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Abstract

Polymer vesicles with diameters of ca. 100-600 nm and bearing benzaldehyde functionalities within
the vesicular walls were constructed through self assembly of an amphiphilic block copolymer
PEQy5-b-PVBA,¢ in water. The reactivity of the benzaldehyde functionalities was verified by
crosslinking the polymersomes, and also by a one-pot crosslinking and functionalization approach
to further render the vesicles fluorescent, each via reductive amination. In vitro studies found these
labelled nanostructures to undergo cell association.
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Polymer vesicles, also known as Z{)olymersomes” 1-6 4re supramolecular assemblies of
amphiphilic block copolymers or complementary random copolymers15 with sizes
ranging from tens of nanometers to several hundreds of microns (“giant vesicles”). Similar to
liposomes, polymersomes are composed of closed bilayer membranes with hollow cavities
and, therefore, have tremendous potential for encapsulation and controlled delivery. 16-20
Moreover, their structures can be manipulated on both polymeric and supramolecular levels
to afford tunability of their properties, including size control over nanoscale to microscale
dimensions,21'24 external stimulus responses, 3-32 mechanical properties,33'35 membrane
permeability,36‘39 and in vivo fate.

Starting from the middle of the 1990s, a variety of polymer vesicles have been developed and
studied as efficient and promising candidates for the delivery of both hydrophilic (encapsulated
inside the hollow cavity) and hydrophobic (loaded within the bilayer membrane wall)
molecules. However, most of them consisted of amphiphilic block copolymers with limited
functionalities for chemical transformations after vesicle construction. While polymersome
surface functionalizations have been reported through reactions with the functionalities
installed at the chain ends of the hydrophilic segments, 42,43 there are limited literature reports
associated with modifications of wall domains of polymersomes U}; to date, only radical
polymerlzatlon,33 44 photo-induced [2+2] cyclo- addltlon base-catalyzed self
condensation of siloxanes,28 48 and ring-opening of ep0x1des49 have been employed to
crosslink the walls of polymer vesicles.
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With the increasing interests in potential biomedical applications that utilize the membrane of
polymersomes as a functional unit, 18,41, 50-53 jproduction of highly reactive functionalities
into polymer vesicles is being explored to expand the scope of chemistries that can be
incorporated within such nanostructures. Herein, we report our approach for constructing size-
tunable polymersomes with benzaldehyde functionalities (a diverse electrophile that undergoes
reaction under mild conditions), as well as their crosslinking and fluorophore-functionalization
via reductive amination (Scheme 1).

Results and Discussion

Synthesis of Amphiphilic Block Copolymer Precursor

Poly(ethylene oxide)-b-poly(4-vinyl benzaldehyde) (PEO45-b-PVBA ), the amphiphilic
diblock copolymer precursor for benzaldehyde-functionalized polymersomes, was prepared
following our previously established method of reversible addition-fragmentation chain
transfer (RAFT) polymerization of VBA.%4 The synthesis was conducted by using a mono-
methoxy terminated PEO-based macro-chain transfer agent (macro-CTA, M,, = 2,360 Da,
Figure 1a) and azobisisobutyronitrile (AIBN) in dry DMF heated at 75 °C for 3 h ([VBA]y:
[CTA](:[AIBN], = 55:1:0.25; 55% conversion of VBA). 'H NMR spectroscopic analysis of
the isolated block copolymer (Figure 1b) confirmed successful chain extension for the
formation of the PVBA block (resonances at 1.5 to 2.5, 4.8, 6.5 to 7.5, and 9.8 ppm) and
maintenance of the RAFT agent chain-end group (resonances at 0.8 to 1.0, 1.3, and 3.2 ppm).
The copolymer had a well-defined block structure of PEO45-b-PVBA,¢, which was supported
by agreement between the number-average molecular weights by GPC (6,200 Da) and by 'H
NMR spectroscopy (5,800 Da, based upon comparison of the intensities of the resonances of
the aldehyde proton of the VBA units at 9.8 ppm and methylene protons of EO units at 3.6
ppm with the characteristic resonances of the methine proton of the terminal monomer unit at
4.8 ppm and the SCH), protons from the RAFT functionality at 3.2 ppm). GPC analysis further
showed that the block copolymer has a narrow and mono-modal molecular weight distribution
(Figure 1c) with a polydispersity index (PDI) of 1.2.

