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Abstract

Nanosized polymeric vesicles (polymersomes) assembled from ABA triblock copolymers of
poly(N-vinylcaprolactam)-poly(dimethylsiloxane)-poly(N-vinylcaprolactam) (PVCL-PDMS-
PVCL) are a promising platform for biomedical applications, as the temperature-responsiveness of
the PVCL blocks enables reversible vesicle shrinkage and permeability of the polymersome shell
at elevated temperatures. Herein, we explore the effects of molecular weight, polymer block
weight ratios, and temperature on the structure of these polymersomes via electron microscopy,
dynamic light scattering, small angle neutron scattering (SANS), and all-atom molecular dynamic
methods. We show that the shell structure and overall size of the polymersome can be tuned by
varying the hydrophilic (PVCL) weight fraction of the polymer: at room temperature, polymers of
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smaller hydrophilic ratios form larger vesicles that have thinner shells, whereas polymers with
higher PVCL content exhibit interchain aggregation of PVCL blocks within the polymersome
shell above 50 °C. Model fitting and model-free analysis of the SANS data reveals that increasing
the mass ratio of PVCL to the total copolymer weight from 0.3 to 0.56 reduces the temperature-
induced change in vesicle diameter by a factor of 3 while simultaneously increasing the change in
shell thickness by a factor of 1.5. Finally, by analysis of the shell structures and overall size of
polymersomes with various PVCL weight ratios and those without temperature-dependent
polymer components, we bring into focus the mechanism of temperature-triggered drug release
reported in a previous study. This work provides new fundamental perspectives on temperature-
responsive polymersomes and elucidates important structure-property relationships of their
constituent polymers.
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Introduction

Naturally occurring self-assembled biological carriers (e.g., cell membranes, exosomes, and
mitochondria) that provide a nanometer-thin, bubble-like hydrophobic barrier to protect and
transport cargo have inspired the synthesis and study of new polymeric vesicles with
customizable properties for advancing the field of precision therapy.!~® Because of the high
degree of control over their structure and function, the design of self-assembled polymeric
vesicles (polymersomes) is rapidly advancing as they can help mitigate the side effects of
systemic drug delivery and significantly improve drug efficacy by providing precise control
over the space and time within which drugs are released.”! 1%

Despite the morphology flexibility of the liposomal vesicles has been shown to facilitate
liposomal skin penetrating ability, the liposomes can be destroyed under flow conditions
such as those found in the bloodstream due to their low mechanical stability.!2-14
Conversely, regardless of the assembly method, polymersomes demonstrate increased
mechanical stability compared to liposomes, efficient drug entrapment, long shelf life, and
controllable stimuli-triggered delivery of cargo.!>~2! In addition, although temperature can

be used as a trigger for drug release from nanovesicles due to the elevated temperature in
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tumor microenvironments because of the high rate of tumor metabolism,22 imbuing
liposomes with precise temperature sensitivity in biologically relevant ranges can be difficult

due to the complex nature of their formulations,23-24

as well as controlling their size to
promote predictable ensemble behavior can be challenging due to liposome propensity for

wide size distributions upon self-assembly.2

Therefore, the development of polymersomes that are mechanically robust, have efficient
drug loading capacity, and can intelligently respond to environmental stimuli such as
temperature or pH, has become of great importance. 26-39 Thus, pH-responsive polymer
vesicles made from block copolymers of polybutadiene-5-poly(L-glutamic acid) and
polyethyloxide-b-polycaprolactam have been shown to release their cargo through the
vesicle disassembly because of degradable bonds within block copolymer structure.2”-28 In
contrast, temperature as a stimulus is much easier to control via external means and can be
used to precisely control the rate of cargo release if polymer blocks with lower critical
solution temperature (LCST) are included in the polymersome architecture.3! Poly(N-
isopropylacrylamide) (PNIPAM) is a well-known polymer with a discontinuous LCST
transition which is often used as a component of temperature responsive structures.32-33 For
example, McCormick et al have shown a temperature-responsive polymersome from
P(DMAEMA |¢5-b-NIPAMy35) with incorporated gold nanoparticles that could disassemble
on demand at high temperatures.>* Yang et a/ have demonstrated that poly(ethylene oxide)-
block-poly(N-isopropylacrylamide) copolymers assemble into vesicles in solution above

37 °C and slowly released their cargo upon cooling to room temperature and subsequent
disassembly.33

However, the vesicle self-assembly at T > 36 °C have limited use for biomedical therapy as
they require a temperature decrease, often lower than physiologically relevant temperatures,
to disassemble the polymer vesicle membrane and release the therapeutic cargo.32 In
addition, to retain structural integrity, vesicles assembled above the polymer LCST are often
chemically crosslinked, which limits their biodegradability.2”

We have recently shown that poly(N-vinylcaprolactam)-poly(dimethylsiloxane)-poly(N-
vinylcaprolactam) (PVCL,-PDMS¢s-PVCL,) copolymers with n = 10, 15, 19 can assemble
into stable polymersomes at room temperature when the ratio fof the hydrophilic PVCL
block to the total polymer mass is 0.36 <f <0.52. 3! Importantly, owing to the temperature-
triggered spinodal decomposition (LCST behavior) of PVCL, the PVCL chains in our
copolymer exhibit hydrophilic characteristics at room temperature but undergo a coil-
globule transition above the phase transition temperature.?8 Based on this behavior, we
previously showed that increasing the temperature above a critical point results in a
reversible shrinkage of the polymersomes without compromising the structural stability of
the vesicles.3! To demonstrate their potential for drug delivery applications, we reported in
the above study that these polymersomes showed temperature-dependent permeability
toward the model drug doxorubicin (DOX; MW = 544 Da) which was encapsulated in the
hydrophilic cavity of the polymersome. However, despite the potential of these PVCL,,-
PDMS,,-PVCL,, polymersomes as drug carriers due to their structural stability and
degradability at lower pH values,3! little is known about the structural changes of the
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PVCL,-PDMS,,-PVCL, polymersome membrane over the temperature responsive range (25
— 45 °C) which lead to temperature-induced vesicle size and permeability changes.

To characterize self-assembled systems, dynamic/static light scattering® can be used to
evaluate vesicle size distribution, critical aggregation concentration, and the associated

response to temperature or pH change,36-37-38

while optical microscopy may only resolve
giant vesicles with a diameter larger than 1 um.38-3940 [ sifz small-angle neutron scattering
(SANS) is the most relevant technique for characterizing micron and nanometer scale
polymersomes as it allows for studying polymersomes in solutions at a wide range of
temperatures with angstrom resolution.*!*2 The neutron beam is non-destructive and reveals
contrast between isotopes of hydrogen, allowing structural characterization of the hydrogen-
rich polymersome membrane if assembled in D,0.43 Recently, in situ SANS elucidated the
temperature-responsive behavior of poly(ethyl glycol)-co-polystyrene polymersomes in
which particles formed due to aggregation at 55 °C,** and changes in morphology of
poly(ethyleneglycol)-block-poly[(2-phenylboronate esters-1,3-dioxaneS5-
ethyl)methylacrylate] and poly(dimethylsiloxane)-g-poly(ethylene oxide) polymersomes in
response to glucose and hypertonic shock, respectively. 4346

Thus, despite an increasing interest in temperature-responsive self-assembled statures
including our recent study on synthesis and drug delivery potential of PVCL,-PDMS,,-
PVCL, polymersomes,3! there is lack of understanding of their assembly mechanism. The
molecular-level picture of their temperature-induced structural changes has been also
overlooked, which significantly limits their applications for controlled delivery. To address
these issues, we investigate dimensional changes within PVCL,-PDMS-PVCL,
polymersome membranes at physiologically relevant temperatures from 25 to 55 °C and
compare the effects of polymer type, molecular weight, and temperature on the structure of
the polymersomes using SANS, TEM, light scattering, and all-atom molecular dynamics
(MD) simulation. We also explore how the weight ratio of hydrophilic PVCL blocks to the
overall molecular weight £is related to the changes in the polymersome structure at these
temperatures. Our SANS data demonstrate that the low and high hydrophilic ratios result in
to two distinct types of hydrophilic/hydrophobic transitions within the inner and outer
membrane of the polymersome which can lead to a different permeability behavior of these
synthetic vesicles. All-atom MD simulations are used to investigate temperature-induced
conformational transitions of individual hydrophilic blocks. Our study on the behavior of
temperature-responsive polymersome shells can significantly advance the field of
temperature-responsive synthetic polymersomes for controlled delivery of functional
molecules.

