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remains a challenge. Herein, we directly monitored morphological and molecular events during cellular apoptosis in real-time after the treatment of an

ABSTRACT Apoptosis is a biological process that plays important roles in Plasmon Rayleigh

embryogenesis, aging, and various diseases. During the process of apoptosis, cells

undergo a series of morphological and molecular events such as blebbing, cell

shrinkage, proteolysis, and nuclear DNA fragmentation. Investigating these events on
a molecular level is crucial for gaining a more complete understanding of the
intricate mechanism of apoptosis; however, the simultaneous direct observation of
morphological and molecular events in real-time on a single living cell scale still

apoptosis-inducing agent, by utilizing our previously described plasmonically enhanced Rayleigh/Raman spectroscopic technique. Spectroscopic analysis of the
DNA/protein composition around the cell nucleus revealed the occurrence and dynamics of three apoptotic molecular events: protein denaturation, proteolysis,
and DNA fragmentation. The molecular event dynamics were used to create a temporal profile of apoptotic events in single cells. It is found that the sequence of
events occurring in the apoptotic process induced by hydrogen peroxide addition is protein denaturation through disulfide bond breakage as well as DNA
fragmentation, followed in time by protein unraveling with hydrophobic amino acid exposure, and finally protein degradation. These results demonstrate the
potential of using this time-dependent plasmonically enhanced vibrational imaging technique to study the detailed mechanism of other apoptosis molecular
pathways induced by different agents (e.g., anticancer drugs). A note is given in the conclusion discussing the expected large difference between the SERS
spectrum of biological molecules in solution and that observed in live cells which are enhanced by the plasmonic field of the aggregated nanoparticles.
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nderstanding bioprocesses and cell-

ular functions on a molecular level

is crucial for advancements in the
fields of molecular cell biology, oncology,
and pathology. In particular, cell apoptosis, or
programmed cell death, is one of the most
studied cellular processes as it plays an im-
portant role in normal tissue development
and the advancement of many acquired
diseases.' 3 The process of apoptosis is highly
regulated by a vast number of proteins
and molecular signals that initiate a series of
downstream cellular and molecular events.
Although the intricate molecular details in-
volved in this pathway are not completely
understood, the later stages of apoptosis
can be identified by several standard events.
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Blebbing, cell shrinkage, nuclear fragmenta-
tion, and the formation of apoptotic bodies
have all been classified as characteristic events
on the cellular level, while nuclear protein
denaturation, proteolysis, and DNA fragmen-
tation have been identified as typical events
that occur during apoptosis on the molecular
level.*~® Real-time identification and visualiza-
tion of these events could provide better
insight into the overall detailed molecular
mechanisms and pathways involved in cellular
apoptosis.

Traditionally, the molecular changes dur-
ing apoptosis are obtained through techni-
ques such as gel electrophoresis and flow
cytometry.”~'® While these techniques
offer useful information, they are based on
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end-point analyses and do not allow for direct real-time
observations. Microscopy has been extensively used to
monitor qualitative morphological changes.'"'? Single-
molecule microscopy has also provided powerful tools to
study various bioprocesses and allows for real-time
cellular imaging."*~'® While this technique has many
advantages, it is limited by its use of fluorescent probes
as they are highly susceptible to photobleaching in a
short time and therefore reduces the time scale at which
cellular processes can be monitored.'” Furthermore, the
emission bands of the fluorescent probes tend to overlap,
restricting the resolution of the number of processes that
can be monitored simultaneously.'®%° Recently, time-
resolved cellular imaging techniques based on vibra-
tional spectroscopy have become influential tools in
cellular biology,>' % as they offer the possibility to
visualize the molecular composition of a large number
of subcellular compartments in real-time at the single-cell
level 2% Our group has recently combined plasmoni-
cally enhanced Raman scattering spectroscopy with the
ability to localize plasmonic nanoparticles at a specific
organelle (e.g., the nucleus) to obtain real-time cellular
imaging and molecular spectroscopy signals from any-
where within the cell for up to 24 h.26%’

