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A B S T R A C T   

Implantable biomaterials and biosensors are integral components of modern medical systems but often encounter 
hindrances due to the foreign body response (FBR). Herein, we report an albumin coating strategy aimed at 
addressing this challenge. Using a facile and scalable silane coupling strategy, human serum albumin (HSA) is 
covalently grafted to the surface of polydimethylsiloxane (PDMS) implants. This covalently grafted albumin 
coating remains stable and resistant to displacement by other proteins. Notably, the PDMS with covalently 
grafted HSA strongly resists the fibrotic capsule formation following a 180-day subcutaneous implantation in 
C57BL/6 mice. Furthermore, the albumin coating led to reduced recruitment of macrophages and triggered a 
mild immune activation pattern. Exploration of albumin coatings sourced from various mammalian species has 
shown that only HSA exhibited a promising anti-FBR effect. The albumin coating method reported here holds the 
potential to improve and extend the function of silicone-based implants by mitigating the host responses to 
subcutaneously implanted biomaterials.   

1. Introduction 

Implantable biomaterials and biosensors play a pivotal role in 
contemporary medical systems, yet their functionality and long-term 
stability are significantly impeded by the foreign body response (FBR) 
elicited upon implantation [1–6]. The use of synthetic materials like 
polydimethylsiloxane (PDMS) in clinically used medical devices such as 
breast implants, cardiac pacemaker, and cochlear implant, can induce 
varying levels of immune-mediated FBR, leading to the formation of a 
dense fibrous capsule around the implant [7–13]. While the 

administration of anti-inflammatory drugs like glucocorticoid dexa-
methasone can effectively suppress fibrosis, its effect is short-lived 
[14–16]. An alternative approach lies in the physical and molecular 
design of materials, which serve as a promising strategy to mitigate the 
immune response to implants. Notably, physical properties, including 
size [17], geometry [18], roughness [19], porosity [20], mechanical 
properties [21,22], and surface chemistry [23–26], have all demon-
strated their influence on immune activation. 

Another approach to evade immune system recognition involves 
mimicking the body’s own components. Notably, cell surface markers 
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such as CD47 and CD200, which act as self-signaling molecules, have 
shown the ability to diminish immune recognition. The conjugation of 
material surfaces with CD47 or CD200 has been demonstrated to reduce 
macrophage activation effectively, but their effect on long-term fibrotic 
capsule formation has not been reported [27,28]. Additionally, bio-
materials derived from natural mucin glycoproteins have shown ability 
to inhibit immune cascades and evade foreign body responses [29,30]. 
For example, mucin-based hydrogels have demonstrated resistance to 
the FBR for a duration of 21 days in mice [31]. 

Albumin, the most abundant protein in plasma, has been extensively 
studied for its biomedical applications [32–35]. For instance, bovine 
serum albumin (BSA) is widely acknowledged for its ability to resist 
nonspecific protein adsorption, making it a commonly utilized passiv-
ating agent in enzyme-linked immunosorbent assays (ELISA) and related 
experiments to prevent the nonspecific adsorption of other protein 
molecules. Various methods, including physical adsorption [36], 
dopamine-conjugated BSA [37], and reductant-induced fast 
amyloid-like BSA aggregation [38], can be employed to construct al-
bumin coatings on hydrophobic substrates. Such albumin coatings have 
exhibited excellent anti-fouling properties, reduced macrophage adhe-
sion, and mitigated inflammatory responses in vivo. However, despite 
great progress in vitro experiments, no albumin coating has so far been 
able to effectively reduce FBR caused by long-term implant placement. 
We speculate that albumin coating might be a simple and effective 
strategy in reducing the long-term FBR associated with implanted de-
vices, while the coating stability might play a crucial role. From the 
mechanism of nonspecific protein adsorption, the adsorption of proteins 
on the material surface follows the Vroman effect, where small and 
abundant protein molecules first cover the surface and then, over time, 
proteins with higher affinity for specific surfaces will replace them [39]. 
From this point of view, the practical application of albumin coatings 
based on surface adsorption in the physiological environment is chal-
lenging as the adsorbed albumin is prone to be displaced by other pro-
teins present in body fluids, leading to coating failure. 

Herein, considering the risk of albumin coatings failure due to pro-
tein replacement, we aimed to investigate whether a stable albumin 
coating can reduce FBR induced by hydrophobic implants by developing 
an a covalently grafted albumin coating. Additionally, we also compared 
the anti-FBR effects of albumin coatings from different species. Unlike 
the albumin coating by physical adsorption prepared by simple solution 
immersion, our method firmly attaches albumin to the surface, reducing 
the displacement of other proteins in the body environment, with the 
goal of achieving long-term resistance to fibrosis within the body. 
Considering the acceptance of albumin from different species by par-
ticipants in subsequent clinical trials, human serum albumin coatings 
may have a higher possibilty of clinical use to improve the performance 
of various implantable biomedical devices. 

