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Innovative Fluorescent Polymers in Niosomal Carriers: A
Novel Approach to Enhancing Cancer Therapy and Imaging

Selay Tornaci, Merve Erginer, Umut Bulut, Beste Sener, Elifsu Persilioglu,
Ismail Bergutay Kalaycilar, Emine Guler Celik, Hasret Yardibi, Pinar Siyah,
Oguzhan Karakurt, Ali Cirpan, Baris Gokalsin, Ahmet Murat Senisik,

and Firat Baris Barlas*

Cancer is anticipated to become the pioneer reason of disease-related deaths
worldwide in the next two decades, underscoring the urgent need for
personalized and adaptive treatment strategies. These strategies are crucial
due to the high variability in drug efficacy and the tendency of cancer cells to
develop resistance. This study investigates the potential of theranostic
nanotechnology using three innovative fluorescent polymers (FP-1, FP-2, and
FP-3) encapsulated in niosomal carriers, combining therapy (chemotherapy
and radiotherapy) with fluorescence imaging. These cargoes are assessed for
their cytotoxic effects across three cancer cell lines (A549, MCF-7, and HODb),
with further analysis to determine their capacity to augment the effects of
radiotherapy using a Linear Accelerator (LINAC) at specific doses.
Fluorescence microscopy is utilized to verify their uptake and localization in
cancerous versus healthy cell lines. The results confirmed that these niosomal
cargoes not only improved the antiproliferative effects of radiotherapy but also
demonstrate the practical application of fluorescent polymers in in vitro
imaging. This dual function underscores the importance of dose optimization

1. Introduction

Cancer continues to pose a formidable chal-
lenge to global health, firmly established
as the second pioneer cause of mortal-
ity worldwide. The Global Cancer Obser-
vatory’s data for 2020 indicates a daunt-
ing figure of 19.3 million new cases and
nearly 10 million deaths, highlighting a par-
ticularly alarming prevalence of lung can-
cer among males in Turkey, almost dou-
ble the global average.[!l The complete and
effective control of cancer treatment can
only be achieved through a dynamic, mul-
tidimensional, scientific, multidisciplinary,
and cost-effective program. Failure to take
necessary measures against cancer and im-
plement a systematic control program is ex-
pected to result in costs exceeding health-
care budgets in many countries in the com-
ing years.?]

to maximize therapeutic benefits while minimizing adverse effects, thereby

enhancing the overall efficacy of cancer treatments.

The utilization of a single strategy in
cancer treatment is acknowledged to be

S. Tornaci

Department of Bioengineering

Faculty of Enginering

Marmara University

Istanbul 34722, Turkey

M. Erginer, F. B. Barlas

Institute of Nanotechnology and Biotechnology
Istanbul Univeristy-Cerrahpasa

Istanbul 34500, Turkey

E-mail: fbbarlas@iuc.edu.tr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mabi.202400343

© 2024 The Author(s). Macromolecular Bioscience published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/mabi.202400343

Macromol. Biosci. 2024, 24, 2400343 2400343 (1 0f 11)

M. Erginer, F. B. Barlas

Health Biotechnology Joint Research and Applications Center of
Excellence

Istanbul 34220, Turkey

U. Bulut

Faculty of Pharmacy, Department of Analytical Chemistry
Acibadem Mehmet Ali Aydinlar University

Istanbul 34752, Turkey

B. Sener, B. Gokalsin

Department of Biology, Faculty of Science

Marmara University

Istanbul 34722, Turkey

E. Persilioglu

Department of Biochemistry, School of Medicine
Bahcesehir University

Istanbul 34734, Turkey

i. B. Kalaycilar, H. Yardibi

Department of Biochemistry, Faculty of Veterinary Medicine
Istanbul University-Cerrahpasa

Istanbul 34500, Turkey

© 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH


http://www.mbs-journal.de
mailto:fbbarlas@iuc.edu.tr
https://doi.org/10.1002/mabi.202400343
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.202400343&domain=pdf&date_stamp=2024-09-02

ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

insufficient due to: i) the significant side effects commonly asso-
ciated with such approaches, ii) the variability in treatment out-
comes among different individuals, and iii) the high resistance
capabilities of cancer cells. Theranostic treatments, which com-
bine therapeutic and diagnostic capabilities in a single platform,
represent a significant advancement in personalized medicine.
These systems are designed to diagnose, deliver targeted therapy,
and monitor the response to treatment simultaneously, increas-
ing the efficacy and safety of medical interventions. Recent de-
velopments in nanotechnology have significantly enhanced the
potential of theranostics, particularly using nanoparticles capa-
ble of carrying both imaging agents and therapeutic drugs. For
example, nanoparticles can be designed to target cancer cells ex-
plicitly by being coated with specific ligands, deliver therapeu-
tic payloads, and concurrently allow for real-time imaging of the
drug’s distribution and effect. These multifunctional nanoparti-
cles provide opportunities for early tumor detection and evalua-
tion of therapeutic efficacy.’! This integrative approach not only
ensures the precise delivery of therapeutics but also facilitates
continuous monitoring of the treatment’s effectiveness, thereby
optimizing patient outcomes.!*!

