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a b s t r a c t

Low molecular hydrophilic actives such as peptides are typically poorly encapsulated within poly(alkyl
cyanoacrylate) nanoparticles when prepared from micellar or microemulsion templates. The aim of the
present study was to investigate whether the entrapment of peptides within poly(alkyl cyanoacrylate)
nanoparticles could be increased by functionalizing the peptide so that it could copolymerize with the
alkyl cyanoacrylate monomer. Peptide and acryloyl functionalized peptide representing the antigenic
epitope of the lymphocytic choriomeningitis virus glycoprotein (LCMV33–41) were synthesized using solid-
phase peptide synthesis. Poly(alkyl cyanoacrylate) nanoparticles were prepared to encapsulate either
peptide or functionalized peptide using both an aqueous micellar and a water-in-oil microemulsion poly-
merization template. Using the micellar template, nanoparticles could not be produced in the presence of
acryloyl peptide. Rather an agglomerated mass formed on the stirrer. In contrast, nanoparticles could be
prepared using both acryloyl and parent peptide using the water-in-oil microemulsion template. Encap-
sulation efficiency was more than twofold greater for functionalized peptide, being greater than 90%.
Encapsulation efficiency of functionalized peptide was also observed to increase with increasing the
amount of alkyl cyanoacrylate monomer used for polymerization. A biphasic release profile was observed
for the nanoparticles entrapping the non-functionalized peptide with greater than 50% of peptide being
released during the first 10 min and with around 90% being released at 6 h. In contrast, less than 10% of
the total amount of acryloyl LCMV33–41 entrapped within the nanoparticles was detected in the release
media following the initial 10 min, and no further release of peptide was observed up to the termination
of the release study at 360 min. The difference in entrapment and release kinetics between the parent
and functionalized peptide strongly supports the presumption that most of the acryloyl peptide actually

intervened in the copolymerization with alkyl cyanoacrylate monomer and was covalently bound within
the nanoparticles instead of being physically entrapped or adsorbed which appeared to be the case for
the parent peptide. Thus, functionalizing a peptide so that it can copolymerize with the alkyl cyanoacry-
late monomer is a strategy which can be used to increase the entrapment efficiency of peptides within
poly(alkyl cyanoacrylate) nanoparticles and also maintain the peptide associated with nanoparticles so
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. Introduction

Polymeric nanoparticles have gained extensive interests as drug

arriers particularly for targeted delivery to sites of inflamma-
ion including tumours, exploiting the “enhanced permeation and
etention” effect, and in delivery of vaccine antigens, exploiting
he inherent adjuvant activity of particles (Grislain et al., 1983;
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© 2008 Elsevier B.V. All rights reserved.

’Hagan et al., 1989; Lu and He, 2001; Singh et al., 2007). Polymeric
anoparticles have also been used to promote the oral absorption of
roteins and peptides, which is accomplished by their entrapment
rotecting them from proteolytic enzymes and particle transloca-
ion across the intestinal mucosa facilitating absorption (Florence
t al., 1995; Damge et al., 1997; Jung et al., 2000; Watnasirichaikul et
l., 2002a). Among such polymeric nanoparticles, those fabricated
rom poly(alkyl cyanoacrylate) (PACA) have been studied exten-

ively over the past two decades as they can be prepared under mild
onditions, are biodegradable and their rate of degradation can be
anipulated by the choice of monomer used (Vauthier et al., 2003).
PACAs are formed by anionic chain polymerization of the respec-

ive alkylcyanoacrylate monomer following nucleophilic attack on

http://www.sciencedirect.com/science/journal/03785173
mailto:mtliang@pharmacy.uq.edu.au
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Fig. 1. Copolymerization mechanism

he �-carbon resulting in a reactive carbanion which is involved
n chain propagation (Fig. 1). The initiating nucleophile is often
he hydroxyl ion of water and PACA nanoparticles can thus be
ormed in systems containing water in the presence of a nanos-
ructured template, such as micelles or submicron emulsions.
olymerization of alkylcyanoacrylate monomers on a micellar tem-
late was first introduced by Couvreur et al. in 1979. In micellar
olymerization, droplets of liquid monomer are typically added to
n acidic aqueous solution containing surfactant. The monomer,
hich has poor aqueous solubility, localizes within the micelles
here polymerization takes place. This approach is more suit-

ble for entrapment of lipophilic actives as these molecules are
lso localized in the micelles where polymerization occurs, while
ntrapment of hydrophilic actives such as peptides is usually low
ue to the aqueous nature of the continuous phase. Reasonable
ntrapment of some peptides has been achieved by adsorbing them
nto preformed nanoparticles (Fresta and Puglisi, 1994). However,
urface adsorbed peptide is not physically protected from pro-
eolytic enzymes and hence is more likely to be degraded than
ncapsulated peptide (Peula et al., 1998). For this reason, and
lso to increase entrapment efficiency of hydrophilic molecules,
esearchers have investigated the possibility of using w/o submi-
ron emulsions or microemulsions as templates to prepare PACA
anocapsules where polymerization is believed to occur at the

