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One-Pot Synthesis of an Acid-Labile Amphiphilic Triblock Copolymer
and its pH-Responsive Vesicular Assembly™**

Krishna Dan and Suhrit Ghosh*

Various “click” reactions!"! have made tremendous impact in
polymer synthesis™ during the last decade. This area has been
expanded significantly by including versatile sulfhydryl
chemistry owing to high-fidelity reactions of the thiol group
with many functional groups such as isocyanates, alkenes,
maleimides, alkynes, acrylates, disulfides, halogenated al-
kanes and so forth.®! The utility of these extremely efficient
click reactions in enriching the structural diversity of macro-
molecules will be more appealing in the research area of
functional polymers, if the resulting linker
is sensitive to an external stimulus, partic-
ularly a biologically relevant one.! In this
context the thiol-acrylate Michael addition
reaction is highly attractive, because it
produces a (3-thiopropionate linker, which
can be hydrolyzed selectively under mild
acidic conditions (pH ~5.5) at a very slow
ratel unlike other acid-labile functional
groups, such as acetal, ketal, and hydrazone
groups, which show much faster degrada-
tion kinetics.!! This feature of the B-thio-
propionate group is highly relevant in the
sustained release of drug molecules selec-
tively in tumor cells, which have a more
acidic environment than healthy cells.”
Polymersomes® have been studied in this
context because of their ability to sequester
both hydrophobic and hydrophilic guest
molecules, high kinetic stability, and appro-
priate particle size to utilize the enhanced
permeability and retention (EPR) effect.”!

M1

Polymersomes are formed mainly by —_—
amphiphilic triblock or diblock copoly- Kool
mers, which are synthesized in a stepwise guestmolecules

manner by various controlled polymeri-
zation techniques. The structural diversity
in such elegant macromolecular scaffolds
has been explored to a great extent by
generating free thiol groups as well as
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various thiol-reactive functional groups either in the chain
end or as pendant.!'"’l In contrast similar strategies have been
rarely reported for step-growth polymerizations!'!! in which,
unlike in chain polymerizations, opportunities are galore for
structural engineering in the polymer backbone. Herein we
have revealed an extremely simple synthetic approach
(Scheme 1) for the synthesis of an ABA-type amphiphilic
triblock copolymer (P1) by using a sequential thiol-acrylate
Michael addition reaction in one pot.'” Further we show its

o Me,PPH

R ——

M1/M2=12:1.0 P1a
Hydrophobic polymer with thiol chain ends

M2
o
H3co/f\/ O};/\OJ\/

(— Acid-labile linker

Amphiphilic triblock copolymer

P) =g-thiopropionate linker
@ = Guest molecules

Scheme 1. One-pot synthesis of amphiphilic triblock copolymer P1, vesicular assembly, and
pH-responsive disassembly

vesicular assembly, guest encapsulation, and pH-specific
sustained-release properties.

For synthesizing the polymer, a dithiol (M1) and diacry-
late (M2) monomer were mixed with stoichiometric imbal-
ance (M1/M2=1.2:1.0) and condensed in the presence of
a catalytic amount of Me,PPh to generate a telechelic hydro-
phobic polymer P1a, which is periodically segmented by an
acid-labile p-thiopropionate functional group and should
contain free sulfhydryl groups at both ends, since M1 was
used in excess.
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An aliquot was collected from the polymerization mixture
after 20 min for structural analysis. FTIR analysis of the
sample showed (Figure S1 in the Supporting Information)
complete disappearance of the peak at 810 cm™' owing to the
C=C bond of the acrylate group of the limiting monomer
(M2), thus suggesting 100 % conversion. Subsequently acry-
late-functionalized PEO-2000 (P1b) was added to the poly-
merization mixture and stirring was continued for additional
2 h. The resulting mixture was precipitated out from diethyl
ether and the obtained solid was dissolved in water and
subjected to extensive dialysis to remove unreacted P1b, if
present. The desired polymer was isolated by freeze drying.
At 100 % conversion and at a 1.2:1.0 stoichiometric ratio, the
molecular weight of P1a could be theoretically calculated to
be 3593 gmol~! by using the following formula.['¥!

Degree of polymerization (DP)=(1+r)/(1—r), where
r=[M2])/[M1].

The molecular weight of Pla was estimated to be
3400 gmol~! (PDI =1.8) by gel permeation chromatography
(GPC; Figure S2a in the Supporting Information) and was in
perfect agreement with the theoretically calculated value.

