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Abstract

Combination therapy has been conferred with manifold assets leveraging the synergy of
different agents to achieve sufficient therapeutic outcome with lower administered drug doses
and reduced side effects. The therapeutic potency of a self-assembling peptide hydrogel for the
co-delivery of doxorubicin (DOX) and curcumin (CUR) was assessed against head and neck
cancer cells. The dual loaded peptide hydrogel enabled control over the rate of drug release
based on drug’s aqueous solubility. A significantly enhanced cell growth inhibitory effect was
observed after treatment with the combination drug loaded hydrogel formulations compared to
the respective combination drug solution. The synergistic pharmacological effect of selected
hydrogel formulations was further confirmed with enhanced apoptotic cell response,
interference in cell cycle progression and significantly altered apoptotic/anti-apoptotic gene
expression profiles obtained in dose levels well below the half-maximal inhibitory
concentrations of both drugs. The in vivo antitumour efficacy of the drug loaded peptide
hydrogel formulation was confirmed in HSC-3 cell-xenografted SCID mice and visualized with
uCT imaging. Histological and TUNEL assay analyses of major organs were implemented to
assess the safety of the topically administered hydrogel formulation. Overall, results
demonstrated the therapeutic utility of the dual drug-loaded peptide hydrogel as a pertinent

approach for the local treatment of head and neck cancer.

Keywords: self-assembling peptide hydrogel, curcumin, doxorubicin, combination treatment,

head and neck cancer

Abbreviations. CUR, curcumin; DOX, doxorubicin; uCT, microfocus Computed

Tomography; SCID, severe combined immunodeficient mice; CLSM, Confocal Laser

Scanning Microscopy; PBS, Phosphate-buffered saline; CI, Combination Index; H&E,
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Hematoxylin and Eosin; IC50, Half-maximal inhibitory concentration; HNSCC, Head and

neck squamous cell carcinoma; FFPE, Formalin-fixed paraffin embedded.

Introduction

Head and neck squamous cell carcinomas (HNSCC) are malignant tumours that develop in or
around the throat, larynx, nose, sinuses, and mouth, accounting for approximately 600,000 new
cases annually, while the five-year overall survival rate of patients with HNSCC ranges
between 40-50 %.! The standard-of-care in HNSCC treatment includes combined modality
therapy with surgical resection and concurrent radiotherapy, followed by chemotherapy. In
cases of tumour recurrence and poor clinical response, chemotherapeutic protocols comprising
single anticancer agents (cis-platin, carboplatin, fluorouracil) are optimized with the
employment of targeted biological agents? or combination chemotherapy? aiming to potentiate
the therapeutic outcome and enhance the clinical complete response and survival of patients
with HNSCC.

The implementation of nutritional constituents, such as polyphenols, in cancer therapeutics,
denoted as nutraceuticals, has been appraised for the prevention or adjuvant cancer therapy,
encompassing multi-targeting efficacy and safety compared to the conventional toxic synthetic
moieties.* Curcumin, a plant-derived lipophilic polyphenol originating from the rhizomes of
turmeric, has been broadly evaluated for its anti-oxidant, anti-inflammatory, as well as anti-
cancer potential, modulating several biological pathways, thus affecting cell proliferation,
mutagenesis, cell cycle progression, apoptosis, tumorigenesis, angiogenesis and metastasis.>¢
The pleiotropic effects of curcumin at the molecular level are associated with its multifocal
signal modulation properties. Its apoptotic efficacy against cancer cells has been shown to be
p53-dependent, inducing mitochondrial cytochrome c release, with subsequent up-regulation

of pro-apoptotic protein expression (e.g. Bax, Bak), inhibition of the import signaling pathways
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NF-kB, Akt/PI3K, and MAPK and decreased expression of multiple anti-apoptotic genes
regulated by NF-kB (e.g. Bcl-2, Bel-XL, cyclin D1, COX-2), increase in caspases (-3 and -9)
activity and down-regulation of genes involved in tumour growth (e.g. c-myc), while its anti-
angiogenic properties are mediated through down-regulation of various proangiogenic proteins
(e.g. VEGF) and inhibition of signal transduction pathways, such as those that involve the
transcription factor NF-kB and protein kinase C.” A plethora of in vivo and in vitro studies have
previously assessed the chemo-preventive and chemotherapeutic potency of curcumin in
HNSCC treatment, either alone or in combinational therapeutic schemes.®

Conventional chemotherapeutic approaches employing intravenous systemic administration of
cytotoxic agents are plagued by reduced bioavailability in the targeted tissue, rapid elimination
and non-specific drug distribution, therefore resulting in serious systemic toxicity. In virtue of
these unmet requirements, the necessity for efficient treatments featuring targeted drug
delivery, control over drug release kinetics, improved drug solubility and minimization of
systemic toxicity has been met with significant progress in the development of localized drug
delivery systems.’ New therapeutic approaches in anticancer therapy encompass a wide range
of injectable or implantable drug delivery platforms, classified on the basis of method of
administration and the mechanism of action, including polymer nanoparticles, liposomes, and
dendrimers or drug-eluting films, gels, wafers, rods and particles.’ Injectable biodegradable
hydrogels comprising of physical cross-linked hydrophilic polymers have generated
considerable interest in biomedical applications.!® Among the several molecular building
blocks of three-dimensional hierarchical hydrogel structures, self-assembling peptides are
rendered as attractive candidates in injectable therapy, as a result of their biocompatible and
biodegradable character and dynamically tunable properties. '1!2 Self-assembling peptide
hydrogels are able to undergo spontaneous gelation driven by inter- and intra-molecular non-

covalent interactions (hydrophobic, electrostatic and hydrogen-bonding) in response to
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physiological stimuli (pH, temperature, ionic strength, light).!> Peptide hydrogels are featured
as depot-based drug delivery systems enabling precise control over the directly encapsulated
drug payload, controlled drug release profiles by regulating the mesh size of the entangled
nanofiber network or by intervening in the meshwork’s lipophilicity through changes in the
peptide sequence, as well as appropriate shear thinning and mechanical properties for injectable
therapies.!#!3 In the current study, the ac-(RADA),-CONH, peptide sequence has been utilized
to evaluate its potency as carrier in a dual drug loaded delivery system against head and neck
squamous cell carcinoma line. The ionic self-complementary 16-residue peptide, comprising
alternating ionic and hydrophobic amino acids, has been extensively investigated, either
functionalized or in its native form, in the multi-disciplinary field of biomedical applications,
featuring  tissue  engineering,'?®  regenerative medicine,>'>*  hemostasis>®  and
biopharmaceuticals delivery applications.!4-26-30

Combination chemotherapy is currently arising as a means to overcome multi-drug resistance
and effectively enhance therapeutic response, while at the same reducing the administered drug
dose and observed side effects, by utilizing the synergistic or additive effect of multiple
anticancer agents in a co-delivery formulation.?!-33 The incorporation of both curcumin and
doxorubicin in a single delivery platform has been adopted as a co-delivery strategy in an
attempt to improve antitumour efficacy, resulting in the development of diverse delivery
systems including nanoparticles,>*37 micelles?®-4! and liposomes.#> Combination therapy with
dual-nanomedicines (nanoparticles, micelles, liposomes) both loaded with chemotherapeutic
drugs has proven beneficial in enhancing antitumour efficacy, either by directly targeting
tumour cells**# or the tumour micro-environment.**-4 Hydrogels have also shown great
potential in localized combination drug therapy utilizing biodegradable and thermosensitive
polymers* and polypeptides,>*>! peptide-drug conjugates’> and peptide-polysaccharide

composites,”>> while at the same time incorporating drug-loaded nanogels,>* spherical
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vesicles,> nanoparticles>® and micelles>” within the hydrogel to enable concurrent drug release
and synergistic therapeutic efficacy. So far, no published data exist as to the potency of a self-
assembling peptide hydrogel in dual drug treatment of head and neck cancer.

