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Introduction

Redox-responsive micellar nanoparticles using
benzothiazole-disulfide terminated polymers:
employing host—guest complexation for targeted
delivery of curcumint

Salli Kocak,? Beyza Demirkol,? Ruveyda Kilic Boz,? Rana Sanyal,**®
Mehmet Arslan (2 *© and Amitav Sanyal () *°

A host—guest interaction-based redox-responsive polymeric nanoparticle system for targeted delivery of
curcumin is fabricated. Host—guest interaction between a p-cyclodextrin (3-CD) terminated hydrophilic
polymer and curcumin is employed to formulate stable nanosized aggregates. A redox-sensitive disulfide
linkage is used to tether the CD moiety onto the polymer chain ends to obtain efficient release inside
cancerous cells. For the synthesis of the B-CD terminated redox-responsive polymer, a polyethylene
glycol (PEG)-based polymer containing a benzothiazole-disulfide (BDS) group at the chain end was uti-
lized. The BDS-terminated polymers were synthesized using reversible addition—fragmentation chain
transfer (RAFT) polymerization by using a BDS-containing chain-transfer agent (CTA). Initially, the post-
polymerization modification abilities of these polymers were demonstrated by successful conjugation of
model thiol functional compounds such as furfuryl thiol and Bodipy-SH, a fluorescent hydrophobic dye.
To prepare a nanoaggregate forming polymer precursor, a thiol functional $-CD host moiety was conju-
gated to the BDS end groups of the reactive polymer through redox-responsive disulfide linkage for-
mation. The other end of the p-CD-containing polymer was capped with an integrin-targeting cyclic
peptide (cRGDfK). While no aggregates were observed in the agueous medium for the BDS-containing
parent polymer, the B-CD attached polymers gave nanosized aggregates with average sizes below
150 nm. Curcumin-loaded nanoaggregates were obtained through the inclusion complexation of curcu-
min molecules with p-CD moieties. It was shown that enhanced drug release occurred upon exposure of
the nanoaggregates to the glutathione (GSH) environment. While the parent BDS functional polymers and
p-CD-containing polymeric aggregates were non-toxic to healthy fibroblast cells, curcumin-loaded
aggregates showed dose-dependent toxicity against the U-87 glioblastoma cancer cell line. The peptide-
targeting group containing nanoparticles showed slightly higher toxicity and enhanced cellular internaliz-
ation. The modular nanoparticle system disclosed here could be employed to address challenges in the
delivery of hydrophobic drugs to cancer cells.

challenges in the delivery of hydrophobic anti-cancer drugs.'”
Apart from solubilizing the drug, the polymeric constructs

The utilization of nanosized polymeric drug delivery agents
such as micelles, nanoparticles, and nanogels continues to
play an ever-increasing role in providing a viable solution to
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provide a biocompatible platform for protecting drugs from
premature degradation and improving their circulation time
in vivo. Furthermore, polymer-based delivery systems allow for
targeted drug delivery through appropriate functionalization
with specific ligands such as peptides, antibodies or bioactive
small molecules to target disease cells, thus minimizing off
target effects and enhancing therapeutic outcomes. The
efficient solubilization of hydrophobic drugs plays an impor-
tant role since many effective anticancer compounds will be
ruled out because of their low bioavailability. One such
hydrophobic anticancer compound is curcumin, a naturally
occurring polyphenol derived from turmeric, which exhibits

This journal is © The Royal Society of Chemistry 2025
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remarkable anti-inflammatory, antioxidant, and anticancer
properties.®™'® Despite its therapeutic potential, curcumin’s
clinical utility is limited by its poor aqueous solubility, com-
promising its bioavailability and effectiveness.

Commonly used approaches for fabricating polymer-based
micellar carriers utilize block copolymers, which assemble
into nanosized aggregates in aqueous media and thus encap-
sulate the hydrophobic drugs in their interior. Although the
past years have seen remarkable advances in the synthesis of
block copolymers, their synthesis is still not trivial. Instead of
using a hydrophobic second block, we envisioned employing a
host moiety to encapsulate the hydrophobic drug and increase
hydrophobic interactions leading to micellar aggregates. For
this purpose, beta-cyclodextrin (3-CD), a cyclic oligosaccharide
composed of glucose units, emerges as a viable candidate. It is
well established that f-CD is a valuable excipient for enhancing
the solubility and bioavailability of hydrophobic drugs.'*™**
Previous studies have demonstrated f-CD’s utility in enhan-
cing curcumin’s solubility and stability, making it an ideal
candidate for formulating curcumin-based therapeutics.'*>"
However, most of these studies solubilize curcumin in mole-
cular form. Thus, the size of the complex usually falls much
below the domain of nanosize necessary for drug delivery with
passive targeting mediated by the enhanced permeability and
retention (EPR) effect.”® Apart from using CDs in molecular
form, a variety of macromolecular constructs with CDs have
been reported,>*>*> To date, the CD moiety has been conju-
gated to the chain end,”®*” as side chain residues,?® or utilized
as a core motif in star-like multiarm polymers.>® In most
cases, the CD moiety is non-reversibly conjugated to the poly-
meric scaffolds, and thus, the encapsulated guest molecule is
released predominantly by reversible host-guest
interactions.***' In this study, we aimed for conjugation with
a disulfide-based reversible linkage so that the encapsulated
hydrophobic guest molecule remains soluble upon release
from the polymer-based aggregate.