In the present work, we report the direct observation
of morphological and molecular events during
the process of externally induced cellular apoptosis
by using a Rayleigh/Raman spectroscopy imaging
approach, termed targeted plasmonically enhanced
single-cell imaging spectroscopy (T-PESCIS). Apoptosis
was induced by the addition of hydrogen peroxide
(H,0,) to human oral squamous cell carcinoma (HSC-3)
cells, and the cell nucleus was monitored with the aid
of nuclear-targeted gold nanospheres. Plasmonically
enhanced Rayleigh scattering images and Raman
scattering spectra were taken at different time points
during the apoptosis treatment. The assignments of the
different observed vibrations during the apoptotic events
were made from in situ reference profiles as well as
previously known assignments. Analysis of the plasmo-
nically enhanced Raman scattering (PERS) spectra identi-
fied vibration bands associated with DNA and protein
molecules at the cell nucleus. These band changes not
only indicated the occurrence of molecular events such
as protein denaturation, proteolysis, and DNA fragmenta-
tion but also provided the time sequence of the occur-
rence of these processes, that is, the dynamic profile of
H,0,-induced apoptosis.

RESULTS AND DISCUSSION

Synthesis of Nuclear-Targeted Raman Nanoprobes. In order
to amplify the Raman signals of molecules located at
the nucleus, gold nanospheres modified with nuclear-
targeting peptides were prepared. The nuclear-targeted
gold nanospheres (NT-AuNSs) were synthesized by the
citrate reduction method®® and had an average dia-
meter of 21 £+ 6 nm (Supporting Information Figure S1).
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The purified citrate-AuNSs were then conjugated with
modified poly(ethylene glycol) (PEG) ligands in order to
improve their stability in biological environments and
inhibit nonspecific protein binding to their surface.?’ To
increase the uptake of the AuNSs and promote their
localization at the cells' nuclei, the PEG-stabilized AuNSs
were further conjugated to arginine—glycine—aspartic
acid (RGD) and nuclear localization signal (NLS) pep-
tides. RGD peptides are known to target av/36 integrins
on the surface of the cell membrane and assist in
receptor-mediated endocytosis3**' Thusly, the cell line
used in this study, human oral squamous cell carcinoma
(HSC-3) cells, overexpresses avf6 integrins.323* NLS
peptides are known to contain a characteristic lysine—
lysine—lysine-arginine—lysine (KKKRK) sequence, which
replicates the nuclear tag exhibited by endogenous
biomolecules that are marked for nuclear trans-
location.3>3® Successful conjugation to PEG, RGD, and
NLS ligands was confirmed through the changes in
hydrodynamic diameter and ¢-potential measurements
obtained via dynamic light scattering (Table S1). PEGyla-
tion led to ~20 nm increase in the hydrodynamic
diameter and a change in -potential from —20 to
—18 mV when compared with citrate-AuNSs. The addi-
tion of RGD and NLS peptides to the AuNSs' surface did
not alter the hydrodynamic diameter, but the ¢-poten-
tial further increased to —17 mV. Dark-field images of
HSC-3 cells treated with 0.05 nM NT-AuNSs for 24 h also
showed intracellular localization at the nucleus, further
confirming successful synthesis of NT-AuNSs (Figure 1).
It should be noted that protein corona formation on NT-
AuNSs was negligible, and the UV—vis spectrum, the
hydrodynamic diameter, and the ¢-potential were not
significantly altered after their incubation in cell culture
medium under the same conditions as those used in
PERS live-cell experiments (Figure S2).

PERS Reference Profile of Induced Apoptotic Molecular
Events. Apoptosis can be characterized by molecular
events such as nuclear protein denaturation, proteo-
lysis, and DNA fragmentation.* %37 Since these events
involve molecular changes that have distinct Raman
signatures (i.e., proteins/peptides, nucleotides, etc.), it
was hypothesized that we could observe these events
in real-time. Therefore, we performed a set of in situ
experiments to create reference profiles of these
events that would be used to evaluate the spectra
obtained in the live-cell PERS experiments. The in situ
PERS spectra obtained through treatment of HSC-3
protein lysates with S-mercaptoethanol and trypsin
were used to detect protein denaturation and protein
degradation. After treatment, protein lysates were
mixed with NT-AuNSs and dried on a glass slide to
acquire the Raman spectra. Figure 2 shows the resulting
PERS spectra. This spectrum is significantly different
from that of the NT-AuNSs alone (Figure S3), indicating
the successful use of AuNSs to enhance biomolecular
signals located within their plasmonic field.
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Figure 1. Design of the nuclear-targeted PERS nanoprobes. (a) Schematic diagram of the internalization and localization of
the nuclear-targeted AuNSs (NT-AuNSs) that are used to enhance the Raman signals of molecules from the targeted nucleus.
(b) Representative dark-field image of HSC-3 cells pretreated with 0.05 nM NT-AuNSs for 24 h. The NT-AuNSs are localized at

