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Nanosized polymeric vesicles (polymersomes) self-assembled from double hydrophilic copolymers of
poly(3-methyl-N-vinylcaprolactam),-b-poly(N-vinylpyrrolidone),, (PMVC,-b-PVPON,,) using all aqueous
media are a promising platform for biomedical applications, because of their superior stability over
liposomes in vivo and high loading capacity. Herein, we explored the temperature-sensitive behavior of
PMVCsg-b-PVPONgs vesicles using transmission electron microscopy (TEM), dynamic light scattering
(DLS), atomic force microscopy (AFM), and small-angle neutron scattering (SANS) in response to
lowering the solution temperature from 37 to 25, 20, 14 and 4 °C. The copolymer vesicles with an
average size of 350 nm at 37 °C were assembled from the diblock copolymer dissolved in aqueous
solution at 4 °C. We show that while the polymersome’s size gradually decreases upon the temperature
decrease from 37 to 4 °C, the average shell thickness increases from 17 nm to 25 nm, respectively. SANS
study revealed that the PMVCsg-b-PVPONgs vesicle undergoes a gradual structure evolution from a
dense-shell vesicle at 37-25 °C to a highly-hydrated shell vesicle at 20—14 °C to molecular chain aggre-
gates at 4 °C. From SANS contrast matching study, this vesicle behavior is found to be driven by the gra-
dual rehydration of PMVC block at 37-14 °C. The shell hydration at 20-14 °C also correlated with the
4.4-fold decrease in the relative fluorescence intensity from vesicle-encapsulated fluorescent dye,
indicating ~80% of the dye release within 12 hours after the vesicle exposure to 14 °C. No significant
(<5%) dye release was observed for the vesicle solutions at 37-20 °C, indicating excellent cargo reten-
tion inside the vesicles. Our study provides new fundamental insights on temperature-sensitive polymer
vesicles and demonstrates that the copolymer assembly into polymersomes can be achieved by
decreasing a copolymer aqueous solution temperature below 14 °C followed by solution exposure to
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shapes,”™ long-term solution stability, and adaptable physico-
chemical properties due to diverse chemistry of polymers.'*™*
The vesicle morphology can be considered advantageous over
micelles or other nano-vehicles due to its ability to encase both
hydrophilic (within its interior cavity) and hydrophobic (within
the hydrophobic membrane) payloads and maintain the cargo
for periods of months due to less fluid structures, unlike
liposomes."® Amphiphilic block copolymers generally assemble
into vesicles when the hydrophilic-to-total mass ratio is within
35 = 10% for copolymer molecular weights in the range from
2700 to 20000 g mol ".*'®'7 As a general rule, increasing the
molecular weight of the hydrophilic block within this ratio leads
to a nanovesicle size decrease.”'®

Two main assembly approaches are used for copolymer
assembly into vesicles, including solvent-switching (or nanopre-
cipitation) and thin-film rehydration, where organic solvents are
used to dissolve copolymers.>'® During the nanoprecipitation
approach, either another organic solvent (or water) is added to
induce nano-aggregation of hydrophobic blocks in solution,
which form the inner part of the vesicle membrane, while the
hydrophilic blocks create the hydrophilic corona of the vesicle
membrane. For example, we demonstrated that biocompatible
poly(N-vinylcaprolactam)-b-poly(dimethylsiloxane)-b-poly(N-
vinylcaprolactam) (PVCL-b-PDMS-b-PVCL) amphiphilic triblock
copolymers could assemble via nanoprecipitation into nano-
sized polymer vesicles (<200 nm) that encapsulated small
anticancer drug doxorubicine (DOX) with no leakage at pH =
7 and 25 °C for at least a month and showed no toxicity
in vivo."” ' The solvent-switching method can also be used in
various modes,” including microfluidic mixing, which allows
for rapid formation of both small (<300 nm) and giant
unilamellar vesicles (>1 pm).**** Using microfluidic mixing, we
showed the formation of giant unilamellar vesicles of a micrometer
size (1.4 £+ 0.2 pm) from both PVCL-b-PDMS-b-PVCL and poly(N-
vinylpyrrolidone)-b-PDMS-b-poly(N-vinylpryrrolidone) (PVPON-b-
PDMS-b-PVPON) triblock copolymers dissolved in ethanol and
mixed with water.>*

In the thin-film rehydration approach, a thin layer of a
copolymer is first formed when the organic solvent evaporates,
which is then hydrated upon adding aqueous media, forming
polymer vesicles. We used this approach to obtain PVPON-b-
PDMS-b-PVPON triblock copolymer vesicles to deliver PARP1
siRNA to breast cancers in vivo.>® In both methods, additional
purification from organic solvents via dialysis may be neces-
sary, while in the rehydration method, long sonication and
stirring are generally necessary to induce vesicle assembly.® In
addition, film rehydration generally results in multilamellar
vesicles that need to go through several cycles of sonication and
extrusion to obtain true unilamellar structures, which can be
time-consuming and may affect properties of encapsulated
cargos, especially biomolecules.>***8

All-aqueous assembly of polymer vesicles can be beneficial
for developing encapsulation and controlled release technolo-
gies of biological molecules and promoting clinical translation
of therapeutic proteins, peptides, and nucleic acids. In this
case, the development of stimuli-sensitive copolymers able to
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acquire amphiphilicity in response to changes in pH or tem-
perature becomes crucial.>® For example, a zwitterionic diblock
copolymer of two polypeptide blocks poly(i-glutamic acid)-b-
poly(i-lysine) soluble in aqueous solution at neutral pH in the
range of 5 < pH < 9, produced polymer vesicles at highly
acidic (pH < 4) or basic (pH > 10) conditions.?” Conversely,
a biocompatible zwitterionic copolymer, poly[2-(methacryloy-
loxy)ethyl phosphorylcholine]-b-poly[2-(diisopropylamino)ethyl
methacrylate] showed spontaneous vesicle formation in aqu-
eous solution when solution acidity was switched from pH = 2
to pH > 6 due to the deprotonation of the amine groups.”®
Often, the vesicle membrane obtained from the pH-sensitive
copolymers must be crosslinked to ensure its integrity under
physiological conditions.

