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ABSTRACT: Customer-engineered block copolymers can self-assemble under appropriate conditions in block-
selective solvents into vesicles. Such vesicles have been of enormous academic interest over the past decade for
their potential applications in enzyme encapsulation as well as in controlled release of drugs, fragrance, fertilizer,
etc. A drawback with the self-assembled vesicles is that the solvent external to and in the internal cavity of a
vesicle is essentially the same. This makes loading of reagents into the vesicle cavities difficult. Reported in this
paper is a methodology for the one-pot synthesis of water-dispersible oil-filled ABC triblock copolymer vesicles

or nanocapsules. Such a methodology achieves reagent (oil) filling and vesicle preparation simultaneously and
should help commercial acceptance of block copolymer vesicles.

I. Introduction co-workers® Our nanocapsules also bear structural resemblance
Block copolymer self-assembly in block-selective solvent @ cross-linked block copolymer vesicles prepared from AB

enables the preparation of nanoaggregates with $Rapeging diblocks"2%3¥'% or hollow nanospheres derived from ABC

from spherebto cylindersl# vesicless-11 donutst214 and block c_op(_)Iymer micelles that have gndergone selective B block

many more!s Of the various aggregates, vesicles have attracted Cross-linking and C block degradatiéh:’

much attention for their potential applicatidfi$2 in controlled Aside from use of block copolymers, there are many other

release of drugs, pheromone, fragrance, and fertilizers, in methods for encapsulatidf*®*° Traditionally, encapsulation
enzyme encapsulation, in template synthesis, in catalysis, andS achieved mainly via interfacial polymerizatiéf,*® which
in other areas. Vesicles prepared by block copolymer self- yields capsules with sizes mostly in the micrometer rafigé.
assembly possess normally the same solvent or solvent mixtureVhen combined with miniemulsion formation, submicrometer
in their cavity and dispersing medium, and the loading of capsules can also be prepaféiore recently, there have been
reagents into the vesicle cavities is not straightforwsd:23 reports on preparation of nanocapsules based on cross-linking
In this paper, we report a strategy that accomplishes vesicle of ligands attached to quantum dt$or monomers embedding
preparation and reagent or oil loading simultaneously and thus polymer microspherésat water/oil interfaces. There have also
overcomes the reagent-loading difficulty. This is done via an been reports on oil droplet production and then interfacial
oil-in-water emulsion process using decahydronaphthalene (DN)polymerization in microfluidic device¥:#® Then, one can
as the model loading agent or oil and poly(glyceryl methacry- Prepare nanocapsules by controlled emulsion, miniemulsion, or
late)-block-poly(2-cinnamoyloxyethyl methacrylatéjeckpoly- suspension polymerization in which the monomer or monomers
(tert-butyl acrylate) or PGMA-PCEMA—PtBA as the surfac- polymerize preferentially at the oil and water interface and
tant, where the PGMA block is water-soluble, the PCEMA block Precipitate out theré4950 Alternatively, one can prepare
is soluble in neither oil nor water and is photo-cross-linkable, nanocapsules by cross-linking liposomes preformed from small-
and the PtBA block is oil-soluble. Such vesicles can be further molecule surfactant$:>">3 Polymer nanocapsules can be
cross-linked to yield “permanent” vesicles or nanocapsules. Prepared also starting from a solid template that includes metal
nanoparticles, silica nanoparticles, or polymer nanoparticles.

?H3 ?Hs Nanocapsules are obtained by dissolving the template after
[ CH—C ] CH,-C ] rCHz_CH]_ polymer has been deposited onto the template by the layer-by-
L] In L ne | 1 layer protocdl* or by direct polymerizatiof®-56

=0 .CO

I o) COOC(CH . .

