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ABSTRACT

Oral squamous cell carcinoma (OSCC) ranks as the 6" most prevalent cancer worldwide. The
standard cisplatin chemotherapy is associated with systemic toxicity, limiting the therapeutic
potential. Nanocarriers (NCs), a novel class of nanomedicines, aim to overcome off-target effects
by encapsulating a drug of choice and releasing this cargo upon specific stimuli. The cellular redox
status can be exploited as a stimulus through the incorporation of reactive materials in the NC
shell, thereby increasing the specificity. We investigated the redox status in a cell line of OSCC
and its potential as a stimulus to release cisplatin from our NCs. While confocal imaging indicated
successful uptake and cargo release of the NCs, viability assessment of OSCC exposed to cisplatin-
loaded NCs showed that the drug-loading capacity (DLC) was insufficient to induce apoptosis.
Therefore, current efforts will focus on increasing the DLC in the ongoing process of NC
optimization. We used a variety of reactive-oxygen-species (ROS) and glutathione (GSH)
reporting fluorescent probes to visualize the redox status in vitro, and have indicated elevated
levels of ROS in OSCC. Further optimization is required to gain more insights in the redox status
and to apply these insights to the NC optimization. Once optimized, the NCs may be tested in vivo
and are expected to decrease off-target effects while maintaining high efficiency in eliminating

OSCC. If successful, this therapy would contribute to the quality-of-life of OSCC patients.




INTRODUCTION

Head and neck cancers are a group of
malignancies that pose a major global concern,
with 900.000 to 1.000.000 new cases being
diagnosed annually (1). Malignancies in the
head and neck area arise predominantly
(approx. 90%) from the mucosal surfaces in the
oral or nasal cavity, in the paranasal sinuses, or
in the pharyngeal region and are referred to as
head and neck squamous cell carcinomas
(HNSCC) (2, 3). Patients may experience
discomfort due to painful lumps and swellings,
causing difficulty with speaking, eating, or
breathing depending on the anatomical site, and
size of the primary tumor (4). The most
prominent risk factors for developing HNSCC
include the use of tobacco (either smoking or
chewing) and the consumption of alcohol,
together accounting for up to 75% of HNSCC
cases across Western Europe and the United
States (3, 5). Infection with the human
papillomavirus (HPV) is a third major risk
factor that results in HPV-positive HNSCC (3,
5). This latter type of HNSCC is associated with
an improved response to radio- and
immunotherapy and, therefore, a better
prognosis compared to HPV-negative HNSCC
(2, 3, 5). The more complex HPV-negative type
of HNSCC shows significantly increased inter-
and intratumoral heterogeneity and a higher
diversity in treatment response, highlighting the
importance of research efforts towards better
treatment options (6).

A variety of therapeutic options are
currently available depending on the type,
location, and stage of the cancer. Over 60% of
patients are diagnosed with late-stage (I11-1V)
HNSCC, for whom surgical resection by itself
no longer provides a good long-term survival
prognosis due to surgical complications, local
recurrence, and distant metastases (2). For these
patients, a multimodal approach consisting of
surgical resection considering the feasibility,
followed by definitive chemoradiotherapy with
cisplatin as the preferred chemotherapeutic
agent for HNSCC, is considered the standard-
of-care with established survival benefits (2, 7).
Despite these survival benefits, the use of
cisplatin is associated with both short- and long-
term systemic toxicities, thereby limiting the
therapeutic potential and decreasing the quality
of life for the patient (2, 8, 9). The main dose-
limiting factor for the treatment involves the
nephro- and neurotoxic effects of cisplatin that
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occur in the majority of patients. Patients may
develop renal failure due to accumulation of
cisplatin in the kidney, along with paresthesia
and painful/burning sensations caused by
damage on peripheral nerves and dorsal root
ganglia. Other adverse effects from cisplatin
therapy include gastrointestinal  toxicity,
myelosuppression, and ototoxicity (8-11).
These toxic effects are dose-dependent and may
become irreversible over time. Taken together,
these complications of freely-administered
cisplatin severely impact the health and general
quality of life of the patients. This highlights the
importance of alternative therapeutic strategies
that spare the patient from systemic toxicity,
while maintaining high efficacy in tumor
elimination.

The application of nano-structures in
medicine holds great promise towards these
alternative therapies and advanced healthcare
applications. The enhanced pharmacodynamic
and -kinetic profiles that nanomedicines offer,
aim to minimize local and systemic side effects,
and increase therapeutic efficacy (12).
Extensive research is performed to design and
develop these therapies for diseases where the
current standard of care is lacking, as is the case
for cancer therapy (13-15). Nanocarriers (NCs)
are an emerging category of selective drug
carrier and delivery systems among
nanomedicines, which may offer an opportunity
to treat cancers, including HNSCC, in a targeted
and controlled approach (13, 15). Arange of NC
drug delivery systems are in the pipeline for
cancer research, varying in structural basis and
targeting mechanism (13-15). The principle is
based on a nano-sized structure (liposomes,
(bio)polymeric nanoparticles, dendrimers, etc.)
that encapsulates and protects a drug from
degradation until it reaches its target site, where
it responds to a stimulus in order to release the
content (13, 15). These NCs have the advantage
of increased solubility and bioavailability,
improved stability, and decreased toxicity (12).
The NCs can reach their target site through a
variety of active or passive mechanisms. Firstly,
the leaky vasculature and poor lymphatic
system of the tumor allows the NCs to passively
accumulate in the tumor tissue, through the
enhanced permeability and retention (EPR)
effect (16). However, due to the variability of
this effect caused by tumor heterogeneity,
therapies solely based on EPR show widespread



clinical responses (17). Therefore, newer
generation NCs aim to increase tissue- and cell-
specific accumulation through active targeting
approaches by incorporating a variety of
receptor ligands in the NC shell. To date, these
approaches are limited in clinical translation
due to insufficient knowledge of the ligand-
coupled NCs, along with concerns for off-target
receptor binding (12-15). Besides ligand
conjugation, the NC shell can be modified to
optimize the drug-release stimulus. Controlled
drug release by exogenous stimuli can be
achieved through e.g. exposure to ultrasound,
temperature or magnetic fields (13). These
exogenous stimuli have to reach the NCs in
order to induce drug-release, which may prove
challenging, depending on the anatomical
location and penetration depth of the stimulus
(18). The drug-release stimulus can also be
endogenous to the cancer tissue such as pH,
redox status, enzyme activity, or temperature.
Multiple promising pH-responsive NCs are
already in the experimental phase for cancer
treatment (19). These signals are inherent to the
tumor microenvironment (TME) and allow to
increase tissue-specificity, thereby enabling a
safe and controlled delivery of drugs to the
tumor.

