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ABSTRACT: Hollow nanoparticles represent an emerging area of development for the encapsulation of active
ingredients. Expanding the capabilities of these nanomaterials will require continued efforts to infill properties
such as size control, biodegradability, and environmental responsiveness. Acid-labile poly(N-vinylformamide)
(PNVF) nanocapsules were synthesized by free radical polymerization ofN-vinylformamide on the surface of
silica nanoparticles. Polymerization in the presence of a novel cross-linker that contains an acid-labile ketal
facilitated stable etching of silica nanoparticle templates using sodium hydroxide and recovery of degradable
PNVF nanocapsules. The formamide side group of PNVF was then hydrolyzed by extended exposure to sodium
hydroxide to produce polyvinylamine (PVAm) micro- and nanocapsules. Both capsule types demonstrated an
increasing dissolution rate as pH decreased. In addition, PVAm nanocapsules exhibited swelling in proportion to
the relative charge density of the PVAm network (a function of the degree of formamide hydrolysis and pH),
presumably due to the repulsion of positively charged amine groups within the elastic shell network. The synthetic
approaches reported provide methods to endow nanocapsules with key attributes such as size control, pH sensitive
degradation, swelling in response to pH, and amine functionality.

Introduction

Hollow particles, also referred to as capsules or vesicles, are
generating interest in industry as well as scientific research.
Many active ingredients have been formulated within a capsule
core to protect them from the surrounding environment and/or
to facilitate sustained release including adhesives, agrochemicals,
catalysts, living cells, flavor oils, pharmaceuticals, vitamins,
etc.1-4 Additional application areas continue to emerge. For
example, hollow capsules have also received recent attention
as mesoscopic reaction vessels.5 These types of capsules may
be attained by coating a core material or by forming hollow
capsules a priori and then infilling the active ingredient. In many
cases, forming hollow capsules a priori may be preferred. For
example, the conditions necessary for the formation of a coating
or shell may damage the active ingredient or the core material
may confound shell formation. Expanding industrial implemen-
tation of capsules will require enhanced control of these
materials at the nanoscale, development of capsules that are
environmentally responsive, and/or synthesis of materials that
are biodegradable, thus reducing their potential environmental
or biological toxicity.

Several methods have been employed to fabricate polymer-
based micro- and nanocapsules including self-assembly of
amphiphlic block copolymers,6-8 layer-by-layer (LbL) coating,9-11

and interfacial or surface polymerization.12-14 Bates et al. have
demonstrated the utility of block copolymers self-assembled into
“polymersomes”, which may be cross-linked within the hydro-
phobic region of the shell to improve the physical stability of
these capsules.15,16 In comparison to liposomes, polymersomes
have demonstrated robust stability, acceptable drug loading, and
controlled release.17,18The processes to fabricate hollow capsules
by LbL and polymerization methods typically rely on the
deposition of polymer films onto the surface of core templates

such as colloidal silica, CaCO3, etc., followed by the removal
of the templates by appropriate chemical etching.19 In the LbL
method, oppositely charged polymers are sequentially layered
onto the surface of the template.20 For medical applications,
the use of highly charged polymer materials may not be
preferred since polyelectrolytes have known biological activities,
such as anti- or procoagulation and protein binding.21-23

Polycations often demonstrate the added problem of toxicity.24

One advantage of this method is that a capsule shell can be
formed from completely hydrophilic materials.

As an alternative, polymerization of a shell onto a core
template may be utilized to form nanometer scale capsules.
Interfacial polymerization of emulsions, often used to create
microcapsules,25 has not been developed to the same extent to
create nanocapsules.26 As a result, nanocapsules formed via
polymerization have been primarily fabricated using colloids
as templates. A variety of materials have been fabricated as
nanoparticles exhibiting colloidal stability, thus providing a
library of core templates from which to choose. This flexibility
in material selection facilitates the identification of core
templates that are stable during shell formation but may be
subsequently removed.