Furthermore, the molecular weight of the block copoly-
mer P1 was found to be 8000 gmol™' (PDI=127; Fig-
ure S2a), which was also in agreement with the theoretically
predicted [M(P1)=M(P1a)+2M(P1b)] value of approxi-
mately 7700 gmol ™', thus indicating structural purity of the
triblock copolymer P1. To confirm that P1 was not contami-
nated with trace amounts of P1a or a hypothetical diblock
copolymer (which can be formed by PEO attachment to only
one end of P1a), Ellman’s assay!¥ was performed to detect
trace amount of free sulthydryl group. Firstly P1 a was treated
with Ellman’s reagent while a distinct peak appeared with
Amax =510 nm (Figure S2b), indicating the presence of free
sulfhydryl groups at the chain ends. But when a similar test
was performed with P1, no such peak was noticed, thereby
confirming the absence of any thiol-terminated polymer
contamination in P1. All polymers were further characterized
by 'HNMR spectroscopy (Figure 1, and Figure S3 in the
Supporting Information). For P1b, peaks appeared at 6 = 6.6—
5.6 ppm corresponding to the terminal acrylate group, at 6 =
3.6-3.4 ppm corresponding to the methylene units of the
polymer backbone, at 6 =4.30 ppm corresponding to the
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terminal OCH, group adjacent to the acrylate ester, and
a singlet at 0 =3.3 ppm representing the terminal -OCHj;
protons. For polymer Pla also similarly all peaks could be
assigned according to the proposed repeat unit structure. For
the final polymer P1, no peak was noticed around 6 =6.6—
5.6 ppm and 6 =4.30 ppm, thus confirming no P1b contam-
ination in the block copolymer. Interestingly, a new peak
appeared at 0 =4.25 ppm corresponding to the -OCH,- group
(H,) adjacent to the ester group in the junction of hydro-
phobic and hydrophilic segments. Other than those, all other
peaks corresponding to both the constituent polymers
appeared around the same range, thereby suggesting struc-
tural integration of P1a and P1b in P1. Since the molecular
weight of the PEO block is known, the integration ratio of the
peaks at 0 =3.6-3.4 ppm corresponding to -OCH,CH,O- (H))
protons of the PEO block and at 6 =4.11-4.06 ppm corre-
sponding to the H, protons of the hydrophobic block
suggested the molecular weight of P1 was approximately
7200 gmol !, which is in close agreement with the theoret-
ically estimated value. This is further indicative of quantita-
tive chain-end functionalization.

Self-assembly of P1 was tested by its guest (Figure 2a)
encapsulation ability. A hydrophobic probe pyrene was
treated with an aqueous P1 solution, and the resulting
solution showed intense absorption and emission bands
(Figure 2b), suggesting that P1 acts as container for hydro-
phobic molecules. Note that pyrene on its own is poorly
soluble in water and thus almost no absorption signals could
be seen in the absence of P1. The ratio of the first and third
vibrational peaks (I1/13) of the pyrene emission spectrum has
been used as an indicator of the local dielectric properties of
the probe.[™ In this case the value was found to be 1.26, which
closely matched that for CHCI; (1.28),1) thus suggesting the
dielectric properties of the environment where pyrene is
located are similar to those of CHCIl; (4.8069¢, at 20°C). It
may be a coincidence but worth noting that the value also
matches with reports of pyrene encapsulated in a vesicular
assembly.'®! To estimate the encapsulation efficacy, an
aqueous solution of P1 (1.0 mgmL™") was treated with an
excess of pyrene, and from the absorption spectrum the
concentration of encapsulated dye was estimated (for details
see Figure S4 in the Supporting Information) to be 0.1 mg/

1.0 mg of P1. Furthermore, the
container properties of P1 were
tested by Forster resonance

energy transfer (FRET)!

o e between a hydrophobic donor

Hd . He DiO (3,3'-dioctadecyloxacarbo-
cyanine  perchlorate) and

. acceptor Dil (1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbo-

cyanine perchlorate), which
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were co-encapsulated in the
aggregates of P1. Excitation at
the DiO absorption (450 nm)

resulted in a weak donor emis-

!
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Figure 1. "H NMR spectra of P1a, P1b, and P1 in CDCly; * indicates solvents peaks. The chemical shift

values in ppm are shown on the x axis.
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(Figure 2c¢; FRET ratio=0.7)
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O _ NH+ H A N of the experiment. Furthermore we tested the ability of P1 to

OQQ O ‘ cmH37 CIOS  CygHay encapsulate a hydrophilic dye R6G, which was treated with P1

and the solution was subjected to extensive dialysis for

Pyrene COOCHZcH" removal of any nonencapsulated dye. The emission spectrum

RGG =GCH of the resulting solution showed an emission band at A,,,, =

C1sH37 CIO4 cwHa, 557 nm (Figure 2d) suggesting encapsulation of R6G. The

Dil ability of P1 to encapsulate both hydrophobic and hydrophilic

dyes as well as the exceptionally high kinetic stability

indicates vesicular assembly. Further the emission properties

of the free dye were compared with those of the polymer-

encapsulated dye (the emission intensity was normalized by

the absorption intensity of the corresponding sample), which

showed significantly reduced intensity in the latter case

(Figure 2d), suggesting self-quenching as expected in the

confined water pool inside vesicles.""! Vesicles with encapsu-

lated R6G could also be observed by using a fluorescent

microscope as red-emitting spherical particles (Figure S6 in
the Supporting Information).