The redox status of the TME emerges as
another interesting target for the controlled
release of NC cargo, since this equilibrium is
dysregulated in cancer tissue. Through repeated
carcinogen exposure, the normal mucosal
surface progresses to phases of tissue
hyperplasia, dysplasia and eventual carcinoma,
accompanied by an increase in genetic
instability over time (4). The progression
through the different phases is marked by either
loss or mutation of tumor suppressor gene
regions, critical among them, the site of TP53
(4). In particular, loss of functional p53 in
HNSCC is associated with increased production
of reactive oxygen species (ROS) both in the
malignant and non-malignant cells that reside in
the TME (20, 21). These elevations of ROS in
the tumor tissue are markedly different from
normal ROS production in healthy tissue, and
play an important part as signaling molecules
where they contribute to drive carcinogenesis
through cellular stress signaling. The elevated
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ROS can activate pathways involved in
proliferation, genomic instability,
inflammation, apoptosis  resistance, and
metabolic reprogramming, which all contribute
to tumor growth and survival (20, 21).
Elevations of ROS are also shown to stimulate
angiogenic and metastatic pathways (22, 23).
However, excessive levels of ROS can be toxic
to the cancer cells, as they damage lipids,
protein, and DNA. Therefore, the malignant
cells also express elevated levels of antioxidant
proteins, which protect the cellular structures
and prevent ROS-induced apoptosis (24). The
most prominent regulator of the intracellular
redox balance is the glutathione (GSH)
antioxidant system, which is also shown to be
elevated in tumor tissue (25). Together, these
antioxidant systems help to maintain redox
balance which allows the cancer cells to exhibit
tumor promoting signaling while sparing vital
cellular structures from irreversible ROS-
mediated damage. Despite its importance and
potential as therapeutic target, current research
efforts into detecting and quantifying the redox
equilibrium in HNSCC are limited.

In this study, we aim to utilize the
increased levels of ROS in the TME of HNSCC
as a stimulus for the controlled release of
cisplatin cargo from NCs, thereby minimizing
the side-effects compared to free-administered
cisplatin. To achieve this, we are developing
and optimizing ROS-responsive NCs consisting
of dextran biopolymers incorporated with
thioketal linkers, which are chemical structures
that are selectively cleaved in the presence of
ROS (26, 27). The cleavage of these linkers
leads to the degradation of the shell and release
of the payload (28-30). This study also
investigates and maps the presence of ROS and
GSH in the TME to further understand the redox
balance in malignant cells. A range of
fluorescent ROS- and GSH-sensing probes
were utilized in vitro to visualize the redox
status. Taken together, the results of this study
contribute to the development of an alternative
and targeted therapy for HNSCC, potentially
offering an increased quality of life by sparing
the patients from the severe side-effects
associated with the current standard-of-care.
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EXPERIMENTAL PROCEDURES

Nanocarrier design and characterization —
The NCs used in this study are composed of a
dextran  polysaccharide shell  containing
hydrophobic ROS-sensitive thioketal (TK-
2COOH) linkers, synthesized by our colleague
Sourav Nayak under supervision of Prof. Anitha
Ethirajan (IMO, UHasselt). Briefly, TK-
2COOH was first synthesized by mixing
thioglycolic acid and acetone in an oven-dried
flask with a catalytic amount of trifluoroacetic
acid (TFA) (yielding 89% white product).
Following, esterification of TK-2COOH with
dextran in anhydrous dimethyl sulphoxide
(DMSO) was conducted to prepare dextran-
thioketal ~ conjugates  (DTKCs).  After
purification and dialysis steps, the conjugate
was lyophilized and characterized. Gravimetric
analysis and acid-base back titration were used
to perform solubility tests and to determine free
carboxylic acid groups for dextran-TK NCs.
NCs were synthesized using the conjugate
through inverse miniemulsion technique, as
described in (31). Different hydrophilic
payloads were loaded into the NCs and dynamic
light scattering (DLS) was used to obtain the
hydrodynamic diameter (Dn), which measured
145 nm for rhodamine-B loaded nanocarriers
(RhoB-NCs) and 148 nm for cisplatin-loaded
nanocarriers (Cis-NCs). The solid contents
measured 7960 pg/ml and 7130 pg/mL and the
polydispersity index (PDI) is 0.23 and 0.2 for
the RhoB-NCs and the Cis-NCs respectively.
The encapsulation efficiency was determined to
be 86% for RhoB-NCs and >74% for Cis-NCs.
Lastly, the drug loading content of our Cis-NCs
measured 22.854 pg/mL NC dispersion in
water.

Cell culturing — The human oral squamous
cell carcinoma (OSCC) cell line UM-SCC-14C
(CLS cell lines service, Germany, CVCL 7721)
and the human keratinocyte (HaCaT) cell line
(CLS cell lines service, Germany, CVCL 0038)
were respectively cultured in Dulbecco’s
Modified Eagle Medium: nutrient mixture F-12
(DMEM/F-12  ,Gibco™, Thermo Fisher
Scientific, Belgium) supplemented with 5%
heat-inactivated fetal bovine serum (FBS,
BioWest, Avantor, United States) and 1%
penicillin/streptomycin  (p/s), and DMEM
(Gibco™, Thermo Fisher Scientific, Belgium)
supplemented with 10% FBS and 1% p/s. Both
cell lines were preserved in a humidified
incubator at 37°C and 5% CO,. Adherent OSCC
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and HaCaT were trypsinized using Accutase®
solution (Sigma-Aldrich, Merck, Belgium) and
TrypLE™ Express Enzyme (Gibco™, Thermo
Fisher Scientific, Belgium) respectively. Prior
to seeding, cells were counted using the trypan
blue dye 0.4% (Gibco™, Thermo Fisher
Scientific, Belgium) exclusion test.