Multiple polymers have been reported for use as capsule shell
forming materials. Historically, acrylates have received wide
use. For this study, poly(N-vinylformamide) (PNVF) has been
chosen due to the broad industrial use of polyvinyls and the
ready reduction of this polymer to polyvinylamine (PVAm).
PVAm has stable primary amine functionality along its back-
bone and may be partially or fully hydrolyzed to impart a low-
or high-density polycation, respectively. This polymer has been
employed in industrial applications such as inkjet printing,
adhesives, industrial coatings, ion exchange resins (for separa-
tion-purification purposes), oil field and mining, and textiles.
The high reactivity of amine groups provides important active
sites for cross-linking and/or derivatization. Recently, PVAm
has been used as a macromolecular carrier for the development
of new detection reagents. For example, polyvinylamine-
streptavidin conjugates labeled with a europium chelate were
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used in combination with biotinylated reagents (e.g., antibodies,
DNA probes) for the development of highly sensitive solid-
phase, time-resolved, fluorescence-based assays.27 In addition,
PVAm has been demonstrated as an effective gene delivery
vector because of its ability to condense DNA, the complex
exhibiting high stability and high gene expression in cells.28

We report the synthesis and characterization of pH-sensitive
cationic polyvinylamine micro- and nanocapsules that are able
to degrade more quickly at reduced pH. This effort builds upon
the work of Frechet et al. regarding the use of hydrophilic
polymers that degrade via acid-sensitive cross-linkers.29 PVAm
is a linear polycation, made by hydrolysis of PNVF using an
aqueous solution of either HCl or NaOH (Scheme 1). The
precursor polymer, PNVF, is obtained by free-radical polym-
erization ofN-vinylformamide (NVF). In this study, a PNVF
shell was formed on silica nanoparticles by cross-linking PNVF
using a novel cross-linker, 2-bis[2,2′-di(N-vinylformamido)-
ethoxy]propane (BDEP),30 which contains an acid-labile ketal.
PVAm nanocapsules were obtained by etching silica particles
in NaOH under sonication followed by hydrolysis of PNVF
through extended exposure to the NaOH aqueous solution
(Figure 1). The size and shell thickness of capsules were easily
adjusted by controlling the size of the silica template and the
reaction time, respectively. The resulting nanocapsules dem-
onstrated high stability at neutral pH (pH 7.4;t1/2 > 3 days)
compared to rapid dissolution observed at lower pH (pH 4;t1/2

) 42 min). A high degree of swelling occurred in the PVAm
capsules as pH decreased, which correlated with the relative
charge (zeta potential) of PVAm nanocapsules. The methods

reported here provide a unique approach to generate micro- and
nanocapsules with multiple desirable properties including size
control, pH responsiveness, hydrolytic degradability, and surface
functionality.

Experimental Section

Materials. N-Vinylformamide (NVF; Aldrich) was distilled
under vacuum and stored at-18 °C prior to use. The initiator,
1,1′-azobis(isobutyronitrile) (AIBN; Aldrich), was recrystallized
from ethanol. All other materials were used without further
purification including 1-octanol (Fischer Scientific), tetraethoxysi-
lane (TEOS; Aldrich), 3-methacryloxypropyltrimethoxysilane (MPS;
Aldrich), potassiumtert-butoxide (Aldrich), 2-bromoethyl ether
(tech, 90%; Aldrich), anhydrous tetrahydrofuran (THF; Aldrich),
and poly(vinylpyrrolidone) (PVP,Mw ) 360 000; Sigma). The pure
water used was obtained from a Barnstead NANOpure water
purifier. Silica particles were prepared as described previously.31

MPS-coated silica particles as seeds were prepared as described
previously.32 2,2-Dibromoethoxypropane was also prepared ac-
cording to a previous report.33 2-Bis[2,2′-di(N-vinylformamido)-
ethoxy]propane (BDEP) was prepared according to our previous
report.30

Preparation of PNVF Shell/Silica Particle Core Composite
Nanoparticles.30 Briefly, to a suspension of MPS-modified silica
particles (0.5 g) in ethanol (40 mL) was charged NVF (1.25 g),
cross-linker (BDEP; 0.66 g), PVP (0.75 g), and AIBN (0.033 g)
under stirring. After removing oxygen by bubbling with nitrogen
for 15 min, the suspension was heated to 70°C and maintained at
that temperature for 60 min. The composite particles were purified
by centrifugation/dispersion for five cycles using ethanol.

