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Piyachai Khomein,® Kingshuk Dutta,® Karthikeyan Gnanasekaran,® Nathan C. Gianneschi,® and

The positional effect of stimuli-responsive units in tri-component copolymer vesicles is studied to explore variations in the

host-guest properties of the assembly. We study this by placing pH-responsive diisopropylaminoethyl moieties in three

distinct locations of a block copolymer assembly. In two of the three variations, these functionalities were randomly

distributed in the hydrophobic or the hydrophilic domains of an amphiphilic diblock copolymer. In a third variation, this

responsive functionality was incorporated as the middle block in a triblock copolymer. The results reveal that the solvent

exposure of the responsive units holds the key for controlling the rate of molecular release from these polymer vesicles. The

study also shows that equilibrium changes in the morphology of an assembly are not good indicators of the responsive host-

guest properties of a polymer assembly.

Introduction

Amphiphilic block copolymers that can self-assemble in water
have gained substantial interest in both academia and
industry.13 The interest stems from the ability to predictably
tune structures to generate various morphologies starting from
simple spherical micelles,*> rod-shaped particles®® and
vesicles?12 to complex morphologies such as Janus particles.13
15 This feature opens up many possible applications, including,
but not limited to biomedical delivery,16-1® sensors,19-2
electronic devices?224 and catalysts.2>27 |n general, self-
assembly of these polymers is driven by three factors related to
the free energy of the system: the degree of stretching of the
polymer chain, the curvature and interfacial tension energy.?®
Therefore, the morphology of the self-assembly can be
manipulated by polymer composition, concentration, and/or
the nature of solvents used for the assembly process.

Among the various morphologies studied, polymeric
vesicles or polymersomes are particularly interesting from the
perspective of host-guest characteristics, because these
assemblies can simultaneously bind to both hydrophilic and
hydrophobic guest molecules within their lumen and the
polymer-based membrane space respectively.®12 The host
character of these assemblies can then be exploited for many
applications, if these assemblies can be triggered to release the
sequestered guests in response to a specific stimulus.29-36
Among the stimuli studied, pH has gained particular attention,
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inspired by the significant variations in the acidity of various
sub-cellular compartments and pathological extracellular
microenvironments in biological systems.

The idea of incorporating pH-responsive functional groups
in copolymer assemblies and utilizing the pH-induced changes
in the hydrophilic-lipophilic balance of the polymer to alter the
assembly characteristics is indeed quite well studied.37-41 |n
these studies that involve block copolymer assemblies, the pH-
responsive unit is invariably placed in the hydrophobic
block.37:38 This is intuitively understandable, because a change
in the hydrophilicity of this block is likely to have the greatest
impact on the host-guest fidelity of the assembly. We were
however intrigued by the seemingly different requirement in
the first step of this process, which needs protons to diffuse into
the hydrophobic part of the polymer membrane. To assess the
relative effects of these two counter-acting effects, we
envisaged the possibility of placing the responsive moieties at
different locations of a tri-component block copolymer
assembly and assess the effect of pH upon its host-guest
characteristics (Scheme 1). In this manuscript, we disclose our
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Scheme 1. Schematic diagram of designed polymeric vesicle
assemblies.
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findings on the relative kinetics of pH-induced molecular release
from each of these assemblies.

Results and Discussion

Design, synthesis and characterizations of polymers

The structure of our polymer assemblies is based on a diblock
copolymer type assembly, containing a hydrophilic and
hydrophobic block to facilitate vesicular assemblies in aqueous
media. The hydrophilic block is based on poly(poly(ethylene
glycol) methyl ether acrylate) (PPEGA), while the hydrophobic
block is based on polybutyl acrylate (PBuA). The critical third
component of the polymer is based on the 2-
(diisopropylamino)ethyl acrylate (DIPA) monomer. This pH-
responsive component was distributed within the block
copolymer in three different ways: (i) incorporated randomly in
the hydrophobic block along with PBUA; (ii) inserted as the
middle block between the PBuUA and PPEGA blocks; (iii)
incorporated randomly in the hydrophilic block along with
PPEGA. Thus, the targeted polymers 1-3 with these
characteristics are shown in Scheme 2.