Construction and Characterization of PEO-b-PVBA Vesicles

General conditions under which amphiphilic block copolymers with a glassy hydrophobic
segment (T, = 86 °C for PVBA) can be assembled in aqueous solutions were then applied.7’
20,23, 36, 47 The PEO45-b-PVB A, was first dissolved into N,N-dimethylformamide (DMF,
a good solvent for both PEO and PVBA blocks, ca. 1 mg/mL), followed by addition of nanopure
water (a selective solvent for the PEO block) until the water content reached 50 wt%. Finally,
the DMF was removed by extensive dialysis against water.

The vesicles were characterized by transmission electron microscopy (TEM, Figure 2a-b),
scanning electron microscopy (SEM, Figure 2c-d), and dynamic light scattering (DLS, Figure
2e). The vesicular structure was confirmed by TEM and SEM. DLS analyses showed the
hydrodynamic diameters of these vesicles were in the range of ca. 100 to 600 nm, with an
intensity-average hydrodynamic diameter distribution centered at 290 nm and number-average
hydrodynamic diameter distribution centered at 250 nm.

It is well-known that the formation of polymersomes usually passes through a morphological
transformation of sphere—rod-vesicle.4 To test whether this general trend also applied to our
system, D,O was added to a solution of PEOQ45-b-PVBA,¢ in DMF-d7 (2.0 mg/mL) and aliquots
were taken at predetermined water contents (9, 17, 23, and 33 wt%, respectively) for IH NMR
and TEM measurements, the results are summarized in Figure 3.
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At a low water content of 9 wt%, the "H NMR spectrum (Figure 3a) showed no obvious
difference with the spectrum of the block copolymer in neat DMF. However, the TEM image
(Figure 3b) clearly indicated the formation of nano-sized objects with multiple morphologies
including spherical particles, semi-closed membranes, and vesicles, but no rods were observed.
As the water content was increased to 17 wt%, the resonance signals corresponding to PEO
backbone at 3.5 ppm became broader and the intensities of PVBA resonances (0.8-2.5, 6.7-7.6,
and 9.9 ppm) decreased, indicating the reduced flexibility of both structural blocks. TEM
imaging (Figure 3c) revealed the formation of small nanoparticles whose morphology could
not be unambiguously distinguished, and large aggregates (> 200 nm, Figure 3c insertion),
which displayed large-compound vesicular morphology. Finally, clear vesicular morphology
appeared at 23 wt% of water content with varied size ranging from 100 to 600 nm (Figure 3d).
At this point, essentially no proton resonances from PVBA blocks were observed in the 'H
NMR spectrum, presumably because they were “tightly” packed into the vesicle walls without
significant mobility. Meanwhile, the resonances of PEO backbone protons were further
broadened, likely due to the restricted mobility of the EO units, especially those in close
proximity to the PVBA-based vesicle walls.

Interestingly, when the “intermediate” sample with a low water content of 9 wt% was directly
dialyzed against water, smaller vesicles with number-average hydrodynamic diameter of ca.
90 nm were produced (Figure 4). These small vesicles were stable over eight months, with no
apparent growth in size. Although such size variation could not be interpreted quantitatively
at this stage, these findings indicated kinetic control of self-assembled nanostructures of block
copolymers and might provide new insight for adjusting vesicle size without changing the
chemical composition of their polymer precursors.

