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ABSTRACT: The detection of circulating tumor cells (CTCs) in the blood of cancer patients is crucial for early cancer
diagnosis, cancer prognosis, evaluation of the treatment effect of chemotherapy drugs, and choice of cancer treatment options. In
this study, we propose new surface-enhanced Raman scattering (SERS) nanoparticles for the direct detection of CTCs in the
blood. Under the optimized experimental conditions, our SERS nanoparticles exhibit satisfying performances for the direct
detection of cancer cells in the rabbit blood. A good linear relationship is obtained between the SERS intensity and the
concentration of cancer cells in the range of 5—500 cells/mL (R* = 0.9935), which demonstrates that the SERS nanoparticles can
be used for the quantitative analysis of cancer cells in the blood and the limit of detection is S cells/mL, which is lowest compared
with the reported values. The SERS nanoparticles also have an excellent specificity for the detection of cancer cells in the rabbit
blood. The above results reinforce that our SERS nanoparticles can be used for the direct detection of CTCs in the blood with
excellent specificity and high sensitivity.
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1. INTRODUCTION

Circulating tumor cells (CTCs) fall from cancerous tumors into
the bloodstream by a natural process and then circulate in the
blood vessels. They may move to and remain in another tissue
to grow and form a new metastasis, which may finally result in
death of the cancer patients.”> The liquid biopsy to
longitudinally and repeatedly direct molecularly targeted
therapy is one of the important applications of CTCs. In
addition, the detection of CTCs in the blood of cancer patients
is significant for early cancer diagnosis, cancer prognosis,
evaluation of the treatment effect of chemotherapy drugs, and
choice of cancer treatment options.” > Although the detection
of CTCs has important clinical and pathophysiological
significance, the current techniques for detection of these rare
cells are limited. In 1 mL of blood, there are around § X 10°
erythrocytes and 1.0 X 107 leukocytes but only several
CTCs.*®” Therefore, the detection of CTCs requires ultra-
sensitive methods.

Surface-enhanced Raman scattering (SERS) is one of the
ultrasensitive methods that can be used for characterization at
the molecular level®™'® Therefore, SERS offers a strong
spectroscopy technology for the detection and identification
of CTCs. Sha et al. developed magnetic beads for CTC capture
and SERS tags (i.e, Nanoplex biotags) for CTC detection,
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whose calculated limit of detection (LOD) is ~10 cells/mL."!
Zhang et al. developed a simple method based on a new
nitrocellulose membrane and SERS imaging technology for
CTCs’ sensitive detection and enumeration. A total of 34 out of
100 cancer cells spiked into 1 mL of blood can be captured and
sorted by this method.'> However, the majority of CTCs’ SERS
detection techniques require an initial enrichment step for
capturing rare CTCs in whole blood, which makes the
detection process more complicated.

In order to simplify the detection process, Wang et al.
reported a new method using SERS technology for the direct
detection of target CTCs in human peripheral blood. The LOD
of this method ranges from $ to 50 CTCs in 1 mL of blood."
However, there are still two problems that need to be solved:
(1) the cost of the SERS nanoparticles, which mean
nanoparticles with SERS activity, is very high because epidermal
growth factor (EGF) is used as the targeted molecule; (2) the
thick poly(ethylene glycol) (PEG) protection layer on the gold
nanoparticle (AuNP) surface like “standing hair”"?® reduces the
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Scheme 1. Schematic Illustration for the Design of SERS Nanoparticles
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SERS signal because the Raman reporter molecule is inside the
PEG protection layer.

Here, novel SERS nanoparticles for the direct detection of
CTCs in the blood with excellent specificity and high sensitivity
are proposed. As shown in Scheme 1, the AuNPs are encoded
with a Raman reporter molecule, 4-mercaptobenzoic acid (4-
MBA), and then functionalized with reductive bovine serum
albumin (rBSA) to stabilize the 4-MBA-encoded AuNPs
(AuNP—MBA) and decrease the nonspecific interaction with
blood cells. A targeted ligand folic acid (FA) is then grated to
the rBSA-stabilized AuNP—MBA (AuNP—MBA—rBSA)
through the reaction between —COOH of FA and —NH, of
rBSA to construct AuUNP—MBA—rBSA—FA composite nano-
particles. The FA on the surface of AuNP—MBA—rBSA—FA
nanoparticles can be recognized by CTCs of ovarian, brain,
kidney, breast, lung, cervical, and nasopharyngeal cancer, which
overexpress folate receptor alpha (FRa), and noncancer cells
cannot. The key advantages include the following: (1) the cost
is significantly decreased because FA is much cheaper than
EGF; (2) the protection layer of rBSA, like “lying hair”
(numerous —SH of rBSA broken up from disulfide bonds could
form a Au—S bond on the AuNP surface), is much thinner than
that of the reported PEG, like “standing hair”, resulting in a
stronger SERS signal.

