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ABSTRACT: Recently, we described a new technique,
targeted plasmonically enhanced single cell imaging
spectroscopy (T-PESCIS), which exploits the plasmonic
properties of gold nanoparticles, e.g. gold nanospheres, to
simultaneously obtain enhanced intracellular Raman
molecular spectra and enhanced Rayleigh cell scattering
images throughout the entire span of a single cell cycle. In
the present work, we demonstrate the use of T-PESCIS in
evaluating the relative efficacy and dynamics of two
popular chemotherapy drugs on human oral squamous
carcinoma (HSC-3) cells. T-PESCIS revealed three
plasmonically enhanced Raman scattering vibration
bands, 500, 1000, and 1585 cm™', associated with the
cellular death dynamics. Detailed analysis indicated that
the decrease in the 500 cm™ band did not correlate well
with drug efficacy but could indicate death initiation. The
time it takes for the relative intensity of either the 1000 or
1585 cm™' band (“SERS death” bands) to appear and
increase to its maximum value after the injection of a
known concentration of the drug can be related to the
drug’s efficacy. The inverse ratio, termed cell death
enhancement factor, of these characteristic death times
when using either band, especially the spectrally sharp
band at 1000 cm ™', gave the correct drug efficacy ratio as
determined by the commonly used XTT cell viability assay
method. These results strongly suggest the potential future
use of this technique in determining the efficacy, dynamics,
and molecular mechanisms of various drugs against
different diseases.

lasmonic nanoparticles (NPs) have become exceedingly

useful in medical research due to their small size and unique
optical and photothermal properties.' By utilizing the plasmoni-
cally enhanced Rayleigh scattering from gold and silver
nanospheres (Au- and AgNSs) targeted to the cell nucleus, it
has been possible to distinguish between cancerous and non-
cancerous cells as well as to obtain real-time cellular imaging of
cancer cells during their entire cycle through cell division.”
Recently, we developed a new technique, targeted plasmonically
enhanced single cell imaging spectroscopy (T-PESCIS), which
enables simultaneous cellular imaging and monitoring of
molecular spectroscopic signals from molecules within the
plasmonic fields of Au- or AgNPs targeting a cellular location,
such as the nucleus, throughout the complete cell cycle, or until it
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Figure 1. (a) Schematic diagram of the T-PESCIS setup used to monitor
the molecular drug efficacy and dynamics of anti-cancer drugs in HSC-3
cells. (b) Illustration of the nuclear-targeted AuNSs used to enhance the
Raman signals of molecules around the targeted nucleus by the AuNSs.
(c) Chemical structures of the anti-cancer drugs studied.

is treated to induce cell death.” Here we utilize this technique to
study the dynamics and relative efficacy of two popular anti-
cancer drugs in human oral squamous carcinoma (HSC-3) cells.
The inverse ratio of the times required for each cell sample to die
(ie, the Raman bands remain unchanged with time) upon
treatment with the same concentration of each drug provides the
drugs’ relative efficacies.

Understanding how anti-cancer (or any anti-disease) drugs
interact with cells and lead to cell death is crucial for selecting and
optimizing a drug to attain the most effective treatment. A great
deal of work has been done to evaluate the mechanism of action
and eflicacy of traditional and novel drugs by cell viability assays
(ie, XTT or MTT assays), flow cytometry, and immunoblot-
ting.* Conventionally, the standard parameters to evaluate drug
efficacy have been the IC;, and ECs, which are determined
through discontinuous assays.” Using T-PESCIS, we followed
the time profile of cell death induced by two commonly used
anti-cancer drugs to obtain information on the efficacy and
dynamics of each drug. By monitoring the cellular morphology
and molecular information in the form of relative Raman band
intensities over time, we determined the effective time or the half-
maximal effective time (ETs,) of the cell death process through
detailed spectroscopic analysis as well as an approximate visual
approach. This parameter can be used as a measure of the
effectiveness of each drug in inducing cell death.
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Figure 2. (a) Effective dose concentration curves of HSC-3 cells treated
with increasing concentrations of cisplatin and S5-FU after 72 h
treatment. ECg, values were calculated to be 16 uM for cisplatin (R? =
0.93) and 89 uM for 5-FU (R? = 0.94). (b) Time profiles of HSC-3 cells
treated with 100 uM cisplatin or 5-FU, indicating a CDE factor of 3.1.

