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Plasmon-enhanced Raman spectroscopic metrics
for in situ quantitative and dynamic assays of cell
apoptosis and necrosist
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Apoptosis and necrosis are distinct cell death processes related to many cellular pathways. In situ,
quantitatively and dynamically monitoring such processes may provide vitally important information for
cell studies. However, such a method still remains elusive, even though current immunochemical
methodologies have developed extremely valuable tools. Herein, we demonstrate Raman spectroscopic
metrics for validating and quantifying apoptotic and necrotic cells based on their distinct molecular
vibrational fingerprints. It not only allows us to quantify apoptotic and necrotic cell populations in situ in
adherent cell samples, but also to be capable of continuously monitoring the dynamical processes of
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the “gold standard” of flow cytometry, moreover, with several incomparable advantages. Our work offers

DO 10.1039/c65c02486f a powerful new tool for cell apoptosis and necrosis assays and is expected to become a benchmark
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Introduction

Cell apoptosis and necrosis are very critical biological processes
related to many fields of biological and medical research.' The
apoptotic and necrotic cell populations and related molecular
pathways could be identified by several well-established meth-
odologies, including flow cytometry and microscopy based
on immunofluorescence labeling,>® DNA electrophoresis,”®
Western blotting,®'® enzyme colorimetric assay'* and so on.
However, in situ, quantitatively and dynamically monitoring
such different cell death processes still remains a great chal-
lenge. For instance, flow cytometry requires suspending cells in
a stream of fluid, thus it is not available for in situ testing of
adherent cells and it cannot follow dynamics on the same cell
sample. Microscopic imaging based on immunofluorescence is
capable of in situ validation of apoptotic or necrotic cells;
however, it is still hard to provide high-throughput quantitative
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technology in biological and medical studies.

data using current microscopy techniques in the way that flow
cytometry does. Other molecular biological methodologies such
as DNA electrophoresis, Western blotting and enzyme colori-
metric assays are also not capable of in situ testing of living cells
since such methods require collecting molecules from cell
].ySiS.7’8’10’11

Over the past decades, Raman spectroscopy has been inten-
sively explored for the investigation of molecular constitutions
within cells.”*™ As a non-invasive optical technique, Raman
spectroscopy allows continuous analysis of chemical information
inside living cells.’>'”**** Various techniques, including coherent
anti-Stokes Raman spectroscopy (CARS),"***** stimulated Raman
spectroscopy (SRS),””'® and tip or surface-enhanced Raman
spectroscopy (TERS or SERS)**?° have been developed. Particu-
larly, combined with the targeting ability of bio-conjugated
plasmonic nanoparticles, the spectral features from specific
regions (e.g. the nucleus) of single living cells can be detected by
plasmonic-enhanced Raman spectroscopy (PERS),**** which
enable the monitoring of molecular events during the cell
cycle,®***¢ cell apoptosis®”*® and intracellular drug action,**** at
the single-cell level. However, single-cell based Raman spectros-
copy collects the spectrum of one cell at a time. Since Raman
scattering from a single cell is mostly weaker than fluorescence, it
thus requires a much longer time to integrate the signals. Such
distinct limitations were considered to be the main hurdle for
single-cell Raman spectroscopy to achieving high-throughput
screening. Collecting the mixed spectra of a large number of cells
simultaneously would definitely increase the throughput,
however; extracting and quantitating the spectral features from
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multi-component samples became another challenge. Fortu-
nately, it was possible to address such challenges by applying
chemometric methods, such as principal component analysis
(PCAP>* and so on.

Herein, combining PERS and chemometrics together, we
present a Raman metric strategy for an in situ quantitative and
dynamic assay of apoptotic and necrotic cells based on
measuring their distinct molecular signatures. Through
analyzing the PERS spectra from the biomolecules at the cell
nucleus, the correlated Raman bands of viable, apoptotic and
necrotic cells were identified and different cell populations were
clearly discriminated. We then developed a mathematical
model to calculate the percentage of viable, apoptotic and
necrotic cell populations from the averaged PERS spectra of
adherent cell samples. This strategy not only allows in situ
quantitative testing of apoptotic and necrotic cells, but is also
capable of monitoring the dynamic apoptotic and necrotic
processes in the same cell sample over a different period of
time. Compared to the current “gold standard” flow cytometry,
our PERS strategy could provide pretty consistent results, with
an average difference of 2.86%, moreover, it has several
incomparable advantages. Firstly, it works for an adherent cell
sample. Secondly, it allows in situ measurement of living cells.
Thirdly, it enables the study of the dynamics of cell death in real
time. This technique provides a new tool for in situ, quantitative
and dynamic analysis of cell apoptosis and necrosis directly in
adherent cell samples, which may promote cell analysis appli-
cations in many fields.

