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Biocompatibility of Water-Dispersible Pristine Graphene and
Graphene Oxide Using a Close-to-Human Animal Model:
A Pilot Study on Swine
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Ngoc Do Quyen Chau, Alejandro De la Cadena, Renzo Vanna, Yarjan Abdul Samad,
Tanweer Ahmed, Jeremia Marcellino, Giuseppe Tedde, Linda Giro, Acelya Ylmazer,
Federica Loi, Gavina Carta, Loredana Secchi, Silvia Dei Giudici, Simona Macciocu,
Dario Polli, Yuta Nishina, Ciriaco Ligios, Giulio Cerullo, Andrea Ferrari, Alberto Bianco,
Bengt Fadeel, Giulia Franzoni,* and Lucia Gemma Delogu*

Graphene-based materials (GBMs) are of considerable interest for biomedical
applications, and the pilot study on the toxicological and immunological
impact of pristine graphene (GR) and graphene oxide (GO) using swine as a
close-to-human provides valuable insights. First, ex vivo experiments are
conducted on swine blood cells, then GBMs are injected intraperitoneally
(i.p.) into swine. Hematological and biochemical analyses at various intervals
indicate that neither GO nor GR cause systemic inflammation, pro-coagulant
responses, or renal or hepatic dysfunction. Importantly, no systemic toxicity is
observed. Analysis of a panel of 84 immune-related genes shows minimal
impact of GO and GR. The animals are sacrificed 21 days post-injection, and
transient absorption imaging and Raman mapping show the presence of GO
and GR in the mesentery only. Histological evaluation reveals no signs of
alterations in other organs. Thus, clusters of both materials are detected in
the mesentery, and GO aggregates are surrounded only by macrophages with
the formation of granulomas. In contrast, modest local reactions are observed
around the GR clusters. Overall, these results reveal that i.p. injection of
GBMs resulted in a modest local tissue reaction without systemic toxicity.
This study, performed in swine, provides essential guidance for future
biomedical applications of graphene.

1. Introduction

Graphene and its oxidized form, graphene oxide (GO), are
carbon-based nanomaterials with several applications in the last
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decade due to their remarkable physico-
chemical properties. In biomedicine, their
portfolio of applications kept increasing
dramatically. GBMs have proven their po-
tential in tissue engineering, drug delivery,
biosensing, and as anti-cancer multivalent
platforms.[1–4] However, their potential in-
teractions with biological systems deriving
from their highly variable physicochemical
properties raised concerns regarding their
potential risks to human health. A thorough
analysis of the biocompatibility of GBMs,
considering their complexity in their speci-
ficities, has been required before their safe
translation for therapeutic and diagnostic
applications.[3,5]

In this context, a deep understanding of
the interactions of GBMs with the immune
system is a prerequisite for their utiliza-
tion in biomedicine since any exposure to
nanomaterials will inevitably lead to the
encounter with the immune cells, in par-
ticular with phagocytic cells of the innate
immune system, such as neutrophils and
macrophages, which represent the primary
cellular defense to foreign organisms

or particles.[6–8] We previously studied how the lateral dimen-
sions and surface functionalization of graphene oxide can impact
the activation and interaction of these nanomaterials with several
primary human immune cell populations such as monocytes and

P. Nicolussi, G. Pilo, M. G. Cancedda, G. Tedde, F. Loi, G. Carta,
L. Secchi, S. Dei Giudici, S. Macciocu, C. Ligios, G. Franzoni
Istituto Zooprofilattico Sperimentale della Sardegna
Sassari 07100, Italy
E-mail: giulia.franzoni@izs-sardegna.it

Adv. Healthcare Mater. 2024, 2401783 2401783 (1 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advhealthmat.de
https://doi.org/10.1002/adhm.202401783
http://creativecommons.org/licenses/by-nc/4.0/
mailto:giulia.franzoni@izs-sardegna.it
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202401783&domain=pdf&date_stamp=2024-10-10


www.advancedsciencenews.com www.advhealthmat.de

B cells.[1,9,10] Nevertheless, such studies are limited because cells
cultured in a dish do not comprehensively reflect a human in vivo
condition.

Moreover, preclinical mice in vivo studies used graphene ox-
ide in its differently functionalized forms, while comprehensive
in vivo studies for pristine graphene are missed.[11,12] The scarcity
of in vivo studies involving pristine graphene could be explained
by preliminary reports showing its toxicity compared to the func-
tionalized GBMs and graphene oxide, in particular.[13–18] Due
to these reasons, pristine graphene has been left out of several
biomedical scenarios. Nevertheless, pristine graphene manufac-
turing technologies have tremendously evolved over the last 10
years, resulting in a material that may have a completely differ-
ent biological profile. The biomedical community of graphene
didn’t follow up on the advancement of pristine graphene
production. Scientific efforts focused instead on changing the
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explorations for functionalized graphene, which is still, in most
cases, more costly to produce. There is an unmet need for knowl-
edge about last-generation pristine graphene biocompatibility.
To meet this need, in this study, we compared the impact of
water-dispersed, pristine graphene prepared according to state-
of-the-art techniques produced at the Cambridge Graphene Cen-
ter (UK) to graphene oxide, the most widely studied GBMs for
health applications.[5,19,20] The GO used in this study, prepared at
Okayama University (Japan), was endotoxin-free and highly sta-
ble in water.

Moreover, most previous biocompatibility studies on graphene
or GO were carried out in mice or rats and were generally focused
on their toxicity toward the lungs, liver, kidney, and spleen.[21–26]

However, rodents do not accurately represent humans’ anatom-
ical and physiological characteristics. Therefore, the exploitation
of GBMs for biomedical applications also requires the assess-
ment of their tolerance in large animal models closer to the hu-
man condition. Based on a prediction analysis of 2366 drugs in
preclinical testing, rat, mouse, and rabbit models were shown to
be highly inconsistent predictors of toxic responses in humans,
with average predictive values close to 55%,[27] suggesting that
we need better animal models to mimic a human physiological
condition. For this reason, to facilitate the clinical translation of
GBMs, we reconsidered pristine graphene and carried out an ex
vivo and in vivo pilot study using swine (Sus scrofa) as a model.
Indeed, the porcine model has unique anatomical similarities to
humans, particularly in the cardiovascular, urinary, integumen-
tary, and digestive systems.[28] Pig skin is the most similar to hu-
man skin, and swine is routinely used in dermatological studies.
Due to the similarities between the digestive and urinary sys-
tems of humans and swine, the porcine model is used in en-
doscopic and laparoscopic surgery, liver or kidney transplanta-
tion, biliary or ureteral stents, and other applications.[28] Most
importantly, there are many similarities to humans in anatomy
and functions of the immune system, for example, the presence
of tonsils, which are absent in rodents.[29] Thanks to the broad
anatomical, physiological, and immunological analogies with hu-
mans, pigs have replaced dogs or monkeys over the last years as
non-rodent species in pre-clinical toxicologic testing of pharma-
ceuticals, biopharmaceuticals, or other chemicals.[28,29] Pigs have
also been used in pre-clinical evaluation of vaccine candidates
and therapeutics[30,31] and nanomedicine-based studies.[32–38] As
an example, in carbon-based material research, we have used this
species to investigate the potential use of functionalized multi-
walled carbon nanotubes as ultrasound contrasting agents due to
the wide similarities of the swine and human urinary systems.[39]

In this study, GBMs were injected using an intraperitoneal
(i.p.) injection route. This route has been widely used for toxi-
city testing, thanks to the fast absorption of injected materials.[40]

In addition, this route is frequently used in cancer treatment be-
cause it can enhance tumor penetration of drugs and reduce their
systemic toxic effects.[40]

In this study, by using the large-scale animal model of swine,
we first evaluated the impact of two GBMs ex vivo, analyzing
their interaction with different blood cells, then in vivo, using
an intraperitoneal (i.p.) injection route. The porcine model was
here applied as a close-to-human preclinical model for the toxi-
cological assessment of GBMs, water-dispersible last-generation
pristine graphene, and graphene oxide by a wide variety of
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approaches and multiple advanced imaging techniques. The in-
formation generated in this study is a compendium of knowledge
of crucial importance for the future exploitation of these materi-
als, including our pristine graphene, in clinical applications.

2. Results

2.1. Overview of the Study Design: From Ex Vivo to Integrative In
Vivo Analysis

In our pilot study, we aimed to investigate the toxicological and
immunological effects of two types of graphene-based materials
(GBMs): pristine graphene (GR) and graphene oxide (GO). We
thoroughly characterized the materials and assessed their poten-
tial endotoxin content and sterility, as shown in Figure 1. To eval-
uate these effects, we employed pigs as animal models, consid-
ering their suitability as an excellent human-like model. Initially,
our study involved ex vivo experiments using whole blood, pe-
ripheral blood mononuclear cells (PBMCs), and macrophages.
We conducted assays to evaluate hemocompatibility, viability, cel-
lular blood count, and cytokines in these samples. Moving to in
vivo experiments, we divided thirteen 12-week-old pigs into three
groups. The pigs received intraperitoneal injections of either GR
or GO. Blood and serum samples were collected at specific time
points, including 24 h, 7, 14, and 21 days, allowing us to evaluate
the toxicity and immunomodulatory effects using a comprehen-
sive analytical approach. In our assessment, we examined the bio-
chemical profile of globulin levels and profiled 84 immune genes.
Furthermore, we analyzed the expression of immune activation
markers on six different cell types and measured cytokine re-
lease. Additionally, we harvested selected organs after 21 days for
histopathological analysis, aiming to gain further insights into
the effects of GBMs. To specifically localize GBMs within repre-
sentative organs, we utilized transient absorption imaging and
Raman mapping techniques. (Figure 1).

2.2. GR and GO Synthesis and Characterization

For this study, we have prepared GR and GO with similar lat-
eral sizes using different protocols starting from graphite. While
pristine graphene was exfoliated in FBS, GO was obtained via
the well-established and widely applied Hummers’ method. GR
and GO were characterized by SEM, AFM, Raman, and XPS.
The analyses confirmed the formation of single- or few-layer
nanosheets with an average lateral size of ≈0.6 μm, highly stable
in the physiological environment (Figures S1 and S2, Support-
ing Information). The most striking differences concern the pres-
ence of defects and the level of oxygenated functions in these two
materials. Raman spectra show the typical D, G, and 2D bands
at ≈1350, 1580, and 2700 cm−1, respectively. XPS analysis evi-
denced that GO is characterized by a C/O ratio of 2.2.

The endotoxin content and the sterility of GR and GO were
then evaluated before ex vivo and in vivo experiments. Endo-
toxin content was evaluated using the TNF-𝛼 expression test
(TET).[41] The cytotoxicity of GR and GO on human-monocyte-
derived macrophages (HMDMs) was first evaluated by expos-
ing the cells to GR or GO at concentrations of 5, 25, 50, and

75 μg mL−1 for 24 h. As shown in Figure S3A, Supporting Infor-
mation, no significant cytotoxicity was observed upon exposure.
HMDMs were then incubated with GR and GO at the non-toxic
dose of 25 μg mL−1 in the presence or absence of the specific LPS
inhibitor, polymyxin B sulfate (polyB) (10 μM), for 24 h. TNF-𝛼
concentration was quantified, and the presence of polyB signifi-
cantly blocked the LPS-triggered TNF-𝛼 production (Figure S3A,
Supporting Information). The presence of polyB did not decrease
the TNF-𝛼 production triggered by GO, and GR-treated cells in-
duced negligible TNF-𝛼 production, suggesting that both GO and
GR were endotoxin-free. Sterility test was also performed by plat-
ing GR and GO suspensions on LB agar plates and incubating
them overnight at 37 °C. No bacterial colonies were formed after
incubation (Figure S3B, Supporting Information).

