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a b s t r a c t

Carbon dots (CDs) has shown exciting potential in the field of bioscience and biotechnology due to their
low toxicity, biological and ecological friendliness and desirable performance characteristics of quantum
dots (QDs). However, the effects of CDs on viruses are still largely unknown. In this study, we investigate
the effect of CDs on the replication of virus by using pseudorabies virus (PRV) and porcine reproductive
and respiratory syndrome virus (PRRSV) as the models of DNA virus and RNA virus, respectively. Analyses
of virus titers and the expression of viral proteins demonstrate that cells treated with CDs can signifi-
cantly inhibit the multiplication of PRV and PRRSV. In mechanism, CDs treatment dramatically induces
interferon-a (IFN-a) production and the expression of IFN-stimulating genes (ISGs) which in turn inhibits
virus replication. Taken together, these results reveal a previously undefined role of CDs and provide a
new strategy to develop antiviral agents.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon dots (CDs), a fascinating class of carbon nanomaterial
family with a size below 10 nm, were discovered accidentally in
2004 [1]. Similar to semiconductor quantum dots (QDs), the fluo-
rescence (FL) properties of CDs are attributed to passivated defects
on the carbon particle surface [2]. CDs have attracted considerable
attention in recent years as potential competitors of conventional
semiconductor QDs due to their low toxicity, excellent biocom-
patibility, low cost and chemical inertness [3e7]. As a group of
newly emerged fluorescent nanomaterials, CDs have presented
enormous potential as versatile nanomaterials in a wide range of
fields, such as bioimaging, sensing, drug delivery, photodynamic
therapy, photocatalysis and energy conversion/storage devices
o), hyhan@mail.hzau.edu.cn
[8e17]. Currently, nanoscale materials have sprung up as fresh
antiviral agents because of their unique chemical and physical
properties [18e22]. However, little information is available about
the potential effects of CDs on virus.

Pseudorabies virus (PRV), a swine neurotropic herpesvirus that
causes devastating disease and economic losses worldwide, con-
tains a double stranded DNA genome and is a useful model for the
study of herpesvirus biology [23,24]. Porcine reproductive and
respiratory syndrome virus (PRRSV), an enveloped single-stranded
positive-sense RNA virus, belongs to the family Arteriviridae, genus
Arterivirus [25,26]. Since its emergence in the late 1980s, PRRSV has
been a threat to the swine industry worldwide, causing enormous
economic losses due to severe reproductive failure in sows and
respiratory distress in piglets and growing pigs [27,28]. Unfortu-
nately, the control of PRRSV and PRV is mainly performed by using
traditional strategies or vaccines currently, indicating the necessity
of developing novel antiviral drugs.

In the present study, we evaluated the antiviral effects of CDs
and demonstrated that cells treated with CDs suppress the repli-
cation of PRV and PRRSV probably by activating antiviral type I
interferon response.
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2. Experimental section

2.1. Synthesis of CDs

The CDs were prepared as previously reported with slight
modifications [29]. Briefly, 0.20 g of PEG-diamine and 0.40 g of
ascorbic acid were mixed and then ground into a uniform powder
in an agate mortar. Then the mixture was transferred to a Teflon-
lined autoclave chamber (50 mL) and heated at 180 �C for 1 h. Af-
ter the reaction, the obtained dark brown mixture was dissolved in
10 mL of ultrapure water (Milli-Q, Millipore, 18.2 MU resistivity).
The supernatant was centrifuged at 12000 rpm for 10 min to
remove the large dots. Next, the solution was dialyzed against ul-
trapure water (Mill-Q, Millipore, 18.2 MU resistivity) using a dial-
ysis membrane for 24 h to remove the unreacted low molecular
weight by-products. The as-prepared CDs were stored at 4 �C for
further use.