Changing solution temperature to induce copolymer amphi-
philicity has been useful in obtaining polymer vesicles from
block copolymers with temperature-sensitive polymer blocks
with either lower critical solution temperature (LCST) or upper
critical solution temperature (UCST).”° The LCST polymer
blocks are soluble in water below the LCST and exhibit a
coil-to-globule transition above that that can lead to the for-
mation of self-assembled vesicles upon heating.**** Poly(N-
isopropylacrylamide) (PNIPAM), a well-studied LCST polymer
with a coil-to-globule phase transition above 32 °C, was shown
to obtain copolymers hydrophilic at room temperature that
could assemble into vesicles at T > 32 °C.***> For example,
poly(ethylene oxide)-b-PNIPAM (PEO-b-PNIPAM) diblock copo-
lymers formed stable polymer vesicles at T > 37 °C when the
weight fraction of the hydrophilic block was less than 21%.%°
When using poly(N-(3-aminopropyl)methacrylamide hydro-
chloride) as a block for PNIPAM-based copolymer, stable copo-
lymer vesicles were observed at T > 45 °C.*> Temperature-
sensitive poly(2-(dimethylamino)ethyl methacrylate) was also
used to obtain block copolymers hydrophilic at 25 °C that
assembled into vesicles at 39 °C but at an extreme solution
pH of 11.%° Hence, higher than physiological temperatures were
shown to be essential to form and maintain the integrity of the
PNIPAM-based temperature-responsive vesicles. In addition,
PNIPAM was shown to induce systemic toxicity and release
toxic small molecules upon hydrolysis in biological conditions
and might not be well suited for biomedical applications.?”*°

PVCL is an LCST polymer with superior biocomp-
atibility and non-toxicity and a coil-to-globule transition near
the body temperature that was used to produce a wide variety of
temperature-sensitive copolymers and nanoscale materials.*"*>
Unlike PNIPAM, PVCL'’s phase transition occurs without intra-
chain hydrogen bonding and the polymer starts repelling water
molecules at 30 °C, continuing up to 50 °C when PVCL entirely
collapses and squeezes out the water molecules.*" For example,
while PVCL;55 homopolymer obtained via reversible addition-
fragmentation transfer polymerization (RAFT) had the LCST =
39 °C, its diblock copolymer with PVPON, PVCL,55-b-PVPON;¢,
could assemble into polymer vesicles at a higher temperature of
42.5 °C* and their vesicle morphology could stabilize through
intermolecular hydrogen bonding between PVPON corona and
tannic acid.** Earlier, we showed that PVCL-b-PDMS-b-PVCL
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polymersomes assembled via nanoprecipitation were stable at
room temperature and would reversibly shrink between 25 °C
and 45 °C due to enhanced hydrophobic interactions between
PVCL chains without losing vesicle morphology.'® The PVCL
collapse at elevated temperatures resulted in the PDMS inner
shell disturbance, which increased the shell permeability. The
PVCL molecular weight could control the temperature range
and the amount of DOX released from those vesicles."’

We also showed that besides molecular weight and
concentration,”®> PVCL phase transition temperature can be
modulated by increasing PVCL’s hydrophobicity. For instance,
VCL monomer methylation at a-position to produce 3-methyl-
N-vinylcaprolactam (MVC) monomer brought the corres-
ponding PMVC homopolyme’s phase transition close to 0 °C.
The MVC-based block copolymers, poly(MVC-co-VCL)-b-(VCL-
c0-VPON), demonstrated two LCST transitions from 19 to
42 °C.*® Earlier, we synthesized PMVCsg-b-PVPON,, (m = 65,
98) diblock copolymers that were water-soluble below 14-20 °C
and existed as polymer vesicles at 25-37 °C.*” Increasing the
PVPON length from 20 to 65 and 98 monomer units increased
the copolymer’s LCST from 15.2, 18.6, and 19.2 °C,
respectively.”” In addition, PMVCsg-b-PVPONgs polymersomes
displayed good stability in serum because of high PVPON
hydrophilicity, which helps prevent protein adsorption. The
PMVCs55-b-PVPONg; polymersomes could entrap DOX with high
encapsulation efficiency (95%) and loading capacity (49%) and
did not cause any mortality in mice.*’

In this work, we explored the temperature-sensitive behavior
of PMVCsg-b-PVPONg; to understand what intermediate struc-
tures could exist in the temperature range from 37 to 4 °C and
the possible effects of lower temperatures on the vesicle size
and shell thickness. We hypothesized that the PMVCsg-b-
PVPONg; hydrophilicity ratio (45%) will gradually decrease
upon the temperature drop, and the copolymer morphology
may gradually change. We employed dynamic light scattering
(DLS), atomic force microscopy (AFM), transmission electron
microscopy (TEM), and small-angle neutron scattering (SANS)
to investigate the vesicle structure in solution at 4 °C < T <
37 °C. SANS analysis was used to follow a gradual structure
evolution at 37-4 °C. We examined the hydration of the vesicle
shell using the SANS contrast matching technique, where the
gradually decreased volume of D,O in D,0O/H,0O mixtures was
employed to observe the difference between the scattering
length density (SLD) from the vesicle membrane and the
solvent SLD due to an influx of solvent within the copolymer
membrane. We correlated the shell hydration observed with
SANS with the release of Alexa Fluor 488 fluorescent
dye encapsulated into PMVCss-b-PVPONgs vesicles at
37-14 °C. Our study provides new fundamental insights on
temperature-sensitive polymer vesicles and demonstrates a
facile temperature-triggered approach for an all-aqueous
assembly of copolymer vesicles stable at 20-37 °C that can be
highly desirable for encapsulating a wide range of biological
molecules, including proteins, peptides, and nucleic acids into
stable polymer vesicles without a need of organic solvents. In
addition, our findings could play a vital role in advancing
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encapsulation and controlled-release technologies aimed at
managing oxidative stress in agricultural crops caused by low
temperatures.*®

2. Experimental section
2.1 Materials

2,2'-Azobis(2-methylpropionitrile) (AIBN) was purchased from
Sigma-Aldrich, recrystallized from methanol, and dried in a
vacuum at room temperature before use. N-Vinylcaprolactam
(VCL) and N-vinylpyrrolidone (VPON) were purchased from
Sigma-Aldrich and purified by vacuum distillation (ca. 1.5 torr)
before reactions. 1,4-Dioxane, tetrahydrofuran (THF), and diiso-
propylamine (DIPA) were from Sigma-Aldrich and were freshly
distilled before use. Hexane, methyl iodide (CHsl), dichloro-
methane, methanol, #n-butyllithium (2.5 M n-butyllithium
solution in hexane), and methyl-2-bromopropionate were pur-
chased from Fisher and used as received. Linear polystyrene
standards for gel permeation chromatography (GPC) analysis
were purchased from Agilent. Deionized water (DI) with a
resistivity of 18.2 Q cm was used for aqueous solutions.