Results and discussion
Readout Raman spectra from cells

A cell nucleus could be considered as the most important
subcellular compartment since it contains most of the DNA and
various proteins within cells. The spontaneous Raman signals
from these biological molecules are usually very weak because
of their low scattering cross section. To amplify the Raman
signals of DNA/protein complexes at the cell nucleus, we
utilized nuclear-targeting gold nanospheres (NT-AuNSs). The
NT-AuNSs were synthesized via a citrate-reduction approach,
and were further conjugated with methyl polyethylene glycol
(mPEG), arginine-glycine-aspartic acid (RGD) and nuclear
localization signal (NLS). These NT-AuNSs were about 20 + 4
nm in diameter (Fig. 1A). They have a plasmon band maximum
at 521 nm (Fig. S1, ESIt) in solution, and show bright green
Rayleigh/Mie scattering under a dark-field (DF) microscope
(Fig. 1B). Once the NT-AuNSs were internalized into cells and
aggregated around the nuclear region (Fig. 1C), their plasmon
band shifted to 600-800 nm (Fig. S2, ESIt), due to plasmon
coupling and Fano-like resonance.*>** The red scattering from
aggregates (i.e. coupling modes) mixed with the green scattering
from individual particles (i.e. single-dipole mode), exhibited
a bright “golden” color under the DF microscope (Fig. 1C). Such
a red-shifted and broadened plasmon band allows us to use
a red laser (785 nm) as the incident light for Raman measure-
ments. The Raman spectra were taken on a lab-built Raman
plate reader (Fig. S3, ESIT). The laser beam was expand to ~2
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Fig.1 (A) TEMimage of the AuNSs, the scale bar is 20 nm. (B) Dark field
scattering image of the AuNSs, the scale bar is 2 um. (C) Dark field
image of a HSC-3 cell pre-incubated with nuclear-targeted gold
nanospheres (NT-AuNSs), the NT-AuNSs are mainly localized at the
nuclear region. The white dashed line indicates the cell boundary and
the green dashed line indicates the cell nucleus, the scale bar is 10 um.
(D) The optical configuration of the Raman probe, the laser beam from
the Raman probe is about 2 mm in size, which roughly covers one well
of a 96-well plate. (E) Typical Raman spectra of cells with (1) and
without (3) NT-AuNSs, and the spectrum of NT-AuNSs (2).

mm in diameter, which roughly covers one well of the 96-well
plates (Fig. 1D). This configuration differs with the setup for
single cell Raman studies, in which the laser beam was usually
tightly focused to ~1 um in size.*>**** Herein, instead of taking
the spectra of individual cells one by one, the averaged Raman
spectra of a large number of adherent cells (roughly 10* to 10°
cells depending on the cell density in wells) were collected,
which significantly extended the possibility of reaching high-
throughput screening. The presence of NT-AuNSs enhanced the
Raman signals of cells ~10* fold, but none of the Raman bands
of the NT-AuNSs appear as strong bands in the cell spectrum
(Fig. 1E). The spectral stability of NT-AuNSs was also carefully
checked under cellular experimental conditions (Fig. S4A, ESIT),
to make sure that the observed changes in the cell spectra were
not originating from the nanoparticles.

Spectroscopic reference samples

We firstly carried out a set of control experiments to create
spectroscopic references of viable, apoptotic and necrotic cells,

This journal is © The Royal Society of Chemistry 2017
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using HSC-3 cells as a model (see Methods section for details).
All cell samples were pretreated with NT-AuNSs for 24 h at
a minimum concentration of 0.05 nM, which has been proven
to scarcely affect cell viability in the previous literature*® as well
as in our current study (Fig. S4B, ESIt). The reference viable,
apoptotic and necrotic samples were evaluated using flow
cytometry, and the percentage of cell populations are 94.02%
viable cells, 93.42% apoptotic cells and 92.16% necrotic cells,
respectively (Fig. 2I). The PERS spectra of viable, apoptotic and
necrotic cells show surprising different features (Fig. 2II). The
characteristic bands and their tentative assignments are
summarized in Table 1. Viable cells have several characteristic
bands at 490-510, 620-660, 820-860, 1000-1020, 1120-1140 and
1280-1320 cm™ " (Fig. 2A-IT), which could be assigned to the
disulfide bonds (S-S),*** C-S bonds,**** DNA backbone (O-P-
O)/tyrosine,”*** phenylalanine ring breathing,'****> peptide
bonds (C-N)***% and protein amide III band,**%*
respectively.

Apoptotic cells have several notable spectroscopic changes
compared to viable cells (Fig. 2B-II). Firstly, the bands at 490-
510 cm ™' decrease, while the bands at 1000-1020 and 1200-
1240 cm ! increase. The disulfide (S-S) bonds and C-S bonds
play an important role in the folding and stability of protein
native structure.®~*> In apoptotic cells, the decrease of the S-S
band indicates disulfide bond breakage within intracellular
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Fig. 2 Characterized flow cytometry (FACS) (I) and plasmonic-