2.2. Cells and viruses

Monkey kidney (MARC-145) cells were purchased from the
American Type Culture Collection (ATCC no. CRL-1223). Porcine
kidney (PK-15) cells were purchased from the China Center for Type
Culture Collection (CCTCC, Wuhan, China). Both types of cells were
maintained in Dulbecco's modified Eagle's medium (DMEM, Invi-
trogen) supplemented with 10% fetal bovine serum (FBS) in a hu-
midified incubator at 37 �C under 5% CO2. PRRSV strain WUH3,
which was isolated in China at the end of 2006, was propagated in
MARC-145 cells [30]. PRV strain Ea, a wild virulent strain isolated in
China [31], was propagated in PK-15 cells.

2.3. Cytotoxicity assay

The cytotoxicity of the CDs was determined as previously
described [32]. Briefly, PK-15 cells and MARC-145 cells at a
confluence of 90% in 96-well plates, were treated with 0.250 mg/
mL, 0.125 mg/mL CDs and control DMEM (2% FBS) in triplicate, in a
total of 100 mL growth medium separately for 12, 24, 36 and 48 h,
followed by the addition of 20 mL MTT solution (3-[4,5-
dimethylthiazol-2-thiazolyl]-2,5-diphenyl tetrazolium bromide,
Sigma) to each well, and then incubation at 37 �C for 4 h. After that,
the supernatant was removed, and the formazan crystals were
dissolved in 150 mL/well dimethylsulfoxide. The absorption values
were measured at 570 nm by using an Enzyme Linked Immuno-
sorbent Assay (ELISA) microplate reader and the cell viability per-
centage was calculated.

2.4. Viral replication analysis

PK-15 cells in a monolayer were incubated with control DMEM
(2% FBS) and CDs at 37 �C for 2 h, followed by infectionwith PRV at a
multiplicity of infection (MOI) of 1.0 for 1 h. Next, the infected cells
were washed twice with PBS, then supplemented with DMEM (2%
FBS) and CDs for further incubation. Medium supernatant and cell
lysate containing progeny PRV were collected separately at 12, 18
and 24 hpi (hour post infection). All samples were stored at �80 �C,
and after three rounds of freeze-thaw, the cell debris was removed
by centrifugation at 3000 rpm for 15 min. The infectivity of virions
collected at different infection time points was determined by
plaque assays.

MARC-145 cells in a monolayer were incubated with control
DMEM (2% FBS) and CDs at 37 �C for 2 h, followed by infectionwith
PRRSV at an MOI of 1.0 for 1 h. Next, the infected cells were washed
twice with PBS, and then supplemented with DMEM (2% FBS) and
CDs for further incubation. Medium supernatant and cell lysate
containing progeny PRRSV were collected separately at 24, 36 and
48 hpi. The following steps are consistent with those for PK-15 cells.

2.5. Viral plaque assays

Plaque assays for PRV were performed as described previously
with slight modifications [33]. Briefly, 95% confluent PK-15 cells
cultured in 6-well tissue culture plates were infected for 1 h with
10-fold serial dilutions (1.0 mL) containing PRV. After washing with
phosphate-buffered saline (PBS, pH 7.4), cells were overlaid with
1.8% (w/v) low melting point agarose (Promega) containing 2�
DMEM supplemented with 3% FBS. Plaques were counted 3e4 dpi
(days post infection) after staining with neutral redmixed with PBS
at a 1:1 ratio for 2 h at 37 �C. The average plaque number and
standard deviations were calculated from three independent ex-
periments and the virus titers were presented as plaque forming
units (PFU/mL).

Plaque assays for PRRSV were performed as previously
described [34]. 95% confluent MARC-145 cells cultured in 6-well
tissue culture plates were infected for 1 h with 10-fold serial di-
lutions (1.0 mL) containing PRRSV. The following steps are in
accordance with those for PRV.