2. Material and methods 

2.1. Materials 

3-Glycidyloxypropyltrimethoxysilane, Fluorescein isothiocyanate 
(FITC), and acetic acid were supplied by Aladdin Reagent Co., Ltd. 
Phosphate buffer solution (PBS) was purchased from Sangon Biotech 
Co., Ltd. Sulfo-Cyanine 5 succinimidyl ester (Sulfo-Cy5 NHS ester) was 
supplied by Duofluor Inc. FITC labeled bovine serum fibrinogen (Fg- 
FITC) was purchased from XI’AN QIYUE biology. PEG-NH2 (Mw =
2000) was purchased from JINGPI Technology. The silicone elastomer 
Sylgard 184 was obtained from Dow Corning (catalog no. 
3097358–1004). Human serum albumin (catalog no. SRP6182), bovine 
serum albumin (catalog no. A2153), porcine serum albumin (catalog no. 
A1830), and rat serum albumin (catalog no. A6272) were purchased 
from Sigma-Aldrich. 

2.2. Preparation of PDMS discs 

PDMS substrates were prepared and used as controls, with the ratio 
of prepolymer and curing agent is 10:1 (wt/wt). The mixture was 
degassed and poured into plastic dishes at a fixed volume, resulting in a 
PDMS layer with a thickness of ~1 mm. The PDMS layer was cured at 
80 ◦C for 2 h, peeled, and subsequently cleaned with ethanol and dried. 
The PDMS sheet was cut into discs with a biophysical punch (4 mm in 
diameter) for the following experiments. 

2.3. Fabrication of epoxy group-modified PDMS discs 

PDMS discs were cleaned by washing with isopropanol and ethanol 
and deionized in sequence, followed by drying under nitrogen flow. The 
cleaned discs were then activated by an oxygen plasma cleaner (30 W at 
20 mtorr pressure; Harrick Plasma) for 3 min. After oxygen plasma 
treatment, the activated discs and 1 g of 3-glycidyloxypropyltrimethox-
ysilane were put into a vacuum oven, placed at room temperature and 
left for 12 h. Once the reaction was complete, the discs were washed 
twice with anhydrous ethanol and DI water, respectively, for 5 min each 
time. Subsequently, they were washed once more with anhydrous 
ethanol and then dried in an oven at 60 ◦C for 1 h. 

2.4. Fabrication of covalently grafted/physically adsorbed albumin 
PDMS discs 

The human serum albumin (HSA) solution was prepared by dis-
solving 10 mg/mL of human serum albumin (HSA) and 0.2 vol% acetic 
acid in PBS buffer. The epoxy saline coupling agent-treated discs were 
subsequently immersed in this solution and incubated at 37 ◦C for 12 h. 
After incubation, the discs were washed under ultrasonication for 2 min 
in PBS solution to removes any unbonded albumin from the surface, 
leaving only covalently bonded albumin on the surface. The resulting 
sample is denoted as HSA-PDMS. The albumin coating through physical 
adsorption was prepared using a similar procedure. However, in this 
case, PDMS discs without the epoxy saline coupling agent treatment 
were used and washed with or without ultrasound, respectively. Sam-
ples grafted with PEG on the surface of PDMS discs were also prepared 
for comparison. After undergoing the same epoxy group grafting as 
above, PEG-NH2 was used instead of albumin for incubation. 

2.5. X-ray photoelectron spectroscopy (XPS) 

XPS data was obtained with a Thermo Scientific ESCALAB 250Xi 
spectrometer equipped with an Al Kα X-ray source (1486.6 eV). All 
spectra were collected at a takeoff angle of 30◦ to the sample surface. 

2.6. Contact-angle measurements 

The contact angle was measured on the surface of the samples using a 
contact-angle goniometer (Dataphysics OCA 20) in the air at room 
temperature. The samples in the PBS were rinsed with water and dried 
with argon flow. The static contact angles were measured by dispensing 
a small water droplet of 1.2 μL on the sample surfaces. The contact angle 
data were collected from the average of four measurements for each 
sample. 

2.7. Albumin content on disc surface tested by enzyme-linked 
immunosorbent assay (ELISA) 

A Human Serum Albumin ELISA Kit provided by Abclonal (Catalog 
No. RK00157) was employed to assess the human serum albumin con-
tent on the surfaces of HSA-PDMS and HSA+PDMS discs, both before 
and after implantation. In brief, 4 mm diameter discs were placed in 96- 
well plates pre-coated with capture antibody and incubated for 2 h, 
followed by 6 washes with wash buffer. The detection antibody was then 
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added to plates and incubated for 1 h, followed by 6 washes with wash 
buffer. Finally, the 3, 3′, 5, 5′-tetramethylbenzidine (TMB) chromogen 
solution was then added to plates. After 15 min incubation, the enzy-
matic reaction was stopped by adding an equal volume of 2 N H2SO4. 
Absorbance values at 450 nm and 570 nm (as calibration wavelength) 
were recorded by a microplate reader (MODEL 550, Bio-Rad). Average 
data were acquired from three specimens. 

