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Xenogeneic grafts are promising candidates for transplantation therapy due to their easily accessible
sources. Nevertheless, the immune and inflammatory responses induced by xenografts need to be
addressed for clinical use. A novel and facile method was introduced for the attenuation of immune and
inflammatory responses by extending the immune evasion potential of albumin to the tissue engineering
field and coating albumin, which could passivate biomaterial surfaces, onto xenografts. Albumin was first
modified by dopamine to enhance its adhesion on graft surfaces. Porcine chondrocytes derived living
hyaline cartilage graft (LhCG) and decellularized LhCG (dLhCG) were applied as xenograft models
implanted in the omentum of rats. Both LhCG which contained porcine chondrocytes as well as
secreted ECM and dLhCG which was mainly composed of the porcine source ECM showed alleviated
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immune and inflammatory responses after being coated with albumin at cell, protein and gene levels,
respectively. Significantly less inflammatory cells including neutrophils, macrophages and lymphocytes
were recruited according to pathological analysis and immunohistochemistry staining with lower gene
expression encoding inflammation-related cytokines including MCP-1, IL-6 and IL-1B after employing
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1. Introduction

Immunocompatibility is a significant issue that should be paid
attention to in the tissue engineering field. Xenografts were
derived from xenogeneic animals and developed to address the
issue of shortage of human-donated organs or other human-
source autografts and allografts." Moreover, the fabrication of
autografts or allografts might need a pre-surgery on patients
which causes pain or damage to patients’ tissues or organs. For
example, autologous chondrocyte implantation (ACI), a scaffold-
based delivery of chondrocytes to cartilage defects involving
collecting and implanting autologous chondrocytes, needs two
operations and a long recovery time.>” Therefore, xenogeneic
sources such as porcine or bovine source grafts are promising
candidates for tissue regeneration. However, there are still
obstacles that hinder the clinical translation of xenografts.
Immune and inflammatory responses elicited in recipients are
the most severe issues that need to be addressed.
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LhCG and dLhCG with albumin passivation coating.

The immune and inflammatory responses to xenografts were
initiated in various ways due to the diverse antigens present in
grafts which led to the recognition of foreign bodies by the host.
Moreover, novel infectious organisms were possibly transmitted
to the recipient and generated more antigens.® Since tissue
cellular antigenicity is one of the main stimulations of recipient
immune responses, decellularization of xenografts has been
widely studied as a simple approach toward clinical use. Decel-
lularized porcine cornea,™® decellularized bovine pericardial
scaffold”® and other decellularized extracellular matrix (ECM)
based grafts®'® showed enhanced performance in acceptance by
the host immune system compared to fresh xenografts, some of
which were even put into clinical trial."* However, besides tissue
cellular antigenicity, acellular antigens in the ECM, such as o-gal
antigen'” which binds with natural anti-gal antibodies in human,
and antigens from homologous proteins™ of diverse sequences
would also contribute to the rejection from recipients and further
failure of grafts. Other approaches for the elimination of recipient
immune responses included genetic modifications by genome
editing tools,"* glutaraldehyde cross-linking'® and removal of
antigens.'>'® However, the current existing methods were com-
plicated and might sacrifice ECM constructs, leading to a com-
promised regenerative effect. In this case, a facile and effective
alternative for immune evasion of xenografts such as coating
natural biological materials is worth further investigation.
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Fig. 1 (a) Preparation of BCD, (b) schematic illustration of BCD-LhCG and BCD-dLhCG, (c) *H NMR spectra of BSA, BCA and BCD and (d) water contact

angles of coverslip with and without BCD coating.

As the most abundant protein and primary vehicle for
endogenous compounds in plasma,'””*® albumin has been
widely studied for biomedical applications because it is com-
patible and commercially available.' It is worth noting that
albumin is a potent stealth coating for immune evasion since
albumin is capable of passivating biomaterial surfaces.**™*>
Albumin on the surface could block other proteins, the absorp-
tion of which activates blood coagulation and further
inflammation.?®* Albumin has been successfully applied as a
camouflage coating on a variety of nanoparticles such as virus-
based nanoparticles>® and DNA origami.”” Endogenous
or exogenous albumin has also been either covalently or non-
covalently coated on polymers,”® inorganic nanoparticles® and
liposomes®** to attenuate immune responses and prolong
the blood circulation time. Nowadays, albumin for immune
evasion is mainly studied in the drug delivery area on nano-
particles. We herein extended this idea to the tissue engineering
field on grafts and developed a facile method for immune
evasion of xenografts.

In this study, we took advantage of the non-sticky nature of
albumin, transferred it to the tissue engineering field and
developed a facile method for evasion from immune rejection
elicited by xenografts through coating albumin. The basic idea
is to make use of the passivation nature of albumin to avoid
adsorption of other proteins and further coagulation. The adhesion
of albumin onto grafts was achieved by introducing dopamine,
a mussel-inspired adhesive,** via a chemical reaction which
avoids the introduction of free dopamine. Moreover, our group
has developed living hyaline cartilage graft (LhCG),***® which
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is composed of porcine chondrocytes derived ECM with porcine
chondrocytes, and decellularized LhCG (dLhCG),**™*" which is
mainly composed of porcine chondrocytes derived ECM, and
applied them as xenograft models in this study. This process is
briefly illustrated in Fig. 1b. The inflammation process could be
divided into acute inflammation, which lasts within a few days
to weeks, and chronic inflammation, which is developed from
persistent acute inflammation and may last for years.*>** We
herein focus on studying the attenuation of acute immune and
inflammatory responses, the failure of which will lead to severe
chronic inflammation and disease. The immunocompatibility
of LhCG, dLhCG with and without albumin coatings were
evaluated at the cell, protein and gene levels, respectively.

