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controlling the diameters of the AuNPs and the orifice in the
silica nanotubes (SNTs). The AuNPs were internalized and
SNT@AAO

self-assembled linearly inside the SNT's by capillary force using _ »

. . \ continuous repetl;u::/
a repeated wet—dry process on a rocking plate. Transmission on-a rocking platf
electron microscopy (TEM) images clearly indicated that
numerous nanogap junctions with sub-1-nm distances were formed among AuNPs inside SNTs. Finite-dimension time domain
(FDTD) calculations were performed to estimate the electric field enhancements. Polarization-dependent surface-enhanced
Raman scattering (SERS) spectra of bifunctional aromatic linker p-mercaptobenzoic acid (p-MBA)-coated AuNP-embedded
SNTs supported the linearly aligned nanogaps. We could demonstrate a silica wall-protected nanopeapod sensor with single
nanotube sensitivity. SNTPs have potential application to intracellular pH sensors after endocytosis in mammalian cells for
practical purposes. The TEM images indicated that the nanogaps were preserved inside the cellular constituents. SNTPs
exhibited superior quality SERS spectra in vivo due to well-sustained nanogap junctions inside the SNTs, when compared to
simply using AuNPs without any silica encapsulation. By using these SN'TPs, a robust intracellular optical pH sensor could be
developed with the advantage of the sustained nanogaps, due to silica wall-protection.

ABSTRACT: A subnanometer gap-separated linear chain gold  AuiPs | solvent ‘
. 1 evaporation
nanoparticle (AuNP) silica nanotube peapod (SNTP) was /() ,
fabricated by self-assembly. The geometrical configurations of [ Sssoiing
the AuNPs inside the SNTPs were managed in order to pose Weceer e
either a single-line or a double-line nanostructure by — 1 b Aﬁ::’u%msfurp
structure

Bl INTRODUCTION applications of the closely approached metal NPs, surface-
Ordered arrays of metal nanoparticles hold great promise for enhanced Raman scattering (SERS) has been newly born as a
many applications." The successful synthesis of a one- promising method by which to detect a trace amount of surface
dimensional hybrid nanosystem, known as a “peapod” offers a adsorbates in an extremely sensitive way.'”'? A spatial
promising opportunity to realize a wide variety of function- confinement of plasmonic NPs leads to the detection of a

alities.” Despite several reports®* on the encapsulation of metal
nanoparticles, there has been no report on self-aligned
subnanometer gap fabrication by controlling the single-line
and double-line configuration inside silica tubes.

Over the past several decades, nanogap-separated metal array

single molecule using SERS spectroscopy.'>'* Regular
assemblies of metal NPs are thus considered to be a useful
platform for SERS devices."> One of the major difficulties in the
practical application of SERS is the fabrication of subnanometer

has been a subject of great interest in plasmonic engineering.’ gaps in a controllable way.'®
Extremely strong electric fields can be formed in the gap

between the noble metal nanoparticles (NPs), when they are Received: October 29, 2013

brought closer together than a few nanometers.’”® Among the Published: February 11, 2014
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In the previous SERS reports'”'® on the intracellular pH

measurements, an individual metal NP (or aggregate) in the
diameter range of 20—120 nm were endocytosized in a
relatively freely diffusing condition without any spatial
confinement. The distances among each NP are bound to
change randomly via dynamic interactions with the cellular
components. In particular, in vivo SERS experiments, NPs may
be quickly either captured or cleared away via immune systems.
All these intracellular changes may hamper reliable SERS
measurement problematic by resulting in uncontrollable
interparticle distances. While there has been an approach
with improved molecular probes on NPs,'” a new design of
stable NP probe is highly desired. In this respect, controlled
encapsulation of subnanogap-separated NP SERS probes via
biocompatible materials will be highly beneficial to get more
reliable intracellular pH measurements.

Biocompatible silica nanotubes (SNTs) have been currently
utilized in spectral imaging.**' Because of their void structures,
SNTSs may be applied to a vehicle for either magnetic or metal
NP delivery system.”” There has yet been no report on the
subnanometer gap generation inside nanotubes for a SERS
application.

