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ABSTRACT Probes for detecting highly reactive oxygen species (hROS) are critical A
to both understanding the etiology of the disease and optimizing therapeutic / \
interventions. However, problems such as low stability due to autoxidation and

photobleaching and unsuitability for biological application in vitro and in vivo, as
well as the high cost and complex procedure in synthesis and modification, largely

limit their application. In this work, binary heterogeneous nanocomplexes (termed as

C-dots-AuNC) constructed from gold clusters and carbon dots were reported. The

fabrication takes full advantages of the inherent active groups on the surface of the
nanoparticles to avoid tedious modification and chemical synthetic processes.
Additionally, the assembly endowed C-dots-AuNC with improved performance such as the fluorescence enhancement of AuNCs and stability of C-dots
to hROS. Moreover, the dual-emission property allows sensitive imaging and monitoring of the hROS signaling in living cells with high contrast.
Importantly, with high physiological stability and excellent biocompatibility, C-dots-AuNC allows for the detection of hROS in the model of local ear

inflammation.
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eactive oxygen species (ROS) are
Rassociated with many pathogenic

processes, including carcinogenesis,
inflammation, ischemia-reperfusion injury,
and signal transduction.' > While a moder-
ate level of ROS is involved with normal cell
functions, excessive amounts of ROS, espe-
cially highly reactive oxygen species (hROS),
can directly damage critical components of
cells at all levels including DNA, protein, and
lipids by oxidation. Therefore, probes for
detecting ROS are critical to both under-
standing the etiology of the disease and
optimizing therapeutic interventions. So far,
several methods (electron paramagnetic
resonance, chemiluminescence, fluorescence)
for detection of ROS have been developed.*~¢
Among them, fluorescence detection is gen-
erally superior in terms of sensitivity, spatial
and temporal resolution, and experimental
convenience. Although a variety of probes
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have been developed,””"? problems such
as low stability due to autoxidation and
photobleaching, unsuitability for biological
application (in vitro and in vivo), as well as
the high cost and complex procedure in
synthesis and modification largely limit
their application.'® A solution to these pro-
blems may be provided by the explosively
growing field of nanotechnology, from
which nanoparticles with intrinsic fluores-
cence have emerged as bioimaging agents.
In particular, carbon dots (C-dots) have
spurred tremendous interest due to their
chemical inertness and photoluminescent
properties, such as water solubility, biocompat-
ibility, nonblinking fluorescence emission and
excellent cell membrane permeability.'*~'®
The superior properties of C-dots distinguish
them from traditional fluorescence probes
and encourage their exploration in a multi-
tude of exciting areas, ranging from medical
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diagnostics to catalysis and photovoltaics.'””~2°

Recently, C-dots were utilized as versatile scaffolds
for the incorporation of chemically-responsive organic
probe for ratiometric sensing of subcellular ROS.?" This
C-dots based nanoprobe exhibited multiple advan-
tages such as satisfactory cell permeability, low cyto-
toxicity and fluorescence resonance energy transfer
(FRET)-based ratiometric sensing. Though promising,
the intrinsic fluorescence of C-dots could be greatly
influenced by highly reactive oxygen species such as
ClO°, which significantly decreased the selectivity
in the range of lower concentration.??> Moreover, the
limitations of adopting organic probe, such as suscep-
tibility to photobleaching, biotoxicity, and spontaneous
autoxidation, were still inevitable.

