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High glutathione production is known to be one of the defense mechanisms by which many cancer cells
survive elevated oxidative stress. By explicitly targeting glutathione in these cancer cells and diminishing
its levels, oxidative stress can be intensified, ultimately triggering apoptosis or programmed cell death.
Herein, we developed a novel approach by creating maleimide-functionalized polycaprolactone
polymers, specifically using 2,3-diiodomaleimide functionality to reduce the level of glutathione in
cancer cells. Polycaprolactone was chosen to conjugate the 2,3-diiodomaleimide functionality due to its
biodegradable and biocompatible properties. The amphiphilic block copolymer was synthesized using
PEG as a macroinitiator to make corresponding polymeric micelles. The resulting 2,3-diiodomaleimide-
conjugated polycaprolactone micelles effectively quenched glutathione, even at low concentrations
(0.01 mg mL™Y. Furthermore, we loaded these micelles with the anticancer drug doxorubicin (DOX),
which exhibited pH-dependent drug release. We obtained a loading capacity (LC) of 3.5% for the
micelles, one of the highest LC reported among functional PCL-based micelles. Moreover, the enhanced
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Accepted 16th May 2024 loaded micelles inhibited cancer cell growth, with the DOX-loaded micelles displaying the highest
cytotoxicity. The ability of the polymer to quench intracellular GSH was also confirmed. This approach of
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oxidative stress, when the levels of ROS overwhelm the antiox-
idant defense system, ultimately leading to cellular damage.

Introduction

The synthesis of small organic molecules with anticancer
activity is on the rise, as is the use of nanocarriers for drug
delivery.”® Bridging these two fast-growing fields to design
novel materials to accelerate cancer therapy is worth pursuing.
Among many reported small organic molecules with anticancer
properties, molecules that promote the build-up of inherent
suicidal chemical species such as reactive oxygen species (ROS)
within the microenvironment of the cancer cells are interesting
yet under-reported.’™ ROS are highly reactive oxygen-
containing molecules such as superoxide anion (O, 7),
hydrogen peroxide (H,0,), and hydroxyl radical (HO"), that are
often produced as a by-product from many cellular metabolic
pathways. Higher levels of ROS are commonly evident in cells
with fast cell proliferating rates, such as cancer cells.” If the
concentration levels of ROS remain unchecked, it results in
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Such cellular damage arises when the ROS reacts with and
damages macromolecules and cellular structures such as
nucleic acids, proteins, and cell membranes, leading to cellular
apoptosis.”'* In response to the oxidative stress, cells produce
several antioxidants such as glutathione (GSH) to neutralize the
damaging effect of the ROS."*™”

GSH is a tripeptide consisting of cystine and glycine, widely
known to be the most abundant antioxidant produced in the
body. Therefore, GSH is considered the main defense mecha-
nism against oxidative stress exerted by ROS.'® Since the
production of GSH is linked with the levels of ROS, higher
concentrations of ROS trigger elevated production of GSH. The
scavenging activity of GSH involves the conversion of GSH into its
oxidized form, glutathione disulfide (GSSG). Subsequently, GSH
is regenerated from the GSSG to restart the redox cycle.'>'>'%2°
Since high amounts of ROS are produced in cancer cells, higher
concentrations of GSH are evident in cancer cells. For instance,
the concentration of GSH can be as high as 10 mM, notably
higher than observed in normal healthy cells (2 to 20 pM).*
Moreover, It is thought that the GSH concentration can go higher
in drug-resistant cancer cells.>* This implies that cancer cells
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not only produce elevated amounts of GSH to fight oxidative
stress but also to resist chemotherapy agents. Since the reduction
of GSH level elevates oxidative stress and can potentially fight
against drug resistance developed by cancer cells, specifically
targeting GSH in cancer cells is one of the main strategies in
contemporary anticancer drug discoveries.

Chemical agents such as iodoacetate, r-buthionine sulfox-
imine (BSO), sulforaphane, and diethylmaleate are reported to
possess a GSH-depleting effect, hence their presence in cancer
cells amplifying the intracellular oxidative stress thereby
accelerating cancer cell death.***® These agents render the
GSH non-reductive - inability to neutralize ROS - or reduce the
biosynthesis of GSH causing accumulation of ROS in the cancer
cell.**** Many GSH-quenching agents, such as aforementioned,
are often non-specific and non-selective and thus can consume
GSH in both cancer and healthy cells, potentially leading to
undesirable side effects.'>*"** Improving the selectivity of GSH-
depleting agents to target only cancer cells is challenging. Such
a challenge is not unique to GSH-depleting agents but many
commercially available anticancer drugs, such as doxorubicin,
whose numerous side effects are attributed to its non-selec-
tivity.>* Besides, most GSH-depleting agents are hydrophobic
and could potentially face challenges such as biodistribution
and bioavailability, limiting their biological applications. One
logical approach is attaching targeting agents to improve their
selectivity and attaching water-soluble functional groups to
improve their general water-solubility without compromising
their GSH-depleting capabilities."* The most common approach
to improving both the specificity and selectivity and water-
solubility is the wuse of nanocarriers as drug delivery
systems.**~*® For instance, water-soluble nanocarriers within the
sizes of 20-200 nm are known to have enhanced permeability
and retention (EPR) effect due to the defective angiogenic
vasculature and the poor lymphatic drainage system in solid
tumors. Therefore, a drug-loading system loaded with thera-
peutic agents of this size can selectively enter and accumulate in
tumors relative to healthy cells, thereby minimizing their lethal
effect on the healthy cell while exerting full toxicity toward the
cancer cell.*”~*° For instance, Zhou et al. explored this strategy by
loading maleimides, a GSH quenching agent, into liposomes to
promote cancer cell death.*

Several nanocarriers, such as liposomes, dendrimers, hydro-
gels, and polymeric nanoparticles/micelles, are frequently inves-
tigated for drug delivery.*** While these nanocarriers have
advantages and limitations, polymeric micelles display
outstanding potential for drug delivery applications due to their
tunable properties, ease of preparation, high solubilization
characteristics, and excellent biocompatibility.**® These
micelles are usually formed as the amphiphilic block copolymers
self-assemble in aqueous solution. Aliphatic polyesters such as
poly(e-caprolactone) (PCL), poly(glycolide) (PGA), poly(lactide)
(PLA), and poly(lactide-co-glycolide) (PLGA) are predominantly
used to make polymeric micelles due to their biocompatibility
and biodegradability.®>**** Among these, PCL is reported to be
more desirable due to its good mechanical properties, high drug
permeability, and slower rate of degradation.®** Additionally, the
properties of PCL can easily be tuned through substitution at
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either the o- or vy-position of the e-caprolactone (CL)
monomer.**” For instance, functional groups such as cancer
targeting agents, fluorescent agents, cancer therapeutic agents,
and other groups that increase the drug-loading capacity of
micelles can easily be substituted.**>*¢*

This report is deemed to bridge the gap between the
synthesis of small organic anticancer agents and the use of
polymeric micelles for anticancer drug delivery. Since mal-
eimides are reported to react with free thiol, their ability to
deplete intracellular GSH is under-reported. Zhou et al*
demonstrated that maleimide can deplete GSH by reacting with
the free thiol, which is the active site for ROS inhibition.**¢%¢¢
This GSH quenching occurred through an irreversible Michael
addition reaction between the free thiol and the maleimide.
However, the use of such maleimide for GSH depletion is not
efficient since only one GSH can be consumed per maleimide
(1:1 equivalent). Therefore, to achieve higher cancer cell death,
a large amount of maleimide would have to be loaded, which is
also limited by the loading capacity of the liposome. Designing
novel polymeric micelles whose hydrophobic block is conju-
gated with maleimides capable of reacting with more than one
GSH at a time can address this concern since such an approach
lessens the problem of loading capacity while improving the
system's efficiency. Additionally, this system will free up the
micelle core for further use in loading other hydrophobic
anticancer drugs, which can effectively amplify the overall
therapeutic effect of chemotherapy.

Herein, we report the maleimide-functionalized PCL
synthesized through the ring-opening polymerization of their
corresponding 2,3-diidomaleimide y-substituted CL monomer.
The 2,3-diiodomalemide functionality was chosen explicitly
over the unsubstituted maleimides due to their rapid reactivity
toward thiols®” and their ability to quench two GSH at a time
(Fig. 1) instead of one in the case of the unsubstituted mal-
eimides.**** Furthermore, to facilitate passive targeting
through an EPR effect, polymeric micelles were designed from
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Fig.1 Schematic representation of (a) preparation of micelles and (b)
their reactivity towards glutathione.
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these polymers using PEG as the hydrophilic component.
Polymeric micelles bearing a PEG shell can stealthily circulate
in the bloodstream, extending their half-life in the body.”®”* The
obtained micelles were further utilized to load the anticancer
drug doxorubicin (DOX). The GSH quenching effect of the
amphiphilic polymer was tested. Both DOX-loaded and empty
micelles were also characterized. The drug loading capacity and
release profile were determined at both physiological pH and
low pH - a typical pH of most solid tumors.”>”* To better define
the properties of the obtained micelles, previously reported
poly(ethylene  glycol)-b-poly(y-benzyl-e-caprolactone) PEG-b-
PBCL, represented as PBCL in this report, micelles are used for
comparison.”

