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Abstract

Nanoprobes with enzyme-like properties attracted a growing interest in early screening and di-
agnosis of cancer. To achieve high accuracy and specificity of tumor detection, the design and
preparation of enzyme mimetic nanoprobes with high enzyme activity, tumor targeting and ex-
cellent luminescence property is highly desirable. Herein, we described a novel kind of fluores-
cence enzyme mimetic nanoprobe based on folate receptor-targeting Au nanoclusters. The na-
noprobes exhibited excellent stability, low cytotoxicity, high fluorescence and enzyme activity. We
demonstrated that the nanoprobes could be used for tumor tissues fluorescence/visualizing de-
tection. For the same tumor tissue slice, the nanoprobes peroxidase staining and fluorescent
staining were obtained simultaneously, and the results were mutually complementary. Therefore,
the fluorescence enzyme mimetic nanoprobes could provide a molecular colocalization diagnosis
strategy, efficiently avoid false-positive and false-negative results, and further improve the accuracy
and specificity of cancer diagnoses. By examining different clinical samples, we demonstrated that
the nanoprobes could distinguish efficiently cancerous cells from normal cells, and exhibit a clinical
potential for cancer diagnosis.

Key words: Gold Nanoclusters, Fluorescence, Enzyme Mimetic, Tumor Diagnosis, Molecular Col-
ocalization

Introduction

Cancer is considered a worldwide mortal sick-  vivo plays an important role in the preoperative di-

ness and has become a major public concern. Identi-
fication and detection of cancer have especially im-
portance in the survival of patients with cancer. Thus,
it is highly desirable to develop rapid, sensitive, and
specific methods to diagnose cancers. Currently, typ-
ical methods have been applied in the field of cancer
diagnosis in vitro and in vivo. [1-5] Medical imaging in

agnosis of cancer.[6-11] Optical imaging as a novel
imaging modality would have more wider applica-
tions in biomedical applications because of its ad-
vantages such as low cost, low-energy radiation, high
sensitivity, real-time monitoring, non-invasive or
minimally invasive testing.[12] Furthermore, near
infrared (NIR) fluorescence imaging can be used for
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the diagnosis in deep tissues and organs owning to its
high sensitivity and penetration depth in biological
tissues.[13] Recent advances in nanotechnology have
provided platforms for developing nanoscale fluo-
rescent nanoprobes, for example, quantum dots
(QDs). [14] Although compared to traditional fluo-
rescent nanoprobes, QDs have stronger fluorescent
intensity and more durable signal. Its used in living
cells or animals is limited due to its intrinsic toxicity,
which may cause risks to human subjects.[15,16] In
contrast to QDs, the low toxicity and ultrafine size of
nanomaterials are highly attractive for tumor imaging
and therapy. Molecular clusters of pure metals, espe-
cially gold, due to their inert reactivity, have great
potential for application in biomedicine.

Gold nanoclusters (Au NCs), typically consisting
of several to tens of atoms, are highly attractive for
tumor imaging due to their ultrasmall size, good bi-
ocompatibility, excellent luminescence properties and
many potential applications.[17-19] In particular,
highly fluorescent Au NCs have been successfully
prepared using bovine serum albumin (BSA) as a
template.[18, 20] A large number of studies have re-
cently focused on application of NIR fluorescent
BSA-stabilized Au NCs for the detection of various
analytes,[20,21] and for NIR biomedical imaging of
cancer in vitro and in vivo.[22,23] However, the verac-
ity of these methods is not satisfactory. To overcome
this problem, pathological diagnosis could be em-
ployed as a supplementary diagnosis.

Pathological diagnosis has been the gold stand-
ard for diagnosis in tumor and its role has also in-
cluded the tumor differentiation, the degree of mor-
phological changes, the elucidation of etiology, path-
ogenesis, clinicopathological correlation, and prog-
nostication.[24, 25] During the last decades, the de-
velopment of immunohistochemistry (IHC) has pro-
vided a basis for the molecular characterization of
tumors using antibodies to localize molecules ex-
pressed by tumor cells, and it has been developed to
be a powerful tool for both research and diagnostic
purposes.[26-28] Horseradish peroxidase (HRP) is the
most common used enzyme in IHC. But, one of the
primary problems associated with the use of HRP is
nonspecific staining (false-positives) that result from
endogenous peroxide activity in certain tissues. A
second drawback is inadequate fixation that can cause
weak or false negative staining (false-negative), be-
cause there is no optimal standard fixation time for
every antigen. Moreover, the sensitivity of HRP is
easy to be affected by microorganisms as well as the
antibacterial agents.

Recently, nanoparticles (NPs) have received in-
creasing attention in enzyme mimetic research due to
several distinct properties, such as narrow size dis-

tribution, high surface area to volume ratio, and
abundance of reactive groups for further functionali-
zation.[29-32] In 2007, Yan and coworkers reported
that FesOs NPs possessed intrinsic enzyme activity
similar to that found in natural HRP.[29] Their re-
search paved the way for NPs as enzyme mimet-
ics.[33-37] In contrast to natural enzyme, the prepara-
tion, purification and storage of the enzyme mimetic
are usually time-saving and inexpensive. Further-
more, the enzyme mimetics can overcome the draw-
backs of nature enzymes, such as sensitivity of cata-
lytic activity to environmental conditions, low stabil-
ity due to denaturation and digestion. Recently, Yan
and coworkers further used iron oxide NPs as HRP
mimetics to detect tumor tissues in pathological di-
agnosis, and resolve the low sensitivity and degrada-
tion characteristics of HRP.[38] Nevertheless, sub-
stantial efforts are still needed for resolving the
false-positives and false-negative in IHC.

