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Glutathione (GSH) sensitive vesicles were prepared by the self-assembly of amphiphilic inclusion
complexes. These novel chemically sensitive supramolecular amphiphiles are anticipated to have
applications in drug delivery; the nanocarriers can protect the encapsulated cargo and release it via
triggered degradation in high concentrations of GSH. Additionally, the sensitivity of the vesicles to GSH
indicates that the dynamic covalent disulfide bond at the vesicle surface can be used for post-
modification of the nanocarrier via a thiol-disulfide exchange, a strategy that can be exploited to intro-
duce targeting moieties to increase treatment specificity. Supramolecular amphiphiles containing a
dynamic covalent disulfide bond were prepared via the host—guest inclusion complexes between alky-
lated B-cyclodextrin (B-CD) hosts and adamantane terminated polyethylene glycol derivatives. The
significant difference between the critical micelle concentrations of the supramolecular amphiphiles and
the individual host and guest components confirmed that a unique supramolecular amphiphile was
formed. Fluorescence experiments and dynamic light scattering (DLS) revealed that the supramolecular

Received 26th August 2021, amphiphiles self-assembled into vesicles of 130 nm diameter which were stable for 8 months.

Accepted 27th September 2021 Degradation of the vesicles after incubation with GSH was monitored using DLS and by the release of
(CF), intensity.

Degradation of the nanocarrier was faster at intracellular GSH concentrations than at extracellular GSH

encapsulated 5,6-carboxyfluorescein observed by an increase in fluorescence
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Introduction

In aqueous solutions, amphiphiles can act as molecular building
blocks and spontaneously self-assemble into nanostructures such as
nanotubes, micelles, and vesicles. For drug delivery purposes, cargo
such as drugs, proteins or other therapeutics can be encapsulated in
the aqueous interiors or the lipophilic bilayer of the nanocarriers for
controlled and sustained release. Nanocarriers are designed to
degrade and release the therapeutics at the intended site of delivery
by incorporating chemically sensitive bonds that respond to
changes in pH or redox conditions. Synthesizing amphiphiles that
incorporate design features such as chemically sensitive bonds or
targeting moieties can add a significant synthetic burden by increas-
ing the number of both the synthetic and tedious purification steps.
Supramolecular chemistry can be exploited to simplify amphiphile
synthesis by the spontaneous self-assembly of two or more mole-
cular components through non-covalent interactions.
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Host-guest interactions are frequently employed as a driving
force in the self-assembly of supramolecular amphiphiles. In
aqueous solutions, small hydrophobic guest molecules are
driven into the cavity of macrocyclic hosts by the entropically
favoured hydrophobic effect.* Vesicle nanostructures have
been prepared from inclusion complexes with complexes with
pillar{6]arenes,* ™  calix[4]arenes,'®*"  cyclodextrins,?* >
cucurbit[6]urils and resorcin[4]arenes’® as the macrocyclic
hosts. Triggered degradation and release of the encapsulated
cargo have been achieved with supramolecular amphiphiles by
changing the pH,>#101271%:33:39741 o1 redox conditions.” 3042

Degradation of supramolecular amphiphile vesicles can be
triggered by forming or breaking bonds within the guest in the
host-guest inclusion complex. For example, Wang et al. reported a
glucose sensitive supramolecular vesicle that released insulin at

35-38

high glucose concentrations to treat diabetes. The vesicle degraded
when the hydrophobic/hydrophilic balance (HLB) of the inclusion
complex was disrupted upon glucose binding to the pyridylboronic
acid derivative guest." On the other hand, Lie et al., designed a
supramolecular amphiphile in which the aliphatic chain of the
guest was cleaved. Butyrlcholinestrase cleaved the ester bond of
myristoylcholine, causing the vesicle to disassemble, again due to
the disruption of the HLB of the supramolecular amphiphile.'®

This journal is © The Royal Society of Chemistry 2021
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Glutathione can trigger release from drug delivery systems with
disulfide bonds. Glutathione is a naturally abundant antioxidant
that has significantly different intracellular (1-10 mM) and extra-
cellular (2-20 pM) concentrations.***** The tripeptide has a cysteine
residue with a free thiol that can undergo thiol-disulfide exchange
to cleave disulfide bonds. Zhang et al prepared micelles from a
supramolecular amphiphile that covalently bound a therapeutic
porphyrin to the guest molecule via a disulfide bond.*>*® Cleavage
of the disulfide bond by GSH released the porphyrin. This system
was limited to the delivery of porphyrins, and it would require to
synthesize and characterize a new supramolecular amphiphile to
deliver other desired therapeutics.