Experimental
Materials

Chemicals needed for this study were purchased from either
Fisher Scientific or Sigma-Aldrich and were used without puri-
fication except for Sn(Oct),, which was purified through vacuum
distillation. The polymerization was carried out under
a nitrogen atmosphere using toluene from a sodium/
benzophenone ketyl distillation system. Schlenk flask and
syringes used for the polymerization were kept at 120 °C for 24 h
and cooled in a desiccator before use. The synthesis of the
monomer and the polymerization was guided by previously
published procedures with slight modifications.>*7%7*

Analysis

A Bruker AVANCE III™ (500 MHz) nuclear magnetic resonance
(NMR) instrument was used to collect the NMR 'H and *C
spectra at 25 °C of the monomer, its intermediates, and the
polymers dissolved in deuterated chloroform (CDCl;). The dis-
persity (P) and the number average molecular weights of the
polymers were determined using Viscotek VE 3580 size exclu-
sion chromatography (SEC) with Viscotek columns (T6000M)
and refractive index (RI) detector. THF (HPLC grade) was used
as the eluent with a flow rate of 1 mL min " at 30 °C with GPC
max as the sample module, and RI detection calibration was
based on polystyrene standards. The molar mass of the mono-
mer was determined by matrix-assisted laser desorption ioni-
zation time-of-flight (MALDI-TOF) spectra using Shimadzu
biotech axima confidence in reflectron_HiRes mode with
dithranol as the matrix. A Malvern Zetasizer instrument with a 4
mW He-Ne laser (633 nm) and an avalanche photodiode (APD)
detector was employed for dynamic light scattering (DLS)
measurements. Measurements were obtained with a detector
angle of 173° at 25 °C. Cytotoxicity, cellular uptake, and intra-
cellular GSH imaging were determined with BioTek Cytation 3
cell imaging multi-mode reader. This reader was also used for
all the UV-vis analyses. Tecnai G2 Spirit Biotwin microscope
operating at 120 keV was employed to record TEM images, and
images were analyzed using Gatan Digital Micrograph software.
TEM samples were prepared by treating the copper mesh grid
with 1 mg mL ™" aqueous polymer micelle solution for 2 min,
then staining with 2% Phosphotungstic acid for 30 s.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of homopolymer

In an oven-dried 10 mL Schlenk flask, dried monomer (200 mg,
0.385 mmol), benzyl alcohol (0.83 mg, 0.008 mmol), and
Sn(Oct), (3.12 mg, 0.008 mmol) in dry toluene (0.2 mL) were
added inside a nitrogen-filled glove box according to our
previous reports.>*”® The flask was tightly sealed and then
placed in a preheated thermostat-controlled oil bath at 110 °C.
The consumption of monomer was monitored using "H NMR
spectroscopy and the monomer was consumed fully after 6 h.
The polymerization mixture was then brought to room
temperature and precipitated in cold methanol. The polymer
was then dissolved in a minimum amount of THF and precip-
itated again in cold methanol. The purification process was
repeated three times and then dried under vacuum to yield the
homopolymer as a yellow viscous liquid (yield, 180 mg). 'H
NMR (500 MHz, CDCl;) 6 4.14 (t, 2H), 3.73 (t, 2H), 3.49-3.38 (m,
3H), 2.36 (t, 2H), 1.89-1.72 (m, 6H). >*C NMR (500 MHz, CDCl;)
6 173.55, 166.54, 128.68, 128.40, 117.60, 75.75, 66.54, 61.37,
38.04, 32.96, 29.83, 29.07, 28.90.

Synthesis of amphiphilic block copolymer (PMCL and PBCL)

To an oven-dried 10 mL Schlenk flask, dried monomer (1.0 g, 2
mmol), PEG, (0.128 g, 0.06 mmol), and Sn(Oct), (0.026 g, 0.06
mmol) in dry toluene (0.5 mL) were added inside a nitrogen-
filled glove box based on our previous reports.>*’® The flask
was tightly sealed and then placed in a preheated thermostat-
controlled oil bath at 110 °C. The consumption of monomer
was monitored using "H NMR spectroscopy and the monomer
was consumed fully after 6. The polymerization mixture was
then brought to room temperature and precipitated in cold
methanol. The polymer was then dissolved in a minimum
amount of THF and precipitated in cold methanol. The same
procedure reported previously was followed to synthesize
PBCL.* The process was repeated three times and dried under
vacuum to yield PMCL as a yellow viscous liquid (yield, 0.9 g). '"H
NMR (500 MHz, CDCls) 6 4.13 (t, 2H), 3.72 (t, 2H), 3.63 (s, 4H),
3.42 (tdd, 3H), 2.36 (q, 2H), 1.90-1.67 (m, 6H). *C NMR (126
MHz, CDCl;) 6 173.59, 166.56, 117.60, 75.79, 70.72, 70.68, 66.57,
61.40, 38.06, 32.98, 29.85, 29.83, 29.08, 28.92.

Spectra analysis of PMCL-GSH reaction

The absorbance peak shift when PMCL reacts with GSH was
observed and determined through UV-vis spectroscopy. In this
setup, 200 uL (0.1 mg mL~") PMCL was added to 100 pL (10 mM)
GSH solution. In another vial, 200 pL (10 mM) of Ellman's
reagent 5,5'-dithiobis-(2-nitrobenzoic) acid (DTNB) was added
to 100 puL GSH solution. The solutions were allowed to incubate
for about 30 minutes at room temperature. The absorbance of
200 pL of each solution, PMCL, PMCL-GSH, Ellman-GSH, and
GSH was read from 300 nm to 700 nm.

Solution-phase GSH quenching test

The ability of the PMCL to quench GSH was tested using Ell-
man's assay. In this process, 100 pL GSH (10 mM) prepared in
PBS (1x, pH 7.4) was added to different concentrations of the
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polymer solution and incubated for 30 minutes. Afterward, 300
pL (10 mM) of Ellman's reagent was added to the solution to
react with any remaining GSH. The absorption peak at 412 nm
was used to quantitatively determine the amount of the GSH
quenched. This calculation was based on a GSH calibration
curve (Fig. S187) obtained using Ellman's reagent.”**

Preparation of empty and loaded
micelle

Empty micelles were prepared by solvent evaporation
method.>*%¢7¢82 Polymer weighing 5.0 mg was dissolved in
1.5 mL THF and was added dropwise to 5.0 mL deionized (DI)
water while homogenizing for 30 min. The polymer solution
was then kept on a vortex with gentle agitation to slowly remove
the organic solvent to obtain a final polymer concentration of
1 mg mL '. The DOX-loaded micelles were also prepared
following this method with slide modification.>’® To prepare
the DOX solution, 1.0 mg of DOX HCl was dissolved in 1.0 mL of
THF, and 3.0 equivalents of triethylamine were added to
neutralize the DOX HCI. A solution of polymer to DOXofa 10: 1
weight ratio was prepared. After mixing thoroughly, the solution
was added dropwise to 5.0 mL DI water while homogenizing.
After 30 minutes of homogenization, the remaining THF was
slowly evaporated using a vortex under slow agitation. The
micelle solution was then transferred into a SnakeSkin® dial-
ysis bag with a size cut-off point of 3500 Da and dialyzed in
500 mL PBS (pH 7.4) for about 24 h. The dialysis media was
changed every 8 h to remove traces of THF and DOX that were
not encapsulated. The DOX-loaded micelles were then filtered
with a 0.22 pm Nylon syringe filter to obtain the final DOX-
loaded micelles. The drug loading capacity (DLC) and effi-
ciency (DLE) of the micelles were then calculated by the equa-
tion below. The size and morphology of both the DOX-loaded
and empty micelles as well as their time-dependent stability
were determined.

weight of DOX loaded

DLC =
c weight of total polymer

x 100%

weight of DOX loaded

DLE =
weight of total DOX

x 100%

Critical micelle concentration determination

The critical micelle concentration (CMC) of the polymer was
determined through fluorescence microscopy by using pyrene
as the hydrophobic fluorescent probe. In this study, serial
concentrations of the polymer were prepared in THF, and 25 uL
of pyrene stock solution (1.24 mmol mL™") was added. The
polymer/pyrene solution was added to 10 mL DI water in drops
to make a serial polymer concentration from 1.0 mg mL " to 1
x 10~° mg mL " while the solution was under a slow vortex. The
final solution was allowed to vortex to evaporate any residual
THF. The excitation spectra of the pyrene from 300 to 360 nm
were taken at a fixed emission of 390 nm for each solution using
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a fluorescence spectrometer. The CMC was graphically deter-
mined by plotting the intensity ratio at 337.5 nm to 334.5 nm as
(I337.5/1334.5) against the log of the polymer concentration.

Size and morphology

The micelle size was determined using a DLS instrument,
Malvern Zetasizer Nano ZS. The micelles were prepared as
described above with a concentration of 1 mg mL™" which is
above the CMC. The micelle solution was equilibrated at 25 °C
and the hydrodynamic diameters (D;) of the micelles were
determined. The morphology of the micelles was determined
using TEM, 2 wt% phosphotungstic acid (PTA) stain, and
copper mesh grid. To achieve this, 10 pL of the micelle solution
and 10 uL of PTA were placed on a separate parafilm. A glow-
discharged copper mesh grid was carefully laid horizontally
on the sample for 2 minutes, followed by exposure to the stain
for 1 minute. After each step, the excess solution was removed
from the grid by gently dabbing the edge with filter paper. The
grid was then placed on a Petri dish with the dark side facing up
overnight and subsequently analyzed using TEM.

Drug release study

The in vitro pH-dependent DOX release from the polymeric
micelles was determined at physiological conditions (pH of 7.4,
37 °C) and tumor-mimicking environment (pH 5.0, 37 °C) using
PBS. In the set-up, 4.0 mL of the DOX-loaded micelles was
transferred into a 3500 Da dialysis bag and incubated in 10 mL
release media (PBS). This was done for both pH conditions. For
the effect of the GSH on the release of DOX, the release media
was supplemented with GSH (10 mM). At certain time intervals,
0.3 mL of the release media was drawn, and 0.3 mL of fresh
media was replaced. The amount of the DOX released was
determined through UV-vis analysis. The cumulative DOX
release was then calculated from the equation below, where
mpox is the amount of DOX released into the media, V, is the
volume of the release media (V, = 10.0 mL), V, is the volume of
the replaced media (V. = 0.3 mL), and C, is the concentration of
DOX in the sample.

n—1
V.Y G+ VG,
1

El- (0/0) = x 100%

mMpox

Cell culture

MDA-MB-231 cells (ATCC® HTB-26™) were obtained from
American Type Culture Collection (ATCC). Cell lines were
cultured under standard conditions (37 °C and 5% CO,) in
Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS, Gibco™,
Fisher Scientific) and 1% penicillin/streptomycin (Gibco™, 10
000 U mL ', Sigma-Aldrich) and split using trypsin~-EDTA upon
confluence. Cells were maintained at 37 °C and 5% CO, in
a humidified incubator and were routinely sub-cultured at ca.
80% confluency. Trypsin-EDTA, 4',6-diamidino-2-phenylindole
(DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bromide (MTT) were purchased from either Fisher Scientific or
Sigma-Aldrich.

Cell viability assay

MDA-MB-231 Breast cancer (ATCC, HTB-26) cells, Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% FBS
and 1.0% penicillin/streptomycin (pen/strep) was used as the
culture media and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) as the staining agent. The cells were
seeded in a 96-well plate with each plate having 1 x 10" cells.
The cells were allowed to adhere to the bottom of the wells by
incubation at 37 °C, 5% CO, for 24 h. The media was replaced
with fresh media and then treated with 40 pL of different
concentrations (0.5 mg mL ™" to 0.03 mg mL ") of the empty and
drug-loaded micelles. The control wells were treated with 40 uL
pre-warmed PBS. The cell was then incubated for another 24 h
in the same conditions. The cells were then rinsed with 100 pL
PBS. Afterward, 30 uL (5 mg mL~") MTT solution was added and
further incubated for another 4 h. After the media was removed
170 uL DMSO was added to dissolve the formazan crystals. The
absorption was recorded at 540 nm and normalized to the
intensity of the control cells (N = 5, £ standard deviation). The
statistical analysis was performed in Excel by using one-way
ANOVA and Student's ¢-test. The p-values of less than or equal
to 0.05 were statistically significant.

