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ABSTRACT: P(TMSPMA-co-OEGMA) nanocapsules with controllable
oligo(ethylene glycol) (OEG) densities and robustly cross-linked
structures were successfully fabricated from the cross-linkable copolymer,
poly[3-(trimethoxysilyl)propyl methacrylate-co-oligo(ethylene glycol)
methacrylate] (P(TMSPMA-co-OEGMA)). The densities of OEG seg-
ments of the resultant P(TMSPMA-co-OEGMA) nanocapsules could be
easily controlled by tuning the OEGMA contents of copolymer
P(TMSPMA-co-OEGMA). The microenvironments of the P(TMSPMA-
co-OEGMA) nanocapsules were determined to be hydrophobic. It was
demonstrated that hydrophobic pyrene could be in situ loaded into the
P(TMSPMA-co-OEGMA) nanocapsules during the fabrication procedure.
The release rates of pyrene from the P(TMSPMA-co-OEGMA) nano-
capsules were dependent on the contents of OEGMA, indicating that the
permeation properties of P(TMSPMA-co-OEGMA) nanocapsules could

be tuned by varying the cross-linked densities of the nanocapsule walls. It was further demonstrated that other functional groups
could be easily incorporated into the resultant polymer nanocapsules by using the similar procedure. The preparation of polymer
nanocapsules with various functionalities and robustly cross-linked walls without any further post modification process, any
sacrificial core and surfactant would be beneficial from scientific and technical point of views.
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1. INTRODUCTION

Polymer nanocapsules, which have very thin polymer shells but
large rooms for the encapsulation and release of various kinds
of species, such as drug,' contrast agent,” protein,> RNA,* and
DNA,” are nanoparticles with hollow structures. There are
many potential applications for polymer nanocapsules in the
fields of drug delivery,® catalysis,” cancer therapy,® and
protecting enzymes.” In recent decades, various methods have
been developed for the preparation of polymer nanocapsules,
including layer-by-layer assembly,’'" double emulsions,"*~"*
polymer precipitation by phase separation,"® microemulsion
polymerization,'® polymer growth by a surface polymer-
ization,'” vesicles assemble by amphiphilic copolymers,'®"?
polymerization of hydrophobic monomers in lipid bilayer
templates,zo_22 and among others. However, most of these
methods needed an extra process to remove the solid cores or
surfactants, which were used during the fabrication of polymer
nanocapsules, for further applications.”'®'”** Furthermore,
most of the obtained polymer micro or nanocapsules were not
fixed by chemical cross-linking and easy to deform or
decompose under the environmental change. To preserve the
structural integrity of polymer nanocapsules under varying
conditions, the cross-linking would be the key step to fabricate
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stable and robust nanocapsules. By choosing a reactive function
monomer, 3-(trimethoxysilyl)propyl methacrylate (TMSPMA),
our group reported recently the successful fabrication of robust
and cross-linked polymer nanocapsules from the cross-linkable
polymer, poly[3-(trimethoxysilyl)propyl methacrylate]
(PTMSPMA), in an oil-in-water emulsion by utilizing the
hydrolysis and condensation of methoxysilyl groups.”®
PTMSPMA has been used for the preparation of organic—
inorganic hybrid materials, like nanotubes, capsules, and
microgels, etc.'”**™*® Such polymer nanocapsules with robustly
cross-linked structures might find potential applications for the
encapsulations of catalysts, dyes, drugs, etc.

The prospective applications of polymer nanocapsules, for
instance, as drug delivery systems, usually require surface
modifications of the nanocapsules, which could help to improve
the in vivo stabilities of the nanocapsules and to avoid uptakes
of the nanocapsules by the reticular endothelial system.**~>'
Two main types of methods have been reported for the
preparation of polymer nanocapsules with modified surfaces,
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Scheme 1. Schematic of Free Radical Copolymerization of TMSPMA and OEGMA, and the Hydrolysis and Condensation
Reactions of Methoxysilyl Groups of P(TMSPMA-co-OEGMA)
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that is, grafting-to method and grafting-from method. The method that we developed previously.”> The densities of
grafting-to method, like surface electrostatic adsorption®' and OEG segments of the resultant P(TMSPMA-co-OEGMA)
surface click reaction,'"** was most extensively used for the nanocapsules could be easily controlled by tuning the OEGMA
surface modification of polymer nanocapsules. However, it was contents of P(TMSPMA-co-OEGMA). Furthermore, the
usually costly and time-consuming. Furthermore, it was less contents of OEG segments were already fixed during
controllable for grafting-to method to modify the polymer copolymerization and would not be affected during the
nanocapsules because the surface densities of functional groups fabrication process of polymer nanocapsules. It was found
of the polymer nanocapsules were largely influenced by chain that the OEGMA contents of P(TMSPMA-co-OEGMA)
conformation, which relied on solvent, concentration, molec- copolymers determined the successful fabrication of the
ular weight, temperature, etc.’® The grafting-from method, nanocapsules, which could be only obtained in a certain

