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We demonstrated a new methodology for the templated synthesis of a crosslinked poly(disulfide)s-based
dynamic covalent nanonetwork as a highly stable potential delivery vehicle for chemotherapeutic appli-
cations. The synthesis was carried out by treatment of a nanoaggregate of a biomass-derived lipoic acid-
based amphiphilic monomer with a reducing agent at room temperature in open air and aqueous
medium. The hydrodynamic diameter of the naoaggregate was ~130 nm as probed by dynamic light scat-
tering. Control over the crosslinking density was achieved by varying the ratio of monomer : reducing
agent. The crosslinking percentage varied from ~13% to ~100%. This provided the opportunity of fine-
tuning the stability of the nanocarrier, noncovalent encapsulation stabilities and kinetics of cargo release,
which are highly relevant in drug-delivery applications. For a highly crosslinked nanonetwork, in the simu-
lated redox condition of cancer cells, ~80% release of the guest molecule was noted from the nanonet-
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work in a sustained manner. Controlled depolymerization of the polymer was accomplished by use of
specific mol% of the same reducing agent. Finally, the reversibility and recyclability of the poly(disulfide)s
to the monomeric form was achieved by treatment of the polymer with an external thiol in the presence
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Introduction

The noncovalent encapsulation of a hydrophobic guest mole-
cule in aqueous medium and its release in the desired location
in response to a specific stimulus is the goal in drug-delivery
applications."™® For a robust delivery vehicle, the stability of
the delivery vehicle itself and the encapsulation stability of the
guest is critical in such a design.” Though polymeric micellar
assemblies have been extensively studied for drug delivery,
they have inherent stability issues. A micelle retains its struc-
ture only above a critical aggregation concentration (CAC). This
phenomenon limits the practicality of in vivo use because high
dilution is likely to occur while the nanocarrier is in the blood
circulation, resulting in undesired release of the “payload”
before reaching the target site.® Additionally, non-specific
interactions of the micelle with the large protein molecules
present in the blood can lead to disassembly followed by pre-
mature release of the guest.” " The encapsulation stability of a
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polymeric micelle in aqueous medium is relatively poor.'” To
that end, a strategy of covalent crosslinking the core of a poly-
meric micelle’®™° has been developed, but the degradability of
the polymer backbone can be a limiting factor for its
application.'®'® Therefore, designing a completely degradable
delivery vehicle with high stability even below the CAC,
efficient encapsulation stability of the guest and controlled
release are essential to avoid the complications of serious side
effects in drug-delivery applications. However, some research
teams (including our team) have shown that a combination of
noncovalent supramolecular chemistry and dynamic covalent
chemistry can lead to the formation of a completely degrad-
able polymeric “nanonetwork”. The latter stabilizes the small
molecule-based nanoaggregate in a high dilution condition
and minimizes the “leakiness” of the payload.'”™° Here, we
established a synthetic methodology for a series of crosslinked
poly(disulfide)s termed “dynamic covalent nanonetwork”
(NN). The poly(disulfide)s are known as “sustainable smart
materials” due to the presence of multiple copies of dynami-
cally reversible disulfide bonds. The disulfide bonds are
readily cleavable and exchangeable in the presence of physical
or chemical stimuli by overcoming the bond dissociation

energy of 60 kcal mol™.?° In the traditional synthesis of poly

Polym. Chem., 2024, 15, 5007-5015 | 5007


http://rsc.li/polymers
http://orcid.org/0000-0002-8057-683X
https://doi.org/10.1039/d4py01109k
https://doi.org/10.1039/d4py01109k
https://doi.org/10.1039/d4py01109k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4py01109k&domain=pdf&date_stamp=2024-12-05
https://doi.org/10.1039/d4py01109k
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY015048

Published on 08 novembra 2024. Downloaded on 11.6.2026 23:00:12.