nterface and hence any water-soluble active may be efficiently
ncapsulated (Lambert et al., 2000; Watnasirichaikul et al., 2000).
icroemulsions offer several advantages over the use of submicron

oarse emulsions in that they form spontaneously, are thermody-
amically stable and have small and uniform dispersed aqueous
roplets, often described as swollen micelles. All these size char-
cteristics are reflected in the characteristics of the nanocapsules
repared from such a template (Watnasirichaikul et al., 2002b).

Despite being able to efficiently entrap large proteins, interfacial
olymerization of microemulsions has proved less effective for the
ntrapment of small molecules with entrapment efficiency appar-
ntly being a function of molecular weight (Pitaksuteepong et al.,
002). It was reported that the entrapment efficiency of bioac-
ives having a molecular weight of less than 1000 was less than
0% as compared to 97% for a protein having a molecular weight
f 45,000. Strategies to increase the encapsulation efficiency of
mall bioactive molecules such as low molecular weight peptides
re therefore required. Several authors have previously reported

hat molecules added to the polymerization template before or
arly on in the polymerization may intervene in the reaction and
ndergo copolymerization and consequently be entrapped (Guise
t al., 1990; Grangier et al., 1991). Hillery et al. (1996) investi-
ated the possibility of copolymerization as a strategy to increase

2

a
f

l cyanoacrylate and acryloyl peptide.

ntrapment of peptides within PACA nanoparticles prepared by
icellar polymerization. The luteinizing hormone releasing hor-
one (LHRH) peptide was functionalized by conjugating with a

ange of unsaturated acids with the premise that the conjugate by
irtue of its unsaturation would intervene in the polymerization
rocess and form a constituent of the oligomeric alkylcyanoacry-

ate chain. In their study however, an aggregated copolymer of vinyl
HRH and n-butyl cyanoacrylate resulted and this aggregate had to
e re-dissolved and subsequently formulated into nanoparticles by
recipitation.

The objective of this work was to investigate whether the aggre-
ation noted in the copolymerization from the use of a micellar
emplate as reported by Hillery et al. (1996) could be overcome
y the use of a w/o microemulsion template. A further objective
f the work was to extend the findings to prepare PACA nanocap-
ules encapsulating a model peptide antigen, being the antigenic
pitope of the lymphocytic choriomeningitis virus glycoprotein
LCMV33–41). LCMV33–41 was chosen as the model antigen as this
eptide is expressed by the Lewis lung carcinoma cell line and as
uch would subsequently allow assessment of the system in terms
f its ability to stimulate an immune response (Hermans et al.,
997).

. Materials and methods

.1. Materials

9-Fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids
ere obtained from Novabiochem (Läufelfingen, Switzerland).

rifluoroacetic acid (TFA), O-benzotriazole-N,N,N′,N′-tetramethyl-
ronium-hexafluoro-phosphate (HBTU), piperidine and N,N′-
imethylformamide (DMF) were obtained from Auspep (Vic-
oria, Australia). Diisopropylcarbodiimide (DIC), 1-hydroxy-7-
zabenzotriazole (HOAt), N,N′-diisopropylethylamine (DIPEA),
riisopropylsilane (TIPS) and all other chemicals were purchased
rom Sigma–Aldrich (Missouri, USA). Ethyl oleate (Crodamol EOTM),
olyoxyethylene 20 sorbitan mono-oleate (Crillet 4 superTM), and
orbitan monolaurate (Crill 1TM) was obtained from Croda Oleo-
hemicals (Auckland, New Zealand). Ethyl-2-cyanoarylate and
-butyl-2-cyanoacrylate were gifts from Henkel Loctite Ltd (Aus-
ralia). De-ionized water was used in all studies.
.2. Peptide synthesis and characterization