enhanced Raman spectra (PERS) (Il) of reference viable (A), apoptotic
(B) and necrotic cells (C). The black lines in the PERS spectra show the
averaged spectra from 30 trials of measurements, and the pink colour
indicates their standard deviation (n = 30). The red (1), green (4) and
blue (8) colour in the PERS spectra indicates the most representative
bands in each population.
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proteins when they undergo denaturation.">**% The parallel
increase in the 1000-1020 and 1200-1240 cm ' bands also
indicates protein denaturation as these bands originate from
the ring breathing of phenylalanine, B-pleated sheet confor-
mation or C-C¢-Hs stretching of phenylalanine and tryptophan,
which are no longer positioned within the interior of a folded
protein.*®**¢%> Secondly, a pronounced decrease in the inten-
sities of the 1120-1140 and 1280-1320 cm ™' bands was also
seen after apoptotic treatment. Since these two bands are
attributed to protein peptide bond (C-N) stretching and a-helix
protein structure, thus here, the decrease of these vibration
bands indicates that the peptide bond hydrolyses during
nuclear protein degradation.®** Thirdly, the band intensity at
820-860 cm ' decreases while that of the 1560-1600 cm ™" band
increases. These two bands could be attributed to the DNA O-P-
O backbone and ring mode of guanine and adenine, respec-
tively.>>**® These vibrational changes indicate DNA backbone
breakage and the exposure of purine bases, which correlates
with nuclear DNA fragmentation as a result of cell
apoptosis.”®**¢” All of the above Raman vibrational changes
indicate the occurrence of protein denaturation, protein
degradation and DNA fragmentation, which are typical molec-
ular events of cell apoptosis.>>*%%

The Raman features of necrotic cells are different from those
of apoptotic cells (Fig. 2C-1I). Compared with viable cells, the S-
S band at 490-510 cm ™! also decreases in necrotic cells, indi-
cating the breakage of disulfide bonds in the protein tertiary
structure. However, the peptide bond vibration at 1120-1140
em~ ' did not decrease as much as in apoptotic cells, and the
phenylalanine band at 1000 cm™' also did not increase so
much. The above results indicate that the breakage of disulfide
bonds indeed occurs in apoptotic cells, but protein degradation
is not as notable as in apoptotic cells. The probable reason is
that, for necrotic cells, cell death occurs rapidly, and the
structure of enzymes was also damaged in short time, thus the
protein cannot undergo proteolysis since there is a lack of active
enzymes. Thereby, the necrotic cells do not show as much
change in the 1000 cm™" phenylalanine band and 1120-1140
em™ ! peptide bond vibration band as apoptotic cells do. The
decrease in the intensity of the DNA backbone band at 820-860
cm ' and the increase of the 1560-1600 cm * band intensity
exhibits a similar trend as with the apoptotic cells, which
indicates the occurrence of DNA fragmentation after necrotic
treatment. In addition to the above changes, the most notable
change is the increase of lipid or protein CH,/CH; deformation
and bending band around the 1460-1500 cm ™" region.*?1308
The strong lipid vibration in necrotic cells could be attributed to
the damage of cell membranes and intracellular vessel struc-
tures, thus the NT-AuNSs are no longer located around the cell
nucleus and thereby may have got in contact with the cellular
membrane and enhanced the lipid signals.

Discrimination of cell populations

Even though we have seen that the viable, apoptotic and
necrotic cells exhibit different PERS spectroscopic features, it is
still not easy to pick up the most significant differences between
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Table 1 Assignments of the characterized bands in PERS spectra
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Bands (cm 1) Component Tentative assignments of PERS bands
1 490-510 Protein S-S stretching
2 620-660 Protein C-S stretching
3 820-860 DNA/protein O-P-O backbone, tyrosine
4 1000-1020 Protein Ring breathing of phenylalanine
5 1120-1140 Protein/carbohydrate C-N stretching, C-O/C-C stretching
6 1200-1240 Protein Amide III (B-pleated sheet)
7 1280-1320 Protein Amide III (a-helix)
8 1460-1500 Lipid/protein CH,/CH; deformation, bending
9 1560-1600 DNA/protein Guanine/adenine, phenylalanine

each cell population. To address this problem, we utilized
principal component analysis (PCA), a chemometric method
suitable for extracting principal information from multidi-
mensional data sets. Fig. 3 shows the score plots and loading of
the derived principal components (PCs). From the score plots of
PC1 and PC2, the classification of viable, apoptotic and necrotic
cell populations can be clearly distinguished (Fig. 3A). The
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Fig. 3 (A) Scatter plot and 1D intensity distribution of PC1 vs. PC2
scores originating from the PERS spectra of reference viable, apoptotic
and necrotic cell samples. Different cell populations are clearly
segregated by either the scatter plot or 1D intensity line of the PCs.
Intensity curves were generated by using Kernel density estimation to
smooth PC score histograms. (B) PC1 and PC2 loading of all extracted
spectra of the above three reference samples, which shows distinct
peaks corresponding to the discrimination weight between these cell
groups at a certain Raman shift. The averaged PCs from 20 spectra are
shown as a black line and their standard deviation is highlighted in red.
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loading of PC1 and PC2 reflects the contribution of each vari-
able to the variation of the data set between groups (Fig. 3B).
PC1 loading shows peaks at 500 and 1500 cm ™' and PC2 loading
shows peaks at 500, 1000, 1180, 1210 and 1585 cm ™. We also
did a difference analysis on the representative Raman features
to reveal their correlation to each cell population (see Methods
section for details). The representative viable, apoptotic and
necrotic features after difference analysis treatment are shown
in Fig. S5 in the ESI,T and the analysis on their intensity and
correlation is summarized in Table S1 in the ESI.t

