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ABSTRACT: Chitosan (CS) modified silver halide (AgX, X =
Cl, Br, I) (CS-AgX) nanoparticles (NPs) were found to
possess dual responsive enzyme mimetic activities. In the
presence of H,0,, they were able to oxidize various
colorimertic dyes, namely, peroxidase-like activity. Upon
photoactivation, CS-AgX NPs could also oxidize the typical
substrates in the absence of H,0,. Taking CS-Agl as an
example, it was found that the photostimulated enzyme
mimetics of CS-Agl NPs showed several unprecedented
advantages over natural peroxidase or other existing
alternatives based on nanomaterials, such as excellent
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enzyme-like activity over a broad pH range (3.0—7.0), the independence of hydrogen peroxide on activity, the easily regulated
activity by light irradiation, and the good reutilization without significant loss of catalytic activity. The mechanism of the dual
responsive enzyme-like activity of CS-Agl was investigated. On the basis of these findings, the photoactivated CS-Agl was
designed to develop a facile, cheap, rapid, and highly sensitive colorimetric assay to detect cancer cells. The detection limit of the
method for MDA-MB-231 was estimated to be as low as 100 cells, which was much lower than that reported by the method
using peroxidase mimetics based on nanomaterials. We believe that CS-AgX NPs with dual responsive enzyme-mimicking
activity, especially the excellent photostimulated enzyme-like activity, may find widely potential applications in biosensors.
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B INTRODUCTION

Owing to their efficient catalytic power and high substrate
specificity, natural enzymes have been attracting great interest
in various fields including pharmaceutical processes, biosensing,
agrochemical production, and food industry applications."”
However, problems such as sensitivity of catalytic activity to
environmental conditions, low operational stability due to
denaturation and digestion as well as high cost in preparation
and purification largely limit their applications.> For example, in
traditional enzyme linked immunosorbent assays (ELISA), a
horseradish peroxidase (HRP)-labeled secondary antibody is
utilized to assess the binding of a specific primary antibody to a
particular target or surface receptor. This binding event is
assessed by the ability of HRP to oxidize a chromogenic
substrate such as 3,3,5,5 -tetramethylbenzydine (TMB) in the
presence of hydrogen peroxide. However, due to the instability
of HRP, in addition to the H,O,-induced inactivation of
bimolecular, this method often exhibits a high rate of erroneous
results.” Thus, developing enzyme mimetics is highly
appealing.” Especially, the rapidly growing field of nano-
technology provides excitingly new possibilities for the
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development of enzyme mimics. Since the pioneering work
using Fe;0, as peroxidase mimetics,* enzyme mimetics based
on nanomaterials have received great attention. Subsequently,
different nanostructures including graphene oxide,® composite
of graphene oxide and gold nanoclusters,” single-walled or
helical carbon nanotubes,®’
ides,"'™*® and metallic’* or bimetallic nanostructures
found to possess peroxidase-like activity, which could catalyze
the oxidation of the typical organic chromogenic substrates
using hydrogen peroxide as an oxidant. Compared to natural
enzymes, nanomaterials may serve as promising candidates for
artificial enzymes, due to several advantages, including low cost,
tunability in catalytic activities, improved stability, and ease of
storage and treating.16

Interestingly, some nanostructures were found to have dual
enzyme-like activities. For example, Au@Pt'’ and BSA-
templated MnO, nanostructures'® were found to behave as

10
carbon nanodots, -~ metal ox-
were
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Figure 1. XRD patterns of the as-prepared samples: (A) CS-AgCl, (B) CS-AgBr, and (C) CS-Agl.