Materials and Methods

2,2’- Azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich) was purified by
recrystallization from methanol prior to use. N-Vinylcaprolactam (VCL) (Sigma-Aldrich)
and tetrahydrofuran (Fisher) was distilled before reaction. Potassium ethyl xanthate, 2-
bromopropionyl bromide, diethyl ether, hexane, dichloromethane, calcium sulfate
anhydrous, and dialysis tubing (MWCO 5 kDa) (Fisher) were used as received.
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Bis(hydroxyalkyl) poly(dimethylsiloxane) (PDMSgs, Mn = 5600 Da) was purchased from
Sigma-Aldrich. Triflic acid was purchased from Sigma-Aldrich.

Synthesis of temperature-responsive PVCL,-PDMSgs-PVCL, triblock copolymers.

As previously reported, poly(N-vinylcaprolactam),-poly(dimethylsiloxane)gs-poly(N-vinyl-
caprolactam),, PVCL,-PDMS¢s5-PVCL,, block copolymer was synthesized by RAFT
(Reversible Addition-Fragmentation chain Transfer) polymerization.3! In brief,
bis(hydroxyalkyl) poly(dimethylsiloxane) (PDMSgs) was first modified with 2-
bromopropionyl bromide followed by potassium ethyl xanthogenate resulting in the PDMS
macro-initiator. PVCL1o-PDMSg5-PVCL g PVCL5-PDMSg5-PVCL 5 and PVCL,;-
PDMSg5-PVCL, were synthesized after RAFT living radical polymerization of VCL
monomer by controlling the reaction time with a feed ratio of 1:1:80 by weight of PDMS-
initiator/AIBN/monomer for 4 hours, 6 hours and 10 hours, respectively. Monomer
conversion and purified molecular weight of the copolymer were determined by 'H NMR.
The number-average molecular weights and polydispersity of triblock copolymers were
obtained using gel permeation chromatography (GPC) analysis (Table S1; Figure S1). GPC
was performed on a Waters system equipped with a Waters 1515 pump, a Waters 2414
differential refractive index detector, and two connected Styragel columns. Tetrahydrofuran
was used as eluent with 0.02 M tetra-n-butylammonium fluoride trihydrate (TBAF) at the
flow of 1 mL min-1 at room temperature. The calibration was performed with monodisperse
linear polystyrene standards (Waters).

Synthesis of non-temperature-responsive Poly-(2-methyl-2-oxazoline)14-Poly
(dimethylsiloxane)gs-Poly-(2-methyl-2-oxazoline)14 (PMOXA14-PDMSg5-PMOXA14) triblock

polymers.

Poly-(2-methyl-2-oxazoline)4-poly(dimethylsiloxane)gspoly-(2-methyl-2-oxazoline) 14
block copolymer was synthesized by anion polymerization. In brief, bis(hydroxyalkyl)
poly(dimethylsiloxane) (PDMSgs) was first modified with triflate to produce the PDMS
macro-initiator. PMOXA 14-PDMS45-PMOXA 14 was synthesized by anion polymerization
with 2-methyl-2-oxazoline using a reaction time of 2.5 hours.

Assembly of PVCL,-PDMSg5-PVCL,, and PMOXA 14-PDMSgs-PMOXA 14 Polymersomes.

The vesicles were prepared using nanoprecipitation or thin film hydration methods. Briefly,
for nanoprecipitation, 1 mL of an ethanol solution of an ABA block copolymer at 5 mg mL
~1 was added dropwise to 5 mL of deionized (DI) water at room temperature and stirred for
6 h, followed by dialysis of the mixture in water for 24 h to remove ethanol. To prepare
polymersomes using a thin film hydration method, a thin film of copolymer was formed by
slow evaporation of the solvent from 0.5 mg mL~! block copolymer solutions in CH,Cl,
using a rotary evaporator. The thin copolymer films were hydrated in DI water or D,O for
24h under stirring followed by a double extrusion through a 0.2-um pore size polycarbonate

membrane using an Avanti mini-extruder (Avanti Polar Lipids, Incorporated).
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Dynamic Light Scattering (DLS).

The vesicle size was measured using a Nano-ZS Zetasizer (Malvern) equipped with a He
—Ne laser (663 nm). The average diameter of the assembled particles was obtained from
three independent runs (15 measurements each). The particle size distribution was evaluated
by standard deviation values.

Small-Angle Neutron Scattering (SANS).

SANS experiments were carried out with the Bio-SANS instrument at the High-Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory. A constant neutron wavelength of 6 A
with a relative wavelength spread of ~15% was used in all measurements. One single
instrument configuration was able to cover the q range of 0.003 to 0.7 A~! by utilizing a
combination of a main and a wing detector. The scattering intensity profiles I(q) versus q
were obtained by azimuthally averaging the processed 2D images, which were normalized to
neutron flux monitor, and scaled by using water as a secondary standard, and corrected for
detector dark current, pixel sensitivity, sample transmission, and scattering from
backgrounds (D0 and quartz cell). The SANS data were reduced with the facility-provided
data reduction software Mantid. The polymersomes were suspended in D,O before being
placed in quartz cuvettes (Hellma, Germany) of 2 mm beam path for SANS measurements.
The sample was mounted on the metal sample holder with a titanium spacer. The
temperature was tuned with a circulation water bath which pumped hot water through the
holder. NIST SANS data analysis packages in Igor Pro*” were used for data analysis. Fit
quality was determined by minimizing the goodness-of-fit parameter (x2), and parameters
were constrained to physically reasonable values of size and thickness and consistency with
other measurements, such as DLS and TEM.

The data was quantitatively analyzed by performing modified Guinier analysis. At larger q,
corresponding to smaller length scales, where the thickness is much smaller than the overall
size of the polymersome, the curvature of the polymersome becomes unimportant; instead it
can be viewed as a sheet with a thickness d. For qRg < 1, where Rg is related to the
thickness as d = (12)2 Rg, the intensity of scattering from a sheet goes as

e—qugz

1
1(q) & — M
q

Therefore, from fitting In(I(q)q? ) versus g2, -Rg? can be derived from the slope from which
the thickness can be calculated.

The Guinier_Porod model was applied to obtain the overall size, Rg; of the polymersomes.
The scattering intensity I(q) is given as

_q’Rg1*

I(q)=10€ 3—s (2)

where q = (41t/A)sin(6/2), A is the neutron wavelength, O is the scattering angle. Rg; is the
radius of gyration of the particles, and s is the dimension variance.
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The core-shell model was used to fit the data to obtain parameters on the detailed structure
of the polymersome shell. The form factor P(q) is normalized by the mean particle volume
such that

_ scale 3Vs(pc - ps)jl(qrc) 3Vs(pc - psolv)jl(qrs) g
s ar. qr

+ bkg 3)

where j;(x)=(sin x-x cos x)/x is the second spherical Bessel function, p. is SLD(scattering
length density) of the core, pg is SLD of the shell and pgyy, is SLD of the solvent. The

47rr3

3 where r denotes

returned form factor is normalized by the average particle volume v =

the total particle radius: r= Rc +t, where Rc is radius of the core, t is thickness of the shell.
Fit parameters obtained from the poly core-shell model deduced from SANS curves are
presented in Table S2.