Lentiviral vector construction, OSCC
transduction — OSCC were transduced with a
second-generation lentiviral vector system to
incorporate the firefly luciferase (Fluc) gene.
Lentiviral particles were produced in HEK293T
cells as described in (32). Briefly, OSCC were
seeded at 2,5x10° cells/cm? and left to attach
overnight. The cells were then exposed to the
lentiviral particles for 7 days, followed by cell-
selection through  puromycin  resistance
(Invivogen, 1ug/mL administered every 3
days). This resulted in a transduced cell line of
OSCC expressing the lentiviral vector with
Fluc.

Cell viability assay — Cells were seeded at
a density of 15x10° cells/cm® and allowed for
overnight adhesion. Following, the cells were
treated either with rhodamine-b or cisplatin-
containing NCs at different concentrations (10,
50, 100, 200, 500 pg/mL), or with free-
dissolved cisplatin (Merck, Belgium) in a ratio
of 1:1 or 7:3 DMSO:H,0 for 24h, 48h, and 72h.
For ROS-experiments, both OSCC and HaCaT
were seeded at the aforementioned cell density
and treated with various concentrations of either
tert-butylhydroperoxide (tBHP, VWR
Chemicals, Belgium) or hydrogen peroxide
(H20., VWR Chemicals, Belgium). Following
the treatment periods, Alamar Blue (Bio-Rad,
Belgium) protocol was performed according to
the manufacturer’s instructions. Fluorescence
intensity was determined by using the
CLARIOstar Plus microplate reader at 540/590
nm wavelength, (BMG Labtech, Germany).
Data were normalized to the negative control
and expressed as relative percentages.

Cellular uptake: fluorescent staining —
Cells were seeded on glass coverslips at a
density of 15x10° cells/cm® and allowed for
overnight adherence. Afterwards, OSCC were
exposed to RhoB-NCs for 24h and 48h at 100
pg/mL and 200 pg/mL. Following incubation,
cells were fixed using 4% paraformaldehyde
(20 minutes, room temperature), followed by



staining with wheat germ agglutinin AlexaFluor
647 (WGA647, 1/200, Invitrogen™, Thermo
Fisher Scientific, Belgium) for 10 min. Nuclear
staining was performed by 10 min incubation
with 4°,6-diamidino-2-phenylindole (DAPI,
1/10000, Thermo Fisher Scientific, Belgium) in
phosphate-buffered saline (PBS). The cells
were mounted using Fluoromount mounting
medium  (Invitrogen™,  Thermo  Fisher
Scientific, Belgium) on microscopic slides and
left to dry overnight prior to imaging. High-
resolution images were acquired using the
LSM900 confocal microscope  (Zeiss,
Germany, LD C-Apochromat 40x/1.1 W Korr
UV VIS IR). All images were processed using
the ZEN Blue software.

Cellular uptake: flow cytometry — OSCC were
seeded at a density of 23x10°cells/cm?® and were
exposed to RhoB-NCs for 4h, 24h, and 48h at
100 pg/mL and 200 pg/mL. After the
determined time of exposure, the cells were
trypsinized, collected, and centrifuged at 2000
rpm for 5 minutes (room temperature). Cells
were then washed with FACSbuffer (2% FBS in
PBS) followed by fixation with 1 %
paraformaldenyde (20  minutes, room
temperature). A total of 10x10° events were
recorded using the LSRFortessa cell analyser
(BD Biosciences). The Flowjo software was
used to analyse and process the data.

Evaluation of redox status: microplate
assays and live-cell microscopy — OSCC and
HaCaT were seeded at a density of 15x10°
cells/em®. Following overnight adhesion, the
cells were treated for 3h and 1h with various
concentrations of either tert-
butylhydroperoxide (tBHP, VWR Chemicals,
Belgium) to induce oxidative stress, the ROS
scavenger N-acetyl-L-cysteine (NAC, VWR
Chemicals, Belgium), or a combination
treatment. Next, the cells were incubated with
ROS/GSH probes according to manufacturer
instructions: The cell permeant reagent 2',7' —
dichlorofluorescin diacetate (DCFDA, Abcam,
Belgium, Ex/Em 485/535 nm) was used to
detect cellular ROS activity. MitoSOX Red
(Invitrogen™,  Thermo Fisher Scientific,
Belgium, Ex/Em 510/580 nm), and Peroxy-
Orangel (Merck, ExX/Em 543/600 nm) were
used to specifically detect mitochondrial
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superoxide and cellular hydrogen peroxide
respectively. Thioltracker Violet (Invitrogen™,
Thermo Fisher Scientific, Belgium, EX/Em
405/525 nm) was used to detect intracellular
thiols. Lastly, the off-on fluorescent probe
(NBD-P, synthesized as described in (33),
EX/Em 470/585 nm) was used to detect
intracellular reduced GSH levels. The probe
was diluted in PBS (final concentration 25 pM)
and incubated for 30 minutes. Fluorescent
signals were detected by CLARIOstar Plus
microplate reader (BMG Labtech).
Fluorescence intensity was normalized for cell
density by sulforhodamine-B assay (SRB), as
described in (34). Briefly, the cells were
incubated with TCA-SRB (0.004% w/v SRB in
10% w/v TCA, 15 minutes, 4°C). Following
incubation, the cells were washed with 1%
acetic acid and incubated with Trizma base (10
mM, 5 minutes, room temperature).
Fluorescence intensity was measured at
565/586 nm. Alternatively, fluorescent signals
were imaged using the Zeiss LSM 880 at 37°C
and 5% CO.. All images were processed and
analysed with FIJI (ImageJ).