Radiotherapy is a treatment method that aims to destroy or
inhibit the growth of cancer cells by using high-energy radia-
tion. It is typically administered using types of radiation such as
X-rays, gamma rays, or protons. Radiotherapy works by damag-
ing the DNA of cancer cells, thereby preventing their prolifera-
tion, and spread.l’! Radiotherapy is one of the most widely used
non-invasive cancer treatment methods today;®! however, it has
side effects depending on the level of radiation administered.”®]
To overcome these limitations, radiosensitivity studies and com-
bined therapy hold significant potential. Additionally, fluorescent
polymers, fluorescent nanoparticles, and MR contrast agents
have been frequently utilized in recent radiotherapy studies for
the applicability of theranostic treatment. This is due to their
adaptability to imaging systems that do not involve radiation.[**"]

Recent advancements in nanotechnology, particularly in the
integration of nanomaterials with cancer therapeutics, have spot-
lighted fluorescence imaging due to its non-invasiveness and en-
hanced contrast capabilities. These capabilities are significantly
bolstered by the development of high-fluorescence polymers
and nano-carrier systems.[!12] The enhancement of biocompat-
ibility through polymer conjugation, using substances such as
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Poly(amidoamine) (PAMAM),!'}] Polyethylene glycol (PEG)!*
and dextran, has facilitated tissue-specific drug targeting.
These advancements have intensified the therapeutic effects of
radiotherapy and photodynamic therapy and provided unique
opportunities for precision imaging.['*2° Conjugated polymers,
based on r-electron systems, offer distinct chemical, electronic,
and photophysical advantages, including high molar absorptiv-
ity and excellent photostability.['>?° These properties make them
ideal for bio-imaging applications where they mimic the proper-
ties of metals and semiconductors, maintaining traditional poly-
mer benefits like ease of synthesis and potential for chemical
modification.?-23]

The concept of donor-acceptor (D-A) conjugate polymers, in-
troduced by Wynberg et al. in 1992, involves the synthesis of
polymers alternating between electron-rich (donor) and electron-
poor (acceptor) units, typically resulting in a narrow bandgap
adjustable through modifications of the donor and acceptor
units.?*l Adjustments to the HOMO-LUMO gap, facilitated by
extending z-conjugation or attaching large substituents to the
donor segment, have pushed absorption and emission properties
into the near-infrared (NIR) region, enhancing their application
in NIR imaging.|?]

Niosomes, a type of non-ionic surfactant-based vesicles, rep-
resent another innovative approach in the realm of cancer ther-
apeutics, mirroring the advancements seen in polymer technol-
ogy. These vesicles are renowned for their superior stability, re-
duced toxicity, and cost-effectiveness compared to traditional li-
posomes. Such attributes make niosomes an effective drug de-
livery system that aligns well with biological systems, enhances
bloodstream circulation time, and facilitates controlled release
and targeted therapy. The versatility of niosomes has been high-
lighted in recent studies, which demonstrate their capability to
enhance the efficacy of drug molecules through strategies such
as delayed clearance and selective targeting to affected cells.[?¢]
Further developments in noisome design and synthesis have ex-
panded their application scope to include both topical and brain-
targeted delivery, addressing critical needs in treating brain tu-
mors and neurodegenerative diseases. Ongoing advancements
in niosome-ligand conjugation are expected to provide break-
through solutions for overcoming physiological barriers like the
blood-brain barrier, thereby improving the bioavailability of ther-
apeutic agents.[?’]

In addition to their role in systemic drug delivery, niosomes
are being explored for transdermal drug delivery systems, exploit-
ing their property of enhanced drug penetration and local depot
formation for sustained release.[?] These carriers are apt for var-
ious administration routes, including ocular, transdermal, and
central nervous system targeting, presenting a promising future
for pharmaceutical applications.[??] The rise of provesicular ap-
proaches, such as proniosomes, has further widened the scope
and versatility of niosomes. Nevertheless, there is a consensus
that more dedicated research is necessary to fully realize their
clinical potential. As a cost-effective and chemically stable option
for drug delivery, niosomes stand at the forefront of nanocarrier
technology, potentially enhancing the treatment efficacy for can-
cer and beyond.[?3% Thus, as cancer treatment approaches a crit-
ical juncture, where traditional methods fall short, the integration
of theranostic strategies that incorporate both diagnostics and
therapeutics becomes paramount. This paper will explore the use
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FP-2 FP-3

Figure 1. 3D representations of the monomer structures of FP-1, FP-2, and FP-3 polymers. Visualized in Chimera software.

of fluorescent polymer-conjugated niosomes as a promising ther-
anostic platform, potentially redefining cancer diagnostics and
personalized therapy.

Here, three fluorescent polymers (FP-1, FP-2, and FP-3) with
high potential for theranostic cancer treatment were investigated
for the 1 time (Figure 1). Initially, fluorescent polymers were
utilized to form niosomal cargos, followed by characterization
analyses. Subsequently, viability assays were conducted over 24,
48, and 72 h to examine the interactions of the synthesized nio-
somes with three different cell lines (A549, MCF-7, and HOD).
The niosomal cargos exhibited cytotoxic effects at specific doses.
Their potential to enhance radiotherapy was tested using a Lin-
ear Accelerator (LINAC) at 4 Gray, 6 MeV. To assess their imag-
ing capabilities, fluorescent microscopy was employed to capture
images, determine intracellular uptake, and localize their posi-
tions within cells. Finally, molecular simulation studies of the
monomers of these polymers were performed to determine their
affinity for MCL-1 proteins, which play a critical role in cancer
treatment (Figures S1 and S2, Supporting Information).