Fluorescent gold nanoclusters (AuNCs), which con-
sist of only several to tens of gold atoms, have become
a burgeoning area of scientific interest. The increased
resistance to photobleaching along with biocompat-
ibility and low toxicity makes AuNCs highly attractive
for a wide variety of biomedical applications, especially
for in vitro and in vivo imaging.>*>~%" A novel finding
reported by Chu's group was that AuNCs synthesized
using a glutathione template showed a fluorescence
signal sensitively and selectively responsive to hROS.?®
Compared with other probes, the AuNCs based probe
is more prominent for ROS sensor due to the increased
imaging contrast accuracy, biocompatibility, and super
stability for long-time observations. Nevertheless, te-
dious modification processes are needed, which lar-
gely increases the cost, time and possibility of sample
contamination. In this respect, fabrication of monodis-
perse nanoparticles assembled from discrete domains
of different nanomaterials may offer great opportu-
nities, which could make full use of the inherent active
groups on the surface of the nanoparticles to avoid
tedious modification.?’ The lure of nanostructured
composites lies in that they can integrate several
different functionalities required by the applications
into one structure. Furthermore, heterogeneous nano-
materials can surprisingly lead to remarkable perfor-
mance improvement as a result of interactions
between the excitons, magnetic moments or surface
plasmons of individual nanoparticles.3°~3¢ Herein, in-
spired by these fabrication strategies, for the first time,
we report that nanosized C-dots and AuNCs can as-
semble into one nanoparticle (termed as C-dots-AuNC)
through one-step facile synthesis (Figure 1a). The most
exciting feature of the C-dots-AuNC is that it not only
enhances the fluorescence of AuNCs, but also stabilizes
the fluorescence of C-dots with little influence by ROS
in the physiological concentrations. On the basis of
the unique properties of AuUNCs responsive to hROS,
a platform for ratiometric detection of hROS is fabri-
cated. The C-dots-AuNCs can emit dual emission
fluorescence when excited, one from the AuNCs with
their fluorescence sensitivity quenched in response to
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hROS, and the other from the C-dots acting as an internal
reference. Moreover, the dual-emission property allows
sensitive imaging and monitoring of the hROS signaling
in living cells with high contrast. Importantly, with good
photostability and biocompatibility, this designed nano-
probe can be applied in the detection of hROS in the
microenvironment of local ear inflammation.

RESULTS AND DISCUSSION

The facile synthesis of C-dots-AuNC was as follows.
We first prepared C-dots and glutathione-templated
AuNCs according to previous reports, respectively.3”28
Then, C-dots and AuNCs were linked together via a
carbodiimide-activated coupling reaction to afford the
assembled C-dots-AuNC. Transmission electron micro-
scopy (TEM) images showed that the average size of
AuNCs was ~2 nm while that of C-dots was ~7 nm
(Figure S1 and S2, Supporting Information). The ob-
tained C-dots-AuNC were monodisperse with an aver-
age size of 50 nm observed from SEM and TEM images
(Figure 1b,c). High resolution TEM images revealed that
numerous C-dots and AuNCs were embedded in one
large particle (Figure 1d). The lattice spacing of
0.21 and 0.32 nm agreed with that of in-plane lattice
spacing of graphene (100 facet) and the spacing
between graphene layers (002 facet), and 0.24 nm
spacing was ascribed to the Au (111) (Figure 1e). Four-
ier transform infrared (FTIR) spectra were used to
further identify the organic functional groups (Figure
S3, Supporting Information). Amino-functionalized
C-dots exhibited characteristic absorption bands of
stretching vibrations of O—H and N—H at 3420 cm™’,
vibrational absorption band of C=0 at 1704 cm ™', and
the bending vibrations of N—H at 1583 cm™~". These
functional groups can be attributed as the degradation
of the citric acid and cysteine through hydrothermal
treatment. As for the glutathione-protected AuNCs, the
following were observed: stretching vibrations of O—H
and N—H at 3328 cm ™', C=0 stretching vibrations of
carboxyl groups at 1732 cm™ ", C=0 stretching vibra-
tions of acylamide at 1652 cm ™', and the bending
vibrations of N—H at 1527 cm ™. The carboxyl groups
on the AuNCs and amino groups on the C-dots facili-
tated the covalent conjugation between AuNCs and
C-dots via a carbodiimide-mediated wet chemistry
approach. The assembled C-dots-AuNC exhibited an
increase in absorption of C=0 stretching vibrations of
acylamide at 1649 cm™', which further indicated the
covalent conjugation of C-dots and AuNCs. The surface
groups were also investigated by XPS analysis. As
shown in Figure 1f and 1g, C-dots-AuNC exhibited
additional peak of gold except the common peaks of
carbon, nitrogen, sulfur and oxygen compared with the
composition of C-dots. The high resolution spectrum of
C,, exhibited four main peaks, 284.3 eV (sp? graphitic
C), 284.8 eV (sp> graphitic C), 285.7 eV (C—N, C—O0,
C-S), and 287.7 eV (C=0), which was similar to
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Figure 1. (a) Schematic illustration of the construction of C-dots-AuNC and the working principle of the detection of hROS.
(b—d) SEM image, low and high resolution TEM images of C-dots-AuNC. Red circles and blue circles represent AUNCs and
C-dots, respectively. (e) The crystalline lattices of C-dots-AuNC. (f and g) XPS spectra of the C-dots and C-dots-AuNC
nanopatrticles. (h and i) High resolution C;5 and Aus¢ peaks of C-dots-AuNC.