2. MATERIALS AND METHODS

2.1. Materials. Gold(III) chloride trihydrate (HAuCl,-3H,0) and
sodium citrate dihydrate (Na;Ct-2H,0) were obtained from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Bovine
serum albumin (BSA), folic acid (FA), 4-mercaptobenzoic acid (4-
MBA), sodium borohydride (NaBH,), and 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC-HCI)
were purchased from Aladdin Reagent Co. Ltd. (Shanghai, China).
N-Hydroxysuccinimide (NHS) was obtained from Sigma-Aldrich.
Trypsin—ethylenediaminetetraacetic acid (EDTA; 0.25%) and Dul-
becco’s modified Eagle medium (DMEM) were obtained from Gibco
Life Technologies. A peripheral blood lymphocyte separation medium
was obtained from Beijing Slolarbio Science and Technology Co. Ltd.
(China). All other chemical reagents were of analytical grade and were
used as received without further purification.

2.2. Preparation of AuNPs. AuNPs were prepared using a
modified Turkevitch method, i.e., reduction of HAuCl, by Na,Ct."*"
Briefly, a HAuCl, aqueous solution (5.0 mM, 10 mL) was mixed with
pure water (30 mL). The diluted solution was then heated to boiling.
After that, a NayCt aqueous solution (10 mL, 1.0%) was rapidly
charged to the boiling solution under vigorous stirring. After 3.0 min,
the resulting AuNP dispersion, whose color changed from yellow to
red, was cooled to room temperature. The obtained AuNPs were
diluted 4-fold and kept in the fridge until further use.

2.3. Synthesis of SERS Nanoparticles. AuNPs were encoded
with a Raman reporter molecule 4-MBA according to a modified
approach.'® Typically, 30.0 uL of 4-MBA in tetrahydrofuran with
various concentrations (5.0—50 mM) was respectively added into 12.0
mL of the AuNP dispersion. The mixtures were allowed to react for
2.0 min under stirring at room temperature and then directly used for
characterization of the SERS intensity.
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The obtained 4-MBA-encoded AuNPs (AuNP—MBA) were
subsequently functionalized with rBSA to stabilize AuNP—MBA and
decrease the nonspecific interaction with blood cells. Briefly, 120 L of
a rBSA aqueous solution (reduced by NaBH,) with different
concentrations (0.05—1.0 mg/mL) was mixed with the AuNP—MBA
solution (12.0 mL). The reaction was continued for 5.0 min at room
temperature, and the samples were then directly used for character-
ization of the SERS intensity.

The targeted molecule FA was then grafted to the rBSA-stabilized
AuNP—MBA nanoparticles (AuNP—MBA-rBSA) according to a
modified approach through the reaction between —COOH of FA and
—NH, of rBSA."”'® First, 40.0 mg of FA (90.4 umol of —COOH),
32.0 mg of EDC (83.2 umol), and 19.2 mg of NHS (83.2 ymol) were
dissolved in SO mL of phosphate-buffered saline (PBS; pH 7.4, 10
mM). The reaction was continued for 8.0 h at room temperature. After
that, 0.1-2.0 mL of the above solution was respectively charged to
12.0 mL of the AuNP—MBA—rBSA dispersion, and the total volume
was tuned to 14 mL with PBS. The mixtures were kept for 16 h at
room temperature. The obtained FA-conjugated AuNP—MBA-rBSA
nanoparticles (AuNP—MBA—-rBSA—FA) were ultrafiltrated using
Amicon Ultra-15 centrifugal filter units (Millipore, MWCO 3.0 kDa)
(the supernatant was kept for UV—vis measurement), and the purified
AuNP—MBA—-rBSA—FA nanoparticles were dispersed in 2.0 mL of
Milli-Q water for subsequent characterization of the SERS intensity
and the detection of CTCs. The grafted content of FA on AuNP—
MBA~—rBSA nanoparticles was measured and calculated according to a
previous mass balance method."®