For ex vivo samples, HSA-PDMS and HSA+PDMS discs were 
implanted in C57BL/6 mice for 1 month, after which the samples were 
explanted. The HSA-PDMS discs were manually separated from the tis-
sue and subsequently subjected to ultrasonic cleaning in water con-
taining detergent for a duration of 5 min. Then rinsed HSA-PDMS and 
HSA+PDMS discs with deionized water. The samples underwent ELISA 
testing using the same method as described above. 

2.8. Fibrinogen displacement test 

The stability of human serum albumin coatings prepared by different 
methods was examined using a fibrinogen displacement test. Firstly, the 
coating samples were incubated with Sulfo-Cy5 NHS ester (100 μg/mL) 
under room temperature, which labeled the amino groups on the albu-
min, followed by rinsing with deionized water. Then, the samples were 
incubated with Fg-FITC (1 mg/mL) under room temperature for 24 h to 
facilitate protein replacement and subsequently rinsed again. Finally, 
fluorescent images of each step were acquired using a scanning confocal 
system (Zeiss LSM 780). 

2.9. Ellipsometry 

For ellipsometry test, HSA was coated on silica substrates following 
the same approach as described above. The thickness of albumin coating 
was measured by a spectroscopic ellipsometer (M − 2000, J. A. 
Woolam). 

2.10. Fluorescence labeling of albumin coating 

Coating samples were labeled using FITC to confirm successful 
grafting or adsorption of albumin on PDMS. Albumin-grafted samples 
were soaked in FITC aqueous solution (10 μg/mL) for 30 min and rinsed 
in PBS before the test. The fluorescent images were captured by a Nikon 
DS-Ri2 microscope. 

2.11. Animal work 

All animal experiments are in compliance with the relevant regula-
tions, and all protocols are approved by the Animal Care and Use 
Committee, Zhejiang Academy of Medical Sciences. Wild-type (WT) 
female C57BL/6 mice of 6–8 weeks of age were obtained from the ani-
mal center of Zhejiang Academy of Medical Sciences. The animals were 
fed a standard laboratory diet and maintained with a 12-h light/12-h 
dark cycle. 

For procedures in mice, discs were sterilized by ultraviolet irradia-
tion and implanted subcutaneously in C57BL/6 female mice. The im-
plantation procedure was as follows. In brief, mice were anaesthetized 
with 3% isoflurane in oxygen, shaved, and disinfected the skin with 
iodine. About 8 mm longitudinal incision was made on the dorsal sur-
face, using surgical scissors to provide access to the subcutaneous space. 
Then subcutaneous pockets about 0.5 cm away from the incision were 
created with blunt forceps for the implantation of the elastomer discs. 
After implantation, the incisions were closed using 5–0 taper-tipped 
PGA absorbable sutures. Mice were monitored until recovery from 
anesthesia and raised for 1 day, 2 weeks, and 4 weeks, respectively. The 
mice grew normally with no sign of discomfort after the implantation, 
and no body weight loss was observed before explantation. The mock 
group without surgery was used as control. 

2.12. Retrieval of tissues and elastomers 

After 1 day, 5 days, 2 weeks, and 4 weeks, 12 weeks, and 24 weeks 
respectively, mice were sacrificed and the implants together with the 
surrounding tissue were excised and collected. The explanted samples 
were either fixed in 10% formaldehyde solution (for use in histology) or 
flash-frozen (for RNA analysis). 