To continuously monitor cell morphology and Raman
molecular spectra over time, T-PESCIS experiments were
performed on a live cell monitoring station (see Figure 1).
Following the Raman spectrum over time with a homemade live
cell imaging chamber allowed simultaneous acquisition of
Rayleigh scattering cellular images and Raman molecular spectra
from any part of a single living cell that has been targeted with a
low concentration of plasmonic AuNPs (Figure 1a). The effect of
drug treatment was monitored at different times after drug
administration by an auto-injection system. Human oral
squamous carcinoma (HSC-3) cells were used as a cancer cell
model due to the overexpression of avfi6 integrins on their
cellular membrane, which aid in the endocytosis of bodies that
contain arginine-glycine-aspartic acid (RGD) peptides.’® To
capture cellular images and obtain molecular information at the
cell nucleus, targeted AuNSs of 24+3 nm diameter were used
(Figure S1). The surfaces of the AuNSs were modified to contain
poly(ethylene glycol) (PEG) to ensure stability in a biological
environment and reduce nonspecific binding of proteins.”
Following PEGylation, RGD and nuclear localizing signal
(NLS) peptides were conjugated to the particle surface to
exploit the overexpression of avf6 integrins on the cell
membrane and increase internalization of the particles,® as well
as selectively deliver the AuNSs to the cell nucleus” (Figure 1b).

Drug Efficacy from the Bioanalytical Method. Two
common oral anti-cancer drugs, cisplatin and S-fluorouracil (5-
FU) (Figure 1c), were chosen to determine their relative efficacy
by using our T-PESCIS technique and compare it with results
from other known methods.'

To test the accuracy of our method, we first determined the
efficacy of each drug on our cell line by investigating the effective
concentration needed to induce 50% cell death as well as
monitored the time profile of cell viability vs treatment time. All
experiments were performed on HSC-3 cells pretreated with 0.05
nM nuclear-targeted AuNSs to mimic the cellular system used in
the T-PESCIS experiment. Using the traditional XTT cell
viability assay, the ECs, values after treatment for 72 h were 12
UM for cisplatin and 89 uM for S-FU (Figure 2a). Figure 2b
displays time profiles of HSC-3 cells treated with 100 M of each
drug over 72 h. These profiles also support the increased potency
of cisplatin on HSC-3 cell viability when compared to 5-FU, as
cisplatin induced 50% cell death in 21 h while 5-FU required 66
h. To concisely compare the two anti-cancer drugs, we created a
new parameter called the cell death enhancement (CDE) factor,
defined as the ratio of the ETs, of 5-FU to the ET, of cisplatin
calculated from the curve fits from Figure 2b. The CDE factor
calculated from those time profiles was 3.1. There was no
observed contribution of cell death from the targeted AuNSs
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Figure 3. Representative Rayleigh images (insets, scale bar 20 ym) and
Raman spectra of HSC-3 cells before and after 24 h treatment with
cisplatin and 5-FU. Distinguishable peaks, indicated by dotted lines, at
500, 1000, and 1585 cm™' are used to measure cellular dynamics in
response to drug treatment.

alone (Figure S2), as the obtained ECg, values for each drug
tested are comparable to those previously reported.'"' The
particles only enhanced the surface Raman scattering of the
molecules present within the cell during treatment.

