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1 Introduction

Dopamine based adhesive nano-coatings on
extracellular matrix (ECM) based grafts for
enhanced host—graft interfacing affinity+t

Chao Tao,*® Min Jin,® Hang Yao*© and Dong-An Wang (& x4

Interfacing affinity between grafts and host tissues is an urgent issue that needs to be addressed for the
clinical translation of tissue engineered extracellular matrix (ECM) based grafts. Dopamine is known as a
universal adhesive, the catechol groups on which could form chelating bonds with metal ions. Herein we
developed an adhesive nano-coating on ECM based grafts which could crosslink in situ with ferric ions
for fixation with surrounding tissues after implantation without affecting the porous structures of the
grafts. Therefore, decellularized living hyaline cartilage graft (dLhCG), a model ECM-based graft, with
dopamine based natural biological material adhesive coatings was manufactured to address the interfa-
cing affinity issue between ECM-based grafts and cartilage. A macromolecule backbone was needed for
the coating material to avoid the formation of a rigid crosslinking system and adverse effects caused by
small molecules of dopamine. Chondroitin sulfate (CS), a cartilage derived sulfated GAG, was chosen as
the backbone to fabricate dopamine modified CS (CSD) with no impurities introduced to the joint.
Dopamine modified serum albumin (BCD) was also chosen for the favorable biocompatibility of albumin.
Both dLhCG coated with CSD and dLhCG coated with BCD showed enhanced adhesive strength with
cartilage after chelating with ferric ions in situ compared to dLhCG and further potential in improving the
interfacing affinity of dLhCG with cartilage.

graft (dLhCG).>™" Unlike wound closure, it is crucial to pre-
serve the porous structures of implanted grafts when adhesives

Integration or fixation of grafts or devices to tissues is a big
challenge for successful implantation from a clinical
perspective."”> For example, it is reported that dislocation of
implanted mesh in a preperitoneal mesh hernia repair would
remarkably increase the recurrence rate.> Furthermore, incom-
plete immobilization in transplantation will result in graft
failure. Extracellular matrix (ECM)-derived xenografts are
proved to be desirable tissue engineering scaffolds with a
porous structure, a hospitable microenvironment for cells to
attach and proliferate with abundant donating sources. For
example, our group has developed an ECM based tissue engin-
eered xenograft called decellularized living hyaline cartilage
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for fixation of grafts are applied. Therefore, the current com-
mercially-available and commonly used fibrin glue, TISSEEL,
with a mechanism inspired by clotting with two components,
thrombin and fibrinogen,'> might not be sufficient for the fix-
ation of ECM based grafts. Various kinds of absorbable or
non-absorbable sutures,"* ¥ staples'® and adhesive tapes were
available for fixation of grafts or medical devices such as skin
grafts, vascular grafts and cardiac grafts. However, sutures and
staples are limited in damaging surrounding tissues, eliciting
inflammatory responses, scar tissue formation and possible
anesthetics administration.”® Moreover, sutures and staples
are not applicable for porous, sponge-like ECM based grafts
due to the damage caused to the structure and challenge of
the surgeon skills. Adhesive tapes are used in limited appli-
cation in wet and hairy areas.”’ Therefore, an adhesive to
enhance the adhesion between grafts and tissues with an
interpenetrating crosslinking structure by chemical reactions
or physical interactions with good biocompatibility and less
impurities needs to be developed.

Existing biomaterials studied for grafts’ or devices’
adhesives or glues>*™° covered proteins such as fibrin,*®
gelatin,®*?* and albumin,* polysaccharides®*> such as
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dextran and chitosan and synthetic polymers such as poly
(ethylene glycol) (PEG) and®*™® polyurethanes (PU),*® which
are biocompatible with sufficient mechanical strength.
Moreover, adhesives should be capable of adhering to sur-
rounding tissues by chemical bonds, interpenetration or physi-
cal linkage such as hydrogen bonds.* Binding of adhesives to
tissues could be ascribed to covalent bonds formed, for
example, between cyanoacrylate adhesives*® or aldehydes on
dextran’' and amines on the lysine of tissue proteins, and
adhesion could also be achieved by an interpenetrating
network formed between the polymerized or crosslinked
adhesives and extracellular proteins in the tissue.*” Synthetic
polymers or functionalized natural polymers with reactive
groups could polymerize or crosslink in situ initiated by photo,
heat, hydrolysis or crosslinkers and generate an interpenetrat-
ing network with tissue proteins, achieving adherence with
surrounding tissues. However, irradiation is usually needed for
polymerization and crosslinking, resulting in limitation in
applicable areas in the bodies, and the free radicals produced
in the polymerization would be harmful to healthy tissues.