Transmission Electron Microscopy (TEM).

TEM images of polymersomes were obtained with FEI Tecnai T12 Spirit TWIN TEM
microscope operated at 80 kV. 7 puL of a vesicle solution was dropped onto an argon plasma-
treated Formvar/carbon coated copper grid (200 mesh, HRIF). The deposited polymersomes
were stained with 1% (wt) uranyl acetate for 30 seconds after rinsing off excess solution. For
cryogenic electron microcopy (cryo-TEM), 3 uL of sample was applied to glow-discharged
200 mesh Quantifoil R 2/1 grids (Electron Microscopy Sciences, Hatfield, PA). The grid was
loaded into the FEI Vitrobot Mark IV (FEI, Eindhoven, Netherlands), where it was blotted
briefly and plunged into liquid ethane. Frozen grids were transferred to a Gatan 622 cryo-
holder and observed in an FEI Tecnai F20 electron microscope (Eindhoven, Netherlands)
operated at 200 kV with magnification at 65 500x and defocus settings of —2.5 to —3.0 um.
Images were collected under low-dose conditions on a Gatan Ultrascan 4000 CCD camera.

Molecular Dynamics (MD) simulations.

All simulations were performed using the classical MD package NAMD,*8 periodic

boundary conditions, and a 2 fs integration time step. The CHARMM36 force field*”

was
used to describe polymer, TIP3P water, and ions along with the CUFIX corrections applied
to improve description of charge-charge interactions.’® RATTLE’! and SETTLE>2
algorithms were applied to covalent bonds that involved hydrogen atoms in polymer and
water molecules, respectively. The particle mesh Ewald (PME)>3 algorithm was adopted to
evaluate the long-range electrostatic interaction over a 1 A-spaced grid. Van der Waals
interactions were evaluated using a smooth 10-12 A cutoff. Multiple time stepping was used
to calculate local interactions every time step and full electrostatics every three time steps.
The Nose-Hoover Langevin piston pressure control>* was used to maintain the pressure of

at>d was applied

the system at 1 atm by adjusting the system’s dimension. Langevin thermost
to all the heavy atoms of the system with a damping coefficient of 0.1 ps~! to maintain the

system temperature at either 275, 295, 315 or 328 K.

The PVCL systems were created by first using MarvinSketch® to draw the chemical
structures of the polymers. The chemical structure files were converted to all-atom
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representation using the molecule editor software Avogadro.>’ The structure files were also
used to obtain CHARMM36-compatible parameters for the PVCL polymers using the
CgenFF online tool. To build a typical simulation system, one PVCL polymer was solvated
in a rectangular volume of TIP3P water molecules. Potassium and chloride ions were added
to produce a 0.4 M electrolyte solution. Each PVCL systems measured approximately 4 x 4
x 4 nm?3 and contained approximately 5,800 atoms. Following assembly, each system was
energy-minimized for 6000 steps using the conjugate gradient method and then equilibrated
for 10 ns in the NPT ensemble at 295 K. Following that, each system was simulated at 275,
295, 315 and 328 K for 320 ns. Three additional replica simulations were carried out at each
temperature lasting from 120 to 320 ns each.

Results and Discussion

Synthesis of Thermoresponsive and Non-Thermoresponsive Triblock Copolymers

All PVCL-PDMS-PVCL triblock copolymers were obtained via polymerization of
hydrophilic monomers onto both sides of a PDMS block modified with a xanthate chain
transfer agent (CTA).3! Bis(hydroxyethyl)oxypropyl poly(dimethylsiloxane) was prepared
by condensation reaction of dimethoxydimethylsilane with 1,3-bis(4-
hydroxybutyl)tetramethyldisiloxane to obtain hydroxy-alkyl terminated end groups on both
sides. In these preparations, a methanol/water extraction removed lower molecular weight
fractions, including cyclics, and thus yielded a more uniform product with a narrow
molecular weight distribution. The number-average molecular weight of bis(hydroxyethyl)-
oxypropyl poly(dimethylsiloxane) was calculated from NMR analysis based on the ratio
between the integrals from 6 = 0 to & = 0.3 ppm (SiCHj3 protons in the PDMS block) and at
6 = 0.6 ppm (the methylene protons in the end groups) (Figure S2). The macro initiator X-
PDMS-X was prepared by converting the hydroxy-terminated PDMS into the intermediate
Br-PDMS-Br (Figure S1) via reaction with 2-bromopropionyl bromide, followed by a
subsequent reaction with the CTA potassium ethyl xanthogenate.3! The NMR analysis
revealed that 97% of the PDMS hydroxy groups were modified by the CTA (Figure S2). Due
to the high extent of conversion, the likelihood of formation of unwanted diblock
copolymers (single end-reacted CTA) was very low, which translates to both control over the
reaction rates through the CTA at both ends of the macroinitiator and ensemble behavior that
is effectively representative of only triblock copolymers.

To compare polymersomes having thicker and thinner membranes and study the effects of
hydrophilic weight ratios on longer and shorter polymers, we used PDMS3,, PDMS,7, and
PDMS¢5 as macroinitiators to prepare the PVCL-based temperature responsive copolymers.
RAFT polymerizations of N-vinylcaprolactam (VCL) using X-PDMSgs-X with the specific
reaction time of 6, 8, and 12 hours yielded PVCL,-PDMS¢5-PVCL,, where n =10, 15, and
21, respectively, while 3- and 4-hour reactions were used to prepare PVCL5-PDMS3-
PVCLs and PVCL7-PDMS,47-PVCL, respectively. The PVCL block length was determined
by comparing the integral at & = 2.5 ppm (methylene protons next to the carbonyl on each
PVCL repeat unit) to the integral from &6 = 0 ppm to & = 0.3 ppm (SiCHj3 protons in the
PDMS block) (Figure 1(a)). The length of a single PVCL block was calculated as half of the
total PVCL units. Importantly, the block lengths of the copolymers in this study were guided
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by the weight ratio £of hydrophilic monomer units to the total polymer weight within the
range of 0.25 to 0.4, with spherical micelles formed when this ratio is larger than 0.5. 3!
Indeed, both PVCL(-PDMS¢5-PVCL o (£=0.36) and PVCL5-PDMS¢5-PVCL,5 (= 0.46)
assembled into vesicles; however, we observed that PVCL,;-PDMSg5-PVCL;; (£=0.54)
was also able to form vesicles despite its relatively high fvalue. Our previous study has
confirmed that ratios larger than this (£>0.62) indeed produce micellar structures rather than
polymersomes.3! Interestingly, in the case of PDMS3, for achieving fratios between 0.3
and 0.5, the PVCL content was limited to the range between 5 and 10 repeat units on each
end. This would be a particular challenge to the synthetic methodology had it not been for
the reaction rate limiting CTA on both sides of the X-PDMS3y-X macroinitiator.