In this work, we fabricated subnanometer gaps by
encapsulating and closely packing para-mercaptobenzoic acid
(p-MBA)-coated gold nanoparticles (AuNPs) with a mean
diameter of ~55 nm inside SNTs with an orifice diameter of
~63 nm. Transmission electron microscopy (TEM) images
clearly indicated that numerous junctions with the distance of
subnanometer were formed among the AuNPs inside the
SNTs. SERS spectra of p-MBA-coated AuNPs embedded in
SNTs were found to change depending on the polarization
angles with the evidence of single nanowire SERS. Despite
several reports on the single nanowire SERS works,** there has
not yet been a report on the single nanopeapod by introducing
the analytes inside the nanotubes. Considering that dynamic
interactions with surrounding constituents may induce phase
transformations, energy exchange, and restructuring at the
nanomaterial surfaces, either unintended aggregation or
interparticle distance change in NPs may be avoided in our
peapod system by encapsulating the nanogap-separated metal
NPs inside silica tubes. Using these closely packed AuNP-
embedded SNTs, we could develop a highly sensitive and well-
protected single nanopeapod SERS sensor. The location of the
AuNPs was controlled to be localized and closely packed inside
the SNTs. These SNTPs can be utilized in advanced
intracellular pH sensors.

B EXPERIMENTAL SECTION

Materials. N,N-Diisopropylethylamine (DIEA, Aldrich, 99.5%),
oleylamine (ACROS, 80—90%), gold(III) chloride hydrate (Aldrich,
99.999%), ammonium hydroxide (Daejung, 25—28%), tetraethyl
orthosilicate (TEOS, Aldrich, 98%), aluminum foils (Alfa Aesar,
99.99%), p-mercaptobenzoic acid (p-MBA, Aldrich, 90%), oxalic acid
(OCI company, 99.5%) and perchloric acid (70%, DC Chemical) were
used as supplied without further purification.

Preparation of the AAO Templates. Alumina template was
prepared according to the literature.”* Briefly, preannealed aluminum
foils (0.25 mm thick) were degreased in acetone for 1 h, and then
electropolished at S °C and 15 V for 6 min in the mixed solution of
perchloric acid and ethanol (volume ratio 1:5). The first anodization
was performed in a 0.3 M oxalic acid solution for 10—15 h at 10 °C
and 40 V, and then the resulting aluminum oxide layer was removed in
a solution of phosphoric acid (6 wt %) and chromic acid (1.5 wt %) at
60 °C. To obtain AAO templates with either 500-nm or 1.7-m pore
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length, the etched aluminum foil was anodized again for 7 and 20 min,
respectively. Finally, the pore diameters of the templates were
controlled by the pore-widening times in phosphoric acid solution
(S wt %) at 30 °C. The pore-widening times for the AAO templates
used to produce the SNTs with 63- and 74-nm orifice diameter were
29 and 32 min, respectively.

Preparation of SNTs. SNTs were prepared in the pores of the
AAO template using sol—gel method according to the literature.*®
Typically, the template was soaked in a mixed solution of 95% ethanol,
ammonium hydroxide, and TEOS (volume ratio 10:3:0.2) and allowed
to react with stirring at room temperature for 28 min. After washing
with ethanol several times, the template was cured in an oven at 120
°C for 15 min. The SNT-grown AAO template was then used to
fabricate peapod structure containing AuNPs inside SNTs.

Preparation of AUNPs. AuNPs coated with hydrophobic capping
agent was prepared according to the literature.”® Briefly, a mixed
solution of toluene and oleylamine (volume ratio 10:1) was refluxed
for 1 h. HAuCl, (70 mg) dissolved in toluene and oleylamine (volume
ratio 1: 1.2) was then injected to the above solution. The reaction
mixture was heated for 1.5 h, and Au growth reaction was quenched by
adding methanol. After collecting AuNPs by filtration, the samples
were washed with methanol and redispersed in toluene. To obtain
AuNPs of 35 and 55 nm diameter, the reaction cycles mentioned
above were repeated three times and five times, respectively.

Fabrication of SNT Peapod (SNTP) Structure with AuNPs
Inside. A piece of SNT-grown AAO template (SNT@AAO, 25 X 8
mm) was placed in a vacuum chamber on a rocking platform. To the
surface of the template, a solution of AuNPs in toluene (4 mg/mL)
was added dropwise until approximately a half of template’s surface
was covered with solution. Thereafter, the solvent was allowed to
evaporate under vacuum condition with shaking at 35 rpm for 10 min.
The SNT@AAO was then dried further in the oven at 40 °C and
sonicated in toluene for 10 min to remove surface bound AuNPs
rather than inserted in the pores of the SNTs. To obtain well-defined
SNT peapod (SNTP) structure with AuNPs inside, the process
mentioned above was repeated four times by a wet—dry process.
Single-line linear chain AuNP SNTPs were obtained when 55-nm
AuNP and SNT with 63 nm orifice diameter were used, whereas
double-line linear chain AuNP SNTPs were obtained when 35-nm
AuNP and SNT of 74 nm orifice diameter were used. For the control
experiment, fused AuNPs inside SNT were separately prepared by
calcining the AuNP-SNTPs at 350 °C for 3 h prior to p-MBA
attachment process.

