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ARTICLE INFO ABSTRACT

Keywords: Despite the immense need for effective treatment of spinal cord injury (SCI), no successful repair strategy has yet
Cytotoxicity ) been clinically implemented. Multifunctional biomaterials, based on porcine adipose tissue-derived extracellular
Extracellular matrix matrix (adECM) and reduced graphene oxide (rGO), were recently shown to stimulate in vitro neural stem cell
Graphene . - . . . . L
Nanocomposite growth and differentiation. Nevertheless, their functional performance in clinically more relevant in vivo con-
Macrophages ditions remains largely unknown. Before clinical application of these adECM-rGO nanocomposites can be

considered, a rigorous assessment of the cytotoxicity and biocompatibility of these biomaterials is required. For
instance, xenogeneic adECM scaffolds could still harbour potential immunogenicity following decellularization.
In addition, the toxicity of rGO has been studied before, yet often in experimental settings that do not bear
relevance to regenerative medicine. Therefore, the present study aimed to assess both the in vitro as well as in vivo
safety of adECM and adECM-rGO scaffolds. First, pulmonary, renal and hepato-cytotoxicity as well as macro-
phage polarization studies showed that scaffolds were benign in vitro. Then, a laminectomy was performed at the
10th thoracic vertebra, and scaffolds were implanted directly contacting the spinal cord. For a total duration of 6
weeks, animal welfare was not negatively affected. Histological analysis demonstrated the degradation of adECM
scaffolds and subsequent tissue remodeling. Graphene-based scaffolds showed a very limited fibrous encapsu-
lation, while rGO sheets were engulfed by foreign body giant cells. Furthermore, all scaffolds were infiltrated by
macrophages, which were largely polarized towards a pro-regenerative phenotype. Lastly, organ-specific his-
topathology and biochemical analysis of blood did not reveal any adverse effects. In summary, both adECM and
adECM-rGO implants were biocompatible upon laminectomy while establishing a pro-regenerative microenvi-
ronment, which justifies further research on their therapeutic potential for treatment of SCI.
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1. Introduction

Spinal cord injury (SCI) is a particularly devastating neurological
condition that results in the partial or complete loss of motor and sen-
sory function below the injury site. The pathophysiology of SCI is
complex, involving primary and secondary injury mechanisms. As a
direct consequence of the initial mechanical insult, disruption of tissue
integrity initiates a secondary injury cascade including hemorrhage,
inflammation, ischemia and neuronal and glial cell death. The later
stages of SCI are hallmarked by the formation of cystic cavities and the
glial scar, both potent inhibitors of regeneration, causing permanent
neurological deficits [1]. Due to the intricate organization of the spinal
cord and the multifaceted nature of SCI, no successful therapeutic
strategy has yet been clinically implemented [2]. Current experimental
research therefore aims to counteract multiple aspects of SCI, for
instance by pursuing neural re-innervation and immunomodulation [3,
4]. Multifunctional biomaterials, including nanocomposites [5,6], that
are capable of targeting various aspects of SCI, will likely be more
effective as a therapeutic strategy for this complex injury [7].

Naturally derived materials, such as decellularized extracellular
matrix (ECM), offer a variety of advantages for applications in neural
regenerative medicine [8]. These include inherent bioactivity, a high
degree of native ligand distribution, excellent biocompatibility and
biodegradability, and the ability to initiate neovascularization [9-11].
Adipose decellularized ECM (adECM) especially preserves almost all of
the native ECM proteins, including basement membrane proteins, that
are indispensable for tissue regeneration [12]. Within the context of
neural regeneration, controlled degradation of adECM would allow for
gradual replacement of lost tissue. However, since these naturally
derived matrices are highly biodegradable, further functionalization of
the scaffold is still required to match the biodegradation rate of these
matrices with the rate of tissue regeneration in situ. This can be realized
by harnessing the reinforcing effects of reduced graphene oxide (rGO)
[13]. The incorporation of rGO nanosheets into biomimetic constructs is
especially attractive, as this has the potential to increase conductivity
and offer various opportunities to stimulate electrically active neuronal
cells [14,15]. In terms of electrical properties at a local scale, these rGO
flakes exhibit electrical conductivity of about 10.1 Ss.m’! [16], which
was pointed out as a regulating factor for enhanced cell-ECM in-
teractions and cell-cell communication [17]. The role of rGO for neural
tissue engineering goes far beyond granting electroconductivity to the
scaffold. For instance, rGO scaffolds supported the formation of highly
interconnected neural cultures in vitro, rich in dendrites, axons and
synaptic connections, and facilitated the formation of myelinated axons
and mature blood vessels in vivo, indicative of the promising regenera-
tive features of rGO [18,19].

Distinctively from these previous approaches wherein the strategy
relied on rGO as a standalone, our group has developed a novel organic-
inorganic nanocomposite — adECM-rGO — where the rGO serves as the
building block supporting the adECM biochemical environment [20].
When probed between top and bottom, these composites were not
electrically conductive but rather presented differences in relation to the
rGO-free scaffolds in terms of local surface potential. Specifically,
adECM-rGO composites had a higher surface potential and a more
pronounced gradient of surface potential across the scaffold, stemming
from the spatial distribution of the adECM and rGO, their interaction
and interface [20]. Importantly, the adECM-rGO composites induced an
increased differentiation of neural stem cells into neurons, as compared
to the rGO-free scaffolds [20]. However, prior to applying
graphene-based materials (GBMs), such as adECM-rGO composites, in
preclinical SCI models, it is imperative to carefully validate the mate-
rials’ safety. Nonetheless, compared to the numerous early-stage
proof-of-concept studies found in literature, preclinical validation
studies are typically considered less novel and hence fall into an interest
gap [21]. In fact, preclinical safety validation is essential in the com-
mercial and clinical translation of promising therapies. It is generally
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recognized that the success of biomaterial-mediated therapeutics, such
as our adECM-rGO nanocomposite, critically depends on the material’s
cytotoxicity and the foreign body reaction (FBR), including immune cell
infiltration, tissue remodeling, and fibrous encapsulation [22,23]. The
xenogeneic porcine origin of the supportive adECM could still impose a
risk for immunogenicity due to inefficient decellularization or antigen
removal methods [24]. The toxicity of GBMs is governed by a variety of
physicochemical properties, such as size [25,26], surface chemistry
[27], or degree of reduction [28]. For instance, transcutaneous and
intraperitoneal injection of rGO demonstrated an attenuated FBR and
less chronic inflammation compared to similarly dosed graphene oxide
(GO), even though the reduced form was more rapidly infiltrated by
immune cells [29]. Next to that, the experimental model used along with
administration routes [29], dose [27] and frequency [30] all influence
the materials’ biocompatibility [13]. Importantly, the majority of safety
investigations involves an injection of GBMs, e.g. intravenous (iv), often
resulting in organ-specific biodistribution, accumulation and subse-
quent inflammation [31]. These investigations, however, are often not
relevant for applications in regenerative medicine. Here, GBMs would
typically be injected or implanted at specific target sites for extended
periods of time, which might result in completely distinct biocompati-
bility profiles [29]. Hence, a rigorous assessment of cytotoxicity, FBR,
and biodistribution is warranted to confirm the biocompatibility of
implanted GBMs, to pave the way for its clinical translation.

