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Abstract

Carbon dot ( Cdot) nanoparticles are an emerging class of carbon nanomaterials with a promis-
ing potential for drug delivery and bio imaging applications. Although the interaction between Cdots
and non-immune cell types has been well studied, Cdot interactions with macrophages have not been
investigated. Exposure of Cdot nanoparticles to J774.1 cells, a murine macrophage cell line, resulted
in minimal toxicity, where notable toxicity was only seen with Cdot concentrations higher than 0.5 mg/
ml. Flow cytometric analysis revealed that Cdots prepared from citric acid were internalized at signifi-
cantly higher levels by macrophages compared with those prepared from bamboo leaves. Interestingly,
macrophages preferentially took up phenyiboronic acid ( PB)-modified nanoparticles. By fluore.
microscopy, strong blue light-specific punctate Cdot fluorescence resembling Cdot structures in the
cytosolic space was mostly observed in J774. 1 macrophages exposed to PB-modified nanoparticles and
not unmodified Cdot nanoparticles. PR binds to sialic acid residues that are overexpressed on diseased
cell surfaces. Our findings demonstrate that PB-conjugated Cdots can be taken up by macrophages
with low toxicity and high efficiency. These modified Cdots can be used to deliver drugs to suppress or
eliminate aberrant immune cells such as macrophages associated with tumors such as tumor-associated

macrophages.
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Introduction

Cdot nanoparticles are an emerging group of fluores-
cent nanomaterials or quantum dots with excellent photo-
luminescence and biocompatibility [1]. These water-solu-
ble nanoparticles exert minimal cellular toxicity because
they do not contain toxic heavy metals unlike their other
fluorescent counterparts, quantum dots and some organ-
ic dyes [2]. Cdots have the ability to emit specific wave-
lengths of light, which resembles the optical properties of
conventional quantum dots |3]. Furthermore, Cdots are
relatively easy and inexpensive to synthesize and subject
to surface modifications. Generally, Cdots consist of car-
bon, hydrogen and oxygen, and their carbon configuration
with a quasi-spherical form has a promising potential in
a number of applications such as probes for bio imaging
and in optoelectronic and biosensor technologies [4].

(Centr Eur Impumnol 2017 42 (2): 324-330)

Cdots have also been tested for the delivery of thera-
peutic agents. Recent studies have shown that Cdots can
be used to deliver nucleic acids into target cells for gene
therapy, both in vive and in vitro [5-9]. Furthermore, Cdots
have been applied to intracellular drug delivery [10-12].
However, in vitro studies to date have only tested the ef-
fects of Cdot exposure on non-immune cell types. It is
possible that Cdot toxicity and cellular uptake may vary
in other cell types, which is important because different
mechanisms of nanoparticle uptake may dictate the mode
that the loaded “‘cargo” is processed by the cells. In this
study, we examined how Cdots interact with macrophages,
an immune cell type that has an exceptional ability to take
up extracellular particulate matter such as nanoparticles.
Subsequently, we explored the interactions between vari-
ous Cdot preparations with different surface modifications
and J744.1 cells, a murine macrophage cell line, by as-
sessing Cdot cytotoxicity and uptake efficiency. There is
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growing interest in taking advantage of sialic acid (SA),
which is expressed highly on cell surfaces in disease states
(e.g. oncogenic transformation) [13], as a “tag” for dis-
eased cells. It is known that phenylboronic acid (PB) reacts
strongly with SA residues with high affinity and specificity
[14]. This property makes PB an ideal ligand that allows
highly specific and efficient labeling of SA residues on
cells. We therefore functionalized the surface of the Cdots
with PB groups in our study to determine whether this
modification enhances cellular uptake of Cdots.

In this study, we found that Cdots exerted low toxicity
in J774.1 macrophages, even at high amounts. Flow cy-
tometry and fluorescence microscopy revealed that 1774.1
macrophages internalized citric acid (CA)-derived Cdots
more efficiently than Cdots prepared from an alternative
source of carbon, cellulose from bamboo leaf (BA). Spe-
cifically, J774.1 macrophages showed high efficiency for
taking up PB-modified CA-derived Cdots.