both oxidase and peroxidase mimetics. Co;O, nanoparticles'®
and silicon nanowires' were found to possess intrinsic
peroxidase-like activity and catalase-like activity. In this Article,
excitingly, we found that chitosan (CS) modified silver halide
(AgX, X = Cl, Br, I) (CS-AgX) nanoparticles (NPs) possessed
dual responsive enzyme mimetic activities. In the presence of
hydrogen peroxide, CS-AgX NPs catalyzed the oxidation of the
typical substrates of peroxidase (including o-phenylenediamine-
(OPD), 3,3,5,5 -tetramethylbenzydine (TMB), and 2,2-
azinobis(3-ethylbenzothizoline-6-sulfonic acid) (ABTS)), ex-
hibiting peroxidase-like activity. Under visible-light (1 > 420
nm) stimulation, the CS-AgX NPs also demonstrated the same
enzyme-like activity in the absence of H,0,. It should be
emphasized that the photostimulated CS-AgX NPs showed
surprisingly high enzyme-like activity over a broad pH range
(3.0-7.0) even at neutral pH, which overcomes one of the
main shortcomings that currently developed enzyme mimics
suffer when they are applied in biological systems (their
optimum reaction activity occurs in strongly acidic solution
with a pH below 4.0, which is not in accordance with the
activity of the pH-labile biomolecules where a near neutral pH
is required). In addition, the photostimulated CS-AgX NPs
demonstrated enzyme-like activity in the absence of the
destructive hydrogen peroxide, indicating its better biocompat-
ibility for promising applications in vivo.’”*' A different
catalytic mechanism was found for the enzyme-like activity of
CS-Agl NPs in the presence of hydrogen peroxide or visible
light activation. The photoactivated CS-Agl NPs possessing
enzyme-like activity were applied as robust nanoprobes for
sensitive, selective, and fast colorimetric detection of cancer
cells. We expect that CS-AgX NPs can become a novel
substitute for natural enzyme with great potential in
bioanalytical chemistry.

B EXPERIMENTAL SECTION

Materials and General Instruments. Silver nitrate, chitosan-
(CS), o-phenylenediamine (OPD), 2,2’-azino-bis(3-ethylbenzo-thiazo-
line-6-sulfonic acid) diammonium salt (ABTS), 3,3,5,5-
tetramethylbenzidine(TMB), t-butanol, p-benzoquinone, isopropanol,
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H,0,, acetic acid, sodium acetate, KCI, KBr, KI, and folic acid (FA)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai,China). 1-Ethyl-3(3-(dimethylamino)propyl) carbodiimide
hydrochloride (EDC), N-hydroxysulfosuccinimide sodium (sulfo-
NHS), and 2-(N-morpholino) ethanesulfonic (MES) acid sodium
salt were purchased from Sigma. All other chemicals used were of
analytical grade. All solutions were prepared with ultrapure water (18.2
M cm™!) obtained from a Healforce water purification system.

X-ray diffraction (XRD) measurement was carried out at room
temperature using a X-ray powder diffractometer with Cu K radiation
(2 = 0.154178 nm) and a scanning speed of 4°/min (Brooke AXS,
Germany). Transmission electron microscopy (TEM) images of CS-
AgX were obtained on a JEOL JEM-2100 transmission electron
microscope (Hitachi, Japan). UV—vis absorption spectroscopic
measurements were carried out using a TU-1901 spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd., Beijing, China).
Fluorescence spectra were measured on a Cary Eclipse fluorescence
spectrophotometer (Varian Co., LTD). Photoelectrochemical meas-
urements were performed with a homemade photoelectrochemical
system. A 500 W Xe lamp (Au Light Source, Beijing) equippped with
an ultraviolet cutoff filter (4 > 420 nm) was used as the irradiation
source, and the light intensity were fixed at 66.1 mW/cm? (the light
intensity was estimated by using a FieldMax II-Top power meter
(Coherent)). Photocurrent was measured on a CHI 800C electro-
chemical workstation. CS-Agl NPs modified ITO electrode with an
area of 0.25 cm”® was employed as the working electrode. A Pt wire was
used as the counter electrode and a saturated Ag/AgCl as the reference
electrode. All the photocurrent measurements were performed at a
constant potential of 0 V (vs saturated Ag/AgCl). A 0.1 mol/L
Na,SO, solution was used as the supporting electrolyte for
photocurrent measurements. FTIR spectra were recorded an ABB
Bomem FTLA 2000-104 spectrometer (ABB Bomem, Canada) in the
transmission mode using KBr pellets of the sample. Pictures of cells
were taken on inverted fluorescence microscope (Olympus BX-51,
Japan). The detection of cells by absorption method was conducted on
96 well plates by Enzymelabeled meter (Multiskan MK3: Thermo-
labsystems). The pH of the HAc-NaAc buffer solution was measured
with a glass electrode connected to a PHS-3C pH meter (Shanghai,
China).

