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ABSTRACT

We demonstrate spatially resolved probing and imaging of pH in live cells by mobile and biocompatible nanosensors using surface-enhanced
Raman scattering (SERS) of 4-mercaptobenzoic acid (pMBA) on gold nanoaggregates. Moreover, we also show that this concept of pH
nanosensors can be extended to two-photon excitation by using surface-enhanced hyper-Raman scattering (SEHRS). In addition to the advantages
of two-photon excitation, the SEHRS sensor enables measurements over a wide pH range without the use of multiple probes.

In the vicinity of gold and silver nanoparticles, spectroscopic
effects can be strongly affected due to coupling to surface
plasmons1 and enhanced local optical fields.2 Raman scat-
tering performed in local optical fields of silver and gold
nanostructures, the effect of so-called surface-enhanced
Raman scattering (SERS),3,4 can result in effective Raman
cross sections at the level of fluorescence cross sections of
strong fluorophores.5 Local optical fields also provide the
key effect for the observation of surface-enhanced hyper-
Raman scattering (SEHRS) at effective two-photon cross
sections similar to or higher than the best cross sections for
two-photon fluorescence.6 Surface-enhanced Raman scatter-
ing measurements in cells are a topic of rapidly increasing
interest, as they enable spatial resolutions that allow chemical
probing of subcellular structures, collection times suitable
for studying cellular processes, and the application of
photostable probes and labels for multiplexing without
dependence on a specific excitation wavelength.7-9

Gold and silver nanoparticles introduced into cells are
nanosensors that can act in various complementary ways:
(i) Gold nanoparticles or nanoaggregates can serve as
biocompatible nanosensors that probe cellular chemistry in
their local environment by delivering the enhanced Raman
spectra of biological molecules and structures in their

vicinity. In this way, information on the molecular composi-
tion of morphological units or structures in live cells can be
obtained at high sensitivity and lateral resolution. By
selectively enhancing the Raman signal from molecules in
their immediate vicinity, gold nanoparticles have been used
to directly probe the chemical composition of endosomes of
different stages and for the detection of specific cellular
molecules, such as adenosine monophosphate (AMP).7 (ii)
Gold or silver nanoparticles can serve in cells also as labels
that highlight cellular structures based on the surface-
enhanced Raman signature of a reporter molecule linked to
them, e.g., a dye.8,9 If the SERS spectrum of such a reporter
molecule depends on the pH value in its environment, SERS
nanosensors can act as pH probes.

SERS spectra of 4-mercaptobenzoic acid (pMBA) on silver
and gold electrodes and the dependence of the spectra on
the pH value have been reported and discussed in terms of
adsorption geometry on the metal and on the state of
dissociation of the carboxyl group as a consequence of
surrounding pH.10 Recently, the pH-dependent SERS spectra
of pMBA adsorbed on gold nanoshells bound to a silicon
substrate were used to create a pH meter working over the
range of 5.8-7.6 pH units.11 Similar experiments demonstrate
that hollow gold nanospheres are responsive over a pH range
of 3.5-9.12 SERS studies on silver nanoparticle clusters
functionalized with pMBA showed that the spectrum is
sensitive to pH changes in the surrounding solution in the
range of 6-8.13 The authors conclude from a SERS spectrum
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measured from these silver particles incorporated into
Chinese hamster ovary cells that the pH in the environment
of the particles was below 6, an observation consistent with
the particles being located inside a lysosome.13

As will be shown in this work, SERS nanosensors can be
used for sensitive pH imaging in individual live cells. Our
nanosensor consists of gold nanoaggregates with pMBA
attached, which enables biocompatible and mobile pH
probing ideally suited for live cell studies. The SERS signal
of pMBA can be analyzed in order to allow one to
differentiate between various pH values within the endosomal
compartment of a eukaryotic cell. Moreover, we will show
here that the concept of a SERS-based pH sensor can be
extended to two-photon excitation using surface-enhanced
hyper-Raman scattering of pMBA. The pH sensor based on
two-photon excitation benefits from excitation in the near-
infrared, leading to reduced possible phototoxicity and stress
to the cell, as well as the confinement of the two-photon
interaction to the focus of the laser beam.14,15 More impor-
tantly, SEHRS spectra of pMBA exhibit a spectral signature
that allows an extension of the accessible pH range compared
to a SERS sensor. In particular, a pH probe based on SEHRS
signals has the potential to measure and to differentiate pH
values in a more acidic environment, a pH range that is of
particular relevance for studies of lysosomal and phagosomal
compartments in cells.

