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Abstract

Recently, the development of an IgE receptor (FceRI)-targeted, pH sensitive, surface-enhanced
Raman spectroscopy (SERS) nanosensor has been demonstrated [1]. The targeted nanosensor
enables spatial and temporal pH measurements as internalized receptors progress through
endosomal compartments in live cells. Trafficking of receptor-bound nanosensors was compared
at physiological temperature (37°C) versus room temperature (25°C). As expected, we observed
markedly slower progression of receptors through low pH endocytic compartments at the lower
temperature. We also demonstrate the utility of the nanosensors to measure directly changes in the
pH of intracellular compartments after treatment with bafilomycin or amiloride. We report an
increase in endosome compartment pH after treatment with bafilomycin, an H* ATPase pump
inhibitor. Decreased endosomal luminal pH was measured in cells treated with amiloride, an
inhibitor of Na*/H* exchange. The decrease in amiloride-treated cells was transient, followed by a
recovery period of approximately 15-20 minutes to restore endosomal pH. These experiments
demonstrate the novel application of Raman spectroscopy to monitor local pH environment in live
cells with the use of targeted SERS nanosensors.
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Introduction

Chemical concentrations within the lumens of cellular organelles, such as endosomes,
lysosomes, mitochondria, the Golgi apparatus and the endoplasmic reticulum, are frequently
different from the cytoplasm. The differences in these cellular compartments are now being
individually interrogated with an ever-expanding suite of techniques. Techniques commonly
used to measure metabolite concentrations, including Ca2*, NO, Na*, and pH, are often
based on fluorescent sensors. In this work, we focus on the cell’s dynamic regulation of
acidic pH within the endosome-lysosome system, which is necessary to support degradative
enzymes as well as the proper sorting of receptors and ligands following endocytosis [2,3,4].
Endosomal sequestration of weakly basic compounds such as daunorubicin, possibly
through a pH partitioning mechanism, may be a factor in drug resistance [5]. Low pH within
the endosomal-lysosomal system can also play a role in development of disease states. For
example, beta-amyloid plaques are believed to aggregate due to the highly acidic
environment in the lysosome [6,7,8]. MCF-7 breast and Caco-2 colorectal cancer cell lines
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are defective in endosomal acidification, leading to aberrant secretion of (pro) cathepsin D.
Increased levels of cathepsin D secretion are in turn linked to the invasive and metastatic
properties of these cancer cells [9].

The ability to monitor changes in intralumenal pH, in the context of cargo moving through
the endosomal-lysosomal system or in response to external stimuli, could lead to novel
strategies toward drug development and understanding of pathogen survival and other
disease states. There are recent reports where the cellular endosomal pH has been statically
measured using fluorescence-based techniques. For example, fluorescence lifetime imaging
(FL1M) techniques with fluorescent acid-sensitive molecules such as Lysosensor DND-160,
0G-514 carboxylic acid dextrans, and DM-NERF dextrans have been used to measure the
average intracellular endosomal pH residing near the nucleus of 3T3 fibroblasts [10].
0G-514 dextran was used to stain endosomes within resting 3T3 fibroblast cells and
demonstrated a pH range of 3.5 to 5.5. Using pH-sensitive fluorophores, a localized average
endosomal pH is obtained, without the ability to resolve individual endosomes. The organic
fluorophores accumulate in the endosomes and become trapped, rather than being
specifically targeted. To target fluorescent molecules specifically to the endosomes for
individual pH measurement, sensing molecules are conjugated to a targeting molecule
[11,12]. Lee, et al. reported measuring folate receptor mediated endocytosis ratiometrically,
through conjugation of folate to pH-insensitive Texas-Red dextran and to pH sensitive DM-
NERF dextran [13]. Drawbacks to this technique include 1) photobleaching, 2) marked
differences in fluorescence intensity from molecules in alkaline and acidic pH environments,
3) unequal proportions of the two sensors in endocytic compartments, 4) temperature effects
on spectrum and conjugation [13] and 5) autofluorescence from cellular proteins. Another
fluorescence technique to measure endosomal pH uses genetically-encoded fluorescent
proteins conjugated to a target molecule. This technique was demonstrated through
conjugation of pH sensitive ELGFP to HIV-Tat protein. The HIV-Tat protein enabled
localization of the molecule to the endocytic pathway while the ELGFP portion of the fusion
protein was sensitive to H* concentration for pH monitoring. The technique was valid for
pH values from 5.5-7.5, with protein unfolding at pH below 5.5 and no time-lapse images
[14].