Here, we present a novel supramolecular amphiphile that
self-assembles via non-covalent host-guest interactions to form
glutathione responsive vesicles. This versatile, supramolecular
amphiphile can be used to deliver either hydrophilic or hydro-
phobic therapeutic agents by encapsulating them into the
aqueous vesicle interior or embedding them in the hydrophobic
bilayer. Synthesis of the amphiphile building blocks was sim-
plified by combining the hydrophobic thioalkylated -CD hosts
and hydrophilic adamantyl poly(ethylene glycol) (PEG) guests to
form an amphiphilic inclusion complex (Fig. 1). A disulfide
bond in the pegylated adamantyl guests was designed to cleave
in the presence of GSH. Upon cleavage of the PEG tail on the
supramolecular amphiphile, the disruption of the hydrophilic/
hydrophobic balance caused degradation of the vesicle (Fig. 1).
The supramolecular amphiphiles were confirmed and charac-
terized by measuring the critical micelle concentration (CMC).
The vesicles were shown to be remarkably stable (shelf-life of
8-months); however, they readily degraded in the presence of
GSH. Degradation studies showed the vesicles were resistant to
degradation at extracellular GSH concentrations but readily
degraded when incubated with intracellular concentrations.

Results and discussion

The thioalkylated B-CD derivative hosts (Scheme 1) were synthe-
sized via a synthetic route previously reported in the
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literature.*” A bromine was installed on the 6-position of a
native cyclodextrin using an Appel reaction. A subsequent Sy2
reaction with an appropriate thiolate yielded thioalkyl 3-CD.

The final host compound was isolated by precipitation in
water. The "H NMR confirmed the complete substitution on all
seven glucose units by the single set of glucose signals from the
symmetry of the compound. A triplet at 2.8 ppm confirmed the
thioether linkage.

The synthesis of AASSPEG-OH and AdSSPEG-OMe was
adapted from the synthesis of asymmetric functionalization of
1,3-dithiopropanoic acid (Scheme 2) mentioned in previous
reports.*®*° 1,3-dithiopropanoic acid was cyclized into an anhy-
dride using acetyl chloride. The cyclic anhydride was opened by
a nucleophilic attack from PEG; o or the corresponding methyl-
ether PEG. The free carboxylic acid was coupled with adamantol
using N,N’-dicyclocarbodiimide (DCC) as the coupling agent.

Supramolecular amphiphile preparation and critical micelle
concentration

The supramolecular amphiphiles self-assembled into an inclu-
sion complex by combining a host (CD12 or CD14) with a guest
(AdSSPEG-OH or AdSSPEG-OMe) in a 1:1 molar ratio in
water. The critical micelle concentration (CMC) was deter-
mined by fluorescence spectroscopy using Nile red as the
hydrophobic probe.

The four unique supramolecular amphiphiles had CMCs in
the range of 27.2-37.9 puM (Table 1, Fig. S1-S4, ESIf). The
supramolecular amphiphiles formed using the CD14 host had
lower CMCs than the supramolecular amphiphiles prepared
using CD12 due to the increase in the hydrophobic alkyl chains.
Supramolecular amphiphiles with AASSPEG-OMe had a lower
CMC than supramolecular amphiphiles with AdSSPEG-OH,
which was attributed to the decrease in hydrogen bonding
ability.

The CMC of AdSSPEG-OMe and AdSSPEG-OH was mea-
sured individually to ensure that the aggregation observed was
in fact due to a unique supramolecular amphiphile. The CMC
of the two CD hosts was not measured because of very poor
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Fig. 1

(A) Schematic illustration of the inclusion complexes that form supramolecular amphiphiles and self-assemble into vesicles. Glutathione

undergoes a thiol-disulfide exchange with the AdSSPEG guest, and cleavage of the hydrophilic PEG disrupts the hydrophilic/hydrophobic balance
causing the vesicle to disassemble. (B) Structures of alkylated cyclodextrin hosts CD12 and CD14, and pegylated adamantyl guests AASSPEG—OH and

AdSSPEG—-OMe.
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Scheme 1 Synthesis of CD12 and CD14 from native B-CD by an Appel
reaction (80% yield) followed by an Sy2 substitution with an appropriate
thiolate (70-90% vyield).

water solubility. The CMC of AASSPEG-OMe and AdSSPEG-OH
was significantly higher than the CMC of the inclusion com-
plexes, 200.5 uM and 870.9 uM, respectively (Table 1, Fig. S5
and S6, ESIf). The considerably larger CMC of the guest
compounds and the inability to measure the CMC of the host
compounds confirmed that a supramolecular amphiphile was
formed and the observed CMCs (27.2-37.9 uM) were not due to
aggregation of the individual host and guest components.

