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Biodegradation of graphdiyne oxide in classically
activated (M1) macrophages modulates cytokine
productiont
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Graphdiyne oxide (GDYO) is a carbon-based nanomaterial possessing sp2 and sp-hybridized carbon
atoms with many promising applications. However, its biocompatibility and potential biodegradability
remain poorly understood. Using human primary monocyte-derived macrophages as a model we show
here that GDYO elicited little or no cytotoxicity toward classically activated (M1) and alternatively activated
(M2) macrophages. Moreover, GDYO reprogrammed M2 macrophages towards M1 macrophages, as evi-
denced by the elevation of specific cell surface markers and cytokines and the induction of NOS2
expression. We could also show inducible nitric oxide synthase (iINOS)-dependent biodegradation of
GDYO in M1 macrophages, and this was corroborated in an acellular system using the peroxynitrite donor,
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SIN-1. Furthermore, GDYO elicited the production of pro-inflammatory cytokines in a biodegradation-
dependent manner. Our findings shed new light on the reciprocal interactions between GDYO and
human macrophages. This is relevant for biomedical applications of GDYO such as the re-education of
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1. Introduction

Graphdiyne oxide (GDYO) is a novel carbon allotrope com-
posed of both sp® and sp-hybridized carbon atoms." GDYO has
been explored in many areas, not least in biomedicine, due to
its many unique properties.> For instance, in a recent study,
excellent antibacterial properties of GDYO were demonstrated.’
However, there are only a limited number of reports on the
biocompatibility of GDYO," and few if any studies have
explored the interactions between GDYO and primary human
macrophages. The present study addresses the biocompatibil-
ity and biodegradability of GDYO using primary human mono-
cyte-derived macrophages (HMDMs) as a model.”
Macrophages play critical roles in host defense, inflam-
mation, and tissue homeostasis.® Macrophages display con-
siderable plasticity insofar as they can undergo phenotypic
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tumor-associated macrophages or TAMs.

and functional changes in response to local stimuli; this
dynamic process is referred to as polarization.” Hence, the
classically activated proinflammatory M1 macrophages
mediate antimicrobial and antitumor responses, whereas the
alternatively activated anti-inflammatory M2 macrophages are
involved in tissue repair.® Moreover, tumor-associated macro-
phages (TAMs) are frequently skewed into immunosuppressive
M2 macrophages and this may further promote tumor pro-
gression.’ The activation status of macrophages residing in a
solid tumor is influenced by the local microenvironment
whereas primary macrophages cultured ex vivo can be influ-
enced by the addition of various cytokines to achieve M1 or
M2 activation.®

Growing evidence indicates that nanomaterials modulate
macrophage polarization, whereas macrophage activation
status, in turn, may determine nanomaterial internalization.
For instance, Fuchs et al. found that polystyrene nanoparticles
skewed the M2 macrophage polarization without affecting
M1 markers.'® Furthermore, we demonstrated previously that
mesoporous silica particles were internalized through distinct
pathways and to a different extent in granulocyte-macrophage
colony-stimulating factor (GM-CSF) and macrophage colony-
stimulating factor (M-CSF) activated macrophages.'' Kodali
et al'® reported that bone marrow-derived macrophages
exposed to superparamagnetic iron oxide nanoparticles dis-
played an impaired ability to transition from an M1 to M2 acti-
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vation state with diminished phagocytosis of bacteria. In
another recent study, folic acid-modified silver nanoparticles
were delivered to M1 macrophages causing M2 polarization."?
Overall, macrophage activation status is important to consider
when studying nano(bio)material effects.

Previous studies have revealed the enzymatic bio-
degradation of carbon nanotubes (CNTs) by various peroxi-
dases, including myeloperoxidase (MPO), eosinophil peroxi-
dase (EPO), and lactoperoxidase (LPO)."**® Furthermore, gra-
phene oxide (GO) degradation by purified MPO or by activated
human neutrophils releasing MPO has also been
demonstrated.’”"® In addition to peroxidase-driven degra-
dation, we and others have documented peroxynitrite-depen-
dent biodegradation of CNTs'?*° as well as GO.>' The gene-
ration of peroxynitrite (ONOO™) relies on nitric oxide (NO)
catalyzed by inducible nitric oxide synthase (iNOS) and super-
oxide (O,”) generated by the NADPH oxidase. Importantly,
such oxidative pathways are predominantly found in classically
activated M1 macrophages tasked with the clearance of micro-
organisms.® However, cellular or acellular biodegradation of
GDYO has not been explored to date. Here, we set out to inves-
tigate the biocompatibility and biodegradability of GDYO
using primary human macrophages as a model. We demon-
strated that GDYO polarized M2 macrophages towards
M1 macrophages, and we documented peroxynitrite-driven
biodegradation of GDYO in M1 macrophages. Furthermore,
GDYO modulated the cytokine responses in M1 macrophages
in a biodegradation-dependent manner. These findings
provide important new insights regarding the reciprocal inter-
actions between GDYO and macrophages which may guide
future biomedical applications of GDYO.