2. Experimental Section

Chemicals were supplied from Tokyo Chemical Industry (TCI)
and Merck unless otherwise mentioned. All reactions were per-
formed under a nitrogen atmosphere. Dry solvents were ob-
tained from a solvent drying system (Mbraun MBSPS5) and then
degassed with nitrogen and 4 A molecular sieves for 2 days.
Bruker Spectrospin Avance DPX-400 Spectrometer (400 MHz)

CN S,

was used to obtain nuclear magnetic resonance (NMR) spec-
trums for structural characterizations. To determine the molecu-
lar weights of target polymers, gel permeation chromatography
(GPC) (Shimadzu RID-20A with polystyrene standard) was used.

2.1. Synthesis and Characterization of Fluorescent Polymers
2.1.1. Synthesis of Monomers

The synthetic pathway to obtain M1 (3,6-dibromo —1,2-diamine)
and M2 (3,6-dibromo-4-fluorobenzene-1,2-diamine) is shown in
Figure 2. All compounds were synthesized according to reported
procedures in the literature.332] To synthesize molecule 2 (5-
fluorobenzo[c]'**°! thiadiazole), commercially available 4-fluoro-
2-nitroaniline was reduced by using tin (Sn) and hydrochloric
acid (HC]) at 0 °C and the intermediate (4-fluorobenzene-1,2-
diamine) was successfully obtained with a high yield. Because
the intermediate immediately decomposes in the open air, it was
directly used without purification. After that, a ring closure reac-
tion using thionyl chloride (SOCI,) and triethyl amine was per-
formed, and molecule 3 was successfully obtained in a total yield
of 70%. To obtain molecules 1 (4,7-dibromo benzo[c]l***] thia-
diazole) and 4 (4,7-dibromo-5-fluorobenzoc]l*°! thiadiazole), a
bromination reaction with molecular bromine (Br,) and hydro-
bromic acid (HBr) was performed. Molecules 1 and 2 were suc-
cessfully obtained with a moderate yield of ~52%. Finally, the
target molecules (M1 and M2) were synthesized by reduction

NN Br, NN NaBH, HN - NH,
\ \
O HBr, 120°C, 2 days B,GB, C,HsOH, rt, 12 h Br Br
1 M1
NN H,N  NH,
NH, Sn HCI SOCly, NEt3 \ /) NaBH,
0° 5 - Br Br Br Br
F NO, c 14h CHCI;, 0°C --> rt, 8h HBr, 120°C, 2 days C,HsOH, rt, 12 h
F F
2 4 M2

Figure 2. Synthetic pathway to obtain monomers 1 and 2.
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reaction using sodium borohydride (NaBH,) with a high
yield. Similar to the previous intermediate (4-fluorobenzene-1,2-
diamine), monomers also decompose quickly in open air; hence,
it was directly used for polymerization reaction without any pu-
rification. The NMR spectrum of the final isolated compound
(molecule 4) was obtained and provided in Figure S4 (Supporting
Information). 'H NMR (400 MHz, CDCL;) 6 7.79 (d, ] = 8.3 Hz,
1H).

2.1.2. Synthesis of Fluorescent Polymers

Synthesis of FP-1. FP-1 is synthesized through the reac-
tion of 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene-
2,6-diyl)bis(trimethyltin) with 3,6-dibromobenzene-1,2-diamine
in the presence of Pd(PPh;),Cl, as described in our previous
work.[3}] Detailed visualization is provided in Figure S3 (Support-
ing Information).

Synthesis of FP-2: In a 25 mL Schlenk tube, 57.0 mg D1
(200.76 umol), 149.44 mg A1 (200.76 pumol), and 6.0 mg tri(o-
tolyl)phosphine ((CH,CyH,);P) (20.08 pmol) were added. The
Schlenk tube was vacuumed for 30 min, and then argon gas
was allowed to pass through the Schlenk tube to remove
possible oxygen and humidity residues. This process was re-
peated 3 times. 4 mL of dry toluene (C,H;CH,) was added
under an argon atmosphere, and the mixture temperature
was set to 60 °C. The mixture was degassed for 1 h. Then
4.00 mg tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba),)
(6.96 pmol) were added to the reaction mixture, and the temper-
ature was set to 100 °C. The reaction was refluxed for 72 h. Then,
2-stanyllatedthiophene was added to the reaction mixture, and
after 3 h, 2-bromothiophene was added, and the reaction was re-
fluxed overnight. The reaction mixture was poured into the cold
MeOH and precipitated. Then, 50 mg of palladium scavenger (3-
(Diethylenetriamine)propyl-functionalized silica gel) was added
and stirred for 1 h. The crude polymer was then filtrated and
collected. The crude polymer was washed with Soxhlet appara-
tus with an order of methanol, acetone and hexane. Hexane frag-
ment was collected. Hexane was evaporated under reduced pres-
sure, and red FP-2 was collected (67 mg, 58% yield). GPC Result:
Mn = 5.9 kDa, Mw = 10.1 kDa PDI = 1.71. As expected, the 'H
NMR spectrum of the polymer displayed broad bands in both
aromatic and aliphatic regions. 'H NMR (400 MHz, CDCl,, é:
ppm) 8.00-7.00 (aromatic region), 2.00-0.50 (aliphatic region).
Detailed visualization is provided in Figure S3 (Supporting In-
formation).