Polymersomes with no temperature response were assembled from triblock copolymers of
poly(2-methyl-2-oxazoline)4-poly(dimethylsiloxane)gs-poly(2-methyl-2-oxazoline) 4
(PMOXA | 4-PDMS¢5-PMOXA | 4) which were synthesized by anionic polymerization of 2-
methyl-2-oxazoline (MOXA) using triflic acid activated a.,w-bis(3-hydroxypropyl)
poly(dimethylsiloxane) according to a previously reported procedure.’8 The chain length of
PMOXA was controlled by the reaction time, with 2.5 hours yielding 14 MOXA units at
both ends of the PDMS. The block ratios were calculated from NMR analysis, comparing
the ratio between the integrals from & = 0 to 6 = 0.3 ppm (SiCH3 protons in the PDMS
block) and at & = 0.6 ppm (the methylene protons in the end groups) to integrals at 6 = 2.1
ppm belonging to the methyl group of MOXA (Figure 1(b)). The repeat unit length of 14
was chosen to target an fvalue similar to the frange of the synthesized PVCL-PDMS-PVCL
copolymers. PMOXA does not exhibit the temperature responsive behavior and has been
used as the hydrophilic block of other polymersome architectures and was therefore useful
as a control in our temperature-dependent DLS and SANS experiments.

Self-Assembly of Temperature-Responsive and Non-Temperature Responsive Polymer

Vesicles

Temperature-responsive and non-temperature responsive polymersomes were assembled
from PVCL-PDMS-PVCL and PMOXA-PDMS-PMOXA copolymers, respectively, using
the thin film rehydration method with rehydration in D,O (see Experimental) and extrusion
through a 0.2—pm pore filter. Figure 2(a—f) shows TEM images of vesicles made from
PVCL,y-PDMS¢5-PVCL g, PMOXA |4-PDMS¢5-PMOXA 14, PVCL|5-PDMS¢s5-PVCL 5,
PVCL,;-PDMS¢5-PVCL,, PVCL7-PDMS47-PVCL5 and PVCL5-PDMS33-PVCLs,
respectively, after extrusion. The images show that all of the block copolymers produced
vesicular morphologies upon self-assembly with a small size distribution. The
nonpermeability of the uranyl acetate stain evidences that the membrane remained intact and
illustrates the spherical morphology of the polymersomes. The average polymersome
diameter at room temperature was 390, 218, and 186 nm for PVCL,-PDMS¢s-PVCL,
polymersomes with PVCL n = 10, 15, and 21, respectively, while polymersomes of PVCLs-
PDMS;3()-PVCL5 and PVCL7-PDMS47-PVCL7 had average sizes of 280 and 299 nm,
respectively, as measured by DLS (Table 1). As is seen, increasing hydrophilic (PVCL)
content decreases the vesicle size due to an increase in the hydrophilic corona steric
repulsion as reported previously.3!-3° Thus, the much shorter PVCLs-PDMS3(-PVCLs
copolymer forms polymersomes that are ~1.5 times larger than those of the longer PVCL, -
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PDMSg5-PVCL, copolymer. It is clear from these observations that the hydrophilic weight
ratio fof the copolymer plays the most significant role in determining the size of the self-
assembled vesicle. It should be noted that our previous work showed polymersomes formed
from PVCL,-PDMS¢s-PVCL,, with PVCL n = 10 and 15 had an average hydrodynamic size
of 530 and 220 nm, respectively, when prepared using the nanoprecipitation method and
were stable for 72 h as measured by DLS.3! The polymersomes in the current study obtained
via thin film rehydration were smaller than those produced by nanoprecipitation, which can
be explained by the fact that our thin film rehydration vesicles were forced through the small
pores of a membrane during extrusion. As the polymersomes are soft, fluid-like vesicles, the
self-assembly conditions and subsequent manipulations serve to physically influence the
vesicle size.

Temperature-Induced Dimensional Changes in PVCL-PDMS-PVCL Polymersomes

The PVCL-PDMS-PVCL polymersomes exhibit dynamic temperature-dependent size
changes due to the LCST behavior of PVCL.3! The diameter of the polymersomes at 25 °C
(below the phase transition temperature) and 55 °C (above the phase transition temperature)
was therefore explored with DLS. Figure 3(a) and (b) shows the average hydrodynamic sizes
of PVCL;(-PDMS¢5-PVCL | and PMOXA 14-PDMS¢5-PMOXA 14 at both temperatures.
The polymersomes formed from PVCL|(-PDMS¢s-PVCL o demonstrated a 20% decrease
in size (from 390 to 315 nm) when the temperature changed from 25 to 55 °C, while the
PMOXA-based polymersomes exhibited no change in diameter. In Figure 3(c) and (d), the
size of the PVCL5-PDMSg5-PVCL 5 and PVCL,{-PDMS¢5-PVCL;| polymersomes is
shown via DLS plots at 25 and 55 °C. Upon elevation of the solution temperature, the
average hydrodynamic sizes of PVCL;5-PDMS¢5-PVCL |5 and PVCL;{-PDMS¢5-PVCL,;
polymersomes decreased from 218 to 178 nm and from 186 to 171 nm, respectively,
representing 18 and 8% changes in size, respectively. The data shows that polymersomes
with higher fratios exhibit both a smaller initial size at 25 °C and lower extent of shrinkage
at 55 °C. The longer PVCL segments are known to result in smaller vesicle diameters due to
the additive intermolecular repulsion between neighboring hydrophilic chain segments
attached to and extending out from the surface of the membrane that forms during self-
assembly, as the contiguous hydrophobic PDMS membrane responsible for stable vesicle
formation is more favorably compacted than stretched in a hydrophilic solvent.® The smaller
vesicle diameter and increased chain length results in PVCL chains that pack more densely
within the solvated portion of the polymersome corona. In this case, the shedding of
solvating water molecules at the elevated temperature would be expected to have a smaller
effect on the size of the vesicle since the longer chains extending inward from the vesicle
surfaces have less free volume in which to collapse. In essence, the already decreased size at
ambient temperature occurring from longer chain segments serves to preempt the ability of
the vesicles to decrease much further in size during the LCST transition of the hydrophilic
segments due to the elevated chain density on the inner and outer surface of the membrane.

Figure 3(e) and (f) shows DLS measurements of PVCL;-PDMS47-PVCL7 and PVCL5s-
PDMS3(-PVCLj5 polymersomes. For these shorter copolymers, the size changes were
similar as the lengths of the PVCL segments differ only by two units. The PVCL5-PDMS3(-
PVCLjs polymersomes changed from 280 to 215 nm in diameter while those from PVCL7-
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PDMS47-PVCL7 changed in size from 299 to 245 nm when the solution temperature
increased from 25 to 55 °C. This change of ~25 and 18%, respectively, agrees well with the
temperature responsiveness of PVCL(p-PDMSg5-PVCL( polymersomes in which the size
change was ~20%. This data also supports the trend of a large diameter change with lower
ratio as the PVCL5-PDMS33-PVCL5 (£=0.33) and PVCL7-PDMS47-PVCL; (£= 0.36) both
fall at the lower end of the frange at which polymersomes are expected to form.

It should be noted that all DLS measurements were carried out in DO to maintain
consistency with the results obtained from the SANS experiments. Interestingly, the size
shrinkage of the polymersomes (20%) at 55 °C is lower than we previously reported (30%),
which may be attributed to hydrogen bonding in D,O that requires more energy to disrupt
due to the doubled atomic mass of deuterium compared to protium.? Indeed, it has also
been shown that the AH of chain collapse for PNIPAM is higher in D,O than in water.6!
Since it has been demonstrated that hydrogen bonding between water and PVCL becomes
less favorable when the solution temperature is higher than the LCST,? the stronger
comparative hydrogen bonding and higher viscosity of D,0%3 at the same temperature may
affect the extent of the LCST transition. We tested this hypothesis by determining the cloud
point of solutions of PVCL homopolymer in HO and D,0 using fluorometry (Figure S) to
compare the phase transition temperatures. At the concentration of 0.5 mg mL™1, the
solution of PVCL in H,O exhibited phase transition onset at 32.4 °C while that of the D,O
solution was 33.6 °C. This slight increase in the transition temperature is in agreement with
the study mentioned above showing an increase in the LCST of PNIPAM by 0.6 °C.6!