Paper

(disulfide)s, several stimuli, including heat, light, oxidizing
agents, or thiol-based nucleophiles, are employed to induce
polymerization.>'® In many cases, light is used exclusively to
prepare a crosslinked network of poly(disulfide)s. Feringa and
coworkers showed photo crosslinking of a 1,2-dithiolane ring
and decrosslinking by a thiol.”” The thiolate anion can effec-
tively target and cleave disulfide bonds to promote the devel-
opment of polymer chains through ring-opening polymeriz-
ation (ROP). In 2011, Matile et al. pioneered the anionic ROP
of 1,2-dithiolanes. They employed asparagusic acid (AA) units
(a symmetric 1,2-dithiolane) as the terminal polymerizable
moieties, which was polymerized by thiolate anions.>* Liu and
Moore et al. found that, in the presence of organic bases with
substantial steric hindrance, alkyl thiolates created linear poly
(1,2-dithiolane)s, while aryl thiolates produced cyclic species
due to differences in the nucleophilicity of initiators.*® Tian
and Feringa et al. described the temperature-induced synthesis
of a supramolecular polymer network of poly(disulfide)s from
a thioctic acid monomer.** Yu and Liu et al. reported con-
trolled and regioselective ROP of poly(disulfide)s by anion
binding catalysis.>> Lu and coworkers recently reported poly
(disulfide)s synthesis in a frozen environment using a 1,2-
dithiolane monomer and thiol from a protein to make a
protein—poly(disulfide)s conjugate.>®

Waymouth and coworkers reported thiol-initiated cross-
linking of a micellar core formed by a 1,2-dithiolane ring.?®
Though there have been many reports of poly(disulfide)s, the
control over the crosslinking density and “fine tuning” of the
noncovalent encapsulation stabilities for crosslinked poly(di-
sulfide)s of 1,2-dithiolane has not been explored. Here, we
introduced a methodology for the synthesis of a series of core
crosslinked poly(disulfide)s with variable crosslinking density
by a reducing agent (dithiothreitol)-mediated ROP of the 1,2-
dithiolane ring of lipoic acid (Scheme 1)."”7*° The use of a
reducing agent generated a small percentage of thiol, which
initiated the polymerization by ROP within the micelle core.
Unlike light: (i) the crosslinking density could be controlled by
varying the mol% of the reducing agent; (ii) crosslinking
occurred at room temperature in open air and aqueous
medium. This strategy enabled tunability in noncovalent
encapsulation and guest release kinetics. Depolymerization
was established by use of an excess of the same reducing
agent. Finally, recyclability was achieved by regeneration of the
monomer from the polymer in the presence of a thiol and
organic base at room temperature.

Results and discussion
Aqueous self-assembly of the amphiphile

The nanoaggregate of the lipoic acid-based amphiphile (LPA)
was prepared by self-assembly in water. In the nanoprecipita-
tion technique, dropwise addition of water to an acetone solu-
tion of the amphiphile, followed by evaporation of acetone
under stirring at room temperature, led to the formation of a
self-assembled nanoaggregate of average hydrodynamic dia-
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Scheme 1 Chemical structure of the lipoic acid-based amphiphile.
Self-assembly in aqueous medium and fabrication of a crosslinked poly
(disulfide)s nanonetwork by varying the mol % of dithiothreitol (DTT)
(schematic).

meter of 130 nm as probed by DLS measurement (Fig. 1a). The
range of average particle size obtained in the transmission
electron microscopy (TEM) image was 100-120 nm (Fig. 1b),
which agreed closely with the DLS data. A slightly smaller size
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Fig.1 (a) DLS profile of the self-assembled amphiphile (nanoaggre-
gate). (b) TEM image of the nanoaggregate. (c) Nile-red absorption
spectra by varying the concentration of LPA. Inset shows a plot of
absorption intensity vs. concentration for CAC calculation (CAC =
263 pM). (d) Fluorescence microscopy image of a Nile red-encapsulated
nanoaggregate.
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in TEM data could be attributed to the shrinkage of the nano-
particle in the dried state.>® Next, to probe the capability of
guest encapsulation of this nanoaggregate, a hydrophobic
model guest molecule, Nile red, was added to the solution of
the nanoaggregate and the encapsulation was tested by the
UV/visible spectroscopy. Nile red is not soluble in water unless
a “hydrophobic shelter” is provided. However, Fig. 1c shows an
intense absorption band of Nile red in water in the presence of
the amphiphile solution, thus confirming formation of nano-
container, which provided a hydrophobic shelter to Nile red.
At a very low concentration of the amphiphile, an absorption
band of Nile red was not observed but, after a certain concen-
tration, 263 pM (ie., the CAC) (Fig. 1c, inset), a prominent
band appeared and gradually became intense with an increas-
ing concentration of the amphiphile. This phenomenon could
be attributed to the encapsulation of more Nile-red molecules
as a result of formation of a nanoaggregate beyond the CAC.
The visual evidence of the Nile-red encapsulation was probed
by fluorescence microscopy images, as shown by red particles
in Fig. 1d.

