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A B S T R A C T

Redox activity is known to regulate migration, invasion, metastasis, proliferation, and vascularization of cancer.
Because cancer is heterogeneous, the role of redox activity in different cancers and cancer-related processes vary
widely. In this study, water soluble, Tween 80-coated polyaniline (TPAni) nanoparticles were synthesized and
used as nano-agents for sensing the redox activities of various cancer cells. To identify the relationship between
the redox activity and the aggressiveness of cancer cells, two different cancer cell lines, derived from the same
tissue but different with regards to aggressiveness, were selected for study. First, the cancer cell lines were
incubated with TPAni nanoparticles, and an absorbance ratio obtained from the cell culture media was used as a
colorimetric indicator of the redox activities of the cells. Simultaneously, hydrophobically modified filter papers
coated with silver nanosnowflakes (SNSF) were used as sensing substrates for surface enhanced Raman scattering
(SERS). SERS spectra obtained from varying concentrations of rhodamine 6G were used to confirm the detection
limit of the SNSF-based SERS substrate. Cell culture media containing TPAni nanoparticles were treated with the
SNSF-containing SERS substrates to examine the redox activities of the various cancer cell lines.The redox ac-
tivities of cancer cell lines were confirmed by absorbance spectral analysis, and these redox activities were better
identified via an SERS analysis method. A SNSF-containing SERS substrate, fabricated from SNSF and filter paper,
was used to sense redox activity in cancer cell lines and to further identify correlations between redox activity and
cancer cell line aggressiveness, as indicated by the use of EpCAM as a biomarker. Finally, potential of in vivo redox
activity sensing was also confirmed.
1. Introduction

Redox activity of cells is an important factor in cell cycle [1], differ-
entiation [2], apoptosis [3], inflammation [4], protein interactions [5],
and signaling pathways [6]. Redox activity particularly plays an impor-
tant part in the regulation of most cell signaling pathways, thereby of-
fering diverse phenotypic probabilities for tumor cells, which in turn
allows for the emergence of different cancer characteristics and adapta-
tions to various states in the tumor circumstance [7]. This adaptation
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makes cancers aggressive diseases, which can coexist with their micro-
environments [8]. However, the role of the redox activity in this complex
context is poorly understood. Some previously published reports have
investigated the redox activity of tumors and the alteration of this ac-
tivity as a biomarker of tumor progression condition, thereby high-
lighting the function of redox balance in the beginning and end of the
carcinogenesis process [9,10]. Another research suggests that deregula-
tion of redox homeostasis is a hallmark of tumor cells that are progressive
and resistant to therapy [11].
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To sense the redox activity of biological system, various materials
have been used. For example, naphthoquinone, which contains a quinone
moiety and undergoes reversible 2e�, 2Hþ redox reactions, has been used
[12]. In addition, mercaptobenzoic acid has been applied to detect redox
potential and intracellular pH [13]. More recently, polyaniline (PAni), a
conductive polymer, has been utilized to measure the redox activity of
biological systems. PAni-based nanostructures are widely used as sensor
materials because of their easy synthesis, low price per monomer,
adjustability of optoelectronic characteristics, and good chemical sta-
bility compared to other conjugated polymers. In particular, PAni has a
specific property that can change electrical and optical characteristics
depending on doping states by various dopants such as strong acids,
Lewis acids, transition metals, and alkali ions. Therefore, the use of PAni
nanoparticles has the advantage of not only detecting specific molecules,
but also confirming the overall redox activity of a specific system. For
example, water soluble PAni nanoparticles have been used as colori-
metric nanoprobes to identify redox activity of live, fixed, and lysed
cancer cells [14]. Moreover, PAni has been used as a part of nano-
composites, functioning as a contrast agent for magnetic resonance im-
aging (MRI) as well as a nanoprobe for redox sensing, in vitro and in vivo
[15]. In addition, in combination with hyaluronic acid, PAni has been
used as an active coloring probe to sense cancer redox microenviron-
ments [16]. Furthermore, PAni can establish various composites with
other organic or inorganic materials and is employed in a number of
applications. PAni-Au nanocomposites have been applied as the labelling
agent for highly efficient electrochemical immunoassay [17], glucose
sensing by non-enzymatic principle using reduced graphene oxide with
PAni and nickel [18], and a framework of graphene oxide with PAni
nanowires have been utilized as a biosensing platform for detecting
kanamycin based on gas pressure [19]. Regarding research based on the
perspective of the cancer microenvironment and materials, recently,
Fig. 1. Schematic illustrations of (a) conversion of TPAni nanoparticles according
determination of aggressiveness of cancer cells using a combination of TPAni nanop
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studies to treat cancer after controlling the cancer microenvironment
using various materials are also being conducted. Surface-oxidized
arsenene nanosheets (As/AsxOy NSs) can produce reactive oxygen spe-
cies and consume glutathione for cancer therapy [20]. Vermiculite, a clay
material, was made into a sandwich structure and used for cancer
theranostics [21]. Zinc (II) phthalocyanine-based hybrid nanobullets,
which is only composed of organic materials have been used as a syn-
ergistic photothermal therapeutic and thermodynamic therapeutic agent
for hypoxic cancer with oxygen independent way [22].