Bio-inspired adhesives including mussel-inspired, gecko-
inspired*® and endoparasitic worm-**inspired adhesives have
been paid attention in recent years.>’ The association of cate-
chol and amine was believed to contribute to the adhesion of
mussels, which inspired the synthesis of various kinds of cat-
echolamines. Mussel-inspired adhesives have drawn more and
more attention due to their biocompatibility, strong and non-
selective adhesion to various surfaces. Among mussel-inspired
catecholamines, dopamine was widely used due to its low cost
and simple structure. Although not well established, according
to existing theories, the adhesion and cohesion of dopamine
originated from self-polymerization/oxidation to polydopa-
mine in a mild alkaline environment initiated by oxygen.*®
The adhesion was widely believed to be resulted from n-n
stacking, van der Waals forces and hydrogen bonding.*’
Moreover, it is reported that chelating bonds between the cate-
chol groups on polydopamine and metals or metal oxides were
formed and would strengthen the adhesion.*

Moreover, an additional procedure of gluing grafts to sur-
rounding tissues needs to be conducted during the surgery,
which increased the technical complexity and operation time.
We thereby considered introducing adhesive tissue-engineered
grafts to have the grafts fixed in the defects in situ by simply
adding ferric ions.

Polydopamine is a promising candidate as a tissue adhesive
material. Our group has developed two kinds of dopamine-
functionalized tissue bio-adhesives with bovine serum
albumin (BSA)** and chondroitin sulfate (CS)*® as backbones,
respectively. The oxidation of dopamine in a mild basic
environment and chelating bonds between catechol groups
and ferric ions endowed them with adhesive properties. Tissue
bio-adhesives showed sound seroma prevention and liver
hemorrhage repair with excellent biocompatibility and poten-
tial in diverse surgical applications such as incision closure.
However, polydopamine based adhesives were mainly investi-
gated for wound closure currently. Due to diverse interactions
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derived from the catechol groups, we introduced and designed
adhesive ECM-based grafts with nano-coatings, in which
adhesion was based on the oxidation/polymerization of cate-
chol groups and cohesion was based on chelation with ferric
ions. Thereby, the integration of grafts with surrounding
tissues can be achieved by simply adding ferric ion solution
during the surgery. The surgery process can be simplified by
combining bio-adhesives and grafts pre-surgery. Moreover,
adhesive coatings are nanoscale in size and will not affect the
porous structures of the grafts. Cells will migrate, proliferate
and develop in the grafts post-implantation. Therefore, after a
period of time post-implantation, the grafts will finally inte-
grate with surrounding tissues through the ECM secreted by
migrated cells and help in tissue regeneration. In summary,
the adhesive nano-coatings work as bio-adhesives during the
surgery and in the early stage of regeneration to enhance the
interfacing affinity between grafts and surrounding tissues.

In this study, two kinds of adhesive prepolymer based on
dopamine with CS and SA as the backbone were coated on
dLhCG and chelated with ferric ions in situ for the enhance-
ment of the interfacing affinity of dLhCG in cartilage defects
without affecting the porous structure of dLhCG. The basic
idea illustrating this technique is shown in Fig. 1. A polymer
backbone was needed to eliminate the small molecules of
dopamine which may be detrimental to human and avoid the
formation of a rigid crosslinking structure. CS, a cartilage
derived sulfate glycosaminoglycan (GAG), was used as the
main chain with no impurities introduced. Moreover, another
kind of natural biological material SA, a commonly used bio-
compatible protein, was also used as the backbone. The
adhesive dLhCG was evaluated from aspects including mor-
phology, adhesion strength and cytotoxicity.

2 Materials and methods
2.1 Materials

All the chemicals were purchased from Sigma Aldrich unless
otherwise mentioned. 1x phosphate buffered saline (PBS) was
purchased from Gibco. Tris-HCI buffer (1.0 M, pH = 8.8) was
purchased from 1st Base Pte Ltd, Singapore.

2.2 Preparation of dopamine modified chondroitin sulfate
(CSD) and dopamine modified albumin (BCD)

Dopamine modified chondroitin sulfate (CSD) was prepared
based on an N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide ~ (EDC/NHS) coupling
reaction.*® First, 0.5 g of chondroitin sulfate sodium salt (CS)
was dissolved in 1x PBS and transferred to a two-neck flask.
Then EDC (0.17 g) and NHS (0.12 g) were added and the car-
boxyl groups were activated for 1 h under N, protection at
37 °C with pH 5.5. 0.23 g of dopamine hydrochloride in 1x
PBS was subsequently added followed by another 1 h of N,
bubbling to remove oxygen in the system and avoid the oxi-
dation of dopamine during the reaction. The mixture reacted
under N, protection at 37 °C with pH 5.5 for 6 h. The final
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Fig. 1 Schematic illustration of the technique design.

product CSD was collected and dialyzed against deionized (DI)
water for 2 days followed by freeze-drying (BT48, Millrock
Technology Inc, USA).

Dopamine modified albumin (BCD) was also prepared
based on an EDC/NHS coupling reaction.®® First, 0.5 g of citric
acid (CA) was dissolved in 1x PBS and added to a one-neck
flask followed by the addition of 0.4 g of EDC and 0.3 g of
NHS. 1.85 g of bovine serum albumin (BSA) in 10 of mL 1x
PBS was added dropwise afterwards. The mixture reacted
under N, protection at 37 °C with pH 5.5 for 6 h. The prepoly-
mer BCA was obtained after dialysis and freeze-drying of the
reaction mixture. Subsequently, BCA (0.75 g) was dissolved in
1x PBS and transferred to a two-neck flask with an N, inlet.
EDC (0.52 g) and NHS (0.38 g) were added, after which the car-
boxyl groups were activated for 1 h with pH 5.5. Then dopa-
mine hydrochloride (0.63 g) was dissolved in 1x PBS and
added to the mixture after 1 h of N, bubbling to remove
oxygen in the system and avoid the oxidation of dopamine
during the reaction. The mixture reacted under N, protection
at 37 °C with pH 5.5. The final product BCD was obtained after
dialysis against DI water for 2 days and lyophilization.

