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platform for selective breast cancer cell detection using catalytic
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Breast cancer is the most common malignancy and also the
second leading cause of cancer mortality in women globally.
Strategies for early and precise detection of breast cancer cells are
highly desired in breast cancer diagnosis and treatment. Here, we
report on an efficient detection of HER2-positive (HER2*) breast
cancer cells using an amplified signal scheme enabled by gold
nanoclusters entrapped in mesoporous silica nanoparticles (MSN).
The utilization of MSN as an excellent enzyme immobilization
support and gold nanoclusters as an effective peroxidase mimic
imparts high sensitivity to this detection platform. In addition, the
inclusion of target-specific HER2 antibodies adds excellent
selectivity. Determination of HER2* cancer cells in breast cancer
tissue demonstrates the potential application of this biosensor
design in clinical diagnosis in particular, and bioanalysis in general.

Breast cancer is the most common malignancy in women, and also
the second leading cause of cancer-related death among female
population worldwide.! The 5-year patient survival rate drops from
99% to 28% once the breast cancer migrates to distant organs.?3
The key to efficient and ultimately successful therapy of breast
cancer is early and precise diagnosis.* Direct cancer cell
identification, particularly at the nascent phase, is an important
strategy for tumour diagnosis since the pathogenesis and
development of cancer are closely connected to cell alterations,
such as surface marker rearrangement and regulation.> ¢ As a
member of the cell surface receptor tyrosine kinases family,”
human epidermal growth factor receptor 2 (HER2), which is
associated with multiple biological processes including cell
differentiation, proliferation, apoptosis, migration, invasion and
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angiogenesis,? is overexpressed in 20%-30% of breast cancers.® In
comparison with other types of breast cancers, HER2-positive
(HER2*) breast cancer has shown enhanced malignancy, increased
aggressiveness and poor prognosis, consequently resulting in
reduced overall survival.’0. 11 Therefore, the development of new
techniques to sensitively and selectively detect HER2* breast cancer
cells is in crucial need for further symptomatic treatment.

Mesoporous silica nanoparticles (MSNs), as one of the most
intensively studied inorganic materials, show great potential across
a wide spectrum of fields including catalysis, bioseparation, sensing,
imaging and environmental science.’? 13 Among these applications,
MSNs are expected to provide an ideal platform for theranostic
applications, especially in oncology due to their unique structural
features and biological characteristics such as low toxicity, large
surface area, high pore volume and cargo-loading capacity,
tailorable mesoporous sizes and morphologies, and facile chemical
functionalization.* Being a well-known trace element in the human
body and abundantly distributed throughout nature, silica is
categorized as “Generally Recognized As Safe” by the United States
Food and Drug Administration (FDA).1> 16 In addition, silica has also
been extensively used commercially in cosmetics and as the
excipient in oral drug products, as well as FDA-approved food
additives,6: 17 suggesting the great promise of future clinical
translation potentials of silica-based nanoparticles for biomedical
applications.'® Moreover, MSNs are anticipated to greatly extend
their bioapplications through the incorporation of other
biofunctional nanomaterials.1®23 In particular, MSNs are attractive
enzyme immobilization supports for environmental, catalytic, and
biomedical applications.?*

Development of nanomaterial-based artificial enzyme systems
mimicking the catalytic functional natural enzymes attracts
increasing attention.25-228 Among them, the interest in investigating
horseradish peroxidase (HRP)-mimicking catalysts extends their
application in the fields of biosensing, immunoassays,
environmental detection, electrocatalysis, luminescence, and
electronics, etc.2°-3¢ For example, Kim et al. developed the graphene
oxide-magnetic-platinum nanohybrids as the HRP-mimicking
catalysts for colorimetric cancer detection.3” As a new type of gold-
based nanomaterials that possesses strong photoluminescence
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Scheme 1 Schematic illustration of the strategy for HER2* breast
cancer cell sensing by the synergistic amplified colorimetric assay
based on MSN-AuNCs-anti-HER2 hybrid.

properties, gold nanoclusters (AuNCs) gather tremendous interest
as versatile nanoprobes for luminescent bioimaging and optical
material for biosensing.38-41 Recently, gold nanoclusters show
impressive catalytic performance as HRP-mimicking catalysts and
serve as promising sensing platforms for biomolecule detections
with the merits of tuneable synthesis in low cost, excellent stability,
controllable catalytic abilities, as well as ease of storage and
implementation.4246

