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Abstract

In this paper, we describe the development and application of a pH-sensitive plasmonics-active
fiber-optic nanoprobe suitable for intracellular bioanalysis in single living human cells using
surface-enhanced Raman scattering (SERS) detection. The effectiveness and usefulness of SERS-
based fiber-optic nanoprobes are illustrated by measurements of intracellular pH in HMEC-15/
hTERT immortalized “normal” human mammary epithelial cells and PC-3 human prostate cancer
cells. The results indicate that fiber-optic nanoprobe insertion and interrogation provide a sensitive
and selective means to monitor cellular microenvironments at the single cell level.
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Introduction

Raman spectroscopy is a rapid, non-destructive photon-scattering technique, which provides
information regarding vibrational energy levels of analyte molecules and exhibits very
narrow spectral features. The resulting molecular specificity and potential for multiplexed
detection makes the technique a powerful analytical tool for the identification of chemical
and biological species, elucidation of molecular structure, and examination of surface
properties. Unfortunately, the broader utility of Raman spectroscopy is limited by the poor
efficiency of Raman scattering—even strong scatterers have Raman cross-sections on the
order of 10729 cm2. For comparison, fluorescence cross-sections are often on the order of
10716 cm2,

One approach, which can greatly improve the efficiency of Raman scattering, is surface-
enhanced Raman scattering (SERS), in which analytes are localized near plasmonically
active surfaces or substrates [1-8]. When a nanostructured metallic surface is illuminated by
light at the proper wavelength, electrons in the conduction band can oscillate at the
frequency of the incident light. These electrons, also called “surface plasmons”, generate a
secondary electromagnetic field, which can add to the incident field [7, 8]. This resonant
response greatly enhances the local electromagnetic field intensity, thereby enhancing the
efficiency of Raman scattering (typically 108- to 107-fold, but up to 1015-fold at “hot spots”)
for molecules on or near the metal surface [7, 8].

Following early reports of the SERS effect [1-3], our laboratory and others have focused on
developing SERS into a powerful analytical tool for analysis of multicomponent samples
[9-19]. This capability is one of the technique’s greatest advantages when compared to
fluorescence-based analyses.

Biological applications of Raman and SERS

In spite of the low cross-sections exhibited by most molecules, normal Raman spectroscopy
has been successfully used for discrimination of cancerous cells from non-cancerous cells
[30-32]. Resonance Raman spectroscopy is able to provide subtle detail regarding protein
folding, hydration, and ligand binding, especially for heme proteins [33-36], tryptophan [35,
37-39], and tyrosine [34, 35, 37-40]. Although unlabeled silver or gold nanoparticles have
limited use in SERS-based biochemical analyses due to their lack of molecular specificity,
addition of biochemically responsive labels or ligands to SERS-active silver or gold
nanoparticles or nanoshells has demonstrated great potential for intracellular bioanalysis and
extracellular labeling [15, 16, 23, 24, 27, 41-51]. SERS-active plasmonic nanostructures
have also been used for photothermal treatment of shallow tumors [52-54].

Every analytical technique, however, has its limitations. Normal Raman spectroscopy
generally has great difficulty discriminating any specific protein or gene product from
another in vivo or in vitro because the underlying building blocks are so similar. The utility
of resonance Raman spectroscopy is limited to those cases where an electronic absorption
band overlaps a laser line [55, 56]. Unfortunately, such an overlap can result in rapid
photodegradation of the analyte [57-60]. Nanoparticle- or nanoshell-based SERS analyses,
while theoretically able to provide single-molecule sensitivity, can be limited by the time
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required for endocytosis or phagocytosis of the SERS-active plasmonic particles, cellular
digestion of the biochemically specific labels or ligands anchored to the nanoparticles, and
the rate at which the nanoparticles are ejected from the cells. In addition, cellular uptake can
shuttle nanoparticles directly into the lysosomal pathway, and intracellular transport can be
quite inhomogeneous, thereby limiting the amount and nature of the biochemical
information, which can be collected while the SERS-active nanoparticles reside within the
cells [44, 61-63]. Plasmonic nanoparticles designed to bind to antigens on the cell
membrane can avoid some of these limitations, but such an approach is inherently unable to
provide information regarding intracellular processes, which are not reflected by changes in
the cell membrane.

Our laboratory has recently developed a submicron, pH-sensitive fiber-optic SERS
nanoprobe, which is able to circumvent many of the limitations described above. The
nanoprobe is functionalized with thiolated ligands or labels, thereby imparting the molecular
specificity required for intracellular bioanalysis while incorporating both positive and
negative controls in a single experiment. Since the fiber-optic nanoprobe is physically
inserted into cells using micromanipulators, concerns regarding rates of nanoparticle uptake
and ejection are entirely avoided. The speed of SERS-active nanoprobe insertion,
interrogation, and subsequent removal from a cell (often less than 30 s) also decreases the
potential for intracellular digestion of the biochemically responsive functionality anchored
to the silver island film (AglF). Fluorescence-based fiber-optic nanoprobes developed for
intracellular interrogation possess similar strengths, but lack the multiplexing potential of
SERS-based fiber-optic nanoprobes [64—66].

