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ABSTRACT

Visualizing live-cell uptake of small molecule drugs is paramount for drug development and
pharmaceutical sciences. Bioorthogonal imaging with click chemistry has made significant
contributions to the field, visualizing small molecules in cells. Furthermore, recent developments
in Raman microscopy, including stimulated Raman scattering (SRS) microscopy, have realized
direct visualization of alkyne-tagged small molecule drugs in live cells. However, Raman and SRS
microscopy still suffer from limited detection sensitivity with low concentration molecules for
observing temporal dynamics of drug uptake. Here, we demonstrate the combination of alkyne-
tag and surface-enhanced Raman scattering (SERS) microscopy for the real-time monitoring of
drug uptake in live cells. Gold nanoparticles are introduced into lysosomes of live cells by
endocytosis, and work as SERS probe. Raman signals of alkyne can be boosted by enhanced
electric fields generated by plasmon resonance of gold nanoparticles when alkyne-tagged small
molecules are co-localized with the nanoparticles. With time-lapse 3D SERS imaging, this
technique allows us to investigate drug uptake by live cells with different chemical and physical
conditions. We also perform quantitative evaluation of the uptake speed at the single-cell level
using digital SERS counting under different quantities of drug molecules and temperature
conditions. Our results illustrate that alkyne-tag SERS microscopy has a potential to be an
alternative bioorthogonal imaging technique to investigate temporal dynamics of small molecule

uptake of live cells for pharmaceutical research.
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imaging, small molecule



Raman microscopy enables us to visualize molecular distributions without labeling and is utilized
in biological fields, which require noninvasive detection. Live-cell Raman imaging with various
types of cellular dynamics has been performed.! In cells, however, Raman peaks of molecules of
interest usually appear in the Raman “fingerprint” region, where numerous endogenous molecules
show Raman peaks. It is therefore often difficult to selectively detect Raman signal from specific
molecules. An application currently lacking in techniques for visualizing specific molecules and
their uptake dynamics in a cell is the imaging of intracellular small molecule drug dynamics. In
this type of imaging, the identification of the drug molecules locations in the cells, and the
distinction of these molecules from endogenous intracellular molecules are required. This type of
information allows us to optimize the design of drug molecules to improve the uptake rates and/or
medical efficacies, especially when the temporal resolution is high enough to track the uptake and
intracellular dynamics.>®* However, the complex intracellular environment makes it difficult to
observe the drug itself, especially at physiological concentrations. To identify these Raman signals
amongst the large background of intracellular molecules, the use of alkyne as a tiny and specific

Raman-tag has been proposed.’

Alkynes are almost unique in that they have small structures, do not originally present inside
of live cells, and are bioorthogonal. With these features, click chemistry with azide—alkyne
cycloadditions can be applied to bioorthogonal imaging of nearly any biological small molecules
and has provided tremendous progresses in understanding biological processes involved with small
molecules.”!'® However, relatively bulky fluorophores, attached to alkyne- or azide-tagged small
molecules through click reactions, may alter functional properties of small molecules and also
cause photo-bleaching. These issues can limit the application of click chemistry with fluorescence

techniques for the study of temporal dynamics of drug uptake (needing repeated exposures over



time) in live cells. Alkynes are also spectroscopically bioorthogonal, exhibiting a Raman peak at
around 2120 cm™!, which is in the silent wavenumber region, where endogenous molecules do not
usually exhibit Raman peaks. This characteristic allows us to directly visualize alkyne-tagged
small molecules using Raman microscopy.’*!!!3 Stimulated Raman scattering (SRS) microscopy,
which boosts the imaging time and molecular specificity through coherent oscillations of specific
molecular vibrations, is an emerging tool for visualizing the spatial distribution of small molecule
drug. '*'® However, detection limits of molecules with SRS microscopy are typically at the mM
level, which is similar to that with spontaneous Raman microscopy. It is therefore challenging with
SRS microscopy to visualize the temporal dynamics of early time stages of drug uptake, where

local concentrations of small molecules are below the detection limits.