Cellular uptake

MDA-MB-231 cells were grown in a 35 mm 24-well plate at a cell
density of 250 000 cells per well and incubated for 24 h at 37 °C,
5% CO,. The media was replaced, and 40 uL DOX-loaded
micelles (0.25 mg mL™") were added to the cells. The cells
were further incubated in the same condition for 4 h. After-
wards, the media was removed, and the cells were washed three
times with pre-warm PBS and were then fixed with 100 pL 4%
paraformaldehyde. After incubating for 10 minutes, the cells
were washed three times with PBS, and the nucleus was counter-
stained with 4',6-diamidino-2-phenylindole (DAPI, blue)
according to the manufacturer's recommended protocol. The
images were taken using the BioTek Cytation 3 fluorescent
microscope to determine the cellular uptake of the micelles.

Intracellular GSH quenching

The detection of intracellular GSH levels in the cancer cell lines
was determined using a slightly modified procedure from
a previously reported method. After seeding the 96 well plates
with MDA-MB-231 cells and incubating at 37 °C, 5% CO, for
24 h, the media was replaced, and the cells were treated with 40
uL of different concentrations (0.5 mg mL ™" to 0.03 mg mL ') of
both empty and DOX-loaded PMCL micelles while the control
cells were treated with Dulbecco's phosphate-buffered saline
(DPBS) without Ca®>" or Mg?*. The cells were further incubated
for 24 h. The media was replaced with 100 pL of the Thio-
ITracker Violet dye (20 uM) and further incubated for 30
minutes. Afterward, the cells were washed three times with
DPBS buffer, and the level of the intracellular GSH was deter-
mined by measuring the emission intensity of the ThiolTracker

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Violet at 515 nm at an excitation wavelength of 415 nm. The
intensity was normalized against the intensity of the untreated
cells (N = 5, + standard deviation). The statistical analysis was
performed in Excel by using one-way ANOVA and Student's ¢-
test. The p-values of less than or equal to 0.05 were statistically
significant. The level of GSH present after the treatment was
also imaged using BioTek Cytation 3 fluorescent microscope.

Statistical analysis

All the data are expressed as a mean =+ standard deviation as
presented by the bars in the graphs. The statistical analysis
depicting the significance of the differences between exposures
and the controls was performed using both Student's ¢-test and
one-way ANOVA on MS Excel where a p-value < 0.05 was regar-
ded as statistically significant.

Results and discussion
Synthesis of monomer

The novel monomer was designed by functionalizing e-CL at the
y-position with a GSH-quenching group. Diiodo maleimide
moiety was chosen as the GSH-quenching group since it can react
with two equivalents of thiol groups. The diiodomaleimide
moiety was attached to the y-position of e-CL monomer through
a propyloxy linker. The synthetic steps leading to the monomer
are presented in Scheme 1 and were executed through a slight
modification of previously reported methods.**”® The starting
material, 1,4-cyclohexanediol, was first treated with one equiva-
lent of sodium hydride (NaH), followed by a mono-substitution
reaction with 3-(boc-amino)propyl bromide. The resulting 3-
(boc-amino)propyl-substituted cyclohexanol was subsequently
oxidized using pyridinium chlorochromate (PCC) to yield the
corresponding cyclohexanone. The Boc protecting group was
then removed with excess trifluoroacetic acid. The resulting 3-
amino propyl-substituted cyclohexanone was then reacted with
2,3-dichloro maleic anhydride, forming 2,3-dichloro maleimide
propyl-substituted cyclohexanone (Scheme S3t). This was fol-
lowed by a substitution reaction with sodium iodide (Nal),
replacing chlorine atoms with iodine, resulting in 2,3-diiodo
maleimide propyl-substituted cyclohexanone (Scheme S47). The
replacement of chlorine with iodine was due to the higher

OH

et © ¢ ¢

J z

cl Cl

Scheme 1 Reaction scheme for the synthesis of DIMCL monomer.

NHBoc NHBoc NH;
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reactivity of 2,3-diiodomaleimide toward thiols and a slower rate
of N-propylldiiodomaleimide hydrolysis.”” Finally, Baeyer-Villiger .
oxidation of the 2,3-diiodomaleimide propyl-substituted cyclo- oPK./O\i’rOV.%
hexanone with m-chloroperoxybenzoic acid (mCPBA) led to the J:.
formation of the desired 2,3-diiodo maleimide propyl substituted o N0
CL (DIMCL) monomer. All the intermediates were characterized }t
using NMR (*H and 'C) spectroscopy (Fig. S1-S10%). The .
molecular weight of the DIMCL monomer was confirmed with ° l o I P l
MALDI-TOF mass spectrometry (Fig. S117). _ ° ﬁ;w_f\ M
H LI B "

Synthesis of polymer

Given the novelty of the DIMCL monomer, it was imperative to

Fig. 2 'H NMR spectrum of homopolymer synthesized from DIMCL
monomer.

investigate whether the monomer is polymerizable in a coordi-
nation-insertion ring-opening (ROP) polymerization fashion.

This was accomplished through the ROP of the DIMCL mono-
mer using Sn(Oct), as the catalyst and benzyl alcohol as the

initiator (Scheme 2a). The

a nitrogen atmosphere and a complete monomer consumption
was observed after 6 h. The pure polymer was characterized
using NMR - '"H NMR (Fig. 2) and *C NMR (Fig. S14t) and SEC
(Fig. S16AT). A50:1:1 mole ratio (monomer: catalyst: initiator)
was used to produce the polymer with a desired degree of
polymerization (DP,,) of 50 and a molecular weight of 26 000 g
mol ', "H NMR shows that the obtained polymer has a similar

molecular weight of 25000

molecular weight of the polymer was also confirmed through 'H
NMR analysis by multiplying the DP,, of polymers from the 'H
NMR, by the molecular weight of monomers and then adding
the molecular weight of the initiator. The DP,, of the polymer
was determined by the ratio of the integrations of the methylene
protons of the propyloxy linker (~4.15 ppm) and the methylene
protons of the benzyl end group (~5.1 ppm). The SEC analysis
gave an unimodal polymer distribution with a dispersity of 1.25
and an average molecular weight of 9600 g mol . The molec-

ular weights determined by

those estimated through "H NMR. This discrepancy could
potentially be attributed to the variations in the hydrodynamic
volume of the polymer and the polystyrene reference calibration

standard used.***?

@@

oﬁo

[0}
® (/0\/\)~°H ’ &;
45

Sn(Oct);

Once the homopolymerization of the DIMCL monomer was
successfully confirmed and characterized, we employed the
same ROP conditions to synthesize amphiphilic block copoly-
mers using PEG,g as a macroinitiator (Scheme 2b). The
monomer was consumed after stirring for 6 h at the conditions
mentioned above. The complete polymerization was also
confirmed via "H NMR spectroscopy. The purification of the
obtained amphiphilic block copolymer was done by precipita-
tion method. The polymer was dissolved in THF and precipi-
tated in chilled methanol. This process was repeated three
times to remove any impurities. The purified final polymer
(PMCL) was analyzed using 'H NMR (Fig. 3), *C NMR
(Fig. S15%), and SEC (Fig. S16b¥). A 40:1:1 mole ratio (mono-
mer: catalyst: initiator) was used to produce PMCL polymer with
a desired DP,, of 40 and a molecular weight of 22 800 g mol .
Since the DIMCL monomer has a relatively higher molecular
weight and is more hydrophobic than similar hydrophobic CL
monomers, the DPn of the PMCL polymer was deliberately
maintained at a lower level compared to the homopolymers to
ensure a balance between hydrophilic and hydrophobic blocks.
The "H NMR data revealed that the PMCL polymer has
a molecular weight of 21200 g mol " with a DP,, of 37. The
molecular weight estimated from "H NMR was calculated using
the same method as the homopolymers. The DP,, of the polymer
was determined by measuring the ratio of the integrations of
the methylene protons of the propyloxy linker (~4.15 ppm) and
the ethylene protons (~3.65 ppm) of the PEG,4go (~45 DP,,). SEC

reaction was performed under

g mol ' and a DP, of 48. The

SEC analysis appear lower than

110°C

N

W
\
5L

Sn(Oct)z

110°C

W =
\

z
[C—

L

Scheme 2 Synthesis of (A) homopolymers and (B) amphiphilic block

copolymers of DIMCL through ROP.
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Fig. 3 H NMR spectrum of amphiphilic block copolymer PMCL.
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analysis gave unimodal polymer distribution with a dispersity of
1.37 and a number average molecular weight of 8500 g mol ™.
The PMCL amphiphilic block copolymers are synthesized as
it is crucial for the preparation of the polymeric micelles. It is
through this approach that we can effectively solubilize our
polymer in aqueous conditions, enabling its application for
GSH quenching and facilitating the loading of any hydrophobic
anticancer drug molecule. For the comparative study regarding
the ability of the PMCL micelles to form micelles, load, and
deliver hydrophobic anticancer drugs into cancer cells, we also
synthesized amphiphilic block copolymer P PBCL using PEG;¢o
macroinitiator which our group has previously reported.”

Reactivity of monomer and PMCL towards glutathione

The ability of the 2,3-diiodomaleimide groups of the PMCL to
react and quench thiol-containing molecules such as GSH was
demonstrated by reacting the monomer with benzyl thiol as a GSH
model. Since the monomer is hydrophobic and will not react with
the hydrophilic GSH, the benzyl thiol soluble in organic solvent
was used to demonstrate the quenching ability of the 2,3-diiodo-
maleimide group using NMR. Unlike maleimides, which undergo
Michael addition reaction with thiol compounds to produce
a single substituted product,** each 2,3 diiodomaleimide group
of the monomer reacted with two thiols and was confirmed by the
'H NMR (Fig. S121) and *C NMR (Fig. S131). Interestingly, this
reaction was rapid; the reaction was completed after 30 minutes,
and the disubstituted product, which was yellow, constituted
about 85% yield. This observation is consistent with numerous
other reports that dihalomaleimides undergo halogen exchange
reactions with free thiols to produce dithiomaleimides, with
diiodomaleimide showing the fastest reaction rate.**

The PMCL is an amphiphilic polymer; hence, it self-assembles
to form micelles in the presence of aqueous media where the 2,3-
diiodomaleimide groups are buried in the core of the micelle. This
was intentionally designed to protect the 2,3-diiodomaleimide
groups from reacting with other molecules during the circulation
of the micelle in the blood. However, some of the GSH can diffuse
into the micelle core to react with the 2,3-diiodomaleimide groups.
This is possible because GSH is reported to diffuse into hydro-
phobic environments.**** The reactivity of PMCL polymer towards
GSH was observed using UV-vis spectroscopy. When the PMCL
polymer was mixed with GSH in PBS and formed micelles, the two
iodine atoms in the 2,3-diiodomaleimide groups of the polymer
were replaced by the thiol group of GSH molecules as confirmed by
the model reaction described above to produce di-glutathione
maleimides. This change becomes prominently evident as the
solution underwent a transition from a colorless to a yellow-
colored solution after mixing for about 30 minutes. The PMCL
polymer in DI water had a sharp absorbance peak at 350 nm
coming from the 2,3-diiodomaleimide group. After the reaction
with glutathione, this peak shifted to 380 nm confirming the
reaction of the maleimide group with the GSH (Fig. 4).

