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ABSTRACT: Conventional research on surface-enhanced Raman scattering (SERS)-based pH sensors often depends on
nanoparticle aggregation, whereas the variability in nanoparticle aggregation gives rise to poor repeatability in the SERS signal.
Herein, we fabricated a gold nanorod array platform via an efficient evaporative self-assembly method. The platform exhibits
great SERS sensitivity with an enhancement factor of 5.6 X 107 and maintains excellent recyclability and reproducibility with
relative standard deviation (RSD) values of less than 8%. On the basis of the platform, we developed a highly sensitive bovine
serum albumin (BSA)-coated 4-mercaptopyridine (4-MPy)-linked (BMP) SERS-based pH sensor to report pH ranging from pH
3.0 to pH 8.0. The intensity ratio variation of 1004 and 1096 cm ™" in 4-MPy showed excellent pH sensitivity, which decreased as
the surrounding pH increased. Furthermore, this BMP SERS-based pH sensor was employed to measure the pH value in
C57BL/6 mouse blood. We have demonstrated that the pH sensor has great advantages such as good stability, reliability, and
accuracy, which could be extended for the design of point-of-care devices.
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1. INTRODUCTION

As is well-known, pH sensing has significant application
prospects for bioenvironmental monitoring and biomedical
diagnostics. To date, many biosensors have been developed for
the pH probe, such as potentiometric pH sensors and
fluorescent pH sensors. The potentiometric pH sensor consists
of two types of glass microelectrodes, which suffer from high
impedance and fragility." The fabrication of fluorescent pH
sensors has intrigued interest for high sensitivity as well as for
the capability of convenient detection.”” However, the
fluorescent pH sensor depends on pH-sensitive materials and
luminescent probes. As compared to fluorophores, SERS
signals are able to resist photobleaching and quenching, display
narrower spectral peaks, and be excited with a wide range of
wavelengths.* As unique fingerprint spectra, SERS can provide
highly resolved vibrational spectroscopic information of
analytes even at a femtomolar level, which is extensively used
in the biomedical field.”
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Typically, a SERS-based pH sensor consists of SERS scaffold
and some type of Raman-active pH-probe molecule,® which is
responsive to pH changes.” In general, some weak acids could
serve as the pH-probe molecule: 3,5-dimercaptobenzoic acid
(DMBA),° 4-mercaptobenzoic acid (MBA),® 4-mercaptopyr-
idine (4-MPy),” aminothiophenol (ATP)," and so on. In past
decades, SERS-based pH sensors have been introduced for
imaging pH distribution and tracing drug release in living cells.
Huser and coworkers exhibited that DMBA bound to gold
nanoparticles could report pH distribution in living cells.’
Anker and coworkers demonstrated that silica-encapsulated
MBA-linked silver nanoparticles could monitor the pH changes
during endocytosis of J774A.1 macrophage cells.'" Rector and
coworkers fabricated Au@Ag nanoparticles labeled with the pH
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probe 4-MPy for SERS-based pH mapping in rat basophil
leukemia cells.'”” To date, the limitation to SERS-based pH
sensing is that the aggregation of nanoparticles will cause
nonuniformity of the SERS signal, which is not amenable to the
reliability of the sensors. One strategy against nanoparticle
aggregation is to fabricate a highly uniform and reproducible
SERS-active platform, in which many developments have been
achieved. For instance, nanopillar arrays prepared by laser-
assisted nanoreplication exhibited high SERS sensitivity."
Ordered Ag/SiNW arrays fabricated by nanosphere lithography
and sputter deposition showed excellent reproducibility with a
RSD of 7—16%."* Poly(vinyl alcohol) nanofibers decorated
with Ag aggregates via electrospinning displayed superiority of
enhancement ability."> All above arrays are restricted by their
high cost, complicated steps, and low throughput.'® Controlled
evaporative self-assembly is a promising approach for tackling
the issues, by which we could fabricate a highly uniform,
reproducible, and cost-effective SERS-active platform.'” Among
diverse nanoparticle building blocks, gold nanorods have
received increasing attention because of the fact that they
exhibit anisotropic optical properties and tunable surface
plasmon resonances (SPR).'® The characters could offer
some significant benefits toward gold nanorod arrays, such as
collective plasmon resonances,"” strong nanoantenna effect,”
and homogeneous “hot spot” surface.