2. Materials and methods
2.1 Materials

Bovine serum albumin (BSA), citrate acid (CA), dopamine
hydrochloride, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), N-hydroxysuccinimide (NHS), and sodium hydrate (NaOH)
were purchased from Sigma Aldrich for the preparation of dopamine
functionalized albumin. Chondrocytes were extracted from the
market-available porcine bone for the fabrication of LhCG and
dLhCG. Gelatin from bovine skin, alginate acid sodium salt and
fluorescein isothiocyanate (FITC) were also purchased from Sigma
Aldrich. 1x phosphate buffered saline (1x PBS, pH = 7.4, Gibco)
was purchased from Thermo Fisher Scientific. Tris buffer (1.0 M,
pH = 8.8) was purchased from 1st Base Pte Ltd, Singapore.

This journal is © The Royal Society of Chemistry 2020
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2.2 Preparation of dopamine-functionalized albumin (BCD)

A modified protocol based on EDC/NHS coupling®* was used
for the preparation of the dopamine-functionalized albumin
(BCD) coating material. First, 5 mL of CA solution (0.2 g mL™")
with 1x PBS as the solvent was added to a three-neck flask
fitted with one N, inlet, after which the pH was adjusted to 6.0
by 6 M NaOH solution. Then 0.3 g of EDC and 0.3 g of NHS were
added. 1.75 g of BSA was dissolved in 10 mL 1x PBS and added
to the flask drop by drop. The mixture reacted for 6 h under
37 °C and pH 5.5-6.0. The products were dialyzed against
1x PBS for 2 days for purification and freeze-dried after that
(BT48, Millrock Technology Inc, USA). The resultant purified
product was an intermediate product named BCA. Then 1 g of
BCA, 1 g of dopamine hydrochloride, 1 g of EDC and 1 g of NHS
were dissolved in 100 mL 1x PBS and added to a Schlenk tube.
The pH of the mixture was adjusted to around 6.0. Three freeze-
thaw cycles were performed to completely remove oxygen to
avoid oxidation of dopamine. The mixture reacted under N,
protection and 37 °C. Finally, the products were dialyzed against
1x PBS for 2 days and freeze-dried to harvest final product BCD.
The chemical structures of BCA and BCD were characterized by
"H NMR (Bruker Avance II 300 MHz NMR) with D,O (Sigma
Aldrich, USA) as the solvent.

2.3 Fabrication of LhCG and dLhCG

LhCG* 7% and dLhCG?**™*' fabricated based on our published
protocol were used as model xenografts. Porcine chondrocytes
were seeded in alginate hydrogel with gelatin microspheres as
micropore forming agent and grown in high glucose Dulbecco’s
Modified Eagle Medium (DMEM). Chondrocytes grew, prolifer-
ated in hydrogels and secreted the extracellular matrix (ECM),
forming 3D micro-tissues. After that, the alginate template was
removed by rinsing with sodium citrate solution (55 mM in
0.15 M NaCl) to harvest LhCG. Decellularized LhCG by successive
physical, chemical and enzymatic methods was named dLhCG.

2.4 Characterization of BCD coating

First of all, in order to prove the feasibility of BCD coating
formation, 20 mg mL ™" of BCD in Tris buffer (10 mM, pH 8.5)
was coated onto the surface of coverslip (CellPath Ltd, UK) by
drip coating and drying under room temperature overnight.
The water contact angle was detected on a Kruss DSA25 Contact
Angle Analyzer with a 5 puL deionized (DI) water drop. The final
contact angle result was averaged from five samples’ values.
dLhCG and LhCG were rinsed in 20 mg mL " BCD overnight
with Tris buffer (10 mM, pH 8.5) and culture medium as the
solvent, respectively, to obtain BCD coated dLhCG (BCD-dLhCG)
and BCD coated LhCG (BCD-LhCG). DI water and pure culture
medium were applied after that respectively to wash BCD-dLhCG
and BCD-LhCG. For visualization of BCD coating on grafts, BCD
was labeled with FITC (BCD-FITC) through chemical reactions.
Briefly, the isothiocyanate group on FITC reacted with amino
groups on BCA (BCA-FITC), after which the BCA-FITC went
through an EDC/NHS coupling with dopamine hydrochloride
according to the protocol mentioned above. A UV-vis spectrometer
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(UV-2450, Thermo Fisher USA) was used to ensure the success-
ful conjugation and estimate the fluorophore to protein ratio
(F/P) for BCA-FITC and BCD-FITC according to a reported
equation:*®

F Amax X Eprot

i 1
P (AQSO - CAmax) X Edye ( )

where A,,.x is the absorbance value at around 500 nm in this
study; A,go is the absorbance value of albumin at around 280;
¢ is the correction factor for adjustment of absorption at
280 nm contributed by FITC (¢ = 0.29 referring to ref. 45); epro
(eprot = 43645 M ' cm™ ' referring to ref. 46) is the molar
extinction coefficient for bovine serum albumin in this study and
estimated from amino acid sequence; ¢4ye (¢aye = 63096 M~ ' em ™!
referring to ref. 45) is the molar extinction coefficient of FITC
in this study.

BCD-FITC was subsequently coated onto dLhCG and LhCG
based on the above-mentioned methods, then fixed in 4%
paraformaldehyde (Sigma Aldrich, USA), embedded in paraffin
(Surgipath®™ Paraplast™, Leica, USA), sectioned on a slicer
(RM2255, Leica, USA) and observed under a fluorescence
microscope (Olympus IX71S1F-3, Japan).