Synthesis of FP-3: In a 25 mL Schlenk tube 50.0 mg D2
(176.10 umol), 179.05 mg Al (176.10 uymol), and 5.0 mg tri(o-
tolyl)phosphine ((CH;C;H,);P) (17.61 pmol) were added. The
Schlenk tube was vacuumed for 30 min. then, argon gas
was allowed to pass through the Schlenk tube to remove
possible oxygen and humidity residues. This process was re-
peated 3 times. 4 mL of dry toluene (C,H;CH;) was added
under an argon atmosphere, and the mixture temperature
was set to 60 °C. The mixture was degassed for 1 h. Then
5.00 mg tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba),)
(5.46 pmol) were added to the reaction mixture, and the temper-
ature was set to 100 °C. The reaction was refluxed for 72 h. Then,
2-stanyllatedthiophene was added to the reaction mixture, and
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after 3 h, 2-bromothiophene was added, and the reaction was re-
fluxed overnight. The reaction mixture was poured into the cold
MeOH and precipitated. Then, 50 mg of palladium scavenger (3-
(Diethylenetriamine)propyl-functionalized silica gel) was added
and stirred for 1 h. The crude polymer was then filtrated and col-
lected. The crude polymer was washed with Soxhlet apparatus
with an order of methanol, acetone and hexane. Hexane fragment
was collected. Hexane was evaporated under reduced pressure,
and red FP-3 was collected (32 mg, 21.55% yield). GPC Result:
M, = 3.5 kDa, Mw = 6.1 kDa PDI = 1.74 'H NMR (400 MHz,
CDCl,, 6: ppm) 8.20-6.90 (aromatic region), 3.00-0.35 (aliphatic
region). Detailed visualization is provided in Figure S3 (Support-
ing Information).

2.2. Encapsulation and Characterization of Fluorescent Polymers
in Niosomes

2.2.1. Niosome Synthesis

Niosomes were prepared using the thin-film hydration method
with ultrasonication.**l A mixture of Tween 61, cholesterol, and
polymers in a 1:1:0.1 ratio was dissolved in chloroform and
methanol (2:1 mL) in a round-bottom flask. The solvent was then
evaporated using a rotary evaporator (Buchi R-3, Switzermttland)
to form a thin film, which was left overnight in a vacuum desic-
cator. The following day, 5 mL of PBS was added and vortexed
over the thin film, creating a solution containing macro and mi-
crovesicles. The solution was then passed through filters using
a mini extruder (Avanti) to reduce vesicle size to the nano level.
Finally, the resulting niosomes were dialyzed against PBS to re-
move unconjugated and/or unencapsulated polymers.

2.2.2. Characterization Analyses

Entrapment Efficiency (EE): Dialysis against PBS was per-
formed to remove unentrapped FP-1, FP-2, and FP-3. The en-
trapped polymers were quantified by completely dissolving the
vesicles in chloroform and spectrophotometrically analyzing the
solution at 370, 400, and 410 nm using a Thermo plate reader,
alongside a calibration curve. Entrapment efficiency (EE%) was
calculated as (Amount Retained / Total Amount) x 100. Each syn-
thesis was repeated 3 times at different times to ensure consis-
tent characterization results. The size of the encapsulated nio-
somes was analyzed using Dynamic Light Scattering (DLS) with
a Malvern Zetasizer Nano ZS model, and Scanning Electron Mi-
croscopy (SEM) was performed.

DLS and Zeta Potential Analyses:  Size and zeta potential anal-
yses of the niosomal cargos were conducted using a Malvern Ze-
tasizer device.

SEM Analysiss SEM analyses were carried out using a
Thermo Fisher Quattro S to assess the size of the niosomal car-
gos.

2.2.3. Determining the Efficacy of Developed Theranostic
Nanocarriers In Vitro

Cell Culture Studies: Cancerous human breast epithelial cell
line (MCF-7) and human lung adenocarcinoma cell line (A549),
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as well as healthy human bone cell line (HOD), were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) and Minimum
Essential Medium (MEM) supplemented with L-Glutamine, 10%
fetal bovine serum (FBS), and 10000 U mL~! each of penicillin
and streptomycin (all from Lonza, Switzerland). Cultures were
maintained at 37 °C in a 5% CO2, 95% humidity environment
and passaged twice weekly.

Cell Viability Test (MTT): The MTT assay was conducted as
previously described!!®) MTT, a tetrazolium salt, is metabolized
by live cell mitochondria to form insoluble purple formazan,
which accumulates intracellularly. 4 x 10° Cells were seeded
in 96-well plates and incubated under normal conditions for
48 h. After removing the old medium, various concentrations
of treatment medium were added. Post-treatment, 110 pL of a
5.0 mg mL~! MTT solution in PBS was added to each well for a
4 h incubation, after which 100 uL of SDS was used to dissolve
the formazan crystals. Plates were incubated for 24 h, and ab-
sorbance was measured at 570 nm with a 630 nm reference.!*"!