¢ ? Q (CH, Il. Experimental Section

CHZGH=(H ooc-cu=cH Materials and Reagents PGMA—PCEMA—PtBA was synthe-

OH OH  pGMA-PCEMA-P/BA sized following procedures described previodslylethanol (99.8%,

Fisher), methylene chloride (95.5%, Fisher), trifluoroacetic acid

While block copolymers have long been used as surfactants(99%, Aldrich), DN (mixture ofcis and trans 98%, Aldrich),
to stabilize oil and sometimes monomer droplets in water or deuterated solvents methanol (€ID, 99.8%, Cambridge Isotope
water droplets in oif43° we believe that our method for Laborator|e§ or CIL), .deuter.ated methylene chloride {CR
preparation of cross-linked block copolymer nanocapsules filled Q?gfygl\fddnth), de.Utte”ume)?'de @c?)t 99.9;/30/C|Lc)ifnd deute”r-
with oil is novel. The vesicles prepared from this approach 3seed as rg%(’eivlg’dmlx ure of cis andtrans, 99%, CIL) were a
before PCEMA cross-linking resemble very much a self- Nanocapsule IZ;reparation via the Ideal Schem@ll prepara-
assembled ABC triblock vesicle as reported by Eisenberg and :

tions were carried out in a 100 mL three-neck round-bottom flask
co-workers;! Lecommandoux and co-worketsnd Schlaad and  jmersed in an oil bath. To one end of the stirring shaft of a

mechanical stirrer was mounted a hemispherically shaped Teflon
* Corresponding author. E-mail: guojun.liu@chem.queensu.ca. blade, which was 4.8 cm wide and 2.0 cm tall. The blade was
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inserted into the flask via the middle joint of the flask. Water (38  Table 1. Properties of the PGMA-PCEMA —PtBA Triblock Used

mL) and DN/MC at v/iv= 1/1 were added into the flask. Under Characterized in the PSAM—PCEMA —PtBA Form

stirring at 1500 or 800 rpm was added dropwise 0.40 mL of MC/  sgc  dn/dc LSM, x 1074

methanol at v/v= 1/1 containing 10 mg of PGMAPCEMA— Mw/Mn  (ML/g) (g/mol) NMR n/nvl nw My lw
PtBA. After stirring at room temperature for 30 min, the system

was heated at 35C for 2 h and at 50C for 1 h. To cross-link the 115 0.108  12.2 8.3/159/1.00 335 160 100
PCEMA layer, the emulsion was irradiated in the round-bottom Scheme 1. Ideal Scheme for the Preparation of

flask under magnetic stirring at 2 for ~20 h by UV light from Water-Dispersible DN-Filled PGMA—PCEMA —PtBA

a Universal lamp power supply system equipped with a 500 W Hg Nanocapsules

lamp. To determine PCEMA double conversion, the sample was
diluted 10 times with water and the absorbance decrease at 274
nm was monitore&8 Typical PCEMA double conversion used was
40%.

Nanocapsule Preparation Using DN Alone as the Oil Phase.

The apparatus used, the apparatus setup protocol, and the amount
of water used were the same as described above. Instead of using
a mixture of DN and MC as the oil phase, 0.33 mL of DN was
used alone as the oil phase. After the mixing of 38 mL of water
and 0.33 mL of DN, the mixture was heated to 90. Under
mechanical stirring at 1500 rpm, 0.40 mL of MC/methanol at viv

= 1/1 containing 10 mg of PGMAPCEMA—PtBA was added
dropwise. This mixture was stirred at this temperature3fo before

it was cooled and irradiated under magnetic stirring with UV at
20 °C for 17 h.

Nanocapsule Characterization.Before routine TEM check ) . . . o
nanocapsules in water after preparation were aspirated on to nitro-0F 2 min on the solid residual. After redispersion ip@for 12 h,
cellulose-coated copper grids and stained by {62 h. To locate  the sample was analyzed by NMR.
the PtBA chains by TEM, a sample was dialyzed against methanol
to achieve solvent switching. Methanol was then removed by rota-
evaporation, and-5 mg of the nanocapsules was redispersed in  Polymer Synthesis and CharacterizationThe precursor to
1.5 mL of MC. To the dispersion was then added 0.5 mL of PGMA—PCEMA—PtBA was synthesized by anionic polymer-
trifluoroacetic acid. The mixture was stirred at room temperature jzation. Since the methodology has bee described béfdte,
for 3 h to hydrolyze PtBA to poly(acrylic acid), PAA, before it a5 not repeated in the Experimental Section or here. For
was added into diethyl ether to precipitate the capsules. After stirring solubility reasons, the polymer was characterized in the PSMA

with 5 mL of water for 1 day, the sample was aspirated on to a -
nitro-cellulose-coated copper grid. A drop of uranyl acetate at 1 PCEMA—PIBA form, where PSMA denotes poly(solketal