Crosslinking of PEO-b-PVBA Vesicles via Reductive Amination

The chemical accessibility of the aldehyde functionality in the vesicular wall was verified by
reductive amination-based crosslinking with 2,2'-(ethylene-dioxy)bis(ethylamine) (0.3 eq.
relative to the aldehyde residues) and sodium cyanoborohydride (0.6 eq. relative to the
aldehyde residues). No significant aggregation of vesicles was observed, based upon the DLS
analysis (Figure 5a) and TEM imaging (Figure 5b), suggesting that only intra-vesicular
crosslinking reactions occurred. It is noteworthy that after crosslinking, the vesicles required
buffer (5 mM pH 7.2 PBS with 5 mM of NaCl was used in our experiments) to remain
suspended in aqueous solution. The zeta potential ({) measurement showed a dramatic decrease
of surface negative charge (-65.3 + 0.7 mV vs. -25.7 £ 0.8 mV), which might be associated
with protonation of amines that were incorporated into the vesicles as a result of the reductive
amination chemistry. The need for buffer and the less negative zeta potential value suggested
that the structure of vesicle was chemically changed after crosslinking, which was confirmed
by 'H NMR spectroscopy (Figure 5¢). New resonances corresponding to the diamino
crosslinker appeared at 3.3 ppm and the ratio of aldehyde protons VS. aromatic protons was
decreased from 1.0:4.6 to 1.0:6.2, indicating ca. 26% of aldehyde residues were consumed
during the reaction (i.e., 43% incorporation efficiency based upon reaction stoichiometry,
which was close to the results obtained by utilizing chromophores through the same chemistry,
videinfra). Typically, crosslinking leads to shorter relaxation times and broadening and losses
of solution-state NMR signal intensities. The observation of the new diamino crosslinker
resonance may indicate covalent mono-attachment within the vesicles, providing a relatively
low degree of crosslinking. However, crosslinking indeed occurred, as was observed by the
changes in the robust physical characteristics for the product vesicles. Of the 26% consumption
of aldehydes, only a small fraction would be required to effectively crosslink an entire vesicle.
Crosslinking significantly increased the vesicle stability, and no appreciable variations in size
or size distribution were found after lyophilization and re-suspension of these vesicles (Figure
5d).
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In Vitro Cellular Studies

Amine-derived dyes were then incorporated into the vesicles either sequentially or
coincidentally with the crosslinking reaction via the same chemistry, to demonstrate multiple
couplings within a single nanostructure and to label the vesicles for biological studies. The
vesicles were functionalized with fluorecein and crosslinked (0.02 eq. of dye, 0.5 eq. of
crosslinker, 1 eq. of NaCNBHj3 relative to the aldehydes, respectively), each via reductive
amination in a one-pot approach. UV-vis spectroscopy (Figure 6a) showed an absorption at
488 nm corresponding to the fluorescein, with an incorporation efficiency of ca. 35 %. And
again, no obvious size and morphological variations were observed for the fluorescein-
functionalized non-crosslinked and crosslinked vesicles, as confirmed by TEM (Figure 6b).

Invitro CHO and HeLa cell experiments were then conducted for crosslinked and non-
crosslinked fluorescein dye-labeled vesicles. By fluorescence confocal microscopy, the
vesicles were observed to undergo association with the cells, in a time-dependent manner. No
apparent fluorescence signal was detected after 1 and 4 h of incubation at 37 °C (data not
shown). After 24 h, vesicles were visible under confocal microscopy (Figure 7e-h) and
quantified by flow cytometry (Figure 7i) for both cell lines. Interestingly, an increased fraction
of vesicles was observed to be associated with HeLa cells after the vesicles were crosslinked,
while the opposite trend was noticed for CHO cells, with a greater fraction of non-crosslinked
vesicles undergoing strong cellular interactions. It is uncertain whether the vesicles are
internalized within the cells. Although flow cytometry data confirmed that the vesicles
remained associated with the cells under demanding conditions, the confocal microscopy
images suggest that the vesicles are localized preferentially near the cell membrane. We
hypothesize that such behavior may be the result of physical association or that it could be due
to covalent coupling reactions between the aldehyde-loaded vesicles and amino-groups on
(membrane bound) proteins. Although equimolar amounts of aldehyde and reducing agent
were employed during the preparation of the fluoroescein-labeled, crosslinked vesicles, a
portion of aldehydes still remain, as indicated by the 'TH NMR (Figure 5e) and IR data (Figure
5f) collected during the crosslinking experiments (vide supra).

The cytotoxicity of the crosslinked vesicles was also tested, using the cationic dendrimer
polyfect as a positive control. Compared with polyfect, these vesicles had insignificant
cytotoxicity for both cell lines (Figure 7j-k), indicating their bio-compatibility and making
them promising materials for fundamental studies in biotechnology.

Conclusions

In summary, we have synthesized polymer vesicles bearing benzaldehyde functionalities in
the vesicular walls from self assembly of the block copolymer PEO45-b-PVB A¢. The aldehyde
functionalities were shown to allow for modifications through facile and practical chemistry.
Further investigations of the chemistry of these synthetic and reactive vesicles, including
optimizing the reaction efficiency, exploring its scope, and incorporating other labels and
ligands, are ongoing now. These robust nanostructures, with their ability to associate with the
cell membrane, may find application as a nanoscopic device for repair or modification of
cellular membrane functions.

