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Abstract: This study investigated the response of human monocytes to co-culture with pegylated (linear or branched)
graphene oxide (GO) nanoparticles, specifically examing both small (P-GOs, 100 -200 nm) and larger (P-GOb, 1-
5 um) particles at concentrations of 5, 25, and 50 pg mL™1. Human monocytes (CD14* cells) were isolated and
cultured with these nanoparticles for 72 hours. We measured cell viability, lactate dehydrogenase (LDH) release,
and cytokine production. The findings showed that P-GO nanoparticles had little effect on cytokine production,
including MIF, GM-CSF, VEGF, IP-10, IL-8, HGF, and SCGF-beta in vitro. At a low concentration (5 pg mL‘l), P-GO
exhibited minimal influence on cytokines, except forthe LP-GOb variant, which increased M-CSF production. Con-
versely, 25 and 50 pg mL~! of P-GO nanoparticles enhanced the release of variouscytokines, including proinflam-
matory IL-6, IL-1f, IL-1q, IL-18, IL-17, IL-16, IFN-y, TNF-, TNF-q, anti-inflammatory IL-1ra, IL-13, IL-10, IL-4,
regulatory G-CSF, IL-2, IL-3, IL-5, IL-12 (p40), IL-12 (p70), M-CSF, GM-CSF and chemokines CTACK, Eotaxin, GRO-q,
RANTES, MIP-18, MCP-1, MIP-1a, MCP-3, MIG, SDF-1a, growth factors Basic FGE, PDGF-BB, SCF, and LIF and TRAIL.
Although higher concentrations of P-GO nanoparticles resulted in significant cytokine production, monocyte viabil-
ity remained largely unaffected . LDH release was elevated solely in samples treated with 50 pg mL™! of LP-GOb.
BP-GOs showed minimal influence on cytokine profiles, raising M-CSF levels at the highest concentration. These
results indicate that modifying graphene oxide nanoparticles may hold potential for creating graphene-based phar-
macological agents.
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1. Introduction

The need for developing therapeutic agents, treatment methods, diagnostic techniques, and more drives scien-
tific exploration across various fields. One promising area of research is the search for and application of different
materials, particularly carbon nanomaterials [1]. Graphene is a fascinating carbon material. This two-dimensional
substance boasts unique electronic and conductive properties thanks to its distinctive structure. Graphene, in its
original unoxidized form, is a hydrophobic substance that tends to aggregate [2]. The most extensively studied
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graphene derivative is graphene oxide (GO), which exhibits better stability in colloidal solution and is easier to
functionalize due to its oxygen-containing functional groups [3]. Graphene oxide is a promising material for drug
delivery systems, particularly for antitumor drugs, due to its two-dimensional aromatic surface. This unique struc-
ture allows GO to act as a substrate, facilitating the adsorption and delivery of drugs. When drugs are loaded onto
GO, they form stable complexes, enhancing the efficiency of drug delivery mechanisms [4]. The small thickness
of graphene, just one atom, combined with its exceptional conductivity, makes it an ideal material for developing
a variety of biomedical sensors. These sensors include enzyme biosensors, immunosensors, and DNA sensors [5].
When functionalized with dyes, polymers, nanoparticles, drugs, and biomolecules, graphene oxide becomes a ver-
satile platform for various bioimaging applications [6].

Graphene oxide has emerged as a highly adaptable nanomaterial for therapeutic applications, especially in the
realm of cancer treatment. GO demonstrates remarkable photothermal conversion capabilities when subjected to
near-infrared (NIR) light. This characteristic enables its use in photothermal therapy (PTT), where it generates
heat upon irradiation, resulting in targeted destruction of tumors [7]. The synergy between GO and photothermal
agents enhances the efficacy of cancer therapies by elevating the temperature at the tumor site, which promotes
apoptosis in cancer cells [8]. Additionally, in photodynamic therapy (PDT), GO can facilitate the delivery of photo-
sensitizers that produce reactive oxygen species when activated by light. This process effectively induces cell death
in cancerous cells while protecting adjacent healthy tissues. The combination of GO with PDT presents a promising
strategy for treating various tumor types [7].

The potential applications of graphene oxide are vast and diverse, making it an exciting material in numerous
fields. However, the use of nanomaterials in living systems such as the human body raises significant safety con-
cerns. The immune system is essential in determining how nanomaterials interact with living organisms, including
humans. Grasping this interaction is critical for the secure and efficient application of nanotechnology in the field of
medicine. Graphene oxide, being a non-biodegradable material, will persist in the body for a prolonged duration [9].
Phagocytes, among which macrophages and monocytes, are typically the first cells of the immune system to come
into contact with nanoparticles within the body [10]. Therefore, immunotoxicity studies tend to focus on these cell
types.

A considerable amount of research indicates that the immune-modulating effects of graphene oxide are signifi-
cantly influenced by various characteristics of the material. These factors comprise concentration, shape, size, type
of functionalization, as well as the method of administration and exposure time [11]. Research indicates that cov-
ering nanoparticle surfaces with biocompatible polymers, particularly polyethylene glycol (PEG), can significantly
reduce their potential cytotoxicity [12].

We have previously assessed the effect of PEG-coated graphene oxide on the functions and metabolism of hu-
man monocytes; however, the cytokine profile has not yet been investigated [13, 14]. Studies suggest that carbon
nanomaterials frequently result in heightened production of inflammatory cytokines by immune system cells [15-
18]. In light of this, the objective of the present study is to examine the impact of PEGylated graphene oxide on the
cytokine profile of monocytes in vitro.