Chemical structures of the products mentioned above were
characterized by attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy (PerkinElmer Spectrum One)
and proton nuclear magnetic resonance (‘H NMR) spec-
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troscopy (Bruker Avance II 300 MHz NMR) with deuterium
oxide (D,O) as the solvent.

2.3 Fabrication of decellularized living hyaline cartilage graft
(dLhCG)

dLhCG was fabricated according to our previous publica-
tions.”*" Porcine chondrocytes were collected from porcine
cartilage and embedded in alginate hydrogel together with
gelatin microspheres. Chondrocytes grew and proliferated in
the 3D hydrogel, secreting the ECM for graft establishment.
Removal of alginate hydrogels was carried out using sodium
citrate solution. Afterwards, LhCG was collected and decellu-
larized by physical, chemical and enzymatic methods for the
fabrication of dLhCG.

2.4 Fabrication of CSD or BCD coated dLhCG and chelation
with Fe*" ions

dLhCG was immersed in CSD (200 mg mL™") or BCD (50 mg
mL™") solution in Tris-HCI buffer (10 mM, pH 8.5) at room
temperature (RT) for 1 h, one group of which was immersed in
150 pL solution without washing (C/B-dLhCG-no wash), while
the other group was immersed in 500 pL solution and washed
three times with DI water after coating (C/B-dLhCG-wash). The
weights of dLhCG both before and after coating were recorded

This journal is © The Royal Society of Chemistry 2021
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to calculate the mass of CSD or BCD. CSD or BCD coated
dLhCG was freeze-dried and kept at 4 °C for further use.
C/B-dLhCG-wash or C/B-dLhCG-no wash swelled in Tris-
HCI buffer (10 mM, pH 8.5) first, after which FeCl; of certain
concentration was added for chelation of CSD/BCD with Fe*"
and chelated C/B-dLhCG-wash (CFe/BFe-dLhCG-wash) or
C/B-dLhCG-no wash (CFe/BFe-dLhCG-no wash) was prepared.

2.5 Dynamic light scattering (DLS)

DLS was conducted for the measurement of the size distri-
bution of CSD or BCD in aqueous solution. The size distri-
bution of BSA and CS was also measured as a control. The
samples were dissolved in DI water before measurement.

2.6 Atomic force microscope (AFM)

The surface nanostructure of CSD or BCD coating was
observed using an AFM (Agilent 5500 AFM, USA) in contact
mode. CSD or BCD was dissolved in Tris-HCI buffer (10 mM,
PH 8.5), coated on a mica surface and dried at RT overnight
before observation.

2.7 Water contact angle

CSD or BCD was dissolved in Tris-HCI buffer (10 mM, pH 8.5),
coated on a porcine cartilage surface and dried at room temp-
erature for 2 h. The water contact angles of CSD or BCD coated
porcine cartilage surfaces and uncoated surface were measured
on a Kruss DSA25 Contact Angle Analyzer with a 5 pL DI water
drop for evaluating the feasibility of CSD or BCD to form a
coating on dLhCG.

2.8 Morphology of grafts

The morphology of grafts was observed by scanning electron
microscopy (SEM, JEOL JSM 6700F, Japan). All samples were
freeze-dried and coated with platinum by sputtering (JFC-1600,
JEOL Asia Pte. Ltd, Japan) for 150 s at 10 mA before
observation.

2.9 Lap shear strength test

First of all, the adhesion of two slices of cartilage with CSD or
BCD as adhesives was measured for comparison and for
optimization of the CSD or BCD concentration, Fe** concen-
tration and incubation time. CSD or BCD in Tris-HCl buffer of
certain concentration (500 mg mL~", 200 mg mL™', 100 mg
mL™" and 50 mg mL™") was mixed with FeCl; Tris-HCI buffer
solution of certain concentration (200 mM, 100 mM, 50 mM
and 0 mM) in situ on one slice of cartilage, after which the two
slices of cartilage were glued together. Subsequently, the
adhesive was dried in situ with a hair dryer for 20 min. Then
the samples were kept at 37 °C under a high humid atmo-
sphere by incubation in a water bath, but not immersed in
water for 15 min, 1 h and 3 h, respectively.>*3?%0748

The adhesion between CFe-dLhCG or BFe-dLhCG and carti-
lage was measured by a lap shear strength test. First, two slices
of cartilage with a dimension of around 2 mm x 8 mm x
20 mm were collected from commercially available porcine
bones. The exposed surface of cartilage was shaved with a

This journal is © The Royal Society of Chemistry 2021
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knife to mimic the cartilage surface of osteoarthritis patients
and used for adhesion. A hole with a diameter of 6 mm was
punched on one slice of cartilage and filled with dLhCG or
dLhCG with adhesive nano-coatings. C/B-dLhCG was swelled
with Tris-HCI buffer (10 mM, pH 8.5) in situ first followed by
the addition of FeCl; in Tris-HCI buffer. Then the other slice
of complete cartilage was adhered to the one embedded with
CFe/BFe-dLhCG. Afterwards, the adhesive was dried in situ
with a hair dryer for 20 min. Then the samples were incubated
at 37 °C in a water bath without immersion in water for 3 h.
C/B-dLhCG and dLhCG infiltrated with only Tris-HCI buffer or
FeCl; in Tris-HCI buffer were also tested as controls.