2.13. Immunostaining of tissue sections, microscopy and quantitative 
image analysis 

Paraformaldehyde-fixed tissue samples were dehydrated in graded 
ethanol series and embedded in paraffin. Sections with a thickness of 
3~5 μm were cut using a microtome, deparaffinized in xylene and 
rehydrated in sequential baths of ethanol: distilled water. Sections were 
further stained with haematoxylin and eosin (cellularity) and Masson’s 
trichrome (collagen) according to standard histological protocols. For 
immunohistochemistry, heat-induced epitope retrieval with 0.1 M cit-
rate buffer (pH 6) was performed for 15 min at 95 ◦C and sections were 
further rehydrated by three washes in PBS with 0.1% Tween wash 
buffer. Immunohistochemical staining was performed according to the 
manufacturer’s instructions (Diaminobenzidine (DAB) chromogenic re-
agent Kit; DAKO; catalog no. K5007). Briefly, sections were blocked with 
peroxidase blocking solution for 10 min at room temperature, followed 
by three washes in PBS with 0.1% Tween wash buffer. Primary anti-
bodies directed against CCR-7 (rabbit IgG; dilution 1:500; Abcam; cat-
alog no. ab253187), TNF-α (goat IgG; dilution 15 μg/mL; R&D systems; 
catalog no. AF-410), and IL-6 (goat IgG; dilution 15 μg/mL; R&D sys-
tems; catalog no. AF-406) were used. This step was followed by incu-
bation with anti-rabbit or anti-goat secondary horseradish peroxidase- 
conjugated antibodies goat anti-rabbit IgG (HRP polymer; SE134; 
Solarbio) and rabbit anti-goat IgG (HRP polymer; GB23204; Service-
bio)). For immunofluorescence staining, tissue sections were incubated 
in 0.1 M citrate buffer (pH 6) for 15 min at 95 ◦C and afterward rehy-
drated by three washes in TBS + 0.025% Triton X-100 wash buffer. 
Sections were incubated in 10% goat serum for 60 min, followed by 
overnight incubation with primary antibodies against F4/80 (rabbit IgG; 
dilution 1:5000; Abcam; catalog no. ab300421), α-SMA (Cy3 polymer; 
mouse IgG2a; dilution 3 μg/mL; Sigma; catalog no. C6198), CD3 (Bril-
liant Violet 421 polymer; rat IgG2b; dilution 3 μg/mL; BioLegend; cat-
alog no. 100228), and F4/80 (Alexa Fluor 647 polymer; rat IgG2a; 
dilution 5 μg/mL; BioLegend; catalog no. 123122). The isotype-specific 
secondary antibody Alexa Fluor® 488-conjugated goat anti-rabbit IgG 
(H + L) F (ab’)2 Fragment (dilution 1:200; catalog no. 4412 S; Cell 
Signaling Technology) was used to detect primary antibodies. 4′,6-dia-
midino- 2-phenylindole (DAPI) dihydrochloride (1:50; D9542; Sigma-
–Aldrich) was used to visualize the nuclei. Images were acquired with a 
microscope (Nikon intensilight CHGFI) equipped with the NIS-Elements 
AR software and a Virtual Slide Microscope (VS120–S6–W, Olympus, 
Japan). The collagen density is measured by the percentage of blue-pixel 
coverage in the M&T images of tissues within 50 μm (at 10 μm steps) 
from the material-tissue interface. The density of blue pixels was 
determined using Photoshop software. Regions positive (OD value) for 
TNF-α, IL-6, and CCR-7 were collected in the tissue within 50 μm from 
the tissue-material interface as a percentage of the positive staining in 
the entire deep or fascia-facing capsule area using ImageJ. All images 
were processed using Adobe Photoshop 2023 (Adobe Systems). The 
contrast and brightness were enhanced consistently for all representa-
tive images used. Only one piece of the corresponding sample of each 
group was implanted into each mouse. 

2.14. RNA-seq and data analysis 

All appliances used were treated with diethyl pyrocarbonate (DEPC) 
for RNA-DNase free before the experiment. After implantation of discs, 
tissue samples surrounding implant materials were excised and 
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immersed into RNA-later solution from Sigma-Aldrich (catalog no. 
R0901) to preserve, using a mock group without implantation as con-
trol. RNA samples were qualified and quantified using a NanoDrop and 
Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA). The RNA 
sequencing libraries were constructed and sequenced on the BGISEQ- 
500 platforms. The data with a P value less than 0.05 with a signifi-
cant difference between the PDMS and HSA-PDMS group data were 
counted. The mock group without implantation was used as control. The 
RNA-seq data were collected from the average of three mice for each 
sample. 

2.15. Quantitative PCR assay 

Total RNA was extracted from skin tissue near the material by using 
TRIzol reagent and RNase-Free DNase Set (Qiagen). qRT-PCR was con-
ducted by using Power SYBR Green Master Mix (Applied Biosystems) 
according to the manufacturer’s instructions. The extracted and purified 
RNA samples (500 ng) were reverse transcribed into complementary 
DNA (cDNA) using a SuperScript™ III First-Strand Synthesis SuperMix 
(Thermo Fisher). The qRT-PCRs were performed on the Real-Time PCR 
Detection Systems (CFX384, Bio-Rad, USA) using the manufacturer’s 
recommended settings for quantitative and relative expression. Primers 
used for qRT-PCR are listed in Supplementary Table 1. The mock group 

without implantation was used as control. The PCR data were collected 
from the average of eight mice for each sample. 

2.16. Statistical analysis 

Details of the sample size and appropriate statistical test are included 
in the figure captions. The data are expressed as means ± s.d. The data 
were analyzed for statistical significance by one-way analysis of vari-
ance (ANOVA) with Turkey post-test using SPSS Statistics 26.0. 