Results and Discussion.Figure 1a illustrates the concept
of the SERS nanosensor made from gold or silver nano-
aggregates and an attached pH sensitive reporter. Information
on the response of such a sensor to pH can be inferred from
the signal ratio of different bands in the SERS spectrum at
defined pH values. For pH imaging in live cells, pMBA was
attached to gold nanoaggregates from aqueous pMBA
solution at pH 6.5. To test the feasibility of these pMBA-
functionalized metal nanoaggregates to act as pH sensors,
they were suspended in aqueous solutions of different pH
values. The pMBA spectra measured in these different pH
environments are in agreement with previous reports and are
discussed in more detail there.10,13,11 Here, for illustration,
Figure 1b displays SERS spectra of pMBA on gold nano-
aggregates at pH values of 4.5 and 8.5. Strong lines at 1076
and 1586 cm-1 can be assigned to aromatic ring vibrations.
The line at 1423 cm-1 belongs to the symmetric COO-

stretching mode and can be used as an indicator for the
dissociation of the carboxyl group at higher pH values.10 The
shoulder at∼1700 cm-1 appears due to the CdO stretching
vibration and intensifies at lower pH values. pMBA on silver
nanoaggregates shows the same SERS spectra and the same
pH dependence, except that the COO- stretching mode is
shifted to 1380 cm-1 (spectra not shown here).

The inset in Figure 1b displays the signal ratio of the 1423
cm-1 to the 1076 cm-1 band, obtained with gold nano-
aggregates as a function of pH. As can be seen from this
figure, the SERS signal of pMBA on gold nanoaggregates
is sensitive to changes in the pH range between∼5.5 and 8.
This is in agreement with the results reported for pMBA-
covered immobilized gold nanoshells11 and also with SERS
data on pMBA on silver clusters.13

To demonstrate the capability of a mobile pH sensor to
probe and to image the pH values in single live cells, pMBA-
covered gold nanoaggregates were added to the cell culture
medium and introduced into the cell line NIH/3T3 by fluid-
phase uptake. The experiments on cellular uptake are
described in refs 7,16.

The photomicrograph in Figure 2 shows an example of a
NIH/3T3 cell after 4.5 h incubation with the gold nanosen-
sors. As can be seen in this picture, after an incubation of a
few hours, numerous gold nanoparticles have accumulated
in the cell. From ultrastructural studies of this and other cell
lines, we know that, at this stage, many of the particles that
were taken up by the cells through the process of endocytosis
form accumulations in late endosomes and lysosomes.7 They
can be observed as black dots at the resolution of a light
microscope. In our experiment, the cells were exposed to
the pH nanosensors continuously for 4.5 h until the Raman
experiments were carried out. Therefore, in addition, a
portion of the pH nanosensors must also be located in early
endosomes.

In the Raman microspectroscopic experiments with the
cells, spectra were acquired by raster scanning over entire
cells in steps of 2µm. Excitation intensities<105 W/cm2

Figure 1. (a) Schematic of optical pH probing in live cells using
a mobile and biocompatible pH sensor: Small nanoaggregates of
gold colloidal particles covered with a reporter that provides a pH
sensitive SERS signature are introduced into live cells and probe
the pH in the surrounding endosome. (b) SERS spectra of pMBA
on gold nanoaggregates at pH 4.5 and 8.5. The inset shows the
ratio of the SERS signal at 1423 cm-1 relative to the signal at 1076
cm-1 as a function of pH. Spectra were collected in 100 ms using
785 nm cw laser excitation (10 mW). At pH values below 5.5, the
signal of the COO- stretching mode at 1423 cm-1 (1380 cm-1 for
pMBA on silver) becomes too weak and cannot longer be used as
a pH indicator. Above pH∼8, the ratio becomes constant, giving
the upper end of the operating range of the pH SERS sensor.
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and collection times of 1 s per step ensured that the cells
were viable during and after the measurement.7,8 In accord
with the assumption that nanosensor-containing endosomes
are distributed all over the cytosol, a SERS signature of
pMBA was measured in almost each of the spectra collected
in the area of the cell. Other studies on pH nanosensors11,13

as well as our experiments on nanoaggregates in solution
have shown that a change in pH of the SERS nanosensors’
environment causes an instant change of the spectral
signature corresponding to the current pH value. The color
map in Figure 2 displays the ratio of the SERS signals at
1423 and 1076 cm-1 as a function of sampling position in
one of the cells, that is, a pH map of the cell. As illustrated
by this example, the pH at different sampled spots in the
cell, i.e., of the different endosomes that contained the pH
sensors, varied between 6.8 and 5.4. It should be noted that
the SERS sensor does not differentiate values below pH 5.4.
Therefore, a lower pH can exist in the cellular areas assigned
to 5.4. Typical unprocessed spectra collected in the areas
with endosomes of the different pH values are displayed in
Figure 2c. The variation of pH detected within the endosomal
compartment of this and other individual cells is in agreement
with the presence of nanosensor-carrying endosomes of
different ages in this experiment. Assuming that the gold
nanoparticle sensors follow the pathway of all internalized
materials, which is known to be accompanied by an
increasingly acidic pH in the endosomes of 3T3 cells,17 we
infer that the maximum observed pH of 6.8 is reported by
sensors contained in early endosomes, whereas the lowest
value of 5.4 and possibly below that we observe after 4.5 h
represents the pH in late endosomes or lysosomes.