More recently, it was reported that
BSA-stabilized Au NCs could possess highly enzyme
mimetic activity, and which will be highly beneficial
for a wide range of applications in clinical diagnos-
tics.[39,40] In this study, we integrated the feature of
BSA stabilized Au NCs with NIR fluorescent imaging
and peroxidase mimetics activity to develop a rapid,
accurate, low-cost and universal method for tumor
tissues fluorescence/visualizing diagnosis. These ex-
tended previous our studies involving hybrid
gold-gadolinium NCs for triple-modal imaging of
tumor diagnosis.[41] Folic acid (FA) was immobilized
on the surface of Au NCs to target and visualize tu-
mor tissues that overexpress folate receptor (FR). By
using a one-step incubation of our NCs-FA fluores-
cent peroxidase mimetics nanoprobes-based colocal-
ization staining method, the tumor tissues could be
visualized based on microscopic imaging with bright
field (the oxidation of peroxidase substrates) and flu-
orescent images in the same section, simultaneously,
and the two images were mutually complementary.
The method could avoid false-positive and
false-negative in histochemical diagnostic of tumor. A
series of subsequent investigations revealed the
NCs-FA fluorescent peroxidase mimetics nanoprobes
could distinguish cancerous cells from normal cells.
Such well-defined nanocluster-fluorescent peroxidase
mimetics staining has the potential to become a mo-
lecular diagnostic tool for cancer imaging and predic-
tion of cell cancerization.

Methods

Materials

HAuClL.4H,O, bovine serum albumin (66 000
Da), goat anti mouse IgG-Alexa Fluor 568, goat anti
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mouse IgG-HRP and FA were purchased from Sigma
Aldrich; mouse anti-FR protein antibody and mouse
anti-beta actin antibody were purchased from Abcam;
o-Phenylenediamine (OPD, 99.5%), 3,3',5,5'-Tetrame-
thylbenzidine (TMB, 99%), 3,3'-Diaminobenzidine
(DAB, 99%), 5-Aminosalicylic acid (5-ASA, 98.5%)
and 3-Amino-9-ethylcarbazole (AEC) were purchased
from J&KCHEMICA without further purification;
Hydrogen peroxide (30%), hydrochloric acid (HCI,
37%), nitric acid (HNOs, 65%), sodium hydroxide
(NaOH, 99.99%) and ethanol were obtained from Si-
nopharm Chemical Reagent Co., Ltd (Shanghai, Chi-
na); phosphate-buffered saline (PBS, pH 7.4), fetal
bovine serum (FBS) and Dulbecco’s Modified Eagle’s
Medium (DMEM) were purchased from Gibco Life
Technologies (AG, Switzerland). Clinical tumor and
normal tissues were obtained from the tissue bank of
the second people's hospital of Shenzhen (Shenzhen).
All other chemicals used in this study were of analyt-
ical reagent grade and wused without further
purification. Superpure water (18.25 MQ.cm, 25 °C)
was used to prepare all solutions. BALB/c athymic
nude mice and BALB/c mice were maintained under
aseptic conditions in a small animal isolator. All food,
water, bedding and cages were autoclaved before use.

Synthesis of Au NCs

Au NCs with NIR emissions prepared according
to our previous report.[20] All glassware was washed
with aqua regia (HCl: HNO; volume ratio 3: 1), and
rinsed with ethanol and superpure water, respective-
ly. In a typical experiment, HAuCls 4H>O aqueous
solution (25 mL, 10 mM, 37 °C) was added to BSA
solution (25 mL, 50 mg mL-, 37 °C) under vigorous
stirring. NaOH solution (0.5 mL, 1 M) was introduced
2 min later, and the reaction was allowed to proceed
under vigorous stirring at 37 °C. The color of the so-
lution changed from light yellow to light brown, and
then to deep brown. The reaction was completed in 12
h, and the solution was stored at 4 °C. The
as-prepared Au NCs have relatively high photolu-
minescence quantum yield (~6%).

Synthesis of the NCs-FA nanoprobes

FA was conjugated to amino-groups on the sur-
face of Au NCs to form the NCs-FA nanoprobes. First,
FA was reacted with EDC/NHS (molar ratio of FA:
EDC: NHS is 1: 1.5: 2) in anhydrous dimethyl sulfox-
ide (DMSO, 2.5 mL) and the mixture was stirred in the
dark for 12 h at 50 °C. The residue was removed by
filtration under reduced pressure and centrifugation
(16 000 rpm) for 10 min, and the activated FA was
extracted with by adding 10 mL anhydrous acetone.
Second, the activated FA was dissolved in Tris buffer
(1 mL, 10 mM, pH 8.0) and the Au NCs were adjusted

to a concentration of 10 mM in 2 mL Tris buffer. The
two solutions were then mixed and stirred in the dark
for12 h at 4 °C.

