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Scientifi c Article

Polymeric nanoparticles as an oral delivery system for biocontrol agents 
for the brushtail possum (Trichosurus vulpecula)

A McDowell*§, BJ McLeod†, T Rades* and IG Tucker*

Abstract
AIM: To investigate polymeric nanoparticles as an oral delivery 
system for protein biocontrol agents for control of the brushtail 
possum, Trichosurus vulpecula.

METHODS: Insulin-loaded poly(ethyl 2-cyanoacrylate) 
(PECA) nanoparticles were prepared using interfacial polymeri-
sation, and characterised for size, zeta potential, and effi ciency 
of encapsulation of insulin. In-vitro release of insulin-loaded 
PECA nanoparticles was quantifi ed using reverse-phase high-
pressure liquid chromatography (HPLC). The in-vivo pharma-
cokinetics of insulin in PECA nanoparticles was investigated 
following I/V administration, and when injected directly into 
the caecum alone or in conjunction with the permeation en-
hancer EDTA. Blood samples were collected at intervals from 
–5 to 180 minutes, and the concentration of insulin in plasma 
was quantifi ed using a radioimmunoassay (RIA) validated for 
possum plasma.

RESULTS: Poly(ethyl 2-cyanoacrylate) nanoparticles were pro-
duced with a uniform particle size of 200–300 nm, and the 
mean entrapment of insulin was 78%. In-vitro release of in-
sulin from the PECA nanoparticles was controlled, although 
incomplete, and approximately 30% of the insulin remained 
entrapped. The bioavailability of insulin when administered in 
a PECA nanoparticulate formulation injected directly into the 
caecum was <1%, and was not increased by addition of the per-
meation enhancer.

CONCLUSIONS: The nanoparticulate formulations investi-
gated as part of this study resulted in low bioavailability of the 
peptide insulin in the brushtail possum.

KEY WORDS: Brushtail possum, Trichosurus vulpecula, biologi-
cal control, oral delivery, radioimmunoassay, pharmacokinetics, 
nanoparticles, insulin

Introduction
Controlling vertebrate pests using biological control operations 
requires effective delivery systems to dose target animals with the 
control agent. The brushtail possum (Trichosurus vulpecula) is 
New Zealand’s most signifi cant vertebrate pest, that causes dam-
age to native fl ora and fauna, and is a vector for bovine tuberculo-

sis (Clout and Ericksen 2000). New agents for biological control 
of the brushtail possum in New Zealand, e.g. immunocontracep-
tives and chemical sterilants, are being investigated, and they are 
likely to be peptide or protein molecules (Duckworth et al. 2007; 
Eymann et al. 2007). Consequently, the design of a potential de-
livery system has been based on model macromolecules such as 
insulin. Insulin is a readily obtainable protein for which there are 
reliable assays available with suffi cient sensitivity for quantifi ca-
tion of the peptide in vivo. Thus, it is an ideal macromolecule 
for assessing biocontrol formulations for possums. There are a 
number of different protein and peptide bioactives (compounds 
that elicit a biological response) being investigated for biological 
control of the brushtail possum in New Zealand, and our strat-
egy is to design a generic delivery system for peptide or protein 
molecules and then to refi ne the formulation when a specifi c lead 
compound has been identifi ed.

As the target species is a wild, free-ranging animal, the most pru-
dent way to administer the control agent is via the oral route. In 
the short-to-medium term, delivery of biocontrol agents to the 
brushtail possum via a bait will be the most feasible and publicly 
acceptable approach. The challenges in designing such an oral 
delivery system are, however, several-fold. Without formulation, 
peptides and proteins have poor intrinsic permeability across bio-
logical membranes due to their size, hydrophilicity and electri-
cal charge. Consequently, oral bioavailability, i.e. the fraction of 
a dose administered orally that reaches the systemic circulation, 
is typically only 1–2% (Yang et al. 2002). Pharmaceutical for-
mulation strategies can be employed to maintain potency of the 
biocontrol agent during transit through the gastrointestinal tract 
and to promote uptake across the intestinal mucosa (McDowell 
et al. 2006).