2.2 RAFT Synthesis of PMVC macroinitiator and PMVC;g-b-
PVPONg; diblock copolymer

PMVC;g-b-PVPONg;5 diblock copolymer used in this study was
obtained previously by sequential copolymerization of 3-
methyl-N-vinylcaprolactam (MVC) and N-vinylpyrrolidone
(VPON) using methyl 2-((ethoxycarbonothioyl)thio)propanoate
as a RAFT chain transfer agent (CTA)."” Briefly, the CTA was
prepared as described previously.*® O-Ethyl xanthic acid potas-
sium salt (5.6 g, 35 mmol) suspension in 10 mL of methanol
was added dropwise to methyl-2-bromopropionate (5.0 g,
30 mmol) in 40 mL of methanol on an ice bath. After 24 h,
the reaction mixture was filtered (to remove KBr) and extracted
with a hexane/ethyl ether mixture (200 mL, 1:1, v/v), followed
by drying on a rotary evaporator and further purification using
column chromatography (acros organics, 0.035-0.070 mm par-
ticle size, 60 A pore size) with chloroform : hexane eluent (3:2 v/
v), concentrated in the rotary evaporator and dried in the
vacuum (<1 mm Hg) for 24 hours at room temperature.

To obtain MVC monomer,*® a 50 mL Schlenk reactor with a
magnet stirring bar was charged with freshly distilled 2.02 g
(0.02 mol) of diisopropylamine and 8.0 mL of anhydrous THF.
The solution was stirred in the ice bath (0 °C) and under an
argon (AirGas) atmosphere for 15 min. Then, 8.0 mL of 2.5 M
n-butyllithium solution in hexane (0.02 mol) was added drop-
wise (1-2 minutes), followed by stirring for 10-15 minutes.
After that, the mixture was cooled to —78 °C in a dry ice bath
and stirred for 10-15 minutes. The solution of VCL (2.78 g,
0.02 mol) in 8.0 mL of anhydrous THF was added dropwise
(1-2 minutes) to the mixture, and the resulting solution was
maintained at —78 °C for 30 min. Finally, 2.8 g of CH;l
(0.02 mol) in 8.0 mL anhydrous THF was added dropwise to
the solution at —78 °C (1-2 minutes) in a dry ice bath and
stirred for an additional 2 hours at —78 °C. Then, the resulting
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mixture was poured into diethyl ether and separated from the
aqueous phase. The ether layer was rinsed with water, and then
the organic solution was concentrated on a rotary evaporator
and purified by column chromatography on silica gel (acros
organics, 0.035-0.070 mm particle size, 60 A pore size) with
ethyl acetate : hexane (1: 20, v/v) as eluent. The desired fractions
were combined, concentrated by a rotary evaporator, and dried
in a vacuum at room temperature, yielding MVC as a colorless
oil (yield: 2.56 g, 83%). We described the RAFT polymerization
of MVC in our earlier works.*®*” Briefly, MVC monomer, AIBN,
and 1,4-dioxane were mixed with the CTA in a Schlenk flask
([M]o/[CTA] ratio = 540/1 and the [CTA]/[1] ratio = 2.3/1) followed
by three cycles of freeze-pump-thaw under argon. The mixture
was heated for 6 hours at 60 °C, and the polymerization
was quenched in a dry ice bath. The obtained PMVC-CTA
macroinitiator (yield 75%) had M, = 8900 g mol !, M,, =
10000 ¢ mol™", P = 1.12 as per calibration using linear poly-
styrene in THF (Agilent).*® After that, the macroinitiator was
mixed with VPON monomer in 1,4-dioxane solution, and after
three cycles of freeze-pump-thaw degassing, the mixture was
polymerized at 60 °C for 5 hours (28% conversion).”” The
copolymer was purified by precipitation in hexane two times,
dried in a vacuum, and dialyzed at <10 °C in DI water (MWCO
6-8 kDa, Spectrum Spectra/Por) to convert RAFT end moieties
to hydroxyl end-groups,”®** and freeze-dried. The number-
average molecular weight obtained from 'H NMR analysis
was 16200 g mol ' (M, 9900 g mol™', = 1.14 from GPC
analysis).”

2.3 Assembly of PMVC;,-b-PVPONg, polymersomes

The self-assembly of PMVCsg-b-PVPONG5 diblock copolymer in
water was carried out by mixing the copolymer (5 mg) with DI
water (2 mL) followed by cooling the mixture in a freezer at 4 °C
for 20 minutes. After cooling, the solution was brought to room
temperature (25 °C), sonicated on the water bath, and then
dialyzed against 0.01 M phosphate buffer (pH = 7.2) for 48 hours
(MWCO 20 kDa, Fisher Scientific). For assembly of polymer-
somes in deuterium oxide (D,O; Cambridge Isotope Labora-
tories, Inc.), PMVCsg-b-PVPONg5s copolymer (3 mg) and D,O
(1 mL) were mixed and cooled at 4 °C for 20 minutes, and the
solution was brought to a room temperature (25 °C) for the
copolymer self-assembly. Before neutron scattering measure-
ments, the sample was diluted with D,O to 1 mg mL " followed
by vertexing.