Temperature-Induced Size and Thickness Changes in PVCL-PDMS-PVCL Polymersomes
studied by SANS

We previously showed that temperature-responsive polymersomes can release the model
drug DOX in response to their LCST-mediated change in size.3! However, it would be
beneficial to the development of temperature-responsive polymersomes in general to gain a
thorough understanding of the mechanism through which small molecules permeate the
hydrophobic membrane. For this reason, SANS was employed to characterize the changes in
polymersome shell thickness and structure in solution above and below the LCST of the
hydrophilic polymer block. The size of the PVCL3-PDMSg5-PVCL( polymersomes was
evaluated with SANS to compare to the DLS data (Figure 4 (a)). The Guinier-Porod model
can be used to calculate Rg, dimension variance, and the Porod exponent which describes the
particle shape and surface fractals.®* For the polymersomes in this study, analysis of the
model fit resulted in a dimension variance of 6.9x1077, which being very close to zero
indicates that the vesicles have a 3D globule shape. At the higher q range where Porod
exponents dictate the shape of the scattering curve, the Porod exponent is 3.846. According
to the model, a Porod exponent of 4 indicates the surface of a smooth sphere. The slightly
lower Porod exponent in our study indicates surface fractalization or roughness that is likely
due to the presence of randomly coiled polymer chains extending from the inner and outer
surfaces of the membrane. The model fit predicted R, of 170 nm, which being slightly lower
than the hydrodynamic radius (Ry,) calculated by DLS (390 nm / 2 = 185 nm) agrees well
with a physical representation in between that of a solid sphere (Rg2 = 3r2/5) and a hollow
sphere with an infinitesimally thin shell (Rg =1). As the Ry, calculated by DLS is the
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diameter of an equivalent hard sphere scattering at the same correlation as the predicted
particle size, a slightly lower calculated R, describes a relatively hollow sphere with
polymer chains extending from either surface of a membrane having non-negligible
thickness.

For our triblock copolymer vesicles, the hydrophobic PDMS blocks constitute the majority
of the vesicle wall, while the chains of water soluble PVCL blocks extend from the inner and
outer surfaces into the solvent system. Since the samples were prepared in 100% D,0, the
hydrophobic region formed by PDMS, besides contributing to the majority of the shell
thickness, also contributed the greater portion of the SLD contrast due to near-absolute
rejection of solvating D,O molecules. However, for the shell region formed from PVCL
segments, the polymer chains were much more hydrated by D,0O and, while contributing a
small degree to the thickness, also had limited contrast against the solvent. Importantly, the
thickness contributed by the hydrophilic region should not be neglected during the
measurement of the shell thickness, as it plays a significant role in the stability and dynamics
of the self-assembled system and in our case is responsible for the temperature-responsive
behavior of the polymersomes. As the core-shell model represents the ensemble average
SLD of the polymersome shells in suspension, the fit parameter was constrained between the
SLD of the solvent and the calculated value of PDMS to average the SLD of the hydrated
and insoluble regions of the shell and include the contributions from both segments of the
copolymer in the scattering model.

The thickness of the PVCL3-PDMSg5-PVCL( polymersome membranes was explored by
utilizing analysis from model fitting of the scattering curves and the model-free modified
Guinier plot® in Figure 4(a) and (b). In the modified Guinier plot, when the q range is
limited to qRg < 1, the thickness is related to the R, as d=(12)" R, and the slope of a linear
fit to the data is equal to —Rgz. In our case, for q<0.032 A‘l, a linear fit to the data at 25 °C
gives a slope of —1773.4, from which the thickness of the PVCL(-PDMS¢5-PVCL
polymersome membrane was calculated to be 14.5 nm (Figure 4(b)). The core-shell model
was then applied to the same scattering curve to extract parameters for the polymersome
diameter and shell thickness together, while also elucidating the SLD of the shell and core of
the polymersomes. The fits to the core-shell model for PVCL(-PDMSg5-PVCL () vesicles
at 25 and 55 °C are shown in Figure 4(c). The sample was diluted by a factor of 10 during
the high temperature measurement to prevent possible aggregation, and the scaling
parameter was adjusted to balance the effect of the concentration during the model fitting.
Extracted size and shell thickness for the model fits at 25 °C gave a size of 352 nm and
thickness of 14.1 nm, while the size and thickness decreased to 286 and 11.7 nm,
respectively at 55 °C. At 25 °C, the size given by the core-shell model agrees with the Ry,
obtained from DLS (Figure 3(a)) and the R, calculated from the Guinier-Porod model
(Figure 4(a)). The cryo-TEM analysis of PVCL(-PDMSg5-PVCL | polymersomes resulted
in the polymersome shell thickness of 14.6 £ 0.4 nm (Figure S4 (a)) which is in good
agreement with the SANS data discussed above. The membrane thickness is also in
excellent agreement with the result from the model-free modified Guinier plot (Figure 4(b)),
indicating the accuracy and validity of the core-shell model to describe the characteristics of
these polymersomes. At 55 °C, the model fit parameters indicated that the PVCL (-
PDMSg5-PVCL( polymersome diameter decreased around 25%, which corroborates the
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DLS results. Interestingly, a decrease in shell thickness of ~17% was also found through
model fitting of the SANS data. This can be explained by the interruption of hydrogen
bonding between PVCL and D,0O and the enhanced hydrophobic interactions between
PVCL segments at high temperature that cause a coil-globule transition of the PVCL chains.
66 We have also recently shown through neutron reflectometry®” that the expulsion of DO
from hydrogel networks at high temperature resulting from the reversible volume phase
transition of PVCL chains causes the network to collapse and results in a significant
decrease in the thickness of assembled films. Furthermore, in the case of our PVCL (-
PDMSg5-PVCL( polymersomes, the hydrophilic PVCL blocks on the inner and outer
surface of the membrane are relatively short, comprising not many more units than the
persistence length of the polymer.8 At room temperature, the PDMS blocks are pulled in
both directions by the hydration-induced swelling of the PVCL blocks. However, at elevated
temperature, the enhanced hydrophobicity of the PVCL blocks can result in an exaggerated
collapse of the whole copolymer and a decrease in the thickness of the polymersome
membrane ensues. As will be discussed later, this data reinforces the importance of the
length of the hydrophilic blocks and fTatio in terms of both the behavior of the individual
copolymers and the subsequent behavior of the entire self-assembled vesicles that they form.

Temperature-indifferent polymersomes assembled from PMOXA 4-PDMSg5-PMOXA 14
were also studied with SANS. In Figure 4(d), the scattering curves and model fits of the
PMOXA 14-PDMSg45-PMOXA 4 polymersomes at 25 °C and 55 °C, vertically offset for
clarity, show the complete absence of temperature-induced morphological change since the
shapes of the two scattering curves are identical. Calculations from the model fits at both
temperatures gave a size of 162 nm with a 13 nm shell thickness. The size of polymersomes
at low and high temperature are in good agreement with the DLS data, while the lack of
thickness change is attributed to PMOXA retaining its hydrophilic character at high
temperature. The shell thickness of polymersomes formed from PMOXA |7-PDMS¢7-
PMOXA 17 copolymers was previously shown to be 11.7 nm via cryo-TEM,% which is in
agreement with the thickness we found for the PMOXA |4-PDMS¢5-PMOXA 4
polymersomes in our SANS studies. The slight apparent increase in shell thickness in our
calculation is a result of including the solvated hydrophilic corona of the polymersome shell
as a portion of the total SANS contrast, which cannot be observed by electron microscopy.