Here, we propose the use of surface-enhanced Raman scattering (SERS) to increase the
detection sensitivity by plasmon resonance in metallic nanoparticles, and thereby detect alkyne-
tagged small molecule drugs in live cells, while maintaining full 3-dimensionally (3D) imaging
capability with temporal resolution high enough to track the drug distribution as it is taken up by
the cell. SERS spectroscopy has been used to detect molecules at low concentrations via signal
enhancement by localized plasmon resonance in metal nanoparticles.'*?> While SERS has offered
strong potential to improve the detection sensitivity and temporal resolution in live-cell
imaging,?*** the fluctuations of both signal intensity and peak position, which are due to high
sensitivity to the interaction between molecules and the metal surface, have hindered practical use
of SERS in biomedical applications.?? In addition, SERS peaks of small molecules may also
overlap with that of endogenous molecules at the Raman fingerprint region. However, the
combination of SERS and alkyne-tag can solve this issue since the unique alkyne signal can be

detected separately from Raman peaks from endogenous molecules.?’* In our technique, gold



nanoparticles introduced in live cells work as agents to report the arrival of alkyne-tagged small
molecule drugs at lysosomes, where the nanoparticles also localize during the transport.?3-26-3!
Terminal alkynes show a high affinity to the surface of metals, such as silver and gold.?’=3%3233
Therefore, strong enhancement of the Raman signal from alkyne can be expected due to chemical
adsorption onto the surface of nanoparticles. We utilized an alkyne-tagged acyloxymethyl ketone
type inhibitor (Alt-AOMK),* an alkyne-tagged cathepsin B inhibitor, as a small molecule drug.
3D SERS imaging was performed with home-built slit-scattering Raman microscopy, which
achieves temporal resolution high enough to visualize drug uptake with the enhancement of the
Raman signal. We also propose the use of a 3D voxel-counting digital SERS technique in order to
cancel the fluctuations of the signal intensity and provide quantitative analysis of drug uptake over
time. The number of voxels where the target drug exists are counted, and the concentration-
dependent uptake process can then be visualized by the time-resolved 3D SERS datasets. Our
findings show SERS technique can boost the detection sensitivity of small molecules drugs in live

cells and thus has strong potential to be an alternative way of bioorthogonal small molecule

imaging currently led by click-chemistry and stimulated Raman microscopy.

RESULTS AND DISCUSSION

We used Alt-AOMK designed from Z-FG-AOMK as a small molecule drug in our experiment
(Figure 1A). Z-FG-AOMK was developed as a selective inhibitor of the lysosomal cysteine
protease cathepsin B (CatB) localized in lysosomes.** The efficacy of Alt-AMOK as a CatB
inhibitor was also confirmed in our previous study*® while its uptake processes and dynamics

within cells have remained unknown. The alkyne peak of Alt-AOMK was observed at 2122 cm’!



in the spontaneous Raman spectrum (Figure 1B). Other Raman peaks at 1176 cm™ and 1613 cm™
can be assigned to vibrational modes of aromatic C-H bending and ring stretching, respectively.*’
The other peaks at 1040 cm™, 1320 cm™!, and 1418 cm™! are derived from dimethyl sulfoxide
(DMSO) used as the solvent. We also confirmed that the detection limit of the alkyne peak of Alt-
AOMK was approximately 4 mM with spontaneous Raman scattering (Figure S1). We then
measured the SERS spectrum of Alt-AOMK dropped on a gold nanoparticles-modified glass
substrate. The SERS peak of alkyne at approximately 1980 cm™ was confirmed with SNR of 11.4
at a concentration of 10 pM (Figure 1B), which is beyond the detection limit of spontaneous
Raman spectroscopy. The other peaks at approximately 1163 cm™ and 1594 cm™! can be assigned
to the enhanced Raman signal of aromatic-ring vibrational modes of Alt-AOMK. The blue-shift
of the alkyne peak with approximately 140 cm™ was mainly caused by the electron donation from
alkyne to the gold nanoparticles through coordination of alkyne onto the surface of the
nanoparticles, and the spectral broadening of the peak can be explained by the existence of several
molecular orientations adsorbed onto the surface.>>® Since the alkyne peak locates in the Raman
silent region, it can be used for selective detection of Alt-AOMK in live cells without interference

with endogenous molecules by Raman microscopy.
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Figure 1. Raman spectroscopy of alkyne-tagged acyloxymethyl ketone type inhibitor (Alt-
AOMK). (A) Molecular structure of Alt-AOMK. (B) Raman spectrum (blue color) of Alt-AOMK
at a concentration of 40 mM and surface-enhanced Raman scattering (SERS) spectrum (red color)
of Alt-AOMK at a concentration of 10 uM. The excitation intensities and exposure times were 2
mW/um? and 20 s for the spontaneous Raman measurement, and 0.79 mW/um? and 50 ms for the
SERS measurement.