Wt % in water/ethanol (v/v= 9/1) was added onto the grid to stain  Methacrylate). The size exclusion chromatography (SEC) poly-
the PAA chains for 30 min. This drop was subsequently removed dispersity indexM,/M, was measured in DMF based on PS
by filter paper, and the stained capsules were rinsed with water Standards. The specific refractive index incrememtdt and
droplets eight times. light scattering (LS) weight-average molar masl, were

For DLS characterization, the nanocapsule aqueous solutionsdétermined in THF. The ratios/m/l between the numbers of
were clarified by filtration through 1.2«um glass microfiber ~ repeat units for the PSMA, PCEMA, and PtBA blocks were
membrane filters (Fisher). DLS measurements were carried out atdetermined fromtH NMR analysis. Table 1 summarizes the
45°, 60°, 75°, and 90, and the o_Iata at each angle_we_re analyzed characteristics of the samples used in this study, whgren,,
by the cumulant methdG8ito obtain the hydrodynamic diametey lw denote the weight-average numbers of repeat units for the
and polydispersity,/K, for the capsules. PSGMA, PCEMA, and PtBA blocks, respectively.

Tapping-mode atomic force microscopy (AFM) analysis was  Nanocapsule PreparationNanocapsule preparation started
carried out on a Veeco multimode instrument equipped with a ith dissolution of PGMA-PCEMA—PtBA in a small amount
Nanoscope llla controller. The tips used were of the super sharp of methylene chloride (MC) and methanol and the mixing of
Nanosensors SSS-NCHR-SPL type. The images were obtained o anq oil, where the oil can be either DN alone or DN and

using a free tip oscillation amplitud&, of 60 nm and a set point _ . . . .
amplitude ratidRsp of ~90%. The substrate used was of prime grade MC atviv= 1/1. pnder vigorous stirring, the triblock solution
silicon wafer with orientation (100) purchased from Silicon Quest Was then added into the water/oil mixture {AB, Scheme 1).

Ill. Results and Discussion

International. In the ideal scheme involving DN/MC as the oil phase, MC

Nanocapsule Formation Mechanism Probe byH NMR. was evaporated from the oil droplets stabilized by the triblock
Mixed in a 25 mL round-bottom flask were 0.60 mL of Di\g/ by raising temperature, which was accompanied by PCEMA
MC-d, at viv = 1/1 and 4.0 mL of BO. CD,OD/MC-d; at viv= chain collapsing (B~ C). Nanocapsules with entrapped DN
1/1, 0.40 mL containing 15 mg of dissolved PGMRCEMA— were produced after PCEMA photo-cross-linking {€D).

PtBA, was then added into the mixture under magnetic stirring at  Although either DN alone or a binary DN/MC mixture could
1150 rpm. After stirring for 30 min at room temperature, a sample be used as oil phase, we preferred to start with a binary mixture
at~0.8 mL was taken for NMR analysis. The rest was heated at because we thought that better defined nanocapsules could be
3? C(:)gor 2Lh andtatKSGCf: fo:\lhg Aftelr c_ooll_lrjrg];, anOFgerlsamFt"e obtained if the PCEMA and PtBA blocks were both solubilized
at ~U.c mL. was taken for analysis. The residual mixturé nisia|ly jn the oil phase. This would give the triblock chains

, . o ’ .
was photolyzed to achieve a PCEMA conversion of 55%. This was translational mobility to smooth out uneven features that might

followed by rota-evaporation of f» to a final volume of~0.1 . . . - . .
mL. To the concentrated sample under stirring was added 3 mL of form immediately after their adsorption at the oil/water interface.