The surface elemental information about carbon (C), oxygen
(0O), nitrogen (N), phosphorous (P) and sulfur (S) was investi-
gated by X-ray photoelectron spectroscopy (XPS) on a Kratos
AXIS Supra spectrometer with a 40 eV bandpass energy. The
high-resolution C spectra were fitted using Origin 9.0. Before
XPS measurements, dLhCG and BCD-dLhCG were freeze-dried,
while LhCG and BCD-LhCG were dried in a critical point dryer
(CPD) (K850, Quorum Technologies Inc., England) after fixation
by 2.5 v/v% glutaraldehyde (Sigma Aldrich, USA) and gradient
dehydration in ethanol.

The stability of BCD coating on LhCG and dLhCG was
measured by using a BCG Albumin Assay Kit (Sigma Aldrich,
USA) via testing the BCD content on per milligram dried graft.
BCD-dLhCG was digested by collagen II solution after rinsing
with DI water for 1 day, 7 days, 14 days and 21 days, respectively.
BCD-LhCG went through freeze-thaw cycles three times, followed
by being digested in collagen II solution. The BCD content in the
digested samples was tested. dLhCG and LhCG were also digested
following the same protocol and tested by using the same assay kit
at corresponding time points as background.

2.5 Morphology of BCD-LhCG and BCD-dLhCG

The morphology of dLhCG, BCD-dLhCG, LhCG and BCD-LhCG
was observed by using a scanning electron microscope (SEM)
(JEOL JSM 6700F, Japan). dLhCG and BCD-dLhCG were dried
in a freeze dryer, while LhCG and BCD-LhCG were dried in
the CPD as mentioned above. Platinum was coated onto the
samples by sputtering for 120 s (JFC-1600, JEOL Asia Pte. Ltd,
Japan) before SEM observation.

2.6 Cytotoxicity of dLhCG and BCD-dLhCG

Before implanted in vivo, the cytotoxicity of BCD-dLhCG and
dLhCG was measured by using a WST-1 Assay Kit (Sigma
Aldrich, USA). Chondrocytes were cultured in wells of 96 well
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plate (2500 cells per well) and incubated with dLhCG and BCD-
dLhCG respectively for 1 days, 4 days and 7 days. The culture
medium at certain time points was collected and incubated
together with WST-1 for 3 h. The detection and calculation were
carried out according to the manufacturer’s protocol.

2.7 In vivo immunocompatibility study in a rat omentum
implantation model

All animal experiment protocols have been approved by Institu-
tional Animal Care and Use Committee (IACUC), Nanyang
Technological University, Singapore according to the local law.

A rat omentum implantation model was applied to study
in vivo immune and inflammatory performance of LhCG, BCD-
LhCG, dLhCG and BCD-dLhCG. Forty-eight Sprague Dawley
female rats (n = 4, 250-300 g) were divided into six groups.
Besides the four groups mentioned above, natural porcine
cartilage discs with a diameter of ~0.5 cm were decellularized
following the same protocol as LhCG was decellularized and
chosen as a positive control. Natural autologous cartilage slices
were collected from rat ears of the negative control group and
implanted into the omentum of the same individual. First, an
incision of around 2 cm was cut on the rats’ abdomen. Each rat
was embedded with two grafts (~0.5 cm in diameter) of the
same group, after which the incision was closed by 4-0 Nylon
sutures and stainless-steel clips. Two time points, day 1 and day
14, were chosen for the collection and characterization of
grafts. Specifically, the implanted two grafts and surrounding
tissues were collected from the omentum, one of which was
fixed in 4% paraformaldehyde for staining, the other was kept
in 1x PBS for gene expression evaluation.

2.7.1 Pathological analysis. A pathologist who was blinded
to the experimental groups carried out the pathological analysis by
evaluating the infiltrated inflammatory cell conditions according to
a five-point grading scheme®° based on hematoxylin and
eosin (H&E) (Sigma Aldrich, USA) staining results. The grafts
and surrounding tissues were fixed in 4% paraformaldehyde,
embedded, sectioned and stained with H&E following a standard
protocol from the manufacturer.

2.7.2 Immunohistochemistry analysis. The sectioned sam-
ples were stained with MPO (Myeloperoxidase), CD68 and CD3
for the detection of neutrophils, macrophages and T cells,
respectively, by immunohistochemistry (IHC) staining with an
Ultravision™ Quanto Detection System HRP DAB kit (Thermo
Fisher Scientific, UK). The details of antibodies are listed as
follows: Anti-MPO (Abcam, ab9535), Anti-CD68 (Abcam, ab31630)
and Anti-CD3 (Abcam, ab16669).

2.7.3 Gene expression. The gene expression of inflammation
related cytokines including monocyte chemoattractant protein-1
(MCP-1), interleukin-6 (IL-6) and interleukin-1p (IL-1f) was quanti-
fied by quantitative real-time polymerase chain reactions (QRT-PCR)
and semi-quantified by agarose gel electrophoresis.

First of all, total RNA was extracted by using a TRIzol®
reagent (Life Technology, USA), after which the RNA concen-
tration was detected by using a NanoDrop 2000c (Thermo
Fisher Scientific, USA). Then c¢DNA was synthesized and
reverse transcription was performed with reagents purchased

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B

from Promega. qRT-PCR was carried out on a CFX Connect
Real-Time PCR System (BIO-RAD, USA). Primers, purchased
from Integrated DNA Technologies Singapore, are listed in
Table S1 (ESIt). GAPDH gene was used as a housekeeping gene
for normalization of target genes. A comparative 224"
method was applied for the calculation.

Furthermore, cDNA was amplified with Taq DNA polymerase
(NEW ENGLAND BioLabs, England) and visualized by agarose
gel electrophoresis in Tris-Borate-EDTA buffer (Vivantis Tech-
nologies, Malaysia) after mixing with SYBR® Safe DNA gel stain
(Invitrogen, USA).