Herein, a novel bovine serum albumin (BSA)-coated 4-MPy-
linked (BMP) SERS-based pH sensor was developed for
reliable pH detection, involving a uniform gold nanorod array
platform, Raman-active pH-probe molecule, and a protect
protein. The schematic diagram of the preparation process
employed is given in Figure 1. We focused on the SERS
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Figure 1. Schematic illustration of the procedure for the preparation of
the BMP SERS-based pH sensor. A drop of gold nanorod suspension
on the silicon wafer was kept stationary at room temperature at a
humidity of 85 + 5% for up to 72 h to evaporate the water to obtain
vertically aligned gold-nanorod arrays. Then, the gold nanorod array
platform was functionalized with 4-MPy and BSA aqueous solution in
sequence to obtain the BMP SERS-based pH sensor.

sensitivity, reproducibility, and recyclability of the gold nanorod
array platform. Moreover, the pH buffer and pH meter were
introduced to investigate the reliability and accuracy,
respectively. Finally, we utilized the SERS-based pH sensor to
determine the pH level in C567/B6 mouse blood. We also
believe that the SERS-based pH sensor could provide a new

strategy for the design of point-of-care devices.

2. EXPERIMENTAL SECTION

2.1. Materials. Hydrogen tetrachloroauric acid (HAuCl,-3H,0,
99.9%), cetyltrimethylammonium bromide (CTAB, 99%), sodium
borohydride (NaBH,), r-ascorbic acid (AA), and silver nitrate salt
(AgNO;, 99.97%) were all purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Hydrochloric acid (HCI) was
purchased from Zhongshi Chemical Co., Ltd (Shanghai, China). Citric
acid, disodium hydrogen phosphate (Na,HPO,-12H,0), sodium
hydroxide (NaOH), 4-MPy, BSA, rhodamine 6G (R6G), and pH
buffer solutions (pH 3.0—8.0) were purchased from Aladdin Bio-
Chem Technology Co., Ltd (Shanghai, China). The reagents
mentioned above were used as received without any treatment. Citric
acid phosphate buffer solutions (PBSs) at different pH values were
obtained via mixing 0.1 M citric acid and 0.2 M disodium hydrogen
phosphate in appropriate ratios.” The water employed in the study was
deionized (resistivity > 18 MQ).

2.2. Experiment Animals. Groups of C57BL/6 mice (female, 7—
10 weeks, 18—20 g) were obtained from the animal house at Binzhou
Medical University. The animals were kept individually at a
temperature of 27 + 2 °C and a humidity of 70—80% and were
subjected to a 12 h light/dark cycle for 48 h before use. All of the
procedures involving C57BL/6 mice were approved by the Institu-
tional Animal Use and Care Committee of Binzhou Medical
University.

2.3. Fabrication of the Gold Nanorod Array Platform. The
gold nanorods were synthesized via the previously described seed-
mediated method in CTAB solutions in the presence of AgNO;.*"**
First, the seed was obtained by reduction of HAuCl, with sodium
borohydride. Next, the aged seed solution was subjected to growth
solution, involving CTAB, HAuCl,, AgNO;, AA, and an appropriate
concentration of HCI. Within 4 h, gold nanorods with an absorption
maximum in the visible region were generated after seed addition. The
“as-synthesized” gold nanorods were purified by two washing cycles
(8000 rpm, 30 min) as colloidal suspensions. The concentration of
colloidal suspensions was adjusted to 15.0 nM, referring to the optical
density at 750 nm.”> A simple evaporative self-assembly approach was
utilized to prepare the gold nanorod array on silicon wafers, which
were cleaned with deionized water, acetone, and ethanol in order. As
shown in Figure 1, a drop of the colloidal suspensions (15.0 nM, 4.0
uL) mentioned above was drop-casted on a silicon wafer, which was
allowed to dry under standardized environmental conditions (25 °C;
85 + 5% humidity; 72 h).>* In order to remove the CTAB layer on the
obtained slide, pure ethanol was employed to rinse the slide for S
min,** and the vertically aligned gold nanorod array platform formed.