Purification

Purification of the NCs-FA nanoprobes was
performed by ultra centrifugation using filter devices
(Millipore, 10kD) at 5000 rpm. This step was repeated
several times, by filling the tubes with PBS buffer and
centrifuging again, until the desired purification rate
was reached. Then the solution was filtered through a
0.2 pm membrane to remove the largest impurities.
The resulting product was stored at -20 °C.

Spectra assay

UV-Vis absorption spectra were obtained with a
PerkinElmer Lambda 25 UV-Vis spectrophotometer.
The fluorescent spectra were obtained by a fluores-
cence spectrometer (F900, Edinburgh Instruments
Ltd.).

High resolution transmission electron
microscopy (HRTEM) image

HRTEM image was used to obtain detailed
structural and morphological information about the
samples and was carried out using a FEI Tecnai F20
HRTEM. The samples for HRTEM images were pre-
pared by depositing a drop of a diluted colloidal so-
lution on a carbon grid and allowing the liquid to dry
in air at room temperature.

Measurement of the relative enzyme activity
of the NCs-FA nanoprobes and HRP

A TMB solution was used to detect relative ac-
tivity of the NCs-FA nanoprobes and HRP, respec-
tively. Experiments were carried out using 1.0x102 M
NCs-FA nanoprobes or 1.0x10-11 M HRP in a reaction
volume of 1 mL, in 0.1M PBS buffer, with 500 uM
TMB as substrate. The H2O. concentration was 300
mM for NCs-FA nanoprobes and 10 mM for HRP. All
test conditions was at 35 °C in a pH 4.0 PBS (0.1M)
buffer. After 5min, the oxidation reaction was stopped
by the addition of an equal volume of 0.1M sulfuric
acid. The relative activity was defined as follows:

The relative activity (%) =A1/A> x 100%

Where A, was the maximum absorbance, A; was
the sample absorbance measured at the same condi-
tions.

Cell culture

The cell lines SKOV3 (human evarian cancer),
MCE-7 cells (human breast cancer cells), HepG2 (hu-
man liver cancer), MDA-MB-231 (human breast can-
cer), H460 (human lung cancer) and 293T (human
embryonic kidney) were cultured in Dulbecco’s
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Modified Eagle Medium (DMEM, HyClone) supple-
mented with 10% (v/v) fetal bovine serum, 1% (v/v)
penicillin, and 1% (v/v) streptomycin. Cells were in-
cubated in a humidified incubator at 37 °C with 5%
CO..

Cell viability assay

MCE-7 (HepG2, 293T) cells were planted into
96-well plates for the cell viability methyl thiazolyl
tetrazoliym (MTT) assay. All cells in logarithmic
growth were treated with the NCs-FA nanoprobes at
various concentrations from 3 to 100 pmol mL- com-
pared to the cells treated with PBS as control. After 24
h, the cell viability was evaluated by the MTT assay.
Each experiment was repeated at least five times to
obtain the average value. The relative viability ratio of
treated groups was calculated based on the intensity
compared to controls.

Assessments of FR expression level

The five tumor cell lines (MCF-7, HepG2,
SKOV3, MDA-MB-231 and H460) were used to eval-
uate receptor expression. FR expression was assessed
by western blotting as previously described with
modifications. Cell lysates samples of each type were
run on a 10% SDS-polyacrylamide gel and transferred
to a nitrocellulose membrane blocked with 5% non-fat
milk, 0.1% Tween 20 in PBS for 30 min, and then in-
cubated overnight at 4 °C with a 1:2 000 dilution of
anti-FR protein monoclonal antibody. The anti-FR
protein monoclonal antibody was detected using a 1:6
000 dilution of goat anti-mouse IgG conjugated to
HRP, and developed with Pierce ECL substrate.

Confocal laser microscopy assay

For in vitro studies, 1 x 10> MCF-7 and HepG2
cells were seeded on a glass-bottomed culture dish.
After 24 h, the NCs-FA nanoprobes (NCs) were incu-
bated with different cells (MCF-7, HepG2) for 1 h at 37
°C. To remove the unbound conjugates, the cells were
washed three times for 10 min by using shaking in-
cubation (30 rpm) in Tris buffer and fixed with 3.7%
formaldehyde solution (1 mL) and incubated at
shaking incubation (20 rpm) each for 20 min. The nu-
clear dye Hoechst was used as a positive control to
stain nuclei in the experiment. Images of cells were
acquired using a Leica DMI6000 inverted microscope
with a Leica TCS SP5 confocal scanning system.

Animal model

All animal experiments were conducted in
agreement with the “Principles of Laboratory Animal
Care” (NIH publication no. 86-23, revised 1985). The
guidelines of the Institute for Nutritional Science of
Chinese Academy of Sciences were also respected.
Six-to-seven week old male BALB/c athymic nude

mice and BALB/c mice were maintained under asep-
tic conditions in a small animal isolator and were
housed in a group of five in standard cages with free
access to food and water and a 12 h light/dark cycle.
All animals acclimated to the animal facility for at
least 7 days before experimentation. All possible pa-
rameters that may cause social stress, like group size,
type (treated and nontreated), etc., among the exper-
imental animals were carefully monitored and
avoided. Animals were observed daily for any be-
havioral abnormalities and weighed weekly.