LCMV33–41 having the peptide sequence KAVYNFATM was
ssembled manually using Fmoc chemistry on Rink amide resins
rom the C to the N terminus. After the assembly of the peptide
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as complete, the resin was split and part used for the synthesis of
he functionalized acryloyl derivative. N-Acylation was carried out
y removal of the terminal Fmoc protecting group and subsequent
ddition of equimolar amounts of acryloyl chloride and DIPEA. All
ouplings throughout the synthesis of the peptide and its function-
lized derivative were monitored by quantitative ninhydrin test.
he peptide or acryloyl derivative was cleaved from the resin using
cleavage cocktail of 88% TFA, 5% phenol, 5% water, and 2% TIPS

or 2 h. The crude peptide was purified by preparative RP-HPLC on
Vydac C18 22 mm × 250 mm column, using a linear solvent gra-
ient from 100% solvent A to 80% solvent B (solvent A: 0.1% TFA in
ater, solvent B: 90% acetonitrile, water and 0.1% TFA) over 45 min

t a flow rate of 5 mL/min. The presence of desired peptide in frac-
ions was confirmed by electrospray mass spectrometry, and the
urity of preparative HPLC fractions was determined by analytical
P-HPLC using a Vydac C18 4.6 mm × 250 mm column with a flow
ate of 1 mL/min and a linear gradient from 100% solvent A to 80%
olvent B over 30 min. The fractions containing pure peptide were
ombined and lyophilized to yield a white powder.

.3. Preparation of PACA nanoparticles

PACA nanoparticles were prepared by two methods using
micellar dispersion and a w/o microemulsion according to

he methods previously described by Hillery et al. (1996) and
atnasirichaikul et al. (2000), respectively. For studies using micel-

ar polymerization, the typical polymerization medium was an
queous solution of 0.1% Pluronic F68 and 0.1% Dextran 70 adjusted
o pH 3.0 with HCl. 1 mg of acryloyl peptide dissolved in 1 mL of dis-
illed water and alkyl cyanoacrylate monomer (20, 40 or 100 mg)
issolved in 1 mL of ethanol were injected separately and simul-
aneously into the polymerization medium. In another procedure,
mg of acryloyl peptide was first dissolved in 10 mL of the poly-
erization medium and the polymerization was initiated by the

ddition of alkyl cyanoacrylate monomer. For studies using the
icroemulsion template, a w/o microemulsion was formed by mix-

ng 1.1 g of ethyl oleate, 0.7 g of surfactant mixture (Crillet 4 super:
rill 1 6:4, w/w) and 0.2 g of water. Alkyl cyanoacrylate monomer
10, 20, or 40 mg) dissolved in three times of chloroform (v/v)
as added slowly to the microemulsion under mechanical stirring,

nd the mixture was left for at least 4 h for polymerization. The
anoparticles were separated from the polymerization media by
entrifugation at 30,000 × g for 1 h at 10 ◦C (Jouan KR22i centrifuge,
K16.20 rotor). For preparation of peptide-loaded nanocapsules,
mg peptide was dissolved in the aqueous phase prior to addition
f oil and surfactant mixture.

.4. Characterization of nanoparticles

The size and size distribution of nanoparticles were mea-
ured by photon correlation spectroscopy (Zetasizer 3000, Malvern
nstruments Ltd.). For nanoparticles prepared by micellar poly-

erization, samples were dispersed in water to measure particle
ize. For nanoparticles prepared by microemulsion polymeriza-
ion, residual surfactant and oil were removed by washing twice
n ethanol and centrifugation (15,000 × g for 10 min at 10 ◦C).
he nanoparticles were then dispersed in ethanol containing 0.2%
w/w) polysorbate 80 for particle size analysis (Watnasirichaikul et
l., 2000). Measurements were carried out at room temperature.
he morphological structure of the nanoparticles was visualized

y scanning electron microscopy (JEOL-6400, Tokyo, Japan). A drop
f nanoparticle suspension in ethanol was placed on a 400-mesh
arbon-coated copper grid. After drying/evaporation of the ethanol,
he samples were sputter-coated with a gold–palladium alloy and
nalyzed at an accelerating voltage of 10 kV.

a
e
m
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.5. Determination of entrapment efficiency

Determination of entrapment efficiency of the parent and func-
ionalized peptides in the nanoparticles was achieved by complete
ydrolysis of the polymer and peptides using hydrochloric acid and
ubsequent quantitation of amino acids using a modified calorimet-
ic ninhydrin assay (Gupta et al., 1997). Briefly, after isolation from
he polymerization medium by centrifugation and washed twice
ith ethanol, samples were dried and hydrolysed with 2 mL of 6N
Cl at 110 ◦C for 24 h in sealed glass tubes. After hydrolysis, the

amples were freeze-dried and reconstituted in 1 mL de-ionized
ater. For the ninhydrin assay, 100 �L of sample was mixed with

50 �L 0.2 M citrate buffer (pH 5.0) containing 0.16% (w/v) stannous
hloride and 150 �L 2-methoxyethanol with 4% (w/v) ninhydrin.
he mixture was heated at 95 ◦C for 25 min. After the sample was
ooled, 500 �L of 50% (w/v) n-propanol was added to each sam-
le and the UV absorbance was measured at 570 nm. The amount
f peptide entrapped within nanoparticles was determined from a
tandard curve generated by hydrolysing known amounts of free
eptide in the presence of empty nanoparticles.