previously reported results of C-dots (Figure 1h).3’
The XPS spectra of Au 4f,, consists two distinct
components at 84.1 and 84.4 eV, corresponding to
Au (0) and Au (1), respectively (Figure 1i). This indicated
that C-dots-AuNC still preserved the same composition
and structure as individual C-dots and AuNCs. The
above results indicated the successful synthesis of
uniform binary heterogeneous nanomaterials.

As the nanoparticle assembly may endow the new
materials with collective effects, the fluorescence prop-
erties of C-dots-AuNC were investigated. As shown in
Figure 2a, C-dots-AuNC exhibited double emission
peaks when excited at 405 nm. The peak positions
shifted a little compared with individual C-dots and
AuNCs (Figure S4—S6, Supporting Information). This
different may arise from the interaction between
C-dots and AuNCs in the heterogeneous nanoparticles.
The most attraction of the fabricated heterogeneous
assembled nanoparticles lies not only in difference of
functionalities, but also in improved performance in-
duced by synergistic effects. In this study, a notable
finding of C-dots-AuNC was that it could not only
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enhance the fluorescence of AuNCs, but also stabilize
the fluorescence of C-dots with little influence by
ROS in the physiological concentrations. As shown in
Figure 2b, the fluorescence intensity emitted from
C-dots-AuNC was 2.3 times of that from AuNCs at the
wavelength of 565 nm when excited at 405 nm. Pre-
vious studies have discovered that the degree of
aggregation could largely determine the intensity of
the fluorescence of AuNCs.>® The enhanced fluores-
cence of C-dots-AuNC at 565 nm could attribute to
aggregated AuNCs embedded in C-dots-AuNC. An-
other new feature of C-dots-AuNC was that the fluo-
rescence intensity at 455 nm decreased little after the
addition of CIO™ (50 uM), while the fluorescence in-
tensity of C-dots decreased one-third in the same
condition (Figure 2¢,d). This indicated that the as-
sembled nanoparticles could greatly protected C-dots
against oxidation by hROS. These features demon-
strated that C-dots-AuNC could be applied as a probe
for the ratiometric detection of hROS.

The fluorescence responses of C-dots-AuNC toward
ROS were evaluated in solution under physiological

\
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Figure 2. (a) Fluorescence spectra of C-dots, AUNCs, and C-dots-AuNC. (b) Fluorescence spectra of C-dots-AuNC and AuNCs
with the same concentration of Au. (c) Fluorescence spectra of C-dots and (d) fluorescence spectra of C-dots-AuNC in the

absence and presence of CIO™ at various concentrations.
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Figure 3. (a) Fluorescence spectra of C-dots-AuNC in the presence of CIO™ at various concentrations. (b) Fluorescence
responses of C-dots-AuNC toward hROS (30 #M) and different coexistences (1 mM). (c) Ratiometric fluorescence as a function
of the hROS concentration. (d) Photos of C-dots-AuNC with different concentrations of CIO™ under UV lamp irradiation.

