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ABSTRACT: Very recently, one-dimensional nanowire
(NW) sensors have attracted great attention as smart optical
endoscopes to probe and manipulate intracellular biological
processes. However, NWs often have limited optical response
to the intracellular environment changes. In this work, a near-
infrared nanowire optical endoscope for high-resolution
intracellular pH detection was developed by integrating the
advantages of silicon nanowires and surface-enhanced Raman
spectroscopy (SERS). This optical endoscope has a high-
resolution, sensitive response to local pH changes over the
wide range of pH 4.0−9.0, an important range for most
biological processes in cells, with high reproducibility, good reversibility, and at least one-week stability in an aqueous
environment. The results indicate the great potential of a single SiNW SERS endoscope for intracellular pH monitoring.
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■ INTRODUCTION

One-dimensional (1D) nanomaterials can feasibly penetrate
into living cells with minimum perturbation and enable direct
physical access to the cell interiors. This ability has given rise to
considerable applications, such as endoscopes to probe and
manipulate biological processes in living cells.1−3 Silicon
nanowires (SiNWs) are some of the most favorable nanosensor
materials for probing intracellular or intercellular environments
because of their good biocompatibility, mechanical flexibility,
and stability.4−8 Moreover, SiNWs have high surface-to-volume
ratio and one-dimensional nanoscale morphology that are
favorable for quick diffusion of analyte molecules into and out
of the nanosensor. Thus, they then can increase the reaction
rate and consequently lead to a higher sensitivity with faster
response and recovery time. Importantly, SiNWs can be
integrated with the integrated circuit and optical fiber by using
the conventional lithography technique with low cost and great
miniaturization potential. SiNW sensors can be fabricated based
on their electric and optical properties, respectively.9,10 The
electric properties based field-effect-transistor (FET) sensor has
potential advantages in terms of fabrication with well-
established microelectronic techniques, while the optical
sensors have the advantage of direct physical access to the
small detection space such as the cell’s interiors and providing
spectroscopic fingerprinting information.11 Furthermore, vibra-
tional information from the molecule’s spectrum could provide
insights into a wide range of chemical and biological processes,
which is of great interest in the application of SiNW sensors as
puncture sensors. However, SiNWs have limited optical

response to changes in the intracellular environment. This
requires the use of suitable information-reporter molecules to
make SiNWs efficiently respond and transmit data on the
changes occurring inside the cells. So far, fluorescence
techniques are well established and have been used to detect
a wide range of molecules (e.g., DNA and CO2) and pH
values.12 Nevertheless, fluorescent molecules are often excited
and emit light in the visible region (400−700 nm). Thus, the
input and output of optical information is significantly
attenuated due to multiple scattering caused by cell walls and
the strong absorption of hemoglobin (blood) and water.13

Surface-enhanced Raman spectroscopy (SERS), an alter-
native approach to fluorescence, can efficiently overcome the
above-mentioned challenges. The excitation wavelengths can be
in the red and near-infrared (NIR) regions of the spectrum,
which is known as a “clear window” for optical imaging and
sensing in living systems.14,15 Within this window, the input
and output of optical signals can readily pass through cells and
tissues, and autofluorescence is also minimized. SERS can
provide rich molecular information and be incorporated into
fiber-optic systems.16 To date, a large number of biological
applications of SERS in living systems have been reported. For
example, Qian et al.17 utilized SERS-active gold nanoparticles
(NPs) for in vivo tumor targeting and detection. Pallaoro et
al.18 developed silver NP (AgNP) clusters as SERS probes for
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mapping intracellular environments. However, most of these
reports are based on randomly aggregated colloidal NPs that
often lead to large variations in the measured SERS
signals.19−21 Local changes cannot be monitored precisely
with such mobile NPs. Therefore, integrating the advantages of
both SiNWs and SERS is expected to lead to the development
of a highly efficient optical endoscope for intracellular
detection.22,23

In this article, we demonstrate a NIR SiNW-based SERS
endoscope for intracellular pH detection with high resolution.
The endoscope is fabricated by first depositing uniform,
densely packed AgNPs on SiNW (AgNPs@SiNW) and
subsequently functionalizing them with pH-sensitive p-
mercaptobenzoic acid (pMBA) molecules.18−21 This endo-
scope has a high-resolution, sensitive response to local pH
changes over the wide range of pH 4.0−9.0, an important range
for most biological processes in cells.24 The endoscope also
exhibits high reproducibility, good reversibility, and at least
one-week stability in an aqueous environment. The results
indicate that the single AgNPs@SiNW SERS endoscope has
great potential for investigating intracellular biological
processes.

