Journal of Colloid and Interface Science 501 (2017) 22-33

Journal of Colloid and Interface Science

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jcis |

Regular Article

Spontaneously formed redox- and pH-sensitive polymersomes by mPEG @CmssMark
based cytocompatible random copolymers

Partha Laskar?, Joykrishna Dey ** Sudip Kumar Ghosh"

2 Department of Chemistry, Indian Institute of Technology Kharagpur, 721 302, India
b Department of Biotechnology, Indian Institute of Technology Kharagpur, 721 302, India

GRAPHICAL ABSTRACT

o _yo < < < . Polar Guest

@8 Non-polar Guest M

o (o) '3
20 _l?gﬁ

O g
&
Na O

o

Polymer Chain

(Cartoon Representation)

pH-Responsive
Disassembly

oo

Release of Guest

) oh.

Anionic Polymersome

ARTICLE INFO

Article history:

Received 19 February 2017
Revised 9 April 2017
Accepted 10 April 2017
Available online 12 April 2017

Keywords:

Random copolymers

Anionic polymersomes

Redox- and pH-responsiveness
PEG

Cytocompatible
Hemocompatible

ABSTRACT

Stimuli-sensitive polymersomes are one of the important vehicles and have been extensively studied as
smart drug delivery system. Polymersomes have added advantage over the micelles because of having
the ability to carry not only hydrophobic but also hydrophilic guest in their aqueous core. Among various
stimuli, the change of pH and redox reaction is very important for drug delivery purpose especially for
anticancer drug. Therefore, in this work, two poly(ethylene glycol) methyl ether methacrylate (mPEG)
containing hydrophilic random anionic copolymers, poly[(2-hydroxyethyl methacrylate-3,3’-dithiodipro
panoic acid)x-co-(poly(ethylene glycol) methyl ether methacrylate),], poly[(HEMA-DTDPA )x-co-mPEGy]
with different copolymer ratios were designed and synthesized. The self-assembly behaviour of these
copolymers were studied by use of various techniques, including fluorescence spectroscopy, light scatter-
ing, and electron and optical microscopy. Both the copolymers were observed to form negatively charged
polymersomes spontaneously in aqueous media at pH 7. The polymersomes were shown to successfully
encapsulate hydrophobic as well as hydrophilic guests. The polymersomes of both the polymers showed
pH- and redox-sensitive release of encapsulated guest leading to a very good system for cytoplasmic
delivery. The polymers were found to be nontoxic and hemocompatible up to a reasonably high concen-
tration. Also the polymers did not show any denaturizing effect on the secondary structure of carrier
protein, human serum albumin. It was concluded that these two dual stimuli-sensitive cytocompatible
polymersomes can have potential use as drug delivery system in cancer chemotherapy.
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1. Introduction

Self-assembled polymeric nanostructures are one of the impor-
tant colloidal systems that are integrated with the advancement of
drug delivery and gene transfection [1-4]. Block copolymers can
self-assemble to form aggregates of various morphologies, includ-
ing micelles and vesicles depending upon various structural
parameters and way of reactions [5-7]. Polymeric vesicles or poly-
mersomes are such an important kind of self-assembled
nanostructures which due to their cell- and virus-mimicking
dimensions and functions have potential applications in biotech-
nology, medicine, pharmacy and even in enzymatic reactions
[8-10]. Structurally, in polymersomes, a bilayer consisting of
entangled chains separates a fluid-filled core from the bulk
medium [11]. Thus polymersomes have an added advantage over
polymeric micelles or polymeric nanoparticles in that they can
carry hydrophobic as well as hydrophilic cargo within them. The
molecular weight of the copolymer generally governs membrane
thickness of polymersomes as well as determines their properties
such as elasticity, permeability, and mechanical stability [8,12].
Though polymersomes have similar morphology like liposomes,
but due to the higher molecular weight of the polymers (more than
10 k) as compared to phospholipids (generally 1 k), the membrane
of polymersomes is generally thicker, stronger, tougher and, thus,
are inherently more stable than conventional liposomes [13].

In recent years, stimuli-responsive smart polymersomes have
become one of the most fascinating subject in drug delivery
research and much progress has been made in this direction
[14,15]. The most frequently applied stimuli are pH [16,17], tem-
perature [18,19], redox potential [20], magnetic field [21], light
[22], ultrasound [23] and enzyme [24]. Among these, pH- and
redox- sensitivity have become most appealing internal triggers
or stimuli, as they exist naturally in certain pathological sites
and/or intracellular compartments [25]. According to the Warburg
effect, malignant tumor cells generate most of their energy through
glycolysis instead of the normal oxidative phosphorylation, result-
ing in an acidic environment in the cellular compartment [26]. Also
different parts of our body have different pH, so pH can be used as
an interesting stimulus to trigger the polymeric drug delivery sys-
tems (DDSs) [27]. The pH-sensitive drug carriers can deliver their
cargo either via hydrolysis of pH-sensitive bonds (leading to a sus-
tained release of the guest) or swelling and dissociation of proto-
nated groups (leading to a burst release of the guest) [28].
Generally, pH-sensitive polymers are associated with some acidic
(—COOH, —S03H) or basic (—NH;) groups that are ionized in aque-
ous solution of suitable pH [29-31]. Negatively charged polymers
mimicking the RBC cell line (zeta potential = —-15mV) has the
advantage of being more stable over time [32]. It is also reported
that when the anionic polymers having acidic —COOH groups are
deprotonated at endosomal pHs, their hydrophilicity increases
leading to enhanced endosomal membrane disruption. So such
kind of pH-dependent membrane disruption and enhanced