.6. In vitro release study

Nanoparticles were collected from the polymerization medium
y centrifugation, and were dispersed in 10 mL phosphate buffer
olution (PBS, pH 8) in a thermostated beaker (37 ◦C). The sample
as continuously stirred using a magnetic bar at a rate of 200 rpm.
t selected times, the sample was transferred into a tube and cen-

rifuged at 30,000 × g for 10 min. The supernatant was removed and
he precipitated nanoparticles were redispersed in 10 mL fresh PBS
nd placed back in the thermostated beaker for further monitoring
f drug release. The concentration of peptide in the supernatant
as determined by quantitative RP-HPLC analysis using a Vydac
18 4.6 mm × 250 mm column with a flow rate of 1 mL/min and a

inear gradient from 100% solvent A to 80% solvent B over 30 min.

. Results and discussion

.1. Synthesis of acryloyl peptide

In preliminary studies, functionalization of the peptide was
ttempted by coupling acrylic acid to the N-terminus of peptide
sing HBTU or DIC/HOAt as coupling/activation reagents according
o the methods reported by Hillery et al. (1996). Both methods gave
ery poor yields of N-acryloyl peptide which were contaminated
ith many un-identified side-products as observed by mass spec-

roscopy. However, consistent and high yield of N-acryloyl peptides
as achieved by acylation of the peptide N-terminal amino group
ith acryloyl chloride. The crude acryloylated peptide was purified

y preparative HPLC and the purity of the peptide was confirmed to
e more than 95% by analytical HPLC. The acryloyl peptide showed
n increased retention time compared to the non-acryloylated,
arent peptide, with the retention time of 17.2 min compared to
5.5 min. The successful synthesis of the parent and functionalized
CMV33–41 were confirmed by LC–MS with the purified products
howing characteristic m/z peaks at the expected values of 1044
nd 1099 [M+H]+, respectively.

.2. Preparation and characterization of nanoparticles
In the preliminary investigations for micellar polymerization,
cryloyl peptide in water and alkyl cyanoacrylate monomer in
thanol was added separately and simultaneously into the poly-
erization medium under vigorous stirring. The formed copolymer
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Table 1
Particle size of nanoparticles prepared by the interfacial polymerization of w/o
microemulsion templates

Formulation Mass of ethyl cyanoacrylate monomer

10 mg 20 mg 40 mg
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s
cles obtained by interfacial copolymerization of acryloyl LCMV33–41
and 40 mg ethyl cyanoacrylate using a microemulsion template is
shown in Fig. 3. It can be seen from the micrograph that nanoparti-
cles have a spherical structure with a size of around 200 nm which
ig. 2. Polymerization media following copolymerizing of acryloyl LCMV33–41 with
lkyl cyanoacrylate by using a w/o microemulsion (A) and a micellar template (B).

recipitated out from the reaction media and produced large aggre-
ate around the magnetic stirring bar, regardless of the ratio of
unctionalized peptide to monomer (Fig. 2). This is in agreement
ith the previous report as described by Hillery et al. using a simi-

ar procedure for the preparation of PACA nanoparticles (Hillery et
l., 1996). This could possibly be explained by the fact that acryloyl
eptide is hydrophilic and as such, would not be expected to localize
ithin the hydrophobic domains of the micellar template. Rather,

he functionalized peptide would be expected to disperse within
he aqueous continuous phase. Therefore, the alkyl cyanoacrylate

onomer may be able to copolymerize with the acryloyl peptide
n the aqueous continuous phase which cannot act as a template
or nanoparticle formation. This leads to the formation of an aggre-
ated mass instead of forming discrete nanoparticles as is obtained
hen polymerization occurs within the micelle. A second pro-

edure was also investigated in which acryloyl peptide was first
ispersed homogeneously throughout the polymerization media
nd polymerization was subsequently initiated by adding alkyl
yanoacrylate monomer. Using this procedure, nanoparticles were
uccessfully prepared both in the absence of peptide as well as
ith unmodified peptide, with the size of nanoparticles being

round 250 nm. However, similar aggregation behaviour was again
bserved when functionalized acryloyl peptide was used with a
olymer mass forming around the magnetic stirrer (Fig. 2).