3. Results 

3.1. Fabrication and characterization of albumin coating 

In this study, we developed a covalently grafted albumin coating on 
the PDMS substrate, designated as HSA-PDMS, through a three-step 
process involving plasma treatment of the substrate, reaction with the 
silane coupling agent, and subsequent incubation with the albumin so-
lution. For comparative purposes, samples prepared using a straight-
forward physical adsorption technique were also prepared and denoted 
as HSA+PDMS (Fig. 1a). The successful coating of albumin was 
confirmed by the emergence of the N 1s peak, along with the C––O and 
C–O/C–N peaks in XPS (Fig. 1b,c, Fig. S1), increased surface 

Fig. 1. Preparation and characterization of albumin coating on PDMS substrates. Sample including HSA-PDMS (covalently grafted albumin coating), HSA+PDMS 
(physically adsorbed albumin coating), HSA-PDMS (sonication) (covalently grafted albumin coating with ultrasound washing for 2 min), HSA + PDMS (sonication) 
(physically adsorbed albumin coating with ultrasound washing for 2 min), PMDS-epoxy (3-glycidyloxypropyltrimethoxysilane treatment), and PDMS were char-
acterized. a) Schematic illustration of the preparation of albumin coating and the subsequent animal works. Figure created with BioRender. b) XPS survey spectra of 
samples. c) High-resolution XPS spectra of N 1s for samples. d) The water contact angle (WCA) of samples (n = 5 samples per group, mean ± s.d.). e) The quantative 
measurements of surface albumin. Data were normalized to that of HSA+PDMS sample. Statistical significance was determined by one-way analysis of variance 
(ANOVA) with Turkey post-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. P < 0.05 is considered to have a significant difference. 
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hydrophilicity observed in WCA test (Fig. 1d), and fluorescence labeling 
of surface proteins in fluorescent photos (Fig. S2). Of note, the physically 
adsorbed albumin coating detached from the substrate after 2 min of 
ultrasonic cleaning, whereas the covalently grafted coating remained, 
indicating its exceptional stability (Fig. 1b,c, Fig. S1). The preparation of 
the albumin coating is a straightforward and scalable process, yielding a 
coating with remarkable stability. Ellipsometry was applied to measure 
the coating thickness on a silica substrate, which showed a dry thickness 

of approximately 3 nm, indicating the formation of a monolayer. The 
enzyme-linked immunosorbent assay (ELISA) method was employed to 
quantify the surface albumin grafting density of HSA-PDMS and 
HSA+PDMS discs. The obtained results reveal comparable albumin 
grafting densities for samples prepared through both physical adsorp-
tion and chemical grafting (Fig. 1e). To assess the in vivo stability of the 
albumin-coated samples, we subcutaneously implanted them in mice for 
a duration of 1 month before explantation. Following manual disc 

Fig. 2. Assessment of acute inflammatory response induced by the implants. a) Discs made of PDMS with and without albumin coating with a diameter of 4 mm and 
a thickness of 1 mm were implanted subcutaneously (SubQ) on mouse backs. The tissue surrounding the implants were analyzed 14, 30, 90 -day post implantation. 
Immunohistochemistry (IHC) was performed for inflammatory markers (TNF-α, IL-6, and CCR7) (staining shown in b), with quantification shown in c) 2-week post- 
implantation. Cells stained by inflammatory markers show brown color, while all nuclei stained with haematoxylin show blue color. Asterisk sign "*" in the section 
images denote the original locations of the implants. Data were collected in the tissue within 50 μm from the tissue-material interface (n = 3 mice per group, mean ±
s.d.). d) Immunofluorescence staining densities of F4/80 (represented by green staining). Counterstaining was performed with DAPI (blue) for cell nuclei. (n = 3 mice 
per group). Asterisk sign "*" in the section images denote the original locations of the implants. Statistical significance was determined by one-way analysis of 
variance (ANOVA) with Turkey post-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. P < 0.05 is considered to have a signifi-
cant difference. 
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stripping, ultrasonic cleaning was performed on the HSA-PDMS sample, 
while the HSA+PDMS sample underwent rinsing. Subsequently, the 
ELISA test was repeated. The outcomes demonstrate that HSA-PDMS 
samples retained 86% of the albumin, whereas HSA+PDMS samples 
only retained 42%. This discrepancy underscores the superior bio-
stability of HSA-PDMS in vivo. 