endosomal release makes these synthetic pH-sensitive anionic
polymers a good choice for drug delivery [33]. On the other hand,
redox-sensitive DDSs involving disulfide-thiol chemistry is one of
the promising field because disulfide (—S—S—) linkages in the
polymeric nanostructures can be cleaved to the corresponding
thiols in presence of reducing agents, specially thiols [33-36]. Glu-
tathione (GSH), a tripeptide containing cysteine, is such a cellular
reducing agent for any water soluble DDSs due to presence of free
pendant sulfhydryl (—SH) groups [36]. But the concentration of the
GSH in intracellular (=10 mM) and extracellular compartments
(<10 uM) of living cells is found to be different [36,37]. Even the
tumor tissues are known to have GSH concentration at least
4-fold higher than that of normal tissue in mice [36,37]. The huge
difference in GSH concentration between intracellular and extra-
cellular compartments and the further elevated concentration level
of GSH in cancer cells in comparison to normal one promotes the
thiol-responsive smart polymers as more convenient DDSs
[33-39]. Also the pathological signals associated with reactive oxy-
gen species (ROS) for some serious diseases like arteriosclerosis,
heart injury and cancer can be exploited as guidance for redox-
responsive DDSs [40].

Generally, polymersomes formation is known to occur through
self-assembly of block copolymers having a proper ratio of
hydrophobic and hydrophilic block [41,42]. Sometimes organic sol-
vent is needed to form the polymersomes [43]. Hydrophilic poly-
mers are also able to form various self-assembled nanostructures
including polymersomes, but with the help of external stimuli
[44,45]. However, our group recently reported spontaneous poly-
mersome formation from a series of mPEG-based zwitterionic ran-
dom copolymers (instead of block copolymers) without having any
conventional hydrophobe in the polymer chain [46]. So it has
become our obvious choice to evaluate mPEG-based cationic [47]
as well as anionic random copolymers as DDS instead of these
zwitterionic polymersomes. In fact, our group for the first time,
reported spontaneous nanostructure (e.g. vesicle and micelle) for-
mation by low-molecular-weight surfactant monomer containing
mPEG chain conjugated to a zwitterionic or cationic or anionic
head group [48-50]. In continuation with our previous works on
these mPEG-based monomeric and polymeric surfactants, pre-
sently we aimed to study self-assembly behaviour and evaluate
the potential of the more stable self-assembled nanostructure
obtained from mPEG-based anionic random copolymers having
not only —COOH, but also disulphide bridge in the side chains of
the polymer as dual stimuli-sensitive DDS. Accordingly, we have
synthesized two novel anionic random polymers poly[(2-
hydroxyethyl methacrylate-3,3’-dithiodipropanoic acid)x-co-(poly
(ethylene glycol) methyl ether methacrylate),], poly[(HEMA-
DTDPA)y-co-mPEGy] (AP12, x=1, y=2 and AP14, x=1, y=4) in
which the acidic functionality along with a disulfide linkage and
mPEG chains are grafted to their backbone at different ratios
(Chart 1). The self-assembly behaviour of these anionic polymers
(APs) were investigated in detail by use of steady-state fluorescence
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Chart 1. General chemical structure of the anionic polymers AP12 and AP14.
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technique using various fluorescent probes. The morphology of the
aggregates was determined by electron and optical microscopy
along with dynamic light scattering. The surface charge of the
aggregates was determined through zeta potential measurements.
Both polymers were successfully observed to encapsulate hydro-
philic as well as hydrophobic guests in their nanostructure. Their
pH-sensitive nature was evidenced by the burst release of hydro-
philic cargo, calcein (Cal), from the aggregates. Similarly, their
redox-sensitive nature was also studied by fluorescence, electron
microscopy and dynamic light scattering techniques. In order to
test their suitability for drug delivery applications, cell viability
and hemocompatibility measurements were performed.

2. Experimental section
2.1. Materials

Polyethylene glycol methyl ether methacrylate or methoxy poly
(ethylene glycol) (mPEG, M, ~ 300), hydroxyethyl methacrylate
(HEMA), 3,3'-dithiodipropionic acid (DTDPA), N,N’-dicyclohexyl-
carbodiimide (DCC), 4-Dimethylamino-pyridine (DMAP), 3-(4,5-
dimethlthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),
chloroform-d were purchased from Sigma-Aldrich (Bangalore,
India) and were used without further purification. S-(+)-
camptothecin (CPT) was purchased from Tokyo Chemical Industry,
Japan. 2, 2'-Azo-bis-(isobutyronitrile) or AIBN was purchased from
sigma-Aldrich (Bangalore, India) and used after recrystallization
from acetone. All the fluorescent probes, pyrene (Py), N-phenyl-
1-napthyl amine (NPN) and calcein (Cal) were purchased from
Sigma-Aldrich (Bangalore, India). Solvents like methanol (MeOH),
acetone, tetrahydrofuran (THF), chloroform (CHCl3), and ethyl
acetate, solvents were purchased from Merck, India and were
distilled and purified before use. Milli Q (18.2 Mohm cm) water
was obtained from Millipore water purifier (Elix, Bangalore, India).