As a result of the aggregation observed and failure to produce
anoparticles using micellar polymerization, a second procedure

or the preparation of PACA nanoparticles was investigated using a
/o microemulsion as a polymerization template. Microemulsions

re transparent and thermodynamically stable colloidal systems
hich form spontaneously and reproducibly. Microemulsions can
ave a droplet (oil in water, o/w, or water in oil, w/o) or a bicontin-
ous structure and have been used as templates for the formation
f nanoparticles including PACA nanoparticles. In w/o microemul-
ions, small and uniform water-swollen micelles of surfactants are
onsidered to be dispersed in an oil continuous matrix. Upon addi-
ion of alkyl cyanoacrylate monomer to the w/o microemulsion,
olymerization is believed to occur at water–oil interface and ini-
iated by the hydroxyl ions present in the aqueous domains (Gasco

nd Trotta, 1986). The polymer thus formed around the swollen
queous micelle to produce nanocapsules whose wall thickness
an be controlled by varying the ratio of monomer to the mass
f water contained in the microemulsion (Watnasirichaikul et al.,
002b). In the present study, the w/o microemulsion used was

F
c
m

o peptide (nm) – – 182 ± 8
CMV33–41 (nm) – – 186 ± 11
cryloyl LCMV33–41 (nm) 158 ± 12 174 ± 14 206 ± 15

ased on the pseudoternary phase diagram reported by Alany
t al. (2001). Ethyl oleate was used as the oil component, and
6:4 weight ratio of poly(oxyethylene 20) sorbitan monooleate

nd sorbitan monolaurate was used as the surfactant. The acryloyl
eptide was solubilized in the aqueous phase of the microemul-
ions at a concentration of 5 mg/mL. The solubility of acryloyl
eptide in water was measured by liquid chromatography cou-
led to electrospray mass spectroscopy and was determined to
e 5.42 ± 0.39 mg/mL. To maximize the possible payload within
anoparticles prepared from this method, the maximum percent-
ge of water (10%, w/w) was used for the formation of the droplet
icroemulsion as this allows the greatest amount of peptide to be

olubilized. Increasing the percentage of water beyond 10% results
n the transformation of the w/o droplet microemulsion system to
bicontinuous system (Alany et al., 2001). Therefore, for the prepa-

ation of peptide-loaded nanoparticles, 1 mg of peptide (parent or
unctionalized) was firstly dissolved in water. No precipitation of
he peptide was observed when the aqueous solution of peptide
as added to the oil components to form the microemulsions. A

olution of ethyl cyanoacrylate (10, 20 or 40 mg) in chloroform
v/v, 1/3) was added slowly under magnetic stirring to initiate
he polymerization. Polymerization was complete after 4 h and the
eaction media was observed to become a turbid suspension (Fig. 2).
fter isolation from the polymerization medium, the nanoparticles
ere characterized by photo-correlation spectroscopy (Table 1).

he polydispersity indexes were less than 0.2 in all cases, which
ndicates that the nanoparticles formed had a relatively narrow
ize distribution. A scanning electron micrograph of the nanoparti-
ig. 3. Scanning electron micrograph of nanoparticles obtained by interfacial
opolymerization of acryloyl LCMV33–41 and 40 mg ethyl cyanoacrylate using w/o
icroemulsion template.
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s in agreement with previous reports when droplet microemulsion
ave been used as a template for the formation of PACA nanopar-
icles (Watnasirichaikul et al., 2000). Interestingly, nanoparticles
repared using acryloyl peptide had a larger size than nanoparticles
repared from the parent peptide which in turn had a larger size
han nanoparticles prepared from peptide-free microemulsions
Table 1). In agreement with previous studies, size of nanoparti-
les also increased with increasing amount of monomer used for
olymerization (Watnasirichaikul et al., 2002b).

The successful preparation of nanoparticles using acryloyl func-
ionalized peptide and a droplet w/o microemulsion template in
ontrast to the use of a micellar template probably is a result of
he reactive, functionalized peptide being localized and confined
ithin the aqueous domain of the w/o droplet microemulsion.
pon addition of the alkyl cyanoacrylate monomer, polymerization
ccurs at the water–oil interface as initiated by the hydroxyl ions
f water and the acryloyl peptide can copolymerize during chain
ropagation. Thus, it would appear from the above results that a
roplet water-in-oil template is critical for the copolymerization of
cryloyl peptide and alkyl cyanoacrylate to form nanoparticles as
his confines the reactive acryloyl peptide to the aqueous dispersed
roplets rather than the reactive peptide being dispersed through-
ut the aqueous phase as in the micellar template. In contrast to
hen using acryloyl peptide, nanoparticles could be successfully
repared in the presence of unreactive parent peptide using both
emplates having a size of around 250 and 180 nm when prepared
sing a micellar and a microemulsion template, respectively.