Fabrication of p-MBA-Attached SNTPs. The surface of AuNPs
in SNTP was modified with p-MBA for SERS measurement by soaking
the template obtained above in a solution of 0.1 M p-MBA in ethanol
for 6 h. After drying in an oven at 40 °C, the template was cleaned by
sonication in ethanol to remove the unreacted p-MBA inside SNTs.
After silica layer on the surface of template was removed by
mechanical polishing with aluminum oxide powder, the AAO template
was dissolved in phosphoric acid (25 wt %) to obtain the free-standing
p-MBA-attached AuNP-SNTPs. After collecting the SNTs by filtration,
the final p-MBA-attached SNTP were washed with DI water several
times and stored in DI water for the further use. The numbers of 1.7
um length single- and double-line linear chain AuNP SNTPs were
measured to be 3.6 X 10" and 9.9 X 10'® mL™", respectively. The
number densities of 500 nm length SNTs and AuNPs are 8.8 X 10%/
mL and 1.3 X 10'°/mL, considering that approximately 15 AuNPs are
embedded inside each SNTP.

Physicochemical Characterization. The morphologies of SNTs
were checked using a FEI TECNAI G2 transmission electron
microscope (TEM). We checked the serum protein adsorption on
p-MBA-coated AuNPs using a thermoelectron 6700 Fourier-transform
infrared spectrometer with a nominal resolution of 4 cm™ and 256
scanning times.

Cell Culture. Human leukemia K562 cells (ATCC CCL 243) and
human lung carcinoma AS49 cells (ATCC CCL-185) were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS) from WelGene (Seoul, Korea) and antibiotics at 37 °C in a 5%
CO, atmosphere incubator.
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TEM Images of Cellular Uptake of SNTPs. The uptake of NPs
was examined using a JEOL 1010 TEM. Ultrathin sections for TEM
were prepared with a diamond knife to be analyzed.

Dark-Field Microscopy (DFM). Cellular uptake of NPs was also
monitored using dark-field microscopy with a Leica DL LM upright
microscope and a high-resolution Cytoviva (Auburn, USA) 150
adapter.

Surface-Enhanced Raman Scattering (SERS). By dropping the
solution to the SiO, surfaces, we can find a single nanopeapod. SERS
spectra were obtained using a Raman confocal system model 1000
microscope spectrometer (Renishaw) equipped with an integral
microscope (Leica DM LM) and polarizer at the excitation wavelength
of 632.8 nm.

In Vivo SERS Spectra. Six week old male CAnN.Cg-Foxnlnu/
CtljOri nude mice (Orient Bio, Inc,, Gyeonggi, Korea) were used for
in vivo SERS measurements. All animal experiments were performed in
compliance with the guidelines of the Institute of Laboratory Animal
Resources, Seoul National University (SNU-101221-1).

B RESULTS AND DISCUSSION

Figure 1 shows a schematic diagram for the preparation of
nanopeapod structure based on AuNPs and SNT's via solvent
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Figure 1. Synthetic scheme of either a single-line or a double-line
linear AuNP chain nanopeapod. Generation of well-preserved
subnanometer gaps among the closely packed AuNPs inside the
SNTPs by self-assembly.

evaporation assisted capillary force.”” To the surface of SNT-
grown AAO template, a solution of AuNPs dispersed in toluene
was added. The solvent was then allowed to be evaporated in
vacuo on a rocking platform. For SERS measurement, p-MBA
was assembled on the AuNPs in SNTP before dissolving the
AAO template. After dissolving the AAO template in
phosphoric acid, the free-standing SNTPs were collected by
filtration and stored in DI water for the further use.

Figure 2 shows TEM images of SNTP prepared from
different sets of AuNP and SNT combinations. SNTPs
consisting of well-defined single-line linear AuNPs inside
SNTs were obtained, when relatively larger AuNPs (~S$S
nm) and SNTs with narrower pore diameter (~63 nm) were
used (Figure 2a,b; Figures S1 and S2, Supporting Information).
In contrast, SNTPs with double-line AuNPs inside SNTs were
obtained by using smaller AuNPs (~35 nm) and wider SNTs
(~74 nm) (Figure 2c,d; Figures S3 and S4, Supporting
Information). This reveals that the geometry of nanopeapod
structure can also be controlled by the size of AuNPs and inner
diameter of SNTs used in the insertion experiment.