The polymers were synthesized following a procedure already
reported by us [46,47,51,52]. The details are available under
“Electronic Supporting Information” (ESI).

2.2. General instrumentation

'H and '3C NMR spectra of the monomer were recorded on
400 MHz NMR spectrometer (AVANCE DAX-400, Bruker, Sweden)
using TMS as the internal standard. '"H NMR spectra of the poly-
mers were recorded using 600 MHz NMR spectrometer (Bruker,
Sweden). Electronic/absorbtion spectra were recorded by use of a
UV-vis spectrophotometer (Shimadzu, model UV-2450). The
weight average molecular weight (M) and polydispersity index
(PDI) of the copolymers were determined using gel permeation
chromatography (GPC, Waters 2414, Refractive Index Detector,
10 Waters 515 HPLC PUMP) using poly(methyl methacrylate)
(PMMA) as molecular weight standard. THF (HPLC grade) was used
as an eluent at a flow rate of 1 mL/min at 34 °C. The solution pH
was measured using a digital pH meter model 5652 (EC India
Ltd., Calcutta) using a glass electrode. An electronic digital balance
(Sartorious, CP225D) was used to measure the weight of the
compounds.

2.3. Surface tension measurement

Du Nudy ring detachment method was employed for surface
tension () measurements of the aqueous copolymer solutions at
25 °C using a semiautomatic surface tensiometer (model 3S,GBX,
France). The platinum ring was used after proper cleaning with
ethanol/HCl (1:1, v/v) solution and burning in oxidizing flame
immediately before every use. For each polymer, the y value of

water was measured first and then an aliquot from stock of
polymer solution was added to it gradually for the surface tension
measurements at different polymer concentrations. Before mea-
surement, each sample was equilibrated for 15-20 min. For each
concentration, y value was measured in triplicate and the mean
value was noted.

2.4. Fluorescence measurements

Steady-state fluorescence measurements using Py as fluores-
cent probe were carried out with a SPEX Fluorolog-3 spectropho-
tometer (450 WATT 40 ILLUMINATOR, Model: FL-1039/40,
HORIBA JOBIN YVON, EDISON, NJ, USA). An aliquot of Py stock solu-
tion (1.0 x 10> M in MeOH) was taken into 5 mL volumetric flasks
and the solvent was evaporated by a continuous stream of N, gas.
Then polymer solutions in Milli-Q water in different concentra-
tions were added to the volumetric flasks, making the final concen-
tration of Py to 1.0x 10°°*M. The polymer solutions were
equilibrated overnight before measurement. The solutions contain-
ing Py probe were excited at 343 nm, and the emission spectra
were recorded in the range of 350-600 nm. The excitation and
emission slit widths were 5 and 2 nm, respectively. Solutions con-
taining NPN (ca. 1 x 10-% M) were excited at 340 nm and emission
spectra were recorded in the wavelength range 350-550 nm on the
SPEX Fluorolog-3 spectrophotometer. Both excitation and emission
slit widths were fixed at 5 nm.

2.5. Dynamic light scattering

The hydrodynamic diameter (dy) of aggregates in aqueous
media was measured by conventional dynamic light scattering
(DLS) technique using Malvern Nano ZS instrument employing a
4 mW He-Ne laser (4= 632.8 nm). All the scattering photons were
collected at a 173° scattering angle. The temperature was set to
25 °C and before every measurement each polymer solution was
filtered through 0.45 pum filter paper (Millipore Millex syringe fil-
ter). The software provided by the supplier calculated dy using
Stokes-Einstein equation.

2.6. Transmission electron microscopy

A high resolution transmission electron microscope (HRTEM,
TECNAI G2-20S TWIN, Japan) operating at an accelerating voltage
of 200 kV at room temperature was employed to take micrographs
of the polymers solutions at a known concentration. A 5 pL aque-
ous polymer solution was drop cast on a carbon-coated copper grid
(400 mesh size) and it was kept in vacuum desiccators overnight
for drying.

2.7. Dye encapsulation

For hydrophilic dye encapsulation, a reported procedure was
followed [46,47]. An aliquot of the anionic hydrophilic dye (Cal)
from the stock solution (~1 x 107*M in MeOH) and required
amount of the solid polymer were taken in a volumetric flask
and then MeOH was evaporated by a stream of dry N; gas. The thin
film of the polymer thus formed was soaked overnight in 100 pL
buffer. The mixture was vortexed (Cyclo Mixer, REMI Equipments,
India) for 10 min and then phosphate buffer (pH 7) was added to
make up the volume to obtain desired polymer and dye
(~1 x 10~> M) concentration. An 1 mL aliquot of this polymer solu-
tion was dialyzed in a double sided Biodialyzer cell (Sigma Aldrich,
Bangalore, India) against ~100 mL of the same buffer (pH 7) for
about 12-15 h with an intermittent change of the external buffer
after each 1h to remove the free dye molecules. This dialyzed
solution was used for microscopic as well as for fluorescence
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measurements. The dialyzed solution was also used as a stock
polymer solution for the study of pH-triggered release of encapsu-
lated dye, if any, in buffers of lower pH. The release was measured
by monitoring fluorescence intensity at the emission maximum of
the dye molecule.