Synthesis of CS-Functionalized Silver Halides (AgX) NPs. In a
typical procedure, CS-AgX (X = Cl, Br, I) nanoparticles were prepared
by a precipitation method. Briefly, 20 mL of 0.1 M AgNO; aqueous
solution was mixed with 20 mL of 0.5% (m/v) chitosan solution and
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stirred for 30 min, then 20 mL of 0.15 M KX (X = Cl, Br, I) aqueous
solution were added into the above solution and stirred for 3 h. After
that, a dispersion containing CS-AgX nanoparticles was formed.

Conjugation of Folic Acid to CS-Agl. To conjugate the CS-Agl
with folic acid (FA), free folic acid (20 mg, 0.0227 mmol) was first
dissolved in 10 mL 50 mM MES buffer (pH 6.0). The solution of FA
was then mixed with a 2 mL aqueous solution of (EDC) (10 mmol)
and sulfo-NHS (10 mmol). After agitating overnight at room
temperature in the dark, the solution of CS-Agl (10 mL) was added
to the above mixture. The resulting solution was stirred at room
temperature for 24 h. The final reaction mixture was purified by
dialysis using 3500 molecular weight cut off dialysis bag, against
ultrapure water to remove the residual impurities.

Procedure for the Oxidation of the Substrates by H,0,
Using CS-Agl as Catalysts. To investigate the peroxidase-like
activity of the as-prepared CS-Agl, the catalytic oxidation of the
peroxidase substrate TMB in the presence of H,0, was tested.
Experiments were carried out using 51 yg/mL CS-Agl in a reaction
volume of S mL acetate buffer solution (40 mmol/L, pH 4.0) with 60
pumol/L TMB as substrate, and the H,0, concentration was 10 mmol/
L, unless otherwise stated.

To examine the influence of reaction buffer pH incubation
temperature on the peroxidase-like activity of CS-Agl, 0.2 M acetate
buffer solutions from pH 2.5 to 11.0 and different temperature water
baths from 20 to 60 °C were investigated.

Process of Oxidation of Substrates under Visible Light
Irradiation (A > 420 nm). To examine the capability of CS-Agl as a
catalyst on the oxidation of TMB under visible light irradiation (4 >
420 nm), Experiments were carried out using S1 pg/mL CS-Agl in a
reaction volume of 5 mL of acetate buffer solution (40 mmol/L, pH
4.0) with 60 umol/L TMB as substrate. The above solution was
irradiated with a 300 W Xe lamp equipped with an ultraviolet cutoff
filter (A > 420 nm) to provide visible light at room temperature.

Immunoassays for Cancer Cells. All cell lines including breast
cancer cells (MDA-MB-231), human liver carcinoma cells (Hep G2),
lung adenocarcinoma cells (A549) and human normal liver cells (L02)
were grown in Iscove’s modified Dulbecco’s medium supplemented
with 1% penicillin-streptomycin solution and 10% fetal calf serum in a
humidified 37 °C incubator with 5% CO,. Cells were plated in 96-well
plates and fixed after 24 h incubation, and then they were incubated
with 100 uL 440 pg/mL FA-CS-Agl NPs for 3 h. Afterward, cells were
washed by phosphate buffer (pH = 7.0) three times and then 100 L
0.5 mM TMB was added. The plate was illuminated under visible light
irradiation (4 > 420 nm) for 10 min to allow development of the blue
color. The absorbance of the oxidation product was monitored at 652
nm with a microplate reader.

B RESULTS AND DISCUSSION

Characterization of Enzyme-like Activity of CS-AgX
Nanostructures. The X-ray powder diffraction (XRD)
patterns of the as-synthesized silver halides (CS-AgX) samples
are shown in Figure 1. It is observed that all the peaks of the
sample coincide with the standard face-centered cubic AgCl
(JCPDS file 31-1238), face-centered cubic AgBr (JCPDS file
06-0438), and hexagonal f-Agl phase (JCPDS file 78-1613).
The typical TEM images of the CS-AgX nanoproducts
demonstrate that they were nanoparticles with diameters of
30—70 nm (Supporting Information Figure S1A). The
histogram of the size distribution of CS-AgX is shown in
Supporting Information Figure S1B. The mean size of CS-
AgCl, CS-AgBr, and CS-Agl was 48.2, 42.6, and 40.0 nm,
respectively.