Besides material-based approaches towards sensing redox activity, as
described earlier, methodological-based approaches have also been used
in sensing the redox activity of biological systems. Among these methods,
the most commonly used one is fluorescence spectrometry, and the
ratiometric fluorescence method has been applied to monitor the action
of redox-directed cancer therapeutics [23]. In recent years, Raman
spectroscopic methods have emerged and used to sense the redox activity
of biological systems due to their capability of chemical structure anal-
ysis. For example, Raman technique has been used to sense the intra-
cellular and extracellular pH [24], as well as intracellular redox potential
in cancer cells [25]. Moreover, Raman technique was used to determine
the redox states of flavin mononucleotide [26], apply to in situ nanoscale
redox mapping via tip-enhanced Raman spectroscopic method [27], and
monitor the redox state of cytochrome c in yeast cells during cell death
[28]. However, even if redox activity could be measured in various ways,
no research has not been reported yet that can directly correlate the
cancer aggressiveness using Raman analysis directly related to cancer
aggressiveness using Raman analysis.

In this research, Tween 80-coated PAni (TPAni) nanoparticles were
synthesized using a solvent-shift method and utilized as nanoprobes in
sensing the redox activity of various cancer cells. Absorbance and Raman
signal of PAni depend on the doping state (Fig. 1a); therefore, the redox
to surrounding environment, (b) synthetic process of SNSF nanoparticles, (c)
articles and Raman spectra.
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activity of various cancer cell lines was determined by calculation of an
absorbance ratio and Raman intensity ratio. Subsequently, the calculated
redox activity for each cancer cell line was compared with the expression
level of cancer metastasis-related biomarkers. In particular, to more
accurately measure the redox activity for each cancer cell line, TPAni
nanoparticles incubated with cancer cells were treated onto a paper-
based silver nanosnowflake (SNSF) (Fig. 1b)-containing surface
enhanced Raman scattering (SERS) substrate to measure the SERS signals
(Fig. 1c). SNSF was selected as a plasmonic material because it enhances
the Raman signals due to its morphological property, and precise mea-
surement is also possible due to its characteristic of silver material.
Raman signals from TPAni nanoparticles attached onto SNSF substrate
were then analyzed to calculate the redox activity of cancer cell lines, and
these results were compared to the determined absorbance ratio. The
results presented here provide insight into researches focusing on redox
activity caused by the microenvironment of cancer cells. In recent years,
various researches to examine the redox states in cancer cells have been
carried out. Particularly, many studies have been conducted to detect
reactive nitrogen species or reactive oxygen species using fluorescent
ratiometric sensors [29,30], a chemiluminescence sensor [31], and
electrochemical sensors [32,33]. However, the fluorescent ratiometric
sensors have many difficulties that are likely to be hampered by other
environmental changes or quenching conditions, and the chem-
iluminescence sensors are limited in relative low analytical accuracy,
signal drift phenomenon, and short life time. In addition, the perfor-
mance of the electrochemical- based sensors are determined by the
structures or characteristics of electrode materials such as sensitivity,
selectivity, and stability. Compared to aforementioned sensing tech-
niques, the combination of TPAni nanoparticles and SNSF-based SERS
substrates have advantages of improved (or higher) sensitivity, accuracy,
and rapidity. Furthermore, because TPAni nanoparticles are composed of
only organic materials, TPAni nanoparticles improved biocompatibility
compared to metal based nanoparticles (e.g., gold or silver).

2. Materials and methods

2.1. Materials

Polyaniline (PAni) MW~5,000, Tween 80, 1-Methyl-2-Pyrrolidone
(NMP), silver nitrate (AgNO3), hydroxylamine solution (HA, 50 w/w in
water), and trisodium citrate were purchased from Sigma-Aldrich
Chemical Co (USA). Alkyl ketene dimer (AKD) was obtained from Sol-
enis (Gimcheon, Korea). The grade 5C filter papers were obtained from
Advantec (USA). In all synthetic processes, ultrapure deionized (DI)
water was used. All other chemicals and reagents utilized in the experi-
ments were analytical grade.