Determining intracellular pH with subcellular resolution
is of particular importance for a better understanding of a
broad range of physiological and metabolic processes. These

include trafficking, recycling, and recruitment of intra- and
extracellular molecules.18-20 Intracellular pH varies between
different compartments due to their specific functions but
also over time within a compartment such as the endosomal.
Defective endosome acidification plays a central role in a
number of pathologies, among them cystic fibrosis,21 pa-
thologies of the kidney,22 and certain cancers.23 The regula-
tion of endosomal pH can be important for the entry of
viruses24,25and also in biotechnological applications such as
nonviral gene delivery.26,27 In many cell types, significant
acidification compared to earlier endosomal stages takes
place in the lysosome. There, to ensure, e.g., proper
enzymatic function, pH can be well below 5, and even lower
(<4).28

As shown in refs 11,13 (compare also Figure 1), the pH
range below 5.4 cannot be further resolved because the SERS
signatures are not sensitive to changes in this acidic range.
However, this situation is changed for surface-enhanced
hyper-Raman scattering (SEHRS).

Hyper-Raman scattering (HRS) is a two-photon excited
Raman scattering process and thus results in Raman signals
shifted relative to the doubled energy of the excitation
laser.29,30The rather weak effect can be greatly strengthened
if HRS takes place in the local optical fields of gold and
silver nanostructures. As a nonlinear process, hyper-Raman
scattering benefits to a great extent on enhanced local optical
fields. SEHRS can exhibit effective two-photon cross sections
on the order of 10-46-10-45 cm4 s. As a two-photon process,
hyper-Raman scattering follows different selection rules
resulting in a different spectral signature compared to Raman
scattering. Figure 3a shows SEHRS spectra of pMBA on
silver nanoaggregates obtained with 1.064 nm, picosecond
excitation. For these experiments, pMBA-covered silver
nanoaggregates were suspended into water of different pH

Figure 2. Probing and imaging pH values in individual live cells using a SERS nanosensor. (a) Photomicrograph of an NIH/3T3 cell after
4.5 h incubation with the pMBA gold nanosensor. Numerous gold nanoparticles have accumulated in the cell, enabling pH probing in
different endosomes over the entire cell based on the SERS signature of pMBA. Lysosomal accumulations can be observed as black spots
at the resolution of the light microscope. (b) pH map of the cell displayed as false color plot of the ratios of the SERS lines at 1423 and
1076 cm-1. The values given in the color scale bar determine the upper end value of each respective color. Scattering signals below a
defined signal threshold (i.e., where no SERS signals exist) appear in dark blue. (c) Typical SERS spectra collected in the endosomal
compartments with different pH. The spectra were collected in 1 s each using 830 nm cw excitation (3 mW).
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in the same way as for measuring the pH dependence of
SERS. SEHRS spectra of pMBA show the same Raman lines
as in SERS spectra, but the relative signal strengths of the
bands are changed compared to SERS. These differences in
the SEHRS signature of pMBA are very favorable for
creating a pH sensor that allows measurements in a more
extended range. Here we want to focus on two Raman
lines: As the spectra in Figure 3 show, the line at 1380 cm-1

associated with the COO- vibration appears at relatively high
signal level compared to SERS (observed at 1423 cm-1) and
can therefore be followed down to lower pH values.
Additionally, the 1700 cm-1 COOH stretching mode appears
as pronounced strong band, which shows an opposite
dependence on pH. Figure 3b displays the signal ratio of
each of these two lines relative to the line at 1076 cm-1 as
a function of pH value. On the basis of these two signals
with opposite pH dependence, a SEHRS sensor can dif-
ferentiate pH values over a wide range. This is of particular

interest for measurements in subcellular compartments of
extreme pH, e.g., very acidic lysosomes.