The lap shear strength test was conducted on a tensile
meter (5543 Tensile Meter) and is shown in Fig. 7a.

2.10 In vitro cytotoxicity

In vitro cytotoxicity of CFe-dLhCG and BFe-dLhCG on chondro-
cytes was evaluated using a cell proliferation reagent WST-1
assay kit (Sigma Aldrich, Singapore). First, chondrocytes were
cultured in 96 well plates (2500 cells per well) and incubated at
37 °C in an incubator in contact with CFe-dLhCG and BFe-
dLhCG for 1 d, 4 d and 7 d, respectively. 10 pL of WST-1 was
added to a 100 pL culture medium at the corresponding time
points and incubated together with chondrocytes for 3 h at
37 °C in a CO, incubator. The absorbance of the incubated
mixture was measured and calculated on a microplate reader
(Thermo Electron Corporation, USA) based on the manufac-
turer’s protocol. The cytotoxicity of dLhCG and C/B-dLhCG
was also evaluated as controls.

3 Results
3.1 Characterization of CSD and BCD

From the DLS results, the size of BCD (Fig. 2b) was mainly dis-
tributed at around 8 nm with a slight increase compared to
that of BSA (Fig. 2a). The size of CSD (Fig. 2d) was mostly dis-
tributed at around 75 nm with an obvious increase compared
to that of CS (Fig. 2¢) which was less than 2 nm in size. After
coating onto the mica surface, BCD and CSD showed nano-
structured surface morphologies with the topology of several
nanometers (Fig. 3).

CS was modified with dopamine via an EDC/NHS coupling
(Fig. S1at). The appearance of a peak at around 6.7 ppm in the
"H NMR spectrum of CSD which belongs to H on the benzene
ring of dopamine confirmed the successful addition of dopa-
mine to CS (Fig. S1bt). Moreover, the two peaks at around
2.8 ppm and 2.3 ppm in the "H NMR spectrum of CSD belong
to -CH,- of dopamine, further proving successful synthesis of
CSD. The synthesis of BCD has been discussed in our previous
studies.’**?

ATR-FTIR spectroscopy was also carried out for the determi-
nation of the chemical structures of CS, CSD, BSA and BCD.
The appearance of a peak at around 1549 cm™' in the
ATR-FTIR spectrum of CSD confirmed the existence of the
benzene ring belonging to dopamine on CSD (Fig. S2af).

Nanoscale, 2021,13,18148-18159 | 18151
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Fig. 2 The DLS results of (a) BSA, (b) BCD, (c) CS and (d) CSD, respectively.

However, there was no obvious difference in the ATR-FTIR
spectrum between BSA and BCD since BSA is a protein with
the benzene ring from units like tyrosine (Tyr) and phenyl-
alanine (Phe). The peak at around 1648 cm™" in the ATR-FTIR
spectra of BSA and BCD belongs to amide I of the protein,
while those at around 1285 cm™* and 1393 cm™* belong to
amide III (Fig. S2bt).

In order to evaluate the feasibility of CSD or BCD to form a
nano-coating on dLhCG, cartilage was used as the substrate
for wettability measurement. dLhCG was derived from chon-
drocytes, composed mainly of chondrocyte secreted ECM
which is rich in type II collagen and designed to reconstruct
the cartilage structure. Therefore, cartilage herein could mimic
dLhCG for the water contact angle test. The decrease of the
water contact angle of the cartilage surface from 77.9° + 2.2° to
32.8° + 3.5° after coating CSD confirmed the existence and suc-
cessful adhesion of CSD on cartilage (Fig. 4). Similarly, the
decrease of the water contact angle of the cartilage surface
from 77.9° + 2.2° to 60.2° + 5.8° after coating BCD confirmed
the existence and successful adhesion of BCD on cartilage

(Fig. 4).
3.2 Morphology of grafts

Chondrocytes’ migration into grafts after implantation is of
vital importance for cartilage repair and regeneration.
Therefore, whether the porous structure of dLhCG would be
blocked or not after coating with CSD or BCD needs to be
investigated.  Furthermore, both C/B-dLhCG-wash and
C/B-dLhCG-no wash were observed under SEM.

As is shown in the SEM images, dLhCG had a porous struc-
ture with a pore size of hundreds of microns. CSD macro-
molecules also had a porous structure (Fig. 5a and e). After

18152 | Nanoscale, 2021, 13, 18148-18159

coating with CSD, dLhCG remained porous with decreased
pore sizes (around tens of microns). In particular, a honey-
comb-like structure was observed on the surface of C-dLhCG-
no wash with a pore size of around tens of microns.