2.2. Preparation and characterization of Tween 80-coated polyaniline
(TPAni) nanoparticles

TPAni nanoparticles were synthesized using a previously reported
method with few modifications [14]. First, 100 mg of Tween 80 was
dissolved in 30 mL of DI water, and 4 mL of NMP containing 5 mg of PAni
polymer was added to a DI water solution containing Tween 80. The
solution was stirred at room temperature for 4 h. And then, TPAni
nanoparticles were centrifuged using centrifuge tubes with centricon
filter (MWCO: 3000 Da). The resultant solution was re-dispersed in DI
water, and mass concentration of PAni was adjusted to 1 mg/mL by
adding DI water.

2.3. Atomic force microscopic (AFM) imaging of TPAni nanoparticles

Atomic force microscopy (AFM, MultiMode 8-HR, Bruker, USA) was
used to characterize the morphology of the TPAni nanoparticles. To
3

absorb TPAni nanoparticles onto AFM Mica Discs (diameter: 12 mm)
(Ted Pella, USA), a 5 μL aliquot of 1 mg/mL TPAni nanoparticles was
deposited onto freshly cleaned mica plates for 15 min, which were then
washed with DI water and dried under nitrogen. AFM imaging was car-
ried out at 23 �C in contact mode using 127 μm long cantilevers (TESP-
V2, BRUKER, USA) with a resonance frequency of 290–310 kHz.

2.4. Cancer cell incubation with TPAni nanoparticles

Cancer cells that originated from 3 different organs; breast (MDA-MB-
231, MCF-7), liver (Huh-7, SK-HEP-1), and lung (A549, H23), were used
to evaluate the performance of the TPAni nanoparticles. All cell lines
were cultured with advanced DMEM/F12 (Thermo-Scientific, USA), 10%
FBS, 1% Penicillin-Streptomycin, and 1% L-glutamine and sub-cultured
every 3 days. When the cells reached 80% confluence in T-75 flasks,
the culture medium was removed, and the flasks were washed with 5 mL
of 1� DPBS (Thermo-Scientific). The cells were detached from the flask
via treatment with 2 mL of 0.25% trypsin EDTA solution and incubation
at 37 �C, 5% CO2 for 3 min. Then, 2 mL of advanced DMEM/F12 with
10% FBS were added to the flask to inactivate trypsin. The cell suspen-
sions were collected from the flasks, centrifugated at 400 g for 3 min, and
re-suspended with fresh advanced DMEM/F12 medium. The cancer cells
were seeded into 24 well micro-plates at a concentration of 5� 104 cells/
mL (at least 3 replicas for each experimental condition) and incubated at
37 �C, 5% CO2 to facilitate attachment. After 24 h, the cell medium was
removed and fresh medium containing 1% TPAni nanoparticles (1 mg/
mL) was added. Following incubation of the cells at 37 �C, 5% CO2 for
additional 24 h, 1.5 mL of the supernatant was collected from each cul-
ture well for absorbance and Raman spectra analysis. All cells were
distributed from Korea Cell Line Bank.

2.5. Synthesis and characterization of silver nanosnowflakes (SNSF)

Colloidal suspensions of SNSF were synthesized using the polyol
method, as described within a previously published report with some
modifications [34]. HA (500 μL, 60 mM) was added into 500 μL of NaOH
(50 mM). Subsequently, 9 mL of AgNO3 was added into the mixture at a
flow rate of 1 mL/min using syringe pump, and the solution was stirred
for 5 min at 500 rpm. After the reaction, 100 μL of trisodium citrate (1%
w/v) were added to the mixture and stirring was continued for 15 min at
500 rpm. The resultant solution was centrifuged using a Centricon filter
(MW cutoff: 3000 Da) for 1 h at 2000 rpm, and the SNSF were finally
dispersed in 10 mL of DI water.

2.6. Fabrication of filter paper-based SNSF Raman substrate

The sensitive filter paper-based SNSF substrates were fabricated by
following a protocol described in a previously published report with
some modifications [35]. The filter paper was cut to a diameter of 5 mm
with a punch, and the filter paper fragments were immersed in 0.01% v/v
of AKD solution for 5 min. Following AKD treatment, the filter paper was
washed totally with DI water and dried at 70 �C for 1 h.

