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Acid-degradable protein-loaded polymer particles show promise for antigen-based vaccines due to their
ability to activate cytotoxic T lymphocytes (CTLs) in vitro. Protein loadings and cytotoxic T lymphocyte
activation efficiencies have now been enhanced through novel delivery vehicle designs. In particular,
the use of a more hydrophilic acid-degradable cross-linker leads to increased water dispersibility and
increased protein loading efficiency for the particles. A 2.5-fold increase in protein encapsulation allows
the delivery of more protein antigen to antigen presenting cells (APCs) leading to a 20-fold rise in
antigen presentation levels. The mechanism by which APCs internalize these particles was explored
using the phagocytosis inhibitor, cytochalasin B. In addition, preliminary in vivo experiments were
conducted to investigate the ability of the protein-loaded particles to provide immunity against tumors
in mice, and an enhanced survival rate over the use of protein alone was observed, indicating that
this vaccine delivery strategy has great practical potential.

INTRODUCTION

Traditional vaccine strategies have been ineffective at
generating vaccines against diseases such as AIDS and
hepatitis C, largely due to the high toxicity of the
associated live attenuated viruses (1). Therefore, new
vaccine strategies based on protein antigens are being
investigated and have considerable promise due to their
low toxicity and widespread applicability (2). Protein
antigens have been identified for a number of different
diseases, such as prostatic acid phosphatase for prostate
cancer and gp120 and Tat for HIV, but the effectiveness
of each of these would require the development of a more
effectual vaccination strategy (3, 4). Efficient protein-
based vaccines must be able to activate CTLs, which play
a central role in combating viral infections and tumors
and generating immunity (5, 6).

A key step in activating CTLs is the delivery of
antigens into the cytoplasm of professional APCs, which
process these cytoplasmic proteins by degrading them
into peptides that are then assembled with major histo-
compatibility complex (MHC) class I molecules. These
MHC class I peptide complexes are transported to the
cell surface where they are recognized by antigen specific
CTLs, which then become activated and primed to
recognize and kill cells that have been infected with that
particular antigen.

Therefore, a major challenge in generating this CTL
response is to create a vaccine system that can efficiently

deliver proteins into the cytoplasm of APCs in order to
induce protective immunity against a specific disease. A
delivery system is needed because exogenous antigens,
proteins not synthesized in the cytoplasm, cannot ef-
ficiently reach the cytoplasm of APCs when administered
alone as a vaccine because they are taken up through
endocytosis and are sequestered and degraded in endo-
somes or lysosomes of the cell (7).

One class of protein delivery systems that is able to
introduce exogenous proteins into the cytoplasm of APCs
and has shown potential in vaccine research is polymer
particles. One advantage of using particles as delivery
vehicles is that they can be easily targeted to professional
APCs by adjusting their size since it is known that
APCs phagocytose particles that are 0.5-3 µm in diam-
eter and cross-linked polymer beads of this size range
have been shown to successfully encapsulate proteins
(8-11). In theory, these particles could deliver a variety
of protein antigens making this technology applicable to
many diseases. In addition, encapsulation of proteins
inside of the particles protects them from inactivation
and unfavorable immune reactions that may occur during
delivery.

Antigens associated with particles, such as proteins
adsorbed onto polycaprolactone or polystyrene beads, as
well as proteins covalently linked to the surface of iron
oxide beads, have been shown to present peptides via the
MHC class I pathway (12, 13). Also, proteins encapsu-
lated inside poly(lactide-co-glycolide) particles have been
used to activate CTLs (14). These particle-based systems
have demonstrated the validity of this method of protein
delivery as a useful vaccination strategy. They were
thought to weakly disrupt endosomes of APCs after
internalization, which allowed a fraction of the protein
to be delivered to the cytoplasm. However, while these
particles were capable of being taken up by APCs, there
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was no well-defined mechanism for the transfer of protein
from endosomal compartments to the cytoplasm.

To improve upon the cytoplasmic delivery using poly-
mer-based systems, we have reported previously a par-
ticle system that was designed to be strongly endosomal
disruptive (15, 16). These particles release encapsulated
protein in a pH-dependent manner. They are stable at
the physiological pH of 7.4 but degrade quickly in the
pH 5.0 environment of endosomes, freeing the protein.
The rationale for this design, known as the colloid osmotic
mechanism (7, 17), is to generate a quick degradation of
the particles into many molecules, thus increasing the
osmotic pressure within the endosome, leading to a rapid
influx of water across the membrane resulting in its
disruption. Rupture of the endosomal compartment af-
fords the viral antigen an outlet to the cytoplasm of the
cell while also circumventing the possible degradation
of the protein by hydrolytic enzymes present in the mildly
acidic endosome.