Chitosan (CS), a polyelectrolyte derivative of chitin, is a
polysaccharide composed of (1 — 4) linked 2-amino-2-deoxy-
p-p-glucopyranose (N-acetylglucosamine).”> Because of its
nontoxicity, biocompatibility, and easy conjugation with
nanomaterials, CS was used as a surface modifier for AgX
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NPs. Fourier transform infrared (FTIR) spectroscopy of CS
modified AgX NPs, such as CS-Agl, revealed the existence of
amino groups (3400 cm™!, N—H stretching vibration) and
acetylated amino groups (1648 cm™', carbonyl stretching
vibration), suggesting that CS was introduced on the surface of
Agl (Supporting Information Figure S2). Compared to CS
alone, the spectroscopy of CS-Agl revealed a new absorption
peak at around 1560 cm™, suggesting the formation of an Ag—
N bond,** possibly indicating the means of attachment of CS to
Agl.

To investigate the catalytic activity of CS-AgX NPs, we chose
3,3,5,5-tetramethylbenzdine (TMB), o-phenylenediamine
(OPD), and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) as typical chromogenic substrates, which have
been used to demonstrate the oxidase- or peroxidase-like
activities of natural enzymes or enzyme mimetics.*' "7 It was
found that the CS-AgX NPs catalyze the oxidation of TMB,
OPD, and ABTS by hydrogen peroxide, producing the typical
yellow color for OPD, blue color for TMB, and green color for
ABTS (Figure 2) within 30 min. In contrast, the solutions

Figure 2. Color evolution of TMB, OPD, and ABTS oxidation by
H,0, using CS-AgX (X = Cl, Br, I) as catalysts (top) and visible light
stimulated CS-AgX (X = Cl, Br, I) (bottom).
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without CS-AgX nanostructures show almost no color change,
which supports the conclusion that the CS-AgX nanostructures
have peroxidase-like activity. We also found that, under
photostimulated CS-AgX in the absence of hydrogen peroxide,
the color evolutions of OPD, ABTS, and TMB oxidation are
much faster (within S min) and exhibit the typical colors
(Figure 2). Similarly, control experiments without CS-AgX
nanostructures or with CS-AgX in the absence of visible-light
illumination show negligible color variation. This indictes that
the photoactivated CS-AgX NPs also possess enzyme-like
activity even without H,0,. The corresponding enzyme-like
oxidation reactlon of the substrates including TMB,** OPD,"
and ABTS? are shown in eq 1. All these above results indicate
that the CS-AgX NPs demonstrate dual responsive enzyme-like
activity: they can utilize H,O, as an electron acceptor or
undergo visible-light stimulation toward oxidization of the
typical enzyme substrates.

Using TMB as a typical substrate, the catalytic activity of the
as-synthesized three different CS-AgX (X = Cl, Br, and I)
nanostructures were investigated. The colorless TMB can be
oxidized by natural enzymes or enzyme mimetics to its
distinctive blue charge-transfer complexes of diamine and
diimine with characteristic absorption peaks at 370 and 652 nm
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(Figure 3).** The oxidation process of TMB was quantitatively
monitored using UV—vis spectrometry (using the maximum
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Figure 3. UV—vis spectra of TMB before (red line) and after (black
line) oxidation by H,O, using CS-AgX (X = Cl, Br, I) as catalysts or
visible light stimulated CS-AgX (X = Cl, B, I).

wavelength, 4., of the oxidized state of TMB at 652 nm). It
was found that CS-Agl shows a higher activity than that of CS-
AgCl and CS-AgBr in H,0, oxidation system using CS-AgX as
catalysts and photostimulated CS-AgX (Supporting Informa-
tion Figure S3). Thus, in the following experiment, we chose
CS-Agl as a typical enzyme mimetic for TMB oxidation. Time-
dependent absorbance changes at 652 nm revealed the CS-Agl
concentration dependent catalytic rate and activity (Supporting
Information Figure S4). The catalytic rate and activity increased
with the increased concentration of CS-Agl NPs.