2.8. Circular dichroism spectra

Interaction of these polymers at different concentrations with
blood circulatory protein (HSA) was observed by measuring circu-
lar dichroism (CD) spectra in nitrogen atmosphere using spec-
tropolarimeter (JASCO, J-810, Tokyo, Japan) in the far-UV region
(190-270 nm) with a Peltier type temperature controller from
JASCO attached with the machine. A quartz cell with a path length
of 1 mm was used for measurement. 150 W air-cooled xenon lamp
was used for this CD machine as a source of light with measure-
ment wavelength range from 163 to 900 nm (standard detector).
A fixed amount of HSA (0.1% or 1 g/L or 15 uM) solution was incu-
bated with different polymer concentration (0.01, 0.05, and 0.1%)
for around 24 h before measurement. An average data of two con-
secutive scans with a scan speed of 50 nm/min was collected for
each nm from 270 to 190 nm at an operating temperature of
298 K. CD spectra of the corresponding buffer and polymer concen-
tration were taken as a reference before every measurement and
spectra were corrected for buffer signal.

Further, percentage of a-helix content of HSA in native state
and in complex with polymer was calculated for better compari-
son. a-helix (%) were calculated from mean residual ellipticity at
208 nm (MRE;gg) and corresponding Ogpservea in CD spectroscopy
using following equations [53-56]:

MRE = 6,5sM/(nlC) (1)

o-helix (%) = (~MRE;gs — 4000)/(33000 — 4000) ()

where 0, is the CD in millidegrees, M is the molecular weight
(66.4 kDa) of the HSA protein in g/dmol, n is the number of the
amino acid residues (585 in the case of HSA), [ is the path length
(1 mm) of the cuvette, and C is the concentration (0.1% or 1 g/L)
of the protein in g/L. MREyos is the observed MRE values at
208 nm, 4000 is the MRE of the p-form and random coil conforma-
tion cross at 208 nm and 33000 is the MRE value of a pure «-helix at
208 nm.

2.9. Fluorescence microscopy

Fluorescence microscope (Olympus IX 70) was used to visualize
the dimensions of the dye entrapped vesicles. Microscope glass
slides (Riviera, 25.4 x 76.2 mm) were treated with a dye entrapped
vesicles solution prior to use in order to prevent the vesicles from
adhering to the glass coverslip. All the images of vesicles were
taken at room temperature and images projections were analyzed
using FV10-ASW 1.6 Viewer software.

2.10. Cell cytotoxicity

A conventional and standard MTT dye reduction assay was per-
formed to assess the cell viability or cytotoxicity of the synthesized
polymers on HelLa cells [46,47,51,52]. HeLa cells were cultured in
DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with
antibiotics solution containing penicillin (100 units/mL), 10% fetal
bovine serum (FBS), amphotericin B (0.25 ug/mL), and strepto-
mycin (0.1 mg/mL). The cells were incubated with a feeding cycle
of 48 h at 310K in T-25 flasks in a 5% CO, humidified chamber.
The cells were trypsinized (0.25% Trypsin+0.1% EDTA) and
harvested by centrifugation at 1500 rpm, after sufficient level of
confluency in cells monolayer was reached.

For cytotoxicity measurement, the collected cell suspensions
were seeded in 200 pL of complete DMEM in a 96-well plate at a
concentration 2 x 10> cells/well further to adhere and grow for
nearly 16 h at 310K in a 5% CO, humidified incubator. Polymer
stock solutions of definite concentration were prepared in incom-
plete DMEM medium and after 2 h of incubation the solutions
were filtered through 0.2 um polycarbonate filter just before addi-
tion. Before addition of the polymer solutions, the medium from
the cultured cells in each well was carefully removed and a total
of 200 L of fresh medium containing polymers with the desired
concentrations were added for viability measurement. The cell
medium in well was aspirated after 36 h of incubation with the
polymers and cells were washed thrice properly with sterile phos-
phate buffer saline (PBS). Finally, 100 uL of MTT reagent (0.5 g/L in
PBS) and 100 pL fresh media were added to each well to reduce the
MTT to formazan dye by the enzyme of the live cells in each well.
After 3 h of incubation, MTT was replaced with 200 pL of DMSO in
each well to solubilize the formazan dye. The amount of formazan
dye produced during this reduction process by the living cells was
measured spectrophotometrically at 540 nm wavelength. The
experiment was performed in triplicate and an average value
was taken. The cytotoxicity of the polymers was expressed as per-
centage of cell viability with respect to the untreated (without
addition of any polymer) control cells (100% cell viable), using
the following equation

Cell viability (%) = (Mean of absorbance value of treated cells /
Mean of absorbance value of control cells) x 100

®3)