Thermodynamics of self-assembly

We used an independent method of isothermal titration calori-
metry (ITC) dilution to produce a thorough thermodynamic
profile. We did this to obtain deeper understanding of nanoag-
gregate production via supramolecular assembly in water. This
provides an opportunity of direct determination of thermo-
dynamic parameters such as enthalpy, entropy and free energy
of association. ITC is used extensively for the study of host-
guest interactions,*® but establishing the self-assembly use of
ITC is quite recent.>’* The heat of change associated with the
disassembly of the nanoaggregate (Fig. 2a) was determined in
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Fig. 2 (a) Measurement of heat release by ITC upon injection of a
nanoaggregate solution of LPA into pure water at 298 K. (b) CAC deter-
mination from a plot of enthalpy vs. concentration. (c) Calculation of AH
of aggregation from a plot of AH vs. concentration. (d) Plot showing
negative AG and positive AS. Experimental temperature = 298 K.
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the ITC experiment. From the data, the enthalpy of aggregation
and associated thermodynamic parameters were calculated
using the equation mentioned in the experimental section.**
The dilution experiment showed exothermic heat flow, which
eventually was almost saturated beyond a specific concen-
tration of the amphiphile designated as the CAC (288 pM)
because disassembly of the micellar aggregates ceased
(Fig. 2b). The CAC agreed well with the value obtained in the
guest-encapsulation technique by UV/visible spectroscopy. The
enthalpy change of demicellization calculated by the ITC
experiment was —0.21 kcal mol ™" (Fig. 2c). Therefore, the nega-
tive enthalpy change indicated that the disassembly was an
enthalpically favourable exothermic process and the self-
assembly became an enthalpically unfavourable endothermic
process. The entropy was calculated to be positive (15.50 cal
mol™" K1), so self-assembly was an entropically favourable
process (Fig. 2d). The associated free energy was found to be
negative (AG = —4.83 kcal mol™"), thereby making the overall
self-assembly a spontaneous process. The entropy-driven self-
assembly could be attributed to the release of ester-bound
water molecules into the bulk during self-assembly because
the hydrophobic core of the self-assembled nanocontainer
does not allow the polar water molecule to reside within the
core.?*?*

Fabrication of a crosslinked poly(disulfide)s nanonetwork
(NN), reducing agent-mediated depolymerization, external
thiolate-induced recyclability and monomer recovery