The polymers 1-3 were synthesized using reversible
addition-fragmentation chain-transfer (RAFT) polymerization.
Synthesis of polymer 1 started with the polymerization of
poly(ethylene glycol)methylether acrylate (PEGA) monomer
using a RAFT initiator to obtain the PPEGA macroinitiator, as
shown in Scheme 3. This macroinitiator was then used for the
random copolymerization of DIPA and buthylacrylate (BuA)
monomers to obtain polymer 1 with a MW of 28.0 kg/mol and
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Scheme 2. The structures of tri-component polymers 1 — 3.
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a b of 1.45. Similarly, polymer 2 was synthesized by sequentially
polymerizing the DIPA monomer, followed by the BuA
monomer, using the PPEGA macroinitiator to afford the triblock
copolymer with a MW of 30.5 kg/mol and a D of 1.45. On the
other hand, synthesis of polymer 3 was achieved by carrying out
a RAFT random copolymerization of PEGA and DIPA monomers.
This polymer was then used as the macroinitiator to polymerize
the BUA monomer to obtain polymer 3 with a MW of 38.0
kg/mol and a D of 1.55.

Solvent addition method was used to form the targeted
assemblies in water for polymers 1-3. Assembly sizes for all
three polymers were found to be in the range of 70-90 nm, as
characterized by dynamic light scattering (DLS) (Figure 1a).
Next, we interrogated the assemblies for their morphology.
Cryogenic transmission electron microscopy (cryo-TEM)
analysis of the assemblies showed that all three polymers form
hollow spherical assemblies, indicative of the targeted vesicular
structures in solution (Figure 1c). The vesicular morphology was
further confirmed by determining the ratio between radius of
gyration (Rg) and hydrodynamic radius (Rn). This ratio is referred
to the shape factor in which 0.77 corresponds to solid sphere,
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Scheme 3. Synthesis of polymer 1 (A), 2 (B), and, 3 (C).
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Figure 1. Size distributions (a) of the polymer assembly 1-3
in water at concentration of 1 mg/mL and Cryo-TEM image
of polymer assembly 3 (b).

1.00 indicates hollow sphere and 1.54 dictates random-coil
morphology of the polymer42. Static light scattering (SLS) was
used to evaluate Rg values, while R, was determined from DLS
measurements. Indeed, the polymer assemblies of 1-3 have the
shape factor (Rg/Rn) of 1.05, 1.04 and 0.97 respectively,
supporting the vesicular morphology (see ESIT for details).

Vesicular assemblies are capable of encapsulating both
hydrophilic and hydrophobic guest molecules. To explore this
feature, calcein was used as the hydrophilic fluorescent guest
molecule that gets encapsulated within the lumen of the
assembly. This is a good probe for evaluating encapsulation,
because of its self-quenching characteristics. When the
molecule is present inside the assembly, the local concentration
of the dye is high in the lumen of the vesicle, even if the overall
solution concentration is low. In this case, we first encapsulated
calcein within the assemblies obtained from 1-3. The
absorbances of these solutions were matched with an aqueous
solution of calcein. Comparison of the fluorescence spectra
from these solutions showed that the calcein emission from the
polymeric assemblies were substantially lower (Figure 2),
although the global concentration of all the solutions are
similar. This suggests that calcein is indeed encapsulated within
the polymeric assemblies. Similarly, the possibility of
encapsulating hydrophobic molecules was studied using Nile
red as the guest. Note that this dye molecule is not soluble in
aqueous phase by itself. However, in the presence of the
polymer assemblies, significant amount of Nile red was
solubilized in the aqueous phase, suggesting that the polymeric
assemblies can act as a host for these hydrophobic molecules
also (see ESIT for details).

Kinetics of guest release
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Figure 2. Absorption (a) and emission spectra (b) of free
calcein at low (L) and high (H) concentration and
encapsulated calcein in polymer assemblies.