including self-assembly of block copolymer,lg’l polymerization range of OEGMA contents. We demonstrated that hydro-
of hydrophobic monomers in lipid bilayer templateszo_22 and phobic pyrene could be in situ loaded into the P(TMSPMA-co-
interfacial polyaddition,33’34 could be the good choice for the OEGMA) nanocapsules during the fabrication procedure. The
preparation of polymer nanocapsules with surface modification release rates of pyrene from the P(TMSPMA-co-OEGMA)
in one step. However, neither polymerization of hydrophobic nan.ocap.sule.s were dependent on the. contents Of. OEGMA,
monomers in lipid bilayer templates nor self-assembly of block which indicated that the permeation properties of P-
copolymer could control the surface densities of functional (TMSPMA'CO'OEGMA? nanocapsglgs could be also controlled
groups of the resultant polymer nanocapsules. Small molecules by varying the cross-linked densities of the walls of the
(e.g, lipid egg phosphatidylcholine)?* and macromolecules nanocapsules.. We :jtlso demonstrated that_ such meth(?dology
(e.g, poly(ethylene glycol) (PEG))>**3335 were usually chosen could be applied to incorporate other functional groups into the
for the surface modification of nanocapsules or nanoparticles. polymer nanocapsules.

Undoubtedly, PEG was the most widely preferred choice for
the surface modification of nanocapsules and nanoparticles. 2. EXPERIMENTAL SECTION

PEG is highly hydrophilic, nontoxic, and has very low level of 2.1. Chemicals and Materials. 3-(Trimethoxysilyl)propyl meth-
protein or cellular adsorption.***” It was found that the PEG acrylate (TMSPMA, 98%) and pyrene (98%) were purchased from
density on the nanoparticle surfaces was a critical factor for Acros Organics and used as received. Oligo(ethylene glycol)
modulating nanoparticle circulation time*® and nonspecific methacrylate (OEGMA, M, = 475) was purchased from Sigma-

Aldrich and used without further purification. a,a’-Azodiisobutyroni-
trile (AIBN, Sinopharm Chemical Reagent Co., Ltd.) was recrystal-
lized from methanol and dried under vacuum at room temperature for

cellular uptake.” Recently, Morral-Ruiz et al. reported the
preparation of PEGylated polyurethane nanocapsules via

interfacial POlyaddltlon'33 However, side reactions, which m?; 24 h to remove methanol. Anhydrous tetrahydrofuran (THEF,
influence the surface density of PEG, could not be avoided. Sinopharm Chemical Reagent Co., Ltd.) was dried by refluxing in
Furthermore, the monomer isophorone diisocyanate was also the presence of a sodium flake and distilled prior to use. All other
too reactivity and might react with incorporation species.33 reagents were of analytical grade and used as received. Deionized water
Therefore, in spite of intensive efforts, it is still a challenge to Wa; ‘;58‘; thi?‘ugl_loutfth; eIXIE;ri(Itn?nts.t N ity | meth
: : L. nthesis O (o] -(trimethoxysi ro methacry-
prepa.re pvr)lymer nano«;apsules w'1th p'rec1se c9ntrol of surface Iate-co-o){igo(ethylene glycol) methatxylgteﬁ (IE’)(YI'MSPM A-cg-
functionality and functional density without side reactions. OEGMA)) Copolymers. A series of P(TMSPMA-co-OEGMA)
In the present work, we reported the facile fabrication of copolymers were synthesized by free radical copolymerization of
polymer nanocapsules with precise control of oligo(ethylene TMSPMA and various amounts of OEGMA. The chemical structures
glycol) (OEG) densities and robustly cross-linked structures of TMSPMA, OEGMA and copolymer P(TMSPMA-co-OEGMA)
from the cross-linkable copolymer, poly[3-(trimethoxysilyl)- were shown in Scheme 1. Typically, 15 mg of AIBN, 0.50 mL of
TMSPMA, and various amounts of OEGMA were dissolved in S mL

propyl methacrylate-co-oligo(ethylene glycol) methacrylate] 3 VLA W X
(P(TMSPMA-co-OEGMA)). Linear cross-linkable copolymers O}f anl};ygﬁuj TI_}IF with ge?ﬂy magnetic Stllmng' T}Le solution wﬁs

. then bubbled with nitrogen for 30 min to eliminate the oxygen. The
P(TMSPMA-co-OEGMA)s were first synthesized by free

copolymerization was initiated by rising the temperature of the

radical copolymerization of monomers TMSPMA and solution to 60 °C and allowed to proceed for 24 h. The resultant
OEGMA and then applied for the fabrication of P- copolymers were precipitated from n-hexane and washed for three
(TMSPMA-co-OEGMA) nanocapsules using the similar times. The precipitates were collected and dried under vacuum at 30

3749 dx.doi.org/10.1021/am400365s | ACS Appl. Mater. Interfaces 2013, 5, 37483756



ACS Applied Materials & Interfaces

Research Article

°C for 24 h. Finally, colorless and grease-like products were obtained
and stored in a vacuum desiccator for further uses.

The 'H NMR spectra of the obtained P(TMSPMA-co-OEGMA)
copolymers are shown in Figure S1 (see Supporting Information). The
characteristic signals at 3.5—3.6 ppm and 3.6—3.7 ppm are assigned to
the [—Si(OCH,);] groups of TMSPMA and the [—(CH,),0-]
groups of OEGMA, respectively, indicating the successful copoly-
merization of TMSPMA and OEGMA. The contents of OEGMA of
the copolymers could be determined from their "H NMR spectra. The
number-average molecular weights (M,,) and the polydispersity indices
(PDI, M,,/M,)) of the copolymers were determined by gel permeation
chromatography (GPC). Table 1 summarizes some properties of the
obtained five P(TMSPMA-co-OEGMA) copolymers.