Next, to construct a stable and dilution-insensitive nanoaggre-
gate, we proposed to crosslink the core of the nanoaggregate
consisting of 1,2-dithiolane rings by ROP. This strategy gener-
ated a dynamic covalent crosslinked poly(disulfide)s (i.e.,
nanonetwork). In a typical experiment, first the aqueous solu-
tion of the nanoaggregate was treated with a calculated
amount (1 mol%) of reducing agent, dithiotheitol (DTT), and
stirred for 6 h at room temperature in open air. Crosslinking
was monitored by UV/visible spectroscopy and size-exclusion
chromatography. The disulfide in the 1,2 dithiolane ring and
opened disulfide bond had distinct characteristic peaks at
335 nm and 280 nm, respectively. Hence, the 335 nm band
corresponding to the cyclic monomer was monitored after the
addition of DTT.>® The band intensity at 335 nm gradually
decreased with the progress of polymerization, as shown by
the appearance of a new shoulder band at 280 nm upon
addition of DTT (see the time-dependent UV/visible spec-
troscopy data in Fig. 3a). After 5 h of reaction, the spectra
reached the saturation point, which indicated consumption of
all the 1,2-dithiolane monomers. Here, at 1 mol% DTT, we
assumed 100% crosslinking (see ESIt for detailed calculation
of crosslinking percentage). The molecular weight (M,) of this
crosslinked polymer was calculated to be 259 000 g mol™ by
gel-permeable chromatography (GPC) and the nanonetwork
was designated “NN1” (Fig. 3b). NN1 showed a spherical mor-
phology with diameter in the range 100-120 nm as seen in the
TEM image (Fig. 3c). However, use of >1 mol% DTT led to slow
and controlled depolymerization, as seen by shifting of the dis-
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Fig. 3 (a) Polymerization kinetics by monitoring the absorption peak of the monomer at 335 nm using time dependent UV/visible spectroscopy
upon addition of 1 mol% DTT in an aqueous solution of the LPA monomer. (b) GPC profile of crosslinked poly(disulfide)s by varying the mol% of
DTT. (c) TEM image of a poly(disulfide)s nanonetwork (1 mol% DTT). (d) Plot of absorption spectra of all poly(disulfide)s nanonetworks and (e)
zoomed version of the plot in (d), indicating a decrease in polymer-band intensity with increasing mol% of DTT. (f) Complete depolymerization at
50 mol% DTT shown by the corresponding TEM image, which revealed no aggregate structure. (g) Comparison of the DLS profile of the nanoaggre-
gate, all nanonetworks and the depolymerized solution. (h) Bar-chart representation of the DLS profile presented in (g).

tribution curve in the SEC chromatogram towards lower mole-
cular weight (Fig. 3b). Here, the reduction of the absorption
intensity corresponding to the open-chain disulfide bonds at
280 nm further confirmed slow depolymerization and for-
mation of free thiol (Fig. 3d and e). For the nanonetwork fabri-
cation, a variable amount of DTT was used (1, 2, 6, 10, 20 or
40 mol%) and corresponding nanonetwork was assigned as
“NN1”, “NN2”, “NN3”, “NN4”, “NN5” and “NN6”, respectively
(Fig. S17). Until 10 mol% DTT (NN4), the nanonetwork could
uphold 50% crosslinking (~86% and 74% for NN2 and NN3,
respectively) but, for NN4 and NN6, the crosslinking dropped
to 32% and 13%, respectively (see ESIT for detailed calcu-
lations). The visual evidence of encapsulation of Nile red for
all crosslinked nanonetworks is given in Fig. S2.}

Further, 50 mol% DTT was used for complete depolymeriza-
tion of the poly(disulfide)s network. From NN1 to NN6, the
molecular weight gradually decreased from 259 000 to 3600 g
mol ™" but, at 50 mol% DTT, the SEC band corresponding to the
polymer disappeared and became a straight line, indicating
complete depolymerization of the poly(disulfide)s network
(Fig. 3b). Hence, beyond 1 mol% DTT, slow depolymerization
decreased the crosslinking density, and complete depolymeriza-
tion at 50 mol% DTT diminished the nanonetwork structure.
This conclusion was further supported by the morphology
according to TEM, whereby defined particle structure was not
observed after treatment of a nanonetwork with 50 mol% DTT
(Fig. 3f). The slow depolymerization with increasing mol% of
reducing agent was also probed with the measurement of hydro-
dynamic diameter by DLS. This experiment revealed gradual