Radiotherapy Studies: Two experimental groups were set up:
one to determine if fluorescent polymers enhance radiotherapy
and another for in vitro gene expression of apoptosis. 4 X 10
Cells were seeded in 96-well plates and incubated overnight. Non-
toxic concentrations of empty niosomes or niosomes containing
FP-1, FP-2, and FP-3 were added, followed by a 2 h incubation.
Cells were then exposed to 4 Gy radiation using a linear accel-
erator (Elekta Versa HD). Post-radiation, cells were incubated at
37 °C and 5% CO? for 72 h, and cell viability was assessed using
the MTT assay.

Use in Fluorescence Imaging Studies: Cells from cancerous
and healthy lines were seeded in 8-well chamber slides (4 x 103
cells/per well) and incubated for 2 days. Following incubation,
the cells were exposed to media containing the sample for 2 h,
then rinsed 3 times with PBS, and stained with DAPI for 15 min.
Fluorescence microscopy was used to capture images with red
and DAPI filters, and the results were compared to those of the
control groups.**]

2.2.4. Assessment of Apoptosis via In Vitro Gene Expression Analysis

Three cell lines were seeded into 15 75 cm? culture flasks and in-
cubated for 2 days until they reached 80% confluency. Five groups
were established for each cell line: a non-irradiated control group,
an irradiated group without niosomal cargo treatment, and irradi-
ated groups treated with niosomal cargos containing FP-1, FP-2,
or FP-3 polymers. The groups were treated with non-toxic doses
of niosomal cargos and incubated for 2 h for cellular uptake. Fol-
lowing this, the cells were exposed to 4 Gray of radiation using
a LINAC system. Total RNA was isolated using Tripure (Roche,
Sweden) and converted to cDNA using the Firescript RT cDNA
Synthesis Kit (Solis Biodyne, Estonia).l3*37] Real-time PCR was
performed with gene-specific primers for f-actin, Caspase 3, and
Caspase 9, synthesized by SENTE BIOLAB (Ankara, Turkey), and
SYBR Green Master Mix on a LightCycler 96 system (Roche, Swe-
den). Gene expression was normalized to f-actin, and PCR reac-
tions were performed in triplicate. Results were analyzed with
The LightCycler 96 System Software (Roche) to calculate melt-
ing temperatures and threshold cycles (Ct), with gene expression
changes compared using logarithmic (log 2) graphs.
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2.2.5. Statistical Analysis

Results were presented as mean + SD (standard deviation). Sta-
tistical analysis was performed using one-way ANOVA, followed
by Tukey’s multiple comparisons test with GraphPad Prism 9
software. A p-value of <0.01 was considered statistically signif-
icant.

3. Results and Discussion

3.1. Fluorescent Polymers

The polymers used in this study incorporate benzodithiophene
and silolodithiophene units to improve thermal stability and have
been functionalized to enhance targeting and imaging capabili-
ties. Additionally, amino functional groups were introduced to
enable the modification of polymers with targeting and/or imag-
ing agents. Among the polymers, FP-1 has previously been used
in sensor studies aimed for testosterone analysis (25), while FP-
2 and FP-3 were specifically synthesized for this study, and all
three polymers were tested for the 1 time for cancer diagno-
sis and treatment. Polymerization reactions were conducted via
Stille cross-coupling reactions, and polymers were characterized
via 1H NMR spectroscopy and GPC.31323338] NMR spectra of the
polymers are provided in Figure S4 (Supporting Information).

This study focuses on nanovesicular-based carrier systems,
which are increasingly utilized across a variety of biological ap-
plications, including drug delivery, imaging, and diagnostics. The
functional capacity of these systems is critically dependent on pa-
rameters such as nanoparticle size, surface charge, and encapsu-
lation efficiency. The dimension of nanoparticles is pivotal, in-
fluencing their ability to target and be internalized by cells, with
optimal size ranges enhancing membrane penetration, circula-
tion duration, and uptake efficiency.

The encapsulation efficiencies of the synthesized niosomes
were initially calculated using formulations for FP-1, FP-2, and
FP-3 respectively as follows: y = 0.0009x+0.0925 (R? = 0.9707),
y = 0.0009x+0.1461 (R? = 0.959), and y = 0.0009x+0.1002
(R? = 0.9864). The calculated encapsulation efficiencies were
65.27%, 66.18%, and 63.46% respectively. These efficiencies sug-
gest that the liposomal carriers synthesized herein exhibit su-
perior performance relative to vesicular systems documented
in prior research.?#! Size analyses were conducted using
Dynamic Light Scattering (DLS) and Scanning Electron Mi-
croscopy (SEM), with surface charge calculations also performed.
DLS results indicated that the size of empty niosomes (con-
trol group) was 154.7 = 26.88 nm (pdi: 0.780), FP-1 nio-
somes were 183.5 + 37.06 nm (pdi: 0.724), FP-2 niosomes
were 179.1 + 29.33 nm (pdi: 1.00), and FP-3 niosomes were
233.0 + 40.17 nm (pdi: 1.00). Nanoparticles fashioned through
extrusion methods demonstrated lower polydispersity indices,
indicating more uniform size distribution compared to other
methodologies.[*1*2] Zeta potential measurements showed val-
ues of —25.64 + 3.2 for empty niosomes, —22.15 + 2.1 for
FP-1, —22.68 + 4 for FP-2, and —23.11 + 1.7 for FP-3, with
—19.83 + 3.4 also measured (Table 1). Variations in these charges
can be attributed to the presence of positive ions at the exposed
ends of the entrapped polymers, further influencing the interac-
tion dynamics within the niosomal membranes. Surface charge
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Table 1. Size and zeta potential distribution of niosomes.