Mathematical model and calculation

Considering overall the band intensity and representativity
(Fig. 211, 3B and S5, Table S1, ESIt), we chose three PERS bands
at 500, 1000 and 1500 cm ™" to represent the viable, apoptotic
and necrotic cell populations, respectively. We then developed
a mathematical model to calculate the percentage of viable,
apoptotic and necrotic cell populations from the averaged PERS
spectra of any given samples. Three ideal samples are assumed,
which contain 100% viable cells, 100% apoptotic cells and
100% necrotic cells, named Sy, Sapo and Syec. The intensity of
characterized Raman bands for these ideal samples are repre-
sented by Lia), Lapo(x)y and Inecx) at a specific wavenumber, k,
since the intensity of averaged Raman signals is proportional to
the number of cells. Thus, for a given cell sample termed Sy,
which contains an unknown x% of viable cells, y% of apoptotic
cells and z% of necrotic cells, the following equation works:

Liay X X% + Lapoky X ¥70 + Ineciy X 2% = Inixy

where Iy is the Raman band intensity of a given sample, Sp,ix,
at a specific wavenumber, &, and the unknown numbers x, y and
z are under the constraint condition of x + y + z = 100.

As mentioned before, the three reference samples used in
the current work were experimentally created, and the
percentages of viable, apoptotic and necrotic cells were 94.02%,
93.42% and 92.16%, respectively. Since such reference samples
are actually not 100% ideal samples, so the Raman band
intensity of the above reference samples are not exactly the
same as the ideal theoretical samples. To obtain more accurate
calculation results, we did a correction on the Raman band
intensity of the experimental reference samples by using
a linear equation:

This journal is © The Royal Society of Chemistry 2017
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Iideal X (X, ) Z)U/O + Ibackground = Ireference

where Iigea1 is the theoretical band intensity of the ideal
samples, Leference 1S the experimentally observed band intensity
of the reference samples in the current work, (x, y, 2)% is the
percentage of viable, apoptotic and necrotic cells in experi-
mental reference samples, and Ipackgrouna 18 the intensity of
nonspecific background at specific wavenumbers.

Quantifying cell populations

Using the above equation and the corrected I, 0f the bands at
500, 1000 and 1500 cm ', we calculated the percentage of
viable, apoptotic and necrotic cell populations. As a proof of
concept, we tested this method on two adherent cultured cell
lines (HSC-3 and MCF-7 cells), under the treatment of four types
of anticancer drugs; cisplatin (CisPt), fluorouracil (5-FU),
camptothecin (CAMP) and doxorubicin (DOX).

Fig. 4 shows the comparison between the results calculated
from PERS spectra and the control results from flow cytometry.
The results for cell populations obtained by PERS and flow
cytometry are very consistent with one another (Fig. 4A).
Comparing 24 groups of data pairs, 23 pairs of data obtained by
the two above methods have a difference <5%, except for one
pair of data with a difference <10% (Fig. 4B). All the 24 pairs of
data have an average difference of 2.86% and a coincidence
index of >95%. These results suggest that this PERS strategy
could provide comparable results with the “gold standard” of
flow cytometry. Moreover, this PERS technique allows real-time
dynamic measurement on the same cell sample. Fig. 5 shows an
example of HSC-3 cells treated by CAMP for different periods of
time. PERS spectra from the same cell sample were collected in
situ at 1, 4, 8 and 12 hours of drug treatment (Fig. 5A). According
to the PERS spectra and our proposed mathematical model, the
percentages of viable, apoptotic and necrotic cell populations at
each time point could be obtained (Fig. 5B). From the time-
dependent data, one can clearly see the changes of each cell
population along with the time of drug treatments, which is
usually not able to be obtained by flow cytometry. It is important
to note that the selection of Raman bands for calculation was
based on two criteria: (1) the band intensity should be strong
and (2) the band should appear in one cell population, but not
in the other two. According to the above criteria and the analysis
in Fig. S5 and Table S1,} the 500, 1000 and 1500 cm™* bands
were selected for calculating the cell populations. Calculations
according to other bands were also tried (see Fig. S6 and S7 in
the ESIf), but in our current system, the calculation results
according to 500, 1000 and 1500 cm™! bands were the best,
which also confirms the feasibility of band selection criteria.

While PERS spectroscopy provided comparable results about
cell apoptosis and necrosis with flow cytometry, they are based
on different mechanisms. Different from flow cytometry using
immunofluorescence labeling, the PERS spectroscopy distin-
guish different cell populations according to their distinct
molecular signatures. As a proof of principle demonstration,
the current study did not focus on distinguishing the different
stages of apoptotic cells, i.e. early or late apoptosis. Actually, the
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Fig. 4 (A) Comparison between the results of viable, apoptotic and
necrotic cells measured using flow cytometry (FACS) and PERS. HSC-3
and MCF-7 cells were treated with 100 uM fluorouracil (5-FU), cisplatin
(CisPt), camptothecin (CAMP) and doxorubicin (DOX) for 24 h. (B) %
difference between the results of PERS and FACS. The % difference is
defined as the absolute value of [PERS-FACS].

plentiful spectral features in Raman spectroscopy make it
possible to not only distinguish the early and late stages of cell
apoptosis, but also to reveal the molecular kinetics during
apoptotic processes.’®** A full understanding of the detailed
molecular events, dynamics and mechanisms about the cell
death process was expected to be revealed via monitoring more
molecular vibrational features and utilizing more integrated
spectral analysis.