The acid-sensitive protein-loaded particles were syn-
thesized by copolymerizing an acid-degradable cross-
linker, 1 (Figure 1) and acrylamide in the presence of a
protein using an inverse emulsion polymerization tech-
nique. Preliminary experiments have demonstrated that
these particles were nontoxic and were capable of MHC
class I presentation and CTL activation in vitro, which
was determined by the LacZ assay (16). Although this
system showed promise for applications in vaccine de-
velopment, this new strategy had not been optimized or
evaluated using in vivo experiments.

In this report the protein-loading capacity and en-
hanced water dispersibility of the particle system are
investigated. In addition, we present in vitro studies
evaluating the CTL activation levels of the optimized
particles and discuss the mechanism by which the
particles are internalized by APCs. Finally, preliminary
in vivo experiments testing the ability of the protein
delivery vehicle to provide a protective immunity against
tumors using an ovalbumin model are presented.

EXPERIMENTAL PROCEDURES

General Procedures and Materials. Tetrahydrofu-
ran was distilled under a nitrogen atmosphere from
Na/benzophenone immediately prior to use. p-Toluene-
sulfonic acid was dehydrated and then recrystallized from
toluene. N-(2-Hydroxyethyl)-2,2,2-trifluoroacetamide and
acryloyl chloride were freshly distilled before each use.
Combined organic layers after extractions were dried over
anhydrous MgSO4. Solvents were removed under reduced
pressure using a rotary evaporator. Merck Kieselgel
plates coated with silica gel 60 F254 were used for thin-
layer chromatography, and compounds were visualized
by UV activity. Flash column chromatography was done
with Merck Kieselgel 60 silica gel (230-400 Mesh). Mice
were purchased from Jackson Laboratory, and cells were
purchased from the ATCC. The SIINFEKL peptide was
purchased from the Synpep Corporation. The antibody
25.D1-16 was produced from the hybridoma cells gener-

ously provided by Dr. Ronald Germain of NIAID, and the
goat anti-mouse antibody labeled with R-phycoethrin
(PE) was purchased from Pharmingen.

Characterization. 1H NMR spectra were recorded at
300 or 400 MHz, and 13C spectra were recorded at 100
MHz. NMR chemical shifts are reported in ppm rela-
tive to tetramethylsilane (TMS) and are calibrated
against residual solvent peaks: CDCl3 (δ 7.26, δ 77.23)
or DMSO-d6 (δ 2.49, δ 39.51). All coupling constants are
reported in Hz. High-resolution fast atom bombardment
mass spectrometry (FAB-HRMS) experiments were per-
formed at the UC-Berkeley mass spectrometry facility.
FT-IR spectroscopic analyses were performed using a thin
film cast from CHCl3 on a reflective mirror surface.
Elemental analyses were performed by M-H-W Labora-
tories or at the UC-Berkeley Analytical Laboratory.

N,N′-Diacryloyl-bis(2-aminoethoxy)-[4-(1,4,7,10-
tetraoxaundecyl)phenyl]methane (1). This compound
was prepared according to literature procedure (16).

1-Chloro-3,6,9,12-tetraoxatridecane (3). This com-
pound was prepared according to the reaction conditions
reported by Schafheute et. al. used to prepare 1-chloro-
3,6,9,12,15-pentaoxahexadecane (18). This procedure was
modified by using dichloroethyl ether as the dichloride
compound. The product was isolated by short path
distillation (106 °C/2 mmHg). IR (cm-1): 2875 (s), 1149
(s). 1H NMR (300 MHz, CDCl3): δ 3.38 (s, 3), 3.55 (t, 2,
J ) 4.6), 3.75 (t, 2, J ) 5.9), 3.60-3.67 (m, 12). 13C NMR
(CDCl3): δ 42.36, 58.60, 70.11, 70.19, 70.21, 70.24, 70.96,
71.55. Calcd: [M + H]+ (C9H20O4Cl) m/z ) 227.1050.
Found FAB-HRMS: [M + H]+ m/z ) 227.1045. Anal.
Calcd. for C9H19O4: C, 47.68; H, 8.45. Found: C, 47.83;
H, 8.62.