Table 1. OEGMA Contents, Number-Averaged Molecular
Weights, and Polydispersity Indices of the Obtained Five
P(TMSPMA-co-OEGMA) Copolymers

sample molar ratio of TMSPMA to M, (x107%)

code OEGMA“ g/mol PDI
PTO-1 10: 1.0 1.3 1.76
PTO-2 10: 1.8 1.5 2.12
PTO-3 10: 4.4 15 2.60
PTO-4 10: 5.9 2.5 2.06
PTO-5 1.0: 10 19 1.52

“Determined from the "H NMR spectra of P(TMSPMA-co-OEGMA)
copolymers.

2.3. Synthesis of Poly[3-(trimethoxysilyl)propyl methacry-
late-co-4-vinylbenzyl chloride] (P(TMSPMA-co-VBC)) Copoly-
mer. The copolymer poly[3-(trimethoxysilyl)propyl methacrylate-co-
4-vinylbenzyl chloride] (P(TMSPMA-co-VBC)) was also synthesized
by free radical copolymerization of TMSPMA and VBC. Supporting
Information Figure S2 shows the "H NMR spectrum of the obtained
P(TMSPMA-co-VBC). The molar ratio of TMSPMA to VBC was
determined to be 12: 1 from the '"H NMR spectrum. The number-
average molecular weight (M,) and the polydispersity index (PDI =
M,,/M,) of P(TMSPMA-co-VBC) copolymer were measured by GPC
to be ~1.66 X 10* and 4.9, respectively.

2.4. Fabrication of P(TMSPMA-co-OEGMA) and P(TMSPMA-
co-VBC) Nanocapsules. In a typical preparation of cross-linked
P(TMSPMA-co-OEGMA) nanocapsules, given amounts of linear
cross-linkable copolymer P(TMSPMA-co-OEGMA), that is, PTO-1,
PTO-2, PTO-3, PTO-4, and PTO-S, were first completely dissolved in
100 uL of toluene, respectively. The P(TMSPMA-co-OEGMA)
toluene solution was then added into 10 mL of deionized water
with a dropwise manner in 1 min under vigorous magnetic stirring,
forming an oil-in-water emulsion. Afterward, 10 yL of trimethylamine
(TEA) was added into the emulsion to accelerate the hydrolysis and
condensation of methoxysilyl groups of P(TMSPMA-co-OEGMA).
The reaction was allowed to perform at 25 °C under vigorous
magnetic stirring (1200 rpm) for 48 h. When the reaction was finished,
the reaction mixture was immediately purified by centrifugations and
washed with ethanol and deionized water for several times. Scheme 1
shows the hydrolysis and condensation reactions of methoxysilyl
groups of P(TMSPMA-co-OEGMA) in the presence of the catalyst
(TEA) in aqueous solution. Similar procedure was applied to fabricate
the cross-linked P(TMSPMA-co-VBC) nanocapsules.

2.5. Testing the Polarities of P(TMSPMA-co-OEGMA) Nano-
capsules in PBS Buffer Solutions (pH = 7.4). A stock solution of
pyrene (6 X 107> M) was made by dissolving pyrene in acetone. Given
amounts of pyrene stock solution (10 L) were dropped into a series
of empty vials, which were then allowed to evaporate the acetone and
dry overnight in a vacuum oven. The solutions of PTO-1, PTO-2,
PTO-3, and PTO-4 nanocapsules were diluted with PBS buffer
solutions (pH = 7.4), respectively, to give a series of solutions with
various concentration ranging from 0.10 mg/ mL down to 1.0 X 1077
mg/mL. Afterward, 1.0 mL of each diluted solution of nanocapsules
were transferred to a dried vial containing pyrene, which was allowed
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to equilibrate for 24 h at room temperature. The final concentration of
pyrene in all solutions was 6 X 107" M, which was less than the pyrene
saturation concentration in water. The fluorescence spectra of the
nanocapsule buffer solutions were then measured on a LSSS
Fluorescence Spectrometer. The intensity ratio (I,/I;) of the I, (372
nm) and I; (383 nm) vibration peaks of the fluorescence spectrum was
used to determine the polarity of the pyrene microenvironment, which
presented the polarity of the P(TMSPMA-co-OEGMA) nanocapsules.

2.6. Preparation of Pyrene-Loaded P(TMSPMA-co-OEGMA)
Nanocapsules and the Release Behaviors of the Pyrene-
Loaded Nanocapsules. Pyrene could be in situ loaded into the
P(TMSPMA-co-OEGMA) nanocapsules by directly dissolving pyrene
in the toluene solution of linear P(TMSPMA-co-OEGMA) copolymers
before the fabrication of nanocapsules. The concentrations of pyrene
in the toluene solutions of PTO-1, PTO-2, PTO-3, and PTO-4
copolymers were the same and 1 X 107> M. The resultant
P(TMSPMA-co-OEGMA) nanocapsules containing pyrene were
washed with deionized water for several times and collected by
centrifugation, which were then dried under vacuum oven at 30 °C for
24 h. The release experiments of pyrene loaded in P(TMSPMA-co-
OEGMA) nanocapsules were performed in toluene. The time-
dependent release of pyrene from the nanocapsules was studied for
360 min. At various release times, the supernatants were collected by
centrifuging the nanocapsules and measured with a UV-—vis
spectrometer. The concentrations of pyrene released from the
nanocapsules into toluene were calculated from the adsorption
intensities at 338 nm.