In present study, we utilized two types of adherent cultured
cell lines (HSC-3 and MCF-7 cells) as models. These two types of
cells exhibit very similar PERS spectroscopic features when they
are treated using the same viable, apoptotic and necrotic
procedures for creating reference samples (Fig. S8-510, ESIT).
Most of the characteristic bands of these two types of cells are
very consistent in terms of both band position and intensity.
The reason could possibly be that in our current work, nuclear-
targeting Au-NSs were utilized to enhance the Raman signals of
biomolecules at the cell nucleus that mainly contains DNA/
protein complexes, and thus the obtained Raman spectra are

Chem. Sci., 2017, 8, 1243-1250 | 1247
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Fig. 5 In situ dynamic measurement of the viable, apoptotic and
necrotic populations of HSC-3 cells. (A) The PERS spectra of HSC-3
cells treated by camptothecin (CAMP) for 1, 4, 8 and 12 h. (B)
Percentages of viable, apoptotic and necrotic populations along with
the time of CAMP treatment.

mainly contributed by the vibrational modes of DNA and
protein molecules. As we know, a cell nucleus consists of more
than one type of DNA and protein molecules, and their
sequence and detailed high-order structure may depend on the
types of cell. However, all the protein and DNA molecules
contain the same general chemical structures, such as S-S and
C-S bonds, peptide C-N bonds, DNA O-P-O backbone bases,
amino acids and so on. Thus these general chemical structures
contribute strong Raman signals and lead to the similarity of
the PERS spectra of HSC-3 and MCF-7 cells. This suggests that
the PERS strategy has potential to be a universal methodology
for measuring the apoptosis and necrosis of various types of
cells. It is notable that even the PERS spectra of HSC-3 and MCF-
7 cells are similar to their reference samples, the Raman bands
change with different profile and dynamics when they undergo
apoptotic or necrotic cell death (Fig. 4A). As a final remark, the
PERS spectral features of cells may depend on the design of
plasmonic nanoparticles. We utilized nuclear-targeting gold
nanospheres in the current work, however, the plasmonic
nanoprobes did not have to be spherical in shape, and they did
not have to target to the cell nucleus. In principle, nanoparticles
with different shapes or different targeting conjugations should
also work. The use of different nanoparticles might result in
different Raman spectra features and different selection of
representative bands for calculating cell populations. The
strategy of spectroscopic metrics in the current work, such as
spectra analysis, calculation and mathematical model, could be
generalized for all types of nanoparticles.

Conclusions

In conclusion, we report a Raman spectroscopic metric
approach for in situ, quantitative and dynamic testing of
apoptotic and necrotic cell death. Compared to the current
“gold-standard” flow cytometry, this spectroscopic technique
has several potential advantages: firstly, unlike flow cytometry
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that requires cells in suspension, it also works for adherent cell
samples, secondly, it allows in situ measurement of living cells,
and thirdly not only as an end-point test; it enables the study of
the dynamics of cell death in real time. Although this technique
in our current work is still in its infancy, it makes it possible to
measure cell apoptosis and necrosis in situ, quantitatively and
dynamically, which may become a benchmark technology in
molecular biology. The spectroscopic metric strategy in our
current work may shed light on developing spectroscopy-based
methods for quantitative cell analysis.

Experimental section
Nanoparticles preparation and conjugation

Gold nanospheres (AuNSs) were synthesized using a citrate-
reduction based approach,® as reported in the previous litera-
ture.***>* Briefly, 25 mL of 20 mM trisodium citrate was added
to 475 mL of a 1.6 mM HAuCl, solution at 100 °C under stirring,
until the color changed to red. Then, the AuNSs were washed
with deionized (DI) water via centrifugation at 6000 rpm for 15
min. For PEGylation, a 1.0 mM solution of thiol-modified
methoxypolyethylene glycol (mPEG-SH, MW 5000) was added to
a AuNSs solution with a final molar ratio of 1000 : 1. The PEG-
AuNSs solution was incubated for 24 hours, and then centri-
fuged at 6000 rpm for 15 min and washed with DI water. After
PEG modification, the AuNSs were conjugated with RGD
and NLS peptides by the addition of a 5.0 mM RGD
(CGPDGRDGRDGRDGR) peptide solution and a 5.0 mM NLS
(GGVKRKKKPGGC) peptide solution to PEG-AuNSs with
a molar excess of 10* and 10°, respectively. The RGD/NLS-
AuNSs were purified by centrifugation (10 000 rpm, 5 min) to
remove unbound ligands. The final obtained nuclear-targeting
AuNSs were termed NT-AuNSs.