In recent years, it has been established that the incorpor-
ation of redox-responsive linkage in the drug delivery platform
further enhances the cytotoxicity in cancerous cells with
increased levels of glutathione (GSH).>*° Thus, we targeted
constructing a hydrophilic polymer containing a chain end
B-CD unit linked with a redox-responsive linker. To obtain
such a polymer in a modular fashion, we envisioned that a
thiol-disulfide exchange using a benzothiazole disulfide (BDS)
chain-terminated polymer could be utilized. The BDS group is
known to undergo the thiol-disulfide exchange reaction with
high efficiency, and we recently employed it for the functionali-
zation of side chain residues of polymers, polymer-coated sur-
faces and hydrogels.*** Until now, the usage of the BDS
group as a thiol-reactive group on a polymer chain end has
remained unexplored. The present work demonstrates the ver-
satility of polymers containing the BDS group as a chain end
moiety, along with demonstrating their utilization for obtain-
ing p-CD-terminated polymers.

Herein, we aimed to fabricate curcumin-loaded micellar
nanoparticles using a redox-responsive polymeric construct in
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which the CD moiety is linked to the end of the polymer chain
through a redox-responsive disulfide linkage (Scheme 1). We
employed a BDS-based linker at the chain end of a PEG-based
hydrophilic polymer to obtain such constructs in a modular
fashion. We report here the synthesis and functionalization of
BDS group terminated polymers and show that the CD moiety
could be efficiently added to the polymer chain end through a
redox-responsive disulfide linkage. Thus the obtained (-CD-
containing polymers are used to fabricate drug-loaded aggre-
gates upon complexation with curcumin. It is also demon-
strated that peptide-based cell targeting groups can be incor-
porated at the other chain end of the p-CD-containing
polymer. Drug loading and release studies, as well as cyto-
toxicity and cellular internalization studies, suggest these poly-
mers as promising candidates for the delivery of curcumin.
Although the study here is undertaken with curcumin, one
could expect that the modular approach reported here could
be adapted for the delivery of other hydrophobic drugs to can-
cerous cells in a targeted fashion.

Experimental section

Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA,
M, = 300 gmol™") was obtained from Sigma-Aldrich and used
after purification through activated aluminum oxide filtration.
N,N'-Diisopropylcarbodiimide (DIPC), 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CPADB), 4-dimethyl-
aminopyridine (DMAP), N,N'-dicyclohexylcarbodiimide (DCC),
triethylamine (TEA), 2,2'-azobis(2-methylpropionitrile) (AIBN),
2-furfurylthiol, glutathione, 4,4'-azobis(4-cyanovaleric acid)
(ACVA) and N-hydroxysuccinimide were purchased from Sigma-
Aldrich. The cyclic arginine-glycine-aspartic acid-phenyl-
alanine-lysine (c-RGDfK),** benzothiazole disulfide alcohol
(BDSOH),*® and a thiol-bearing dye (Bodipy-SH)*” were syn-
thesized according to the literature. Other solvents were
obtained from Merck, and ultrapure water was obtained using
a Milli-Q water purification system (Milli-Q system, Millipore,
Billerica, MA, USA). The L929 mouse fibroblast (American
Type Culture Collection, ATCC) and U-87 cancer cell lines
(American Type Culture Collection, ATCC) were used for cell
studies.

Instrumentation

'H and "*C NMR spectroscopy (Bruker Avance Ultrashield 400
(400 MHz) spectrometer), dynamic light scattering (DLS,
Malvern), scanning transmission electron microscopy (STEM,
Thermo Scientific, Quattro S), and UV-vis spectroscopy
(Shimadzu, UV 1800 spectrophotometer) were used to charac-
terize the synthesized monomers, polymers, and polymeric
nanoparticles. The polymer molecular weights were deter-
mined by size exclusion chromatography (SEC, Shimadzu,
Japan) equipped with an RID-10A RI- detector and PSS SDV
Linear M column, calibrated with poly(methyl methacrylate)
standards. A mobile phase solution of 0.05 M LiBr in dimethyl-
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Scheme 1 lllustration of the fabrication of a CD-based redox-responsive targeted delivery system using a BDS-terminated polymer.