Herein, we report on the implementation of a self-assembling peptide hydrogel [ac-(RADA ),-
CONH;,] as carrier of a drug combination, namely curcumin and doxorubicin, against head and
neck cancer cells. The current system enables precise control over the encapsulated drug
payload, with drug aqueous solubility being the dictating factor over the rate of drug release.
The drug combination hydrogel formulations were evaluated for their potency in exerting an
apoptotic cell response and their synergistic antitumour mechanism was further assessed. The
antitumour efficacy of the optimal formulation was evaluated in HSC-3 cell-xenografted SCID
mice after intratumoural administration. uCT imaging of the tumour biopsies was utilized to
provide valuable insights into tumour response after treatment by analyzing the morphological
characteristics of the excised tumours. Overall, the findings of the current study suggest that
self-assembling peptide hydrogels can be an expedient candidate for local combination therapy

against head and neck cancer.

Experimental Section

Materials and cell culture. Phosphate-buffered saline 10X (PBS) was purchased from
Gibco™ (Life Technologies, Grand Island, NY, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), Triton X-100, curcumin
and doxorubicin hydrochloride were purchased from Sigma-Aldrich Chemie Gmbh (Munich,
Germany). ProLong® Gold Antifade Mountant with DAPI was purchased from ThermoFischer
Scientific (Waltham, MA, USA). Peptide solution ac-(RADA),~-CONH, (1 % v/w) was

purchased from PuraMatrix® (Corning, 221 NY, USA).
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HSC-3 oral squamous cell carcinoma cells were cultured in Dulbecco's modified eagle's
medium (DMEM, Gibco™, Life Technologies, Grand Island, NY, USA) supplemented with
10 % fetal bovine serum (FBS, Gibco™, Life Technologies, Grand Island, NY, USA) 100
units/mL Penicillin and 100 ug/mL Streptomycin (Gibco™, Life Technologies, Grand Island,
NY, USA). Cells were maintained at 37 °C in a humidified atmosphere with 5 % CO.,.

Exponentially growing cells were used in all studies.

Preparation of the drug loaded ac-(RADA),~-CONH, peptide hydrogel. The dual drug
loaded peptide hydrogel was prepared by initially dissolving DOX in the aqueous ac-(RADA ),-
CONHj; solution of initial peptide concentration of 1 % w/v (final DOX concentration: 5
mg/mL), followed by the addition of two microliters of CUR’s solution (5 mg/mL) in ethanol
(final drug concentration: 222 pg/mL). The peptide solution was subjected to sonication until
completely homogenized and gelation was initiated upon the addition of PBS to a final peptide
concentration of 0.9 % w/v. The encapsulation efficiency of both drugs in the peptide hydrogel

was 100 %.

Drug localization within the peptide nanofiber hydrogel using confocal laser scanning
microscopy (CLSM). The spatial distribution of the fluorescent DOX and CUR within the ac-
(RADA)4,-CONH,; peptide nanofiber hydrogel was studied using CLSM. Z-stacks of the
peptide hydrogel were acquired from its top to the equatorial plane with a Zeiss LSM 780
CLSM (Carl Zeiss Microscopy GmbH, Berlin, Germany) with a step size of 1.16 um using the
63% oil-immersion objective with the appropriate filters. Images acquisition was performed

using the ZEN 2011 software.
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Atomic force microscopy (AFM) studies. The nanofiber morphology before and after drug
loading was visualized using a MultiMode Scanning Probe Microscope (Veeco) with a
Nanoscope Illa controller. The ac-(RADA),-CONH,; solutions were diluted with MilliQ water
to final peptide concentration of 0.01 % w/v and 10 pL aliquots were dropped onto the surface
of freshly cleaved mica. After 30 seconds the surface was rinsed with 300 uLL MilliQ water and
left to air-dry prior to imaging. The spring constant of the cantilever was 10 N/m and height

images were acquired with 1 Hz scanning rate.

In vitro release studies. /n vitro release studies from the dual drug loaded peptide hydrogel
were performed in acetate buffer pH 5.0 and PBS pH 7.4 both containing 0.1 % w/v Tween 80
at 37 °C.> Dual drug loading was achieved as described in section ‘Preparation of the drug
loaded ac-(RADA),CONH, peptide hydrogel’. Gelation occurred after approximately 30 min
from the addition of appropriate volume of PBS in the peptide solution. Then, 1 mL of release
medium was gently added on top of the hydrogel and samples (800 puL) were periodically
withdrawn and replaced with 800 pL of fresh and preheated medium. The mechanism of drug
release was evaluated after fitting the first 60 % of the experimental release data to Korsmeyer—
Peppas equation.®® DDSolver was the software used for the kinetic analysis of the experimental

data.o!

Drug quantification in the binary samples. CUR and DOX quantification in the binary
samples was performed using the first derivative of the ratio spectra UV spectrophotometric
method. A Shimadzu UV-Vis double beam Spectrophotometer (UV-2501 PC model)
consisting of a double monochromator and a light source of a 50 W halogen and a deuterium

lamp was used. Spectrophotometric measurements were performed using the following
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conditions: scan speed 210 nm/min, slit width 1.0 nm and sampling interval 0.1 nm. The UV-

PC Personal Spectroscopy software was used.

Rheological characterization. Rheological measurements were performed using a rotational
rheometer (Physica MCR 300, Physica Messtechnic GmbH, Stuttgart, Germany) with a cone-
plate geometry and a truncation of 0.05 mm. The cone was 25 mm in diameter with a cone
angle of 1°. A Paar Physica circulating bath and a controlled Peltier system (TEZ 150P/MCR)
were used for temperature regulation at 37 £ 0.1 °C. The plain or dual drug loaded peptide
solution (600 puL) were loaded on the rheometer plate and were hydrated with PBS pH 7.4 to a
final peptide concentration of 0.9 % w/v. A solvent trap was used to ensure that no evaporation
occurs during measurements and measurements were initiated immediately after buffer
addition. Oscillatory time sweeps were performed at a constant strain of 0.5 % and frequency
of 1 Hz. Frequency sweep tests were performed at 0.5 % strain and over the range of 0.1-100
Hz. Strain was kept within the linear viscoelastic regime. Data analysis was performed using

the software US200 V2.21.