2.4 Electron transmission microscopy (TEM)

TEM images of the PMVCsg-b-PVPONgs polymersomes were
collected with a FEI Tecnai T12 Spirit TWIN TEM microscope
operated at 80 kV. For sample preparation, the polymersome
solutions were equilibrated at 37, 25, 14, and 4 °C. Specifically,
the polymersomes prepared at 25 °C were incubated in an
incubator at 37 °C or at 14 °C for 12 hours to obtain the sample
at 37 °C and 14 °C, respectively. The sample at 4 °C was
prepared from the polymersomes obtained at 25 °C and further
incubated in a cold room at 4 °C for 12 hours. TEM grids, uranyl
acetate solution (1%), and transfer pipettes were also incubated
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at a desired temperature before use. For analysis, 7 uL of a
polymersome solution was dropped onto a Formavar/Carbon-
coated copper grid (200 mesh, TED Pella), and the excess
solution was blotted off of the bottom of the grid after 60 s
with Kimwipe paper at a corresponding temperature. All poly-
mersome samples prepared for TEM were stained with uranyl
acetate for 10 seconds.

2.5 Dynamic light scattering (DLS)

Hydrodynamic size measurements of the polymersomes were
obtained from three independent measurements of aqueous
copolymer polymer solutions (2.5 mg mL™') at a desired
temperature using a Nano-ZS Zetasizer (Malvern) equipped
with He-Ne laser (663 nm). The average hydrodynamic size
was acquired by peak fitting the intensity versus size curves
using Origin Pro 2023 software, with the size standard devia-
tion defined as the full width at half maximum.

2.6 Atomic force microscopy (AFM)

Topography images from PMVCsg-h-PVPONgs polymersomes
were collected using an NT-MDT AFM in tapping mode in the
air. Scanning was performed using NSG30 probes (typical tip
curvature radius = 6 nm, force constant = 22-100 N m %, and
resonance frequency = 240-440 kHz) at 0.8 Hz scan rate.
Polymersome samples prepared for TEM imaging were directly
mounted on the AFM platform for imaging. The particle height
was analyzed using AFM section analysis.

2.7 Small-angle neutron scattering (SANS)

SANS measurements were performed with the EQ-SANS instru-
ment at the Spallation Neutron Source (SNS, BL-6) and Bio-
SANS at High Flux Isotope Reactor (HFIR, CG-3) at Oak
Ridge National Laboratory (USA).*” To cover the g-range
needed, instrument configurations with a sample-to-detector
distance of 4 m (wavelength ~10-13 A) with an instrument
chopper setting at 60 Hz were used. The sample aperture was
set to 10 mm in diameter. The measurements were carried out
using 600 pL of a sample in a 2-mm Banjo cell. A water bath
controlled the sample temperature. The neutron wavelengths
were converted from the time-of-flight and then were used to
reduce data into reciprocal g space, where g = 4m sin(6)/2; 20 is
the scattering angle, and A is the neutron wavelength. The
conversion and other reduction procedures, such as normal-
ization for incident flux spectrum, sample transmission, detec-
tor sensitivity, the detector dark current, and azimuthal
average, were performed with the facility-provided data
reduction software Mantid. NIST SANS data analysis packages
in Igor Pro®® were used for data analysis. Fit quality was
determined by minimizing the goodness-of-fit parameter (i),
and parameters were constrained to physically reasonable
values of size and thickness with consistency with DLS and
TEM analyses.

The data was quantitatively analyzed by performing a mod-
ified Guinier analysis.’>>* At larger g, corresponding to smaller
length scales, where the thickness is much smaller than
the overall size of the polymersome, the curvature of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymersome becomes unimportant; instead, it can be viewed
as a sheet with a thickness d. For gR, < 1, where R, is related to
the thickness as d = R, (12)"?, the intensity of scattering from a
sheet goes as

1(g) o SRS )

Therefore, from fitting In((¢q)g”) versus ¢>, R,* can be derived
from the slope from which the thickness can be calculated.

The Guinier-Porod model was applied to obtain the overall
size, Ryy, of the polymersomes.> The scattering intensity I(g) is
given as

PRy’

I(q) = Ipe” 3~ 2)

where R, is the radius of gyration of the particles, and s is the
dimension variance.

2.8 Contrast matching SANS measurements

H,0/D,0 mixtures were prepared using DI H,O with 0, 20, 40,
and 80 vol% of H,O. PMVCsg-b-PVPONg;5 copolymer was dis-
solved in D,O/H,O solutions at 3 mg mL™ ", followed by
solution cooling at 4 °C for 30 minutes and sonicating in the
water bath at room temperature for the copolymer self-
assembly. Before SANS measurements, the samples were
diluted to 1 mg mL ™" and vortexed. The samples were equili-
brated for at least four hours for each temperature measure-
ment. The samples were first measured at 25 and 37 °C and
then cooled from 37 °C to 14 °C and to 4 °C using dry nitrogen
purging to prevent vapor condensation for the measurements
at lower temperatures.

2.9 Encapsulation and release of small molecules from
PMVC5s-b-PVPONG; vesicles at varied temperatures

The temperature-dependent release of a small molecular
weight fluorescent dye from PMVC;g-b-PVPONgs polymersomes
was explored using Alexa Fluor 488 succinimidyl ester fluores-
cent dye (ThermoFisher). For the dye loading, PMVCsg-b-
PVPONgs (10 mg) was dissolved in 5 mL of the dye aqueous
solution (0.4 mg mL ') in a fridge (4 °C) followed by incubation
at 37 °C. The free non-encapsulated dye was removed from the
Alexa-vesicle solution by dialysis using a 20 KDa MWCO float-a-
lyzer at 37 °C in the incubator. The dye was released via dialysis
of purified Alexa-loaded polymersomes in a 20 KDa MWCO
float-a-lyzer at 37, 25, and 14 °C. Dialysis water was changed
daily, and the fluorescence intensity of the polymersome
solution was characterized by a fluorometer (Varian Cary).
Relative fluorescence intensity was calculated by the ratio of
the final fluorescence intensity in solution after its dialysis at a
desired temperature and the initial fluorescence intensity
(obtained after dialysis of the encapsulated dye sample at
37 °C) multiplied by 100.
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3. Results and discussion