3. Results

3.1 Characterization of BCD macromolecules and BCD
coating

The preparation of BCD is illustrated in Fig. 1a. First of all, the
BCA prepolymer was prepared by grafting CA onto BSA through
EDC/NHS coupling for the introduction of extra carboxyl for
additional reaction sites. After that, dopamine was grafted onto
BCA by EDC/NHS coupling to synthesize BCD, so that no free
dopamine will be introduced.

The chemical structures of BCA and BCD were characterized
by "H NMR and are shown in Fig. 1c. Peaks at around 3.5 ppm
and 1.1 ppm on the 'H NMR spectrum of BCA belong to
-COCH,- and -CH,COOH respectively on the grafted citric
acid, confirming the successful modification by citric acid.
Moreover, the appearance of the signal at around 3.2 ppm on
the "H NMR spectrum of BCD belonged to -NH-CH,-CH,- on
grafted dopamine and confirmed the successful introduction
of dopamine.

BCD was first coated onto the coverslip to evaluate its
coating formation feasibility and wettability. Water contact
angles of the coverslip surface with and without BCD coating
were measured. It is shown in Fig. 1d that the water contact
angle increased to 60.9° £+ 0.6° from around 0°, indicating the
formation of a uniform BCD coating on the superhydrophilic
coverslip surface. After that, BCD was coated onto LhCG and
dLhCG for further investigation, the schematic illustration of
which is shown in Fig. 1b.

3.2 Characterization of BCD coating on grafts

In order to visualize BCD coating on grafts, FITC was grafted
onto BCD for labeling (Fig. 2a). The absorbance peak at around
500 nm on the UV-vis spectrum belongs to BCA-FITC, while that
at around 277 nm belongs to unlabeled BCA (Fig. 2b). Similarly,
two absorbance peaks at 287 nm and 507 nm shown in Fig. 2c
belong to unlabeled BCD and BCD-FITC, respectively. The
presence of an absorbance peak at around 507 nm confirmed
the existence of BCD-FITC. The F/P ratio of BCA-FITC (~2.2)
and BCD-FITC (~1.5) was estimated based on eqn (1).
Subsequently BCD-FITC was coated onto dLhCG and LhCG
and observed under a fluorescence microscope. BCD was mainly
uniformly coated on the surface of the whole dLhCG graft
(Fig. 2d) and preferred to adhere to the cell membrane compared

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Preparation of BCD-FITC, UV-vis spectrum of (b) BCA-FITC and (c) BCD-FITC, fluorescent image of (d) BCD-dLhCG and (e) BCD-LhCG.

Table 1 Surface elemental composition of dLhCG, BCD-dLhCG, LhCG
and BCD-LhCG”

C (%)

C-C/ C-N/C-S/ o N P S

C-H C-O C=0 -0-C=0 (%) (%) (%) (%)
dLhCG 18.0 13.1 5.1 2.6 36.5 203 1.3 3.1
BCD-dLhCG 15.4 12.6 5.9 2.8 34.8 23.1 1.3 4.4
LhCG 194 115 8.4 0.8 29.7 23.0 3.8 3.4
BCD-LhCG 17.6 13.1 6.9 2.5 29.4 239 19 4.7

to ECM on LhCG (Fig. 2e). XPS was conducted to further detect
the chemical information on graft surfaces within 10 nm.
Albumin was rich in cysteine (Cys), which could not be detected
in collagen. In this case, albumin was more abundant in S than
collagen. According to Table 1, the S content of dLhCG increased
from 3.1% to 4.1% after being coated with BCD, confirming the
successful coating of BCD onto dLhCG. Similarly, there was an
increase in the S content of BCD-LhCG (4.7%) compared to
LhCG (3.4%), confirming the successful coating of BCD onto
LhCG. dLhCG was decellularized and rarely contained phos-
phorus which was one of the main elements constituting the cell
membrane. Therefore, LhCG (3.8%) contained more P compared
to dLhCG (1.3%). However, due to the existence of BCD coating
on the surface, there was not much difference in the P content of
BCD-dLhCG (1.3%), and BCD-LhCG (1.9%) compared to dLhCG
(1.3%). Moreover, the P signal at around 132 eV was nearly
invisible in the XPS spectrum of BCD-dLhCG (Fig. 3a). Besides,
the high resolution C 1s spectra were fitted with peaks at around
284.7 eV (C-C, C-H), 286.1 eV (C-N, C-S, C-0), 287.8 eV (C=0)
and 288.5 eV (-O-C—0) and shown in Fig. 3b-e.

3.3 Stability of BCD coating on grafts

The stability of BCD coating should be taken into consideration
to ensure the existence of disguise coating before cells migrate
in and proliferate. Bromocresol green could specifically bind

This journal is © The Royal Society of Chemistry 2020

with albumin and form a colored complex whose intensity at
620 nm is proportional to albumin concentration. Durability
was measured based on this reaction by using a BCG Albumin
Assay Kit. As shown in Fig. 4a and b, the BCD content decreased
on day 7 compared to day 1 result, but remained almost the
same from the 7th day on.

3.4 Morphology of grafts

The morphology of dLhCG, BCD-dLhCG, LhCG and BCD-LhCG
was observed under the SEM. As shown in Fig. 4c, there was a
porous structure observed in dLhCG with the pore size in tens
of microns. The BCD coating did not damage the porous
structure of dLhCG and was visible under the SEM (Fig. 4e).
Abundant assembled chondrocytes could be observed in LhCG
and BCD-LhCG under the SEM (Fig. 4d and f). Therefore, LhCG
with and without BCD coating was more densely packed
compared to dLhCG and BCD-dLhCG.