Macrophages J774A.1 were used for the live-cell SERS imaging. Previous studies using
macrophages successfully demonstrated live-cell SERS measurements with gold nanoparticles in
lysosomes.?*?¢ Also, overexpression of CatB, which is a target of Alt-AOMK and locates in
lysosomes, in macrophages has been studied for metabolic diseases.**** Macrophages are also of
particular interest for Alt-AOMK studies, since inhibition\ of CatB reduces their ability to produce
TNF- a, a potent cytokine which is fundamental to the main immunological role of macrophages.*!

We used a home-built slit-scanning Raman microscope*#

equipped with a 660 nm laser as the
excitation source (see Figure S2 for details of the optical setup). After culturing the macrophages

with and without gold nanoparticles for 16 h, Alt-AOMK was introduced into the culturing

medium at a final concentration of 10 puM. Raman images of these samples showed the



enhancement of SERS signals from both endogenous molecules and alkyne in the cells with gold
nanoparticles (Figure S3), which confirms the sensitivity improvement in molecular detection by
using SERS. We also confirmed gold nanoparticles and Alt-AOMK have low toxicity for live cells

based on cell viability assay (Figure S4, Table S1).

To monitor the drug uptake into live cells, along with sensitivity, temporal resolution that is
adequate for tracking the dynamics of small molecule drugs is also required. The signal
enhancement in SERS facilitates the possibility of high-speed molecular imaging. We
demonstrated time-lapse SERS imaging of macrophages to visualize the spatiotemporal dynamics
of Alt-AOMK (Figure 2A, Supporting Movie 1). SERS images with an area of 80 x 173 um were
obtained with an image acquisition rate of 6.5 s. Image acquisition was continuously performed at
the same area for 43 min (Figure 2A). The temporal change of the distribution of SERS signals
from alkyne indicates the movement of Alt-AOMK and/or gold nanoparticles inside the cells.
Blurred SERS signals were given from the particles at out-of-focal planes. SERS spectra obtained
from the selected single pixels (Figure 2B) exhibited the alkyne peaks (Figure 2C). The alkyne
peak position differed slightly depending on the positions of the SERS signals, suggesting
differences in the orientation of Alt-AOMK inside the SERS hotspots and the distance between
Alt-AOMK and the metal surface. Such peak fluctuations of the SERS spectrum have been
observed previously with analytes under low concentration conditions.**** Based on the SERS
spectrum of Alt-AOMK (Figure 1B), SERS peaks around 1160 cm™ and 1580 cm™! can be assigned
to Alt-AOMK. Several SERS peaks between 1160 cm™ and 1580 cm™!, which are not assigned to
the SERS peaks of Alt-AOMK, were also detected, indicating the co-existence with endogenous
molecules at the same hotspot. In the images of the cells without Alt-AOMK, no SERS signal was

observed in the silent region; however, endogenous molecules showed SERS signals in the



fingerprint region (Supporting Movie 2). Figure 2D shows a time series of SERS images of the
single cell surrounded by the black dotted-square in Figure 2A. The SERS spectra obtained from
one of the bright spots (Figure 2E) showed the fluctuations of intensity and peak positions of the
SERS signal from alkyne. This result indicates temporal variations in the interaction between Alt-
AOMK and the gold surface during the observation period, such as changes in the adsorbed
distance and orientation. SERS signals from adsorbed molecules have shown such temporal
variations.* By performing 3D SERS imaging of live macrophages, we confirmed that Alt-AOMK
generating SERS signals were inside the cells (Figure S5), as expected, rather than originating

from the substrate or other out-of-cell locations.
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Figure 2. Time-lapse 2D SERS imaging of living macrophages with Alt-AOMK. (A) Bright
field and SERS images of the cells. The SERS images were reconstructed from two Raman spectral
windows; the red color is the average Raman intensity from 800 to 1800 cm™ containing Raman
peaks of endogenous molecules, and the green color is the average Raman intensity from 1960 to
2010 cm™ assigned to the alkyne peak. Scale bar = 20 um. (B) Magnified SERS signals of alkyne
indicated as the white arrows in (A) at the time point 32 min 23 s. (C) SERS spectra from each
single pixel indicated by the black squares in (B). Only background subtraction was applied for
spectral processing. (D) Time-lapse SERS images of the single cell in (A). Scale bar = 10 um. (E)
Time series of the SERS spectra obtained from the SERS signals indicated by white arrows in (D).
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To observe the process of drug uptake, 3D imaging of cellular volumes is useful to validate