Cell culture

Human oral squamous cell carcinoma (HSC-3) and human
breast adenocarcinoma (MCF-7) cells were cultured in Dulbec-
co's Modified Eagle's Medium (DMEM, Mediatech), supple-
mented with 10% fetal bovine serum (FBS, Mediatech) and 1%
antimycotic solution (Mediatech), in a 37 °C and 5% CO,
humidified incubator. For PERS experiments, the cells were
cultured in a 96-well culture plate and pretreated with 0.05 nM
NT-AuNSs for 24 hours before collecting spectra.

Spectroscopic reference samples

The reference viable cells are control cells without any treat-
ment except for 0.05 nM NT-AuNSs pretreatment; the reference
apoptotic cells were induced by 100 uM H,0, treatment for 24 h,
and the reference necrotic cells were treated in boiling water
(100 °C) for 10 min. The viable, apoptotic and necrotic cells were
evaluated by flow cytometry using a standard Annexin V-FITC
and PI double staining procedure.

PERS readout

The PERS experiments were carried out on a lab-built Raman
plate reader setup (Fig. S3, ESIT). This setup combined a fiber
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Raman spectroscopy system with a motor driven XY stage.
Briefly, a 785 nm laser was used as incident light. The incident
laser was guided to a home-modified Raman probe through
a multimode Y-shaped fiber. The laser beam output from the
Raman probe was about 2 mm in diameter, which roughly
covered one well of the 96-well culture plate. The Raman signals
from samples were collected with the same Raman probe and
delivered to a fiber spectrometer through another arm of the Y-
fiber. Typically, with the enhancement of plasmonic nanop-
robes, the PERS spectra were acquired with a CCD integration
time of 500 ms. The motor driven stage allow us to read out the
Raman spectra of each well, under the control of programmed
software. For in situ dynamic PERS measurement, the stage and
culture plate were covered with a homemade case with
a temperature control unit and an access to inject 5% CO, to
keep the cells alive. For each group, spectra from 10 wells of
cells were taken to get an average result, and at least 3 inde-
pendent trials were taken for all experiments.

Flow cytometry

Flow cytometry based on Annexin V-FITC and propidium iodide
(PI) staining was used to confirm the results of PERS spectros-
copy. For this measurement, cells were grown in 12-well culture
plates and pretreated with 0.05 nM NLS/RGD-AuNSs for 24 h
before any drug treatment. After drug treatments, cells were
collected after trypsinization and washed with cold DPBS. Then,
cells were redispersed in binding buffer, and 5 puL of Annexin V-
FITC and 2 pL of propidium iodide (PI) were added. Cell solu-
tions were then incubated for 15 min at room temperature and
run on a BD flow cytometer by using standard FITC and PI
channels. Viable, apoptotic and necrotic cell populations were
analyzed using FlowJo software.

Principal component analysis (PCA)

PCA is a suitable tool for extracting principal information from
multidimensional data sets such as Raman spectra. In the
current study, the PC scores and loadings were calculated via
Matlab R2015b. Before running PCA, 20 spectra from each
group (viable, apoptotic, necrotic) were randomly selected and
normalized from 0 to 1. Scatter plots of PC1 and PC2 scores were
utilized to classify different cell populations. A Kernel density
estimation method is used to smooth the diagram of scores to
generate a 1D intensity distribution. PC1 and PC2 loading
exhibited the discrimination weight between different cell
groups at certain Raman shifts. To address this, three Raman
spectra were randomly selected from each of the three cell
groups, and a PC loading curve was calculated by running PCA
on these three spectra. This calculation process was carried out
20 times to get the average value (black line) and standard
deviation (highlighted as red color) of all 20 PC loadings.

Calculating the percentages of cell populations

The percentage of cell apoptosis and necrosis were calculated
according to the linear equation sets proposed in the current
work. The equations were solved by using Mathematic software,
the algorithm was trained by inputting the reference data of cell
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apoptosis and necrosis obtained by flow cytometry, and a self-
consistent calculation strategy was used to get a convergent
numerical solution. Calculations were tried according to the
normalized intensity of different bands (Fig. S6 and S7, ESIf),
the bands of 500, 1000 and 1500 cm™ " gave the best calculation
results in our current system.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (21327902, 21535003, 21675081). This work was
also supported by a Project Funded by the Priority Academic
Program Development of Jiangsu Higher Education Institutions.

Notes and references

1 A. L. Edinger and C. B. Thompson, Curr. Opin. Cell Biol.,
2004, 16, 663.

2 R. C. Taylor, S. P. Cullen and S. J. Martin, Nat. Rev. Mol. Cell
Biol., 2008, 9, 231.

3 H. A. Eum, Y. N. Cha and S. M. Lee, Biochem. Biophys. Res.
Commun., 2007, 358, 500.

4 S. Elmore, Toxicol. Pathol., 2007, 35, 495.

5 D. Wlodkowic, W. Telford, J. Skommer and Z. Darzynkiewicz,
Recent Advances in Cytometry, Part B: Advances in Applications,
5th edn, 2011, vol. 103, p. 55.