the nucleus. Scale bar = 10 um.
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Figure 2. In situ reference spectra of apoptotic molecular events. (a) Protein denaturation: plasmonically enhanced Raman

spectrum of highly ordered, folded proteins extracted from

HSC-3 cells (top) and denatured proteins treated by j-

mercaptoethanol (bottom). (b) Protein degradation: plasmonically enhanced Raman spectra of long, intact peptides (top)
and short peptides treated by trypsin (bottom). (c) DNA fragmentation: plasmonically enhanced Raman spectra of
undamaged, extracted DNA from cells (top) and damaged DNA in the form of double-strand breaks (DSBs) after 4 h

treatment with UV light (bottom).

Lysates that were treated with only S-mercapto-
ethanol showed a decrease in the 500 cm ™ vibration
and an increase in the 1000, 1178, and 1210 cm™'
vibrations (Figure 2a). Since f-mercaptoethanol is
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known to disrupt the disulfide bonds,*® we assigned
the decrease in the 500 cm™' vibration to disulfide
bond (—S—S—) breakage and the dissolution of tertiary
protein structure. With the disruption of tertiary
fi N\ ARKN T
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TABLE 1. In Situ Reference PERS Spectra for Apoptotic Protein Degradation, Protein Denaturation, and DNA

Fragmentation

Band S e Band Indicated Identified
(cm-1) 9 Dynamics Molecular Changes  Molecular Events
so0  Dpulfide bond v D'*::‘l’:ld‘;:g“d Protein denaturation
O-P-O strength, DNA backbone X
838 DNAbackbone v structure breakage DNA fragmentation
Exposure of
Ring breath L Protein denaturation
1000 . L) phenylalanine ring
Phenylalanine ST

C-H bend, C-C
Lizs stretch, Tyrosine *
C-Cg-Hs,
1210 Phenylalanine, 7~
Tryptophan

Protein denaturation

Exposure of peptide/
amino acid side groups

Protein denaturation

-N;-H, Guanine,

1223 Adenine

*

Exposure of DNA
bases

DNA fragmentation

structure, hydrophobic amino acids, normally posi-
tioned within the interior pockets of the protein, are
no longer protected by the folded structure.3**° These
amino acids include phenylalanine, tyrosine, and tryp-
tophan, which all have strong Raman vibrations due to
their heavily conjugated rings. Therefore, increases in
the 1000, 1178, and 1210 cm ™' vibrations previously
assigned to phenylalanine's benzene ring breath-
ing,2>* tyrosine's C—H bending and C—C stretching,*
and phenylalanine and tryptophan's C—Cg—Hs stretch-
ing,* respectively, are attributed to the exposure of these
amino acids to the AuNSs' plasmonic field after protein
unfolding. These reference bands, 500, 1000, 1178, and
1210 cm™ ', are observed during the apoptosis process
studied in the present work and signal a protein dena-
turation process in our HSC-3 live-cell PERS experiments
(Table 1). In addition to the above characterized protein
bands, bands around 645, 1128, 1300, and 1400—
1500 cm ™" are also observed, which could be assigned
to the C=S, C—N, amide I, and amide Il bands of
proteins 34!

Protein lysates that were treated with -mercapto-
ethanol followed by trypsin exhibited a significant
decrease in the 1128 and 1300 cm™' vibrations, in
addition to those changes seen with S-mercapto-
ethanol treatment alone (Figure 2b). These vibrations
were assigned to the C—N stretching and the amide Il
stretching of peptide bonds,**** respectively. As tryp-
sin is a known serine protease,** cleaving peptides on
the carboxyl side of lysine and arginine amino acids,
we assigned the decreases in 1128 and 1300 cm ™'
vibrations to peptide bond hydrolysis (i.e., protein
degradation). These reference band changes, a decrease
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in 1128 and 1300 cm ™", will be used to evaluate proteo-
lysis in our live-cell PERS experiments (Table 1).