how small molecule drugs can distribute inside the entire cell body as we showed in Figure S5.
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We performed time-lapse 3D SERS imaging to monitor the drug uptake of macrophages (Figure
3 and Supporting Movie 3). The 3D SERS images were recorded for approximately 53 min with
an acquisition time of approximately 22 s per image. Although the image acquisition time for the
3D imaging was longer than that for the 2D imaging, it was still fast enough to observe the uptake
of Alt-AOMK. During the measurement (6 min after starting the imaging), we added cell-culturing
medium (DMEM) containing Alt-AOMK to the dish to reach a final concentration of Alt-AOMK
at 20 uM. SERS signals of alkyne were detected in several cells at approximately 15 min after the
drug administration, and was found to gradually increase. There was no obvious morphology
change in the cells after the time-lapse 3D SERS imaging for 53 min (Figure S6). The SERS
imaging for more than 70 min introduced photodamage in some cells under observation while the
other cells did not show significant morphological degradations (Figure S7). Gold nanoparticles
can be accumulated into lysosomes with forming nanoparticle clusters with the incubation for 16
h.*® In addition, the SERS intensity from endogenous molecules (800-1800 cm™) and its temporal
behavoir was almost constant over time (Figure 2A, Figure 3B). Therefore, during the imaging,
we can presume there is no significant change in the amounts of the nanoparticles, apart from the
always-present stochastic changes due to random motion of the particles, molecular diffusion, and
inherent SERS blinking. Based on these considerations, the probability of co-localization of alkyne
with gold nanoparticles should increase as the amount of Alt-AOMK incorporated into the cells
increases. Thus, the number of SERS spots of alkyne can be correlated with the relative change in
the Alt-AOMK concentration in the cells although absolute quantification of the concentration

would be highly challenging.
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Figure 3. Time-lapse 3D SERS imaging of living macrophages to monitor the uptake of Alt-
AOMK into the cells. (A) Bright field image of the cells. Scale bar = 10 pm. (B) Time-lapse 3D
SERS images of the cells. Alt-AOMK was introduced into the cell culture dish at a concentration
of 20 uM. The SERS images were reconstructed from two Raman spectral windows; the red color
is the average Raman intensity from 800 to 1800 cm™!, and the green color is the average Raman
intensity from 1960 to 2010 cm™'. Timeline indicates the time after the drug administration. The
imaging volume was 50 x 82 X 15 um.

Recently, the digital SERS counting technique*’ based on the concept of digital bioassays*® was
proposed as a method to quantify the low-concentration analyte. We applied the technique to

evaluate the temporal behavior in the number of SERS spots of alkyne in each cell. Briefly, each
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voxel of a 3D SERS image was digitized to 1 (with alkyne) or 0 (without alkyne) when the SERS
intensity of alkyne was either above or below the threshold value, respectively (Figure 4A, Figure
S8). Then, we created a cell-distribution map based on a bright field image and SERS image to
count the number of SERS spots of alkyne in each cell (Figure 4B). Finally, we counted the number
of SERS spots for all frames (Figure 4A). The number of alkyne-containing voxels differed from
cell to cell (Figure S9), which suggests that the uptake reaction or the number of gold nanoparticles
differed between the cells. Although the measurement of the absolute drug concentration was not
available with this technique, the temporal change of the number of SERS spots reflects the speed
of drug uptake. At a concentration of 20 uM, as shown in Figure 3B, the number of SERS spots
increased approximately 10—15 min after drug administration, indicating the uptake of Alt-AOMK
into the cells occurred during this period. We then measured the concentration dependence on the
temporal behaviors of the number of SERS spots (Figure 4C, Supporting Movie 4). We found that
the temporal behaviors of SERS spots strongly depended on the concentrations. With increasing
administration concentration, the drugs were detected within a shorter time. At 100 uM, the alkyne
signals were detected as early as few minutes after the drug administration. We also confirmed a
linear relationship between the concentration of Alt-AOMK in the culturing medium and the
number of SERS spots at the relatively steady state (47 min after the drug administration) as shown
in Figure 4D. The combination of SERS imaging and digital counting quantitatively visualized the
temporal behaviors of drug uptake under different chemical concentrations, which have been
difficult to perform using conventional techniques. Although it does not currently allow absolute
concentration measurement, the linearity of the measurement demonstrates the utility of such