Cell proliferation assay-Determination of ICsy values. The MTT assay was used to assess
the effect of drug solutions and drug loaded peptide hydrogels on HSC-3 cell proliferation. The
cells were plated in 96-well plates (5-103 cells/well) and after 24 h they were exposed to fresh
medium containing the drug solutions (CUR: 0.1, 1, 2.5, 5, 10, 25, 50, 100 uM, DOX: 0.05,
0.1, 0.125, 0.25, 0.5, 1, 2.5, 10 uM) or the drug- loaded peptide hydrogels of equivalent drug
concentrations (peptide hydrogel-CUR: 0.1, 1, 2.5, 5, 10, 25, 50, 100 uM, peptide hydrogel-
DOX: 0.05, 0.1, 0.125, 0.25, 0.5, 1, 2.5, 10 uM). After 48 h incubation, the MTT solution (10
puL, 5 mg/mL) was added to each well followed by incubation for 4 h in a humidified

atmosphere at 37 °C. The supernatants were removed and 100 pL of dimethyl sulfoxide
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(DMSO) were added to dissolve the formed formazan crystals. The absorbance was measured
at 570 nm using an ELISA plate reader. The ICsy values were calculated from the linear
regression line of the plot of percentage inhibition versus log inhibitory concentration using

the sigmoidal dose response equation (variable slopes) (Table 1).

Cell proliferation assay-Determination of combination indices (CI). Drug combination
studies were performed to calculate the CI values of the different solution DOX+CUR and
peptide hydrogel-DOX+CUR combinations. HSC-3 cells were plated in 96-well plates (5-103
cells/well). After 24 h, the cells were exposed to fresh culture medium containing free CUR (1,
5, 10, 15 uM) and DOX (0.05, 0.1, 0.2, 0.4, 0.6 uM) or peptide hydrogel-CUR (1, 5, 10, 15
uM) and peptide hydrogel-DOX (0.05, 0.1, 0.16, 0.4, 0.6 uM) individually and in combination
for 48 h. Untreated cells were used as the control. Cell proliferation was also evaluated in the
presence of the peptide hydrogel. Following incubation for 48 h, cell growth was evaluated
using the MTT assay, as previously described, according to Equation 1 (Figure 3):
Cell growth (% of control) = (ODyes; - ODpjank)/(ODeontrol = ODpjank) X 100 [1]

Combination indices were calculated using the CompuSyn software Version 1.0.

Apoptosis assay by flow cytometry. Cell apoptosis in HSC-3 cells was evaluated using flow
cytometry after cell staining with Annexin-V-FITC/Propidium iodide (PI), according to
manufacturer’s instructions (BioLegend, San Diego, CA). HSC-3 cells were plated in 6-well
plates (1x109 cells/well). After 24 h, the culture medium was replaced with fresh medium
containing the chosen optimal drug combinations. Untreated cells were used as the control.
After treatment for 24 h, 48 h and 72 h, the cells were harvested, washed twice with ice-cold
PBS and re-suspended in 100 uL of Annexin-V binding buffer at a concentration of 1x10°

cells/mL. Cells were then stained with 5 uL. Annexin-V-FITC and 10 pL PI for 15 min at room
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temperature in the dark, prior to flow cytometry measurements. A total of 20,000 events was

collected per sample using CyFlow® Cube 8 (Sysmex Partec GmbH, Goerlitz, Germany).

Detection of apoptosis-DAPI staining. Detection of apoptotic features related to
morphological changes in cell nuclei were visualized using CLSM. HSC-3 cells were seeded
on coverslips in 6-well plates. After 24 h, the cells were exposed to the combination
formulations for 6 h, 12 h and 24 h. After the specified time-points, the cells were washed with
1x PBS, fixed in 4 % (w/v) PFA (in PBS, 15 min) and permeabilized in 1 % (v/v) Triton-X for
10 min at room temperature with additional intermediate steps of washing with PBS, prior to
coverslip mounting onto glass microscope slides using Prolong Gold Antifade Reagent with
DAPI. The specimens were examined with a Zeiss LSM780 CLSM (Carl Zeiss Microscopy
GmbH, Berlin, Germany) using the 40x oil-immersion objective with the appropriate filters.

Images acquisition was performed using the ZEN 2011 software.

Cell cycle analysis. Cell cycle analysis was performed using flow cytometry by measuring the
cellular DNA content after PI staining. HSC-3 cells were plated at 6-well plates (5-10°
cells/well) and were left overnight to attach. The cells were then synchronized after serum
deprivation for 24 h and were subsequently incubated with the combination formulations for 6
h, 12 h and 24 h. After the specified time-points, cells were harvested and fixed in 70 % ethanol
overnight at 4 °C. The DNA content was measured using the CyStain PI absolute T kit (Partec,
Miinster, Germany) according to the manufacturer’s guidelines. Analysis was performed using
CyFlow Cube 8 (Partec) and 40,000 events were recorded. Cell cycle distribution was analyzed

using the FCS Express 4 (De Novo software, Los Angeles, CA).
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Real-Time qPCR analysis. HSC-3 cells were plated in 100 mm tissue culture dishes (10°
cells/plate) and were left overnight to attach. After 24 h the cells were exposed to the selected
combination formulations. After treatment for 24 h, the cells were harvested, and total RNA
was isolated using the Nucleospin® RNA/Protein kit (Macherey-Nagel, Germany). RNA
samples were subjected to reverse transcription using the QuantiTect® Reverse Transcription
Kit (Qiagen Inc., Chatsworth, CA, USA) as per manufacturer’s instructions. Quantitative RT-
PCR analysis was performed using the KAPA SYBR® FAST Master Mix (2X) Universal
(Kapa Biosystems, USA). The primer sequences used are listed in Table S1. Data
normalization was based on the expression of the housekeeping gene, B-actin. Real Time qPCR

experiments were run in triplicates.

Animals. Eight-week-old female SCID mice weighting 18-20 g were purchased from Charles
Rivers Laboratories (Lyon, France). Animals were bred under pathogen-free conditions. All
mice were reared with food and water ad libitum in a 12 h dark/12 h light cycle. The in vivo
experimental protocol was approved by the Institutional Bioethics Committee for Animal
Experimentation. Power analysis was performed using the G*Power software.

Experiments were conducted in the authorized animal facilities of the National Hellenic
Research Foundation and complied with the Protocol on the Protection and Welfare of
Animals, the regulations of the National Bioethics Committee and the article 3 of the
presidential decree 160/1991 (in line with 86/609/EEC directive), regarding the protection of

experimental animals.

In vivo antitumour efficacy in HSC-3 xenograft mouse model. The in vivo antitumour

efficacy of the dual drug loaded peptide hydrogel containing CUR and DOX in the selected

molar concentration ratio (1 pM CUR+0.164 uM DOX) was tested in HSC-3 tumour
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xenografted mice. HSC-3 cells (10 cells/mouse, 100 pul) were injected subcutaneously in the
right flank of female SCID mice. Once tumour volume reached ca. 120 mm? at approximately
3 weeks after tumour inoculation (day 0), mice were weighted and randomly divided into four
groups (four mice per group): (A) normal saline (control), (B) ac-(RADA),;CONH, peptide
hydrogel (blank), (C) DOX+CUR saline solution at a total DOX dose of 20 mg/kg and (D)
DOX+CUR ac-(RADA),CONH, peptide hydrogel at a total DOX dose of 20 mg/kg. The mice
were administered intratumourally with 100 puL of each treatment on days 0, 4, 8 and 12 using
a 1.0-mL syringe. Tumour volumes and body weights were monitored every three days.
Tumour volume was measured using a digital caliper and calculated according to equation:
Tumour volume= L x W x H x n/6, where L is the long diameter, W is the short diameter and

H is the tumour height. Body weight change was monitored to evaluate treatment toxicity.