In vivo NIR fluorescent imaging

To perform in vivo NIR fluorescent imaging,
male nude mice bearing MCF-7 tumors were intra-
venously injected with NCs-FA (500 mg/kg). The
mouse was imaged using the Maestro in vivo imaging
system (CRI, Inc., excitation, 435-480 nm; emission,
490 nm long-pass). The tunable filter was automati-
cally stepped in 5 nm increments from 600 to 800 nm,
whereas the camera captured images at each wave-
length interval with constant exposure. Spectral un-
mixing algorithms were applied to create unmixed
images of NCs-FA.

Histology

Five healthy female Balb/c mice were injected
with NCs-FA (500 mg/kg, 30 days). Other five
healthy Balb/c mice were used as the untreated con-
trol. Major organs from those mice were harvested,
fixed in 4% neutral buffered formalin. The excised
organs were embedded in Tissue-Tek OTC compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan) and
frozen in a deep freezer at -70 °C. The tissue was sec-
tioned into 10 pum slices, stained with hematoxylin
and eosin (H&E) and examined by a digital micro-
scope (Leica QWin). Examined tissues include heart,
liver, spleen, lung, and kidney.

Staining of tumor xenografts and clinical
specimens

Tissue sections were hydrated progressively us-
ing an ethanol gradient. Endogenous peroxidase ac-
tivity was quenched by incubation with 0.3% HO» in
methanol for 30 min. After rinsing, the tissue sections
were boiled in 10 mM citrate buffer (pH 6.0) at 100 °C
for 30 min, cooled to room temperature, blocked with
5% goat serum in PBS for 1 h at 37 °C, washed and
then incubated with the NCs-FA nanoprobes (1.8
mM) for 1 h at 37 °C, and then rinsed in PBS. Freshly
prepared DAB was added for color development. The
nuclear dye Hoechst was used as a positive control to
stain nuclei in the experiment. The stained sections
were analysed under a microscope equipped with a
Nuance multispectral imaging system (CRi, Woburn,
MA).
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IHC staining of tissue sections by anti-FR Abs
was performed to compare tumor-binding specificity
and staining quality with the NCs-FA nanoprobes.
Briefly, after blocking in serum, tissue sections were
incubated at 4 °C overnight with a 1:300 dilution of
mouse Anti-FR protein monoclonal antibody
(Abcam). The bound antibody was detected by incu-
bating the tissues with a 1:1,000 dilution of
HRP-conjugated anti-mouse antibody at 37 °C for 1 h.
Freshly prepared DAB was added for color develop-
ment. The stained sections were analysed under a
microscope.

IF staining of tissue sections by anti-FR Abs was
performed to compare tumor-binding specificity and
staining quality with the NCs-FA nanoprobes. Briefly,
after blocking in serum, tissue sections were incu-
bated at 4 °C overnight with a 1:300 dilution of mouse
anti-FR protein monoclonal antibody (Abcam). The
bound antibody was detected by incubating the tis-
sues with a 1:1,000 dilution of goat anti mouse
IgG-Alexa Fluor 568 at 37 °C for 1 h. The stained sec-
tions were analysed under a microscope.

Results

Synthesis and characterization of the NCs-FA
fluorescent peroxidase mimetics nanoprobes

In this study, Au NCs were covalently conju-
gated with FA ligands to enhance the targeting capa-
bility of the fluorescent peroxidase mimetics nano-
probes to FR over-expressing tumors. The prepared
process was described in Figure 1la. First, the
BSA-stabilized Au NCs was synthesized according to
our previous report.[41] Second, FA was conjugated

onto BSA through the EDC/NHS coupling chemistry.
The size and morphology of the prepared NCs-FA
nanoprobes were characterized by high resolution
transmission electron microscopy (HRTEM) image.
The results showed that the NCs-FA nanoprobes had
a spherical shape and good dispersibility with size
less than 2.0 nm (Figure 1b). In addition, the zeta po-
tential of the Au NCs and NCs-FA nanoprobes were
about -20 mV and -38 mV indicating good colloidal
stability (date not showing). The UV-Vis absorption
and fluorescent emission spectra of the NCs and
NCs-FA in aqueous solution are shown in Figure 1c.
The surface plasmon resonance absorption peak of the
NCs and NCs-FA was not observed, which was
closely related to the properties of NCs. The absorp-
tion spectrum of NCs-FA displayed the characteristic
absorption peaks of the FA (365 nm), indicating the
successful conjugation of FA with Au NCs. Conju-
gates was confirmed by 'H NMR spectra ulteriorly
(Supplementary Material: Figure S1). The content of
FA in BSA-stabilized Au NCs was 3% (w/w). After
conjugation of FA, the fluorescent intensity of BSA-Au
NCs was not changed obviously. The quantum yields
of NCs and NCs-FA were 6.0% and 5.2%, respectively,
which permits quantification of nucleus targeting
materials at single particle sensitivity. The photosta-
bility of the NCs-FA was great when compared to
traditional organic fluorophores (date not showing),
and the intense emission of the NCs-FA was also lo-
cated in the NIR emission region (655 nm) for excita-
tion at a short wavelength, which can serve as excel-
lent bioimaging contrast agents for imaging in vitro
and in vivo due to its deep penetration in tissues.