2. Materials and Methods
2.1. Donors

The research was carried out in compliance with the WMA Declaration of Helsinki 2000 and the Protocol of the
Council of Europe Convention on Human Rights and Biomedicine 1999. Approval for the experimental design was
obtained from the Ethics Committee of the IEGM Ural Branch of the Russian Academy of Sciences (IRB00010009)
on August 30, 2019. Written informed consent was obtained from all participants. The authors complied with all
applicable ethical standards.

2.2. Cell Isolation

We collected peripheral blood from healthy donors (n = 4, aged 22 + 2 years). Mononuclears (PBMC) were
separated from heparinized blood through density gradient centrifugation using Diacoll (p = 1.077) (DiaM, Russia).
After centrifuging the PBMCs located above the Diacoll layer were harvested, diluted with RPMI-1640 medium, and
centrifuged three times in RPMI-1640. The resulting cell sediment was then resuspended, and the concentration
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of PBMCs was determined in a Neubauer hemocytometer.

Then we isolated CD14* cells (monocytes) from the PBMCs using magnetic microbeads, columns, and stand
(Miltenyi Biotec, Germany). The percentage of CD14* monocytes was 96.4%.

Monocytes were incubated with P-GO nanoparticles (5, 25, 50 pg mL™1) for 72 h. Cells were cultured in RPMI-
1640 medium (Gibco, USA) supplemented with 2 mM L-glutamine, 100 U penicillin, 0.1 mg mL™! streptomycin,
2.5 pug mL~1 amphotericin B, and 10% fetal bovine serum (FBS) (all Capricorn, Germany) in flat-bottom 96-well
culture plates (SPL, South Korea). After incubation, cell viability and cytokine profile were assessed. We selected
a sufficiently long cultivation period due to the limited information available in the literature, as cells are typically
cultured with nanomaterials for 24 to 48 hours [19, 20].

2.3. Graphene Oxide

Graphene oxide nanoparticles with lateral dimensions of 100-200 nm (P-GOs) and 1-5 pm (P-GOb) (Ossila Ltd.,
UK) were utilized. These nanoparticles were functionalized with linear and branched (LP-GO and BP-GO) PEG. In the
process of functionalization of graphene oxide, amino groups from PEG-NH, and 8arm-PEG-NH, were covalently
attached to the GO surface carboxyl groups. The process of chemical modification and characteristics of the obtained
material have been detailed in one of our previously published publications [13]. The characteristics of the P-GO
nanoparticles are summarized in Figure A1 and Table A1l.

2.4. Cell Viability

Monocytes (106 cells mL-1) were incubated with P-GO nanoparticles for 3 days (72 hours) in complete culture
medium (RPMI-1640 (Gibco, USA) with 10% FCS, 2 mM L-glutamine (ICN Pharmaceuticals, USA), and penicillin-
streptomycin-amphotericin B (BI, Israel)) at 37 °C and 5% CO, in a humid atmosphere. Subsequently, the viability
of cells was assessed using Erythrosine B (Logos Biosystems, South Korea) DET (dye exclusion test).

2.5. Lactate Dehydrogenase

Activity of LDH was measured using an assay kit (LDH-UF-Novo, Vector-Best, Russia) on a Multiskan Sky (Thermo
Fisher Scientific, USA) spectrophotometer.

2.6. Cytokine Profile Evaluation

The levels of various cytokines and chemokines in pre-defrosted culture supernatants were measured using
Bio-Plex Pro Human Cytokine Screening Panel, 48-Plex #12007283 (Bio-Rad, USA), MAGPIX® Multiplexing System
(Merck Millipore, USA), and xPONENT® software. Standard curves were created using a 5PL analysis method. Data
processing was performed with Belysa® Immunoassay Curve Fitting Software.

2.7. Statistical Data Analysis

Statistical data analysis was carried out using GraphPad Prism 8.0.1 software, employing the one-way ANOVA
(Friedman test) and Dunn test for multiple comparisons. Results are displayed as median values along with the
lower and upper quartiles. The significance threshold was established at 0.05.

3. Results
3.1. P-GO Nanoparticle Types

In this study, we used nanoparticles of four types, and their characteristics are presented in Table 1.

Table 1. P-GO nanoparticles properties.

LP-GOs BP-GOs LP-GOb BP-GOb
Size, nm 184 +73 287 +£52 891+18 1376 + 48
Type of PEG linear branched linear branched
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3.2. Cytotoxic Effects of P-GO

No statistically significant differences in the viability of human peripheral blood monocytes were observed
between cultures with P-GO nanoparticles and those without (control) (Figure 1). We found no differences in cyto-
toxicity among P-GO nanoparticles of different sizes or those modified with linear or branched PEG. It is noteworthy
that the median viability values were somewhat elevated in cultures with the addition of 5 pg mL™! of P-GO. In con-
trast, a concentration of 50 ug mL™! of P-GO decreased the viability of monocytes.

Overall, P-GO, according to statistical analysis, did not change the monocyte viability.

100 ;

Viability, %
1)
o

pg/mL 25 pg/mL - 50 pg/mL

Figure 1. Viability of monocytes in cultures with P-GO nanoparticles after 72 h incubation.
Note: Medians (Me) and quartiles (Q1-Q3) are presented; n = 4.

3.3. Effect of P-GO on LDH Activity

We observed that 50 pg mL~! of LP-GOb significantly elevated the release of lactate dehydrogenase (Figure 2),
which can be interpreted as the rise in the number of dead cells within the monocyte culture. This finding aligns
with the trend indicating an increase in the percentage of dead cells in DET.