Solution-phase GSH-quenching effect by PMCL

To quantitatively analyze the amount of GSH quenched by
PMCL, Ellman's assay was conducted. Ellman's assay is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis analysis of the reactivity of GSH with PMCL polymer and
Ellman’'s reagent. PMCL peak shifts from 350 nm to 380 nm upon
reaction with GSH.

a characteristic test used to qualitatively or quantitatively
determine the amount of free thiols present in a solution.**** By
adding Ellman's reagent to a pretreated solution of PMCL/GSH,
we quantified the amount of unreacted GSH present in the
solution. This is possible because the unreacted GSH reacts
with Ellman'’s reagent to produce a yellow 2-nitro-5-thiobenzoic
acid which has its maximum absorbance peak at 412 nm. As
reported, DTNB reacts with thiol in 1 to 1 molar ratio to produce
1 equivalent of 2-nitro-5-thiobenzoic acid. Hence the absor-
bance of the yellow 5-thionitrobenzoic acid is directly related to
the amount of unquenched GSH present in the solution.”*"
Towards that, the ability of the polymer to quench GSH in
a polymer concentration-dependent was determined by reacting
the same amount of GSH with different polymer concentrations
in a physiological condition. It was observed that the amount of
unreacted GSH in the media kept decreasing as the concen-
tration of the polymer (source of maleimide) increased (Fig. 5).
The amount of the unquenched GSH was calculated using a pre-
established GSH calibration curve (Fig. S181). The ability of
each repeating unit to react with more than one GSH molecule
at a time makes this polymer more effective at depleting GSH in
cancer cells than other approaches reported.** From Fig. 5,
a PMCL polymer concentration of 0.08 mg mL™" shows that
about 50% of the added GSH was quenched by the polymer. The
high quenching effect at these polymer concentrations is
because of the ability of each 2,3-diiodomaleimide repeat unit
in the polymer backbone to quench two GSH at a time. This

160

= GSH Quenching
140

120
100
80

60

Concentration of GSH (uM)

40

20

Control 0.01 002 003 004 005 006 007 0.08

Concentration of PMCL (mg/ml)

Fig. 5 GSH quenching effect of PMCL.
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approach in GSH-mediated chemotherapy is desirable because
such conjugation of the GSH-quenching functional group
directly to the polymer hydrophobic block can increase the
efficiency of its use to improve chemotherapy through its
application as anticancer drug delivery. Moreover, the incor-
poration of the GSH-quenching group at the hydrophobic block,
constituting the core of the micelle, ensures that the GSH-
quenching group is shielded from other thiol-containing
molecules from reaction with the maleimide during the circu-
lation and biodistribution of the micelle. This way, the micelles
reach the tumor site with the GSH-quenching group intact
where its effect is expected to start.

Critical micelle concentration determination

The concentration above which amphiphilic polymers self-
assemble to form micelles in aqueous solution is called critical
micelle concentration (CMC). This is an important parameter to
measure micelle stability in both in vitro and in vivo since poly-
meric micelles undergo extensive dilution once introduced into
the blood.” It is imperative that micelles remain stable without
disintegrating during biodistribution and circulation. In an
event where the drug-loaded micelles fall below their CMC, the
micelles will prematurely release the loaded drug before reaching
the targeted site hence, undesirably exposing the drug to healthy
cells. Therefore, amphiphilic polymers having lower CMC are
more desirable. The CMC of the PMCL polymer was determined
using fluorescence spectroscopy with pyrene as the fluorescent
probe molecule. A series of polymer solutions with a constant
pyrene concentration but varying polymer concentrations were
prepared in PBS. As the environment of pyrene shifts from
hydrophilic to hydrophobic, there is an observable transition in
the excitation peak of pyrene fluorescence, shifting from
337.5 nm to 334.5 nm.”* The CMC was established by detecting
this abrupt change in the fluorescence intensity ratio. The fluo-
rescence intensity ratio was plotted against the concentration of
the polymer as shown in Fig. 6. The CMC for the PMCL was
found to be 1.10 x 10~° mg mL " which is lower than PBCL (7.94
x 10~* mg mL ") as previously reported.” This indicates that the
PMCL micelles are more thermodynamically stable than PBCL.

l337.5/ |(334.5)

-8 6 -4 -2 0

Log C (mg/ml)
Fig. 6 CMC determination of PMCL using the pyrene method where
the ratio of fluorescent intensity of pyrene is plotted against polymer

concentrations. The CMC of PMCL was determined to be 1 x 107° mg
mL~t
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This implies that PMCL micelles can withstand dilution, mini-
mizing the chances of dissociation of the micelles and premature
drug release during circulation.

Size and morphology of empty and loaded micelles

Both empty and DOX-loaded micelles were prepared using the
solvent evaporation method. The micelles were subjected to
dynamic light scattering (DLS) to evaluate the hydrodynamic
diameters of the micelles and compared to PBCL micelles
previously reported from our group.” The PBCL polymer used
in this study has a lesser number of repeating units (~40 DP,) in
comparison to the previously reported polymer (~50 DP,). The
DLS measurement of both empty and DOX-loaded micelles
from PMCL and PBCL had a monomodal size distribution as
shown in Fig. 7a and d. The size of the empty and DOX-loaded
micelles from PMCL were 68 nm and 80 nm, while PBCL had 70
and 90 nm for the empty and DOX-loaded micelles, respectively.
The size obtained for the PBCL micelles was consistent with the
previously reported value.”” The DOX-loaded micelles showed
a higher size than the empty micelles from both PMCL and
PBCL micelles. The increase in micelles size was a result of the
encapsulation of DOX into the core of the micelle.**” The sizes
of the empty micelles from both polymers were similar.
However, the DOX-loaded micelles from PMCL micelles were
smaller than PBCL micelles. It is reported that the presence of
aromatic hydrophobic pendants at the core of micelles tends to
engage in m-1 stacking with the aromatic system of DOX
molecules, leading to close packing of DOX in the micelles.***
Therefore, micelles core that engages in higher overall interac-
tion will potentially have closer DOX packing, hence smaller
micelle size relative to micelles with lower core interaction.
Since the maleimide group in the PMCL micelles offers both -
7 interactions and hydrogen bonding, a higher overall core
interaction with the loaded DOX is expected, leading to a rela-
tively smaller DOX-loaded PMCL micelle size than from the
PBCL, which only offers w-m stacking. Such a difference was
observed in Fig. 7. Transmission Electron Microscopy (TEM)

Intersity (%)

Intensity (%)

Fig. 7 Size (from DLS) and morphology analysis (from TEM showing
spherical micelles) of PMCL and PBCL micelles. (a) Average size of
empty and DOX-loaded PMCL micelles was 68 nm and 80 nm, (b) TEM
of empty PMCL micelles, (c) TEM of DOX-loaded PMCL micelles, (d)
average size of empty and DOX-loaded PBCL micelles, were 70 nm
and 90 nm, (e) TEM of empty PBCL micelles, (f) TEM of DOX-loaded
PBCL micelles. Scale bar: 200 nm.
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was used to confirm the morphology of both empty and DOX-
loaded micelles (Fig. 7b, c, e, and f). The TEM analysis indi-
cates that all the micelles are spherical, and their sizes were
similar to the size from the DLS analysis. An important factor to
consider is the stability of micelles during storage in aqueous
media; therefore, time-dependent stability (changes in micelle
size, aggregation of micelles, and potential formation of smaller
micelles) of the empty and loaded micelles from both PMCL
and PBCL was analyzed over seven consecutive days (Fig. S177).
From the DLS analysis, no significant change in size or
considerable aggregation of micelles was observed. However,
there was a slight deviation in the size distribution of empty
PMCL micelles on the sixth day, whereas both empty and loaded
PBCL micelles remained stable.

DOX loading and in vitro DOX release

Since solid tumors have a lower pH than normal cells, polymeric
micelles specifically responsive to this low pH to trigger the
release of loaded drugs are desirable for controlled drug release
applications in biological systems to mitigate the side effects of
anticancer drugs.” Interestingly, polymeric micelles from
aliphatic polyester such as PCL are reported to be pH-responsive
and can be tailored to achieve pH-dependent drug release.®*?%%
To analyze the possibility of using PMCL as a drug carrier
capable of accumulating at the tumor site through an EPR effect
due to the smaller micelles size and releasing a larger amount of
the loaded drug as a result of the low pH, DOX was loaded since
this anticancer drug is FDA approved for a wide spectrum of
tumors.'” DOX was encapsulated into the hydrophobic core of
the micelles using the solvent evaporation method and dialyzed
as described above. The drug loading capacity (DLC) of the
PMCL micelles was 3.5%, while PBCL had 2.5%. The DLE was
35.4% and 25% in PMCL and PBCL micelles, respectively (Table
1). The enhancement in DLC of the PMCL can be attributed to
the higher overall interaction between the DOX and the 2,3-
diiodomaleimide group contributed by both w-m stacking and
hydrogen-bonding (from carbonyls and nitrogen) compared
with only -7 stacking by the benzyl group of PBCL.**"'** The
reactivity of amines towards halomaleimide is reported.'**%
Such reaction is slower than thiol and leads to a drastic red-shift
in the wavelength at which the product absorbs UV-vis light.
Since DOX possess an amine group and could potentially react
with the 2,3-diiodomaleimide groups, the UV-vis analysis of the
DOX-loaded micelle did not show any absorption peak shift as
evident in Fig. S19.1 This indicates that the DOX did not react
with the 2,3-diiodomaleimide groups. However, it is worth
noting that stronger interaction between the drug and the
polymer could slow the release of the drug molecule,'*® hence

Table 1 DLC and DLE of PMCL and PBCL micelle

DOX-loaded

micelles DLC (%) DLE (%)
PMCL 3.5 £0.34 35.4
PBCL 2.5 £ 0.24 25

© 2024 The Author(s). Published by the Royal Society of Chemistry
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requiring multiple stimuli, either internal or external, to
accelerate drug release.® Therefore, slow DOX release would be
expected from the DOX-loading PMCL micelles. However, this
was not the case, as depicted in Fig. 8 where there was more
DOX release from PMBL at a lower pH than PBCL at the same
pH. This observation could be a result of the low pH disrupting
the H-bonding network between the maleimide group and the
DOX thereby weakening the overall interaction hence, facili-
tating the release of DOX at the low pH.