A technique that overcomes the background problems and photobleaching of fluorescence
dyes, while maintaining stability during temperature fluctuations is surface-enhanced Raman
scattering (SERS) [15,16,17,18]. SERS provides chemically-specific information based
upon unique vibrational signatures of the species adsorbed or co-localized to a roughened
metal surface. SERS provides detailed information of the chemical species present, with
good signal to noise, low detection limits, fast acquisition speeds and elimination of
fluorescent background. When compared to fluorescence microscopy, SERS microscopy
typically require more complex microscopy instruments. In addition, to enjoy high signal to
noise ratios for detection increased attention to nanoparticle synthesis as the Raman
scattering enhancement factors in some systems can vary over a million fold, and a minute
proportion of the most intense sites contribute significantly to the overall average signal
[19]. In addition, the nanoparticles themselves have unknown potential cyto-toxicity in live
cells [20].Nevertheless, recent reports show an increasing trend in applying SERS-based
labels to cellular and tissue studies. For example, Tkachenko et al., showed that gold
nanoparticles modified with nuclear localization peptides were translocated through cell and
nuclear membranes in two different cell lines [21]. Nie and coworkers showed the
effectiveness of using single-chain variable fragment (scFv) antibodies to target pegylated
gold nanoparticles to specific tumor cells [22]. Cellular targeting has also been
accomplished with dye-embedded core/shell nanoparticles and self-assembled Au-imidazole
nanoparticles [23,24].
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Nanosensors are created based upon choices of a colloidal particle platform, reporter
molecule and target analyte. An appropriate particle platform enables a surface-enhanced
Raman response of reporter molecule’s vibrational signatures as they respond to changing
analyte concentration. The nanoparticle platforms generally include noble metal systems,
particularly of Ag, [25] and Au [26,27], as well as a variety of geometries including hollow
shell [28] and core/shell [29,30] particles. The analytes chosen have included the
identification of intracellular chemicals (e.g. DNA and phenylalanine) non-specifically
bonded to the metal surface [26,31,32], folic acid in serum, [33] as well as in vivo glucose
measurements [34]. These methods rely on the ability of coatings on the metal surface to
exhibit uniqgue Raman vibrational signatures, as well as sensitivity and specificity to the
analyte of interest.

The most demonstrated analyte concentration studied to date with SERS nanosensors is pH.
For pH nanosensors in the neutral régime, 4-mercaptobenzoic acid has been used as the pH
reporter molecule on solid silver colloids [25] or hollow gold shell colloids, [28] and
delivered into Chinese Hamster Ovary cells. 4-Mercaptobenzoic based nanosensors have
been shown to maintain their ability to record the localized pH, despite the complex
background species in a live cell. Kneipp et al., have also used 4-mercaptobenzoic acid as a
pH reporter molecule on gold nanoaggregates. The pH measurements were recorded in NIH/
3T3 cells, where 4-mercaptobenzoic acid was found to be sensitive over the range of pH 2-8
through exploitation of one or two photon surface-enhanced hyper-Raman scattering
[35,36,37]. In contrast, 4-ethynylpyridine is sensitive to pH in the alkaline region (pH > 11)
although these particles were not demonstrated inside cells [38]. Further, for measurements
of acidic concentrations (3<pH<7), it has been shown that use of 4-mercaptopyridine (4-
MPy), which has a Raman scattering cross section of 10726 cm? [39], is an effective strategy
[29,40]. Prasad and colleagues effectively used 2-aminothiophenol to acquire pH-dependant
SERS spectra inside buffered cells, though whole hyperspectral image cubes, and, thus,
whole cell pH-maps, were not demonstrated [41].