BCD showed a sheet-like structure under SEM (Fig. 6a and
e). BCD was observed twined on dLhCG for B-dLhCG-wash
(Fig. 6¢ and g) and accumulated on the surface of dLhCG in
the form of sheets for B-dLhCG-no wash (Fig. 6d and h). It is
worth noting that B-dLhCG-wash changed the least in pore
size in comparison with dLhCG.

TISSEEL, a widely used commercially available fibrin glue,
was also applied on dLhCG and observed under SEM. TISSEEL
consists of two main components, one of which is human
fibrinogen, a clottable protein, and the other of which is
human thrombin and it could clot and seal in seconds.
Although TISSEEL is nowadays a dominant sealant in market
with advantages of immediate and strong adhesion between
tissues for wound closing, its resultant coagulating clot
without a porous structure might block graft pores when
applied in tissue engineering for fixation of grafts, which leads
to failure in cell migration and finally failure of grafts and
makes it insufficient for tissue engineering. As is shown in the
SEM images in Fig. S3,f the porous structure of dLhCG after
covered with TISSEEL was blocked.

3.3 Lap shear strength

In order to quantify the interfacing affinity between grafts and
tissues and further evaluate the effect of the adhesive nano-
coatings, lap shear strength test was conducted. The adhesion
between grafts and cartilage was measured by lap shear test,
before which factors including the CSD or BCD concentration,
Fe*" concentration and incubation time at 37 °C in a water

This journal is © The Royal Society of Chemistry 2021
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bath were optimized by lap shear test between two slices of
cartilage.

For determination of the CSD or BCD concentration, the Fe>"
concentration and incubation time were fixed at 50 mM and 3 h,
respectively. It is shown in Fig. S4at that there was a decrease in
the lap shear strength when the BCD concentration was decreased
from 500 mg mL™"' to 200 mg mL™'. However, the lap shear
strength increased to 69.9 + 11.1 kPa and 78.3 + 10.0 kPa after the
BCD concentration was further decreased to 100 mg mL™" and
50 mg mL™", respectively. The highest lap shear strength (163.3 =
9.1 kPa) was achieved when the CSD concentration reached
200 mg mL™". CSD of the higher concentration (500 mg mL™)
and lower concentration (100 mg mL™" and 50 mg mL ") resulted
in a much lower lap shear strength with 38.4 + 3.9 kPa at 500 mg
mL™" and 9.4 + 0.3 kPa, 8.3 + 0.3 kPa at 100 mg mL™" and 50 mg
mL™", respectively (Fig. S4df). Therefore, 50 mg mL™" BCD and
200 mg mL ™" CSD were used for further optimization.

Nanoscale, 2021,13,18148-18159 | 18153
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Fig. 5 SEM images of (a and e) CSD, (b and f) dLhCG, (c and g) C-dLhCG-wash and (d and h) C-dLhCG-no wash under x300, x600 magnificent,

respectively.
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Fig. 6 SEM images of (a and e) BCD, (b and f) dLhCG, (c and g) B-dLhCG-wash and (d and h) B-dLhCG-no wash under x300, X600 magnificent,

respectively.

For determination of the Fe** concentration, 50 mg mL™"
BCD and 200 mg mL™" CSD were used with incubation time
fixed at 3 h. For 50 mg mL~" BCD, there was an increase in the
lap shear strength when Fe®" concentration was decreased
from 200 mM to 100 mM, after which a downward trend was
observed as the Fe*" concentration further decreased from
100 mM to 0, indicating 100 mM as the optimized Fe** concen-
tration with a lap shear strength of 136.2 + 14.8 kPa
(Fig. S4bt). As is shown in Fig. S4e,} the lap shear strength
increased as the Fe** concentration decreased from 200 mM to
50 mM with a peak value of 163.3 + 9.1 kPa at 50 mM. Then
CSD lost adhesion after the Fe*" concentration reached as low
as 10 mM. Moreover, 50 mg mL~" BCD by itself without chelat-
ing showed weak adhesion between cartilages (3.7 + 1.8 kPa),
while 200 mg mL™" CSD without chelating did not show poten-
tial as adhesive by itself.

Therefore, 200 mg mL™" CSD chelated with 50 mM FeCls
and 50 mg mL™" BCD chelated with 100 mM FeCl; were
chosen for optimization of the incubation time. Both showed
the strongest adhesion after 3 h incubation at 37 °C in a water
bath (Fig. S4c and S4ft). The lap shear strength became higher
as the incubation time prolonged for BCD. For CSD, little

18154 | Nanoscale, 2021, 13, 18148-18159

difference was observed in the lap shear strength after 15 min-
or 1 h incubation.

As a result, 200 mg mL™" CSD chelated with 50 mM FeCl;
and 50 mg mL™" BCD chelated with 100 mM FeCl; with an
incubation time of 3 h were chosen as the optimized working
conditions for adhesion.