In this context, the present study focused on the in vitro and in vivo
safety validation of adECM and adECM-rGO scaffolds, in an experi-
mental setting that is highly relevant to neural tissue engineering stra-
tegies following SCI. Regarding in vitro testing, scaffold cytotoxicity
using multiple relevant cell types as well as macrophage polarization
towards M1 and M2 phenotypes were evaluated. For in vivo experi-
mentation, a laminectomy at the 10th thoracic vertebra was created in
rats. Both adECM and adECM-rGO scaffolds were subsequently
implanted to ensure direct contact with the spinal cord. Potential
adverse effects on animal welfare were monitored using a post-operative
care protocol to detect any signs of pain or distress, respiratory failure,
and dehydration, among others. Histological analysis was performed to
investigate the host-material interplay, including cell infiltration and
fibrous encapsulation. Finally, plasma analysis as well as histopatho-
logical assessment of relevant organs, such as the lungs and liver, were
performed to rule out any systemic or organ-specific toxicity. Overall,
our study provides critical insight into the safety of xenogeneic adECM-
rGO nanocomposites, which contributes to the advancement of these
materials as a novel therapeutic strategy to treat SCI.

2. Materials and methods
2.1. Fabrication of adECM and adECM-rGO solid foams

A commercial dispersion of GO nanosheets (0.4 wt%) in water
(Graphenea, San Sebastidn, Spain) was firstly dialyzed against distilled
water for 7 days to remove chemical impurities and freeze-dried to avoid
nanosheet agglomeration. The reduction of GO was thereafter per-
formed by thermal annealing at 200 °C for 30 min. The reduction degree
was characterized by X-ray photoelectron spectroscopy (XPS) using the
Phoibos 150 electron analyzer (SPECS, Berlin, Germany), in an ultra-
high vacuum system (pressure of 2 x 10~® Pa) using a normal emis-
sion take-off angle and 20 eV pass-energy and a monochromatic Al Ko
(1486.74 eV) X-ray source. Porcine adipose tissue-derived ECM (adECM,;
Tecnalia, San Sebastian, Spain) was obtained in a similar manner as
reported before [12]. Remnant DNA was analyzed using the Quant-iT
PicoGreen dsDNA assay (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Concerning adECM,
37.0 £+ 1.8 ng/mg remnant DNA was detected, well below the estab-
lished decellularization criteria of 50 ng DNA/mg dry weight. Total
protein content was measured using the Pierce BCA protein assay kit
(Thermo Fisher Scientific) and collagen content was assessed using the



K. Verstappen et al.

Sircol assay kit (Biocolor, Carrickfergus, UK), and both were similar to
previously published reports [12].

Scaffolds of adECM and adECM-rGO composites (50/50 wt%) were
fabricated by solid-liquid phase separation as previously described by
our group [20]. This concentration of rGO, i.e. 50 wt %, induced an
increased differentiation of neural stem cells into neurons and was
therefore selected for the present study [20]. In brief, rGO was thor-
oughly dispersed in 0.1 M of acetic acid by sonication. The adECM was
then added and dissolved for 48 h at a concentration of 10 mg mL ™",
Circular dichroism (CD) spectroscopy was performed to assess protein
conformational changes of adECM in acidic conditions. Data were
recorded with a J-815 CD spectrometer (JASCO, Easton, MD, USA)
equipped with a PTC-423S/15 Peltier accessory (JASCO) at 10 °C, using
a wavelength between 260 and 190 nm with increments of 0.5 nm and
an equilibrium time of 2 min. Crosslinking was induced by adding the
following coupling agents: 1-Ethyl-3-(3-dimethylaminopropyl)carbodii-
mide) (EDC) and N-hydroxysuccinimide (NHS) at a concentration of
EDC of 3.3 pmol per mg of adECM and an EDC:NHS molar ratio of 1.
After 2h, the solutions were cast on a 48 well plate using 450 pL of so-
lution per well, frozen at —20 °C overnight and freeze-dried for 2 days.
Following freeze-drying, scaffolds were thoroughly washed with
distilled water to remove any residual reagents and subproducts, and
freeze-dried again.

2.2. Physico-chemical characterization of adECM and adECM-rGO solid
foams

Morphological evaluation was performed by scanning electron mi-
croscopy (SEM; Hitachi TM4000 plus, Tokyo, Japan), at an accelerating
voltage of 15 kV. Additionally, X-ray microtomography (pCT; SkyScan
1275, Bruker, Billerica, MA, USA) was performed at the following con-
ditions: 25 kV, 160 pA with a rotation step of 0.2°, exposure time of 250
ms and nominal resolution of 6.0 pm. Reconstruction of pCT projections
was done in NRecon software (Bruker). The morphometric analysis
(porosity and pore size distribution) was conducted in CTan software
(Bruker). The macroscopic mechanical properties of scaffolds were
determined using an electromechanical material tester (MMT-101NV-
10, Shimadzu, Kyoto, Japan), by compressing the swollen scaffolds in
phosphate buffered saline (PBS) at a rate of 5 mm min .. Eight samples
were used for each scaffold type and compressive Young’s modulus was
calculated from the linear regime of the respective stress-strain curves.
Mechanical properties of both scaffolds were measured by oscillatory
shear rheology using a parallel-plate geometry (20 mm diameter, steel,
with a gap of 1 mm) of a HR 20 rheometer (TA Instruments, New Castle,
DE, USA). Stress amplitude sweeps were performed at a constance fre-
quency of 0.1 Hz to fix the amplitude parameter for each sample and to
ensure subsequent data were collected in the linear viscoelastic regime.
All measurements were made in duplicate at room temperature (RT) in
constant deformation control mode over a frequency range from 0.1 to
100 rad s, The viscoelastic behaviour of the adECM and adECM-rGO
scaffolds was measured at the selected amplitude of 0.02 Pa and scan-
ning the frequency (0.01-10 rad s™%) at this constant amplitude. Water
uptake capacity was analyzed by immersing the scaffolds (five samples)
in PBS for several periods of time (1, 2, 4, 8, 24 and 48 h) at 37 °C.
Swelling ratio was calculated according to eq. (1):

(WS' — WD)

W @

Swelling ratio =

where Wg and Wp, are the weights of the swollen and dried scaffolds,
respectively.