The overall higher DOX release at the lower pH than at
physiological pH is also attributed to the hydrolyzable ester
backbone of PCL, which is well documented.**® Besides, our
group has previously studied and reported the degradation of
polycaprolactones at various pH conditions where more was
evident at lower pH and after 48 h.*'”” According to Fig. 8, PMCL
micelles at low pH (5.0) showed almost 100% DOX release after
48 h, while the PBCL micelles had about 60% at the same time. At
a pH of 7.4, typical for physiological conditions, both micelles
had relatively lower DOX released, whereas the PMCL micelle
released about 33% DOX at 48 h while the PBCL released 46%.
This low DOX release at the pH of 7.4 from PMCL micelles is
more desirable than PBCL micelles for cancer chemotherapy
since the lower release at this pH implies lower DOX-mediated
toxicity toward healthy cells. This further emphasizes that the
property of e-CL-based polymers can be fine-tuned through the
substitution with different functional groups. Moreover, it is
worth noting that the release profile of PBCL micelles was
consistent with the release profile we reported.”

Considering that the maleimide functional group in the PMCL
micelles reacted with GSH, it necessitated the need to evaluate the
influence of GSH on the release of DOX. This is particularly
interesting since the concentration of GSH in cancer cells is
considerably higher than normal healthy cells.* To that effect, we
analyzed the release profile of PMCL micelles in the presence of
10 mM GSH. As presented in Fig. 8b, the presence of GSH dras-
tically increases the release of DOX from the micelles even at a pH
of 7.4 relative to the amount of DOX released without GSH at pH
7.4. The enhanced release might have occurred due to the sudden
shift in the ratio between the hydrophobic and hydrophilic blocks
of the polymer following the reaction between the thiol of GSH
and the maleimide of the PMCL polymer. This confirms that the
release of DOX from the PMCL micelles is not only pH-dependent

S R r—

80 — .
. ® pH7.4,10mM GSH
60 ® pH7.4NoGSH

40 |

Cumulative Release (%)
Cumulative Release (%)

204 488
A PMCLPH50 A PBCLpH50
N ® PMCLpH7.4 ® PBCLpH7.4 ol
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Fig. 8 In vitro DOX release profile of DOX-loaded PMCL and PBCL
micelles (A) micelle exhibited pH-dependent DOX release and higher
DOX was released at low pH than at neutral pH. In vitro DOX release
profile of DOX-loaded PMCL in the presence of 10 mM GSH (B). PMCL
micelles exhibited higher DOX release in the presence of GSH.
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but also GSH-dependent. Therefore, as the DOX-loaded PMCL
micelles enter the cancer cells, the lower pH and the higher
concentration of GSH will cause a burst release of the loaded drug
into the cancer cell.

In vitro cellular uptake and viability

To achieve desirable toxicity, the drug-loaded micelles must
enter the cell to release the drugs. Therefore, the cellular uptake
of the DOX-loaded micelles into cancer cells was determined.
The cellular uptake of DOX-loaded micelles was determined in
MDA-MB-231 breast cell lines at 37 °C. The cells were exposed to
DOX-loaded PMCL micelles and incubated for 4 h. Following
cell fixation, the cell nuclei were stained with DAPI and
observed under a Cytation 3 fluorescence microscope (Fig. 9).
The merged image, which combines the blue fluorescence
(DAPI) representing the stained nuclei and the red fluorescence
indicating DOX in the micelles, clearly demonstrates that the
DOX-loaded PMCL micelles were internalized into the cancer
cells, with DOX predominantly accumulating in the nuclei.

The cytotoxicity of empty and DOX-loaded micelles from
PMCL was determined using MTT assay against MDA-MB-231
breast cancer cell lines. The cytotoxicity was determined by
varying the dosage of the micelles from 0.5 mg mL " to 0.03 mg
mL . Cell death was observed at all the tested concentrations
for both empty and DOX-loaded micelles (Fig. 10). The DOX-
loaded micelles expectedly exhibited the highest cytotoxicity
against the cancer cell line, resulting in a cell viability of 45%
when the cell was treated with 0.5 mg mL ™" concentration. Even
at the lowest tested concentration, the cell viability was
approximately 65%. Since the PMCL polymer is shown to have
a GSH quenching effect, it is expected that the empty micelles
will show some cytotoxicity toward the cancer cell lines. This
was confirmed by MTT Assay by treating the cells with empty
micelles. Cell viability decreased across all the dosages in
a concentration-dependent cancer cell death. Even though the
PBCL empty micelles had no significant toxicity toward cancer
cells,” the toxicity of PMCL empty micelles toward cancer cells
is desirable since there are dual paths to the anticancer activity;
one from the maleimide group quenching the GSH and weak-
ening the antioxidant defense system of the cancer cells, and
from the loaded anticancer drug.

Intracellular GSH level

Even though the empty PMCL micelles are proven to quench
GSH in a non-cellular environment (Fig. 5), the translation of

Bright Field DAPI DOX Merge

100 pm

Fig.9 Cellular uptake of PMCL micelles into MDA-MB-231 cells at 37 °
C. Fluorescent images were recorded after 4 h of incubation. Images
from left to right show a bright field, cells with nuclei staining using
DAPI, DOX imaged with RFP filter, and overlays of DAPI and DOX
images. Scale bar: 100 pm.
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Fig. 10 The cytotoxicity of empty and DOX-loaded PMCL micelles at
37 °C. All incubations were done for 24 h, and the cell viability was
assessed using MTT assay. A p-value < 0.05 was considered statistically
significant.

the same effect must be confirmed in cancer cells. To demon-
strate this, the DOX-loaded and empty PMCL micelle's ability to
deplete intracellular GSH in MDA-MB-231 breast cell lines was
tested. The cell lines were incubated in a 96-well plate for 24 h
where each well contained 1 x 10* cells. The Thioltracker Violet
assay was employed, where the probe stains the intracellular
GSH and produces fluorescence with the intensity dependent
on the amount of the GSH present. In this assay, cells con-
taining a large amount of GSH produce fluorescence with
higher intensity and vice versa. Therefore, cell lines treated with
a higher concentration of PMCL polymer - empty or DOX-
loaded micelles - are expected to deplete more intracellular
GSH, leaving a relatively low concentration of free GSH to be
stained by the Thioltracker Violet, hence producing low fluo-
rescence intensity. This trend was evident in both empty and
DOX-loaded micelles, as illustrated in Fig. 11a where the 0.5 mg
mL ™" polymer had the highest GSH quenching effect than with
0.03 mg mL ™" concentration. However, the GSH quenching
effect was found to be higher in the empty micelles than in the
DOX-loaded micelles at all the tested concentrations. For
instance, 0.5 mg mL ™" polymer concentration exhibited about
43% reduction in intracellular GSH by the empty micelle, while
the DOX-loaded micelles had about 50%. The observation can
be attributed to the maleimide pendants being less restricted by
the presence of cargo molecules in the core of the micelle,
unlike the DOX-loaded micelles. The presence of DOX in the
DOX-loaded micelles reduces the frequency of effective collision

Empty Micelle
Control

0.5 mg/mL

0.06 mg/mt

B

D Drug-Loaded Micclles

Empty
Micelle

er Violet intensity (¥ of control]
H

[Drug-loaded|
Micelle

Intracellular GSH-quenching effect using ThiolTracker Violet
probe. (A) Intracellular GSH levels after treating MDA-MB-231 with
different concentrations of empty and DOX-loaded micelles. (b)
Confocal microscope images showing the GSH levels after treatment.
Scale bar: 100 pm. A p-value < 0.05 was considered statistically
significant.
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Fig. 11
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between the intracellular GSH and the maleimide pendants,
resulting in a slower reaction and lowering the GSH-quenching
effect at a given time. Nevertheless, the ability of the DOX-
loaded micelles to quench intracellular GSH was still signifi-
cant even at the lowest polymer concentration, where about
16% GSH was quenched.

The intracellular GSH levels in the cancer cells were also
visualized using Thioltracker Violet as presented in Fig. 11b. In
the Figure, cells without any micelles (control) showed
a stronger fluorescence intensity, indicating a higher level of
GSH in the cancer cell lines. However, the fluorescence intensity
dimmed when the cell lines were treated with micelles,
demonstrating a decline in the intracellular GSH level due to
the quenching effect of the PMCL polymer from both empty and
DOX-loaded micelles. It is imperative to note that the 2,3-diio-
domaleimide groups can react with other intracellular thiols
such as thiol-containing peptides. However, since the 2,3-diio-
domaleimide groups are buried inside the core of the micelles
they are protected from the intracellular environment therefore
limiting the propensity at which other thiols can react with the
2,3-diiodomaleimide groups. Moreover, thiols macromolecules
with large molecular weight due to their size cannot readily
diffuse into the micelles to respond with the 2,3-diiodomalei-
mide groups.

Conclusions

In conclusion, we synthesized a novel 2,3-diiodomaleimide
functionalized amphiphilic polycaprolactone block copolymer
PMCL and examined its ability to quench glutathione as well as
studied its effectiveness in loading and releasing the anticancer
drug, doxorubicin. Only a handful of reports have demonstrated
the use of maleimides to deplete glutathione. Even so, unsub-
stituted maleimide capable of reacting with only a single GSH at
a time is the most common. This is the first time a biodegrad-
able polymer functionalized with maleimides capable of
quenching more than one molecule of GSH has been reported.
Our synthetic approach for maleimide-functionalized PCL is
novel, as maleimide groups were never previously attached to
caprolactone monomers before this work. The synthesized
PMCL polymer reduced glutathione levels in vitro, leading to
significant cancer cell death. Additionally, since the PBCL is an
amphiphilic polymer capable of forming micelles, DOX was
loaded at exceptionally higher DLC and DLE than the reference
polymer, PBCL. So far, PMCL has the highest DLC among the y-
substituted polycaprolactones we have reported. This signifi-
cant DLC has promising applications in drug delivery, extend-
ing beyond its initial intention of quenching glutathione in
cancer cells. The release profile of the PMCL polymer is also
remarkable, enabling drug release in a pH-dependent manner
and the presence of glutathione. This dual-stimuli responsive
behavior is significant in the context of cancer cells, which are
known for elevated glutathione levels and lower pH. Future
studies on maleimide-based drug delivery systems will focus on
improving the targeting capabilities to minimize potential
toxicity to healthy cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Data availability

Compound characterization data and experimental procedures
are available in the ESL{

Author contributions

Godwin K. Babanyinah and Abhi Bhadran contributed to the
conception, experimental design, data acquisition, and manu-
script preparation. Himanshu Polara contributed to data
acquisition, data analysis, and manuscript preparation. Hang-
hang Wang and Tejas Shah contributed to the data analysis and
editing manuscript. Michael C. Biewer and Mihaela C.
Stefan contributed to the conceptualization, manuscript draft-
ing, and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Financial support provided by the National Science Foundation
(CHE-1609880 and CHE-1566059) and Welch Foundation
(AT1740) is gratefully acknowledged. M. C. S. thanks the
generous endowed chair support from the Eugene McDermott
Foundation.