Effect of Hydrophilic Ratio (f) and PVCL Chain Length on Temperature-Induced Size and
Thickness Changes in PVCL-PDMS-PVCL Polymersomes

Figure 5(a) and (b) shows the SANS scattering curves of PVCL5-PDMSg5-PVCL 5 and
PVCL,-PDMSg5-PVCL;| polymersomes, fitted with the same core-shell model as
described above. As the solution temperature was increased from 25 to 55 °C, the diameter
of the PVCL5-PDMS¢5-PVCL 5 and PVCL,-PDMS¢5-PVCL, ;| polymersomes decreased
from 206 to 178 nm and from 183 to 167 nm, respectively. The 13 and 9% change in vesicle
diameter extracted from the model fits is in good agreement with the DLS data shown in
Table 1. The shell thickness of the PVCL5-PDMSg5-PVCL |5 and PVCL,{-PDMSgs-
PVCL,; polymersomes decreased from 16 to 13 nm and from 19.1 to 13.6 nm, respectively,
representing a decrease of 19 and 29%.
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In comparing the shell thickness of the PVCL,-PDMSg45-PVCL,, polymersomes with PVCL
n =10, 15, and 21 (Table 2), the expected trend of increasing shell thickness with increasing
PVCL block length can be seen. This observation is supported by a recent study in which the
shell thickness of PMOXA-PDMS-PMOXA polymersomes increased from 6 to 13.4 nm
when the molecular weight of the copolymers increased from 2000 to 7000 Da, which was
measured by cryo-TEM.% Similarly, it has also been shown that polymersomes assembled
from block copolymers of poly(ethylene oxide)-poly(butadiene) had shell thickness of 9.6
and 14.8 nm when the copolymer molecular weights were 3600 and 10400 Da, respectively.
70 Interestingly, it has also been demonstrated that the hydrophobic region of polymersomes
assembled from higher hydrophilic ratios showed a more stretched chain architecture, while
lower hydrophilic ratios exhibited interdigitation of the hydrophilic blocks into the
hydrophobic region.3?

An important trend revealed in this study is that the polymersomes with higher fratios had
more significant temperature induced shell shrinkage. As the PVCL chains attached to both
inner and outer faces of the membrane dehydrate above the LCST, the longer chains exhibit
a greater magnitude of reduction in size compared to shorter PVCL chains, and the thickness
of the polymersome shell followed accordingly. Our results indicate the interesting prospect
of polymersomes with tunable membrane thickness (up to 1.4 fold) controlled by
temperature.

To further explore the effect of fand PVCL chain length on temperature responsive
polymersomes, we also characterized polymersomes assembled from PVCL5s-PDMS3-
PVCLs (£=0.33) and PVCL7-PDMS47-PVCL7 (£= 0.36). We characterized the thickness of
the vesicle membrane assembled from PVCL3;-PDMS3(-PVCLj5 by cryo-TEM (Figure S4
(b)), finding the thickness to be9.3 £ 1.5 nm. The shell thickness as measured from cryo-
TEM is in excellent agreement with that extracted from the scattering curves of the same
polymer at room temperature (8.5 nm). Figure 5(c) and (d) shows the SANS scattering
curves for the polymersomes formed from PVCL7-PDMS47-PVCL; and PVCL5-PDMS3(-
PVCLjs at 25 and 55 °C. The extracted fit parameters show that while the PVCL;-PDMSy7-
PVCL; polymersomes exhibited a 15% shrinkage in membrane thickness, the membrane
thickness of PVCLs-PDMS3o-PVCL5 only decreased by 6%. Interestingly, although it was
expected that copolymers with similar fratios would exhibit similar extents of temperature
responsiveness, the polymersomes formed from copolymers with similar fratios in our study
(PVCL5-PDMS3y-PVCL5 (£=0.33), PVCL7-PDMS47-PVCL5 (£= 0.36), and PVCL -
PDMSg5-PVCL( (£=0.36)) exhibited similar size reductions at elevated temperature (21%,
18%, and 18%, respectively) but the thickness shrinkage decreased with decreasing chain
length. From the data above, we concluded that the longer PVCL blocks in PVCLj -
PDMSg5-PVCL, and PVCL(-PDMS¢s-PVCL g experienced a greater collapse at 55 °C
than those in the PVCL7-PDMS47-PVCL7; and PVCL5-PDMS3(-PVCL5 polymersomes.
However, the reduction of shell thickness from PVCL7-PDMS,7-PVCL7 and PVCLs-
PDMS3(-PVCLj5 polymersomes may follow a different physical mechanism compared to
PVCL(-PDMSg5-PVCL( polymersomes. Although we have discussed the effect of fvalue
based on the same length of hydrophobic block (PDMSgs), the effect of the PVCL block
length was not easily explained from the SANS data alone. For this, we utilized MD
simulations to gain insight into the potential mechanism.
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MD Simulations of Temperature-Induced Compaction of Single PVCL Blocks

To elucidate the molecular-level origin of the length dependence of the response of the
PVCL block to temperature change, we built all-atom models of PVCLs, PVCL7 and
PVCL( polymers in an aqueous environment. Figure 6(a) illustrates the initial state of one
such system (see MD methods for a detailed description of the modeling procedures).
Following energy minimization, the models were simulated using the all-atom MD method
at 275, 295, 315 and 328 K for approximately 300 ns. Four independent simulations were
performed for each polymer length and temperature condition. Figure 6(b) plots the average
end-to-end distance of the PVCL polymers as a function of temperature (see Figures S5-7
for individual end-to-end traces). The length of the PVCL |y polymer was found to decrease
with temperature, reducing by 25% at 328 K with respect to the 275 K length. Considerably
less pronounced reduction of the polymer length was observed for PVCL; and PVCLj5
polymers: 13 and 5 %, respectively. Thus, we found longer polymers to contract
considerably more than the shorter ones, even when the contraction ratio is normalized by
the number of monomers in each polymer. Thus, we can predict that the volume transition
for PVCL 5 and PVCL,; blocks will occur to a greater degree than for PVCL |, which is
consistent with our experimental observations where longer copolymers were found to
exhibit a larger degree of shell shrinkage above the LCST (328 K).

Analysis of the simulation trajectories provided a molecular-level explanation for the
observed dependence. Figure 6(c) illustrates the conformations of PVCL5 and PVCL | at
275 K and 328 K. The conformation of PVCL5 shows little temperature dependence,
whereas PVCL | appears to undergo an extended chain-to-globule-like transition when
temperature changed from 275 to 328 K. The animations of the MD trajectories ( Movies
S1-4 and Figure S8), show that PVCL, is a relatively rigid polymer due to the large
hindrance from the caprolactam ring structures. Hence, the probability for non-neighboring
monomers to interact with one another depends on the distance between the units on the
polymer backbone. As the association of the hydrophobic portion from the PVCL polymer is
the driving force of the polymer phase transition,’! the shorter PVCL blocks lack the
flexibility to overcome the steric hindrance from the caprolactam rings, which explains the
observed dependence of temperature-induced size change on polymer length.