Name Size [nm] Polydispersity Zeta potential
index (PDI) [mV]
Empty niosome 154.7 + 26.88 0.780 —22.15+2.1
FP-1 niosome 183.5 + 37.06 0.724 —22.68 +4
FP-2 niosome 179.1+29.33 1.00 -23.11+1.7
FP-3 niosome 233.0 +£40.17 1.00 —19.83 +3.4

plays a significant role in the cellular internalization of nanopar-
ticles, where negatively charged particles are often associated
with higher cellular uptake than their positively charged coun-
terparts. This trend extends to liposomes, where charged ver-
sions achieve substantially greater cellular internalization than
their uncharged equivalents, underscoring the impact of surface
charge on cellular uptake mechanisms.[**44]

Examining the SEM results, the images are remarkably clear,
and it is observed that the wall structures of empty niosomes are
more distinct compared to those of niosomes containing FP-1,
FP-2, and FP-3. This is attributed to the entrapment of the non-
water-soluble polymers within the surfactant and cholesterol-
based membrane system of the niosomal structure. The results
indicate that the empty niosomes possess a size range of 200-
300 nm, niosomes containing FP-1 have a size range of 200-
250 nm, niosomes containing FP-2 have a size range of 150—
250 nm, and niosomes containing FP-3 exhibit sizes ranging
from 150-300 nm. (Figure 3). The larger size observed in SEM
compared to DLS results can be attributed to the flattened struc-
ture of niosomes during the drying process required for SEM
sample preparation, rather than maintaining a perfect spherical
shape. Numerous parameters, such as temperature, the method
used, and the encapsulated/entrapped substance, can signifi-
cantly influence the size of vesicular systems. Reviewing previ-

www.mbs-journal.de

ous studies, we can observe that vesicular systems synthesized
using similar methods exhibit comparable size ranges.[*’]

3.2. Cell Culture Analyses
3.2.1. Cell Viability Analyses

In vitro viability analysis using the MTT assay is currently of great
interest in biomedical research due to its various advantages in
polymers, drug delivery systems, tissue engineering, and bioma-
terial applications. This method is highly sensitive for determin-
ing cellular viability based on mitochondrial redox activity and
detecting toxic effects. It is a widely accepted and actively utilized
method in contemporary research. In this study, the synthesis
of fluorescent polymers and their application in niosomal car-
gos were explored for their effects on cell viability across differ-
ent cell lines (A549, MCF-7, and HOD) using MTT assay. Over
3 time intervals (24, 48, and 72 h), the study aimed to distin-
guish whether the synthesized cargos exerted cytotoxic or an-
tiproliferative effects. In the study, MTT assay results were first
obtained as illustrated in Figure 4, followed by the calculation of
IC50 values using GraphPad Prism 6. The IC50 values, which
represent the concentration at which 50% inhibition of cell via-
bility is observed, were calculated for each polymer and cell line.
For the A549 line, the IC50 values were 24.43 ug mL~! for FP-1,
25.37 pgmL~! for FP-2, and 25.82 ug mL~! for FP-3. In the MCF-
7 line, they were 25.89 uyg mL™" for FP-1, 23.69 ug mL™' for FP-2,
and 25.40 ug mL~* for FP-3. The HOD line showed 29.51 pg mL™*
for FP-1, 29.45 ug mL~! for FP-2, and 29.80 pug mL™! for FP-
3 (Table 2). Conductive polymers composed of conjugated z-
electron systems have been shown in previous studies to self-
assemble and bind to proteins in biological systems.[*! Our syn-
thesized fluorescent polymers exhibited greater uptake in cancer-
ous cells compared to healthy cells, as observed in fluorescent mi-

Figure 3. SEM image of niosomal kargos, a) empty niosome, b) FP-1 niosome, c) FP-2 niosome, and d) FP-3 niosome. (Scale bar: 500 nm). (High

vacuum mode 30.00, HV kV).
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Figure 4. Cytotoxic effect of niosomal cargos (FP-1, FP-2, and FP-3) across A549, MCF-7, and HOb cell lines at 72 h.

croscopy studies. It is hypothesized that these polymers exhibit
their toxic effects at high doses by binding to cytoplasmic pro-
teins and causing a loss of their functions. Relatively non-toxic
conductive polymers composed of conjugated z-electron systems
have been demonstrated in various studies to be adaptable to bi-
ological systems and usable in imaging studies due to their low
cytotoxicity.*#8 Additionally, the benzodithiophene structures
in the polymers we used have been shown to possess cytotoxic
effects in various types of cancer.*! A dose of 1 ug mL~! was
selected as the working concentration to better understand the
effectiveness of subsequent analyses.