(@) AuCl; @ W FA @
EDC/NHS
BSA Au NCs Au NCs-FA
(b) c)ro 1.0
0.8 —NCs-FA 0.8 —~
- —NCs =
3 L 06 5
0.6 .
= =y
£ Z
204 04 §
H £
202 0.2

0.0 0.0
300 400 500 600 700 800 900

Wavelength (nm)

Figure 1. (a) Schematic illustration of the prepared process of NCs-FA nanoprobes. (b) The HRTEM image of NCs-FA. (c) The UV-Vis absorption and

fluorescent spectra.
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The colloidal stability of the as-prepared NCs
and NCs-FA nanoprobes was carefully investigated
under the different conditions, including buffer solu-
tions with different pH, salt solution with different
concentrations, and different photo-irradiation time.
The results showed that the fluorescence intensity of
the NCs and NCs-FA nanoprobes were not obviously
changed. Moreover, storage of the NCs and NCs-FA
nanoprobes solution at room temperature under am-
bient condition for three months did not significantly
change their luminescent intensity or cause precipita-
tion, indicating its excellent stability (Supplementary
Material: Figure S2). The reasons may attribute to the
albumin coating layer, which was a very soluble and
stable protein in different conditions. In addition, in
vitro and in vivo toxicity studies showed the low tox-
icity of the new nanoprobes on cells or living subjects
(Supplementary Material: Figure S3, 54).

Enzyme mimetic activity of the NCs-FA
nanoprobes

To investigate the peroxidase-like activity of the
NCs-FA nanoprobes, the catalysis of peroxidase sub-

OPD

OPD AEC

(a) AH H,0,
: NCs-FA
HRP
C
(:?120 === NCs-FA
%100_ ——HRP
'S 801
S 0]
2 40,
& 50l
@
® ol

(dl_)\:zo

0 20 40 60
TemperatureC)

strate was tested in the presence of H>O». As shown in
Figure 2a-b, the NCs-FA nanoprobes catalyses the
oxidation of peroxidase substrates including
o-phenylenediamine (OPD), 3-Amino-9-ethylcar-
bazole (AEC), 5-Aminosalicylic acid (5ASA),
di-azo-aminobenzene (DAB) and 3,3,55-tetrame-
thylbenzidine (TMB) to give an orange color, red col-
or, brown color, brown color and blue color, respec-
tively, which is the same as HRP, confirming that the
NCs-FA nanoprobes have peroxidase activity towards
typical peroxidase substrates. In order to characterize
the enzyme mimetic activities of the NCs and NCs-FA
nanoprobes, a peroxidase substrate, TMB, has been
used. The catalytic activity of the NCs and NCs-FA
nanoprobes was not obviously changed under dif-
ferent conditions, including salt solution with differ-
ent concentrations, and different photo-irradiation
time (Supplementary Material: Figure S5). Thus, the
NCs-FA nanoprobes possess excellent stability, which
are the prerequisites when acting as nanoprobes for
bioimaging.

AEC

S5ASA DAB TMB

SASA DAB TMB

i

-h
(=]
o
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~a—~HRP

o @
[= I =]

n
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pH

Figure 2. The NCs-FA nanoprobes (a) and HRP (b) catalyzed the oxidation of peroxidase substrates OPD, AEC, 5ASA, DAB and TMB in the presence of
H,0, to give the same colored products. The effects of temperatures (c) and pH values (d) on the catalytic relative activity of NCs-FA and HRP, re-

spectively. AH represents the substrate, which is a hydrogen donor.

The peroxidase mimetic activity of the NCs-FA
nanoprobes is, like HRP, dependent on temperature
and pH. We measured the peroxidase mimetic activ-
ity of the NCs-FA nanoprobes at different pH and

temperature, and compared the results with the ac-
tivity found in HRP. The results showed that the op-
timal temperature is 35 °C and 40 °C, and the optimal
pH is 4.0 and 3.0 for HRP and the NCs-FA nano-
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probes, respectively (Figure 2c-d). Thus, we adopted
35 °C and pH 4.0 as standard conditions for subse-
quent analysis of the NCs-FA nanoprobes activity. In
addition, the apparent steady-state kinetic parameters
were obtained, as shown in Supplementary Material:
Figure S6. The NCs-FA nanoprobes-catalyzed reaction
was inhibited at high H>O, concentrations, as is the
enzyme-catalyzed reaction. However, within the
suitable range of H>O» concentrations, typical Mich-
aelis-Menten curves were observed for both NCs-FA
nanoprobes and HRP. Michaelis-Menten constant
(Km) and the catalytic constant (Kc) were obtained
using Lineweaver-Burk plot, and the results are
shown in Table 1. For natural enzymes, K, reflects the
affinity between the enzyme and substrate. The lower
the Ky, value is, the higher the affinity is. That means
that a lower substrate concentration is required to
reach the maximal activity. The apparent K, value of
the NCs-FA nanoprobes with H>O» as the substrate
was significantly higher than that of HRP, consistent
with the observation that a higher H>O, concentration
was required to achieve maximal activity for the
NCs-FA nanoprobes. Meanwhile, the apparent K,
value of the NCs-FA nanoprobes with TMB as the
substrate was lower than that of HRP. Hence, the
NCs-FA nanoprobes require a lower concentration of
TMB than that of HRP to reach the maximal activity.
In comparison with other reported nanomaterials
with peroxidase-like activities, such as Fe3O; NPs,
Co0304 NPs, CGN NPs and GO-Au NCs, NCs-FA have
the smallest K, values, which may be related to their
small size and unique structure.[29, 42-44] The K. is a
direct measure of the catalytic production of product
under saturating substrate conditions. The greater the
value of K, the higher is the enzymatic activity. The
apparent Ke. values of the NCs-FA nanoprobes with
H>O; and TMB as the substrates were significantly
higher than that of HRP. Hence, the catalytic activity
of the NCs-FA nanoprobes was higher than that of
HRP. In addition, the catalytic activity of the NCs-FA
nanoprobes was higher than that of Co3Os4 NPs and
GO-Au NCs,[42,44] and was near that of FesO4 NPs,
CGN NPs and BSA-Au NCs.[29, 39, 43]