3.1 All-aqueous assembly of PMVC;g-b-PVPONG; diblock
copolymer

This study used PMVCsg-h-PVPONgs diblock copolymer
obtained earlier using RAFT polymerization.*” The three-step
synthesis approach is first based on methylation of VCL ring
using n-BuLi/CH;I in THF to obtain methylated VCL monomer
(MVC) (Fig. 1(a) and Fig. S1, ESIt) which can be then polymer-
ized via RAFT using methyl 2-((ethoxycarbonothioyl)thio)pro-
panoate as a RAFT chain transfer agent (CTA, Fig. S2, ESI{) in
1,4-dioxane to result in PMVC microinitiator (Fig. 1(b) and Fig.
S3, ESIt). The PMVC macro-CTA can further participate in
copolymerization with VPON (Fig. S4, ESIt) monomer in 1,4-
dioxane at 60 °C resulting in the PMVC,-b-PVPON,, diblock
copolymers (Fig. 1(c) and Fig. S5, ESIt). As reported earlier,
aqueous dialysis of PVPON homopolymers synthesized via
RAFT using methyl O-ethyl-S-(1-methoxycarbonyl)ethyl dithio-
carbonate leads to the loss of the active CTA end-group through
hydrolysis leaving behind hydroxyl end-group at the PVPON
block end.*>**

In our previous study, the temperature-dependent optical
density analysis of PMVCsg-h-PVPONg;s diblock copolymer
solution revealed the onset of the copolymer’s phase change
associated with the coil-to-globule transition starting at ~14 °C
with a continuous increase of the optical density up to ~23 °C
which then plateaued.*” Using cryo-TEM and SANS analysis, the
copolymer was found to self-assemble into unilamellar polymer

(@) (b)

= . §| s

Aoty o e oA gsyon
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1,4-dioxane
o ()
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o n \"/ LY dialysis N0
N /O S —_—> >
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o
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. i ~.' : Y E
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Fig.1 The PMVCsg-b-PVPONgs diblock copolymer is synthesized using a
three-step approach: (a) synthesis of 3-methyl-N-vinylcaprolactam
monomer (MVC), and (b) RAFT polymerization of MVC monomer to obtain
PMVCsg macroinitiator followed by (c) RAFT copolymerization of VPON
monomer starting from the PMVCsg macroinitiator to obtain the PYPONgs
block. The PMVCsg-b-PVPONgs diblock copolymer was assembled into
vesicles by first dissolution in water at low temperature, T < 10 °C (d), until

its molecular dissolution, followed by the solution incubation at T > 20 °C
(e) and (f).
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vesicles which were stable at room temperature (20-25 °C) for at
least 50 days as measured using DLS.*” In the current work, the
vesicle assembly from PMVCsg-b-PVPONg;s was carried out by its
dissolution in DI water at a low temperature (4-10 °C) for
20 minutes until solution transparency (Fig. 1(d)), followed by
sonication in a water bath to ensure a uniform temperature
throughout the solution. After the molecular dissolution of the
copolymer, the solution was brought to 25 °C using an incu-
bator and dialyzed for 48 hours in water to trigger copolymer
self-assembly and to purify the obtained polymer vesicles
(Fig. 1(e) and (f)).

The polymersome solutions were equilibrated at 37 °C,
25 °C, 14 °C, and 4 °C in an incubator to understand changes
in the morphology of the PMVCsg-b-PVPONg; copolymer assem-
blies upon lowering the solution temperature. For that, the
polymersomes prepared at 25 °C were incubated at 37 °C or
14 °C for 12 hours to obtain the vesicle samples at 37 °C and
14 °C, respectively. The vesicle sample at 4 °C was prepared by
incubating the polymersomes obtained at 25 °C in a cold room
at 4 °C for 12 hours. TEM analysis of the vesicles revealed that
all samples, except the one at 4 °C, maintained their initial
vesicle morphology with spherically shaped vesicles distinc-
tively visible at the scale of 200 nm (Fig. 2(a)—(c)). In contrast,
the sample prepared at the lowest temperature (4 °C) did not
show any structures of a similar shape and size (Fig. 2(d)).

Conversely, much smaller nanoassemblies could be seen in
the TEM image for the 4 °C-copolymer sample with an average
dry size of 15 + 5 nm. Given its molecular weight, the
copolymer chain R, was estimated to be 3 nm, which may
indicate that the copolymer vesicles could dissociate into
molecular chains or chain aggregates at 4 °C. Indeed, the
section analysis of the AFM topography images of the vesicles
dried on the TEM grids showed that the particle height was
35 £ 5 nm for the polymersomes at 25 °C (Fig. S6a, ESIt), while
it was 3.5 + 0.3 nm (Fig. S6b, ESIY) for the sample exposed to a
lower temperature of 4 °C, which agrees with the TEM data and
the copolymer R, estimation at the lowest temperature.

Fig. 2 TEM images of PMVCsg-b-PVPONgs polymersomes dried on TEM
grids from solutions at (a) 37 °C, (b) 25 °C, (c) 14 °C, and (d) 4 °C.
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Fig. 3 The hydrodynamic size of PMVCsg-b-PVPONgs copolymer vesi-
cles analyzed in solutions at 37 °C (black squares), (b) 25 °C (red circles), (c)
14 °C (blue up-triangles), and (d) 4 °C (green down-triangles) as measured
by DLS.

On the other hand, the AFM height of the vesicles at 25 °C
corresponds to a double-shell thickness of the PMVCsg-b-
PVPONg; polymersome, which gives the vesicle single shell a
thickness of ~17.5 nm. This result is in excellent agreement
with the PMVCs54-b-PVPONg; vesicle shell thickness of 17.7 +
2.2 nm as measured by SANS and reported previously.*” This
AFM result also indicates that the vesicles prepared at 25 °C
acquired a flattened shape upon drying while keeping their
overall integrity, and the double-shell thickness of 35 nm agrees
with the unilamellar structure of the PMVCs4-b-PVPONg;
vesicles.

Along with vesicle disassembly at T < 14 °C, lowering the
solution temperature affected the polymer vesicle size in the
range of 14 °C < T < 37 °C. DLS analysis revealed that the
average hydrodynamic diameter of the vesicles gradually
decreased from 350 + 150 nm at 37 °C (Fig. 3, black squares,
Table 1) to 240 + 94 nm (Fig. 3, red circles, Table 1) and 230 +
48 nm (Fig. 3, blue up-triangles, Table 1) at 25 °C and 20 °C,
respectively. Moreover, almost a two-fold decrease in the vesicle
hydrodynamic size from 350 + 190 nm to 142 + 50 nm was
observed when the solution temperature was decreased from 37
to 14 °C (Fig. 3, green down-triangles, Table 1).

