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Alternating vs Random Amphiphilic Polydisulfides: Aggregation,
Enzyme Activity Inhibition and Redox-responsive Guest Release

Sukanya Bera and Suhrit Ghosh*

This paper reports synthesis an alternating copolymer (ACPs) with bio-reducible amphiphilic polydisulfide backbone and
highlights the impact of the alternating monomer-connectivity on the self-assembly, morphology, chain-exchange
dynamics, drug-release kinetics and enzyme-activity inhibition. Condensation polymerization between hydrophobic 1,10-
bis(pyridin-2-yldisulfaneyl)decane and hydrophilic 2,3-mercapto succinic acid (1.04:1.00 ratio) generates the amphiphilic
ACP P1 (M,, = 8450 gm/mole, D =1.3), that exhibits self-assembly in water, leading to the formation of ultra-thin (height <
5.0 nm) entangled fibrillar network. In contrast a structurally similar amphiphilic random copolymer P2 shows truncated
irregular disc-like morphology under the same condition. It is postulated that due to perfect alternating sequence of the
hydrophobic and hydrophilic segments in P1, it’s immiscibility-driven aggregation in water leads to a pleated structure,
which further assembles to the observed long fibrillar structures, similar to crystallization-driven self-assembly. In fact,
wide-angle X-ray diffraction analysis lyophilized P1 sample shows sharp peaks indicating its crystalline nature (%
crystallinity ~ 37%), which are completely missing for P2. Effect of such distinct self-assembly on the chain-exchange
dynamics was probed by fluorescence resonance energy transfer (FRET) using 3,3'-dioctadecyloxacarbocyanine
perchlorate (DiO) and 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate (Dil) as the FRET- donor and
acceptor, respectively. Dil and DiO entrapped solutions of P1, when mixed, no prominent FRET appeared even after 24h. In
sharp contrast, for P2, intense FRET emission noticed and the FRET ratio (~ 0.9) reached saturation in ~ 15h, indicating
much enhanced kinetic stability of P1 aggregates. Glutathione-induced release of encapsulated Nile red showed much
slower kinetics for P1 compared to that of P2, corroborating with the observed slow chain-exchange dynamics of the
highly stable alternating copolymer assembly. Further, the well-ordered assembly of P1 showed excellent surface
functional group display (zeta potential -32 mV compared to -14 mV for P2) which resulted in effective recognition of a-
chymotrypsin (Cht) protein surface by electrostatic interaction. Consequently, P1 could significantly (> 70 %) suppress the
enzymatic activity of Cht, while in presence of P2, the enzyme was still active in > 70% efficacy.

assembly behaviour ” or functional properties.8 Despite the
first report on the synthesis of alternating copolymer of
stilbene with maleic anhydride dates back to 1930,9

Amphiphilic polymers exhibit immiscibility driven aggregation
in water leading to different nanostructures.” They are of
interest in different applications including drug delivery,
antibacterial materials, tissue engineering, protein delivery
and others.” Most of such systems are block copolymers,l'2
other than relatively a smaller number of reports on
amphiphilic homopolymers,3 random * or alternating
copolymers.5 Amongst them, alternating copolymers are
unique in a sense that there is a defined sequence of the two
different monomers ° in this structure. Owing to this unique
sequence, alternating copolymers exhibit distinct self-
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preparation of structurally diverse copolymers with alternating
sequence remains to be a challenge through chain-growth
mechanism. Increased difference in electron density, steric
hindrance, pseudo connectivity or pre-defined sequence
between the two comonomers are strategies, with limited
success, for synthesis of alternating copolymers (ACPs) by
chain polymerization.5 However, in step-growth
polymerization between AA and BB type monomers, the
resulting polymer intrinsically has the alternating sequence.
Hence if these monomers can be designed in such a way that
one is hydrophobic and the other is hydrophilic, it will produce
amphiphilic ACPs without any ambiguity in their sequence.
Similar strategies have been used for the synthesis of different
amphiphilic ACPs which exhibit chain-folding regulated self-
assembly or crystallization.lo'11 We envisaged such well-
defined self-assembled systems may be highly relevant for
biological applications, for which it is imperative to achieve
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control over several important parameters such as functional
group display, chain-exchange dynamics or stability.