3.4. Effect of P-GO on the Cytokine Profile of Monocytes

In the culture supernatants, several cytokines were found to be below the detection limit. Specifically, IL-5, IL-
15, B-NGF, and SDF-1a were not detected in the samples. An important finding is that monocytes produced several
cytokines both in the control group and when exposed to GO nanoparticles. However, the levels of these cytokines
remained unchanged. The specific cytokines identified include MIF, GM-CSE, VEGF, IP-10, IL-8, HGF, and SCGF-beta.

In this study, three concentrations of GO nanoparticles were used: 5, 25 and 50 ug mL~1. Consequently, it has
been established that the addition of 5 ug mL~! of any type of nanoparticles does not result in significant alterations
to the cytokine profile, except for M-CSF. The level of this factor rises when exposed to 5 pg mL™! of P-GOb particles.

Data on the effect of GO nanoparticles on cytokine production by monocytes can be found in Figure 3 and Table
A2.

It was observed that raising the concentration of P-GO nanoparticles to 25 ug mL™! did not alter the cytokine
profile of monocytes when small-sized nanoparticles (BP-GOs) were used. In contrast, similar particles function-
alized with linear PEG (LP-GOs) significantly increased the production of a broad spectrum of cytokines, including
proinflammatory TNF-q, IL-13, [FN-y, IL-17, IL-6, IL-1a, TNF-f3, IFN-a2, IL-16, anti-inflammatory IL-4, IL-1ra, [L-10,
regulatory G-CSF, IL-12 (p70), IL-2, and chemokines CTACK, Eotaxin, GRO-«, MIP-1a, MCP-1, MCP-3, MIG, MIP-1§,
growth factors Basic FGF, IL-7, IL-9, PDGF-BB, SCF, and LIF and TRAIL. For larger nanoparticles, LP-GOb enhanced
the production of MCP-1, MCP-3, M-CSF, and MIP-1a. However, BP-GOb nanoparticles induced the production of a
significantly broader range of cytokines: CTACK, Basic FGF, G-CSF, IFN-a2, IL-1a, IL-13, IL-1ra, IL-4, IL-6, IL-7, IL-9,
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IL-10, LIF, MCP-3, MIG, MIP-1a, MIP-13, SCF, TNF-a, and TNF-{.
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Figure 2. LDH activity in monocyte culture after 72 h incubation with P-GO.

Note: Medians (Me) and quartiles (Q1-Q3) are presented; n = 4. Significant differences (p < 0.05) relative to the control are noted.
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Figure 3. Effect of P-GO nanoparticles on the cytokines’ concentrations in monocyte cultures.
Note: Cytokine levels shown as In of concentrations (n = 4). IL - interleukin; M-CSF - macrophage colony-stimulating factor; IFN - interferon; TNF - tumor necrosis
factor; SCF - stem cell factor; CTACK - cutaneous T cell-attracting chemokine; FGF - fibroblast growth factor; MIG - monokine induced by gamma interferon; LIF -
leukemia inhibitory factor; RANTES - chemokine ligand 5 (CCL5; regulated on activation, normal T-cell expressed and secreted); PDGF-BB - platelet-derived growth
factor; TRAIL - TNF-related apoptosis-inducing ligand; MIP - macrophage inflammatory protein; MCP - monocyte chemoattractant protein; G-CSF - granulocyte
colony-stimulating factor; GRO - growth-related oncogene.
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All types of nanoparticles at 50 ug mL-! had a more pronounced influence on cytokine production by human
monocytes. Small-sized nanoparticles with branched PEG (BP-GOs) induced the production of only M-CSFE. In con-
trast, LP-GOs, stimulated the production of a wide range of regulatory molecules, including G-CSF, IL-5, IL-1, IL-4,
IL-7, IL-1a, IFN-y, IL-10, IL-12 (p70), Eotaxin, IL-3, TNF-a, RANTES, Basic FGF, SCF, GRO-«, IL-2Ra, IL-6, LIE, MCP-
1, IL-15, TRAIL, MIP-1«, CTACK, B-NGF, MIG, SDF-1a, MCP-3, MIP-18, IL-2, IL-9, TNF-B, IL-12 (p40), IL-16, IL-17,
IFN-a2, and IL-18. Larger nanoparticles coated with linear PEG (LP-GOb) also stimulated monocytes to produce
CTACK and several other cytokines including Basic FGF and G-CSF. Those coated with branched PEG (BP-GOb) fur-
ther enhanced the production of Eotaxin and other cytokines such as IL-2 and PDGF-BB but did not affect MCP-1
levels.

We have demonstrated that the most inert type of nanoparticles in this context are BP-GOs. All other variants
of nanomaterial activated monocytes and stimulated them to produce various cytokines and chemokines, primarily
pro-inflammatory ones.

When evaluating the effects of various modifications and concentrations of P-GO nanoparticles on the cytokine’
production by human monocytes, it was observed that the stimulating effect becomes more pronounced with in-
creasing nanoparticle concentration. At 5 pg mL™1, there is virtually no impact on cytokine production, while 25 pg
mL~! induces a broader range of cytokines, which further expands at 50 pg mL™. No significant differences were
found between nanoparticles of different sizes; however, surface chemistry played a crucial role. Notably, branched
PEG-coated nanoparticles (BP-GOs) at concentrations of 5 and 25 ug mL~1 did not reliably alter cytokine production
by monocytes, but at 50 ug mL™1, they only increased M-CSF production. Overall, this modification of nanoparticles
shows promise for developing graphene-based pharmacological agents.

For the first time, GO nanoparticles were shown to stimulate the production of CTACK, Basic FGF, GRO-q, LIF,
MIG, SCF and TRAIL.