Scheme 1. Hydrolysis of PNVF to PVAm

Figure 1. Schematic representation of the process for the preparation of PVAm capsules. PVP) poly(vinylpyrrolidone), AIBN )
azobis(isobutyronitrile).
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Preparation of PNVF and Polyvinylamine (PVAm) Nano-
capsules.PNVF capsules were fabricated by etching silica in 1 M
NaOH aqueous solution under sonication at room temperature.
PVAm capsules were produced by subsequently hydrolyzing the
shell polymer. Typically, PNVF shell/silica core composite particles
(0.4 g) were dispersed into 1 M NaOH (40 mL) and sonicated at
room temperature in a sonicating tank for 60 min. The capsules
obtained were purified by dialysis (MW cutoff, 100 kDa) against
water at pH 9.0 for 24 h.

Determination of Formamide Conversion of Hydrolyzed
PNVF Nanogel Capsules.Formamide molar conversion of hy-
drolyzed PNVF capsules was determined by1H NMR. Hydrolyzed
PNVF capsules were dissolved in pH 5 acetic acid buffer, and then
the solution was dialyzed in dialysis tubing (Mw cutoff, 2.0 kDa)
against nanopure water 3 days. Dry polymer was recovered after
freeze-drying. The NMR spectrum of hydrolyzed NVF in D2O was
recorded. The chemical shift of the aldehyde proton on formamide
groups and-CH2- are at 7.4-8.2 and 1.2-2.4 ppm, respectively.
The molar conversion of formamide groups into amine groups after
hydrolysis can be calculated by the equation as follows:

We found that silica etching in 1 M NaOH resulted in the production
of PNVF capsules that were 30( 5% hydrolyzed. Further
hydrolysis of the PNVF shell in 1 M NaOH at 80°C for 12 h
produced PVAm capsules (100( 5% hydrolyzed) (see Figure 1 in
Supporting Information).

Conjugation of PVAm Capsules with FITC. PVAm capsules
(100 mg) were dispersed in sodium bicarbonate buffer at pH 9 (5
mL). Fluoroisothiocyanate (FITC; 11.07 mg) was dissolved in dry
DMSO (5 mL), added to the PVAm capsule dispersion, and stirred
overnight at room temperature. FITC-conjugated PVAm capsules
were purified by centrifugation and dispersion in water at pH 9.0
for three cycles.

Characterization of Materials and Nanocapsules.IR spectra
were recorded on a MB-104 FT-IR spectrometer (ABB Bomen
Inc.). A Bruker AMX 500 spectrometer was used to record the
NMR spectra of PNVF, hydrolyzed PNVF, and PVAm using D2O
as a solvent and tetramethylsilane as an internal standard. Particle
sizes and size distributions of particles or capsules were determined
at a 90° scattering angle by a Brookhaven BI-MAS. Zeta potential
measurements were performed using a 1 mM KCl solution, the
pH values of which were adjusted by addition of sodium hydroxide
and hydrochloric acid between pH 6 and 12.

Dissolution kinetics of capsules at various pH was determined
by using an 8453 UV/vis spectrophotometer (Agilent Technologies).
About 10 mg of capsules was placed into a cuvette containing 3
mL of buffer solution at a given pH. The absorbance was measured
at a fixed wavelength of 480 nm at 25°C at preselected time
intervals. The pH of a suspension of PVAm capsules was monitored
by an XL15 pH meter (Accument, Fisher Scientific) with a pH
electrode (Thermo Electron Corp.).

TEM images of particles and capsules were obtained using A
JEOL 1200 EXII transmission electron microscope operating at an
accelerating voltage of 80 kV. Total internal reflectance illuminator
microscopy images (TIRFM) of FITC-labeled polyvinylamine
capsules were obtained by a fluorescence microscope (Olympus
IX71) equipped with a total internal reflectance illuminator. The
particles were excited with the 514 nm line of a Coherent Innova
70 Spectrum Kr/Ar laser and images collected with a Q imaging
Retiga 1300 CCD.

The molecular weight and number of PNVF recovered after
capsule degradation were determined by size exclusion chroma-
tography (VE-2001; Viscotek) equipped with a Viscotek 270 dual
detector and Viscotek VE3580 RI detector using a GMPWxl column
(column size: 78 mm (i.d.)× 300 mm (L)). An aqueous mobile
phase was used consisting of 0.1 M NaNO3 and 0.01% NaN3 at a
flow rate of 1.0 mL/min at 35°C.

