 2. 
Surface coating of alginate microspheres with zwitterionic polymers. (a) Synthesis and 

structure of thiol-containing phosphorylcholine zwitterionic copolymer. (b) Aqueous GPC 

traces of phosphorylcholine copolymers before (black line) and after (red line) reduction 

with NaBH4. Bright field microscope images of alginate microspheres (c) before and (d) 

after surface coating procedure. Scale bars, 2 mm. Representative freeze-fracture cryo-SEM 

imaging of Alginate (e) and Alginate-MPC (f) microspheres. Scale bars, 10 μm
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Figure 3. 
Zwitterionic surface modification of microspheres reduces fibrosis in vivo. The first column 

(a–d) shows representative dark field microscope images for retrieved alginate and PS 

microspheres, 14 days after intraperitoneal implantation into C57BL/6J mice. The second 

column shows bright field images for stained microspheres, with their corresponding 

immunofluorescence confocal images (columns 3–6).
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Figure 4. 
Flow cytometry for cells isolated from the surface layer were analyzed using specific 

markers for host macrophages and neutrophils present on alginate (a) and PS microparticles 

(b). ***P < 0.0001
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