In the current paper, we describe the fabrication and use of a pH-sensitive, SERS-active,
submicron-diameter fiberoptic nanoprobe designed for intracellular pH measurement in
single living human cells. We have used this nanoprobe in conjunction with a confocal
Raman microscope to measure the intracellular pH of tens of PC-3 human prostate cancer
cells and HMEC-15/hTERT human mammary epithelial cells, finding that the intracellular
pH of both cell lines is ~7.3+0.2/-0.1. Furthermore, the high signal-to-noise ratio of our
results and the lack of an aggressive lysosomal response to nanoprobe insertion and
interrogation highlight the broader potential of the SERS nanoprobe technique in a systems
biology framework as additional biochemically responsive functionality is incorporated onto
the nanoprobe for detection of specific gene products, reactive oxygen species, etc.

Experimental

Cell culture

HMEC-15/hTERT cells, provided by Dr. Victoria Seewaldt, were grown in T-75 flasks
using MEBM media (Lonza, Charles City, 1A, USA). HMEC-15/hTERT cells are, “normal”,
non-cancerous human mammary epithelial cell strain immortalized with hTERT and are
routinely used as a normal cell control in cancer research studies. PC-3 cells were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in
T-75 flasks using F-12/Kaighn’s medium supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA). PC-3 cells are a p53-null human prostate cancer cell line,
which is frequently used when investigating anti-cancer drugs, signaling pathways, cell
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death, etc. Both HMEC-15/hTERT and PC-3 stock cultures were grown to 70% confluence
in a 5% CO» incubator at 37 °C prior to subculturing. HMEC-15/hTERT cells were
subcultured at a 1:3 split ratio, and PC-3 cells were subcultured at a 1:6 split ratio.

pH-Sensitive fiber-optic nanoprobe fabrication

The submicron-diameter fiber-optic probes used in this work were fabricated by tapering
400-um core-diameter optical fibers (CeramOptec Industries, East Longmeadow, MA, USA)
using a commercially available pipette puller (P-2000, Sutter Instrument, Novato, CA,
USA), producing nanoprobes smaller than 100 nm in diameter. These tapered optical fibers
were then coated with a 6-nm mass thickness of 99.99% silver (Kamis, Mahopac Falls, NY,
USA) at ~10~7 torr atmospheric pressure using an electron beam evaporator (CVE301EB,
Cooke Vacuum Products, South Norwalk, CT, USA), which produces a highly SERS-active
AglF [67-74]. Following AglF deposition, the nanoprobes were functionalized for 15 s in
10 mM para-mercaptobenzoic acid (pMBA; Sigma, Milwaukee, WI, USA) dissolved in
ethanol, which anchored pMBA to the AglF via a silver-thiol covalent bond. The carboxyl
group of pMBA is pH sensitive across the physiologically relevant range [44, 49, 48],
thereby rendering the nanoprobe pH sensitive across that range as well.

pH calibration

Intracellular

Standard solutions were prepared at pH values from 6.0 to 7.5 using phosphate-buffered
saline (PBS; Invitrogen, Carlsbad, CA, USA), nitric acid, and sodium hydroxide. Solution
pH was measured using a calibrated digital pH meter with a Ag/AgClI probe (Symphony,
VWR, West Chester, PA, USA). Nanoprobes were prepared and functionalized as described
above, then immersed in pH-adjusted PBS deposited on a fused silica microscope slide. The
confocal microscope (InVia, Renishaw, Gloucestershire, UK) was focused on the nanoprobe
tip, and SERS spectra were collected across the range from 1,000 to 1,800 cm™L. Exposure
time was 10 s per spectrum, and laser intensity was ~35 mW at 632.8 nm. When corrected
for the surface area of the submicron fiber-optic nanoprobe, we estimate that the effective
laser power is less than 0.5 mW. The volume examined by the fiber-optic SERS nanoprobe
is approximately 0.01 um? in the current external-illumination configuration, but can be
significantly reduced by through-fiber excitation.