protons. By comparing the intensity of the end grRuR RrotaNs
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Scheme 1: Synthesis of P1 and P2

In the recent past we have developed a synthetic methodology
for making polydisulfides (PDSs) through condensation
polymerization pathway.12 In a sense it is a unique
in which any dithiol (AA) gets
polymerized with commercially available 2,2'-Dipyridyl
disulfide (BB) by thiol-disulfide exchange reaction. Although it
is AA + BB type polymerization, at the end it produces the
same polydisulfides, that would been achieved by oxidative
polymerization of the dithiol monomer. We are particularly
interested in disulfide containing polymers, as they present a
bio-reducible Iinker,13 which can be degraded in presence of a
glutathione, especially in the intracellular location due to its
significantly higher concentration.” We realized that this
methodology can be easily extended to prepare amphiphilic
ACPs with the degradable PDS backbone, which would enable
testing the relevance of such perfectly sequenced polymers for

polymerization technique,

aqueous self-assembly and biological applications. With this
objective, in this manuscript we have synthesized an
amphiphilic ACP with PDS backbone (P1, Scheme 1) and
compared its self-assembly, chain-exchange dynamics, and
enzyme activity inhibition with a structurally similar random
copolymer (P2, Scheme 1).

Results and Discussion

Scheme 1 shows synthesis of P1 and P2. Monomer M1 was
synthesized from commercially available 1,10-Decanedithiol by
reacting it with excess 2,2’-Dipyridyl disulfide and isolated as
pale-yellow oil in 58 % yield. Condensation polymerization
reaction at rt between M1 (hydrophobic) and commercially
available 2,3-dimercapto succinic acid (M2, hydrophilic)
produced the desired poly(disulfide) based amphiphilic ACP
P1. It was isolated as a colourless solid in 42 % vyield. During
the polymerization, intentionally M1 was taken in slight excess
(M1: M2 = 1.04:1.00) for avoiding presence of reactive thiol
groups at the chain-terminal. P1 was characterized by 'H NMR
(Fig 1) in which all the peaks could be assigned unambiguously.
Enlarged view of selected region (6 = 7.0-8.0 ppm) showed
presence of characteristic peaks for the aromatic protons of
the pyridyl-disulfide groups, present in the chain-ends. Also
visible was the peak at 6 = 13 ppm for the carboxylic acid

2| J. Name., 2012, 00, 1-3

polymerization could be calculated to be 17. UV/Vis spectrum
showed (Fig. S1) a band (A = 250-300 nm) corresponding to the
end-groups, from which molecular weight of P1 was estimated
to be 8560 gm/ mole, which showed a very good match with
that estimated from size exclusion chromatography (SEC) (Fig
S2) or end-group analysis using the NMR spectrum (Table 1).
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Fig. 1 'H NMR of P1 (solvent DMSO-d6); Peaks marked with “X”
come from the solvent.

Likewise, the amphiphilic random copolymer P2 was
synthesized by condensation polymerization between 1,10-
Decanedithiol, 2,3-dimercapto succinic acid (M2) and 2,2'-
Dipyridyl disulfide, in which the reactive pyridyl-disulfide and
the thiol groups were taken in 1.04: 1.00 ratio, while the two
dithiols were taken in 1:1 ratio. It produced the amphiphilic
random copolymer, which could be characterized by SEC
studies (Fig. S2), 'H NMR (Fig. S3) and UV/Vis (Fig. S1).
Molecular weight of P2, estimated from SEC or end-group
analysis was comparable to that of P1 (Table 1). From the end-
group analysis by 'H NMR, average number of hydrophobic
and hydrophilic units are 9 and 10, respectively. It is
imperative to note that the molecular weight and dispersity

values for both polymers are almost identical, which makes

This journal is © The Royal Society of Chemistry 20xx
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their comparison free of any intrinsic structural effects other
than the monomer connectivity sequence. Also, the dispersity
values in the range of ~ 1.2 for polymers synthesized by the
step-growth route are appreciable and indicate well-defined
polymerization.