This journal is © The Royal Society of Chemistry 20xx
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Next, the effect of varying the placement of the pH-responsive
groups in the polymer backbone was investigated with respect
to the host-guest characteristics of the assembly. It is
reasonable to hypothesize that the random incorporation of the
responsive groups in the hydrophobic part should have the
highest impact in molecular release, as hydrophobic driving
force is the primary influence on the stability of such polymer
assemblies. At acidic pH, DIPA units in the polymer backbone
would be in their protonated form, thus switching from a
hydrophobic amine to a more hydrophilic ammonium salt. We
surmised that the resultant change in the hydrophobicity of the
membrane could result in rapid release of guest molecules.
However, the accessibility of the trigger molecules (proton
diffusion) could be hindered due to hydrophobic butylacrylate
moieties in the assembly creating a barrier for molecular release
response. On the other hand, the random incorporation of the
responsive groups in hydrophilic part would allow ready access
to the trigger molecules. However, this is expected to have
minimal impact on the vesicle membrane stability, because the
pH-induced change in the hydrophilic-lipophilic balance largely
occurs in the already solvent-exposed portion of the assembly.

Accordingly, we monitored the release of calcein at lower
pH, i.e. pH 4, and compared it with that at ambient pH, i.e. pH
7. Since the calcein fluorescence was quenched when they are
encapsulated inside the vesicle, a recovery of their fluorescence
signal will be observed if the container property of the
polymeric assembly is compromised. Interestingly indeed, the
calcein fluorescence was found to increase, when the pH of the
solution containing the polymeric assembly was exposed to the
acidic pH 4, implying that calcein is being released from the
vesicles (Figure 3 a-c). In the control solutions at pH 7, there was
no discernible change in the calcein fluorescence within the
same time frame (Figure 3 d-f).

To more quantitatively analyze the molecular release from
these assemblies, we monitored the rate of molecular release
through the fluorescence recovery measurements. Since the
extent of fluorescence recovery is directly proportional to
molecular release, we used this as the semi-quantitative
measure. However, note that there is no known linear
relationship between the fluorescence recovery from
quenching and the number of molecules released from the
assembly. Therefore, while the fluorescence recovery provided
a semi-quantitative measure of how the fidelity of the
polymeric assembly is compromised by the change in pH, we
could not assign a clear kinetic order for this process.
Considering this, we became primarily interested in comparing
the relative rates of molecular release from these three
assemblies, which was obtained from the slope of fluorescence
increase in the linear regime of the plots at short time scales
(Figure 4).

J. Name., 2013, 00, 1-3 | 3
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Comparison of these slopes for the polymeric assemblies 1-
3 offered an interesting trend. The linear slope for the assembly
from 1 was found to be ~0.012, while those from 2 and 3 were
measured to be ~0.030 and ~0.059 respectively. These results
were counter to the more conventional expectation that the
highest impact would be in the hydrophobic block of the
copolymer assembly. Instead here, the pH-induced change in
the host characteristics of the assembly seems to be the
greatest when the stimulus-responsive functional group is
randomly distributed in the hydrophilic block. The kinetics of
molecular release seem to be ~5 times or 6 faster, when the
responsive moieties are in the hydrophilic PPEGA block,
compared to when these functionalities are distributed in the
hydrophobic PBuUA block. When the responsive units are
distributed at the interface between the two blocks, the kinetics
seem to fall in between the two rates.

We could reason that the rate of guest release can be
correlated to accessibility of protons for the responsive units in
polymer structure. Since the assembly 3 possesses the most
exposed responsive groups where they were oriented randomly
in hydrophilic part, it exhibits fastest molecular release. On the
other hand, the responsive groups were buried inside the
hydrophobic membrane in assembly 1, thus exhibiting the
slowest calcein release. Since the placement of responsive
moieties in 2 represents a scenario that is in between those
represented by 1 and 3, the intermediate release rate from
assembly 2 seems to be consistent with this assertion. However,
we were concerned that it is also possible that the trend in
release rate might be specific to this particular copolymer
structure. This concern stems from the fact that PPEGA segment
of this copolymer contains rather long oligoethyleneglycol
moieties with 8-9 repeating units, thus possessing the features
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Figure 3. Normalized fluorescence intensity recovery of
calcein in acidic condition (a-c) and neutral condition (d-f) for
polymer assemblies 1 (a, d), 2 (b, e), and 3 (c, f).
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of a short polymer brush. Therefore, it is possible that it is this
brush-like hydrophilic block that offers significant barrier to
accessing the interiors of the polymer membrane. To distinguish
these possibilities, we designed a structurally similar set of
polymers, but without the brush-like characteristics.