Recently, we have shown that a targeted SERS nanosensor is capable of measuring the pH
of intracellular compartments harboring internalized IgE receptors, using the RBL-2H3 mast
cell line as a model system. This sensor is based upon a Au@Ag core shell particle with 4-
mercaptopyridine (4MPy) as a reporter molecule and 2,4 e-dinitrophenol-L-lysine (DNP) as
a targeting molecule for DNP-specific IgE bound to the high affinity IgE receptor, FceRI
[1,42]. Here, we report the application of this nanosensor to measure the pH of endosomal
compartments as sensor-bound receptors traffic through the endosome-lysosome system
while the cell is exposed to dynamic external stimuli. We demonstrate that the nanosensors
are resilient to changes in temperature, by lowering the temperature of cultured cells from
the physiologically relevant temperature of 37°C to 25°C; this procedure also slows the
transit of endocytosed receptors. More importantly, we also demonstrate that the targeted
nanosensors report changes in luminal pH after treatment of cells with the H* flux inhibiting
drugs, amiloride and bafilomycin dissolved in media. Importantly, the FceRI-targeted pH
SERS nanosensors enable the direct localization of vesicles bearing internalized receptors
and also report the dynamic changes in endosomal vesicle pH in response to these drugs. We
show that compartments recover their normal pH after removal of these drugs from the
media on the timescale of 10s of min. To our knowledge, this is the first report of the use of
a targeted SERS nanosensor under external stimuli. This technology has the potential to
create new techniques useful in the fields of medicine, pharmacology, and biotechnology.
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Materials and Methods

Cell culture and reagents

RBL-2H3 cells were cultured in MEM media supplemented with 10% fetal clone 111 (p/n
SH3010902, Thermo Scientific Hyclone, Logan, UT), 90 I1.U./mL of penicillin (ATCC) and
90 pg/mL streptomycin (ATCC), with an additional 2 uM of L-glutamine (Sigma Aldrich,
St. Louis, MO). Cells were primed with anti-DNP specific IgE (1 pg/mL) 18-24 hrs prior to
use. Bafilomycin (Sigma) was dissolved in EtOH and used at a concentration 200 nM [43].
Amiloride (MP Biomedical, Inc.) was dissolved in dH,O and used at a concentration of 1
mM [44].

Preparation of targeted SERS nanosensors

Imaging

Au colloids at 60 nm diameter were purchased from Ted Pella Inc. (p/n 15708-6, Redding,
CA) at 2.6 x 1010 particles per mL. The Au colloids were enhanced with a Ag coating by
addition of LI silver enhancing and initiator agents from Nanoprobes, Inc. (p/n 2013,
Yaphank, NY). Silver enhancement was performed at a 1:1 ratio of both initiator and
enhancer. The enhancement solution was added to the colloids for two minutes, centrifuged
at 13,000 rpm for five minutes, and then washed with deionized H,O. 4-Mercaptopyridine
(4MPy) (p/n 148202, Sigma Aldrich Chemicals, St. Louis, MO) and 2,4 e-dinitrophenol-L-
lysine (DNP) (MP Biomedical, Solon, OH), were used without further purification.
Nigericin, KCI, MgCl,, CaCly, and glucose were also from Sigma Aldrich. The nanosensors
were calibrated within the cell by using pH calibrated phosphate buffers accompanied with
nigericin, that equilibrates the intracellular pH with the extracellular pH [1].

Imaging experiments with the targeted nanosensors employ sonication of colloids for five
minutes, filtering through a 0.2 um filter and addition at 100x particles per cell. Cells were
washed two times with Hanks buffered solution, followed by imaging in fresh Hanks buffer.
In some experiments, a perfusion chamber was used (Carl Zeiss, Inc., Thornwood, NY) to
introduce nanosensors to drug treated cells. The cover slips with adherent cells are then
added to the environmental chamber vessel (Carl Zeiss, Inc., Thornwood, NY) equilibrated
at relevant temperature and 5% CO», for imaging.