2.4. Preparation of the BMP SERS-Based pH Sensor and
SERS Measurement. Figure 1 presents the approach for preparing
the BMP SERS-based pH sensor. First, the gold nanorod array
platform was functionalized with 4-MPy by immersing it in 0.05 mM
4-MPy for 1 h to obtain the 4-MPy-linked (MP) SERS-based pH
sensor. Then, the MP SERS-based pH sensor mentioned above was
immersed into 2% BSA aqueous solution for 1 h to obtain the BMP
SERS-based pH sensor. During SERS spectra detection, R6G at
different concentrations ranging from 10™* to 107 M was absorbed
onto the gold nanorod array platform. Afterward, SO random spots
from five SERS substrates were scanned to evaluate the reproducibility
of the proposed platform. Finally, for describing the recyclability, the
utilized gold nanorod array platforms were subjected to rinsing for 5 s
and drying under a N, atmosphere at room temperature.”> The pH-
dependent SERS experiments were implemented by placing 10 uL of
citric acid PBS at different pH values on the prepared pH sensor. The
reliability and accuracy of the BMP SERS-based pH sensor was
confirmed by pH buffer and pH meter, respectively. Blood samples
were collected from C57BL/6 mice, which took the place of citric acid
PBS for pH analysis.

2.5. Instrument. The as-synthesized gold nanorods were diluted
for SPR detection, which was acquired with a Shimadzu UV2600 UV—
vis—NIR spectrometer. Transmission electron microscopy (TEM)
images were determined by JEM-1011 TEM operated at 100 kV. The
gold nanorod solution was washed with water twice before dropping
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onto the copper grids. Scanning electron microscopy (SEM) images
were collected with a Zeiss Ultra Plus SEM at an accelerating voltage
of 15 kV. SERS measurements were performed using a DXR Raman
microscope (Thermo Scientific) with a laser wavelength at 785 nm. All
spectra were obtained under the same conditions, in which the power
of laser was kept at 1 mW and the exposure time was S s.

3. RESULTS AND DISCUSSION

3.1. Tuning the Longitudinal SPR Peak of the Gold
Nanorods. Among gold nanoparticles, gold nanorods have
attracted special attention because of their tunable shape-
dependent optical characteristics. Gold nanorods have two SPR
bands: one is a weak transverse SPR band in the visible region
and the other is a strong longitudinal SPR (LSPR) band in the
longer wavelength region.”® The control of the plasmon peak
location was assessed by altering the concentration of HCI,
which can effectively retard gold nanorod growth, leading to
symmetric, long gold nanorods with a high aspect ratio (AR;
the length-to-diameter ratio). In Figure 2A, we tuned the
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Figure 2. (A) UV—vis—NIR absorption spectra of the synthesized
gold nanorods at different concentrations of HCI ranging from 0.2 to
1.6 mM. (B) TEM image of AR 4.4 + 0.7 gold nanorods. (C,D)
Corresponding average length and AR of gold nanorods synthesized
under different amounts of HCI. Each data point is presented as mean
+ SD.

distinctive LSPR bands from 690 to 812 nm and expected gold
nanorod to efficiently harvest lights, enhance electric field, and
produce a strong SERS signal at a laser line of 785 nm. In
Figure 2B, TEM observations on AR 4.4 + 0.7 gold nanorods
showed good uniformity, with a length of 65 + 4 nm and LSPR
at 785 nm. In Figure 2C,D, as the concentration of HCI
increased from 0.2 to 0.4, 0.8, 1.0, 1.2, and 1.6 mM, the
corresponding average length changed from 49 + S to 94 + 6
nm (Figure S1) and the ARs ranged from 4.1 + 0.7 to 7.6 + 1.0
(Table S1). The result is consistent with previous studies.”’
3.2. Fabrication of the Gold Nanorod Array Platform.
Figure 1 exhibited the process for the self-assembly of gold
nanorods, in which a 4.0 L gold nanorod suspension was
dripped onto a silicon wafer and kept stationary in a high-
humidity environment. Such an environment allowed the gold
nanorod suspension to evaporate slowly and created enough
time to assemble gold nanorods into a vertically aligned gold