Similar to the protein denaturation and degrada-
tion profiles, we conducted in situ experiments to
obtain reference PERS spectra of DNA fragmentation.
DNA fragmentation in the form of DNA double-strand
breaks (DSBs) was induced via UV irradiation (~4 h) in
genomic DNA extracted from HSC-3 cells.*® After UV
treatment, DNA extracts were directly mixed with NT-
AuNSs and dried on a glass slide to obtain PERS spectra.
The spectra revealed pronounced bands at 730, 795,
838, 1239—1304, 1420—1480, and 1585 cm™ ', which
were assigned to the nucleic acid adenine,?® cytosine,
and thymine,”® O—P—0O backbone,” deoxynucleo-
tides,”> C—H deformation of guanine and adenine,*®
and N,—H stretch of guanine and adenine,*” respec-
tively (Figure 2c). Bands were also observed at 500, 645,
1000, and 1128 cm ™, but these are associated with
proteins that remain in the DNA extracts after isolation.
After UV exposure, the 838 cm™' O—P—0 backbone
vibrations decreased, while the 1585 cm™' N,—H vibra-
tion of guanine and adenine significantly increased. The
increase in guanine and adenine vibrations after the
formation of DNA DSBs is associated with their increased
exposure to the plasmonic field of NT-AuNSs during
detachment of DNA from the histone proteins. These
alterations suggest the formation of DNA DSBs, and the
reference bands at 838 and 1585 cm ™" will be used to
follow the DNA fragmentation process during apoptosis
in the live-cell experiments (Table 1).

Following Apoptotic Temporal Events in Dying Cells Using the
T-PESCIS Technique. To allow for the acquisition of live-
cell PERS spectra at the nucleus, a homemade live-cell
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Figure 3. Viable and apoptotic cells produce different T-PESCIS images and spectra. Flow cytometric analysis (1), plasmo-
nically enhanced Rayleigh scattering images (ll), and plasmonically enhanced Raman spectra (lll) of untreated viable cells (A)

and apoptotic cells treated with 100 «M H,0, (B).

imaging chamber was used in conjunction with
a Raman spectrometer equipped with dark-field
Rayleigh scattering imaging optics (Figure S4). This
setup coupled with the prepared NT-AuNSs enables
Rayleigh live-cell scattering images and Raman molec-
ular spectra from biomolecules near the nucleus to be
obtained simultaneously in real-time. By comparing
the cellular morphology and the molecular spectro-
scopic changes before and after the addition of an
apoptosis-causing agent, it is possible to determine the
molecular events associated with the process of cellu-
lar apoptosis.

The induction of apoptosis in HSC-3 cells was
achieved by a 100 uM H,0, treatment, as it is known
to cause apoptosis via oxidative stress.*®*° Apoptosis
in HSC-3 cells, after drug treatment for 24 h, was
confirmed by flow cytometric analysis (Figure 3I), and
particle internalization was indicated by the observa-
tion of the strong scattered light seen at the nucleus in
the Rayleigh images of the cells (Figure 3lI). The inter-
nalized NT-AuNSs aggregated once inside the cells,
which caused a shift in the SPR scattering peak from
524 nm to the strong peak at 600—700 nm.*® For
apoptotic treatments, the cell morphology was signifi-
cantly altered (i.e., cell shrinkage, blebbing, etc.), and
the shrunken cells exhibited strong white Rayleigh
scattering light. These morphological changes sug-
gest the appearance of an apoptotic cell, and the
strong white Rayleigh scattering suggests that the
dead cell has lifted off the substrate and intracellular
components have aggregated.®® In order to enhance
intracellular Raman signals, without inhibiting cell
functions and viability, HSC-3 cells were exposed
to 0.05 nM NT-AuNSs for 24 h before cell death
induction.?’

KANG ET AL.