conditions. Figure 3a showed the representative fluo-
rescence spectral changes of C-dots-AuNC upon addi-
tion of CIO™. With increasing concentration of CIO™,
the C-dots-AuNC exhibited substantially quenched
fluorescence at 565 nm, while little change of fluores-
cence intensity at 455 nm. Other hROS such as - OH and
ONOO™ could also be detected (Figure S7, Supporting
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Information). The mechanism for the fluorescence
quenching was attributable to the oxidation of the
AuNCs by hROS, which could be proved by the content
of Au(0) and Au(l) from XPS spectra (Figure S8, Sup-
porting Information).?® Furthermore, other ROS and
species commonly present in biological matrices had
little quenching effect on the probe (Figure 3b and S9,
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Figure 4. Bright field and fluorescence images of live murine macrophages (RAW 264.7) incubated with C-dots-AuNC. Top
images: cells were incubated with C-dots-AuNC. Middle images: cells were pretreated with LPS and PMA, and then incubated
with C-dots-AuNC. Bottom images: cells were successively pretreated with LPS and PMA, followed with UA and DMSO, and

then incubated with C-dots-AuNC. Scale bar equals 20 um.
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Figure 5. (a) Luminescence images of various concentration of C-dots-AuNC and (b) C-dots-AuNC in the presence of various
concentration of CIO™ using in vivo imaging system. (c) In vivo imaging of hROS using C-dots-AuNC in an acute local
inflammation in the ear by topical application of PMA. The left ears of the mice were treated with PMA, while the right ears

were set as control.

Supporting Information). This could be explained by
the fact that hROS has stronger oxidation property
than other ROS. In addition, the ratiometric fluores-
cence showed an excellent linear correlation with the
concentration of hROS (Figure 3c). The limit of detec-
tion for hROS was determined to be about 0.5 uM in

JU ET AL.

solution, which is comparable to previously reported
probes.?® A distinguishable fluorescence color change
from orange to cyan could be observed under UV
irradiation (Figure 3d). The combination of the sensi-
tivity and selectivity of C-dots-AuNC makes it feasible
for in vitro and in vivo hROS imaging.

VoL.8 = NO.6 = 6014-6023 = 2014 ACNJANIC)

N\

WWww.acsnano.org

6018



9

oM InQ

JI

8C

4

144

&

[44

funiqede> buibewr-anss-daap pue Aamsuas pue Apypads ybiy

15e13u0) ybiy
UIM DUDSION] dL1IWONRI ‘ss3301d dIAYIUAS [eIIWIYD PUE UOIIEIYIPOW SNOIP3) PIOAY

fp1x01016 mo| ‘Aupiqeswsad
1> Kiopejsnes ‘sjf@d ul sabueyy Q7H [RUPUOYIONIW JO UOIDAIIP dUIdWoNRyY

uonendsqo awi-buoj 1oy Aupigers quadns ‘Aianiap Jenjidesur ybiy
1nedwodo1q Ju3|Rdx3 ‘duewnopad buibewr aseanul 0} BuDSIONY dUIdWoNRY

sed

buibew dudsasony YN ‘sucibas Lioyewweyur 03 buirabiey 3

pue ‘awn-jjey uoneimip buoj pue uonnguisipolq poob ‘Aujiqels [edibojoisyd ybiy

JU3PLYR0) uoidunxa 3bie| ‘pjaik wnyuenb adudsasony ybiy ‘sisayiuds dwis

3)URIapRIUI DUIdSION|J0INe punoibyeq Wnwiujw
pue ‘uonenauad anssiy daap ‘abewepoloyd winwiuIL YUM Uo-uIn} dUISIONY YIN

suopenpny _ %0
Jo buibew 3|qissanai pue d1weudp ‘buibewr dudsaionyy uojoyd-omy pue uojoyd-suq