The microscope imaging system was based upon a Carl Zeiss Axiovert 135TV inverted
microscope with an Epiplan 10x (N.A. 0.20), a LD Plan-achroplan 40x (N.A. 60), and a C-
apochromat 63% (N.A. 1.2) water immersion objective. The last two objectives were
primarily used for the SERS experiments. A xenon arc lamp (XBO 75, Carl Zeiss,
Thornwood, NY) was used to illuminate the sample for bright field visualization in
transmission mode, by video camera, using transfer optics in the trinocular head. (Optem
70XL, Labtek, Campbell, CA) The total zoom factor of the transfer optics was 0.5 in
addition to the objective used. An Infinity 2-2 monochrome (Lumenera Corp., Ottawa, ON)
camera was used to acquire the visible image using an acquisition rate of approximately 200
ms/frame and no detector gain. The visible image resolution was 1616x1216 pixels. Raman
experiments were performed using 514.5 nm light from a Spectra Physics 177-G01 air-
cooled argon ion laser. The laser light was focused to a line which is approximately 0.5 pm
wide and 50 pum tall and a total power at the sample of 10 mW. The epi-directed signal was
transferred using two additional 150 mm spherical lenses and reimaged onto the 100 um
wide slit of a 0.25 m /2.2 imaging spectrograph (Holospec 2.2, Kaiser Optical Systems, Inc,
Ann Arbor, MI). The signal was dispersed by a volume holographic grating (HSG-514.4-LF,
Kaiser) and imaged with a LN»-cooled CCD array detector (LN/CCD-1024E, Princeton
Instruments, Trenton, NJ). Each image of the CCD recorded spectral and "Y" spatial
information of the sample with spectral resolution of the spectrograph at ~2 cm™2. In order
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to obtain spectral image cubes, the frequency and "Y™ spatial axis were acquired and saved,
and the sample was moved across the excitation source by stepping the computer controlled
microscope stage (MS-2000, Applied Scientific Instrumentation, Eugene, OR), to
sequentially build up the "X" spatial access of the cube. The schematic of this set-up was
recently described [1].

For transmission electron microscopy (TEM), cells were fixed 2% glutaraldehyde in
cacodylate buffer (pH 7.4), post-fixed with osmium tetroxide, dehydrated in ascending
alcohols and embedded in Epon. Due to the size of the Au@Ag nanosensors, samples were
sectioned with a 100-300 nm thickness on a Leica Ultracut UCT. Samples were stained with
uranyl acetate and lead citrate and observed on a Hitachi 7500 electron microscope.

Surface-Enhanced Raman Scattering pH Calibration

In vivo calibration experiments employed the addition of 10 um nigericin, 140 mM KClI, 1
mM MgCl,, 2 mM CaCl,, 5 mM glucose, 20 mM phosphate-citrate buffers of varying pH
(4-8). Once the calibration solution was added, cells were returned to the incubator for ten
minutes. After pH equilibration, targeted nanosensors were added to the cells and whole
images were taken of internalized particles. Cellular images representing approximately 100
(0.5 um x 0.5 um) sized pixels with nanosensors. These images were processed to obtain
individual spectra as indicated in the data analysis section. Once individual data points were
collected for each pH value, the data were fit to a sigmoidal curve. This sigmoidal function
was used to calculate pH from SERS signal.

Data analysis

The data analysis procedures were performed using custom written Labview code. All pixels
of the hyper-spectral image cube were subject to the same correction procedures including
wavelength calibration, flat field correction, background subtraction, CCD bias voltage
subtraction, and spherical aberration removal. The images were thresholded by eliminating
any spectral pixel information with a signal to noise ratio of less than 2.5. The signal to
noise ratio was calculated by taking the highest intensity count from the integrated band at
1572 cm™1 to 1599 cm~1 subtracted from the baseline value at that point, divided by the
highest intensity count from the noise at 1800 cm™1 to 1827 cm™1 subtracted from the
baseline value at that point. Any pixel with a signal to noise ratio below 2.5 was considered
to have no useful information and was removed from the image. The two spectral bands of
interest were then integrated from 1572 cm™1 to 1599 cm™1 for the non-protonated band and
1599 cm™1 to 1626 cm™1 for the protonated band. Because the Raman spectra often occur on
a weak fluorescence background, the integrated limits were evaluated against a linearly
sloping background defined as the spectral intensity at 1000 cm™1 and 2000 cm™~1. Since
bands of interest are so close spectrally, variably sloping baselines due to cellular
autofluorescence were effectively removed without altering the intrinsic ratio of the band.
Unlike other pH sensors used, the 4-MPy sensor has the additional benefit of having all the
reporter molecules in either one state or the other. Thus, the bands are plotted not as a ratio
to a standard band, but rather as a percentage of molecules in the un-protonated state.