To understand the mechanism of the NCs-FA
nanoprobes-based peroxidase mimetic reaction, the
formation of *OH during the reaction was measured
when TMB was used as a peroxidase substrate. The
reaction was monitored by UV-Vis absorption spectra.
As shown in Supplementary Material: Figure S7, «OH
was produced during the peroxidase-like reaction in
the presence of both NCs-FA nanoprobes and
H>0,.[38] With the addition of an *OH scavenger
(ethanol), the formed *OH disappeared and the pe-
roxidase activity of the NCs-FA nanoprobes de-
creased to 15% of the original activity, indicating that

the *OH formed during the peroxidase-like reaction.
Based on these results, we proposed the following
possible reaction mechanism. With the addition of
H>O; and TMB to the NCs-FA nanoprobes reaction
solution, H>O» interacts with the gold core of the
NCs-FA nanoprobes to generate *OH on the surface
of the gold core. The generated *OH then oxidizes
nearby TMB to form the blue color.

Table I. Comparison of the apparent Michaelis—Menten constant
(Km) and catalytic constant (Kcar) of the NCs-FA nanoprobes, HRP,
Fe3O4 MNPs, BSA-Au NCs, Co304 NPs, GO-Au NCs and CGN.

Catalyst Substrate Km Keat
mM) (Y
Fe;Os MNPs? TMB 0.098 8.58x10+
FesOs MNPs? H20: 154 3.02x104
Co304 NPs*2 TMB 0.037 1.83x102
Co304 NPs#2 H20: 140.07 3.53x102
CGN# TMB 0.12 2.48x104
CGN# H20: 245 2.13x104
BSA-Au® TMB 0.00253 7.24x104
BSA-Au® H20: 25.3 9.17x104
GO-AuNCs# TMB 0.16 1.97x102
GO-AuNCs# HO: 142.39 6.08x102
The NCs-FA nanoprobes TMB 0.00664 4.49x104
The NCs-FA nanoprobes H20» 2.46 8.67x10*
HRP TMB 0.301 5.18x103
HRP H2O: 0.935 4.05x103

The tumor targeting capability of the NCs-FA
nanoprobes

To explain the receptor mediated targeting ca-
pability of the NCs-FA nanoprobes to different tu-
mors, the tumor cells were first investigated by west-
ern blot (Supplementary Material: Figure S8). The FR
protein was detected in MDA-MB-231, MCF-7,
SKOV3 and H460 cell lines, and the expression of FR
protein in HepG2 cell lines was close to zero. To vis-
ualize the targeting cellular uptake of the NCs-FA
nanoprobes, the NCs-FA nanoprobes and NCs was
incubated with MCF-7 and HepG2 cells at 37 °C for 1
h (Figure 3a). In the presence of NCs, almost no signal
was observed from the MCEF-7 cell lines. In contrast,
the NCs-FA nanoprobes showed drastically enhanced
fluorescence signals in MCF-7 cell lines, and showed
negative signals in HepG2 cell lines. The binding of
the NCs-FA nanoprobes to MCF-7 cells could be in-
hibited by adding an excess of unconjugated FA, fur-
ther confirming that the NCs-FA nanoprobes targets
tumor cells via FR. To establish the validity of the
NCs-FA nanoprobes targets xenograft tumor, the
NCs-FA nanoprobes and NCs were incubated with
MCEF-7 and HepG2 xenograft tumor section at 37 °C
for 1 h (Figure 3b). In the presence of NCs, almost no

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue 2

149

signal was observed from the MCF-7 xenograft tumor.
In contrast, the NCs-FA nanoprobes bound to
FA-positive MCF-7 xenograft tumors, but not to
FA-negative HepG2 xenograft tumor. The binding of
the NCs-FA nanoprobes to FA-positive cells was sat-
urable, and could be inhibited by adding an excess of
unconjugated FA, which shown that the NCs-FA na-
noprobes targets tumor cells via FR. The tumor tar-
geting capability of the NCs-FA nanoprobes was fur-
ther evaluated in tumor cell and tumor-bearing mice
(Supplementary Material: Figure S9, S10). This again
shows the FR-targeting of the NCs-FA nanoprobes,
which have the potential to become a diagnostic tool
for tumor.