Material and methods

Chemicals

4',6-Diamidine-2'-phenylindole dihydrochloride
(DAPI) was obtained from Invitrogen (Grand Island, NY).
Alexa Fluor® 647 Phalloidin (Cat# A22287) was obtained
from Molecular Probes (Waltham, MA). 3-(4,5-Dime-
thylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT)
and carboxyl phenylboronic acid (CBBA) were obtained
from Sigma-Aldrich (St. Louis, MO).

Preparation of Cdots

Cdots were prepared by pyrolyzing either CA or BA.
For nanoparticles prepared from CA, 200 mg CA was cal-
cined at 240°C for 30 min before cooling to room tem-
perature. This process turned CA into an orange color,
owing to carbonization and the generation of graphitic
nanostructures. For nanoparticles prepared from BA, 200
mg of sliced bamboo leaves were refluxed with 10 ml of
2% NaOH for 5 h. After washing with water, cellulose was
mixed with 10 ml of 5% NaOC! using a magnetic stirrer
for 2 h and then centrifuged at 700 g for 5 min. To pyro-
lyze the cellulose, 200 mg cellulose was calcined at 540°C
for 30 min before cooling to room temperature. After cal-
cination of CA- and BA-prepared nanoparticles, 0.5 M
NaOH was added until the pH became neutral. To narrow
the size distribution of the nanoparticles and remove small
molecules, nanoparticles were passed through centrifugal
filter units with a 1 kDa molecular weight cut-off.

Conjugating CBBA to Cdots

10 ml of CBBA solution was prepared by adding 2.4
mg 4-dimethylaminopyrid to a 0.3 mg/ml CBBA solution
before adding 3.1 mg of 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide. After mixing for 30 min, 5 ml of CA-
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or BA-prepared nanoparticles was added to the mixture,
followed by stirring for 24 h. The mixture then underwent
dialysis for 24 h.

J774.1 macrophage culture

J774.1 cells were obtained from the American Type
Tissue Culture Collection (Manassas, VA). Cells were cul-
tured in complete medium consisting of RPMI 1640 medi-
um supplemented with 10% fetal calf serum, 2 mM L-glu-
tamine, 20 U/ml penicillin, and 20 pg/ml streptomyein (all
purchased from Gibco, Carlsbad, CA) and grown on bac-
teriological plastic (Sterilin, Newport, United Kingdom).

Exposure of Cdots to J774.1 macrophages

Cells (4x 107 cells) were seeded in 12-well or 96-well
plates (Corning, Tewksbury, MA), incubated overnight,
and then treated with or without various concentrations
(5 mg/ml to 5 ng/ml) of different Cdot preparations previ-
ously dissolved in sterile water, for 24 h before performing
MTT assays. Sterile water was used as the vehicle con-
trol. For microscopic analysis of internalized Cdots, cells
(4x10°/well) were seeded on autoclaved glass coverslips
in 12-well plates (Corning, Tewksbury, MA), incubated
overnight, and then treated with nanoparticles.

Assessment of Cdot cytotoxicity in J774.1
macrophages

An MTT assay was performed to measure cell viabil-
ity. After 24 h, cell medium was replaced with a solution
of 1 mg/ml MTT in phosphate-buffered saline (PBS),
followed by incubation for 1 h at 37°C. After removing
the MTT solution, 200 pl of a 50% isopropanol/10% SDS
solution was added to each well, followed by incubation
in the dark overnight. The absorbance of the wells was
measured spectrophotometrically at 570 nm on a BioTek
ELx808 ELISA plate reader (BioTek, Winooski, VT).

Measurement of cellule uptake of Cdots by flow
cytometry

At 24 h post-treatment with Cdots, the medium was
discarded and the cells were rinsed with PBS. Cell mono-
layers were fixed in situ for 5 min with 4% (w/v) parafor-
maldehyde (PFA) in PBS and then rinsed with PBS. PBS
(250 pl) was added to the cells before carefully scraping
the cells off the plate. The cells were transferred into clean
tubes for intracellular fluorescence analysis on a BD Ac-
curi® C6 Flow Cytometer (BD Bioscience, San Jose, CA).