2.7. Characterization. '"H NMR spectra of P(TMSPMA-co-
OEGMA) and P(TMSPMA-co-VBC) copolymers were recorded on
a 300 MHz Varian Mercury Plus NMR instrument with CDCl; as
solvent. Gel permeation chromatography (GPC) was used to
determine molecular weight and molecular weight distribution of the
copolymers. GPC measurements were performed on a PL-GPC 220
(Polymer Laboratories, Ltd.) with tetrahydrofuran as the eluent and
monodisperse polystyrene as the calibration standard.

The hydrodynamic diameters of the nanocapsules at 25 °C in
aqueous solutions or PBS buffer solutions (pH = 7.4) were measured
by using dynamic light scattering (DLS) on a Zeta Plus particle size
analyzer (Brookhaven Instruments Corp.). The corresponding Zeta
potentials of the nanocapsules were measured by electrophoretic light
scattering (ELS) using the same Zeta Plus particle size analyzer. Five
runs of measurements with each of one minute were performed for
each sample as otherwise stated.

Transmission electron microscopy (TEM) measurements were
performed on a JEOL JEM-1200 electron microscope operating at an
acceleration voltage of 60 KV. The TEM samples were prepared on
carbon-coated copper grids, which were immersed in the correspond-
ing sample solutions for a few seconds. The solvent on the copper
grids were then gently absorbed away by a filter paper. The copper
grids were then allowed to dry in air at room temperature for several
hours before observation.

Scanning electron microscopy (SEM) measurements were
performed on a Hitachi S4800 electron microscope. The SEM
samples were prepared by casting a droplet of the corresponding
sample solutions onto the aluminum foils at room temperature. The
aluminum foils were allowed to dry in air at room temperature. The
samples were coated with platinum vapors before SEM observation.

Fluorescence spectra were recorded on a LS5S Fluorescence
Spectrometer (Perkin-Elmer Inc.). Samples were excited at 335 nm
with using a 10 nm slit width. Emission wavelengths were scanned
from 350 to 500 nm with a 10 nm slit width.

UV—vis spectra were performed on a Cary 300 instrument (Varian
Australia Pty Ltd.). The concentrations of pyrene in the toluene
solutions were determined from the adsorption intensities at 338 nm.

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the typical TEM and SEM morphologies
of the obtained PTO-1 and PTO-3 nanocapsules, which were
fabricated from the linear P(TMSPMA-co-OEGMA) copoly-
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Figure 1. (A) TEM and (B) SEM morphologies of the PTO-1
nanocapsules. The concentration of PTO-1 toluene solution was 0.1
g/mL.

Figure 2. (A) TEM and (B) SEM morphologies of the PTO-3
nanocapsules. The concentration of PTO-3 toluene solution was 0.1
g/mL.

mers, PTO-1 and PTO-3, respectively, with the methods
described in the Experimental Section. The typical TEM and
SEM morphologies of the obtained PTO-2 and PTO-4
nanocapsules are shown in Figures S3 and S4 (see Supporting
Information). Clearly, P(TMSPMA-co-OEGMA) nanocapsules
were successfully obtained. The formation mechanism of
P(TMSPMA-co-OEGMA) nanocapsules is similar with that
reported previously for PTMSPMA nanocapsules.* Briefly, the
oil-in-water emulsion was formed with toluene droplets
containing cross-linkable copolymer P(TMSPMA-co-
OEGMA) in the continuous water phase. In this case, the
hydrophilic character of OEGMA will make the copolymer
P(TMSPMA-co-OEGMA) prefer to locate at the interfaces of
the toluene droplets and continuous water phase. The
hydrolysis and condensation of methoxysilyl groups further
resulted in the internal phase separation of P(TMSPMA-co-
OEGMA) within the toluene droplets and led the cross-linked
P(TMSPMA-co-OEGMA) migrate to the toluene/water
interfaces, forming an interfacial cross-linked P(TMSPMA-co-
OEGMA) layer. Finally, the completion of hydrolysis and
condensation of methoxysilyl groups led to the formation of
robustly cross-linked P(TMSPMA-co-OEGMA) shells, that is,
the P(TMSPMA-co-OEGMA) nanocapsules. Scheme 2 shows
the possible structure of the P(TMSPMA-co-OEGMA) nano-
capsule. The oligo(ethylene glycol) (OEG) moieties tended to
point into the water phase in the mixing solution and hence
locate at the surfaces of the resultant nanocapsules because of
the hydrophilic character of OEG. The morphologies of PTO-
1, PTO-2, PTO-3, and PTO-4 nanocapsules obtained here
could be assigned to multifold morphologies according to the
previous classification.”® The diameters of nanocapsules in the
TEM images were then calculated by measuring the two
farthest points of the nanocapsules as shown in Supporting
Information Figure S5, which would be the closest value for the
size of the dried nanocapsules. The average diameters of PTO-
1, PTO-2, PTO-3, and PTO-4 nanocapsules obtained by TEM
images were 280 + 95, 182 + 72, 158 + 4S5, and 192 + 78 nm,
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Scheme 2. Schematic Illustration of Structure of
P(TMSPMA-co-OEGMA) Nanocapsule