The morphology of the aggregates was tested by high-
resolution TEM images (Figure3 and Figure S7 in the
Supporting Information), which showed hollow spherical
particles with diameters in the range of 50-70 nm, suggesting
vesicular assembly. In few places, we also noticed a signature
of vesicle fusion (Figure S7, middle panel). The average
0o 2 L KK hydrodynamic diameter (D)) of the aggregates was deter-

mined to be 80 nm from dynamic light scattering (DLS)

500 550 600 650 700 measurements (Figure S8 in the Supporting Information);

4/nm this diameter was slightly higher than that observed by TEM

d) ] owing to shrinkage of the membrane in the dry state, where

the TEM images were recorded; this phenomenon was also
observed by others.®

0 changes of the vesicular aggregates occur during the time span
/>—c c-cH=( ]@

b)
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Figure 2. a) Structures of various encapsulated dye molecules.

b) Absorption (—) and emission (-----; A, =337 nm) spectra of
pyrene (107°m) encapsulated in P1. c) Emission spectra (A, =450 nm)
of DiO and Dil (0.05 mgmL™") co-encapsulated in P1; inset: variation
of the FRET ratio [Is;s/(Is10+/s75)] with time. d) Emission spectra
(Aex=450 nm) of R6G encapsulated in P1 (-----) and in polymer-free
aqueous solution (—). PL=photoluminescence.

20nm

suggesting effective co-encapsulation and energy transfer
inside the aggregates. Note that under identical excitation
conditions (A, =450 nm), the emission from the acceptor
(Dil) alone was negligible owing to lack of any significant
absorption at this wavelength (See Figure S5 in the Support-
ing Information for absorption and emission spectra of the
individual donor and acceptor chromophores).

Time-dependent studies indicated very minor changes in
the FRET ratio (inset in Figure 2c) even after 72 h, thus
suggesting a high kinetic stability of the aggregates."™! These
data certainly indicate no disassembly; however, they do not  Figure 3. HRTEM (top) and AFM (bottom) images of P1 aggregates
provide conclusive evidence that no minor morphological  showing vesicular morphology.

height

—~8nm

500 nm Onm
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The vesicular morphology could be further supported by
AFM images (Figure 3 and Figure S9 in the Supporting
Information), which showed near-spherical structures with
average height and width in the range of 8-10 nm and 60-
70 nm, respectively. The significantly lower height compared
to the width is indicative of a hollow soft vesicular morphol-
ogy, which is expected to be flattened (particularly at low
concentration) when the structures are adsorbed on a sur-
face.l”)

To examine the possibility of pH-responsive guest release
by acid-induced cleavage of the (-thiopropionate linker,
vesicles with encapsulated pyrene were prepared in a Tris
buffer (10 mm, pH 5.3), and the absorption spectra of pyrene
was monitored as a function of time (Figure 4a). During the

80 b) .
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Figure 4. a) Time-dependent variation of absorption spectra of pyrene
encapsulated in P1 at pH 5.3. The absorption at 400 nm was sub-
tracted from each spectrum to reduce the effect of scattering on data
analysis. For raw data see Figure S10 in the Supporting Information.
b) Plot of release in % as a function of time (calculated by monitoring
the absorbance at 338 nm).

first 10 h almost no change was observed. Subsequently the
absorption intensity increased to some extent followed by
a significant decrease indicating release of encapsulated
guest. The observed increase in absorption intensity (see
curves at 22 and 34 h in Figure 4a) was rather surprising. We
noticed during that time the baseline intensity at 400 nm,
where no absorption is expected, also increased (Figure S10),
suggesting contribution from scattering owing to the turbidity
arising from cleavage-induced hydrophobic product. The
scattering intensity does not remain constant but rather
increases exponentially with decreasing wavelength.”” Thus
the contribution to the absorption value from the increase

Angew. Chem. Int. Ed. 2013, 52, 73007305
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owing to scattering is higher than that of the decrease owing
to dye release, thus resulting in an overall increase of the
absorption value. But at a later stage when the cleavage
happens to a greater extent, thereby leading to the release of
a significant amount of pyrene, the scattering effect on the
absorption is compensated, and one observes a decrease in
the absorption intensity. The pyrene release kinetics (Fig-
ure 4b) clearly show almost 80% dye was released in
a sustained manner over a period of 60-70 h. As a control,
the same experiment was carried out at pH 7.0 where almost
no change was observed (Figures S12 and Figure 4b), thereby
indicating release was selectively happening under mild acidic
condition.