acetamide (DMAc) was used as an eluent at a flow rate of 1 mL
min~". Cytotoxicity assay experiments were carried out using a
plate reader (Multiskan FC, Thermo Scientific, USA) using a
Cell Counting Kit-8 (CCK-8, Fluka) obtained from Sigma-
Aldrich, and internalization experiments were performed
using a laser scanning confocal microscope (Leica Stellaris 5,
Germany). The imaging was performed with an HC PL APO
CS2 63x/1.40 OIL objective. For excitation, Diode 405 and WLL
lasers were used to excite the nuclear stain DAPI and curcu-
min, respectively. Emission signals were detected within the
ranges of 425-480 nm for DAPI and 503-650 nm for curcumin.

Synthesis of BDS-CTA

BDSOH (0.2 g, 0.821 mmol), CPADB (0.25 g, 0.896 mmol), and
DMAP (0.04 g, 0.327 mmol) were added to a round-bottom
flask and dissolved in anhydrous CH,Cl, (3 mL). DIPC
(0.114 g, 0.904 mmol) was dissolved in another flask in anhy-
drous CH,Cl, (3 mL). The content of the second flask was
slowly added to the ice-cold mixture in the first flask. The com-
bined reaction mixture was stirred at room temperature for
4 h. Purification using column chromatography on silica gel
using CH,Cl, and hexane (1:1) as eluents yielded the pure
product (256 mg, 61%). "H NMR (CDCls, §, ppm) & 7.89 (t, 3H),
7.82 (d, 1H), 7.56 (t, 1H), 7.39 (m, 4H), 4.46 (t, 2H), 3.22 (t,
2H), 2.79-2.31 (m, 4H), 1.92 (s, 3H). ">C NMR (CDCl;, § ppm):
222.3, 171.5, 154.7, 144.6, 135.8, 133.2, 128.6, 126.7, 125.0,
122.3, 121.40, 118.5, 62.6, 45.81, 37.9, 33.4, 29.8, 24.3.
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Synthesis of BDS-containing polymer P1

PEGMEMA (0.500 g, 1.60 mmol), AIBN (0.00273 g,
0.016 mmol), and BDS-CTA (0.042 g, 0.083 mmol) were added
to a round bottom flask and dissolved in anhydrous dioxane
(0.9 mL). The solution was purged with N, for 20 min. The
reaction vessel was immersed in a preheated oil bath at 70 °C.
After 16 h of polymerization, the reaction solution was concen-
trated by rotary evaporation. The residue was taken up with a
minimum amount of CH,Cl, and precipitated into cold
diethyl ether. The precipitated polymer was collected and
dried under high vacuum. The obtained polymer was charac-
terized by SEC and "H NMR analyses. M, sgc = 7100 g mol ",
and M,,/M, = 1.25. "H NMR (CDCl;, 6, ppm) & 7.86 (m, 3H),
7.64-7.31 (m, 6H), 4.42 (t, 2H), 4.08 (bs, 48H), 3.37 (s, 68H),
3.19 (t, 2H), 2.08-0.60 (m).

Post-polymerization modification of P1 with 2-furfurylthiol

Polymer P1 (58 mg, 0.0082 mmol) and 2-furfurylthiol (1.12 mg,
0.0098 mmol) were dissolved in anhydrous CH,Cl, (0.5 mL).
To the reaction mixture, a catalytic amount of acetic acid
(AcOH) was added, and the reaction was continued for 16 h.
After the reaction, the functionalized polymer was purified by
precipitation into cold diethyl ether. "H NMR (CDClj, &, ppm)
5 7.88 (m, 2H), 7.58-7.31 (m, 4H), 6.34 (s, 1H), 6.28 (s, 1H),
4.45-3.96 (m, 75H), 3.37 (s, 99H), 2.20-0.60 (m).

Post-polymerization modification of P1 with Bodipy-SH

Polymer P1 (11 mg, 0.0015 mmol), Bodipy-SH (3.5 mg,
0.0083 mmol) and TEA (8 pL) were dissolved in anhydrous

This journal is © The Royal Society of Chemistry 2025
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DMF (0.2 mL) and reacted at 25 °C for 18 h. After the reaction,
the purified polymer was obtained through dialysis (M,, cut-
off: 3.5 kDa) using acetonitrile. "H NMR (CDCl;, 8, ppm) & 7.98
(d, 2H), 7.57-7.46 (m, 1H), 7.38 (dd, 2H), 6.04 (s, 2H), 4.08 (s,
51H), 3.38 (s, 81H), 2.92 (m, 2H), 2.76-2.67 (m, 2H), 2.50 (s,
6H), 2.37 (d, 6H), 2.15-0.68 (m).