■ EXPERIMENT SECTION
SiNWs were first synthesized via a typical vapor−liquid−solid process
using Sn as catalyst.25 AgNPs with well-controlled sizes were uniformly
deposited on the SiNW surface in the presence of a surfactant
following a method recently reported by our laboratory.26 The details
of the experiments are shown in the Supporting Information, S1.
Figures 1a and 1b display the transmission electron microscopy

(TEM) images of the as-prepared sample. Uniform, densely packed
AgNPs with diameters ranging from 20 to 30 nm were clearly loaded
onto the SiNWs (diameter = 200 nm). The high-resolution TEM
image (Figure 1c) shows that the well-defined AgNP structures were
immobilized on the SiNW surface. The prepared samples exhibited
prominent stability; i.e., the AgNPs did not separate from the SiNWs
even after storage or ultrasonication.

To test the Raman enhancement for pMBA, the AgNPs@SiNW was
exposed to an aqueous solution of pMBA (1 × 10−5 M) for one hour
to ensure full surface coverage and avoid complications due to
nonspecific surface adsorption (Supporting Information, S2). Before
the Raman measurements, the sample was thoroughly rinsed with
deionized water. As shown in Figure 1d, highly enhanced Raman peaks
can be observed from the pMBA adsorbed on AgNPs@SiNW under
irradiation with a 633 or 785 nm laser, whereas no visible Raman peak
of pMBA can be observed on a pure SiNW. This high enhancing
ability mainly arises from the unique morphology of the densely
packed AgNPs with well-controlled particle sizes and small
interparticle distances (less than 10 nm). The prominent features at
1077 and 1590 cm−1 in the Raman spectra were attributed to the ring
breathing modes of pMBA. The other two weak but pH-sensitive
Raman bands near 1395 and 1700 cm−1 indicated the presence of
dissociated (COO−) and neutral (CO) carboxylic groups,
respectively.18,21 Hence, SiNWs after decoration with AgNPs are
highly sensitive, stable, and efficient for SERS endoscope at red and
NIR excitations.

■ RESULTS AND DISCUSSION
Figure 1e shows the optical absorption of AgNPs@SiNW and
the emission spectra (SERS) of the functional molecule-
modified AgNPs@SiNW (633 nm excitation). Notably, the
NW-based SERS endoscope offered richer spectroscopic
information and produced emission peaks that were much
narrower than those of fluorescence molecules or quantum
dots.11,17,18

The high-resolution measurement of localized intracellular
pH changes was performed with a single AgNPs@SiNW fixed
on the tip of a 10 μm glass pipet. Limited by the difficulty of pH
modulation in living cells, the intracellular pH measurement
was simulated by penetrating the NW endoscope into a
microdroplet (about 1−2 μL in volume) of phosphate-buffered
saline with different pH values (Figure 2a). A Ttong F-50
portable pH meter was used to adjust the pH of the buffer to an

Figure 1. (a), (b), and (c) TEM and HR-TEM images of as-prepared
AgNPs@SiNW. The scale bars are 200, 100, and 5 nm, respectively.
(d) SERS spectra of pMBA adsorbed on a single AgNPs@SiNW and
pure SiNW. (e) Optical absorption (red curves) of AgNPs@SiNW and
emission spectra of SERS AgNPs@SiNW (black curves).

Figure 2. (a) Illustration of the stimulative intracellular pH
measurement with our SiNW-based endoscope fixed on the tip of a
pulled glass pipet. (b) pH-dependent SERS spectra of pMBA
functionalized single AgNPs@SiNW. All spectra are normalized by
the intensity of 1590 cm−1. The inset is the peak position shift of
COO− mode under pH modulation. (c) pH calibration curve of the
signal intensity ratio of the streching mode of the COO− groups and
the ring breaching mode as a function of pH. The fit curve is a guide to
the eye.
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accuracy of 0.01 pH units. The Raman spectra were collected
on a single NW with 785 nm excitation. Between measure-
ments, the NW sensor was rinsed thoroughly with deionized
water. It should be noted that inserting SiNWs into living cells
has been widely studied previously.1−3 Moreover, the feasibility
of this simulation detection method had been proved by Yan et
al. in their simulated intracellular pH measurement.11