For some of the cytokines, it has also been shown not only a significant difference between individual samples
compared to the control, but also differences between samples with the addition of particles that differ in one
parameter (PEG type or concentration) (Table 2). No significant differences were found in the production of any
cytokine depending on the particle size.

Table 2. Differences in cytokine production between similar nanoparticles.

Cytokine Types of Particles P Value
RANTES LP-GOs and BP-GOs, 50 ug mL™! 0.0438
Eotaxin LP-GOs, 5 and 50 pg mL™! 0.0220

HGF LP-GOs, 5 and 50 pg mL™! 0.0438
LP-GOs and BP-GOs, 50 ug mL-1 0.0184
M-CSF BP-GOs, 5 and 50 pg mL™! 0.0262

4. Discussion
4.1. Monocytes Viability

Previously, we investigated the 24-hour effects of P-GO nanoparticles on human peripheral blood monocytes
[11]. Despite using a different method to assess viability (trypan blue staining), no significant changes in cell viabil-
ity were observed, regardless of the type of nanoparticles. Therefore, it can be concluded that these nanoparticles
do not have a negative impact on human monocytes, both during short-term and long-term cultivation.

Cytotoxicity studies on monocytes are usually performed using the monocytic leukemia cell line (THP-1). In
2023 it was established that reduced GO showed toxicity to THP-1 cells at concentrations greater than 62.5 mg mL™!
after 24 hours and greater than 125 mg mL™! after 48 hours of exposure [20]. It has been shown that GO without
functionalization can decrease cell viability [21]. It appears that the pegylation of nanoparticles helps to maintain
the viability of monocytes. Overall, the data we present supports this trend.

It should be emphasized that the presence of statistically significant differences compared to the negative con-
trol alone cannot determine the presence or absence of cytotoxicity. In addition, the signal in cells exposed to the
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test compound or nanoparticles should be at least 20% lower than that in untreated control. A dose-dependent
reduction in signal should also be observed, and the results should be reproducible [22].

Taking these facts into account, P-GO nanoparticles may be cytotoxic to monocytes with increasing concentra-
tion.

4.2. Lactate Dehydrogenase Activity

It is known that the lactate dehydrogenase (LDH) enzyme catalyzes the conversion of pyruvic acid to lactic
acid and NADH to NAD+ [23]. LDH, located in the cytoplasm, plays an important role in glycolysis. When cells are
damaged or their membrane permeability changes, LDH leaks into the extracellular medium. Thus, an increase in
LDH activity indicates cytotoxic effects of the nanomaterial.

It has been found that graphene oxide did not cause significant LDH release from the human breast cancer cell
line, cells of the retinal pigment epithelium, and stromal cells from bone marrow [24-26]. However, an increase
in LDH release has been observed in Leydig and Sertoli cells, glioblastoma, ovarian cancer, monocytic leukemia,
embryonic kidneys, rat myocardium, and mouse kidneys [24, 27-32].

In 2021, a meta-analysis was performed to assess the toxic effects of graphene-based materials on various
parameters, including lactate dehydrogenase (LDH) activity. Among the graphene-related characteristics, the im-
portance of the features affecting LDH release was ranked in ascending order as follows: oxidation state - diameter
of nanoparticles - exposure dose - surface modification - detection method - organ type [33]. In our research, the
role of PEG type, particles’ size and concentration were established. LP-GOb nanoparticles led to LDH leakage. It is
likely that this type of particle could cause direct mechanical damage to the monocyte membrane resulting in LDH
release.

Cytokine Profile

The scheme of the influence of pegylated graphene oxide nanoparticles on the cytokine profile of human mono-
cytes is presented in Figure 4.
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Figure 4. Summary diagram of P-GO nanoparticles’ influence on the cytokine profile of monocytes.

In our study, we found that low concentrations of P-GO nanoparticles had virtually no effect on cytokine ex-
pression, with the exception of M-CSF. However, 25 and 50 ug mL~! of P-GO nanoparticles significantly amplified
the synthesis of various chemokines, growth factors, proinflammatory and anti-inflammatory cytokines. This indi-
cates that higher concentrations of P-GO nanoparticles can effectively modulate the immune response by increasing
cytokine production in human monocytes.

One of the primary mechanisms by which nanomaterials exert their cytotoxic effects is through the induction
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of inflammation [34]. In 2017, Luo et al. established that peritoneal macrophages internalize PEGylated graphene
oxide nanoparticles, which then trigger the release of pro-inflammatory cytokines by these cells [35]. A similar
effect was observed with nanodiamonds, which are capable of penetrating lysosomal membranes, leading to the
formation of an inflammasome [36, 37].

The literature indicates that graphene nanomaterials can induce an inflammatory response and cytokine pro-
duction, potentially leading to a cytokine storm and inflammatory cell infiltration in the lungs of rats [38]. Consis-
tent with our findings, an increase in IL-6, IL-8, IL-1f3, and TNF-a pro-inflammatory cytokines expression has been
noted in patients undergoing a cytokine storm. This condition is characterized by significantly elevated levels of
inflammatory cytokines, including IFN-y, MIG, IP-10, IL-6, IL-10, and IL-2Ra [39]. This aligns closely with our ex-
perimental data, although we cannot definitively characterize the situation as a cytokine storm in the context of cell
culture. However, it is reasonable to assume that the high concentrations of nanoparticles we used could elicit a
similar adverse reaction in vivo.

