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e MnCulnS/ZnS QDs were encapsulated
in BSA nanoparticles to improve the
water solubility and amplify the
fluorescent signal.

e The novel structure endows the Au
NPs with strong surface plasma ab-
sorption to match with the NIR
emission spectra.

eThe NIR MnCulnS/ZnS@BSA and
urchin-like Au NPs were first applied
as a donor-acceptor pair for
enhanced FRET biosensing.
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An enhanced near-infrared (NIR) FRET biosensing system based on the novel donor-acceptor pair
(MnCulnS/ZnS@BSA and urchin-like Au NPs) was developed for the sensitive detection of HER2 protein.
In this strategy, MnCulnS/ZnS quantum dots (QDs) were chosen due to their NIR emission, high quantum
efficiency, and low toxicity. Amounts of MnCulnS/ZnS QDs were encapsulated in BSA to form MnCulnS/
ZnS@BSA nanoparticles, which can easily transfer MnCulnS/ZnS QDs from organic phase into aqueous
solution, and the formed nanoparticles were applied as the energy donor which significantly enhanced
the fluorescence intensity. As for the energy acceptor, urchin-like Au nanoparticles (Au NPs) with novel
structure, good stability and excellent quenching ability towards NIR fluorescence were selected. Thus,
the NIR MnCulnS/ZnS@BSA and urchin-like Au NPs were designed as a novel donor-acceptor pair for
FRET assay. By combining the optical advantages of NIR QDs encapsulated BSA nanoparticles with the
excellent fluorescence quenching ability of urchin-like Au NPs, the proposed FRET-based biosensor
realized enhanced FRET effect for highly sensitive detection of HER2 in human serum samples. A wide
detection range (2—100ngmL~') and a low detection limit (1 ngmL~!) were obtained. This sensing
system can decrease the interference of other biomolecules in NIR region, can be applied to other
biomarker determination in vitro, and also shows great potential for in vivo diagnosis.
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1. Introduction

Nowadays, the technique of Fluorescence Resonance Energy
Transfer (FRET) has attracted great attention in nucleic acid bio-
sensing, cell imaging, immunoassays and other fields due to its
unique advantages for homogeneous detection, including its non-
invasion, convenience, simplicity, and high sensitivity [1—-3]. The
two major components in FRET technique are energy donors and
acceptors. This requires seeking materials with good photo-
luminescence signal for energy donors and corresponding mate-
rials with absorbance within the range of energy donors' emission
wavelength for energy acceptors [4—7]. Among the many materials
used in FRET-based analysis, quantum dots (QDs) as a class of
inorganic materials have been verified to be the efficient and
promising energy donors owing to their prominent optical prop-
erties [8,9]. Compared with conventional energy donors-organic
dyes, QDs have a number of unique characteristics, such as size
and component-tunable narrow emission, outstanding resistance
against photobleaching, long fluorescence lifetime and high fluo-
rescence efficiency [10—13]. Their unique characteristics can
enhance the FRET effect, thereby realizing the wide application in
biological assays.

In recent years, biosensing in near infrared (NIR) region has
gotten great attention [14,15] due to its reduced photo-damage, low
background interference, and weak scattered light [1,16,17].
Recently, most of the QDs-based FRET biosensing were in visible
region. To develop preferable QDs-based FRET systems in NIR re-
gion still remains a big challenge. The key point is to find out the
proven and effective NIR donor-acceptor pair.

As we know, Au nanoparticles (Au NPs) are usually considered to
be the star acceptors in FRET system due to their good stability,
unfluctuating signal intensity, and strong resistance to photo-
bleaching [18—20]. However, ordinary spherical Au NPs usually do
not absorb the NIR region light. Fortunately, except for ordinary
spherical Au nanomaterials, different shapes of Au nanomaterials
with different absorption spectra have also been studied, such as
nanorod, nanocube, nanobipyramid, nanoplate and various
branched NPs. In our strategy, urchin-like Au NPs, a novel Au
nanostructure, were selected as the energy acceptors. These ink
blue urchin-like Au NPs have advantages of abundant nanobridges,
large specific surface area, improved uniformity and strong surface
plasma absorption in NIR region. Based on their strong absorption
in NIR region, fluorescence quenching efficiency can be enhanced
and the signal sensitivity can be improved [21]. Their diameters are
tunable and their peaks of surface plasmon resonance absorption
can be adjusted to match exactly with the emission spectra of NIR
QDs.