Here, we report on the amplified signal schemes based on the
mesoporous silica-gold nanoclusters hybrid (MSN-AuNCs) for
efficient HER2* breast cancer cell detection (Scheme 1). The MSN-
AuNCs platform uses the antigen/antibody recognition and the
superior catalytic power of AuNCs to realize breast cancer cell
targeting and signal amplification. Surface modification of HER2
antibody endows MSN with highly selective sensing of HER2* breast
cancer cells. Meanwhile the high pore volume and large surface
area of mesoporous silica make it possible to load a large number of
AuNCs in one silica particle, which can efficiently improve the
sensitivity of our sensor.

To prove the feasibility of our design, we firstly synthesized the
lysozyme-templated gold nanoclusters (AuNCs) and carboxyl
modified large pore mesoporous silica nanoparticles (Fig. S1) by
following the protocols established by previous works with slight
modification.*’-4° Transmission electron microscopy (TEM) (Fig. 1a,
1b) indicated that the AuNCs were monodispersed with a size of
about 1.6 nm in diameter (Fig. S2) and the MSNs had spherical
structures and large pores with an average diameter around 115
nm (Fig. S3). N, adsorption-desorption isotherms of MSN
demonstrated their porous structure with a specific surface area of
595 m2 g1 and an average pore diameter of 9.85 nm with a narrow
pore distribution (Fig. S4), which were consistent with the TEM
results. As compared with the TEM observations, dynamic light
scattering (DLS) measurements (Table 1) of AuNCs and MSN
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Fig. 1 TEM images of (a) AuNCs, (b) MSN and (c, d) MSN-AuNCs at
different magnifications.

Table 1 Main physicochemical characterization for MSN, AuNCs,
MSN-AuUNCs and MSN-AuNCs-anti-HER2.

Entry Size (DLS, Polydispersity Zeta potential
nm) Index (PDI) (mvV)
AuNCs 45104 0.192 29.90 + 3.46
MSN 1485+1.2 0.065 -36.27£0.13
MSN-AuNCs 158.1+2.5 0.118 -26.42 £0.07
MSN-AuNCs-
anti-HER2 167.5+3.2 0.135 -25.32+0.54

2 | Nanoscale, 2018, 00, 1-3

showed larger size, which can be attributed to the dehydration
during the process of TEM specimen preparation and the fact that
DLS was sensitive to the interference of large particles.5% 51
Afterward, the MSN-AuUNCs hybrid was prepared by incubating
AuNCs with MSNs, based on the electrostatic interaction between
AuNCs and MSNs as well as the high loading capacity of mesopores
in MSNs. The morphology of the MSN-AuNCs nanohybrid materials
was also verified with TEM measurements. As shown in Fig. 1c-d,
AuNCs with a narrow diameter distribution were well located in the
pores of MSN. DLS measurements suggested that MSN-AuNCs could
be well dispersed in the aqueous medium with narrow
polydispersity, and the hydrodynamic size of MSN-AuNCs was 158.1
+ 2.5 nm (Table 1). The energy dispersive X-ray spectroscopy (EDS)
analysis of the nanohybrid detected the presence of Au signals,
verifying the successful loading of AuNCs in MSNs (Fig. S5). EDS
served as complementary evidence along with TEM results to
support the successful synthesis of MSN-AuNCs hybrids.
Afterwards, zeta potential measurements were further utilized to
verify the surface property of MSN-AuNCs (Table 1). The reduction
in the zeta potential of MSNs after complexation with AuNCs
suggested the electrostatic absorption between negatively charged
MSNs and positively charged AuNCs. The amount of AuNCs loading
in MSNs was measured from the fluorescence decrease of AuNCs in
the supernatant and calculated based on an AuNC calibration (Fig.
$6).52 53 |t was estimated that about 202 AuNC molecules were
loaded into each MSN. Subsequently, HER2 antibodies were
chemically conjugated to MSN-AuNCs (MSN-AuNCs-anti-HER2) by
EDC/NHS method. After ligand modification, the hydrodynamic size
and surface charge of MSN-AuNCs-anti-HER2 were 167.5 + 3.2 nm
and -25.32 + 0.54 mV, respectively. The average antibody density
was ~232 molecules per MSN, based on the measurement of
fluorescence decrease in the supernatant after the reaction (Fig.
S7).52

