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Introduction

Dual acid/glutathione-responsive core-
degradable/shell-sheddable block copolymer
nanoassemblies bearing benzoic imines for
enhanced drug releaset

Xiaolei Hu, ‘&7 Kevin Larocque, Alisa Piekny and Jung Kwon Oh 2 *

The development of amphiphilic block copolymer (ABP)-based nanoassemblies that degrade in response
to dual stimuli at dual locations (e.g. hydrophobic cores and core/corona interfaces) offers a promising
platform for controlled drug delivery. This work harnesses the features of an acid-labile benzoic imine
(BzIm) bond and a glutathione (GSH)-cleavable disulfide linkage. We synthesized a poly(ethylene glycol)
(PEG)-based dual location dual acid/GSH-degradable ABP with BzIm pendants in a hydrophobic poly-
methacrylate block and a disulfide at the block junction. The acid-catalyzed hydrolysis rate of Bzlm
depends on substituents attached to its para-position. Hydrolysis is faster with electron-donating substi-
tuents (methoxy), and slower with electron-withdrawing ones (bromo and nitro). Well-defined ABP syn-
thesized by reversible addition—fragmentation chain transfer (RAFT) polymerization of a methoxy-substi-
tuted Bzlm methacrylate in the presence of a disulfide-labeled PEG-based chain transfer agent, enables
self-assembly to form colloidally-stable, monomodal, and spherical nanoassemblies. These nanoassem-
blies are capable of encapsulating cancer drug doxorubicin (Dox) and exhibit enhanced release of Dox
through core degradation upon the cleavage of BzIm bonds in acidic pH and shell detachment upon the
cleavage of disulfide bonds in the presence of GSH. Moreover, Dox-loaded nanoassemblies show excel-
lent uptake by Hela cell multi-tumor spheroids, demonstrating their potential as drug delivery nano-
carriers. This study highlights the importance of substituent effects on the hydrolysis of Bzlm and the dual
acid/GSH-responsive strategy for developing a promising drug delivery system with precise control over
drug release.

vage of SRD linkages causes the disassembly of nanoassem-
blies through changes in hydrophobic/hydrophilic balance,

Amphiphilic block copolymers (ABPs) that exhibit stimuli-
responsive degradation (SRD) have emerged as a promising
platform for controlled drug delivery.' The general synthetic
approach for SRD-exhibiting ABPs involves polymerization in
the presence of cleavable bond-functionalized initiators or
monomers via reversible-deactivation radical polymerization
(RDRP), typically by atom transfer radical polymerization
(ATRP) and reversible addition-fragmentation chain transfer
(RAFT).*® This enables the incorporation of cleavable bonds
into polymer precursors at various positions, such as the back-
bone, junction, and side chain.” The intrinsic amphiphilicity
of ABPs allows them to self-assemble to form stable aqueous
nanoassemblies.'®** In response to specific stimuli, the clea-
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main chain degradation, or corona detachment, leading to
site-specific and enhanced release of encapsulated drugs."*™°
When SRD-based polymeric nanoassemblies are designed for
intracellular delivery, the selection of cleavable linkages is
critical. Acidic pH is a stimulus found in subcellular and
tissue microenvironments, such as endosomes and lysosomes
(pH = 4-5.5), and tumors (pH = 6.5-6.8), respectively.'®™*®
Various covalent bonds that are cleavable in acidic pH ranges
have been explored, including ketal, acetal, 2,3-dialkylmalea-
midic amide, f-thiopropionate, oxime, hydrazone, and benzoic
imine (BzIm) linkages."”” Among these pH-sensitive linkers,
BzIm (C=N) bonds have attracted particular interest due to
their facile synthesis via a catalyst-free click-type reaction
between carbonyl and amine groups.> In an acidic environ-
ment, the C=N bond is cleaved into the corresponding carbo-
nyl and amine precursors. As acid-responsive degradation
directly regulates drug release process via degradation-induced
disassembly, it is critical to control their cleavage kinetics by
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chemical design. Mechanistic studies show that C=N hydro-
lysis is initiated by protonation of the N atom and followed by
nucleophilic attack of H,O. Consequently, the rate of acid
catalyzed imine cleavage depends on electrophilicity, which
can be tuned by substituent effects on the C=N bond and
phenyl ring for BzIm via inductive, resonance, and steric
effects.””

Built on these promising acid-responsive properties, the
development of BzIm-based (co)polymers has been extensively
explored as acid-responsive drug delivery nanocarrier in
various forms including self-assembled nanoassemblies,"**
core-crosslinked nanogels,”>** and polymer-drug conju-
gates.>”>® These systems are generally fabricated by post-
polymerization modification of either amine or aldehyde-
labelled (co)polymer precursors. Recently, our group demon-
strated direct polymerization** and post-polymerization modi-
fication®' approaches as effective means to synthesize a well-
defined poly(ethylene glycol)-based ABP containing hydro-
phobic poly(methacrylate) with pendant BzIm groups. Despite
these advances, BzIm-bearing nanoassemblies suffered from
slow release and aggregation. More precise control over degra-
dation behavior of imine and resulting drug release is highly
demanded. Inspired by the structure-dependent hydrolysis of
BzIm bonds,*® we hypothesized that para-substituents on
BzIm groups with varying electronic properties (electro-denot-
ing or withdrawing) could tune their acid-catalyzed cleavage
kinetics and thus drug release profiles.