Evaluation of redox status: flow cytometry
— OSCC were grown in T75 culture flasks until
80% confluence. The cells were trypsinized as
previously described and distributed in
eppendorf tubes at 100.000 cells/tube.
Following incubation with the aforementioned
probe according to manufacturer instructions,
the cells were treated as described above. Cells
were left to incubate with ZombieNIR
(Biolegend) for 20 minutes at 4°C to discern
between live and dead cells. DCFDA signal
intensity and frequency of parent was measured
using the LSRFortessa (BD Biosciences,
Belgium) in the FITC channel. FACS data was
analysed using the FlowJo software.

Statistics — OSCC Graphpad Prism 10 was
used for statistical analysis. Data is represented
as mean = SEM unless otherwise stated.
Normality was checked using Shapiro-Wilk
test. Normal data was analysed using one-way
or two-way ANOVA, followed by Dunnett’s or
Tukey’s multiple comparisons post-hoc as
deemed appropriate. Statistical significance is
indicated as *p < 0,05, **p < 0,005, ***p <
0,001, ****p < 0,0001.
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RESULTS

ROS-responsive  NCs do not induce
cytotoxicity after successful uptake by OSCC —
This first section describes the in vitro
characterization of our designed NCs. To
evaluate the biocompatibility and efficacy of
ROS-responsive NCs to induce cell death in
OSCC (n=3), an Alamar Blue cell viability
assay was performed (figure 1A-C). NCs
containing either rhodamine-B (NC-RhoB) or
cisplatin in centrifugal or normal dispersion
(NC-Cis CD and NC-Cis ND respectively) were
administered in a range between 10-500 pg/mL
for 24h and 48h, and compared to the untreated
control. OSCC treated with NC-RhoB for 24h
showed an increase in viability signal compared
to the untreated control for every treatment
condition, while the viability signal decreased
in the 500 pg/ml condition after 48h of exposure
(****p<0,0001) (figure 1A). Similar effects
were seen both for OSCC treated with NC-Cis
CD or NC-Cis ND, following the 24h and 48h
treatment (figure 1B,C). These results indicate
that the cisplatin cargo in the NCs is
insufficiently concentrated to induce cell death
in OSCC, and that the NCs structure in itself is
biocompatible below exposure to 500 pg/mL.
To assess cellular uptake of NCs, OSCC (n=3)
were exposed to NC-RhoB for 24h and 48h and
analyzed through flow cytometry (figure
1D,E). Exposure to 200 pg/mL of NC-RhoB
resulted in a higher percentage of positively
stained OSCC compared to 100 pg/mL, in both
the 24h and 48h conditions (****p<0,001 and
***n<0,00001 respectively) (figure 1D). The
representative histogram (figure 1E) indicates a
shift in fluorescent RhoB signal associated with
longer treatment duration and higher
concentration. To verify that this increase is
attributed to cellular uptake of NCs and not
through interactions at the membrane level,
confocal imaging was performed following
exposure of OSCC (n=3) to NC-RhoB as
previously described. Representative
orthogonal images (figure 1G) indicate
intracellular ~ perinuclear ~ presence  of
rhodamine-B after exposure to NC-RhoB 200
pg/mL for 24h and 48h (top and bottom
respectively). Signal quantification indicated
that the intracellular presence is increased at
higher concentrations and longer incubation
times of NCs (figure 1F) (****p<0,0001).
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Cisplatin  stability is unaffected by
DMSO:H,0 solvent ratios but decreases over
time of storage — We hypothesized that a
mixture of DMSO and H-O as a solvent could
increase the drug-loading capacity of cisplatin
without altering the NC structure. Therefore, we
tested the stability of free-dissolved cisplatin in
these conditions through an Alamar Blue
viability assay of OSCC (n=3) exposed to a
concentration range of 1pg/mL- 50ug/mL
(figure 2). Both a 1:1 and 7:3 DMSO:H:0 ratio
of cisplatin solvent were tested as these were
deemed viable ratios for the synthesis process.
Our results show a decrease in cell viability
compared to the untreated control following
24h of treatment with dissolved cisplatin (5
pg/mL: *p<0,05; 10-50 pg/ml: ****p<0,0001)
for both 1:1 and 7:3 ratios (figure 2A) and
(figure 2D) respectively. Similar effects are
seen in the 48h and 72h condition, with a trend
of decreasing viability associated with
increased treatment duration (figure 2B-C;E-
F). To evaluate the stability of dissolved
cisplatin, the samples were stored for one week
in stable conditions and the experiment was
repeated. Notably, when the OSCC are treated
with the aged samples, the decreasing viability
trend associated with increased treatment
duration no longer appears (figure 2B-C, E-F).
At 24h after exposure to aged samples, the
treated OSCC still indicate a decrease in
viability compared to the untreated control (1:1
ratio 10 pg/mL: **p<0,005; 20-50 pg/mL:
****n<0,0001 // 7:3 ratio: 1-5 pg/mL:
**p<0,005; 10-50ug/ml ****p<0,0001) (figure
2A,D). However, following 72h, no treatment
differences are observed for the aged samples,
with the exception of 50 pg/mL in the 7:3
DMSO:H0 ratio (****p<0,0001) (figure 2F).
To verify that all effects on cell viability can be
attributed to dissolved cisplatin, we compared it
to the vehicle control consisting of the 1:1 and
7:3 DMSO:H,0 solvent ratio’s for fresh (figure
S1) and aged (figure S2) samples, indicating no
effect of solvent. These results indicate that the
stability of cisplatin is unaffected by the ratio of
DMSO:H,0 solvent, but decreases following
sample storage. Taken together, these
parameters will have to be taken in
consideration in our ongoing NC optimization.
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Fig.1 — ROS-responsive NCs do not induce cytotoxicity after successful cellular uptake. OSCC
(n=3) were examined for cell viability using the Alamar Blue assay after incubation with different
concentrations of ROS-responsive NCs, loaded with (A) Rhodamine-B, (B) Cisplatin through
centrifugal dispersion, and (C) normal dispersion for a period of 24h and 48h. Data were normalized to
the untreated control (dotted line) and expressed as relative percentages. NC-RhoB were assessed for
uptake (% of total events per condition) through flowcytometry (D) following exposure of OSCC (n=3)
to NC-RhoB at 100 pg/mL and 200 pg/mL for 24h and 48h. Representative histograms (E) indicating
the mean fluorescent signal for the different NC-RhoB treatment conditions. Quantitative analysis of
OSCC (n=3) exposed to NC-RhoB (F) at 100 pg/ml and 200 pg/ml for 24h and 48h. Representative
orthogonal images of OSCC exposed to 200 pg/mL NC-RhoB (H) for 24h (top) and 48h (bottom)
acquired in z-stack mode using the Zeiss LSM900 confocal microscope (LD C-Apochromat 40x/1.1 W
Korr UV VIS IR), the scale bar indicates 20 um. Statistical analysis were performed using two-way
ANOVA followed either by Dunnett’s multiple comparisons test (A,B,C) with the according control for
each condition, or Tukey’s multiple comparisons test (D,F). Data are represented as mean + SEM. *p <
0,05, **p < 0,005, ***p < 0,001, ****p < 0,0001. OSCC, oral squamous cell carcinoma cell line (UM-
SCC14c); NC, nanocarrier; RhoB, rhodamine-B; Cis, cisplatin; CD, centrifugal dispersion; ND,
normal dispersion; WGA, wheat Germ Agglutinin; +, positive control for cell death.
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+ SEM. Statistical analysis were performed using two-way ANOVA followed by Dunnett’s multiple
comparisons test with the according control for each condition. *p < 0,05, **p < 0,005, ***p < 0,001,