2.3. Cytotoxicity assessment of adECM and adECM-rGO scaffolds

Lung A549, liver HepG2, and kidney HK2 cells were cultured in
DMEM:F12 (Gibco, Paisley, UK), MEM containing sodium pyruvate
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(Gibco), or RPMI 1640 containing insulin-transferrin-sodium selenite
and hydrocortisone (Gibco), respectively. Culture media were supple-
mented with 10% fetal bovine serum (FBS; Gibco), 1 mM t-glutamine
(Lonza, Verviers, Belgium), 800 pg mL™ penicillin (Lonza), and 800 g
mL"! streptomycin (Lonza). To confirm cell morphology prior to cyto-
toxicity testing, cultures of each cell line were fixed and stained as
previously reported [12]. In brief, samples were stained with Alexa
Fluor 488-phalloidin (A12379; Thermo Fisher Scientific) and 3 pM
4'-6-diamidino-2-phenylindole (DAPI) for 5 min to stain filamentous
actin (F-actin) in green and cell nuclei in blue, respectively. Samples
were examined using a FV1200 confocal laser scanning microscope
(CLSM; Evident, Tokyo, Japan). Then, to determine potential cytotox-
icity following direct contact with scaffolds, both adECM or adECM-rGO
scaffolds were deposited on top of A549, HepG2, and HK2 confluent cell
monolayers for 1 and 7 days in a 5% CO5 humidified atmosphere at
37 °C, according to ISO 10993-5:2009. For each cell type, cell prolif-
eration was quantified at both timepoints using the Cell Counting Kit-8
(CCK-8; Sigma), according to the manufacturer’s instructions. Control
conditions included a blank (media only), positive (culture media with
cells), and a negative control (10% DMSO). For each condition, cell
proliferation was measured using four replicates, of which each replicate
consisted of six separate measurements.

2.4. Measurement of intracellular reactive oxygen species content and
TNF-a secretion of RAW-264.7 macrophages

To determine intracellular reactive oxygen species (ROS), both
adECM and adECM-rGO were deposited on top of RAW-264.7 macro-
phage confluent monolayers and cultured in DMEM, supplemented with
10% FBS, 1 mM L-glutamine, 800 pg mL™ penicillin and 800 pg mL™
streptomycin in a 5% CO2 humidified atmosphere at 37 °C for 1 day. In
parallel, control macrophages were cultured in the absence of scaffolds.
Intracellular ROS was determined as previously reported [12]. Flow
cytometric analysis was performed in three experiments, and each
sample contained at least 10.000 cells. Additionally, secretion of tumor
necrosis factor alpha (TNF-a) and interleukin 6 (IL-6) by RAW-264.7
macrophages cultured for 1 day in direct contact with both adECM
and adECM-rGO scaffolds was determined by enzyme-linked immuno-
sorbent assay (ELISA; bioNova cientifica, Madrid, Spain), according to
the manufacturer’s instructions. ELISA was performed in three separate
experiments.

2.5. Assessment of macrophage polarization by flow cytometry and
confocal microscopy

Potential polarization response of RAW-264.7 macrophages towards
a pro-inflammatory M1 or reparative M2 phenotype was determined by
flow cytometry and confocal microscopy. Flow cytometric analysis was
performed as reported before [12], following the deposition of adECM
and adECM-rGO on top of RAW-264.7 macrophage confluent mono-
layers for 1 and 2 days. Specifically, cells were incubated with Alexa
Fluor 647-conjugated anti-mouse CD80 antibody (2.5 pg mL; Bio-
Legend, San Diego, CA, USA) and with Alexa Fluor 488-conjugated
anti-mouse CD206 antibody (2.5 pg mL’'; BioLegend) for 30 min,
shielded from light. Labeled macrophages were then analyzed using a
FACSCalibur flow cytometer (BD, Franklin Lakes, NJ, USA). Flow
cytometric analysis was performed in three experiments, and each
sample contained at least 10.000 cells. For confocal microscopy, mac-
rophages cultured for 2 days on the surface of adECM and adECM-rGO
scaffolds were fixed and stained with the above-mentioned antibodies.
Samples were examined using a FV1200 CLSM.

2.6. Animals

Adult female Sprague-Dawley rats (n = 29) were provided by Envigo
(cohort #1; n = 13; 208-240 g; Horst, The Netherlands) and Charles



K. Verstappen et al.

River (cohort #2; n = 16; 250-307 g; ‘s-Hertogenbosch, The
Netherlands). All procedures adhered to the regulations for animal
experimentation in the Dutch Experiments on Animals Act (Wod) and
the European Union (directive 2010/63/EU) and were approved by the
Dutch Central Authority for Scientific Procedures on Animals (CCD;
AVD10300202114868). Rats were housed in groups (of 2-3 animals) at
a 12h light/dark cycle with food and water ad libitum.

2.7. Surgical procedures

Carprofen (3.33 mg kg''; Bela-Pharm, Vechta, Germany) was sub-
cutaneously injected pre-operatively, and post-operatively for two days.
All surgical procedures were performed under inhalation anaesthesia
with isoflurane (3-5% induction; 1.5-2.5% maintenance in 1:2 Oy/air).
Prior to skin incision (approx. 2-3 cm), bupivacaine (1.67 mg kg;
Aurobindo, Baarn, The Netherlands) and lidocaine (3.33 mg kg’l; Fre-
senius Kabi, Bad Homburg, Germany) in 0.9% sterile NaCl were sub-
cutaneously injected to provide local analgesia. Subcutaneous fat tissue
and paraspinal muscles were then dissected to expose the T8-T11 region
of the spinal column. Upon identification and subsequent removal of the
T10 spinous process, a micro-rongeur (Fine Science Tools, Heidelberg,
Germany) was used to generate the laminectomy (2.5 mm by 2 mm).
Two independent surgeons performed the laminectomy procedures,
blinded to treatment conditions. Rats were randomly divided over the
following treatment groups: laminectomy-only (Control, n = 6), lam-
inectomy and adECM implantation (adECM, n = 12), and laminectomy
and adECM-rGO implantation (adECM-rGO, n = 11). Upon completion
of the laminectomy, the treatment group of that specific animal was
revealed, followed by scaffold implantation on top of the exposed spinal
cord (in case of the ‘adECM’ and ‘adECM-rGO’ groups). In case of the
control condition, no scaffold was implanted into the laminectomy site.
Buprenorphine (0.015 mg kg'; richter pharma, Wels, Austria) was
subcutaneously injected 15 min prior to waking up. Then, deep and
superficial muscles were carefully approximated using 4-0 synthetic
absorbable sutures (Ethicon, Raritan, NJ, USA), followed by closure of
the skin (EZ Clips; Stoelting, Dublin, Ireland). During the first 7 post-
operative days, and weekly thereafter, animals were weighed, and
welfare was extensively checked using a self-established registration
document, monitoring signs of pain and distress, dehydration, respira-
tory failure and mobility issues.