CDCl; to aggregate the nanocapsules. After stirring the mixture After some optimization of this ideal scheme, we found that
for 3 h, the mixture was left standing and the bottom liquid phase the use of 10 mg of the triblock could disperse 3&0or less

was decanted. The CDgiddition, stirring, and removal procedure DN in water, and the oil-filled nanocapsules prepared remained
was repeated, and the residual CB@as removed by blowing N stable and dispersed in water for a long time. We achieved our
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from circles with lighter centers (four marked by blue arrows),

we see also 2-d projections of what seem to be “bowl-shaped”
objects (four marked by green arrows) and many spherical
particles with crumpled surfaces (four marked by red arrows).

A circle with a lighter core can be indicative of a spherical
PGMA—PCEMA—PtBA micelle, where the lighter core and
dark ring correspond to the nonstainable PtBA and the stained
PCEMA, respectively, and PGMA is invisible. Circles with light
centers can also be projections of nanocapsilegere the
light centers correspond to the PtBA-lined capsule cavities. The
four particles marked by blue arrows in the left panel of Figure
3 have an average core-ring diameter of #I2 nm, which is
substantially larger than the length 65 nm for the fully
stretched PCEMA and PtBA chains. Thus, these four particles
have to be DN-filled nanocapsules.

The bowl-shaped objects have been seen by AFM and are
partially collapsed capsules. Spherical objects with crumpled
surfaces were not seen by AFM and must be capsules that have
undergone implosion after DN evaporation. Such structures were

first successful preparation 1 year ago. This sample has beennOt seen by AFM but by TEM because AFM was done under

left standing still ever since, and the capsules remain uniforml ambient conditions, and TEM was performed under high
i 9 ’ P Y vacuum where DN must have evaporated.
dispersed up to now.

AFM Characterization of the Capsules. Figure 1 shows We obtained also TEM images of the capsules after the PtBA

an AFM image of nanocapsules thus prepared. The AFM imagesChains were hydrolyzed, and the resultant PAA chains were
obtained under ambient conditions show that the particles canStained by uranyl acetate. Shown in the right panel of Figure 3
be roughly classified into spherical, “donutlike”, and “bowl- IS @ TEM image of such a sample. Again both bowl-shaped
shaped” particles.

(two marked by green arrows) and wrinkled or crumpled
The spherical particles have a wide range of sizes. The smaller?@n0capsules (two marked by red arrows) are seen. We also
ones might be the regular or swollen ceshell-corona triblock

see capsules, like the two marked by blue arrows, that do not
micelles. The larger ones, e.g., those with diameter larger thanS€€M to have deformed substantially. In these cases one sees
~150 nm, have to be oil-filled nanocapsules because a fully

Figure 1. AFM topography image of nanocapsules.

clearly a gray layer external to the dark ring, suggesting the

stretched PGMA PCEMA—PtBA chain is only~150 nm long. location of PAA or its precursor PtBA on the inner surfacg of
Furthermore, the regular micelles typically have a very narrow the napocgpsules. The thickness of the darkring is nonunlform
size distribution unlike the particles seen here. along its _cwcumference probably again because o_f the_nonl_Jm-
Insight into the structural details of the “donutlike” and “bowl- [0'm partial collapse of the nanocapsules along their peripheries.
shaped” particles is obtained by examining Figure 2, which We believe that the thmnest sections of a ring vyould give the
provides a 3-d AFM image of several particles and the cross- most reasopable estimate for the PAA layer thickness. From
sectional height analysis result along the green line for two the two particles that are marked by blue arrows we determined