Judging from TEM images of SNTP (Figure 2b,d), it is
noticeable that the gap distances between AuNDPs are as short as
subnanometer range, where the strong Raman enhancements
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Figure 2. Representative TEM images of free-standing single-line (a,
b) and double-line (c, d) linear AuNP chain SNTP with a length of 1.7
pum. Magnified view where the distances between the AuNPs are
recorded as subnanometer gaps, some of which may generate hot spots
in the picture.
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are expected. As anticipated, the values obtained from TEM
measurement may not reflect the real gap distances because
these values can be varied when observing angle is not
perpendicular to the gap formed by AuNPs. Nonetheless, more
intense works on gap distance measurement carried with 50
different SNTPs revealed that nanogap junctions with a
distance of the subnanometer gaps were formed among
AuNPs inside SNTPs (Table S1, Supporting Information).
Our measurements could not exactly depict the three-
dimensional configurations of AuNPs inside SNTS. The
accuracy of the interparticle spacing between TEM measure-
ments would be 10—20%. The average numbers of AuNPs
inside a SNT were ~30 and ~90, for the 1.7 m long single-line
and double-line SNTPs, respectively (Table S2, Supporting
Information).

Figure 3 illustrates a plausible mechanism for controlled
AuNP close-packing in SNTs by solvent evaporation assisted
capillary forces.”” This plays a critical role in preparation of
well-defined peapod structure, creating continuous and
repeating wet—dry condition to the interface between the
inner wall of SNTs and AuNP solution. More detailed
mechanism for the formation of closely packed NPs in SNTs
is under investigation.

As shown in Figure 4, to predict the electromagnetic
enhancements from the nanogap junctions in SNTPs, we
performed FDTD calculations™ for single-line and double-line
SNTPs. Calculated near-field electromagnetic field distribution
of the AuNPs inside SNTs indicated strong electric field
enhancement. The light is incident along the direction
perpendicular to the long axis of silica tube. In our peapod
system, the light polarized at 0° would have favorable excitation
along with the nanotube long axis. For the polarization parallel
to the long axis of silica tube, the single-line AuNP chain
SNTPs exhibited up to a 3.0 X 10* enhancement of [(E?)I. If the
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Figure 3. A proposed mechanism for controlled AuNP close-packing
in SNTs by solvent evaporation assisted capillary forces.
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Figure 4. Finite dimension time domain (FDTD) calculations of (a)
single-line linear, (b) double-line linear, (c) double-line zigzag AuNP-
encapsulated SNTPs, and (d) a fused cylinder sample. The different
colors indicated the calculated near-field electromagnetic field
distribution (E*) of the AuNPs inside the SNTPs excited at 632.8
nm. The gap distances are assumed to be 0.9 nm. The E and k vectors
indicate the incident direction of laser light and the polarization,
respectively. The color bar represents the value of log(E/E,)™

polarization is perpendicular to the long axis of silica tube, the
enhancements are reduced to be only 21 times. For
comparison, double-line AuNP chain SNTPs showed the
maximum 2.8 X 10* enhancement. It has to be mentioned that
there are nanogap junctions perpendicular to the long axis of
silica tube for the double-line SNTPs. When the polarization is
at 45° with respect to the long axis of silica tube, the double
strand zigzag line and the cylindrical shape of AuNPs show the
maximum enhancements of 1.2 X 10* and 70, respectively. If
the polarization is perpendicular to the long axis of silica tube,
the enhancements are reduced to be only 15 and 60. If the
AuNPs are fused into a cylinder, only a 24 time enhancement is
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expected. The Au cylinder without any nanogaps exhibited only
a small enhancement in electric field.

To assess the performance of SN'TPs as a single nanopeapod
sensor by means of Raman spectroscopy, we obtained the
polarized response of single nanopeapod embedded with
linearly aligned AuNPs having nanometer gap distances.
AuNPs were closely packed with the bifunctional linker p-
MBA. The optical image of single-line SNTPs was illustrated
(Figure SS, Supporting Information) along with the exper-
imental setup (Figure S6, Supporting Information). The strong
SERS bands at 1080 and 1590 cm™' clearly indicated the p-
MBA peaks assembled on AuNPs (Figure S). As shown in
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Figure S. Single nanopeapod SERS spectra. (a) SERS spectra of p-
MBA of single-line linear AuNP chain SNTs and (b) its polar plots of
the SERS intensity, which could be fitted as a cosine-squared function.
The Raman band intensities at 1590 cm™" of p-MBA were measured as
a function of polarization angle. (c) SERS spectra of p-MBA of doubly
aligned SNTPs. (d) Polar plots of the SERS intensity of double-line
linear AuNP chain SNTP. Stronger SERS intensities for the double-
line SNTPs were presumably due to the larger orifice diameters of the
SNTs and the greater number of AuNPs than those of the single-line
SNTPs.