Results and Discussion

Microscopy

TEM images are depicted in Figure 1. Figure 1a shows a high resolution image of a
RBL-2H3 cell after 5 min exposure to the nanosensors. The arrow points to the location of
an individual nanosensor, seen as a black (electron-dense) dot bound to the surface of the
cell, due to specific binding of DNP portion of the nanosensor to at least one IgE-bound
receptor. Figure 1b illustrates a similar image of a cell exposed to a five minute pulse of
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nanosensors, followed by a sixty minute chase to allow for internalization of sensor-bound
receptors prior to fixation and processing for TEM. In this photo, the arrow points to 3
internalized nanosensors within an endocytic compartment just under the membrane surface.

The pH sensitivity of the targeted nanosensors has been demonstrated previously with in
vivo pH calibration over a range from pH 4.0-8.0[1]. Briefly, the calibration curve was
generated by taking the integrated SERS signal from 1572 cm™ to 1599 cm™1 divided by
the total integrated SERS signal from 1572 cm™1 to 1626 cm™1, with a baseline subtraction
from 900 cm™1 to 2200 cm™1. The ratiometric measurement corresponds to the percentage
of the pH sensor ligand 4-mercaptopyridine (4MPy) in the deprotonated state versus the
protonated state [40]. Figure 2a demonstrates how whole cell pH imaging maps are
configured. The RBL-2H3 cells seen in the bright field image were incubated with IgE
targeted SERS nanosensors. The brightfield image is overlaid with a Raman-based image
demonstrating the individual pixels within the cell that contain targeted nanosensors. As
previously discovered, there is a nearly linear correspondence of pixel number to SERS
signal. This ratio is indicative of at least one nanosensor present per pixel and no evidence of
nanosensor clustering [1,42].

The nanosensors shown in Figure 2a are colored to represent the pH of their cellular
environment and are made transparent when no SERS information is present. Using the
calibration curve, the Raman signature corresponding to the nanosensor within each pixel
reports a specific pH value based off the calibration curve. Once the pH of the nanosensors
is established, the pixel is colored according to the rainbow-colored calibration bar at the
right of the image. Each image is approximately 30 x 30 um and took approximately three
minutes to acquire with the generation of individual SERS spectrum at each individual pixel.

Temperature effects

SERS targeted nanosensors were added to cells held at either 37°C or 25°C. Figure 2b
depicts brightfield cellular images overlaid with color calibrated SERS images and cells
incubated at the two temperatures. The brightfield images are all recorded at initial time
points before the first corresponding SERS image; minor alignment issues in the overlays
correct for modest movements of the adherent cells. At the physiological temperature of
37°C, FceRI cross-linking leads to marked endocytosis of the receptors over a 2-15 minute
time period; of the endocytosed receptors, most will be trafficked to lysosomes within 30
minutes [45,46]. Cells incubated at 37°C demonstrate internalization on a rapid time scale
with a large portion of nanosensors displaying pH values from 4.5 to 5.5.