nanorod array platform, as shown in Figure 3A,B. As the
assemblies of nanoparticles are irradiated at the wavelength
coupling with the plasmon resonance of the elementary
nanoparticles, the junction regions among the adjacent
nanoparticles serve as hot spots, and the local electromagnetic
fields in the assemblies are dramatically enhanced.>***” In this
study, the interaction between the exciting line of 785 nm with
AR 4.4 + 0.7 gold nanorod conduction band electrons with the
LSPR of 785 nm could lead to the strongest electromagnetic
near fields, which enabled highly sensitive SERS detection.’® To
examine the sensitivity of gold nanorod arrays, R6G was
selected as the label molecule with a series concentration from
10* to 10~° M. As shown in Figure 3C, all of the quintessential
vibrational modes—including 612, 774, 1362, 1512, and 1651
cm™~'—were observed in agreement with the previous report
(Table $2).>'~** The detection limit for R6G deposited on the
gold nanorod array platform was up to 10~ M. On this basis,
the enhancement factor (EF) values were further calculated to
be ~5.6 X 107 (Figure $2).** To evaluate whether the platform
features excellent special reproducibility under low concen-
trations of the analyte, in Figure 3D, we collected Raman
waterfall plots of R6G with a concentration of 1 X 1077 M from
the randomly selected positions on the platform. The RSD
values were estimated via the previously reported ap-
proach.**™** In Figure 3E, the RSD values of signal intensity
of R6G at 612, 773, 1362, 1512, and 1651 cm ™! were calculated
to be less than 8%, implying an excellent reproducibility (Table
S3). The recyclability property of SERS-active substrates is of
crucial importance for the real application. As shown in Figure
3F, the Raman spectra of R6G during the recycle process were
measured over times, in which R6G could be completely
removed via the rinsing process (Figure S4). Furthermore, the
SERS intensity at 1512 cm™" for R6G decreased by less than
10% over three cycles, revealing that the gold nanorod array
platform is a feasible recyclable SERS substrate.

3.3. Fabrication of the BMP SERS-Based pH Sensor. As
shown in Figure 1, on the basis of the gold nanorod array
platform, 4-MPy was utilized to functionalize the solid surface
to gain an MP SERS-based pH sensor. Then, BSA was
anchored onto the MP SERS-based pH sensor to obtain the
BMP SERS-based pH sensor. 4-MPy serves as a pH-probe
molecule, which efficiently binds onto the Au surface via Au—S
bonds. BSA is chosen as a protective layer, in which disulfide
bonds are capable of recognizing the Au surface to form Au—S
bonds. The SERS spectra of the MP and BMP SERS-based pH
sensors in the citric acid PBS of various pH values ranging
from pH 3.0 to 8.0 were shown in Figure 4A,B. The vibrational
modes were distinctly visible at ~1004, 1061, 1096, 1208, and
1607 cm™" (Table 1). All spectra were normalized against the
ring breathing vibration at ~1004 cm™. No peak position
difference between the two pH sensors mentioned above could
be seen, indicating that BSA may not have an impact on the
SERS spectra of 4-MPy. Figure 4C showed the zoom-in spectra
ranging from 900 to 1200 cm™ of the BMP SERS-based pH
sensor at different pH values, in which the signal strength of the
ring breathing vibration at ~1004 cm™ performed in inverse
proportion to the C—S band at 1096 cm™" as a function of pH.
In Figure 4D, the intensity ratio variation between 1004 and
1096 cm™' gradually decreased while the pH value of PBS
increased. Herein, we utilized the ratio between the 1004 and
1096 cm™' bands to monitor the pH response. The possible
model for the resonance structure of 4-MPy could be
introduced to account for the remarkable changes in the
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Figure 3. (A,B) SEM images of vertically aligned gold nanorod arrays obtained from drying a gold nanorod suspension on the silicon wafer at
different magnifications. (C) SERS spectra of different concentrations of R6G obtained from the gold nanorod array platform. (D) The waterfall plot
of SERS spectra (randomly selected areas; the integration time was 2 s). (E) RSD of different predominate peaks conveying both intensity and
reproducibility of the 50 random points. (F) SERS responses (Raman peak centered at 1512 cm™") of the gold nanorod array platform with R6G and

after washing.

Raman spectra. As demonstrated, there are four possibilities for
the formation of 4-MPy onto the gold surface, namely, the
adsorption through Au—S bonds or lone pair electrons of
sulfur,” which are responsible for the characteristic changes of
the protonation and deprotonation in 4-MPy (Figure SS). At a
low pH value, it tends to form 4-MPyH", involving mainly one
positive charge on a nitrogen atom and aromaticity of the
pyridin ring (1004 cm™"). At a high pH value, it tends to form
4-MPy, including mainly lone pair electrons of nitrogen and
C=S bond (1096 cm™).*" This further illustrated that the
signal strength of the ring breathing vibration at ~1004 cm™
decreased, whereas the signal strength of the C—S band at 1096
cm™! increased along with the pH level increasing. In Figure
4E, we could see that the intensity ratio between the 1004 and
1096 cm™ bands in the BMP SERS-based pH sensor was lower
than that in the MP SERS-based pH sensor. The potential
mechanism is that the Au—S bonds with the protein (via the 35
Cys residues in BSA) are able to impart good steric
protection,*’ which decreases the ring breathing vibration at
1004 cm™.