Figure Sa, we could observe the spectra change. The aromatic
ring and antisymmetric carboxylate band at 1080, 1590, and
1427 cm™" became significantly reduced at the perpendicular
polarization angles. The intensity at 0° was observed to be
larger than that at 90°. On the other hand, we could not
observe any polarization dependence for the doubly aligned
AuNP SNTPs as shown in Figure Sb. Please note that the
nanogaps are formed vertically for the parallel shape as well as
horizontally. This makes the polarization dependence vanish,
differently from the case of single-line AuNP chain SNTP.
Using the subnanometer gap-generated AuNP-embedded
SNTP, we could develop a reliable Raman sensor that is
separated from the outer environment by silica walls. Our
nanopeapod system can be potentially applied to develop
polarizer components in nanoscale sensors. The doublet SERS
peaks at 1570 cm™' along with 998 and 1020 cm™" can be
ascribed to the thiophenol peaks.'® A part of the p-MBA
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adsorbate may be decomposed to the thiophenol on metal
surfaces. The reason why we could not observe the thiophenol
peaks on the single line may be due to their weak signal-to-
noise ratios. In fact the double line intensities appeared to be 20
times stronger than those of the single line SNTPs. On the
other hand, we could observe the thiophenol peaks along with
the doublet peak at 1575 cm™}, even for the single-line SNTPs
inside cell (Figure S7, Supporting Information).

We attempted to apply our SNTPs for the practical purpose.
To demonstrate SNTP-based pH nanosensors working inside
cells, 500-nm SNTPs with double line AuNP array inside and
their control without hot spots were fabricated. For more
efficient cellular delivery, shorter lengths of SNTP were
fabricated with slightly different dimensions (Figure S8, Tables
S3 and S4, Supporting Information). Figure 6a shows the TEM
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Figure 6. (a) TEM image of a free-standing nanogap-fabricated AuNP-
embedded SNTP with a length of S00 nm. The nanogap fabrication is
indicated by the two arrows. The recorded distances between the
AuNPs showed that subnanometer gaps of ~0.9 nm were formed to
generate the subnanometer gaps shown in the image. (b) FDTD
calculations of electric field enhancements |(E?)| of the SNTPs. The
zigzag shape and double line identify the AuNP-encapsulated SNTPs.
The average AuNP diameter and the orifice diameter of SNTs are
measured to be ~36 and ~SS5 nm, respectively. (c) TEM image of
fused control. (d) SERS spectra of the SO0 nm SNTPs and fused
control.

image of a free-standing nanogap-separated AuNP-embedded
SNTP. The gap distances between AuNPs were measured to be
~0.9 nm. Figure 6b shows the FDTD calculations of the
electric field enhancements between the nanogaps.*®

As shown in Figure 6b, our FDTD calculations indicate
strong electromagnetic enhancements for the nanogaps of
AuNPs inside SNTP. As a control experiment, we fabricated
the fused control separately by calcining AuNP-SNTP at 350
°C. Figure 6¢c shows the TEM image of the fused control
containing linear cylinder type fused Au inside SNTs without
any nanogap. As we mentioned earlier, the presence of nanogap
in SNTP can be proved by enhancement of SERS signal of p-
MBA assembled on AuNP-SNTP. Figure 6d shows SERS
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spectra of nanogap-fabricated AuNP-SNTP and fused control.
As anticipated, the strong SERS bands at 1076 and 1590 cm™
were clearly detected in case of p-MBA attached AuNP-SNTP,
whereas no SERS peaks were observed for the controlled fused
particles. This indicates that the nanogaps observed and
assigned in TEM analysis are valid and in accordance with
the SERS measurements. The SERS intensities were greatly
enhanced for the AuNPs closely packed inside SNTP, whereas
the control sample did not exhibit any Raman enhancements.

For the thiol monolayer coverage, 0.216 nm’ for each
adsorbate occupied the surface area of a single AuNP with
radius R being 47R* (47 X 18.2* = 4.16 X 10° nm*). Assuming
that 1.92 X 10* p-MBA molecules can adsorb on each AuNP
surface, the concentration of p-MBA in SNTP is estimated to
be 2.5 X 10"*/mL ~ 0.40 uM. The enhancement factors may be
estimated as the following formula:

(enhancement factor) = (Iggre/Thur) X (Npur/Nsgrs)

By comparing the ordinary Raman intensity of p-MBA in 1 M
and assuming the number of p-MBA molecules in SNTP to be
0.40 uM, the enhancement factor can be estimated to be 3.1 X
10. This is not such a great enhancement as the organic dye,
but sufficient to observe the single nanopeapod sensitivity
under our experimental conditions.