uptake time profiles.
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Figure 4. Quantitative detection of SERS spots exhibiting the alkyne peak at around 1980
cm’!. (A) Scheme for counting the number of SERS spots of alkyne in each cell. Each voxel of the
SERS image was replaced with 1 if the spectrum had the alkyne signal (see Figure S8 for the
detailed protocol). Note that we did not count one independent voxel with the value of 1 with no
neighboring voxel of 1. (B) Cell-shape detection of the cells. In this case, nine cells were used for
the counting of the SERS spots. Scale bar = 10 um. (C) Temporal behaviors of the number of
SERS spots of alkyne at different concentrations. Squared dots at each color are the temporally
averaged number of the SERS spots with a window of 5 frames. Sigmoid fitting was applied to the
dots for each concentration except 0 uM. Linear fitting was employed to the dots of 0 pM. Because
no drug molecule was applied at 0 uM, the number of SERS spots exhibiting the alkyne peak was
mostly zero. The error bar is +£SE (standard error). (D) Relationship between concentrations of Alt-
AOMK and maximum values of sigmoid fitting on the temporal behaviors of the number of SERS
spots. The values at 0 uM, 1 uM, 20 uM, 50 uM, and 100 uM were obtained from the result shown
in (C). The other two values at 5 uM were obtained from the results shown in Figure S11. A linear
fitting was performed using all plotted points.

We applied our technique to investigate the temperature dependence on the uptake of Alt-

AOMK. Incubating live cells at a low temperature such as 4 °C for hours can effectively block the
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endocytosis transport while keeping the cells alive.*>° On the other hand, the cellular permeation
through the lipid bilayer can still occur by following the concentration gradient of molecules
between the inside and outside the cells. Therefore, comparison of the temporal behaviors of SERS
spots between the cells incubated at 37 °C and 4 °C was performed for further understanding of
the uptake pathway of Alt-AOMK. First, we confirmed that endocytosis of live macrophages was
effectively blocked by 4 °C incubation (Figure S10). We then performed time-lapse 3D SERS
imaging of drug uptake of the cells incubated at 37 °C and 4 °C (Supporting Movie 5). The gold
nanoparticles were introduced via endocytosis as previously described at 37 °C before the SERS
measurement. The temporal behaviors of the SERS spots under the two different conditions were
almost identical (Figure S11), indicating that the speed of drug uptake did not show a strong
dependence on the temperature. The number of SERS spots obtained from the cells incubated at
4 °C were well fitted on the linear curve as shown in Figure 4D. Considering these results and the
fact that Alt-AOMK and lipid bilayer are both hydrophobic molecules, the cells may uptake Alt-

AOMK mainly via membrane penetration, not endocytosis transportation.

CONCLUSION

In this work, we proposed a method for observing the drug uptake and dynamics in live cells using
SERS signal of alkyne. The use of alkyne-tag allowed us to interpret and extract the Raman
signature of target molecules without applying complex spectral analysis techniques. Alkyne-
tagged small molecules detected by SERS require several conditions; to be incorporated by the
cells, and to be co-localized with aggregations of nanoparticles/SERS hotspots. Therefore, our
approach is based on using the nanoparticle distribution which is previously uptaken, to sample
the target molecules which are uptaken and diffuse through the cell. Endogenous molecules are

also detected. Surface charge and incubation time of gold nanoparticles change the localization
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and number of SERS hotspots, which affects the probability of the detection. However, in our
measurement, the experiments were performed after incubating live cells with gold nanoparticles
for 16 h, so that the amount was not expected to systematically change significantly during the
experiments, and the drastic change in the temporal behavior of the SERS intensity from
endogenous molecules (800-1800 cm™') was not observed over the measurement period. This
suggests the local conditions related to the particle aggregation and the endogenous molecules did
not significantly change. Therefore, we can conclude that that the rise in SERS signals of alkyne

is primarily due to the relocation of the drug molecules from outside the cells to inside the cells.

Comparison of the SERS signals and degree of co-localization between different cell types and
conditions is difficult. However, we can compare the temporal variation of SERS signals within
the same cells during observations. Therefore, we applied time-lapse imaging to investigate the
temporal variation of SERS signals in the same cells. We successfully visualized the drug uptake
process at early time stages with different concentrations of the drugs through time-lapse 2D and

3D SERS imaging.