MSN-AuNCs-anti-HER2 was active in catalyzing H,0, reduction

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Absorption spectra and photograph of color reactions of
H,0, (black line), MSN-AuNCs-anti-HER2 (red line), H,0, and MSN
(blue line), H,0, and MSN-AuNCs-anti-HER2 (green line) after 30
min incubation with TMB. (b) Absorption spectra of H,0,-mediated
oxidation of TMB catalyzed by MSN-AuNCs-anti-HER2 at different
concentrations. (c, d) The temperature (c) and pH (d) dependency
of the relative catalytic activity of MSN-AuNCs-anti-HER2. Data are
presented as means = SD (n = 3).

Fig. 3 Discrimination of SKBR3 cells based on MSN-AuNCs-anti-
HER2. (a) Photograph and absorption spectra upon sensing of
SKBR3 cells. (b) Plot of the absorption values at 652 nm versus
different numbers of SKBR3 cells; the inset shows a linear
relationship in the range from 10 to 1000 cells. (c) The absorption
spectra and (d) absorption intensity at 652 nm of the sensing
system in the presence of different types of breast cells. Data are
presented as means = SD (n = 3).

and oxidation of peroxidase substrates 3,3',5,5'-
tetramethylbenzidine (TMB, a common colorimetric agent). As
presented in Fig. 2a, MSN-AuNCs-anti-HER2 possessed an intrinsic
peroxidase-like property. It was capable of catalyzing H.,O, to
oxidize TMB, and showed a deep blue color as well as an intense
absorption at 652 nm.>* Since the absorption peak at 652 nm was
attributed to the charge-transfer compounds derived from the one-
electron oxidation of TMB,55 we chose absorbance at 652 nm to
characterize the catalytic activity of MSN-AuNCs-anti-HER2. In
contrast, no obvious absorbance peak and color change could be
observed in the absence of MSN-AuNCs-anti-HER2. Moreover, MSN
without AuNCs did not produce the oxidation reaction. These
results indicated that the catalytic property came from the inherent
peroxidase-mimicking activity of AuNCs in MSN-AuNCs-anti-HER2.
We then studied the time-dependent absorbance change of the
MSN-AuUNCs-anti-HER2 at 652 nm to optimize the catalytic
efficiency of MSN-AuNCs-anti-HER2 (Fig. S8). The characteristic
absorbance gradually increased with the increasing incubation time
until reaching a plateau at about 30 min, which was chosen as the
incubation time in the following studies. Absorbance spectra for
varying concentrations of MSN-AuNCs-anti-HER2 were displayed in
Fig. 2b. It can be observed that the TMB oxidation rate was
dependent on the MSN-AuNCs-anti-HER2  concentrations.
Moreover, similar to other nanozymes, the catalytic ability of MSN-
AuNCs-anti-HER2 also relied on H,0, concentration (Fig. S9),
temperature (Fig. 2c) and pH (Fig. 2d).

We then applied the MSN-AuNCs-anti-HER2 for construction of
a novel and simple colorimetric analysis platform for highly
selective and ultrasensitive colorimetric sensing of HER2* breast
cancer cell line SKBR3. The MTT assay indicated that the cellular

This journal is © The Royal Society of Chemistry 20xx

viability was not affected by MSN-AuNCs-anti-HER2 (Fig. S10). In the
absence of the SKBR3 cells, the MSN-AuNCs-anti-HER2 would be
removed by the centrifugation and wash steps, showing negligible
catalytic activity and color change (Fig. 3a). On the contrary, the
introduction of SKBR3 cells would trigger the efficient adsorption of
the MSN-AuNCs-anti-HER2 onto target cancer cells for the
subsequent colorimetric detection. To calculate the sensitivity of
our colorimetric assay, a series of samples containing different
amounts of target cells were firstly cultured with MSN-AuNCs-anti-
HER2 in PBS and subsequently centrifuged. The cell pellets were
gathered and washed thrice with PBS to remove free MSN-AuNCs-
anti-HER2. Control tests proved that free MSN-AuNCs-anti-HER2
could be totally removed by centrifugation (Fig. S11). After that, the
population of target cancer cells, separated by centrifugation, could
be quantified by measuring the color reaction catalyzed by MSN-
AuNCs-anti-HER2 when TMB and H,0, were added. Fig. 3a
illustrates the absorbance spectra as a function of target cell
concentration. The sensitivity of this platform was monitored by
absorbance changes of TMB as a function of distinct numbers of
SKBR3 cells. The results indicated that along with the increase of
cell number, the absorbance at 652 nm progressively enhanced.
Additionally, target-concentration-dependent absorption variations
were achieved in SKBR3 cells. The constructed nanosensor showed
excellent sensitivity allowing for a limit of detection down to 10
cells, with a linear detection range of 10-1000 cells (Fig. 3b). The
high sensitivity was attributed to the synergistic effects of
extraordinary recognition ability of HER2 antibodies to HER2
receptors on the membranes of SKBR3 breast cancer cells and the
excellent catalytic activity of AuNCs (Fig. 3b). Notably, the sensitivity
dropped significantly when the assay was done using AuNCs-anti-