5010 | Polym. Chem., 2024, 15, 5007-5015

decrease in the average hydrodynamic diameter of the nanonet-
work from ~123 to ~1 nm (Fig. 3g and h). Therefore, the size of
~1 nm in the case of 50 mol% DTT suggested complete depoly-
merization. Fig. 4a shows that use of higher mol% of DTT led to
faster consumption of the monomer due to increased contri-
bution in the consumption by the DTT-mediated direct
reduction of disulfide bonds in the 1,2-dithiolane ring.
Particularly in the case of 40 mol% or 50 mol% DTT, Fig. 4b and
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Fig. 4 (a) Time profile for nanoaggregate-to-nanonetwork conversion
in the presence of various mol% of DTT. Time-dependent UV/visible
spectra after treatment of the monomer with (b) 40 mol% and (c)
50 mol% DTT.
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¢ no not show a shoulder band at 280 nm corresponding to
open-chain disulfides in the polymer, instead a straight line is
shown. This can be attributed to a reduction of most of the di-
sulfide bonds in the polymer and formation of the free thiol.
The presence of the free thiol indicates depolymerization and, in
principle, the greater the amount of free thiol, the greater the
depolymerization. According to UV/vis spectra, 100% cross-
linking occurred in NN1, gradual decrosslinking occurred from
NN2 to NN6, and total decrosslinking occurred at 50% DTT.
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Fig. 5 Testing for the presence of free thiol after nanonetwork fabrica-
tion. In 1 mol% DTT, no peak of TNB indicates the absence of thiol (i.e.,
maximum crosslinking) whereas, with an increasing mol% of DTT, free
thiol content increases as indicated by increasing intensity of TNB (i.e.,
little crosslinking). The chemical structure of the reaction of free thiol
with Ellman’s reagent is shown schematically on the left.
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Therefore, we expected the absence of free thiol in NN1 and
presence of maximum free thiol in the complete decrosslinked
solution (50% DTT). To probe the thiol content in the solution,
we carried out a very well-known Ellman’s test (Fig. 5).** Upon
addition of Ellman’s reagent to the NN solution in the presence
of a base, a significant band at 490 nm that corresponded to
2-nito-5-thiobenzoate (TNB) appeared, and the original Ellman’s
reagent or DTNB band vanished, suggesting the existence of free
thiol as a result of depolymerization. It’s interesting to note that
in the case of NN1, a band corresponding to TNB was not seen,
indicating the absence of free thiol in the NN1 solution. Even
though the concentrations of Ellman’s reagent in each solution
were identical, the strength of the TNB band increased progress-
ively from NN2 to NN6. This could be attributed to the increas-
ing concentration of the free thiol due to higher percentage of
decrosslinking in moving from NN2 to NN6. The maximum
intensity of the TNB peak and almost complete disappearance of
the DTNB peak at 50 mol% DTT suggested the highest percen-
tage of depolymerization compared with other nanonetworks.
Upon addition of an external thiolate anion to the solution
of the nanonetwork, the thiolate anion cleaved the disulfide
bonds, which then closed to reform the 1,2-dithiolane ring
containing the monomer (see the scheme in Fig. 6a), as indi-
cated by evolution of the distinct peak at 335 nm in UV/visible
spectroscopy (Fig. 6b). This indicates recovery of the
monomer. The profile of size-exclusion chromatography
showed disappearance of the bands corresponding to the
polymer, thus further suggesting thiolate anion-induced depo-
lymerization (Fig. 6¢). To obtain direct proof for the formation
of the monomer, we performed liquid chromatography-mass
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Fig. 6 (a) Depolymerization by an external thiol in the presence of a DBU base (schematic). (b) Monitoring depolymerization by UV/visible spec-
troscopy, which shows increasing band intensity corresponding to the monomer at 335 nm. (c) GPC profile of poly(disulfide)s and depolymerized
solution. (d) LC-MS profile of the depolymerized solution. Solvent for the column for GPC = DMF; measurement temperature = 30 °C.
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spectrometry (LC-MS), which revealed a distinct peak at
74429 ¢ mol™' corresponding to the lipoic acid-based
monomer (Fig. 6d), thus suggesting reversibility and reforma-
tion of the monomer.

Stability of the crosslinked poly(disulfide)s nanonetwork

Furthermore, we examined the stability of the nanonetwork
itself and compared it with the nanoaggregate. We showed
that the crosslinking had a tremendous effect on the stability
of the nanocarrier. Here, we used the moderately crosslinked
nanonetwork (NN2) for this study. To that end, the nanoaggre-
gate and NN2 were diluted with water, and systematic changes
in the size were monitored by DLS. Interestingly, the nanonet-
work retained its structure even below the CAC, while nanoag-
gregates disassembled below the CAC and an aggregate struc-
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56 180 (dilution with DMF)
g 90 51 60
ﬁ 60 — Nanonetwork 'g 140
& (used 2% DTT) 2
30 — Nanoaggregate 120

00-
0.5 04 0.3 0.2 0.1 0.0
Concentration (mM)