Notes and references

1 B. Li, M. Zhang, H. Lu, H. Ma, Y. Wang, H. Chen, Y. Ding
and A. Hu, Coordination-Accelerated Radical Formation
from Acyclic Enediynes for Tumor Cell Suppression,
Chem.-Asian J., 2019, 14(23), 4352-4357.

2 S.Y.van der Zanden, J. J. Luimstra, J. Neefjes, J. Borst and
H. Ovaa, Opportunities for Small Molecules in Cancer
Immunotherapy, Trends Immunol., 2020, 41(6), 493-511.

3 A. Bhadran, H. Polara, E. L. Calubaquib, H. Wang,
G. K. Babanyinah, T. Shah, P. A. Anderson, M. Saleh,
M. C. Biewer and M. C. Stefan, Reversible Cross-linked
Thermoresponsive Polycaprolactone  Micelles for
Enhanced Stability and Controlled Release,
Biomacromolecules, 2023, 24(12), 5823-5835.

4 X. E. Washington, R. N. Kularatne, M. C. Biewer and
M. C. Stefan, Combination Loading of Doxorubicin and
Resveratrol in Polymeric Micelles for Increased Loading
Efficiency and Efficacy, ACS Biomater. Sci. Eng., 2018, 4(3),
997-1004.

5 E. A. Rainbolt, J. B. Miller, K. E. Washington,
S. A. Senevirathne, M. C. Biewer, D. ]J. Siegwart and
M. C. Stefan, Fine-tuning thermoresponsive functional
poly(epsilon-caprolactone)s to enhance micelle stability
and drug loading, J. Mater. Chem. B, 2015, 3(9), 1779-1787.

6 S. A. Senevirathne, K. E. Washington, J. B. Miller,
M. C. Biewer, D. Oupicky, D. J. Siegwart and M. C. Stefan,
HDAC Inhibitor Conjugated Polymeric Prodrug Micelles

Chem. Sci., 2024, 15, 9987-10001 | 9997


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01625d

Open Access Article. Published on 24 May 2024. Downloaded on 3/21/2026 12:44:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

10

11

12

13

14

15

16

17

18

19

20

21

for Doxorubicin Delivery, J. Mater. Chem. B, 2017, 5(11),
2106-2114.

P. Soltantabar, E. L. Calubaquib, E. Mostafavi, A. Ghazavi
and M. C. Stefan, Heart/liver-on-a-chip as a model for the
evaluation of cardiotoxicity induced by chemotherapies,
Organs-on-a-Chip, 2021, 3, 1-11.

K. E. Washington, R. N. Kularatne, V. Karmegam,
M. C. Biewer and M. C. Stefan, Recent advances in
aliphatic polyesters for drug delivery applications, Wiley
Interdiscip. Rev.: Nanomed. Nanobiotechnol., 2017, 9(4), 1-16.
K. E. Washington; R. N. Kularatne; V. Karmegam;
M. C. Biewer and M. C. Stefan, Stimuli-responsive poly(e-
caprolactone)s for drug delivery applications, in Stimuli
Responsive  Polymeric Nanocarriers for Drug Delivery
Applications, 2018, vol. 1, pp. 501-529.

L. Zhang, L. Zhu, L. Tang, J. Xie, Y. Gao, C. Yu, K. Shang,
H. Han, C. Liu and Y. Lu, Glutathione-Responsive
Nanoparticles of Camptothecin Prodrug for Cancer
Therapy, Adv. Sci., 2023, 10(3), €2205246.

R. J. Richardson and S. D. Murphy, Effect of glutathione
depletion on tissue deposition of methylmercury in rats,
Toxicol. Appl. Pharmacol., 1975, 31(3), 505-519.

M. Schieber and N. S. Chandel, ROS function in redox
signaling and oxidative stress, Curr. Biol., 2014, 24(10),
R453-R462.

S. Kumari, A. K. Badana, G. Mohan M., G. Shailender and
R. Malla, Reactive Oxygen Species: A Key Constituent in
Cancer Survival, Biomarker Insights, 2018, 13, 1-9.

M. A. Shah and H. A. Rogoff, Implications of reactive oxygen
species on cancer formation and its treatment, Semin.
Oncol., 2021, 48(3), 238-245.

Y. Xiong, C. Xiao, Z. Li and X. Yang, Engineering
nanomedicine for glutathione depletion-augmented
cancer therapy, Chem. Soc. Rev., 2021, 50(10), 6013-6041.
E. Panieri and M. M. Santoro, ROS homeostasis and
metabolism: a dangerous liaison in cancer cells, Cell
Death Dis., 2016, 7(6), €2253.

M. He, M. Wang, T. Xu, M. Zhang, H. Dai, C. Wang, D. Ding
and Z. Zhong, Reactive oxygen species-powered cancer
immunotherapy: Current status and challenges, J.
Controlled Release, 2023, 356, 623-648.

R. Masella, R. Di Benedetto, R. Vari, C. Filesi and
C. Giovannini, Novel mechanisms of natural antioxidant
compounds in biological systems: involvement of
glutathione and glutathione-related enzymes, J. Nutr.
Biochem., 2005, 16(10), 577-586.

R. Franco, G. Navarro and E. Martinez-Pinilla, Antioxidant
Defense Mechanisms in Erythrocytes and in the Central
Nervous System, Antioxidants, 2019, 8(2), 1-10.

X. Cheng, H. D. Xu, H. H. Ran, G. Liang and F. G. Wu,
Glutathione-Depleting Nanomedicines for Synergistic
Cancer Therapy, ACS Nano, 2021, 15(5), 8039-8068.

Y. Cao, J. He, J. Liu, M. Zhang and P. Ni, Folate-Conjugated
Polyphosphoester with Reversible Cross-Linkage and
Reduction Sensitivity for Drug Delivery, ACS Appl. Mater.
Interfaces, 2018, 10(9), 7811-7820.

9998 | Chem. Sci,, 2024, 15, 9987-10001

View Article Online

Edge Article

22 L. Kennedy, J. K. Sandhu, M. E. Harper and M. Cuperlovic-

Culf, Role of Glutathione in Cancer: From Mechanisms to
Therapies, Biomolecules, 2020, 10(10), 1-28.

23 B. Niu, K. Liao, Y. Zhou, T. Wen, G. Quan, X. Pan and C. Wu,

Application of glutathione depletion in cancer therapy:
Enhanced ROS-based therapy, ferroptosis, and
chemotherapy, Biomaterials, 2021, 277, 121110.

24 Y. Xu, X. Han, Y. Li, H. Min, X. Zhao, Y. Zhang, Y. Qi, J. Shi,

S. Qi, Y. Bao and G. Nie, Sulforaphane Mediates
Glutathione Depletion via Polymeric Nanoparticles to
Restore Cisplatin Chemosensitivity, ACS Nano, 2019,
13(11), 13445-13455.

25 F. Shi, P. Zhao, X. Li, H. Pan, S. Ma and L. Ding, Cytotoxicity

of luteolin in primary rat hepatocytes: the role of CYP3A-
mediated ortho-benzoquinone metabolite formation and
glutathione depletion, J. Appl. Toxicol., 2015, 35(11), 1372~
1380.

26 X.Fu, M. Li,]J. Ju, H. Wy, Y. Geng, S. Jia, S. Li and S. Huang,

Nanoporous Silica Nanoparticles Coloaded with Cisplatin
Prodrug and r-Buthionine Sulfoximine for Cancer
Therapy, ACS Appl. Nano Mater., 2023, 6(4), 2569-2576.

27 Y. Liu, Z. Zhou, Y. Liu, Y. Li, X. Huang, C. Qian and M. Sun,

H(;)O;y-activated oxidative stress amplifier capable of GSH
scavenging for enhancing tumor photodynamic therapy,
Biomater. Sci., 2019, 7(12), 5359-5368.

28 Y. Tao, P. Ren, X. Yi, H. Zhou, S. Xiong, F. Ge, L. Chen and

K. Yang, Self-Assemble Polymeric Nanoparticle with GSH
Exhaustion for SPECT Imaging-Guided Enhanced
Radioisotope Therapy, Part. Part. Syst. Charact., 2019,
36(6), 1900018.

29 Y. Pu, B. Zhou, H. Xiang, W. Wu, H. Yin, W. Yue, Y. Yin,

H. Li, Y. Chen and H. Xu, Tyrosinase-activated prodrug
nanomedicine as oxidative stress amplifier for melanoma-
specific treatment, Biomaterials, 2020, 259, 120329.

30 Y. Zhu, C. Chen, G. Yang, Q. Wu, ]. Tian, E. Hao, H. Cao,

Y. Gao and W. Zhang, Inhibiting Radiative Transition-
Mediated Multifunctional Polymeric Nanoplatforms for
Highly Efficient Tumor Phototherapeutics, ACS Appl.
Mater. Interfaces, 2020, 12(40), 44523-44533.

31 A. Cruz, P. Mota, C. Ramos, R. F. Pires, C. Mendes,

J. P. Silva, S. C. Nunes, V. D. B. Bonifacio and J. Serpa,
Polyurea Dendrimer Folate-Targeted Nanodelivery of r-
Buthionine sulfoximine as a Tool to Tackle Ovarian
Cancer Chemoresistance, Antioxidants, 2020, 9(2), 1-13.

32 W. Liao, W. Xiang, F. F. Wang, R. Wang and Y. Ding,

Curcumin inhibited growth of human melanoma A375
cells via inciting oxidative stress, Biomed. Pharmacother.,
2017, 95, 1177-1186.

33 W. Guo, Y. Song, W. Song, Y. Liu, Z. Liu, D. Zhang, Z. Tang

and O. Bai, Co-delivery of Doxorubicin and Curcumin with
Polypeptide Nanocarrier for Synergistic Lymphoma
Therapy, Sci. Rep., 2020, 10(1), 7832.