fd1x0} Jen|[3> ou ‘uonepixoine isutebe Aujigels ybiy

DIW 3y Jo yieap ou sannbas ‘ynopeas Xdo
daap ‘1w buini| Jo Apoq 3y noybnoiy) [9Ae1} 03 3qy

sjuswwod

DIW U spiuoad ame padnpul-S41

EXI
| UOIRWWRUI JeD [eD0] PONPUI-YING ‘S12 £ 79T MVY Pale|nwins-yiNd/Sd1

SIIY L9 MYY PaIRINWNS-YN ‘SII 6767 Parenwis-20%H

SII 2797 MYY
paejnuuns YWd/Sd1 ‘SII2> 09-TH pajejnuuns-4oeH ‘s|[3d ej3H pajenuins-oH

UoIIAUI [PH3IRY SIA0G ) Snodueuods Yum asnow pue
‘asnow siuoad e PdNPUI-SAT ‘S| /497 MYY PareInWns-YNd/Sd1

IW u siyuoad e padnpui-s47

W Uy SiuoIad 31 PdNPUL-S4T ‘SII2D £59Z MYY PAIeINWNS-YIN/SdT

RIW
pue ysyeiqaz ‘s3pfro3eday ui Ainfui uoisnpiadai ‘s33fo03eday paejnwins-ywd

DIW u siyuoad e panpuI-S47 ‘s||3D WSYY Pareas-|| uisudlolbuy

Jowny 31esold Yeibouax dnj-deIN yum
DIW pue dIW _, In|-gAJ bulAl] ut s]132 In|-deINT ut {0H Jo sabueyp buizijensip

suonedijdde

(W7 $7°0) “O°H

(W7 0

noge) HO- ‘0D '_OONO

(W7 5£°0) TO™H
(W €0°0) HO -

‘(N7 §°0) 0D ‘(W Z°0) _00NO

(Wu 0L 3noge) HO - *_ 0D “_00ONO

(W 1) 0%

(W7 0£—0) ODH

(W €7 %0

(Wu 1) Ho- “_.%0

(W7 $'7) “%H

afues 1o Jwi| uoipaap pue S0y

SN d1e[exoiad

INNY-S10p-)

L4d-@-0UW

N430

INOgqoueN

3qoid paseq-autuef)

YL

¢hy-oapy

1-1Dd
aqoud

sapiuedouey

Sa|M3jou [jews

SOY JO uo1I312Q dY) 10} S3O.Id JUDY Jo uosuedwo) *L 379V.L

=
L
<
)
~
L]
m
o
o
it
<+
o
o
n
©

NO

VOL. 8

JU ET AL.

WWwWW.acsnano.org



C-dots-AuNC was then applied to detect endoge-
nously generated hROS in cultured cell types relevant
to inflammation. RAW 264.7, a murine macrophage cell
line, showed both blue and red fluorescence after
incubation with C-dots-AuNC (Figure 4). Previous stud-
ies have showed that the macrophage cells could elicit
the elevated production of hROS such as CIO™ and
ONOO" after successive exposure to lipopolysaccha-
ride (LPS) and phorbol 12-myristate 13-acetate (PMA).
With LPS/PMA stimulation, the red fluorescence was
greatly weakened and only blue fluorescence was
bright. This indicated that the AuNCs assembled on
C-dots-AuNC could be efficiently quenched under
conditions relevant to inflammation. When dimethyl
sulfoxide (DMSO) and uric acid (UA) were used as the
hROS scavengers to treat the macrophage cells after
LPS/PMA stimulation, both blue and red fluorescence
was observed. This indicated that the hROS produced
from RAW 264.7 cells could be scavenged and the red
fluorescence could not be quenched. Additionally,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay showed that C-dots-AuNC were
nontoxic even the concentration reached 500 ug mL ™"
(Figure S10, Supporting Information). All the above
in vitro results revealed the excellent ability of C-dots-
AuNC for detecting hROS produced in stressed cells.