2.8. Blood sampling and analysis

Following 1 week of housing, blood (approx. 600 pL) was collected
through tail vein sampling, stored in anticoagulant tubes (BD, Temse,
Belgium) and centrifuged (1500g; 10 min; 4 °C). Plasma was subse-
quently stored at —80 °C until analysis. At the end of the experimental
period (6 weeks), rats were sacrificed by cardiac puncture to draw blood
(approx. 3-5 mL). Blood samples were collected in anticoagulant tubes
(BD), centrifuged (1500g; 10 min; 4 °C), and plasma was stored at
—80 °C until analysis. Plasma total protein (TP), cholesterol (CHOL),
triglycerides (TG), glucose (Glc), albumin (ALB), alkaline phosphatase
(ALP), alanine aminotransferase (ALAT), aspartate aminotransferase
(ASAT), gamma-glutamyltransferase (GGT), creatine kinase-myocardial
band (CK-MB), creatinine (CREAT) and urea (UREA) were quantified in
a chemistry analyzer (Prestige 24i; Cormay, Warsaw, Poland).

2.9. Histological processing

Following 6 weeks of implantation, animals were sacrificed by car-
diac puncture. Upon subsequent systemic perfusion with PBS, the lungs,
liver, kidneys, spleen, and brain were excised. Organs were first
weighed, then photographed for macroscopic analysis, and subsequently
fixed in 10% neutral buffered formalin for 48h. Spinal columns corre-
sponding to 5-7 vertebrae were excised, fixed in 10% neutral buffered
formalin for 48h and subsequently decalcified in 10 % EDTA (Sigma) for

Materials Today Bio 26 (2024) 101059

two weeks. Organs and spinal columns were then dehydrated through
graded series of ethanol, cleared with xylene and finally embedded in
paraffin. Sections (5 pm thickness) were cut at three or five represen-
tative levels (at least 100 pm apart) for organs and spinal columns,
respectively.

2.10. Histology

To assess the FBR as well as potential accumulation of degradation
products and organ inflammation, tissue and organ sections were used
for routine hematoxylin and eosin (H&E) staining. In addition, a Mas-
son-Goldner’s trichrome stain was performed to visualize fibrosis and
potential fibrotic encapsulation of the scaffolds. Following both histo-
logical stainings, samples were dehydrated through graded series of
ethanol, mounted and subsequently scanned using the PANNORAMIC
1000 slide digitalization system (3DHISTECH, Budapest, Hungary).
Automatically scanned slides were evaluated in CaseViewer (3DHIS-
TECH) by an independent pathologist, blinded to treatment condition.
In brief, potential cell infiltration, inflammation, granuloma formation
and fibrous encapsulation were evaluated for each implantation site.
Organ sections were assessed for signs of inflammation, structural
damage, and accumulation of degradation products.

2.11. Immunohistochemistry

Immunohistochemistry was performed to identify both M1-
polarization marker CD86 and M2-polarization marker CD163, in a
similar fashion as described earlier [32]. In brief, sections were heated in
citrate buffer (10 mM; pH 5.85; Sigma-Aldrich) for 10 min, followed by
5 min of trypsin incubation (0.075%) at 37 °C. Samples were incubated
with mouse anti-rat CD163 antibody (1:25; MCA342, Bio-Rad, Vee-
nendaal, The Netherlands), followed by incubation with a secondary
biotin-conjugated donkey anti-mouse antibody (1:500; 715-065-151,
Jackson ImmunoResearch, Cambridge, UK). Upon peroxidase (PO)
detection with HpO5 and 3,3'-diaminobenzidine (DAB, Sigma-Aldrich)
for 10 min, sections were incubated with rabbit anti-rat CD86 (1:800;
NBP2-67417, Bio-Techne, Abingdon, UK), overnight at 4 °C. Samples
were then incubated with p-galactosidase (B-gal)-conjugated goat
anti-rabbit antibody (1:100; ab136774; abcam, Cambridge, UK) for 1h
at RT, and p-gal detection with 5-bromo-4--
chloro-3-indolyl-p-p-galactoside (BCIG) was performed as previously
reported [33]. Sections were incubated with this reaction mixture for 60
min at 37 °C. All samples were counterstained using nuclear fast red
(Polysciences, Warrington, PA, USA), mounted and subsequently
imaged using an Axiolmager Z2 (Zeiss, Oberkochen, Germany). For each
treatment condition, n = 6 animals were randomly selected for analysis.
Cells staining positive for M2, while being present within a predefined
region of interest (n > 5 per animal), were quantified and average cell

density was presented as number of cells per mm?2.

2.12. Statistical analysis

Compressive Young’s modulus and PBS uptake characterization were
evaluated by one-way analysis of variance (ANOVA). Regarding the
assessment of cytotoxicity, intracellular ROS content and secretion of
TNF-a and IL-6, results were presented as the means of three identical
experiments. For these measurements, statistical analysis included
ANOVA and Scheffé and Games-Howell post-hoc assessment to compare
experimental groups. For quantification of macrophage density in vivo,
analysis included ANOVA and Bonferroni post-hoc comparison. For all
statistical assessments, a p-value <0.05 was considered as statistically
significant.
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3. Results and discussion
3.1. Scaffold synthesis and characterization

Partial reduction of GO was performed by thermal annealing. As
shown by XPS analysis (Fig. 1A), thermal reduction mostly affected
inherently unstable in-plane oxygen containing groups, notably
removing the hydroxyl and epoxy groups as per the evident decrease of
the XPS peaks area related to both C-O (286.7 eV) and O-C—=0 (288.7
eV) oxygenated components [34], while producing new C-H and C=C
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bonds (284.6 eV). Also, owing to the partial restoration of the sp>
graphitic structure, the contribution of n-n transition (290.1 eV)
increased. More details on the characterization of rGO can be found
elsewhere [20]. This thermal annealing yielded rGO nanosheets, still
offering enough remanent oxygen moieties to provide abundant reactive
sites for rGO to interact with the adECM proteins through hydrogen
bonding, n=—r and hydrophobic interactions, wherein the aromatic ben-
zene ring structure served for orienting hydrophobic residues of the
matrix components towards the rGO sheets surface. Partial reduction
was not only critical to provide structural integrity for the scaffolds with
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Fig. 1. Synthesis and characterization of adECM and adECM-rGO scaffolds. A) Characterization of GO (left) and rGO (right) via X-ray photoelectron spec-
troscopy; B) Morphological characterization of the adECM and adECM-rGO solid foams, including reconstructed foams top view from pCT projections (scale bar: 2
mm) with representative graphs of the percentage pore volume depending on pore ranges based on pCT morphometric data; C) scanning electron microscopy of the
foams cross section (scale bar: 200 pm); D) Compressive Young’s modulus; E) PBS uptake at equilibrium.
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high contents of rGO (50 wt%), but also improved the biocompatibility
compared to complete reduction or non-reduced forms of GO [35].
Processing adECM did not result in protein denaturation, as confirmed
by CD spectroscopy (Fig. S1). Here, both the negative peak, corre-
sponding to the random coil, and a positive peak at 222 nm, corre-
sponding to the triple helical structure of native collagen, showed the
intact tertiary structure of proteins when processing adECM.