The time-lapse observations provided spatiotemporal dynamics of alkyne SERS signals such
as spatial movements and intensity blinking, suggests that the precise co-localization between any
given gold nanoparticles and drug molecules can rapidly change at the single nanoparticle level.
The advantage of this technique, however, is that we can measure multiple SERS signals at
multiple time points from multiple cells without needing to resolve the precise co-localization of
both nanoparticles and drug molecules and can visualize overall drug uptake over time (as results
in Figure 4 show). Using other optical imaging techniques in combination with measuring SERS
spectra may provide additional utility. As one approach, combining the current system with

nanoparticle-tracking system by dark-field imaging would enable to obtain SERS spectra with
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higher spatial and temporal resolution, and this might provide a way to improve detection of drug
molecules and interactions with the local chemical environment using functionalized

nanoparticles.®!

We proposed quantitative analysis using digital SERS counting to statistically visualize the
temporal behaviors of the number of SERS spots of alkyne. This digital SERS counting was
originally proposed to quantify analytes at low concentrations at the single-molecule level.** In
our experiments, we could not ensure that the SERS signals in the cells were from single
molecules; therefore, the number of SERS spots could not be used to obtain an absolute number
of molecules. We therefore utilized the digital SERS counting method to monitor the relative
change of drug concentrations, and especially the evolution of drug uptake over time, under

different physical and chemical environments.

SERS detections of various alkyne-tagged molecules have recently been demonstrated using
different biological models such as H9¢2 cells,?’” NIH-3T3 cells,?® and MCF-7 cells.?’ We then
expect our technique is applicable across other cell lines and small molecule drugs. One challenge
for the type of dynamic studies we propose here is that the degree of uptake of nanoparticles does
vary with the cell types. However, even in cell types where uptake is less frequent, methods have
been developed to improve both nanoparticle uptake rate and localization, which are needed to
sensitively detect drug delivery and specify locations. Using surface modifications with signal
peptides®? would be useful to introduce nanoparticle to monitor the entry of tagged molecules into
anucleus. Passive uptake of nanoparticles can also be achieved using electroporation®? to introduce

the nanoparticles to cytoplasm through a cell membrane.
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The temporal resolution can be improved by boosting SERS signal of alkynes with plasmon-
enhanced SRS (PESRS) process. Recently developed PESRS microscopy”*>® can be a promising
technique toward ultra-fast imaging of spatiotemporal dynamics of small molecules drugs in live

cells with single-molecule sensitivity.

METHODS

Slit-scanning Raman microscopy. See Figure S2 for the schematic of our microscopy setup. A
home-built slit-scanning Raman microscope was used for Raman and SERS spectroscopy and
imaging. A solid-state laser with a wavelength of 660 nm (opus660, Laser Quantum) was used for
SERS measurement, and a solid-state laser with a wavelength of 532 nm (Millennia eV, Spectra
Physics) was used for the Raman spectroscopy. Cylindrical lenses were used to create line-shaped
laser light at the focal plane. The laser was focused on the sample through a water-immersion
objective lens (Apo, 1.25 N.A., 40%, Nikon or Plan Apo IR, 1.27 N.A., 60x, Nikon) mounted to
an inverted microscope (ECLIPSE Ti, Nikon). Light scattered in the sample was collected by the
same objective. Rayleigh scattering was blocked by long pass filters (LP02-664RU-25 for 660 nm,
LP03-532RU-25 for 532 nm excitations, Semrock) and Raman scattered light was focused on an
entrance slit with a width of 50 um of an imaging polychromator (MK-300, Bunko Keiki) through
a tube lens. The Raman spectra were then detected with a cooled EM-CCD camera (iXon Ultra888,
Andor). A galvano-meter mirror was used for scanning the line in the x-direction. A piezoelectric

translation stage was used for scanning the line in the z-direction for 3D SERS imaging.

Spontaneous Raman spectroscopy of Alt-AOMK. Spontaneous Raman spectra of Alt-AOMK

were collected with a home-built Raman microscope equipped with a 532 nm excitation laser and
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a 60x objective lens to effectively obtain Raman scattered light from the sample. A total of 2 puL
of Alt-AOMK at each concentration dissolved in DMSO (Figure 1B, Figure S1) were placed on
glass bottom dishes with a diameter of 35 mm (Matsunami). The laser intensity at the sample was
2 mW/um?. The exposure time was 20 s. A total of 200 Raman spectra were simultaneously

collected and the averaged spectrum was used as a resultant Raman spectrum of the sample.