Characterization of the nanoparticles by transmission electron
microscopy (TEM), dynamic light scattering (DLS), and Raman
spectra was conducted according to previous protocols."®** Human
breast cancer cell line MCF-7, human hepatocellular carcinoma cell
line HepG2, and human cervical cancer cell line HeLa were cultured
according to a previous protocol.'®

2.4. Application of the SERS Nanoparticles for CTC
Detection. The as-prepared SERS nanoparticles were used for
CTC detection using a mixture of FRa-positive and FRa-negative cells
to evaluate the specificity and sensitivity. Because cell lines with
various expression levels of FRa may affect the detection results, the
HepG2, HeLa, and MCEF-7 cells with different expression levels of FRa
were used in this study. HepG2 cells are FRa-negative cells,*® and
Hela and MCEF-7 cells are FRa-positive cells.'®*'™>® The FRa
expression of the HeLa cells is much higher than that of the MCF-7
cells,”* which should result in our SERS nanoparticles being more
sensitive for the HeLa cells than the MCF-7 cells. In addition, the FRa
expression is controlled by a gene, which cannot usually be changed
during therapies. Therefore, the FRa expression should not be down-
regulated or heterogeneous in tumors during therapies.>>>®

For a study of the specificity, 200 uL of AuNP—MBAS—rBSA2—
FA3 or AuNP—MBAS—1BSA2 (0.9 mg/mL) was added into 3.0 mL of
cells in DMEM [2.3 X 10° HepG2 cells, 2 X 10° MCE-7 (or HeLa)
cells, or 2.3 X 10° HepG2 cells plus 10° MCE-7 (or HeLa cells)] and
then incubated for 30 min at 37 °C. The samples were centrifuged
(400g, 5.0 min), washed thrice by PBS, and concentrated to 200 uL.
After that, the SERS spectra of the samples were observed using a
Raman instrument.

The same method was used to study the sensitivity. The only
difference is that 100 uL of AuNP—MBAS—rBSA2—FA3 (0.9 mg/mL)
was incubated with 3.0 mL of cells in DMEM containing 2.3 X 10°
HepG2 cells and 10—10000 HeLa cells (or MCF-7 cells).

2.5. CTC Detection in the Rabbit Blood. All animal experiments
were conducted in accordance with IACUC approved protocols.
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Table 1. Preparative Conditions and Results of the SERS Nanoparticles

nomenclature Cynpa (M)
AuNP—-MBA1 12.5
AuNP—MBA2 25.0
AuNP—MBA3 50.0
AuNP—-MBA4 75.0
AuNP—MBAS 125
AuNP—-MBAS—rBSA1l 125
AuNP—MBAS—rBSA2 125
AuNP—MBAS—-rBSA3 125
AuNP—MBAS—rBSA4 125
AuNP—-MBAS—rBSAS 125
AuNP—MBAS—rBSA2—FAl 12§
AuNP—MBAS—rBSA2—FA2 125
AuNP—MBAS—rBSA2—FA3 125
AuNP—-MBAS—rBSA2—FA4 12§

Cipsa (g/mL) Cea (ug/mL) SERS intensity® FCC (%)®
420
1000
2010
1710
3730
10 1100
5.0 3340
2.0 3120
1.0 2770
0.5 4650
5.0 114
5.0 57.0
5.0 28.5 64451 50 +22
5.0 11.4 53005 40 + 2.1

“The determined SERS intensity of the nanoparticles at 1076 cm™'. “Calculated from the weight ratio of conjugated FA to AuNP—MBAS—BSA2—

FA nanoparticles. FCC: FA conjugation content.
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Figure 1. SERS spectra of the AuNP—MBA1-S5 (a), AuNP—MBAS—rBSA1-S (b), and AuNP—MBAS—rBSA2—FA3,4 nanoparticles (c). The
excitation laser and data acquisition time are respectively set as 785 nm and 1.0 s.

Rabbit blood was collected into vacutainer tubes (containing lithium
heparin) from the heart with vigorous shaking.