2.7. Raman signal measurements

Raman spectra were acquired using a protocol described in a previ-
ously published report with some modifications [36]. The Raman spectra
were obtained using a 785-nm laser by a hand-held Raman spectrometer
(Nanoscope Systems, Inc., NS-100, Daejeon, Korea). The laser power was
set as 80 mW, the maximum power of used las. While measuring the
Raman spectra, the space between samples and the spectrometer was
maintained constantly while Raman spectra acquisitions to keep the laser
beam size for one mm on the SNSF substrates. The integration time was
kept to 10.0 s. For Raman spectra analysis of samples on the SNSF
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substrate, spectra were measured and collected at 10 different positions
for each substrate with identical measurement conditions, such as laser
power, integration time, distance between sample and spectrometer, and
spot location) for statistical analysis.

2.8. Analysis of EpCAM expression levels

EpCAM specific immuno-fluorescence staining was conducted to
confirm EpCAM expression levels by the six different cancer cell lines
(Breast: MCF-7 and MDA-MB-231, Liver: Huh-7 and SK-HEP-1, and Lung:
A549 and H23). The cell lines were cultured with advanced DMEM/F12
(Gibco™, USA) containing 10% v/v FBS (Gibco™), 1% L-glutamine
(Gibco™), and 1% penicillin/streptomycin (Gibco™) at 37 �C, 5% CO2.
The cells were subcultured every 3 days. For immuno-staining, the cell
lines were fixed with 4% formaldehyde solution (Sigma-Aldrich) for 15
min at room temperature. After fixation, the cells were washed with 1�
DPBS (Gibco™) three times. The cell lines were resuspended in 1� DPBS
at 106 cells/mL concentration with final volume of 1 mL. FITC labeled
EpCAM antibody (20 μL; BD Biosciences, cat#347197, USA) was reacted
with each cell solution for 1 h at 4 �C. Subsequently, the cells were
washed with 1� DPBS three times. Fluorescence by the immuno-stained
cells was measured using an IX73 fluorescence microscopic system
(Olympus, Japan) and analyzed by ImageJ image processing program
(NIH, USA). To account for cell size variation, fluorescence densities
(A.U) were divided by the unit area (μm2).

2.9. MCF-7 and MDA-MB-231 animal models

All animal experiments were conducted with the approval of the
Association for Assessment and Accreditation of Laboratory Animal Care
International. To establish the orthotopic mouse model of breast cancer,
MCF-7 and MDA-MB-231 cells (5.0 � 106 cells) were implanted into
female mice (6-week-old BALB/c-nude mice). When tumor size reached
approximately 500 mm3 (tumor volume in mm3 is calculated by
following formula, tumor volume ¼ 4/3 � π � (width/2) � (length/2)
(heighr/2)), the tumors were extracted.

3. Results and discussion

3.1. Size and uniformity of synthesized TPAni nanoparticles

TPAni nanoparticles were synthesized by applying some modifica-
tions to the solvent-shift method used in the previously published study
[14]. After synthesis of TPAni nanoparticles, TPAni nanoparticle
morphology was confirmed via atomic force microscopy (AFM) imaging
(Fig. 2a). As shown in Fig. 2a, TPAni nanoparticles exhibited a spherical
morphology. As additional confirmation of TPAni nanoparticle
Fig. 2. (a) An AFM image of TPAni nanoparticles. (b) 3D-AFM images of four indiv
denoted in (a). (d) Size distribution of TPAni nanoparticles (n ¼ 50).
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morphology, 3D images of single TPAni nanoparticle that are denoted in
Fig. 2a were analyzed as shown in Fig. 2b. The average height of the four
individual TPAni nanoparticles was 40.29 � 6.38 nm, and the average
width was 140.63� 9.02 nm (Fig. 2c). For statistical analysis, the heights
of 50 single TPAni nanoparticles were analyzed, and the resultant his-
togram showed that the average size of TPAni nanoparticles was 36.18�
7.64 nm (Fig. 2d). The chemical structure of TPAni nanoparticles was
confirmed by Fourier transform infrared (FT-IR) spectral analysis
(Fig. S1). FT-IR spectra obtained from the TPAni nanoparticles showed
peaks at 1,330, 1,467, and 1,563 cm�1 that were occurred due to aro-
matic C–N stretching, C

–

–C/C
–

–N stretching of benzenoid rings, and
C––C/C––N stretching of the quinoid rings of PAni, respectively. A peak
at 1,740 cm�1 corresponds to C