Synthesis and characterizations of hydroxyethylacrylate polymers

To test the hypothesis, we designed and synthesized polymers
4-6, where the hydrophilic component of the polymer is
changed from PPEGA to poly(2-hydroxyethyl acrylate) (PHEA).
Syntheses of polymers 4 and 5 were achieved using a route
similar to that outlined for polymers 1 and 2 respectively. The
details of the synthetic procedures for these polymers are
outlined in the Experimental Section. Briefly, polymer 4 was
obtained with a MW of 20,000 g/mol and a D of 1.87, while
polymer 5 was achieved with a MW of 38.0 kg/mol and a b of
1.62. In the syntheses of these two polymers, PEGA monomer
was simply replaced with HEA monomer in the synthetic
strategy. However, this approach was not successful in the
synthesis of polymer 6, where the hydroxyl moiety of the HEA
monomer had to be protected with a tert-butyldimethylsilyl
group as shown in Scheme 4. When we simply followed the
procedure, similar to that used for obtaining 3, we observed an
insoluble polymer that is presumably crosslinked. The reason
for this difficulty is not understood at this time. Nonetheless,
this was overcome by using a protected monomer, which was
then deprotected in a post-polymerization step, as shown in
Scheme 4, to give polymer 6 with a MW of 24.0 kg/mol and a D
of 1.25.
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Figure 4. Release profile of calcein and linear regression fit
for polymer assemblies 1(a, d), 2 (b, e) and 3(c, f),
respectively.
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Scheme 4. The structures of tri-component polymers 4 — 6.

Here too, solvent addition method was used to form the
assemblies for polymers 4-6. Interestingly, the assembly sizes
for these polymers were found to be ~10 times larger than
those from polymers 1-3, as measured using DLS. The larger size
of the assemblies offered the opportunity to analyze these
assemblies using optical microscopy. Indeed, these images
further confirmed the assembly sizes to be in the range of 1-5
um (Figure 5c). To assess whether the reason for these self-
assembled structures, resulting in differences in size, could be
due to factors other than the variation in the structure of the
hydrophilic moiety, we studied the effect of the solvent used for
preparing these assemblies. Note that all copolymers 1-6 have
similar hydrophilic content (7-11%wt). Similarly, the procedures
for preparing these assemblies were also identical. Thus, the
possible factors could be the nature of solvents and/or the
difference in the polymer structure of the hydrophilic segment.
Acetone and DMF were used as solvents to prepare the
assemblies for polymers 1-3 and 4-6, respectively.

Although both solvents were attempted for all six polymers,
the HEA polymers 4-6 could not be easily dissolved in acetone.
Therefore, the assemblies were achieved successfully, only in
DMF. However, our detailed studies with polymers 1-3 were
initially carried out with assemblies, which used acetone as the
co-solvent in the self-assembly media. To investigate whether
the assembly size variations can be achieved with variations in
the solvent, the polymer assemblies of 1-3 were prepared in
DMF. If the nature of solvent is the reason behind the difference
in sizes between the two sets of polymers, bigger assemblies
should be observed in case of DMF. However, the aggregate
sizes of the polymer assembly of 1-3 were still in the range of
70-90 nm. Therefore, the difference in the assembly sizes was
attributed to the nature of the hydrophilic group. Since PHEA
contains shorter hydroxyethyl moieties, compared to the
bulkier structure of PPEGA, it is possible that there is an increase
the curvature of the latter assemblies, which in turn results in a
decrease in the size of the vesicles.