In vivo toxicity evaluation

Organ-to-body weight ratios. Organ weight has been designated as a sensitive indicator of
the effect of an experimental treatment, even in the absence of any histological findings.
Therefore, the organ-to-body weight ratios were determined to assess the potential organ
specific toxicity of the treatments. At the end of the study, the body and organ weights were
individually measured, and the organ index was calculated by the endpoint organ-to-body

weight ratio.

Histological evaluation. At the end of the experiment (day 15), animals were euthanized and
tumours and major organs (heart, liver, spleen and kidney) were dissected, individually
weighted, fixed with 4 % paraformaldehyde in PBS and embedded in paraffin (FFPE). Tumour
and organs were cut in half and across the mid-line. Four 5 pum-thick-sections were removed,

stained with H&E (hematoxylin and eosin) and observed under a light microscope (Olympus
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CX31 optical microscope). Images were acquired using the OLYMPUS analySIS getIT

software.

3D X-ray histological evaluation by means of microfocus Computed Tomography (nCT).
Upon completion of conventional histological evaluation characterization (sectioning, H&E
staining, and light microscopy), four randomly selected FFPE tumour specimens were further
analyzed by state-of-the-art pCT (Med-X prototype micro-CT scanner; Nikon Metrology UK
Ltd). This first-of-kind pCT scanner is optimized for producing diagnostic-quality
conventional puCT imaging (i.e. X-ray absorption-based) of soft tissues and was the result of a
collaborative project between p-VIS X-Ray imaging Centre at the University of Southampton
and Nikon X-Tek Systems Ltd.

FFPE tumour tissue blocks were mechanically detached from their respective plastic cassettes
(blocks were not de-waxed) and then placed onto sample holders for scanning. The specimens
were imaged with the beam conditions set at follows: Acceleration voltage =55 kVp; X- ray
tube current =131 pA; no beam filtration; source-to-object distance =44.6 mm; source-to-
detector distance =992.0 mm. The latter two distances resulted in an isotropic voxels size of 9
um. 2501 projections were collected over an angular range of 360 degrees and 4 frames were
averaged per projection to improve SNR. Integration time per projection was set to 2 s and the
detector’s analogue gain to 24 dB. Upon completion of the acquisition, the acquired
radiographs were reconstructed to 32-bit raw files using the scanner's build-in reconstruction
software (Nikon, CT Agent, v. XT 5.1.4.2 MedX 1; Nikon X-Tek Systems Ltd, Tring, UK), by
means of filtered-back projection. The raw 32-bit volume files were then converted to 16-bit

volumes for visualization and 8-bit for image-based qualification.
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pCT image processing and qualification. For image processing and quantification, a range
of software was used depending on the nature of the task. 3D semi-automatic segmentation was
carried out in ITK-snap (v. 3.8.0 -alpha), an open source software medical image processing
platform focusing on segmentation and analysis of 2D and 3D datasets using snake evolution
algorithms.%> Tumour segmentation (i.e. separation of biopsy material from the surrounding
wax matrix; Figure S3A) was performed using the thresholding method for calculating the
region competition feature image followed by manual seeding. Necrotic areas located in the
core of the tumours (Figure S3B) were segmented using classifiers which were previously
trained to discriminate between necrotic tissue, tumour tissue, wax and air. The training was
done by manually selecting representative regions from each “class” of features. Finally,
calcifications within the necrotic areas were segmented using the thresholding method
described earlier for the segmentation of the whole tumour tissue (Figure S3C). Visualization

was carried out in Fiji/Imagel and Avizo (v 9.3.0, FEI / Thermo Fisher Scientific).

Post-uCT imaging Histology. Following pnCT, the wax biopsy blocks were reattached on to
histology cassettes without de-waxing the tissue, so that the registration between the pCT and
the histology slices was preserved. Two 4 um -thick tissue sections were cut from each tumour
sample and mounted onto microscope slides following standard protocols. The sections were
then deparaffinised and stained using 2 % aqueous Alizarin Red to stain and visualise mineral
deposits.®3

The histological sections were scanned using an Olympus VS110 virtual microscopy system
equipped with a 10x objective, digitized using Olympus VS Desktop software (v2.9) and saved

in Olympus native .vsi file format.
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TUNEL assay. The histological tumour and heart sections were deparaffinized and stained for
apoptosis by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL) using the Click-iT™ Plus TUNEL Assay kit for in situ apoptosis detection
with Alexa Fluor™ 488 dye (ThermoFischer Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. Cell nuclei were stained with Prolong Gold Antifade Reagent with
DAPI. The specimens were examined with a Zeiss LSM780 CLSM with a 40x oil-immersion

lens. Images were acquired with ZEN2011 software.

Statistical analysis. All data are presented as means + standard deviation (SD). The data were
analyzed using t-tests and Anova with the significance level set at 0.05. Tukey post hoc analysis

was used to evaluate statistically significant differences between groups.

Results and discussion

Effect of drug localization within the peptide hydrogel on the in vitro drug release. In vitro
release studies of DOX and CUR from the peptide hydrogel were conducted in PBS pH 7.4
and acetate buffer pH 5.0 at 37 °C. A correlation between drugs’ aqueous solubility and the
rate of drug release was recognized, suggesting the development of host-guest interactions
between the active moieties and the peptide nanofibers of the hydrogel meshwork. The relation
between the aqueous solubility of multiple small molecule drugs and the rate of drug release
from multidomain peptide hydrogels has been recently studied,* showing that the less
hydrophilic molecules are expected to localize in the intrafibrillar hydrophobic core, hence
demonstrating prolonged release profiles, in contrast to the burst release of the hydrophilic ones
mainly distributed in the surrounding aqueous hydrogel environment. This pattern is clearly
illustrated in Figure 1A with the distinctive localization of the water insoluble CUR within the

hydrophobic domains of the peptide nanofibers, whereas no distinctive signal is acquired for
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the water-soluble doxorubicin, suggesting no specific intrafibrillar interaction. AFM analysis
revealed that the self-assembling peptide retained its ability to form nanofibers even after drug
loading as shown in figure S1. The differential drug distribution within the nanofiber matrix is
also depicted on the rate of drug release (Figure 1B), with the hydrophilic DOX achieving 80
% release within the first four hours, while 40 % of CUR was released at the same timeframe
in PBS pH 7.4. A plateau was achieved for DOX after 24 h with almost total drug release, while
CUR demonstrated a more sustained release profile over 19 days (62 % total drug release). In
vitro release studies of DOX and CUR were also performed in acetate buffer pH 5.0 simulating
the acidic tumour microenvironment (Figure S2). No statistically significant differences were
observed for the release of both drugs between pH 5.0 and pH 7.4, suggesting that the pH of
the release medium has no profound effect on drug interaction with the peptide nanofibers and
therefore on the rate of drug release form the hydrogel matrix. The drug release data were
fitted to the Korsmeyer-Peppas equation showing good linearity for both CUR (R?>=0.917) and
DOX (R*=0.928). The exponent of n was calculated to be 0.469 for CUR (Ky=7.741) and 0.141
for DOX (Ky=16.573) indicative of non-Fickian transport for CUR and Fickian diffusion for

DOX.