Conjugation of f-CD to the a-chain end of P1

Polymer P1 (0.1 g, 0.014 mmol) and p-CD-SH (0.024 g,
0.021 mmol) were dissolved in anhydrous DMF (2 mL) and
degassed for 5 min. After adding a catalytic amount of AcOH,
the reaction time was continued for 16 h at 25 °C. After the
reaction, the purified polymer was obtained through dialysis
(M,, cut-off: 3.5 kDa) using H,O:MeOH (80:20). 'H NMR
(CDCl;, 6, ppm) & 7.86 (m, 2H), 7.60-7.31 (m, 3H), 5.01 (bs,
7H), 4.08 (s, 74H), 3.38 (s, 128H), 2.19-0.70 (m).

Conjugation of the cRGDfK peptide to the w-chain end of P1

Initially, a radical cross-coupling reaction was performed to
remove the benzodithioate end group of the polymer and
install a carboxylic acid functionality. The polymer CD-PEG
(10 mg, 0.0013 mmol) and ACVA (9.34 mg, 0.033 mmol) were
dissolved in anhydrous DMF (0.4 mL) and the solution was
purged with N, for 15 min. The reaction vessel was immersed
in a preheated oil bath at 70 °C and the reaction was continued
for 4 h. The reaction solution was concentrated using rotary
evaporation, and the yellow residue was washed with cold
diethyl ether twice. "H NMR (CDCl;, 8, ppm) & 4.67 (s, 1H),
4.08 (s, 30H), 3.38 (s, 49H), 1.88-0.71 (m). The obtained
polymer CD-PEG-COOH (10 mg, 0.00125 mmol) was reacted
with N-hydroxysuccinimide (0.43 mg, 0.0037 mmol) in the
presence of DCC (0.77 mg, 0.0037 mmol) and CH,Cl, (0.5 mL).
The reaction mixture was incubated at room temperature for
16 h. After completion of the reaction time, CH,Cl, was evap-
orated, and the cRGDfK peptide (1.5 mg, 0.0025 mmol) was
added to the reaction vessel dissolved in anhydrous DMF
(0.5 mL). After purging the reaction mixture for 5 min, TEA
(10 pL) was added, and the reaction was continued for 16 h at
25 ©°C. Thereafter, the purification of the polymer was con-
ducted through dialysis (M, cut-off: 3.5 kDa) using deionized
water. "H NMR (D,0O, 6, ppm) § 7.40-7.17 (m, 2H), 4.99 (bs,
7H), 4.15 (bs, 56H), 3.36 (s, 97H), 2.77-0.68 (m).

Curcumin loading into the -CD terminated polymer and
release profiles

The polymer CD-PEG-RGD (3 mg, 0.0004 mmol) and curcumin
(1.2 mg, 0.320 mmol) were added into an Eppendorf tube, fol-
lowed by deionized water (1.5 mL). The reaction mixture was
stirred for two days at 25 °C. After two days, the reaction solu-
tion was filtered with a syringe filter (0.45 pm, PTFE) to
remove unreacted curcumin. To obtain a curcumin-loaded
mixture with a B-CD-containing polymer and B-CD-cRGDfK-
containing polymer, the reaction was repeated by adding
polymer P6 and polymer P7 (30% of P6) in the same equivalent
of curcumin and deionized water for two days. The curcumin
loading efficiency and loading level were calculated to be 50%

This journal is © The Royal Society of Chemistry 2025
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and 2 wt%, respectively. A dialysis bag method was employed
to assess the release kinetics of curcumin from the nano-
particles. Curcumin-loaded nanoparticles containing 20 ppm
curcumin were enclosed within a 3.5 kDa dialysis bag and
immersed in three different environments (10 mL): neutral
(pH 7.4, PBS), neutral-reducing (pH 7.4, 5 mM GSH), and
acidic-reducing (pH 5.5, 5 mM GSH). The incubation was con-
ducted at 37 °C with constant shaking. Samples (2 mL) were
collected from the external medium at predetermined inter-
vals, and fresh medium was replenished to maintain consist-
ent conditions. The concentration of the released curcumin in
the samples was quantified using UV spectroscopy, with a cali-
bration curve generated using known concentrations of curcu-
min as a reference.