respectively. The morphologies of nanocapsules could be
classified as three main hollow structures of classic hollow
morphologies, Kippah morphologies, and multifold morphol-
ogies. The large nanocapsules with sizes >~100 nm were prone
to collapse and form the multifold morphologies.”> The wall
thickness of nanocapsules could be estimated by measuring the
size of the folds observed in the TEM image as indicated in
Supporting Information Figure SS. Note that the apparent wall
thicknesses of nanocapsules with multifold morphologies from
their TEM images were approximately double their actual wall
thickness value.”> At least 100 nanocapsules from the TEM
images were measured for calculating the average diameter and
wall thickness of the nanocapsules. The wall thicknesses of
PTO-1, PTO-2, PTO-3, and PTO-4 nanocapsules were then
estimated to be approximately 8, 10, 9, and 9 nm, respectively.
It can be also seen from the TEM images that the obtained
P(TMSPMA-co-OEGMA) nanocapsules exhibited large size
distributions, as shown in Supporting Information Figure S6.
However, for the copolymer PTO-5 with highest OEGMA
content, that is, the molar ratio of TMSPMA to OEGMA was
1.0:10, only irregular nanoparticles were obtained, as shown in
Figure 3. There were two possible reasons for such phenomena.
One was that the copolymer PTO-S was “too” hydrophilic
because of the large percent of OEGMA so that it was
impossible to maintain the spherical shells. As a result, the

Figure 3. (A) TEM and (B) SEM morphologies of the PTO-S
nanocapsules. The concentration of PTO-S toluene solution was 0.1
g/mL.

dx.doi.org/10.1021/am400365s | ACS Appl. Mater. Interfaces 2013, 5, 3748—3756
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PTO-5 might mainly participate in the continuous water phase
so that the partition fraction of the PTO-S in the toluene
droplet was less enough to form the interfacial layer, which was
necessary for the formation of nanocapsule. Small micelles or
aggregates with hydrophobic PTMSPMA segments as cores
and hydrophilic OEGMA segments as coronas might be formed
when mixing PTO-5 toluene solutions with large amount of
deionized water. The other reason was that the amount of
cross-linkable TMSPMA segments was not enough to keep the
shapes of cross-linked structures. The structures formed in the
PTO-5 mixing solution were only weak cross-linked, resulting
in the irregular shapes. These results suggested that there was a
critical threshold of OEGMA content for the successful
fabrication of P(TMSPMA-co-OEGMA) nanocapsules. The
present works indicated that P(TMSPMA-co-OEGMA) nano-
capsules could be successfully obtained from P(TMSPMA-co-
OEGMA) copolymer with the molar ratio of TMSPMA to
OEGMA > 1.7 studied here.

The hydrodynamic diameters of PTO-1, PTO-2, PTO-3, and
PTO-4 nanocapsules in deionized water and PBS buffer
solutions (pH =7.4) were measured by dynamic light scattering,
respectively, as shown in Figure 4. The DLS results clearly

PTO-1 nanocapsules

100 1000

PTO-2 nanocapsules

PTO-3 nanocapsules ‘ ‘

Intensity

100 1000

100 1000

PBS buffer
De-ionized water

PTO-4 nanocapsules

100 1000
Hydrodynamic Diameter (nm)

Figure 4. Distributions of hydrodynamic diameters of PTO-1, PTO-2,
PTO-3, and PTO-4 nanocapsules in deionized water (black columns)
and PBS buffer solutions (pH =7.4, red columns) obtained by dynamic
light scattering (DLS) measurements.

showed that the obtained P(TMSPMA-co-OEGMA) nano-
capsules had large size distributions, which were consistent with
those obtained by TEM observations. Interestingly, the size
distribution of the P(TMSPMA-co-OEGMA) nanocapsules in
PBS buffer solutions (pH = 7.4) became narrow as comparing
with those in deionized water. The hydrodynamic diameters of
the P(TMSPMA-co-OEGMA) nanocapsules also shifted to the
lower values in PBS buffer solutions (pH= 7.4). These results
were understandable because the P(TMSPMA-co-OEGMA)
nanocapsules had larger swelling extent in the deionized water
than that in PBS buffer solution because of the hydrophilic
nature of OEGMA segments and larger surface charge densities
(or Zeta potentials) of the nanocapsules in deionized water
(see below). Because the PBS buffer solution also contains salts,
the influences of adding salt on the size and size distribution of
the P(TMSPMA-co-OEGMA) nanocapsules were also tested.
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Note that the salt concentration of PBS buffer solution was
~0.01 M and the main component of PBS buffer solution was
sodium chloride, that is, NaCl. NaCl was thus used to check the
influence of adding salt on the size and the size distribution of
P(TMSPMA-co-OEGMA) nanocapsules. The salt concentra-
tion of 0.01 M NaCl was obtained by in situ adding given
amounts of 0.03 M NaCl aqueous solution into the
nanocapsules aqueous dispersion. The size and size distribution
of the P(TMSPMA-co-OEGMA) nanocapsules with 0.01 M
NaCl were immediately measured by DLS. DLS measurements
indicated that the size change of the nanocapsules occurred in
less than 30 s. Note that the data acquisition times for DLS
measurements here were set to be 30 s. DLS measurements
also indicated that the hydrodynamic diameters of the
P(TMSPMA-co-OEGMA) nanocapsules shifted to the higher
values in 0.01 M NaCl aqueous solution and the size
distribution of the P(TMSPMA-co-OEGMA) nanocapsules in
0.01 M NaCl aqueous solution became broader as comparing
with those in deionized water without salt, as shown in
Supporting Information Figure S7. However, the results of
Figure 4 clearly indicated that the size distribution of the
P(TMSPMA-co-OEGMA) nanocapsules in PBS buffer sol-
utions (pH = 7.4) became narrow as comparing with those in
deionized water and the hydrodynamic diameters of the
P(TMSPMA-co-OEGMA) nanocapsules also shifted to the
lower values in PBS buffer solutions (pH = 7.4). These results
further suggested that the changes of size and size distribution
of the P(TMSPMA-co-OEGMA) nanocapsules in PBS buffer
solution were not due to the osmosis effects with the presence
of salts.