T-PESCIS Technique in Drug Efficacy Studies. Figure 3
shows the enhanced Raman spectra and Rayleigh imaging of cells
before and after 24 h treatment with 100 #M cisplatin or 5-FU.
After drug treatment for 24 h, the cell morphology is significantly
altered (i.e., cell shrinkage). Furthermore, the shrunken, dead
cells exhibit strong white light scattering due to aggregation of
cellular components as well as the cells lifting off the substrate
and out of the focal plane. These visual changes suggest the
occurrence of apoptotic cell death.'”” Raman spectra obtained
using 785 nm laser and a low AuNS concentration (0.05 nM)
show detectable changes after 24 h treatment with anti-cancer
drugs, most notably a decrease in the intensity of the 500 cm™"
band and increases in the 1000 and 1585 cm™ bands (Figure
3b,c). These Raman bands are tentatively assigned to the —S—S—
stretching vibration,">*" a benzene ring stretching vibratio-
n,**7 and a —~N—H out-of-plane bending vibration, !3%f~h
respectively. The latter two bands were not present in the spectra
of untreated cells or the cell spectra obtained prior to anti-cancer
drug treatment.

After the distinguishable changes in the three band intensities
before and after drug treatment were observed, the drug action
time profiles of cisplatin and 5-FU on HSC-3 cells were
investigated using the T-PESCIS technique to determine its
accuracy in evaluating a drug’s efficacy and dynamics of single cell
death (Figure 4). Although the observed spectral changes after
administration of the two drugs were similar, the times after
injection at which the intensity of these bands begins to change,
as well as the rates of their change, were markedly different. S-FU
required more time to show changes in the intensity of the three
main bands. The increase in time required for S-FU to display the
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Figure 4. Real-time Raman spectra of HSC-3 cells treated for 24 h with
cisplatin and S-FU. The identified “spectroscopic death initiation” band
is at 500 cm ™, while the “SERS death” bands are at 1000 and 1585 cm™".
The stars indicate when the spectra remain constant.

changes in band intensity agrees with the cell viability trends
described above. Since the peak around 500 cm ™" decreases over
time and most likely corresponds to disulfide bond dissociation
within highly structured proteins,"*® we called this the
“spectroscopic death initiation” (SDI) band. We designated the
bands at 1000 and 1585 cm™ “SERS death” (SD) bands, since it
is believed that these bands appear as more proteins and/or DNA
fragments become exposed to the AuNSs’ surface plasmon field
as the cell dies. The 1000 cm™ band may correspond to the
benzene ring stretching vibration of phenylalanine."**™* While
there are varying reports on the identification of the band 1585
cm™, we tentatively assign it to the —N—H bending vibration of
guanine or adenine residues within DNA."**"™ As it is known
that both cisplatin and 5-FU cause cell death through an
apoptotic mechanism,'* it is possible that once apoptosis is
triggered, the DNA begins to fragment, losing its double-
stranded feature and allowing the —NH groups to be exposed to
the plasmon field of the nuclear-targeted AuNSs."?

Relative Drug Efficacy from Detailed T-PESCIS Anal-
ysis. To further understand the anti-cancer drugs’ dynamics, we
analyzed the relative band intensity changes over time for the SDI
band at 500 cm™' and the SD bands at 1000 and 1585 cm™
(Figure S). We fit the intensities of all three death-sensitive bands
to a sigmoidal growth function. The ET s, values for cisplatin and
5-FU, calculated from the sigmoidal growth fit for each band,
were used to compare the efficacy of the two drug molecules (see
Figure 5d). Although the ETy’s obtained for these bands do not
correspond numerically to those determined using the traditional
XTT cell viability assays, the trends and CDE factors are similar.
The CDE factors were calculated to be 1.9, 3.4, and 3.3 for the
500, 1000, and 1585 cm™ bands, respectively. The bands at 1000
and 1585 cm™ provided CDE factors that correlated well with
those obtained from the bioanalytical technique. The poor
agreement between the CDE factors when using the 500 cm™
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Figure S. Time profiles of three Raman bands used to monitor the
transition from live to dead HSC-3 cells after treatment with cisplatin or
S-FU. SDI and SD bands centered at (a) 500, (b) 1000, and (c) 1585
cm™ indicate CDE factors of 1.9, 3.4, and 3.3, respectively. The CDE
factors of the 1000 and 1585 cm™" bands obtained with the T-PESCIS
method are comparable to those obtained by the standard XTT assay