Since AuNPs were internally well-stabilized to have
subnanometer gaps with a fixed distance inside SNTs, this
SNTP system was expected to produce a consistent SERS
signal. The SERS spectra of p-MBA-coated AuNPs embedded
in SNTPs were found to change, depending on pH values. After
the endocytosis of p-MBA-coated AuNP-embedded SNTPs in
mammalian cells, intracellular pH values could be examined in a
successful way. The H* ions are assumed to shuttle through
both the orifices and side walls of SNTs from the previous
report of the silica-etching using a strong acid.”

As shown in Figure 7, we could observe the spectra change.
At pH 5, the symmetric carboxylate band at ~1423 cm™
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Figure 7. (a) SERS spectra of the 500 nm SNTPs at different pH
values from 4 to 10. The arrow indicates the pH-sensitive carboxylate
symmetric stretching-related bands at 1140 and 1423 cm™ in the pH-
sensitive band region of 1100—1500 cm™". Please note that the band at
1180 cm™' did not change much, whereas the other band at 1423 cm™!
changed sensitively as marked with arrow. (b) pH calibration curves
for the four bands.

became significantly reduced. The weaker band at ~1140 cm™
also showed similar behavior. The relative intensities of the
carboxylate band at ~1423 cm™ with respect to one of the
strongest aromatic ring modes at ~1076 cm™' was plotted.
Besides the 1423 cm™' band (the symmetric carboxylate
stretching: ©(COO7)), the 1140 cm™ (mixed mode) also
decreased at low pH values. On the other hand, when the pH

dx.doi.org/10.1021/ja411034q | J. Am. Chem. Soc. 2014, 136, 3833—3841
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values became acidic, then the 1700 cm™ band (the carbonyl
stretching mode: ©(C=0)) increased in intensity due to the
protonation of the carboxylate group. These bands may be a
good indicator of a pH change from the neutral to the acidic
compartments. Considering that the endosomal and lysosomal
pH values are 5.5 and 4.5, respectively, we could judge the
intracellular localization of SNTP. As in the case of Figure 7a, at
pH S, the antisymmetric carboxylate band at ~1423 cm™'
became significantly reduced. Given the other SERS peaks
appeared to be analogous to the previous report.'”'® Gold
nanoaggregates attached to aromatic adsorbates enable
biocompatible pH probing, based on SERS signals for live
cell studies.”® One of the disadvantages of conventional
plasmonic biosensors is that metal NPs are bound to be
directly exposed to the biological milieu and severely interfered
by intracellular constituents, since NPs interacting with
proteins, membranes, cells, DNA, and organelles create NP/
biological interfaces that depend on colloidal forces and
dynamic chemical interactions.”’ These interactions are
known to lead to the formation of protein coronas, particle
wrapping, and biocatalytic processes resulting in unexpected
and irregular particle aggregations. Adsorbed biomolecules may
induce phase transformations, energy exchange, and restructur-
ing at the nanomaterial surface to change the interparticle
distances. Intracellular compartments and cell culture media
may contain interfering biomolecules including gold-binding
proteins. Under these circumstances, it is imperative to provide
a consistent and well-confined environment for AuNPs in order
to measure intracellular pH values.

Regarding the pH calibration curves, the change occurs in an
acidic region. Although the pKa value®® of p-MBA is estimated
to be 6.81 and the p-MBA molecules are expected to become
slightly basic in the cellular medium of neutral pH values of 7—
8, the value on the surface may be changed more in surface
states than in the solution state. Our SERS spectra indicated
that the weak bands at 1423 and 1140 cm ™" almost disappeared
at pH values below pH S. This suggests that the band analysis
using only ~1423 cm™' may be not very efficient at acidic pH
values. By using the carbonyl peak bands at ~1700 cm™"' which
became intensified under acidic conditions, better pH
estimation should be possible in combination with the
carboxylate stretching bands.