Experimental Section

Materials

Mono-methoxy terminated mono-hydroxy poly(ethylene glycol) (mPEG2k, MW = 2,000 Da,
PDI = 1.06) was purchased from Intezyne Technologies (Tampa, FL) and was used without
further purification. S-1-dodecyl-S -(a,a’-dimethyl-a”-acetic acid)trithiocarbonate
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(DDMAT),> 4-(Dimethy lamino)pyridinium 4-Toluenesulfonate (DTPS),%0 and VBA4
were synthesized according to literature reports. Other reagents and solvents were purchased
from commercial sources (Sigma-Aldrich, Acrose, and Fluka) and were used without further
purification unless otherwise noted. Methylene chloride (CH,Cl,) was distilled from calcium
hydride and stored under N, before using.

Chinese Hamster Ovary cells (CHO-K1) and human cervix carcinoma (HeLa) cells were
cultivated in DMEM containing 10% FBS, streptomycin (100 pg/mL), and penicillin (100
units/mL) at 37 °C in a humidified atmosphere containing 5% CO,.

Measurements

TH NMR spectra were recorded on a Varian 500 MHz spectrometer interfaced to a UNIX
computer using Mercury software. Chemical shifts were referred to the solvent proton
resonance. Infrared spectra were obtained on a Perkin-Elmer Spectrum BX FT-IR system using
diffuse reflectance sampling accessories with FT-IR Spectrum v2.00 software.

Absolute molecular weight and molecular weight distribution were determined by Gel
Permeation Chromatography (GPC). GPC was performed on a Waters 1515 HPLC system
(Water Chromatography Inc.), equipped with a Waters 2414 differential refractometer, a
PD2020 dual-angle (15 and 90) light scattering detector (Precision Detectors Inc.), and a three-
column series PL gel 5 um Mixed columns (Polymer Laboratories Inc.). The eluent was
anhydrous tetrahydrofuran (THF) with a flow rate of 1 mL/min. All instrumental calibrations
were conducted using a series of nearly monodispersed polystyrene standards. Data were
collected upon an injection of a 200 pL of polymer solution in THF (ca. 5 mg/mL), and then
analyzed using Discovery 32 software (Precision Detectors Inc.).

Samples for Transmission electron microscopy (TEM) measurements were diluted with a 1 %
phosphotungstic acid (PTA) stain (v/v, 1:1). Carbon grids were exposed to oxygen plasma
treatment to increase the surface hydrophilicity. Micrographs were collected at 10,000, 20,000,
50,000, and 100,000 x magnification and calibrated using a 41 nm polyacrylamide bead from
NIST.

Scanning electron microscopy (SEM) measurements were performed on a Field Emission
Scanning Electron Microscope (Hitachi s-4500), equipped with a NORAN Instruments energy
dispersive x-ray (EDX) microanalysis system, a back scattering detector and a mechanical
straining stage. SEM samples were prepared with the following procedure. Silica native oxide
wafers (Addison Engineering Inc.) were cleaned with nitric acid and hydrochloride acid (1:3)
and then cut into 5 mm x 5 mm square. For each sample, 50 pL of aqueous solution was applied
directly on the cleaned Si surface, and the solvent was kept in fume hood to evaporate at ambient
temperature (21 £ 2 °C). The samples were immediately transferred to SEM instrument for
measurement after completely dried.

Hydrodynamic diameters (Dy,) and size distributions for the vesicles in aqueous solutions were
determined by dynamic light scattering (DLS). The DLS instrumentation consisted of a

Brookhaven Instruments Limited (Worcestershire, U.K.) system, including a model BI-200SM
goniometer, a model BI-9000AT digital correlator, a model EMI-9865 photomultiplier, and a
model 95-2 Ar ion laser (Lexel Corp.) operated at 514.5 nm. Measurements were made at 25
+ 1 °C. Scattered light was collected at a fixed angle of 90°. The digital correlator was operated
with 522 ratio spaced channels, and initial delay of 5 ps, a final delay of 100 ms, and a duration
of 6 minutes. A photomulitplier aperture of 100 pum was used, and the incident laser intensity
was adjusted to obtain a photon counting of between, 200 and 300 kcps. Only measurements
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in which the measured and calculated baselines of the intensity autocorrelation function agreed
to within 0.1 % were used to calculate particle size. The calculations of the particle size
distributions and distribution averages were performed with the ISDA software package
(Brookhaven Instruments Company), which employed single-exponential fitting, cumulants
analysis, and CONTIN particle size distribution analysis routines. All determinations were
repeated for 5 times.