As for the donors, a number of NIR QDs, such as CdTe/CdS
[22], PbS [23], CdHgTe [24], and CdSeTe/ZnS [25], have been
successfully used in cell imaging [26] and biomarker detection
[27]. However, due to the presence of heavy metal elements, the
high toxicity of these NIR QDs restricts their wide application in
biology. Therefore, the development of heavy metal-free NIR QDs
has become an emerging trend. With this in mind, doped QDs
like MnCulnS QDs seem to be extremely promising candidates
because they do not possess any toxic Class A elements (Cd, Hg,
and Pb) or Class B elements (As and Se) [28,29]. Moreover, a ZnS
shell can be introduced around the MnCulnS core nanocrystals to
improve the photoluminescence quantum yields of MnCulnS
[30,31].

MnCulnS/ZnS nanocrystals are usually synthesized in the
organic phase, which shows limitation in biological applications.
To make MnCulnS/ZnS QDs and urchin-like Au NPs into the
proven and effective NIR donor-acceptor pair which can be used
in FRET biosensing, the transfer of MnCulnS/ZnS QDs from

organic phase to aqueous phase by surface modification is
essential. Two kinds of basic methods have been developed. The
first method is to replace the surface hydrophobic ligands on QDs
with water-soluble stabilizers (i.e., the ligand exchange strategy).
The second method is to encapsulate hydrophobic QDs with
amphiphilic biomolecules (i.e., the encapsulation strategy) [32].
Compared with the water-soluble QDs obtained by the ligand
exchange strategy, the colloidal stability of QDs obtained by the
encapsulation strategy is generally higher under biological con-
ditions [33].

In this work, the commercially available and cheap bovine
serum albumin (BSA) was chosen to encapsulate amounts of
MnCulnS/ZnS QDs to form MnCulnS/ZnS QDs encapsulated BSA
nanoparticles. These MnCulnS/ZnS@BSA nanoparticles enabled
long-term colloidal stability in aqueous media and significant
enhanced fluorescence intensity. In addition, the abundant
amino groups and carboxylate groups at the surface of MnCulnS/
ZnS@BSA nanoparticles allowed further chemical modifications
with various biomolecules. To our best knowledge, the NIR
MnCulnS/ZnS@BSA nanoparticle and urchin-like Au nanoparticle
are the first proposal as a donor-acceptor pair for enhanced FRET
system.

Herein, an important biomarker-HER2 protein (human
epidermal growth factor receptor 2, also called c-erbB2 or Neu),
whose overexpression is associated with aggressive tumor
growth, increased metastatic rates, poor clinical outcomes and
significantly shortened disease-free and overall survival in pa-
tients with breast cancer [34,35], and whose detection in serum
plays an important role in selecting appropriate therapy for pa-
tients, evaluating response during treatment, detecting recurrent
metastatic breast cancer, and judging prognosis [36], was chosen
as the target analyte by employing our novel donor-acceptor pair
to construct a new and enhanced FRET biosensing platform
(Scheme 1). The NIR-emitting MnCulnS/ZnS@BSA nanoparticles
linked with HER2 aptamer (MnCulnS/ZnS@BSA-Apt) acted as
fluorescence donors. The urchin-like Au NPs linked with the
single stranded DNA (ssDNA) which is partially complementary
to the HER2 aptamer (urchin-like Au NPs-ssDNA) acted as ac-
ceptors. Then FRET occurred by the binding between MnCulnS/
ZnS@BSA-Apt and urchin-like Au NPs-ssDNA. When in the
presence of HER2, FRET effect was broken, fluorescence
increased. The combination of urchin-like Au NPs with NIR-
emitting MnCulnS/ZnS@BSA nanocomposites had the advantage
for the increase of FRET efficiency and could conveniently com-
bined with other specific biological recognition events for a wide
application in clinical diagnosis.
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Scheme 1. Schematic illustration of the enhanced FRET system towards HER2 detec-
tion on the basis of NIR MnCulnS/ZnS@BSA and urchin-like Au NPs. Note that QDs@BSA
is linked to the aptamer, and urchin-like Au NPs is linked to the ssDNA.
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2. Materials and methods
2.1. Reagents and materials