As expected, there was a considerable delay in receptor internalization in cells incubated at
25°C (Figure 2b). Accordingly, we extended the imaging time to over sixty minutes. We
show that, at 25°C, nanosensors remained near or on the plasma membrane for at least
fifteen minutes, moving towards the center by 40-60 min. At 60 min, a large proportion of
the nanosensors report a pH environment comparable to the late stage endosomes with pH in
the 5.0-6.0 range. At each time point, the targeted nanosensors report the local pH of their
vesicular environment. To better present these data, pH groupings are assigned which reflect
the specific pH environment of specific endocytic compartments. A vesicle that has just
invaginated from the cellular membrane, referred to as a pre-endosomal vesicle, [47] will be
within the 7.0-7.5 pH range. Recycling endosomes are expected to have a lumenal pH of
6.5—7.0 pH., while early sorting endosome are expected to have luminal pH in the range of
6.0-6.5. The late endosome is more acidic, with a pH of 5.0-6.0. Lysosomal vesicles are
very acidic, expected to fall within the range of 4.5-5.5. [48]. The images in Figure 2b give
a qualitative picture of the nanosensors and the pH of their localized environment. Figure 2¢
averages data from three cells, with the goal of reporting the total nanosensor numbers in
each pH grouping as a percentage of the whole.
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Figure 2c also illustrates the expeditious movement of nanosensors through the endocytic
pathway when incubated at 37°C. The nanosensor groupings devised from the images show
that, at twelve minutes, 80% of the nanosensors are in pH groupings indicative of late
endosomal/lysosomal vesicles. At later times, the overall number of sensors is reduced,
consistent with trafficking of nanosensors to the cell surface via both the recycling
compartments and by exocytic release of secretory lysosomes, followed by dissociation into
the medium. A pool of nanosensors is detected with pH 6.0-7.0 compartments at these later
times, suggestive of their retention within early sorting and recycling endosomes.

Experiments performed at 25°C demonstrate the temperature dependence of both initial
receptor-mediated internalization of sensors and their slower progress through the endocytic
pathway. When compared to cells incubated at 37°C, it is notable that nanosensors tend to
accumulate in the pre-endosomal/recycling endosomes at the lower temperature. There is
also a notable retention of the total number of nanosensors within the lowest pH
compartments, as expected if the low temperature slows the arrival of receptor-nanosensor
complexes into secretory lysosomes and their subsequent return to the plasma membrane by
exocytosis.

Pharmacologic effects

We next validated the functionality of the targeted nanosensors through a pharmacologic
approach. First, we tested the ability of the nanosensor to detect increases in pH within
endosomes of cells treated with bafilomycin, an inhibitor of the H* ATPase pump that
pumps H* into the endosomal vesicle [49,50,51]. We compared these results with those in
cells treated with amiloride, a known inhibitor of the Na*/H* exchanger. This results in
impairment of H* exit from the endosomal vesicle and a decrease in endosomal pH
[52,53,54]. In both cases, cells were incubated at 37°C with or without drugs for two hours
prior to ten minute exposure of cells to nanosensors and imaging in the continued presence
of drugs. Results are reported in Figure 3.

Figure 3A shows the total uptake of nanosensors under each condition, reported as average
number of pixels at each time point for at least three different cells. Untreated cells
accumulated approximately 100 nanosensors per cell during a 10 min exposure. This value
slowly decreased in number after washout, likely due to a combination of 1) recycling back
to the surface, 2) directed trafficking to secretory lysosomes followed by egress of receptor-
bound nanosensors through exocytosis and 3) lysosomal degradation. Although the relative
contributions of these two pathways are not distinguishable under these experimental
conditions, it is possible to infer the locations of nanosensors from their distribution within
compartments with specific pH at intervals during the chase (Figure 3B). At 12 minutes of
chase, 70% of nanosensors were in compartments with pH of 4.5-5 (40%) or 5.0-5.5 (30%).
Again, selective loss of this pool is consistent with arrival in the secretory lysosome, where
they may be degraded or routed to the surface by exocytosis.