2.11. Hemolysis

The hemocompatibility experiment was conducted in compli-
ance with the relevant laws and guideline of the “Institute Ethical
Committee”. Polymers’ hemocompatibility was checked following
a standard protocol [46,47,51,52]. Stock polymer solutions were
prepared in phosphate buffer saline (PBS) of pH 7.4 and incubated
for minimum 6 h. Approximately 5 mL of fresh human blood were
taken from a healthy volunteer with consent before the experi-
ment and red blood cells (RBCs’) were procured from the collected
human blood by centrifugation at 3000 rpm for 10 min at room
temperature. Then serum was decanted from the blood sample
and RBCs were washed 4 times with 150 mM NaCl solution to
remove the serum completely. The final RBC cell concentration
(~5 x 108 RBC/mL) was prepared as suspended solution in PBS.
Then 200 pL of the final RBC suspension was mixed properly with
the desired amount of polymer and PBS of pH 7.4 to make 1 mL
mixture of different polymer concentrations. Negative and positive
control for this measurement were RBC cells suspension in only
PBS and RBC cells suspension mixed with triton X-100 (1%, w/v)
respectively. All these samples as well as the controls in the
micro-centrifuge tubes were incubated for 60 min at 310K in
water bath with an intermittent mixing and then were centrifuged
at 12,000 rpm for 5 min to separate unperturbed RBC cells from the
solution. The supernatants were collected from each sample to
check their absorbance values at 541 nm in ELISA reader (Biorad,
USA) using PBS as the blank. The study was repeated in triplicate
and an average was taken for each polymer concentration.

3. Results and discussions
3.1. Molecular characterization

The structure of the monomer and anionic polymers (APs) was
identified by 'H and '3C NMR spectra (Figs. S1-S4). The mole ratio
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of HEMA-DTDPA and mPEG in the copolymer was determined from
the corresponding peak intensities in the respective 'H NMR spec-
trum (Figs. S3 and S4) and were observed to be 1:2 and 1:4 for
AP12 and AP14, respectively. Thus, AP12 has more number of
—COO~ groups and —S—S— linkages in the polymer in comparison
to those of AP14. The M,, of the copolymers obtained from GPC
measurements (Fig. S5) are 34,723 and 23,500 for AP12 and
AP14, respectively. The PDI values of the copolymers AP12 (1.48)
and AP14 (1.43) were observed to be relatively low which is
advantageous for drug delivery applications.

3.2. Surface activity

Both copolymers were observed to be highly soluble in water at
room temperature which was indicated by the high % T value
(~95%) even at a reasonably high concentration (1.0 mgmL™')
(Fig. 1(a)). The amphiphilic character of the copolymers was exam-
ined by the surface tension measurements. Both the polymers
were found to be surface active as evidenced by the surface tension
plots in Fig. 1(b). Both copolymers lowered the y value of water
(pH 7) with the gradual increase of polymer concentration (Cp) at
298 K. The lowering of the y value is a clear indication of amphiphi-
lic nature of these copolymers. The concentration corresponding to
the starting point of the plateau (indicated by upward and down-
ward arrows) in the graph can be taken as the critical aggregation
concentration (CAC) of the copolymer. The CAC value for both
copolymers was observed to be equal to ~10 ug mL~'. However,
AP12 polymer is observed to be slightly more surface active than
the AP14 polymer and can be attributed to relatively higher molec-
ular weight of the former.

3.3. Self-assembly behaviour

The self-assembly behaviour of the copolymers were studied by
steady-state fluorescence technique using hydrophobic probes
NPN and Py as described in the Iteratures [46,47,51,52]. NPN is
generally nonfluorescent in water, but its fluorescence intensity
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is increased associated with a blue shift of the A2« when it enters
into the hydrophobic environment of any aggregate [46,47,51,52].
For both AP12 and AP14, a huge blue shift (AA) of Amax as
(AL = Xpolymer — Awater) With the increase in C, was observed fol-
lowing a distinct sigmoid pattern of the plot (AX vs C;) indicating
solubilization of NPN molecules within the hydrophobic microen-
vironments formed by the copolymers [46,47,51,52]. The fluores-
cence titration curves as depicted in Fig. 1(c) showed that the
onset of rise (indicated by upward and downward arrows) of Ax
occurs above a critical concentration (CAC) equal to 4 pg mL™! for
AP12 and 6 pg mL~! for AP14.

Fluorescence titration using Py probe was also carried out to
validate the result of NPN titration. It is also nearly insoluble in
water and gives very less intense spectrum in water. But Py can
be solubilised in the hydrophobic core of any aggregates with an
intensified fluorescence spectrum. Unlike NPN, the fluorescence
spectrum of Py shows five vibronic peaks of which the ratio
(I1/13) of the first (I;) and third peak (I5) is very much sensitive to
the polarity change of the medium [46,47,51,52]. With increasing
solubility of the Py in the hydrophobic core of the aggregates,
I/I5 ratio gradually decreases with the increase of C, (Fig. 1(d))
[46,47,51,52]. The gradual decrease of I;/I5 ratio of Py for the poly-
mers with the increase of C, confirms microstructure formation.
The CAC values corresponding to the concentration of onset of fall
of I/I5 ratio (indicated by upward and downward arrows) are
5ugmL~! for AP12 and 7 pgmL~! for AP14, which within the
experimental error limit, are in good agreement with the values
obtained from fluorescence titrations using NPN probe. Thus it
can be concluded that though the polymers have no typical
hydrophobic moiety attached to the polymeric backbone, they
exhibit aggregation above a relatively low CAC value.