Table 1: Molecular weight of P1 and P2. Theoretically

estimated molecular weight value = 9870 gm.mol™ using the
stoichiometric imbalance and conversion 100 %.
Polymer | M,, (SEC)° | Dispersity | Mol. Wt. Mol. Wt.
gm.mol™ (D) (NMR (UV)
P1 8500 1.25 6800 8600
P2 8700 1.21 7200 8300

? SEC conditions: concentration = 5.0 mg/mL; solvent-DMF;
standard-PMMA;

ATy A )
4 '/4 \‘\‘

100 200 300
X (nm)

300 600 900 -
X (nm)

Fig. 2 AFM images of (a) P1 and (b) P2 aggregates. Height
profile along the green line is shown in the right.

Aggregation of P1 was tested in aqueous medium in basic pH
to ensure that the carboxylic acid groups remain as
carboxylate. AFM image (Fig. 2a) shows long cylindrical
structures  with interconnected network formation.™
Interestingly height of these worm-like structure is < 5.0 nm,
indicating these are extremely thin flat structures. Contrary to
P1, the random copolymer P2 shows irregular disc-like
morphology (Fig. 2b) with height < 2 nm, indicating significant
difference in the aggregation behaviour of the alternating and
random amphiphilic copolymers. It is proposed that, due to
strictly alternating sequence of the hydrophilic and
hydrophobic segments in P1, immiscibility driven aggregation
in water leads to pleated structure (Fig. 3a), which further

This journal is © The Royal Society of Chemistry 20xx
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assembles to the observed long fibrillar structure@,:v‘:; similarte
those observed for the crystallization-8fivén 1 aE3&HB2494a
fact, wide-angle X-ray diffraction analysis of the sample,
obtained by lyophilization of the aqueous solution of P1,
showed (Fig. 3b) sharp peaks at 26 = 12.8, 25.6, 32.2 and 39.0
°, indicating crystalline nature of the aggregate.17 In sharp
contrast no such peaks were noticed for random copolymer P2
(Fig. 3b), which highlights the importance of the alternating
sequence for the observed well-defined aggregation.
Container property of these polymer aggregates was examined
by encapsulation of hydrophobic dye Nile red (NR). In both
cases, NR-treated polymer solution showed intense red colour,
indicating successful dye encapsulation in the hydrophobic
pocket of these polymer aggregates. Fluorescence spectra
showed typical emission band for NR. By concentration
dependent fluorescence experiments (Fig. S4), critical
aggregation concentration (CAC) of P1 and P2 were estimated
to be roughly 15 pg/mL and 27 pg/mL, respectively.
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Fig. 3 (a) Schematic showing immiscibility driven assembly of
P1 with crystalline nature; (b) Wide angle X-ray diffraction
pattern of P1 and P2. Experiments were carried out with solid
samples obtained after lyophilization of aqueous aggregates (c
=3.0 mg/ mL) of P1 and P2.

Next, we examined the chain-exchange dynamics of the
aggregates of P1 and P2 by fluorescence resonance energy
transfer  (FRET) using  3,3'-dioctadecyloxacarbocyanine
perchlorate (DiO) and 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) as the FRET-
donor and acceptor, respectively (Fig. s5)."® Dil and DiO were
encapsulated separately in P1 aggregate and then the two
different dye-encapsulated solutions were mixed together and
the FRET-emission was monitored as a function of time (Fig. 4).
Excitation was set at 485 nm corresponding to the absorption
of the donor (DiO), which resulted in intense emission at 508

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



https://doi.org/10.1039/d4nr02494j

Published on 26 agosto 2024. Downloaded on 8/9/2024 05:21:41.

Nanoscale

nm corresponding to DiO, but no such prominent emission
band was noticed for the acceptor Dil at 570 nm, indicating
negligible FRET. Emission spectra were recorded up to 24 h,
when no increase in the FRET efficiency was noticed, rather it
remained constant at a very low value of ~ 0.3, which can also
be due to the contribution from the direct excitation of the
acceptor chromophore.
exchange dynamics in the P1 aggregate. In sharp contrast, for
the P2 aggregate, after mixing DiO and Dil encapsulated
solutions, FRET efficiency spontaneously reached to a very
high value of ~ 0.7 (Fig. 4), which gradually increased and
reached a value of > 0.9 in 24h, suggesting much faster chain-
exchange in this case.