p-(1,4,7,10,13-Pentaoxatetradecyl)benzaldehyde
(4). Chloride 3 (13.3 g, 58.6 mmol, 1.5 equiv) and
p-hydroxybenzaldehyde (4.78 g, 39.1 mmol, 1 equiv) were
dissolved in dry THF (15 mL). K2CO3 (5.4 g, 39.1 mmol,
1 equiv) was added followed by 18-crown-6 (103 mg, 0.39
mmol, 0.01 equiv) and KI (64.9 mg, 0.39 mmol, 0.01
equiv). The reaction mixture was stirred at reflux for 48
h. The resulting mixture was cooled to room temperature,
and water (150 mL) was added. The product was ex-
tracted with three 150 mL portions of ethyl acetate, and
the combined organic layers were dried and concentrated.
The oil was loaded onto a silica gel column and eluted
with a 1:1 mixture of ethyl acetate/hexane to afford 11.8
g (97%) of 4 as a clear oil. IR (cm-1): 1693 (s), 1132 (s).
1H NMR (300 MHz, CDCl3): δ 3.33 (s, 3), 3.50 (t, 2, J )
4.5), 3.72-3.58 (m, 10), 3.86 (t, 2, J ) 4.8), 4.18 (t, 2, J )
4.8), 6.99 (d, 2, J ) 8.7), 7.79 (d, 2, J ) 8.6), 9.80 (s, 1).
13C NMR (CDCl3): δ 58.82, 67.59, 69.26, 70.32, 70.41,
70.43, 70.69, 71.73, 114.70, 129.84, 131.74, 163.68,
190.59. Calcd: [M + H]+ (C16H25O6) m/z ) 313.1651.
Found FAB-HRMS: [M + H]+ m/z ) 313.1643.

N,N′-Bis(trifluoroacetyl)-bis(2-aminoethoxy)-[4-
(1,4,7,10,13-pentaoxatetradecyl)phenyl]methane (5).
Aldehyde 4 (6.65 g, 21.3 mmol, 1 equiv) and N-(2-
hydroxyethyl)-2,2,2-trifluoroacetamide (25.4 g, 161.8 mmol,
7.6 equiv) were dissolved in dry THF (40 mL). p-
Toluenesulfonic acid (586 mg, 3.4 mmol, 0.16 equiv) and
5 Å molecular sieves (52 g) were added. The reaction
mixture was stirred overnight and then quenched with
triethylamine (3.8 mL, 27.7 mmol, 1.3 equiv). The reac-
tion mixture was filtered, and water (150 mL) was added
to the filtrate. The product was extracted with five 150
mL portions of ethyl acetate, and the solvent was
evaporated. To remove the excess alcohol, benzoyl chlo-
ride (16.3 mL, 140.4 mmol, 1 equiv), triethylamine (40.0
mL, 280.8 mmol, 2 equiv), and dry THF (100 mL) were

Figure 1. Acid-degradable cross-linker.
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added. The reaction mixture was stirred at room tem-
perature for 1 h. Water (250 mL) was added and the
product was extracted with five 250 mL portions of ethyl
acetate, and the solvent was evaporated. The remaining
oil was loaded onto a silica gel column and eluted with a
3:7 mixture of ethyl acetate/hexane, followed by a 4:1
mixture of ethyl acetate/hexane to afford 10.4 g (82%) of
5 as a white solid. MP: 74.6-75.0 °C. IR (cm-1): 3292
(br), 1701 (s), 1560 (m), 1209 (s), 1178 (s). 1H NMR (400
MHz, DMSO-d6): δ 3.21 (s, 3), 3.34-3.41 (m, 6), 3.46-
3.58 (m, 14), 3.72 (t, 2, J ) 4.6), 4.07 (t, 2, J ) 4.6), 5.52
(s, 1), 6.91 (d, 2, J ) 8.4), 7.29 (d, 2, J ) 8.4), 9.53 (t, 2,
J ) 5.6). 13C NMR (DMSO-d6): δ 39.22, 58.01, 62.56,
67.12, 68.89, 69.56, 69.76, 69.81, 69.91, 71.26, 100.54,
113.92, 115.19 (q, J ) 288), 127.72, 130.25, 156.38 (q, J
) 36), 158.51. Calcd: [M]+ (C24H34F6N2O9) m/z ) 608.2168.
Found FAB-HRMS: [M]+ m/z ) 608.2153. Anal. Calcd.
for C24H34F6N2O9: C, 47.37; H, 5.63; N, 4.60. Found: C,
47.20; H, 5.84; N, 4.54.