3.5 In vivo rat omentum implantation for evaluation of
immunocompatibility

Before in vivo implantation, the cytotoxicity of dLhCG and
BCD-dLhCG was evaluated on chondrocytes by WST-1. dLhCG
and BCD-dLhCG showed no cytotoxicity with cell viabilities of
89.4% =+ 2.7% and 92.5% + 14.2% after 7 days of incubation,
respectively (Fig. S1, ESIt). And BCD coating did not interfere
with the biocompatibility of dLhCG and showed comparable
cell viability on day 1, day 4 and day 7.

Embedded grafts and surrounding tissues were collected on
day 1 and day 14 for the evaluation of acute immune and
inflammatory responses. Photographs of the collected grafts
are shown in Fig. 5a. Obvious blood coagulation was observed
surrounding the LhCG graft collected on day 14, indicating
a possible severe inflammation. Pathological analysis, IHC
staining and PCR were further carried out for assessment at
the cell level, protein level and gene level, respectively. First of
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all, there were no hyperacute immune and inflammatory
responses with all rats surviving.

3.5.1 Pathological analysis. Three kinds of inflammatory
cells including neutrophils which are characterized by multi-
lobed nucleus, macrophages which are characterized by small
oval or indented nuclei with relatively luxuriant cytoplasm and
lymphocytes which are characterized by round dark nuclei with
relative scarce cytoplasm were quantified by a pathologist who
was blinded to the experimental design and groups and are
plotted in Fig. 5b—-d according to a five-point grading scheme,
where no inflammatory cells showing in any field scored 0,
scattered sparse inflammatory cells showing in the high power
field scored 1, inflammatory cells showing in at least one low
power field scored 2, abundant inflammatory cells showing in
every low power field scored 3, and bad inflammatory cell
infiltration visible in the low power field scored 4 (Fig. 5e).

Neutrophils were the first inflammatory cells to migrate out
of the blood stream to the inflammation site. As shown in
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Fig. 5b, on day 1 post-surgery, there showed the most serious
neutrophil infiltration in LhCG and dLhCG, followed by PC
which was mild in neutrophil infiltration. Minimal to mild
neutrophil infiltration was observed in BCD-LhCG. By contrast,
there were minimal neutrophils in BCD-dLhCG and negative
control RE. As the first inflammatory cells migrating in,
neutrophils had a short lifespan. As a result, 14 days later,
there showed few neutrophils in all grafts. Macrophages and
lymphocytes were later introduced into the implantation site.
According to Fig. 5c, on day 1 post-surgery, moderate macro-
phages were present in LhCG, which showed the most severe
macrophages infiltration among all grafts. PC came next with
mild to moderate macrophage infiltration. Mild macrophages
were observed in dLhCG. Minimal to mild macrophages could
still be detected in BCD-LhCG, while macrophage infiltration
was nearly negligible in BCD-dLhCG as well as RE. On day 14
post-implantation, macrophage infiltration levels almost remained
as it was on day 1 except for a more intensively macrophage

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Photographs of samples collected from sacrificed rats, scale bar = 0.5 cm, pathological analysis based on quantitative assessment of
inflammatory cells including (b) neutrophils, (c) macrophages, (d) lymphocytes on day 1 and day 14 based on (e) the 5-point grading system (*p < 0.05,

**p < 0.01, **p < 0.001, ****p < 0.0001) (n = 4 for every group).

invasion ranging from mild to moderate observed in dLhCG. As
shown in Fig. 5d, on day 1 post-implantation, lymphocyte
infiltration was not severe in all grafts with mild infiltration
in PC, dLhCG and LhCG, minimal to mild in BCD-LhCG and
minimal in BCD-dLhCG and RE. 14 days later, LhCG, PC and
dLhCG were moderately infiltrated by lymphocytes, while that
in BCD-LhCG, BCD-dLhCG and RE remained minimal.

3.5.2 IHC staining. IHC staining of MPO, CD68 and CD3 was
conducted for identification of neutrophils, macrophages and
T cells respectively, to determine their location, and to evaluate
their immune and inflammatory responses at a protein level. IHC
staining images for LhCG, BCD-LhCG, dLhCG and BCD-dLhCG
are shown in Fig. 6, and those of positive control PC (Fig. S2, ESIt)
as well as negative control RE (Fig. S3, ESIt) are provided in the
ESL¥ On day 1 post-implantation (Fig. 6a), MPO, a peroxidase
enzyme abundantly expressed in neutrophils, was mainly distrib-
uted on the surface of LhCG with some inside LhCG. Abundant
MPO was observed all over the whole dLhCG graft. By comparison,
only minimal MPO was found on the surface of BCD-LhCG and
nearly no MPO was stained in BCD-dLhCG. CD68 is expressed in
macrophages. CD68 was mainly found on the surface of LhCG and
all over dLhCG. Sparse CD68 could be observed in BCD-LhCG,
while only minimal CD68 was detected near the surface of BCD-
dLhCG. CD3 is a symbol for T cells. There was CD3 distributed
both on the surface and inside LhCG. CD3 was also observed
inside dLhCG. CD3 was present on the surface of BCD-LhCG. And
only minimal CD3 was sparsely present in BCD-dLhCG. On day 14
post-implantation (Fig. 6b), MPO could still be found in some
areas of LhCG and dLhCG, while no obvious MPO was detected in
BCD-LhCG and BCD-dLhCG. CD68 was intensively distributed
in LhCG and uniformly distributed in dLhCG. Nearly no CD68
was present in BCD-LhCG and BCD-dLhCG. Moreover, intensive
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stained CD3 could be observed inside LhCG and dLhCG. By
contrast, CD3 was nearly invisible in BCD-LhCG and BCD-dLhCG.