–

–O bonding from the ester group of
Tween 80. In addition, X-ray photoelectron spectroscopic (XPS) analysis
of the TPAni nanoparticles was conducted (Fig. S2). C1 core level XPS
spectra were de-convoluted into three peaks that corresponds to
C
–

–O/C–O, C
–

–Nþ/C–Cl, and C–C/C–H at 286.7 eV, 285.8 eV, and
284.4 eV, respectively. Deconvolution of the asymmetric N1s peak
observed at 400.0 eV yielded three peaks; specifically, peaks correspond
to a quinoid phenyl structure (-N ¼ ), a benzenoid structure (–NH–), and
a quaternary ammonium structure (Nþ) at 398.7, 400.0, and 401.7 eV,
respectively. Likewise, O1s peaks were de-convoluted into two bands
with binding energies. The O1s curve at 532.7 was generated by a
combination of the backbone –CH2-O-CH2 and the oxygen in the carboxyl
group (-C

–

–O-) of Tween 80 that interacted with surface of the PAni
(532.1 eV). The XPS analyses presented here-in was consistent with
previously published research on XPS analysis of PAni and Tween 80 [37,
38]. From Fig. 2, TPAni nanoparticles were confirmed to be small and
stable.
3.2. pH response of TPAni nanoparticles as redox sensitive nanoparticles

To investigate the potential of TPAni nanoparticles as optical
nanoprobes for sensing the redox activity of cancer cells, color changes of
TPAni nanoparticles were characterized by varying pH values. As seen in
Fig. 3a, TPAni nanoparticles exhibited an active coloring effect due to
protonation. At low pH values (< pH 2), the chemical structure of TPAni
nanoparticles transitioned from an emeraldine base (EB) to an emer-
aldine salt (ES) state (green color), while relatively high pH values (> pH
2), the chemical structure of TPAni nanoparticles transitioned from the
ES to the EB state (blue color). Variation in absorbance spectra of TPAni
nanoparticles according to pH value is shown in Fig. 3b. The Raman
signals of TPAni nanoparticles in each pH value were also acquired to
investigate the sensing capability of the developed technique for
analyzing the redox activity of cancer cell lines (Fig. 3c). Analysis of
Raman spectra from the doping state of TPAni nanoparticles showed
peaks corresponding to quinoid ring deformation at 747 and 833 cm�1,
idual single TPAni nanoparticle, and (c) height profiles of TPAni nanoparticles



Fig. 3. (a) A photograph, (b) absorbance spectra, (c) Raman spectra, and (d) absorbance and Raman intensity ratios of TPAni nanoparticles as varying the surrounding
pH values.
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C–H bending in the quinoid ring at 1164 cm�1, and C––N stretching
quinoid ring at 1457 cm�1. In contrast, the ES state showed peaks that
corresponded to radical cation by protonation at 1336 cm�1 and N–H
bending at 1509 cm�1 (Table S1). To quantify the chemical and doping
state (i.e., the EB (dedoped) and ES (doped) states of TPAni nano-
particles), absorbance ratio (A900/A600) was calculated from the absor-
bance values at characteristic wavelengths of the peak position for EB
(A600) and ES (A900) (Fig. 3d). TPAni nanoparticles did not precipitate or
aggregate during experiments designed to evaluate changes in absor-
bance properties that occurred with changes to the surrounding pH
(Fig. 3a–d). At pH 1, TPAni nanoparticles existed in the ES (doped) state,
as indicated by the existence of polaron bands transitions and π-π*
transitions of the benzenoid rings at about 400 and 800–1000 nm,
respectively. From the increment of the pH, the polaron bands corre-
sponds to 400 and 800–1000 nm gradually decreased in absorbance
spectra, and a strong absorbance peak at about 600 nm was observed.
The latter peak resulted from excitation from the highest occupied mo-
lecular orbital (HOMO) of the three ring benzenoid part of the system to
the lowest unoccupiedmolecular orbital (LUMO) of the localized quinoid
5

ring and the two surrounding imine nitrogens in the EB state of the TPAni
nanoparticles [39]. Thus, by pH increment from pH 1 to pH 5, the
absorbance ratio (A900/A600) decreased dramatically; however, addi-
tional changes in the absorbance ratio did not occur at higher pH values
(> pH 5). In addition, a Raman intensity ratio (IES/IEB) was also calcu-
lated from representative peaks for the EB (dedoped) and ES (doped)
states. Representative peaks were selected as indicators of the transition
of the doped state of TPAni nanoparticles upon exposure to various pH
values. The peak at 1457 cm�1 was used as an indicator of the EB state of
TPAni nanoparticles, while the peak 1509 cm�1 was used as an indicator
of the ES state. Compared to the variation in the absorbance ratio with
the pH values, the variation in the Raman intensity ratio as a function of
pH values was more linear. The reason why Raman intensity ratio came
out more linear is thought to be because the Raman intensity ratio detects
meaningful changes in the chemical structure of TPAni nanoparticles
more accurately. From the results for Fig. 3, the redox sensing capability
of TPAni nanoparticles can be more accurately measured through Raman
analysis.