6 C. M. Henry, E. Hollville and S. J. Martin, Methods, 2013, 61,
90.

7 M. Kajstura, H. D. Halicka, J. Pryjma and Z. Darzynkiewicz,
Cytometry, Part A, 2007, 71, 125.

8 G. M. Cohen, X. M. Sun, R. T. Snowden, D. Dinsdale and
D. N. Skilleter, Biochem. J., 1992, 286, 331.

9 S. Ghavami, M. Hashemi, S. R. Ande, B. Yeganeh, W. Xiao,
M. Eshraghi, C. J. Bus, K. Kadkhoda, E. Wiechec,
A. J. Halayko and M. Los, J. Med. Genet., 2009, 46, 497.

10 D. C. Guttridge, C. Albanese, J. Y. Reuther, R. G. Pestell and
A. S. Baldwin, Mol. Cell. Biol., 1999, 19, 5785.

11 S. A. Susin, H. K. Lorenzo, N. Zamzami, I. Marzo, B. E. Snow,
G. M. Brothers, ]J. Mangion, E. Jacotot, P. Costantini,
M. Loeffler, N. Larochette, D. R. Goodlett, R. Aebersold,
D. P. Siderovski, J. M. Penninger and G. Kroemer, Nature,
1999, 397, 441.

12 C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom,
C. W. He, J. C. Tsai, J. X. Kang and X. S. Xie, Science, 2008,
322, 1857.

13 Y. H. Ong, M. Lim and Q. Liu, Opt. Express, 2012, 20, 22158.

14 A. Jaworska, L. E. Jamieson, K. Malek, C. J. Campbell,
J. Choo, S. Chlopicki and M. Baranska, Analyst, 2015, 140,
2321.

15 T. Hellerer, C. Axang, C. Brackmann, P. Hillertz, M. Pilon
and A. Enejder, Proc. Natl. Acad. Sci. U. S. A., 2007, 104,
14658.

16 P. Kukura, D. W. McCamant, S. Yoon, D. B. Wandschneider
and R. A. Mathies, Science, 2005, 310, 1006.

17 M. Okada, N. L. Smith, A. F. Palonpon, H. Endo, S. Kawata,
M. Sodeoka and K. Fujita, Proc. Natl. Acad. Sci. U. S. A.,
2012, 109, 28.

Chem. Sci,, 2017, 8, 1243-1250 | 1249


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc02486f

Open Access Atrticle. Published on 03 fjna 2016. Downloaded on 31.01.2026 18:34:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

18 G. J. Puppels, F. F. M. Demul, C. Otto, J. Greve,
M. Robertnicoud, D. J. Arndtjovin and T. M. Jovin, Nature,
1990, 347, 301.

19 H. W. Wu, ]J. V. Volponi, A. E. Oliver, A. N. Parikh,
B. A. Simmons and S. Singh, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 3809.

20 X. S. Zheng, C. Zong, M. X. Xu, X. Wang and B. Ren, Small,
2015, 11, 3395.

21 H.]J.van Manen, Y. M. Kraan, D. Roos and C. Otto, Proc. Natl.
Acad. Sci. U. S. A., 2005, 102, 10159.

22 A. Volkmer, J. X. Cheng and X. S. Xie, Phys. Rev. Lett., 2001,
87, 023901.

23 H. F. Wang, Y. Fu, P. Zickmund, R. Y. Shi and J. X. Cheng,
Biophys. J., 2005, 89, 581.

24 J. Ando, K. Fujita, N. I. Smith and S. Kawata, Nano Lett., 2011,
11, 5344.

25 A. Huefner, W. L. Kuan, R. A. Barker and S. Mahajan, Nano
Lett., 2013, 13, 2463.

26 Y. Cao, D. W. Li, L. J. Zhao, X. Y. Liu, X. M. Cao and
Y. T. Long, Anal. Chem., 2015, 87, 9696.

27 L. Lin, X. D. Tian, S. L. Hong, P. Dai, Q. C. You, R. Y. Wang,
L. S. Feng, C. Xie, Z. Q. Tian and X. Chen, Angew. Chem., Int.
Ed., 2013, 52, 7266.

28 E. A. Pozzi, M. D. Sonntag, N. Jiang, ]J. M. Klingsporn,
M. C. Hersam and R. P. Van Duyne, ACS Nano, 2013, 7, 885.

29 L. ]. Xu, Z. C. Lei, ]J. X. Li, C. Zong, C. J. Yang and B. Ren, J.
Am. Chem. Soc., 2015, 137, 5149.

30 Y. H. Choi, T. Kang and L. P. Lee, Nano Lett., 2009, 9, 85.

31 Y. M. Fang, S. Chen, W. Wang, X. N. Shan and N. J. Tao,
Angew. Chem., Int. Ed., 2015, 54, 2538.

32 S. Hennig, V. Monkemoller, C. Boger, M. Muller and
T. Huser, ACS Nano, 2015, 9, 6196.

33 Y. W. Jun, S. Sheikholeslami, D. R. Hostetter, C. Tajon,
C. S. Craik and A. P. Alivisatos, Proc. Natl. Acad. Sci. U. S.
A., 2009, 106, 17735.