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a-d) Immunohistochemistry studies of the breast cancer
tissue array (HER2 scores: 3+ (d)/2+ (c)/1+ (b)/0 (a)). The bar
represents 100 um. (e-f) The applicability of the developed method
for real sample HER2* breast cancer tissue monitoring. (e)
Absorption spectra responses and (f) the evolution of the
absorption at 652 nm with the increment of HER2 scores. Data are
presented as means = SD (n = 3).

HER2 without the MSNs, demonstrating the MSN-assisted enzyme
enrichment was essential for achieving low detection limit for
target cell detection (Fig. S12). In addition, since cancer cells usually
present the low-density target surface marker for recognition at
early stages of cancer progression, multivalent antibody binding of
MSN-AuUNCs-anti-HER2 is considered to be advantageous for early
cancer diagnosis.>5 57

To further verify the selectivity of our colorimetric method,
assays were conducted on eight distinctive human breast cell types,
involving HER2* SKBR3 breast cancer cell, six types of triple-negative
breast cancer cells (HCC1806, MDA-MB-231, MDA-MB-468, Hs578T,
MDA-MB-436 and MDA-MB-157) and the non-neoplastic,
fibrocystic breast cell MCF10A (Fig. 3c, d). After 1.5 h culture and
reaction, the absorbance signals derived from the MSN-AuNCs-anti-
HER2 oxidation of TMB for SKBR3 cells increased significantly
compared with other types of breast cells and the blank, which was
ascribed to the high affinity of MSN-AuNCs-anti-HER2 to HER2
receptors and the high HER2 receptor expression on SKBR3 cells.
This contrasting difference demonstrates that the proposed
approach is highly specific and sensitive for colorimetric cell
detection.

Next we evaluated if the combination of excellent specificity
and high sensitivity of this colorimetric sensor could be duplicated
in measuring breast cancer tissues with different HER2 expression
levels (Fig. 4). The immunohistochemistry (IHC) test (Fig. 4a-d) gave
a score ranging from 0-3+, which represented the amount of HER2
receptors on the cell surfaces. A score of 0 or 1+ indicated that the
breast cancer was HER2 negative. A score of 2+ was weakly positive,
and 3+ indicated the breast cancer was strongly HER2 positive, with
>10% of tumor cells with complete membrane staining.”- ¢ In
comparison with specimens of HER2-negative tissues, the HER2*
cancer tissue samples exhibited greatly enhanced absorbances,
suggesting more HER2* tumor cells in these tissues (Fig. 4e-f). The
absorbance signals increased along with the rising HER2 IHC scores,

4 | Nanoscale, 2018, 00, 1-3

revealing that the MSN-AuNCs-anti-HER2-based biosgpsaor;shewed
great practicality for efficient analysis of HER® | bY@ast 4nteRtisste
and hereafter might present a promising potential for clinical
diagnosis.

Conclusions

In summary, taking advantage of the peroxidase mimicking activity
of AuNCs, we report a novel colorimetric assay based on the HER2
antibody attached to a MSN-AuNCs hybrid platform for HER2*
breast cancer cell detection. Leveraging on the specificity of the
HER2 antibody and the catalytic capability of AuNCs, we show a
biosensor design that is sensitive, selective, economic and simple in
operation. The monitoring of HER2* breast cancer cells from tumor
tissue demonstrates its potential application in clinical diagnosis.
This approach can be easily extended to other cells by simply
changing the recognition ligand for a variety of applications
involving  point-of-care cancer diagnostics, bioanalysis and
bionanotechnology.
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