Fig. 4. a) A FE-TEM image of SNS nanoparticles. Scale bar represents 200 nm. b) FE-SEM image of SNSF nanoparticles-coated hydrophobic filter paper. Scale bar
represents 2.5 μm. An inset is magnified image of SNSF nanoparticles on hydrophobic filter paper. Scale bar is 400 nm. c) SERS spectra of R6G dropped onto SNSF
adsorbed paper substrate as varying the concentrations. The inset is intensity at 1511 cm�1 according to concentration of R6G.
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3.3. Characterization of SNSF-based SERS substrate

To more precisely correlate the redox activity with the aggressiveness
of the cancer cells, a SERS substrate was manufactured to include SNSF.
As shown in Fig. 4a, the SNSF were characterized by the presence of
seven to twelve arms that radiate from the core. In characterizing the
SNSF substrate, the average size of SNSF was measured to be 300–400
nm, and the number of arms in the SNSF were found to vary from an
average arm number of eight. As shown in Fig. 4a, some of these arms
were branched, and the tips of the arms were generally not sharp. Fig. S3
provides the spatial distribution of silver within the SNSF through energy
dispersive X-ray elemental mapping images, while Fig. S4 shows the
absorbance spectrum of colloidal SNSF suspensions. SNSF were entirely
composed of silver (Fig. S3); and, as shown in Fig. S4, SNSF gave rise to a
strong peak at 386 nm, because of bulk plasmon resonances, and an
absorbance background at longer wavelength with a weak maximum at
875 nm. The high absorbance background is due to the scattering
emission and absorption generated by SNSF with varying morphologies.
This variation in shape led to differences in localized surface plasmon
resonances in the aqueous dispersion, covering a wide range of wave-
lengths from the visible to near infrared regions. The hydrophobicity of
the filter paper surface on the SERS substrate was enhanced through an
esterification reaction between an alkyl ketene dimer (AKD) solution and
the hydroxyl groups expressed on cellulose fibers that is components of
filter paper. As verification of hydrophobically modification, the contact
angle of an aqueous sample droplet on the hydrophobic filter paper by
esterification reaction using AKD was determined to be 125.3��5.0�

(Fig. S5), and the droplet of aqueous sample was maintained on the
surface of the hydrophobic filter paper for an hour until dry. The cellulose
fibers were functionalized via AKD treatment to increase the hydropho-
bicity of filter paper. The intention of the hydrophobic treatment is to
avoid the fast soaking of samples to the filter paper, enabling the aqueous
samples to be maintained as a droplet form on the surface of filter paper.
The process can provide more SNSF nanoparticles to exist in localized
area onto the surface of filter paper, which can be superior to generation
of hot-spot for SERS and enable more sample analytes to exist on the
surface of SERS-active area. Consequently, aqueous solutions of SNSF
and TPAni nanoparticles were maintained within a localized small area
on the hydrophobic surface of the filter paper for a long time. As indi-
cated in Fig. 4b, SNSF distribution on the filter paper with hydrophobic
modification was evaluated by field emission-scanning electron micro-
scopic (FE-SEM) imaging. As shown during FE-SEM image analysis, the
SNSF was accumulated in the form multi-layered SNSF stacked struc-
tures, with larger than several micro-meter sizes, onto the surface of the
hydrophobic treated filter paper. To confirm the possibility of the SNSF-
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containing substrates as SERS substrates, the Raman spectra from
rhodamine 6G (R6G) at various concentrations were obtained, and the
intensities of a representative peak at 1511 cm�1 were plotted according
to the known molecules numbers (moles) of R6G (Fig. 4c). Based upon
experiments to assess the capability of SNSF substrate as a SERS substrate
using R6G, the highest peak of R6G was confirmed at 1509 cm�1 because
of the aromatic C–C stretching vibrations. The other peaks identified
within the Raman spectra corresponded to C–C–C ring in plane bending
vibrations at 614 cm�1, C–H out of plane bending vibrations at 772 cm�1,
and C–H in plane bending vibrations at 1129 cm�1, and aromatic C–C
stretching vibrations at 1,311, 1,360, and 1651 cm�1. From the Fig. 4,
SNSF nanoparticles were successfully synthesized and SNSF attached
filter paper based substrate can be used as a SERS substrate.
3.4. Redox sensitive nanoparticles based SERS analysis of cell media from
various cancer cell lines