3.2. The albumin coating mitigates the acute inflammatory response of 
implants 

Inflammation constitutes a pivotal stage within the FBR cascade, 
which starts 4–7 days post-implantation, and is characterized by the 
presence of monocytes and lymphocytes around the implant material. 
Monocytes infiltrate and undergo differentiation into macrophages 
which play a vital role in the immune regulation and wound healing 
process. We investigated the acute inflammatory response induced by 
the HSA-coated PDMS discs following subcutaneous implantation for 
five days and two weeks and observed negligible inflammation associ-
ated with HSA-PDMS (Fig. 2). Following a five-day implantation period, 
noticeable cellular deposition and fibrotic reactions were observed on 
the surfaces of PDMS and HSA+PDMS discs. In contrast, HSA-PDMS 
discs exhibited minimal changes during the same period (Fig. S3). 
Immunohistochemical analysis of pro-inflammatory markers, including 
CCR-7, TNF-α, and IL-6, was performed to assess the impact of albumin- 
coated PDMS disc implantation on the level of inflammation in the 
surrounding tissues (Fig. 2b and c). The results indicated that uncoated 
PDMS exhibits a significant expression in inflammatory markers at the 
interface between the material and tissue. In contrast, the expression of 
inflammatory markers is notably lower for discs with albumin coating, 
with HSA-PDMS demonstrating the most prominent reduction (~1/4 to 
1/5 fold of those observed in the tissue surrounding the uncoated 
PDMS). Macrophages are critical in modulating the inflammatory 
response and are considered a key cell type in the conventional theory of 
FBR [40]. Considering their significance, we further investigated the 
effect of albumin coating on macrophage behavior. Immunofluorescent 
staining of F4/80 revealed substantial recruitment of macrophages near 
uncoated PDMS implants, while only a few macrophages were observed 
near HSA+PDMS implants. In contrast, almost no macrophages were 
observed around HSA-PDMS implants at 2 weeks (Fig. 2d). The above 
results indicate that HSA-PDMS induced a negligible inflammatory 
response after short-term subcutaneous implantation in mice. 

3.3. Implants with covalent albumin coating elicit minor immunological 
and fibrotic responses 

The subcutaneous implantation tests were conducted on C57BL/6 
mice, with each mouse receiving implants of all three samples on its 
back. The discs were taken out one month after implantation, and the 
representative photos and histological images are shown in Fig. 3a. 
Histological staining (Masson’s trichrome and haematoxylin and eosin 
(H&E)) revealed that HSA-PDMS and HSA+PDMS samples showed 
~65% and ~90% collagen density at the interface compared with PDMS 
discs, respectively (Fig. 3b). This discrepancy indicates a notably 
diminished FBR. Additionally, we examined the fibrotic response of 
PDMS treated solely with plasma and determined that plasma treatment 
did not yield a significant reduction in the fibrotic reaction of PDMS 
discs. In comparison to PEG-grafted discs, HSA-PDMS discs exhibited 
markedly superior anti-fibrotic effects (Fig. S4). The recruitment of 
macrophages, fibroblasts, and T cells on the material-tissue surface after 
one month of implantation also showed the same trend (Fig. S5). 
Compared with the large number of FBR-related cell infiltrations on the 
surface of PDMS control, HSA+PDMS showed a certain degree of cell 
infiltration, while HSA-PDMS showed almost no cell infiltration. Next, 
we conducted a quantitative polymerase chain reaction (qPCR) analysis 
to confirm the difference in the expression of the key factors 
(Fig. 3c–Table S1). The gene expressions associated with fibrous capsule 

formation, such as fibroblast marker alpha-smooth muscle actin (Acta-2) 
(α-SMA), tissue remodeling marker collagen type I alpha 1 (Col1a1), 
fibrosis factor interleukin-17 (IL-17), and inflammatory marker tumor 
necrosis factor alpha (TNF-α) along with interleukin-1 beta (IL-1β), did 
not show a significant difference between the tissues surrounding HSA- 
PDMS and normal tissues, while that around PDMS were all significantly 
upregulated. From the observations we see that covalently grafted al-
bumin performed significantly better than physically adsorbed albumin, 
with milder inflammation and capsule formation. Since the nonspecific 
protein adsorption has been considered the initial step that instigates the 
FBR once the material has been implanted [3], we speculate that protein 
displacement may happen to the HSA+PDMS sample due to the Vroman 
effect. Therefore, we tested the protein displacement behavior of 
albumin-coated samples using fibrinogen, which is a large blood plasma 
protein that strongly adsorbs to hydrophobic surfaces. The results 
showed that after incubation with fibrinogen solution, there was no 
significant displacement behavior of albumin on the surface of 
HSA-PDMS, while significant fibrinogen adsorption on the surface of 
HSA+PDMS and uncoated PDMS was observed (Fig. 3d,e and Fig. S6). 
Collectively, these data provide strong evidence in favor of utilizing 
chemical grafting for albumin coating preparation, as opposed to 
physical adsorption. The chemically grafted coatings demonstrate 
exceptional stability and resistance to the displacement of other pro-
teins, suggesting the possibility of conferring long-term anti-FBR capa-
bilities to albumin coatings when used in vivo. 