Rheological characterization of the peptide hydrogel drug carrier. The gelation kinetics
and mechanical rigidity of the hydrogel samples were monitored using oscillatory time sweep
experiments. Both plain and dual drug loaded samples showed a similar gelation kinetic pattern
with the initial lag phase ending at approximately 20 min post initiation of the gelation process,
followed by a rapid growth phase within the next 10 min. For both samples storage modulus
was an order of magnitude higher than loss modulus throughout the experiment [Figure 1C
(a)], indicative of a gel structure. Frequency sweep tests revealed a dominant elastic solid-like

behavior for both hydrogel samples with G” and G’ being nearly independent of frequency.
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However, incorporation of both DOX and CUR in the peptide carrier seems to impact peptide
nanofiber network mechanics, inducing a decrease in hydrogel rigidity as indicated by the
higher G’ values obtained for the plain peptide hydrogel [Figure 1C (b)]. Similar observations
have been previously reported after DOX loading in ac-(RADA)4-CONH,, suggesting that the
dual drug load interferes with the self-assembling process of the peptide nanofibers, modulating

interfibrillar interactions that lead to the formation of an entangled nanofiber network.%
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Figure 1. A. CLSM (63x objective) z-stack images of CUR (green) and DOX (red) loaded-ac-
(RADA),-CONH,; peptide nanofiber hydrogel. Scale bar: 10 um. B. In vitro release profiles of
CUR and DOX from the dual drug-loaded peptide hydrogel conducted in PBS (0.1 % Tween
80) pH 7.4 at 37 °C (n=3, = S.D.). Inset represents drug release data for the first four hours. C.
Characterization of the rheological properties of the plain and dual drug loaded peptide
hydrogel with (a) oscillatory time sweep measurements performed at a constant strain of 0.5 %
and frequency of 1 Hz and (b) frequency sweep tests performed at 0.5% strain and over the

frequency range of 0.1-100 Hz.

In vitro cell growth inhibition assay. The anti-proliferative effect of CUR and DOX in
solution and the drug loaded ac-(RADA),~-CONH, peptide hydrogel, individually and in
combination was evaluated in HSC-3 cultures after cell treatment for 48 h. Cell exposure to
individual treatments resulted in a dose-dependent cell growth inhibition (Figure S4) with the
respective half maximal inhibitory concentrations (ICsy) reported in Table 1. Similar 1Cs,
values for both CUR and DOX have also been previously reported in a head and neck squamous
cell carcinoma line.®¢ The peptide hydrogel loaded CUR exhibited an equivalent to plain CUR
solution ICsy value, while for the peptide hydrogel loaded DOX a significantly higher
inhibitory effect was achieved with a 2.4-fold reduction in ICsy, compared to plain DOX

solution (P<0.001), increasing cell susceptibility to DOX treatment.
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Table 1. Half maximal inhibitory concentrations (ICsy) of the drug solutions and the drug

loaded ac-(RADA),~-CONH,; peptide hydrogels in HSC-3 cells (n=4, = S.D.).

Drug ICs59 (uM) (= S.D.)
CUR solution 10.8 (= 1.44)
DOX solution 0.4(£0.05)
peptide hydrogel-CUR 10.1 (=4.91)
peptide hydrogel- DOX 0.164 (£ 0.01)

Based on the calculated ICs, values of the individual treatments, a concentration range of CUR
and DOX in solution form or embedded in the ac-(RADA),~-CONH, hydrogel was evaluated
for their combined inhibitory effect on cell growth. It is well documented from the dose-
response graphs (Figure S5), that the dual drug loaded peptide hydrogel exerts a significantly
higher anti-proliferative effect on HSC-3 cells in the majority of combination concentrations
evaluated, compared to the respective solution combinations. This is further exemplified in
Table 2, where the CI values for the solution combinations denote antagonism for all the low
CUR concentrations (1 uM and 5 uM), while synergism is only achieved at the higher CUR
concentrations [10 uM (only for DOX doses above 4 uM) and 15 pM]. On the contrary, a
fortuitous synergistic effect was observed for all dual drug loaded peptide hydrogel
formulations, with the effect being more pronounced even at the lower CUR and DOX
concentrations, well below the I1Cs values of the individual hydrogel loaded drugs (Table 3).
Results profoundly indicate the potency of the dually loaded peptide hydrogel over the drug
solution combinations to suppress cell proliferation. The following combination formulations

were selected for further evaluation; peptide hydrogel (1 uM CUR + 0.164 uM DOX), peptide
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hydrogel (10 uM CUR + 0.6 uM DOX) and solution (10 uM CUR + 0. 4 uM DOX). No effect
on cell proliferation was observed in the presence of the ac-(RADA),-CONH, hydrogel (Figure
S5B), indicating that the cytotoxicity of the drug-loaded peptide hydrogel formulations is not

due to the hydrogel carrier.

effect of interaction graded in symbols.®’” Symbols denote: (

Table 2. Combination indices of different drug dose combinations in solution form and their

/+++++) Very strong

antagonism/synergism, (----/F+++) Strong antagonism/synergism,
antagonism/synergism, (--/++) moderate antagonism/synergism, (-/+)
antagonism/synergism, (+) nearly additive.
Drug concentration (uM .
Curcum%n Do()z)anicin 1 Grading symbol
0.05 1.62 -
0.1 1.29 -
1 0.2 1.04 +
0.4 1.26 -
0.6 1.16 -
0.05 1.66 -
0.1 1.90 -
5 0.2 1.45 --
04 1.61 -
0.6 1.33 --
0.05 1.07 +
0.1 1.00 +
10 0.2 0.90 +
04 0.42 +++
0.6 0.58 +++
0.05 0.34 +++
0.1 0.68 +++
15 0.2 0.12 ++++
04 0.51 +++
0.6 0.87 +
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Table 3. Combination indices of the different ac-(RADA),~-CONH, peptide hydrogel loaded

drug dose combinations and their effect of interaction graded in symbols.®’” Symbols denote:

(-----/+++++) Very strong antagonism/synergism, (----/++++) Strong antagonism/synergism,

(---/+++) antagonism/synergism, (--/++) moderate antagonism/synergism, (-/+) slight

antagonism/synergism, (+) nearly additive.

Drug concentration (uM)

ac-(RADA),~-CONH,-CUR  ac-(RADA),-CONH,-DOX Cl Grading symbol
0.05 0.53 .
0.1 0.52 N_—
1 0.164 0.48 -
04 0.57 +++
0.6 0.74 ++
0.05 0.67 .
0.1 0.76 =+
5 0.164 0.73 =+
0.4 0.56 T
0.6 0.73 ++
0.05 0.82 o
0.1 0.79 ++
10 0.164 0.70 T+
0.4 0.79 ++
0.6 0.56 -+
0.05 0.50 -t
0.1 0.20 S
15 0.164 0.55 N—
04 0.41 +++
0.6 0.50 -

Apoptotic effect of combination formulations on HSC-3 cells. The cytotoxic effect of the

combination formulations on HSC-3 cells was evaluated using a flow cytometric apoptosis

assay (Annexin V-FITC/PI) after cell treatment for 24 h, 48 h and 72 h (Figure 2A). A

considerable time-dependent increase in the late-stage apoptotic cell population was evidenced

in all cases (Figure 2B). The most prominent apoptotic effect on HSC-3 cells was induced by

the (10 uM CUR + 0.6 uM DOX) peptide hydrogel formulation with an early onset of action

(24 h), resulting in an increase in Annexin V-FITC+/PI+ cell population from 56 % (£ 0.72) to