When we compared the Raman spectra of apopto-
tic and viable cells after 24 h of H,0, treatment
(Figure 3), there were several notable spectroscopic
changes that correlated with our reference profiles
from in situ PERS experiments. The intensity of the
sharp band at 500 cm ™" decreased, while the intensity
of the 1000, 1178, and 1210 cm™' bands increased.
Since these changes were seen after protein denatura-
tion using f-mercaptoethanol, the decrease in the
500 cm™ " vibration indicates disulfide bond breakage
within intracellular proteins and loss of their tertiary
structure. The parallel increase in 1000, 1178, and
1210 cm ™' bands further indicates the loss of protein
tertiary structure and protein denaturation as these
bands indicate that hydrophobic amino acids, phenyl-
alanine, tryptophan, and tyrosine, are no longer posi-
tioned and protected within the interior of a highly
folded protein. Pronounced decreases in the relative
intensities of the 1128 and 1300 cm ™' vibrations were
also seen after apoptotic treatment. As these vibration
changes were previously determined to indicate pep-
tide bond hydrolysis through in situ serine protease
treatment, these bands indicate that apoptotic treat-
ment resulted in degradation of proteins located at the
nucleus. Lastly, the 838 cm ™' band intensity decreased,
while that of the 1585 cm™' band increased. Since
these vibrations were attributed to DNA backbone
breakage and the exposure of purine bases after
in situ UV exposure, these band changes indicated that
nuclear DNA fragmentation as a result of apoptosis was
detectable using our setup.

Apoptosis Dynamics Revealed by T-PESCIS. To investigate
the correlation between the real-time dynamics of the
identified apoptotic molecular events, HSC-3 cells
treated with 100 uM H,0, were monitored for 24 h
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Figure 4. Dynamic profile of molecular events during oxidative stress induced apoptosis. (a) Real-time plasmonically
enhanced Raman spectra of cell apoptosis induced by 100 «M H,0,. (b—d) Raman band intensities versus time associated with
different molecular events during cellular apoptosis caused by H,0,.

using T-PESCIS (Figure 4a). The relative intensities of
the eight Raman vibrations (500, 838, 1000, 1128, 1178,
1210, 1300, 1585 cm ") identified through in situ and
end-point PERS analysis were plotted versus time. As
seen in Figure 4b, protein denaturation occurs follow-
ing zero-order kinetics. When we compared the event
rates of protein denaturation, disulfide bond breakage,
and exposure of hydrophobic amino acids, it was clear
that disulfide bonds stabilizing a protein's tertiary
structure were severed before the exposure of interior
amino acids (Table 2). This agrees well with reports in
literature and demonstrates the sensitivity of T-PESCIS
for real-time analysis of biomolecular events. Disulfide
bond breakage occurs at a rate of —0.066 h™' (1.17 x
1072 min~") and indicates that the half-life of nuclear
protein tertiary structure is 7.6 h. As expected, the

KANG ET AL.

vibrations relating to hydrophobic amino acid expo-
sure occurred at similar rates (1000 cm ™', 0.052 h™';
1178 cm™',0.056 h™';and 1210 cm ™', 0.066 h™') and
have delays in their half-lives by ~1—2 h when com-
pared to that of disulfide bond breakage. The analysis
of protein degradation vibrations over time was bro-
ken down into two time intervals (0—6 and 6—12 h) to
obtain rate constants and associated half-lives
(Figure 4c, Figure S5, and Table 2). As the 1128 and
1300 cm ™' bands are assigned to peptide bond vibra-
tions, the initial increase in their relative band inten-
sities was associated with the loss of protein tertiary
structure and the exposure of the peptide bond to
the plasmonic field of the PERS nanoprobes, which
enabled us to detect it by the plasmonic enhance-
ment technique. After the initial increase, the relative
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TABLE 2. Real-Time Dynamics of Late-Stage Apoptotic Events in HSC-3 Cells Treated with 100 #M H,0,