2.6. TCID50 assay

PK-15 cells were seeded into 96-well plates in DMEM (10% FBS)
until the cells reached 90e100% confluence. 100 mL samples of 10-
fold dilutions containing PRV and paired control DMEM (2% FBS)
were inoculated in eight replicates per dilution. After absorption for
1 h, TCID50 cultures were discarded and supplemented with DMEM
containing 2% FBS. Then, the infected cells were cultured in an
incubator at 37 �C/5% CO2 for 2e4 days.

Subsequently, 100 mL samples of 10-fold dilutions containing
PRRSV and paired control DMEM (2% FBS) were added into 96-well
plates in eight replicates per dilution, followed by seeding MARC-
145 cells into each 96-well plate and incubation at 37 �C/5% CO2.
Viral CPE was monitored for 3e5 days. The PRRSV and PRV titers
were calculated by using the Reed-Muench method [35] and pre-
sented as TCID50 per microliter.

2.7. Western blot

PK-15 cells in 6-well plates infected with PRV in the presence or
absence of CDs were harvested at 24 hpi and MARC-145 cells in 6-
well plates infected with PRRSV in the presence or absence of CDs
were collected at 48 hpi, followed by rinsing three times with PBS
and then treatment with 150 mL/well lysis buffer (LBA) (4% sodium
dodecyl sulfate, 3% DL-dithiothreitol, 65 mM TriseHCl (pH 6.8, 40%
glycerin)). Equivalent amounts of cell lysates were denatured in 5�
Sodium dodecyl sulfate (SDS) loading buffer by boiling at 95 �C for
10 min and were then electrophoresed on 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Subse-
quently, the separated proteins were transferred to 0.2 mm PVDF
Membrane (Millipore). The membranes were blocked with 10% (w/
v) nonfat dry milk for 4 h at room temperature and incubated with
primary antibodies overnight at 4 �C, followed by exposure to HRP-
conjugated secondary antibodies for 2 h at 37 �C. b-actin was
detected as loading control. Protein bands were visualized using
the Clarity Enhanced Chemiluminescence (ECL) reagent (Bio-Rad,
Hercules, CA) [36].

2.8. Indirect immunofluorescence assays

Approximately 70e80% confluent PK-15 cells were mock-
treated or treated with CDs at 37 �C for 2 h and then infected
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with PRV at 0.5 MOI for 1 h. After infection, PK-15 cells were
cultured with control DMEM (2% FBS) or CDs and fixed with cold 4%
paraformaldehyde at 24 hpi. After permeabilization with methanol
(�20 �C), the PRV-infected cells were detected with rabbit poly-
clonal antibody directed against the PRV gD (1:100) protein and
FITC-labeled goat anti-rabbit IgG antibody (1:500). The cell nucleus
was stained with 40,6-diamidino-2-phenylindole (DAPI, Invitrogen)
[37]. Fluorescence images were acquired using an Olympus IX73
confocal laser scanning microscope.

Approximately 70e80% confluent MARC-145 cells were mock-
treated or treated with CDs at 37 �C for 2 h and then infected
with PRRSV at 0.5 MOI for 1 h. After infection, MARC-145 cells were
cultured with control DMEM (2% FBS) or CDs and fixed with cold 4%
paraformaldehyde at 48 hpi. After permeabilization with methanol
(�20 �C), the PRRSV-infected cells were detected with mouse
monoclonal antibody directed against the PRRSV N protein (1:100)
and FITC-labeled goat anti-mouse IgG antibody (1:500). Then the
following steps are consistent with those for PK-15 cells.