Zeta potential () values for the vesicle solution samples in 5 mM phosphate buffered saline
(PBS) were determined with a Brookhaven Instrument Co. (Holtsville, NY) model Zeta Plus
zeta potential analyzer. Data were acquired in the phase analysis light scattering (PALS) mode
following solution equilibration at 25 °C. Calculation of { from the measured nanoparticle
electrophoretic mobility () employed the Smoluchowski equation: p = €{/n, where € and 1)
are the dielectric constant and the absolute viscosity of the medium, respectively.
Measurements of { were reproducible to within £ 2 mV of the mean value given by 16
determinations of 10 data accumulations.

The confocal microscopy was collected by using a Leica TCS SP2 confocal microscopy
following excitation with an argon laser (488 nm). 5x10 cells were incubated on 35 mm
MatTek glass bottom microwell dishes (MatTek Co.) for 24 h. Then the medium was replaced
with 2 mL of fresh medium containing with non-crosslinked or crosslinked vesicles (10 g/mL
of polymer) and incubated for another 24 h. Cells were washed twice with PBS and the live
cells were imaged.

Flow cytometric analysis for the strong association of the vesicles to the cells was performed
using a FACS-calibur (Becton Dickinson) equipped with an argon laser exciting at a
wavelength of 488 nm. The cells were treated same as above. For each sample, 20,000 events
were collected by list-mode data that consisted of side scatter, forward scatter, and fluorescence
emission centered at 530 nm. The fluorescence was collected at a logarithmic scale with a 1024
channel resolution. CellQuest software (Becton Dickinson) was applied for the analyses.

The cytotoxicity of crosslinked vesicles was examined by CellTiter-Glo® Luminescent Cell
Viability Assay (Promega Co.). The CHO-K1 cells and HeLa cells were seeded respectively
in the 96-well plate at a density of 1x10* cells/well and cultured for 24 h in 100 L DMEM
containing 10% FBS. Thereafter, the medium was replaced with 100 pL of fresh medium
containing with different concentration particles. After 24 h of incubation, 100 pL of the
CellTiter-Glo® reagent was added. Mixed contents and allowed the plate to incubate at rt for
10 min to stabilize luminescent signal, recorded the luminescence at Luminoskan Ascent®
luminometer (Thermo Scientific) with integration time 1 second per well. The relative cell
viability was calculated as: cell viability (%) = (luminescence sample)/luminescence (conrol)) X
100, where luminescence (coneroly Was obtained in the absence of particles and

luminescence (sample) Was obtained in the presence of particles.

Synthesis of mMPEG2k Macro-CTA

To a solution of mMPEG2000 (4.0 g, 2.0 mmol) in 40 mL of dry CH,Cl, at room temperature
(rt), was added DDMAT (1.2 g, 3.0 mmol) and dicyclohexylcarbodiimide (0.60 g, 2.9 mmol),
the reaction mixture was stirred 10 min. After the additions of 4-di(methylamino)pyridine (36.6
mg, 0.3 mmol) and DPTS (375.0 mg, 1.2 mmol), the reaction mixture was further stirred 20 h
at rt. Then the reaction mixture was filtered with celite and the filtrate was placed at 4 °C
overnight, filtered with celite, and concentrated to ca. 15 mL. After the solution was
precipitated into 250 mL of dry ether at 0 °C twice, the crude product obtained was further
purified by flash column chromatography (2-3% MeOH/CH,Cl,, v/v) to afford mPEG2k
macro-CTA as a yellow solid (3.2 g, 68% yield). 'H NMR (500 MHz, CD,Cl,, 8): 0.88 (t, J
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= 6.5 Hz, 3H), 1.26 (m, 16H), 1.38 (t, J= 6.5 Hz, 2H), 1.66 (t, J=7.5 Hz, 2H), 1.68 (s, 6H),
3.27 (t, J=17.2 Hz, 2H), 3.33 (s, 3H), 3.40-3.80 (m, 166H), 4.21 (t, J = 5.0 Hz, 2H).