Immunofluorescence staining and microscopic
visualization of internalized Cdots

At 24 h post-treatment with Cdots, the medium was
discarded and the cells were rinsed with PBS. Cell mono-
layers on glass coverslips were then fixed in situ for 5 min
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Table 1. Cdots used in this study

Cdots Abbreviation
Cdots prepared from citric acid CDA
Boronic acid-conjugated Cdots prepared CDA/CBBA
from citric acid

Cdots prepared from bamboo leaf cbB
Boronic acid-conjugated Cdots prepared CDB/CBBA

from bamboo leaf

with 4% (w/v) PFA and 0.1% Triton X-100 in PBS. Af-
ter rinsing with PBS, the cells were incubated with Alexa
Fluor® 647 Phalloidin at a dilution of 1/40 in PBS for 20
min at room temperature in the dark and then rinsed three
times with PBS. The cells were washed once in PBS and
then stained with 10 ng/mL DAPI in PBS for 10 min in the
dark. After washing in PBS, the cells were mounted with
DakoCytomation florescence mounting medium (Dako,
Glostrup, Denmark) under a coverslip. The cells were then
analyzed using an epi-fluorescence microscope (Nikon in-
verted microscope Eclipse 90L) at 100x magnification.

Absorbance (au.)
PL Intensity (a.u.)

T
800

Results
Physiochemical properties of Cdots

Spectroscopic characterization and microscopy were
carried out to determine the physiochemical properties of
the prepared Cdots (Table 1). The PL spectra for both CDA
and CDB showed that the particles exhibited fluorescence
emission at 480 nm (Lex = 420 nm) (Fig. 1A), similar to
Cdots reported by Zakki er al. [12]. Although some larg-
er particles were observed (above 15 nm), AFM analysis
revealed the average size distribution for the majority of
CDA and CDB nanoparticles to be 3 nm and 5 nm, re-
spectively (Fig. 1B). Raman spectroscopy confirmed that
CDA and CDB nanoparticles had similar Raman spectral
patterns (Fig. 1C). When compared to the raman spectra of
CAor BA alone, the raman absorption profiles of CDA and
CDB demonstrated similar characteristics. Both had peaks
at 1332 and 1582 nm (D and G bands respectively) which
correlate to sp2- and sp3-hybridized carbon atoms, respec-
tively. These findings confinn that the prepared Cdots had
the expected characteristics, which were similarly shared
by CDA and CDB nanoparticles.

C Wavelength (nm} 2.0 25

Intensity (aw.)
-~
—

30 35 4.0 4.5 3.0 33 6.0 6.5
X [pm]

1000 1200 1400 1600 1800
Wavenumber (cm™)

100 -95 4.0 -85 -80 15 ~Th 65 6.0 -55
X [pm]

Fig. 1. Physicochemical properties of Cdots used in this study. A) UV-Vis absorption spectra (solid line) and PL emission
spectra (dotted line) of prepared CDA (red) and CDB (blue). The sample was measured at Lex = 420 nm. B) AFM char-
acterization of CDA and CDB on the cross-sectional side of the samples. C) Raman spectra of CA (black), BA (green),
CDA (red) and CDB (blue) samples
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Cdots have minimal toxicity in J774.1
macrophages

The toxicity of Cdots in vitro has only been tested in
non-immune cell lines such as HeLa [12, 15], MCF-7 [5],
MDA-MB231 [5]. Vero [15], and L929 [16]. Therefore,
we tested the toxicity of Cdots in J774.1 macrophages after
24 h of exposure to various Cdot preparations using the
MTT assay, a colorimetric assay that measures the met-
abolic activity of cells. Compared with the vehicle con-
trol (water), cells treated with increasing doses of Cdots
maintained high viability (> 90% viability) (Fig. 2). No-
table toxicity was only seen at higher Cdot concentrations
(0.5-5 mg/ml). With the exception of CDB, treatment with
other Cdot preparations only resulted in less than 50% per-
cent loss of cell viability at the highest dose (5 mg/ml)
compared with water treatment alone. Overall, we found
that Cdots exerted minimal toxicity in 1774.1 macrophages
and that the optimal dose for subsequent Cdot uptake ex-
periments was (.05 mg/ml.