N,N′-Diacryloyl-bis(2-aminoethoxy)-[4-(1,4,7,10,-
13-pentaoxatetradecyl)phenyl]methane (2). Com-
pound 5 (0.40 g, 0.66 mmol, 1 equiv) and 6 M NaOH (2.8
mL) were added to dioxane (1.8 mL), and the reaction
mixture was stirred at room temperature for 3.5 h. Upon
complete removal of the acetamide groups, as determined
by TLC using ninhydrin staining, the reaction mixture
was cooled to 0 °C and triethylamine (0.6 mL) was added.
Acryloyl chloride (1.1 mL, 14 mmol, 21 equiv) and
triethylamine (5.6 mL, 40.0 mmol, 61 equiv) were added
in small alternating portions while periodically monitor-
ing the pH to maintain it above 7. A 10% K2CO3 in water
solution (40 mL) was added, and the reaction was stirred
for 10 min before extracting the product with six 40 mL
portions of ethyl acetate. The organic layers were dried
and concentrated to afford a yellow oil. The crude product
was purified by column chromatography and eluted with
a 2:1 mixture of ethyl acetate/hexane, followed by ethyl
acetate, and a 1:9 mixture of methanol/ethyl acetate to
afford 0.20 g (58%) of 2 as a white solid. MP: 62.0-63.0
°C. IR (cm-1): 3302 (br), 1657 (s), 1541 (m), 1102 (s). 1H
NMR (300 MHz, DMSO-d6): δ 3.21 (s, 3), 3.29 (t, 2, J )
4.5), 3.39-3.55 (m, 18), 3.72 (t, 2, J ) 4.6), 4.07 (t, 2, J )
4.6), 5.49 (s, 1), 5.56 (dd, 2, J ) 10, J ) 2), 6.10 (dd, 2, J
) 17, J ) 2), 6.30 (dd, 2, J ) 17, J ) 10), 6.90 (d, 2, J )
8.6), 7.32 (d, 2, J ) 8.6), 8.20 (t, 2, J ) 5.5). 13C NMR
(DMSO-d6): δ 38.67, 58.01, 63.77, 67.07, 68.88, 69.54,
69.74, 69.78, 69.89, 71.24, 100.80, 113.88, 125.06, 127.83,
130.60, 131.67, 131.87, 158.42, 164.68. Calcd: [M + Li]+

(C26H40N2O9Li) m/z ) 531.2893. Found FAB-HRMS: [M
+ Li]+ m/z ) 531.2883. Anal. Calcd. for C26H40N2O9: C,
59.53; H, 7.69; N, 5.34. Found: C, 59.19; H, 7.63; N, 5.04.

Inverse Emulsion Polymerization. To generate
protein-loaded particles, an inverse emulsion polymeri-
zation technique was used. The organic phase consisted
of hexane (5 mL) and 150 mg of surfactants. A 3:1 weight
ratio of Span 80 (sorbitan monooleate) and Tween 80
(poly(ethylene glycol)-sorbitan monooleate) was used.
The oxygen dissolved in the organic phase was removed
by sparging with nitrogen for 10 min. The aqueous phase
consisted of acrylamide and cross-linker (250 mg com-
bined in a range of ratios) dissolved in 300 mM sodium
phosphate-buffered water (pH 8, 500 µL). The oxygen
dissolved in the aqueous phase was removed by purging
with nitrogen for 1 min. Free radical initiator, potassium
peroxodisulfate (12 mg), and ovalbumin (labeled with
cascade blue dye or unlabeled) were added to the aqueous
phase and then emulsified with the organic phase by son-
icating for 30 s. Polymerization was initiated by the addi-
tion of N,N,N′,N′-tetramethylethylenediamine (TMEDA)

and stirred for 10 min at room temperature. The mixture
was centrifuged at 2800 rpm for 10 min, and the
supernatant was decanted. The particles were washed
with two 20 mL portions of hexane, followed by four 20
mL portions of acetone, and finally centrifuged. The
solvent was decanted, and the purified particles were
dried in vacuo overnight.

Nondegradable particles were prepared using the
method described above using N,N′-methylene-bis-acryl-
amide as the cross-linker. The mole percent of cross-
linker and total weight of monomer and cross-linker
combined were the same as above.

Scanning Electron Microscopy. The particles were
dried in vacuo to remove residual water, sputter-coated
with a 20 nm gold layer, and viewed in a scanning
electron microscope (WDX ISI-ds130C, Microspec Cor-
poration, Inc.). Photographs were taken at 15 kV.

Protein Encapsulation Measurements. A small
amount of each particle sample (2 mg) containing oval-
bumin labeled with cascade blue was dispersed in 300
mM sodium phosphate-buffered water (pH 8, 500 µL).
The samples were then centrifuged for 5 min, and the
supernatant was removed. The pellet was then redis-
persed into 300 mM sodium acetate buffered water (pH
1.6, 500 µL). Once completely hydrolyzed, the fluores-
cence emission of the aqueous solution was measured at
405 nm with an excitation at 355 nm. The unknown
protein concentration of each particle sample was calcu-
lated by fitting the emission to a calibration curve made
from known concentrations of ovalbumin labeled with
cascade blue. The background emission of the buffer was
measured and subtracted from all of the readings. Each
sample was done in triplicate.

The protein determination of the nondegradable par-
ticles was performed differently since they do not degrade
in acidic conditions. The samples were weighed and
washed in a pH 8 buffer. The solid was then redispersed
into 6 M NaOH to hydrolyze the protein-cascade blue
into smaller pieces that could diffuse out of the particles.
After 1 day, the solid was removed by centrifugation and
the fluorescence emission of the aqueous solution was
measured at 405 nm with an excitation at 355 nm. The
unknown protein concentration of each microparticle
sample was calculated by fitting the emission to a
calibration curve made from known concentrations of
ovalbumin-cascade blue that had been dissolved in 6 M
NaOH for the same period of time. Each sample was done
in triplicate, and degradable particles were also analyzed
at the same time in this fashion for direct comparison.
Although the amount of protein measured for the de-
gradable samples using this method was higher than
found for the method above, a relative comparison
between the samples was performed.