2. Experimental

2.1. Synthesis and characterization

Graphdiyne (GDY) was synthesized as described previously.>>
GDYO was synthesized by the oxidation of GDY powder using a
mixture of H,0, and H,SO, as a complex oxidant. Briefly,
50 mg of GDY was gradually stirred into 30% H,O, solution
(1 mL) and 98% H,SO, (2.5 mL) under an ice-water bath for
1 h. The oxidization was stopped by adding 50 mL double-dis-
tilled water, followed by dialysis (cutoff, 3000) for seven days to
remove mixed acid. GDYO samples were obtained by soni-
cation for 4 h in water. The physicochemical characterization
of GDYO was performed using atomic force microscope (AFM),
X-ray photoelectron spectroscopy (XPS), and Fourier-transform
infrared spectroscopy (FTIR). AFM images were captured using
the Bruker MultiMode V8-SPM (Bruker, Germany) with a
ScanAsyst mode. XPS survey scans were measured by an
ESCALAB 250 X-ray photoelectron spectrometer (Thermo
Scientific). FTIR spectra were collected using a Nicolet™
iN™10 Infrared Microscope (ThermoFisher Scientific). One
droplet of the GDYO solution was transferred onto the 15 x 15
X 0.5 mm CaF, infrared window, and dried and the trans-
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mission spectrum of GDYO was obtained by subtracting the
CAF, background spectrum.

2.2. Endotoxin assessment

The TNF-a expression test (TET) was used to determine the
endotoxin content of GDYO.>® To this end, the cytotoxicity of
GDYO towards human monocyte-derived macrophages
(HMDMs) was evaluated and the test was then conducted at
non-cytotoxic concentrations. First, peripheral blood mono-
nuclear cells (PBMCs) were isolated from buffy coats obtained
from adult human blood donors (Karolinska University
Hospital, Stockholm) by density gradient centrifugation using
Lymphoprep™ (STEMCELL Technologies, Sweden). PBMCs
were positively selected for CD14 expression using CD14
MicroBeads (Miltenyi Biotec, Sweden). To obtain HMDMs,
CD14 monocytes were cultured in RPMI-1640 cell medium
supplemented with 2 mM 1-glutamine, 100 U mL ™" penicillin,
100 pg mL™' streptomycin, and 10% heat-inactivated fetal
bovine serum (FBS), supplemented with 50 ng mL™" recombi-
nant M-CSF (PeproTech, UK) for four days. HMDMs were
exposed to GDYO at the indicated concentrations for 24 h and
cell viability was determined using the CytoTox 96® assay
(Promega) and the Alamar Blue™ assay (ThermoScientific).
HMDMs were then incubated with GDYO at 25 and 50 pg mL™"
in the presence or absence of the lipopolysaccharide (LPS)
inhibitor, polymyxin B (10 pM) (Sigma) for 24 h. LPS (0.01 pg
mL™") (Sigma) was used as a positive control. TNF-a pro-
duction was quantified with the human TNF-o ELISA
(Mabtech AB, Sweden) according to the manufacturer’s
instructions.

2.3. M1 and M2 macrophages

Primary human CD14-positive monocytes were obtained as
described above in section 2.2. Macrophages were differentiated
from CD14 monocytes in medium containing either GM-CSF (10
ng mL™", PeproTech) or M-CSF (50 ng mL~", PeproTech) for 4
days to obtain precursors of M1 and M2 macrophages, respect-
ively. M1 macrophages were then obtained by exposure to LPS
(100 ng mL™", Sigma-Aldrich) and interferon (IFN)-y (20 ng
mL™", Sigma-Aldrich), whereas precursors of M2 macrophages
were further polarized with interleukin (IL)-4 (20 ng mL ™,
Sigma-Aldrich) for 24 h. At day 5, the cells were harvested using
trypsin-EDTA solution (0.25%) and gently scraped, centrifuged at
1300 rpm at room temperature for 5 min, washed thrice with
PBS, and then processed for flow cytometry. Macrophages stimu-
lated with GM-CSF and M-CSF without the addition of further
polarization stimuli were used for comparison (see below). The
buffy coats were obtained from the blood bank at the Karolinska
University Hospital, Stockholm, and all procedures were carried
out in compliance with the biosafety committee at Karolinska
Institutet as outlined in “Rules for the handling of blood and
other human sample materials” (1-31/2019). The samples are
completely anonymized, and data cannot be traced back to indi-
vidual donors. For this reason, specific approval is not required
(Ethical Committee for Human Studies in Stockholm).
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2.4. Flow cytometry analysis

Cell surface markers were analyzed by flow cytometry. In brief,
flow cytometry staining buffer (BioLegend, San Diego, CA) was
added to the cells and blocking was performed by adding 2 pL
of FcR blocking reagent per 10° cells (Miltenyi Biotec,
Sweden), followed by gently vortexing the samples, and allow-
ing the tubes to stand at room temperature for 15 min. The
cells were then incubated with the conjugated antibodies,
FITC mouse anti-human CD86 (BD Pharmingen) and FITC
mouse anti-human CD206 (BD Pharmingen), and the isotype-
matched control antibody (mouse IgG1, Invitrogen), then
gently vortexed, and incubated at room temperature for 30 min
protected from light. The single cell suspensions were main-
tained by intermittent vortexing during the incubation. The
cell pellets were resuspended in flow cytometry staining buffer
for analysis using the BD LSRFortessa™ X-20 (BD Biosciences,
San Jose, CA). Data were analysed using FCS Express™ v. 7.0
software (DeNovo Software, Pasadena, CA).