Synthesis of PEO45-b-PVBAgg

To a 10 mL Schlenk flask equipped with a magnetic stir bar dried with flame under N,
atmosphere, was added the mPEG2k macro-CTA (0.48 g, 0.20 mmol) and dry DMF (2.5 mL).
The reaction mixture was stirred 1 h at rt to obtain a homogeneous solution. To this solution
was added VBA (1.46 g, 11.0 mmol) and AIBN (8.1 mg, 50 pmol). The reaction flask was
sealed and stirred 10 min at rt. The reaction mixture was degassed through several cycles of
freeze-pump-thaw. After the last cycle, the reaction mixture was stirred for 10 min at rt before
immersing into a pre-heated oil bath at 75 °C to start the polymerization. After 3.5 h, the
monomer conversion reached ca. 55% by analyzing aliquots collected through 'H-NMR
spectroscopy. The polymerization was quenched by cooling the reaction flask with liquid
N,. CH,Cl; (5.0 mL) was added to the reaction flask and the polymer was purified by
precipitation into 300 mL of cold diethyl ether at 0 °C twice. The precipitants were collected,
washed with 100 mL of cold ether, and dried under vacuum overnight to afford the block
copolymer precursor as a yellow solid (1.18 g, 90% yield based upon monomer

conversion). 'H NMR (500 MHz, CD;Cly, 3): 0.88-1.24 (br, dodecyl Hs), 1.52-2.06 (br, PVBA
backbone protons), 3.22 (br, SCH; of the chain terminus), 3.33 (s, mPEG terminal OCH3),
3.34-3.78 (m, OCH,CH,O from the PEG backbone), 4.84 (br, 1H from the PVBA backbone
benzylic terminus connected to trithiocarbonate), 6.58-6.85 (br, Ar H), 7.33-7.62 (br, Ar H),
9.88 (br, CHO); 13C NMR (150 MHz, DMSO-dg, 3): 192.3, 151.3, 134.4, 129.4, 128.0, 69.8,
42.3,40.4,29.0; IR (KBr): 3433, 2923, 2856, 2732, 1699, 1604, 1575, 1453, 1425, 1386, 1354,
1306, 1258, 1214, 1171, 1103, 1017, 951, 837, 726, 674, 552.

General Procedure for Construction of PEO,5-b-PVBAyg Vesicles

To a solution of PEOy5-b-PVBA 4 block copolymer in DMF (ca. 1.0 mg/mL), was added
dropwise an equal volume of nano-pure H,O via a syringe pump at a rate of 15.0 mL/h, and
the mixture was further stirred for 16 h at rt. The solution was then transferred to pre-soaked
dialysis tubing with Molecular Weight Cut Off (MWCO) of ca. 3,500 Da and dialyzed against
nano-pure H,O for 4 d to afford a solution of vesicles.

Crosslinking of PEO45-b-PVBAyg Vesicles

To a solution of PEQ45-b-PVB A vesicles (7.4 mg of polymer, 33 umol of aldehyde residues)
in 30.0 mL of nano-pure H,O, was added a solution of 2,2'-(ethylenedioxy)-bis(ethylamine)
(1.5 mg, 10 pmol) in 1.0 mL of nano-pure H,O dropwise over 10 min. The reaction mixture
was allowed to stir for 24 h at rt. NaBH3CN (1.3 mg, 20 pmol) in 1.3 mL of nano-pure H,O
was then added to the reaction solution and further stirred for 16 h at rt. Finally, the mixture
was transferred to pre-soaked dialysis tubing (MWCO: ca. 3,500 Da) and dialyzed against 5.0
mM PBS (pH 7.2, with 5.0 mM NaCl) for 5 d to remove the small molecule by-products and
afford an aqueous solution of crosslinked vesicles.