Remarkably, amiloride-treated cells accumulated 4-fold more nanosensors (400/cell) within
the same time of exposure (Figure 3A). We speculate that this large increase in number may
be attributed to increased acidification of early and recycling endosomes, shifting the
balance of receptors from the recycling pathway to the lysosome-directed pathway.
Disruption of the Na*/H* exchanger may also partially block the internalization process,
leaving sensors bound to receptors at the cell surface where the medium is buffered at pH
7.2. This is illustrated in Figure 3B, where 10-18% of sensors register a pH of 7.0-7.5 for
up to 20 min of chase. Other notable observations in amiloride-treated cells include a
detectable increase in nanosensors within very low pH compartments (pH 4.5-5) [52,53,54]
and marked overall decline in number of nanosensors over the 40 min chase period. This is
consistent with degradation with low pH compartments and/or exocytosis.
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Bafilomycin-treated cells took up an average of 150 nanosensors during the 10 min
exposure, with no obvious decline over the 40 min chase period (Figure 3A). As shown in
Figure 3B, these nanosensors are trapped in compartments with significantly higher pH,
consistent with blockade of the proton pump. We note that approximately 40% of the
sensors reside in pH environments of 6.0-7.5 (red-orange-yellow bars in Figure 3B) for the
duration of the experiment. This may reflect occupancy in endosomal and recycling
compartments with aberrant pH or retention of some receptors at the cell surface [55,56].
Others have suggested that bafilomycin affects endosomal acidification primarily from the
late endosomal to lysosomal stage [57,58,59]. Accordingly, less than 10% of sensors sense
typical lysosomal pH in the range of pH 4.5-5. It seems likely that the sustained levels of
nanosensors are due to either poor delivery to lysosomes and/or protection from degradation
because of the pH dependency for lysosomal enzyme activity.

We next varied the protocol in two ways, by 1) uptake of nanosensors by untreated cells at
37°C, followed by addition of drugs and imaging or 2) treatment with drugs and
nanosensors, followed by removal of the drugs and imaging to follow recovery of
compartments.

Figure 4A shows the distribution of nanosensors immediately after bafilomycin was added
to the cells exposed to ten minute incubation with nanosensors. Graphs in this figure show
that the effects of bafilomycin are apparent within minutes. This is most dramatic when
comparisons are made at the 12 minute time point where only 25% of sensors are in lowest
pH (4.5-5.5) environments compared to 70% in normal cells (see Figure 3B). Importantly,
acute exposure to bafilomycin after uptake prevents loss of nanosensors. This is
demonstrated in Figure 4B, where the total number of hanosensors is stabilized within 12
minutes of bafilomycin treatment (left hand plot). This effect is reversible, as shown in the
right hand plot in Figure 4B, where cells were treated for 30 min with bafilomycin followed
by exchange with fresh media without drug.

Acute effects of amiloride treatment on cells were also examined in Figure 4C. Cells were
again incubated with nanosensors for ten minutes at 37°C, followed by wash and addition of
amiloride to the media (dashed line). Although 30% of nanosensors reach a low pH (4.5-
5.0) environment by 3 min, there is a significant shift to higher pH environments within 12
minutes. This change appears to be complete within 20 minutes, since the range of pH
compartments is similar for both 20 min and 30 min of amiloride treatment.

Room temperature experiments are consistent

The next set of experiments compared the uptake and transiting of nanosensors in cells
pretreated with amiloride or bafilomycin but held at room temperature for all treatments.
Under these conditions, untreated cells and amiloride-treated cells show a slow uptake of
nanosensors, reaching similar plateau levels at approximately 45 min (Figure 5A). In
contrast, bafilomycin-treated cells accumulate markedly fewer nanosensors per cell (Figure
5A) when held at room temperature. Representative 60 min time-lapse SERS movies
showing targeted SERS nanosensors in media (a) in bafilomycin/media (b) and amiloride/
media (c) are provided as supplemental information.

Analysis of the pH environment for internalized receptors under each condition suggests
complex effects of low temperature on receptor trafficking through the endosome-lysosome
systems. A spatial view of nanosensor localization within the untreated and treated cells at
15, 40 and 60 minutes is demonstrated (Figure 5B). In untreated cells, the slow uptake is
accompanied by marked lack of delivery to low pH (4.5-5.5) compartments. Even after 60
minutes, less than 10% of receptors would appear to have reached late endosomes or
lysosomes (Figure 5C). Interpretation of receptor progression in bafilomycin-treated cells is

Anal Bioanal Chem. Author manuscript; available in PMC 2012 February 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nowak-Lovato et al.