3.5.3 PCR. qRT-PCR and agarose gel electrophoresis were
carried out for the evaluation of inflammatory and immune
responses quantitatively and qualitatively at a gene level. Expression
of inflammation-related genes involving MCP-1, IL-6 and IL-1p3 was
measured. On day 1 post-implantation, as shown in Fig. 7a, LhCG
expressed the most MCP-1, followed by PC and dLhCG. MCP-1
expression was still detectable in BCD-LhCG and slightly visible on
agarose gel. MCP-1 was negligible in BCD-dLhCG and RE. IL-6
showed the highest expression in PC, followed by dLhCG. There
was also an obvious IL-6 expression detected in LhCG (Fig. 7b). PC
showed the highest value in IL-1p expression, followed by dLhCG
and LhCG. And IL-1B expression was nearly invisible in BCD-LhCG,
BCD-dLhCG and RE on agarose gel (Fig. 7c). On day 14 post-
implantation, dLhCG showed the highest MCP-1 expression,
followed by LhCG. MCP-1 expression in PC was relatively lower
than LhCG and dLhCG but still obvious. By contrast, nearly no
MCP-1 was detected in BCD-LhCG, BCD-dLhCG or RE (Fig. 7e).
IL-6 expression could be detected in LhCG, dLhCG and PC, while
that in BCD-LhCG, RE and BCD-dLhCG was invisible (Fig. 7h)
with a low expression value (Fig. 7f). As for IL-1f (Fig. 7g), LhCG
showed the highest expression value with PC and dLhCG
followed. Moreover, there was slight IL-1f expressed in BCD-LhCG
which was confirmed on agarose gel. However, IL-13 expression
in RE and BCD-dLhCG was not detected.

4. Discussion

In this study, a facile approach for the attenuation of inflammatory
and immune responses of xenografts by coating albumin on the
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CD3

Fig. 6 HG&E and IHC staining images for (a) day 1 and (b) day 14 grafts, scale bar = 200 um.

surface was introduced. LhCG and dLhCG which were derived
from the porcine source ECM based on our previously pub-
lished protocol were chosen as the model xenografts. First of
all, in order to improve the adhesion of albumin on xenografts,
albumin was modified by dopamine, a mussel-inspired adhe-
sive via EDC/NHS coupling (Fig. 1a). The chemical structures
of intermediate product BCA and final product BCD were

J. Mater. Chem. B

determined by "H NMR (Fig. 1c). The appearance of signals at
3.5 ppm of -COCH,- and 1.1 ppm of -CH,COOH confirmed the
successful introduction of citric acid onto BSA. Moreover, the
appearance of signal at 3.2 ppm of -NH-CH,-CH,- confirmed
the successful modification of BCA by dopamine. Subsequently,
the feasibility of BCD coating formation was tested on a cover-
slip and confirmed with an increase in the water contact angle

This journal is © The Royal Society of Chemistry 2020
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of the coverslip surface from 0° to 60.9° + 0.6° after being
coated with BCD (Fig. 1d).

Characterization of BCD coating on grafts was conducted by
fluorescent microscopy and XPS. First of all, BCD was labeled
with FITC by chemical reaction. Briefly, the isothiocyanate
group on FITC reacted with amino groups on BCA to obtain
intermediate polymer BCA-FITC. Then BCD-FITC was synthe-
sized through an EDC/NHS coupling between BCA-FITC and
dopamine (Fig. 2a). The successful labeling was confirmed by
using a UV-vis spectrometer. The absorption at around 280 nm
and 500 nm belong to the absorption of protein and bound
FITC, respectively. The ratio of fluorescein to final protein
product (F/P) could be estimated by measuring absorbance at
the two wavelengths. The F/P ratio is determined as the moles
of FITC to moles of protein. The F/P ratios of BCA-FITC and
BCD-FITC were 2.2 and 1.5 respectively and calculated based on
absorbance at around 280 nm and 500 nm (Fig. 2b and c)
according to eqn (1). BCD-FITC was further coated onto dLhCG
and LhCG, after which the samples were sectioned and observed
under a fluorescence microscope. As shown in the fluorescent
images, BCD was uniformly coated onto the surface of dLhCG
(Fig. 2d), while BCD was inclined to adhere to the cell membrane
of chondrocytes in LhCG (Fig. 2¢). The preference of BCD to the
cell surface compared to the matrix surface in LhCG was probably
caused by the mobility of the cell membrane. BCD was attached to
the cell membrane while moving along with the cell membrane
flow. Furthermore, XPS was carried out for analysis of surface
chemistry. dLhCG and LhCG are porcine derived ECM based
grafts, containing mainly collagen and glycosaminoglycan.>>*°
Collagen has abundant glycine residues which account for about
1/3 and proline residues but no tryptophan or cysteine,” while
albumin is relatively rich in cysteine.”” In this case, albumin has
more sulphur compared to collagen. According to Table 1, the
sulphur content of the dLhCG surface increased to 4.1% from
3.1% after being coated with BCD, while that of the LhCG surface
increased to 4.7% from 3.4% after being coated with BCD,
indicating the successful coating of BCD onto the graft surface.

This journal is © The Royal Society of Chemistry 2020

In addition, it is worth noting that phosphorus accounted for
1.9% on the BCD-LhCG surface, much lower than that on the
LhCG surface (3.8%) and comparative to that of dLhCG (1.3%)
and BCD-dLhCG (1.3%). dLhCG is constituted mainly by collagen
and glycosaminoglycan. BCD is a dopamine modified albumin.
The cell membrane has a phospholipid bilayer structure. In this
case, the cell membrane was the primary source of phosphorus,
contributing to the higher phosphorus content in LhCG than
dLhCG and BCD-dLhCG. What is more, the lower phosphorus
content on the BCD-LhCG surface than the LhCG surface was in
accordance with the fluorescence microscopy result that BCD was
inclined to adhere to the cell membrane in LhCG (Fig. 2e).