Manganese (II) acetate dehydrate (98%), copper (II) acetate
(anhydrous, 98%), indium (Ill) acetate (99.99% metals basis),
glutaraldehyde (25% aq. soln.), hydroquinone (99%) were purchased
from Alfa Aesar Co., Ltd. 1-octadecene (ODE), gold (Il) chloride
trihydrate, N-hydroxysuccinimide (NHS; 98%), N-[3-(dimethyla-
mino)propyl]-N'-ethylcarbodiimide (EDC), tris (2-carboxyethyl)
phosphine hydrochloride (TCEP), and polyvinylpyrrolidone (PVP,
powder, average Mw~55000) were purchased from Sigma-Aldrich
Co., Ltd. Zinc acetate (99.99% metals basis), oleic acid (OA), oleyl-
amine, 2-[morpholino]ethanesulfonic acid monohydrate (MES)
were purchased from Aladdin Co., Ltd. Bovine serum albumin (BSA)
was purchased from Shanghai Sangon Biological Engineering
Technology and Services Co., Ltd. HER2 protein was purchased from
Sino Biological Inc. Other chemicals were of analytical reagent
grade. Ultrapure water obtained from a Milli-Q water purification
system (>18 MQ cm) was used in all measurements. The aptamer
and the ssDNA were synthesized and purified by Takara Biomedical
Technology Co., Ltd.

The sequences of the aptamer and ssDNA are as
follows:Aptamer:5’-COOH-AAAAAAGCAGCGGTGTGGGGG-
CAGCGGTGTGGGGGCAGCGGTGTGGGG-3'ssDNA:5'-SH-C6-
AAAAAACCCCACACCGCT-3’

2.2. Instruments

Ultraviolet—visible (UV—vis) absorption spectra were carried
out on a Cary 50 spectrophotometer (Varian, USA). The fluores-
cence spectra were obtained on a Fluoromax-4 spectrometer
(Horiba, France). The transmission electron microscopy (TEM) im-
ages were obtained on a JEM-200CX instrument (Japan) using an
accelerating voltage of 80KkV. The high-resolution transmission
electron microscopy (HR-TEM) images were recorded on a JEOL-
2100F apparatus at an accelerating voltage of 200 kV.

2.3. Synthesis of MnCulnS QDs

Alloyed MnCulnS quantum dots were prepared according to a
literature with slight modification [37]. First, 0.1 mmol manganese
(1) acetate, 0.05 mmol copper (II) acetate, 0.05 mmol indium (III)
acetate, 5.0mL of 1-octadecene and 0.2 mL of oleic acid were
injected into a 50 mL three-neck flask. The mixture was degassed
under vacuum for 15 min. Under argon flow, the reaction mixture
was heated to 120 °C to form a blue clear solution. Then, 0.2 mL of
1-dodecanethiol was added into the reaction system. At the
moment, the color of the solution changed from blue to pale yellow.
Subsequently, 0.3 mmol sulfur dissolved in 1.0 mL of oleylamine
was swiftly injected into the flask. Then the solution was heated to
140 °C and aged for 20 min.

2.4. In situ synthesis of MnCulnS/ZnS core/shell nanocrystals

The growth solution of MnCulnS QDs was cooled to 80 °C. Then
0.2 mmol zinc acetate dissolved in OA/ODE (the ratio of OA/ODE is
1/3, in total 1.0 mL) was added into the reaction solution. Next, the
temperature of reaction solution was heated to 210 °C and kept at
this temperature for 30 min to allow the growth of the ZnS. The
reaction solution was cooled to room temperature. The product was
obtained by centrifugation at 10000 rpm for 5 min and washed
with cyclohexane for three times. Finally, MnCulnS/ZnS QDs were
resuspended in cyclohexane and stored at room temperature
shielded from light.

2.5. Formation of MnCulnS/ZnS@BSA

Briefly, 2.0 mL of BSA solution (5mgmL~') was mixed with
160 pL of MnCulnS/ZnS QDs (10 mg mL~!) and vigorous stirred at
300 rpm for 1 h. Then, the mixture was sonicated for 5 min. Sub-
sequently, desolvation was performed with continuous and slowly
addition of 7 mL anhydrous ethanol, and the solution was kept
vigorous stirring at 700 rpm for 10 min. Next, 60 pL of 0.2% glutar-
aldehyde solution was injected into the suspension. The suspension
was stirred for 16 h at room temperature to form stable MnCulnS/
ZnS@BSA nanoparticles. The product was obtained by centrifuga-
tion at 10000 rpm for 10 minat 4°C and rinsed with ultrapure
water and ethanol three times. Finally, the obtained MnCulnS/
ZnS@BSA nanoparticles were resuspended in phosphate buffered
saline (PBS) buffer solution (10 mM, pH 7.4) and stored at 4 °C.