Page 9

complicated by the poor overall uptake. However, it is notable that over 35% of nanosensors
taken up by amiloride-treated cells reside in a pH 4.5-5.5 environment within 60 min of
uptake at 25°C. We cannot distinguish whether these nanosensors have reached lysosomal
compartments at this stage or whether they reside in endosomal compartments that have
dramatically acidified after amiloride blockage of the Na*/H* exchanger on their
membranes.

Conclusions

These experiments demonstrate that targeted nanosensors can be taken up by receptor-
mediated internalization, providing a mechanism to simultaneously measure endocytic
vesicle pH and follow the temporal and spatial progression of receptors as they traffic
through the endosome-lysosome system. The targeted nanosensors show the markedly slow
progression of receptors through the endocytic pathway when cells were held at 25°C
(Figure 5A). The targeted nanosensors were also able to report the effects of H* flux
inhibiting drugs amiloride and bafilomycin on the receptor residing in endocytic
compartments, providing reliable measurements of changes in lumenal pH. These versatile
probes show promise for future applications relevant to intracellular trafficking of receptors
and intelligent drug design.
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Figure 1.
Transmission electron microscopy images of RBL-2H3 cells (a) five minutes after

incubation of nanosensors and (b) sixty minutes after incubation with nanosensors. Arrows
are added to pinpoint locations of nanosensors within the cells. Bars = 500nm.
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Figure 2.

Temperature effects on nanosensors at 37°C vs. 25°C. (a) Demonstration of whole cell pH
imaging maps. (b) Whole cell pH image maps constructed same as in figure 2a. Top series
are cells incubated at 25°C with 10 minutes incubation of nanosensors, followed by imaging
at 15’, 40’, and 60’ after the initial nanosensor addition. Bottom series are cells incubated at
37°C with 10 minute incubation with nanosensors followed by imaging at 12°, 21°, and 30’
after initial nanosensor addition. (c) Bar graphs demonstrating percentage of nanosensors
from whole, in each pH grouping, at specified time points. Cells were incubated for ten
minutes with nanosensors and then imaged at specified time points.
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Pharmacologic effects on nanosensors at 37°C. Cells incubated at 37°C with addition of
bafilomycin or amiloride for two hours, followed by addition of nanosensors. Figure 3a is a
demonstration of total pixel/nanosensor number averaged from three individual cells. Cells
are incubated at 37°C untreated or treated for two hours with drug, followed by addition of
nanosensors for ten minutes, then imaged. Figure 3b is a demonstration of the percentage of
nanosensors averaged from three cells, from the whole, within the assigned pH groupings.
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Nanosensor recovery from pharmacological treatment. Figure 4a is representative to cells
incubated at 37°C with nanosensor addition and incubation for ten minutes. The first bar of
the graph is representative of hanosensors inside cells without chemical addition. After the
dashed line, the bar graph is representative to nanosensor ph after addition of Bafilomycin to
the cells. Figure 4b is the total pixel/nanosensor count within cells. Time points after dashed
line are representative to removal of bafilomycin and addition of fresh media. Figure 4c is
representative to nanosensors pH in cells incubated at 37°C with nanosensor incubation for
ten minutes followed by addition of amiloride. The first bar of the graph is cells incubated
with nanosensors for ten minutes. The data after the dashed line is the addition of amiloride
to the media followed by imaging at respective time points.
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Figure 5.

Pharmacologic effects on nanosensors at 25°C. Cells incubated at 25°C with the addition of
bafilomycin or amiloride. Cells are incubated at 25°C with simultaneous addition of
nanosensors and respective drug. (a) Is a demonstration of total nanosensor number
displayed as pixels, averaged from three individual cells. (b) Whole cell pH image maps of
cells incubated at 25°C with the addition of nanosensors alone (untreated), with bafilomycin,
or amiloride, followed by imaging at the corresponding time points below. (c) Bar graph
demonstration of the percentage of nanosensors averaged from three cells, from the whole,
that fall into each pH grouping in cells that are either untreated and incubated at 25°C, or
treated with drug and incubated at 25°C.
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