Results

Synthesis of PNVF and PVAm Capsules.The procedure
for the preparation of PNVF and PVAm capsules involved two
steps (Figure 1). The first step requires coating silica particles
with PNVF cross-linked by BDEP. Silica particles were chosen
as templates because monodisperse silica particles can be readily
synthesized by the Sto¨ber method,12 and silica can be easily
etched by either in hydrofluoric acid39 or concentrated NaOH.
A series of PNVF shell/silica core composite particles were
synthesized under the same polymerization conditions using
silica particles ranging from 83 to 800 nm in diameter (Figure
2). A very thin PNVF shell (17( 1.0 nm) was detectable on
the surface of the largest silica particles while relatively thicker
shells (23( 2.0 nm) are evident on the smallest silica particles.
The shell thickness of PNVF composite particles was readily
controlled by controlling the polymerization time (Figure 3).
PNVF shell thickness increased with polymerization time due
to the increase in monomer conversion with time and curtailed
as monomer was consumed. The PNVF shell/silica core
composites with various sizes were easily dispersed in water,
ethanol, andtert-butanol. In order to obtain PNVF-coated silica
composites and avoid production of possible solid PNVF
particles, it is important to maintain the polymerization tem-
perature lower than 70°C and polymerization time less than 4
h. Solid PNVF particles at higher temperature and extended
polymerization were observed, which is probably ascribed to
the high reactivity of NVF and transfer of PNVF chain free
radicals to PVP in the solution (NVF:Cm ) 9.37× 104 at 60
°C),34 which produces new particle nuclei leading to the
formation of PNVF particles.35

In the second step, the silica is etched and PNVF capsules
may be hydrolyzed to a controlled degree. The removal of silica
and extent of hydrolysis were controlled by the molarity of
NaOH used and/or the exposure time of the composites to this
milieu. Hydrofluoric acid is typically used to etch silica hybrid
particles because it can easily dissolve SiO2. On the contrary,
hydrofluoric acid (HF) was not utilized in this research to
produce PVAm capsules containing the acid-labile cross-linker
because HF also breaks cross-linking points during extended
periods of etching. NaOH was employed as an alternative
etchant since it can also easily dissolve silica particles with the
aid of sonication. The concentration of NaOH required is directly
dependent on the amount of silica particles to be etched. We
successfully fabricated acid-labile PVAm capsules by first
etching silica particles in NaOH under sonication at room
temperature followed by PNVF hydrolysis in NaOH at 80°C.
One of the advantages of using this method is that we can
control the conversion of amine groups of capsules by simply
controlling hydrolysis time.36 FTIR spectra verified each step
of the fabrication process: PNVF shell/silica core composites
cross-linked by BDEP, PNVF capsules after silica etched in 1
M NaOH at room temperature for 60 min and the resulting
PVAm capsules after hydrolysis in 1 M NaOH aqueous solution
at 80 °C for 24 h, respectively (Figure 4). Compared to the
peaks in the PNVF shell/silica core composites (Figure 4A),
the peaks at 1096 cm-1 (Si-O-Si asymmetric stretching) and
811 cm-1 (Si-O bending) disappeared in the PNVF capsules
(Figure 4B), which suggests that the silica particle templates
were effectively removed by etching in 1 M NaOH at room
temperature for 60 min. The peak at 1666 cm-1 in spectra A
and B is a characteristic peak of formamide groups in PNVF,
which indicates that PNVF composites and capsules were
produced, respectively. We suspected that the etching process
may hydrolyze some of the formamide side groups along the

formamide conversion) 1-2 ×
aldehyde proton peak area/CH2 peak area
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polyvinyl backbone. Although the FTIR spectrum did not
distinctly show characteristic peaks of amine side groups on
the PNVF capsules,1H NMR revealed that∼30% of formamide
groups were converted into amine groups (1H NMR data are

given in Figure 1B in the Supporting Information). The
disappearance of the peak at 1666 cm-1 and appearance of a
characteristic peak of NH2 at 1591 cm-1 after extended treatment
of PNVF capsules with 1 M NaOH proved that PVAm capsules
were produced under the given hydrolysis conditions (forma-
mide conversion∼100%) (1H NMR data are shown in Figure
1C in the Supporting Information).