Further studies have explored polymers
or multiple stimuli-responsive degradation mechanisms.
Glutathione (GSH), a tripeptide with a cysteine residue and a
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pendant thiol group, is a reducing agent that is found at milli-
molar concentrations in the cytosol of cells, and can be elev-
ated in cancer cells.****> GSH-responsive disulfide (SS) group
has been explored together with a BzIm linkage for the con-
struction of dual acid/GSH-responsive degradable ABP
nanoassemblies.>*® However, these nanoassemblies were
designed with both BzIm and disulfide linkages in a single
location, either at core/corona interface or in hydrophobic
core. We postulated that the integration of SS bonds into the
block junction of PEG-based ABP-bearing pendant BzIm
bonds could facilitate synergistic effects for controlled drug
release. This strategy known as dual location dual acid/gluta-
thione-responsive degradation causes dual responses at dual
locations as in the cores and at core/corona interfaces, thus
enabling to not only independently regulate the release of
encapsulated molecules but also facilitate synergistic/acceler-
ated release at dual locations.***!

In this work, we explored tunable imine hydrolysis and dual
location dual acid/GSH response to construct dual location
dual acid/GSH-degradable ABPs and their nanoassemblies for
enhanced control over drug release (Scheme 1). A series of
BzIm-bearing methacrylate monomers with various para sub-
stituents (RBzZImMA) (R = MeO, H, NO,, and Br) were syn-
thesized to investigate the effect of their electronic properties
on acid-catalyzed hydrolysis rates. Using a new imine meth-
acrylate with MeO substituent (e.g. MBzImMA) with enhanced
acid-responsive hydrolysis, well-defined PEG-based ABPs with
pendant BzIm groups in the hydrophobic block and a SS posi-
tioned at the block junction was synthesized by a controlled
radical polymerization technique. The copolymer was charac-
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Illustration of dual location dual acid/GSH-degradable ABP with BzIm pendants in the hydrophobic block and a disulfide bond at the

block junction (A) and its nanoassemblies exhibiting synergistic/enhanced release of encapsulated drug molecules in dual acid/GSH responses at

dual locations as in cores and at core/corona interfaces (B).
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terized for aqueous self-assembly, dual acid/GSH-responsive
degradation and drug release, as well as cellular uptake with a
HeLa multi-cellular tumor spheroid model. Our results show
that the dual acid/GSH-responsive nanoassemblies enabled
synergistic control over drug release and minimized degra-
dation products. Drug-loaded nanoassemblies demonstrated
superior uptake by HeLa spheroids compared to free drug.

Experimental
Instrumentation and materials

NMR spectra were recorded using 500 MHz Varian spectro-
meter. The CDCIl; singlet at 7.26 ppm was selected as the refer-
ence standard. Molecular weight and molecular weight distri-
bution were determined using gel permeation chromatography
(GPC) with Malvern equipped with a Viscotek VE1122 pump
and a refractive index detector. Tetrahydrofuran (THF) was
used as eluent at room temperature at a flow rate of 1.0 mL
min~". Molecular weight and molecular weight distribution
were calculated relative to linear poly(methyl methacrylate)
standards from Fluka. Aliquots of the polymer samples dis-
solved in THF were filtered through a 0.45 pm PTFE filter to
remove any THF-insoluble species and injected into the GPC
with a drop of anisole as a flow rate marker.

Dynamic light scattering (DLS) with a Malvern Instruments
Nano S ZEN1600, transition electron microscope (TEM) using
a Talos L120C TEM operated at 80 kV electrons, fluorescence
spectroscopy with Varian Cary Eclipse fluorescence spectro-
meter, and UV/vis spectroscopy with Agilent Cary 60 UV/vis
spectrometer were used as described in our previous
publications.***

Most reagents including triethylamine (Et;N, 99.5%), carbo-
nyl diimidazole (CDI, >90%), 2-hydroxyethyl methacrylate
(HEMA, >99%), ethanolamine (EA, >98%), 4-methoxybenzal-
dehyde (98%), 4-nitrobenzaldehyde (98%), 4-bromobenzalde-
hyde (99%), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 98%),
succinic anhydride (SA, >99%), 4-cyano-4-(phenylcarbo-
nothioylthio) pentanoic acid (CTA, 97%), 4-(methylamino)pyri-
dine (DMAP, 99%), 1-ethyl-3-(3 dimethylaminopropyl)
carbodiimide-HCl (EDC), acetyl chloride (>98%), ethylene
glycol vinyl ether (>97%), pyridinium p-toluenesulfonate
(PPTS, 98%), doxorubicin (Dox, -NH;'Cl~ form, >98%), and
deuterium chloride solution (DCl, 35 wt% in D,0) from
Sigma-Aldrich as well as 2,2'-azodi(2-methylbutyronitrile)
(AMBN) from Wako Chemicals were purchased and used as
received. Poly(ethylene glycol) monomethyl ether (PEG, MW =
5000 g mol ™", EO# = 113) purchased from Sigma-Aldrich was
dried by azeotropic distillation with toluene to remove residual
moisture. A carbonylimidazole (CI)-activated 2-hydroxyethyl-
methacrylate (HEMA-CI) were synthesized as described in our
previous publication.”***

Synthesis of RBzZImOH precursors

RBzImOH intermediates were synthesized based on our pre-
vious report with R-substituted benzaldehyde.”” A solution of

198 | RSC Appl. Polym., 2025, 3,196-208

View Article Online

RSC Applied Polymers

EA (1.22 g, 0.02 mol) dissolved in DCM (5 mL) was mixed with
a solution containing R-benzaldehyde dissolved in DCM
(50 mL) in presence of sodium sulfate (5 g) under stirring at
room temperature for 13 h. Solvent was removed by rotary
evaporation and residue was dried in a vacuum oven at room
temperature for 13 h.