().

band and its continuous change in intensity after the rest of the
spectrum remained unchanged (due to cell death) indicated this
band should not be used to assess drug efficacy. For this new
technique, a spectrally sharp and highly resolved band, like the
1000 cm™" band that stops changing in intensity along with the
majority of the spectrum, should be selected for accurate
determination of the cell viability and thus of the efficacy in the
systems being studied. It should be mentioned that different
systems (i.e., cell lines, treatments, etc.) could reveal different
spectrally sharp bands that should be utilized.

Relative Drug Efficacy from Direct Visual Inspection
Using T-PESCIS Spectroscopic Analysis. A rapid, easy, and
approximate method using T-PESCIS to determine the relative
efficacy of two drugs was also investigated. Comparing the SERS
spectra as a function of time for the two drugs, at the same known
concentration, gave CDE factors similar to those obtained with
our detailed T-PESCIS analysis. The time required for the
intensity of the majority of the bands in the spectrum, especially
of the SD bands, to become constant was determined, and these
characteristic times were used to evaluate the relative efficacies of
cisplatin and 5-FU. The determined times, as indicated by the
orange stars in Figure 4, were 4 and 12 h for cisplatin and 5-FU,
respectively. The inverse ratio of these characteristic times, or
CDE factor, was calculated to be ~3, comparable to that
determined from the detailed method described above.
Naturally, following the relative intensity changes of the
spectrally sharp bands, such as those at 1000 or 1585 cm™,
should provide a more accurate determination of cell death,
particularly if the time between sequential spectra is reduced (i.e.,
0.5 vs 2.0 h). From the inverse death time ratio and the known
ETs of the standard, the ET's5y value of the unknown drug can be
calculated.

In both T-PESCIS methods discussed above, a drug with
known efficacy must be used as a standard. This standard drug
will vary with the type of cancer or disease as well as the cell line
being examined. To utilize this method correctly, several
procedural steps must be followed: (1) The chosen cell line
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must be treated with a concentration of AuNSs that does not
perturb normal functionality of the cells, but still provides an
enhanced Raman signal (i.e,, 0.05 nM NLS/RGD-AuNSs from
this work). (2) The plasmonic NP and its aggregate must be
strongly localized to the region of the cell that provides the best
signals for cell death (i.e., the nucleus). (3) The sharpest and
most highly resolved band observed in both drug treatments,
whose intensity signifies death, must be identified and analyzed
over time (i.e., 1000 cm™ in the present work). (4) In the
detailed T-PESCIS method, the chosen band must be
normalized to the most intense band in the spectra over time
and fit with a model that correlates best for the treatments being
examined, and the comparison of efficacy should be based on the
calculated ET, values. Although this new method follows steps
similar to traditional XTT cell viability assays, the T-PESCIS
technique required 3 days of preparation and analysis on the
molecular scale, while the XTT assay required S days of
preparation and analysis to attain a similar CDE factor (Figures 2
and §).

In conclusion, we have demonstrated the use of T-PESCIS to
study and characterize the relative drug efficacy and dynamics of
two popular oral anti-cancer drugs. This new method has the
ability to evaluate the time profile and efficacy of a drug in real
time without needing to prepare multiple samples. While this
setup is currently limited to macroscale sample holders, it could
be engineered into a microplate scale, allowing for sensitive and
real-time detection of multiple drugs at one time, as well as the
ability to obtain spectra from a larger population of cells to obtain
more statistically assured results. Additionally, this new method
has the potential to provide new fundamental insight into the
interaction of drugs and living cells, as well as to offer a
spectroscopic method that can determine the cell death
mechanisms induced by different drugs. These findings could
ultimately be used in selecting a drug of choice for particular
patients with different types of cancer or other diseases.
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