3.4. RNA-seq of implants with covalent albumin coating 

To gain a deeper understanding of the immune response driving the 
fibrotic response around albumin-coated materials, we performed RNA- 
sequencing (RNA-seq) on tissues near the implants at 1-month post- 
implantation, using a mock group without implantation as the control 
(Fig. 4). Under the condition of P < 0.05, the number of differentially 
expressed genes in the PDMS and mock groups were 2038 while in the 
HSA-PDMS and mock groups was only 15 (Fig. 4a and b), indicating a 
minor immune reaction induced by HSA-coated discs. Among the top 10 
upregulated genes listed in the table, we found an overall higher 
expression of the upregulated genes induced by uncoated PDMS 
compared to HSA-PDMS implants (Fig. 4c). Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis of the two 
groups showed that the changed genes in PDMS compared with the 
mock group were mainly concentrated in FBR-related pathways, such as 
immune response and regulation of cytokine production, whereas the 
genes significantly changed in HSA-PDMS compared with mock were 
not FBR-related (Fig. 4d and e). Gene Ontology (GO) analysis indicate 
significant disparities in gene expression between HSA-PDMS and PDMS 
in the immune system process (Fig. S7). We also performed KEGG 
pathway classification analysis and found that the PDMS/mock com-
parison generally had a higher number of differential genes than the 
HSA-PDMS/mock comparison, with 168 and 2 differential genes 
observed, respectively, in the immune system (Fig. 4f). Notably, the 
HSA-PDMS implants alleviated the RNA expression of FBR-related tissue 
remodeling factors (Acta2/α-SMA, a marker of myofibroblast formation 
and Mcam/CD146, a marker for endothelial cell lineage), chemokines, 
and inflammatory response-related cytokines (Fig. 4g). The above re-
sults indicate that HSA-PDMS implants induced a significantly weaker 
immune response than PDMS after subcutaneous implantation in mice. 

3.5. Comparing the performance of albumin coatings from various species 

Despite sharing significant sequence homology, albumins from 
different mammalian sources also exhibit variations in their sequences, 
resulting in immunogenicity across species. For instance, injecting 
bovine serum albumin (BSA) into rabbits can stimulate humoral im-
munity to express anti-BSA antibodies [41]. Considering the practical 
application of medical devices, we selected human serum albumin as the 
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Fig. 3. Anti-fibrotic efficacy and impedance to protein replacement of albumin-coated materials. a) Digital photos, H&E− , and M&T-stained histological sections of 
excised 1-month post-implantation. Asterisk sign "*" in the section images denote the original locations of the implants. b) Collagen capsule density 1-month post- 
implantation measured by M&T staining (n = 6 mice per group, mean ± s.d.). c) qRT-PCR analysis of mRNA expression for FBR-related genes. (n = 8 mice per group, 
mean ± s.d.). d) Schematic illustration of the protein replacement experiment. e) Fluorescent image of the albumin-coated discs and PDMS control. Albumin on the 
surface was labeled red and fibrinogen was labeled green. Statistical significance was determined by one-way analysis of variance (ANOVA) with Turkey post-test. *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. P < 0.05 is considered to have a significant difference. 
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Fig. 4. RNA-seq 1-month post-implantation. a, b, c) Significant gene expression changes of PDMS/mock comparison (a) and slight changes of HSA-PDMS/mock 
comparison (b) in genes, and a list of top 10 upregulated genes and corresponding log2Fc (log 2 fold change) (c). d, e, f) KEGG pathway enrichment analysis of 
PDMS/mock comparison (d) and HSA-PDMS/mock comparison (e). f) KEGG pathway classification analysis of PDMS/mock comparison and HSA-PDMS/mock 
comparison. g) Gene expression analysis of FBR-related factors in tissues surrounding the PDMS and HSA-PDMS, with data normalized to the mock group 
(without implantation). n = 3 mice per treatment. 
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coating material, while it unexpectedly demonstrated minimal FBR in 
mouse subcutaneous models. Given the substantial sequence homol-
ogies found in albumins from various mammals [42], we are wondering 
whether other mammalian albumin coatings have similar performance 
to mitigate the FBR of implants in mice. Therefore, we compared the 

FBR resistance performance of the albumin coatings sourced from 
diverse animal origins, including BSA, porcine serum albumin (PSA), 
and rat serum albumin (RSA), head-to-head with that of the HSA 
(Fig. 5a). The subcutaneous implantation tests were conducted on 
C57BL/6 mice with each mouse receiving implants of all samples on its 