spherical and two “donutlike” particles. Even at the lowest points & thickness of 52 nm for the PAA layer, which is comparable
of the craters in the two seemingly “donutlike” structures, the (© the root-mean-square end-to-end distance of PAA chains with
AFM height readings relative to silicon wafer substrate are not 100 repeat units.
zero but 60 and 58 nm, respectively. The heights for the craters NMR Probing of Capsule Formation Mechanism.Scheme
in the other two donutlike particles at points marked by green 1 depicts our hypothesized nanocapsule formation mechanism.
arrows in the image are 43 and 52 nm, respectively. Since this To verify this, we prepared nanocapsules in deuterated solvents
image was obtained with a super sharp tip which had a width DN-is, CD:Cl,, CD;OD, and BO and usedH NMR to follow
of 10 nm at 120 nm from its even sharper tip front and the the capsule formation process. Figure 4 compateNMR
craters had diameters70 nm, the crater depth readings between Spectra of samples taken at different stages of nanocapsule
15 and 40 nm relative to their ridges have to be real and are formation.
not false readings resulting from the tip fatness. The fact that Immediately after mixing PGMAPCEMA—PtBA with DN-
the craters did not have heights close to zero but vastly differentd;s, CD.Cl,, and DO, we see signals from PGMA between
height readings suggests they were not donuts but partially 3.4 and 4.6 ppm and PCEMA between 6.3 and 7.9 ppm. This
collapsed capsules. The crater depth varied because the exterguggests that both PGMA and PCEMA were in the solvated
of DN leakage or evaporation varied among the particles. The state. Since PCEMA is only oil-soluble and PGMA is only
fact that these structures were not donuts can be appreciatedvater-soluble, the two blocks had to be in the separate phases,
also from the observation that the craters did not lie at the exactrespectively. The characteristic PtBA peak at 1.5 ppm is
center of the particles and the ridges on different sides of a unfortunately not resolved for the overwhelming peaks of the
crater had different heights and thicknesses. On the basis ofundeuterated DN impurities. Since PtBA is soluble in DN/MC
these observations, we believe that the “bowl-shaped” structuresand not in water, it has to adopt conformations similar to what
in Figure 1 are also partially collapsed nanocapsules with their is depicted in B of Scheme 1. After GDI, evaporation, the
craters facing sideways. PCEMA peaks between 6.3 and 7.9 ppm disappeared, confirm-
TEM Characterization of the Capsules.After the aspiration ing the segregation of the PCEMA block from the solvent phase
onto a carbon-coated copper grid and the staining of the residualas depicted in C of Scheme 1. The formation of a melt-like
PCEMA double bonds by Oswe obtained a TEM image of PCEMA phase greatly reduced the mobility of the PCEMA
the nanocapsules as shown in the left panel of Figure 3. Asidechains and thus led to the excessive broadening of the PCEMA
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Figure 2. Left: 3-d AFM image of several capsules. Right: height variation along the green line in the left image as a function of distance.

Figure 3. TEM images of nanocapsules. Left: the sample was sprayed from water and stained L)YR@HD the image was obtained after
hydrolyzing PtBA to PAA and staining the sample with &{8c)..
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Figure 4. Comparison ofH NMR spectra of PGMA-PCEMA—-PtBA ) o0 )
at different stages of nanocapsule preparation. From top to middle andFigure 5. Plot of DLS hydrodynamic diametet vs sirf(6/2) for

bottom the spectra were taken respectively afterd}SD.Cl, droplet PGMA—PCEMA-PtBA vesicles and nanocapsules at different
formation, after CBCl, evaporation, and after PCEMA cross-linking ~ Stages: ) immediately after DN/MC droplet formation®j after MC
and DN extraction by CDG. evaporation, and®) after PCEMA cross-linking.

signals and their disappearance. To eliminate the interferencethis case or into the DN phase in the original nanocapsule
of hydrogenated DN and resolve the PtBA proton peaks, we sample, as depicted in D of Scheme 1.

started by photo-cross-linking the PCEMA layer. Such nano- It should be mentioned that the recipes and experimental
capsules were then extracted with CB@ replace DNd;g and protocols used in the preparations involving deuterated and
its hydrogenated impurities. Shown at the bottom in Figure 4 hydrogenated solvents were somewhat different to save costs
is a'H NMR spectrum of such a sample. The PtBA peak at 1.5 and to ensure NMR detection of the triblock signals. Despite
ppm is now clearly visible. Since PtBA is not soluble in water, the recipe and protocol and even possibly end product morphol-
the observation of its proton peak at 1.5 ppm demonstratesogy differences, the solvation states of the different blocks at
unambiguously that PtBA stretched into the CB@hase in different stages of nanocapsule production should be the same.
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Table 2. Factors Affecting the Size and Size Distribution of the Nanocapsules