2.6. Synthesis of the urchin-like Au NPs

The preparation of Au seeds was performed as previously re-
ported [38]. 75 uL of HAuCly (100 mM) and 30 mL of ultrapure
water were added to a flask. The mixture was heated to boiling.
While boiling, 900 uL of sodium citrate aqueous solution (1 w/v %)
was added to the flask quickly, then the solution was kept boiling
for 10 min, until the color of the solution became wine red. The
solution was cooled to obtain Au seeds. The urchin-like Au NPs was
synthesized according to the reported method [38] with some
modification. Briefly, 30 mM hydroquinone was foremost prepared
by dissolving 33 mg hydroquinone into 10 mL of ultrapure water,
which was used right after it was ready. 20 pL of HAuCl4 (100 mM)
was added to a flask containing 9.60 mL of ultrapure water. Sub-
sequently, 25 uL of Au seeds, 22 pL of sodium citrate (1 w/v %) and
600 pL of hydroquinone (30 mM) were added and stirred at room
temperature for 30 min. Then, in order to avoid the aggregation of
the urchin-like Au NPs, 100 pL of PVP (10 mM in H;0) was added
into 1.0 mL of urchin-like Au NPs aqueous solution and stirred at
room temperature for 30 min. At last, the urchin-like Au NPs were
obtained by centrifugation at 8000 rpm for 5min and washed
twice. Then they were dispersed in 1.0 mL of PBS buffer for further
usage.

2.7. Preparation of the MnCulnS/ZnS@BSA-Apt bioconjugates

The carboxyl-modified aptamer was covalently linked to
MnCulnS/ZnS@BSA nanoparticles through the typical EDC/NHS
protocol. First, to activate the COOH groups at aptamer, aptamer
solution (4 pL, 100 pM) were added into 1.0 mL of MES buffer (0.1 M,
0.5M NaCl, pH 6.0). 0.4mg of EDC was then added. Almost
immediately 0.6 mg of NHS was added to the reaction. The reaction
components were mixed well for reaction for 15 minat room
temperature. After that, NaHPO,4 solution (0.1 M, 2.0 mL) was
added to increase the pH of solution above 7.0. Then, MnCulnS/
ZnS@BSA solution (800 pL, 10 mg mL~!) was added into the acti-
vated aptamer solution and stirred at 200 rpm for 4 hat room
temperature. Finally, the reaction solution was centrifugation at
8000 rpm for 5 min and washed for three times to obtain MnCulnS/
ZnS@BSA-Apt bioconjugates. At last, the MnCulnS/ZnS@BSA-Apt
bioconjugates were resuspended in PBS buffer and stored at 4 °C.

2.8. Preparation of the Au-ssDNA bioconjugates

ssDNA solution (200 uM) dissolved in TE buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0) was added to isopyknic 10 mM TCEP solution
to react for 1 h at room temperature, and then 10 pL of the obtained
100 pM ssDNA solution was added into 1.0 mL of urchin-like Au NPs
solution and stirred at 200rpm for 2hat room temperature
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shielded from light. After that, in order to block non-specific
binding sites, 5 uL of 1% BSA in ultrapure water was added into
the above reaction solution. Then, the reaction solution was stirred
at 200 rpm in the dark for 0.5 h at room temperature. Finally, the
Au-ssDNA was obtained by centrifugation at 2500 rpm for 3 min
and dispersed in 10 mM PBS buffer (pH 7.4).

2.9. Construction of the enhanced FRET sensor for HER2 detection

In the process of HER2 sensing, 100 uL of MnCulnS/ZnS@BSA-
Apt bioconjugates (10mgmL~') and 100pL of Au-ssDNA
(5mg mL~") were firstly mixed and incubated for 1hat 37 °C. Af-
terwards, the mixture was diluted with PBS buffer and different
amounts of HER2 protein were added into the mixture (total vol-
ume 300 pL). Finally, the mixture was incubated for another 1 h at
37°C, and then the fluorescence spectra of the samples were
recorded by fluorescence measurements.