0
0.5 04 03 0.2 0.1 0.0
Concentration (mM)

Fig. 7 (a) Probing the dilution tolerance of the nanoaggregate and
nanonetwork in water by measuring the DLS profile with dilution. (b)
Testing the stability of the nanonetwork by dilution with the organic
solvent DMF. In both cases, the nanonetwork showed stability below the
CAC.
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ture was not observed in the DLS profile, thereby suggesting
the very high stability and dilution insensitivity of the nano-
network (Fig. 7a and Fig. S31). To further validate the struc-
tural integrity of the nanonetwork in a good organic solvent
such as dimethylformamide (DMF), the nanonetwork and
nanoaggregate were diluted with DMF and the DLS profile was
recorded. The nanonetwork persisted even below the CAC, but
nanoaggregates were completely dissolved and no particle was
detected by DLS (Fig. 7b and Fig. S4t). Here, a slight increase
in the size of the nanonetwork could be attributed to the swell-
ing of the crosslinked structure in an organic solvent. Hence,
crosslinking the core of the nanoaggregate increased the stabi-
lity towards dilution markedly.

Tunability in noncovalent encapsulation stability

To probe the tunability in guest encapsulation stabilities by
controlling the crosslinking densities, the very well established
fluorescence resonance energy transfer (FRET) was carried out
using a lipophilic FRET pair: 3,3"-dioctadecyloxacarbocyanine
per chlorate (DiO, donor) and 1,1-dioctadecyl-3,3,3',3'-tetra-
methylin docarbocyanine perchlorate (Dil, acceptor) (see
Fig. 8a for the scheme).”””*® In a typical FRET experiment, DiO
and Dil were co-encapsulated in the core of the nanoaggregate
and, by varying the amount of DTT, FRET pair-loaded nanonet-
works were prepared. Upon excitation of the donor molecule
(DiI) at 450 nm, strong emission of the acceptor at 580 nm was
noticed due to the energy transfer from the donor to the accep-
tor because they were within the Froster distance within the
nanonetwork (Fig. 8b, ¢ and Fig. S5t). Time-dependent FRET
was recorded and, to obtain information about the encapsula-
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Fig. 8 (a) FRET by co-encapsulating Dil and DiO within the nanonetwork core (schematic). Images of the nanonetwork solution individually and
loaded with a mixture of Dil and DiO. Monitoring of FRET by emission spectroscopy for the nanonetwork formed by (b) 1 mol% and (c) 40 mol% of
DTT. (d) Calculation and comparison of the leakage coefficient of all nanonetworks from normalized FRET ratio vs. time plot. (e) Plot of leakage

coefficient vs. various nanonetworks (NN1 to NN6).
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tion stability, the leakage coefficient was calculated from the
slope of the plot of normalized FRET ratio vs. time (Fig. 8d). A
very low leakage coefficient for the 100% crosslinked nanonet-
work (NN1) was observed, whereas nanonetwork with the
lowest crosslinking density (NN6) showed a high leakage
coefficient (i.e., low encapsulation stability) (Fig. 8e).*>*
Furthermore, we hypothesized that the guest encapsulation
efficiency (EE) and encapsulation capacity (EC) would be
highly dependent on the crosslinking density. To test this
hypothesis, we measured the EE and EC for all nanonetworks
and interestingly found that EE and EC gradually increases
from NN6 to NN1 (Fig. S6f). This can be attributed to the
increasing crosslinking density from NN6 to NN1.