2.5. Cytotoxicity assessment

The cell viability assessment of M1 and M2 macrophages follow-
ing GDYO exposure was evaluated by the LDH release assay as
previously described.** Different concentrations of GDYO (6.25,
12.5, 25, 50, 75, and 100 pg mL~") were added together with
polarization stimuli and cells were incubated for 24 h. After the
exposure, the cell supernatants were collected to measure the
LDH release using the CytoTox 96® assay kit following the manu-
facturer’s instructions (Promega, Madison, WI). The LDH release
was normalized to the maximum LDH induced by the cell lysis
buffer provided in the kit. We also applied the Alamar Blue™
assay to determine cellular metabolic capacity. To this end, the
Alamar Blue™ reagent was prepared freshly in RPMI-1640 cell
medium according to the manufacturer’s instruction
(ThermoScientific). The exposed cells were rinsed with PBS and
Alamar Blue™ reagent was added to each well. Following incu-
bation for 3 h at 37 °C, fluorescence was measured at the exci-
tation and emission wavelengths of 531 nm and 595 nm using a
Tecan Infinite F200 plate reader (Tecan, Stockholm, Sweden).
The results were normalized to the untreated negative controls.

2.6. Cellular uptake by TEM

Macrophage uptake of GDYO was evaluated by TEM.>’ Briefly,
cells were incubated with a non-toxic dose of GDYO (25 pg
mL ") during the polarization step for 2 h and 24 h. Cells were
then washed, harvested using trypsin-EDTA (0.25%) and gently
scraped, and fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4. Following the primary fixation, samples were
rinsed with 0.1 M phosphate buffer followed by post-fixation
in 2% osmium tetroxide in 0.1 M phosphate buffer, pH 7.4 at
4 °C for 2 h. The samples were then stepwise ethanol de-
hydrated followed by stepwise acetone/LX-112 infiltration and
embedded in LX-112. Semi- and ultra-thin sections were pre-
pared on a Leica EM UC7 microtome. The ultra-thin sections
were contrasted with uranyl acetate followed by Reynold’s lead
citrate and examined using a Hitachi HT7700 microscope
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operating at 100 kV. Digital images were acquired with a 2k x
2k Veleta CCD camera.

2.7. Western blot analysis

M1 and M2 macrophages were harvested using trypsin-EDTA
solution (0.25%) and cells were lysed on ice with RIPA lysis
buffer (50 mM Tris HCIl, 150 mM NaCl, 1% Triton X-100,
0.25% sodium deoxycholate, 0.1% SDS, 1 mM EDTA).
Protease- and phosphatase inhibitors (Mini EDTA-free
Protease Inhibitor Cocktail, Sigma Aldrich; 1 mM PMSF,
Thermo Fisher; PhosSTOP, Sigma Aldrich), and 1 mM DTT
(Sigma Aldrich) were added to the RIPA buffer and whole cell
extracts were collected by centrifugation at 13 000 rpm at 4 °C
for 20 min. The total protein concentration was determined
using the Pierce™ BCA Protein Assay Kit (Thermo Scientific).
Fifty pg of total protein was loaded in each well on an
SDS-PAGE gel (Invitrogen). The membrane was probed with
recombinant rabbit monoclonal anti-iINOS antibody
(ab178945, Abcam) at 1:500 dilution overnight at 4 °C.
GAPDH was used as loading control (Invitrogen). After
washing, the membrane was probed with the IRDye 800CW
goat anti rabbit secondary antibody (LI-COR Biosciences) for
1 h at room temperature and detection was performed on an
Odyssey CLx scanner (LI-COR Biosciences, Lincoln, NE).

2.8. Nitric oxide detection

NO production in macrophages was determined by the
DAF-FM-DA assay (Sigma-Aldrich, Stockholm) as described
previously.”® N-Omega-nitro-r-arginine methyl ester hydro-
chloride (.-NAME, 15 mM; Sigma-Aldrich) was used to inhibit
NO production. Briefly, cells were washed with PBS at 24 h,
48 h and 72 h post-addition of polarization stimuli and incu-
bated with DAF-FM-DA (10 pM) for 60 min. Then, cells were
washed with PBS to remove excess probe and incubated for
30 min to allow complete de-esterification. The fluorescence
signal was captured at the excitation and emission wavelengths
of 495 and 515 nm using a Tecan Infinite® F200 plate reader
(Mannedorf, Switzerland) operating with Magellan™ v7.2 soft-
ware (Tecan). The fluorescent images were captured using the
ZOE Fluorescent Cell Imager (BioRad, Sweden).

2.9. RT-qPCR analysis

mRNA expression in M1 and M2 macrophages was determined
by RT-qPCR. To this end, a non-toxic concentration of GDYO
(25 pg mL™") was added during the polarization step for 24 h.
At day 5, the cells were harvested using trypsin-EDTA solution
(0.25%) and gently scraped and centrifuged at 1200 rpm at
4 °C for 5 min. Cells were then washed with ice cold PBS and
collected by centrifugation. The total RNA was extracted using
the RNeasy Mini Kit (QIAGEN, Sweden). RNA concentration
was quantified by NanoDrop™  spectrophotometer
(ThermoScientific). Total RNA (500 ng) was reverse transcribed
using the iScript Advanced cDNA Synthesis Kit (Bio-Rad,
Sweden) following the manufacturer’s protocol. Transcription
levels of the target genes NOS2 (forward primer:

AGCTCAACAACAAATTCAGG, reverse primer:

This journal is © The Royal Society of Chemistry 2021
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ATCAATGTCATGAGCAAAGG) and ARG2 (forward primer:
ATTGATGCATTTGACCCTAC, reverse primer: CCTGTATTG
TGTATTTCCTCAG), as well as the housekeeping gene GAPDH
(forward primer: ACAGTTGCCATGTAGACC, reverse primer:
TTGAGCACAGGGTACTTTA) were determined by relative RT-
gPCR using a QuantStudio 5 Real-Time PCR System. Reaction
mixtures were formulated using SYBR Green PCR Master Mix
(ThermosScientific). Thermal cycling conditions were set as
95 °C for 10 min, 40 cycles of 3-step amplification of 15 s at
95 °C, 30 s at 60 °C and 30 s at 72 °C. The transcription level
of the respective target genes was normalized to human
GAPDH and then calculated relative to control using the 2744
method.