This indicates a remarkable slow
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Fig. 4 (a) Emission spectra (A, = 485 nm) of the mixed solution
of DiO and Dil encapsulated P1 (black-line) and P2 (blue line)
just after mixing (dotted line) and after 24h (solid line). For P1
and P2, peak intensities were normalized to 1.0 at 520 nm and
575 nm, respectively. Concentration of polymer and each dye
=20 uM and 10 pM, respectively; (b) Variation of FRET ratio as
a function of time.

The contrast, as shown in Fig. 4b, is truly noteworthy as it
clearly indicates that the alternating sequence leads to a much
stable assembly with negligible chain exchange, which can be
attributed to the crystalline nature of the assembly. Irregular
sequence in P2 leads to not so effective chain-packing and
consequently loosely bond aggregates and fast chain-
exchange. It is noteworthy that for applications such as drug
delivery and others, it is imperative to have systems with slow
exchange dynamics to minimize leakage of the encapsulated
therapeutic molecules. This has generally been achieved by
crosslinking and other techniques.19 In that sense the present
system is unique as it demonstrates crystalline assembly
intrinsically can lead to a situation where the chain exchange is
extremely slow.

4| J. Name., 2012, 00, 1-3

Polydisulfides are of interest as the disulfide linkage.cap.be
cleaved in presence of glutathione (GSH)?WhieRG8%6PBiBIagial
relevance due to its significantly higher intra-cellular
concentration compared to extracellular domain. GSH is a
highly polar tripeptide, while the disulfide linkage in the
aggregates is located in the hydrophobic domain. Hence
cleavage of the disulfide bond by diffusion of the GSH to the
hydrophobic pocket of the aggregates may not be very
effective. Instead, earlier studies with disulfide containing
small molecule surfactants predicted the cleavage may happen
in the unimer state of the surfactant which always is in
dynamic equilibrium with the aggregates.20 In that case, sharp
contrast in the chain-exchange dynamics between P1 and P2
may significantly influence the kinetics of GSH triggered
disulfide cleavage and disassembly. To test such possibilities
Nile red encapsulated P1 and P1 aggregates were treated with
GSH (10 mM) and emission spectra of Nile red was monitored
as a function of time (Fig S6, Fig. 5). To start with, Nile red
emission intensity was comparable in both samples.

Fig. 5 (a) Emission spectra of Nile red encapsulated in P1 (black
line) or P2 (blue line) aggregates before (dotted line) and after
GSH-treatment for 5h (solid line). Concentration of Nile red,
P1/ P2 and GSH = 10°M, 0.5 mg/ mL, and 10 mM, respectively.
Aex = 530 nm; (b) Cumulative % release of Nile red as a function
of time after GSH addition. Release % was calculated using
emission intensity at 622 nm.
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However, with time emission intensity decreased at much
faster rate for P2 and eventually it became negligible after ~
5h. On the other hand, for P1, the intensity reduced at much
slower rate and after the same time interval still significant
band intensity was noticed. % of dye release was estimated
using the band intensity at 622 nm and plotted in Fig. 5b. A

This journal is © The Royal Society of Chemistry 20xx
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clear difference can be noticed; for P2 much faster release rate
was observed and after 5 h, ~ 90 % dye was released. In case
of P1, much slower release rate was noted and after 5 h, only ~
50 % dye release was noticed. Similar trend was observed
when dye release experiments were performed using UV/Vis
absorption spectroscopy (Fig S7). This clearly indicates a
remarkable influence of the chain exchange dynamics on the
rate of disassembly of these polydisulfides aggregates, which
can be clearly corroborated with earlier report suggesting such
disulfide cleavage happens in the unimer state of the
surfactant rather in the aggregated state. It is imperative to
note that depending on the specific need, both fast release
and sustained release are important. Hence the ability to tune
the release rate to such an extent by controlling the polymer
sequence is not only of fundamental interest, but also could be
of importance for practical applications.