The ability of the C-dots-AuNC to detect endoge-
nous hROS in mice was also investigated. As shown in
Figure 5a, the luminescence recorded on in vivo ima-
ging system enhanced with the increase of the con-
centration of C-dots-AuNC. In the presense of hROS
such as ClO~, the luminescence decreased as the
concentration of CIO™ increased (Figure 5b). As for
endogenous hROS, we induced acute local inflamma-
tion in the ear by topical application of PMA3° The
inflammatory response was mediated by protein ki-
nase C. Activation of protein kinase C stimulated the
release of phospholipase A2-dependent arachidonic
acid and the production of eicosanoids, which further
evoked infiltration of inflammatory cells. This in turn
led to release of ROS through activation of NOX2.*
Six hours after PMA treatment, inflammation could be
clinically observed as edema and redness of the ear

MATERIALS AND METHODS

Chemicals. (-Glutathione (GSH, reduced form, catalogue
number G4251), lipopolysaccharide (LPS, catalogue number
L2630), and phorbol 12-myristate 13-acetate (PMA, catalogue
number 79346) were obtained from Sigma-Aldrich. 1-Ethyl-
3(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC,
catalogue number A10807) and N-hydroxysulfosuccinimide
sodium (sulfo-NHS, catalogue number H52795) were purchased
from Alfa Aesar. Dialysis bags (molecular weight cut off = 1000
Da, catalogue number SP131093) were obtained from Sangon
(Shanghai, China). Quinine sulfate (catalogue number Q110176)
was purchased from Aladdin (Shanghai, China). Other reagents
and solvents were purchased from Beijing Chemicals (Beijing,

JU ET AL.

(Figure S11, Supporting Information). After the injec-
tion of C-dots-AuNC, inflammatory ear showed pink
fluorescence, while the control ear showed orange
fluorescence. In vivo animal model imaging was also
recorded. As shown in Figure 5c, the left ear was
treated with PMA to induce inflammation and the
right acted as control. The fluorescence intensities
of the PMA-treated ears were about two times lower
than control ears (data were acquired from the
photos). Three parallel experiments indicated the
good reproducibility of detection. (Figure S12, Sup-
porting Information). Taking together, C-dots-AuNC
has shown the potential for imaging ROS-associated
inflammatory diseases. Compared with the recent
probes for the detection of ROS (Table 1), our nano-
probe exhibited advantages of facile assembly through
making full use of the inherent active groups on the
surface of the nanoparticles. In addition, the dual-
emission property allowed sensitive imaging of the
hROS in cells and ear inflammation in mice with
high contrast, which was comparable or superior to
the probes reported.

CONCLUSION

In conclusion, for the first time, we have demon-
strated a facile synthesis of binary heterogeneous
C-dots-AuNC assembled from C-dots and AuNCs for
ratiometric detection of hROS both in vitro and in vivo.
The fabrication takes full advantages of the inherent
active groups on the surface of the nanoparticles
to avoid tedious modification and chemical syn-
thetic processes. Additionally, the assembly endows
C-dots-AuNC with improved performance such as the
fluorescence enhancement of AuNCs and stability of
C-dots to ROS. Moreover, the dual-emission property
allows sensitively imaging and monitoring of the hROS
signaling in living cells with high contrast. Importantly,
with high physiological stability and excellent biocom-
patibility, C-dots-AuNC allows for the detection of ROS
in the model of local ear inflammation. We expect that
our approach and the resulting outstanding combina-
tion of properties could pave the way for future
therapeutic, electronic, and catalytic applications.

China). All chemical agents were of analytical grade and used
directly without further purification. Water used in all experi-
ments was obtained using a Milli-Q water system.

Instruments. Field emission scanning electron microscope
(FESEM, S4800, Hitachi) was used to determine the morphology
of the as-prepared samples. Transmission electron microscopy
(TEM) measurements were carried out on a JEOL JEM-2010EX
transmission electron microscope with a tungsten filament
at an accelerating voltage of 200 kV. Fourier transform infrared
(FT-IR) analyses were carried out on a Bruker Vertex 70 FT-R
spectrometer. XPS data were obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W Al Ko
radiation. Ultraviolet—visible spectroscopy (UV—vis) measure-
ments were recorded on a Jasco-V550 UV—vis spectrophotometer.