2.3. Ex Vivo Assessment of the Impact of GR and GO on Immune
Cells

The impact of nanomaterials on the immune system is of critical
importance.[1,8,53] As a first step, we compared the toxicity and im-
munomodulatory properties of GR and GO ex vivo. Hemocom-
patibility was first assessed. Hemolytic activity was investigated
by assessing hemoglobin release after exposure of swine RBCs to
increasing GR or GO concentrations (5, 25, 50, and 75 μg mL−1)
for 24 h. Untreated RBCs and cells treatment with distilled deion-
ized water were used as negative and positive controls, respec-
tively. As shown in Figure S4, Supporting Information, both GR
and GO did not induce statistically significant hemolytic activi-
ties toward RBCs at any concentration tested, with the exception
of GO at the highest concentration (75 μg mL−1) (Figure S4, Sup-
porting Information). Moreover, whole blood was incubated for
24 h with 50 μg mL−1 of GR or GO, and then changes in sev-
eral blood parameters (e.g., number of platelets, red blood cells,
white blood cells, hematocrit, amount of hemoglobin, mean cor-
puscular hemoglobin and its concentration, red blood cell dis-
tribution width and hemoglobin distribution width) were mon-
itored. Complete blood count analyses did not show differences
between GBM-treated and untreated samples (Figure 2A).

The impact of these GBMs on swine PBMC viability was then
investigated. The cells were exposed to 50 μg mL−1 of GR or GO,
and 24 h later, LDH levels in culture supernatants were quantified
using a cytotoxicity assay. A lysis solution provided by the manu-
facturer and untreated PBMCs were used as positive and negative
controls, respectively. Both GBMs had no appreciable impact on
swine PBMC viability (Figure 2B). Next, the immune-functional
impact on swine PBMCs was assessed. Cells were treated with
50 μg mL−1 of either GR or GO for 24 h. LPS (2 mg mL−1) was
used as positive control. Multiplex ELISA on PBMC supernatants
revealed the release of several pro-inflammatory cytokines IL-1𝛽,
IL-6, and IL-12 in response to both GBMs, with GO having less
impact on the secretion of IL-1𝛽. Small amounts of IL-10 (0.05–
0.1 ng mL−1) were also detected in the supernatant of PBMCs
exposed to GR, but without statistical significance (Figure 2C).
Multiplex ELISA data confirmed graphene oxide-known proin-
flammatory potential.[7,9,54,55] No statistical difference was ob-
served between compounds. The macrophages are phagocytic
cells at the frontline of defense against foreign invaders.[56] We,
therefore, analyzed the impact of GO and GR on the viability of
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Figure 1. Study design. The present study comprehensively addressed the impact of GO versus GR, spanning from ex vivo analysis of peripheral blood
cells to in vivo investigations.
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Figure 2. GMBs impact on ex vivo pig blood cells. A) Changes in swine whole blood after GR or GO. Whole blood was harvested from three healthy swine
and was incubated with 50 μg mL−1 of GR or GO or left untreated (control). After 24 h, complete blood counts were performed. Changes in the number of
red blood cells (RBC), platelets (PLT), and total white blood cells (WBC), then divided into neutrophils (NEUTR), lymphocytes (LYMPH), and monocytes
(MONO), were analyzed. Changes in hematocrit (HCT), amount of hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin
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macrophages and on the ability of these cells to release cytokines.
Both GBMs induced a statistically significant reduction in swine
macrophage viability and triggered sustained release of cytokines
IL-1𝛽, IL-6, and IL-12 (Figure 2B,C). Differences between GBMs
were observed, with GO inducing lower release of both IL-1𝛽 and
IL-12 than GR (Figure 2C).

2.4. In Vivo Systemic and Immunological Impact of GR and GO
in Swine

In this pilot study, GBM suspensions were administered in-
traperitoneally in pigs. Fifteen mg (0.5 mg Kg−1) of either
GR or GO were injected in 12-week-old pigs of ≈30 kg of
weight. In Table S1, Supporting Information, we report the an-
imal group’s random selection for the different treatments. The
used concentration (corresponding to 6.8 mg m−2,[28]) was sim-
ilar to other studies on GBM toxicity in mice, where concen-
trations ranging from 1 to 20 mg Kg−1 (corresponding to 3–
60 mg m−2) were administered intravenously or intraperitoneally
into animals.[17,25,26,57–59] During the administration, clinical ob-
servations were performed; electrocardiogram, body tempera-
ture, oxygen saturation, blood pressure, and respiratory rate
were monitored by a portable multi-parameter veterinary mon-
itor. The vital parameters were tracked until awakening (almost
15 min post-injection), and no alterations were observed (data not
shown). Clinical examinations were performed daily by trained
veterinarians for up to 21 days. No general signs of toxicity (e.g.,
seizures, respiratory, gastrointestinal, or neurological symptoms)
or reduced growth were observed throughout the study, and the
experiments concluded with a 100% survival rate. No differences
between males and females were observed.

To obtain a deeper understanding of the impact of GR or GO
on circulating PBMCs early after injection, the relative expres-
sion of 84 genes related to common cytokines (Table S3, Sup-
porting Information) was evaluated in three representative pigs
per group at T0 and T1 (24 h post-injection) (Figures 3 and S5,
Supporting Information). Importantly, non-supervised hierarchi-
cal clustering analysis shows that the gene expression patterns
were similar between GR- and GO-groups and the gene expres-
sion profile in T1 was separated from T0. Gene expression at T1
in each group was first normalized to the same individuals at T0
and shown as volcano plots. In the control group (Figure 4A), five
genes were significantly up-regulated compared to T0, and three
of them demonstrated at least a twofold difference (ADIPOQ,
TXLNA, THPO). As shown in Figure 4A, two genes were sig-
nificantly different in the GR-group compared to the control:
IL1A (upregulated) and FASLG (downregulated). In comparison,
five genes were significantly upregulated in the GO-group com-
pared to the control group: IL21, BMP2, AIMP1, LTB, and IL16;

and ADIPOQ was significantly downregulated. Differences in
ADIPOQ might not be linked to GBM treatment since ADIPOQ
gene expression was upregulated also in the control group (T1
compared to T0). A summary of the fold regulation and the p
values of statistically different expressed genes between treated
and untreated pigs is shown in Table S5, Supporting Informa-
tion. In the GR-group (Figure 4B), four genes were significantly
upregulated, and two genes were significantly downregulated. In
comparison, 16 genes were significantly upregulated in the GO-
group, and one gene was downregulated (Figure 4B).

To further minimize the effects of variation among individu-
als, we grouped the nine individuals at T0 and evaluated the gene
expression profile in each group at T1 (Figure S5, Supporting
Information). In this case, when we excluded the significant
changes of genes observed in the control group, there were
6 genes significantly upregulated in the GR-group (INHBA,
IL17B, IL4, TGFB2, LTB, LOC100621682), 4 genes significantly
upregulated in GO group (LTA, LTB, IL16, BMP1), and 2 genes
significantly downregulated in GO-group (IL27, BMP5). The fold
regulation and the p-value of statistically differently expressed
genes are listed in Table S4, Supporting Information. The re-
sults are presented as the average of three individuals in each
group, and a p-value less than 0.05 was considered statistically
significant.

A total of 28 hematological and biochemical parameters were
collected at different time points post-injection during in vivo
experimentation for comprehensive toxicity analysis (Figure 5).
Blood samples were collected at T0 (pre-injection), 1 (T1), 7
(T2), 14 (T3), and 21 (T4) days post-injection from the 13 ani-
mals. Impact of GBMs on different whole blood components
was monitored through complete blood count (RBC parameters,
platelets and white blood cells (WBC) counts, and WBC differ-
ential counts) (Figure 5A). We observed fluctuations in some
RBC parameters (RBCs, hemoglobin, hematocrit levels) in pigs
treated with either GO or GR at T1 and T2, nevertheless, no sta-
tistically significant differences were observed between GBMs-
treated groups compared to controls. In addition, these three pa-
rameters returned to baseline levels in all tested subjects by the
end of the study in all subjects. Overall, no statistically signifi-
cant differences between groups (evaluated with Bonferroni cor-
rection) were detected in all RBC parameters at any time point
(Figure 5A), indicating that GBMs did not induce anemia or
hemolysis. Platelet readings presented large fluctuations in all
pigs. Particularly, test subjects #04 (GO-group) and #08 (GR-
group) presented extremely low platelet count at T1, neverthe-
less, levels returned to normal before the end of the experiment,
and no statistically significant differences were observed between
groups during the study (Figure 5A). Moreover, no statistically
significant differences were observed in the WBC total count and
WBC differential count. Overall, the data indicated the absence of

(MCH) and its concentration (MCHC), red blood cell distribution width (RDW) and hemoglobin distribution width (HDW) were also monitored. Data
from three different pigs are presented as mean and SD. Values of graphene-treated samples were compared to the corresponding untreated control
(Control) using a one-way ANOVA followed by Bonferroni’s multiple comparison test. B, C) GR and GO impact on PBMCs and macrophages. Cells were
left untreated (Control) or stimulated with 50 mg mL−1 of GR or GO. B) 24 h post-exposure cell viability was assessed using a non-radioactive cytotoxic
assay. A lysis solution provided by the manufacturer was used as a positive control. C) 24 h post-exposure cytokines (IL-1𝛽, IL-6, IL-10, IL-12) levels in
culture supernatants were determined using a multiplex ELISA. LPS (2 μg mL−1) was used as a positive control (Control +). Mean data and SD from
three independent experiments using different animals are shown. Values of GBMs-treated samples were compared to the corresponding untreated
control (Control -) using a one-way ANOVA followed by Bonferroni’s multiple comparison test. ***p < 0.001, **p < 0.01.

Adv. Healthcare Mater. 2024, 2401783 2401783 (6 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401783 by C
am

bridge U
niversity L

ibrary, W
iley O

nline L
ibrary on [14/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 3. Modulation of 84 genes in PBMCs after GR or GO injection. Pigs were injected intraperitoneally with 15 mg of GR or GO or water, all with
glucose (final glucose 5% w/v). Pre-injection (T0) and after 24 h (T1), PBMCs were purified from EDTA blood. Gene expression was carried out on three
pigs per group. T0 was presented as the average of nine individuals. Non-supervised hierarchical clustering analysis of 84 gene expression patterns
across the groups. The colors in the cells represent the relative magnitude of gene expression. The black color represents the average magnitude of gene
expression. The brightest green represents the smallest value, and the brightest red represents the highest value.
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Figure 4. Changes in PBMCs gene expression in pigs after GR or GO injection. Pigs were injected intraperitoneally with 15 mg of GR or GO alongside
controls. Pre-injection (T0) and after 24 h (T1), PBMCs were purified from EDTA blood. Gene expression was carried out on three pigs per group. In
Panel A, three volcano plots show the 84 genes expression at T0 in control, T1 in control, GR, and GO groups. In Panel B, two volcano plots show the
84 genes expression at T1 in GR and GO groups compared to T0 within the groups, for both A and B, significantly up- and down-regulated genes were
marked in red and blue, respectively. Genes plotted farther from the central axis have larger changes in gene expression. Thresholds of twofold change
were indicated in the shadow. The statistically significant difference was set as p < 0.05.

inflammatory or toxic response in the test subjects treated with
both GBMs.