SERS spectroscopy of Alt-AOMK with gold nanoparticles on glass substrate. Gold
nanoparticles with a diameter of 50 nm (EMGC50, BBI solutions) was used for the SERS
measurements. The mean size of the particles was from 47 nm to 53 nm with coefficient of variance
of less than 8%. The peak position of the extinction spectrum of gold nanoparticle suspension,
measured with UV-Vis spectroscopy (Multiskan GO, Thermo Fisher Scientific), was at 535 nm
(Figure S12). A MAS-coated cover glass with a diameter of 25 mm (Matsunami) was used as the
substrate. A 2 puL of the gold nanoparticle suspension was dropped on the glass substrate and dried
for 60 min. The negative charge of the citric acids at the surface of the gold nanoparticles strongly
conjugated with an amino group on the glass substrate and a monolayer of aggregated gold
nanoparticles was created. The gold nanoparticle-modified glass substrate was washed with
distilled deionized water to remove extra gold nanoparticles. After drying with N2 gas, 1 uL of
Alt-AOMK at a concentration of 10 uM was dropped onto the substrate. SERS measurement of
the sample was performed with a home-built Raman microscope equipped with a 660 nm
excitation laser and a 60x objective lens. The laser intensity at the sample plane was 0.79 mW/um?.
The exposure time per line was 50 ms. One of the representative SERS spectra of Alt-AOMK is

shown in Figure 1B.

Introducing gold nanoparticles into live cells. Macrophages (J774A.1) were cultured in glass

bottom dishes with a density of 2-3 x 10° cells/mL with DMEM (043-30058, FUJIFILM Wako
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Pure Chemical Corporation) supplemented with fetal bovine serum (SH30071.03, GE Healthcare
HyClone) and penicillin-streptomycin (26252-94, Nacalai Tesque) as an antibiotic. Cells were
maintained in an incubator (Sanyo) of 37 °C and 5% COz environment for 6 h. The cells were
washed several times with phosphate buffered saline (PBS). The cells were again incubated with
DMEM containing 100 pL of gold nanoparticle suspension with a diameter of 50 nm (EMGC50,
BBI solutions) with a density of 2.25 x 10° particles/mL for 16 h. During the incubation for 16 h,
gold nanoparticles have been shown to be delivered to lysosomes through endocytosis and to form
aggregates of several nanoparticles.*® The diameter of 50 nm is an optimal size for live cells to
uptake them through endocytosis.’® After the incubation with the gold nanoparticles, the cells were
washed again several times with PBS to remove the gold nanoparticles outside the cells. The cells

were filled again with DMEM and stored in the incubator.

Raman imaging of Alt-AOMK in live cells with and without gold nanoparticles. Macrophages
were cultured with and without gold nanoparticles in glass bottom dishes. The two samples were
filled with DMEM containing Alt-AOMK at a concentration of 10 uM and incubated for 2 h at
37 °C and 5% COz. The two samples were then measured with a home-built Raman microscope
equipped with a 60% objective lens. We used 660 nm excitation laser for live-cell SERS imaging.
Although the wavelength is slightly far from the resonance wavelength at 535 nm for the gold
nanoparticles, we still obtained high enhancement and the longer excitation wavelength can reduce
phototoxicity to the cells and scattering from the nanoparticles, and allow us to observe time-series
of SERS dataset. The laser intensity at the sample plane was 0.63 mW/um?. The exposure time
per line was 50 ms. One Raman image was acquired from 100 scanning lines in the x-direction

(Figure S3).

20



Time-lapse 2D SERS imaging of live cells. Macrophages were cultured with gold nanoparticles
in two glass bottom dishes. One of the dishes was filled with 2 mL of DMEM containing Alt-
AOMK at a concentration of 10 uM for 4 h at 37 °C and 5% COz2 (Figure 2, Supporting Movie 1).
The other dish was filled with 2 mL of DMEM without Alt-AOMK for 4 h at 37 °C and 5% CO2
(Supporting Movie 2). The two samples were measured using a home-built Raman microscope
equipped with a 660 nm excitation laser and a 40x objective lens. The laser intensity of the sample
plane was 1.3 mW/um?. The exposure time per line was 50 ms. One Raman image was acquired
from 120 scanning steps in the x-direction with an acquisition time of 6.5 s. A total of 400 Raman

images were obtained in approximately 43 min.