2.10. Cytokine analysis

To determine the effects of GDYO on the cytokine secretion
profiles of M1 and M2 macrophages, M1 and M2 macrophages
were incubated with a non-toxic concentration of GDYO (25 pg
mL ") during the polarization step for 24 h. At day 5, the cell
supernatants were collected. TNF-a and IL-10 concentrations
were quantified by human TNF-o ELISAPRO kit (Mabtech,
Sweden) and human IL-10 ELISA kit (Invitrogen), respectively.
To study inflammasome activation,”® M1 macrophages were
preincubated for 2 h with the pan-caspase inhibitor, zZVAD-fmk
(20 uM, Sigma Aldrich) or the NLRP3 inhibitor, MCC950
(10 pM, Sigma-Aldrich); additionally, the aryl hydrocarbon
receptor (AhR) antagonist, CH223191 (10 pM, Sigma-Aldrich)
was used to explore the role of AhR signaling. Then, GDYO
(25 pg mL™") was added and cells were incubated for 24 h. The
inhibitors were added again at 24 h and cell supernatants were
collected at 48 h for IL-1f analysis, using the human IL-1p
ELISA kit (Invitrogen).

2.11. GDYO degradation

Degradation in macrophages. GDYO (25 pg mL™') was
added to M1 and M2 macrophages during the polarization
step for 24 h, 48 h and 72 h. By the end of each exposure, the
cell culture medium was removed, and cells were washed with
PBS, and harvested using trypsin-EDTA solution (0.25%) and
gently scraped. The cell pellets were collected by centrifugation
and then resuspended in 1 mL of PBS. The cells were dis-
rupted by probe sonication (150 W) (MSE Soniprep 150) for
1 min to obtain well-dispersed suspensions. Cell lysates were
kept at —20 °C for further analysis as described.'® Briefly,
GDYO samples were prepared by drop-casting on SiO,/Si sub-
strate, blow dried by N, gas, washed in dH,O three times, fol-
lowed by Raman and AFM analysis. Raman confocal mapping
analysis was carried out using the Renishaw Invia spectro-
meter equipped with a 532 nm laser. The scanning area of
each sample was 50 pm x 50 um and an average of the whole
scan (10.000 spectra per sample) was calculated and presented.
AFM measurements were carried out on the Bruker Multimode
8 atomic force microscope using ScanAsyst mode. To study the
mechanism of biodegradation of GDYO in M1 macrophages,
the cells were preincubated for 2 h with the following inhibi-
tors: MPO inhibitor I (600 nM, Abcam), .-NAME (15 mM,
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Sigma-Aldrich), and diphenyleneiodonium chloride (10 uM,
DPI; Sigma-Aldrich). GDYO (25 pg mL™") was then added and
cells were incubated for 24 h. The inhibitors were added again
at 24 h, and the samples were collected at 48 h and prepared
for Raman analysis. The cell supernatants were also collected
and stored at —20 °C for subsequent cytokine determination,
as described in section 2.10.

GDYO acellular degradation. GDYO (50 pg) suspended in PBS
was incubated with the peroxynitrite donor, 3-morpholinosyd-
nonimine hydrochloride (SIN-1, Sigma-Aldrich) as described
previously.”" SIN-1 was added 5 times per day for 5 days and
the final concentration was 300 pM. After 5 days, the samples
were collected and stored at —20 °C for further analysis.
Raman spectroscopy and AFM analyses were performed as
described above.

2.12. Statistical analysis

The experiments were conducted in cells from three individual
donors, and statistical analysis was performed using Student’s
t-test (GraphPad, Prism 8). Results shown are mean values + S.
D. Statistically significant differences were considered when
p < 0.05.

3. Results

3.1. Physicochemical characterization of endotoxin-free GDYO

GDYO was prepared by oxidation of GDY as described,** and
samples were subjected to characterization by AFM, FTIR, XPS,
and Raman spectroscopy (refer to ESIT). Hence, AFM images
indicated that the thickness of GDYO is about 1 nm (Fig. S1A
and Bf), confirming the 2D nature of the material. The lateral
size of as-synthesized GDYO was 58 + 33 nm (Fig. S1C¥). FTIR
displayed the characteristic peak for C=0 at 1596 cm™" and a
peak for C=C at 2090 cm™" (Fig. S2A7). The XPS survey scan of
GDYO revealed the peaks of C 1s and O 1s (Fig. S2Bf).
Moreover, four separate binding energy peaks of C 1s were
located at 284.6, 285.1, 286.2, and 288.5 eV, corresponding to
C-C (sp), C-C (sp), C-O, and C=O0, with the molar percen-
tages of 20.45%, 50.34%, 15.86%, and 13.35%, respectively
(Fig. S2C and Dft). Raman analysis of GDYO revealed the
characteristic D band (1360 cm™"), G band (1582 ¢cm™"), and
C=C band (2100 cm™') (Fig. S2Ef). Endotoxin testing is
necessary whenever nanomaterial interactions with immune-
competent cells are evaluated.”” We therefore deployed the
TNF-a expression test whereby TNF-a secretion is quantified in
the presence or absence of the LPS inhibitor, polymyxin B.**
GDYO samples were non-cytotoxic for HMDMs at concen-
trations up to 100 ug mL™" as determined by the LDH release
and Alamar Blue assays (Fig. 1A and B), and were found to be
endotoxin-free (Fig. 1C).