2.9. RNA exaction and quantitative real-time RT-PCR

MARC-145 cells grown in 24-well plates were mock-treated or
treated with CDs at 37 �C for 2 h and then cells were mock-
transfected or transfected with 1.0 mg of poly(I:C). Total RNA was
extracted using TRIzol reagent (Invitrogen) at 24 h. 1.0 mg of each
sample were reverse transcribed into cDNA using a Transcriptor
First Strand cDNA Synthesis Kit (Roche), then 1 mL of the resulting
cDNA was used in a SYBR green PCR assay (Applied Biosystems,
U.S.A.). The individual mRNA transcript in each sample was assayed
three times. The PCR procedurewas as follows: pre-denaturation at
95 �C for 10 min, then 40 cycles of 15 s at 95 �C, 15 s at 58 �C and
40 s at 72 �C. The primers (Table S1) were designed by Primer Ex-
press software (version 3.0, Applied Biosystems, Carlsbad, CA).
Fig. 1. (A) UVevis absorption and fluorescence spectra of CDs. (B) Fluorescent emission spect
of as-prepared CDs. (D) The particle size distribution of CDs. (A colour version of this figur
2.10. Statistical analysis

An independent t-test or one-way ANOVA test was applied to
analyze the experimental data. Data are shown as the mean ± SE.
Statistical significance was determined with a p value < 0.05 and p
value < 0.01.

3. Results and discussion

3.1. Characterization of CDs

The morphology and the optical properties of the as-prepared
CDs are presented in Fig. 1. As displayed in Fig. 1(A), at an excita-
tion wavelength of 350 nm, a maximum fluorescence emission
peak at 435 nm was obtained in the Photoluminescence (PL)
emission spectrum of CDs, indicating a blue light emission. When
the excitationwavelength was increased from 340 to 400 nm, there
was a maximal emission wavelength shift of ~40 nm, which is
consistent with a previous study [38]. The excitation-dependent FL
behavior of CDs is due to the co-existence of different sizes and a
distribution of different surface states in each sample (Fig. 1(B)).
Fig. 1(C) shows the TEM image of the as-prepared CDs, fromwhich
we can see that these small CDs were monodispersed and mostly
composed of uniform spherical shapes. The top right corner of
Fig. 1(C) presents the high-resolution TEM (HRTEM) images of CDs
with an average size of 4.5 ± 0.9 nm, and the hydrodynamic size
distribution measured by dynamic light scattering (DLS) was in the
3e7 nm range with an average size of 4.7 nm (Fig. 1(D)). The zeta-
potential of CDs was �15.7 ± 1.65 mV.

The surface functional groups of the obtained CDs were
analyzed using the Fourier transform infrared (FTIR) spectroscopy.
As shown in Fig. S1, the characteristic absorption bands at
3000e3500 cm�1 were attributable to the stretching vibrations of
ra of CDs at different excitation wavelengths (from 340 to 400 nm). (C) TEM and HRTEM
e can be viewed online.)



Fig. 2. Cytotoxicity of different concentrations of CDs by MTT assay. PK-15 cells (A) and MARC-145 cells (B) were incubated with CDs separately for 12, 24, 36 and 48 h. Error bars
represent the standard deviation from three repeated experiments. (A colour version of this figure can be viewed online.)
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OeH and NeH [9,39]. The high-intensity peaks around 2875 and
785 cm�1 corresponded to the stretching vibrations of the CeH. The
band at 1730 cm�1 was assigned to the vibration of C]O, and the
peaks around 1100, 1460, and 1630 cm�1 were related to vibrations
of CeOH, CeNH and NeH bonds, respectively [40,41]. The results
suggested that abundant hydrophilic groups were present on the
surface of CDs.

Moreover, the chemical structure of CD was also investigated
using X-ray photoelectron spectroscopy (XPS). In the overall XPS
spectra (Fig. S2(A)), three evident peaks at 284.3, 399.5, and
531.5 eV could be attributed to C 1s, N 1s, and O 1s, respectively. The
C 1s peak at 288.7, 285.7 and 284.3 eV might indicate that carbon is
mostly in the form of C]O, CeN and CeC (Fig. S2(B)) [4]. The XPS
spectrum of N 1s (Fig. S2(C)) confirmed the presence of NeH
(400.9 eV) and Ne(C)3 (399.5 eV) bonds. The O 1s peak at 532.2 and
531.5 eV was associated with CeOH/CeOeC and C]O groups,
respectively (Fig. S2(D)) [29,42]. The surface components of CDs
determined by the XPS were in good agreement with the results of
FTIR.