.3. Entrapment efficiency of peptides in nanoparticles

After nanoparticles were separated from the microemulsion
y ultracentrifugation, the amount of peptide within nanoparti-
les was determined by complete hydrolysis of the polymer and
eptide with 6N HCl and subsequent quantitative amino acids
nalysis using a modified ninhydrin assay. The entrapment effi-
iency of acryloyl LCMV33–41 and LCMV33–41 are summarized in
ig. 4. Over 90% of acryloyl LCMV33–41 was found to be incor-
orated within nanoparticles when 40 mg of ethyl cyanoacrylate
onomer was used for polymerization, while only 40% entrap-
ent was achieved for the unfunctionalized LCMV33–41 when the

ame amount of monomer and conditions were used. This can be
xplained by the fact that acryloyl LCMV33–41 is able to copoly-

erize with the alkyl cyanoacrylate monomer by virtue of its vinyl

roup, and thereby become incorporated into the growing polymer
hain and covalently bound and associated within the nanoparti-
les (Fig. 1). The parent LCMV33–41, however, is a low molecular
eight hydrophilic peptide which does not contain any unsaturated

ig. 4. Encapsulation efficiency of parent and functionalized LCMV33–41 pep-
ide within nanoparticles prepared using different masses of ethyl cyanoacrylate

onomer (n = 3, mean ± S.D.).
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roups able to participate in the chain polymerization (although
t does contain functional groups able to react with the reactive
arbanion to result in termination of the polymerization process).
hysical entrapment of small and hydrophilic molecules within
anoparticles as prepared by interfacial polymerization of w/o
icroemulsions has previously been reported to be relatively inef-

cient. This was proposed to be due to the ability of low molecular
eight hydrophilic molecules together with water to readily diffuse

nd escape through the forming polymeric wall (Pitaksuteepong
t al., 2002). As mentioned, the possibility exists for the parent
CMV33–41 to react with the reactive carbanion by virtue of the
resence of nucleophilic groups such as amine or hydroxy groups.

ntervention of bioactives to be encapsulated in the polymeriza-
ion process has previously been reported and proposed as one
f the mechanisms which contribute to the entrapment of low
olecular weight bioactives within PACA nanoparticles as prepared

y micellar polymerization (Labib et al., 1991). However, even if
ntervention of the parent peptide in the polymerization is pos-
ible, entrapment of the functionalized peptide was almost twice
s much being over 90% as compared to 40% for the parent pep-
ide.

The results also revealed that the amount of acryloyl peptide
ncorporated into the nanoparticles was dependent on the mass of
he monomer used in the polymerization. A decrease in entrap-

ent efficiency was observed upon using less monomer, with
easured entrapment efficiencies of 70% and 60% for nanoparti-

les prepared using 20 and 10 mg of ethyl cyanoacrylate monomer,
espectively. In a previous study by Watnasirichaikul et al., an
ncrease in entrapment efficiency of insulin was reported upon
sing increasing masses of alkyl cyanoacrylate monomer for the
olymerization of w/o microemulsion templates. This was consid-
red to be a result of the formation of thicker walled capsules at
igher masses of monomer which would serve to increase entrap-
ent (Watnasirichaikul et al., 2002b). In addition to the formation

f thicker walled nanocapsules using higher masses of monomer,
he possibility also exists in the case of acryloyl peptide that
sing larger quantity of alkyl cyanoacrylate monomer allows for

ncreased opportunity for copolymerization to occur thus increas-
ng entrapment of the functionalized peptide. It is worth noting that
lthough increasing monomer mass results in increased entrap-
ent efficiency, the peptide loading within the nanoparticles, i.e.
ass peptide/mass polymer actually decreases upon increasing
ass of monomer used for polymerization.

.4. In vitro release study

The in vitro release profiles of LCMV33–41 and acryloyl LCMV33–41
rom nanoparticles prepared by the addition of 40 mg of ethyl
yanoacrylate to 2 g microemulsion containing 10% aqueous frac-
ion are shown in Fig. 5. The concentration of peptide in the
elease buffer samples was determined by quantitative HPLC anal-
sis, and release over 360 min was measured. The release of the
arent LCMV33–41 peptide from nanoparticles showed a bipha-
ic profile. During the first 10 min, more than 50% of the total
mount of LCMV33–41 peptide entrapped within the nanoparticles
as detected in the release media. This initial burst release can

ikely be attributed to the fast desorption of the fraction of peptide
hysically bound to the surface of the nanoparticles, and possible
apid diffusion of peptide located near the surface of nanoparti-
les. The burst release phase was followed by a second phase of

low release to around 90% release over the period 30–360 min. This
econd release phase can likely be attributed to release of encap-
ulated peptide from the inner core of the nanoparticles. As nearly
omplete release of peptide is observed over 6-h release study, it
ould seem likely that encapsulation of parent peptide is mainly a
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Watnasirichaikul, S., Rades, T., Tucker, I.G., Davies, N.M., 2002a. In vitro release and
ig. 5. In vitro release of LCMV33–41 (�) and acryloyl LCMV33–41 (�) from nanoparti-
les prepared using 40 mg of ethyl cyanoacrylate monomer in phosphate buffer pH
.0 (n = 3, mean ± S.D.).