3.2. Cytotoxicity assessment and macrophage uptake of GDYO

The phenotype of primary human M1 and M2 macrophages was
characterized by flow cytometry of cell surface marker

Nanoscale, 2021,13,13072-13084 | 13075
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Fig. 1 Cell viability and cellular uptake of GDYO in macrophage subtypes. (A and B) The viability of human monocyte-derived macrophages
(HMDMEs) following GDYO exposure for 24 h was evaluated using the LDH release assay (A) and Alamar blue assay (metabolic activity) (B). (C) TNF-a
secretion in the presence or absence of the LPS inhibitor, polymyxin B sulfate (Poly-B) (10 uM). HMDMs were exposed to GDYO at 25 and 50 pg mL™*
for 24 h and TNF-a secretion was quantified by ELISA. Student’s t-test was used for the statistical analysis. ***p < 0.0001. (D and E) Characterization
of M1 and M2 macrophages by surface marker expression of CD86 (D) and CD206 (E) determined by flow cytometry. Data are presented as mean
fluorescence intensity (MFI) values + S.D. from three individual donors. Student’s t-test was used for the statistical analysis. *p < 0.05, **p < 0.01. (F)
Cellular uptake of GDYO in M1 and M2 macrophages evaluated by TEM analysis. Cells were exposed to a non-cytotoxic dose of GDYO (25 ug mL™)
for 2 h and 24 h post polarization. Arrows point to GDYO agglomerates inside cells.

expression. M1 macrophages exhibited significantly higher
expression of CD86 than M2 macrophages, the costimulatory
receptor for T cell activation (Fig. 1D). M2 macrophages
expressed a higher level of the mannose receptor CD206 when
compared to M1 macrophages, but the difference was not sig-
nificant (p = 0.1) (Fig. 1E). M-CSF- and GM-CSF-stimulated
HMDM s were included for comparison.'” The cytotoxicity poten-
tial of GDYO towards M1 and M2 macrophages was then
assessed by using the LDH release assay. GDYO was non-cyto-
toxic or displayed very little cytotoxicity up to 100 pg mL™" in
M1 macrophages (Fig. S3Af) as well as M2 macrophages

13076 | Nanoscale, 2021,13,13072-13084

(Fig. S3BT) when cells were evaluated at 24 h. Next, the cellular
uptake of GDYO was investigated at 2 h and at 24 h by TEM. We
observed a similar pattern of uptake of GDYO between the M1
and M2 macrophages (Fig. 1F). Moreover, there were no ultra-
structural signs of cell death upon GDYO exposure (25 pg mL™").

3.3. iNOS-dependent NO production in human
M1 macrophages

To further confirm the phenotypes of M1 and
M2 macrophages, we studied the expression of enzymes
involved in arginine metabolism and NO production. As

This journal is © The Royal Society of Chemistry 2021
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control for equal loading. (B and C) Gene expression profiles of NOS2 (C) and ARG2 (D) determined by RT-qPCR. The relative mRNA expression
levels of NOS2 and ARG2 were normalized to GAPDH. Data are presented as the average + S.D. from three individual donors. Student's t-test was
used to evaluate the statistical significance between M1 and M2 macrophages. *p < 0.05, **p < 0.01. (D and E) Quantification of NO production in M1
and M2 macrophages determined by DAF-FM-DA assay. L-NAME (15 mM) was used to inhibit iINOS. The results are presented as the average + S.D.
from three individual donors. Student’s t-test was used for the statistical analysis. *p < 0.05, ***p < 0.001; #p < 0.05, ###p < 0.001. NS = no signifi-
cant differences. (F and G) Representative fluorescence images of NO production in M1 (F) and M2 (G) macrophages at 48 h with or without L-NAME,

represented as the fluorescence determined by DAF-FM-DA assay. Scale bars: 50 um.

shown in Fig. 2A, M1 macrophages expressed iNOS at the
protein level, but not M2, as expected.” Furthermore,
M1 macrophages displayed significantly higher expression of
NOS2, the gene encoding iNOS, but lower gene expression of
ARG2, which encodes arginase, when compared to
M2 macrophages (Fig. 2B and C). To validate whether these
differences also resulted in differences in NO production, we
applied the cell-permeable fluorescent probe, DAF-FM-DA.
M1 macrophages generated NO with peak levels at 48 h. The
decline of NO production at 72 h might be due to the feed-
back of NO on iNOS to prevent NO overproduction.”®
Importantly, in the presence of .-NAME, the NO production
was suppressed (Fig. 2D and F). In comparison, no induction
of NO was observed in M2 macrophages (Fig. 2E and G).
Collectively, these results confirmed the M1 and M2 status of
the two cell models, providing a useful model to assess GDYO
effects.