****p < 0,0001. OSCC, oral squamous cell carcinoma cell

dimethylsulfoxide; +, positive control for cell death.

line (UM-SCC14c);
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tBHP induces cytotoxicity in OSCC and
HaCaT in a dose-dependent pattern — This
second section describes our efforts in
investigating the redox status of OSCC to gain
further insights in how our designed NCs can be
optimized to react to these alterations in redox
levels. Initially a positive control for oxidative
stress was needed as a reference for the basal
conditions. We explored tBHP and H20; as a
positive control, first evaluating the effect of the
molecules on cell viability of OSCC (n=3) using
an Alamar Blue cell viability assay. While H,O;
seemingly has no effect on the viability of
OSCC in the given concentrations (figure 3A),
treatment with 100pM and 200pM of tBHP
resulted in a decrease in viability after 3h and
1h (figure 3D) (3h: ***p<0,0001; 1h: *p<0,05;
**p<0,005 respectively). Additionally, we
tested the effects of H,O, and tBHP on the

proliferation of OSCC (n=3) for 24h
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(figure3B,E). Here, we could observe that H,O,
significantly decreased the proliferation of
OSCC compared to the control in all conditions,
but more pronounced in higher concentrations
(figure 3B) (10uM: **p<0,005; 100-200 uM:
****n<0,0001), while tBHP significantly
reduces proliferation equally across all
conditions  (figure 3E) (****p<0,0001).
Following, the effects of these molecules on the
viability of a healthy cell control (HaCaTs n=3)
was evaluated. HaCaTs showed a decrease in
viability following 3h of treatment with H.0-
(750-1000 pM: **p< 0,005) (figure 3C). All
treatments of tBHP for 3h decreased the
viability of HaCaTs compared to the untreated
control (****p<0,0001), with a decreasing
trend associated with increasing tBHP
concentration (figure 3F). These findings
indicate that tBHP can serve as a stress-inducer
in both OSCC and HaCaT.
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Fig.3 — tBHP is cytotoxic for OSCC and HaCaT in a dose-dependent pattern. To determine the
cytotoxic effects of an indicated range of H.O, (A) and tBHP (D), OSCC (n=3) were treated followed
by Alamar Blue viability assay at 1h and 3h post-treatment. Data were normalized to the untreated
control (dotted line) and expressed as relative percentages. To determine the effects on cell proliferation,
OSCC (n=3) were exposed to the indicated range of H.0, (B) and tBHP (E) and monitored at fixed
timepoints through live-cell analysis (Incuyte® S3, Sartorius). Data were normalized to the untreated
control (white circles) and expressed as relative proliferation, cut off at 24h. As a healthy cell control,
HaCaT (n=3) were exposed to the indicated range of H202 (C) and tBHP (F) for 3h followed by Alamar
Blue viability assay. Data are represented as mean + SEM. Statistical analysis was performed using two-
way ANOVA followed by Dunnett’s multiple comparisons test with the according control for each
condition. *p < 0,05, **p < 0,005, ***p < 0,001, ****p < 0,0001. OSCC, oral squamous cell carcinoma
cell line (UM-SCC14c); HaCaT, Human immortalized keratinocyte cell line; tBHP, tert-Butyl
hydroperoxide, H.O>, hydrogen peroxide; +, positive control for cell death.

tBHP induces oxidative stress in OSCC —
A variety of fluorescent probes were used to
detect intracellular ROS and GSH through live-
cell imaging on OSCC using tBHP 100 pM as a
positive control, as we considered the previous
data on viability. As an extra control, we
included tBHP 100 uM combined with 1 mM of
the ROS-inhibitor NAC. Representative images
of the DCFDA, MitoSOX™, and NBD-P
probes in figure 4A-C visualize the general
ROS levels, mitochondrial  superoxide
generation and the produced GSH levels
respectively. The probes were evaluated on
untreated, tBHP 100 uM, and tBHP 100 pM +
NAC 1 mM treated OSCC (n=2). (figure 4A-C,
left-to-right respectively). Interestingly, while
the DCFDA and NBD-P signals consistently
showed a perinuclear localization, the
MitoSOX™ dye also colocalized with the
nucleus (figure 4B), showing intensely stained
regions within the nucleus region. Figure 4D-F
shows the quantification of OSCC (n=2) for
every condition. It was seen that tBHP increased
the signal intensity for all probes (*p<0,05;
*p<0,05; ****n<0,05 for DCFDA,
MitoSOX™, and NBD-P  respectively)
compared to the untreated control. Interestingly,
co-treatment with NAC resulted in a decrease of
the NBD-P probe intensity (figure A4F)
(**p<0,005). Together, these findings indicate
that tBHP stimulates the production of ROS and
GSH in OSCC. However, experiment repetition
is required to conclusively state these findings.