MBzImOH. 4-Methoxybenzaldehyde (2.72 g, 0.02 mol).
Yield = 3.4 g (96%). '"H-NMR (CDCl;, ppm): 8.15 (s, 1H,
~NCHCgH,-), 7.6 and 6.9 (d, 4H, -NCHCgH,OCHj3), 3.85 (t, 2H,
HOCH,CH,NCH-), 3.8 (S, 3H, -C¢H,OCH;) 3.66 (t, 2H,
HOCH,CH,NCH-).

NBzImOH. 4-Nitrobenzaldehyde (3.02 g, 0.02 mol).
Yield = 3.8 g (98%). 'H-NMR (CDCl;, ppm): 8.4 (s, 1H,
-NCHCgH,NO,), 8.22 and 7.88 (d, 4H, -C¢H,NO,), 3.93 (t, 2H,
HOCH,CH,-), 3.81 (t, 2H, HOCH,CH,-).

BrBzImOH. 4-Bromobenzaldehyde (3.70 g, 0.02 mol). Yield =
4.3 g (94%). "H-NMR (CDCl;, ppm): 8.21 (s, 1H, -NCHC4H,Br),
7.54 (q, 4H, - C¢H,Br), 3.89 (t, 2H, HOCH,CH,-), 3.71 (t, 2H,
HOCH,CH,-).

Synthesis of RBzZImMA

Substituted benzoic imine methacrylates (RBzImMAs) were
synthesized based on our previous report using RBzImOH.*?
The dried RBzImOH precursor was mixed with a solution con-
sisting of HEMA-CI and DBU dissolved in DCM under stirring
at room temperature for 13 h. The reaction mixture was
washed with saturated NaHCO; solution three times and dried
over sodium sulfate. After the removal of solvent, the product
was dried in a vacuum oven for 13 h.

NBzImMA. NBzImOH (1.74 g, 9 mmol), HEMA-CI (2.02,
9 mmol), DBU (0.27 g, 0.2 mmol), and DCM (100 mL). Yield =
3.1 g (98%). 'H-NMR (CDCl;, ppm): 8.4 (s, 1H, -NCHCeH,-),
8.2 and 7.9 (d, 4H, -NCHCGH,NO,), 6.1 and 5.5 (s, 2H, CH,C
(CH3)-), 4.5 (t, 2H, -CH,CH,0C(0)0), 4.3 (m, 2H, ~CH,CH,O0C
(0)0), 4.3 (m, 2H, -CH,CH,NCH-), 3.9 (t, 2H, ~-CH,CH,NCH-),
1.9 (s, 3H, CH,C(CH;)-).

MBzImMA. MBzImOH (0.16 g, 0.9 mmol), HEMA-CI (0.20 g,
0.9 mmol), DBU (0.03 g, 0.18 mmol), and DCM (10 mL). Yield
= 027 g (89%). 'H-NMR (CDCl;, ppm): 82 (s, 1H,
~NCHCgH,-), 7.6 and 6.9 (d, 4H, -NCHCGH,OCHj), 6.1 and 5.5
(s, 2H, CH,C(CH;)-), 4.4 (t, 2H, ~CH,CH,0C(0)0), 4.3 (m, 2H,
-CH,CH,0C(0)O), 4.3 (m, 2H, -CH,CH,NCH-), 3.8 (m, 5H,
~CH,CH,NCHC¢H,0CH3), 1.9 (s, 3H, CH,C(CH;)-).

BrBzImMA. BrBzImOH (2.05 g, 9 mmol), HEMA-CI (2.01 g,
9 mmol), DBU (0.27 g, 1.8 mmol), and DCM (10 mL). Yield =
3.3 g (95%). "H-NMR (CDCl;, ppm): 8.21 (s, 1H, -NCHCH,-),
7.54 (q, 4H, - C¢H,Br), 6.1 and 5.6 (s, 2H, CH,C(CH,)-), 4.5 (t,
2H, -CH,CH,0C(0)0), 4.3 (m, 2H, ~-CH,CH,0C(0)0), 4.3 (m,
2H, -CH,CH,NCH-), 3.85 (m, 5H, ~-CH,CH,NCHCH,OCH3),
1.9 (s, 3H, CH,C(CH3)-).

Synthesis of PEG-COOH

SA (0.22 g, 2.2 mmol) dissolved in anhydrous DCM (5 mL) was
mixedwith an organic solution containing PEG (2 g, 0.4 mmol)
and DMAP (49 mg, 0.4 mmol) in DCM (15 mL) in an ice-bath
under stirring for 48 h. The resultant mixture was washed with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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brine solution three times, dried over sodium sulfate, and
then precipitated from cold diethyl ether to remove excess suc-
cinic anhydride. The product, white solid, was isolated by
vacuum filtration and dried in a vacuum oven at room temp-
erature for 13 h. Yield = 1.35 g (65%). "H-NMR (CDCl;, ppm):
4.25 (t, 2H, -CH,0C(0)-), 3.5-3.8 (m, -CH,CH,0- of PEG
main chain), 3.36 (s, 3H, CH;-), 2.6 (m, 4H, -CH,CH,COOH).