This procedure was repeated ten times for each data point from pH 6.0 to pH 7.5.

pH measurements

SERS-active fiber-optic nanoprobes for intracellular pH measurements were prepared per
the fabrication protocol detailed above. Cells were harvested by trypsinization, and
trypsinization was halted using 5% MEBM in PBS (for HMEC-15/hTERT cells) or F-12/
Kaighn’s medium (for PC-3 cells). The cells were then separated from the trypsinizing
solution by centrifugation, resuspended in media, and mixed with growth factor reduced
Matrigel™ (BD Biosciences, San Jose, CA, USA) at a 1:1 ratio. Between 150 and 200 pL of
cell suspension was deposited on a fused silica microscope slide (Chemglass, Vineland, NJ,
USA) and incubated at 37 °C for 90 s to partially gel the suspension. Prior experiments
optimizing the incubation time indicated that an incubation time of 60 s was not always
sufficient to ensure the degree of gellation necessary to allow intracellular interrogation with
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the pH-sensitive nanoprobe and that an incubation time of 120 s yielded a gel, which was
too thoroughly gelled for efficient interrogation of multiple cells within a single droplet of
cell suspension.

Following gellation of the cell suspension on a fused silica microscope slide, the sample was
transferred to our confocal Raman microscope for intracellular interrogation. The pH-
sensitive nanoprobes were inserted into the cells using micromanipulators, the confocal
microscope was focused on the portion of the nanoprobe inserted into the cell, and single
10-s SERS spectra were acquired. The longer acquisition times and spectral smoothing
algorithms often required in Raman spectroscopy were not necessary due to the high signal-
to-noise ratio associated with the SERS nanoprobes. Our and other groups’ previous work
with fiber-optic nanoprobes has indicated that careful insertion, brief interrogation, and
removal do not adversely affect cell viability. In addition, decades of work with in vitro
fertilization have demonstrated that cell viability can be maintained following careful
intracellular insertion of small needles and injection of DNA. Even so, multiple spectra were
not acquired due to literature reports of cellular heating and necrosis upon extended
excitation of plasmonic nanoparticles in/on cells [52-54].

Results and discussion

pH calibration

Figure 1a shows averaged, normalized SERS spectra from 1,000 to 1,800 cm™1 acquired
during calibration of the pH-sensitive nanoprobes from pH 6.0 to pH 7.5. Step size in terms
of pH is approximately 0.2 units. The overall consistency of the SERS spectra independent
of solution pH illustrates the excellent reproducibility of both the pH-sensitive pMBA layer
and the underlying AglIF. The pH-dependent intensity of the bands near 1,400 cm™1 is
highlighted in Fig. 1b, with a pH increase from 6.0 to 7.5 substantially increasing the
intensity of the band centered near ~1,425 cm™L, An increase in the normalized intensity of
this SERS peak with increasing pH is consistent with previous work using pMBA anchored
to SERS-active nanoparticles for intracellular pH measurement [44, 46, 48].

Figure 2 further illustrates the pH dependence of the SERS intensity of the pMBA
carboxylate band at ~1,425 cm™1. At a pH of 6.0, the normalized intensity of the pMBA
SERS signal at ~1,425 cm™1 is ~0.07. As the pH of the solution surrounding the SERS-
active, pH-sensitive nanoprobe is increased to 7.5, the normalized intensity of the SERS
signal at ~1,425 cm™1 increases to ~0.15. Much of the variability present in Fig. 2 is due to
nanoprobe vibration and movement during the Raman measurement: The standard deviation
of the normalized intensity at ~1,425 cm™1 is typically smaller by a factor of three for pH
measurements using pMBA-functionalized AglFs deposited on glass or quartz slides. We
expect that improved vibrational isolation of the confocal microscope, sample stage, etc.
would allow the reproducibility of intracellular measurements with fiber-optic SERS
nanoprobes to approach that of AglFs deposited on glass or quartz slides.

Intracellular pH measurement in single cells

Figure 3 shows images of a SERS-active pH nanoprobe approaching (a) and interrogating
(b) a single living cell. Figure 4a shows the averaged, normalized pMBA spectrum acquired
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from 15 individual HMEC-15/hTERT cells. The characteristic pH-dependent pMBA
spectrum of the submicron nanoprobe is quite clear, with a signal-to-noise ratio (SNR) of
~190 for the combination band at ~1,587 cm™1 and a SNR of ~30 for the carboxylate band at
~1,425 cm™1, with a relative standard deviation of approximately 6%. A slight elevation in
the baseline is visible due to weak fluorescence from Matrigel™ or from the cells
themselves. As noted above, we have chosen to take only one spectrum per cell to limit the
potential for cell stress due to photothermal effects.

When corrected for the baseline elevation due to fluorescence by fitting the region between
1,750 and 1,800 wavenumbers with a straight line, extending it across the spectral range and
subtracting from the spectrum the normalized intensity of the carboxylate band at ~1,425
cm~Lin Fig. 4a is approximately 0.16+0.01. Comparing this value to the calibration curve in
Fig. 2, we conclude that the pH of the immortalized HMEC-15/hTERT cells is 7.3 or higher.
This value is consistent with the intracellular pH of cells cultured in pH 7.4 media.
Additionally, this high pH indicates that the cells are not under sufficient stress to induce
apoptosis, which typically results in intracellular acidification.