Class I Antigen Presentation Assay. The class I
antigen presentation assay (LacZ assay) was performed
using the OVA-derived SIINFEKL peptide/Kb-specific
B3Z T cell hybridoma and RAW 309.1 CR antigen
presenting cells. RAW cells were plated at 5 × 104 cells
per well in a 96-well plate and allowed to grow overnight.
Ovalbumin loaded particles were dispersed in DMEM
medium (5 mg/mL) and sonicated for 5 min. An appropri-
ate amount of the particle stock solution was added to
the cells, in a 100 µL volume. The RAW cells were
incubated with the particles for 6 h at 37 °C and then
washed several times with DMEM medium. B3Z cells (1
× 105) were added to the RAW cells, and the two cell lines
were incubated together for 16 h in RPMI media at 37
°C. LacZ activity was measured as the absorbance at 595
nm of the cleavage product of chlorophenol red-â-D-
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galactopyranoside. All samples were performed in trip-
licate.

For each antigen presentation assay performed, a
standard peptide curve was prepared by incubating the
RAW cells with a series of SIINFEKL concentrations
alongside the particle samples. The absorbance at 595
nm was plotted against the log of the peptide concentra-
tion. The resulting curve was sigmoidal, but only the
optimal concentrations were used for the linear standard
so high and low concentrations were deleted. The trendline
equation was then used to quantify the amount of peptide
presented using the absorbance values.

Cytochalasin B Assay. To inhibit phagocytosis, RAW
cells were incubated in a 17 µM solution of cytochalasin
B in DMEM 2 h before the particle samples were added.
Identical particle samples were added to both the inhib-
ited and uninhibited groups of cells in triplicate. The
remainder of the experiment was the same as described
above for the class I antigen presentation assay.

In Vivo Tumor Protection Experiment. Experi-
ments were performed with female C57BL/6 mice and
all immunizations were administered by subcutaneous
injections using 26 gauge needles. There were three
groups (15 mice per group): control mice injected with
saline (200 µL); mice injected with free ovalbumin in
saline (50 µg in 200 µL); and mice injected with ovalbu-
min encapsulated in particles (Sample D) dispersed in
saline (1.13 mg particles, corresponds to 50 µg ovalbumin,
in 200 µL). A second identical immunization was deliv-
ered 2 weeks after the first. Then 10 days after the second
immunization, tumors were established by administering
an injection of 1 × 106 EG7-OVA tumor cells in 100 µL
saline into the shaved left flank of each mouse. One week
prior to injection, the EG7 cells were stained with the
anti-SIINFEKL/Kb monoclonal antibody 25.D1-16 and
the secondary goat anti-mouse antibody labeled with
R-phycoethrin (PE). Then highly ovalbumin-expressing
cells were collected using flourescence-activated cell
sorting (FACS) and proliferated. After injection, the
tumor growth was monitored by measuring two perpen-
dicular axes using digital calipers. Tumor volume was
then calculated using the equation, volume ) 0.5 ×
length × width2, with the length being the longest
diameter and the width being the shortest diameter of
the two perpendicular measurements. Once the tumor
reached 1.5 cm in average diameter, the mouse was
removed from the experiment and euthanized according
to guidelines set by the UC-Berkeley Animal Care and
Use Committee. Mice were also removed if they showed
other signs of pain or distress such as a lack of cleaning,
eating, or mobility. A log rank test was used to determine
p-values. A p-value of 0.05 or less was considered to be
statistically significant.

RESULTS AND DISCUSSION

Controlling the Hydrophilicity of the Cross-
Linker. The dispersibility of particles made with cross-
linker 1, while sufficient for proof-of-concept experiments,
required further improvement, as the particles it afforded
as a white powder could be suspended in an aqueous
solution, but they readily aggregated and formed a
precipitate. For practical application as a vaccine, the
material should be uniformly dispersed in solution,
enabling it to be used by injection. Covering the particle
surface with a long hydrophilic oligoethylene glycol layer
would be expected to enhance the colloidal properties of
the particles in water due to greater hydration and steric
stabilization afforded by the layer (19-21). However, the

use of high molecular weight poly(ethylene glycol) chains
was not pursued since it has been shown that a 5 kDa
poly(ethylene glycol) surface on poly(lactic-co-glycolic
acid) particles diminished the recognition of particles by
phagocytic cells, and this would clearly be detrimental
in our target application (20). To balance the need for
enhanced hydrophilicity and the requirements of inverse
microemulsion polymerization (16), we prepared cross-
linker 2 in which the solubilizing group is extended by
one ethylene oxide unit over that of our earlier cross-
linker 1.