Synthesis of PEG-SS-CTA

In the first step to synthesize CTA-ss-OH, CTA (0.2 g,
0.72 mmol) dissolved in anhydrous DCM (15 mL) was mixed
with an organic solution containing ss-diol (166 mg,
1.1 mmol), EDC (270 mg, 1.4 mmol) and TEA (145 mg,
2 mmol) in DCM (85 mL) in an ice-bath under stirring. After
proceeding at room temperature for 48 h, the solvent was evap-
orated, and the product was purified by silica gel column
chromatography. The product, a red oil, was collected as the
third band of total five bands. Yield = 0.06 g (30%); R = 0.35
(ethyl acetate/hexane = 1/1, v/v). "H-NMR (CDCl;, ppm): 7.9-7.3
(m, 5H, -SC(S)CeHs), 4.4 (t, 2H, -CH,0C(0)-), 3.9 (t, 2H,
-CH,CH,OH), 2.94 (t, 2H, ~CH,SSCH,CH,OH), 2.88 (t, 2H,
-SSCH,CH,OH), 2.7 (t, 2H, -CH,CH,(CH3)C(CN)-), 2.4 (t, 2H,
~CH,CH,(CH;)C(CN)-), 1.94 (s, 3H, ~(CH;)C(CN)-).

In the second step to synthesize PEG-ss-CTA, EDC (79 mg,
0.41 mmol) dissolved in anhydrous DCM (20 mL) was mixed
with an organic solution containing PEG-COOH (0.5 g,
98 umol), DMAP (3.6 g, 29 umol) and CTA-ss-OH (0.16 g,
0.39 mmol) in DCM (80 mL) in an ice-bath under stirring for
24 h. The resultant mixture was washed with brine solution
three times, dried over sodium sulfate, and then precipitated
from cold diethyl ether to remove excess CTA. The pink solid
product was isolated by vacuum filtration and dried in a
vacuum oven at room temperature for 13 h. Yield = 0.46 ¢
(70%). 1H-NMR (CDCl;, ppm): 7.9-7.3 (m, 5H, -SC(S)C¢Hs),
4.34 (m, 4H, -CH,0C(0)-), 4.24 (t, 2H, ~OCH,CH,0C(0)-),
3.5-3.8 (m, -CH,CH,0- of PEG main chain), 3.38 (s, 3H,
CH;0-), 2.92 (t, 4H, -CH,SSCH,), 2.7 (m, 2H, -CH,CH,(CH;)C
(CN)-), 2.69 (m, 4H, -OC(O)CH,CH, C(0)O-), 2.4 (t, 2H,
—-CH,CH,(CH;)C(CN)-), 1.94 (s, 3H, -(CH;)C(CN)-).

RAFT polymerization to synthesize PEG-SS-PMBzImMA
(ImSSP)

MBzImMA (0.55 g, 1.64 mmol), PEG-SS-CTA (0.12 g, 22 pmol),
AMBN (1.08 mg, 7 pumol) and anhydrous anisole (0.92 mL)
were mixed in a 5 mL Schlenk flask. The mixture was deoxyge-
nated by purging with nitrogen for 45 min, and then
immersed into an oil bath at 70 °C to initiate polymerization.
For kinetics study, aliquots were taken out periodically to
follow monomer conversion by "H-NMR and molecular weight
by GPC. Polymerization was stopped by cooling the reaction
mixture in an ice-bath and exposing to air.

Investigation of acid-catalyzed imine degradation using
'H-NMR spectroscopy

Hydrolysis in acidic conditions were carried out based on our
previous report.> For the hydrolysis of monomers, RBzZImMA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(10.0 pmol) dissolved in CD;CN (0.3 mL) was mixed with the
as-prepared PB solutions in D,0 (0.1 mL, 0.2 M, pD = 5.0, 6.8
and 7.4). For PEG-SS-pMBzImMA block copolymer, the puri-
fied ImSSP (10 mg) dissolved in CD;CN (0.3 mL) was mixed
with the PB solutions in D,O (0.1 mL, 0.2 M, pD = 5). The
resultant mixtures were subjected to "H-NMR analysis at 25 °C
for given periods of time.

Aqueous micellization of ImSSP by nanoprecipitation method

PBS solution (10 mL, pH = 7.4) was dropwise added to an
organic solution of ImSSP (10 mg) dissolved in THF (2 mL) at
a rate of 1 mL min~" using a syringe pump under stirring. The
resultant mixture was kept stirring at room temperature for
40 h to remove THF, yielding an aqueous solution of nanoas-
semblies at 1 mg mL ™.

Colloidal stability and acid/GSH responsive disassembly of
aqueous nanoassemblies

Aliquots of empty nanoassemblies (1 mL, 1 mg mL™") were
incubated with acetate buffer solution (3 mL, 0.2 M, pH = 5) or
GSH (10 mM) under stirring at room temperature. In parallel,
empty nanoassemblies were kept on bench at room tempera-
ture. DLS analysis was followed for given periods of time.

Preparation of Dox-loaded NPs by dialysis

PBS solution (10 mL, pH = 7.4) was added dropwise to an
organic solution consisting of Dox (2 mg), Et;N (5 uL) and
ImSSP (20 mg) dissolved in DMF (2 mL) at a rate of 1 mL
min~" using a syringe pump under stirring for 1 h. The result-
ing mixture was transferred to a dialysis tubing (MWCO =
11-13 kDa) for dialysis against PBS solution (1 L, pH = 7.4) at
room temperature for 24 h to remove free (not encapsulated)
Dox molecules and residual DMF. The resulting dispersion
was passed through a 0.45 pm PES filter, yielding an aqueous
Dox-loaded nanoparticles (Dox-NPs) at 1.6 mg mL™".

To determine the loading level of Dox in micelles, aliquots
of aqueous Dox-NPs (1 mL) were mixed with DMF (5 mL). The
resultant mixture was subjected to filtration using a 0.45 pm
PTFE filter to remove insoluble salts and analyzed by UV/vis
spectroscopy.