10

NAC reduces the quantity of oxidative
stress generated through tBHP in OSCC - To
further evaluate the redox status, flow
cytometry experiments were performed using
the same treatment conditions on OSCC as
previously described. We also included NAC as
a single treatment condition to observe if any
changes in ROS can be related directly to this
molecule. Figure 5A shows the quantification
of DCFDA+stained OSCC (n=3) as a
percentage of each treatment group total. Both
tBHP 100 uM alone and in combination with
NAC 1mM show an increased proportion of
DCFDA+ OSCC compared to the untreated and
NAC 1mM single treatment conditions
(***p<0,001). Similar trends are observed for
the MitoSOX+ OSCC (n=1) (figure 5B) and
NBD-P+ OSCC (n=1) (figure 5C), which will
have to be confirmed through sufficient
repetitions. The representative histogram
depicting DCFDA signal (Figure 5D) indicates
a shift in fluorescence intensity following tBHP
treatment compared to the other conditions,
which was not observed for the remaining
probes (figure 5E,F). When evaluating the
DCFDA  fluorescence intensity through
microplate assays, OSCC (n=3) treated with
tBHP 100uM for 3h resulted in a significant
increase compared to the other treatments
(figure 5G) (****p<0,0001). The fluorescence
intensity readings from the MitoSOX™ NBD-
P, and other redox probes provided poor signal
when using the microplate reader (figure S3).
Together these findings indicate that NAC can
decrease the DCFDA+ signal generated through
tBHP in OSCC and thus can serve as a control
treatment to scavenge ROS in OSCC.
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Fig.4 — tBHP induces oxidative stress in OSCC. A variety of fluorescent probes were used to detect
intracellular ROS and GSH through live-cell imaging (Zeiss LSM880, 37°C, 5% CO02) of OSCC (n=2)
following 3h treatment with either tBHP 100 uM by itself or in combination with the ROS inhibitor
NAC 1 mM. A signal intensity threshold was manually determined for each fluorescent probe and kept
consistent across all experimental conditions. Area, mean fluorescence intensity and cell count were
measured and the integrated density per cell was determined (D,E,F). Data are represented as mean +
SEM. Representative images (Plan-Apochromat 20x/0.8 M27) of OSCC exposed to culture medium,
tBHP 100 pM, and tBHP 100 pM in combination with NAC 1 mM in respective left to right order,
visualized using ROS detection probes DCFDA (A), MitoSOX™ (B), and GSH-reporting probe NBD-
P (C). The scalebar indicates 50 um across all conditions. Statistical analysis was performed using one-
way ANOVA followed by Tukey’s multiple comparison test. *p < 0,05, **p < 0,005, ***p < 0,001,
****p < 0,0001. OSCC, oral squamous cell carcinoma cell line (UM-SCCi4c) ;DCFDA, 2’7 -

dichlorofluorescin diacetate; MitoSOX™, mitochondrial superoxide probe ; NBD-P,GSH-specific on-
off fluorescent probe; tBHP, tert-butyl hydroperoxide; NAC, N-acetyl-L-cysteine.
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Fig.5 - NAC reduces the quantity of oxidative stress generated through tBHP in OSCC. Oxidative
stress was assessed through flow cytometry (LSRFortessa, BD Biosciences) of OSCC following 3h
treatment with either tBHP 100 uM by itself or in combination with the ROS inhibitor NAC 1 mM.
Following gating steps, the percentage of total events per condition was determined for the DCFDA
(n=3) (A), MitoSOX (n=1) (B), and NBD-P (n=1) (C) probes. Representative histograms highlighting
the shift in fluorescent intensity of DCFDA (D), MitoSOX (E), and NBD-P (F) probes across the
treatment conditions. (G) Microplate assay showing ROS detection through DCFDA probe in OSCC
(n=3) treated as described for 3h and 1h. (H) figure legend indicating the treatment conditions across
all experiments. Data are represented as mean £+ SEM. Statistical analysis was performed using one-
way ANOVA, followed by Tukey’s multiple comparisons test. ***p < 0,001, ****p < (0,0001. OSCC,
oral squamous cell carcinoma cell line (UM-SCC14c); DCFDA, 2’7 -dichlorofluorescin diacetate;
MitoSOX™ . mitochondrial superoxide probe; NBD-P,GSH-specific on-off fluorescent probe; tBHP,
tert-butyl hydroperoxide; NAC, N-acetyl-L-cysteine.
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DISCUSSION

The main goal of this study was to design
and optimize ROS-responsive NCs with the
ability to deliver cisplatin to OSCC in vitro and
thereby induce apoptosis. So far we have shown
that the NCs are successful in delivering cargo to
the target cells, and that cargo is internalized.
However, no notable cytotoxic effects were seen
following treatment with these NCs. This finding
suggests that the drug loading content of cisplatin
in our current NCs is insufficiently high in order
to elicit cytotoxic effects. Therefore, current
efforts will focus on the optimization of the
synthesis process which would allow to increase
the drug loading content, and thereby also the
therapeutic potential. Secondly, we investigated
the presence of ROS and GSH in the OSCC
through a range of fluorescent probes. We
established a positive control for the generation of
ROS signal using tBHP, and proved that this
signal is reduced through a combined treatment
with the ROS-inhibitor NAC. Our results suggest
that the generalized oxidative stress probe
DCFDA provides the most consistent readouts for
OSCC in vitro. Other probes, including the
specific  mitochondrial  superoxide  probe
MitoSOX, and the GSH-sensing probe NBD-P
show promising first results but will require
repeated testing to ensure functionality in OSCC.