This journal is © The Royal Society of Chemistry 2021

3.4. GDYO polarization of M2 macrophages to
M1 macrophages

Next, we asked whether a non-cytotoxic dose of GDYO would
affect the polarization of M1 and M2 macrophages. To this
end, cells were incubated with GDYO (25 pg mL™") for 24 h
post addition of the polarization stimuli. The activation/polar-
ization status of macrophages was then assessed based on
surface marker expression, cytokine secretion and gene
expression, as determined by flow cytometry, ELISA and RT-
gPCR, respectively. Our results demonstrated that incubation
of GDYO polarized M2 macrophages towards M1 macrophages.
Specifically, GDYO decreased the expression of CD86 and
CD206 in M1 macrophages, but the effects were not significant
(Fig. 3A), whereas the exposure to GDYO triggered significantly
higher expression of CD86 in M2 macrophages (Fig. 3B).
Moreover, GDYO exposure led to a remarkably elevated pro-
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Fig. 3 GDYO polarization of human M2 macrophages to M1 macrophages. (A and B) Surface marker expression presented as mean fluorescence
intensity (MFI) of M1 and M2 macrophages post exposure to GDYO (25 ug mL™?) for 24 h. (C and D) Cytokine secretion in M1 and M2 macrophages
following the exposure to GDYO (25 ug mL™Y) for 24 h, determined by ELISA. (E and F) Gene expression profiles of M1 and M2 macrophages upon
exposure to GDYO (25 pug mL™) for 24 h, determined by RT-qPCR. The relative mRNA expression levels of NOS2 and ARG2 were normalized to
GAPDH and calculated relative to M1 and M2 samples, respectively, using the 272" method. Results are presented as average values + S.D. using
cells from three individual donors. Student’s t-test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001.

duction of the pro-inflammatory cytokine TNF-a, but not
IL-10, in M2 macrophages, while no significant differences in
IL-10 or TNF-a production were observed in M1 macrophages
(Fig. 3C and D). We also found that GDYO triggered a signifi-
cant upregulation of NOS2 mRNA expression and a concomi-
tant downregulation of ARG2 in M2 macrophages, while a
moderate downregulation of ARG2 and no change in NOS2
expression were noted in M1 macrophages exposed to GDYO
(Fig. 3E and F).

3.5. Peroxynitrite-driven degradation of GDYO in
M1 macrophages

We recently documented iNOS-dependent biodegradation of
GO in a zebrafish model.”" Biodegradation of GDYO has not
been shown previously. However, in light of the fact that M1,
but not M2 macrophages, expressed iNOS and were capable
of producing NO, we reasoned that M1 and M2 macrophages
might differ in their capacity to digest GDYO. To test the
hypothesis, M1 and M2 macrophages were incubated with a

13078 | Nanoscale, 2021,13,13072-13084

non-cytotoxic concentration of GDYO (25 pg mL™") and bio-
degradation was assessed at different time-points by Raman
mapping and AFM analysis. As shown in Fig. 4A, degradation
of GDYO was evident at 48 h in M1 macrophages as shown by
the marked decline of the characteristic Raman signal (D, G,
and C=C bands) and there was an almost complete loss of
the Raman signature at 72 h. On the other hand, no changes
were detected when M2 macrophages were incubated with
GDYO up to 72 h (Fig. 4B). The statistical analysis of 50 repre-
sentative spectra per sample is reported in Table S1.f The
intensities of the D and G peaks detected in M1 macrophages
decreased to 21.2 + 2.4% (D peak) and 17.8 + 2.1% (G peak) at
48 h compared to 24 h, and declined further to 6.4 + 1.2% (D
peak) and 5.8 = 1.1% (G peak) at 72 h. In comparison, no sig-
nificant difference was observed for the GDYO sheets present
in M2 macrophages (Table S1t). The degradation of GDYO in
M1 macrophages was confirmed by AFM analysis (Fig. 4C).
AFM demonstrated that the lateral size of the GDYO sheets as
well as the thickness decreased in a time-dependent manner

This journal is © The Royal Society of Chemistry 2021
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(Fig. 4C). In contrast, in M2 macrophages, no differences
were observed by AFM in terms of the thickness or the lateral
dimensions of GDYO (for a survey of the entire scanning
area, refer to Fig. 4C, and see Fig. S47 for further details). The
statistical analysis of the lateral size and thickness of 50
GDYO sheets per sample as determined by AFM is reported
in Table S2.f Thus, in M1 macrophages, the lateral size
of GDYO decreased from 44.0 + 14.9 nm (24 h) to 10.7 +
5.1 nm (72 h), and the thickness decreased from 12.88 +
5.93 nm (24 h) to 2.74 + 1.66 nm (72 h). In comparison, no
significant difference in lateral size or thickness of the GDYO
sheets was observed in the case of M2 macrophages
(Table S27).