Acid/GSH-responsive release of Dox from Dox-NPs

Aliquots of Dox-NPs (1.7 mg mL™", 2 mL) were mixed with
buffer solutions (2 mL) at different pHs = 5, 6.8 and 7.4 as well
as 10 mM GSH. The mixtures were transferred to a dialysis
tubing (MWCO = 11-13 kDa) and immersed into corres-
ponding buffer solutions (40 mL) at 25 °C under stirring.
Aliquots of outer solutions (3 mL) were taken out at given
interval to record fluorescence spectra excited at dex = 480 nm.
Equivalent amounts of fresh buffer solutions were added back
to keep sink condition.

Cellular uptake with HeLa multi-cellular tumor spheroids

HeLa cells were maintained in DMEM (Wisent) supplemented
with 10% cosmic calf serum (Hyclone) with 100 U penicillin
(Wisent), and 0.1 mg mL™" streptomycin (Wisent). Cells were
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maintained in humidified incubators at 37 °C with 5% CO,. HeLa cells in 96-well plates (BioLite, Thermo Scientific). Wells

Cells were split using 0.5% trypsin (Wisent) as per standard were coated with 1.5% agarose (Biotechnology Grade,
protocols. Multi-cellular tumor spheroids were generated from BioShop), then seeded with 500-1000 cells in 150 pl of media,
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which were left to aggregate with gravity at 37 °C and 5% CO,.
Spheroids were grown for 6 to 10 days and were monitored
daily using an Invertoskop 40 C light microscope. Once spher-
oid formation was confirmed, they were transferred into
24-well plates coated with agarose in 2 mL of media. Spheroids
were incubated with Dox or nanoassemblies with encapsulated
Dox for 6 hours to compare Dox penetration. Spheroids were
imaged using a Nikon TiE microscope epifluorescence micro-
scope using the 4x objective, an LED Heliophor and filters for
excitation at 488 nm and emission at 561 nm, and a
Photometrics Evolve EMCCD camera with NIS Elements acqui-
sition software. The images were exported as TIFFs and ana-
lyzed using Image J (NIH). The average intensity of Dox fluo-
rescence in a defined surface area was measured for each
spheroid and normalized to their initial values at time = 0.

Results and discussion

Synthesis of substituted BzIm methacrylates

Our synthesis of dual location dual acid/GSH-degradable ABP
began with BzIm-bearing methacrylates with varying substitu-
ents. Scheme 2 illustrates our approach with two steps to syn-
thesize a series of BzIm-bearing methacrylates with different R
substituents on the para position of phenyl group
(RBzImMAs). The R groups were chosen based on their elec-
tronic properties: electron-donating groups (methoxyl group)
and electron-withdrawing groups (bromo and nitro groups).
Note R = H (HBzImMA), p-methoxy (MBzImMA), bromo
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(BrBzImMA), and nitro group (NBzZImMA). The synthesis and
NMR analysis of HBzImMA are described in our previous
publication.*

The first step was the facile coupling reaction of EA with
various substituted benzaldehydes to synthesize their
RBzImOH precursors bearing a BzIm linkage. The mole ratio
of EA to aldehydes was kept at 1/1. Sodium sulfate was used to
remove water, a biproduct formed during reactions, to
promote forward reactions to form BzIm bonds. '"H-NMR ana-
lysis confirms the successful synthesis of MBzImOH (Fig. S11),
BrBzImOH (Fig. S21), and NBzImOH (Fig. S3). Next step was
the conjugation of the formed RBzImOH precursors with
HEMA-CI at a 1/1 mole ratio in the presence of DBU as a base
catalyst, yielding RBzZImMAs. '"H-NMR spectra of the purified
RBzImMAs (Fig. 1) show their characteristic peaks, including
the peak at ~8.2 ppm (g) corresponding to imine proton as
well as two peaks at 5.5-6.1 ppm (a) presenting methacrylate
protons. The "H-NMR analysis, together with "*C-NMR results
(Fig. S4-S6%), confirms the successful synthesis of BzIm
methacrylates.

Impact of substituents on acid-catalyzed hydrolysis of BzIm
bond

Given the synthesis of RBzImMAs, the effect of the substitu-
ents (R = H, MeO, Br, and NO,) on acid-catalyzed hydrolysis of
BzIm bonds was examined by 'H-NMR analysis to estimate
their acid-catalyzed hydrolysis kinetics in their corresponding
polymers. Aliquots were dissolved in a mixture of CD;CN/PB
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Fig. 2 Schematic illustration of acid-catalyzed hydrolysis of RBzZImMAs
hydrolysis incubated at pD = 6.8 (B) and 5.0 (C) with their t,,, values.
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D,O (3/1, v/v) adjusted to pD 6.8 and 5.0, mimicking tumoral
and endo/lysosomal pH, respectively. Their "H-NMR spectra
were recorded over incubation times at given pDs (Fig. S7-S9t
for MBzImMA, BrBzImMA, and NBzImMA, and Fig. 2 in our
previous publication®* for HBzZImMA). As illustrated in Fig. 24,
acid-catalyzed hydrolysis of RBzZImMAs results in the cleavage
of BzIm bonds, generating amine-bearing methacrylates and
R-aldehydes. "H-NMR spectra show that the imine proton peak
at ~8.2 ppm decreased, while a new peak at ~10 ppm equi-
valent to aldehyde proton appeared and increased over incu-
bation time. Their integral ratios as aldehyde/(aldehyde +
imine) were used to determine the percentage hydrolysis of
BzIm bonds. This quantity, along with the time when a half
concentration of BzIm linkages is cleaved (t,,,), were used for
quantitative evaluation and comparison of acid-catalyzed
hydrolysis rate of RBzImMAs with different substituents. The
results are shown in Fig. 2B at pD = 6.8 and Fig. 2C at pD =
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5.0. At both pDs, the percentage hydrolysis of BzIm bonds
increased over incubation time for all methacrylates.