To examine the relationship between the dye release and
acid-induced structural disintegration of the polymer, an
aqueous P1 solution (1 mgmL ") was stirred at the same pH
value as in the pyrene release experiment and aliquots were
taken at regular time interval, freeze-dried, redissolved in
DMF, and analyzed by GPC (Figure 5a). With increasing
time, the peak was shifting towards higher elution times with
concomitant appearance of a shoulder at 17-19 min, indicat-
ing the generation of low-molecular-weight products. After
120 h, more distinct multiple peaks were observed, suggesting
disintegration of the block copolymer to the constituent
blocks and other smaller fragments owing to cleavage of the
ester group in the junction of two blocks and also in other
places in the hydrophobic block. However, we noticed the
pyrene release (Figure 4a) was faster than the actual disinte-
gration of the polymer. This apparent anomaly can be
explained by the proposed model depicted in Figure Sb.

a) P1a
---- P1b
——P1atOh

] - --P1 after48 h

---- P1 after72 h

2 --—-P1 after 100 h

2 ——P1 after 120 h

(0]

=

®©

il

2

7]

E -

14 16 18 20
Time / min
b) )

Incomplete
polymerdegradation,
_—

/ @» Pyrene

Pyrene encapsulated
membrane Release of pyrene
through
channels

Figure 5. a) GPC traces of acid(pH 5.3)-treated P1 after various time
interval. b) Possible mechanism of pyrene release even at partial
disintegration of vesicular membrane. Rl =refractive index.

www.angewandte.org

7303


http://www.angewandte.org

Angewandte

7304

Communications

Even when a small fraction of the hydrophilic PEO chains are
detached, it generates channels in the membrane through
which pyrene can be released by diffusion. Thus for pyrene
release complete degradation of the polymer chains is not
essential.

It is evident that even after 120 h, the degradation is not
complete and thus the polymer was treated with excess
trifluoroacetic acid (TFA) and the mixture was freeze-dried
and analyzed by GPC and NMR spectroscopy. In this case,
(Figure S13a in the Supporting Information) the GPC trace
showed a new broad peak, part of which matched with PEG-
2000 and the rest corresponded to lower-molecular-weight
products. This suggests under relatively acidic treatment (pH
~2), the extent of degradation was higher. Furthermore, in
the '"H NMR spectrum (Figure S13b), the multiplet at 6 =
4.25 ppm corresponding to Hg of P1 was absent, indicating
the PEO block was not linked to the hydrophobic block. In
turn a new multiplet arose at 0 =4.4 ppm, which matched
with a peak at the same position in the NMR spectrum of
commercially available PEO-OH (molecular weight ca.
2000 gmol™'; Figure S14 in the Supporting Information),
corresponding to the terminal -CH,-OH protons. This also
confirmed the presence of PEO-OH owing to disintegration
of the block copolymer. But even in this acid-digested
product, most peaks were matching with those for Pla
apart from the appearance of a few multiplets with low
intensity at various places (indicated by arrows in Fig-
ure S13b). This possibly suggests, that although the P1b
block is made out of the same [-thiopropionate linkers it did
not undergo extensive hydrolysis at each linker. It is
important to understand, even if a single ester linker is
cleaved in the middle of the hydrophobic block, it will reduce
the molecular weight to approximately half, while not much
change is expected to be seen in the NMR spectrum. This can
be attributed to the fact that after the PEO blocks were
detached, the hydrophobic block precipitated out (which was
also visible as precipitation), and thus further hydrolysis
under heterogeneous conditions became extremely slug-
gish.l?!

In conclusion we have shown the synthesis of an
amphiphilic triblock copolymer by sequential thiol-acrylate
Michael addition reaction in one pot. In aqueous medium the
resulting polymer showed spontaneous vesicular assembly,
which disassembled selectively under mild acidic conditions
resulting in sustained release of encapsulated guest molecules.
Considering the enormous difficulties one encounters in
synthesizing triblock copolymers, the present one-pot
approach appears to be extremely interesting and offers an
exciting opportunity to explore various thiol-mediated click
reactions at the chain end of a degradable polymer backbone.
In addition, the stimuli-responsive disassembly and sustained
release is highly relevant in targeted drug delivery™ to tumor
cells by exploiting their difference in pH value compared to
healthy cells. Currently investigations in these directions are
underway.
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