Solid-liquid phase separation by ice templating/freeze casting is a
simple and effective process that can be used to fabricate scaffolds of
particular porosity and pore size, in order to facilitate optimal cellular
infiltration, growth and nutrient flow [36,37]. In a previous study, we
prepared porous constructs of rGO-modified adECM with up to 50 wt%
of rGO, which were shown to induce neuronal differentiation of neural
progenitor cells in an rGO dose-dependent manner [20]. Given this
promising in vitro response in the context of neural regeneration, adECM
scaffolds and adECM-rGO composites with 50 wt% of rGO were selected
for further safety studies. However, these adECM and adECM-rGO
scaffolds previously presented significant structural differences, such
as macroscopic mechanical properties and water uptake capacity. For
instance, adECM scaffolds exhibited a Young’s modulus nearly 3-fold
higher than their counterparts with 50% of rGO [20]. In view of
focusing on the specific role of rGO upon implantation, and since scaf-
fold porosity and stiffness are functional determinants of tissue response,
it is preferable to implant constructs with similar structural and me-
chanical characteristics [37,38]. Therefore, in this study, relevant fac-
tors of the ice templating process — solvent molarity of the
polymer/solvent system and mold size — were purposedly regulated to
guide the mechanisms of the thermodynamic-driven phase separation,
in order to narrow down these structural differences.

The crystallite geometry serves as the porosity template for the
scaffold following freeze-drying. In the present study, two different
slurry systems were used, i.e. the adECM/acetic acid system and the
adECM/rGO/acetic acid system. The latter differed in terms of adECM
amount and rGO incorporation, which yielded a slurry with a lower
viscosity. Morphological analysis encompassed pCT morphometric
analysis and SEM analysis (Fig. 1B and C). In the adECM scaffolds,
mechanisms of phase growth were visibly more active as confirmed by a
broader pore size distribution with more than 30% of pores larger than
150 pm. Since the adECM/acetic acid system had a higher adECM
concentration in comparison to the adECM/rGO/acetic acid system,
more macromolecules of adECM were available and concentrated
around the growing solvent crystallites. This subsequently affected the
shape of the solvent crystallites, which together with large differences in
the slurry cooling rate within the system [39] contributed to create
anisotropic porosity with radially aligned pores (Fig. 1B). Indeed, it has
previously been demonstrated that for systems with high concentrations
of proteins, macromolecules concentrating around the growing solvent
crystallites yield well-defined lamellar pores [40]. In the current study,
for the adECM-rGO composites, the applied multidirectional freezing
yielded the commonly observed isotopically oriented crystals without a
specific predominant pore orientation [40]. Specifically, this resulted in
a smaller global porosity (67%) than adECM scaffolds (79%), along with
narrower pore size distribution (around 95% of pores below 100 pm),
which is characteristic of systems with lower polymer concentrations.
Both types of scaffolds presented a homogenous pore distribution, as
confirmed by SEM analysis (Fig. 1C).

Importantly, the distinct pore structure found in the present study
mitigated the differences in mechanical properties of both types of
scaffolds observed before [20]. The hierarchical structure of lamellar
pores, observed in adECM scaffolds, was previously shown to signifi-
cantly reduce Young’s modulus when oriented in a curved manner or
perpendicularly to a compressive loading force [41]. Accordingly, in the
current study, both scaffolds presented a similar Young’s modulus, i.e.
0.59 + 0.31 kPa and 0.97 + 0.36 kPa for the adECM and adECM-rGO
composites, respectively (Fig. 1D). Furthermore, oscillatory shear
rheology revealed that adECM scaffolds exhibited a storage (0.62 +
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0.09 kPa) and loss modulus (0.07 + 0.01 kPa) within a similar range, as
compared to the storage (0.61 + 0.10 kPa) and loss modulus (0.05 +
0.01 kPa) of adECM-rGO scaffolds (Fig. S2). It is considered critical that
these scaffolds are mechanically compliant with the healthy rat spinal
cord, as distinct mechanical properties can increase astrogliosis and
affect neuronal regrowth [38]. Recently, mechanically compliant rGO
aerogels, prepared also by ice-templating/freeze-drying, were implan-
ted following the hemisection of a rat cervical spinal cord [19]. After 4
months, these aerogels were completely vascularized and populated
with neurites, some of them being myelinated excitatory axons. Finally,
also water uptake (Fig. 1E) was characterized, as an important criterion
to indirectly predict how easily cells will infiltrate the scaffolds. Despite
the lower overall porosity along a narrower distribution of smaller
pores, adECM-rGO composites had a slightly higher PBS uptake. This
was expected since water molecules partially disrupt intermolecular
forces between rGO and the adECM subsequently inducing a larger
swelling. All in all, by varying solvent molarity and mold size, scaffolds
with similar structural and mechanical properties were constructed.