At pD = 6.8, the hydrolysis rate turned to increase in the
order of R = MeO > H > Br > NO, group (Fig. 2B). Compared
with unsubstituted HBzZImMA (¢, = 6.3 h), the electron-denot-
ing MeO group enhanced the hydrolysis rate (MBzImMA, ¢, =
4.5 h), while the electron-withdrawing Br (BrBzImMA, ¢, =
15.3 h) and NO, (NBzImMA, t;, = 332.4 h) groups slowed
down the hydrolysis rate. The acid-catalyzed hydrolysis of
imine bonds can be initiated with the protonation of the
imine nitrogen, generating an electrophilic carbocation inter-
mediate that facilitates nucleophilic attack by water, leading to
the formation of an unstable tetrahedral intermediate and ulti-
mately resulting in imine bond dissociation.*® The plausible
reason of this observed substituents effect could be due to
their ability to stabilize generated carbocation intermediates.
For example, electron-donating MeO group could stabilize the
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Scheme 3 Synthesis of PEG-SS-CTA macromediator and PEG-SS-PMBzImMA (ImSSP) block copolymer by RAFT polymerization.
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formed carbocation through resonance in phenyl ring, thus
increasing hydrolysis rate; while electron-withdrawing Br and
NO, groups could destabilize it, impeding acid-catalyzed
hydrolysis.

When being incubated at pD = 5, a similar trend of substi-
tuent effect on imine hydrolysis rate was observed, following
the order of R = MeO ~ H > Br > NO, group (Fig. 2C).
Interestingly, no significant difference in ¢;,, is observed for
MBzImMA and HBzImMA, likely due to their rapid hydrolysis
at lower pD = 5. As expected, the hydrolysis rates of BzIm
bonds were greater at pD = 5.0, compared with pD = 6.8 for all
methacrylates. For example, the ¢;,, was 1.8 h (4.5 h at pD =
6.8) for MBzImMA and 6 h (15.9 h at pD = 6.8) for NBzZImMA.
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These results suggest that the acid-catalyzed hydrolysis of
BzIm bonds is significantly influenced by the electronic pro-
perties of their para substituents.

Given its rapid hydrolysis, MBzImMA was chosen to explore
the synthesis of amphiphilic block copolymer for further
experiments, e.g. aqueous micellization, acid/GSH-responsive
disassembly and Dox release as well cellular uptake.

Synthesis of PEG-SS-PMBzImMA (ImSSP)

As depicted in Scheme 3, RAFT polymerization of MBzImMA
was explored to synthesize ABP bearing a disulfide junction for
hydrophilic PEG block and hydrophobic polymethacrylate
block bearing pendant BzIm groups. The approach began with
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Fig. 3 'H-NMR spectra of CTA-SS-OH (A), PEG-COOH (B), and PEG-SS-CTA (C) in CDCls. x denotes residual solvents or impurities.
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three-step synthesis of a disulfide-labeled PEG-based chain
transfer agent (PEG-SS-CTA). The first step involved the reac-
tion of CTA with excess SS-Diol to synthesize a disulfide-
labelled dithiocarbonyl CTA with a terminal hydroxyl group
(CTA-SS-OH). The desired mono-substituted product was puri-
fied and collected as the third band out of total five during
silica gel column chromatography with an eluent solution

View Article Online
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(ethyl acetate/hexane = 1/1, v/v) at a yield of 30%. The second
step involved the reaction of PEG (MW = 5000) with excess suc-
cinic anhydride, yielding a PEG functionalized with carboxylic
acid (PEG-COOH). The last step was an EDC-mediated coup-
ling reaction between CTA-SS-OH and PEG-COOH to synthesize
PEG-SS-CTA. Their chemical structures were confirmed by
'H-NMR analysis (Fig. 3). Specifically, "H-NMR spectrum of
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Fig. 4 Synthesis and acid/GSH-responsive cleavage of ImSSP. First-order kinetic plot for RAFT polymerization of MBzImMA in presence of

PEG-SS-CTA (A); H-NMR spectrum of purified PEG-SS-PMBzImMA at
[MBzImMA]o/[PEG-SS-CTA]o/[AMBN]o = 75/1/0.3 in anisole at 70 °C and [Bz

65% monomer conversion (B); conditions for RAFP polymerization:
ImMA]y/anisole = 0.6 wt/wt; degradation of ImSSP upon the cleavage of

junction disulfide linkage and pendant BzIm bond in the presence of GSH or in acidic pHs (C). Overlaid GPC diagrams before and after GSH-induced
cleavage, compared with PEG-ss-CTA (D); and overlaid *H-NMR spectra at pD = 5.0 over incubation time (E).
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PEG-SS-CTA (Fig. 3C) shows the characteristic peaks at
7.3-8.0 ppm (m) corresponding to phenyl protons in CTA
moiety and the peak at 3.2 ppm (a) corresponding to methoxy
protons in PEG moiety. The integrals of all peaks were consist-
ent with the numbers of their protons. From the integral ratio
of peaks (a and h), the conjugation efficiency was estimated to
be >95%.