Tunability in stimuli-responsive guest release

To check stimuli-responsive guest release, it is imperative to
obtain detailed information regarding the degradation profile
of the nanocarrier. After careful evaluation of the guest encap-
sulation stability, we examined the redox-responsive degra-
dation of the poly(disulfide)s nanonetwork by DLS and SEC
(Fig. 9a, b and Fig. S71). Notably, treatment of the nanonetwork
with a simulated concentration (10 mM) of glutathione found
in cancer cells*' resulted in the disappearance of the band in
SEC, transforming it into a straight line, which signified the
degradation of crosslinked disulfide bonds and disintegration
of the polymeric structure. Treatment of the nanonetwork with
GSH (10 mM) and analysis of time-dependent DLS indicated a
reduction in hydrodynamic size from ~142 nm to ~5 nm,
implying disintegration of the poly(disulfide) network and
generation of tiny molecular fragments. In a control experi-
ment, application of a modest quantity of GSH (10 pM), perti-
nent to blood serum, did not alter the SEC profile or hydrodyn-
amic size, thereby showing a selective reaction and destruction
of the nanonetwork in a cancer-relevant redox environment.
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Fig. 9 (a) Stability and degradation of nanonetworks under different
GSH concentrations measured by DLS. (b) GPC profile of nanonetworks
after and before treatment with various concentrations of GSH. Percent
release of guest for all the nanonetwork and nanoaggregates in the (c)
absence of GSH and (d) presence of GSH.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Upon comprehending the redox-responsive degradation mecha-
nism, we investigated the potential for regulated release of the
guest through decrosslinking followed by disassembly in the
presence of GSH. The hydrophobic dye Nile red was utilized as
a “model” guest molecule, and guest release was tracked using
UV/visible spectroscopy because Nile red has a unique band at
550 nm that decreases with time after treating the nanonetwork
with GSH. This effect could be attributed to precipitation of
Nile red as soon as it exits the hydrophobic shelter of the nano-
network. The computation for guest-release percentage indi-
cated almost 72% release for the NN1 nanocarrier during the
course of 55 h. However, the rate of release increased progress-
ively from NN1 to NN6, with a notable rise noted for NN5 and
NN6 (Fig. 9c and Fig. S8t). Leakiness was correlated with an
increasing release rate, and lower crosslinking densities caused
higher leakiness for NN5 and NN6. On the other hand, in the
absence of GSH, ~55% release was observed for NN6, while
NN1 showed only ~12% release of the guest molecule. This
high stability of NN1 in the dormant state could be attributed
to the high crosslinking density (Fig. 9d and Fig. S97). For the
nanoaggregate, the value was found to be 32%, which again
indicated that crosslinking increased the noncovalent encapsu-
lation stability. Therefore, the concept of direct proportionality
of noncovalent encapsulation stability with the crosslinking
density was established by the above-discussed experiments.

Conclusions

We developed a methodology for the templated synthesis of
crosslinked poly(dislulfide)s by reducing agent (DTT)-induced
ROP of the 1,2-dithiolane ring present at the core of a micelle
of a biomass-derived lipoic acid-based amphiphilic monomer
at room temperature in aqueous medium and open air. The
advantages of this method were: (i) polymerization in open air,
room temperature and aqueous medium; (ii) fine tuning of
crosslinking density by maintaining the ratio of monomer:
reducing agent. Complete depolymerization was achieved by
use of a specific amount of the same reducing agent, which
was established by UV/visible spectroscopy, DLS, TEM and
SEC. The nanonetwork showed no effect on the dilution even
below the CAC of the corresponding self-assembled structure.
It also retained its nanostructure morphology upon dilution by
good organic solvent such as DMF. Therefore, in terms of the
stability of the nanocarrier, the combination of noncovalent
interactions and covalent chemistry to form the nanonetwork
was advantageous over the nanoassemblies formed by only
noncovalent interactions. Here, a series of poly(disulfide)s-
based nanonetworks (NN1 to NN6) obtained by varying the
crosslinking percentage were fabricated. We studied their
stability and noncovalent encapsulation stability. The higher
the percentage of crosslinking, the higher was the noncovalent
encapsulation stability according to FRET experiments and cal-
culation of the leakage coefficient. The encapsulation
efficiency and encapsulation capacity followed similar trends.
Hence, by varying the crosslinking density of the nanonetwork,
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the stability of the noncovalent encapsulation could be tuned
and the GSH-mediated release kinetics of the guest molecules
could be controlled. The detailed biological application of this
nanonetwork towards targeted drug delivery to cancer cells is
underway in our research team. We believe that dynamic for-
mation of a covalent poly(disulfide)s-based nanonetwork with
high stability (even below the critical micellar concentration),
high noncovalent encapsulation stability and tunable release
kinetics will aid design of a robust delivery vehicle for che-
motherapeutic applications.
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