Cytotoxicity experiments

The cytotoxicity of the polymers was investigated via a CCK-8
viability assay on L929 mouse fibroblast cells. Cells (6000 cells
per well) were seeded in a 96-well plate in quadruplicate with
100 pL of the culture medium (DMEM) and incubated at 37 °C
overnight to grow and adhere completely. After removing the
culture media, cells were treated with polymers (0.1, 0.01, and
0.001 mg) dissolved in culture media for 48 h. After incu-
bation, the polymer solutions were removed, and the cells were
treated with a 10% CCK-8 solution for two hours. The absor-
bance values at 450 nm were measured using a microplate
reader. Viability results were obtained using GraphPad Prism
software in the nonlinear regression mode. The cytotoxicity of
the curcumin-loaded polymers was investigated via a CCK-8
viability assay on the U-87 cancer cell line using a similar pro-
cedure. To evaluate the efficiency of cRGDfK-mediated uptake
of curcumin-loaded nanoparticles, an in vitro cellular internal-
ization experiment was conducted using U-87 cancer cells.
First, U-87 cells were seeded at a density of 50000 cells per
well in a 6-well plate. Duplicate wells were prepared for each
treatment group to ensure data reproducibility. The cells were
then incubated overnight at 37 °C in a humidified incubator
with 5% CO, to allow for proper attachment and growth.
Following overnight incubation, the cells were treated with
either non-targeted or cRGDfK-conjugated nanoparticles or
both excess cRGDfV and cRGDfK-conjugated nanoparticles
containing an identical amount of curcumin. The cells were
incubated with the nanoparticles for 24 hours for sufficient
internalization. After incubation, the culture medium contain-
ing nanoparticles was removed, and the cells were washed
twice with PBS to remove any residual media components.
Subsequently, the cells were fixed, stained, and analyzed using
a confocal microscope. For the flow cytometry experiment,
U-87 cells (60000 cells per well) were seeded into a 24-well
plate as duplicates in 1 mL of culture media and incubated at
37 °C overnight. The samples’ properties were identical to
those used in the cellular internalization experiment. Cell
media were removed after 4 and 24 h, and the cells were trypsi-
nized with 0.05% trypsin solution for 2 min at 37 °C. After
2 min, the culture medium (700 pL) was added to the wells,
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and curcumin intensities were determined by flow cytometry
(Guava easyCyte).

Results and discussion
Synthesis of thiol-reactive BDS-terminated polymers

Polymers containing the thiol-reactive BDS group at chain
ends are synthesized using RAFT polymerization. We chose
RAFT polymerization since it is well established for obtaining
polymers with control over molecular weight and dispersity, is
metal catalyst-free, and is tolerant to a wide variety of func-
tional groups.*®*® To synthesize polymers containing the
thiol-reactive BDS unit at the chain end, a BDS-functionalized
chain transfer agent (CTA) was synthesized. The synthesis

s s 5"oH + HO

DMAP DIPC

CH,Cly, 4 h, 25 °c

View Article Online
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involved the esterification of BDS-group containing alcohol
(BDSOH) with a carboxylic acid functional CTA (Fig. 1a). The
successful formation of BDS-CTA was confirmed by 'H and *C
NMR spectroscopy (Fig. 1b and Fig S1t). The 'H NMR spec-
trum displayed characteristic peaks at 7.80 ppm and 4.48 ppm,
corresponding to the aromatic and methylene protons of the
BDS moiety, respectively, along with the expected peaks at
7.56 ppm and 1.93 ppm attributed to the protons from the
CPADB component.

After obtaining BDS-CTA, a PEGMEMA-based polymer was
synthesized using RAFT polymerization. The polymerization
was conducted in dioxane at 70 °C using AIBN as the initiator
(Fig. 2a). The successful formation of the polymer was con-
firmed by "H-NMR spectroscopy (Fig. 2b). A peak at 7.52 ppm
was attributed to the protons in the CPADB moiety at one end
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Fig. 1 (a) Synthesis and (b) *H NMR spectrum of the BDS-bearing CTA in CDCls.
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Fig. 2 (a) Synthesis of the BDS-containing polymer and (b) *H NMR spectrum of the polymer (P1) in CDCls.
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of the polymer chain. Another peak at 7.45 ppm was assigned
to the aromatic protons of the BDS group at the other end of
the chain. Additionally, a singlet peak at 3.34 ppm confirmed
the presence of the methoxy (-OCHj;) groups from the PEG-
based side chains.

The molar ratio of BDS-CTA to AIBN was kept constant
while the PEGMEMA content was varied to investigate the
effect of the monomer feed ratio on the polymer properties.
The detailed polymerization conditions and the corresponding
results for different PEGMEMA/BDS-CTA ratios are summar-
ized in Table 1. As expected, the polymer’s average molecular
weight increased with a higher feed ratio of the PEGMEMA
monomer. Polymerization was conducted with moderately
high monomer conversions and narrow dispersities. The SEC
results of the obtained polymers are shown in the ESI figures

(Fig. S27).