For a study of the sensitivity, 2.0 mL of PBS containing 10—10000
MCEF-7 cells was mixed with the blood (2.0 mL) in centrifuge tubes.
After that, the mixtures were respectively added into a peripheral
blood lymphocyte separation medium (2.0 mL) and centrifuged at
room temperature (400g, 25 min). The low-density cell layers
containing white blood cells (WBCs; ~1.0 X 107) and MCE-7 cells
were transferred to new tubes, rinsed twice by PBS, and dispersed in
3.0 mL of PBS. After that, 200 yL of AuNP—MBAS—rBSA2—FA3 (0.9
mg/mL) was mixed with the cells (3.0 mL) and incubated at 37 °C for
30 min. The samples were centrifuged (400g, 5.0 min), washed thrice
by PBS, and concentrated to 200 L. After that, the SERS spectra of
the samples were observed using a Raman instrument.

The same approach was also used to study the specificity. The only
difference is that 2.0 mL of the rabbit blood (~1.0 X 107 WBCs)
without or with 10 MCF-7 cells was incubated with 200 yL of AuNP—
MBAS—rBSA2 or AuNP—MBAS—rBSA2 (0.9 mg/ mL).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the SERS
Nanoparticles. Preparation of the SERS nanoparticles is
illustrated in Scheme 1. AuNPs prepared by a Turkevitch
method'**” are encoded with a Raman reporter molecule 4-
MBA via the Au—S bond. To stabilize the 4-MBA-encoded
AuNPs (AuNP—MBA) and decrease the nonspecific inter-
action with blood cells, the AuNP—MBA nanoparticles are
subsequently functionalized with rBSA, which has numerous
—SH broken up from disulfide bonds of BSA and can bind to
the AuNP surface via the Au—S bond like “lying hair”.
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Therefore, the rBSA protection layer can be easily controlled to
be very thin compared with the reported PEG protection layer
like “standing hair”.'”> The thinner protection layer could
reduce the weakening effect of hydrophilic polymers on the
SERS intensity of AuNPs. Furthermore, to increase the
specificity of the rBSA-stabilized AuNP—MBA (AuNP—
MBA-1BSA) toward CTCs among millions of healthy cells
in the blood, the targeted molecule FA is grafted to AuNP—
MBA—rBSA through the reaction between—COOH of FA and
—NH, of rBSA.

The concentrations of 4-MBA, rBSA, and FA used for the
preparation of AuNP—MBA—rBSA—FA are optimized accord-
ing to the stability and SERS intensity of the nanoparticles.
Table 1 shows the preparative conditions and results of the
SERS nanoparticles, and Figure 1 shows the SERS spectra of
the prepared nanoparticles. It is found that the SERS intensity
of AuNP—MBA increases with an increase of the 4-MBA
concentration from 12.5 to 125 uM (Figure la and Table 1).
Because higher 4-MBA concentration results in poor stability of
the nanoparticles, its optimal concentration is fixed at 125 uM
in the following experiments.

As shown in Figure 1b and Table 1, the relative SERS
intensity of AuNP—MBA—rBSA is very low (1100) when the
rBSA concentration is 10 yg/mL but much stronger when the
1BSA concentration is from 0.5 to 5.0 pug/mL (>2700). This
result indicates that an overtight package of the SERS
nanoparticles by hydrophilic polymers can reduce the SERS
intensity. In addition, the stability and SERS intensity of
AuNP—MBA—rBSA are comparable to each other when the
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rBSA concentration is in the range of 0.5—5.0 pg/mL (Figure
1b and Table 1). Because more FA could be conjugated onto
the surface of AuNP—MBA—rBSA with more rBSA package,
the rBSA concentration is fixed at 5.0 pg/mL as an optimal
value in subsequent experiments.

The AuNP—MBA-rBSA—FA nanoparticles are not stable
when the FA concentration is 114 or 57.0 ug/mL but very
stable when the FA concentration is 28.5 or 11.4 pg/mL. The
SERS intensities is also comparable to each other when the FA
concentration is 28.5 or 11.4 ug/mL (Figure 1c and Table 1).
Because the FA conjugation content (FCC) increases with an
increase of the FA concentration, 28.5 ptg/mL is chosen as the
optimal FA concentration for the following study. The SERS
intensity of AuNP—MBA—rBSA—FA is much stronger than
that of AuNP—MBA—rBSA or AuNP—MBA, as shown in Table
1 because the AuNP—MBA—rBSA—FA solution was concen-
trated 7-fold by ultrafiltration before characterization of the
SERS intensity and the detection of CTCs.