3.4. Shape and size of aggregates

In order to visualize the microstructure of the aggregates,
HRTEM images of the polymer solution (in phosphate buffer of
pH 7) were taken at two different concentrations (0.2 and
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Fig. 1. Plots of (a) percent transmittance (% T), (b) y (mN/m) of water, (c) shift (AL) of Amax as (AL = Apolymer — Awater) Of NPN and (d) intensity ratio (I;/I3) of Py fluorescence as a

function of C, in pH 7 buffer at 298 K.
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Fig. 2. Unstained HRTEM images (a, b, ¢, d) of polymeric aggregates in solutions containing 0.2 mg mL~" (a, c) and 1.0 mg mL~" (b, d) AP12 (a, b) and AP14 (c, d) copolymers
at 298 K; Normalized fluorescence spectrum of Cal in aqueous buffers (pH 7) in absence (control) and presence of (e) AP12 and (f) AP14 copolymer (0.2 mg mL™'); FCM
images of Cal entrapped polymersomes in solutions of (g) AP12 and (h) AP14, scale bar represents 2 pm.

1.0 mg mL™'). The images shown in Fig. 2(a-d) reveal the existence
of vesicles with inner diameter (i.d.) in the range of 20-80 nm in
solutions of both the polymers. However, the majority of the vesi-
cles have i.d. less than ca. 100 nm. It should be noted that the
micrographs in Fig. 2(a-d) show only the presence of unilamellar
vesicles.

Since conventional TEM experiment involves drying of the
sample, the morphology of the self-assembled structures is often
criticised in the literature. However, the TEM pictures as shown
in Fig. 2(a-d) were reproducible. To further support the existence
of aqueous core within the aggregates, hydrophilic dye (Cal)
entrapment experiment was performed with the solutions of both
copolymers following previous literatures [46,47,57]. Figs. 2(e, f)
show that the intensity of normalized fluorescence spectrum of
Cal in the presence of either AP12 or AP14 polymer is much less
relative to the intensity of fluorescence spectrum of the
absorbance-matched Cal solution in pure buffer. This self-
quenching of the Cal fluorescence is a result of confinement of
Cal molecules in the small aqueous core of vesicles, confirming
polymersome formation by these two anionic copolymers in pH
7 buffer [46,47,57]. The presence of the vesicular aggregates can
be further visualized in the confocal fluorescence microscopic
images (Fig. 2(g, h)) of the Cal-entrapped polymersomes in
solutions of both polymers. The observation of green spots upon
excitation of the samples clearly proves the existence of Cal in
the aqueous core of the vesicular aggregates [24]. The average
i.d. of these vesicles is in the range of ca. 100-150 nm.

Hydrodynamic diameter (dy) of the self-assembled polymeric
vesicles was also measured using DLS technique. The size distribu-
tion profiles obtained at different concentrations of both AP12 and
AP14 polymers are displayed in Fig. 3(a, b). Only monomodal size
distribution at lower concentrations (<0.5mgmL~!) can be
observed with both polymers. However, at higher concentrations
(e.g., 1.0 mg mL™!) a bimodal size distribution for both the poly-
mers can be seen in Fig. 3(a, b). Although smaller aggregates of
mean dy of 3-5nm can be observed, the majority of aggregates
are observed to have mean dy in the range of 110-140 nm consis-
tent with vesicular structures. Thus the mean hydrodynamic size

of the polymersomes is closely equal to those obtained from
fluorescence microscopic images. The polymersomes have ideal
size required for intravenous DDS [58]. The polydispersity of the
vesicle size is a consequence of the polydispersed sample of the
copolymers.

In order to determine surface charge of the polymersomes, zeta
potential was measured at different polymer concentrations in
aqueous media (pH 7) at 298 K. The bar graphs in Fig. 4 show that
zeta potential values are negative at pH 7 for both the polymers at
all concentrations. Significant negative zeta potential values of the
polymersomes confirm that the corona of the vesicles is composed
of the ionized DTDPA moieties containing ~-COOH groups. In other
words, the mPEG chains form the bilayer membrane of the
polymersome (Scheme 1). This is similar to their high-molecular-
weight analogues [46,47] as well as to low-molecular-weight
surfactant monomers [48-50].

The absence of appearance of any turbidity or phase separation
(Fig. S6) for a given concentration (1.0 mg mL™") of the polymer at
different temperatures (298-333 K) is consistent with the fact that
the mPEG chains constitute the bilayer membrane of the polymer-
somes as shown in Scheme 1.

3.5. pH-Triggered dye release

pH is an important stimulus for triggering release of encapsu-
lated drug molecules at the target site, especially at the tumor site
having acidic environment. The above discussion suggests that the
polymersomes have —COO~ groups on their surface, which are
sensitive to the pH change of the medium. The reduction of the
solution pH causes protonation of the —COO~ groups and thereby
destabilizes the bilayer vesicles and a burst release of the encapsu-
lated drug occurs. Even if the polymersomes remain intact in acidic
medium, the hydrolysis of ester linkages in the polymer side chain
can destabilize the membrane facilitating slow release of the
entrapped drug molecules due to enhanced diffusion. Thus pH-
responsive release of the polymersome encapsulated guest was
studied using a pH-sensitive hydrophilic dye Cal (model drug),
following a standard protocol reported in literature, as its
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Fig. 3. Hydrodynamic size distributions of aggregates in buffer (pH 7) solutions of (a) AP12 and (b) AP14 copolymers at different concentrations at 298 K.
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Fig. 4. Bar graphs showing zeta potential ({ mV) values at different concentrations
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in buffer (pH 7) at 298 K.

fluorescence intensity is known to decrease with the increase as
well as decrease of pH of the medium [46,47,59]. So, after success-
ful encapsulation of Cal by these anionic polymersomes, the

release of the guest was observed by measuring its fluorescence
intensity at different pHs. The fluorescence spectra depicted in
Fig. 5(a, b) show a gradual decrease of fluorescence intensity of
the encapsulated Cal with the decrease of pH of the medium after
30 min of incubation. This gradual reduction of fluorescence inten-
sity confirms the release of Cal dye from the aqueous core of the
polymersomes into the bulk water of acidic pH. The observation
of burst release (~40-45%) of Cal from the polymersomes also con-
firms release of the guest molecule due to the protonation of the
—COO™ groups of the polymers and not due to the slow hydrolysis
of the ester bonds.