As anticipated, assemblies 4-6 were also found to
encapsulate both calcein and Nile red (Figure S3 in ESIT). We
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Figure 5. Size distributions (a) of the polymer assembly 4-6
in water at concentration of 1 mg/mL; Optical microscope
image of the assembly 4 in water (c).

further confirmed the dye encapsulation from these polymer
assemblies with confocal laser scanning microscopy (CLSM,
Figure 6). The images clearly demonstrated the vesicle-type
morphology in which Nile red (red fluorescence channel)
occupied the hydrophobic part of the membranes and calcein
(green fluorescence channel) stayed in the water pool inside the
vesicles. The co-localization of Nile red with calcein, combined
with the z-stack images (Figure S4 in ESIT), further confirmed
the location of hydrophobic and hydrophilic dyes. Since acetone
was used as a solvent for Nile red, the apparent partial
penetration of the hydrophobic dye from the membrane to the
hydrophilic core was attributed to the solubility of acetone in
water that affords some co-localization of the red and green
dyes in the vesicles.

Kinetic of guest release from the hydroxyethylacrylate polymer

5ym

Figure 6. Confocal images of polymer assembly 4 (a), 5 (b)
and 6 (c); A single vesicle-type particle originated from
polymer assembly 4: red channel (d), green channel (e) and
merged channel (f).
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Scheme 5. Synthesis of polymer 6.
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If the brush-like characteristic of PPEGA slows the pH-induced
rate of release of the encapsulated guest molecules, the less
bulkier PHEA should allow protons to more readily access the
responsive units in the assemblies obtained polymers 4-6. The
calcein release profiles and linear regression fit for the earlier
time scale are shown in Figure 7. Assembly 6, with the
responsive DIPA units randomly positioned in the hydrophilic
part of the block copolymer, exhibited the fastest release
among the three assemblies with a slope of 0.043. The rate of
release from assembly 5 was found to be faster than that from
4, but slower than that from 6. The overall trend in relative
guest release rates from each of these PHEA assemblies is
similar to that observed from PPEGA assemblies 1-3. These
results further confirm that the location of the responsive
moieties has significant implications in the guest release rate
from these pH-responsive supramolecular assemblies.
Additionally, the difference in release rate of guest molecules
between the fastest (assembly 6) and the slowest (assembly 4)
assembly was found to be smaller (2x), compared to the
difference between the corresponding PPEGA assemblies 1 and
3 (5x). This could be attributed to the difference in accessibility
to the responsive units, because of the bulkier PEGA moieties.
Alternatively, this could also simply be a manifestation of the
difference in size of the assemblies, where the smaller assembly
with the higher surface-to-volume ratio exhibits higher release
rates.

In addition to calcein release from the lumen of the vesicles,
we also investigated the release of the hydrophobic Nile red in
response to pH change from neutral to acidic conditions using
absorption spectroscopy. Since the solubility of Nile red in water
is very poor, it would precipitate upon release from the
assemblies and a decrease in UV-Vis absorption would be
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Figure 7. Release profile of calcein and linear regression fit
for polymer assemblies 4 (a, d), 5 (b, €) and 6 (c, f),
respectively.
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observed. However, the release of Nile red was not found to be
significant after the pH-based triggering of all these assemblies.
This could be due to the possibility that the product assemblies
in response to the pH change is capable of providing a reservoir
for the hydrophobic molecules, as the bulk aqueous
environment is not the preferred environment for these
molecules (Figure S7 and S8 in ESIT).

To further assess this possibility, the morphological
transitions for the assemblies 4-6 were analyzed at pH 4 after 2
days using CLSM (Figure 8). Interestingly, the morphology of
assembly 4 completely changed from vesicle to a needle like
structure (Figures 8 and 9). In polymer assembly 4, the
responsive units were randomly placed in the hydrophobic
membrane. Thus, it is expected to have significant impact on
morphological transformation, because of the hydrophobic to
hydrophilic modification of the responsive units under acidic
conditions. We hypothesize that the sphere-to-rod transition is
governed by the changes in molecular packing. Moreover, the
large extent of randomness in the hydrophobic-responsive
segment of polymer 4 backbone presumably makes the system
more manipulatable by the pH change. This result is indeed
consistent with the interest in incorporating responsive units in
the hydrophobic block of a diblock copolymer, as most of these
studies have focused on evaluating the morphological changes
in the assembly35.40.43-45_ On the other hand, the morphology of
the assemblies 5-6 remained as vesicle with comparable red
fluorescence intensity at vesicle membrane, while the green
fluorescence was significantly lesser inside the vesicle water
pool. The size also became smaller, compared to the vesicles

Neural conditions

Acidic conditions

Figure 8. The confocal fluorescence microscopy images of the
assemblies 4 (a, d), 5 (b, ) and 6 (c, f) at neutral pH (top) and
after 2 days at pH 4 (bottom).