The NCs-FA nanoprobes for tumor diagnosis

To establish the validity of the NCs-FA nano-
probes-based analysis method for histochemical di-
agnostic of tumor, we carried out the following his-
tological staining experiments in xenograft tumors
(Figure 4a). Briefly, the section from MCF-7 tumor
was stained with NCs and the NCs-FA nanoprobes.
After the NCs-FA nanoprobes loading and oxidation,
the NCs-FA nanoprobes displayed an intensive
brown peroxidase activity that visualized the positive
tumor cells after adding DAB substrate and H>O, and
the fluorescent signal of the NCs-FA nanoprobes was
also visualized in the section. In the presence of NCs,
almost no signal was observed from the MCF-7 xen-

(a) NCs Hoechst

MCF-7

MCF-7

FA, NCs-FA

MCF-7

HepG2

NCs-FA + Hoechst (P)  Ncs

ograft tumor section, verifying the feasibility of our
NCs-FA nanoprobes-based tumor diagnostic method.
Traditional IHC and immunofluorescence (IF) stain-
ing using anti-FR antibodies (Abs) was next per-
formed to compare its tumor binding specificity and
staining quality with our NCs-FA nanoprobes-based
method in tumor tissues. The intensity and the pattern
of NCs-FA nanoprobes-based staining was almost the
same as that of IHC and IF staining, demonstrating
the accuracy of tumor detection by the NCs-FA na-
noprobes. Compared with IHC and IF, our method
has the advantage of a rapid examination time, taking
1 h, rather than the 4 h required for IHC and IF, which
generally involves multistep incubation of primary
antibody, secondary antibody or enzyme-labelled
third antibody. Furthermore, NCs-FA nano-
probes-based fluorescent staining offers significant
advantages over IF, including brighter fluorescent,
resistance to photobleaching and optical properties,
which increases the detection sensitivity. To evaluate
the potential application of the NCs-FA nanoprobes
as a diagnostic agent for tumors in tissue specimens,
we screened other tumor tissue samples by the
NCs-FA nanoprobes staining. As shown in Figure 4b,
the NCs-FA nanoprobes showed strong signals in
FA-positive tumor tissues (H460, MDA-MB-231, and
SKOV3). This further confirmed the feasibility of our
NCs-FA nanoprobes for tumor detection.

Hoechst NCs-FA + Hoechst

NCs

-FA

Figure 3. The NCs-FA nanoprobes bind specifically. (a) MCF-7 and HepG2 cell were stained by the NCs-FA nanoprobes (NCs) and visualized by confocal
laser microscopy, respectively. (b) A MCF-7 and HepG2 tumor tissue were stained by the NCs-FA nanoprobes (NCs) and visualized by fluorescent

microscopy, respectively.
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(a)

MCF-7

MCF-7

H460

(b)

NCs-FA-peroxidase - ‘

NCs-FAFL

NCs-FA-peroxidase

MB-MD-231

IHC-Abs

NCs-FAFL

100 um

SKOV3

100 pm

Figure 4. The NCs-FA nanoprobes for histochemical stains. (a) MCF-7 tumor tissues were stained by the NCs (NCs-FA nanoprobes and Abs), and
visualized by light microscopy and fluorescent (FL) microscopy, respectively. (b) H460, MDA-MB-23land SKOV3 tumor tissues were stained by the
NCs-FA nanoprobes and visualized by light microscopy and fluorescent microscopy, respectively.

The NCs-FA nanoprobes for molecular
colocalization analysis

The sections from MCF-7 and HepG2 tumor
were stained with HRP-Abs and the NCs-FA nano-
probes, and fixated 1 min, 10 min and 30 min, respec-
tively. As shown in Supplementary Material: Figure
S11, HepG-2 tumor sections showed negative stain-
ing, negative staining and positive staining, and
MCEF-7 tumor sections showed negative staining,
positive staining and positive staining with IHC for 1
min, 10 min and 30 min, respectively. The results
showed that HepG-2 tumor fixated 30 min was
false-positive and MCEF-7 tumor fixated 1 min was
false-negative by IHC. The results of the NCs-FA na-
noprobes peroxidase staining were the same as IHC
(Figure 5a). On the contrary, HepG-2 tumor sections
showed negative staining, and MCF-7 tumor sections
showed positive staining with the NCs-FA nano-
probes fluorescent staining for 1 min, 10 min and 30
min (Figure 5b). There is not any false-staining in
NCs-FA nanoprobes fluorescent staining. The results
showed that IHC and the NCs-FA nanoprobes pe-
roxidase staining were not accurate, which should be
supplemented by the NCs-FA nanoprobes fluorescent
staining,.