This target molecule 2 was prepared in four steps as
shown in Scheme 1. 1-Chloro-3,6,9,12-tetraoxatridecane,
3, was prepared and coupled to p-hydroxybenzaldehyde
and K2CO3 to afford 4 in 97% yield. Intermediate 5 was
synthesized in 82% yield by reaction of 4 with N-(2-
hydroxyethyl)-2,2,2-trifluoroacetamide in the presence of
a catalytic amount of p-toluenesulfonic acid and a drying
agent to shift the equilibrium toward the acetal product.
To install the polymerizable handles, the primary amine
groups of 5 were deprotected with 6 M NaOH and coupled
to acryloyl chloride in dioxane using biphasic conditions,
affording 2 in 58% yield. Triethylamine was added in the
final step to quench any HCl byproduct in order to avoid
any possible and untimely degradation of the acid labile
acetal.

Scheme 1. Synthesis of Cross-Linker

1284 Bioconjugate Chem., Vol. 15, No. 6, 2004 Standley et al.



Inverse Emulsion Polymerization with Cross-
Linker 2. Cross-linked protein-loaded particles were
synthesized using 2 and acrylamide as the monomers in
an inverse microemulsion polymerization process (16, 22).
First, 2 and acrylamide were dissolved in buffered water,
and ovalbumin and the polymerization initiator, potas-
sium peroxodisulfate, were then added. The aqueous
phase was dispersed into an organic phase, which con-
sisted of a 3:1 blend of Span 80 and Tween 80 surfactants
in hexane. Span 80 and Tween 80 were chosen because
they are nonionic and nontoxic. The emulsion was created
by sonication and polymerization was initiated upon
addition of TMEDA. After polymerization, the particles
were isolated by centrifugation, washed, and dried to
remove residual hexane and surfactants. The particle size
ranged from 250 to 500 nm in diameter, as determined
by Figure 2, and we observed that the particles were
readily dispersible in water unlike particles synthesized
with the less hydrophilic cross-linker 1.

Protein Loading Studies. Increasing the amount of
protein encapsulated in the particles was an important
step in developing an effective and better controlled
delivery system. Ideally, the amount of protein delivered
to an APC per particle would be large enough to produce
efficient MHC class I presentation. This is especially
important for in vivo experiments where a smaller
number of particles per cell would be taken up as
compared to tissue culture. In initial studies with cross-
linker 1 (16), it was noted that the protein loading did
not change with the degree of cross-linking. Therefore,
protein loading studies were carried out using a fixed
amount of cross-linker 1 (12.8%) and acrylamide in the
polymerization mixture, varying only the concentration
of ovalbumin labeled with cascade blue. Following inverse
microemulsion polymerization, the amount of protein
encapsulated was determined for each sample by hydro-
lyzing the particles in acidic conditions until the solution
became completely clear and then measuring the fluo-
rescence of the released ovalbumin in solution.

Protein loading increased with initial ovalbumin con-
centration in the polymerization mixture as shown in
Table 1. For example, when the initial amount of protein
in the polymerization was tripled from 5.4 mg to 16.8
mg, the amount of ovalbumin encapsulated doubled from
9.5 µg/mg to 22.0 µg/mg as illustrated by samples A (16)
and B in Table 1. Also, when the initial amount was 33.2
mg, the final ovalbumin loading increased 6-fold from 9.5
to 62.6 µg/mg as shown in sample C. The appearance and
stability of the particles remained the same even though

more protein had been encapsulated. The maximum
ovalbumin encapsulation achieved with this system using
cross-linker 1 was 62.6 µg/mg particles for sample C. The
use of higher initial protein concentrations in reaction
mixtures involving this set of monomers and polymeri-
zation conditions resulted in a large amount of aggrega-
tion and precipitation during the polymerization.

The same experiments were performed using the new,
more hydrophilic, cross-linker 2 with the same mole
percent of cross-linker (12.8%), keeping the total amount
of monomers (acrylamide and 2) constant. The concentra-
tion of ovalbumin labeled with cascade blue in the initial
polymerization mixture was varied as shown in Table 1.
Unexpectedly, higher protein encapsulation efficiencies
were achieved using the more hydrophilic 2. This increase
in efficiency may be due to increased stabilization of the
particles and protein in the emulsion or aqueous solution
causing less protein aggregation and precipitation. The
protein encapsulation efficiency of particles made with
2 was over twice that of particles made with 1. For ex-
ample, when 33 mg of ovalbumin was added to the initial
mixture, the loading of particles made with 1 was 62.6
µg ovalbumin/mg particles (sample C), whereas the
loading of particles made with 2 was 135.6 µg protein/
mg particles (sample E). The maximum protein encap-
sulation obtained with cross-linker 2 was 154.8 µg oval-
bumin/mg particles in sample F. Therefore, our goals
of increasing the hydrophilicity of the particles while
achieving better control over their protein content were
met with the development and application of cross-
linker 2.