3. Results and discussion
3.1. Characterization

NIR MnCulnS/ZnS QDs were firstly synthesized. A high-
resolution transmission electron microscopy (HR-TEM) image
clearly confirmed the successful preparation of MnCulnS/ZnS
QDs, which exhibited approximately spherical in shape and good
monodispersibility in cyclohexane (Fig. 1A and inset in Fig. 1D).
The MnCulnS/ZnS QDs had a uniform size distribution and an
average size of about 5nm. Continuous lattice fringes was
observed in HR-TEM image, indicating that the synthesized

A

@]

MnCulnS/ZnS QDs have high crystallinity. As shown in Fig. 1B,
XRD data revealed that the crystal phase of MnCulnS/ZnS QD was
mainly zincblende structure. Fig. 1C showed the UV—vis ab-
sorption spectrum of MnCulnS/ZnS QDs. The UV—vis spectrum
showed wide-band absorption (from 300 to 800nm) and
exhibited absorption peak from 500 to 680 nm. Therefore, the
fluorescence emission spectrum of MnCulnS/ZnS QDs was
recorded from 630 to 800nmat room temperature with a
600 nm excitation wavelength (Fig. 1D). The fluorescence emis-
sion spectrum displayed a maximum emission wavelength at
741 nm.

Next, MnCulnS/ZnS@BSA nanoparticles were prepared to
enhance biocompatibility and water solubility according to the al-
bumin desolvation method [39,40]. The formation process of
MnCulnS/ZnS@BSA nanoparticles is illustrated in Fig. S1. BSA pro-
teins were first incorporated with hydrophobic MnCulnS/ZnS QDs,
and the specific hydrophobic sites of protein can bind with water-
insoluble QDs. Then MnCulnS/ZnS@BSA nanoparticles were made
by ethanol-induced albumin desolvation. Finally, glutaraldehyde
was added to the suspension to form stable MnCulnS/ZnS@BSA
nanoparticles. The size of MnCulnS/ZnS@BSA nanoparticles was
determined by TEM. As shown in the TEM pattern (Fig. 2A), the
MnCulnS/ZnS@BSA nanoparticles exhibited spherical morphology
and the size of the MnCulnS/ZnS@BSA nanoparticles was estimated
to be 100 nm. Compared with MnCulnS/ZnS QDs, the fluorescence
emission spectrum of MnCulnS/ZnS@BSA nanoparticles had no
significantly change, and also had a maximum emission wave-
length at 741 nm (Fig. 2E).

To measure the efficiency of MnCulnS/ZnS QDs incorporation
into BSA nanoparticles, 0.8 mg of MnCulnS/ZnS QDs was added into
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Fig. 1. (A) TEM image of MnCulnS/ZnS QDs. (B) XRD pattern of MnCulnS/ZnS QDs. (C) UV—vis absorption spectrum of MnCulnS/ZnS QDs. (D) Fluorescence emission spectrum of
MnCulnS/ZnS QDs. Inset: (A) HR-TEM image of MnCulnS/ZnS QDs. (D) Photograph of MnCulnS/ZnS QDs solution in cyclohexane under UV light irradiation.
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Fig. 2. (A) TEM image of MnCulnS/ZnS@BSA nanoparticles. (B) TEM image of urchin-like Au NPs. (C) Photograph of urchin-like Au NPs aqueous solution. (D) UV—vis absorption
spectrum of urchin-like Au NPs. (E) UV—vis absorption spectrum of urchin-like Au NPs (left) and fluorescence emission spectrum of MnCulnS/ZnS@BSA nanoparticles (right).

the BSA solution. After the reaction, the supernatant was collected
by centrifugation to separate unbound QDs from free BSA mole-
cules. MnCulnS/ZnS QDs were quantified by measuring the fluo-
rescence intensity at 741 nm. As shown in Fig. S2, the loading yield
of MnCulnS/ZnS QDs in BSA nanoparticles was 94.13—95.5%,
calculated with the following equation: loading yield (%) = (QDs
used—unloaded QDs)/QDs used.

The toxicity of MnCulnS/ZnS@BSA nanoparticles was assessed
by MTT assay, and the result was showed in Fig. S3. The cell viability
was investigated with incubation with different concentrations of
MnCulnS/ZnS@BSA nanoparticles. After incubating with MnCulnS/
ZnS@BSA nanoparticles for 16 h, the absorbance had slight decrease
and more than 90% of MCF-7 cells were still survive even at the
concentration up to 13.32 mg mL~! (the concentration of MnCuln$/
ZnS@BSA nanoparticles used in this work was 3.33 mg mL™!). This
result shows that our QDs-based FRET system has hypotoxicity.