Post-polymerization functionalization of BDS-containing
polymers with model compounds

Polymer P1 was utilized to evaluate the post-polymerization
modification efficiencies of the obtained reactive polymers.
Thiol-containing compounds furfuryl mercaptan and Bodipy-
SH were employed as model molecules for the modification of
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the polymer’s a-chain end via a thiol-disulfide exchange reac-
tion. First, the polymer was treated with furfuryl mercaptan in
the presence of a catalytic amount of acetic acid (Fig. 3a). After
the reaction, polymer P4 was purified by precipitation in cold
diethyl ether. The "H NMR spectrum revealed the complete
disappearance of the characteristic peaks at 7.45 and 7.80 ppm
belonging to the terminal BDS group on the polymer, and new
peaks emerged at 7.36, 6.36, and 6.30 ppm, indicating the suc-
cessful quantitative incorporation of furfuryl mercaptan
(Fig. 3Db).

To further demonstrate the versatility of this approach for
post-polymerization functionalization, the polymer was
reacted with Bodipy-SH, a hydrophobic fluorophore commonly
utilized for imaging and drug delivery applications.’®*™>* The
reaction was conducted in the presence of TEA, and the
product was dialyzed in acetonitrile to remove any unreacted
dye (Fig. 4a). "H NMR analysis confirmed the successful conju-
gation of Bodipy-SH to yield polymer P5. The disappearance of
the aromatic proton peaks of the BDS group at 7.80 and
7.45 ppm was observed, along with the emergence of new
peaks at 6.04, 2.50, and 2.40 ppm. These new peaks are attrib-
uted to the Bodipy dye; the peak at 6.04 ppm corresponds to
the proton on the pyrrole moiety, and the peaks at 2.50 and

Table 1 Synthesis conditions and characterization of poly(PEGMEMA) polymers

Reactant ratios n theo Mn cal. Mn NMR Mn,SEC b b
Polymer [M]: [CTA]: [AIBN] (g mol™ B Conv. % (g mol™ D) (g mol™ B (gmol™) DP“ M, /M,
P1 20:1:0.2 6000 96 5760 6900 7100 22 1.25
P2 50:1:0.2 15000 84 12 600 13 000 15000 49 1.21
P3 100:1:0.2 30000 76 22800 30500 29000 133 1.22

[M]: PEGMEMA and [CTA]: BDS-CTA. “ Calculated using "H NMR spectroscopy. ” Determined by SEC and eluted with DMAC, relative to linear

PMMA standards.
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Fig. 3 (a) Synthesis of the furfuryl mercaptan conjugated polymer and (b) *H NMR spectrum of the polymer (P4) in CDCls.
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exchange reaction; images upon UV illumination of (c1) free dye, and (c2) dye-attached polymer, partitioned into Et,O and H,O phases.

2.40 ppm belong to the methyl groups (Fig. 4b). Fig. 4c high-
lights the dramatic shift in the solubility behavior of the dye
upon conjugation to the polymer. Bodipy-SH, due to its hydro-
phobic character, dissolves in the nonpolar ether phase,
whereas the polymer-conjugated dye gains water solubility.

Conjugation of B-CD and the cRGDfK peptide at polymer
chain-ends

After establishing the synthesis and post-polymerization
functionalization of the BDS-terminated polymer, we investi-
gated if the approach could be extended to obtain CD-conju-
gated polymers. To this end, the BDS-terminated polymer P1

a)
Oy . g e
it~ o 0
NCN s : 0+ )Go
2\ *Ho” on nd o
Pt P
b)
c ab e

was treated with B-CD-SH to obtain the CD-PEG polymer
(Fig. 5a). After the reaction, the excess f-CD-SH was removed
by dialysis, and the purified product was characterized by 'H
NMR and SEC analyses. The SEC result indicated a slight
increase in the polymer molecular weight (see Fig. S37), as
evident from the shift in retention time. The 'H NMR spec-
trum of the CD-PEG polymer confirmed the chemical compo-
sition; the aromatic peaks corresponding to the cleavable di-
sulfide group (BDS) disappeared, while a new peak at
5.01 ppm emerged, characteristic of the p-CD unit (Fig. 5b).
Interestingly, although the expected disappearance of the
proton resonances from the BDS group and the appearance of
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Fig. 5 (a) Synthesis of a p-CD conjugated polymer and (b) *H NMR spectrum of the polymer CD-PEG in CDCls.
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anomeric protons were observed, peaks adjacent to the di- CDSH, as expected from the release of the benzothiazolethione
sulfide bonds were not discernable and seemed close to the group.