Similar to natural enzymes, the peroxidase mimetics based on
CS-Agl NPs showed pH, temperature, and H,0, concentration
dependent catalytic activities (Figure 4). For the catalytic
oxidation of TMB by hydrogen peroxide using CS-Agl as
catalyst, the optimal pH is ca. 4.0 and an optimal temperature is
35 °C. For peroxidase-like activity, as expected, a strong
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Figure 4. The catalytic activity of CS-Agl NPs is dependent on pH
(A), temperature (B) and H,0, concentration (C). Reaction
conditions: 60 yuM TMB, 51 pug/mL CS-Agl.

dependence was found between initial reaction rate and H,O,
concentration. The response may be potentially used to
fabricate a detection platform for H,O,-related processes such
as substrate (glucose, xanthine, choline, etc.) oxidation by the
corresponding oxidase to produce H,0,.****” For further
acquiring kinetic parameters, the catalytic activities of CS-Agl
for the oxidation of TMB at pH 4.0 using H,O, as electron
acceptor were studied by enzyme kinetics theory and methods.
The kinetic data were obtained by changing one substrate
concentration and fixing that of the other substrate. Typical
Michaelis—Menten curves were received in a certain range of
the substrate (TMB or H,0,) concentration (Supporting
Information Figure SS). According to the function, the
apparent kinetic parameters were calculated using the equation
v="V,.[S]/(K, + [S]), where v, V..., [S], and K,,, refer to the
initial enzymatic reaction rate, the maximum enzymatic reaction
rate, the concentration of the substrate, and the Michaelis
constant, respectively. This is a good indication that the
catalytic process obeys the Michaelis—Menten kinetics.”®
Compared with that of HRP (K, = 0.434 mM for TMB and
3.7 mM for H,0,)," the K, values of CS-Agl with TMB (K,, =
0.0238 mM) or H,0, (K,, = 2.86 mM) as the substrate are
lower, indicating that CS-Agl has a higher affinity for TMB or
H,0, than HRP.

The most exciting feature of the enzyme-like activity of the
photoactivated CS-Agl was that it exhibited high catalytic
activity over a broad pH range (3.0—7.0), even at neutral pH
(Figure SA). This feature was distinctly superior to that of the
natural peroxidase or peroxidase mimetics based on nanoma-
terials, which showed very low activity at neutral pH.%'%*%3°
The low activity of the natural peroxidase or peroxidase
mimetics based on nanomaterials at neutral pH is not in
accordance with the activity of the pH-labile biomolecules
where a near neutral pH is required, greatly limiting their
application in biological systems. CS-AgX NPs with excellent
photostimulated enzyme like activity may open a new avenue
for the design and application of enzyme mimetis in biosensors.
The photostimulated enzyme-like activity of CS-Agl was
relatively higher and stable in the temperature range of 25—
45 °C (Figure SB). The good stability and high catalytic activity
of the photostimulated CS-Agl in the temperature range of 25—

dx.doi.org/10.1021/am501830v | ACS Appl. Mater. Interfaces 2014, 6, 6434—6442
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Figure S. Relative catalytic activity of the CS-Agl NPs under visible
light irradiation (4 > 420 nm) at a range of different solution pH (A)
and different reaction temperatures (B). Reaction conditions: 60 yM
TMB, S1 ug/mL CS-Agl.

45 °C demonstrated that it is a promising candidate in
biosensing. In addition, it was found the photoactivated
enzyme-like activity of CS-Agl could be easily regulated by
tuning the light intensity. If the light intensity increased, the
photoactivated enzyme-like activity of CS-Agl also increased.
Kinetic studies of oxidation of TMB by phtoactivated CS-Agl at
neutral pH (pH 7.0) was found to also obey the typical
Michaelis—Menten mechanism (Supporting Information Figure
S6). The apparent K, and the maximum rate value of CS-Agl
with TMB as substrate was 22.8 uM and 169 nM S~/
respectively. The apparent K, of the photoactivated CS-Agl at
neutral pH is comparable with its activity using H,0, as an
oxidant at pH 4.0 but much lower than that of HRP at the same
condition (020 mM).” In addition, it was found that the
photostimulated catalytic activity of CS-Agl remained 95% after
five catalytic cycles (Supporting Information Figure S7). Still,
this highlights the excellent catalytic properties of the
photoactivated CS-Agl NPs for TMB oxidation. It is well-
known that the extent of bioapplicability of the enzyme mimics
depends strongly upon their stability and catalytic activity in
solutions at mild conditions. Because of their excellent enzyme-
like catalytic activity at neutral pH without H,O,, as well as
good stability, the photostimulated CS-Agl NPs are promising
candidates to be used widely in biological systems.