Vesicle preparation and characterization

Vesicles were prepared via the thin film hydration method.
Briefly, a thin film of the prepared supramolecular amphiphile
inclusion complex was hydrated, sonicated, and extruded
through a 200 nm membrane. The vesicles sizes were charac-
terized by dynamic light scattering (DLS) and are summarized
in Table 1. Changes in carbon chain length on the CD host or a
different terminal functional group on PEG chain did not
significantly affect the size or stability of the vesicles. All four
supramolecular amphiphiles produced vesicles of consistent
particle sizes with diameters between 110 and 134 nm (Table 1).

The stability of the vesicles was monitored over time by DLS
and showed that the vesicles had a long shelf life of up to
8 months. All four supramolecular amphiphiles formed vesicles
that displayed similar stability (Fig. S7-S9, ESIt). Fig. 2A shows
the DLS of vesicles formed from CD14 — AdSSPEG-OMe; the
vesicles had a consistent particle size up to 6 months with small
micelle peaks at ~5-10 nm. At 8 months the initial peak
significantly broadened and particles smaller than 5 nm were
observed.

Fluorescence experiments confirmed that the particles
observed by DLS were vesicles. Fluorescent vesicles were
prepared by hydrating a thin film of the supramolecular
amphiphiles with a solution of 5,6-carboxyfluorescein (CF) at
a self-quenching concentration (50 mM). When the vesicles
were lysed by addition of Triton-X, the CF encapsulated in the
aqueous interior of the vesicle was released and the dilution in

View Article Online
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Table1l Summary of the critical micelle concentration, vesicles size and A

F of CF filled vesicles after the addition of Triton-X for the supramolecular
amphiphiles, guests and hosts

CMC Hydrodynamic radius 4 %
Sample (uM)  (nm) Fluorescence”
CD12 < AASSPEG-OMe 30.5 55 +2 2203
CD14 < AdSSPEG-OMe 27.2 67 1 1875
CD12 < AASSPEG-OH 379 62+1 2071
CD14 — AASSPEG-OH 359 58+4 1768
AdSSPEG-OMe 200.5 — 96
AdSSPEG-OH 8709 — 328
CD12 — — 209
CD14 — — 370

“ CMC not measured because of poor water solubility. ” Change in
fluorescence after addition of Triton-X.

CF caused a 2000% increase of the fluorescence signal (Table 1,
Fig. 1B, Fig. S10, ESIf). The individual components of the
supramolecular amphiphile (CD12, CD14, AdSSPEGOMe,
AdSSPEG-OH, Fig. S11, ESIt) were also prepared according to
the same procedure. Upon the addition of Triton-X the increase
in fluorescence was 10-fold less, due to the lack of an aqueous
interior indicating that the individual components of the
supramolecular amphiphile do not self-assemble into vesicles
and that the unique supramolecular amphiphiles are respon-
sible for the observed vesicles.

Glutathione sensitivity monitored by dynamic light scattering

Next, the stimuli-responsiveness of the vesicles was examined.
The disulfide bonds in the guest molecules were designed to
cleave in the presence of the natural glutathione via a thiol-
disulfide exchange. The vesicles were treated with 10 mM and
2 pM glutathione to mimic the intra and extracellular environ-
ments, respectively. All four supramolecular amphiphile vesi-
cles displayed similar DLS results (Fig. S12-S14, ESI}). Fig. 3
shows the DLS results of CD14 — AdSSPEG-OMe after incuba-
tion with GSH. After 1 hour of incubation in both extra and
intracellular GSH concentrations, all four vesicles showed a
significant peak broadening on DLS. Samples incubated in
10 mM GSH had large particles (300-800 nm radius) after 1 hour,
which were the result of the supramolecular amphiphile being
modified by GSH and thereby altering the vesicle nanostructure.
Similar observations have been reported by other studies exploring
the stimuli triggered degradation of nanoparticles.*>*

Samples incubated in 2 pyM GSH did not show additional
peaks until after 12 hours of incubation. These initial changes

1. DMF,DMAP,

NEts, PEG10000Me

(o] e o o or j)l\/\
PEG1gooOH .S (o} OR
HoJ\/\s/S\/\n,OH Cl ﬁ‘\o O s \/\[r o
o s-S 2. DCC, DMAP, o n
DCM, OH: R=
7 Adamantol AdSSPEG-OH: R=H

AdSSPEG-OMe: R=Me

Scheme 2 AdSSPEG-OH and AASSPEG—OMe were synthesized from 1,3,-dipropanoic acid. After cyclization into an anhydride, the ring was opened by
either a methyl-ether or OH terminated PEG (MW,,4 = 1000 g mol™Y), and finally 1-adamantol underwent an ester coupling using DCC.
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(A) The hydrodynamic radius of CD14 — AdSSPEG—-OMe vesicles over time; particles of ~64 nm were the predominant species in solution, with

small amounts of ~5-10 nm micelles. Increasing polydispersity of the hydrodynamic radius of the vesicles at 8 months indicates that the highly ordered
vesicle structure is beginning to break apart. (B) Fluorescence of 50 mM CF filled CD14 = AdSSPEG-OMe vesicles, where Triton-X was injected at