73 % (£ 0.21) at 48 h and 72 h, respectively. At even lower CUR (ten times lower than the

ICs0) and DOX (ICsg) concentrations the apoptotic cellular response upon treatment with the
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(1 uM CUR + 0.164 uM DOX) peptide hydrogel formulation was considerably higher,
compared to the respective of the solution formulation of higher CUR and DOX concentrations
after cell exposure for 48 h and 72 h. It is appreciable that a formulation of lower drug payload

can sensitize cells to achieve a reasonable apoptotic efficacy.
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Figure 2. A. Analysis of cell apoptosis by flow cytometry using the Annexin-V-FITC/PI
double staining assay in HSC-3 cells. Cells were treated with the drug combination
formulations (solution or peptide hydrogel) for 24 h, 48 h and 72 h. Untreated cells were
considered as the control. Representative dot plot diagrams are presented, demonstrating viable
cells at the lower left quadrant (FITC-/PI"), early apoptotic cells in the lower right quadrant
(FITC*/PI") and late apoptotic cells in the upper right quadrant (FITC*/PI*). B. Percentage of
late-stage apoptotic HSC-3 cells. Data are presented as the means + standard deviation of three

independent experiments.

Based on the fact that apoptosis is a process related to DNA damage,5® the effect of treatment
with the combination formulations on the nuclear phenotype was evaluated using CLSM, after
staining cell nuclei with DAPI (Figure S6). Significant variations in the nuclei shape and size
could be observed for the treated samples, compared to the respective control samples.®® Cells
exposed to the (10 uM CUR + 0.4 uM DOX) solution and (10 uM CUR + 0.6 uM DOX)
peptide hydrogel formulations demonstrated the highest degree of nucleus irregularity

(asterisk) clearly appearing lobed instead of round at all time-points of treatment, as well as an
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abnormal nucleus enlargement. Another late-apoptotic feature was abnormal chromatin
condensation (arrow) mainly observed after 48 h of treatment. These morphological alterations
were also identified in the cells treated with the (1 uM CUR + 0.164 uM DOX) peptide
hydrogel formulation but to a lesser extent, compared to the ones of higher drug content. The
effect of DOX treatment on intranuclear morphology has been previously well documented.”®
The effect of the combination formulations on the cell cycle progression was evaluated time-
dependently by analyzing the DNA content of the treated cells using flow cytometry (Figure
3A). A representative cell cycle profile for rapidly proliferating cells was obtained for the
untreated HSC-3 cells growing in culture with an average population of 70 % of the cells
distributed in the GO/G1 phase, 16 % of the cells in the S phase and 14 % of the cells in the
G2/M phase at the first 12 h, accompanied by the transition from G0/G1 to S and G2/M phases,
as indicated by the decrease in the percentage of the GO/G1 phase fraction (40 %) and the
corresponding increase in the percentage of the S (20 %) and G2/M (35 %) phase fractions at
24 h. Distinctive cell cycle profiles were obtained for the HSC-3 cells upon treatment with the
combination drug concentrations. Cell exposure to the (10 uM CUR + 0.6 uM DOX) peptide
hydrogel formulation for 24 h generated a significant accumulation of 65 % of the cell
population in the S phase, compared to the respective 20 % of the untreated cells, inducing an
S-phase cell cycle arrest. On the other hand, (1 UM CUR + 0.164 uM DOX) peptide hydrogel
treated cells induced G2/M cell cycle arrest at 24 h of treatment, with 57 % of the total cell
population detected in the G2/M phase, compared to the 36 % of the control. In both cases, a
concomitant reduction in the proportion of cells appertaining to the GO/G1 phase was observed,
from control (43 %) to (10 uM CUR + 0.6 uM DOX) peptide hydrogel treatment (17 %) and
(1 uM CUR + 0.164 uM DOX) peptide hydrogel treatment (8 %). An almost equal distribution
of the cell population in both the S (43 %) and G2/M (47 %) phases of the cell cycle was

observed after cell treatment with the (10 uM CUR + 0.4 uM DOX) solution, indicating an
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arrest in the S and G2/M phases of the cell cycle. DOX has been previously evaluated in
different cell lines and was found to induce a dose-dependent transition of cells in the different
phases of the cell cycle, where low DOX concentrations provoke G2/M cycle arrest, whereas
high DOX concentrations induce an S-phase block,”!-> similar to the results obtained in the
present study. The percentage of cells distributed in the phases of cell cycle after each treatment

are presented in Figure 3B.
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Figure 3. A. Cell cycle analysis of HSC-3 cells after treatment with the drug combination
formulations (solution or peptide hydrogel) for 6 h, 12 h and 24 h. Untreated cells were
considered as the control. B. Cell distribution (%) in the phases of cell cycle after treatment for
a. 6 h, b. 12 h and ¢. 24 h. Results are presented as the means + standard deviation of three

independent experiments.

Effect of combination formulations on gene expression. Since all selected formulations were
found to induce reasonable cytotoxicity and reduced proliferation, the expression patterns of
several anti-apoptotic and apoptotic-related genes were analyzed after cell treatment with the
combination formulations for 24 h as shown in Figure S7. A significant up-regulation in the
expression of p53 and p21 was found to be induced by all formulations evaluated, compared
to the control, with the increase in the levels of gene expression being more pronounced for the
(10 uM CUR + 0.6 uM DOX) peptide hydrogel treated group. Results also demonstrated a
considerable augmentation in the expression of BAX for all treatments and a moderate increase
in the levels of BAD (apoptosis-related genes). No appreciable alteration in the expression
profile of caspase-9 was induced by any of the formulations, while only (10 uM CUR + 0.6
uM DOX) peptide hydrogel resulted in a significant up-regulation of caspase-3. Caspase-3 has
been identified as critical mediator during programmed cell death,”? therefore the high rate of
late-apoptosis observed for the (10 uM CUR + 0.6 uM DOX) peptide hydrogel treatment group
is well correlated to the respective over-expression of caspase 3.

No statistically significant changes in the expression of the cell cycle progression regulators
Cdk4 and Cdk6 were observed for any of the treatment groups, compared to the control.
Considerable up-regulation of Cdk2 and Bcl-2 in response to the (10 uM CUR + 0.6 uM DOX)
peptide hydrogel treatment was observed. Increased levels of c-myc and CyclD1 expression

were observed after cell exposure to the (10 uM CUR + 0.4 uM DOX) solution, while the
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hydrogel formulations only slightly induced the expression of the two genes. The latter gene
expression changes in Cdk2, Bcl-2, c-myc, and CyclD1 could be considered as an unsuccessful
attempt of cells to overcome the higher increase in the expression of apoptotic-related genes

that caused the growth inhibitory effect observed in cultures.

In vivo antitumour efficacy. The antitumour efficacy of the selected DOX+CUR peptide
hydrogel formulation (1uM CUR+0.164 uM DOX) was evaluated in HSC-3 cell-xenografted
SCID mice (Figure 4). When tumour volume reached approximately 120 mm?, mice were
intratumourally administered with saline (control), plain peptide hydrogel (blank), DOX+CUR
solution (1uM CUR+0.164 uM DOX) and DOX+CUR peptide hydrogel (1uM CUR+0.164
uM DOX) to a total DOX dose of 20 mg/kg (four administrations). Tumour volume (Figure
4A) and body weight (Figure 4B) were regularly monitored till the end of the study period on
day 15.