34 S. N. Dada, G. K. Babanyinah, M. T. Tetteh, V. E. Palau,

Z. F. Walls, K. Krishnan, Z. Croft, A. U. Khan, G. Liu,
T. E. Wiese, E. Glotser and H. Mei, Covalent and
Noncovalent Loading of Doxorubicin by Folic Acid-Carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01625d

Open Access Article. Published on 24 May 2024. Downloaded on 3/21/2026 12:44:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Dot Nanoparticles for Cancer Theranostics, ACS Omega,
2022, 7(27), 23322-23331.

35 S. A. Dilliard and D. ]. Siegwart, Passive, active and
endogenous  organ-targeted lipid and  polymer
nanoparticles for delivery of genetic drugs, Nat. Rev.
Mater., 2023, 8(4), 282-300.

36 D. Fan, Y. Cao, M. Cao, Y. Wang, Y. Cao and T. Gong,
Nanomedicine in cancer therapy, Signal Transduction
Targeted Ther., 2023, 8(1), 293.

37 K. E. Washington, R. N. Kularatne, J. Du, Y. Ren,
M. J. Gillings, C. X. Geng, M. C. Biewer and M. C. Stefan,
Thermoresponsive star-like y-substituted
poly(caprolactone)s for micellar drug delivery, J. Mater.
Chem. B, 2017, 5(28), 5632-5640.

38 E. A. Rainbolt, K. E. Washington, M. C. Biewer and
M. C. Stefan, Towards smart polymeric drug carriers: self-
assembling gamma-substituted polycaprolactones with
highly tunable thermoresponsive behavior, J. Mater.
Chem. B, 2013, 1(47), 6532-6537.

39 E. A. Rainbolt, K. E. Washington, M. C. Biewer and
M. C. Stefan, Recent developments in micellar drug
carriers featuring substituted poly(e-caprolactone)s, Polym.
Chem., 2015, 6(13), 2369-2381.

40 A. Bhadran, T. Shah, G. K. Babanyinah, H. Polara,
S. Taslimy, M. C. Biewer and M. C. Stefan, Recent
Advances in Polycaprolactones for Anticancer Drug
Delivery, Pharmaceutics, 2023, 15(7), 1977.

41 Z. Zhou, H. Wu, R. Yang, A. Xu, Q. Zhang, J. Dong, C. Qian
and M. Sun, GSH depletion liposome adjuvant for
augmenting the photothermal immunotherapy of breast
cancer, Sci. Adv., 2020, 6(36), 1-14.

42 N. Zhao, M. C. Woodle and A. J. Mixson, Advances in
delivery systems for doxorubicin, J. Nanomed.
Nanotechnol., 2018, 9(5), 519-522.

43 S. Senapati, A. K. Mahanta, S. Kumar and P. Maiti,
Controlled drug delivery vehicles for cancer treatment and
their performance, Signal Transduction Targeted Ther.,
2018, 3(1), 7.

44 S. Saxena and M. Jayakannan, Development of r-Amino-
Acid-Based Hydroxyl Functionalized Biodegradable
Amphiphilic Polyesters and Their Drug Delivery
Capabilities to Cancer Cells, Biomacromolecules, 2020,
21(1), 171-187.

45 Z. Ahmad, A. Shah, M. Siddiq and H.-B. Kraatz, Polymeric
micelles as drug delivery vehicles, RSC Adv., 2014, 4(33),
17028-17038.

46 1. Negut and B. Bita, Polymeric Micellar Systems-A Special
Emphasis on “Smart” Drug Delivery, Pharmaceutics, 2023,
15(3), 1-49.

47 A. Paprikar; A. Soni; N. Kaushal and S. Lin, Polymeric
Micelles for Drug Delivery, in Smart Nanomaterials in
Biomedical Applications, ed. ]J.-C. Kim, M. Alle and A.
Husen, Springer International Publishing, Cham, 2021,
pp. 345-372.

48 P. Soltantabar, E. L. Calubaquib, E. Mostafavi, M. C. Biewer
and M. C. Stefan, Enhancement of Loading Efficiency by
Coloading of Doxorubicin and  Quercetin in

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Thermoresponsive Polymeric Micelles, Biomacromolecules,
2020, 21(4), 1427-1436.

49 R. Ghosh, M. Malhotra, R. R. Sathe and M. Jayakannan,
Biodegradable  Polymer  Theranostic  Fluorescent
Nanoprobe for Direct Visualization and Quantitative
Determination of Antimicrobial Activity,
Biomacromolecules, 2020, 21(7), 2896-2912.

50 L. S. Nair and C. T. Laurencin, Biodegradable polymers as
biomaterials, Prog. Polym. Sci., 2007, 32(8), 762-798.

51 M. Vert, Aliphatic Polyesters: Great Degradable Polymers
That Cannot Do Everything, Biomacromolecules, 2005, 6(2),
538-546.

52 M. Thakur, I. Majid, S. Hussain and V. Nanda,
Poly(e-caprolactone): A potential  polymer  for
biodegradable food packaging applications, Packag.
Technol. Sci., 2021, 34(8), 449-461.

53 L. Wen, S. Zhang, Y. Xiao, J. He, S. Zhu, J. Zhang, Z. Wu and
M. Lang, Organocatalytic Ring-Opening Polymerization
Toward Poly(y-amide-g-caprolactone)s with Tunable Lower
Critical Solution Temperatures, Macromolecules, 2020,
53(13), 5096-5104.

54 J. Hao, Y. Cheng, R. J. K. U. Ranatunga, S. Senevirathne,
M. C. Biewer, S. O. Nielsen, Q. Wang and M. C. Stefan, A
Combined Experimental and Computational Study of the
Substituent Effect on Micellar Behavior of y-Substituted
Thermoresponsive ~ Amphiphilic  Poly(e-caprolactone)s,
Macromolecules, 2013, 46(12), 4829-4838.

55 J. Park, S. Jo, Y. M. Lee, G. Saravanakumar, J. Lee, D. Park
and W. J. Kim, Enzyme-Triggered Disassembly of
Polymeric Micelles by Controlled Depolymerization via
Cascade Cyclization for Anticancer Drug Delivery, ACS
Appl. Mater. Interfaces, 2021, 13(7), 8060-8070.

56 T. Chen, T. Cai, Q. Jin and ]J. Ji, Design and fabrication of
functional polycaprolactone, e-Polym., 2015, 15(1), 3-13.

57 U. Pranav, M. Malhotra, S. Pathan and M. Jayakannan,
Structural Engineering of Star Block Biodegradable
Polymer Unimolecular Micelles for Drug Delivery in
Cancer Cells, ACS Biomater. Sci. Eng., 2023, 9(2), 743-759.

58 M. Malhotra, B. Surnar and M. Jayakannan, Polymer

Enzymatic  Biodegradation in
Polycaprolactone Block and Random Copolymer
Architectures for Drug Delivery to Cancer Cells,
Macromolecules, 2016, 49(21), 8098-8112.

59 S.J. Tabatabaei Rezaei, V. Amani, M. R. Nabid, N. Safari and
H. Niknejad, Folate-decorated polymeric Pt(u) prodrug
micelles for targeted intracellular delivery and cytosolic
glutathione-triggered release of platinum anticancer
drugs, Polym. Chem., 2015, 6(15), 2844-2853.

60 B. Kulkarni, B. Surnar and M. Jayakannan, Dual Functional
Nanocarrier for Cellular Imaging and Drug Delivery in
Cancer Cells Based on pi-Conjugated Core and
Biodegradable Polymer Arms, Biomacromolecules, 2016,
17(3), 1004-1016.

61 R. N. Kularatne, K. E. Washington, C. Bulumulla,
E. L. Calubaquib, M. C. Biewer, D. Oupicky and
M. C. Stefan, Histone Deacetylase Inhibitor (HDACI)

Topology  Driven

Chem. Sci., 2024, 15, 9987-10001 | 9999


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01625d

Open Access Article. Published on 24 May 2024. Downloaded on 3/21/2026 12:44:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Conjugated Polycaprolactone for Combination Cancer
Therapy, Biomacromolecules, 2018, 19(3), 1082-1089.

62 W.Yin, L. Tian, S. Wang, D. Zhang, S. Guo and M. Lang, Co-
delivery systems of paclitaxel prodrug for targeted
synergistic therapy of breast cancer, J. Drug Delivery Sci.
Technol., 2022, 69, 1-9.

63 S. J. Tabatabaei Rezaei, L. Sarbaz and H. Niknejad, Folate-
decorated redox/pH dual-responsive degradable prodrug
micelles for tumor triggered targeted drug delivery, RSC
Adv., 2016, 6(67), 62630-62639.

64 V. Karmegam, S. S. Kuruppu, C. M. Udamulle Gedara,
M. C. Biewer and M. C. Stefan, Enhanced DOX loading in
star-like benzyl functionalized polycaprolactone micelles,
J. Polym. Sci., 2021, 59(23), 3040-3052.

65 V. I. Lushchak, Glutathione Homeostasis and Functions:
Potential Targets for Medical Interventions, J. Amino
Acids, 2012, 2012, 736837.

66 E. B. Kurutas, The importance of antioxidants which play
the role in cellular response against oxidative/nitrosative
stress: current state, Nutr. J., 2016, 15(1), 71.

67 N. Forte, M. Livanos, E. Miranda, M. Morais, X. Yang,
V. S. Rajkumar, K. A. Chester, V. Chudasama and
J. R. Baker, Tuning the Hydrolytic Stability of Next
Generation Maleimide Cross-Linkers Enables Access to
Albumin-Antibody Fragment Conjugates and tri-scFvs,
Bioconjugate Chem., 2018, 29(2), 486-492.

68 W. Huang, X. Wu, X. Gao, Y. Yu, H. Lei, Z. Zhu, Y. Shi,
Y. Chen, M. Qin, W. Wang and Y. Cao, Maleimide-thiol
adducts stabilized through stretching, Nat. Chem., 2019,
11(4), 310-319.

69 M. Hanif, A. A. Nazarov, A. Legin, M. Groessl, V. B. Arion,
M. A. Jakupec, Y. O. Tsybin, P. J. Dyson, B. K. Keppler and
C. G. Hartinger, Maleimide-functionalised
organoruthenium anticancer agents and their binding to
thiol-containing biomolecules, Chem. Commun., 2012,
48(10), 1475-1477.

70 K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert,
Poly(ethylene glycol) in drug delivery: pros and cons as
well as potential alternatives, Angew. Chem., Int. Ed., 2010,
49(36), 6288-6308.

71 L. 1. I. Owens, E. Donald and N. A. Peppas, Opsonization,
biodistribution, and pharmacokinetics of polymeric
nanoparticles, Int. J. Pharm., 2006, 307(1), 93-102.