Before treatment of TPAni nanoparticles to cancer cell lines, the
absorbance ratios were calculated according to the PAni concentration by
chemical states (EB and ES) of TPAni nanoparticles. As shown in Fig. S6,
it was confirmed that absorbance ratios remained almost constant for
each chemical state, and these values matched the range of absorbance
ratio in Fig. 3d. These results show that even if the cellular uptake of
TPAni nanoparticles occurs and the concentration of TPAni nanoparticles
in the solution changes, the absorbance ratio remains constant. Similar to
the absorbance ratio, we think that Raman intensity ratio will be constant
for each cell line without any changes for nanoparticles concentration. In
addition, TPAni nanoparticles were treated on SNSF substrate for each
chemical state (EB and ES), and then SERS spectra of TPAni nanoparticles
were measured (Fig. S7). As described in Fig. 3c, peaks of PAni shown in
Table S1 were also identified on the SNSF substrate. The cell viability of
cancer cell lines under the treatment of TPAni nanoparticles were eval-
uated before conducting cell-based experiments (Fig. S8). The cell
viability of 75% or higher was confirmed at the concentration of TPAni
nanoparticles of 0.01 mg/mL for all cell lines, and subsequent experi-
ments using cells were conducted by administering a concentration of
TPAni nanoparticles of 0.01 mg/mL.

Cancer cell lines were treated and incubated with TPAni nano-
particles, and the supernatants were collected to measure Raman signals
using the SNSF substrates. Raman spectra of breast, liver, and lung-
derived cancer cell lines are shown in Fig. 5a–c. Two cancer cell lines
with same origin (breast, liver, and lung) of different aggressiveness were
grouped. Fig. 5d–f shows that cancer cell lines with relatively low
aggressiveness have a lower Raman intensity ratio than cancer cell lines
with relatively high aggressiveness. In particular, in the case of H-23



Fig. 5. Raman spectra for a) breast cancer cell lines, b) liver cancer cell lines, and c) lung cancer cell lines classified according to the origin of cancer. The dotted lines
represent EB (1457 cm�1, blue) and ES (1509 cm�1, green) specific Raman shift, respectively. Raman intensity ratios for d) breast cancer cell lines, e) liver cancer cell
lines, and f) lung cancer cell lines classified according to the origin of cancer.
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cells, which are lung cancer cell lines, the Raman intensity ratio value
was calculated as 1.0285 and showed the highest value among cancer
samples tested. In addition, absorbance spectra were obtained and
absorbance ratios (A900/A600) were also calculated for cancer cell lines
that originated from three different organs (breast, liver, lung) (A900/
A600) to sense redox activity (Figs. S9a and b). The color of the super-
natants obtained from each culture medium was turquoise, and the
corresponding absorbance spectra are shown in Fig. S9a. Moreover, in
experiments using cancer cell lines, the absorbance ratios (A900/A600) did
not exceed 0.4, a value that corresponded to a pH of 5 or more in Fig. 3d.
When comparing highly aggressive to less aggressive cancer cells (MDA-
MB-231 and MCF-7 for breast cancer, SK-HEP-1 and Huh-7 for liver
cancer, and H-23 and A-549 for lung cancer), highly aggressive cancer
cell lines had relatively higher absorbance ratios (A900/A600) (Fig. S9b).