34 G.X.Rong, H. Y. Wang and B. M. Reinhard, Nano Lett., 2010,
10, 230.

35 B. Kang, L. A. Austin and M. A. El-Sayed, Nano Lett., 2012, 12,
5369.

36 B. Kang, M. A. Mackey and M. A. El-Sayed, J. Am. Chem. Soc.,
2010, 132, 1517.

37 L. A. Austin, B. Kang, C. W. Yen and M. A. El-Sayed, J. Am.
Chem. Soc., 2011, 133, 17594.

38 B. Kang, L. A. Austin and M. A. El-Sayed, ACS Nano, 2014, 8,
4883.

39 L. A. Austin, B. Kang and M. A. El-Sayed, J. Am. Chem. Soc.,
2013, 135, 4688.

40 B. Kang, M. M. Afifi, L. A. Austin and M. A. El-Sayed, ACS
Nano, 2013, 7, 7420.

41 E. Brauchle, S. Thude, S. Y. Brucker and K. Schenke-Layland,
Sci. Rep., 2014, 4, 4698.

42 M. Aioub, B. Kang, M. A. Mackey and M. A. El-Sayed, J. Phys.
Chem. Lett., 2014, 5, 2555.

1250 | Chem. Sci., 2017, 8, 1243-1250

View Article Online

Edge Article

43 S. J. Barrow, X. Z. Wei, J. S. Baldauf, A. M. Funston and
P. Mulvaney, Nat. Commun., 2012, 3, 1275.

44 B. Luk'yanchuk, N. I. Zheludev, S. A. Maier, N. ]J. Halas,
P. Nordlander, H. Giessen and C. T. Chong, Nat. Mater.,
2010, 9, 707.

45 H. E. Vanwart, A. Lewis, H. A. Scheraga and F. D. Saeva, Proc.
Natl. Acad. Sci. U. S. A., 1973, 70, 2619.

46 H. E. Vanwart and H. A. Scheraga, J. Phys. Chem., 1976, 80,
1823.

47 H. E. Vanwart, H. A. Scheraga and R. B. Martin, J. Phys.
Chem., 1976, 80, 1832.

48 R. Zheng, X. ]J. Zheng, J. Dong and P. R. Carey, Protein Sci.,
2004, 13, 1288.

49 M. C. Chen and R. C. Lord, J. Am. Chem. Soc., 1976, 98, 990.

50 H. E. Vanwart, F. Cardinaux and H. A. Scheraga, J. Phys.
Chem., 1976, 80, 625.

51 H. E. Vanwart and H. A. Scheraga, J. Phys. Chem., 1976, 80,
1812.

52 A.J. Ruiz-Chica, A. Soriano, I. Tunon, F. M. Sanchez-Jimenez,
E. Silla and F. J. Ramirez, Chem. Phys., 2006, 324, 579.

53 W. Xie, L. Wang, Y. Y. Zhang, L. Su, A. G. Shen, J. Q. Tan and
J. M. Hu, Bioconjugate Chem., 2009, 20, 768.

54 W. L. Peticolas, T. W. Patapoff, G. A. Thomas, J. Postlewait
and J. W. Powell, J. Raman Spectrosc., 1996, 27, 571.

55 J. De Gelder, K. De Gussem, P. Vandenabeele and L. Moens,
J. Raman Spectrosc., 2007, 38, 1133.

56 T.Ichimura, L. D. Chiu, K. Fujita, S. Kawata, T. M. Watanabe,
T. Yanagida and H. Fujita, PLoS One, 2014, 9, €84478.

57 J. L. Lippert and W. 1. Peticola, Proc. Natl. Acad. Sci. U. S. A.,
1971, 68, 1572.

58 A. Rygula, K. Majzner, K. M. Marzec, A. Kaczor, M. Pilarczyk
and M. Baranska, J. Raman Spectrosc., 2013, 44, 1061.

59 G.]. Thomas, B. Prescott and D. E. Olins, Science, 1977, 197,
385.

60 S. P. A. Fodor, R. A. Copeland, C. A. Grygon and T. G. Spiro, /.
Am. Chem. Soc., 1989, 111, 55009.

61 D. Juminaga, R. GardunoJuarez, M. A. McDonald and
H. A. Scheraga, Biophys. J., 1996, 70, Su203.

62 M. G. Woll, E. B. Hadley, S. Mecozzi and S. H. Gellman, J. Am.
Chem. Soc., 2006, 128, 15932.

63 G. Hacker, Cell Tissue Res., 2000, 301, 5.

64 K. 1. Arai, S. Nakamura, T. Arai, M. Kawakita and Y. Kaziro, J.
Biochem., 1976, 79, 69.

65 1. Notingher and L. L. Hench, Expert Rev. Med. Devices, 2006,
3, 215.

66 G.]. Thomas, Annu. Rev. Biophys. Biomol. Struct., 1999, 28, 1.

67 A. H. Wyllie, Nature, 1980, 284, 555.

68 S. R. Panikkanvalappil, S. M. Hira, M. A. Mahmoud and
M. A. El-Sayed, J. Am. Chem. Soc., 2014, 136, 15961.

69 J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot and
A. Plech, J. Phys. Chem. B, 2006, 110, 15700.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc02486f

	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...

	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...
	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...

	Plasmon-enhanced Raman spectroscopic metrics for in situ quantitative and dynamic assays of cell apoptosis and necrosisElectronic supplementary...