Band (cm-1) Assignment Rate (h-')  Half-life (h)
500 Disulfide bond -S-S-, Protein ~ -0.066 +/- 0.008 7.6
838 O-P-O strength, DNA backbone  -0.011 +/- 0.005 22.7
1000 Ring breath, Phenylalanine  -0.052 +/- 0.008 9.6

i Tyrosine
C-C4-Hs, Phenylalanine,
1210 Tryptophan

C-H bend, C-C stretch,

0.056 +/- 0.008 8.9

0.066 +/- 0.007 76

1585 -N;-H, Guanine, Adenine

0.069 +/- 0.008 7.2

intensities decreased, and this was associated with
peptide bond cleavage. Together, these data reveal
that the hydrolysis of peptide bonds occurs only after
disulfide bond breakage and the loss of the tertiary
structure. Interestingly, the vibrations describing DNA
fragmentation occur at drastically different rates
(838 cm™', —0.012 h™" and 1585 cm™', 0.069 h™").
From zero-order rate analysis, the exposure of purine
bases appears to occur ~3.1 times faster than the DNA
backbone cleavage (Figure 4d). This apparent reverse
in the sequence of DNA fragmentation events could be
attributed to the DNA damage response mechanisms.
When cells are subjected to UV irradiation, DNA DSBs
result, followed by rapid phosphorylation of Ser139 in
y-H2AX.>'>2 It is the phosphorylation at Ser139 that is
thought to skew the apparent rate in DNA phosphate
backbone breakage. It is possible that further anal-
ysis of the rates of these two events could lead to
a real-time detection assay of DNA DSBs in single
living cells.

CONCLUSION

We reported the direct observation of molecular
events in real-time during the process of externally
induced apoptosis in HSC-3 cancer cells by using
Rayleigh and Raman spectral imaging using the T-PES-
CIS technique. Real-time monitoring of the structural
changes on the molecular level in the form of DNA/
protein complexes was achieved by taking the plas-
monically enhanced Rayleigh scattering images and
the Raman spectra from molecules around the cell's
nuclear region targeted with gold nanospheres con-
taining NLS peptides. The vibration assignments for
these events were made from previously known vibra-
tion assignments as well as from designed in situ

KANG ET AL.

experiments. Through Raman band analysis, three
molecular events (i.e.,, protein denaturation, protein
degradation, and DNA fragmentation) were distin-
guished, and the dynamics of these events were
obtained. The temporal profile of these events allowed
a sequence of events in real-time to be established:
(1) protein disulfide bond breakage along with DNA
fragmentation; (2) hydrophobic amino acid and pep-
tide bond exposure (i.e., loss of tertiary structure);
and (3) peptide bond hydrolysis. This work offers a
new possibility to monitor in real-time multi-
molecular events via molecular vibrations of various
biomolecules in living cells. By altering the targeting
strategy of AuNSs to localize the plasmonic enhance-
ment at different intracellular locations and expand-
ing the analysis of the recorded Raman spectra, it is
reasonable to expect the simultaneous tracking of
multiple molecular events in real-time. It is hoped
that this technique would enable future computa-
tional theoretical scientists to propose possible de-
tailed biological mechanisms of these important
processes.

Moreover, this work has shown that a large differ-
ence could be observed between the SERS spectra of
biological molecules in solution and those molecules
within living (or dead) cells that are enhanced by the
plasmonic field of aggregated gold or silver nanopar-
ticles. There are two distinct differences. First, there is a
difference in the distribution of the biological mol-
ecules in the living cells and in the in situ experiments.
Second, there is a large difference in the plasmonic
field distribution in the in situ experiment and that
resulting from the aggregated nanoparticles in the cell.
These two effects make it difficult to expect or to
observe the exact same pattern for proteins or DNA
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bands appearing with the same relative intensities in
the two experiments. Of all the Raman-active bands
observed in the in situ SERS spectrum, only those

METHODS

AuNS Synthesis. Citrate-stabilized AuNSs with an average
diameter of 21 nm were synthesized by the reduction of gold
ions (HAuCl,) with trisodium citrate.®® A 475 mL solution of
1.6 mM HAuCl, was heated to 100 °C under continuous stirring.
Immediately after the gold solution reached 100 °C, 25 mL of
18.0 mM trisodium citrate was added. Once the color change
from colorless to red was observed, heating and stirring were
terminated, and the solution was allowed to reach room
temperature. AuNSs were washed using DI water as the dis-
persant via centrifugation at 6000 rpm for 15 min. TEM analysis
indicated that the nanospheres had an average particle dia-
meter of 21 + 6 nm, and UV—vis spectroscopy showed a surface
plasmon resonance band at 530 nm (Figure S1). TEM images
were acquired with a JEOL 100CX-2 transmission electron
microscope, and the average particle diameter was determined
using ImageJ.