To identify the mechanism involved in the biodegradation
of GDYO in M1 macrophages, we employed the pharmacologi-
cal inhibitors, .-NAME and DPI, to block iNOS and NADPH
oxidase, respectively. MPO, in turn, is predominantly expressed
in neutrophils, but previous work has shown that GM-CSF
regulates macrophage expression of MPO.> Therefore, and in
light of the fact that GO is known to undergo MPO-dependent
degradation,”” MPO inhibitor I was also included to study its

This journal is © The Royal Society of Chemistry 2021

impact on the degradation of GDYO. Blocking iNOS and NADPH
oxidase significantly suppressed the degradation of GDYO
(Fig. 5A). In contrast, MPO inhibitor I showed no effect on
biodegradation of GDYO. We further confirmed the peroxynitrite-
driven degradation of GDYO in an acellular system using the
peroxynitrite donor, SIN-1, according to a previously established
protocol.”® After 5 days of incubation with SIN-1, the degradation
of GDYO was proven by Raman analysis showing the loss of
the characteristic D, G, and C=C bands (Fig. 5B). These
results clearly demonstrated that biodegradation of GDYO
occurred through the NO/superoxide-peroxynitrite-driven pathway
(Fig. 5C). AFM analysis confirmed that the lateral dimensions of
the GDYO sheets were reduced from 46 + 21.5 nm to 25.7 *
16.6 nm in the presence of SIN-1, while no obvious differences
were observed in terms of the thickness (Fig. 5D, E and
Table S3+).

3.6. GDYO modulation of cytokine responses in
M1 macrophages

The consequences of biodegradation of nanomaterials are fre-
quently overlooked.'® Therefore, we investigated the potential

Nanoscale, 2021,13,13072-13084 | 13079
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correlation between the biodegradation of GDYO and its
modulation of cytokine responses in M1 macrophages.
Remarkably, when the biodegradation of GDYO was blocked
using 1-NAME or DPI, IL-10 secretion was completely sup-
pressed (Fig. 6A). The addition of MPO inhibitor I had no
effect. Furthermore, a similar response was noted for TNF-q,
albeit much less pronounced (Fig. 6B).

We then asked whether GDYO affected other pro-inflamma-
tory cytokines such as IL-1p. Indeed, significant IL-1f secretion
was triggered in M1 macrophages exposed to GDYO (Fig. 6C).
This response was also degradation-dependent insofar as
1-NAME and DPI abolished the GDYO-triggered IL-1p response
(Fig. 6C). MPO inhibitor I partially decreased the IL-1p

13080 | Nanoscale, 2021,13,13072-13084

secretion, indicating a role of MPO in IL-1f production. To
address whether IL-1f secretion was inflammasome-depen-
dent,*® we incubated the cells with the pan-caspase inhibitor,
zVAD-fmk, and the selective NLRP3 inhibitor, MCC950. As
shown in Fig. 6D, IL-1f§ secretion was entirely prevented by
these inhibitors, indicating that GDYO triggered NLRP3
inflammasome activation. Finally, to address whether the
degradation products of GDYO could act via the aryl hydro-
carbon receptor (AhR), a xenobiotic sensor,>* we also tested
the effect of the AhR antagonist, CH223191. However, this did
not affect IL-1p secretion in the current model (Fig. 6D). The
schematic diagram in Fig. 6E summarizes our findings with
respect to IL-1f secretion.

This journal is © The Royal Society of Chemistry 2021
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48 h) in the presence or absence of zVAD-fmk (20 uM), MCC950 (10 pM)

, and CH223191 (10 pM) to block caspases, NLRP3, and AhR, respectively.

Data shown are mean values + S.D. using cells from three individual human donors. Student’s t-test was used for the statistical analysis. *p < 0.05,
**p < 0.01, ***p < 0.001. NS = no significant differences. (E) Schematic diagram summarizing the observed findings with respect to IL-1p production
in M1 macrophages exposed to GDYO. The specific NLRP3 inhibitor, MCC950 and the pan-caspase inhibitor, zZVAD-fmk are indicated.

4. Discussion

GDYO, a novel carbon allotrope, contains both sp” and sp-
hybridized carbon atoms, which makes this a unique and
appealing material for various applications,”” but this also
necessitates more fundamental knowledge regarding its
impact on biological systems. In the present study, we investi-
gated the biocompatibility and biodegradability of GDYO using
primary human macrophages as a model. We demonstrated
that endotoxin-free GDYO is non-cytotoxic towards macro-
phages and that this able repolarize
M2 macrophages towards M1 macrophages; we also showed

material is to
that peroxynitrite-driven degradation of GDYO occurs both in
cellular and acellular systems. M1 macrophages are tasked
with the clearance of microorganisms, and it may be specu-
lated that a similar pro-oxidant response is activated in
M1 macrophages that have internalized GDYO, leading to the

This journal is © The Royal Society of Chemistry 2021

degradation of the “offending” material. Furthermore, we
demonstrated here that GDYO modulates cytokine responses
in M1 macrophages in a biodegradation-dependent manner.
In other words, biodegradation of GDYO was shown to drive
the production of pro-inflammatory IL-1f, and when bio-
degradation was suppressed by blocking the NADPH oxidase
or iNOS with pharmacological inhibitors, IL-1p production was
abolished, along with IL-10 production. Whether the effects on
cytokine production are mediated directly or indirectly by the
degradation products of GDYO remains to be understood.
Previous work has suggested that the AhR regulates NLRP3
inflammasome activation in peritoneal macrophages.®* This is
relevant as previous studies have shown that the (partial) bio-
degradation of CNTs and GO may lead to the formation of oxi-
dized polycyclic aromatic hydrocarbons (PAHs).>*** PAHs, in
turn, can trigger the AhR, an important sensor of xenobiotics
as well as endogenous and dietary metabolites.>’ However, the

Nanoscale, 2021,13,13072-13084 | 13081
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present findings implied that the impact of GDYO and/or its
degradation products was AhR-independent, at least in our
model. Notwithstanding, our study has provided evidence of
reciprocal interactions between GDYO and primary
macrophages.