The gradual decrease of the vesicle size as measured by DLS
could indicate the increasing hydrophilicity of the inner shell of
the vesicles, resulting in gradual PMVC block stretching due to
chain uncoiling in the 14 °C < T < 37 °C. The release of
molecular chains from the assembled vesicle may result from
such increased hydrophilicity of the PMVC inner layer of the
vesicle shell, leading to the size decrease observed in DLS
measurements. We analyzed the vesicles in solutions at gradu-
ally lowered temperatures using SANS to study the changes in
the vesicle size and shell thickness.

3.2 SANS analysis of PMVC;g-b-PVPONg; copolymer vesicles in
solutions at varied temperatures

The SANS analysis of PMVCsg-b-PVPON5 copolymer vesicles in
solutions was carried out at 37, 25, 20, 14, and 4 °C. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hydrodynamic diameter (hm) of PMVCsg-b-PVPONgs vesicles in solutions exposed to varied temperatures (°C) as measured by DLS

37
350 £ 190

Solution temperature, °C
Hydrodynamic diameter, nm

copolymer assembly was done by dissolving the polymer in D,O
at ~4 °C followed by solution incubation at 37 °C. Further
measurements were continued by cooling the sample to 25, 20,
14, and 4 °C with at least 4 hours of incubation for sample
equilibration before neutron scattering measurements. We
used the Guinier-Porod model to calculate the particle radius
of gyration (R,) at each temperature (Fig. 4). For all SANS plots,
the dimension variance value, which can be used to distinguish
between spherical, rodlike, or plate-like particle shape, was
lower than 0.1, which being close to zero, describes a three-
dimensional spherical shape of the particle.***> Hence, the
spherical shape of the PMVCss-b-PVPONg; copolymer assembly

25
240 £ 94

20
230 + 48

14
142 £ 50

obtained by SANS was in good agreement with the TEM and
AFM data for the PMVCsg-b-PVPONg;5 copolymer vesicles at 37-
14 °C. Furthermore, as temperature decreased from 37 to 4 °C,
the intensity I(0) at low g region from the Guinier-Porod model
fits decreased, while material concentration did not change. In
addition, the curve shape at I(0) with the lowest g gradually
became more flattened. These results also indicate a decrease
in the particle size, especially at 4 °C, upon the temperature
lowering (Fig. 4(a)-(e)).

The model fits in Fig. 4(a)-(e) resulted in R, values of 165 &
8 nm, 123 + 6 nm, 110 + 6 nm, and 70 + 4 nm at 37, 25, 20, and
14 °C, respectively, while that was 20.0 & 0.5 nm for the sample

(@) —e—PMVC,-b-PVPON,, (b) —e— PMVC,,-b-PVPON,,
1004 Fit 100 Fit
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"e104
o
Cs
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0.14 . .
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(€) —e—PMVC,y-b-PVPON,, (d) —e—PMVC,,-b-PVPON,,
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T=20"°C T=14 °C
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2 14 g 4]
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Fig. 4 SANS plots of the PMVCsg-b-PVPONgs vesicle solutions and their Guinier fits (solid lines) at (a) 37 °C, (b) 25 °C, (c) 20 °C, (d) 14 °C, and (e) 4 °C. (f)
The dependence of particle Ry on solution temperature obtained from SANS plot fits (a)—(e).
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Table 2 Particle Ry (nm) and thickness of the vesicle shell (nm) in PMVCsg-b-PVPONg;s vesicle solutions at varied temperatures as measured by SANS

Temperature, °C 37 25
Particle Ry, nm 165 + 8 123 £ 6
Shell thickness (d), nm 17.6 + 2.6 17.9 + 2.1

exposed to 4 °C (Fig. 4(f) and Table 2). These R, data agree well
with the hydrodynamic radii (Ry,) calculated from the DLS data
as Dy/2 = Ry, (Fig. 3 and Table 1), resulting in the ratio of Ry/Ry,
of 0.943, 1.02, 0.957, and 0.986 for the sample at 37, 25, 20, and
14 °C, respectively. These values, being close to 1, indicate a
hollow sphere with a non-negligable shell.”® Hence, these
results indicate that the PMVCsg-b-PVPON5 copolymer vesicles
maintain their vesicular morphology as an empty sphere with a
non-negligible shell when the solution temperature is lowered
from 37 to 14 °C

The R, for the sample at 4 °C was obtained from the SANS
analysis to be 20.0 £ 0.5 nm (Fig. 4(f) and Table 2). Given that,
for a solid sphere, the physical radius R* = (5/3) R,>,> the
particle radius for the sample at 4 °C can be estimated as
~25 nm which is similar to the size of the particle obtained
through the TEM analysis (15 + 5 nm) (Fig. 2(d)). These results
combined with the AFM height of the assembly (~3.5 nm)
imply that the PMVCs;g-b-PVPONG5 copolymer vesicles lose their
vesicle morphology when exposed to 4 °C < T < 14 °C and,
most probably, exist as aggregates of a few copolymer chains
due to decreased chain hydrophobicity.

To characterize temperature-induced changes in the vesicle
shell in the temperature range 37 °C to 14 °C, the modified
Guinier plots of the SANS data as InlI(q) ¢* versus q° were
obtained (Fig. 5) where the slope of a linear fit to the data
produced -R,” of the vesicle membrane from which the poly-
mersome shell thickness, d, was calculated. The slopes of a
linear fit to the data were found to be —2612 =+ 158 A2, —2608 =+
145 A%, —4211+ 132 A%, and —5438 + 284 A? for the vesicles at
37, 25, 20, and 14 °C, respectively. Hence, the vesicle shell
thickness was calculated from the membrane R, values to be
17.6 £ 2.6 nm at 37 °C, 17.9 + 2.1 nm at 25 °C, 22.4 4+ 2.4 nm at
20 °C, and 25.5 £+ 5.8 nm at 14 °C, respectively (Table 2).

o 37°C
v 25°C
20°C
o 14°C
—— Linear Fitting

Ln(i(@)a?)