3.4. Characterization of the BMP SERS-Based pH
Sensor. In practical applications, increasing attentions have
been paid to the reproducibility and stability of the pH sensor.
Figure SA exhibited the SERS spectra of the BMP SERS-based
pH sensors from different batches as a function of pH.
Compared with the MP SERS-based pH sensors (Figure S6),
the BMP SERS-based pH sensors showed excellent reprodu-
cibility, with small deviations ranging from pH 3.0 to pH 8.0. In
addition, MP SERS-based pH sensors from different batches
showed no regular responses. Figure 5B exhibited no obvious
change when the temperature ranged from 4 to 37 °C,
illustrating that the BMP SERS-based pH sensors possess good
temperature stability. Figure SC showed the SERS spectra of
the BMP SERS-based pH sensor response to PBS at pH 3.0, in
which the black curve was derived from a freshly prepared pH

15384

sensor and the red curve was derived from a pH sensor
preserved for 7 days. Figure SD showed the pH calibration
curve before and after preservation. There was no obvious
change in peak position and intensity, indicating that the pH
sensor exhibited good stability. More slight variations
mentioned above may be a result of the BSA acting as a
protective molecule and the gold nanorod array platform acting
as a uniform SERS substrate. This indicates that the BMP
SERS-based pH sensors can serve as a good pH sensor for the
investigation of physiological activities.

3.5. pH Responses Based on the BMP SERS-Based pH
Sensor. To evaluate the accuracy of the pH sensor, a series of
pH buffer solutions from pH 3.0 to pH 8.0 were drop-casted
onto the BMP SERS-based pH sensor. In Figure 6A, the Raman
shift range contained clearly all distinct spectra (Table 1).
Figure 6B exhibited that the trend of the intensity ratio between
1004 and 1096 cm™' is consistent with that pH calibration
curve of the BMP SERS-based pH sensor mentioned above.

Meanwhile, in Figure 6C, the triangle was the pH meter
response to pH buffer from pH 3.0 to pH 8.0 and the circle was
the response of the BMP SERS-based pH sensor, illustrating
that the pH sensor possessed good accuracy. To demonstrate
the potential application of our sensor in biological environ-
ment, the BMP SERS-based pH sensor was employed to
determine the pH value in C57BL/6 mouse blood. The normal
Raman spectrum of blood was used as the control, and no
obvious peaks were observed (Figure S7). In Figure 6A, we
were able to achieve the intensity ratio between 1004 and 1096
em™ of 1.29 + 0.002, which was converted into ~pH 7.45, as
shown in Figure 6D. This study confirms that the SERS-based
pH sensor with the great sensitivity, reliability, and accuracy is
promising to serve as the design of point-of-care devices.
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spectra in the spectral range of 900—1200 cm™ of the BMP SERS-
based pH sensor. (D) Intensity ratio variation of six pairs (1004 cm™'/
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Table 1. Assignment of the Raman Bands in the Spectra of 4-
MPy in Figure 4A°

Raman shift (cm™)

experiment literature assignment
1004 1012 ring breathing
1096 1093 X-sensitive/C—S
1198 1208 C—H in-plane bend
1607 1607 ring stretch

4. CONCLUSIONS

In summary, we have successfully fabricated a novel BMP
SERS-based pH sensor, involving a 4-MPy and BSA
subsequently functionalized gold nanorod array platform. The
BMP SERS-based pH sensor possesses great sensitivity,
reliability, and accuracy, which may be a result of the BSA
acting as a protective molecule and the gold nanorod array
platform acting as a uniform SERS substrate. The gold nanorod
array platforms have revealed excellent SERS sensitivity, with
EF values of up to 5.6 X 10". Meanwhile, the gold nanorod
array platforms have shown high recyclability and reproduci-
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presented as mean + SD.
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Figure 6. (A) SERS spectra of the BMP SERS-based pH sensor placed
in a series of pH buffer solutions ranging from pH 3.0 to pH 8.0 and
mouse blood. (B) Intensity ratio of 1004—1096 cm™! obtained from
the standard pH buffer solutions. (C) Standard pH buffer solutions are
measured with the BMP SERS-based pH sensor and a pH meter. (D)
Measured pH value of CS57BL/6 mouse blood from the response
curve.

bility with an RSD of less than 8%. We also have successfully
demonstrated pH sensing in C57BL/6 mouse blood. This is
one of the few studies to fabricate the pH sensor based on a
planar substrate, which helps to overcome the limitation of
nanoparticle aggregation. Furthermore, this study may lead to a
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sensitive biochip platform for the design of point-of-care
devices.
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