Only when the BCD coating survives at least until cells migrate
in and proliferate, the BCD coating will work for immune evasion.
In this case, the durability of BCD coating on xenografts should be
paid attention. As shown in Fig. 4a and b, there was a decrease of
BCD content on day 7, which might be caused by the removal
of the nonspecific absorption of BCD on dLhCG and LhCG.
However, after day 7, the BCD content on both LhCG and dLhCG
became quite stable with no obvious decrease observed as time
went by. The BCD coating was stable for at least 21 days on dLhCG
and LhCG, which guaranteed its use as a disguise for alleviation of
acute immune and inflammatory responses.

The morphologies of dLhCG, BCD-dLhCG, LhCG and BCD-
LhCG were measured under the SEM. A porous structure was
observed in dLhCG (Fig. 4¢), while chondrocytes assembled in a
dried LhCG graft, resulting in a relatively densely packed
structure compared to dLhCG (Fig. 4d). BCD-dLhCG kept the
porous structure with BCD visible on the surface (Fig. 4e). It is
reported that physical properties like pore size> or stiffness®*
could affect the immune and inflammatory behavior and
resolution. The pore sizes of dLhCG and BCD-dLhCG are in
tens of microns which are large enough for inflammatory cells
to pass and infiltrate. Therefore, the effect of pore size herein
on immune and inflammatory responses could be eliminated.
Similar to LhCG, the clusters of chondrocytes were observed in
BCD-LhCG (Fig. 4f).
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After characterization of BCD coating on grafts in vitro,
in vivo evaluation of inflammatory and immune responses
were measured in a rat omentum implantation model. Great
omentum refers to layers of apron-like peritomeum surrounding
abdominal organs, which are sensitive to foreign bodies. It will
be more evident for the grafts not to elicit inflammatory and
immune responses if they survive in omentum. First of all, a
cytotoxicity test was conducted on dLhCG and BCD-dLhCG
before they were embedded into omentum. As shown in Fig. S1
(ESIt), there was a slight decrease in cell viability as time went
by but still over 85% chondrocytes were viable in both groups on
day 7. And there was no obvious difference in cell viability
between the dLhCG group and BCD-dLhCG group.

First of all, no hyperacute immune response occurred with
all rats alive. And it is worth noting that the LhCG graft
collected on day 14 was covered by blood coagulation, implying
a possible severe inflammation (Fig. 5a). Then pathological
analysis, IHC staining and PCR were applied for a further
assessment of inflammatory and immune responses at the cell,
protein and gene levels respectively.

Immune and inflammatory responses are highly coordi-
nated processes involving inflammatory cells. Neutrophils are
the first white blood cells to respond to inflammation activated
by foreign bodies, release factors to attract monocytes and
present antigens to activate T cells.>® Macrophages mainly carry
out phagocytosis and produce growth factors and cytokines
such as some pro-inflammatory cytokines like IL-6 and IL-1f.°
T cells are activated by antigen-receptor ligation as well as
signals from antigen-presenting cells and introduced mainly
to destroy cells which have been infected with antigens from
transplanted foreign bodies. Performances on acute immune
and inflammatory responses were evaluated in this study on
day 1 and day 14 since acute immune and inflammatory
responses reacted and deteriorated rapidly and would progress
into persistent chronic responses.*>

On day 1 post-implantation, LhCG induced the most severe
immune and inflammatory responses that were comparable to
that of the positive control PC. LhCG showed mild to moderate
neutrophil infiltration (Fig. 5b) observed mainly on the surface of
LhCG and surrounding tissues (Fig. 6a), moderate macrophage
infiltration (Fig. 5¢) with macrophages intensively distributed in
the surrounding tissues and sparsely distributed inside graft
(Fig. 6a), and mild lymphocyte infiltration (Fig. 5d) with T cells
distributed intensely on the surface of LhCG and sparsely
distributed inside the graft (Fig. 6a). There was an obvious
inflammation induced by dLhCG. dLhCG was infiltrated mildly
by macrophages and lymphocytes and more seriously by neutro-
phils (Fig. 5), indicating dLhCG was undergoing an early phase of
acute immune and inflammatory responses. Moreover, inflam-
matory cells were found all over the dLhCG graft, especially
neutrophils and macrophages (Fig. 6a). Both LhCG and dLhCG
elicit relatively severe immune and inflammatory responses
because of their xenogeneic source proteins in the ECM. The
more serious inflammation in LhCG than dLhCG was possibly
due to the extra antigens present on porcine chondrocytes
in LhCG leading to the recognition of foreign bodies.

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B

Furthermore, inflammatory cells were observed mainly on the
surface of LhCG and its surrounding tissues, while inflamma-
tory cells infiltrated in dLhCG were distributed mainly inside
the graft. It is because the porous structure, which was con-
firmed by SEM (Fig. 4c), provided dLhCG with a larger contact
surface area with tissues and more space for cells to migrate in.
By contrast, inflammation in the relatively densely packed
LhCG was observed mostly on the surface and surrounding
tissues on day 1 post-implantation. However, immune and
inflammatory responses were alleviated after coating xenografts
with BCD. There were minimal to mild neutrophils and lym-
phocytes observed only on the surface and a few macrophages
were found inside BCD-LhCG. The slight inflammation in
BCD-LhCG was probably caused by part of the antigens in the
ECM being exposed. According to in vitro fluorescent images
(Fig. 2e), there was a preference of BCD coating to adhere to cell
membranes, causing some part of the ECM exposed to tissues.
Moreover, there was nearly no inflammation in BCD-dLhCG
with minimal inflammatory cells infiltrated which was com-
parative to the performance of negative control RE.