Parts a and b of Figure 2 show TEM images of AuNPs and
AuNP—MBA—rBSA—FA, respectively. We can see that both
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Figure 2. Characterization of the AuNPs (control) and SERS
nanoparticles. TEM images of AuNPs (a) and AuNP—MBAS—
rBSA2—FA3 (b). (c) Size distributions of AuNPs and AuNP—MBAS—
rBSA2—FA3 in Milli-Q water at room temperature. (d) UV—vis
spectra of AuNPs and AuNP—MBAS—rBSA2—FA3.

nanoparticles are well dispersed and the particle sizes are
similar. Figure 2c¢ shows the size distributions of AuNPs and
AuNP—MBAS—rBSA2—FA3 in Milli-Q water measured by
DLS. The hydrodynamic diameter is determined to be 17 nm
for AuNPs and 21 nm for AuNP—MBAS—rBSA2—FA3. Both
TEM and DLS results indicate that the rBSA protection layer is
very thin, which is of great benefit to reducing its weakening
effect on the SERS intensity. Figure 2d shows UV—vis spectra
of AuNPs and AuNP—MBAS—rBSA2—FA3. The absorption
peak is at 510 nm for AuNPs but shifts to 530 nm for AuNP—
MBAS—rBSA2—FA3. The red shift of the surface plasmon band
can be ascribed to the change of the refractive index
surrounding the AuNPs.***’

3.2. Specificity and Sensitivity of the CTC Detection
System. It is well-known that CTCs are extremely rare in an
extremely complex matrix. In 1 mL of blood, there are around §
x 10° erythrocytes and 1.0 X 107 leukocytes but only several
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CTCs.* SERS spectroscopy is one of the ultrasensitive methods
that can be used for characterization at the molecular level.**>*
Therefore, SERS offers a strong spectroscopy technique for the
detection and identification of CTCs. The main challenge of
this method is to reduce the nonspecific binding of SERS
nanoparticles to host blood cells, which outnumber CTCs by
5—6 orders of magnitude.13 In this study, the specificity and
sensitivity of our AuNP—MBAS—rBSA2—FA3-based CTC
detection system are evaluated using HepG2 cells as negative
cells and HeLa or MCF-7 cells as positive cells because HeLa
and MCEF-7 cells can overexpress FRa'®*' but HepG2 cells
cannot.*

Figure 3 shows the detection specificity of our AuNP—
MBAS—rBSA2—FA3 nanoparticles for 10° HeLa (or MCE-7)

(3)8000 —— AuNP-MBAS5-rBSA2-FA3, HepG2
I —— AuNP-MBA5-rBSA2, HepG2+Hela
N — AUNP-MBA5-rBSA2-FA3, HeLa
5 —— AuNP-MBAS5-rBSA2-FA3, HepG2+Hela
< 6000} P
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Figure 3. Detection specificity of our AuNP—MBAS—rBSA2—FA3
nanoparticles for 10° HeLa (or MCE-7) cells among 2.3 X 10° HepG2
cells. (a) SERS signals of the HepG2 cells, or HeLa cells, or HepG2
plus HeLa cells incubated with AuNP—MBAS—rBSA2—FA3 or
AuNP—MBAS—rBSA2 nanoparticles. (b) SERS signals of the
HepG2 cells, or MCF-7 cells, or HepG2 plus MCF-7 cells incubated
with  AuNP—MBAS—1BSA2—FA3 or AuNP—MBAS—rBSA2 nano-
particles.

cells in 2.3 X 10° HepG2 cells. Regarding the detection of HeLa
cells in HepG2 cells, there is an obvious SERS peak at 1076
cm™! for HeLa cells or HepG2 plus HeLa cells incubated with
AuNP—MBAS—rBSA2—FA3, but no corresponding SERS peak
is found for HepG2 cells incubated with AuNP—MBAS—
rBSA2—FA3 or HepG2 plus HeLa cells incubated with AuNP—
MBAS—rBSA2 (Figure 3a). A similar result is also obtained for
the detection of MCF-7 cells in HepG2 cells (Figure 3b).
These results indicate that our AuNP—MBAS—rBSA2—FA3
nanoparticles could be used for the detection of HeLa (or
MCEF-7) cells among HepG2 cells.