With optimal working concentrations and incubation time
determined, the lap shear strength test between grafts and car-
tilage was conducted based on the model shown in Fig. 7a.
The lap shear strengths of dLhCG swelling solely in Tris-HCI
buffer or FeCl; solution of certain concentration (50 mM for
CSD related groups and 100 mM for BCD related groups) and
C/B-dLhCG were also measured as controls. Both CFe-dLhCG
and BFe-dLhCG showed an enhanced lap shear strength with
cartilage compared to dLhCG (Fig. 7b and c). In particular, the
lap shear strength between CFe-dLhCG-wash and cartilage
reached 72.6 + 8.3 kPa, while that of CFe-dLhCG-no wash with
cartilage was 70.9 + 19.6 kPa (Fig. 7b). Similarly, the lap shear
strength between BFe-dLhCG-wash and cartilage reached 55.2
+ 0.8 kPa, while that of BFe-dLhCG-no wash with cartilage was
62.3 + 9.4 kPa (Fig. 7c). Moreover, B-dLhCG exhibited a slightly
higher lap shear strength with cartilage (3.5 + 0.3 kPa) than

This journal is © The Royal Society of Chemistry 2021
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respectively (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

dLhCG (0.5 + 0.1 kPa), further confirming BCD’s adhesion by
nature. However, no obvious difference was found between
the samples that were washed and not washed before freeze-
drying during fabrication, which indicates that covering
dLhCG with accumulated CSD or BCD does not make any
difference compared to coating dLhCG with CSD or BCD
through adherence by dopamine. What’s worse, the accumu-
lated CSD or BCD on dLhCG would result in a reduced pore
size smaller than the washed samples according to SEM
images (Fig. 5 and 6). Therefore, CFe/BFe-dLhCG-wash was
selected for further investigations on the cells. C/B-dLhCG
and CFe/BFe-dLhCG in the following Section 3.4 and
Discussion refer in particular to C/B-dLhCG-wash and CFe/
BFe-dLhCG-wash, respectively.

3.4 Invitro cytotoxicity

In order to figure out if the CSD or BCD and ferric ions have
influence on chondrocyte viability and further the possibility
of medical use, in vitro cytotoxicity was measured by WST-1
based on the Fe** concentration and CSD/BCD concentration.
First of all, chondrocytes incubated together with dLhCG
showed viabilities of 103.0 + 6.3%, 106.1 + 24.4% and 106.2 +
10.4% on day 1, day 4 and day 7, respectively. The effect of
Fe** concentration on cytotoxicity involving 200 mM, 50 mM
and 10 mM was investigated and is shown in Fig. 8d-f. BCD
and CSD involved herein were fixed at 200 mg mL ™"
According to the results, the introduction of CSD or BCD did
not sacrifice much cytocompatibility of dLhCG, and showed
comparable cell viability between C-dLhCG and B-dLhCG in
general. However, when C/B-dLhCG chelated with 200 mM
FeCl;, chondrocyte viability remarkably reduced. Moreover,
there is an increase in chondrocyte viability with the decrease

This journal is © The Royal Society of Chemistry 2021

of the FeCl; concentration for BFe-dLhCG. As for CFe-dLhCG,
the cytotoxicity increased as the FeCl; concentration increased
on day 1. However, there was no obvious difference between
50 mM FeCl; and 10 mM FeCl;, which showed better cytocom-
patibility than 200 mM FeCl; on day 4 and day 7.

The effect of various CSD or BCD concentrations on cyto-
toxicity is shown in Fig. 8a—c. The FeCl; concentration involved
herein was fixed at 50 mM. For C-dLhCG and CFe-dLhCG, a
rough trend of the lower CSD concentration accompanying with
better cytocompatibility was observed. As for B-dLhCG and BFe-
dLhCG, the BCD concentration did not have obvious influence
on chondrocyte viability on day 1, while a BCD concentration of
50 mg mL™" showed mildly better performance than those of
100 mg mL ™" and 200 mg mL ™" on day 4 and day 7 in general.

4 Discussion

In this study, one problem of tissue engineering to be
addressed, the interfacing affinity of grafts on host tissues
which referred in particular to cartilage herein was paid atten-
tion to and investigated. Two bio-adhesive nano-coatings
developed by our group, CSD and BCD, were introduced in this
study and coated onto dLhCG to enhance the adhesion
between cartilage and dLhCG, a tissue-engineered cartilage
graft developed by our group. Adhesion and cohesion were
achieved after the addition of FeCl; and by the chelation
between catechol on dopamine and Fe** jons. By fabricating
bio-adhesive nano-coatings and further adhesive grafts, the
integration of grafts with surrounding tissues in the defects
can be achieved in situ by the addition of ferric ions instead of
preparing and applying bio-adhesives separately post-implan-

Nanoscale, 2021,13,18148-18159 | 18155
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tation. CS, a cartilage derived sulfate GAG, or BSA, a common
biocompatible plasma protein, were selected as the backbone
for the adhesives, respectively. Dopamine, a mussel-inspired
adhesive molecule, was introduced as a functional unit to carry
out adhesive studies by chelating with Fe** in an alkaline
environment. CS is an ideal backbone of adhesive aimed at car-
tilage tissue engineering since CS is cartilage-derived, which
indicates that no impurities will be introduced when CS is used.
BCD was also investigated considering its good performance as
a sealant.>® Dopamine can adhere to various surfaces through
oxidation/polymerization of catechol groups, which contributed
to the adhesion of BCD or CSD on dLhCG and cartilage sur-
faces. In addition, the cohesion of BCD or CSD was based on
chelation between catechol groups and ferric ions.