3.2. Cytotoxicity and immune response in vitro

To determine the biological response of mammalian cells to the
scaffolds, potential pulmonary, renal and hepatocytotoxicity of adECM
and adECM-rGO scaffolds were evaluated in vitro in line with ISO stan-
dard 10993-5-2009. Epithelial-like morphology of all three cell lines was
first confirmed (Fig. 2A). With respect to the control condition, cell
proliferation (Fig. 2B) remained unaffected following culture in direct
contact with either adECM or adECM-rGO scaffolds. Regarding HepG2
and HK2 cell lines, gradual depletion of nutrients could have resulted in
the reduced proliferation seen after 7 days. After cells were directly
exposed to the scaffolds, the cultures were examined by confocal mi-
croscopy and no morphological alterations were observed, with the
epithelial-like cell appearance of each cell type similar to the images
presented in Fig. 2A. Anticipating adECM and adECM-rGO implantation
and subsequent protein adsorption [22], macrophages are the primary
responding cell type and, depending on their phenotypic state, exhibit
critical regulatory activity during all stages of tissue repair and fibrosis
[42]. Whereas classically activated M1 macrophages are typically
involved in the intracellular killing of pathogens and secretion of
pro-inflammatory cytokines, alternatively activated M2 macrophages
produce anti-inflammatory factors and are involved in tissue remodeling
during wound healing [42]. Here, intracellular ROS content (Fig. 2C),
indicative of oxidative stress [28], and secreted TNF-a (Fig. 2D), a
pro-inflammatory cytokine [43], remained unaltered with respect to the
control. However, direct culture with adECM-rGO led to a substantial
increase in levels of IL-6 (Fig. 2E) secreted by macrophages, which was
not observed for adECM scaffolds. Generally regarded as a
pro-inflammatory (M1-like) factor, IL-6 is a pleiotropic cytokine with
both beneficial and destructive roles [44]. Nevertheless, macrophages
that were cultured on top of both types of scaffolds did not demonstrate
distinct expression of CD80 (M1; Fig. 2F) or CD206 (M2; Fig. 2G), as
determined by fluorescence microscopy. Flow cytometric analysis did
show significantly decreased expression of CD80, for both scaffolds
(Fig. 2H), and CD206, for adECM-rGO only (Fig. 2I), which recovered
following 48h of culture. Therefore, it can be concluded that both
adECM and adECM-rGO scaffolds did not induce a pro-inflammatory
response in vitro. In line with the present work, cells involved in the
innate and adaptive immune system were previously exposed to rGO
nanoparticles. The cytocompatibility of these rGO sheets was superior
when cultured in contact with macrophages [28] and did not alter the
response of Th2 lymphocytes [45]. In conclusion, our cytocompatibility
assays warranted further preclinical evaluation of the biocompatibility
of both scaffolds following in vivo implantation.
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Fig. 2. Cytotoxicity and immune response following direct contact with adECM and adECM-rGO scaffolds. A) Confocal microscopy images confirming cell
morphology of lung A549, liver HepG2, and kidney HK2 cells from left to right, respectively. Nuclei are labeled in blue, while filamentous actin (F-actin) is stained
green. Scalebar represents either 20 pm (left), or 5 pm (right), which applies to all cell lines. B) CCK-8 assay results following 1 and 7 days of culture in direct contact
with adECM and adECM-rGO scaffolds for lung A549, liver HepG2, and kidney HK2 cells, from left to right, respectively. Positive control corresponds to culture
media and cells, while the negative control corresponds to 10% DMSO. Following direct contact culture of RAW-264.7 macrophages with adECM and adECM-rGO
scaffolds, intracellular content of ROS, measured by flow cytometry, and secretion of TNFa and IL-6, measured by ELISA, is presented in (C), (D), and (E),
respectively. Confocal microscopy images depict the morphology of RAW-264.7 macrophages (F, G), cultured on the surface of adECM (left) and adECM-rGO (right)
scaffolds. Nuclei are labeled in blue, CD80 (F) is labeled in red and CD206 (G) is labeled in green. Scalebar represents 20 pm. Flow cytometry results are presented of
CD80 (H) and CD206 (I) expression by RAW-264.7 macrophages, cultured for 24h and 48h on adECM and adECM-rGO scaffolds. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Integration and cellular infiltration in vivo

For in vivo experiments, a laminectomy at the 10th thoracic vertebra
was performed in 3-month old female Sprague-Dawley rats. This study
design was justified by: 1) our recent systematic review which showed
that this model precedes one of the most used and most reliable animals
models of SCI [46], and 2) previous observations that confirmed rats
demonstrate spontaneous locomotor recovery until 3 months of age
[47]. Laminectomy and subsequent scaffold implantation were suc-
cessfully performed (Fig. 3A). Out of a total of 29 rats, only one animal
was excluded one day after surgery due to an intestinal/stomach hem-
orrhage caused by the ingestion of bedding material. Administration of
buprenorphine is known to potentially cause such pica behaviour in
rodents [48], hence its dosage (0.03 mg/kg) was subsequently halved
(0.015 mg/kg). Over the course of the experiment, all rats gradually
gained weight (Fig. S3A). The majority of signals indicative of pain or
distress as well as any functional deficits remained absent throughout
the experimental period. Abnormalities in animal fur or the surgical
wound, as well as a developed edema, all quickly resolved during the
initial experimental stages (Fig. S3B). Despite the fact that conventional
laminectomy produces trauma leading to various post-operative

Post-implantation

adECM
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complications [49], these results showed that neither the laminectomy
procedures nor implantation of either adECM or adECM-rGO scaffolds
exerted a negative effect on animal welfare.

Generally, implantation of biomaterials unavoidably induces a FBR
which typically includes immune cell infiltration and fibrous encapsu-
lation. Therefore, biomaterial-based therapeutics should accommodate
an acceptable degree of FBR without inducing severe FBR which leads to
tissue degeneration [50]. Scaffold integration was first evaluated in
axial sections of spinal columns (Fig. 3), which revealed a detailed
overview of the implantation area. The shape of the spinal cord for the
different groups appeared uniform and was not subject to physical stress
through swelling of the surrounding tissues (Fig. 3B) and/or the
implanted material (Fig. 3C and D). After 6 weeks of implantation, the
adECM material was largely degraded or remodeled and replaced by
other types of tissue (Fig. 3C), demonstrating the excellent biodegrad-
ability of naturally derived materials [2,9]. However, to achieve suc-
cessful regeneration, scaffold degradation must match the rate of new
tissue formation. Reinforcing scaffolds with GO has previously been
suggested to slow down degradation rates [51]. In line with these ob-
servations, in the current study, the adECM-rGO scaffolds did not
entirely degrade, since the rGO fraction was still observed after 6 weeks

Control

adECM-rGO

Fig. 3. Macroscopic and histological evaluation of the implantation site. Panel A shows pictures that were taken during surgery, before and after implantation
for the control (left), adECM (middle), and adECM-rGO (right) treatment groups. Note that for each group, dotted line squares represent the site of laminectomy, in
which the exposed spinal cord can be observed. Scalebar represents 0.5 cm. Axial tissue sections, stained with H&E, are presented for the control (B), adECM
implantation (C), and adECM-rGO implantation groups (D). These transversal overview images depict the spinal cord (indicated by *), which is surrounded by the
vertebra (**). Dorsal to the spinal cord, the site of laminectomy and implantation (***) can be distinguished. Inserts are included to present a more detailed view of
cells infiltrating the injury site, represented by dotted line squares. Regarding the adECM-rGO group, yellow arrows show foreign body giant cells (FBGCs) that engulf
rGO sheets. Scalebar represents either 1000 pm or 50 pm (inserts). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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of implantation (Fig. 3D). The entire substrate area of adECM-rGO
scaffolds was strongly cellularized, suggesting the pore size was appro-
priate for cell penetration [37]. In contrast, GO/collagen hybrids (130
pm in pore size) demonstrated lower levels of cell infiltration 8 weeks
after implantation [51]. The more aggregated nature of rGO used here
could have enhanced immune cell penetration [29]. Nevertheless, the
fact that the implants demonstrated such abundant cell infiltration
contradicts the potential toxicity of the materials used.