Nanocarrier ~ optimization -  When
evaluating the cellular uptake properties of our
designed NCs through confocal Z-stack imaging,
we indicated a predominant localization at the
perinuclear region, suggesting the NCs are
internalized. This internalization may be
mediated through a variety of active uptake
mechanisms, followed by intracellular trafficking
to other subcellular locations (35). Since the NCs
are designed to react with ROS, the localization
around the nucleus suggests that this region
shows elevations of oxidative stress, which may
contribute to the accumulation of DNA damage
and dysregulation of signaling pathways seen in
cancer (36, 37). By evaluating the viability effects
of our designed NCs on OSCC, we could observe
that the cell viability signal increased following
24h of exposure, while the signal was stable or
decreased in the 48h conditions. This finding
could be explained through an increase in
metabolic activity following the initial exposure
of OSCC to the NCs. The NCs may interact with
mitochondrial respiration, thereby increasing
activity as seen in other types of nano-sized
particles (38). This increased activity can in turn
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increase the amount of converted resazurin dye of
the Alamar Blue assay, and as a consequence,
also the viability signal readout. The stable signal
following 48h of exposure suggests that this
timepoint is more indicative of the cytotoxic
effects of the NCs, as the metabolic activity
returned to normal levels. Since our NCs are
composed of a biopolymer, they offer the
advantage of increased biocompatibility over
other types of shell materials (39, 40), as
indicated by our results. However, in the 48h
conditions, it was shown that the highest
concentration of both cisplatin- and rhodamine-b
loaded NCs decreased OSCC viability. Since no
differences were seen between the cisplatin and
rhodamine-b cargo NCs, this finding can be
attributed to a possible cytotoxic effect of the NC
materials itself at high concentrations,
irrespective of the cargo content, leading to a low
therapeutic range (40). To increase this range, we
would have to increase the drug-loading content,
thereby reducing the total amount of NCs having
to be administered to reach therapeutic effects of
cisplatin. Ongoing research efforts explore a
variety of fabrication strategies to achieve high-
drug loading content, which proves a challenge
across multiple NC platforms (41). In a similar
application to ours, Badparvar et al. have
provided substantial evidence for the use of their
organic redox-responsive NCs loaded with
docetaxel to combat breast cancer (42). Their
platform is based on disulfide-containing
hyperbranched methyloxide-polyethylene-glycol
polymeric NCs that respond to low extracellular
pH and high GSH, loaded with docetaxel
dissolved in DMSO. Using this method, the
researchers state that their NCs show a
remarkably high drug-loading capacity at a 10:1
ratio of NC to drug (42). Due to the poor water
solubility of cisplatin (1 mg/mL), we also
considered DMSO as a solvent for our NCs in an
attempt to increase the drug-loading capacity. We
initially examined the stability of cisplatin in a
ratio of 1:1 and 7:3 DMSO to H-O and noticed a
decrease in effectivity following one week of
sample storage. A study performed by Hall et al.
showed that DMSO changes the structure of the
cisplatin molecules and displaces the chloride
ligands, thereby inhibiting their cytotoxic effect,
which would explain our findings (43). Instead of
DMSO, Hall et al. propose using other organic
solvents like dimethylformamide (DMF), as this
would not affect cisplatin stability, as supported
by a study performed by Yi et al. (44). Besides
considering the solvent for cisplatin, alterations to

13
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the production process and optimization of NC
properties including size, morphology, and
chemical modifications to increase drug-polymer
interactions all could contribute to an increased
drug-loading capacity for our NC platform (39,
41). Once optimized in vitro, the NCs can be
assessed for their biodistribution properties and
efficacy on in house in vivo models of OSCC.
These models are based on the administration of
the carcinogen 4-nitroquinoline 1-oxide (4NQO)
through drinking water and the xenografting of
OSCC in immunosuppressed mice, each having
their own advantages in evaluating treatment
efficiency (45, 46). Taken together, multiple
factors have to be carefully considered in the
ongoing process of our NCs optimization and
future in vivo testing. Unfortunately, we were
unable to achieve this in the duration of the thesis
project due to time constraints.