The collapse of the PVCL region of our triblock copolymer is directly related to the
shrinkage of the vesicle membrane at elevated temperature. Figure 6(b) illustrates that the
reduction of end-to-end distance of PVCL( is around 0.4 nm, which means the contribution
of shell shrinkage of PVCL(-PDMSgs-PVCL( vesicles from the PVCL blocks (the sum of
inner and outer blocks) should approach 0.8 nm at 328 K. However, the total reduction of
shell thickness according to our SANS analysis was 2.4 nm (Table 2). This may be due to an
alteration of PDMS chain conformation by the change of effective hydrophilicity of the
PVCL block at 328 K. Because PVCL blocks are located in both inner and outer regions of
the vesicle membrane, the following two driving forces may affect the conformation of the
PDMS chains: hydrophobic association between different PDMS segments and stretching of
the PDMS segments due to the dynamic PVCL chains. The hydrophobic association
between PDMS chains does not exhibit strong temperature dependence,’? where the tug-of-
war pulling from the two PVCL blocks can be substantial because of the pronounced
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reduction of hydrophilicity at high temperature. At ambient temperature, the PDMS region
adopts a more extended conformation due to the outward pull from the solvated PVCL
blocks extending into the solvent, whereas at elevated temperature the PVCL blocks expel
water, pushing inward toward the PDMS membrane and contributing to the reduction of
shell thickness of the PDMS. For vesicles assembled from the shorter copolymers (PVCL7-
PDMS47-PVCL; and PVCL5-PDMS3(-PVCLs) the PVCL regions contribute less to the
shell shrinkage (0.3 nm and 0.1 nm, respectively) because of the less pronounced
dependence of the PVCL; and PVCL5 single block length on temperature. Thus, the
combination of vesicle shell characterization experiments and single PVCL block
simulations allows us to delineate the behaviors of the hydrophilic and hydrophobic blocks
through the LCST transition and provides guidance for choosing the fvalue and the
hydrophilic chain length in future design of temperature responsive polymersomes.

Temperature Responsive Structural Changes and Release Mechanism

We have shown recently that polymersomes formed from PVCL,-PDMS¢5-PVCL,;, with
PVCL n = 10, 15, and 19 exhibited temperature-responsive release of DOX.3! In that work,
the change in vesicle architecture allowed the small molecule to diffuse out of the
polymersomes. However, while the volume of polymersomes rapidly decreased to 53% of
the original size, the loaded drug was continuously released over 24 hours. This indicated
that the mechanism of drug release from these temperature-responsive polymersomes is
more complicated than simply escaping in concert with the volume transition. While
polymersome shrinkage is likely an important step in the release process, the sustained
release suggests a pathway is opened to allow the relatively hydrophilic small molecules to
permeate through the hydrophobic shell. In the context of our previous drug release data and
the current SANS study on the polymersome shell, we propose a possible mechanism of
drug release through the polymersome membrane.

Based on the pronounced change in shell thickness for the PVCL,-PDMSg5-PVCL,;
polymersomes above the LCST that we discovered here, it could be expected that similar or
even enhanced release of DOX at high temperature would have been observed in our
previous study for copolymers with higher fratios if membrane thickness alone was solely
responsible. However, our previous work showed that the PVCL(-PDMSg5-PVCL
polymersomes released 85% of the loaded DOX at 42 °C while the PVCL5-PDMSgs-
PVCL 5 and PVCL9-PDMS¢5-PVCL |9 polymersomes exhibited less drug release (45%
and 20%, respectively). By analyzing the diffusion coefficient of the drug at different
temperatures, we found that the diffusion coefficient of the loaded DOX increased
drastically around 42 °C. But in terms of structural change, the PVCL(-PDMS¢5-PVCL
polymersomes exhibited a gradual size decrease from 25 to 55 °C. We can thus conclude
that the drug release from PVCL|;-PDMSg5-PVCL | polymersomes is not solely related to
the size reduction. Importantly, the hydrophilic/hydrophobic transition of the PVCL corona
on the polymersome membrane affects the hydrophobic association of the PDMS region
within the membrane, which directly influences the rigidity and fluidity of the PDMS
responsible for forming the hydrophobic membrane.®® Tang et a/illustrated that the
thermoresponsive hydrophilic block on unilamellar vesicles can intercalate into the
hydrophobic region above its LCST, and that his process is reversible.”3 In our case, the
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PVCL blocks exhibited increasing hydrophobicity and steadily collapsed during the heating
ramp. During this temperature transition, they may intermingle with the inner PDMS portion
of the polymersome membrane as they further repel water molecules and the fluidity of
PDMS increases.” Above 42 °C, the integrity of the vesicles was preserved but the
homogeneity of the hydrophobic region was affected by the intermixing of the PVCL. In
support of this intermixing behavior, we observed an increase in the SLD of the shell at

55 °C in our SANS studies of the PVCL-PDMS-PVCL polymersomes. As the SLD of
PDMS is much lower than that of DO and hydrated PVCL, an increase in the overall shell
SLD could indicate intermixing of the minimally hydrated PVCL and ingress of small
amounts of D,O alongside it. This could indicate a possible mechanism for sustained release
of DOX from the PVCL|o-PDMS¢5-PVCL | polymersomes, as the intermixing of PVCL
within the hydrophobic PDMS region of the membrane could create dynamic channels of
lower hydrophobicity for passage of hydrophilic payload molecules. That the mechanism of
temperature-controlled release in our polymersomes likely relies on dynamic porosity of the
membrane in the absence of changes to their structural integrity is an interesting
characteristic, especially when contrasted with non-temperature-responsive carriers like the
PMOXA 14-PDMSg5-PMOXA |4 polymersomes used for comparison. Each of the
characterization methods utilized in our study showed no change in size or shell thickness
for the PMOXA 14-PDMSg45-PMOXA 4 polymersomes at elevated temperatures, which is in
agreement with reports on their characteristic stability.”>:7® In those studies, the release of
cargo from the polymersomes was more likely to occur as a result of membrane degradation.
This distinction between cargo release mechanisms may open branches in the path to
specialized controlled-release vehicles in which the structural integrity of the carrier pre- and
post-release can also be a considering factor in their application.

Although the polymersomes formed from PVCL(-PDMSg5-PVCL( exhibited favorable
drug release capability, the polymersomes made by the copolymers with higher PVCL
content performed increasingly poorly. The most likely explanation is that for longer PVCL
blocks, the interchain entanglement of the PVCL blocks on the inner and outer surface of the
membrane seals the shell with a steric barrier in their collapsed state (Figure 7). In this
regard, due to their length, the collapsed shell actually became much denser, and the loaded
drug is less able to pass through. Additionally, the increased chain entanglement for the
longer PVCL chains likely prohibits substantial intermixing of the chains within the inner
PDMS portion of the membrane. This lower degree of intermixing is supported by the
SANS data at elevated temperature for the polymersomes with longer PVCL chains. While
the PVCL(-PDMSg5-PVCL () polymersomes experienced a 25% increase in shell SLD
(Table S2) at 55 °C, the PVCL5-PDMSg5-PVCL 5 and PVCL,-PDMS¢5-PVCL,-based
polymersomes exhibited only 13 and 4% increases in their shell SLDs, respectively,
indicating a drastically lowered intermixing of PVCL and/or D,O.