In order to elucidate the catalytic mechanism of CS-Agl in
the presence of H,0, and under illumination, a series of
quenchers were employed to scavenge the relevant reactive
species including hydroxyl radicals (*OH), superoxide anions
(0,°7), photogenerated holes (h*) of photoactive materials,
etc. Here, isogropanol or tert-butanol was used to quench *OH
in solution.*"*> As shown in Supporting Information Figure S8,
isopropanol or t-butanol quencher exhibits a slight depression
in the catalytic activity of CS-Agl using H,O, as electron
acceptor while they have almost no influence on the oxidation
of TMB under photoactivated CS-Agl. This indicates that -OH
was produced due to the interaction between CS-Agl and H,0,
but almost no -OH exist in the solution of illuminated CS-Agl.
Terephthalic acid (TA) was also adopted as a fluorescence
probe to confirm the generation of -OH. TA easily reacted with
-OH to form highly fluorescent 2-hydroxy terephthalic acid.****
An emission peak at 425 nm appeared after TA was added in
CS-Agl solution in the presence of H,0, (Supporting
Information Figure S10), which implied the production of -
OH radicals after the interaction between CS-Agl and H,0,.
However, no PL signal was observed upon irradiation of the
mixture of CS-Agl and TA solution, indicating no production
of -OH radicals for irradiated CS-Agl. Using p-benzoquinone
(BQ) as a specific quencher for O,*” failed in our experiment
because all the substrates including OPD, ABTS and TMB
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reacted with BQ_ directly.>>*® By replacing these enzyme

substrates with a typical organic dye (methyl orange) often
used in evaluating the catalytic performance of photo-
catalysts’’ > we found that the introduction of BQ
significantly restrains the H,0, or photo-oxidation of methyl
orange by CS-Agl (Supporting Information Figure S9),
suggesting that O,°” plays a key role in the enzyme-like
oxidation reaction of the above two systems. Nitro Blue
Tetrazolium (NBT) can directly react with superoxide anion
radical (O,*”) and it can be reduced to formazan with the
characteristic maximum absorption peak at 680 nm.*® As
demonstrated in Figure S11 in the Supporting Information, the
emergence of the absorption peak of the reduced NBT
suggested the generation of O,° radicals in the enzyme-like
oxidation reaction of the above two systems. For photo-
activated CS-Agl NPs, the oxidation rate also exhibit an obvious
depression in the presence of EDTA and the inhibition extent
increases with the concentration of EDTA (Supporting
Information Figure S8). This result indicates that the
photogenerated holes (h*) are also reactive species responsible
for TMB oxidation.*' Agl is a narrow band gap semiconductor.
When Agl is exposed to visible light illumination, it absorbs
photons and results in the corresponding generation of
electrons in the conduction band (CB) and holes (h*) in the
valence band (VB). The valence band potential of Agl was
estimated to be above 2.0 eV vs NHE,* which was able to
oxidize TMB with a redox potential in the range of 0.22 to 0.7
V.** Thus, the photogenerated holes can transfer to the surface
of Agl and oxidize TMB to oxTMB. Photoelectrochemistry is a
useful tool to stud 4photoincluced charge transfer properties of
semiconductors.*”** The photocurrent of CS-Agl NPs
modified indium tin oxide (ITO) electrodes were recorded
with CS-Agl under several on/off visible-light (4 > 420 nm)
irradiation cycles in 0.1 mol/L Na,SO, solution. The sample
promptly generates stable photocurrent with a reproducible
response to on/oft cycles, demonstrating the effective charge
generation and transfer of photoactivated CS-Agl (Supporting
Information Figure $12). Besides the photogenerated holes, the
photogenerated electrons (e”) can also participate in the
oxidation process through the reduction of the dissolved O, in
solution to the superoxide radical (0,*).*™* After bubbling
the solution with nitrogen to remove dissolved oxygen, the
catalytic activity of the photoactivated CS-Agl for TMB
oxidation decreases. This also confirms that dissolved O, is
involved in the photocatalytic reaction. From the above results,
we speculated that the dominant reactive species for the
oxidation of TMB under illuminated CS-Agl are O, and
photogenerated holes (h*). However, for the H,0, oxidation
system using CS-Agl as catalysts, it is possible that CS-Agl NPs
activate H,O, to yield active intermediates, including O,* and -
OH, which serve as the main active species involved in the
oxidation of TMB. The schematic illustration of oxidation of
TMB by CS-Agl-H,0O, and photoactivated CS-Agl are shown
in Scheme 1.