Figure 5 shows the surface charge densities, measured as Zeta
potentials, of PTO-1, PTO-2, PTO-3, and PTO-4 nanocapsules

PTO-1 PTO-2 PTO-3 PTO-4
ok nanocapsules nanocapsules nanocapsules nanocapsules
;\
E %
s -20
E
Qo
1}
Q 40}
@®©
@
N
60 |
— De-ionized water
80 |- v2zzzZ} PBS buffer

Figure S. Zeta potentials of PTO-1, PTO-2, PTO-3, and PTO-4
nanocapsules in deionized water (empty columns) and PBS buffer
(pH = 7.4, filled columns) solutions.

in deionized water and PBS buffer solutions, respectively. All
nanocapsules were negatively charged in deionized water and
PBS buffer solutions (pH = 7.4). It was reasonable because the
hydrolysis of methoxysilyl groups gave silanol groups (Si—OH),
which will be negatively charged. The Zeta potentials of PTO-1,
PTO-2, PTO-3, and PTO-4 nanocapsules were —69.3, —38.1,
—41.6, and —43.9 mV in deionized water, respectively. There
was not clear relationship between the Zeta potentials and the
OEGMA or TMSPMA contents of the nanocapsules. In the
PBS buffer solutions (pH = 7.4), the PTO-1, PTO-2, PTO-3,
and PTO-4 nanocapsules were also negatively charged with
Zeta potentials of —12.0, —13.3, —16.4, and —11.3 mV,
respectively, which were much smaller than those measured in
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Figure 7. (A) TEM morphologies and (B) size distribution of the PTO-3—2 nanocapsules prepared from the PTO-3 toluene solution with

concentration of 0.2 g/mL.

deionized water. Increasing the contents of OEGMA of the
copolymer P(TMSPMA-co-OEGMA) will increase the OEG
densities on the surfaces of the resultant nanocapsules.
However, the influence of surface OEG densities on the
surface charge densities of the P(TMSPMA-co-OEGMA)
nanocapsules was almost negligible in PBS buffer solutions. It
was common for polymer nanoparticles with PEG-function-
alized surfaces that the Zeta potentials of such polymer
nanoparticles would have higher Zeta potentials in deionized
water than those in PBS buffer solutions.*”*' Graf et al.*’
reported that the Zeta potential of silica nanoparticles with
PEG-functionalized surfaces was —49 mV in deionized water
(pH = 6.5), which was higher than that of +6 mV in PBS buffer
solution (pH = 7.4). Recently, Zhang et al.*" also reported that
the Zeta potential of micelles with PEG surfaces was —18.0 mV
in PBS buffer solution (pH = 5.0) and —12.2 mV in PBS buffer
solution (pH = 7.4), respectively.

The influences of copolymer concentrations on the sizes and
wall thicknesses of P(TMSPMA-co-OEGMA) nanocapsules
were also investigated. Figures 6 and 7 show the TEM
morphologies and size distributions of P(TMSPMA-co-
OEGMA) PTO-3-05 and PTO-3—2 nanocapsules, which
were prepared from the PTO-3 toluene solutions with
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concentrations of 0.05 and 0.2 g/mL, respectively. As compared
with the results shown in Figure 2, the average sizes of PTO-3
nanocapsules fabricated from the PTO-3 toluene solutions with
concentrations of 0.05, 0.1, and 0.2 g/mL were 235 + 113, 158
+ 45, and 150 + 40 nm, respectively, as measured by TEM.
The hydrodynamic diameter and SEM images of PTO-3—05
and PTO-3—2 nanocapsules are shown in Supporting
Information Figures S8 and S9, respectively. These results
might indicate that the average sizes of P(TMSPMA-co-
OEGMA) nanocapsules decreased with increasing the concen-
tration of copolymer. Similarly, the PTO-3—0S and PTO-3-2
nanocapsules were collapsed to form multifold morphologies
with the wall thicknesses of approximately 12 and 10 nm,
respectively.