Macrophages that infiltrated the adECM-rGO composite fused to
form multinucleated foreign body giant cells (FBGCs) to engulf larger-
sized rGO nanosheets (Fig. 3D). This process is known to be a late-
stage hallmark of the FBR [22] and has been often observed in pre-
clinical applications of GBMs [51,52]. FBGCs are known to contribute
towards material degradation through intracellular phagocytosis [53]
and extracellular degradation [54], depending on the size of the particle
[23]. Moreover, GBMs in general can undergo both hydrolytic and
enzymatic degradation [13]. For instance, neutrophils are capable of
degrading GO in vitro through a myeloperoxidase-dependent mechanism
within hours [55]. In the present study, FBGCs contained either
larger-sized, seemingly intact, rGO agglomerates, as well as
smaller-sized sheets of rGO (Fig. S4). However, assuming rGO sheets
were of similar size at the time of scaffold implantation, it is speculated
that FBGCs contributed towards the breakdown and clearance of rGO
sheets. To fully elucidate on the biodistribution and biodegradation of
rGO, the material should be labeled and scaffolds should be evaluated at
both early (days to weeks) and later experimental timepoints (months to
a year), but this was beyond the scope of the current study. Although
formation of FBGCs is often associated with aseptic loosening and ma-
terial failure [56], degradation and subsequent elimination of the

Materials Today Bio 26 (2024) 101059

material can also be regarded desirable with the purpose of regenerating
and replacing lost tissue. Hence, both types of scaffolds demonstrated
substantial cellular infiltration, but formation of FBGCs and its effect on
potential regeneration requires further investigation.

3.4. Immune response following adECM and adECM-rGO implantation

Understanding the phenotypic switch of macrophages infiltrating
implanted scaffolds is crucial in the successful development of tissue-
engineered constructs [57]. In regards of biomaterial-mediated tissue
regeneration, polarization of infiltrating macrophages towards a
regenerative M2-phenotype would be beneficial [58]. Following lam-
inectomy (Fig. 4A) and adECM implantation (Fig. 4B), immunohisto-
chemical assessment revealed a predominant polarization towards the
M2-phenotype, indicating these cells participated in tissue remodeling
to establish a pro-regenerative environment [42]. Similarly,
M2-polarized macrophages were distributed throughout adECM-rGO
scaffolds (Fig. 4C). Designing scaffolds of specific pore sizes previously
stimulated macrophages to adopt the M2-phenotype [59], and
adECM-rGO composites fell within this range at the time of implanta-
tion. The slowed down degradation rate of adECM-rGO suggested here
could have caused pore sizes to remain intact for extended periods of
time, thereby promoting M2-polarization (Fig. 4D). Still, prolonged
presence of M2 macrophages could potentially stimulate formation of
FBGCs [22,60], hence polarization should be tightly regulated. It is
important to note that CD86 expression, albeit to a low extent, was
observed in a fraction of FBGCs inhabiting the nanocomposites. CD86 is
a lymphocyte co-stimulatory molecule and could therefore be associated
with chronic inflammation [61]. This observation emphasizes the
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Fig. 4. Imnmunohistochemical assessment of macrophage polarization. Shown are immunohistochemical stainings of the implantation sites of the control (A),
adECM (B) and adECM-rGO (C) treatment groups. For each treatment condition, cells positive for M1-marker CD86 are stained blue, while cells positive for M2-
marker CD163 are stained brown. Higher magnification images (inserts) are represented by dotted line squares. For clarification, blue and yellow arrows repre-
sent M1-and M2-positive macrophages, respectively. Regarding adECM-rGO, it is noteworthy that foreign body giant cells (FBGCs) seem to express CD86. Scalebar
represents either 50 pm or 10 pm (inserts). Quantification of M2-positive macrophage density in cells permm? (n = 6 for each treatment group) is presented in panel
D. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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importance of future research to investigate to what extent the regen-
erative potential of these nanocomposites is affected by the distribution
of macrophage phenotypes presented herein [57]. Regarding tissue
regeneration, scaffolds should ideally be vascularized, allowing for the
diffusion of molecules to a greater extent [62]. Extensive
neo-vascularization was observed in all treatment groups, including
adECM and adECM-rGO (Fig. S5), which was previously reported for
GBMs [19,52]. The fact that vasculature was observed in close proximity
to FBGC-encapsulated rGO sheets suggests a tissue-regenerative
environment.

3.5. Fibrotic response to adECM and adECM-rGO scaffolds

In addition to angiogenesis, deposition of ECM is a key characteristic

A
Control
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of the desired reparative environment. Here, provisional matrix is con-
verted into mature collagen-III rich ECM, which is eventually remodeled
into collagen type I-rich fibrous tissue [63]. Presence of collagenous
ECM, as evidenced by Masson-Goldner staining (Fig. 5), was observed in
all treatment groups. Control groups generally demonstrated the depo-
sition of connective tissue (Fig. 5A) and fibrotic scarring within the site
of the laminectomy (Fig. 5B). Although the adECM implants could not be
distinguished following 6 weeks of implantation (Fig. 5C), inflammation
and fibrosis (thickness of 63.3 + 11.4 um) were observed to be more
frequently present (Fig. 5D and G), compared to the adECM-rGO treat-
ment group. Concerning adECM-rGO composites, matrix production was
observed throughout the implant (Fig. 5E), often in a certain orientation
(Fig. S6A and S6B), and was not observed to be of a fibrotic, acellular
character. This orientation was observed to be more prominent in
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Fig. 5. Goldner-modified Masson’s Trichrome staining of implantation area. To visualize fibrosis and fibrous encapsulation, a Masson-Goldner staining was
performed for all treatment groups, including the control (A, with higher magnification image in B), adECM (C, with higher magnification image in D), and adECM-
rGO (E, with higher magnification image in F). Higher magnification images are represented by dotted line squares. Collagenous fibrous tissue is stained green, nuclei
are stained red. Concerning the higher magnification images, yellow arrows specifically depict fibrosis (D) or fibrotic encapsulation (F). Scalebar represents 500 pm
(A-C-E) or 50 pm (B-D-F). Panel G shows the quantification results of fibrosis (in pm) regarding the adECM and adECM-rGO treatment groups. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Biochemical plasma analysis and macroscopic assessment of relevant organs. For each timepoint, 1 (left) and 6 weeks (right) after implantation, plasma
levels of total protein (TP; A), cholesterol (CHOL; B), triglycerides (TG; C), glucose (Glc; D), albumin (ALB; E), alkaline phosphatase (ALP; F), alanine amino-
transferase (ALAT; G), aspartate aminotransferase (ASAT; H), gamma-glutamyltransferase (GGT; I), creatine kinase-myocardial band (CK-MB; J), creatinine (CREAT;
K) and urea (UREA; L) are presented for the control, adECM and adECM-rGO groups. The spinal column, lungs, liver, kidneys, spleen and brain were harvested and
pictures are presented in panel M (scalebar represents 1 cm). Organs weights at time of sacrifice are presented in panel N.