As described above, the extent of the effects of the hydrophilic-to-hydrophobic transition of
PVCL in the polymersome shell caused the difference in drug release behavior and was
dependent on the length of the PVCL chains. The mechanism of the polymersome size
reduction can be also expanded to include the differences in the hydrophilic-to-hydrophobic
transitions between these polymers. We have shown that a higher ffor a copolymer is an
excellent predictor for vesicle size decrease at elevated temperature, allowing the PVCL
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chains to more densely pack at the surface in the process. We also described above how the
intermixing of PVCL into the PDMS portion of the shell served to increase its permeability
and neutron SLD. From our analysis, the shell permeability is likely a coordinated
relationship between shorter PVCL chains that can intercalate into the PDMS region of the
shell and a thinning PDMS membrane that create dynamic pathways for passage of
hydrophilic payload molecules through the otherwise impenetrable hydrophobic barrier. The
lower fpolymersomes exhibited increased changes in their size, which could be influenced
by the increased instability and fluidity, especially at elevated temperatures, of a membrane
with PDMS and PVCL intermixed. In the case of the highly intermixed membranes, less
hydrophilic interactions between the PVCL and solvent could likely serve to force the shells
into smaller conformations where their slightly increased density may help stabilize their
morphology. For the polymersomes with higher fvalues, the more exaggerated increase in
shell density and hydrophobic association coming from the collapse of PVCL with high
chain entanglement may stabilize the shell against a major size change. In addition, the
longer PVCL chains are unable to fully intermix into the PDMS, leaving more PVCL near
the solvation boundary to help stabilize the polymersome shell in the aqueous solvent. The
data provides a framework for optimizing triggered release, loading capacity, and thermo-
response of polymersomes by controlling the hydrophilic-to-hydrophobic ratio, £, and total
chain length. Our results and observations reinforce the importance of the hydrophilic ratio
on the ability of these temperature-responsive polymersomes to exhibit dynamic size and
shell thickness changes, and the exploration of the underlying mechanisms helps us
precisely design the next generation of advanced drug carriers.

Conclusions

We reported on in situ characterization of temperature-responsive PVCL,-PDMS,,,-PVCL,
and non-temperature responsive PMOXA | 4-PDMS¢5-PMOXA |4 polymersomes at 25 and
55 °C via DLS, TEM, and SANS. This work explored the relationship between the fvalue of
the copolymer and physical changes in its resulting PVCL,-PDMS,-PVCL,, polymersome
during temperature changes through the LCST range. These polymersomes collapse into
smaller vesicles with thinner shells above the LCST, but the extent of each transformation is
highly dependent on the hydrophilic-to-hydrophobic ratio £ PMOXA |4-PDMS¢s-PMOXA 14
polymersomes used as controls retained their original structure at all temperature ranges due
to the lack of temperature-responsive polymer constituents. We found that the temperature-
induced polymersome diameter reduction was influenced heavily by the extent of PVCL
chain collapse and possible subsequent intermixing into the PDMS layer. As PVCL chain
length increases, the associated polymersomes exhibit smaller sizes and thicker shells at
room temperature, but increased shell thickness change and decreased size change at higher
temperature. MD simulation determined PVCLg chains to be too short to exhibit chain
collapse at 55 °C due to the rigid backbone, in accord with the small shell thickness change
observed in the corresponding polymersomes. We believe the exploration of these
mechanisms and the analysis of our results clarifies the understanding of temperature-
responsive polymersomes for stimulus responsive cargo release.
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Figure 1.
Chemical structure of (a) PVCL5-PDMS3,-PVCL5 and (b) PMOXA 14-PDMS¢5-PMOXA 14

triblock copolymers and their 'HNMR spectra.
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Figure 2.
TEM image of (a) PVCL¢-PDMSg5-PVCL g, (b) PMOXA 14-PDMSg5-PMOXA 14, (c)

PVCL,5-PDMSgs5-PVCLs, (d) PVCLy;-PDMSgs-PVCL;, (¢) PVCL7-PDMS47-PVCL;
and (f) PVCL5-PDMS53(-PVCLs.
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PVCL, (b) PMOXA 4-PDMS¢5-PMOXA 14, (c)PVCL5-PDMS¢5-PVCL;5, (d)PVCLy;-
PDMSg5-PVCL;;, () PVCL7-PDMS47-PVCL; and (f) PVCLs-PDMS3(-PVCL5
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q(A™

(a) SANS curve of the PVCL(-PDMS¢5-PVCL ) vesicles (@) at 25 °C and its fit by the
Guinier-Porod model (solid line) showed an Rg of 170 nm. (b) Modified Guinier plot of the
PVCLo-PDMSg5-PVCL | vesicles (@) at 25 °C. The solid line is a linear fit to the data,
giving a slope of 1773.4 A2 corresponding to a membrane thickness of 145 A. SANS curve
of the (c) PVCL(-PDMSg5-PVCL vesicles at 25 °C (@) and 55 °C (A), and (d)

PMOXA 14-PDMS¢s-PMOXA |4 vesicles at 25 °C (@) and 55

°C (A) (vertically offset for

clarity). Solid lines in both plots represent model fits by the core-shell model in (c) and (d).

D,5 and Ds5 represent the diameter at 25 °C and 55 °C, respectively. Sp5 and Sss represent
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the shell thickness at 25 °C and 55 °C, respectively. Diameter shrinkage was calculated by

S
and shell shrinkage was calculated by S_25

55 55

Dys
)
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SANS scattering curves of the vesicles at 25 °C (@) and 55 °C (A) for (a) PVCL5-
PDMS¢5-PVCL 5 and (b) PVCL;{-PDMSg5-PVCL,, for (¢) PVCL7-PDMS47-PVCL7; and
(d) PVCL5-PDMS3(-PVCL;5 Solid lines represent fitting by the core-shell model in both
plots. D5 and Dss represent the diameter at 25 °C and 55 °C, respectively. Sps and Sss

represent the shell thickness at 25 °C and 55 °C, respectively. Diameter shrinkage was

Dss . S2s
calculated by 5= and shell shrinkage was calculated by 3
55 55
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Figure 6.
MD simulations of PVCL polymers at several temperatures. (a) Typical simulation system

containing one PVCL7 polymer, water and ions. PVCL7 copolymer is shown using a
molecular bonds representation (carbons are shown in blue, oxygens are shown in red,
hydrogens are shown in white respectively), sodium and chloride ions are shown as pink and
yellow spheres respectively, water is shown as a blue semi-transparent surface. The blue
spheres indicate the location of atoms used for end-to-end distance calculation. (b) Average
end-to-end distance of PVCLs, PVCL7 and PVCL( at 275, 295, 315 and 328 K. Each data
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point represents an average of four independent MD simulations each lasting between 120
and 320 ns. The error bars show the standard deviations among the average values of the
four replicate simulations. Slope has units of A/K. (c) Representative conformations of
PVCLs (top row) and PVCL( (bottom row) at 275 K and 328 K. The backbone and side
chains of each polymer are shown in blue and red, respectively.
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PVCL PDMS PVCL Short Chain

Long Chain

Figure 7.
The possible mechanism for the shell behavior at elevated temperature. Shorter PVCL chain

length (n=10) polymersomes exhibit interchain diffusion between PVCL and PDMS, while
longer PVCL chain length (n=21) display primarily interchain entanglement.
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Table 1.
Hydrodynamic size of vesicles from DLS
Hydrophobic Hydrophilic Hydrophilic ratio Temperature Diameter
block block ®) (§®) (nm)
25 153
PMOXA 4 0.33 55 156
25 390
PVCLo 0.36 55 315
PDMSgs
25 218
PVCLs 0.46 p 178
25 186
PVCL,, 0.54 55 71
25 299
PDMS,; PVCL, 0.36 o 25
25 280
PDMS3, PVCLs 0.33 P 315
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Table 2.
Vesicle parameters obtained from SANS
25°C 55°C
Transition
Hydrophobic Hydrophilic Temperature Diameter Thickness Diameter Thickness
Block Block * (nm) (nm) (nm) (nm)
O
PMOXA 14 none 162 13 162 13
PVCL,g 4042 352 14.1 286 11.7
PDMSgs
PVCL5 35-37 206 16 178 13
PVCL,, 35-37 183 19.1 167 13.6
PDMS4; PVCL, 4042 299 10.3 245 8.8
PDMS3, PVCL; 4042 280 8.5 220 8

*

Phase transition temperature was determined via DLS
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