AuNS PEGylation and Peptide Conjugation. Thiol-modified poly-
(ethylene glycol) (PEG, MW = 5000) was utilized on the AuNSs'
surface to reduce aggregation and nonspecific binding of
proteins when the AuNSs were used in biological settings.?
PEGylation was conducted to obtain 10° molar excess of PEG
ligands on the AuNSs' surface using a 1.0 mM solution of mPEG-
SH 5000 (Laysan Bio, Inc.) prepared in DI water. The PEG-AuNSs
were allowed to incubate overnight at room temperature under
gentle shaking. The PEGylated AuNSs were centrifuged one
time at 6000 rpm for 15 min, and particle pellets were redis-
persed in DI water. Successful surface modification with PEG
was assessed using UV—vis spectroscopy and dynamic light
scattering (DLS) (Table S1).

After successful modification with PEG, AuNSs were con-
jugated with RGD and NLS peptides following a previously
established method.*>>3 Both peptides were purchased from
GenScript under custom order to attain C-terminal amidation. A
5.0 mM RGD (CGPDGRDGRDGRDGR) peptide solution and a
5.0 mM NLS (GGVKRKKKPGGC) peptide solution were added to
purified PEG-AuNSs to achieve 10* and 10° molar excess,
respectively. The solution was allowed to incubate overnight
under gentle shaking at room temperature. The peptide-
conjugated PEG-AuNSs were cleaned via centrifugation
(14000 rpm, 5 min). AuNSs were redispersed in DI water, and
the success of peptide conjugation was confirmed through
UV—vis spectroscopy and DLS (Table S1). Spectra obtained after
each conjugation showed a slight red shift indicating the
change in the dielectric constant of the AuNSs' surrounding
environment. DLS measurements indicated a ~20 nm increase
in diameter after PEGylation and an increase in the {-potential
after each conjugation. Stock NLS/RGD-AuNSs were diluted in
supplemented DMEM cell culture medium to achieve the
desired treatment concentration.

Protein Corona Analysis. A volume of the stock NT-AuNS was
diluted in supplemented DMEM culture medium to achieve a
final concentration of 0.05 nM. The diluted NT-AuNS solution
was then incubated for 24 h at 37 °C in a 5% CO, humidified
incubator to mimic conditions in live-cell PERS experiments.
After incubation, the nanoparticle solution was washed three
times in DI water using centrifugation at 14 000 rpm for 3 min.
UV—vis spectroscopy and DLS were used to assess protein
corona formation on the NT-AuNSs (Figure S2).

Cell Culture. Human oral squamous cell carcinoma (HSC-3)
cells, malignant epithelial cells, were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Mediatech) supplemented
with 4.5 g/L glucose and sodium pyruvate, 10% v/v fetal bovine
serum (FBS) (Mediatech), and 1% antimycotic solution
(Mediatech). Cell cultures were maintained at 37 °C in a 5%
CO, humidified incubator.
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molecules in the cell that are present in the plasmonic
field of the aggregated Au or Ag nanoparticles will be
observed.

Protein Extraction and Denaturation/Degradation. HSC-3 cells were
seeded in 12-well plates for 24 h and then exposed to 0.05 nM
NLS/RGD-AuNSs for an additional 24 h. After particle treatment,
cells were washed two times in cold DPBS and treated with
100 uL of 1x cell lysis buffer (Cell Signaling Technology)
supplemented with 1 mM PMSF. Cells were incubated for
5 min at4 °Cand then scraped to damage the cellular membrane.
Lysate solutions were combined and centrifuged at 14 000 rpm
for 5 min. For protein denaturation, after centrifugation, the
pellets were discarded and the lysate solutions were subjected
to 5% f3-mercaptoethanol and 100 °C heat for 5 min. Denatured
lysates were then mixed with 5 uL of 12.1 nM NLS/RGD-AuNS
solution and dried on a Raman sample holder. For protein
degradation, after protein denaturation was induced, lysates
were incubated in a 1:1 ratio of lysate/trypsin at 37 °C for
7 min. Once trypsinization was completed, degraded lysates
were mixed with 5 uL of 12.1 nM NLS/RGD-AuNS solution and
dried on a Raman sample holder.