Application in Cancer Cell Immunoassay. The rapid,
sensitive, and accurate detection of cancer cells is particularly
critical, as it not only can provide an easier and more effective
way to monitor progression of the disease, but also facilitates
the selection of effective therapeutic pathways and improve
clinical outcomes.*®™>' As a proof of concept for biosensing,
the photoactivated CS-Agl demonstrating high enzyme-like
activity and good stability at neutral pH was used as a robust
probe to detect cancer cells. Folic acid (FA), one of the best-

dx.doi.org/10.1021/am501830v | ACS Appl. Mater. Interfaces 2014, 6, 6434—6442
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Scheme 1. Process of Oxidation of TMB by CS-Agl-H,0,
(A) or by Photoactivated CS-Agl (B)

B 0,
A . 000
‘ ( Visible light 0,”
- - ' ' I IAgl
PT4 TMB MB
Y ®o® o

OxTMB

characterized ligands, is widely employed to target tumors or
cancer cells because folate receptors usually overexpress on the
membrane of many human cancer cells, such as ovarian,
endometrial, colorectal, breast, lung, liver, kidney, prostate,
renal cell carcinomas, brain metastases derived from epithelial
cancers, and neuroendocrine carcinomas cancer cells, and so
forth, in contrast to a low expression level in normal cells.>>5*
Due to high-affinity and specificity to folate receptors, FA is a
promising targeting agent because of its stability, inexpensive-
ness, poor immunogenicity, and capability to be conjugated
with a wide variety of molecules or nanoparticles. In our
experiment, FA-CS-Agl conjugates were synthesized by chemi-
cally coupling FA to CS via the formation of an amide bond
between the residual amine groups of CS and the carboxyl
groups of FA. In the UV—vis spectra, new peaks at 223 and 290
nm appeared due to the presence of FA on CS-Agl (Supporting
Information Figure S13), which indicated the conjugation of
FA on the surface of CS-Agl. The as prepared FA-CS-Agl was
also confirmed by fluorescence spectra. An emission peak at
450 nm, characteristic of FA®® was observed in the FA-CS-Agl
(Supporting Information Figure S14). After cancer cells, such
as lung adenocarcinoma cells (A549), were incubated with FA-
CS-Agl, yellow spots were found (Figure 6), which indicated
that FA-CS-Agl could successfully bind to cancer cells through
FA-folate receptors mediated recognition.

The photoactivated FA-CS-Agl with enzyme-like activity was
utilized for the quantitative colorimetric detection of cancer
cells (as shown in Scheme 2). An increasing number of folate-

Scheme 2. Proposed Detection Process Using FA-CS-Agl®

S A

Cells fixed

TMB

@ Cen Y Folate receptor

* oxTMB

@ Faag I ET™MB

“Cells were fixed and treated with FA-CS-Agl nanoparticles for 3 h,
and then washed with phosphate buffer (pH = 7) three times. TMB
(100 uL, 0.5 mM) was subsequently added and irradiated under visible
light irradiation (4 > 420 nm) for 10 min.