3.2.2. Radiotherapy

The rapid advancement of technology today facilitates the explo-
ration of new methods and the improvement of existing treat-
ments in the fight against cancer. Advanced technology allows for
the testing of various strategies to combat cancer. Among these
strategies, radiotherapy is widely used in clinical settings and is
applied to many cancer patients. Exploring alternative methods
for radiotherapy and using new materials can enhance the effi-
cacy of cancer treatment and minimize side effects. In this con-
text, this study examined the potential radio-enhancing effects of
niosomal cargos used in the treatment. Cell lines (A549, MCE-7,
and HOD) were seeded at 4 x 10° cells per well in 96-well culture
plates one day prior to treatment and were exposed to 4 Gray of
radiation using a clinical Linear Accelerator (LINAK). After irra-
diation, the cells were incubated for 72 h, followed by a viability
analysis to measure changes in cell survival.

The results showed significant changes in cell viability. For
the A549 cell line, viability in the control group was mea-
sured at 73.95% + 6.65, while cells treated with niosomal car-
gos containing FP-1, FP-2, and FP-3 demonstrated viabilities of
40.40% + 1.97, 60.87% + 5.87, and 39.91% =+ 2.51, respectively.
In the MCF-7 cell line, control viability was 70.75% + 2.88, com-
pared to 45.86% + 7.33, 57.43% =+ 7.03, and 42.56% + 7.11
for FP-1, FP-2, and FP-3 treated groups, respectively. For the
HOD cell line, the control group’s viability was 82.34% =+ 2.99,

Table 2. IC50 values for niosomal cargos on various cell lines at 72 h.

Cell line FP-1[ug mL™"] FP-2 [ug mL™"] FP-3 [ug mL™"]
A549 24.43 25.37 25.82
MCEF-7 25.89 23.69 25.40
HOb 29.51 29.45 29.80

Macromol. Biosci. 2024, 24, 2400343 2400343 (7 0f11)

while viabilities for cells treated with FP-1, FP-2, and FP-3 were
65.37% + 5.41, 71.67% =+ 1.56, and 64.52% =+ 2.85, respectively
(Figure 5). These analyis demonstrate the varying impacts of nio-
somal cargos on cell viability across different cell lines after radi-
ation, indicating their potential use as radio-enhancers in cancer
therapy.

These findings indicate that the fluorescent polymers FP-1,
FP-2, and FP-3 enhanced the radiotherapeutic effects, particu-
larly in cancerous cell lines A549 and MCEF-7, with statistically
significant reductions in viability (p<0.0001). However, in the
healthy HOD cell line, while radiation alone caused some reduc-
tion in viability, the enhancement effects of FP-1, FP-2, and FP-3
were more limited (p<0.001). The study also notes that the in-
herent toxic effects of fluorescent polymers can increase the ef-
fectiveness of radiotherapy through a co-therapy effect. Literature
suggests that z-electron systems in conjugated polymers can act
as donor-acceptor systems, producing phototoxic effects under
specific light spectra, potentially forming highly toxic nitric ox-
ide derivatives in living systems.[°l The X-rays used in this study,
emanating from a LINAK source, directly targeted the cells, sup-
porting the potential of z-electron system polymers as radiosen-
sitizing agents in therapy. Furthermore, the benzodithiophene
structures in the polymers have been shown to exhibit cytotoxic
effects on various cancer cell lines, effects that could be enhanced
through external applications.l’-53] The lesser damage in HOD
cells can be attributed to slower metabolism leading to lower poly-
mer uptake and superior repair mechanisms compared to cancer-
ous cell lines.

3.2.3. Fluorescence Microscopy

In recent years, fluorescent imaging has undergone significant
evolution as an alternative to radio imaging, driven by the discov-
ery of fluorescent nanoparticles and polymers. These technolog-
ical advancements have introduced a new dimension to the ap-
plication areas of theranostic treatment. Nanoparticles and poly-
mers, particularly in the field of fluorescent imaging, have facil-
itated the development of advanced precision devices and offer
promising potential for imaging applications. Fluorescent imag-
ing, due to its ability to conduct detailed analyses at the cellular
level, has become an important tool in biomedical research.>*
Fluorescent polymers are particularly prominent materials in
theranostic applications.l® In this study, niosomal cargos con-
taining FP-1, FP-2, and FP-3 were applied to cell lines (4 x 10°
cell/per well) cultured on chamber slides 2 days prior, followed
by a 2 h incubation period. After incubation, the culture medium
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Figure 5. MTT results for combined effect of Fluorescent Polymers and Radiotherapy. (R—) mean is no radiation and (R+) mean is 4 Gy Radiation. The

mean is accompanied by the standard deviation ( = SD).

was removed from the cells, and PBS containing DAPI was
added, followed by a 10 min incubation. Subsequently, the cells
were washed 3 times with PBS, and images were captured us-
ing Texas Red (dex 596 and Aem 615 nm) and DAPI filters (dex
364 nm; dem 454 nm). The images were merged using Image]
software. According to these results, niosomal cargos containing
FP-1, FP-2, and FP-3 demonstrated better retention in cancerous
cell lines compared to the HODb cell line after a 2 h incubation pe-
riod. This indicates a higher level of fluorescence interaction with
cancerous cells, suggesting that both imaging and radiotherapy
studies may demonstrate increased interaction with fluorescent
polymers. No significant differences in retention were observed
in the MCF-7 and A549 cell lines. Another important finding