run VDN; Vmc in mL stirring speed (rpm) d¥nm KK, at 60 K22/K4at 45
1 0.33;0.33 1500 259 9 0.12+ 0.05 0.11+ 0.07
2 0.33;0.33 1500 265% 8 0.12+ 0.05 0.17+ 0.08
3 0.20; 0.20 1500 266 6 0.154+ 0.07 0.124+ 0.07
4 0.33;0.33 800 2757 0.13+ 0.04 0.13+ 0.04
5b 0.33;0 1500 2167 0.20+ 0.04 0.22+ 0.03

a All runs involved the use of 38 mL of water and 10 mg of PGMRCEMA—PtBA dissolved in 0.40 mL of CKCL,/CHsOH at v/v= 1/1.° This run
is totally different from the others in preparation protocols.

DLS Probing of Capsule Formation Mechanism.In one had a larger polydispersity. Our TEM analysis of this sample
nanocapsule preparation we took samples at stages B, C, andhdicated that some short nanotubes were produced together with
D of Scheme 1 for DLS analysis. Figure 5 plots hydrodynamic the nanocapsules from this approach, which explains thus the
diameterd, of the nanocapsules at different stages as a function higher sample polydispersity observed.
of siré(6/2). Extrapolating to zero scattering angle, we obtained _
the d? values of 308+10, 267 +6, and 25949 nm for the IV. Conclusions
capsules at stages B, C, and D, respectively, where the numbers Cross-linked polymer nanocapsules have been prepared from
after the “t” sign denote standard deviations in the extrapolated PGMA—PCEMA—PtBA using an oil-in-water emulsion pro-
dﬂ values calculated from the linear regression anaf/sis. cess. When DN/MC was used as the oil phase, we established

That thed? value of the nanocapsules is the same within by *H NMR and DLS that the nanocapsule formation mecha-
experimental error before and after PCEMA cross-linking is in nism followed what is depicted in Scheme 1. Immediately after
agreement with what we observed for the sizes of spherical €mulsion formation, the PGMA chains stretched into the
micelles of PS-PCEMA before and after PCEMA cross-linking ~aqueous phase, and the PCEMA and PtBA chains were soluble
and suggests that the cross-linking did not perturb the morphol-in the oil phase. Evaporation of Gl from each oil droplet
ogy of the capsulesThe fact that thell value decreased by 41 ~ decreased its size and led to the collapse of the PCEMA block.
nm or the hydrodynamic volume of the capsules decreased byCross-linking of the PCEMA layer led to permanent nanocap-
35% after CHCl, evaporation is in agreement with our Sules, and the structure of the nanocapsules was established by

but decreased mainly the size of the capsules. core of such nanocapsules was established by BotNMR
Control of Nanocapsule Size.Under otherwise identical ~@nd TEM experiments. Aside from the idealized protocol

conditions with water at 38 mL and PGMAPCEMA—P{BA involving a MC evaporation step the oil-filled nanocapsules

at 10 mg dissolved in 0.40 mL of GBI,/CH;OH at viv = could be prepared also using a simpler protocol involving the

1/1, we found that the use of 2.0 or 1.0 mL of DN/MC at v/v USe of DN alone rather than DN/MC as the oil phase.
= 1/1 as the oil phase yielded products that contained aggregates
discernible by the naked eye. Left standing some of the
aggregates underwent further agglomeration to form large loose
lumps that floated on the water surface. Perfectly stable and
well-dispersed samples were prepared by reducing the DN/MC
volume to 0.66 mL. Table 2 compares the characteristics of
nanocapsules prepared using DN/MC volume equal to or less
than 0.66 mL.

Runs 1 and 2 were performed using identical recipes. As (1) Tao, J.; Stewart, S.; Liu, G. J.; Yang, M. Macromoleculesi997,
expected thedﬁ values of the final nanocapsules are the same @ 30, 2738 2745.

THE " . Won, Y. Y.; Davis, H. T.; Bates, F. Sciencel999 283 960-963.
within experimental error. Run 3 was performed using DN/MC  (3) Cao, L.; Massey, J. A.; Winnik, M. A.; Manners, |.; Riethmuller, S.;
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