72 H. Wu, L. Zhu and V. P. Torchilin, pH-sensitive
poly(histidine)-PEG/DSPE-PEG co-polymer micelles for
cytosolic drug delivery, Biomaterials, 2013, 34(4), 1213-
1222.

73 A. Chaudhuri, K. Ramesh, D. N. Kumar, D. Dehari, S. Singh,
D. Kumar and A. K. Agrawal, Polymeric micelles: A novel
drug delivery system for the treatment of breast cancer, J.
Drug Delivery Sci. Technol., 2022, 77, 103886.

74 X. Qiu, S. Ma, D. Wang, Z. Fan, P. Qiu, S. Wang and C. Li,
The  development of  multifunctional  sulfated
polyguluronic  acid-based polymeric micelles for
anticancer drug delivery, Carbohydr. Polym., 2023, 303,
120451.

10000 | Chem. Sci,, 2024, 15, 9987-10001

View Article Online

Edge Article

75 K. E. Washington, R. N. Kularatne, M. C. Biewer and
M. C. Stefan, Combination Loading of Doxorubicin and
Resveratrol in Polymeric Micelles for Increased Loading
Efficiency and Efficacy, ACS Biomater. Sci. Eng., 2018, 4(3),
997-1004.

76 E. L. Calubaquib, P. Soltantabar, H. Wang, H. Shin,
A. Flores, M. C. Biewer and M. C. Stefan, Self-assembly
behavior  of  oligo(ethylene  glycol)  substituted
polycaprolactone homopolymers, Polym. Chem., 2021,
12(24), 3544-3550.

77 J. Hao, ]. Servello, P. Sista, M. C. Biewer and M. C. Stefan,
Temperature-sensitive aliphatic polyesters: synthesis and
characterization of y-substituted caprolactone monomers
and polymers, J. Mater. Chem., 2011, 21(29), 10623-10628.

78 W. Wang, H. Lu, M. Zhang, H. Ma, X. Cheng, Y. Ding and
A. Hu, Synthesis of maleimide-based enediynes with
cyclopropane moieties for enhanced cytotoxicity under
normoxic and hypoxic conditions, J. Mater. Chem. B, 2021,
9(22), 4502-4509.

79 O. Erel and S. Neselioglu, A novel and automated assay for
thiol/disulphide homeostasis, Clin. Biochem., 2014, 47(18),
326-332.

80 K. Ngamchuea, C. Batchelor-McAuley and R. G. Compton,
Rapid method for the quantification of reduced and
oxidized glutathione in human plasma and saliva, Anal
Chem., 2017, 89(5), 1-23.

81 J. Mei, N. Zhang, Y. Yu, Q. Wang, J. Yuan, P. Wang, L. Cui
and X. Fan, A novel “trifunctional protease” with
reducibility, hydrolysis, and localization used for wool
anti-felting treatment, Appl. Microbiol. Biotechnol., 2018,
102(21), 9159-9170.

82 K. E. Washington, R. N. Kularatne, J. Du, M. ]J. Gillings,
J. C. Webb, N. C. Doan, M. C. Biewer and M. C. Stefan,
Synthesis of linear and star-like poly(e-caprolactone)-b-
poly{y-2-[2-(2-methoxy-ethoxy)ethoxy]ethoxy-&-
caprolactone} amphiphilic block copolymers using zinc
undecylenate, J. Polym. Sci., Part A: Polym. Chem., 2016,
54(22), 3601-3608.

83 Y. Ren, J. T. Miller, S. T. Polderman, T. D. Vo,
A. C. M. Wallace, J. M. O. Cue, S. T. Tran, M. C. Biewer
and M. C. Stefan, Halide-free neodymium phosphate
based catalyst for highly cis-1,4 selective polymerization
of dienes, RSC Adv., 2019, 9(6), 3345-3350.

84 B. A. Abel and C. L. McCormick, “One-Pot” Aminolysis/
Thiol-Maleimide End-Group Functionalization of RAFT
Polymers: Identifying and Preventing Michael Addition
Side Reactions, Macromolecules, 2016, 49(17), 6193-6202.

85 B. H. Northrop, S. H. Frayne and U. Choudhary, Thiol-
maleimide “click” chemistry: evaluating the influence of
solvent, initiator, and thiol on the reaction mechanism,
kinetics, and selectivity, Polym. Chem., 2015, 6(18), 3415-
3430.

86 J. Ravasco, H. Faustino, A. Trindade and P. M. P. Gois,
Bioconjugation with Maleimides: A Useful Tool for
Chemical Biology, Chemistry, 2019, 25(1), 43-59.

87 F. F. Schumacher, M. Nobles, C. P. Ryan, M. E. B. Smith,
A. Tinker, S. Caddick and J. R. Baker, In Situ Maleimide

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01625d

Open Access Article. Published on 24 May 2024. Downloaded on 3/21/2026 12:44:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Bridging of Disulfides and a New Approach to Protein
PEGylation, Bioconjugate Chem., 2011, 22(2), 132-136.

88 M. W. Jones, R. A. Strickland, F. F. Schumacher, S. Caddick,
J. R. Baker, M. I. Gibson and D. M. Haddleton, Polymeric
Dibromomaleimides As Extremely Efficient Disulfide
Bridging Bioconjugation and Pegylation Agents, J. Am.
Chem. Soc., 2012, 134(3), 1847-1852.

89 ]. M. J. M. Ravasco, H. Faustino, A. Trindade and
P. M. P. Gois, Bioconjugation with Maleimides: A Useful
Tool for Chemical Biology, Chem.-Eur. J., 2019, 25(1), 43-59.

90 J. Wen, Y. Du, D. Li and R. Alany, Development of water-in-
oil microemulsions with the potential of prolonged release
for oral delivery of L-glutathione, Pharm. Dev. Technol.,
2013, 18(6), 1424-1429.

91 A. Graf, T. Rades and S. M. Hook, Oral insulin delivery using
nanoparticles based on microemulsions with different
structure-types: optimisation and in vivo evaluation, Eur.
J. Pharm. Sci., 2009, 37(1), 53-61.

92 0. Yesiltepe, E. Guler Celik, C. Geyik, Z. P. Gumus, D. Odaci
Demirkol, H. Coskunol and S. Timur, Preparation of
glutathione loaded nanoemulsions and testing of
hepatoprotective activity on THLE-2 cells, Turk. J. Chem.,
2021, 45(2), 436-451.

93 A. Aitken and M. Learmonth, Estimation of Disulfide Bonds
Using Ellman's Reagent, in The Protein Protocols Handbook,
ed. J. M. Walker, Humana Press, Totowa, NJ, 2009, pp.
1053-1055.

94 C. K. Riener, G. Kada and H. J. Gruber, Quick measurement
of protein sulfhydryls with Ellman's reagent and with 4,4’-
dithiodipyridine, Anal. Bioanal. Chem., 2002, 373(4-5),
266-276.

95 S. C. Owen, D. P. Y. Chan and M. S. Shoichet, Polymeric
micelle stability, Nano Today, 2012, 7(1), 53-65.

96 K. Kalyanasundaram and J. K. Thomas, Environmental
effects on vibronic band intensities in pyrene monomer
fluorescence and their application in studies of micellar
systems, J. Am. Chem. Soc., 1977, 99(7), 2039-2044.

97 M. B. Ozturk, M. Popa, D. M. Rata, A. N. Cadinoiu,
F. Parfait, C. Delaite, L. I. Atanase, C. Solcan and
O. M. Daraba, Drug-Loaded Polymeric Micelles Based on
Smart Biocompatible Graft Copolymers with Potential
Applications for the Treatment of Glaucoma, Int. J. Mol
Sci., 2022, 23(16), 1-18.

98 M. Jassal, V. P. Boominathan, T. Ferreira, S. Sengupta and
S. Bhowmick, pH-responsive drug release from

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

functionalized electrospun poly(caprolactone) scaffolds
under simulated in vivo environment, J. Biomater. Sci.,
Polym. Ed., 2016, 27(13), 1380-1395.

99 B. Surnar and M. Jayakannan, Stimuli-Responsive
Poly(caprolactone) Vesicles for Dual Drug Delivery under
the Gastrointestinal Tract, Biomacromolecules, 2013,
14(12), 4377-4387.

100 K. Aloss and P. Hamar, Recent Preclinical and Clinical
Progress in Liposomal Doxorubicin, Pharmaceutics, 2023,
15(3), 1-25.

101 C. Yang, A. B. Ebrahim Attia, J. P. K. Tan, X. Ke, S. Gao,
J. L. Hedrick and Y.-Y. Yang, The role of non-covalent
interactions in anticancer drug loading and kinetic
stability of polymeric micelles, Biomaterials, 2012, 33(10),
2971-2979.

102 S. Kim, Y. Shi, J. Y. Kim, K. Park and J.-X. Cheng,
Overcoming the barriers in micellar drug delivery:
loading efficiency, in vivo stability, and micelle-cell
interaction, Expert Opin. Drug Delivery, 2010, 7(1), 49-62.

103 Y. Xie, J. T. Husband, M. Torrent-Sucarrat, H. Yang, W. Liu
and R. K. O'Reilly, Rational design of substituted

maleimide dyes with tunable fluorescence and
solvafluorochromism, Chem. Commun., 2018, 54(27),
3339-3342.

104 M. P. Robin, P. Wilson, A. B. Mabire, ]J. K. Kiviaho,
J. E. Raymond, D. M. Haddleton and R. K. O'Reilly,
Conjugation-induced fluorescent labeling of proteins and
polymers using dithiomaleimides, J. Am. Chem. Soc.,
2013, 135(8), 2875-2878.

105 A. Wall, A. G. Wills, N. Forte, C. Bahou, L. Bonin,
K. Nicholls, M. T. Ma, V. Chudasama and ]. R. Baker,
One-pot thiol-amine bioconjugation to maleimides:
simultaneous stabilisation and dual functionalisation,
Chem. Sci., 2020, 11(42), 11455-11460.

106 Y. Zhang, K. Olofsson, Y. Fan, C. C. Sanchez,
0. C. J. Andren, L. Qin, L. Fortuin, E. M. Jonsson and
M. Malkoch, Novel Therapeutic Platform of Micelles and
Nanogels from Dopa-Functionalized Triblock Copolymers,
Small, 2021, 17(17), €2007305.

107 S. A. Senevirathne, S. Boonsith, D. Oupicky, M. C. Biewer
and M. C. Stefan, Synthesis and characterization of
valproic acid ester pro-drug micelles via an amphiphilic
polycaprolactone block copolymer design, Polym. Chem.,
2015, 6(13), 2386-2389.

Chem. Sci., 2024, 15, 9987-10001 | 10001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01625d

	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d

	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d

	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d

	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d
	Maleimide functionalized polycaprolactone micelles for glutathione quenching and doxorubicin deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc01625d