Fig. 5. The performance of albumin coatings from different species. a) Schematic illustration of the albumin coatings from different species. b) H&E− and Masson’s 
trichrome (M&T)-stained histological sections of excised tissue 2-week post-implantation. Asterisk sign "*" in the section images denote the original locations of the 
implants. c) Collagen capsule density measured by M&T staining (n = 5 mice per group, mean ± s.d.). d) Gene expression changes of albumin coating from different 
species/Mock after 1-month implantation. e) Gene expression analysis of FBR-related factors in tissues surrounding the implants. n = 3 mice per treatment. Statistical 
significance was determined by one-way analysis of variance (ANOVA) with Turkey post-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not sig-
nificant. P < 0.05 is considered to have a significant difference. 
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back. The discs were taken out two weeks after implantation, and the 
representative photos and histological images are shown in Fig. 5b. 
Histological staining distinctly underscored the supremacy of human 
serum albumin coatings compared with other mammalian albumins, 
showed a reduction of ~50% in collagen density compared to uncoated 
PDMS (Fig. 5c). Nonetheless, a deeper comprehension of the underlying 
mechanisms necessitates further investigation. To gather additional in-
sights, an RNA-seq test was conducted across various species. In com-
parison to the mock group, HSA-PDMS exhibited the fewest 
differentially expressed genes, with only 39 genes affected, whereas 
PDMS and RSA-PDMS displayed more substantial genetic alterations, 
with 903 and 602 affected genes, respectively (Fig. 5d). Examining gene 
expression patterns, HSA-PDMS samples demonstrated lower expression 
levels of Acta-2 (a fibroblast marker) and Col1a1 (a fibrosis marker) in 

contrast to PDMS. Concurrently, there was an elevation in the expression 
of anti-inflammatory markers such as Il10 and Foxp3 (Fig. 5e). These 
findings suggest a distinctive genetic response associated with 
HSA-PDMS. 

3.6. Covalently grafted HSA coating resists long-term FBR 

Maintaining long-term resistance to fibrous capsule formation is 
crucial for the functionality of implantable devices and prosthetics 
within the body. To assess this, we conducted long-term implantation 
tests and retrieved the implants after 3 and 6 months for fibrosis anal-
ysis. Remarkably, HSA-PDMS discs retained distinct contours and 
exhibited loose fibrous capsules, as evidenced by digital images and 
M&T staining (Fig. 6a and c). In stark contrast, the uncoated PDMS 

Fig. 6. Long-term FBR resistance of albumin-coated materials. a,c) Digital photos, H&E− , and M&T-stained histological sections of excised 3-month and 6-month 
post-implantation. The white dashed circle represents the PDMS disc that is not visible to the naked eye due to strong collagen capsule encapsulation after im-
plantation. Asterisk sign "*" in the section images denote the original locations of the implants. b,d) Collagen capsule density 3-month and 6-month post-implantation 
measured by M&T staining (n = 6 mice per group, mean ± s.d.). Statistical significance was determined by one-way analysis of variance (ANOVA) with Turkey post- 
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. P < 0.05 is considered to have a significant difference. 
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experienced significant fibrosis, leading to the formation of a thick layer 
of collagen and complete invisibility by the third month. HSA+PDMS 
samples showed a certain inhibitory effect on fibrosis, but the results 
were not as effective as desired. The statistical results of collagen density 
show that compared to the uncoated PDMS group, HSA-PDMS can 
effectively reduce the collagen density at the material-tissue interface, 
which is ~30% and ~33% of the uncoated PDMS interface collagen 
density, while the HSA+PDMS group has an interface collagen density of 
~65% and ~92% of uncoated PDMS after 3 and 6 months, respectively 
(Fig. 6b and d). The above results indicate that covalently grafted al-
bumin coating can effectively mitigate the long-term fibrosis reaction of 
implants. 

4. Conclusion 

In summary, we have developed a facile and scalable albumin 
coating technique to overcome the challenge of foreign body response 
faced by implants. The results revealed that the stability of albumin 
coatings and the selection of albumin species sources are crucial for their 
long-term resistance to FBR. We compared the FBR effect of HSA-coated 
PDMS discs prepared by both physical adsorption and covalent bonding. 
Notably, physically adsorbed albumin coatings demonstrated alleviation 
in acute inflammation, while covalently grafted samples exhibited a 
dual capacity - easing acute inflammation and mitigating fibrosis over 6 
months. We realized that the stable presence of albumin coating on the 
surface in the body environment is critical for resisting FBR, and sub-
sequent in vitro protein displacement experiments confirmed that the 
albumin coating prepared through covalent grafting could effectively 
inhibit the displacement of other proteins, potentially contributing to 
their prolonged FBR resistance. Interestingly, we observed that HSA- 
coated samples were able to effectively inhibit FBR after implantation 
in mice. Considering the high homology of albumin from different 
mammals, we extended to test the FBR induced by albumin coating from 
other species. The results unveiled that solely HSA-coated samples 
effectively reduced FBR, although the underlying mechanism requires 
further research. Further studies might be focused on answering the 
question that why only human albumin coatings rather than albumins 
from other species alleviate the FBR in mouse models. It would be also 
important to evaluate the coating performance on other material sub-
strates (e.g. ceramics and metals) and additional massive experimental 
validations are needed to confirm the clinical benefits of this coating on 
devices. The albumin coating method stands as a simple and effective 
approach for anti-FBR coatings across biomaterials for implants, 
potentially enhancing in vivo performance and reducing fibrosis-linked 
complications. 
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