CDA/CBBA is internalized most efficiently by
J774.1 macrophages

Upon exposure to particulate matter such as nanopar-
ticles, macrophages are an important cell type for elici-
tation of innate immune responses and the destruction
and/or clearance of particles from tissues. Prior to these
events, macrophages internalize the particles. To assess the
efficiency of Cdot uptake by J774.1 macrophages, various
Cdot preparations were exposed to adherent cells for 24 h
to allow the Cdots to be intemalized before analyzing the
cells by flow cytometry and fluorescence microscopy. The
excitation-dependent fluorescence of Cdots (blue light; A
=488 nm) allowed visualization of Cdots intracellularly.
Compared with the control, 1774.1 macrophages intermnal-
ized significantly more CA-derived Cdots (CDA and CDA/
CBBA) than BA-derived Cdots (CDB and CDB/CBBA)
(p <0.05) (Fig. 3A and B). Although not statistically sig-
nificant, J774.1 cells exposed to the PB-modified form of
CDA, CDA/CBBA, had a higher mean fluorescence in-
tensity compared with cells exposed to CDA (Fig. 3B).
Nonetheless, the percentage uptake of CDA/CBBA was
markedly higher than that of CDA (Fig. 3A). These find-
ings suggest that 1774.1 macrophages internalize CDA
nanoparticles more efficiently than CDB nanoparticles,
and that surface PB-modification appears to enhance the
uptake of CDA nanoparticles.

Internalized CDA/CBBA appear as “punctate
dots” in the cytosol

Flow cytometric analysis showed that more PB-modi-
fied CDA nanoparticles were taken up by cells compared
with non-PB-modified CDA nanoparticles (Fig. 3A). To
confirm this result, we performed fluorescence microscop-
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ic analysis of the internalized Cdots at 24 h post-exposure.
Strong blue light-specific punctate Cdot fluorescence re-
sembling Cdot structures in the cytosolic space was mostly
observed in J774.1 macrophages exposed to CDA/CBBA
nanoparticles and not unmodified CDA or other Cdot
nanoparticles (Fig. 4). This finding demonstrates that
J774.1 macrophages preferentially take up CDA/CBBA
nanoparticles compared with the other tested Cdots.

Discussion

Initially, we performed physiochemical studies to en-
sure that the prepared Cdots had the correct characteristics.
The UV spectra of Cdots is mostly attributed by w-w*
transitions in the aromatic sp2 carbon atom domains [12,
17]. The emission results from the formation of carbon
crystals on the graphene-like structure and the expansion
of the orbital state due to the sp2 and sp3 carbon struc-
tures, which drive on discrete quantized orbital energy
levels [18]. Although the UV spectral patterns for CDA
and CDB were similar, AFM analysis revealed that the
nanoparticle sizes between CDA and CDB slightly differ
(e.g. 3 nm for CDA and 5 nm for CDB). Moreover, the
pyrolysis process of citric acid yields CDA particles which
are relatively smaller than CDB. It is possible that during
the pyrolysis process of CA, CA molecules were re-ar-
ranged to form larger structures in CDA and leading to its
smaller size distribution than CDB. Raman spectroscopy
revealed sp2 (D band) and sp3 (G band) carbon structures
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Fig. 2. Minimal toxicity of Cdots in J774.1 cells. 1774.1
cells were incubated with various concentrations of dif-
ferent Cdot preparations for 24 h before measuring cell
viability by MTT assays. Percentage cell viability was de-
termined by comparing the effect of Cdots with the vehicle
control (water). Data represent the mean + SEM of four
independent experiments
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Fig. 3. J774.1 cells internalize CDA/CBBA nanoparticles more efficiently compared with other Cdot nanoparticles.
J774.1 cells were incubated with 0.05 mg/ml of various Cdot preparations or water (—) for 24 h before A) measuring
the percentage of Cdot uptake (488 nm) by flow cytometry. Results are representative of four independent experiments.
B) Examples of (A) are shown with graphs showing the mean fluorescence intensity (MFI) + SEM from four independent

experiments; *p < 0.05, Student’s { test

which suggests the presence of graphene-like structures.
The presence of these bands in Cdots further supports the
sp2 graphitic-defect sites in sp3 amorphous carbon, which
is responsible for its photo luminescent properties.

In this study, we produced water-soluble Cdot
nanoparticles conjugated with PB groups on their surface.
As mentioned previously, PB has a high affinity for gly-
coproteins such as SA that is overexpressed on a wide va-
riety of pathological cells [13]. Because PB groups can be
used to target SA ligands on diseased cells, PB-conjugat-
ed Cdots could potentially be used as molecular imaging
probes and drug delivery agents targeting diseased cells
such as tumor cells. Our observation that Cdots exert min-
imal toxicity in J774.1 cells comroborates previous findings
in other cell types [5, 12, 15]. To our knowledge, this is
the first study to investigate the interaction between Cdot
nanoparticles and macrophages. A previous study by Qin
et al. [19] showed that exposure of human macrophages to
graphene quantum dots, a carbon material family member,
results in apoptotic cell death and production of reactive
oxygen species. Our findings suggest that Cdots could be
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used as a non-toxic alternative to graphene quantum dots
for a number of applications.