A pH nanosensor reporting enhanced intracellular SERS
after the endocytosis of p-MBA-coated AuNP-embedded SNT's
in mammalian cells would be one of the ideal bioapplications
which we could develop based on the SNTP. First we
attempted to find a pH sensor application by obtaining SERS
spectra of p-MBA at different pH values. To examine whether
SNTP can be utilized as a nanosensor, we obtained Raman
spectra. As shown in Figure 7, the strong SERS bands at 1076
and 1590 cm™" clearly indicated the pH-sensitive p-MBA peaks
from AuNPs.

We are currently working on the colocalization of DFM and
lysosomal overlaid images. After excluding the possibility of
SNTPs in lysosomes, where the pH values are quite acidic to be
4.5—3.5, the intracellular pH values could be better estimated in
the neutral or slightly alkaline region. In addition, we are
planning to use para-aminobenzenethiol®® and ortho-mercapto-
benzoic acid®* adsorbates on AuNPs, which may overcome the
weakness of the SERS peaks in acidic regions.

Our study indicated SNTPs were well internalized inside
mammalian cells, as shown in the TEM image of Figure 8a,b. It
is noteworthy that the nanogaps were preserved inside the cells.
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Figure 8. TEM images (a, b) of SNTPs in KS62 cells. The right
picture is a magnified view of the left one. The arrow indicates the
location of SNTPs. Nanogap distances appeared to be well sustained
inside the SNTPs. (¢, d) pH values based on the band intensities at
~1423 cm™' at the places pointed by the arrows in the dark-field
microscopy (DFM) images of K562 mammalian cells.

Moreover, SERS signals could be monitored to estimate the pH
values by using the maintained nanogap distances, after
endocytosis of the SNTP. To further examine the possibility
of an intracellular pH sensor, we performed a combined study
of dark-field microscopy and SERS after incubation of SNTPs
into mammalian cells as illustrated in Figure 8c,d.

As presented in Figure 8c, we could estimate the pH values
by observing the spectral difference at various positions of
intracellular compartments. In quite a few spots, the SERS
spectra indicated fairly pH sensitive behaviors. The neutral pH
positions could be found at either cell surfaces or extracellular
parts. We tested different cell lines of A549 cell lines and
obtained similar results (Figure S9, Supporting Information). It
was found that the SNTPs were well-endocytosed and located
inside either lysosomes or endosomes.

Our infrared measurements, the serum proteins were
adsorbed on bare AuNPs without SNT encapsulation by
identifying the protein amide bands (Figure S10, Supporting
Information). We checked the stability of Raman sensors for p-
MBA-coated AuNPs after an equal volume treatment of the cell
culture Roswell park memorial institute (RPMI) medium (10%
mixture). As suggested from the infrared spectra, it is possible
that there is a dynamic protein-AuNP interaction in cellular
media for the pH-sensing MBA of the short aromatic thiol
compounds. This limitation can prevent detection of any pH
measurements in a local area of cellular compartments. Our
SNTPs could be used to develop a highly sensitive advanced
sensor. Considering that cells and cell-culturing media contain a
variety of proteins, lipids, and other constituents and that
Raman signals are ultrasensitive to hot-spot formation, it should
be advantageous if the generated nanogaps are well-arrayed
despite the dynamic biophysicochemical interactions.

While it is not clear if those encapsulated SNTPs are in
endosome or lysosome based on TEM images (Figure S11,
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Supporting Information), considering that most of measured
pH values are around 6, most of SNTPs may be in early
endosomal encapsulation or escaped into cytosol, not in
lysosome. However, these internalization mechanisms should
be investigated further for clear conclusion. We are currently
doing colocalization study of endocytosis process over time
correlating with SERS signals.

We used equal concentrations (1.3 X 10'°/mL) of AuNPs
without any SNT encapsulation and found that the SERS
intensities appeared to be much weaker (Figure 9). After
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Figure 9. Comparative SERS spectra for relative intensities of SNTPs
and AuNPs with an equal number of AuNPs (1.3 X 10"°/mL). (a)
DFM image and (b) the corresponding SERS spectra marked with an
arrow for the SNTPs. (c) DFM and (d) Raman spectra of AuNPs
without any encapsulation of SNTs in AS49 cells with an equal
number of AuNPs in a single A549 cell. SNTPs were supposed to be
located 6 ym below the bottom of the cover glass, where the strongest
SERS were observed. On the other hand, the SERS spectra were not
well observed without SNT encapsulation.

applying the sample to AS49 cancer cells, we could find the
strong SERS intensities easily for SNTPs, whereas the AuNP
sample was barely observable, if the equal amount of AuNPs
were used without SNT encapsulation.