Antigen Presentation Experiments with Highly
Loaded Particles. LacZ antigen presentation assays,
developed by Karttunen et al., were performed to deter-
mine if the increased encapsulation of protein in the acid-
degradable particles resulted in enhanced cytoplasmic
delivery of protein to APCs, leading to higher MHC class
I presentation levels and CTL activation (23). To dem-
onstrate CTL activation, the particles were first incu-
bated at various concentrations with the antigen presen-
tation cell line, RAW 309.1 CR, for 6 h. After removal of
extracellular particles, the APCs were incubated with
ovalbumin specific B3Z cells. These B3Z cells are CTLs
engineered to secrete â-galactosidase after binding to the
ovalbumin-derived SIINFEKL peptide in a MHC class I
(Kb)-restricted manner. This allows T cell activation to
be quantified by â-galactosidase activity. Higher â-ga-
lactosidase activity, quantified by absorbance measure-
ments at 595 nm due to release of a dye, infers greater
antigen presentation and CTL activation levels. The mea-
sured absorbance values at 595 nm can then be converted
into the corresponding concentration of SIINFEKL pep-
tide presented using a standard peptide curve.

An antigen presentation assay was run testing samples
A, B, C, and E since they displayed a range of protein
loadings. Figure 3 illustrates that higher ovalbumin
loadings lead to greater antigen presentation levels as

Figure 2. SEM image of particles prepared with cross-linker
2.

Table 1. Particle Samples with Increased Protein
Loading

sample
cross-
linker

initial amount of
cascade blue-labeled

ovalbumin (mg)

encapsulated
ovalbumin/particles

(µg/mg)

A 1 5.4 9.5
B 1 16.8 22.0
C 1 33.2 62.6
D 2 5.2 44.3
E 2 33.0 135.6
F 2 45.6 154.8
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indicated by higher â-galactosidase activity. Also, in-
creasing sample concentration leads to greater antigen
presentation levels. These trends are likely due to the
rise in the amount of ovalbumin delivered to the cyto-
plasm of the APCs, leading to more SIINFEKL peptide
presentation. For example, at a sample concentration of
0.45 mg particles/mL, after conversion of absorbance
values to presented peptide concentration, sample E
shows a 20-fold enhancement over sample A which we
reported previously in our proof-of-concept system (16).

To determine if the acid-degradable characteristic of
the particles enhanced MHC class I presentation, a
nondegradable ovalbumin-loaded particle sample was
synthesized using N,N′-methylene-bis-acrylamide as the
stable cross-linker. An antigen presentation study was
then performed comparing nondegradable and degrad-
able particles with similar protein content. Figure 4
clearly demonstrates that the degradable particles en-
hance MHC class I presentation, suggesting that the
hydrolysis of the cross-linker and release of small mol-
ecules in the lysosome may help to destabilize the
membrane resulting in the transport of protein into the
cytoplasm for processing.

Phagocytosis-Mediated Antigen Delivery into
MHC Class I Presentation. To help determine if the
particles enter APCs through the process of phagocytosis,
antigen presentation assays were performed in the
presence of a phagocytosis inhibitor, cytochalasin B (13).
Cytochalasin B inhibits phagocytosis by preventing actin
polymerization and the interaction of actin filaments.
Figure 5i shows that the antigen presentation levels for
the cells incubated with the inhibitor are greatly reduced
as compared to the cells that were not. For example, at
the highest particle concentration, the calculated con-
centration of presented peptide for cells incubated with
the inhibitor is only 30% of the peptide presented as
calculated for the cells incubated without cytochalasin

B. This finding is consistent with a process in which the
particles undergo phagocytosis. Another key point is that
the peptide presentation levels of the cells incubated
without cytochalasin B are very close to the concentra-
tion of presented peptide at saturation (Figure 5ii).
The saturation concentration is determined from the
standard peptide curve, which is prepared by adding free
SIINFEKL peptide to the RAW cells in various concen-
trations. This free peptide is not delivered to the cyto-
plasm of the RAW cells, but instead directly binds to
MHC class I molecules that are on the surface of the cells.
These SIINFEKL complexes can also activate the B3Z
cells. The concentration of free SIINFEKL at which the
absorbance at 595 nm levels off is considered to represent
the saturation concentration of presented peptide, which
was 2 nM in this experiment (Figure 5ii). For the particle
sample, at 0.45 mg particles/mL the concentration of
peptide presented without the phagocytosis inhibitor is
1.7 nM of peptide (Figure 5i), which is near the saturation
level. This study suggests that this acid-sensitive particle
system is very efficient for in vitro delivery of the protein
antigen into the MHC class I presentation pathway.