The oxidation/polymerization of catechol groups involves
both chemical and physical interactions, while the chelation
with ferric ions belongs to chemical interactions. It makes the
nano-coatings irreversible and stable both physically and
chemically due to the robust chemical bonds. The bio-adhesive
nano-coatings are bioabsorbable and can be digested by the

18156 | Nanoscale, 2021, 13, 18148-18159

host in vivo. However, after several weeks post-implantation,
the cells will migrate, proliferate and develop in the regener-
ated sites because of the favorable microenvironment created
by the ECM-based tissue-engineered grafts. Therefore, the
grafts will integrate with surrounding tissues by growth and
the ECM secreted by migrated cells several weeks post-implan-
tation, and the main target of the bio-adhesive nano-coatings
is to ensure the integration of grafts with surrounding tissues
in the early stage of tissue regeneration post-implantation.
First of all, CSD and BCD, whose chemical structures were
characterized by '"H NMR and ATR-FTIR spectroscopy, were
synthesized by EDC/NHS coupling. The appearance of a peak
at around 6.7 ppm in the "H NMR spectrum of CSD (Fig. S1b)
and the peak at around 1549 cm™" in the ATR-FTIR spectrum
of CSD (Fig. S2at) confirmed the existence of the benzene ring
belonging to dopamine on CSD. Moreover, the two peaks at
around 2.8 ppm and 2.3 ppm in the "H NMR spectrum of CSD
belonging to -CH,- of dopamine also proved the successful
synthesis of CSD. The chemical structures of BCD could be
referred to in our previous studies.’**® BCD and CSD were

This journal is © The Royal Society of Chemistry 2021
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around 8 nm and 75 nm in size, respectively, according to the
DLS results (Fig. 2) and demonstrated nanostructures as
surface coatings based on AFM images (Fig. 3).

CSD and BCD were designed to coat on dLhCG first by the
polymerization of dopamine in an alkaline environment.
Before coating CSD or BCD on dLhCG, the feasibility of CSD or
BCD to retain on the surface of dLhCG as a nano-coating was
investigated with the cartilage surface as a mimic of the
dLhCG surface. dLhCG, a chondrocyte-derived cartilage graft
composed mainly of the chondrocyte secreted ECM, was devel-
oped as a graft to restore the cartilage components and struc-
ture for cartilage tissue repair. However, its porous structure
made it difficult for surface analysis such as wettability test.
Therefore, the porcine cartilage surface, which shares similar
source and structure with dLhCG but is flatter, was chosen as
a mimic of the dLhCG surface for water contact angle test. The
decrease of the water contact angle of the cartilage surface
from 77.9° + 2.2° to 32.8° + 3.5° and 60.2° + 5.8° after coating
CSD and BCD, respectively, confirmed the existence and suc-
cessful adhesion of CSD and BCD on cartilage (Fig. 4).
Furthermore, it is also demonstrated that the adhesion of BCD
or CSD to dLhCG and the cartilage surfaces was achieved
through oxidation/polymerization of catechol groups.

Whether CSD or BCD coating will block the porous struc-
tures of dLhCG or not is the first issue that should be taken
into consideration. After determining the structures of CSD
and BCD and their feasibility to form coatings on dLhCG, we
carried out SEM observation for morphology characterization.
It is observed that CSD had a porous structure while BCD had
a sheet structure. The pore size of dLhCG decreased to tens of
microns from hundreds of microns with CSD coating,
especially C-dLhCG-no wash. C-dLhCG-no wash was observed
with a honeycomb-like structure (Fig. 5d and h). BCD was
detected twining on dLhCG from the SEM images of B-dLhCG-
wash (Fig. 6¢ and g) and accumulated on dLhCG sheets by
sheets from the SEM images of B-dLhCG-no wash (Fig. 6d and
h). A decrease in the pore size of B-dLhCG-wash and B-dLhCG-
no wash was also observed but not as obvious as those of
C-dLhCG-wash and C-dLhCG-no wash.

The adhesive strength between grafts and cartilage was
investigated in the form of the lap shear strength, before
which the working concentration of CSD or BCD and Fe*" and
the incubation time at 37 °C in a water bath were optimized.
An optimization was necessary in that adhesion was mainly
achieved by chelating between Fe®** with catechol groups on
dopamine, and the chelation structure was reported to be one
ferric ion bond with three catechol groups.>® An optimal com-
bination of the CSD or BCD concentration and Fe®" concen-
tration should be found. For the BCD concentration, adhesion
became generally stronger as the BCD concentration decreased
from 500 mg mL™' to 50 mg mL™" (Fig. S4at), thus 50 mg
mL ™" BCD with a highest lap shear strength of 78.3 + 10.0 kPa
was chosen as the working concentration, after which a Fe*"
concentration of 100 mM was chosen (Fig. S4b¥). For the CSD
concentration, the strongest adhesion (163.3 + 9.1 kPa)
appeared when 200 mg mL ™" CSD was applied (Fig. S4d) with

This journal is © The Royal Society of Chemistry 2021
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a Fe’" concentration of 50 mM (Fig. S4ef). Moreover, the
adhesive strength was enhanced with an increased incubation
time (Fig. S4c and S4f¥). Finally, an incubation time of 3 h was
chosen.