baseline presumably due to the proximity to the bulky CD The p-CD conjugated polymer CD-PEG was further modified
group. The successful place exchange reaction was also indi- with a cell-targeting peptide to achieve a dual-functional poly-
cated by the appearance of yellow color upon addition of meric construct CD-PEG-RGD. The peptide cRGDfK is known
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Fig. 6 (a) Synthesis pathway and (b) *H NMR spectrum of cRGDfK and the p-CD conjugated polymer in D,O.
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to interact with specific receptors on the surface of certain
cells, potentially enabling the nanoparticles to accumulate at
these targeted sites preferentially.>*” The first step involved
exchanging the benzodithioate end group of the polymer with
a carboxylic acid group using an azo-based radical exchange
reaction. In the '"H NMR spectrum of the CD-PEG-COOH
polymer, complete loss of the aromatic proton peaks of the
CTA end group was observed, suggesting successful end-group
transformation (Fig. S4T). The carboxylic acid end group was
activated using NHS and then coupled with the amine group
on the cRGDfK peptide. The final product was purified by
dialysis in water, yielding a polymer with -CD at one end and
cRGDIK at the other end. The construct composition was vali-
dated using 'H NMR analysis, where the peaks between 7 and
8 ppm are attributed to the phenyl proton on the peptide, the
peak at 5.01 ppm is attributed to the protons from p-CD, and
the peak at 3.34 ppm is attributed to the terminal methoxy
group on the PEG-based side chains (Fig. 6b). Also, according
to the SEC analysis, the molecular weight of the polymers
remained quite similar during the end group transformations
(Fig. S57).

Micellar nanoparticle formulation, curcumin loading, and
release

To assess the changes in size resulting from the conjugation
process, the hydrodynamic diameters of the polymers were
determined using DLS. From the DLS analysis, the Z-average
value, representing the particles’ average hydrodynamic dia-

—

~
>
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meter, was determined as 6.5 nm for unconjugated polymer
P1. This value increased significantly to 134 nm with -CD con-
jugated polymers, indicating the successful formation of nano-
particles. Furthermore, the size of the polymer further
increased to 149 nm upon conjugation with cRGDfK.
Importantly, the subsequent conjugation of the hydrophilic
cRGDfK peptide does not disrupt the nanoparticle structure,
resulting in only a slight increase in size (Fig. 7).

In the subsequent step, curcumin was loaded into the CD-
containing nanoparticles during the self-assembly step
(Fig. 8a). To achieve this, the p-CD-SH/cRGDfK-conjugated
polymer was dissolved in water and subsequently mixed with
curcumin. The initially insoluble drug slowly solubilized, pre-
sumably through the interaction with the hydrophobic cavity
of the p-CD moiety. Following incubation, the reaction mixture
was filtered to remove any excess curcumin that remained in-
soluble in water. As shown in Fig. 8b, the resulting solution
was yellow and clear, signifying the successful encapsulation
of curcumin within the nanoparticles. DLS analysis was per-
formed to assess the size of the curcumin-loaded nano-
particles (Fig. 8c). Interestingly, the average hydrodynamic dia-
meter slightly decreased compared to the unloaded nano-
particles, which could be due to the compactness of the struc-
ture due to enhanced hydrophobic interactions. Furthermore,
the size of the curcumin-loaded nanoparticles was determined
using STEM, which revealed an average size of approximately
90 nm (Fig. 8d and Fig. S6T). Such reduction in size obtained
using STEM in comparison with DLS analysis is expected due
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Fig. 7 DLS-based size analysis of (a) BDS-polymer, (b) p-CD-conjugated polymer, and (c) cRGDfK, and the p-CD conjugated polymer.
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Fig. 8 (a) Schematic illustration of curcumin-loaded nanoparticles, (b) the solutions of curcumin and curcumin-loaded nanoparticles after soni-
cation (b1) before filtration and (b2) after filtration, (c) DLS analysis of the curcumin-loaded nanoparticles, (d) STEM image of curcumin-loaded nano-
particles (scale bar: 500 nm), and (e) curcumin release in non-reducing, reducing, acidic, and neutral environments for 72 h at 37 °C.

to the dry state of particles as opposed to their solvated state
in DLS analysis, and a similar trend has been observed in
earlier studies.”®®°

To investigate the potential of these redox-responsive nano-
particles for hydrophobic drug delivery, curcumin was released
under different conditions. Curcumin-loaded nanoparticles in
a dialysis bag were incubated in three distinct environments:
neutral (pH 7.4, PBS), neutral-reducing (pH 7.4, 5 mM GSH),
and acidic-reducing (pH 5.5, 5 mM GSH). The neutral environ-
ment mimics physiological conditions, while the neutral-redu-
cing environment introduces the reducing agent GSH com-
monly over-expressed in cancerous cells. The acidic-reducing
environment combines a slightly acidic pH, potentially
encountered in tumors, along with the reducing agent GSH. At
predetermined time intervals, samples were withdrawn from
the sink and analyzed using UV spectroscopy to quantify the
amount of released curcumin (Fig. 8e and Fig. S7t1). The
results revealed a significant difference in curcumin release
between environments with and without GSH, suggesting that
the presence of GSH plays a crucial role in curcumin release.
Also, a higher amount of curcumin release is observed at 24