In order to resolve the false-positives and
false-negative in IHC and the NCs-FA nanoprobes
peroxidase staining, colocalization analysis was used
based on the NCs-FA nanoprobes fluorescent and
peroxidase staining (Figure 5c). In order to study the
colocalization, the bright field images of DAB were
translated into fluorescent images (Figure b5c,
DAB-pseudo color). The merged fluorescent image
(Figure 5c, DAB + Hoechst + NCs-FA) showed that
the fluorescent staining (Figure 5c, Hoechst +
NCs-FA) similar pattern with DAB-pseudo color in
tumor tissue, which also proved that the colored pre-
cipitates and fluorescent signs were generated right at
the site of the NCs-FA nanoprobes-targeted tumor
cells, and the oxidized colored precipitates and fluo-
rescent signs did not diffuse away from their targets.
The colocalization analysis increase the information
obtained from each slide and reduce turnaround-time
compared to single staining or sequential staining,
and thus extend to potential clinical tests.

The potential clinical application of the
NCs-FA nanoprobes

In patients diagnosed with epithelial cancer, the
degree of FR over-expression is further correlated
with a higher histologic grade and more advanced
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stage of the cancer, suggesting a possible need for
elevated FA in more rapidly growing cancers.[45, 46]
To study the potential correlation of the NCs-FA na-
noprobes binding with the grade and growth pattern
of cancers, bladder cancer samples (Grade 1, Grade 2,
Grade 3 and Grade 4) and corresponding normal tis-
sue samples were screened by the NCs-FA nano-
probes staining. As shown in Figure 6a, the NCs-FA
nanoprobes showed a distinct staining reaction in
different grades and growth patterns of bladder can-
cer, and the NCs-FA nanoprobes peroxidase staining
similar pattern with the NCs-FA nanoprobes fluores-
cent staining in cancer tissue. The results demon-
strated that the NCs-FA nanoprobes based staining
positively correlated with differentiation, grades and
growth patterns of bladder cancer. Positive cells ratio
in bladder cancer was associated with a more ad-
vanced stage of the cancer, demonstrating that the
NCs-FA nanoprobes has an impressive ability to dis-
criminate tumor cells from normal cells, and thus ex-

1 min

(@)  NCsFA-peroxid

HepG2

MCF7

NCs-FA FL
HepG2

NCs-FAFL
MCE-7

Hoechst+NCs -FA DAB+ Hoechst+NCs-FA

DAB-pseudo color

10 min

tend to potential clinical tests in cancer diagnosis
(Figure 6Db).

Analysis of the tumor boundary could play an
important role in increasing the understanding of
tumor relationships with normal structures for sur-
gical resection planning and risk assessment for local
recurrence in sarcoma. We screened clinical liver
cancer tissue samples, para-carcinoma liver cancer
tissue samples and corresponding normal tissue
samples by the NCs-FA nanoprobes staining (Figure
6¢c). In cancer tissues, the NCs-FA nanoprobes
strongly stained cancer cells. On the contrary, normal
tissue samples consistently showed negative staining.
In para-carcinoma liver cancer tissue sections, a clear
distinction was seen between cancerous cells and ad-
jacent normal cells demonstrates that the colored pre-
cipitates are generated right at the site of the NCs-FA
nanoprobes-targeted cancer cells, and that the oxi-
dized colored precipitates do not diffuse away from
their targets. The method could be useful in the clini-
cal evaluation of the cancer.

30 min

MCEF-7 -
S0 1im

Figure 5. Colocalization Analysis. (a) The NCs-FA nanoprobes-based peroxidase staining of the sections from MCF-7 and HepG-2 tumor. (b) The NCs-FA
nanoprobes-based fluorescent (FL) staining of the sections from MCF-7 and HepG-2 tumor. (c) The NCs-FA nanoprobes fluorescent staining colocalized
with the NCs-FA nanoprobes peroxidase staining in tumor tissues. Abs, antibodies.
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Figure 6. (a) The NCs-FA nanoprobes staining of a bladder cancer array (Normal, Grade |, Grade 2, Grade 3 and Grade 4). (b) Positive cells ratio in
bladder cancer is associated with a more advanced stage of the disease. The data were represented as mean * standard deviation, n = 5 per group. (c) The
clinical liver cancer samples, para-carcinoma liver cancer tissue samples and corresponding normal tissue samples were stained by the NCs-FA nanoprobes.

Conclusions

In conclusion, we integrated the feature of the
NCs-FA nanoprobes with NIR fluorescent imaging
and peroxidase mimetics to develop a rapid, accurate,
low-cost and universal analysis method for diagnosis
of cancer. FA was covalently conjugated to enhance
the targeting capability of the nanoprobes to FR
over-expressing tumors. By using a one-step incuba-
tion of one reagent in our NCs-FA nanoprobes-based
colocalization staining method, the cancer can be di-
agnose quickly based on microscopic imaging with
bright field and fluorescent images in the same sec-
tion, simultaneously, and the two images are mutu-
ally complementary. The method develops a com-
pletely custom application that takes advantage of the
HRP mimetic and the fluorescent properties of the
NCs-FA nanoprobes. The devised method is per-
formed at super precision with free of false-positive
and false-negative results, and higher speed than that
of traditional IHC and IF. By examining different tu-
mors and clinical samples, we verify that the NCs-FA
nanoprobes could distinguish cancerous cells from
normal cells. This study suggests that the NCs-FA
nanoprobes have the potential to become a diagnostic
tool for cancer imaging and rapid, low-cost and uni-
versal assessment of cell cancerization.

Supplementary Material
Fig.S1 - S11. http:/ /www.thno.org/v04p0142s1.pdf
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