The relationship of the wall thickness, copolymer concen-
tration and the radius of the nanocapsule could be given as

t=rf1- 3/1—7(1_’]()613
A (1)

where f is the loss factor, which was the factor of the lose mass
of P(TMSPMA-co-OEGMA) copolymer during the hydrolysis
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and condensation reactions; p, is the density of shell in the
dried state without any solvent; c, is the concentration of the
copolymer droplet; ¢ is the wall thickness of the shell; r is the
radius of the nanocapsule. The derivation of eq 1 was given in
the Supporting Information. According to the eq 1, it could be
found that the wall thickness was influenced by many factors,
including the radius of the nanocapsules, the concentration of
the copolymer, the density of the wall, and the loss factor. For
example, the concentration of PTO-3 copolymer for the
fabrication of PTO-3—0S nanocapsules was half of the PTO-3
nanocapsules, but the wall thickness of PTO-3—05 nano-
capsules, ie. ca. 12 nm was larger than that of PTO-3
nanocapsules, that is, ~9 nm. The reason was that the diameter
of PTO-3—05 nanocapsules was much larger than that of PTO-
3 nanocapsules. The diameters of nanocapsules played an
important role in determining their wall thickness. It was
worthy to note that the wall thickness was an average value of
many nanocapsules so that the size distribution of nanocapsules
was also very important. Although we were currently not able
to control the wall thickness of the obtained P(TMSPMA-co-
OEGMA) nanocapsules, an important conclusion might be
drawn here: it was crucial and necessary to fabricate polymer
nanocapsules with monodisperse size distribution so that the
wall thickness of the nanocapsules could be then controlled.
Recently, Tissot et al.** reported that the thickness of shell of
monodispersed hollow silica nanoparticles should also be
dependent on the diameter of the monodispersed polymer
beads.

Since the polymer nanocapsules had great potential
applications as drug delivery systems, it was important to
know the polarities of the obtained P(TMSPMA-co-OEGMA)
nanocapsules, which would be helpful for determining whether
the hydrophobic or hydrophilic drugs could be loaded into the
nanocapsules. The polarities of PTO-1, PTO-2, PTO-3, and
PTO-4 nanocapsules in PBS buffer solutions were then
investigated by using pyrene as probe. Pyrene is known as
molecular indicator for detecting the polarity of the micro-
environment.***” The intensity ratio (I,/I;) of the first peak
(I, = 372 nm) to the third peak (I; = 383 nm) of the
fluorescence emission spectrum of pyrene is sensitive to the
polarity of the microenvironment where pyrene molecules
located.***” Pyrene is poorly soluble in water, and the intensity
ratio (I;/I;) is 1.6 in PBS buffer solutions.*” However, it
strongly emits radiation when it locates in a hydrophobic
microenvironment and the intensity ratio (I;/I;) becomes
much lower.***” Hence, pyrene has been widely used in many
fields, such as the determination of critical micelle concen-
tration (CMC)** and the polarities of environments of
nanospheres with different temperatures.** Recently, Liu et al.
reported that the I,/I; ratio in an aqueous suspension of the
magnetic/thermally sensitive nanospheres (F127-MNPs) varies
from 0.8 to 0.2 with the increasing of temperature.*® This result
meant that the F127-MNPs were more hydrophobic above 25
°C, as the pyrene partition changed to a more hydrophobic
environment as the micellar aggregation began to form. Figure
8 shows the I,/I; ratios of pyrene as a function of the
concentrations of PTO-1, PTO-2, PTO-3, and PTO-4
nanocapsules in PBS buffer solutions (pH = 7.4). The I,/I;
ratios of pyrene in PBS buffer solutions with P(TMSPMA-co-
OEGMA) nanocapsules were ~0.80—1.05, which were lower
than that in pure PBS buffer solution (I,/I; = 1.6).* It
indicated that the pyrene molecules entered into the
P(TMSPMA-co-OEGMA) nanocapsules even with a very low
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concentration of 10" mg/mL. These results strongly suggested
that the microenvironments of P(TMSPMA-co-OEGMA)
nanocapsules were hydrophobic. It was reasonable because
TMSPMA was hydrophobic in nature and the cross-linked
walls of the nanocapsules mainly consisted of cross-linked
poly(TMSPMA) segments. The pyrene molecules tended to
adsorb and locate at the hydrophobic walls of the nanocapsules,
leading to the low values of I;/I; ratios. Furthermore, the data
of Figure 8 also showed that the I,/I; ratios of pyrene were
similar for PTO-1, PTO-2, PTO-3, and PTO-4 nanocapsules
with various concentrations, indicating that the hydrophobic
properties of the cross-linked walls of the four P(TMSPMA-co-
OEGMA) nanocapsules were similar regardless of the contents
of OEGMA studied here. Although the contents of OEGMA
did not affect the polarity of microenvironments of the
obtained P(TMSPMA-co-OEGMA) nanocapsules, it was
found that the contents of OEGMA did affect the permeation
properties of the resultant P(TMSPMA-co-OEGMA) nano-
capsules.