To have a full view of immune subpopulations, PBMCs
were isolated and investigated by flow cytometry using sev-
eral clusters of differentiation markers (Figure S7, Support-
ing Information). Neither GR nor GO altered the propor-
tion of lymphocyte subsets. Hence, no differences between
groups were observed between the percentage of B cells, NK
cells, T cells, or different T cell subpopulations (cytotoxic
(CD3+CD8highCD4−), naïve T helper (CD3+CD8−CD4+), mem-
ory T helper (CD3+CD8lowCD4+)) (Figure S8, Supporting Infor-
mation).

A wide variety of serum markers were monitored to evaluate
liver functions.[60] Serum aspartate aminotransferase (AST) and
alkaline phosphatase (ALP) levels reflect hepatocyte health and
function, whereas serum bilirubin, triglycerides, and cholesterol
parameters depict the liver’s metabolic capacity. Normal gamma-
glutamyl transpeptidase (GGT) levels reflect the health of the
biliary tract. For all these parameters, no apparent abnormalities
were observed outside normal physiological fluctuation. Only an
escalation trend for ALP levels was observed in the GO-group,

although without statistical significance (Figure 5B). Collectively,
no statistically significant difference between groups was ob-
served, and overall, our results indicated that both GR and GO
do not cause liver damage or functional impairment. In addition,
as displayed in Figure 5B,C, no decreases in total protein or albu-
min levels were observed. The standard panel for renal function
assessment included serum urea and creatinine levels alongside
serum electrolytes (sodium and potassium) measurement. Both
urea and creatinine levels were unaffected in all groups during
the study, indicating that both GBMs did not impair renal
filtration functions. Furthermore, sodium and potassium levels
remained within the normal range for the study, suggesting
that these GBMs did not affect the kidney’s ability to maintain
electrolyte balance (Figure 5B). The absence of renal or liver dys-
functions was also confirmed by electrophoretic results, which
revealed no differences between the groups in terms of number
or proportion of serum globulins (Figure 5C). Electrophoretic
data also highlighted the absence of inflammatory status: both
GR and GO do not cause an increase in the proportion of 𝛼1
globulin compared to albumin (Figure 5C). Finally, creatine
phosphokinase (CPK) levels were monitored overtime. Levels of

Adv. Healthcare Mater. 2024, 2401783 2401783 (8 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Hematological and biochemical profile of pigs treated with GR or GO. Pigs were injected intra-peritoneally with 15 mg of GR or GO alongside
controls. Pre-injection (0) and after 1, 7, 14, and 21 days, blood was collected to perform a complete blood count biochemical and electrophoretic profile.
A) Hemocompatibility. Changes in the number of red blood cells, hematocrit, amount of hemoglobin, mean corpuscular hemoglobin and its concentra-
tion, red blood cell distribution width and hemoglobin distribution width, and platelets number were monitored. Changes in the number of white blood

Adv. Healthcare Mater. 2024, 2401783 2401783 (9 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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this enzyme, also known as creatine kinase, are regarded as an
indicator of cardiac function, and their rise was observed in both
mice and non-human primates undergoing adverse reactions
to GBMs.[53] In our study, no differences between the groups
were observed at any tested time point (Figure 5B). Overall, our
results from the hematological, biochemical, and electrophoretic
analyses indicated that both GR and GO were well tolerated by
all animals in the treatment groups.

Potential immuno-modulatory properties of the GBMs were
also investigated. Expression of a key cell activation marker
(CD25 expression) of circulating PBMCs and cytokine plasma
levels were monitored over time until 21 days post-injection. No
upregulation of CD25 on either monocytes, B cells, T cells, or NK
cells was detected at any time post-injection (Figure 6). Plasma
levels of IL-1𝛽, IL-2, IL-4, IL-6, IL-10, IL-12, and TNF-𝛼 were also
assessed over the study, and our results show that neither GR nor
GO administration increased circulating levels of any of these cy-
tokines (Figure 6). TNF-𝛼 values were below the detection levels
of the kit (data not shown). No alteration in plasma levels of pro-
inflammatory cytokines (in particular IL-1𝛽, IL-6, TNF-𝛼) also in-
dicated the absence of inflammatory response in the test subjects
treated with both GBMs.

2.5. Biodistribution of GR and GO and its Impact on Vital Organs
in Swine

The animals were sacrificed at the end of the experiment (21
days post-injection) in accordance with the rules of animal wel-
fare, and necroscopies were performed. No gross pathological le-
sions were found at necroscopy, but numerous randomly scat-
tered spherical or oblong-shaped aggregates were observed in
the peritoneum of the GO-treated group (Figure S9A, Support-
ing Information). GO aggregates presented variable dimensions.
Some of the most prominent aggregates (up to 30 mm in diam-
eter or length) are presented in Figure S9B, Supporting Infor-
mation (representative images of tested subjects #04, #06), but
smaller spherical aggregates (average 1 mm) were observed in
different parts of the mesentery of all the GO-treated pigs (Figure
S9A, Supporting Information)(representative images of tested
subjects #02, #07, #14). No GR aggregates were instead visible
to the naked eye (Figure S9A, Supporting Information). Histo-
logical examinations revealed aggregates of nanomaterials in the
peritoneum in both treated pigs, with GR aggregates presenting
an average diameter lower than 0.2 mm. Neither GR nor GO
clusters were visible in the parenchyma of the liver or spleen,
and H&E staining did not reveal any sign of necrosis, inflam-
mation, atrophy/hypertrophy, or other alterations in these organs
(Figure S10, Supporting Information). Previous studies in mice
reported that GO or PEGylated GO derivatives injected i.p. were
accumulated in cells of the reticuloendothelial system (RES) in

either liver or spleen.[19,25] Nevertheless, in the present study, we
found no evidence of accumulation of either GO or GR in these
organs. On the contrary, aggregates of GO were observed in the
serosa of the liver and spleen (Figure S11, Supporting Informa-
tion). After entering the vascular system, nanomaterials could
pass through the kidneys and be excreted through urine. We thus
evaluated whether GR or GO induced glomerular alteration or
induced other damages in the kidneys. H&E did not reveal any
evidence of atrophy, hypertrophy, necrosis, inflammation, vacuo-
lation, tubular dilatation, or any other sign of illness in these or-
gans (Figure S10, Supporting Information).

To further ascertain the presence of the two GBMs in tissues,
we applied two complementary approaches, transient absorption
(TA) microscopy and Raman mapping, for the label-free detec-
tion of GBMs in situ. TA microscopy is a nonlinear optical tech-
nique that allows fast identification of GBMs with high spatial
resolution.[61] While it cannot characterize the GMBs in terms
of number of layers, doping, and defects, as in spontaneous Ra-
man microscopy, its short pixel dwell time (»1 ms) allows scan-
ning of large sample areas with high spatial resolution. Because
TA imaging is capable of detecting graphitic species at concen-
trations as low as 10 μg mL−1,[62] it was used to investigate the
presence of GR and GO in tissue samples in the current model.
In brief, in TA microscopy, the sample is illuminated by two ul-
trashort light pulses, the pump, and the probe, and the differ-
ential transmission (ΔT/T) of the probe pulse is monitored as
a function of the pump/probe delay t. For our experiment, we
chose pump/probe wavelengths of 1030/780 nm. In the pres-
ence of GR or GO incorporated in the tissue, an intense posi-
tive ΔT/T signal appears due to Pauli blocking of graphene’s ab-
sorption following the generation of a hot carrier distribution in
the conduction band by the pump pulse.[63] The ΔT/T signal de-
cays within ≈2 ps (2000 fs) due to carrier cooling in graphene,
as shown by the images acquired at different t (Figure 7A,B).
Thus, for imaging purposes, we chose a positive delay t = 500
fs to avoid coherent artifacts, such as cross-phase modulation or
stimulated Raman-scattering, which occur during the temporal
overlap of pump and probe pulses, thus obtaining a ΔT/T sig-
nal specific for GR or GO. Using these parameters, TA images
acquired from control and GR- and GO-treated tissue samples
(Figure 7C and Figure S12, Supporting Information) showed TA
signals only in the mesentery, with higher signals in GR-treated
pigs (up toΔT/T of ≈0.5× 10−3), relative to GO-treated pigs (up to
ΔT/T of ≈0.3 × 10−3). GR aggregates detected in mesentery had a
diameter spanning from 4 to 12 μm. On the contrary, GO or GR
signals were not observed in the kidney, liver, and spleen, whose
corresponding TA images are comparable to those obtained
from control samples (Figure 7C and Figure S12, Supporting
Information).

Confocal Raman spectroscopy is a powerful tool not only to
identify carbon-based materials[64–66] but also to quantify the

cells, then divided into neutrophils, lymphocytes, and monocytes, were assessed. B) Biochemical profile. Serum levels of alkaline phosphatase (ALP),
bilirubin, cholesterol, calcium, creatinine, phosphorus, gamma-glutamyl transferase (GGT), aspartate transferase (GOT/AST), urea, creatine phosphok-
inase (CPK), total protein, and triglyceride were determined using an automated spectrophotometer. C) Electrophoretic results. Percentages of albumin,
𝛼1-globulin, 𝛽-globulin, and 𝛾-globulin were determined through electrophoresis. For both A) and B) and C), data from three (controls) or five (treated)
different pigs are presented as mean and SD. At each time post-injection, values were compared using a one-way ANOVA followed by Bonferroni’s
multiple comparison test.
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Figure 6. GR or GO administration did not affect cytokine levels or early activation marker (CD25) expression on PBMCs. Pigs were injected intra-
peritoneal with 15 mg of GR or GO alongside controls. Pre-injection (0) and after 1, 7, 14, and 21 days, EDTA blood was collected, PBMCs were purified,
and plasma was collected. A) Plasma levels of IL-1𝛽, IL-2, IL-4, IL-6, IL-10, and IL-12 were monitored over time using a multiplex ELISA. Data from three
controls or four treated different pigs are presented as mean + SD. B) CD25 (activation marker) expression on monocytes, B cells, NK cells, and T cells,

Adv. Healthcare Mater. 2024, 2401783 2401783 (11 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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then subdivided into cytotoxic (CD8highCD4−), memory T helper (CD8+CD4+), naïve T helper (CD8−CD4+) was determined using flow cytometry. Data
from three (controls) or five (treated) different pigs are presented as mean + SD. C) Representative dot plots are displayed. At each time post-injection,
values of cytokines or activation markers were compared using a one-way ANOVA followed by Bonferroni’s multiple comparison test.

presence and evolution of physical parameters like strain,[67,68]

doping,[69–72] and disorder[73,74] in them. We performed confocal
micro Raman spectroscopy in GR- and GO-treated tissues,
control tissues, and control GR and GO samples. Four different
kinds of tissues, that is, mesentery (mes), spleen, liver, and
kidney, were investigated using a 514.5 nm wavelength laser.
We performed Raman mapping in a 20 μm × 20 μm area of the
control tissues. Representative Raman spectra from mesentery,
spleen, liver, and kidney tissues are presented as black traces in
Figure 8A–C (from two different regions) and 8D, respectively.
Here we observe prominent Raman peaks at 1244,1339, 1453,
1585, 1670, 2880, and 2935 cm−1. Peaks at 1244 and 1339 cm−1

are assigned to RNA and nucleic acids, respectively. The Raman
appearing at 1453 cm−1 is assigned to the bending of CH2 and
CH3 groups in cholesterol and fatty acids and C─H vibrations in
proteins and lipids.[75] The peak at 1588 cm−1 is assigned to the
bending of the C═C bond of phenylalanine and the vibration of
the C═C bond of olefinic.[75] The peak at 1670 cm−1 is assigned
to the stretching of the C═O bond coupled to the bending of the
N─H bond in amide and ceramides. The peak at 2880 cm−1 is

assigned to the stretching of the CH2 group of lipids and pro-
teins. The peak at 2935 cm−1 is assigned to C─H stretching.[75]