Table 1
Histopathological screening of relevant organs. Lung, liver, kidney, spleen, and brain tissue of the control (n = 6), adECM (n = 11), and adECM-rGO (n = 11)
treatment groups was histopathologically screened by an independent pathologist. During screening, tissue sections of the control group were used as a reference for
the adECM and adECM-rGO treatment groups. For each organ, n = 3 separate tissue sections (at least 100 pm apart) were screened. Note that lung tissue presented
lymphoid cell infiltration, independent of treatment group, most probably caused by the use of inhalation anaesthesia during sacrifice.

Experimental Group

Lung

Liver

Kidney

Spleen

Brain

Control
adECM
adECM-rGO

Lymphocytic infiltration
Lymphocytic infiltration
Lymphocytic infiltration

No deviations
No deviations
No deviations

No deviations
No deviations
No deviations

No deviations
No deviations
No deviations

No deviations
No deviations
No deviations
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Fig. 7. Histological staining (H&E) of relevant organs. To check for potential organ inflammation, structural damage, or accumulation of material components,
relevant organs from the control (left), adECM (middle) and adECM-rGO (right) treatment groups. Presented are H&E stainings of lung, liver, kidney, spleen, and

brain tissue (from top to bottom). Scalebar represents 50 pm.

ventral regions of the scaffold (Fig. S6C and S6D), as compared to
dorsally located sites (Fig. S6E and S6F), which was observed for adECM
implants as well (Fig. 5C). The fact that remaining rGO sheets conform
to this orientation indicated the ability of the host tissue to remodel the
implanted scaffold according to the dimensions of the lesion site, as
opposed to diffuse remodeling observed before [29,51]. This is of great

12

importance envisaging the application in regenerating linearly oriented
tissues, such as the spinal cord. In contrast, inflammatory cells seem to
be more prominently present in dorsal regions of the implantation sites
(Fig. 5C and Fig. S6A). Even though signs of chronic inflammation were
abundantly present after 6 weeks of implantation, we speculate that the
remodeling process is continuously ongoing in a gradual pattern from
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ventral to dorsal implant regions.

Biomaterial integration can be hampered by severe encapsulation
along with separation of the implant from the host tissue, greatly
limiting any therapeutic potential [63]. Fibrotic encapsulation of
adECM-rGO scaffolds (Fig. 5F) was more limited (thickness of 41.8 +
4.07 pm) compared to its adECM counterpart (Fig. 5G). This can be
explained from the fact that adECM scaffolds consisted of twice the
amount of xenogeneic, porcine matrix, which could have evoked a
stronger immunogenic response [2]. In addition, the increase in cross-
linking agents used for adECM scaffolds could have contributed towards
the elevated fibrotic response [64]. Accordingly, minor fibrotic encap-
sulation was previously observed following transcutaneous injection of
rGO [29] or implantation of graphene-silk composites [52]. However,
application of these materials still caused separation of the implants
from the host tissue, which was not observed in the present research for
both the adECM and adECM-rGO scaffolds. As summarized in Fig. S7,
both types of scaffolds were well integrated into the host tissue and
elicited only a very moderate FBR. To translate these encouraging safety
results towards therapeutic applications, future research efforts should
evaluate the efficacy of these scaffolds by including spinal cord associ-
ated markers.

3.6. Systemic compatibility and biodistribution

As a final point of concern, leachables or degradation products of
rGO could potentially enter the circulation, accumulate at organ-specific
sites, and initiate secondary organ damage or inflammation [65].
Nevertheless, blood plasma analysis revealed that whole-body meta-
bolism (Fig. 6A-D) remained unaltered throughout the experimental
period. Levels of circulating ALB (Fig. 6E) fell within standard reference
values [66] and were unaffected by treatment condition, indicating the
absence of inflammation. Furthermore, plasma analysis indicated that
implantation of adECM nor adECM-rGO scaffolds attenuated liver, kid-
ney, or heart function (Fig. 6F-L).

Macroscopic analysis of the implantation site (Fig. 6M) as well as
relevant organs including lungs, liver, kidneys, spleen and brain, did not
reveal any obvious abnormalities or distinct organ weights (Fig. 6N)
between the adECM and adECM-rGO treatment groups. Whole-organ
histopathological screening, as opposed to conventional microscopic
analysis of only few representative organ sections, was performed to
reliably rule out any secondary damage or inflammation caused by
accumulation of rGO nanosheets (Table 1). In agreement with plasma
assessment and previous reports involving application of rGO-based
materials, no morphological deformities, such as inflammation,
fibrosis or atrophy, were observed in the lungs, liver, kidneys, spleen,
and brain tissue (Fig. 7) [19,67]. This absence of toxicity can be
explained by several underlying factors. For instance, the implantation
dose of rGO used here (150 pg per rat, corresponding to 0.53-0.67
mg/kg) was substantially lower compared to various previous reports
(10-14.4 mg/kg) that showed organ-specific toxicity [31,68]. Never-
theless, in view of local implantation, the amount used here can still be
regarded as substantial. However, this type of administration subjects
rGO to biological functionalization by the host, inferring a completely
different biocompatibility [29] and biodistribution profile [69]. Next to
that, although FBGC-mediated clearance is speculated in the present
study, the majority of rGO remained in the implantation site throughout
the experimental period and could therefore not have entered the cir-
culation. Yet, rGO will not remain permanently confined at the implant
site. One of the very scarcely available studies addressing longer-term
application of rGO-based scaffolds demonstrated the onset of sheet
degradation at 1 and 4 months after implantation [19]. However, even
with degradation being demonstrated, organ-specific accumulation and
toxicity remained absent, in line with the lack of toxicity observed
following in vitro biodegradation of GO [55]. Accordingly, throughout 6
weeks of adECM-rGO implantation, these nanocomposites demonstrated
biocompatible responses within the systemic circulation.
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4. Conclusions

Repairing the injured spinal cord requires the use of multifunctional
biomaterials that are capable of treating various facets of this complex
pathophysiology. To this end, the present research thoroughly investi-
gated the safety and biocompatibility of both pristine adECM and rGO-
modified adECM nanocomposites, which were previously shown to hold
strong potential for treatment of SCI. We showed that both adECM and
adECM-rGO scaffolds were cytocompatible in vitro, underscoring their
suitability for further preclinical evaluation. Upon in vivo implantation,
adECM scaffolds were either degraded or strongly integrated with host
tissue. Notably, adECM-rGO nanocomposites exhibited limited fibrous
encapsulation. Although rGO nanosheets were engulfed by multinucle-
ated giant cells, histopathological screening did not detect any organ-
specific accumulation or inflammation. Hence, both implants elicited
a biocompatible response after 6 weeks of implantation and can there-
fore be considered for further translational studies on the treatment of
SCI.
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