Figure 2b reveals the high-sensitivity SERS spectra of the
NW response as a function of pH ranging from 4.0 to 9.0. With
increasing pH of the solution, the intensity of the mode of
COO− significantly increased. This finding can be attributed to
the increased number of dissociated carboxyl groups.
Correspondingly, the intensity of the mode of CO decreased.
The peak position of the COO− mode shifted from 1395 to
1423 cm−1 with increasing pH beyond 7.0. This peak position
shift may arise from the changes in the interaction between the
AgNP surface and COO− groups.21 In acidic environments,
carboxylic groups become nearly neutral and slightly hydro-
phobic and thus condense on the AgNP surface.27 The
dissociation of carboxylic groups is weak under such conditions
but still occurs because of the reduction of the pKa of pMBA
when it is covalently attached to a metal surface.28

Consequently, a few COO− groups are produced and trapped
on AgNP surfaces by hydrophobic carboxylic groups, inducing
the appearance of a broad band at 1390 cm−1.21 However, in
alkaline environments, most carboxylic groups appear as free-
standing COO− formed on AgNPs due to their hydrophilicity,
thus presenting a narrower and higher wavenumber band at
1423 cm−1.21

To clarify the performance of the sensor, the SiNW-based
SERS endoscope was used to detect the pH value of the cell-
culture medium: Hyclone DMEM (high glucose), with L-
glutamine, without sodium pyruvate (contains 10% fetal bovine
serum). The pH value (8.34) of the cell-culture medium was
first measured by A Ttong F-50 portable pH meter and then by
the SiNW sensor. The signal intensity ratio of the stretching
mode of the COO− groups and the unchanged aromatic ring
breaching mode (1590 cm−1) was 0.145. The result is in
accordance with the pH of phosphate-buffered saline solution.
Therefore, it is proposed that the proteins and cell
contaminants may have an ignorable affect on the performance
of the SiNW SERS sensor.
The signal intensity ratio of the stretching mode of the

COO− groups and the unchanged aromatic ring breaching
mode (1590 cm−1) can be used as indicators to monitor the
environmental pH changes.18−20 Figure 2c shows the plot of
pH against this Raman intensity ratio. The error bars represent
the standard deviation of measurements with the same pH
value. The average percentage error was about 5.06%,
suggesting that a single AgNPs@SiNW was more precise and
reliable than colloidal AgNPs and Au nanostructures in local
pH-sensing applications.19,20 These highly reproducible and
reliable pH measurements can be attributed to the well-defined
and uniform AgNP structure on the SiNW surface. This unique
structure can generate abundant SERS-active sites with
consistent SERS responses.26 On the contrary, the random
AgNP aggregations with various morphologies that are
commonly used in traditional SERS measurements are very
likely to introduce large errors and low-efficiency SERS signals
due to their largely different hot sites.19,20

Apart from highly sensitive pH detection, the SiNW-based
endoscope also exhibits excellent repeatability and reversibility.
Figure 3a shows the Raman intensity ratios of the COO− group

and aromatic ring that are alternately measured in two solutions
with pH 4.0 and 9.0, respectively. It reveals a negligible signal
ratio drift and good photostability under illumination in five
cycles. The good repeatability is characterized by the low
relative standard deviation (RSD) values of 9.54% (pH 4.0) and
1.85% (pH 9.0). The relatively lower RSD in the alkaline
condition may be due to the unique property of pMBA
molecules that enables COO− groups to exhibit higher
sensitivity in alkaline solutions.29

From the viewpoint of practical application, the storage
stability of a pH sensor is also an important feature. Figure 3b
displays the SERS spectra obtained from freshly prepared
pMBA-AgNPs@SiNW and from that stored in deionized water
(pH 7.0) for about 7 days. Notably, there was no significant
change observed in both the Raman peak position and signal
intensity. Thus, the SiNW-based SERS endoscope can stably
work for at least one week in the aqueous phase. This
considerable stability can be attributed to the stable
morphology of SERS-active AgNPs during immersion in an
aqueous environment.26 This long-term stability is important in
the handling of the NW-based endoscope for practical
applications.

■ CONCLUSION
In summary, an optical endoscope comprising AgNP-modified
SiNWs was developed for high-resolution, reproducible intra-
cellular pH detection with NIR excitation using the SERS
technique. This NW endoscope can provide very rich
spectroscopic information and enables the high-resolution,
sensitive detection of pH changes close to the NW over a wide
range (pH 4.0−9.0). It also exhibits good reproducibility, good
reversibility, and long-term stability in an aqueous environment.
The results suggest that the SiNW-based SERS endoscope will

Figure 3. (a) Repeatable and reversible recording of the intensity
ratios of ICOO− and Iaromatic ring by alternate measurement in two
solutions with pH 4.0 and 9.0. (b) SERS spectra recorded from pMBA
functionalized AgNPs@SiNW before and after storage in DI water for
7 days.
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provide new opportunities for direct sensing in living cells and
studying biological mechanisms with rich molecular finger-
printing information.
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