When studying the immunocompatibility of nanomaterials, one significant challenge is the contamination of
particles with endotoxin. Monocytes are particularly responsive to lipopolysaccharides (LPS) because of their high
surface levels of Toll-like receptors (TLRs), especially TLR4, which is the primary receptor for LPS [40, 41]. One
study demonstrated that endotoxin-free graphene oxide did not exhibit cytotoxicity toward human macrophages
and did not stimulate the synthesis of pro-inflammatory cytokines. Furthermore, this graphene oxide suppressed
the release of cytokines induced by LPS [42]. At the same time, Orecchioni et al. reported non-specific activation
across different cell populations, accompanied by the production of all analyzed cytokines, which is consistent with
our data [43]. The results of the cytokine profile analysis suggest that if the observed responses were primarily
due to stimulation with endotoxin on the particles, we would expect to see a non-specific reaction at a concentra-
tion level of 5 ug mL~1, particularly given the high sensitivity of monocytes to lipopolysaccharides (LPS). However,
this was not the case in our findings. The results of the LAL test of the particles used were shown in a previously
published paper [13].

For further studies involving any nanomaterials, including graphene, it is essential to establish sterile synthesis
protocols to produce endotoxin-free materials. The presence of endotoxin can significantly influence experimen-
tal outcomes and complicate the interpretation of results. Without clear information on particle contamination,
comparing findings across different studies becomes problematic.

A comprehensive comparison of our data with the literature is complicated due to the use of particles with
varying parameters. It is the combination of these parameters that ultimately determines the nature of the nano-
material’s impact on the immune system. Regarding the prediction of potential in vivo studies, the observed non-
specific cytokine production is not a desirable effect; therefore, BP-GOs particles in low concentrations appear to
be the most promising.

5. Conclusions

When assessing the impact of graphene oxide-PEG on the cytokine production spectrum of human monocytes,
it was observed that the stimulating effect becomes more pronounced with increasing nanoparticle concentration.
Specifically, 5 pg mL™! of P-GO had minimal impact on cytokine production, while 25 pg mL™! induced a broader
range of cytokines. This effect expanded further at the highest of concentrations studied (50 pg mL™1). No signif-
icant differences were noted among the various sizes of nanoparticles used in this study, but surface chemistry
played a crucial role. Notably, only small nanoparticles coated with branched type of polyethylene glycol (BP-GOs)
at concentrations of 5 and 25 pg mL™! did not significantly affect cytokine production. However, at 50 pg mL™1,
they increased the production of M-CSF specifically. Overall, this modification of nanoparticles presents promising
potential for developing graphene-based pharmacological agents. Importantly, PEGylated graphene oxide nanopar-
ticles did not modulate the production of several key cytokines, such as MIF, GM-CSF, VEGF, 1P-10, IL-8, HGF, and
SCGF-beta by human monocytes in vitro.

Nanoparticles have been shown to induce human monocytes to produce a broad spectrum of cytokines, in-
cluding proinflammatory IL-6, IL-17, IL-1a, TNF-a, IL-1(3, IL-18, IL-16, TNF-f3, IFN-y, anti-inflammatory IL-10, [L-4,
IL-13, IL-1ra, regulatory IL-2, G-CSF, GM-CSF, IL-3, IL-5, IL-12 (p40), IL-12 (p70), M-CSF; chemokines MIP-1a, MCP-
3, CTACK, RANTES, SDF-1q, Eotaxin, MIG, MCP-1, GRO-a, MIP-1f3; growth factors LIF, PDGF-BB, SCF, Basic FGF, and
TRAIL.
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However, these nanoparticles did not modulate the production of several other factors such as MIF, GM-CSE,
VEGEF, IP-10, IL-8, HGF, and SCGF-beta. Importantly, our study is the first to demonstrate that PEGylated graphene
oxide nanoparticles stimulate the production of less common factors such as CTACK, Basic FGF, GRO-«, LIF, SCGF-
beta, MCP-3, SCF, MIG, and TRAIL by human peripheral blood monocytes.

In summary, we can conclude that the impact of PEGylated graphene oxide nanoparticles on the properties of
human monocytes is affected by several important factors, including concentration, size, and the type of PEGylation
applied to the particles.
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Appendix A
Table A1. Properties of P-GO.
LP-GOs BP-GOs LP-GOb BP-GOb
Dh, nm ! 184 + 73 287 +52 891+ 18 1376 + 48
PdI 0.25+0.02 0.23+0.02 0.21 £0.02 0.30£0.01
Zeta Potential, mV -31.70 £ 1.70 -34.28+0.41 -39.98 + 1.17 -53.56 £ 1.23
PEG Coverage, wt% 172+14 20.5+1.8 19.4+2.2 205+1.1

! Dh—hydrodynamic diameter, Pdl—polydispersity index.
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Figure A1. Characterization of GO. (A)—FTIR spectra; (B)—Raman spectra; (C)—intensity-weighted size distribu-
tion determined by DLS; (D,E)—SEM images of GO (D) and BP-GOb (E); (F,G)—TGA/DSC of P-GO. Scale bars are 1
pum (D) and 500 nm (E).
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Appendix B

Table A2. Cytokine and chemokine concentrations in monocyte cultures with P-GO, (n = 4), Me (Q1-Q3).