esult of adsorption and physical entrapment rather than as a result
f the peptide being covalently entrapped due to intervention in
he polymerization process. This is further confirmed by the dif-
erence in release profile observed between the parent LCMV33–41
nd the functionalized acryloyl LCMV33–41 designed to undergo
opolymerization. For the acryloyl LCMV33–41, less than 10% of the
otal amount of acryloyl LCMV33–41 entrapped into the nanoparti-
les was detected in the release media following the initial 10 min,
nd no further release of peptide was observed up to the termi-
ation of the release study at 360 min. This difference in release
inetics between the parent and functionalized peptide strongly
upports our presumption that most of the acryloyl peptide actu-
lly intervened in the copolymerization with ethyl cyanoacrylate
onomer and was covalently bound with the nanoparticles as

hown schematically in Fig. 1.

. Conclusion

In this study, a functionalized peptide namely acryloyl
CMV33–41, which could intervene in chain polymerization of
lkyl cyanoacrylates, was prepared with high yield and purity.
he feasibility of copolymerizing acryloyl LCMV33–41 with alkyl
yanoacrylate monomer to prepare peptide-loaded nanoparticle
as then demonstrated by employing an interfacial polymeriza-

ion technique using a w/o microemulsion template. Using this
echnique, the peptide-loaded nanoparticles were formed in situ
n the polymerization media and no apparent polymer aggre-
ate was observed during the process of copolymerization. More
mportantly, most of the peptide was covalently bound within
anoparticles and high entrapment efficiency within nanoparticles
as achieved even for a low molecular weight hydrophilic peptide.

he covalent attachment of peptides within nanoparticles may be
eneficial in drug delivery, as it could help to retain the bioactive
olecule within the nanoparticle to exploit the beneficial effects of

articulate systems (enhanced permeation and retention phenom-
na, uptake by phagocytic cells, intestinal translocation) and avoid
he burst release as can be observed when hydrophilic actives are
hysically adsorbed or encapsulated in nanoparticles. Further, the

mportance of the nature of the template used for the preparation of
unctionalized peptide-loaded nanoparticles has been highlighted.
s the acryloyl peptide is able to copolymerize with the alkyl
yanoacrylate monomer and as a result of its hydrophilic nature,
t is critical to use polymerization templates in which the reac-

ive peptide is confined to aqueous domains which act as template
or nanoparticle formation. Hence, functionalized peptide-loaded
anoparticles can be prepared from o/w microemulsions but can-
ot be prepared using micellar polymerization in which water is
resent as the continuous phase.

W

harmaceutics 362 (2008) 141–146

cknowledgements

M.T. Liang gratefully acknowledges the Australian Government
nd The University of Queensland for granting the Endeavour IPRS
nd UQILAS scholarships to support his PhD study. The authors also
ish to thank The University of Queensland Research Development
rants Scheme for funding aspects of this work.

eferences

lany, R.G., Tucker, I.G., Davies, N.M., Rades, T., 2001. Characterizing colloidal
structures of pseudoternary phase diagrams formed by oil/water/amphiphile
systems. Drug. Dev. Ind. Pharm. 27, 31–38.

ouvreur, P., Kante, B., Roland, M., Guiot, P., Bauduin, P., Speiser, P., 1979.
Poly(alkyl cyanoacrylate) nanocapsules as potential lysosomotropic carriers:
preparation, morphological and sorptive properties. J. Pharm. Pharmacol. 31,
331–332.

amge, C., Vonderscher, J., Marbach, P., Pinget, M., 1997. Poly(alkyl cyanoacrylate)
nanocapsules as a delivery system in the rat for octreotide, a long-acting somato-
statin analogue. J. Pharm. Pharmacol. 49, 949–954.

lorence, A.T., Hillery, A.M., Hussain, N., Jani, P.U., 1995. Nanoparticles as carriers for
oral peptide absorption—studies on particle uptake and fate. J. Control. Rel. 36,
39–46.

resta, M., Puglisi, G., 1994. Association of netilmicin sulfate to poly(alkyl cyanoacry-
late) nanoparticles—factors influencing particle delivery behavior. Drug. Dev.
Ind. Pharm. 20, 2227–2243.

asco, M.R., Trotta, M., 1986. Nanoparticles from microemulsions. Int. J. Pharm. 29,
267–268.

rangier, J.L., Puygrenier, M., Gautier, J.C., Couvreur, P., 1991. Nanoparticles as carriers
for growth-hormone releasing-factor. J. Control. Rel. 15, 3–13.