We then investigated GR- and GO-treated tissues using Raman
mapping. At least 400 Raman spectra were collected from
each sample to perform statistical analysis. The representa-
tive Raman spectra from GR-treated mesentery, spleen, liver,
and kidney tissues are presented as red traces in Figure 8A
(Mes_GR), Figure 8B (Spleen_GR), Figure 8C (Liver_GR), and
Figure 8D (Kidney_GR), respectively. The representative Raman
spectra from GO-treated mesentery, spleen, liver, and kidney
tissues are presented as green traces in Figure 8A (Mes_GO),
Figure 8B (Spleen_GO), Figure 8C (Liver_GO), and Figure 8D
(Kidney_GO), respectively. To identify the GR and GO Raman
signals from these Raman spectra, we have subtracted the
background Raman signal arising from the tissues. The rep-
resentative background subtracted Raman signal of the GR in
mesentery, spleen, liver, and kidney tissues are presented as
blue traces in Figure 8A (Mes_GR –Mes), Figure 8B (Spleen_GR
–Spleen), Figure 8C (Liver_GR –Liver), and 8D (Kidney_GR –
Kidney), respectively. The representative background subtracted

Figure 7. TA imaging experiments. Pigs were injected intra-peritoneally with 15 mg of GR or GO alongside controls and 21 days later were sacrificed.
TA imaging was carried out on paraffin-embedded sections of the peritoneum, liver, spleen, and kidney collected 21 days from GR or GO injected pigs.
A) TA-based detection of graphene species was demonstrated and optimized by setting different time delays of ΔI/I signal decay, extracted from TA
images on mesentery from animals treated with GR; the blue dots in the TA images are those used to produce the curve in panel B. B) Time-delay curve
of TA imaging. C) Representative TA images collected from tissue samples from organs extracted from animals treated with GO or GR. See Figure S12,
Supporting Information for TA images related to control animals. Scale bars: 50 μm.
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Figure 8. Representative Raman spectra from control swine tissues and graphene and GO treated swine tissues. A) The representative Raman spectra
from control swine mesentery (mes), graphene treated mesentery (Mes_Graphene), and GO treated mesentery (Mes_GO) tissues are shown as black,
red, and green traces, respectively. The representative Raman spectra of graphene and GO in the mesentery tissues are obtained by subtracting the
mesentery Raman signal from the Mes_Graphene and Mes_GO, respectively. These data are presented as light blue (Mes_Graphene – Mes) and magenta
(Mes_GO – Mes), respectively. B) The representative Raman spectra from control swine spleen, graphene treated spleen (Spleen_Graphene), and GO
treated spleen (Spleen_GO) tissues are shown as black, red, and green traces, respectively. The spleen background subtracted Raman signal from the
graphene and GO treated samples are presented as light blue (Spleen_Graphene – spleen) and magenta traces (Spleen_GO – spleen), respectively. C)
Similarly, the representative Raman spectra from control swine liver, graphene treated liver (Liver_Graphene), and GO treated spleen (Liver_GO) tissues
are shown as black (from two different regions), red and green traces, respectively. The spleen background subtracted Raman signal from the graphene
and GO treated samples are presented as light blue (Liver_Graphene – Liver) and magenta traces (Liver_GO – Liver), respectively. D) Similarly, the
representative Raman spectra of control swine kidney and graphene and GO treated kidney tissues are shown.

Raman signal of the GO in mesentery, spleen, liver, and kidney
tissues are presented as magenta traces in Figure 8A (Mes_GO
–Mes), Figure 8B (Spleen_GO –Spleen), Figure 8C (Liver_GO
–Liver), and Figure 8D (Kidney_GO –Kidney), respectively.

The background-subtracted Raman spectrum (the blue trace)
in Figure 8A shows strong Raman modes at the wavenumbers
≈1350, 1580, 1623, and 2700 cm−1. These Raman modes can be
identified as the D, G, D’s, and the 2D modes of graphene.[64–74]

The background-subtracted Raman spectrum in magenta in
Figure 8A shows strong, broad Raman modes at the wavenum-
bers ≈1350 and 1580 cm−1. These Raman modes can be identi-
fied as the D and G modes of GO. It is clear from the background-
subtracted spectra that GR and GO are present in the treated
mesentery tissues. However, no significant GR and GO signal is
detected from GR and GO-treated spleen, liver, and kidney tis-
sues. Spatial map of the Raman shift of G peak (Pos(G)), full

width at half maxima of G peak (FWHM(G)), and the ratio of in-
tensities of D and G peaks (I(D)/I(G)), from GR- and GO-treated
mesentery tissues are presented in Figures S13 and S14, Support-
ing Information, respectively.

We then focused our attention on understating the changes
in GR and GO before and after injection into the mesentery
tissues. Representative Raman spectra of GR/GO and tissue
background subtracted Raman spectra of GR/GO after injection
into the mesentery tissues are presented in Figure 9A,B as black
and blue traces, respectively. Changes in the I(D)/I(G) visible
in the Raman spectra of graphene before and after injection and
changes in the G peak are observed in the Raman spectra of
both GR and GO before and after injection. To comprehensively
understand these changes, we present Pos(G) versus FWHM(G)
data of 400 Raman spectra of GR before injection (black data
points) and 346 Raman spectra after injection (blue data point)

Adv. Healthcare Mater. 2024, 2401783 2401783 (13 of 24) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 9. Representative Raman spectra from control graphene and GO before and after injection into the swine mesentery tissue. A) Representative
Raman spectra of control graphene ink and graphene in the mesentery (Mes) tissue (Mes_Graphene – Mes) are shown in black and blue traces,
respectively. B) Similarly, representative Raman spectra of control GO and GO in the mesentery (Mes) tissue (Mes_GO – Mes) are shown in black and
blue traces, respectively.

into the mesentery tissue, in Figure 10A. The FWHM(G) versus
I(D)/I(G) data of the same Raman spectra are presented in
Figure 10B. The blue data points with error bars represent the
mode of the statistical distributions of I(D)/I(G), FWHM(G),
and Pos(D), fitted using skew-normal distributions, before and
after injection into the mesentery tissue. The error bars indicate
the FWHM of the distributions. The Pos(G) of GR, before injec-
tion into mesentery tissue, is observed at ≈1582.92 cm−1. After
injection into mesentery, it decreases to ≈1581.06 cm−1. This
change (ΔPos(G) ≈−1.86 cm−1) indicates average doping ≈2.33
× 1012 cm−269 in the graphene before injection, which is removed
from the graphene after injection into the mesentery tissue. This
doping may arise from FBS, the protein used to prepare the
GR suspension. Strain can also lead to a negative ΔPos(G).
However, in such cases, the ratio of change in the Raman shift
of 2D peak (ΔPos(2D)) and ΔPos(G) is ≈2.2 cm−167.[68] We

observe ΔPos(2D)/ΔPos(G) ≤ 1, which rules out the possibility
of strain being the primary contributor in the observed negative
ΔPos(G) (Figure S15, Supporting Information). The removal
of the doping would lead to a positive change (ΔFWHM(G))
in the FWHM(G) by ≈9.15 cm−1 in the graphene[69] in the
mesentery tissue, compared to graphene suspension. However,
we did not observe any change in the FWHM(G). This can only
be possible if the expected positive change in the FWHM(G)
is being compensated by the reduction in defect density[73] in
graphene after injection into the tissues, possibly by breakages
at the defect sites. Such reduction of defect is also evident in the
observed reduction in I(D)/I(G) in the graphene in mesentery
tissue. It is important to note that the D peak also appears
from the graphene edges.[76,77] A reduction of I(D)/I(G) with
unchanged FWHM(G) may also indicate the removal of smaller
flakes from the tissue after injection. A quantitative analysis of

Figure 10. Statistical analysis of Raman signal of graphene before and after injection into mesentery tissue. A) Black (blue) and data points indicate
FWHM(G) versus Pos(G) data of the Raman spectra of graphene before (after) injection into the mesentery tissue. The blue data point with the error
bar indicates the value of the dataset’s mode after injection. B) I(D)/I(G) versus FWHM(G) data of the Raman spectra of graphene before and after
injection into the mesentery tissue is shown.
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Figure 11. Statistical analysis of Raman signal of GO before and after injection into mesentery tissue. A) Black (blue) and data points indicate FWHM(G)
versus Pos(G) data of the Raman spectra of GO before (after) injection into the mesentery tissue. The blue data point with the error bar indicates the
value of the dataset’s mode after injection. B) I(D)/I(G) versus FWHM(G) data of the Raman spectra of graphene before and after injection into the
mesentery tissue is shown.

the reduction of defects and/or removal of the smaller flakes
is difficult due to a complex interplay of defects and edges in
the GR injected into the tissues. Moreover, the data points from
graphene in mesentery appear to be more scattered compared
to the control graphene suspension. This indicates an increased
inhomogeneity in GR after injection into the mesentery.

The Raman spectra of GO (Figure 9B) are observed to be con-
sisting of a broad G peak ≈1600 cm−1 and a D peak ≈1350
cm−1. In microcrystalline graphene, I(D)/I(G) increases with in-
creasing defect concentration following Tuinstra and Koenig’s
relation,[78] which fails at a higher disorder concentration. In
this regime, I(D)/I(G) decreases with increasing disorder.[64,73]

Observed I(D)/I(G) ≈1 and large FWHM(G) observed from
GO indicate extremely large defect density in our GO samples,
which is quantitatively discussed later. At such a large defect
density, the G and D peaks of GO are well fitted using BWF
and Lorentzian functions, respectively.[64] Here, the peak posi-
tion of the BWF function represents Pos(G). The Pos(G) versus
FWHM(G) data of 400 Raman spectra of GO before injection
(black data points) and 656 Raman spectra after injection (blue
data point) into the mesentery tissue are presented in Figure 11A.
The FWHM(G) versus I(D)/I(G) data of the same Raman spectra
are presented in Figure 11B. The blue data points with error bars
indicate the mode values of these parameters after injection. The
Pos(G), FWHM(G), and I(D)/I(G) of the GO, before injection
into mesentery tissue, are observed to be ≈1584 cm−1,≈77 cm−1,
and ≈1, respectively. Using FWHM(G) and I(D)/I(G), the defect
density in GO before injection can be estimated to be 0.5–1× 1012

cm−273. The Pos(G) versus FWHM(G) data after injection into
mesentery can be best described as a dispersion around a line
with a negative slope, where the Pos(G) decreases as FWHM(G)
increases. This behavior arises due to the increase in bond disor-
der in the GO after injection.[64] As expected, FWHM(G) versus
I(D)/I(G) data after injection is also observed to be dispersed
along a line with a negative slope. Interestingly, I(D)/I(G) is ob-
served to be increased (for the same value of FWHM (G)) af-
ter injection. This also indicates the disappearance of smaller
nanocrystals after injection into the tissue. Additionally, we ob-

served an increased inhomogeneity in GO inside mesentery, sim-
ilar to GR.