TEM images provided supporting evidence of the capsule
fabrication process (Figure 5). Cross-linked PNVF shell/silica
core compsites, PNVF capsules after silica was etched out in 1
M NaOH at room temperature for 60 min, and PVAm capsules
after hydrolysis in 1 M NaOH aqueous solution at 80°C for 12
h were clearly depicted by TEM. The inner diameter of both
PNVF and PVAm capsules became smaller than that of the
corresponding silica particles used as templates due to the
shrinkage of capsules upon evaporation of ethanol during TEM
sample preparation. In solution at pH higher than 11.0, PNVF
capsules exhibited a diameter close to the corresponding PNVF
composites prior to silica etching. Uniform shell sizes and inner
diameters of both PNVF and PVAm capsules are evident. The
PVAm capsule shell (23( 0.5 nm) was significantly thicker
than the corresponding PNVF capsule shell (19( 1.0 nm), even
in the dried state. The core diameter was also decreased in
PVAm capsules (57( 3.9 nm) as compared to PNVF capsules
(68 ( 7.3 nm). We hypothesize that the highly charged PVAm

Figure 2. Fabrication of PNVF shell/silica core composite particles
using different size silica templates prepared in ethanol in the presence
of PVP as a stabilizer at 70°C: (A) silica particle: 83( 5.3 nm;
PNVF shell: 23( 2.0 nm; (B) silica particle: 192( 10.2 nm; PNVF
shell: 19( 1.0 nm; (C) silica particle: 800( 5.1 nm; PNVF shell:
17 ( 1.0 nm.

Figure 3. PNVF shell thickness as a function of polymerization time
using the prescribed methods on 165 nm silica particles at 70°C.

Figure 4. IR spectra verified chemical signatures of (A) PNVF shell/
silica core composite particles, (B) PNVF capsules after silica etching
(∼30% conversion of formamide to amine), and (C) PVAm capsules.
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produces swelling due to charge repulsion within the cross-
linked polymer. This phenomenon is expanded upon below.

Degradation of PVAm Capsules in Acidic Medium.The
degradation of PVAm capsules was determined as a function
of pH using a turibidity assay, where the optical density of the
suspension at 480 nm indicated the relative concentration of

PVAm capsules in solution (Figure 6A). We chose concentra-
tions of capsules in suspension so that the initial optical density
of the particle suspension was close to 100%. Degradation of
PVAm capsules occurred rapidly at acidic pH. Conversely, the
slight decrease in optical density of the suspension at higher
pH values (6.0 and 7.4) indicated that the particles degraded
much more slowly. The relative half-life of PVAm capsules
was estimated from the midpoint of the optical density curve
(Table 1).

The degradation of PVAm capsules in acidic buffer was
ascribed to the breakdown of ketal-containing cross-links in the
PVAm shell. The existence of BDEP residue on the PVAm shell
after ketal linkage breakdown was confirmed by1H NMR
measurement. Compared to proton NMR spectrum of PVAm,
a new proton peak at 3.60 ppm was ascribed to the protons
(-CH2CH2OH) of the BDEP residue (Figure 7). The degrada-
tion kinetics of PVAm capsules was strongly dependent on the
pH of the surrounding milieu because the hydrolysis rate of
ketals under acid catalyst is proportional to the hydronium ion
concentration in solution.37 For example, Frechet et al. dem-

Figure 5. TEM images of the PVAm capsule fabrication process
confirmed each step. (A) PNVF shell/silica core composite particles:
PNVF shell thickness: 18( 1.0 nm; core diameter: 127( 6.2 nm.
(B) PNVF capsules: PNVF shell thickness: 19( 1.0 nm; core
diameter: 68( 7.3 nm. (C) PVAm capsules: PVAm shell thinkness:
23 ( 0.5 nm; core diameter: 57( 3.9 nm. Scale bar) 100 nm.

Figure 6. Degradation of PVAm capsules (average shell thickness is
18 nm and core diameter is 127 nm) over time strongly depended upon
media pH as determined by (A) a turbidity measurement of PVAm
capsules over time as a function of pH and confirmed by (B)
visualization of the degradation of PVAm capsules into soluble PVAm
in pH 5 buffer over time.

Table 1. Half-Life of Degradation of PVAm Capsules as a
Function of pH

pH 4.0 5.0 6.0 7.4
half-life (t1/2) 42 min 160 min ∼24 h >3 days
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onstrated that ketals were hydrolyzed∼250 times faster at pH
5.0 than at pH of 7.4 for the case of solid microgels.38 The
degradation of PVAm capsules was also confirmed by visually
tracking solution opacity at pH 5 over 5 h (Figure 6B). The
initially opaque PVAm capsule suspension at pH 5 turned
completely clear within 300 min, which indicated that all
particles were degraded and that PNVF oligomers were dis-
solved in the medium.