With the successful synthesis of PEG-SS-CTA and optimal
acid-cleavable monomer MBzImMA, RAFT polymerization for
MBzImMA was conducted in the presence of PEG-SS-CTA as a
macromediator, initiated with AMBN (an azo-initiator) at
70 °C. This yielded a shell-sheddable/core-degradable
PEG-SS-PMBzImMA (ImSSP), consisting of hydrophilic PEG
block conjugated via a disulfide bond to hydrophobic
PMBzImMA block having pendant BzIm bonds. Kinetic ana-
lysis revealed that monomer conversion reached 65% within
4 h after an induction period of ca. 165 min (Fig. 4A). The
crude polymer was purified by precipitation in diethyl ether.
The "H-NMR spectrum of the purified PEG-SS-PMBzImMA in
Fig. 4B shows the characteristic peaks at 8.3 ppm (g) for the
imine bond, 7.4-7.7 ppm (h) for the phenyl group,
0.7-1.1 ppm (b) for the backbone methyl group of PMBzImMA
block as well as 3.6 ppm (EO) for PEG block. The presence of
imine peak in "H-NMR spectrum after purification confirms
its stability during RAFT polymerization. Based on their inte-
gral ratio, the degree of polymerization (DP) was estimated to
be 33, forming PEG-SS-PMBzImMA;;. Its GPC trace was shifted
to higher molecular weight region after polymerization (Fig. 4D),
indicating successful chain extension from PEG-SS-CTA with
acid-cleavable PMBzImMA block. A small shoulder in low
molecular weight region appeared to overlap with PEG-SS-CTA,
suggesting that the block copolymer could contain a small
portion of unreacted PEG-SS-CTA. The block copolymer had a
low dispersity of ® = 1.12 and a number average molecular
weight of M, = 20.3 kg mol™", which was in good agreement
with the theoretical M, = 20.1 kg mol™" calculated based
on the targeted DP of PMImBzMA blocks and monomer
conversion.

Acid/GSH-responsive degradation of ImSSP

The synthesized PEG-SS-PMBzImMA contains a reductively
cleavable disulfide linkage at the block junction and acid-
labile BzIm pendants in the hydrophobic block. Fig. 4C shows
schematic illustration of its degradation in response to
reduction and acidic pH. To investigate reductive degradation
using GPC, the copolymer was incubated with DTT, a reducing
agent (5 equivalent excess to disulfide bonds). As seen in
Fig. 4D, the M, decreased from 20.3 kg mol " to 14.8 kg mol ™"
as a consequence of the cleavage of junction disulfide bond to
generate PEG-SH and SH-PMBzImMA. The GPC diagram of the
degraded products shows two peaks: a pronounce shoulder
peak at lower MW region corresponding to PEG-SS-CTA and a
peak in higher MW region corresponding to SH-PMBzImMA.
To investigate acid-responsive degradation using 'H-NMR,
the copolymer was incubated at pD = 5.0. Similar to its
MBzImMA monomer counterpart, the peak at 8.3 ppm corres-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ponding to BzIm proton in the copolymer decreased over incu-
bation time, while the peak at 9.8 ppm corresponding to alde-
hyde proton in p-methoxybenzaldehyde as a degraded product
increased (Fig. 4E). The t,,, was determined to be 1.9 h at pD =
5 for the copolymer, which is slightly higher than that (1.77 h)
for MBzZIMMA monomer under the similar condition. Further,
the degraded products were isolated by centrifugation for their
structural analysis. "H-NMR spectrum in Fig. S10f confirms
the generation of methoxybenzaldehyde and PEG-SS-PAM as
degraded products upon the cleavage of pendant BzIm bonds.

Aqueous micellization and acid/GSH-responsive disassembly

The synthesized diblock copolymer consists of a hydrophilic
PEG block and a hydrophobic pMBzImMA block with multiple
imine pendants, connected via a disulfide linkage. Its amphi-
philicity was utilized for fabricating polymer micelles at 1 mg
mL~". The formed micellar aggregates are composed of imine-
containing hydrophobic PMBzImMA cores, surrounded with
sheddable hydrophilic PEG corona. They had a z-average dia-
meter of 94 + 0.1 nm with a monomodal distribution by DLS
analysis (Fig. 5A).

Up incubation with GSH, both z-average diameter and poly-
dispersity (PDI) of the nanoassemblies increased rapidly, with
the occurrence of large aggregates (diameter > 1 pm) within
24 h and PDI rising from 0.1 to 0.3. Such change is likely due
to the destabilization and aggregation of formed hydrophobic
cores after the loss of their hydrophilic coronas upon the clea-
vage of disulfide linkages at core/corona interfaces. In acidic
pH = 5, their diameter significantly decreased to 3.5 nm. This
is probably attributed to the cleavage of imine bonds in hydro-
phobic cores to generate primary amine pendants, which
could be further protonated to form highly water-soluble
PEG-SS-PAM. A similar decrease in their diameter to 2.2 nm
was observed when the nanoassemblies were treated with both
H" and GSH simultaneously.