The aqueous solubility of the polymers at different pH was also
determined by measuring turbidity of the solutions at room
temperature (298 K). The plots in Fig. S7 show that both polymers
produce clear solution in water at pH > 6.0 as indicated by the
higher % T value. However, % T value starts to fall as the pH is
gradually deceased below 6.0. At pH below 4, the solution for
AP12 becomes turbid indicating complete protonation of the
—COO™ groups. Therefore, the pH corresponding to the 50% T can

< < y ‘ Polar Guest

@ Non-polar Guest

Polymer Chain

(Cartoon Representation)

Polymersomes

Scheme 1. Schematic representation of vesicle formation by AP12 or AP14 anionic copolymers.



Fig. 5. Fluorescence spectra of Cal encapsulated polymersomes in solutions (C, = 0.2 mg mL™') of AP12 and AP14 copolymers at different pH at 298 K.
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be taken as the pK, of the —-COOH group. Although the solution of
AP12 polymer becomes turbid at pH 5 and turbidity reached nearly
100% at pH 4 (Fig. S7), but the polymer did not precipitate out from
the solution as the protonated polymer is a liquid at room temper-
ature. This means the polymer forms a stable emulsion in acidic
pH. On the other hand, the solution of AP14 does not exhibit any
turbidity in the pH range of 2-9. This is because for AP14, the con-
tents of HEMA-DTDPA moiety containing —COOH group and mPEG
chain are respectively lower and higher than that of AP12 polymer.
The greater solubility of the protonated uncharged AP14 polymer
could also be due to its low molecular weight compared to AP14.

3.6. Redox-sensitive disruption of polymersomes

The polymer structure (Chart 1) shows that the hydrophile
units are covalently bonded to polymer backbone through the
—S—S— linkage. In aqueous solution of the polymers or in the
vesicular structure, these —S—S— linkages are exposed to bulk
water and therefore are expected to undergo redox reaction in
the presence of GSH. Therefore, thiol-responsive disruption of the
polymersomes and consequent release of the guest was studied
using DLS and steady-state fluorescence techniques. As the poly-
mers were observed to be more stable at pH 7.0, the measurements
in the presence of GSH were performed at this pH. Hydrodynamic
size distribution of the polymersomes in solutions of both AP12
and AP14 polymers containing 10 mM GSH was measured by
DLS at different time intervals. In a control experiment, the hydro-
dynamic size distribution of polymersomes in the absence of GSH
was also measured at the same time intervals. The results pre-
sented in Fig. 6 show a huge increase of mean dy value of the
aggregates in the presence of GSH. However, no significant change
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in the mean dy value is observed when GSH is absent in the
polymer solution. This is a clear indication of disassembly of
the polymersomes due to breakage of the —S—S— bonds in the side
chains. The increase in size of the polymers might be due to the
inter-polymer —S—S— bond formation leading to formation of
larger polymer or polymer networks.

The dissociation of the hydrophilic units from the polymer
backbone was also demonstrated by the release of fluorescent
Cal dye from the aqueous core of the polymersomes in the pres-
ence of GSH. As discussed before, the fluorescence spectra of Cal
showed a reduction of intensity when solubilized within the aque-
ous core of the polymersomes (Fig. 7(a, b)). However, it can be
observed that there is a huge increase in fluorescence intensity of
Cal after 10 min incubation in solution containing 10 mM GSH
(Fig. 7(a, b)). The control experiment in the absence of polymer,
however, did not show any change of fluorescence intensity of
Cal. This clearly suggests disruption of the Cal-entrapped polymer-
somes due to the breakage of the —S—S— linkages in presence of
GSH, resulting in a burst release of Cal and subsequent increase
of the fluorescent intensity (as evidenced from Fig. S8) due to dilu-
tion as reported in literature [34]. The release of the Cal dye from
the polymersomes was also tested at GSH concentrations equiva-
lent to both extracellular and intracellular conditions. The results
presented in Fig. 7(c, d), show that the disruption of polymersomes
occurs more rapidly at the highest GSH concentration level that is
under intracellular condition.