In Vivo Tumor Protection. To assess the ability of
the acid-degradable protein-loaded particles to deliver
protein to the cytoplasm of APCs and activate CTLs and
provide a protective immunity in vivo, a preliminary
tumor protection experiment was performed using the
EG7 tumor model (24, 25). EG7 is a derivative of the
thymoma EL4, which was transfected with the ovalbu-
min gene, making it a target cell for CTLs activated
against ovalbumin. Sample D was chosen for this experi-
ment because it had the best dispersibility of all of the
samples in Table 1, an important consideration for the
study since the particles had to be suspended in saline
and injected into animals. Samples E and F, although
also prepared with cross-linker 2, were somewhat more
difficult to suspend than Sample D, most likely due to a
degree of particle aggregation as a result of higher
ovalbumin content.

Figure 3. Antigen presentation assay testing particles with
varied protein loadings. Sample A (0); sample B (b); sample C
(4); sample E (9).

Figure 4. Effect of degradability on antigen presentation.
Degradable (2); nondegradable (0).

Figure 5. (i) Antigen presentation assay with phagocytosis
inhibitor. Sample D (9); sample D with cytochalasin B (b). (ii)
Antigen presentation assay of SIINFEKL peptide.
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The experiment involved three groups of animals as
follows: mice immunized with free ovalbumin, mice
immunized with an equal amount of ovalbumin encap-
sulated in the particles (Sample D), and a control group
receiving only saline. Each mouse received two subcuta-
neous immunizations that were 2 weeks apart. Ten days
after the final immunization, EG7 tumor cells that had
been previously sorted into a set of highly ovalbumin
expressing cells were injected subcutaneously into each
mouse, and tumor growth was then monitored, with Day
1 being the first day of tumor establishment. Tumors
were visible on almost all of the mice in the saline and
free ovalbumin groups 7 days after the EG7 injection,
whereas 13 out of 15 mice in the particle group did not
show any visible tumors until Day 16. In general, tumor
growth in the saline control group occurred early in the
experiment and was very rapid, resulting in the removal
of all but 1 mouse by Day 16. The free ovalbumin group
also demonstrated tumor growth early in the experiment
but at a slower rate resulting in the removal of all mice
from the study by Day 21. For the mice receiving
particles, EG7 tumors were not observed until midway
through the experiment, and the growth was slower in
comparison to the other groups. At the completion of the
study, Day 30, five mice in the particle group had yet to
be removed from the experiment, although they did have
tumors. The trends seen in tumor growth also correlated
with the survival rates. This can be seen in the Kaplan-
Meier survival plot (Figure 6). The slope of the saline and
free ovalbumin series is much steeper than the particle
series. The mice that received the particles had a survival
rate of 100% after 17 days versus approximately 14% and
7% for the free ovalbumin and saline groups, respectively.
The probability of survival eventually dropped to 0% for
the free ovalbumin mice by Day 22 while the saline group
remained at 7% while the particle group only fell to 45%
by the end of the experiment. There was a statistically
significant difference between the particle group and the
other two groups (compared to saline p < 0.0001;
compared to ovalbumin alone p < 0.00001), but there was
no difference between the ovalbumin and saline groups
(p > 0.1). These encouraging preliminary results suggest
that the particles can stimulate an immune response
against EG7 tumor cells that is more effective than
ovalbumin alone, indicating that the particles can provide
a protective immune response against tumor cells in vivo.
Future experiments will seek to improve these results
by taking advantage of the synthetic flexibility of the
system through incorporation of APC targeting and
immunostimulatory groups such as mannose and CpG
DNA into the particles (6, 26-28). Additional studies will
also test samples with varied doses and protein loadings

to determine if these variables have the same effect in
vivo as they do in vitro.

CONCLUSION

This study confirms that tuning the hydrophilicity of
acid-degradable cross-linkers such as 2 can be used to
enhance the potential of antigen-loaded particles for the
delivery of vaccines. Particles prepared with this cross-
linker have higher protein loading efficiencies and better
dispersibility in aqueous solution than our earlier proof-
of-concept system. The MHC class I presentation levels
achieved with these particles are vastly enhanced as a
result of their ability to deliver more protein into the
cytoplasm of APCs. Experiments involving the addition
of cytochalasin B, which significantly reduces MHC class
I antigen presentation levels provide support for our
assumption of a phagocytosis mechanism for the inter-
nalization of these particles. Initial animal studies
showed promising results with the demonstration that
these acid-sensitive particles can stimulate the immune
system against an injected protein resulting in the
enhanced rejection of EG7 tumor cells in vivo. This new
protein delivery system should find applications in vac-
cines targeted against viruses and tumors, where the
activation of CTLs is required for the generation of
immunity.
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