3D SERS imaging of live cells with Alt-AOMK. Macrophages were cultured with gold
nanoparticles in glass bottom dishes. Alt-AOMK was added to the cell culturing medium at a
concentration of 5 uM. After 30 min, the cells were measured using a home-built 3D Raman
microscope equipped with a 660 nm excitation laser and a 60x objective lens. The laser intensity
of the sample plane was 0.78 mW/um?. The exposure time per line was 50 ms. A 3D SERS image
was acquired with 40 and 10 scanning steps in the x- and z-directions, respectively, with an

acquisition time of 21.8 s (Figure S5).

Time-lapse 3D SERS imaging of live cells with Alt-AOMK. Macrophages were cultured with
gold nanoparticles in glass bottom dishes. Cells were measured by a home-built 3D Raman
microscope equipped with a 660 nm excitation laser and a 60x objective lens. The laser intensity
of the sample plane was 0.78 mW/um?. The exposure time per line was 50 ms. A 3D Raman image
was acquired from 40 scanning steps in the x-direction and 10 scanning steps in the z-direction.
The acquisition time was 21.8 s. A total of 150 Raman images were obtained in approximately 53

min. In the middle of the measurement (at the 20th frame), Alt-AOMK was gently introduced into
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the cell culturing medium at final concentrations of 0, 1, 20, 50, and 100 uM for each sample
(Figure 3, Figure 4, Figure S9, Supporting Movie 3, and Supporting Movie 4). The SERS imaging
was performed 2-3 times at each concentration to increase the number of cells. Bright field images
of the cells before and after the SERS measurement were recorded with a SCMOS camera (Zyla
4.2, Andor) attached to the side port of the microscope (Figure S6, Figure S7). For the time-lapse
3D SERS imaging of the cells under endocytosis inhibition (Figure S11, Supporting Movie 5),
macrophages with gold nanoparticles were placed in a fridge at 4 °C for 90 min. The cells were
then measured under the same imaging conditions as described above. The administration
concentration of Alt-AOMK in the cell culturing medium was 5 pM. As a comparison,
macrophages incubated at 37 °C (normal condition) were measured under the same concentration

(Figure S11, Supporting Movie 5).

3D SERS imaging of live cells at 37 °C and 4 °C. Macrophages were cultured in two glass bottom
dishes. One of the dishes was incubated with gold nanoparticles with a density of 2.25 x 10°
particles/mL for 2 h at 37 °C, and the other was incubated with gold nanoparticles with the same
particle density for 2 h at 4 °C (Figure S10). Then, the two samples were washed with PBS to
remove the gold nanoparticles outside the cells. The samples were filled again with 2 mL of
DMEM. The two samples were measured with a home-built 3D Raman microscope equipped with
a 660 nm excitation laser and a 60% objective. The laser intensity at the sample plane was 2.62
mW/um?. The exposure time per line was 50 ms. One 3D SERS image was acquired from 40
scanning steps in the x-direction and 10 scanning steps in the z-direction. The images were
recorded with an acquisition time of 21.8 s. The z-projected 2D SERS images are shown in Figure

S10.
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Cell viability assay. Macrophages with and without gold nanoparticles were prepared with the
same procedure above. For the macrophages with gold nanoparticles, Alt-AOMK was introduced
at 0 uM, 20 uM, and 100 uM for each sample, and the cells were incubated again at 37 °C. After
trypsinization, centrifugation was performed to collect the cells. Each cell sample was diluted by
2 times with 0.4% Trypan Blue solution (Thermo Fisher Scientific). 10 uL of the diluted cell
sample was then carefully introduced into a disposable hemocytometer (NanoEnTek). Dead and

live cells were counted under the bright field microscope for four 1 x 1 mm squares (Figure S4).

Data and statistical analysis. After Raman imaging, all Raman hyperspectral datasets were
processed using home-written program with MATLAB (MathWorks). The color of Raman images
was assigned by ImageJ. The 3D Raman images were created by Volume Viewer in Imagel.
Statistical analysis was performed using MATLAB and Igor Pro (WaveMetrics). The values for N
and the specific statistical processing for each experiment are described in the figure legend, in the

figure caption, or in the main text.
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