P-GO Type LP-GOs BP-GOs LP-GOb BP-GOb
N Control
P-GO Concentration, 5 25 50 5 25 50 5 25 50 5 25 50
pg/mL
Inflammatory cytokines
] 199 ; 53.5 (49.5-62.2) ] ] 182 ~ 322 39.3 (20.4-53.7) 172 3934 465 (40.7-52.4)
IFNy 0(0-4.9) (17.0-303) (36.8-54.10) ** = 0(0-130) 16:4(88-273) (122-35.5) 16.1(84-27.5) (202-54.7) B (116-30.4) (27.5-44.1) =
265.7 2982
253 389.1 160 193 215 68.40 1309 188 165.2
IL-1a nd (16.3-49.9) (1384-3169) (g5 1443.2) r 38(0-89) (10.5-22.3) (11.6-43.9) (11.3-27.1) (18.2-168.0) (40.4-275.0) (10.2-38.9) (56.2-290.1) (1443-384.6)
341 12220 337 2811 7381 6505 2592
1L-1p 2.0 (09-12.4) 130525) (262821440)  (1128051830)  29(16127) 25.6(9.0-45.4) 6039) 24.4 (4.6-61.9) (199:818.0) (120016280)  259(94925) (g L (4408-46600)
L 86.2 3403 7009 7286 1349 1066 6501 6131 3585.0 5317 1360 6036 7203
(15.0-532.8) (1386-5547) (6086-7726) **  (6895-7955) *+* (20.7-665.4) (263-1606) (230.9-2707.0) (147.1-2122) (718.6-6386.0)  (3556-6977) * (457.9-6977) (2845-6406)*  (6934-7462) **
117 0.4(0-1.1) 46(2975) 33.6(20.0-41.6) 505 (36.3-57.4) 14(0.2-2.4) 46 (34-5.4) 44(33-103) 5.4 (34-64) 131@47274)  2300.0-410) 33(2682) 272(99-437)  0(242:531)
118 nd. 0(03.6) 86 (5.1-12.1) 129 (11.3-15.7) nd. 49(1059) 7.4 (42-103) 70(17-149)  445(66-186)  134(61-164) 0(0-3.2) 111(77-122) 105 (7.6-14.4)
45458
IR 447 844.6 6773 (75 g6144) 481 3509 295.7 4230 1509 2654 7318 3895 6057
(19.6-265.1) (387.8-1408) (4557-8436) ** 4 (35.9-187.8) (115.7-543.5) (138.0-933.8) (156.5-662.6) (355.9-2581) (1224-4555) (227.1-1196) (1454-5431) % (4257-9249)
! 423(323481) 506 (46.9-535) ] ] 127 ] 233 32,6 (17.1-43.7) ] 340(193-450) 450 (33.0-505)
IFNa2 nd. 104 (7.9-14.6) 2 o 53(11-63) 102 (81-15.1) 118179) 112 (96-15.4) 127388 7 93(23-15.1) > 3
] ] 135 453(33.2515)  69.2(619-85.7) ! 144 154 ! 255 38.6 (22.0-51.8) ! 413(313489) 585 (485-69.5)
TNF-B 24(0-7.1) (104-169) o 6.3 (6:0-11.0) (106-15.7) (12.0-188) 13.1(93-142) (11.5-385) . ©0817.3) . o
814 1103 575 521 58.5 88.0
IL-2Ra nd. nd. (51.3-102.0) (82.9-124.0) * nd. nd. nd. nd. (36.7-71.9) (18.5-89.9) nd (22.7-87.2) (55.0-104.5)
2456
L6 565 707 2154 2638 700 771 929 80.5 1429 1791 628 1709 (15275042)
(519-64.5) (58.0-95.4) (1386-2723)*  (202.1-295.6) ** (45.6-96.0) (52.8122.0) (73.4-159.1) (63.4-118.0) (83.9-224.8) (96.1-290.6) * (47.2-98.4) (105.6-268.7) 7294,
] ] 17.9 664 (47.5-689)  78.4 (74.6-107.6) ] 17.1 17.1 183 183 36.7 (18.4-50.4) 188 55.1(37.5-590) 815 (66.2-95.6)
1-9 7:3 (11-11.3) (12.6-278) o it 8.1(67-12.0) (166-19.5) (14.0-33.0) (13.5-25.6) (13.5-25.6) . (12.8-276) . i
i 547.3 3311 867.0 1075 3759 4665 525.4 4613 634.0 5192 2853 1917 6714
(353.6-625.4) (297.1-413.3) (651.4-1088) (1010-1595) (316.8-445.7) (443.7-522.9) (469.7-622.1) (376.0-528.3) (405.2-656.4) (399.9-696.0) (213.2-366.1) (454-591.5) (564.7-794.5)
p10 2083 4480 3411 2010 192.0 263.0 2777 2471 1933 1111 3472 1455 107.2
(84.8-695.2) (101.1-1008) (91.95-597.0) (1082-455.3) (73.2-436.6) (1445-833.0) (117.3-1112) (118.9-414.8) (94.5-479.3) (822-453.1) (189.6-754.5) (88.0-768.7) (74.4-199.4)
22714
L 21181 rvte 22271 22805 23557 23659 23574 22521 21881 24136 20840 21014 15572
(18137-25253) Sost) (21021-24390)  (16939-26983) (18923-24627)  (21696-26005)  (22191-25181)  (20127-24026)  (21318-23949)  (16574-25652)  (18600-24471)  (15378-22777)  (15153-19161)
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Table A2. Cont.