0.0001 0.0002 0.0003 0.0004
2,82
q°(A7)
Fig. 5 Modified Guinier plots of PMVCsg-b-PVPONgs copolymer vesicles

and their linear fits at 37 °C (red circles), 25 °C (wine down-triangles), 20 °C
(green up-triangles), and 14 °C (blue squares).
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The PMVCsg-b-PVPONg; vesicles thickness at 25 °C found by
SANS analysis (17.9 = 2.1 nm) agrees excellently with the
double-shell thickness for these vesicles (35 &+ 5 nm) obtained
through the AFM analysis of the polymersomes dried from
solution at this temperature (Fig. S6a, ESIt). Apparently, the
increase in the polymersome shell thickness with decreasing
temperature from 37 to 14 °C is mainly due to the gradually
reducing hydrophobicity of PMVC under these conditions. In
our earlier SANS study using PVCL-b-PDMS-b-PVCL triblock
copolymer polymersomes, we observed the shrinkage of the
polymer vesicle membrane when PVCL temperature-sensitive
hydrophilic corona transited from a coil to a globule state upon
temperature increase from 25 to 55 °C.>° The temperature
increase induced polymer vesicle size and shell thickness
shrinkage by ~20% for those triblock copolymers depending
on the ratio of the blocks in the copolymer.”® Moreover,
PVCL,(-b-PDMS5-b-PVCL;, polymersomes were found to
become permeable to small molecules within 10 hours when
temperature increased from 30 to 37 °C, releasing 20 and 70%
of encapsulated DOX, respectively.'® This behavior was ratio-
nalized through the PVCL phase change, resulting in the PVCL
chains’ collapse with subsequent polymersome shrinkage and
local PDMS membrane disturbance by the collapsed PVCL
chains, allowing the release of the small molecules from the
vesicle interior."®

Conversely, we demonstrated previously that PMVCsg-b-
PVPONg; polymersomes with encapsulated DOX did not show
any significant release of the drug (<5%) at 37 °C for at least
25 hours of observation. The exceptional stability of the shell
towards a small molecule release at the physiological tempera-
ture was also demonstrated in vivo experiments with mice
where drug-loaded PMVC;g-b-PVPONgs polymersomes showed
no cardiotoxicity compared to the free drug or liposome-loaded
drug.”” Our current SANS data demonstrate that the superior
stability of the PMVC;5-b-PVPONG;5 vesicles against drug release
is due to the dense and compact vesicle shell at 37 °C while the
vesicle thickness increases by 45% when the polymersomes are
transferred from 37 to 14 °C implying the appearance a more
loosely connected membrane with increased hydration (Table 2
and Fig. 1(e), (f)).

We employed the SANS contrast variation technique to
observe possible polymersome hydration in response to a
temperature decrease from 37 to 14 °C. Polymer vesicles as
spheres with a hollow cavity can demonstrate a neutron con-
trast from the shell against D,0O, seen as the liquid ‘core’ and
liquid exterior media in SANS. The coil-to-globule transition of
PVCL observed earlier with SANS resulted in the dissociation of
hydrogen bonds of the polymer with water and partial polymer
dehydration, followed by a complete chain collapse upon water
repulsion.”” Increased hydration of PMVCsg-b-PVPONg; vesicle

© 2024 The Author(s). Published by the Royal Society of Chemistry
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membrane in the temperature range from 25 to 14 °C can be
expected as a result of an influx of solvent within the copolymer
membrane; thus, the difference between the scattering length
density (SLD) from the vesicle membrane and the solvent SLD
is expected to decrease. We hypothesized that the vesicles
exposed to a solvent mixture of D,O and H,O with decreasing
amount of D,O from 80/20 to 20/80 ratio of D,O/H,O solution,
will be scattering differently at 37 °C unlike that at 14 °C with
the scattering contrast decrease (or disappearance) at the lower
temperature.

All PMVCs4-b-PVPONg; vesicles showed strong scattering
from good contrast at 37, 25, 20, and 14 °C in 100 vol% D,O
(Fig. 4(a)-(d)). Fig. 6 demonstrates that the SANS plots (I(q)
versus q) showed enough scattering contrast for the samples at
all four temperatures when the amount of D,O was decreased
to 80% (Fig. 6(a)) or 60% (Fig. 6(b)) in the solvent mixture. From
the estimated SLD for PMVCsg-b-PVPONg; copolymer, its con-
trast matching point is about 18% D,0. Hence, although with
the decreased SLD due to increased shell hydration, the vesicles

5 80% D,0 = 37°C
103 20% H,0 © 25°C
20°C
= 1F v 14°C
01t
0.01 . s
0.01 | 01 1
q, A”
%, (°) 60%D,0 . 37°C
10 40% H,0 o 25°C
20°C
- ! . 14°C
0.1
0.01k
0.01 0.1 1
q, A"
oA 20%D0 - 37°C
0 80% H,0 o 25°C
20°C
v 14°C
0.1 1

Fig. 6 Contrast-matching SANS plots of PMVCsg-b-PVPONgs vesicles
prepared in a solvent mixture of (a) 80/20% D,O/H,0, (b) 60/40% D,O/
H,0, and (c) 20/80% D,O/H,0.
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at 25-14 °C still exhibited considerate scattering contrast
against the solvent mixtures with 80-60% D,O.

The vesicle hydration at lower temperatures is accompanied
by the reformation of hydrogen bonds between PMVCsg block
and water, facilitating vesicle shell reswelling and the shell
thickness increase due to the decrease in molecular density
(Table 2). Fig. 6 demonstrates that the intensity drops signifi-
cantly at 14 °C. This result indicates that more solvent pene-
trates the polymer vesicle shell (Fig. 1(e)), decreasing contrast
and the scattering intensity decreases. The significant contrast
loss happens for all studied contrasts due to an influx of
solvent. At the 20% D,0, the high degree of scattering contrast
loss can be seen more obviously for the PMVCsg-b-PVPONg;
vesicles at 25, 20, and 14 °C (Fig. 6(c)) because the contrast to
the solvent is much smaller, to begin with. Only the sample at
37 °C maintained its scattering pattern through all the con-
trasts, although with decreasing intensity.