Since the microenvironments of P(TMSPMA-co-OEGMA)
nanocapsules were hydrophobic, hydrophobic drugs might be
loaded into the nanocapsules. Here, pyrene was selected as the
model drug to be loaded into the P(TMSPMA-co-OEGMA)
nanocapsules and the release behavior of pyrene from the
nanocapsules into the toluene was then investigated. By simply
fabricating the P(TMSPMA-co-OEGMA) nanocapsules from
the toluene solution of linear copolymer P(TMSPMA-co-
OEGMA) containing given amounts of pyrene, one could have
pyrene in situ loaded into the resultant P(TMSPMA-co-
OEGMA) nanocapsules. After the formation of cross-linked
P(TMSPMA-co-OEGMA) shells, the hydrophobic molecules,
which were within the toluene droplets, that is, pyrene, were
confined inside the nanocapsules. Supporting Information
Figure S11 shows the presented UV—vis spectrum of PTO-2
nanocapsules loaded with pyrene in deionized water. Character-
istic absorption bands of pyrene at 260, 267, 274, and 338 nm
were clearly observed, indicating the successful loading of
pyrene into the P(TMSPMA-co-OEGMA) nanocapsules. Four
P(TMSPMA-co-OEGMA) nanocapsules with in situ loaded
pyrene were then successful prepared, that is, PTO-1, PTO-2,
PTO-3, and PTO-4 nanocapsules, as described in the
Experimental Section. The release behaviors of loaded pyrene
from these nanocapsules into toluene were studied, as shown
Figure 9. The release percentages of pyrene from the pyrene-
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Figure 9. Release profiles of pyrene from the PTO-1, PTO-2, PTO-3,
and PTO-4 nanocapsules into toluene as a function of times.

loaded PTO-1, PTO-2, PTO-3, and PTO-4 nanocapsules into
toluene at testing release times of 30 min were PTO-1 < PTO-2
< PTO-3 < PTO-4. These results indicated that increasing the
OEGMA contents of P(TMSPMA-co-OEGMA) nanocapsules
increased the release percentage of pyrene. Especially, for PTO-
4 nanocapsules, pyrene was almost completely released out
from the nanocapsules into toluene within 30 min. The release
rate of pyrene increased with increasing the contents of
OEGMA, that is, PTO-1 < PTO-2 < PTO-3 < PTO-4. In other
word, the permeation properties of the P(TMSPMA-co-
OEGMA) nanocapsules for pyrene were strongly dependent
on the content of OEGMA. The increase of OEGMA fraction,
i.e. the decrease of TMSPMA fraction, led to the decrease of
cross-linked density of the walls of the resultant P(TMSPMA-
co-OEGMA) nanocapsules. The walls of nanocapsules with
lower cross-linked densities will then have higher permeation
properties. These results suggested that it was able to tune the
permeation properties of polymer nanocapsules by controlling
the cross-linked densities of the nanocapsule walls.

The above results clearly showed that P(TMSPMA-co-
OEGMA) nanocapsules with controllable OEG densities and
permeation properties could be obtained from the linear
copolymers P(TMSPMA-co-OEGMA) with various OEGMA
contents. Such method could be also applied to incorporate
other functional groups into the polymer nanocapsules.
Another linear copolymer, poly[3-(trimethoxysilyl)propyl
methacrylate-co-4-vinylbenzyl chloride] (P(TMSPMA-co-
VBC)), was then synthesized to demonstrate the incorporation
of VBC into the resultant polymer nanocapsules. The molar
ratio of TMSPMA to VBC was 12: 1 as calculated by '"H NMR
spectrum (Supporting Information Figure S2). The number-
average molecular weight (M,) and the polydispersity index
(PDI = M, /M,) of P(TMSPMA-co-VBC) copolymer were 1.66
x 10* and 4.9, respectively. Note that OEGMA is a hydrophilic
monomer and biocompatible, but 4-vinylbenzyl chloride
(VBC) is a hydrophobic monomer and could be used for
further modification due to the easy and versatile functionaliza-
tion of its chloromethyl group.** Figure 10 shows the TEM
morphologies of P(TMSPMA-co-VBC) nanocapsules. The
average diameter of P(TMSPMA-co-VBC) nanocapsules was
calculated to be ~303 + 109 nm. The successful fabrication of
P(TMSPMA-co-VBC) nanocapsules indicated that various
functional groups could be introduced into the resultant
polymer nanocapsules by using such methodology. The
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Figure 10. TEM image of the cross-linked P(TMSPMA-co-VBC)
nanocapsules fabricated with the toluene solution of P(TMSPMA-co-
VBC) of 0.1 g/mL at 25 °C.

preparation of polymer nanocapsules with various function-
alities and robustly cross-linked walls without any further post
modification process, any sacrificial core and surfactant would
be beneficial from scientific and technical point of views.

4. CONCLUSIONS

P(TMSPMA-co-OEGMA) nanocapsules with controllable
oligo(ethylene glycol) (OEG) densities and permeation
properties, as well as robustly cross-linked walls were
successfully fabricated from the cross-linkable copolymer,
poly[3-(trimethoxysilyl)propyl methacrylate-co-oligo(ethylene
glycol) methacrylate] (P(TMSPMA-co-OEGMA)). The den-
sities of OEG segments of the resultant P(TMSPMA-co-
OEGMA) nanocapsules could be easily controlled by tuning
the OEGMA contents of copolymer P(TMSPMA-co-
OEGMA), which would not be affected during the fabrication
process of polymer nanocapsules. The microenvironments of
the obtained P(TMSPMA-co-OEGMA) nanocapsules were
hydrophobic. It was confirmed that the hydrophobic pyrene
could be in situ loaded into the P(TMSPMA-co-OEGMA)
nanocapsules during the fabrication procedures. The release
rates of pyrene from the P(TMSPMA-co-OEGMA) nano-
capsules were dependent on the contents of OEGMA,
indicating that the permeation properties of P(TMSPMA-co-
OEGMA) nanocapsules could be tuned by varying the cross-
linked densities of the nanocapsule walls. Such method could
be applied to introduce various functional groups into the
resultant polymer nanocapsules.
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