As shown in Figure 4A, all treatment groups demonstrated similar tumour growth profiles until
day 6. The highest antitumour efficacy was evidenced in the group treated with the DOX+CUR
peptide hydrogel (one-way Anova: F=40.25, p<0.001), which showed the most significant
reduction in tumour volume of approximately -21 % of the initial tumour size at the end of the
study on day 15 (112.54 + 102.57 mm?), compared to the control (p<0.01), blank (p<0.01) and
drug solution (p<0.05) treatment groups as revealed by Tukey’s post hoc test. The
administration of the DOX+CUR solution induced a significant tumour inhibitory effect after
day 6, which effect however was not retained, since after day 9 tumour started to grow and
reached to 368 % of the initial volume at the end point of the study (490.25 + 70.09 mm?). As
expected, both the control and the blank treated groups showed the highest tumour
proliferation. Notably, the group administered with the plain peptide hydrogel reported a

significantly higher tumour growth behavior that reached to 626 % of the initial tumour size
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(959.49 + 10.14 mm?), compared to the respective 377 % of the saline treated group (645.32 +
90.04 mm?) at the end of the study. The ac-(RADA),-CONH, peptide hydrogel has been
extensively utilized as a synthetic matrix to promote cell growth and differentiation, with
numerous applications in in vitro 3D cell culture and tissue regeneration,'>’ justifying the
favorable tumour growth profile observed in the present study for the blank group.

The body weight of the HSC-3 cell-xenografted SCID mice was monitored throughout the
study period as a toxicity parameter of the administered treatments. As shown in Figure 4B, no
significant body weight changes were observed for the saline, plain peptide hydrogel and
DOX+CUR peptide hydrogel treatment groups until the end of the study. On the contrary, the
xenografted SCID mice administered with the DOX+CUR solution demonstrated a
considerable body weight loss after day 6 from treatment initiation, that became more
prominent at the end of the study period, thus indicating the toxicity of the administered
treatment (p<0.05).

The mean tumour weight of each treatment group was determined after excision from the mice
at the end point of the study (Figure 4C). A significantly higher tumour weight reduction was
induced in the DOX+CUR peptide hydrogel treatment group (one-way Anova: F=8.41,
p<0.05), with the tumour weight differences among the treatment groups following the order
DOX+CUR peptide hydrogel < DOX+CUR solution < saline < peptide hydrogel, as also
illustrated in Figure 4D.

Overall, the results of the in vivo study designated the superiority of the DOX+CUR peptide

hydrogel formulation (1uM CUR+0.164 uM DOX) to efficiently suppress tumour growth.
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Figure 4. In vivo antitumour efficacy of DOX+CUR loaded peptide hydrogel (1uM

CUR+0.164 puM DOX) in HSC-3 cell-xenografted SCID mice after intratumoural

administration. A. Tumour volume (mm?) (arrows indicate intratumoural administration of

each treatment, *P < 0.05 vs DOX+CUR solution and **p<0.01 vs control and blank treatment

groups, as revealed by Tukey post hock test). and B. body weight (g) change were recorded

every three days following treatment with saline, the peptide hydrogel, DOX+CUR solution

(1uM CUR+0.164 uM DOX) and DOX+CUR peptide hydrogel (1uM CUR+0.164 uM DOX).

C. Tumour weight (*P < 0.05 vs control and blank treatment groups) and D. representative

images of tumours excised at the end point of the study on day 15. Data are presented as mean

values = S.D. (n=4).
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Organ-to-body weight ratios. Organ weight analysis was performed at the end of the study
as an indicator of potential toxic effects induced by the administered treatments.”> Results were
expressed as organ weight (mg) to body weight (g) ratios. As shown in Figure S8, no
statistically significant differences were observed in the organ-to-body weight ratios of all
major organs (liver, spleen, kidney, heart) in the majority of the treatment groups. The only
exception was observed in the DOX+CUR solution treated group for which the liver-to-body
weight ratio was significantly higher compared to the control (saline group). This observation
might be an indication of liver toxicity, because of potential systemic drug exposure after the

administration of the DOX+CUR solution.

Histological examination. H&E-stained tumour and major organ (liver, kidney, spleen, heart)
sections of all treatment groups are shown in Figure 5. Histological examination revealed no
specific toxicity or tissue damage in the examined organs of the different treatment groups,
compared to the control. All tumour specimens consisted of well-differentiated squamous cell
carcinoma similar to the injected HSC-3 cells with varying size and type of peripheral
expansion-invasion. Each group of tumour cells consists of a peripheral layer of small
basophilic cells and much larger eosinophilic cells centrally. These are forming masses of
keratin in some foci called keratinous pearls, as indicated by the arrows in the tumour sections
of the saline and plain peptide hydrogel groups. Individual cell keratinization is also evident in
the tumour sections of the plain peptide hydrogel, the DOX+CUR solution and DOX+CUR
peptide hydrogel treated groups (thick arrows). The nuclei of the tumour cells show
pleomorphism, prominent nucleoli and moderate mitotic and apoptotic rate, while the stroma
between the groups of tumour cells is infiltrated with small lymphocytes.

Significant tumour shrinkage was observed in the case of the DOX+CUR peptide hydrogel

treated group with characteristics of local necrosis and degeneration, as well as the retention of
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varying peripheral invasion. A more moderate tumour shrinkage and necrosis was evidenced
in the DOX+CUR solution treatment group, while peripheral invasion was found to be more
pronounced. Tumour sections of the peptide hydrogel treated group demonstrated a significant
increase in tumour size and important disposition for peripheral expansion without

characteristics of tumour necrosis.
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Figure 5. Histological sections of the tumours and major organs (heart, liver, kidney, spleen) of
HSC-3 cell-xenografted SCID mice at the end of the study on day 15. Mice were intratumourally
administered with saline, plain peptide hydrogel, DOX+CUR solution (1uM CUR+0.164 uM
DOX) and DOX+CUR peptide hydrogel (1uM CUR+0.164 uM DOX). Tissue sections were
stained with haematoxylin and eosin (magnification: x10). Thin arrows indicate forming masses

of keratin called keratinous pearls. Thick arrows are indicative of individual cell keratinization.

3D histological examination by means of pnCT. Micro-CT imaging of the tumour biopsies
provided a unique insight in the 3D morphological characteristics of the excised tumours allowing
us to quantitively analyze the volume and spatial distribution of the three main anatomical features
of interest; namely the whole tumour, the necrotic tissue contained in each tumour, and the
calcifications associated with the necrotic tissue. The results of the analysis are summarized in
Figure S9.