One-pot Functionalization and Crosslinking of PEO45-b-PVBAg Vesicles

To a solution of PEQ45-b-PVB Ay vesicles (3.2 mg of polymer, 14 umol of aldehyde residues)
in 10.0 mL of nano-pure H,O, was added a solution of fluorescein-5-thiosemicarbazide (126.3
pg, 0.30 pmol) in 90.0 pL. of DMF. The reaction mixture was allowed to stir for 2 h at rt in the
absence of light. To this reaction mixture, was added a solution of 2,2'-(ethylenedioxy)-bis
(ethylamine) (1.1 mg, 7.2 pmol) in 1.6 mL of nano-pure H>O dropwise over 10 min. The
reaction mixture was further stirred for 24 h at rt in the absence of light. NaBH3CN (907.2
ng, 14.4 pmol) in 0.4 mL of nano-pure H>,O was then added to the reaction solution and further
stirred for 16 h at rt in the absence of light. Finally, the mixture was transferred to pre-soaked
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alysis tubing (MWCO ca. 3,500 Da) and dialyzed against 5.0 mM PBS (pH 7.2, with 5.0
M NaCl) for 5 d to remove the small molecule by-products and afford an aqueous solution

of functionalized and crosslinked vesicles.
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Figure 1.

Synthesis of and characterizations of PEO45-b-PVB A, block copolymer precursor. a)
Schematic drawing of the synthesis of PEO,5-b-PVBA4. b) 'H NMR spectrum of PEQys-b-
PVBA26. C) GPC profile of PEO45—b—PVBA26.
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Figure 2.

Characterization of polymer vesicles prepared from PEO45-b-PVBA ¢ block copolymer. a-b)
TEM images of vesicles (stained negatively with phosphotungstic acid). c-d) SEM images of
vesicles. e) DLS histograms of vesicle size distributions (left: intensity-average hydrodynamic
diameter; right: number-average hydrodynamic diameter).
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a)

Figure 3.

Morphological transformation during the self assembly process of PEQ45-b-PVBAg. a) 'H
NMR spectra of aliquots in DMF-dy with different D,O contents. b-d) TEM micrographs of
particles and vesicles (stained negative with phosphotungstic acid) at 9, 17, and 23 wt% of
water content, respectively.
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Figure 4.

Characterization of small PEO45-b-PVBA¢ vesicles. a-b) TEM images of vesicles (stained
negatively with PTA). c) DLS histograms of vesicle size distributions (number-average
hydrodynamic diameter).
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Figure 5.

Characterization of crosslinked PEO45-b-PVBA¢ vesicles through reductive amination. a)
DLS histograms of non-crosslinked (blue) and crosslinked (red) vesicle distributions. b-c)
TEM (b) and SEM (c) images of crosslinked vesicles in S mM pH 7.2 PBS. d) TEM image of
lyophilized crosslinked vesicles after re-suspension in 5 mM pH 7.2 PBS. e) 'H NMR spectra
(DMSO-dg) of lyophilized crosslinked vesicles (red) and polymer precursor (black). f) IR
spectra (KBr) of lyophilized crosslinked vesicles (red) and polymer precursor (black).
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Figure 7.

In vitro evaluations of fluorescein-labeled vesicles. a-b) Fluorescent confocal and bright-field
images of CHO cells, respectively, without incubation with fluorescent vesicles. c-d)
Fluorescent confocal and bright-field images of HeLa cells, respectively, without incubation
with fluorescent vesicles. e-f) Overlay of bright field and fluorescent confocal images of CHO
cells incubated with crosslinked and non-crosslinked vesicles, respectively. g-h) Overlay of
bright field and fluorescent confocal images of HeLa cells incubated with crosslinked and non-
crosslinked vesicles, respectively. i) Flow cytometry results. j-k) Cytotoxicity results for CHO
and HeLa cells, respectively.

ACSNano. Author manuscript; available in PMC 2010 March 24.



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuey Joyiny Vd-HIN

Sun et al. Page 18

I I | Ls.__8
poe e A L VBA, RAFT ~ ..{'\ ,.'O\’M,f‘*-\ oy A R ‘;ﬁ
\ . P T - e o | i RS = T i e TR e & 3 127725
0 e (0] ;| I CazHas o o (6] ) J\ 95 T >

@~ “H
i
" ,l (@] s ) 4 O R T = -
o™~ } 0 7’{"(‘“*’}”\’ iy = 1
¥ )\ X /[ ‘I—)(—y 26
= ~ k]
_ il il
one-pot functionalization = s = -
and crosslinking |\ R
o HN NH
|
HN._S
HE. = MNH (@]
L“/ x.__/Llf” I
- a®
O‘“W/"\ R e R = CHO or CH,OH
.|\ /|| R' = C(S)SCy2Hzs or H
O

Scheme 1.
Construction and functionalization of PEO45-b-PVBA¢ vesicles through reductive amination.
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