30 seconds and a significant increase in fluorescence was observed.
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Fig. 3 Changes in DLS after incubation in (A) 2 uM GSH (extracellular) and (B) 10 mM GSH (intracellular). DLS after 1 hour and 12 hours showed slight
changes, with the appearance of larger particles. A visible precipitate was observed after 1 week of incubation in intracellular GSH, precipitation was never

observed for vesicles in extracellular GSH.

indicated that the disulfide bond was responsive to GSH and
structure changes occurred in the vesicles.

After one week in 10 mM GSH, all four supramolecular
amphiphile vesicles showed a visible precipitate. The precipi-
tate from the CD12 < AdSSPEG-OMe vesicles was isolated and
"H NMR confirmed that the structure was CD12. The precipi-
tate was the result of the cleavage of the disulfide bond which
removed the PEG chain from supramolecular amphiphile ren-
dering CD12 insoluble in water.

Precipitation was never observed for vesicles incubated in
extracellular concentration (2 uM GSH), even after several
months of monitoring, indicating that the vesicles were much
more sensitive to intracellular GSH concentrations compared to
extracellular concentrations.

Glutathione sensitivity monitored by fluorescence

Fluorescence studies were performed on the vesicle prepared
from the CD14 < AdSSPEG-OMe supramolecular amphiphile
to confirm GSH responsiveness. Although the DLS and fluores-
cence experiments follow similar trends, the vesicles with
encapsulated CF required an additional purification step with
a Sephadex column to remove any free CF, which caused
dilution of the vesicle and a slower degradation. Vesicles
containing a self-quenching concentration of encapsulated

This journal is © The Royal Society of Chemistry 2021

CF (50 mM) were prepared and incubated with 2 pM and
10 mM of GSH. These vesicles were monitored and it was
found that the fluorescence intensity increased over time due
to CF being released as the GSH cleaved the disulfide bond in
the supramolecular amphiphile (Fig. 4).

Small increases in fluorescence in both intra- and extra-
cellular conditions were observed for the first 8 days. The
fluorescence steadily increased after 9 days and levelled off
after 13 days. Interestingly, the release of CF was much lower
when the vesicles were incubated with the 2 uM extracellular
GSH compared to the 10 mM intracellular GSH.

To confirm that maximum release was achieved, Triton-X
was added to each sample to lyse the vesicles and release any
CF that remained encapsulated at that time point. Fig. 5 shows
the percent change in fluorescence (AF) calculated using
eqn (1), where (I) and (I;) are the emission intensities before
and after the addition of Triton-X, respectively.

AF = [(I¢ - 5)/(I;)] x 100% @)

AF steadily decreased over time and levelled off after 9 days
for vesicles in both the intra and extracellular GSH concentra-
tions. For the intracellular samples, complete release of CF was
apparent when AF < 0 after 9 days. The addition of Triton-X,

Soft Matter, 2021,17, 9664-9669 | 9667
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Fig. 5 A F monitored over 13 days of 50 mM filled CF vesicles incubated in
10 mM and 2 pM glutathione to mimic intracellular and extracellular GSH
concentrations, respectively.

after this point, had a dilution effect because there was no
longer any vesicle present to lyse and release CF. The vesicles
incubated in extracellular GSH concentration never achieved
complete release of CF within two weeks of monitoring. It can
be concluded that the vesicles have a higher sensitivity to
intracellular GSH concentration than extracellular GSH
concentration.

Conclusions

In summary, we prepared glutathione sensitive vesicles that
have consistent hydrodynamic sizes and are stable up to
8 months. By measuring the CMC and performing fluorescence
experiments, we confirmed that the vesicle nanostructure was a
result of the self-assembly of supramolecular amphiphiles,
rather than aggregation of the individual host and guest
components. The degradation of the vesicles occurred faster
when incubated at intracellular GSH concentrations than at
extracellular GSH concentrations when monitored by DLS or CF
release. The resistance of vesicles to degradation at a low
extracellular GSH concentration makes them viable nanocar-
riers for drug delivery; the payload will be encapsulated and
protected until exposure to high GSH concentrations. These
results confirm that the vesicles are responsive to GSH and can
undergo dynamic covalent thiol-disulfide exchange on the
surface of the vesicle. Future studies will use this capability to
modify the vesicles after fabrication, such as introducing
targeting moieties to enhance selectivity.
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