Loading and acid/GSH-responsive release of Dox

To explore the potential of ImSSP-based nanoassemblies as an
intracellular delivery nanocarrier for chemotherapy, Dox, a
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Fig. 5 DLS diagrams of nanoassemblies formed through self-assembly
of PEG-SS-PMImBzMA before (A) and after being incubated with 10 mM
GSH (B), in acidic pH = 5 (C), and both (D).
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Fig. 6 DLS diagram (A) and TEM image (B, scale bar = 100 nm) of Dox-loaded NPs. %Dox release over incubation time at acidic pHs = 5.0 and 6.8
and GSH, compared with in absence of external stimuli at physiological pH = 7.4 (C). Fluorescence microscope images of HeLa multicellular tumor
spheroids incubated for 6 hours with empty nanoparticles, free Dox and Dox-loaded nanoparticles. n = 4, scale bar = 200 um. (D). Quantitative ana-
lysis of florescence intensity in the spheroids (E).
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clinically approved cancer drug, was encapsulated in the
nanoassemblies using a dialysis method. The resulting Dox-
loaded nanoparticles (Dox-NPs) had a diameter of 160.6 +
0.1 nm as measured by DLS analysis (Fig. 6A), which is larger
than their empty counterparts (94 + 0.1 nm). The increase in
size could be due to the formation of larger hydrophobic cores
upon incorporation of hydrophobic Dox. TEM analysis
(Fig. 6B) revealed that Dox-NPs had a uniform spherical mor-
phology with an average diameter of 48 + 7 nm. This smaller
size determined by TEM, compared to DLS, is attributed to the
shrinkage of nanoparticles in the dried state, which is com-
monly observed for block copolymer-based nanoassemblies.
Using the extinction coefficient of Dox (12400 M~" em™") in
DMF/water mixture (1/5, v/v), the loading efficiency of Dox was
determined to be 11% with a loading content of 18.6 ug mL™"
(Fig. S111).

Self-assembled Dox-NPs could disintegrate upon the acid-
catalyzed hydrolysis of pendant imine linkages in their hydro-
phobic cores, disrupting hydrophilic/hydrophobic balance.
Alternatively, NPs could also disassemble in the presence of
GSH due to the loss of the hydrophilic PEG corona upon the
cleavage of junction disulfide bonds. As shown in Fig. 6C, Dox
release was significantly enhanced in acidic pH or in the pres-
ence of GSH, compared to that in physiological pH at 7.4. For
instance, only 8% of Dox was released in neutral pH after
>80 h, while 50% and 80% of Dox were released at pH = 6.8
and pH = 5, respectively. These enhanced Dox release results
are consistent with previously observed pH-dependent hydro-
lysis kinetics of BzIm bonds. Additionally, Dox release was also
higher in the presence of GSH, which is attributed to the disin-
tegration of Dox-NPs upon the cleavage of disulfide bonds at
interfaces.

Biological evaluation of the release of Dox by HeLa multi-
cellular tumor spheroids

Next, we evaluated the ability of the dual-responsive nano-
particles to penetrate and release Dox in tumors. Multi-cellular
tumor spheroids grown from cultured HeLa cells in vitro were
used to a mimic solid tumors in vivo. HeLa cells were induced
to form spheroids, which were then treated with Dox-NPs or
with free Dox and empty NPs as controls. As shown in Fig. 6D,
bright field (top) and fluorescence images (bottom) of HeLa
spheroids after treatment revealed fluorescence signal with
Dox-NPs after 3 h, but not the controls (free Dox and empty
NPs). The fluorescence intensity in spheroids treated with Dox-
NPs increased further after 6 h. Quantitative analysis of fluo-
rescence intensity (Fig. 6E) indicated that spheroids treated
with Dox-NPs had a pronounced increase in fluorescence,
whereas there was only small increase for free Dox and no
increase for the spheroids incubated with empty nano-
particles. These results suggest that the formed Dox-NPs can
effectively penetrate and release Dox in the HeLa spheroids.
Combined with their dual-responsive nature in the tumor
microenvironment (acidic pH and elevated GSH), these results
highlight the potential of Dox-NPs as a promising drug deliv-
ery system for cancer therapy in vivo.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In this study, we have developed and optimized BzIm-based
dual acid/GSH-responsive degradable ABPs and their nanoas-
semblies for enhanced drug release. The ABPs were designed
with acid-cleavable BzIm pendants in hydrophobic blocks and
GSH-cleavable disulfides at PEG hydrophilic/hydrophobic
block junctions. Various methacrylate monomers bearing
BzIm groups (RBzZImMAs) with different para-substituents (R =
MeO, H, NO,, and Br) were synthesized. Their acid-catalyzed
hydrolysis rate by "H-NMR analysis was revealed in the increas-
ing order of MeO > H > Br > NO,, which could be attributed to
the electronic properties of their para substituents. Thus,
tunable hydrolysis kinetics of BzIm bonds could be useful for
designing distinct pH-responsive delivery systems.

Given that MBzImMA exhibited an enhanced acid-catalyzed
hydrolysis rate, a dual acid/GSH-responsive ImSSP (PEG-SS-
PMBzImMA) was synthesized through direct RAFT polymeriz-
ation in the presence of PEG-SS-CTA. "H-NMR and GPC results
confirmed that disulfide linkage and BzIm pendants in syn-
thesized ImSSP were cleaved in response to acid and GSH. The
resulting ImSSP ABP self-assembled to form colloidally stable,
monomodal, and spherical nanoassemblies, as confirmed by
both TEM and DLS analysis. They were capable of Dox encap-
sulation and exhibited enhanced release of Dox in response to
acidic pH and GSH, mimicking the tumor acidic microenvi-
ronment and intracellular cytosol, respectively. This enhanced
release could be attributed to the degradation of hydrophobic
cores to hydrophilic polymers upon the cleavage of BzIm bonds
as well as the detachment of the sheddable PEG corona upon
the cleavage of SS bonds at core/corona interfaces. Moreover,
biological evaluation using HeLa multi-cellular tumor spheroids
confirmed that the penetration of Dox-loaded nanoassemblies
and their release is greater compared to free Dox.

These results show that InSSP-based nanocarriers are robust
acidic pH and GSH-responsive drug release systems, leveraging
the tunable hydrolysis kinetics of BzZIm bonds by varying substi-
tuents. Further biological evaluation in cell and animal models
of these dual-responsive nanoassemblies could pave the way
their application as delivery system for cancer therapies.
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