Further, HRTEM images of the polymeric solutions were taken
in the presence of GSH at different time intervals to validate disin-
tegration of the polymersomes. Copolymer solutions (0.2 mg mL™!)
incubated for 1 h and 12 h with 10 mM GSH and then were drop
cast on the carbon coated copper grid. The images in Fig. S9(a, c)
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Fig. 7. Fluorescence spectra of Cal in pH 7 buffer at 298 K in the absence and presence of (a) AP12 and (b) AP14 polymers (0.2 mg mL™!) with and without GSH (10 mM);
fluorescence spectra of Cal encapsulated polymersome in solutions of (c) AP12 and (d) AP14 before and after the release induced by different concentrations of GSH.
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Fig. 8. (a) Bar graphs showing hemolysis (%) in the presence of AP12 and AP14 polymers at different concentrations (0.5, 1.0 and 2.0 mg mL!) at physiological pH (7.4); (b)
Bar graphs showing cell viability (%) of the polymers on cervical cancer cells (HeLa cells) at different concentrations after incubation for 36 h: (A) 0.1, (B) 0.02, (C) 0.5, and (D)
1.0 mg mL~"; CD spectra of HSA (0.1%, w/v) in PBS buffer (20 mM, pH 7.0) in the absence and presence of different concentrations of (c) AP12 and (d) AP14 polymers at 298 K:

(A)0.0mgmL~", (B) 0.1 mg mL™?, (C) 0. 5mgmL~", and (D) 1.0 mg mL~".

clearly indicate disruption of the vesicle structures in the presence
of GSH within 1 h. The solutions after 12 h of incubation, on the
other hand, do not reveal any specific aggregate, except some fea-
tureless microstructures (Fig. S9(b, d)).

3.7. In vitro cytotoxicity studies

For application as drug delivery vehicles, polymers should be
nontoxic within the therapeutic window of the drug. In addition,
for use as injectable DDS, the polymer should also be hemocompat-
ible. Therefore, hemolysis study using these polymers from a low
to high concentration range (0. 1, 0.5 and 1.0 mg mL™') was carried
out. The results presented in Fig. 8(a) show that none of the poly-
mers exhibits any hemolysis at the concentrations employed.
Though AP12 is slightly less hemocompatible than AP14, both
these hemocompatible polymers can be used in intravenous drug
delivery. For the cell viability test, HeLa cells were treated with
the polymers of varying concentrations (0.1, 0.2, 0.5 and
1.0mgmL™") for 36h and the results are summarized in
Fig. 8(b). It is observed that there is 90% cell viability even at the
concentration of 0.5 mg mL™! for both the polymers. However, at
the highest concentration (1.0mgmL~!), both the polymers
showed relatively less viability and AP12 polymer was found to
be more toxic than AP14 probably due to low mPEG content of
the former polymer. Overall, both these cell viable polymers can
be employed up to a relatively high concentration and can there-
fore be considered for drug delivery applications.

3.8. Interaction of polymers with HSA

HSA is the most abundant circulatory protein in human blood
and is responsible for the transport of various fatty acids,

metabolites, and drug molecules [53]. Therefore, the interaction
of HSA with any DDS is important, especially with injectable ones.
To monitor the changes in structure, conformation, and stability of
the protein in solution, CD spectra were measured in the absence
as well as in the presence of both polymers [53-56]. The CD spec-
trum (Fig. 8(c, d)) of HSA exhibits negative minima at 208 and
222 nm, indicating the presence of the a-helix structure of this cir-
culatory protein [53-56]. However, in the presence of AP12 or
AP14 polymers the CD spectrum shows a slight decrease in band
intensity at both 208 and 222 nm wavelengths without any shift
of the peaks, indicating a slight decrease in the helical structure
content of the protein (Table S1). This means HSA can carry these
polymeric nanocarriers to their site of action without any damage
to its secondary structure.

4. Conclusions

In summary, two dual stimuli-sensitive mPEG-based polymers
containing different amounts of acidic functionality were synthe-
sized using comparatively very easy random polymerization tech-
nique. These water-soluble polymers spontaneously formed
anionic vesicles in pH 7 buffer at room temperature. In fact, this
is one of the few reports on polymersome formation by random
copolymers [46,47]. Further it is important to note that unlike
most reports [43-45], these polymersomes were produced without
the help of any external stimulus. Like zwitterionic and cationic
polymersomes or low molecular weight cationic and zwitterionic
vesicular aggregates [46-49], here also the moieties containing
the anionic (—COO™) head groups project themselves towards
water and mPEG chains constitute the bilayer membrane of the
vesicles. In most polymeric aggregates reported in literature
[33-38], have S—S linkages in the interior of aggregate structure,
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but in these redox-active polymersomes, the S—S linkages are
exposed to the bulk aqueous environment. The polymersomes
were observed to encapsulate hydrophilic as well as hydrophobic
guest molecules in their aqueous core and bilayer membrane,
respectively. The polymersomes were found to be stable at body
temperature (37 °C) avoiding the possibility of any premature
release of guest molecules. These anionic polymersomes were
observed to exhibit pH- and redox-sensitive disassembly with
the concomitant release of the guest molecules. Due to their
redox-sensitive nature, they are also smarter drug delivery systems
than our previously reported zwitterionic polymersomes [46] or
any other anionic polymersomes. Unlike AP14, the AP12 polymer
produces stable self-emulsion on lowering of the pH below 4. Thus,
AP14 is more acceptable as pH-responsive drug delivery carrier
than AP12. Their high hemocompatibility and cell viability is ben-
eficial for the development of better delivery systems. Further,
they were not found to destabilize the secondary structure of the
circulatory protein, HSA. Thus it can be concluded that these
anionic dual stimuli-sensitive, biocompatible, and stable polymer-
somes can have potential application as intravenous drug delivery
systems for cancer chemotherapy.
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