Multiple factors directly influenced the degradation kinetics
of the two types of polyvinyl capsules. Obviously, the extent
of cross-linking may be manipulated to adjust the degradation
rate of capsules. For example, doubling the molar content of
cross-linker from 6.56% to 13.2% in PVAm capsules resulted
in a∼3-fold increase in capsule half-life at pH 5.0 and produced
more gradual degradation kinetics (Figure 8A). Interestingly,
the presence of amine side groups also dramatically affected
the degradation of capsules.1H NMR was used to confirm that
∼30% of the formamide side groups were converted to amine
side groups during the etching of silica particle templates to
form PNVF capsules (see Figure 1B in the Supporting Informa-
tion). At pH 4.7, PNVF capsules (∼30% amine conversion)
exhibited a∼2.5 fold shorter half-life than PVAm capsules that
contained∼100% amine conversion (Figure 8B). We hypoth-
esize that the presence of the amine side groups may have a
localized buffering effect in that hydronium ions necessary to
break the ketal cross-linker associated with amine groups in
the capsule matrix. Therefore, increasing the percentage of
hydrolyzed formamide side groups may have provided more
sites for hydronium ion capture and extended the degradation
half-life of capsules. This hypothesis was further supported by
observing the effect of PVAm capsule concentration on the
degradation half-life (Figure 8C). Increasing the concentration
of PVAm capsules (∼100% hydrolyzed) increased the pH of
the dissolution media and linearly increased the degradation half-
life (Figure 8D). For the PVAm capsule concentrations studied,
the original solution was buffered at pH 4; however, the
reduction in cross-linker degradation as capsule concentration
increased may again be attributed to the ability of amine side

groups to occupy hydronium ions (buffering effect). Finally,
the localized buffering effect may be reflected in the sigmoidal
degradation kinetics for all formulations, which do not follow
the linear ketal degradation observed in previous reports.29

In order to obtain the molecular weight of products after
capsule degradation, we dissolved PNVF shell/silica core
composites cross-linked with BDEP in 10% HF. The degraded
PNVF was obtained after dialysis of the PNVF solution against
water for 24 h to remove etched silica and retain PNVF
oligomers. FTIR and NMR spectra confirmed that PNVF did
not undergo hydrolysis during the dissolution of the particles
in 10% HF (1H NMR data are given in Figure 2B in the
Supporting Information). The molecular weight of the recovered
PNVF was 14 800 Da, and the molecular weight distribution
was 1.45.

Comparison of Charge and Swelling of PNVF and PVAm
Capsules. Zeta potential measurements were employed to
evaluate the surface charge of capsules (Figure 9). For this study,
larger capsules were used, which allowed confirmation of the
capsule size by total internal fluorescence illuminator micros-
copy (TIRIF) as well as detection of zeta potential and accurate
determination of capsule size by QELS, all with respect to pH.
PVAm capsules possessed a positive zeta potential below pH
10.7. The zeta potential increased with decreasing pH, indicating
the presence of protonated amine groups as expected. At pH
10.7, the capsules have a zeta potential of∼0 mV because the
pKa of PVAm is ∼10.39 Examining the PNVF capsules
postetching but prior conversion to PVAm produced similar
trends; however, the magnitude of the change in zeta potential
as a function of pH was dampened for the PNVF capsules due
to the significant reduction of amine side groups on the capsules
(∼30% amine conversion). The observation of comparable,
although dampened, zeta potential trends was again attributed
to the charged state of the amine side groups on PNVF capsules.

The diameter of PVAm capsules also exhibited a correspond-
ing pH dependency. PVAm capsules drastically decreased in
diameter with increasing pH (∼1.7-fold diameter change over
4 pH units). The pH dependence of PVAm capsule size

Figure 7. Comparison of1H NMR spectrum of PVAm obtained by degradation of BDEP-cross-linked PVAm capsules (A) with PVAm (B).
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correlated extremely well to changes in PVAm protonation
(Figure 9). A similar correlation between zeta potential and
capsule size was also observed for PNVF capsules (∼30%
hydrolyzed).6,40 Total internal fluorescence illuminator micro-
graphs (TIFIM) provided visual evidence that PVAm capsules
(in this case, microcapsules) are hollow and have a larger size
at pH 6.8 than at pH 11 (Figure 10).