Figure 4b shows the averaged, normalized, unsmoothed SERS spectra from nanoprobe
measurements in 30 individual PC-3 human prostate cancer cells. The SNR of the SERS
peaks at ~1,587 and ~1,425 cm~ (~175 and ~30, respectively, with relative standard
deviations of approximately 6%) again highlights the sensitivity and reproducibility of
measurements using the pMBA-functionalized AgIF deposited on the SERS nanoprobe.
After correcting for the fluorescence background beneath the SERS spectrum and using the
calibration data in Fig. 2, we find that the intracellular pH of the PC-3 cells is 7.3 or higher.
As discussed above, this value is consistent with the pH of cells raised in pH 7.4 growth
media and is also reasonable for cells which are not currently under significant
environmental stress.

The data discussed above illustrate several noteworthy and important results. First, the ease
and speed with which the nanoprobe can be manipulated, i.e., inserted into single living cells
supported in Matrigel™, demonstrate the suitability of the matrix for live-cell studies.
Second, use of the SERS nanoprobe does not produce an apoptotic response in either
HMEC-15/hTERT or PC-3 cells. This result, combined with our previous observation of
cells undergoing mitosis following interrogation with nanoprobes, indicates that nanoprobe
insertion, intracellular bioanalysis, and nanoprobe removal do not significantly affect cell
function or result in a self-destructive cellular response. Finally, and perhaps most
significantly for development of biochemically functionalized nanoprobes, detection of an
intracellular pH near 7.3 indicates the lack of a strong lysosomal response to hanoprobe
insertion and interrogation. If a rapid, aggressive lysosomal response were triggered by
either insertion or interrogation of the fiber-optic nanoprobe, acidification of the
environment immediately around the nanoprobe would be expected as low-pH lysosomes
attempted to attack and digest it. This result suggests that the SERS-active nanoprobe
provides an effective and practical platform to bypass the limitations of nanoparticle uptake
by endocytosis or phagocytosis, as well as the concomitant danger of the biosensing
particles being shuttled directly into the lysosomal pathway.
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We have used SERS-active fiber-optic nanoprobes to measure the intracellular pH of
HMEC-15/hTERT immortalized human mammary epithelial cells and PC-3 human prostate
cancer cells. The results indicated the pH value of both cell lines is near that expected for
healthy cells in the absence of significant environmental stress. In addition, we have
demonstrated that insertion and interrogation of the pH-sensitive, SERS-active fiber-optic
nanoprobe induces neither apoptosis nor an aggressive lysosomal response from either of
these cell lines. These results demonstrate the robustness of the SERS-active pH nanoprobe
for intracellular pH measurements and point toward the potential utility of additional
biochemically specific fiber-optic nanoprobes.
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Page 10

pH calibration data for the pH-sensitive nanoprobe. a SERS spectra of pMBA anchored to
the AglF on the submicron-diameter fiber-optic nanoprobe from pH 6.0 to pH 7.5. b The

intensity of the ~1,425 cm™1 carboxylate band for pMBA varies with pH across the

physiological range due to its degree of protonation/deprotonation
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Fig. 2.

Calibration of the pH-sensitive nanoprobe. A pH calibration curve can be generated using
the intensity of the ~1,425 cm™~1 pMBA carboxylate band relative to the intensity of the

~1,587 cm~1 combination band. Error bars represent two standard deviations in the y
dimension and the resolution of the pH meter in the x dimension
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Fig. 3.
Nanoprobe interrogation of single living cells. SERS-active, pH-sensitive fiber-optic

nanoprobes can be quickly and easily inserted into single living cells suspended in a
supporting matrix or grown on microscope slides. The approach toward a single cell (a) and
insertion for laser interrogation (b) are accomplished through use of micromanipulators

Anal Bioanal Chem. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Scaffidi et al.

1.0

0.8

0.6 —

0.2

Normalized Intensity (au)

0.0

(a)

e

1000

1.0

0.8 —

0.6 —

0.4 —

0.2

Normalized Intensity (au)

0.0

| | |
1200 1400 1600

Raman Shift (cm™)

|
1800

(b)

e

|
1000

Fig. 4.

| | T
1200 1400 1600
Raman Shift (cm™)

|
1800

Page 13

High-SNR SERS spectra acquired by interrogating pH-sensitive nanoprobes in a HMEC-15/
hTERT and b PC-3 cells. The intracellular pH of both types of cells is ~7.3, indicating a
lack of significant environmental stress and the lack of an aggressive lysosomal response to

nanoprobe insertion and interrogation
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