The optimized working concentration and incubation time
were applied further in the measurement of the adhesive
strength between dLhCG and cartilage. dLhCG with both CSD
coating and Fe®* chelating showed an enhanced adhesive
strength of over 70 kPa with CFe-dLhCG-wash of 72.6 + 8.3 kPa
and CFe-dLhCG-no wash of 70.9 + 19.6 kPa. Similarly, both
BFe-dLhCG-wash (55.2 + 0.8 kPa) and BFe-dLhCG-no wash
(62.3 £ 9.4 kPa) also showed enhanced adhesive strength.
However, no obvious difference was found between the two
kinds of process methods (wash and no wash), indicating that
covering dLhCG with accumulated CSD or BCD by an external
force would not contribute to better adhesive performances. It
might be due to the failure of contact and function of excess
CSD or BCD at the interfaces as an effective component.
Therefore, CFe-dLhCG-wash and BFe-dLhCG-wash were chosen
for further investigations with cells, and CFe/BFe-dLhCG
shown in Fig. 8 and further discussion involving in vitro cyto-
toxicity referred in particular to CFe/BFe-dLhCG-wash.
Moreover, it is worth noting that no obvious enhancement in
the adhesion strength was found by coating BCD or CSD only,
indicating that the cohesion was mainly based on chelation
between the catechol groups and ferric ions.

In vitro cytotoxicity of chondrocytes was studied to find out
the influences of the CSD or BCD concentration and Fe*" con-
centration on chondrocyte viability. As shown in Fig. 8, higher
cell viability was observed with a lower FeCl; concentration
from 200 mM to 10 mM in BFe-dLhCG. B-dLhCG showed rela-
tively higher cytotoxicity than BFe-dLhCG with 10 mM Fe** on
day 1 and day 4, which might be caused by the release of BCD
solution to the medium in the first few days considering the
small sheet-like structure of BCD (Fig. 6a and e). There was
generally an increase in chondrocyte viability with a decreased
FeCl; concentration from 200 mM to 0 in CFe-dLhCG. The
50 mM FeCl; concentration samples and 10 mM FeCl; concen-
tration samples showed similar cell viability on day 4 and day
7 for CFe-dLhCG. As is shown in Fig. 8, chondrocyte viability
was slightly weakened by CSD of a higher concentration but
was nearly not affected by the BCD concentration in general.
dLhCG was derived from chondrocytes and created a favorable
microenvironment for cells. Therefore, according to the results
for CFe/BFe-dLhCG, the ferric ion’s concentration plays a rela-
tively more significant role in cytotoxicity compared to the
CSD or BCD concentration.

In this study, the dLhCG graft coated with adhesive nano-
coatings CSD and BCD retained significantly enhanced
adhesion with surrounding cartilage tissues in a highly humid
environment (via incubation at 37 °C in a water bath) without
immersion in water phase; nevertheless, to keep the adhesive
strength in water phase remains an unsolved challenge for
hydrophilic tissue adhesives due to the effect of water swelling,
which has drawn extensive attention of researchers over
decades.>'"*° Nowadays, the introduction of hydrophobicity in
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adhesive gels or fibers has been emphasized for underwater
adhesion.®® Accordingly, we propose to introduce hydro-
phobic components in the design of future research as a water-
proof agent for the adhesive nano-coating to maintain the
high adhesion in an underwater environment.

5 Conclusion

In this study, CSD and BCD were coated onto dLhCG as adhesive
nano-coatings, respectively, for further fixation with cartilage by
the addition of ferric ions. CS, a cartilage derived sulfated GAG,
was chosen as the main backbone, which would introduce no
impurities for cartilage tissue engineering. BSA, a universal bio-
compatible plasma protein, was also used as the main back-
bone. Dopamine was introduced on CS and BSA, the catechol
groups on which can polymerize with existence of oxygen and
chelate with ferric ions in an alkaline environment. CSD and
BCD were attached to dLhCG first mainly via the self-polymeriz-
ation of dopamine. Then CSD or BCD coated dLhCG was fixed
in defects of cartilage by the addition of Tris-HCI buffer (10 mM,
pH 8.5) and ferric ions to form an interpenetrating network for
adhesion. Both CFe-dLhCG (up to 70 kPa) and BFe-dLhCG (up
to 55 kPa) showed enhanced adhesive strength with cartilage
compared to dLhCG. In summary, CSD is superior as an
adhesive nano-coating for graft fixation in retaining porous
structures, introducing no impurities, enhancing adhesion
between grafts and surrounding tissues. BCD is another suitable
adhesive nano-coating for integrating grafts with surrounding
tissues in porous structures and favoring biocompatibility.
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