2 //
77
A

Figre 9. TEM images of polymer assem‘bly 4 after pH 4
exposure for 2 days.

72

100 nm
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before acid triggering. This could be attributed to the
conversion of the hydrophobic amine to the hydrophilic
protonated ammonium salt under acidic pH, which increases
the overall hydrophilic volume and thus the apparent curvature.
It is interesting however that assemblies 5-6 exhibit faster
release the guest molecules after pH change. This difference in
the kinetics of molecular release is attributed to the accessibility
of the pH-sensitive moieties in 5 and 6, relative to 4. This
accessibility and the change in hydrophilic volume presumably
cause the vesicle membrane to be more leaky for the
hydrophilic guest molecules to be released from the more
confined aqueous environment to the bulk. This working
hypothesis is schematically represented in Figure 10. Overall,
the studies here show that the impact of host-guest properties
of a molecular assembly has to be independently evaluated,
because the assembly that has the biggest influence on the
morphology exhibits slow molecular release, and vice versa.

Hydrophobiccontact (----) Head group repulsion

V
Tight membrane Loose membrane

;;f" s
i)
6 ;,,f o
) ’)r”.{r pH4 {ji»*r
Y=2 o e
& N SN /\q
0.z AN~
Assembly 5
fI £
= 55
(5] )/r S Vi
® ﬁ pH4 q)—-. ~ "
o RS |y | | [
Yrary Lrbs®
o N e~
Assembly 6
Neutral  Positive
@ o o () Q o I o

Hydrophilicsegment Responsive unit Hydrophobicsegment  Guest molecule

Figure 10. Schematic diagram of the purposed molecular
guest release of assemblies 5 and 6.

Conclusions

Effect of positioning pH-responsive moieties in various domains
of an amphiphilic block copolymer assembly, upon its host-
guest properties, has been studied. The responsive
functionalities, in the form of diisopropylaminoethyl acrylate
monomer, were placed in three different locations of the
vesicle-forming block copolymer: (i) randomly distributed in the
hydrophobic segment with butyl acrylate; (ii) incorporated as
the middle block in a triblock; and (ii/) randomly distributed in
hydrophilic part of the polymer along with PEG-acrylate or
hydroxyethyl-acrylate. The rate of release of guest molecules
from these assemblies was indeed found to be dependent on
the location of the responsive moieties. Interestingly, fastest
guest release was observed with the incorporation of
responsive units in hydrophilic part, while this process was the
slowest when the responsive moieties are placed in the
hydrophobic segment of the polymer. This observation is
somewhat counter-intuitive, as it is reasonable to anticipate

This journal is © The Royal Society of Chemistry 20xx
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that the fidelity of the polymeric membrane would be
compromised to a greater extent when there is a significant
change in the hydrophobic domain of the membrane. Our
working hypothesis here is that the accessibility of the
responsive moieties to the stimulus plays a more significant
role. The surprising part of this observation is due to the fact
that the stimulus here is proton, arguably the smallest of the
chemical stimuli. Yet another surprising observation of this
work is that the most significant change in the morphology of
the assembly was observed with the assembly, where the pH-
responsive units are placed in the hydrophobic domain of the
polymer. It is understood that the morphological change is
driven by the equilibrium preference of the product polymer,
while the observed molecular release variations are based on
difference in kinetics. Therefore, these processes do not have to
be correlated with each other. Nonetheless, an important take-
home lesson here is that the ability of an assembly to release its
guest molecules should not be assessed based on
morphological variations alone. The importance of this finding
is highlighted by the fact that many of the studies in stimulus-
induced morphological changes in polymer assemblies are
motivated by implications in areas such as drug delivery16.46, We
believe that the initial findings reported here would spur further
research towards developing a deeper understanding of the
reasons that underlie the host-guest properties of polymeric
self-assembled nanostructures.
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