Conventional histological evaluation was also performed. As
displayed in Figure S10, Supporting Information, no polymor-
phonuclear cells, such as neutrophils, eosinophils, and ba-
sophils, around GBMs were identified in GR- and GO-exposed
animals. Two distinct histopathological patterns were detected
in the GO- and GR-exposed pigs. First, in the GO group, fo-
cal macrophage aggregates, representing the most prominent
cell component, were found intermixed with a few lymphocytes.
Moreover, chronic inflammation developed into another distinc-
tive pattern known as granuloma around the GO aggregates
(Figure S10, Supporting Information). In this case, activated
macrophages evolved into multinucleate giant cells, forming
well-defined nodules surrounded by an outer fibroblastic reactive
wall (Figures S10 and S11, Supporting Information). Histolog-
ically, variable numbers of lymphocytes with few macrophages
were instead observed around the GR aggregates, and no granu-
lomas were detected. GO aggregates, regardless of their dimen-
sion, seemed completely incorporated by macrophages, whereas
GR aggregates accumulated within the mesentery but were
not included by inflammatory cells. As displayed in Figure
12, immunophenotyping confirmed the presence of CD163+
macrophages around GO aggregates and revealed that a few T
cells (CD3+) were recruited in this group, whereas many T cells
and a few macrophages were recruited around GR aggregates.
Few B cells (CD79+) were detected around either GR or GO ag-
gregates (Figure 12).

3. Discussion and Conclusions

3.1. Biocompatibility of Pristine Graphene and GO Using Swine
as a Close-to-Human Animal Model

Considerable scientific and research activities have been devoted
in recent years to the study of possible biomedical applications
of GBMs due to their promising intrinsic properties. However,
a critical step to ensure their safe exploitation in biomedicine
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Figure 12. Immunohistochemistry of mesentery 21 days after injection. Inflammatory cell immunophenotyping was performed in paraffin-embedded
sections of mesentery collected 21 days post-injection. CD163, CD3, and CD79 were used as markers for activated macrophages, and T and B lym-
phocytes, respectively. Immune reactions were visualized by 3,3′-diaminobenzidine chromogen, Mayer’s hematoxylin counterstaining. Images of three
representative pigs, one from each group (control, GR, GO), are displayed. Scale bar, 100 μm.

is to evaluate their biocompatibility. The biological interactions
of GBMs are determined by material-intrinsic parameters,
including the number of layers, lateral dimensions, and the
C/O ratio.[5,79] The present study aimed at providing a com-
prehensive view of the in vivo biocompatibility of two GBMs
using a large animal model. We compared the impact of pristine
graphene prepared according to state-of-the-art techniques to
graphene oxide, both sterile, endotoxin-free, and with similar
lateral sizes (average lateral size of ≈0.6 μm). Ex vivo and in
vivo analyses were performed using swine, which is one of the
most important animal species used in translational research,
due to the many anatomical and immunological analogies
shared with humans.[28,29,80] Swine as a biomedical model
presents numerous advantages, and it is valuable in bridging
the gap between pre-clinical and clinical studies on GBMs.
In addition, GBMs biocompatibility was evaluated through a
wide variety of approaches and multiple advanced imaging
techniques.

3.2. Ex Vivo Assays: Pristine Graphene and GO Lack Toxicity and
Trigger the Release of Pro-Inflammatory Cytokines by Pig
Immune Cells

In the initial part of the work, the interaction of GR and GO with
ex vivo swine blood cells was assessed, and the impact of these
materials on cellular and molecular parameters was evaluated.
Hemolysis and platelet aggregations are undesirable effects
mediated by GBMs at high concentrations,[15,16] thus, we first
incubated high doses (50 μg mL−1) of these materials with swine
whole blood. Our results showed that neither GR nor GO altered

any of the tested parameters (platelet numbers, red and white
blood cells parameters), suggesting a lack of toxic effect on RBCs,
platelets, or leukocytes. Hemolytic assay using swine RBCs was
also applied to evaluate the biocompatibility of these compounds
before in vivo administration. High doses of GO but not of GR
induced a minor albeit statistically significant increase in the
number of RBCs lysed after 24 h of incubation. Nevertheless,
the induced hemolysis was modest, and statistical significance
was detected only at high doses of GO (75 μg mL−1). Thus,
our results suggested a good biocompatibility of both GBMs
tested.

Then, the interaction of GBMs with leukocytes was further
investigated through ex vivo experiments on PBMCs, assessing
their effect on cell viability and cytokine release. Both materials
did not show cytotoxic effect on PBMCs, but they stimulated the
release of pro-inflammatory cytokines. These results are in agree-
ment with our previous studies in human PBMCs, where GO in-
duced overexpression of pro-inflammatory factors in PBMCs.[9]

Interaction of GR and GO with macrophages was also investi-
gated, considering that they are the immune population involved
in defense against foreign invaders.[56] We observed that both
GBMs induce a small but statistically significant cytotoxic effect
in these cells, and these findings are in agreement with our previ-
ous results: blood monocytes were the most affected lymphocyte
population in terms of viability after exposure to carbon-based
materials.[2,10] As expected, our data revealed that both GBMs
triggered a sustained release of pro-inflammatory cytokines
(IL-1𝛽, IL-6, and IL-12) by swine macrophages. These findings
suggested that GMBs polarized swine macrophages toward an
M1 phenotype in agreement with previous results in human
cells.[9]
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3.3. In Vivo Assays: Absence of Systemic Toxicity of Pristine
Graphene and GO After i.p. Injection

Next, to obtain a better understanding of the toxicological and im-
munomodulatory properties of GBMs, GR and GO were admin-
istered to 12-week-old pigs using the i.p. route. As stated above,
this route has been widely used for toxicity testing, thanks to the
fast absorption of injected materials or drug delivery, especially
in chemotherapy in patients with primary peritoneal surface
malignancies.[40] Intraperitoneal chemotherapy can also be use-
ful in patients with gynecological and gastrointestinal cancers.[81]

Peritoneal spread of tumors is indeed one of the main problems
in cancer management due to deterioration in patients’ qual-
ity of life and shortened survival. Intraperitoneal chemotherapy
can help maximize tumor penetration and reduce systemic toxic
effects.[84] Nanomedicine can facilitate drug delivery in targeted
tissues, and it was recently described that multi-drug loaded PE-
Gylated nanodiamonds injected intraperitoneally in mice were
able to inhibit pancreatic tumor growth and metastasis.[83] Recent
work has shown that the i.p. route is more effective than the con-
ventional i.v. route in terms of delivering miRNA/siRNA-loaded
nanoparticles to retroperitoneal pancreatic tumor tissues of mice,
with an almost 15-fold higher tumor accumulation i.p. compared
to i.v. injected mice.[84] Consequently, this route was selected for
our pilot study in order to evaluate the potential biomedical ap-
plication of these GBMs.

First, biocompatibility and the impact of GR and GO on im-
mune cells early post-administration (24 h, T1) were investi-
gated using PCR arrays. The expression of 84 immune-related
genes in circulating PBMCs was assessed, including several pro-
inflammatory and anti-inflammatory cytokines and members of
the tumor necrosis factor family genes. Our results showed that
very few genes were modulated in treated animals (IL1A and
FASLG for GR; IL16, IL21, BMP2, AIMP2, LTB for GO).

Then, the toxicity of GR and GO was evaluated at different
time points post-injection through complete blood count, chem-
ical profile, and serum protein electrophoresis. Nanoparticles, in
fact, might cause hemolysis, affecting the membrane integrity
of RBCs by mechanical or reactive oxygen species damage or by
platelet aggregation and activation.[16] In our study, all the hema-
tological parameters evaluated indicated that neither GO nor GR
caused systemic inflammatory, toxic, or pro-coagulant responses.
Not only hemocompatibility but also GO and GR impact on the
function of major organ systems were evaluated. GMBs might in-
deed affect liver or kidney functionality, with consequent changes
in hepatic and renal injury markers,[17] and it was recently de-
scribed that a PEGylated GO, administered i.v. at 4 mg mL−1, led
to acute anaphylactic reactions in non-human primates, charac-
terized by increased circulating levels of both hepatic function in-
dicators (AST, ALT) and cardiac indicators (CK) .[53] A complete
analysis of GBMs biocompatibility and toxicity is a mandatory
step for their exploitation in biomedicine, thus, in our study, mul-
tiple serum markers were monitored to evaluate both liver and
renal functions.[60] We observed no differences in serum AST,
GGT, bilirubin, triglycerides, and cholesterol parameters, indi-
cating that both GR and GO do not cause liver damage or func-
tional impairment. Absence of abnormalities in urea, creatinine,
sodium, and potassium indicated that both GBMs did not im-
pair renal filtration functions and their ability to maintain elec-

trolyte balance. In addition, a lack of depression in total protein
and albumin levels suggested that both the liver’s synthetic ca-
pability and the kidney’s filtration ability were not impaired. No
differences between treated and control pigs were detected also
in CPK levels throughout the study, indicating that both GBMs
did not cause cardiac damage. Overall, both GR and GO appeared
to be well-tolerated in pigs. Interestingly, an escalation trend for
ALP values was indeed observed in the GO-group. Increases of
ALP values are often correlated with systemic inflammation, and
several GO agglomerates surrounded by inflammatory cells were
observed in the mesentery of GO-treated pigs. In this pilot study a
single dose of 0.5 mg Kg−1 (corresponding to 6.8 mg m−2) GBMs
was injected into pigs, thus in the future the impact of prolonged
exposure and/or repeated administrations of GO should be eval-
uated to achieve a more complete assessment of its biocompati-
bility.

Immunomodulatory properties of GR or GO through the study
were also evaluated, investigating circulating cytokine levels and
expression of an early activation marker on PBMCs. Cytokines
can be biomarkers of nanomaterial immunotoxicity, and pro-
inflammatory cytokines might lead to inflammation-mediated
toxicity.[6] In our study, no differences between groups in terms of
pro-inflammatory (IL-1𝛽, IL-2, IL-6, TNF-𝛼), anti-inflammatory
(IL-10) or other cytokine (IL-2, IL-12) levels were observed at any
time post-injection (T1-T4). These data, alongside electrophoretic
results, highlighted the absence of an inflammatory reaction. In
addition, no differences between groups were observed in terms
of expression of CD25 (early activation marker) on circulating
PBMCs at several times post-inoculation.

These GBMs altered a few of the tested parameters, and over-
all, these data indicate the absence of systemic toxicity of these
materials or a negative impact on the animal’s immune system.
It is important, however, to note that the present results, although
they are encouraging, cannot automatically be extrapolated to
all other types of GBMs. Indeed, we compared the behavior of
one representative form of GO and one form of water-dispersed
pristine graphene, which has been exfoliated in FBS. Previous
work using a similar form of graphene has shown that such
materials are enriched for certain serum proteins, including
apolipoprotein A1,[85] while we have not addressed the potential
role of surface-adsorbed proteins. Such proteins may play a
role in terms of biological interactions with cells, including, in
particular, cells of the immune system. In another study, BALB/c
mice and Macaca fascicularis monkeys were i.v. injected with
GO (25 mg Kg−1 in mice and 4 mg Kg−1 in monkeys), and the
animals were monitored up to 28 and 90 days, respectively.[53] Al-
though GO showed no acute or long-term adverse effects in most
animals, the authors noted non-negligible anaphylactic reactions
and even death in some cases. Seven out of 121 tested mice died
≈1–12 h post-exposure (mortality rate 5.8%), while for primates,
one out of 5 monkeys died ≈1.5 h post-exposure (mortality rate
20%). The authors documented elevated levels of immunoglob-
ulin E and severe lung injury in the dead animals, suggesting
the GO-induced acute anaphylactic reactions.[53] Differences
between the latter study and our study are not limited to the ad-
ministration route (i.e., intravenous versus intraperitoneal) but
may certainly also have to do with differences between the tested
GBMs. Besides the lateral size of GO, which in the study of Lin
et al. is in the range of 20–80 nm, the most striking difference
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is due to the chemical modification of their GO with a ramified
polyethylene glycol. This polymer masks the surface of GO,
affording a material that is not comparable to our unmodified
GBMs, leading to clear differences in the biological responses.