Investigating the redox status in OSCC — In
a parallel approach to improving our NCs, we
sought to further understand the complex redox
balance within the tumor microenvironment
(TME) through mapping ROS and GSH using
fluorescent probes. In order to test the ROS and
GSH levels, we explored both the use of hydrogen
peroxide (H20;) and tert-butyl hydroperoxide
(tBHP) as a positive control for the induction of
oxidative stress in OSCC and HaCaT cell lines.
The finding that H,O, has a less pronounced
effect on both OSCC and HaCaT cell cytotoxicity
compared to tBHP can be explained through the
presence of catalase enzymes which degrade the
added H»0- as discussed by Ransy et al. (47).
Their study indicates that cells neutralize H>O:
within a few minutes, therefore requiring high
concentrations to see effects, as supported by our
findings. Contrastingly, tBHP is shown to induce
oxidative stress through a variety of mechanisms,
including the depletion of antioxidant defences
(48, 49). Notably, we found HaCaTs to require
higher doses of tBHP to observe an effect,
compared to OSCC. This finding could be
supported by the inherent dysregulation of the
redox system in cancer cells as one of the
hallmarks driving cancer proliferation (50).
Levels of ROS are also seen to be elevated in
OSCC (51), and therefore these cells would be
more sensitive to external ROS inducing agents
like tBHP. Using tBHP as a positive control for
oxidative stress, we observed the most consistent
results using the general ROS indicator DCFDA.
We have shown that ROS levels increase
following tBHP administration, and that co-
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administration of the ROS-inhibitor NAC reduces
these levels. This finding can be explained
through the antioxidant effects of NAC, which is
hypothesized to act through triggering
intracellular H,S production, thereby providing
cells with cytoprotective effects (52). Together
this provides us with control treatments for the
evaluation of the redox status in OSCC through
the use of other general and specific ROS probes
in vitro before considering applications in vivo.
Besides DCFDA, the specific mitochondrial
superoxide MitoSOX and GSH-sensing NBD-P
probes showed promising first results in vitro, but
due to time constraints we were unable to repeat
the experiments to a sufficient replicate number
in order to make a conclusive statement. Future
repetitions will have to point out if these probes
prove useful for our application. Alternative to
these probes, we could further explore the redox
status through other kits including Thioltracker,
CellROX, and Peroxy Orange 1. Surprisingly we
noticed the mitochondrial superoxide probe
MitoSOX to colocalize with the nucleus,
suggesting presence of superoxide in this cellular
structure. This finding may indicate that the cells
may be apoptotic, as mitochondrial superoxide
generation has previously been linked to
apoptotic markers in other cell types (53). It is
possible that the superoxide generated in
mitochondria can translocate to the nucleus under
cellular stress. This is supported by other
research, which has shown that the antioxidant
enzyme superoxide dismutase 1 relocates to the
nucleus in response to oxidative stress, thereby
attempting to guard the genome from oxidative
damage (54). Our findings also indicate through
the NBD-P probe that intracellular reduced GSH
levels are increased in oxidative stress. This is an
expected finding, as GSH is an important
regulator of the cellular redox state, providing
protective effects by reducing ROS, thereby
neutralizing their harmful effects (25). Kwon et
al. demonstrated that exogenous administration of
GSH protects cells from oxidative stress-induced
damage and apoptosis, further highlighting its
antioxidant effects (55). In other research
performed by Zhang et al., the NBD-P probe has
already been evaluated in vivo, providing good
results in their renal cell carcinoma mouse model,
using the IVIS Spectrum bioluminescence system
(33). Using the same imaging system, the peroxy-
caged luciferin-1 (PCL-1) is a useful probe that
upon oxidation forms luciferin which can be used
in luciferase systems to generate light (56).
Towards this end, we have successfully
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transduced our OSCC cell line as described in the
methods section, and are conducting in vitro
testing of the probe. Alternatively, researchers are
exploring methods based on positron-emission
tomography, using radioactively labelled probes
to detect ROS in vivo (57), or methods making
use of electron paramagnetic resonance (EPR)
(58). These methods are promising, but remain a
challenge due to the short lived and rapidly
changing nature of ROS, complicating the
practical aspects (59). Finally, methods of
measuring oxidative damage can be considered to
overcome the practical difficulties of measuring
ROS directly. Oxidative stress can be derived
from damage to lipids, proteins, and nucleic acids
which can serve as biomarkers for oxidative
damage (59).
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CONCLUSION

This work summarizes the current state of
the project, highlighting the need for optimization
of the NCs to increase drug-loading capacity, and
further exploration of ROS and GSH signals to
better target the NCs for the elevated oxidative
stress levels in the TME. Analogous to Badparvar
et al. targeting both pH and GSH signals, we
intend to implement a ‘dual-shell’ principle that
is capable of reacting both to ROS and GSH,
thereby increasing the sensitivity of the NCs to
the OSCC specifically. Once the NCs are
optimized, they can be assessed using our in-
house in vivo models of OSCC. The optimized
NCs are expected to reduce off-target effects
compared to systemic cisplatin administration,
while also maintaining biocompatibility. Taken
together, our NCs would provide an alternative
treatment sparing HNSCC patients from severe
side-effects associated with current therapeutic
options.
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Fig. S1 — The effect of fresh cisplatin samples compared to vehicle control. Cisplatin was dissolved
in ratios of 1:1 and 7:3 of DMSO:H.0 solvent mixture and diluted to the indicated concentration range
in culture medium. OSCC (n=3) were treated either with fresh dissolved cisplatin samples or the solvent
vehicle (control). Cell viability was examined using the Alamar Blue assay following 24h, 48h, and 72h
of exposure to dissolved cisplatin or vehicle in 1:1 (A,B,C) or 7:3 (D,E,F) ratios . Data were normalized
to the untreated control and expressed as relative percentages. Data are represented as mean + SEM.
OSCC, oral squamous cell carcinoma cell line (UM-SCC14c); DMSO, dimethylsulfoxide; +, positive
control for cell death.
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Fig. S2 — The effect of aged cisplatin samples compared to vehicle control. Cisplatin was dissolved
in ratios of 1:1 and 7:3 of DMSO:H0 solvent mixture and diluted to the indicated concentration range
in culture medium. Samples were stored for one week in dark surroundings at 4°C. OSCC (n=3) were
treated either with the aged dissolved cisplatin samples or the solvent vehicle (control). Cell viability
was examined using the Alamar Blue assay following 24h, 48h, and 72h of exposure to dissolved
cisplatin or vehicle in 1:1 (A,B,C) or 7:3 (D,E,F) ratios . Data were normalized to the untreated control
and expressed as relative percentages. Data are represented as mean £ SEM. OSCC, oral squamous cell
carcinoma cell line (UM-SCC14c); DMSO, dimethylsulfoxide; +, positive control for cell death.
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Fig. S3 — Detection of ROS or GSH through microplate assays. Microplate assays showing redox
status evaluation in OSCC (n=3) treated with tBHP 100 uM by itself or in combination with the ROS
inhibitor NAC 1 mM, or with NAC 1 mM by itself, both for 3h and 1h. General oxidative stress was
visualized using DCFDA (A) and CellRox (D), mitochondrial superoxide and hydrogen peroxide
respectively using MitoSOX™ (B) and Peroxyorangel (E), and gluthathione and general thiol presence
through NBD-P (C) and Thioltracker (F) respectively. Data are represented as mean = SEM. Statistical
analysis was performed using one-way ANOVA, followed by Tukey’s multiple comparisons test. **p
< 0,005, ***p < 0,001. OSCC, oral squamous cell carcinoma cell line (UM-SCC14c); DCFDA, 2’7 -
dichlorofluorescin diacetate; MitoSOX™ mitochondrial superoxide probe, NBD-P,GSH-specific on-

off fluorescent probe; PO1, peroxyorange-1; tBHP, tert-butyl hydroperoxide; NAC, N-acetyl-L-
cysteine.
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