On day 14 post-implantation, as the first inflammatory
cells to migrate in with short lifespan, number of infiltrated
neutrophils reduced to minimal in all grafts. LhCG exhibited
the most serious inflammation with mild to moderate macro-
phages infiltrated in LhCG (Fig. 5¢) especially at the interface of
graft and surrounding tissues (Fig. 6b), and moderate lympho-
cytes infiltrated (Fig. 5d) both inside graft and on the surface of
surrounding tissues (Fig. 6b). dLhCG also induced obvious
immune and inflammatory responses which were comparative
to that of positive control PC. Mild to moderate macrophage
and lymphocyte infiltration (Fig. 5¢ and d) were observed inside
dLhCG (Fig. 6b). What is more, BCD was proved to work as a
stealth coating for xenografts to evade from immune recogni-
tion with inflammatory cells nearly invisible in BCD-LhCG and
BCD-dLhCG grafts.

Immune and inflammatory responses at a gene level were
evaluated followed by evaluation at cell and protein levels.
Inflammation related gene expressions including MCP-1, IL-6
and IL-1B were measured. Inflammation related cytokines
including MCP-1, IL-6 and IL-1P are another significant indi-
cator of immune and inflammatory responses. MCP-1 regulates
the activation of monocytes and macrophages with monocytes/
macrophages as the main source of MCP-1.>” 1L-6 is a well-
recognized pro-inflammatory cytokine, contributing to the
recruitment of neutrophils, monocytes and T cells and differentia-
tion of monocytes to macrophages.®® IL-1p is another important
pro-inflammatory cytokine affecting the pathway of the inflamma-
tory reaction.”® MCP-1 expression of grafts was roughly in accor-
dance with the trend of macrophages infiltrated. LhCG showed the
highest MCP-1 expression on day 1 post-implantation, followed by
PC and then dLhCG. MCP-1 was expressed in BCD-LhCG whose
signal was weak but still slightly visible on agarose gel. By contrast,
MCP-1 expression was negligible in BCD-dLhCG and RE. 14 days
later, LhCG and dLhCG, similar to PC, showed much higher
MCP-1 expression compared to that of BCD-LhCG, BCD-dLhCG
and RE. Moreover, it is reported that MCP-1 was secreted
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mainly by pro-inflammatory M1 macrophages instead of anti-
inflammatory M2 macrophages,” indicating that the gene
expression value of MCP-1 could to some extent reflect M1
macrophage infiltration conditions. According to results in
Fig. 7a and e, LhCG showed high M1 macrophage recruitment
on both day 1 and day 14 which were even higher than those of
positive control PC. M1 macrophage infiltration in dLhCG
became more severe on day 14 compared to day 1. There were
M1 macrophages infiltrated in the BCD-LhCG graft on day 1 but
areduced level was observed after 14 days. For BCD-dLhCG and
negative control RE, M1 macrophages remained low in recruit-
ment on both day 1 and day 14 based on MCP-1 expression.
Furthermore, PC, dLhCG and LhCG showed a high expression
value in genes encoding other two pro-inflammatory cytokines
IL-6 and IL-1f on both day 1 and day 14 post-implantation.
However, the expression of genes encoding pro-inflammatory
cytokines was reduced or even undetectable after coating
xenografts with BCD, which was comparative to the results of
negative control RE and indicated that BCD could work for
immune evasion. However, it is worth noting that MCP-1
expression on day 1 post-implantation and IL-1f expression
on day 14 post-implantation in BCD-LhCG were reduced com-
pared to LhCG but still detectable, implying that slight immune
and inflammatory responses were induced due to the exposed
antigens on the porcine ECM possibly caused by the uneven
coverage of BCD on LhCG.

5. Conclusions

In this study, a novel and facile method for immune evasion of
xenografts was developed by coating non-sticky albumin. The
immune evasion potential of albumin was extended to the
tissue engineering field. First of all, albumin was successfully
modified by dopamine via EDC/NHS coupling for the enhance-
ment of adhesion on grafts. LhCG and dLhCG fabricated
based on our previous published protocol were chosen as the
xenograft models. Dopamine modified albumin (BCD) was
uniformly coated onto the surface of dLhCG, while BCD was
more inclined to adhere to the cell membrane compared to the
ECM in LhCG according to fluorescence images. The increase
in sulphur of BCD-LhCG and BCD-dLhCG compared to LhCG and
dLhCG respectively further confirmed the successful coating of
BCD on the grafts. Moreover, BCD coating remained stable on
both LhCG and dLhCG for at least 21 days, despite a decrease on
day 7 compared to day 1. Acute immune and inflammatory
responses were evaluated at cell, protein and gene levels by
pathological assessment, IHC staining and PCR, respectively.
LhCG showed the most serious inflammation, followed by dLhCG.
However, BCD coating was proved to effectively attenuate
immune and inflammatory responses with significantly
reduced inflammatory cells infiltrated and lower gene expres-
sion encoding inflammation related cytokines. Slight immune
and inflammatory responses were observed in BCD-LhCG due
to the possible exposed antigens on the ECM, while inflamma-
tion was negligible in BCD-dLhCG. In summary, albumin
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coating works for alleviation of acute immune and inflamma-
tory responses induced by LhCG and dLhCG, which could be
further applied to other xenografts. In the long run, future
investigations will focus on regeneration of stabilized albumin
coated engineered xenografts.
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