A549

was that niosomal cargos localized within the cytoplasm of all
cell lines (Figure 6). Similar to our study, various studies have
demonstrated that conductive polymers composed of conjugated
r-electron systems are adaptable to biological systems and can be
used in imaging studies.[®*>’] The fluorescent properties of the
benzodithiophene structures in the polymers used in this study
have been shown in various studies, with reports indicating their
short response times.[*®>?] Considering the structural character-
istics of the polymers we used, it is believed that their dominant
fluorescent properties are primarily due to the benzodithiophene
structures. These findings underscore the targeted delivery capa-
bilities of fluorescent polymers and their potential in theranostic
applications, where their intrinsic fluorescent properties enable

MCF-7 HOb

- | -

FP-2

FP-3
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Figure 6. Fluorescence microscope images of niosomal cargo containing FP-1, FP-2, and FP-3 were obtained after 2 h incubation in A549, MCF-7, and
HODb cell lines. (Scale bar: 69.2 um).
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Figure 7. Expression levels of Caspase-3 and Caspase-9 genes in the A549, MCF-7, and HOb cell lines.
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real-time tracking and visualization within cells. Research high-
lights the ability of these polymers to specifically target cancer
cells, enhancing diagnostics and personalized treatment strate-
gies. The structural attributes of the polymers, particularly those
containing benzodithiophene units, contribute to their fluores-
cent properties and are indicative of their potential for rapid re-
sponse in biological environments.

4. Determining Apoptosis via Gene Expression

Reverse Transcription Polymerase Chain Reaction (RT-PCR) is a
fundamental molecular biology technique used in the analysis of
genetic material, particularly in the conversion and amplification
of RNA to DNA. This method first converts RNA to DNA in a step
called reverse transcription and then produces millions of copies
of this DNA through PCR. RT-PCR is frequently used in gene
expression analyses to understand the activity levels of specific
genes within an organism. This enables a deeper understanding
of the molecular mechanisms of diseases, cellular responses, and
genetic variations. Caspase 3 and Caspase 9 are proteins that play
key roles in apoptosis (programmed cell death) and are thus crit-
ical for maintaining cellular homeostasis and preventing patho-
logical conditions. In this study, cells were treated with niosomal
cargos containing FP-1, FP-2, and FP-3, followed by radiotherapy
experiments. Subsequently, total RNA was isolated from these
cells to assess the expression levels of Caspase-3 and Caspase-9
genes. The results indicate that there were no statistically signif-
icant changes in the expression levels of Caspase-3 and Caspase-
9 genes in cancer cell lines and the healthy cell line (Figure 7)
compared to the radiotherapy-treated control group (Control +:
refers to the group of cells that underwent radiotherapy; Control
—: refers to group of cells that did not receive radiotherapy).

Radiotherapy can exert its effects on cells through various
pathways, including DNA damage, hypoxia, proliferation, stem
cell phenotype, and immune response.*®l In the literature,
some studies indicate that radiotherapy demonstrates its efficacy
through apoptosis,[¢62] while others suggest that its primary ef-
fect is through antiproliferation, effectively inhibiting cell prolif-
eration without causing cell death.%*%] Furthermore, Mukher-
jee & Chakraborty, (2019) suggest that these effects may be dose-
dependent, with high doses causing cell loss and low doses ex-
hibiting antiproliferative effects. The results of the study cor-
roborate the efficacy of radiotherapy through its antiproliferative
effects.[®)

5. Conclusion

This study comprehensively explored the synthesis, characteri-
zation, and application of fluorescent polymers (FP-1, FP-2, and
FP-3) encapsulated within niosomal cargos for potential use in
theranostic applications. Fluorescent nanoparticles and polymers
have significantly advanced fluorescence imaging techniques, of-
fering new dimensions to theranostic treatments. These fluores-
cent polymers provide the ability to conduct detailed cellular-
level analyses, establishing them as crucial tools in biomedi-
cal research. Initially, niosomal cargos incorporating fluorescent
polymers were formulated and characterized. Viability analyses
conducted over 24, 48, and 72 h demonstrated that at certain

Macromol. Biosci. 2024, 24, 2400343 2400343 (10 of 11)
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doses, these cargos exhibit cytotoxic effects, and their potential
to enhance radiotherapy was evaluated using a linear accelera-
tor (LINAK) with 4 Gray of 6 MeV radiation. The fluorescence
imaging capabilities of these polymers were also tested under
a fluorescence microscope to ascertain their cellular uptake and
localization. As a conclusion, fluorescent polymers, particularly
those with conjugated z-electron systems, have shown promise
in targeting cancer cells and monitoring treatment responses due
to their unique properties and adaptability to biological systems.
This study highlighted the potential of using fluorescent poly-
mers and niosomal cargos in cancer treatment, demonstrating
greater uptake in cancerous cells and supporting the antiprolifer-
ative effects of radiotherapy. The combination of advanced imag-
ing techniques, radiotherapy, and novel fluorescent polymers un-
derscores the importance of dose optimization to maximize ther-
apeutic benefits while minimizing radiotherapy-induced adverse
effects, thereby enhancing the overall efficacy of cancer treat-
ments. To reach more definitive conclusions about this potential,
future in vivo studies will provide further insights into the appli-
cability of fluorescent polymers in theranostic applications.
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