positive MDA-MB-231 human breast cancer cells (1000—8000
cells) were treated with a constant amount of FA-CS-Agl (220
ug/mL). In the presence of TMB and after visible-light
illumination for 10 min, the Agl-conjugated cells catalyzed a
color reaction that can be judged by the naked eye easily and be
quantitatively monitored by the absorbance change at 652 nm.
An increase in the formation of TMB oxidation product (652
nm absorbance) with increasing number of MDA-MB-231 cells
was observed (Figure 7A). This result was expected, as an
increasing number of MDA-MB-231 cells translates into an
increasing number of surface folate receptors available for
binding to the FA-CS-Agl NPs. Using this method, as low as
1000 MDA-MB-231 cells could be visualized clearly by naked-
eye, demonstrating good sensitivity of the method. The
detection limit was estimated to be 100 cells at 30, which
was much lower than the detection limit reported by the
method using peroxidase mimetics based on nanomaterials.”
Catalytic reactions of enzyme labels are usually used in
biosensors to generate a large number of signaling species per

Figure 6.
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ST I

Comparison between A549 cells (A) and the AS49 cells after incubation with FA-CS-Agl (B).
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Figure 7. (A) MDA-MB-231 cells were detected by FA-CS-Agl in the presence of TMB under visible light irradiation for 8 min. Inset shows the
color change of the different number of cells. (B) Response of different cells using FA-CS-Agl to TMB under visible light irradiation. The error bars

represent the standard deviation of five measurements.

target.%_58 The incubation period for catalytic reactions must
be sufficiently long to obtain high signal amplification, that is,
low detection limit. An incubation period of 10 min is required
in this photoactivated catalytic system, which is shorter than the
incubation period of more than 30 min that is generally
required for microplate-based ELISAs.

To assess if FA-CS-Agl has specificity to folate receptors,
different cell lines are used: breast cancer cells (MDA-MB-231),
human liver carcinoma cells (Hep G2), lung adenocarcinoma
cells (AS49), and human normal liver cells (L02). L02 cells do
not overexpress folate receptors, while the other cell lines do.
FA-CS-Agl showed much stronger binding to cancer cells
(MDA-MB-231, Hep G2, and A549 cells) than to L02 cells
(Figure 7B), which confirmed that cancer cells have higher
metabolic activity and higher level of expression of the folate
receptors on the cell surface.’’ The different responses of
cancer cells in Figure 7B reflect the difference in the number of
folate receptors per cell. The difference in the number of folate
receptors per cell is related to the kinds of the cell lines™ as
well as size, morphology,60 and cellular viability®" of cell lines.
Also, the level of folate receptors also appears to change at
different stages of the cancer.””®* Since folate receptors are
overexpressed on the cell membranes of different types of
cancer cells, including ovarian, endometrial, colorectal, breast,
lung, liver, kidney, prostate, renal cell carcinomas, brain
metastases derived from epithelial cancers, neuroendocrine
carcinomas, and so forth,">>*® this method can be used for
general cancer cell detection.

B CONCLUSIONS

We reported the dual responsive enzyme mimetics based on
CS-AgX nanomaterials, which showed enzyme mimetic
activities toward classical chromogenic substrates, such as
OPD, ABTS and TMB upon stimulation by H,O, or visible-
light. As a peroxdise mimetic (using H,0, as an oxidant), they
showed optimal activity in slightly acidic environments (pH
4.0) with their catalytic activity dependent on solution pH,
temperature and H,0, concentration. Upon visible-light
photoactivation, they also exhibited excellent enzyme-like
activity without H,O,. Kinetic analysis indicates that the
activity of CS-AgX NPs stimulated by different manners shows
the typical Michaelis—Menten kinetics and good affinity for
TMB, which is superior to HRP in the same conditions. The
photostimulated enzyme-like activity of AgX shows several
unprecedented advantages over natural peroxidase or other
existing alternatives based on nanomaterials. First, they
exhibited excellent enzyme-like activity over a broad pH
range (3.0—7.0), even at neutral pH. Second, the photo-
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stimulated oxidation of the substrate is independent of
hydrogen peroxide in a fast manner (<10 min), introducing
biocompatibility/effectiveness to the system. Furthermore, the
photostimulated enzyme-like activity can be easily regulated by
light irradiation and they can be reutilized without significant
loss of catalytic activity. Here, we take advantage of the folic
acid conjugated chitosan-Agl NPs to develop a facile, fast, and
highly sensitive and selective colorimetric assay to detect cancer
cells. We envision that the engineered catalytic AgX-based
material with dual responsive enzyme-mimicking activity will
hold great promise in potential applications, such as
biocatalysts, biosensors, and so forth.
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