VOL.8 = NO.6 = 6014-6023 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

6020



Fluorescence spectra were recorded using a JASCO FP-6500
spectrofluorometer. The slit was set to be 5 nm for both the
excitation and the emission.

Preparation of C-dots, AuNCs, and C-dots-AuNC. C-dots were pre-
pared according to a liturature previously reported. Specifically,
citric acid (2 g) and -cysteine (1 g) were dissolved in water
(5 mL), followed by evaporation at 70 °C until dry within 12 h.
The resulted thick syrup was heated in a Teflon-equipped
stainless-steel autoclave at 200 °C for 3 h. The black syrup
product was then diluted and centrifuged. The upper solution
was then transferred to a dialysis bag (MW cutoff 1000 Da) and
dialyzed against nanopure water for a week under stirring
conditions. The purified solution was subjected to continuous
vacuum heating (60 °C) until a black powder was obtained. The
C-dots were weighed and redissolved in nanopure water and
used accordingly.

The AuNCs were synthesized through the reduction of
HAuCl, by GSH. Briefly, a fresh 6 mM glutathione aqueous
solution (10 mL) was added a 4 mM HAuCl, aqueous solution
(10 mL), and the mixture was left under vigorous stirring at 90 °C
for 6.5 h. The resulting AuNCs solutions were centrifugated at
16 000 rpm for 10 min to remove large particles. The super-
natants were dialyzed against nanopure water with a dialysis
bag (MW cutoff 1000 Da) to purify the AUNCs from nonreacted
species. The AuNCs solution was stored at 4 °C until use.

The C-dots-AuNC were systhesized as follows: 50 uL of
AuNCs (1.6 mg mL™") solution was mixed with 2 mL of
phosphate buffered saline (PBS, 10 mM, pH = 7.4) buffer, then
a 100 uL aqueous solution containing 30 mM Sulfo-NHS and
12 mM EDC was added, followed by incubation for 15 min to
allow the activation of the carboxyl group on the AuNCs. Then,
400 uL of C-dots (300 ug mL™") solution was added to the above
solution and the mixture was incubated for 12 h under constant
stirring at room temperature. The obtained C-dots-AuNC were
purified by adding 5 mL of ethanol and centrifuging and
washed with ethanol twice to remove the unreacted C-dots
and AuNCGs. Finally, the C-dots-AuNC were redispersed in water.
The concentrations of Au in the solution before and after
reaction determined by inductively coupled plasma mass
spectromety were 30.3 and 23.5 ug Au mL™", respectively. This
indicated that 78% of the initial AUNCs were incorporated in
C-dots-AuNC.

Quantum Yield (QY) Measurements. Quinine sulfate in 0.1 M
H,SO,4 (QY = 0.577) was chosen as a fluorescence standard.
The quantum yield of C-dots in water was calculated according
to the formula: @ = d(I/I)(Ay/A)(n/n,)*. Where @ is the quantum
yield, I is the measured integrated emission intensity, n is the
refractive index of the solvent, and A is the optical density. The
subscript “s” refers to the reference standard with known
quantum vyield. The refractive index of dilute quinine sulfate
in 0.1 M H,SO,4 was 1.333 and C-dots aqueous solution was
assumed as water with refractive index of 1.333. To minimize
reabsorption effect, absorbencies in the cuvette were kept
under 0.1 at the excitation wavelength (A = 340 nm). The
fluorescence quantum yield of the prepared C-dots excited
with 345 nm UV light is calculated to be 30.1%.