In line with the results of the gross anatomical examination of the tumours’ weight (Figure 9), the
total volume of the excised tumours followed the same order; that is DOX+CUR peptide hydrogel
(105.13 mm?) < DOX+CUR solution (156.94 mm?) < saline (195.85 mm?) < peptide hydrogel

(256.21 mm?). A side-by-side comparison is presented in Figure 6.
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CUR+DOX CUR+DOX Peptide hydrogel Saline 0.9%
peptide hydrogel solution

Figure 6. Side-by-side comparison of the tumours studied by uCT; Top row: Summation of
intensity along the stack of CT slices (n slices ~= 400) showing density variations and overall
dimensions of the tumours; Bottom row: 3D photorealistic rendering of the tumours (also see

supplementary videos 1-4).

uCT also allowed us to quantify the extent of the necrotic tissue within each tumour. These areas
are located in the core of the tumour, consist of dead cells, extracellular matrix and often contain
calcifications and are the result of tumour’s rapid growth and subsequent nutrient starvation.”®
Necrotic areas appear brighter in pCT and they were identified by experienced histopathologist.
As expected, the fastest growing tumours, i.e. the ones treated with saline and peptide hydrogel,
had significantly larger necrotic cores compared to the drug-treated tumours. Specifically, the
peptide hydrogel- and the saline- treated tumours had necrotic tissue volumes of 29.83 mm? and
13.16 mm?, while the corresponding necrotic core sizes for the drug-treated tumours were 5.29
mm? and 4.05 mm?® for the DOX+CUR peptide hydrogel and the DOX+CUR solution,

respectively.
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Interestingly, investigation of the ratio between the total tumour volume and the necrotic volume
within them showed that 2.58 % of the total tumour volume in the DOX+CUR solution-treated
tumour was necrotic, while the corresponding percentage in the DOX+CUR peptide hydrogel was
5.29 %; accounting for a 94.75 % increase in necrotic core size for the latter (Figure 7). Given the
comparable total volume sizes between the two treatment groups, these results indicate that the
DOX+CUR peptide hydrogel-treated tumour shows a lower proliferation activity compared to the
its DOX+CUR solution-treated counterpart, with the majority of the total tumour volume occupied
by a necrotic core area. It is known that extract of necrotic tumours can reduce the growth of
proliferating cells,”” further supporting the findings of the microstructural examination of the drug
treated tumour groups in the present study, while at the same time highlighting the efficacy of the
DOX+CUR peptide hydrogel to enhance tumour necrosis and suppress tumour cell proliferation.
Videos illustrating 2D and 3D renderings of the uCT volume data of the respective excised

tumours are presented at Supplementary Information.

CUR+DOX
peptide hydrogel

CUR+DOX
solution

Figure 7. 3D rendering of the segmented necrotic core of the two drug-treated tumours shown
against a single uCT slice (left: top view and right: bottom view). For comparable total tumour
volumes between the DOX+CUR peptide hydrogel-treated and the DOX+CUR solution-treated
tumours, the necrotic core volume was increased by 94.75 % in the case of DOX+CUR peptide

hydrogel treatment.
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Finally, our results showed that the presence of calcifications, as confirmed by Alizarin Red
(Figure 8), in the necrotic core differed significantly between the peptide hydrogel-treated tumour
(total calcifications area = 0.77 mm?) and the rest of the treatments, where total calcification area
for saline was 0.20 mm?, for DOX+CUR solution was 0.33 mm? and for DOX+CUR peptide
hydrogel was 0.48 mm? (Figure S9). Calcium deposition occurs during cell necrosis resulting in
the formation of a necrotic core that is surrounded by less-degraded and less-calcified material.”®
A structural stratification of the tumours is evident that is characterized by an increasingly calcified
tumour core with distance from the tumour leading edge, resulting from the viable rim cell flux
towards the necrotic core.”® A linear correlation between calcification size and tumour size has
been previously reported based on clinical data.”® Our study did not confirm this linear relationship
between total tumour volume and amount of calcifications although the bigger tumour had indeed
the highest amount of deposits. However, comparing the total volume of calcifications with the
total volume of the necrotic core revealed an interesting relationship. Both DOX+CUR treated
tumours had much higher percentage of calcification in their necrotic cores, compared to the non-
drug treated tumours, possibly attributed to the enhanced tumour cell death induced following drug
treatment.

As a matter of fact, the two agents, curcumin and doxorubicin, share common molecular effects
on inducing apoptosis-related target genes and obviously their co-administration, as shown in this
study is beneficial for enhanced apoptotic anticancer activity. The assessment of the expression
level of apoptosis- and cell cycle-related presented in this work has shown that a significant up-
regulation of p53 and p21 happened upon the exposure of HSC-3 cells for 24 h with the peptide-
loaded curcumin and doxorubicin formulation, implying a cell-cycle arrest. Moreover, such cell

cultures indicated also activation of Bax, Bad and caspase-3 genes, suggesting the activation of
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the apoptotic machinery too. This gene expression profile exhibited a concentration-dependent
manner (Figure S7). Importantly, the synergistic apoptotic effect of the peptide-loaded curcumin

and doxorubicin formulation in the analyzed by p-CT animal tumour samples further confirmed

such conclusion, through the identification of extended apoptotic foci and calcification core.

Figure 8. Co-registered puCT and histological section stained with Alizarin Red showing the
presence of calcifications (dark red spots in histology and bright spots in pCT) in the necrotic core
of a biopsy. The histological section imaged using a Dot-Slide scanning system. To achieve good
visual agreement the initial histology image required deformation, rotation and translation which

was performed in imagelJ using BigWarp.”®

In vivo assessment of apoptosis by TUNEL assay. Analysis of apoptosis in tumour and heart
tissue sections was evaluated using the TUNEL assay (Figure 9A and 9B). No signs of tumour cell
apoptosis were observed in both the saline and the peptide hydrogel treated groups and the cell

nuclei were evidenced to undergo karyokinesis, demonstrating vigorous proliferation and a tight
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arrangement. A moderate degree of cell apoptosis was observed in the DOX+CUR solution
treatment group, while TUNEL-positive cells significantly increased under treatment with the
DOX+CUR peptide hydrogel, demonstrating DNA condensation (white arrows) and a loose
distribution. Heart tissue sections were also examined to assess the potential of doxorubicin-
induced cardiotoxicity. None of the treatment groups was found to induce any apoptotic effects on

myocardial cells.

saline

plain peptide
hydrogel

DOX+CUR
solution

DOX+CUR
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Figure 9. Detection of apoptosis in A. tumour and B. heart tissue sections by TUNEL staining at
the end of the treatment period with saline, plain drug hydrogel, DOX+CUR solution (1puM
CUR+0.164 uM DOX) and DOX+CUR peptide hydrogel (1uM CUR+0.164 uM DOX). TUNEL-

positive apoptotic cells are stained green. Cell nuclei are stained with DAPI (blue). Scale bar: 20
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In summary, the stimulus-responsive self-assembling peptide hydrogel ac-(RADA),~-CONH, has
been successfully implemented as a pertinent candidate for the local administration of a drug
combination against head and neck cancer. The hydrogel system enabled the simultaneous co-
delivery of drug moieties with different aqueous solubility and at a different release rate. The dual
drug loaded hydrogels significantly enhanced cell growth inhibition, demonstrating considerable
synergy even at concentrations well below the IC50 values of both drugs, compared to the
respective dual drug solutions. The dual drug loaded hydrogel formulations were found to exert an
appreciable in vitro apoptotic response on HSC-3 cells and an appreciable antitumour efficacy
against HSC-3 tumour bearing SCID mice. pCT imaging of the tumour biopsies facilitated
quantitative analysis of the volume and spatial distribution of the anatomical tumour features.
Tumours treated with the dual-loaded peptide hydrogel showed the lowest volume with the
majority of the total tumour volume occupied by a necrotic core area. Undisputedly, the
embodiment of biocompatible delivery systems in conventional chemotherapeutic approaches

constitutes a compelling force in the advancement of localized chemotherapy.
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