We compared the SERS spectra with or without any SNT
encapsulations and found that the relative fluctuations of
intensity variations could be reduced for the SNTPs (Figures
S$12 and S13, Supporting Information). The relative intensities
of 20 different SNTPs are within 15%, whereas that of AuNPs
revealed quite random distributions as high as 46%. Moreover,
the selected 500 nm SNTPs showed the intensity variations as
low as 10% due to their smaller number of nanogap junctions
by smaller number of AuNPs than the case of the 1.7 um
SNTPs. We have to mention that only the 500 nm SNTPs were
used for the intracellular pH measurements. Considering that
one of the main difficulties presented in the earlier work is the
large variation in the pH response from one particle to another
due to uncontrolled aggregation of AuNDPs inside cells. Our
data suggest that SNTPs provide an improved method in
comparison with only AuNP aggregates™® in terms of reliability
and reproducibility of pH measurements. Along with the lower
amount of AuNP usages by the SNTP encapsulation as
demonstrated in Figure 9, our SNTP method may provide
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improved spectral quality due to the confinement of AuNPs
inside SNTs. The nanogap distributions range from 0.2 to 1.3
nm (Figure S14, Supporting Information). Each individual 500
nm SNTP has 8—15 nanogaps with their average values
reduced to 0.6—1.3 nm. Since single SNTP may have relatively
uniform distributions, the fluctuation may be averaged out
considerably. The nanogaps of SNTPs were measured to be in
the range of 0.6—1.3 nm of which variations may affect the
SERS intensity.

To check the interference from the other ions, we used
potassium and sodium buffer solutions at the concentrations of
1, 10, 100 mM, which are commonly used in the physiological
conditions. We found that the relative SERS intensity ratios did
not change significantly even in the presence of the other
monocations such as K" and Na® in their physiological
concentrations of 1—100 mM (Figures S15 and S16,
Supporting Information). These results suggest that our
methods can be applied with the two representative
physiological monocations.

The current pH fluorescence microprobes have several
disadvantages of photobleaching (Figures S17 and S18,
Supporting Information). By irradiating the laser for a few
minutes, the fluorescence signals disappeared considerably. In
comparison with these fluorescence probes, our SERS methods
have several advantages of long-time monitoring.

We have tested spectra behaviors for the in vivo usages to
examine the benefit of SNTP encapsulations. Figure 10
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Figure 10. In vivo SNTP sensor. (a) Photograph of the injected site.
(b) SERS spectra of SNTPs and bare AuNPs coated with p-MBA. We
checked that both the two samples of SNTPs and bare AuNPs
produced strong SERS signal prior to the subcutaneous injections.
Three independent measurements were performed to give the average
values and error bars of the inset bar chart.

compares the SERS intensities of only bare AuNPs and
SNTPs. It was found that the SERS intensities of the silica-
encapsulated AuNPs exhibited much higher intensities than the
case of only AuNPs were used. In fact, if only AuNPs were
injected subcutaneously without silica encapsulation, we could
not find any strong SERS intensities of p-MBA. This may be
due to less clearance of SNTPs because of their biocompat-
ibility of silica materials. We concluded that AuNPs without
silica encapsulation are supposed to be either cleared fast or
diffused away without maintaining the nanogap distances. In
this respect, our SNTPs can provide well-sustainable
subnanometer gaps for an advanced pH sensor both in vitro
and in vivo.
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B CONCLUSIONS

We fabricated either a single-line or a double-line linear AuNP
chain silica peapod by controlling the orifice and the NP
diameters. The TEM images indicated numerous nanogap
junctions with distances of more or less than 1 nm were formed
between the AuNPs inside the SNTs. It was only for the single-
line SNTPs that the SERS spectra of p-MBA in SNTs were
found to change depending upon the polarization angles. The
TEM images indicated that the AuNPs inside the SNTPs
appeared to have a well-preserved geometry from the cellular
environments in the presence of the interference from the
biological ingredients. The SERS spectra of p-MBA in SNTP
changed, depending upon the pH values. Intracellular pH
values could be examined after the endocytosis of p-MBA-
coated AuNP-embedded SNTPs in mammalian cells. SNTPs
exhibited superior quality surface-enhanced Raman scattering
(SERS) spectra in vivo due to well-sustained nanogap junctions
inside the SNTs, when compared to simply using AuNPs
without any silica encapsulation. In addition, we demonstrated
that less fluctuation of SERS intensity variations for SNTPs
resulted in more reliability and reproducibility of pH measure-
ments with less usage of AuNPs. Although the peapod structure
control of SNTPs still leaves room for improvement, it is
expected that a robust intracellular optical pH sensor could be
developed with the advantage of the sustained nanogaps by
using the SN'TPs.
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