3.4. Clusters of Pristine Graphene and GO Observed in the
Mesentery but Not in Vital Organs

Biodistribution of the GBMs and their possible impact on vi-
tal organs were then assessed. Necroscopy was thus performed
21 days post-injection, and we observed numerous small aggre-
gates of GBMs scattered in the peritoneum of the GO-treated
pigs. These results are in agreement with previous studies in
rats, where GO aggregates of diverse dimensions were described
in the mesentery,[21,23,26] with the finest aggregates observed in
liver and spleen serosa. GR aggregates were instead invisible to
the naked eye and were revealed only by histological examina-
tion. Accumulation of these GBMs in the spleen or liver might
have affected these organs, and overall accumulation of nanoma-
terials in the liver or spleen is indeed considered as one of the
major barriers to translating nanomedicines, as these organs are
responsible for clearance of exogenous compounds.[86]

Hematoxylin and eosin (H&E) staining was performed to de-
termine histopathological changes in both liver and spleen, and
no sign of necrosis, inflammation, hyperplasia, atrophy, hyper-
trophy, fibrosis, or hemorrhage of these organs was observed in
either GO- or GR-exposed animals. In addition, no GR or GO ac-
cumulated in these organs, and histological results suggest that
GBMs were not able to penetrate retroperitoneal organs through
adventitia, as previously described.[21] Moreover, no signs of dam-
age were observed in the kidneys of exposed pigs. To further
investigate GBM distribution in tissues, TA imaging, and Ra-
man mapping experiments were performed. TA can detect sig-
nals from GBMs within cells/tissues with very high specificity
and in a short acquisition time (down to tens of microseconds
per pixel), thus allowing the scanning of relatively large areas
with high spatial resolution.[62] On the other hand, TA cannot pre-
cisely determine the chemical and physical properties of GBMs
(e.g., doping and number of layers) that can be easily detected by
spontaneous Raman, which in turn requires much longer acqui-
sition time (down to fractions of a second per pixel) preventing
high-resolution imaging of large tissue areas. Raman mapping
was previously used to determine the presence of GR in various
organs in mice.[87] Here, we have demonstrated that GR and GO
are only present inside the treated mesentery tissues of swine
and are absent in the spleen, kidney, and liver tissues of swine.
The coupling of these two complementary approaches allowed
us to confirm the presence or absence of GR and GO in rela-
tively large tissue regions and, in parallel, to precisely character-
ize their features in the biological context. Both GO and GR clus-
ters were surrounded by immune cells, suggesting that the host
immune system played a role in restricting the progression of
these foreign materials outside the mesentery, avoiding damage
to vital organs. Similar results were observed in a previous study
in mice. Hence, Sydlik and colleagues found that GO was mod-
erately compatible in vivo following intraperitoneal administra-
tion, with an inflammatory reaction in response to implantation
consistent with a typical foreign body reaction.[88] The authors

noted that GO injection triggered the recruitment of monocytes,
macrophages, and multinucleated giant cells in the mesentery,
but no damage was observed to vital organs such as the liver or
spleen.[88]

Previous studies in mice reported instead that GBMs were
accumulated in cells of the RES in either liver or spleen,[19,25]

with Kupffer cells being engulfed with GBMs.[17,25] In the liver,
Kupffer cells are the main cell type involved in nanomaterial up-
take, followed by hepatic B cells and liver sinusoidal endothe-
lial cells.[70] We did not find any evidence of GBMs engulfed
by macrophages or other cell types in either the spleen or liver,
and differences might also be due to the different GBMs doses
injected into animals: 6.8 mg m−2 in our study and 60, 90, or
150 mg m−2 in mice with GO accumulation in RES.[17,19,25] Future
studies should investigate whether prolonged exposure and/or
repeated administrations of GO or GR will overcome host de-
fenses and lead to the accumulation of these GBMs in the liver
or spleen.

In agreement with those studies, we observed that
macrophages were the main cell type surrounding GO ag-
gregates in the mesentery. As stated above, macrophages are
phagocytic cells involved in foreign materials up-take,[56] and
in fact, similar results were reported in rats intraperitoneally
injected with GOs, where peritoneal macrophages efficiently
internalized both large or small GO sheets.[26] GO clusters
were surrounded by this cell type, and we observed that large
GO agglomerates induced the formation of granulomas. These
findings are in contrast with previous data,[26] where GOs of
diverse dimensions were not able to induce a granulomatous
response in the mesothelium and exacerbated inflammatory
response in the peritoneum, with recruitment of monocytic cells,
lymphocytes, neutrophils, and eosinophils. We observed only a
modest recruitment of T cells and no neutrophils around GO
clusters, nevertheless, cells involved in the granuloma formation
and fibrotic capsule were detected. These differences might be
linked to different properties of GOs used in our and in the
aforementioned study, for example, the lateral dimension of
the materials used. In fact, a more recent study described the
presence of peri-bronchiolar granulomas in mice after intranasal
administration of another GO, and these granulomas were
localized in areas with significant agglomeration of GBMs.[89]

The granulomatous response incited by GO is a consequence
of the inability of macrophages to destroy GO-aggregates,
and it is likely to have a protective function; it is an attempt
of the host to segregate and destroy the foreign material.[90]

Macrophage recruitment was observed in the present study
for both GBMs. Nevertheless, T cells were the main cell types
detected around GR aggregates. We observed that GO and GR
triggered a distinct inflammatory response, as demonstrated
by the different histopathological patterns observed. A recent
study demonstrated that PEGylated GO stimulated a strong
immunological response to macrophages due to the interaction
between these materials and macrophage membrane.[91] On
the contrary, our immunohistochemical analysis revealed that
GR aggregates were not internalized by macrophages, and this
might be correlated with the modest recruitment of phagocyte
cells. One might speculate that certain GR properties might
hinder uptake by the mononuclear phagocyte system, and this
should be better investigated in further studies.
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Finally, we investigated whether the GBMs under study under-
went biotransformation within the host tissues. Biotransforma-
tion is indeed a protective mechanism, an attempt by the host
to transform foreign materials to less reactive ones. Previous
studies in mice reported structural changes of GO within mice
tissues.[26,89,92] Rodriguez and colleagues performed Raman map-
ping to analyze the progressive biotransformation of GO into
less graphitic structures following intranasal administration.[89]

Moreover, evidence for splenic capture and biotransformation of
GO was obtained following i.v. administration to mice.[92] Evi-
dence for biodegradation of GR in lung, liver, kidney, and spleen
following i.v. administration was also provided, and spleen-
bound GR showed an almost complete amorphization over a pe-
riod of several months.[87] Similarly, in our study, Raman spectra
revealed an increased inhomogeneity of both GR and GO upon
injection into the mesentery tissues, suggesting that these GBMs
were transformed in vivo.

3.5. Modest Local Tissue Reaction without Systemic Toxicity
After i.p. Injection of Pristine Graphene and GO Set the
Foundation for Their Biomedical Applications

Notwithstanding, our pilot study using a porcine model showed
that intraperitoneally injected GR or GO formed aggregates in
the peritoneum without harmful systemic effects or vital organ
damage. Our results confirm their potential for applications in
bioimaging, photothermal therapy, or photodynamic therapeutic
agents. GO injection resulted in the formation of several gran-
ulomas scattered in the mesentery, whereas GR also induced
a modest local reaction in the peritoneum. Thus, our prelimi-
nary data on GR are promising in regard to its potential use in
biomedical applications. However, the abovementioned study in
monkeys[53] cautions that the route of administration needs to be
taken into careful consideration. Most importantly, although sev-
eral previous studies reported that pristine graphene presented
higher toxicity compared to functionalized graphene,[13,16,17] the
present study using GR prepared in FBS with excellent aqueous
dispersibility showed remarkable biocompatibility ex vivo as well
as in vivo.

In conclusion, in this pilot study, the ex vivo and in vivo
biocompatibility and potential immunological impact of water-
dispersible pristine graphene and graphene oxide were investi-
gated using a close-to-human animal model. Indeed, tolerance
and potential immunomodulatory properties of both materials
were assessed using swine as a model due to the strong anatom-
ical, physiological, and immunological analogies between pigs
and humans.[28,29,33,35] Through a compendium of results, our
study revealed that GBMs triggered a modest local tissue reaction
without systemic toxicity. This work in swine set the foundation
for the future translation of these materials, including pristine
graphene, in clinical settings.

4. Experimental Section
Preparation of Water-Dispersible Pristine Graphene: Graphite (Timrex

KS25, Imerys) (200 mg) was suspended in fetal bovine serum (FBS) (1 mL)
with no additives at an initial concentration of 200 g L−1. The graphite sus-
pension was then homogenized for 200 cycles at 2000 bar to ensure the

exfoliation of graphite. After homogenization, the graphite was centrifuged
for 1 h at 5000 rpm, resulting in a stable graphene suspension with a con-
centration of ≈10 g L−1. The graphene was characterized using SEM, AFM,
and Raman spectroscopy.

Preparation of Graphene Oxide: GO was synthesized following a mod-
ified Hummers’ method[41] and obtained as a stable aqueous disper-
sion. Starting from the highly-oxidized GO with a lateral size higher than
10 μm, an aqueous dispersion of GO with a controlled size of ≈0.6 μm
was obtained using the Mixa system (high speed after 5 cycles, 3 min of
blender treatment per cycle) followed by HPH for one cycle. GO was ex-
tensively dialyzed against MilliQ water via a column system equipped with
the endotoxin-free Polisseur Biopak, using Spectra/Por dialysis membrane
(MWCO 12 000–14 000 Da) for more than 20 days to reach a pH of ≈4.5.
The final concentration of GO is 3.85 mg mL−1. GO was characterized
by scanning electron microscopy (SEM), atomic force microscopy (AFM),
X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy.

Characterization: XPS analyses were performed on a Thermo Scientific
K-Alpha X-ray photoelectron spectrometer with a basic chamber pressure
of 10−8–10−9 bar with an anode using Al K𝛼 radiation (hn = 1486.6 eV).
The C1s photoelectron binding energy was set at 284.5 ± 0.2 eV and
used as a reference for calibrating the other peak positions. The sam-
ples were analyzed as powder. Spot size of 400 μm was used. The sur-
vey spectra are an average of 10 scans with a pass energy of 200.00 eV
and a step size of 1 eV. The high-resolution spectra are an average of 10
scans with a pass energy of 50 eV and a step size of 0.1 eV. An ion gun
was turned on during analysis. For each sample, the analysis was repeated
three times. For the deconvolution, CasaXPS (Version 2.3.16 PR 1.6) pro-
gram was used to interpret data based on the Gaussian e Lorentzian line
shapes and the Shirley type background. SEM analyses were performed on
a SEM SU9000 (Hitachi High Technologies Corporation, Tokyo, Japan). To
prepare the SEM samples, a diluted dispersion of GO was dropped on
SiO2/Si substrate treated under ozone for a few minutes. AFM analyses
were performed with SPM-9700HT (Shimadzu Scientific Instruments, Ky-
oto, Japan). The AFM samples were prepared by dropping a diluted GO
and GR dispersion on a mica substrate.