As to the fluorescence energy acceptor, the TEM image indicated
that the prepared above Au NPs have an urchin morphology in
shape with an average diameter of about 100 nm (Fig. 2B). The
urchin-like Au NPs had favorable solubility in aqueous solution
(Fig. 2C), which was conducive to homogeneous bioanalysis. As
shown in Fig. 2D, the UV—vis absorption of urchin-like Au NPs
showed a strong absorption band at 700 nm, ensuring good overlap
with the fluorescence emission spectrum of MnCulnS/ZnS@BSA
nanoparticles (Fig. 2E). Therefore, the FRET efficiency between
MnCulnS/ZnS@BSA and urchin-like Au NPs was improved and the
background signal of the biosensor was reduced.

In Fig. 3A, the UV—vis absorption of MnCulnS/ZnS@BSA-Apt had
an obvious absorption band at 260 nm (curve a), which was the
characteristic absorption band of aptamer. Meanwhile, the ab-
sorption spectrum of MnCulnS/ZnS@BSA nanoparticles showed no
significant absorption from 220 to 350 nm, indicating the suc-
cessful modification of aptamer to MnCulnS/ZnS@BSA nano-
particles. In addition, the successful conjugation between urchin-
like Au NPs and ssDNA was also confirmed by UV—vis spectros-
copy (Fig. 3B).

3.2. Characterization of the FRET system

The principle of the MnCulnS/ZnS@BSA-Au NPs FRET system is
illustrated in Scheme 1. The HER2 aptamer was first attached to the
surface of MnCulnS/ZnS@BSA nanoparticle to form MnCulnS/
ZnS@BSA-Apt bioconjugate. The ssDNA which is partially comple-
mentary to the aptamer was bound with urchin-like Au NP to form
Au-ssDNA. Then, MnCulnS/ZnS@BSA-Apt was effectively bound
with Au NPs-ssDNA through the hybridization between the
aptamer and the ssDNA, leading to a shortened distance between
the donor and the acceptor. This phenomenon was confirmed in
Fig. 3C, which shows the urchin-like Au NPs and MnCulnS/
ZnS@BSA nanoparticles were bind together. Thus, FRET process
from MnCulnS/ZnS@BSA to urchin-like Au NPs occurred naturally
and the fluorescence of MnCulnS/ZnS@BSA was suppressed, and
the sensor was turned off and had a low background signal. When
the target-HER2 protein was added to the system, HER2 protein
could bind to the aptamer and competed with the ssDNA, Au-
ssDNA was separated from MnCulnS/ZnS@BSA-Apt (shown in
Fig. 3D), resulting in fluorescence increase of MnCulnS/ZnS@BSA
and the sensor was turned on. The above TEM characterization
verified the feasibility of this MnCulnS/ZnS@BSA-Au NPs FRET
system. Furthermore, since the MnCulnS/ZnS@BSA nanoparticles
enhance NIR fluorescence emission, and the urchin-like Au NPs
have strong NIR absorption, this donor-acceptor pair shows
enhanced FRET phenomenon, thus improving overall performance
of the assay.

3.3. HER2 sensing with the enhanced FRET system

Under the optimized conditions (Fig. S4), the fluorescence
spectra responded to various concentrations of HER2 protein
were further investigated. For this purpose, the biosensor was
treated with different concentrations of HER2 protein and the
fluorescence intensities were recorded. With the increase of the
concentration of HER2 protein, the fluorescence emission
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Fig. 3. (A) UV—vis absorption spectra of MnCulnS/ZnS@BSA-Apt (a), MnCulnS/ZnS@BSA (b), MnCulnS/ZnS (c), and aptamer (d). (B) UV—vis absorption spectra of urchin-like Au NPs-
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dashed-line circle) before (C) and after (D) the HER2 protein added. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

intensity of MnCulnS/ZnS@BSA was gradually increased as
desired. This was due to the fact that the Au-ssDNA was replaced
from the MnCulnS/ZnS@BSA-Apt surface by the HER2 protein.
Therefore, the separation of the acceptor from the donor led to
the fluorescence increase of MnCulnS/ZnS@BSA.