3.2. Toxicity of CDs on cells

To determine the effect of CDs treatment on the viability of PK-
15 and MARC-145 cells, an MTT cytotoxicity assay was performed.
As shown in Fig. 2, the viability of PK-15 and MARC-145 cells was
more than 90% at 0.125 mg/mL of CDs after incubation separately
for 12, 24, 36 and 48 h. Additionally, at a high concentration of
0.250 mg/mL CDs exhibited little toxicity to the cells and the
viability of PK-15 cells was close to 72% after 48 h incubation
(Fig. 2). Sun and co-workers reported that 50 mg/mL CDs are
nontoxic to the selected cell lines [43]. Ray et al. also showed that,
Fig. 3. Replication process of PRV (A and B) in the absence and presence of 0.125 mg/mL C
represent the standard deviation from three repeated experiments. (A colour version of th
at a CDs exposure concentration of less than 0.5 mg/mL, the sur-
vival rate of cells ranged between 90 and 100% [44]. Our results for
both PK-15 and MARC-145 cell lines were similar to the previous
reports [43,44]. Thus, the concentration of 0.125 mg/mL CDs was
used in the subsequent experiments.

3.3. CDs exhibit antiviral activity on PRV

To investigate the effect of CDs on PRV, viral replication was
measured by plaque assay at a fixed CD concentration of 0.125 mg/
mL. As depicted in Fig. 3(A) and (B), the virus titers of both intra-
cellular and the supernatant were remarkably reduced in the
presence of CDs compared with the control groups, indicating the
potential antiviral activity of CDs against PRV.

PRV gD is a type I membrane glycoprotein, responsible for
establishing stable binding of virions with host cell receptors and
the subsequent fusion of the viral envelopewith plasmamembrane
[23,45]. PRV VP16 is a tegument protein and a component of pri-
mary enveloped virions [46]. VP16 is highly conserved among
Alphaherpesvirinae, playingmultiple roles during induction of viral
gene expression and viral egress [23]. To further confirm the anti-
viral efficiency of CDs on PRV, the indirect immunofluorescence
assays and western blot analysis were performed to examine
whether CDs inhibit the expression of PRV-gD and PRV-VP16 pro-
teins. To this end, the pretreated cells or unpretreated cells were
infected with PRV for 1 h, followed by incubation in the absence or
presence of CDs. After 24 hpi, the cells were fixed and immuno-
stained with specific antibody against PRV gD protein. As shown in
Fig. 4(A), the green fluorescence signal of the group treated with
CDs was dramatically decreased compared with the control.
Consistent with the results of indirect immunofluorescence assays
Ds. The virus titer of intracellular (A) and the virus titer of supernatant (B). Error bars
is figure can be viewed online.)



Fig. 4. The effect of CDs on PRV. (A) Indirect immunofluorescence assays of PRV-infected PK-15 cells in the absence and presence of 0.125 mg/mL CDs. The excitation wavelength of
DAPI and FITC were 340e390 nm and 460e495 nm, respectively. Scale bars: 100 mm. (B) The relative titer of PRV in the absence and presence of 0.125 mg/mL CDs. Error bars
represent the standard deviation from three repeated experiments. (C) Western blot analysis of the expression level of PRV-VP16 protein when 0.125 mg/mL CDs was added to PRV-
infected cells at 24 hpi. b-actin was used as a loading control. (A colour version of this figure can be viewed online.)
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(Fig. 4(A)), a marked reduction of viral relative titers (obtained by
TCID50) was observed in the presence of CDs compared with the
control (Fig. 4(B)). In addition, we detected an obviously down-
regulated expression level of the PRV-VP16 protein by the west-
ern blot assay (Fig. 4(C)). Overall, these results ruled out the pos-
sibility that the aforementioned observed plaque reductions were
caused by cellular toxicity of the CDs. In addition, we have carried
out the experiment to test whether the fluorescence of CDs will
influence the images of FITC and DAPI. As shown in Fig. S3, the
fluorescence of CDs can be ignored in comparison with that of FITC
and DAPI in Fig. 4(A). To further investigate if CDs can be taken by
PK-15 cell, the fluorescence image were observed by using a
confocal laser-scanning microscope (Nikon C1-si TE2000, Japan).
Microscope images showed weak intracellular fluorescence, indi-
cating that CDs can be taken by PK-15 cell (Fig. S4).