Figure 4 shows the detection sensitivity of our AuNP—
MBAS—rBSA2—FA3 nanoparticles for HeLa (or MCF-7) cells
in HepG2 cells. The SERS signals of 10—10000 HeLa cells in
2.3 X 10° HepG2 cells incubated with AuNP—MBAS—rBSA2—
FA3 nanoparticles are shown in Figure 4a,b, and those of 10—
500 MCE-7 cells in 2.3 X 10° HepG2 cells are shown in Figure
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Figure 4. Detection sensitivity of our AuNP—MBAS—rBSA2—FA3
nanoparticles for HeLa (or MCF-7) cells among HepG2 cells. (a and
b) SERS signals of 10—10000 HeLa cells among 2.3 X 10° HepG2
cells incubated with AuNP—MBAS—rBSA2—FA3 nanoparticles. (c)
SERS signals of 10—500 MCE-7 cells among 2.3 X 10° HepG2 cells
incubated with AuNP—MBAS—rBSA2—FA3 nanoparticles.

4c. It can be seen that the SERS intensity increases with an
increase in the amount of HeLa cells in the range of 10—10000
cells. A similar result is also obtained for MCF-7 cells. Because
10 HeLa (or MCF-7) cells among 2.3 X 10° HepG2 cells can
also be found by our SERS nanoparticles, we can conclude that
our AuNP—MBAS—rBSA2—FA3 nanoparticles are very
sensitive for the detection of HeLa (or MCF-7) cells. In
addition, from Figure 4b,c, we can see that our AuNP—MBAS—
rBSA2—FA3 nanoparticles are more sensitive for HeLa cells
than MCEF-7 cells. That is because the FRa expression of HeLa
cells is much higher than that of MCF-7 cells.”*

The detection specificity of the AuNP—MBAS—rBSA2—FA3
nanoparticles for 10 HeLa (or MCF-7) cells among 2.3 X 10°
HepG2 cells is further verified as shown in Figure 5. We can
find an obvious SERS peak at 1076 cm™ for 10 HeLa cells
among 2.3 X 10° HepG2 cells incubated with AuNP—MBAS—
rBSA2—FA3, but no corresponding SERS peak is found for 2.3
X 10° HepG2 cells incubated with AuNP—MBAS—rBSA2—FA3
or 10 HeLa cells among 2.3 X 10° HepG2 cells incubated with
AuNP—MBAS—rBSA2 (Figure Sa). A similar result is also
obtained for the detection of 10 MCF-7 cells among 2.3 X 10°
HepG2 cells (Figure Sb). Therefore, we can conclude that our
AuNP—MBAS5—rBSA2—FA3 nanoparticles exhibit excellent
specificity toward HeLa (or MCF-7) cells.

3.3. Detection of CTCs in the Rabbit Blood. The
AuNP—MBAS—rBSA2—FA3 nanoparticles are also applied for
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Figure S. Detection specificity of our AuNP—MBAS—rBSA2—FA3
nanoparticles for 10 HeLa (or MCF-7) cells among 2.3 X 10° HepG2
cells. (a) SERS signals of the HepG2 cells or HepG2 plus 10 HeLa
cells incubated with AuNP—MBAS—rBSA2—FA3 or AuNP—MBAS—
rBSA2 nanoparticles. (b) SERS signals of the HepG2 cells or HepG2
plus 10 MCF-7 cells incubated with AuNP—MBAS—rBSA2—FA3 or
AuNP—MBAS—rBSA2 nanoparticles.

the detection of cancer cells in the rabbit blood. Parts a and b of
Figure 6 show the SERS signals of 2.0 mL of rabbit blood (~1.0
X 107 WBCs) with 5—5000 MCEF-7 cells/mL incubated with
AuNP—MBAS—rBSA2—FA3 nanoparticles. It is found that the
SERS intensity increases with an increase in the concentration
of MCF-7 cells in the range of 5—5000 cells/mL. Figure 6¢c
shows the plot of the SERS intensity as a function of the
concentration of MCF-7 cells spiked into the rabbit blood. The
inset plot shows the SERS intensity versus different
concentration of MCF-7 cells in the range of 5—500 cells/
mL (R* = 0.9935). The good linear relationship demonstrates
that the proposed SERS nanoparticles could be used to
quantitatively analyze the cancer cells, and the LOD is S cells/
mL, which is lowest compared to the reported values.'""* The
LOD is ~10 cells/mL for the SERS tags (i.e, Nanoplex
biotags) developed by Sha et al.'' and in the range of 5—50
ce1113s/mL for the SERS nanoparticles developed by Wang et
al.