Generation of Different ROS. H,O,, CIO~, and O, stock solu-
tions were prepared by directly diluting commercially available
H,0,, NaClO, and KO, respectively. The concentrations of H,0,,
ClO~, and O," were determined by their UV/vis absorbance at
240 nm (e=436M " 'cm™"),at 292 nm (e=350M~'ecm ™), and
at 550 nm (¢ = 21.6 mM™" cm™"), respectively. -OH was
obtained by Fenton reaction by mixing FeCl, with H,O, at a
molar ratio of 1:10 at 37 °C for 30 min. The concentration of - OH
equaled to that of ferrous ion. 'O, was generated from the
H,0,/molybdate ions system. ONOO™ was used from stock
solution in NaOH. The concentration of ONOO™ was deter-
mined by the absorbance at 302 nm (¢ = 1670 M~' cm™).
The fluorescence spectra (Aex = 405 nm) of the C-dots-AuNC
(50 ug mL~") in PBS (10 mM, pH = 7.4) were measured 5 min
after the addition of ROS. PBS used for the above experiments
was purged with N, for 1 h before the measurement.

Cell Culture. Hela cervical adenocarcinoma epithelial cells
and RAW 264.7 murine macrophage cells were cultured in
DMEM (Dulbecco's Modified Eagle Medium) supplemented
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with 10% FBS (fetal bovine serum). The cell lines were
maintained in a humidified atmosphere containing 5% CO,
at 37 °C.

Cytotoxicity Test. HeLa Cells were seeded at a density of
10 000 cells/well (100 uL total volume/well) in 96-well assay
plates for 24 h. Then, the as-prepared C-dots-AuNC, at the
indicated concentrations (0, 25, 50, 100, 250, 500 ug mL™Y),
were added to the cell culture medium. Cells were incubated
with nanoparticles for 24 h. To determine toxicity, 10 uL of MTT
solution was added to each well of the microtiter plate and
the plate was incubated in the CO, incubator for additional 4 h.
The media was removed and DMSO (100 ul) was added
into each well. The plate was then gently swirled for 2 min
at room temperature at dark to dissolve all formed precip-
itate. Absorbance values were detemined with Bio-Rad model-
680 microplate reader at 490 nm (corrected for background
absorbance at 630 nm). The cell viability was estimated accord-
ing to he following equation: Cell Viability (%) = (ODtyeated/
ODcontro) X 100%. Where ODcontrol Was obtained in the absence
of C-dots-AuNC, and ODrjeateq Obtained in the presence of
C-dots-AuNC.

Detection of Endogenous ROS in RAW 264.7. RAW 264.7 cells were
seeded into 24-well plate and allowed to adhere for 24 h in a
humidified atmosphere containing 5% CO, at 37 °C. LPS
(1 ug mL~") was added and incubated for 4 h, followed by
PMA (5 ug mL™") treatment for 0.5 h. Then, the cells were
incubated with C-dots-AuNC (10 g mL™" in culture medium)
for 4 h. The cells were washed three times before fluorescence
imaging. In another experiment, cells were treated with LPS
(1 ug mL™") for 4 h, and then incubated with PMA (5 ug mL™")
for 0.5 h. Subsequently, the medium was changed and the cells
were cultured in a medium containing uric acid (250 uM) and
DMSO (0.5%) for 15 min, followed by incubation with the
C-dots-AuNC (10 ug mL™" in culture medium) for 4 h.

Inflammation Models. Nude mice weighting about 20 g were
achieved from Shanghai SLAC laboratory Animal Co. Ltd.
(Shanghai, China). Animal care and handing procedures were
in agreement with the guidelines of the Regional Ethics Com-
mittee for Animal Experiments. Local ear inflammation was
induced by phorbol 12-myristate 13-acetate (PMA). PMA was
dissolved in acetone to obtain a solution with concentration of
100 ug mL~". A volume of 10 uL of this solution was topically
applied on the ear. After 6 h, inflammation can be clinically
observed as redness and edema of the ear. The contralateral ear
served as control. Fluorescence imaging of mice were acquired
30 min after subcutaneous (s.c) injection of 500 ug mL™"
C-dots-AuNC. The whole body photoluminescence images
were recorded on KODAK In-vivo Imaging System Fx Pro.
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