We found that J774.1 macrophages took up significant-
ly more CA-prepared Cdots than BA-prepared Cdots. This
result suggests that the source of carbon for preparing Cdot
dictates the uptake efficiency by macrophage, possibly due
to the differences in the surface chemistry of the Cdots.
Cellular uptake is generally influenced by several proper-
ties including size, shape and surface charge of nanopar-
ticles [20]. It is possible the surface charge on the Cdots
may vary depending on the carbon source. Future work is
required to assess the surface charge of Cdots by dynamic
light scattering (DLS) analysis. Nanoparticles are mainly
internalized into phagocytic cells such as macrophages via
fluid phase endocytosis, receptor-mediated endocytosis,
and phagocytosis [21]. The uptake mechanism of Cdots by
macrophages is not yet understood. Future studies to eluci-
date this mechanism are crucial to understand the detailed
dynamics of the Cdot internalization process. It is interest-
ing to note that PB-coated CDA was more efficiently taken
up by macrophages. The murine J774.1 macrophage cell
line was originally derived from a tumor (reticulum cell

Central European Journal of Immunology 2017: 42(3)
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Nuclei Cdot

F-actin

Merzed

Fig. 4. Internalized CDA/CBB nanoparticles are localized in the cytosolic space. J774.1 cells were incubated with 0.05
mg/ml of various Cdot preparations or water (—) for 24 h before fixing the cells for immunofluorescence staining and
microscopic analysis of internalized Cdots. Cell nuclei (blue) and filamentous actin (red) were stained with DAPI and
Phalloidin-647, respectively, before observing under a fluorescence microscope at x 100 magnification. Cdot fluorescence
was detected at a wavelength of 488 nm (green). Data are representative of four independent experiments

carcinoma)-bearing mouse [22]. Considering its cancerous
(Le. diseased) origin, itis possible that SA groups are high-
ly expressed on the cell surface of J774.1 macrophages,
and therefore preferentially internalize PB-modified Cdots.
However, we have not demonstrated this experimentally.
To confirm this, future work will assess the cellular uptake
of Cdots using macrophages treated with sialidase, which
is used to cleave sialic acid residues from the cells, or us-
ing non-treated macrophages cultured in the presence of
free PBA, as performed previously on murine melanoma
cells [23]. Furthermore, Cdot uptake experiments using hu-
man and murine primary macrophages will be necessary to
definitively elucidate macrophage interactions with Cdots
in a non-diseased state.

Cell-specific imaging to target specific cell populations
for diagnosis (e.g. tumor cells) and eventual cell-direct-
ed therapy is critical to attain high therapeutic success. In
cancer, abnormal sialylation is a characteristic associat-
ed with malignant properties including invasiveness and
metastatic potential [24]. Therefore, alterations associated
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with sialylation facilitate early diagnosis, prognosis, and
post-treatment monitoring of various cancers. There is in-
creasing interest to develop PB-functionalized nanocarriers
for specific targeting of SA groups to improve drug deliv-
ery in cancer therapy [25]. Considering that Cdots have
a promising potential for bio imaging [4], Cdots bearing
PB surface modifications could serve as a good nanocar-
rier candidate for drug delivery into SA-expressing cells
(i.e. diseased cells). Future study will focus on elucidating
the mechanism of Cdot uptake by phagocytic cells such as
macrophages. Furthermore, the exact mechanism of in vivo
bio distribution, cellular uptake, and long-term toxicologi-
cal effects of Cdots remain to be investigated.

This study represents an advance in the field of fluores-
cent nanomaterial research. Our findings demonstrate that
PB-conjugated Cdots can be taken up into macrophages in
vitro with low toxicity and high efficiency for a number
of potential biological applications such as intracellular
tracking of internalized Cdot-coupled antigens and drug/
vaccine delivery for cellular immunotherapy. Importantly,
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macrophage-associated delivery of drugs can be used to
suppress or eliminate macrophages associated with tumors
(i.e. tumor-associated macrophages) [26].

This work was supported by the Southeast and South

Asia and Taiwan Universities (SATU) Joint Research
Scheme.
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