rislain, L., Couvreur, P., Lenaerts, V., Roland, M., Deprezdecampeneere, D., Speiser,
P., 1983. Pharmacokinetics and distribution of a biodegradable drug-carrier. Int.
J. Pharm. 15, 335–345.

uise, V., Drouin, J.Y., Benoit, J., Mahuteau, J., Dumont, P., Couvreur, P., 1990.
Vidarabine-loaded nanoparticles—a physicochemical study. Pharm. Res. 7,
736–741.

upta, R.K., Chang, A.C., Griffin, P., Rivera, R., Guo, Y.Y., Siber, G.R., 1997. Determination
of protein loading in biodegradable polymer microspheres containing tetanus
toxoid. Vaccine 15, 672–678.

ermans, I.F., Daish, A., MoroniRawson, P., Ronchese, F., 1997. Tumor-peptide-pulsed
dendritic cells isolated from spleen or cultured in vitro from bone marrow
precursors can provide protection against tumor challenge. Cancer Immunol.
Immunother. 44, 341–347.

illery, A.M., Toth, I., Shaw, A.J., Florence, A.T., 1996. Co-polymerised peptide par-
ticles (CPP). I. Synthesis, characterisation and in vitro studies on a novel oral
nanoparticulate delivery system. J. Control. Rel. 41, 271–281.

ung, T., Kamm, W., Breitenbach, A., Kaiserling, E., Xiao, J.X., Kissel, T., 2000.
Biodegradable nanoparticles for oral delivery of peptides: is there a role
for polymers to affect mucosal uptake? Eur. J. Pharm. Biopharm. 50, 147–
160.

abib, A., Lenaerts, V., Chouinard, F., Leroux, J.C., Ouellet, R., Vanlier, J.E., 1991.
Biodegradable nanospheres containing phthalocyanines and naphthalocyanines
for targeted photodynamic tumor-therapy. Pharm. Res. 8, 1027–1031.

ambert, G., Fattal, E., Pinto-Alphandary, H., Gulik, A., Couvreur, P., 2000. Poly-
isobutylcyanoacrylate nanocapsules containing an aqueous core as a novel
colloidal carrier for the delivery of oligonucleotides. Pharm. Res. 17, 707–714.

u, F.L., He, F.C., 2001. Nanoparticles as adjuvants for the epitope peptide vaccines.
Prog. Biochem. Biophys. 28, 832–835.

’Hagan, D.T., Palin, K.J., Davis, S.S., 1989. Poly(butyl-2-cyanoacrylate) particles as
adjuvants for oral immunization. Vaccine 7, 213–216.

eula, J.M., Hidalgo-Alvarez, R., de las Nieves, F.J., 1998. Covalent binding of proteins
to acetal-functionalized latexes. II. Colloidal stability and immunoreactivity. J.
Colloid Interface Sci. 201, 139–145.

itaksuteepong, T., Davies, N.M., Tucker, I.G., Rades, T., 2002. Factors influencing
the entrapment of hydrophilic compounds in nanocapsules prepared by inter-
facial polymerisation of water-in-oil microemulsions. Eur. J. Pharm. Biopharm.
53, 335–342.

ingh, M., Chakrapani, A., O’Hagon, D., 2007. Nanoparticles and microparticles as
vaccine-delivery systems. Expert Rev. Vaccines 6, 797–808.

authier, C., Dubernet, C., Fattal, E., Pinto-Alphandary, H., Couvreur, P., 2003.
Poly(alkylcyanoacrylates) as biodegradable materials for biomedical applica-
tions. Adv. Drug Del. Rev. 55, 519–548.

atnasirichaikul, S., Davies, N.M., Rades, T., Tucker, I.G., 2000. Preparation
of biodegradable insulin nanocapsules from biocompatible microemulsions.
Pharm. Res. 17, 684–689.
oral bioactivity of insulin in diabetic rats using nanocapsules dispersed in bio-
compatible microemulsion. J. Pharm. Pharmacol. 54, 473–480.

atnasirichaikul, S., Rades, T., Tucker, I.G., Davies, N.M., 2002b. Effects of formulation
variables on characteristics of poly(ethylcyanoacrylate) nanocapsules prepared
from w/o microemulsions. Int. J. Pharm. 235, 237–246.


	Increasing entrapment of peptides within poly(alkyl cyanoacrylate) nanoparticles prepared from water-in-oil microemulsions by copolymerization
	Introduction
	Materials and methods
	Materials
	Peptide synthesis and characterization
	Preparation of PACA nanoparticles
	Characterization of nanoparticles
	Determination of entrapment efficiency
	In vitro release study

	Results and discussion
	Synthesis of acryloyl peptide
	Preparation and characterization of nanoparticles
	Entrapment efficiency of peptides in nanoparticles
	In vitro release study

	Conclusion
	Acknowledgements
	References