3.5. Fluorescence analysis and correlation with SERS signal

In order to determine the correlation between redox activity and
aggressiveness for each cancer cell line, epithelial cell adhesion molecule
(EpCAM) protein was selected as a biomarker for evaluating the
aggressiveness in cancer cells, and the EpCAM expression levels were
measured through fluorescence microscopic analysis (Fig. 6a). The
fluorescence intensity per unit area was determined (Fig. 6b), and the
reciprocal of fluorescence density per unit area was compared to Raman
intensity ratio for each cell line (Fig. 6c). After obtaining Raman signals
from TPAni nanoparticles incubated with cancer cell lines and calcu-
lating the Raman intensity ratio (IES/IEB) (Fig. 5d and e), the expression
level of a cancer aggressiveness-related biomarker for each cancer line
was determined for correlation with the Raman intensity ratio. EpCAM
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protein was selected as an aggressiveness-related biomarker due to an
association with cell adhesion and migration. As more EpCAM proteins
are expressed, the better the cells become adhered, and the less aggres-
sive the cells become; in contrast, as less EpCAM proteins are expressed
and cells become less adhered, the more aggressive the cells become.
Comparing the results of EpCAM expression levels to the calculated
Raman intensity ratios, the values were found to be well matched (R2 ¼
0.9752). In contrast, a relatively low R2 value (R2 ¼ 0.0995) was derived
from the correlation graph between the absorbance ratio and fluores-
cence (Fig. S9c). During the metabolism in cancer cells, the redox stress
caused by the Warburg effect elevates the concentration of metabolites
such as lactate, pyruvate, and co-enzymes, which can perform as bio-
dopants [40]. Of all the cancer cell metabolites, elevated lactate by the
Warburg effect influences cancer metastasis, aggressiveness, migration,
and prognosis in numerous cancer cells. According to more recent
studies, the Warburg effect down-regulates the mitochondrial activity,
and this down-regulation prevents an over production of adenosine
triphosphate (ATP) and CO2. The loss of ATP and CO2 is related with the
enhanced activities of membrane pumps favoring an intracellular alka-
line pH and an extracellular acidity [41]. This redox activity functions as
a driving force in many aspects of metastasis and aggressiveness in cancer
cells [42]. Collectively, the Raman signal measurements and the calcu-
lation of Raman intensity ratios using a combination of TPAni nano-
particles and SERS were able to sense redox activity of cancer cell lines
more precisely than what was previously observed from the absorbance
analysis method alone. Furthermore, the calculated Raman intensity
ratio was consistent with aggressiveness-related biomarker expression
level for cancer cell lines.



Fig. 6. a) Bright field microscopic images (left column) and fluorescence images incubated with FITC functionalized anti-EpCAM antibody (right column). A scale bar
is 40 μm. b) The reciprocal of fluorescence density per unit area for indicated cancer cell lines. Additional boxes are origins of each cancer cell line. c) Raman intensity
ratios between reciprocal of fluorescence density per unit area of TPAni nanoparticles incubated with indicated cancer cell lines.
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3.6. SERS signal measurements from lysed samples obtained from animal
model

To confirm the potential of combination of TPAni nanoparticles and
SNSF substrate for sensing redox activity of cancer in vivo, lysed breast
cancer tissue samples extracted from MCF-7 and MDA-MB-231 mouse
models (Fig. 7a and b) were incubated with TPAni nanoparticles.
8

Following the incubation, TPAni nanoparticles with lysed tissue samples
were treated onto SNSF substrate. Raman spectra of TPAni nanoparticles
with each cancer tissue are shown in Fig. 7c. Raman intensity ratios were
also calculated for each Raman spectrum (Fig. 7d). In the case of in vivo
experiments, compared with Fig. 5d, the Raman intensity ratios were
slightly lower, however, it is judged that potential of detecting in vivo
redox activity was sufficiently confirmed.



Fig. 7. Photographs of a) MCF-7 and b) MDA-MB-231 mouse models. c) Raman spectra and d) Raman intensity ratios of lysed cancer tissues extracted from MCF-7 and
MDA-MB-231 mouse models.
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4. Conclusion

In conclusion, we synthesized water-soluble Tween 80-coated poly-
aniline (TPAni) nanoparticles, which were successfully utilized as nano-
agents for probing the redox activities of various cancer cells. The
developed TPAni nanoparticles combined with the SERS analysis showed
the improved sensing capability compared to the conventionally used
absorbance ratio method. In addition, the silver nanosnowflakes (SNSF)-
coated filter paper, SNSF-containing SERS substrate combined with
TPAni nanoparticles was fabricated and applied to investigate the redox
activities in different cancer cells originated from the same organ. Six
different cancer cells from 3 different organs (MDA-MB-231 and MCF-7:
breast, Huh-7 and SK-HEP-1: liver, A549 and H23: lung) were success-
fully analyzed, enabling to precisely identifying the correlation between
their redox activities and aggressiveness. The potential of the developed
method as an in vivo redox activity sensing platform was verified by
successfully examining the lysed tumor samples extracted from breast
cancer animal models. In the future, we will conduct research to inves-
tigate the cancer microenvironment by designing PAni nanoparticles that
enables to measure specific biomarkers related to the microenvironment
PAni nanoparticles to measure specific biomarkers for cancer
microenvironment.
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