P-GO Type LP-GOs BP-GOs LP-GOb BP-GOb
. Control
P-Go cﬁ:;::‘;ra""“' 5 25 50 5 25 50 5 25 50 5 25 50
Antiinflammatory cytokines
IL-4 nd. 5.0 (4.1-7.5) 174 (1,3,;5'19'1) 201 [1,1;6’21'3) 1.4 (0-2.8) 4.7 (4.1-6.3) 4.7 (4.2-8.8) 4.4 (3.4-6.3) 10.4 (5.7-15.8) 143 [8;8'18'1) 4.3(2.6-7.1) 140 [8;5'17'11 17.2 [13;6'20'21
642.3 416.1
37.7 1816 1117 1863
IL-10 0.9 (0-2.0) (172-482) [4—28.5;215.7) (1173-1970) *+* 2.4 (0.9-3.5) 9.1(7.9-9.6) 15.6 (9.1-21.5) 5.6 (2.3-11.0) 28.2 (7.9-77.6) (275-2137) 11.4 (7.4-18.3) (93.5-327.8) (zas.3:ts4.4)
IL-13 nd. 0(0-1.5) 4.6 (3.7-5.3) 5.4 (4.3-5.8) ** nd. nd. 0(0-1.5) 0(0-1.3) 2.8(0.5-3.9) 37 (2.3-47) 0(0-2.3) 3.1(0.6-3.7) 4.4 (2.9-5.0)
511.2
38.1 4493 5785 35.9 1796 337.6 3222
TRAIL nd. (20.2-119.6) (200.2-549.3) * (434.5-686.5) *** 0(0-10.9) 252 (5:1-55.9) (5.7-133.8) 16.3 (0-61.2) (22.6-410.8) (128.0-552.9) * 251 (5:3-945) (80.3-502.2) (256'(1;627'7)
186.6 209.5
19.8 245.6 189 24.2 285 68.8 1225 140.8
LIF 0.3 (0-23) (15.1-44.9) (1492339 (g9 a76gy e 39 (12121) (16.3-29.3) (18.5-50.0) (19.8-35.6) (28.0-141.2) (48.5-201.4) * 17.6 (7.1-38.1) (65.6-197.0) * (141.0-247.8)
17856 30084 23753 20313 21647
1388 8243 2739 10521 11226 12078 18593 10949
ILl-1Ra (6752-3226) (5315-9729) [11938;35100) (2187};54%0] (1627-4535) (4964-10692) (4631-17951) (6287-19663) (10279-32921) (1785§;f2055] (5138-13120) (11872;29785) (1201t;37948)
Regulatory cytokines, colony-stimulating factors, growth factors
97.8 1145 24.45 50.0 69.8 92.6
12 0(0-2.6) 105 (22-22.5) (60.1-105.3) * (103.0-122.7) ** nd. 45(08-8.1) 3.8(0-16.6) 5.7 (1.1-87) (3.6-49.4) (18.4-74.2) 103 (18-222) (26.3-91.8) (62.3-103.1) *
R g 40.0 (24.5-50.8) 45.9 (34.2-53.5) : 137 16.0 3 24.1 25.9 g 27.0 (24.1-389)  33.3(26.0-45.1)
IL-7 nd. 15.8 (2.9-20.2) o s 5.7 (0-11.4) (114-191) (12.6-19.4) 14.9 (3.4-17.6) (17.0-307) (17.0-34.2) 8.0 (0-22.1) . o
IL-12 (p70) nd. 0(0-1.0) 1.8(1.1-2.9) * 2.7 (2.0-3.8) nd. nd. 0.3 (0-0.7) nd. 0.5 (0-1.1) 0.9 (0.5-1.5) nd. 1.0 (0.2-1.5) 1.5 (0.8-1.9)
VEGF nd nd 1818 (0-715.7) 889.7 nd 235.9 (0-569.8) 377.2 nd 0(0-2711) 0(0-286.7) nd 0(0-2758) nd
- = : . (588.9-1199) - : : (82.5-505.7) & : " - : -
’ B : g ’ 423 73.1(37.8-883) 462 (26.8-84.2) 62.2 43.0 (28.6-83.2) 26.6 16.0
M-CSF nd. 4.6 (3.1-19.3) 9.7 (9.2-17.5) 9.1 (8.0-10.6) 0(0-9.5) (13.8-625) o N (381-149.3) *++ Y 13.7 (10.1) (120-626) (11.7-284)
G-CSF 98.3 538.0 2854 [595%?%355) 2314 606.4 681.9 620.4 833.0 1285 455.0 1235 (23[?.’;2'46}383)
(74.2-127.9) (414.2-671.5) (1909-4664) ** o (180.7-438.9) (426.4-687.8) (591.0-832.5) (527.5-692.4) (589.2-1654) (724.1-3841) * (346.3-557.8) (813.4-5283) * o
. 81.0 93.2 (87.0-97.9) . | | 78.7
SDF-1a nd. nd. (64.8-89.9) A nd. nd. nd. nd. 29.3(0-71.3) 33.7 (0-70.7) nd. 37.8(0-79.4) (62.5-963)
) 335 109.0 1263 36.2 38.1 36.4 58.8 81.2 89.8 1138
Basic FGF nd. (26.8-47.5) (82.4-117.9) ** (111.8-131.7) ¥ 0(0-20. (27.7-41.2) (32.2-53.7) (28.6-41.3) (34.8-96.2) (46.1-114.0) * 285 (7.0-39.1) (53.9-114.1) * (88.4-129.0) **
IL-3 nd. 0(0-0.9) 7.3 (5.0-9.6) 9.9 (7.8-10.2) * nd. nd. 0(0-1.4) nd. 2.4 (0-5.8) 4.5(0.5-8.1) 0(0-0.7) 5.1 (1.8-7.8) 8.1 (4.4-9.5)
152.0 207.4 94.2 1111 159.6
1L-12 (p40) 0 (0-14.0) 13.5 (0-28.5) (90.5-167.5) (1548-237.4)* nd. 0(0-14.0) 9.3 (0-36.9) nd. 49.5 (0-109.8) (335-159.7) 9.3(0-21.8) (19.3-1734) (99.3-197.7)
235.1 235.0
278.7 26.2 207 87.6 144.8 164.3
PDGF-BB 0(0-11.3) 235(5.1-48.2) (129'7*;280'0) (224.5-320.3) ** 0(0-11.3) (22.1-32.4) (20.7-48.8) (59-33.7) (33.1-192.2) (63.1-212.0) 289 (5:2-60.6) (62.2-232.8) (“3"1;304'0)
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Table A2. Cont.