For a feasibility test of the SEHRS nanosensor in a more
acidic biological environment, the pMBA-loaded silver
nanoaggregates were introduced into the cell line NIH/3T3
by fluid-phase uptake as described for the SERS nanosensor.
These preliminary experiments were done with silver nano-
aggregates because of slightly better SEHRS signal strengths
for this metal. In contrast to SERS imaging experiments in
which cells were exposed to the pH nanosensors until the
Raman experiments were carried out, SEHRS spectra were
collected more than 10 h after finishing exposing the cells
to the nanoparticles. At that time, almost all nanoparticles
were supposed to have been accumulated in late endosomes
or lysosomes.7 In agreement with this, the SEHRS spectra
collected in scans in these single cells show very similar
spectral signatures. Typical spectra measured using mode-
locked picosecond excitation at 1.064 nm are shown in Figure
4. A comparison of these spectra and others measured inside
the cell with Figure 3 indicates pH values between 4.9 and
4.5. This is in very good agreement with pH values measured
using fluorescence time-resolved techniques. In these experi-
ments performed with the acidic lifetime probes DM-NERF
dextrans, OG-514 carboxylic acid dextrans, and LysoSensor
DND-160, the resting lysosomal pH value obtained from 3T3
fibroblasts was found to be between 4.5 and 4.9.31

Under our current experimental conditions, SEHRS spectra
in cells were measured in 10 s collection time using an
average power of∼10 mW from a pulsed laser. These
parameters are not yet suited for scans over live cells. Further
optimization of SEHRS for pMBA on gold nanoaggregates
can harness SEHRS pH nanosensors as a safe and biocom-
patible tool for application in live cells.

Figure 3. (a) SEHRS spectra of pMBA on silver nanoaggregates
in different pH environment. Pronounced lines at 1380 and 1703
cm-1 allow one to infer information on pH over a wide operation
range. For comparison, the bottom trace displays a SERS spectrum
of pMBA on silver nanoaggregates at pH 2. SEHRS spectra were
collected in 1 s using 1,064 nm ps excitation (peak intensities∼1027

photons cm-2 s-1). (b) Signal ratios at 1380 and 1076 cm-1 (A)
and 1703 and 1076 cm-1 (B) plotted as a function of pH
demonstrate the operation range of a SEHRS-based pH probe.

Figure 4. Typical SEHRS spectra of pMBA on silver nanoaggre-
gates measured in an NIH/3T3 cell. Spectra were collected after a
delay of>10 h delay after termination of the 4.5 h incubation with
nanoparticles. Two-photon excitation was achieved with 1.064 nm
mode-locked ps laser pulses (average power 10 mW, size of the
laser spot∼2 µm, collection time 10 s). The spectral signatures
indicate a variation between pH 4.9 and pH 4.5, consistent with
the assumption that the time of the measurement most particles
had accumulated inside lysosomes.
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In conclusion, we have demonstrated pH imaging in single
live cells at subendosomal resolution using SERS nano-
sensors. As expected, in NIH/3T3 cells, the SERS sensor
indicates pH values between 6.8 for early endosomes and
e5.4 and possibly below observed in late endosomes or
lysosomes. Extension to two-photon excitation and exploiting
pH sensitive SEHRS signals allows one to resolve and to
differentiate pH values down to pH 2.

SERS/SEHRS pH nanosensors infer information using the
relative signals of pairs of spectrally narrow Raman lines in
the same spectrum. This allows quantitative measurements
without any correction regarding cellular background absorp-
tion and emission signals. As was demonstrated here for
pMBA, SERS and SEHRS provide strong signals also under
electronically nonresonant excitation. This avoids photo-
decomposition of the sensor and allows free selection of the
excitation wavelengths, optimized for the biological object
under study. Other optical pH sensors based on one- or two-
photon excited fluorescence signals, including also fluores-
cence lifetime measurements (see for example refs 32-34
and refs therein), in most cases require the application of
multiple probes to cover wider pH ranges. In contrast to this,
the same SERS/SEHRS sensor can operate between pH
values of 8 and 2, and thereby enables probing of a variety
of cellular compartments.

We have shown spatially resolved probing and imaging
of pH in live cells by mobile and biocompatible nanosensors
made from 4-mercaptobenzoic acid (pMBA) attached to gold
nanoaggregates. The pH sensitive SERS of pMBA was
analyzed in order to determine and to image the pH values
in subcellular structures in the range from pH 6.8 to pH 5.4.

In a second step, we could successfully prove that the
concept of a SERS pH sensor can be extended to two-photon
excitation using surface-enhanced hyper-Raman scattering
(SEHRS) of pMBA on nanoaggregates. Particularly for
biological applications, the pH sensor based on two-photon
excitation benefits from excitation at longer wavelengths in
the near-infrared. Mostly important, SEHRS spectra of
pMBA exhibit a spectral signature suited for measurements
and differentiation of pH values between 8 and 2. The
extended response range of the SEHRS pH sensor enables
probing of a variety of subcellular compartments including
those of extreme pH, e.g., very acidic lysosomes, without
the use of multiple probes.
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