Preparation of the Dispersions: In order to compare the toxicological
and immunological impact, GR and GO were diluted in water with 10%
FBS and glucose (5% w/v) at a final concentration of 1 mg mL−1.

Sterility and Endotoxin Test: Sterility and endotoxin levels in GR and
GO were estimated before injection. Sterility test was performed by plat-
ing GR and GO suspensions (100 μg mL−1) on Luria Bertani (LB) agar
plates and incubating them overnight at 37 °C. The formation of bac-
terial colonies was examined after 24 h incubation. The TNF-𝛼 expres-
sion test (TET)[42] was used to determine the endotoxin content of these
GBMs. The cytotoxicity of these compounds on human monocyte-derived
macrophages (HMDMs) was first evaluated. Specifically, PBMCs were
isolated from buffy coats obtained from healthy human blood donors
(Karolinska University Hospital, Stockholm) by density gradient centrifu-
gation using Lymphoprep (STEMCELL Technologies). PBMCs were then
positively selected for CD14 expression using CD14 MicroBeads (Miltenyi
Biotec). To obtain HMDMs, CD14 monocytes were cultured in RPMI-1640
cell medium supplemented with 2 mM L-glutamine, 100 U mL−1 peni-
cillin, 100 μg mL−1 streptomycin, and 10% heat-inactivated FBS, supple-
mented with 50 ng mL−1 recombinant M-CSF (PeproTech, UK) for 4 days.
HMDMs were exposed to GR and GO at the concentrations of 5, 25, 50,
and 75 μg mL−1 for 24 h, and cell viability was assessed by the lactate de-
hydrogenase (LDH) release assay. To determine the endotoxin content of
the materials, HMDMs were incubated with GR and GO at the non-toxic
dose of 25 μg mL−1 in the presence or absence of the specific LPS inhibitor,
polymyxin B sulfate (10 μM) for 24 h. LPS (0.01 μg mL−1) was used as a
positive control. The TNF-𝛼 concentration in the cell culture supernatants
was quantified by ELISA (Mabtech AB).

Swine PBMC Purification, Cryopreservation and Culture: Swine PBMCs
were prepared by diluting 15 mL of EDTA blood in 15 mL of phosphate-
buffered saline (PBS), layering it over 20 mL of Histopaque-1077 (Sigma),
and centrifuging it at 600 g for 30 min at room temperature (RT), without
braking, in a rotating bucket centrifuge. PBMCs were aspirated from the
plasma-histopaque interface and washed three times in PBS by centrifuga-
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tion at 1000 g for 5 min at 4 °C.[43] For in vitro experiments, swine PBMCs
were cultured in RPMI 1640 medium completed with 10% of inactivated
fetal bovine serum and 100 U mL−1 penicillin and 100 μg mL−1 strep-
tomycin (complete RPMI), using 12 well plates (2 × 106 well−1). For in
vivo experiments, swine PBMCs were stained immediately for flow cytom-
etry analysis or re-suspended in QIAzol or cryopreserved for later analysis.
PBMCs were adjusted to a density of 1 × 107, and an aliquot (6 × 107)
was re-suspended in cold (4 °C) 10% dimethyl sulfoxide (DMSO) in FBS
and transferred to four pre-cooled (4 °C) cryotubes (1.5 mL tube−1). Tubes
were placed in a −80 °C freezer for 24 h and then transferred to a liquid
nitrogen storage container.[43]

Animal Procedures and Sample Collection: Thirteen 12-week-old pigs
(Sus scrofa domesticus), nine males and four females, were used for in vivo
animal experiments. Pigs were an average size of 30 kg at the start of exper-
iments. They were randomly divided into three groups, and then 2D mate-
rials were administered using an intraperitoneal route: five animals were
injected with GR (0.5 mg Kg−1), five with GO (0.5 mg Kg−1), three with
water 10% FBS (15 mL animal−1, control group), all with 5% glucose w/v.
Details on the group selection and gender are provided in Table S1, Sup-
porting Information. Pigs were under anesthesia with Zoletil (tiletamine-
zolazepam) during nanomaterial injection. Ultrasounds (Sonosite, Ams-
terdam, Netherlands) were used to monitor GR and GO administration
into the peritoneal cavity. The portable multi-parameter veterinary monitor
iPm12Vet (Mindray, Shenzhen, Hong Kong) was used to monitor vital pa-
rameters (electrocardiogram, body temperature, oxygen saturation, blood
pressure, and respiratory rate) in anesthetized animals, starting 5 min be-
fore nanomaterial administration until animal awakening. After a single
intraperitoneal injection of GR or GO suspensions in pigs, blood was col-
lected over time during the animal experiment: T0 (pre-injection), T1 (24
h post-injection), T2 (7 days post-injection), T3 (14 days post-injection),
T4 (21 days post-injection, before euthanasia). At each time point, 18 mL
of whole blood was collected (16 mL using EDTA as an anticoagulant) for
toxicity investigation and to assess the impact of these materials on the
immune system.

Serum was collected from 2 mL of whole blood without anticoagulant
to monitor changes in chemical profile and globulin levels, as described
in Section 2.9. EDTA blood was used to perform a complete blood count
(CBC) (1 mL), as described in Section 2.8, and for PBMCs purification
(15 mL), as described in Section 2.3. 3 × 106 PBMCs were stained imme-
diately for flow cytometry analysis (as described in Section 2.10), 6 × 107

PBMCs were cryopreserved (as described in Section 2.3), and 4 × 107

PBMCs were re-suspended in QIAzol (Qiagen) (1× 107 mL−1). Samples in
QIAzol were stored for 7 days at −20 °C and then at −80 °C until analyzed.
Plasma was also collected and stored immediately at −80 °C until anal-
ysis of circulating cytokines levels. 21 days post-injection, the pigs were
first anesthetized with intramuscular administration of Zoletil (tiletamine-
zolazepam), then euthanized using Tanax (Intervet, Italy). Immediately af-
ter death, samples from the spleen, peritoneum, liver, and kidney were col-
lected and fixed neutral buffered 4% (v/v) formalin and then embedded
in paraffin blocks for histology and immunohistochemistry (see Section
2.12).

Hemocompatibility Assays: Hemolysis test was conducted following
previously used protocols.[44] Red blood cells (RBCs) were purified from
swine heparinized blood by centrifugation at 200×g for 5 min to remove
serum. Resulting RBCs were then washed in sterile PBS 1× three times and
diluted 10× with the same solution. The hemolytic activity of GR or GO
was determined by incubation of these compounds with the RBC suspen-
sion (0.1 mL, ≈2 × 108 RBCs mL−1) at different concentrations (5, 25, 50,
and 75 μg mL−1) in a final volume of 1 mL. 24 h later, intact RBCs were re-
moved by centrifugation for 5 min at 500 g. The absorbance of hemoglobin
released in the supernatant was read with an Epoch microplate reader
(BioTek, Winooski, USA) at 570 nm with the absorbance at 620 nm as a
reference.

Cell Viability Assay: Impact of GR and GO on swine PBMC viability
ex vivo was evaluated using a non-radioactive cytotoxicity assay, as previ-
ously described.[45] Swine PBMCs were left untreated or cultured in the
presence of GR or GO (both at 50 μg mL−1). LDH levels in culture super-
natants indicative of a loss of plasma membrane integrity were quantified

using a Cytotox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madi-
son, WI, USA). A lysis solution provided by the manufacturer was used as
the positive control, whereas untreated PBMCs were used as the negative
control. Absorbance was read at 492 nm using an Epoch microplate reader
(BioTek, Winooski, USA).

Cytokine Secretion Assay: PBMCs for ex vivo experiments were cultured
in the presence or absence of 50 μg mL−1 of GR or GO for 24 h, and
then culture supernatants were harvested and stored at −80 °C until cy-
tokine/chemokine analysis. All experiments used LPS (2 μg mL−1) as a
positive control. Levels of IL-1𝛽, IL-2, IL-4, IL-6, IL-10, IL-12, TNF-𝛼 were de-
termined using Porcine Cytokine/Chemokine Magnetic Bead Panel Multi-
plex assay (Merck Millipore, Darmstadt, Germany) and a Bioplex MAGPIX
Multiplex Reader (Bio-Rad, Hercules, CA, USA), according to the manufac-
turer’s instructions, as previously described.[43,45] Plasma samples were
collected over time during the in vivo animal experiment (pre-injection
and 1, 7, 14, and 21 days post-injection) and were stored at −80 °C until
cytokine detection assay; assays followed the same procedure described
above.

Blood Count: CBC was performed on swine EDTA blood samples col-
lected over time during the in vivo animal experiment (pre-injection and
1, 7, 14, and 21 days post-injection). The samples were analyzed within
3 h of sampling. CBC was also performed on ex vivo swine blood cells:
EDTA blood was treated with 50 μg mL−1 of GR or GO or left untreated
and incubated at 37 °C for 24 h. The main blood parameters were evalu-
ated using an ADVIA 2120 analyzer (Siemens).[39] We reported the num-
ber of red cells (1 × 106 μL−1), the number of platelets (1 × 103 μL−1),
and the number of total white blood cells (1 × 103 μL−1), then divided
into neutrophils, lymphocytes and monocytes. We analyzed the hemat-
ocrit (HCT), the volume percentage of red blood cells in the blood, and
the amount of hemoglobin (HGB) expressed in g dL−1. The mean corpus-
cular hemoglobin (MCH) and its concentration (MCHC) were evaluated.
Last, we examined the red blood cell distribution width (RDW), which is
the variation in the cellular volume of the red blood cell population, and the
hemoglobin distribution width (HDW), which measures the heterogeneity
of the red cell hemoglobin concentration. The list of parameters and their
reference range are reported in Table S2, Supporting Information.

Biochemistry and Serum Protein Electrophoresis: Swine serum sam-
ples were collected over time during the in vivo animal experiment (pre-
injection and 1, 7, 14, and 21 days post-injection). Whole blood without
anticoagulant (2 mL) was centrifuged at 3000 g for 10 min, and serum
was immediately analyzed to monitor changes in chemical profile and
globulin levels.[39] An automated spectrophotometer (EXL 200, Siemens,
Monaco, Germany) was used to quantify albumin, alkaline phosphatase
(ALP), bilirubin, calcium, phosphorus, creatinine, total proteins, gamma-
glutamyl transferase (GGT), aspartate transferase (AST), urea, cholesterol,
creatine phosphokinase (CPK), and triglycerides in serum samples. SE-
BIA G26 (Interlab, Rome, Italy) was instead used to assess serum pro-
tein levels (g dL−1) and percentages of albumin, 𝛼1-globulin, 𝛽-globulin,
𝛾-globulin. The list of parameters and their reference range are reported
in Table S2, Supporting Information.