Finally, we examined the effect of the well-ordered assembly
of P1 on surface functional group display and attempted to
correlate it with recognition of protein surface by electrostatic
interaction. For this study, a-chymotrypsin (Cht), with cationic
surface charge, was taken as the model protein.

Q NH,
o]

(a) OH

o]
0 Cht

NO.
(o] \o 2
i 2 p-Nitro aniline
(b) @  Control ; (c) 1001
°
%0.3 °
5
'E 0.2
c
]
20.1
i
e 9
0.0--3‘5“53» 200 ® Pas 00 @ )
U E “ g ) & & Qv
Time (min) o

Fig. 6 (a) Scheme showing the Cht induced product formation
of SPNA substrate; (b) Time versus concentration plot of para-
nitroaniline generated from the hydrolysis of SPNA (2 mM) in
the presence of Cht (3.2 um) after incubation with P1 or P2
(0.1 mM) or without addition of polymer (control) at pH 9.0;
(c) Relative Cht activity in presence of P1 and P2.

As the polymers are negatively charged due to the presence of
the carboxylate groups, it is anticipated that they will bind to
the protein surface by electrostatic interaction, which in turn
will hamper the enzymatic activity of Cht, depending on the
effectiveness of a given polymer aggregate to bind the protein
surface.” To test this, activity assays were carried out with a
chromogenic substance namely N- Succinyl-L-Phenylalanine-p-
nitroanilide (SPNA) (Fig. 6) It is known that Cht, in its active
form, can hydrolyse SPNA, which produces p-nitro aniline
having an absorption band in the visible region (A,.x = 405
nm). Activity of Cht in the absence of any polymer was
checked first, which showed sharp increase in the absorption
intensity at 405 nm with time, indicating the protein is in its
active form. Cht, preincubated with P1, showed negligible
production of p-nitro aniline, indicating prominent decrease in

This journal is © The Royal Society of Chemistry 20xx
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the enzymatic activity by ~ 70 %. On the other, hand,.in
presence of P2, the decrease in enzymatiCacivit§Pir4IBe 930
%, significantly less than that of P1. Therefore, it is evident that
the strict alternating sequence in P1, no only leads to a stable
self-assembly, but also helps well-defined chain packing
leading to better functional group display. This was also
evident from significantly higher negative zeta potential (-32
mV) for P1 compared to -14 mV for P2. Finally, MTT assay (Fig.
S8) of Hela cell was performed with P1 and P2 (concentration
up to 400 pg/ mL), which showed > 85 % cells were alive even
after 48 h, indicating excellent cell compatibility of the
polymers and possibility of their future biomedical application.

Conclusions

In this manuscript we have demonstrated easy synthesis of an
amphiphilic polydisulfide with alternating sequence of the
hydrophobic and hydrophilic monomers by condensation
polymerization involving thiol-activated disulfide exchange
reaction. Self-assembly studies show such alternating
sequence is highly useful to achieve distinct morphology and
negligible chain-exchange dynamics, which can be attributed
to the immiscibility driven crystalline chain-packing, that is
missing in structurally similar random copolymer. Kinetic
stability of the aggregate helps in slow degradation of the
backbone disulfide linker in presence of glutathione, that is
highly useful for sustained drug release. Furthermore, well-
ordered chain packing leads to distinct ultrathin fibrillar
morphology with excellent functional group (carboxylate)
display, that enables electrostatic interaction mediated surface
recognition of an enzyme Chymotrypsin (Cht) and ~ 70%
inhibition of its enzymatic activity in contrast to the random
copolymer, showing negligible enzyme-activity inhibition.
Despite significant research progress in self-assembly of
amphiphilic polymers and their functional utility, alternating
copolymers are not so common, perhaps due to the difficulty
in making such polymers with perfect alternating sequence.
However, by condensation polymerization approach, one can
easily have access to such polymers and results reported in
this manuscript should be highly inspiring to explore such
systems for diverse functional materials.
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