P-GO Type LP-GOs BP-GOs LP-GOb BP-GOb
N Control
P-GO Concentration, 5 25 50 5 25 50 5 25 50 5 25 50
pg/mL
SCF 08(0-2.1) 8.3 (7.1-15.8) 55.9(400-686) 764 (62.2-834) 35 (1.7-43) 7.0 (6.7-12.4) 8.8(7.1-19.1) 7.6 (5.9-11.5) 2439147.1) 573079560 o 61145 407 (203-568) 565 (40.5-662)
GM-CSF nd nd 8.5 (5.5-23.4) 354 nd nd nd nd 0(0-5.2) 4.5 (0-38.8) nd 7.3 (0-76.7) 1124
d d. 5 (5.5-23. 0soise) d d. d d. : y y d : : W)
VEGF nd nd 181.8 (0-715.7) 889.7 nd 235.9 (0-569.8) 3772 nd 0(0-271.1) 0(0-286.7) nd 0(0-275.8) nd
4 -d. : : (588.9-1199) d- - - (82.5-505.7) -d. : - d - -d.
HeF 190.0 903 2620 3364 9.8 63.2 821 876 1487 194.9 929 2114 2013
(119.7-723.1) (58.2-189.9) (176.1-337.5) (266.9-411.7) (663-276.4) (58.4-184.3) (563-182.5) (69.4-219.6) (62.2-269.7) (92.3-295.8) (73.1-273.0) (1013-287.5) (184.6-346.7)
SCCFbeta 5938 4594 1277 1808 2716 2807 3413 6438 834.1 896.7 5344 980.0 1031
(149.6-866.8) (197.1-742.3) (934.9-1773) (1507-2395) (124.6-445.4) (216.4-326.2) (258.2-456.6) (2743-792.4) (781.4-886.8) (279.3-1340) (3125-669.7) (467.4-669.7) (459.3-1469)
IL-5 n.d.
115 nd.
B-NGF nd.
Chemokines
27630 59755 15701 17825
8453 3516 2761 1659 12354 3984 12262
GRO- 0(0-6073) (4395-11390) (10565*;50615] (2900‘&*{54560) 0(0-3611) (1199-9058) (1691-11586) (397.2-7501) (3448-24131) [12341;42731J (1774-8037) (9874-20784) [14656;2274BJ
MCP1 2260 5039 13625 (12600 15038) 805.2 9649 9276 1302 10786 (38 2404 1100 7898
(56.4-1258) (1169-10290)  (4158-14727) * i (517.3-1206) (7899-11678) (8115-12667) (1107-1782) (8752-12658) * - (1216-6910) (1016-2559) (1645-12418)
975.0
P 155 913 8058 7409 38.2 164.4 1780 149.0 3436 4414 716 4175 (678082.2)
(11.4-24.4) (614-95.5) (5602-1028)**  (477.4-1029) ** (304-716) (76.6-210.1) (1063-283.9) (10682501)  (1614-460.8)*  (165.5-8983) (58.2-80.7) (336.6-583.5) * e
1286 2459
17.1 328 153.0 2611 248 272 740 239 133.7
RANTES (14.4-313) (25.5-43.2) (127.6-193.4) (160.7-444.9) *+ (13.0-28.4) (15.5-36.7) 270(56:417)  341-24.2-55.6) (48.9-114.2) (1005-167.6) (165-46.5) (97.5-173.9) (1726:3034)
G W 2655 109.6 1266 W 336 286 258 516 798 384 923 1120
d- (17.6-42.9) (812-1224)*  (107.6-1418) *** 4 (204-374) (25.9-52.9) (165-35.2) (22.9-90.5) (43.3-110.6) (237-722) (612-121.7)* (85.3-122.6) **
) 137 (12.1-15.2)
Eotaxin nd. nd. 8.8 (7-115) * 2 0.6 (0-1.5) 17 (0.3-3.5) 37(08-4.6) 0(0-1.6) 38(0-7.9) 65 (24-94) 0 (0-1.1) 69 (0-10.1) 8.2 (5.1-9.7) *
10302 12023 12587
137.3 527.0 3708 6342 590.1 6607 1093 3613 4552 6364
MIP-18 (95.9-201.4) (444.8-648.8) (8598-11808) (10840-12766) (3035-497.4) (567.4-764.7) (578.1-705.5) (5783-785.4) (650.1-4817) (802.0-6931) * (401.4-5709)  (1361-10709)*  (10883-14293)
MCP3 973 1026 6217 5981 1407 627.9 5160 3527 3708 5505 6672 5081 5499
(40.0-324.4) (615.1-3038) (2536-6578) % (5246-6793) * (715-423.2) (208.6-1717) (366.5-4011) (223.5-1748) (794.6-6288) % (4593-6861)**  (248.9-2096) (2051-7102) * (3761-5719) **
CTACK 0(0-03) 8.2 (3.6-22.8) (50_;?7'2_23) " 76.5 (68.0-91.8) 05 (0.1-09) 3.0 (18-5.1) 3.0 (18-11.6) 27 (21-73) 16.2 (3.1-46.) BL7031535) 4 12.137) 444 (151-743) - 724(50.0-90.0)
SDF-1a n.d.

*p<0.05; *p <0.01; ** p <0.001; n.d.- not detected.
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