Genomic DNA Extraction and Damage. HSC-3 cells were grown in
12-well plates for 24 h and then treated with 0.05 nM NLS/RGD-
AuNSs for another 24 h. After particle incubation, cells were
trypsinized and collected via centrifugation at 1500 rpm for
7 min. Genomic DNA was extracted using the Mammalian
Genomic DNA Miniprep Kit (Sigma-Aldrich). DNA damage was
induced by UV irradiation for 4 h. After 4 h, genomic DNA was
mixed with 5 uL of 12.1 nM NLS/RGD-AuNS solution and dried
on a Raman sample holder.

Annexin V—Propidium lodide Staining. HSC-3 cells were grown in
12-well plates for 24 h and then pretreated with 0.05 nM NLS/
RGD-AuNSs for an additional 24 h. After pretreatment, the NLS/
RGD-AuNS solutions were removed and the desired concentra-
tion of H,0O, (BDH Aristar Ultra) was added. Treatment solutions
were allowed to incubate with HSC-3 cells for 48 h. Particle
solutions were replaced with complete DMEM for 48 h to ensure
the same growth period as untreated cells and cells treated with
H,0,. Cells were collected after trypsinization and washed twice
with cold DPBS. After the final wash, cells were redispersed in
1x Annexin V binding buffer, and 5 uL of Annexin V—FITC and
2 ul of propidium iodide (Pl) were added. Cell solutions were
incubated for 15 min at room temperature and immediately run
on a BSR LSR Il flow cytometer (BD Biosciences). Samples were
excited with a 488 nm laser, and FITC was detected in FL-1 by a
525/30 BP filter while Pl was detected in FL-2 by a 575/30 BP
filter. Standard compensation using single-stained and un-
stained cells was done prior to running experiments. Determi-
nation of apoptotic, necrotic, and live-cell populations on at
least 10 000 events was conducted with FlowJo (Tree StarInc.), a
flow cytometry analyzing software.

T-PESCIS Studies. HSC-3 cells were cultured on 18 mm cover-
slips for 24 h in supplemented DMEM cell culture medium. Cells
were then exposed to 0.05 nM NLS/RGD-AuNSs for 24 h to
enhance the signals. After 24 h, the cell-containing coverslips
were inserted into a homemade live-cell chamber that main-
tained 37 °C temperature and 5% CO, concentration. The
chamber was then placed into the T-PESCIS setup as demon-
strated in Figure S4. H,0, solutions prepared in supplemented
DMEM cell culture medium to a final concentration of 100 uM
were injected into the live-cell chamber using an autoinjection
system. Rayleigh and Raman spectra were obtained for 24 h
following drug injection. The T-PESCIS Raman system utilized a
785 nm excitation laser, an inverted microscope with a 50x
objective lens fitted with filters to exclude signals from the laser,
as well as Rayleigh scattering. The pretreatment with NLS/RGD-
AuNSs enabled the acquisition of well-resolved spectra to be
under 10 s when using the extended scan mode. The spectra
mapping mode required <1 s. The Raman spectra use for
quantitative analysis at each time point is the averaged Raman
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spectra of at least 10 randomly chosen cells. Three independent
T-PESCIS experiments were used to obtain the final averaged
Raman data that were then normalized to the most intense
band. Normalized intensities of the 8 bands were plotted versus
time (up to 12 h) and linearly fit using Origin 8.0 (Origin
Laboratories, Corp.).

Statistical Analysis. Statistical analyses of experimental values
are conveyed as mean + SEM of three independent experi-
ments. The data were analyzed using the t test calculator
(GraphPad Software, GraphPad Software, Inc.), and statistical
significance was determined from untreated (control) to treated
(H,0,) samples. Asterisks indicated statistically significant data
with the following format: *P < 0.05, **P < 0.01, and ***P < 0.001.
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