Macrophage degradation of carbon-based nanomaterials
such as CNTs has been demonstrated by several laboratories.>”
However, in most cases, macrophage-like THP-1 cells were
used as a model."”?*° In contrast, we used primary human
macrophages, and this has allowed us to demonstrate the fun-
damental differences between M1-activated and M2-activated
macrophages in terms of their ability to “digest” GDYO.
Moreover, few studies have been conducted to understand the
relationship between biodegradation and its immunomodula-
tory effects. The present findings are therefore of significant
value and further studies are warranted to assess whether the
biodegradation (or the lack thereof) may be responsible for the
immunological effects of other carbon-based nanomaterials.
Biopersistence of a nano(bio)material is generally perceived as
something problematic in the context of biomedical appli-
cations, but the degradation products also deserve close atten-
tion. We recently reported on the peroxynitrite-dependent
degradation of GO using a similar acellular protocol,*" and it
appears, based on the present study, that SIN-1 driven degra-
dation of GDYO is less efficient as compared to GO. However,
we found that the degradation of GDYO in M1 macrophages
was highly effective, as shown by Raman analysis. The differ-
ences could perhaps be attributed to the different composition
of GDYO (sp® and sp-hybridized carbon atoms) and GO (sp*
hybridized carbon atoms),*® in that sp hybridization, in
general, results in a stronger chemical bond than sp® hybridiz-
ation.*” Other factors may also come into play. Star and co-
workers explored both pristine and carboxylated CNTs with
respect to their degradation by horseradish peroxidase (HRP)
and found that only the carboxylated CNTs were susceptible to
degradation, possibly due to the fact that strong adsorption of
HRP to carboxylated sites facilitated their degradation, while
the hydrophobic nature of pristine CNTs affected the orien-
tation of HRP, thus impeding the enzyme’s ability to digest the
CNTs.** The same team reported that GO is more susceptible
to HRP-driven degradation than reduced GO.*®* However, as
previously pointed out by Kagan et al,'® peroxynitrite-driven
degradation does not require close contact with enzyme(s),
and it is likely that this mode of biodegradation is relatively
insensitive to the initial oxidation state of the nano(bio)
material. Nevertheless, the observation that GDYO is suscep-
tible to peroxynitrite-driven biodegradation in M1 but not in
M2 macrophages is useful in terms of guiding the application
of this material in the biomedical setting. Indeed, it may also
be pertinent to study whether macrophage polarization influ-
ences the degradation of other nanomaterials.

TAMs are relevant targets for anticancer therapy mediated,
for instance, through the re-polarization away from tumor-pro-
moting M2-like towards tumoricidal M1-like states.*® Several
studies have shown that nanomaterials can be deployed to re-
educate macrophages in the context of inflammatory or malig-

13082 | Nanoscale, 2021,13,13072-13084

View Article Online

Nanoscale
nant diseases. Wang et al’® prepared microenvironment-
responsive polymeric nanoparticles with encapsulated IL-12
and showed that these nanocarriers could release IL-12 locally
and subsequently re-educate TAMs in a mouse model of mela-
noma with little systemic toxicity. Han et al.** showed that the
administration of GO loaded with IL-4 plasmid DNA in a
mouse model of myocardial infarction elicited macrophage
polarization towards an M2-like state, mitigated fibrosis, and
improved cardiac function. IL-4 is known to propagate M2
polarization. In the present study, GDYO alone (without any
payload) enabled the repolarization of M2 towards
M1 macrophages, as evidenced by the elevated markers of M1
activation including CD86 expression, TNF-a secretion and
NOS2 gene expression. Importantly, we first confirmed that the
GDYO samples were endotoxin-free. As discussed earlier, we
also observed biodegradation-dependent modulation of IL-10
in M1 macrophages. IL-10 is an anti-inflammatory cytokine®?
and an important player in controlling the immunosuppres-
sive tumor microenvironment.*> The blockade of IL-10 was
recently shown to enhance antitumor immunity in a mouse
model of breast cancer.** Further studies are warranted to
explore whether GDYO could be harnessed for cancer treat-
ment, potentially through the reprogramming of TAMs.

5. Conclusions

In summary, we have shown that GDYO is biocompatible
towards primary human macrophages and polarizes
M2 macrophages towards M1 macrophages. Moreover, classi-
cally activated M1 macrophages were shown to digest GDYO
through a peroxynitrite-dependent pathway whereas no bio-
degradation was observed in M2 macrophages. This is the first
demonstration of biodegradation of GDYO by immune-compe-
tent cells. We also provided first evidence of degradation-
dependent modulation of cytokine responses in macrophages,
with engagement of the NLRP3 inflimmasome, a critical
sensor of microbes and other danger signals.?* The biocom-
patibility and biodegradability of GDYO coupled with the
ability to polarize or re-educate M2 macrophages into
M1 macrophages are highly desirable properties in cancer
therapy.”> Additionally, macrophage polarization also plays an
important role in non-cancerous conditions (discussed above).
Taken together, the present findings are relevant for bio-
medical applications of GDYO, a novel 2D material with con-
siderable potential.”
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