The detection specificity of the AuNP—MBAS—rBSA2—FA3
nanoparticles for 10 MCF-7 cells in 2.0 mL of rabbit blood is
also verified. Figure 7 shows the SERS signals of 2.0 mL of
rabbit blood (~1.0 X 107 WBCs) without or with 10 MCF-7
cells incubated with AuNP—MBAS—rBSA2—FA3 or AuNP—
MBAS—1BSA2 nanoparticles. The SERS peak at 1076 cm™ is
obvious for 2.0 mL of rabbit blood with 10 MCEF-7 cells
incubated with AuNP—MBAS—rBSA2—FA3, but no corre-
sponding SERS peak is found for 2.0 mL of rabbit blood with
10 MCF-7 cells incubated with AuUNP—MBAS—rBSA2 or 2.0
mL of rabbit blood without MCF-7 cells incubated with
AuNP—MBAS—rBSA2—FA3. Therefore, we can conclude that
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Figure 6. Detection sensitivity of the AuNP—MBAS—rBSA2—FA3
nanoparticles for MCF-7 cells in the rabbit blood. (a and b) SERS
signals of 2.0 mL of rabbit blood (~1.0 X 10" WBCs) with S—5000
MCE-7 cells/mL incubated with AuNP—MBAS—rBSA2—FA3 nano-
particles. (c) Plot of the SERS intensity as a function of the
concentration of MCF-7 cells spiked into the rabbit blood.
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Figure 7. Detection specificity of the AuNP—MBAS—rBSA2—FA3
nanoparticles for MCF-7 cells in the rabbit blood. SERS signals of 2.0
mL of rabbit blood (~1.0 X 10" WBCs) without or with 10 MCF-7
cells incubated with AuNP—MBAS—rBSA2—FA3 or AuNP—MBAS—
rBSA2 nanoparticles.

AuNP—MBAS—rBSA2—FA3 nanoparticles are highly specific
for the detection of cancer cells in the rabbit blood.

The above results reinforce that our AuUNP—MBAS—rBSA2—
FA3 nanoparticles are improved SERS nanoparticles and could
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be applied to directly detect CTCs in the blood with excellent
specificity and high sensitivity.

The SERS technology may provide molecular character-
ization of CTCs at the single cell level because it is
ultrasensitive down to the single molecular level 5710

In this study, rabbit blood was used instead of human blood
for the following reasons: (1) The rabbit blood is more easily
obtained. (2) The detection effect should be similar because
several cancer cells (i.e., ovarian, brain, kidney, breast, lung,
cervical, and nasopharyngeal cancer cells) can overexpress the
FRa and noncancer cells in human blood and rabbit blood
cannot.>>** Although human monocytes and other noncancer
cells may express FRa slightly, its expressed amount should be
much lower than that of the above-mentioned cancer cells.*®
Therefore, the results obtained from the rabbit blood indicate
that our SERS nanoparticles could be used for the detection of
CTCs in the human blood. We will cooperate with some
hospitals to obtain the human blood in the next study.

4. CONCLUSIONS

In summary, we have developed new SERS nanoparticles for
the direct detection of CTCs in the blood with excellent
specificity and high sensitivity. AuNPs are encoded with a
Raman reporter molecule 4-MBA, functionalized with hydro-
philic polymer rBSA, and targeted by molecule FA to construct
AuNP—MBA—-rBSA—FA composite nanoparticles. According
to the stability and SERS intensity of the AuNP—MBA—rBSA—
FA nanoparticles, the concentrations of 4-MBA, rBSA, and FA
are optimized to be 125 uM, 5.0 ug/mL, and 28.5 pg/mlL,
respectively. The TEM and DLS results indicate that the well-
dispersed spherical AuNP—MBA—rBSA—FA has a very thin
rBSA protection layer, which is of great benefit to reducing its
weakening effect on the SERS intensity. Under the optimized
experimental conditions, our AuNP—MBA—rBSA—FA nano-
particles exhibit satisfying performances for the direct detection
of cancer cells in the rabbit blood. There is a good linear
relationship (R* = 0.9935) between the SERS intensity and the
concentration of cancer cells in the range of 5—500 cells/mL.
The strong linear relationship indicates that our AuNP—MBA—
rBSA—FA nanoparticles can be used for the quantitative
analysis of CTCs, and the LOD is 5 cells/mL, which is lowest
compared with the reported values. In addition, the AuNP—
MBAS—rBSA2—FA3 nanoparticles have an excellent specificity
for the detection of cancer cells in the rabbit blood.
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