3.4. CDs exhibit antiviral activity on PRRSV

To investigate the antiviral spectrum of CDs, another RNA virus,
PRRSV (classified within the family Arteriviridae) was used. During
the viral infection cycle, the number of progeny infectious PRRSV in
the presence of CDs was decreased markedly compared with the
control group (Fig. 5), demonstrating the inhibitory properties of
Fig. 5. Replication process of PRRSV (A and B) in the absence and presence of 0.125 mg/mL
represent the standard deviation from three repeated experiments. (A colour version of th
CDs against RNA virus.
PRRSV N, a sole structural component of viral capsid with a

molecular weight of 15-kDa, performs the multiple functions of
nuclear localization and NeN homodimerization during virus
infection [47,48]. The inhibitory effects of CDs on the expression of
PRRSV-N proteins were also analyzed by indirect immunofluores-
cence assays andWestern blot analysis. As shown in Fig. 6(A), when
compared with the untreated controls, the green fluorescence
signal was apparently decreased, which directly reflected the
reduction of PRRSV N protein expression level. This conclusion was
corroborated by the results from western blot assay (Fig. 6(C)).
Additionally, the relative titer of PRRSV decreased 88% after CDs
treatment versus the untreated control (Fig. 6(B)). Collectively,
these results further supported the conclusion that CDs could
effectively inhibit the replication of PRRSV.

3.5. CDs activate type I interferon responses

Innate immune system is the first line of defense against
invading pathogens and microorganisms [49]. Type I interferons
(IFNs), including IFN-a and IFN-b, are the best known antiviral
innate immune molecules with a powerful antiviral response to
viral infection in the body [50]. As is well-known, the secreted IFN-
CDs. The virus titer of intracellular (A) and the virus titer of supernatant (B). Error bars
is figure can be viewed online.)



Fig. 6. The effect of CDs on PRRSV. (A) Indirect immunofluorescence assays of PRRSV-infected MARC-145 cells in the absence and presence of 0.125 mg/mL CDs The excitation
wavelength of DAPI and FITC were 340e390 nm and 460e495 nm, respectively. Scale bars: 100 mm. (B) The relative titer of PRRSV in the absence and presence of 0.125 mg/mL CDs.
Error bars represent the standard deviation from three repeated experiments. (C) Western blot analysis of the expression level of PRRSV-N protein when 0.125 mg/mL CDs was
added to PRRSV-infected cells at 48 hpi. b-actin was used as a loading control. (A colour version of this figure can be viewed online.)
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a/b initiate an intracellular signaling cascade, resulting in the
activation of the expression of hundreds of IFN-stimulated genes
(ISGs), which collectively suppress the replication of viruses [51,52].
To explore the possible mechanism(s) underlying the inhibitory
effects of CDs, we focused on the effects of CDs on the expressions
of IFN-a and the downstream ISGs. To this end, MARC-145 cells
were mock-treated or treated with CDs for 24 h. Cells transfected
with Poly(I:C) were used as positive controls. As shown in Fig. 7(A),
the mRNA expression level of IFN-a in cells treated with CDs was
Fig. 7. Expression of cytokines in MARC-145 cells stimulated by 0.125 mg/mL CDs. The expre
PCR using MARC-145 cDNA samples. Gene expression was normalized to that of GAPDH. Res
(A colour version of this figure can be viewed online.)
5.0-fold higher than that of the untreated control. As expected, a
distinctly up-regulated expression of interferon inducible protein
10 (IP-10) (Fig. 7(B)), interferon stimulated gene 15 (ISG-15)
(Fig. 7(C)) and interferon stimulated gene 54 (ISG-54) (Fig. 7(D))
could be observed in cells after CDs treatment, and the mRNA ex-
pressions of IP-10, ISG-15 and ISG-54 were 24.8-, 11.8- and 4.6-fold
higher than those of the untreated controls. Together, these data
suggested that the inhibitory effect of CDs was probably due to the
activation of IFN-a and the production of ISGs. However, it cannot
ssions of IFN-a (A), IP-10 (B), ISG-15 (C) and ISG-54 (D) were analyzed by Real-time RT-
ults are presented as the mean ± SD from three independent experiments in triplicate.
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rule out the possibility that there are other mechanism(s) utilized
by CDs for their antiviral activity.