The contrast-matching study results indicate that the hydra-
tion of the polymersome shell starts at temperatures below
20 °C (Fig. 1(e)). These findings agree with the earlier demon-
strated excellent structure stability of the polymersomes at 25—
37° and their retention of small molecular weight molecules
under these conditions in vivo.>"

3.3 Release of small molecules from PMVC;4-b-PVPONg;
vesicles at lower temperatures

To understand the release behavior from the PMVCsg-b-
PVPONg; polymersomes at lower temperatures and correlate
this behavior with SANS data on polymer vesicle thickness, we
encapsulated Alexa Fluor 488 fluorescent dye into the interior
cavity of the vesicles and explored the dye release into solution
at 37, 25, and 14 °C. For the dye loading, the PMVCsg-b-
PVPONg; copolymer was dissolved in a fridge in 5 mL of the
dye aqueous solution (0.4 mg mL "), followed by the solution
incubation at 37 °C. The non-encapsulated dye was removed
from the Alexa-PMVCsg-b-PVPONg; polymersome solution by
dialysis at 37 °C in an incubator. The release of the dye was
measured by analyzing the fluorescence intensity of the poly-
mersome solution using fluorometry. The relative fluorescence
intensity was calculated by the ratio of the final fluorescence
intensity in solution at a desired temperature after dialysis,
representing the amount of the dye left encapsulated inside the
vesicle and the initial fluorescence intensity (the maximum
encapsulated amount of the dye at 37 °C) multiplied by 100.

The fluorescence analysis showed that the relative fluores-
cence intensity from the polymersome solution did not signifi-
cantly change after the solution temperature was decreased
from 37 to 25 °C, with the corresponding intensity values being
97 + 3% and 96 + 3% (Fig. 7). This result demonstrates that
despite a slight decrease in the vesicle size and negligible
decrease in the vesicle thickness (Table 2) accompanied by
little hydration (Fig. 6), no significant release of the dye can be
induced, and the vesicles maintain their overall integrity secur-
ing the cargo inside.

In contrast, decreasing the solution temperature to 14 °C
resulted in the 4.4-fold decrease in the relative fluorescence
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Fig. 7 Relative fluorescence (FL) intensity (%) from the Alexa Fluor 488-
loaded PMVCsg-b-PVPONgs polymersomes after their exposure to a
desired temperature (37, 25, and 14 °C).

intensity with its final value of 22 &+ 6% (Fig. 7). This result is in
excellent agreement with the SANS data on the increased
thickness of the vesicles and decreased neutron scattering
due to the increased hydration of the vesicle shell at 14 °C
(Fig. 6 and 1(e)). These combined data confirm our hypothesis
about the loosened vesicle shell at T < 14 °C due to increased
hydrophilicity of the PMVCss-b-PVPONgs copolymer as indi-
cated by SANS contrast matching experiments (Fig. 6), allowing
small hydrophilic dye molecules to diffuse through the vesicle
shell accompanied by the vesicle rearrangement as indicated by
decreased vesicle size (Fig. 3 and 4). Hence, the vesicle shell
rearrangement induced by lowering the solution temperature
below 14 °C facilitated the release of ~80% of the encapsulated
dye, whereas less than 5% of the dye release was observed for
the vesicle incubation at 37 and 25 °C (Fig. 7). The relatively
quick release of the dye at 14 °C agrees with the increased
vesicle thickness from 17.6 £+ 2.6 nm (37 °C) to 25.5 £+ 5.8 nm
and increased hydration (decreased scattering) in contrast
matching experiments (Fig. 6).

4. Conclusion

Herein, we explored the temperature-sensitive behavior of
PMVC5s-b-PVPONgs vesicles in response to lowering the
solution temperature from 37 to 25, 20, 14, and 4 °C. The
polymer vesicles were assembled from the diblock copolymer
dissolved in aqueous solution at 4 °C and exposed to 25 °C.
TEM analysis confirmed that the temperature lowering did not
cause any loss in polymersome morphology in the temperature
range from 37 to 14 °C. In contrast, no vesicles were observed at
the lowest temperature of 4 °C. SANS analysis of the polymer-
some solutions at the varied temperatures confirmed the
particle size decrease through the studied temperature range
with model fitting resulting in a hollow sphere with a non-
negligible shell in solutions at 37-14 °C. In contrast, the
average vesicle thickness was found to increase from 17 nm
at 37 °C to 25 nm at 14 °C with tighter and more uniform
thickness at 37-25 °C and more loosened and expanded struc-
ture at 20-14 °C. From the SANS contrast matching study, this
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vesicle behavior is found to be driven by the gradual rehydra-
tion of the PMVC block at 37-14 °C. The demonstrated
shell hydration at 20-14 °C was further correlated with the
release of a fluorescent dye from the polymersomes upon
temperature decrease. No significant (<5%) release of the
dye was observed from the vesicles at 37-20 °C, with the
corresponding intensity values being 97 + 3% and 96 + 3%,
indicating that the polymersome membrane safely protected
the encapsulated dye.

In contrast, decreasing the solution temperature to 14 °C
resulted in a 4.4-fold decrease in the relative fluorescence
intensity with its final value of 22 + 6%, indicating ~80% of
the dye release within 12 hours. Our SANS data, at temperatures
37 and 4 °C, show that the vesicles were stable at 37 °C for all 8
hours of the experiment. However, these vesicles were found to
dissolve into molecular chains at 4 °C within four hours of
sample equilibration (SANS). Our combined findings indicate
the gradual structure evolution of PMVCsg-b-PVPONg;s copoly-
mer vesicle from a dense-shell vesicle at 37-25 °C to a highly-
hydrated shell vesicle at 20-14 °C to molecular chain aggregates
at 4 °C. This work provides new fundamental insights into
temperature-sensitive polymer vesicles by elucidating the deli-
cate structure-property relationship between its constituents.
Hence, the polymer vesicle assembly using temperatures below
14 °C from all-aqueous copolymer solutions instead of nano-
precipitation from organic solvents or solvent exchange can be
highly desirable for encapsulating a wide range of bio-
molecules, including proteins, peptides, and nucleic acids into
temperature-sensitive polymeric vesicles stable at physiologi-
cally relevant temperatures of 25-37 °C. This approach can
further promote the clinical translation of therapeutic proteins
and peptides and their controlled release. Furthermore, our
findings can be crucial in developing encapsulation and con-
trolled release technologies to regulate low-temperature
induced oxidative stress in agriculture crops.
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