PBMCs Gating Strategy and Activation Markers on Flow Cytometry:
Swine PBMCs were collected over time during animal experiments, and
3 × 106 were stained immediately to monitor changes in the main lym-
phocyte population and activation marker expression. The cells were trans-
ferred into 5 mL round bottom tubes (Corning) (1 × 106 PBMCs tube−1),
stained with monoclonal antibodies specific for surface markers for 15 min
at RT, and then washed with PBS containing 2% of FBS. The monocytes
were differentiated using mouse anti-human CD14-PerCP-Cy5.5 (Tuk4;
Miltenyi Biotec), whereas main lymphocyte populations were discrimi-
nated using the following monoclonal antibodies (moAb): mouse anti-
bovine CD21-PE (CC51; Bio-rad), mouse anti-pig CD3-PerCP-Cy5.5 (BB23-
8E6-8C8; BD Pharmigen), mouse anti-pig CD4-FITC (74-12-4; BD Pharmi-
gen), mouse anti-pig CD8-PE (76-2-11; BD Pharmigen). Monoclonal an-
tibodies anti-human CD14 (Tuk4) and anti-bovine CD21 (CC51) cross-
react with pig.[46,47] The percentages of B cells (CD21+CD3−), T cells
(CD3+CD21−), subsequently divided in cytotoxic (CD3+CD8highCD4−),
naïve T helper (CD3+CD8−CD4+), memory T helper (CD3+CD8lowCD4+),
NK cells (CD3−CD8+CD4−) and monocytes (CD14+) were monitored over
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time. The expression of CD25 (activation marker) was assessed using
first mouse anti-pig CD25 (K231.3B2, Bio-rad) and subsequent staining
with BV421 rat anti-mouse IgG1 (A85-1, BD Horizon). The percentage of
CD25 surface activation marker expression on gated monocytes (CD14+),
B cells, T cells (subsequently divided in cytotoxic, naïve T helper, memory
T helper), and NK cells was monitored pre-injection and 1, 7, 14, 21 days
post-injection. Surface-stained cells were resuspended in PBS 0.1% for-
malin and then analyzed on BD FACS Celesta (BD Biosciences, Franklin
Lakes, NJ, USA), and 100 000 live monocytes or lymphocytes were ac-
quired. Analysis of data was performed using BD FACS Diva Software (BD
Biosciences) by exclusion of doublets and then gating on viable monocytes
or lymphocytes. Defined lymphocyte subpopulation and monocytes were
then gated upon, and their expression of CD25 was assessed, as previously
described.[43]

RNA Extraction and PCR Array Analysis: PCR arrays for 84 genes related
to the immune response were measured on nine samples from T0 and T1
(24 h) time points: three pigs of the control group (#10, #11, #12), three
GR treated (#01, #08, #09), three GO treated (#02, #04, #06) (see Table
S1, Supporting Information). RNA was extracted from the PBMCs using
the RNeasy Mini Kit (QIAGEN). The concentration and quality of RNA
were determined by the NanoDrop spectrophotometer (Thermo Fisher).
Pure RNA has a A260/A280 absorption ratio of ≈2.1, and A260/A230 is
higher than 1.8. All RNA samples were found to be of high quality. Total
RNA (500 ng) was used for cDNA synthesis using the RT2 First Strand Kit
(QIAGEN). Real-time PCR was then conducted using the RT2 Profiler PCR
Array for immune-related genes (QIAGEN, Cat. No. 330 231 PASS-021ZA).
The data analysis was performed using the GeneGlobe Data Analysis Cen-
ter available at QIAGEN (https://geneglobe.qiagen.com/us/analyze). The
list of genes is shown in Table S3, Supporting Information (according
to information provided by the manufacturer). The relative gene expres-
sion levels were calculated using the classical and widely adopted 2−∆∆CT

method.[48] Student’s t-test was used to evaluate the statistical differ-
ences, and a statistically significant difference was set as p < 0.05. The log
transformation was performed on fold change and p values. Significantly
up- and down-regulated genes were marked in red and blue, respectively.
Thresholds of twofold change are indicated in the shaded area. The plots
were generated in GraphPad Prism (v. 8.2.0). Non-supervised hierarchical
clustering was performed to indicate the co-regulated genes across the in-
dividual samples and groups.[49] The magnitude of gene expression was
determined by calculating the 2−∆CT for each gene and normalizing to the
average 2−∆CT of all genes across the samples. The distance metric was
employed to convert data points into clusters, and the linkage method was
used to join the clusters to form a tree.

Histopathology and Immunohistochemistry: Paraffin-embedded tissue
blocks were cut into 5 μm thick sections and stained with hematoxylin
and eosin (H&E) (Bio-optica, Milan, Italy) to determine tissue histopatho-
logical changes. Sections were examined under a light microscope (Le-
ica, Wetzlar, Germany) coupled with a digital camera. The identification
of macrophages (CD163+), T lymphocytes (CD3+), and B lymphocytes
(CD79+) in situ was performed using immunohistochemistry, as previ-
ously described.[39] Briefly, 5–7 μm thick sections were deparaffinized and
rehydrated in ethanol before staining. For CD163 antigen retrieval, sec-
tions were immersed in a solution of 0.01 M citric acid (pH 6.1) and treated
in a pressure cooker (Biocare, Milan, Italy) (110 °C × 15 min). For CD3 and
CD79 antigen retrieval, sections were immersed in pH 9 Tris Buffer EDTA
solution and then treated in a pressure cooker (110 °C × 15 min). Sections
were incubated overnight at 4 °C using the following primary antibodies:
anti-porcine monoclonal antibody (mAb) CD163 (EDHu-1, Bio-rad), anti-
human CD79𝛼cy mAb (HM57, Dako Agilent, Santa Clara, CA, USA) and a
rabbit polyclonal anti-human CD3 (Dako Agilent). Immune reactions were
then visualized by 3,3′-diaminobenzidine chromogen solution (Dako Agi-
lent).

Transient Absorption and Raman Mapping: Both transient absorption
(TA) imaging and Raman mapping experiments were performed on sam-
ples collected 21 days post-injection from six tested subjects: two pigs
of the control group (#10, #12), two GR-treated (#01, #09), two GO-
treated (#04, #06). Paraffin-embedded tissue blocks were cut into 10-
μm thick sections and deparaffinized, modifying a previously optimized

protocol.[50] Briefly, tissue slices, mounted onto 0.17 mm thick glass cov-
erslips, were dewaxed by two baths of hexane 95% (Merck KGaA), two
baths of ethanol absolute (Merck KGaA), and a final bath of ethanol 95%,
followed by air drying for 2 h.

TA imaging experiments were performed using a two-color TA configu-
ration coupled to a point-scanning microscope.[51] A train of pump pulses
at 1040 nm with »200-fs duration and 80 MHz repetition rate is synchro-
nized and collinearly combined with a train of probe pulses at 780 nm with
»100 fs duration. Pump and probe pulses are focused on the tissue slide
by a 1.25 numerical aperture (NA) microscope objective (CFI Plan Apo IR
60XC WI, Nikon). At the sample plane, the pump and the probe beams
are confined to a diameter of » 1 μm. The transmitted probe is collected
with a second objective (CFI Apo Lambda S 60X Oil, NA = 1.4, Nikon),
spectrally selected by a short-pass filter, and measured with a photodiode.
An acousto-optic modulator modulates the pump beam at 1.6 MHz, and
the pump-induced differential transmission (DT/T) of the probe is syn-
chronously detected by a lock-in amplifier. The pixel dwell time used for
TA imaging experiments was 1.2 ms, with the typical field of view of 300 ×
300 μm. We also performed confocal micro Raman spectroscopy, using a
HORIBA LabRAM Evolution Raman spectrometer, on the same samples,
that is, GR- and GO-treated tissues, control tissues (without GR and GO
treatment), and control GR and GO samples, which were used to treat the
tissues. Four different kinds of tissues, that is, mesentery (mes), spleen,
liver, and kidney, were investigated using confocal Raman spectroscopy
using 514.5 nm laser wavelength, with a laser spot size ≈0.5 μm. 100× ob-
jective with 0.9 numerical aperture and 1800 mm−1 grating were used. We
performed Raman mapping in a 20 μm × 20 μm area of the control tissues.
Raman spectra of GR and GO before and after injection into the tissues
were compared to understand the evolution of the physical parameters
like strain, doping, and defects.

Statistical Analysis: Ex vivo experiments were performed in triplicate
and repeated at least three times using different blood donor pigs. In
vivo experiments were instead performed using 13 pigs, randomly divided
into three groups: three animals in the control group (Group 1), five pigs
exposed to GR (Group 2), and five animals exposed to GO (Group 3).
The sample size for in vivo population was calculated following Viecht-
bauer and collaborators (2015),[52] assuming the baseline probability of
observing a difference between groups is 0.05% (95% IC= 0.01–0.08). The
completeness and consistency of the collected data, stored in an ad hoc
database, were evaluated. The same statistical approach and methodology
were applied to ex vivo and in vivo datasets. Shapiro-Wilk test was used
to test the normal distribution of each independent variable. After assess-
ing the baseline distribution of the whole blood parameter, biochemical
profile, serum protein, and cytokines, quantitative variables were summa-
rized as mean values, standard deviations (SD), median, and interquar-
tile range, depending on the best representative measure. Differences be-
tween variables were evaluated by applying the T-Student or Kruskal-Wallis
nonparametric tests. Repeated-measures mixed model has been applied
using five time points (T0 = pre-injection; T1 = 1, T2 = 7, T3 = 14, T4
= 21 days post-injection, respectively) the variable on which the data are
repeated to test the hypothesis of equality of variances within-subjects
and between-groups. Any possible interaction factor between parameters,
time, and subject has been tested in the model. In addition to the esti-
mates of the fixed effects (each parameter and time points), we get ran-
dom effects. These are the variance of the intercepts and the residual vari-
ance, which correspond to the between-subject and within-subject vari-
ances. The level of p < 0.05 was considered significant for all the analyses,
except for multiple comparisons, for which the Bonferroni correction was
used (p-value/n° of contrast in the five groups: P<0.01). The software used
to conduct the analysis was STATA/SE for Window, version 15 (StataCorp,
College Station, TX, USA). For details on the analysis of the gene expres-
sion data, refer to Section 2.11.

Ethical Statement: For ex vivo experiments, whole blood was ob-
tained from three human informed donors (25–50 years old) and three
healthy swine (Sus scrofa domesticus) (6–24 months old). The in vivo
experiment was performed instead using 13 healthy 12-week-old swine.
Pigs were housed at the Experimental Station of Istituto Zooprofilattico
della Sardegna (IZS della Sardegna, Sassari, Italy) and were allowed to
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acclimatize for 2 weeks before any experiments. The IZS della Sardegna
Ethics Committee reviewed and approved all the protocols performed
for swine experiments. The in vivo experiment was further authorized by
the Italian Ministry of Health (Ministero della Salute) in accordance with
the Italian D.Igs 26/2014 (protocol n.779/2019-PR). Human blood was
collected from healthy adult donors at the Karolinska University Hospital,
Stockholm, Sweden. The donors were approved and covered by insurance
according to the regulations at the Karolinska University Hospital, and
their identity was unknown to scientists performing experiments. These
buffy coats containing white blood cells are considered a waste product
after the red blood cells have been utilized for blood transfusions thus, the
Ethical Committee for Human Studies in Stockholm previously notified
that no specific ethical permit is required for in vitro (cell culture) studies
of nanomaterials on cells derived from human buffy coats, such as the
studies reported herein, since data cannot be traced back to individual
blood donors (2006/900-31/3; decision 2006/3:8).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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