For comparison, we also fabricated PNVF shell/silica core
composite particles with a PNVF shell cross-linked by a
nondegradable cross-linker, 2-(N-vinylformamide)ethyl ether,
in which the ketal was replaced by an oxygen atom (see Figure
3 in the Supporting Information). Here, we employed HF (10%)
instead of concentrated NaOH to etch silica to avoid formamide
group hydrolysis during the etching process because HF can
dissolve silica readily.39 As expected, these PNVF capsules
possessed negligible sensitivity to pH, maintaining a near
constant zeta potential (∼0 mV) and size (Figure 9).

The change in size of PVAm capsules in response to pH can
be ascribed to contributions from the free energies associated
with mixing of polymer with solvent (∆GM), with network
elasticity (∆GE), and with ionic contribution (∆Gion), which
strongly depends on ionic strength and the nature of the ions.41

The general expression is given as an expression of the total
free energy in the system (∆G):

PVAm capsules contain pendent amine groups that are cationic
or neutral in nature, determined by their pKa and solution pH.
When PVAm capsules are placed in medium of pH below its
pKa, the protonated amine groups are ionized and neutralized
by counterions in solution resulting in an osmotic pressure,
which swells the particle against its restoring elastic constant.42

Therefore, a decreased pH increases the degree of protonation
and corresponding counterion content of PVAm capsules,
causing the particle to further swell. On the contrary, a further
increase in pH beyond the pKa of the amine side chains was
not possible to explore since colloidal stability of capsules was
lost when passing pH∼11.

Conclusions

As nanomaterials begin to enter the industrial mainstream,
enhanced performance will be required. Performance may be
gained by precisely defining the physical and chemical proper-
ties of these materials. By using essentially monodispersed silica
micro- and nanoparticles as sacrificial templates, polyvinyl
micro- and nanocapsules may be synthesized by the method
described with excellent control over the core diameter. In
addition, the shell thickness of capsules may be precisely
modulated by controlling the monomer concentration, reaction
rate, and duration of free radical polymerization. The polym-
erization of NVF in the presence of a novel, acid-labile cross-
linker maintained capsule integrity during silica etching at high

Figure 8. Optical density of capsule suspensions was tracked over time to deduce a variety of parameters affecting the degradation rate of the
cross-linked capsules. (A) Degradation rate of PVAm capsules as a function of cross-linking density. (B) Degradation rate as a function of capsule
hydrolysis: PVAm capsules∼100% hydrolyzed, PNVF capsules∼30% hydrolyzed. (C) Degradation rate as a function of PVAm capsule concentration.
(D) pH value of medium as a function of increasing PVAm capsule concentration.

∆G ) ∆GM + ∆GE + ∆Gion
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pH and allowed us to infuse pH responsiveness into polyvinyl
capsules. The resulting PNVF capsules possessed colloidal
stability in a variety of media such as water, ethanol, and
toluene.

PNVF capsules were further processed by hydrolysis of the
formamide side group to generate PVAm capsules as confirmed
by FTIR and NMR. Both types of capsules demonstrated
increasingly rapid degradation as pH was decreased. PVAm
capsules also showed increased swelling as pH decreased that
depended on the degree of amine conversion. The magnitude
of swelling correlated well with the increase in zeta potential
of the suspension as pH was lowered. Presumably, the increased
number (amine conversion) and/or charging (pH) of protonated
amine groups resulted in a stretching of the cross-linked polymer
network. Taken collectively, acid-labile PVAm capsules offer
a synthetic approach for adding performance to these nanoma-
terials. Future work will explore loading therapeutics or imaging
agents into PVAm capsules by selective diffusion into the core
or utilizing core templates preloaded with active ingredient.
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Figure 9. Size (A) and zeta potential (B) of PVAm capsules decreased
as pH increased. The zeta potential and size of PNVF capsules (∼30%
hydrolyzed) showed similar trends at a lower magnitude, but PNVF
unhydrolyzed capsules exhibited no sensitivity to pH.

Figure 10. Total internal fluorescence illuminator micrographs of
PVAm capsules at (A) pH 6.8, (B) pH 7.4, and (C) pH 11. Scale bar
) 2 µm.
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Supporting Information Available: 1H NMR spectra of PNVF,
PVAM with BDEP residue, and PNVF with BDEP residue (Figures
1 and 2) and structure of 2-(N-vinylformamide)ethyl ether (Figure
3). This material is available free of charge via the Internet at http://
pubs.acs.org.
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