This journal is © The Royal Society of Chemistry 2025

and 48 h when a combination of reducing and acidic environ-
ments is used, while almost complete release was observed at
72 h. Presumably, the large difference between neutral and
reducing environments arises from the fact that curcumin,
being a very hydrophobic drug, remains entrapped in the
nanoparticle structure under neutral conditions, whereas it is
released in solubilized form as a curcumin-CD complex upon
cleavage of the disulfide bond in the presence of GSH. Size
analysis through DLS indicated that the curcumin loaded
nanoparticles upon exposure to GSH (10 mM) degraded over
time as the single monomodal size distribution in PBS became
multimodal (Fig. S87).

Cytotoxicity and cellular uptake

The fabricated polymers were evaluated using cell viability
assays to assess their safety and efficacy. First, the cytotoxicity
of the conjugated polymers was evaluated using the healthy
L929 cell line. The results showed no significant toxicity, even
at various concentrations, indicating good biocompatibility
(Fig. 9a). Next, the anti-cancer potential of curcumin-loaded
nanoparticles was investigated using the U-87 cancer cell line.
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Fig. 9 (a) Cell viabilities of L929 healthy cells treated with BDS-polymer (blue) and -CD-conjugated polymer (green), and (b) cytotoxicity assay of
non-targeted (orange) and targeted (red) curcumin-loaded nanoparticles with U-87 cells after 24 hours. All data N > 3 and p < 0.0001.
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Fig. 10 (a) Confocal microscopy images, and (b, c) flow cytometry data of non-targeted, targeted, and cRGDfV-added curcumin-loaded nano-
particles with U-87 cells after 24 hours. Scale bar: 20 pm, all data N > 3 and p < 0.003.

Notably, nanoparticles conjugated with cRGDfK displayed sig-
nificantly higher cytotoxicity at concentrations of 45 pg mL™"
and 4.5 pug mL™' compared to non-targeted nanoparticles
(Fig. 9b). This enhanced cell death suggests that the cRGDfK
moiety effectively targets the nanoparticles to U-87 cancer
cells, facilitating greater curcumin internalization. An in vitro
cellular internalization experiment on U-87 cells was con-
ducted to compare both targeting group-containing and non-
targeted nanoparticles. Confocal microscopy and flow cytome-
try analyses confirmed that targeted nanoparticles were inter-
nalized more than non-targeted ones, highlighting the impor-
tant role of the cRGDfK peptide for enhanced cellular uptake

1282 | Polym. Chem., 2025, 16, 1272-1284

(Fig. 10). To confirm receptor-mediated internalization of the
targeted nanoparticles, a competitive inhibition assay was per-
formed using the cRGDfV peptide, which exhibits a higher
affinity for integrin receptors. The addition of cRGDfV reduced
nanoparticle internalization compared to the targeted nano-
particles alone, as evidenced by confocal microscopy and flow
cytometry, supporting the hypothesis of receptor-mediated
uptake. To further elucidate the internalization mechanism,
experiments were conducted at 37 °C and 4 °C to investigate
the involvement of energy-dependent processes. At 37 °C, a
substantially higher fluorescence signal was observed in the
cytoplasm, indicative of active endocytosis. In contrast, nano-
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particle internalization was significantly compromised at 4 °C,
a temperature that inhibits energy-dependent cellular pro-
cesses. Flow cytometry analysis also suggested similar trends.
This temperature-dependent uptake strongly suggests that the
internalization of targeted nanoparticles is an energy-depen-
dent process driven by active transport mechanisms
(Fig. S10%).

Conclusion

In summary, polymers that undergo facile chain-end
functionalization through a redox-responsive disulfide linkage
using the BDS group are reported. A CTA containing the BDS
group is synthesized and utilized to obtain thiol-reactive poly-
mers using RAFT polymerization. Facile chain-end functionali-
zation through various thiol-containing molecules is demon-
strated. Polymers containing CD units at chain ends linked
through disulfide linkages are obtained. The other chain end
is modified to install a peptide-based cancer cell targeting
unit. The self-assembly of these polymers in the presence of
curcumin yields drug-loaded micellar nanoparticles. Drug
loading and release studies, as well as cytotoxicity and cellular
internalization studies, suggest that these CD-containing poly-
mers are promising candidates for the delivery of curcumin.
Importantly, the CD-containing redox-responsive polymeric
system here is demonstrated for solubilization and targeted
cellular delivery of curcumin; other hydrophobic drugs and
desired targeting motifs can be incorporated due to the
modular nature of the construct.
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