As shown in Fig. 4A, the fluorescence intensity of the
biosensor increased with the increase of HER2 protein concen-
trations. In the absence of HER2 protein, the fluorescence in-
tensity was lower than that in the presence of HER2 protein.
More importantly, the fluorescence increase was positive corre-
lated with the concentration of HER2 protein in the range from 2
to 100ngmL~! (Fig. 4B). The relative fluorescence intensity
would deviate from the linear calibration curve when the con-
centration of HER2 protein was larger than 100ngmL~'. The
linear calibration curve was constructed by plotting the relative
fluorescence intensity ((F-Fo)/Fo) against lg C (C is the concen-
tration of HER2 protein). The linear regression equation is I = (F-
Fo)/Fo = —0.478 + 1.876 g Cygra. The linearity coefficient is 0.997
and the limit of detection of the HER2 protein is obtained to be
1ngmL™'at a signal-to-noise ratio of 3 (details of the determi-
nation of the detection limit are given in ESI). The linear range is
wider and the detection limit is lower than most of the previ-
ously reported works (Table S1). In addition, the HER2 level in
the serum of normal individuals is 2—15ng mL~!, whereas the
breast cancer patients have elevated HER2 levels
(15—75ng mL~!) [41—43]. Herein, the detection range and the
limit of detection of the HER2 protein in our developed system
has the ability to distinguish between people with the disease
and healthy individuals.

3.4. Selectivity of the biosensor

In order to assess the specificity of this sensing system to HER2
protein, the responses of biosensor to other proteins including AFP,
CEA, PSA and BSA was studied. As shown in Fig. 5A, only HER2
protein could cause significant fluorescence increase, while other
protein molecules led to slight signal changes. In addition, as we
know some metal ions can quench the QDs through cation ex-
change (ionic etching) [44], so the effects of different metal ions
towards our FRET system were also investigated. As shown in
Fig. 5B, metal ions did not lead significant signal changes and had
almost no interference towards our FRET system. This may due to
the BSA coating hindered the exposure of MnCulnS/ZnS QDs to
metal ions, thus cation exchange was prevented. The above results
indicated that the developed sensing strategy has good specificity
for detecting HER2 protein.

3.5. Real sample detection of HER2 protein

The developed biosensor was employed to the detection of
HER2 protein spiked in diluent serum samples for recovery test.
Different concentrations of HER2 protein were directly added in 10-
fold diluent normal human serum. The recoveries of HER2 protein
were obtained in the range of 93.47—97.33% (Table S2). In addition,
it was further applied to the detection of HER2 in three human
serum samples: one collected from healthy patient and two
collected from breast cancer patients. The results obtained with the
biosensor were compared with those provided by a commercial
ELISA kit (The calibration curve obtained by using the ELISA kit for
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Table 1
HER2 determination by the fabricated HER2 FRET-based biosensor and ELISA
method.

Samples ELISA (ng mL~1) FRET-biosensor (ng mL~!)
Breast cancer patient-1 95.02 90.81

RSD _3=5.90 (%) RSD _3=5.20 (%)
Breast cancer patient-2 55.86 55.22

RSD p_3=2.59 (%) RSD —3=4.36 (%)
Healthy patient 14.86 14.49

RSD ;_3=648 (%)  RSD ,_3=1.69 (%)

detection of HER2 protein was shown in Fig. S5). The results
(Table 1) indicated that the reliability of this designed biosensor in
real sample detection, and our developed system is a promising
method for detection of HER2 protein in clinical applications.

4. Conclusions

In summary, we have developed a novel and enhanced FRET
biosensing strategy by using the NIR MnCulnS/ZnS@BSA as the
energy donor and the urchin-like Au NPs as the energy acceptor.
Compared with traditional NIR QDs including CdTe, CdSe, CdS et al.,
MnCulnS/ZnS QDs had lower toxicity. Meanwhile, we further
encapsulated the NIR MnCulnS/ZnS QDs into BSA nanoparticles to
amplify the fluorescence emission and enable their water-soluble
stability. In addition, compared with the ordinary Au NPs, the

urchin-like Au NPs had several advantages including novel struc-
ture, tunable diameter, strong NIR absorption, and good solubility.
With the MnCulnS/ZnS@BSA and urchin-like Au NPs as a novel
donor-acceptor pair, the enhanced FRET assay showed high sensi-
tivity, good specificity and high precision in detection of HER2
protein. Furthermore, as different aptamers could specifically bind
to different target proteins, this enhanced FRET biosensing platform
can conveniently combine with other specific biological recognition
events for a wider application in clinical diagnosis.
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