During the past decade, functional gold nanoparticles [20], sil-
ver nanoparticles [53], cuprous oxide nanoparticles [54], carbon-
based nanomaterials [21], and silicon nanoparticles [55] have
been reported to exhibit antiviral activity. However, the main
antiviral effects of these nanomaterials are attributed to the direct
inactivation of virus in vitro or the inhibition of viral entry into cells
[56]. Meanwhile, our previous work investigated the interactions of
CdTe QDs with PRV, and found that CdTe QDs can inhibit PRV
replication by changing the structure of viral surface proteins,
leading to the release of Cd2þ [57]. Thus, all of the aforementioned
nanomaterials cannot suppress viral infection in the intracellular
stage. In this study, we demonstrated for the first time that CDs
have a strong inhibitory effect on the replication of PRV and PRRSV
by inducing type I IFN production. It is well known that CDs can be
prepared by different precursors, such as ascorbic acid [58], sac-
charides [59], watermelon peels [60], orange juice [61], chicken
eggs [62], and so on, suggesting the possibility to synthesize more
efficient antiviral reagents by using other CDs or conjugating CDs
and functional molecules [63]. More importantly, carbon is an
essential element in the human body and plays a crucial role in all
living organisms [64], which has been verified to be nontoxic from
cytotoxicity and in vivo toxicity evaluation [65e68]. Thus, the CDs-
based drugs might have potential to be developed as a promising
virucide in vivo.

Besides virus, such particles might also affect bacteria and even
“good ones” needed in the organism. This is a very interesting issue
and requires further study. It should be noted that the action
mechanisms vary in inhibiting viral and bacterial replication. For
example, interferons, which can be induced by CDs in our experi-
ments, are efficient antiviral agents, but have a slight effect on
bacteria.

4. Conclusion

In this study, we successfully synthesized CDs through solid-
phase thermal reaction, and characterized CDs by standard spec-
troscopic techniques (Uvevis, fluorescence and FTIR spectroscopy)
as well as by DLS, XPS and TEM. The characterization results indi-
cate that the CDs were well monodispersed on the surfaces with a
uniform size and rich hydrophilic groups.

This is the first report showing that CDs have remarkable anti-
viral activity against DNA virus (PRV) and RNA virus (PRRSV)
infection at a noncytotoxic concentration. The CDs can significantly
inhibit the replication of PRV and PRRSV, which was confirmed by
the analysis results of viral titers and viral protein expression.
Mechanism study showed that CDs treatment activates the inter-
feron-a production and the expression of interferon stimulated
genes, which in turn inhibits viral replication. Additionally, the
mRNA expressions of IFN-a, IP-10, ISG-15 and ISG-54 were
5.0e24.8-, 11.8- and 4.6-fold higher than those of the untreated
controls. These encouraging results provide experimental basis for
further research on CDs as a novel antiviral agent, and they also
have important implications for understanding the antiviral rela-
tionship between CDs and many other viruses.
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