Nanoparticles are a colloidal delivery system used in the pharma-
ceutical sciences, that are defi ned as synthetic polymer spheres in 
the sub-micron size range, that can be used as colloidal carriers 
for therapeutic agents (Vauthier et al. 2003). They can effectively 
entrap and protect macromolecules from enzymatic degradation 
in vivo, and enable transport of the bioactive across the epithe-
lium of the gastrointestinal tract, and provide controlled release 
of drugs (Mahato et al. 2003). Nanoparticles can be made from 
biodegradable polymers, are easily produced, production can be 
scaled-up, and they can provide controlled drug-release profi les 
over an extended period of time. Particulate delivery technol-
ogy is well-developed in the human fi eld, and to a lesser extent 
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in farm and companion animals. Nanoparticles have been used 
successfully as a delivery system for insulin to laboratory animals 
(Michel et al. 1992; Damgé et al. 1997; Aboubakar et al. 2000; 
Watnasirichaikul et al. 2002), however their application to wild-
life management is largely untested.

Permeation enhancers can improve oral bioavailability by increas-
ing intestinal permeability (Mahato et al. 2003). For the brushtail 
possum, Wen et al. (2002) tested the absorption of the peptide 
human gonadotrophin-releasing hormone (GnRH), and the pro-
tein bovine serum albumin, with a number of permeation en-
hancers and enzyme inhibitors. EDTA was the most effective at 
enhancing in-vitro permeation of GnRH and bovine serum albu-
min across the hindgut, while inducing only minimal damage to 
the epithelium.

The aims of this study were to investigate polymeric nanoparti-
cles, namely PECA, as a potential oral delivery system for biologi-
cal control agents for the brushtail possum. The intra-caecal route 
of administration was chosen as a fi rst stage in the development of 
an oral dosage form, as it is not uncommon to test a formulation 
in isolated target tissue fi rst before progressing to a formulation 
that is designed for oral ingestion. We investigated the in-vitro 
release and in-vivo pharmacokinetics of nanoparticles loaded with 
insulin, administered both I/V and directly into the caecum. The 
effect of the addition of a permeation enhancer (EDTA) to the 
formulation was also evaluated.

Materials and methods
Preparation of nanoparticles
Poly(ethyl 2-cyanoacrylate) nanoparticles were prepared using 
interfacial polymerisation, based on the method described by 
Watnasirichaikul et al. (2000). Water-in-oil micro-emulsions 
were prepared as the polymerisation template by mixing 1.0 g 
water, 3.6 g ethyloleate oil, and 5.4 g of a surfactant blend (Cril-
let 4:Crill 1, 6:4 w/w), and stirring at 4°C for 10 minutes. Ethyl 
2-cyanoacrylate monomer (200 mg) was dissolved in chloroform 
(600 mg), and added drop-wise to the micro-emulsion, and stirred 
overnight at 4°C. For nanoparticles containing insulin the aque-
ous phase in the micro-emulsion was replaced with 1.0 g human 
insulin solution (recombinant human insulin 10 mg/ml = 250 
IU in 25 mM N-2-hydroxyethylpiperazine-N-2-ethanesulphonic 
acid (HEPES) buffer, pH 8.2; Sigma Aldrich, Auckland, NZ).

Characterising nanoparticles
For characterisation purposes nanoparticles were isolated from 
the micro-emulsion by centrifugation at 51,500g for 1 h at 25°C. 
Nanoparticles were washed twice with absolute ethanol, then re-
dispersed in ethanol (5 ml), using ultrasonication. Particle size, 
zeta potential (charge), and polydispersity of the PECA nanopar-
ticles were measured in duplicate at 25°C, using photon-corre-
lation spectroscopy (Zetasizer 3000; Malvern Instruments Ltd, 
Malvern, UK). For determination of zeta potential isolated nano-
particles (10 μl) were re-dispersed, using sonication in 1 mM NaCl 
(10 ml). The amount of insulin encapsulated was determined in-
directly by calculating the difference between the amount added 
to the micro-emulsion and the concentration of insulin in the 
aqueous supernatant after polymerisation. Insulin was quanti-
fi ed using reverse-phase HPLC (C18 column; Phenomenex, Lane 
Cove, NSW, Australia), heated to 50°C with a 50-μl sample loop. 
The mobile phase was 23.5% w/w acetonitrile in a 0.125 M aque-

ous solution of sodium dihydrogen phosphate, adjusted to pH 
2.5 with orthophosphoric acid. Chromatographic separation was 
isocratic, with a fl ow rate of 1.4 ml/minute. The eluent was moni-
tored at a wavelength of 212 nm (Shimadzu SPD-10A UV-VIS 
Detector; SpectraLab Scientifi c Inc, Toronto, Canada).

Animals
Nineteen adult brushtail possums (1.46–3.69 kg body mass) were 
caught from the wild in the Dunedin region of New Zealand 
(45°52’S, 170°31’E). Animals were maintained in captivity, as 
described by McLeod et al. (1997). A mixed diet of fresh fruit and 
vegetables, and cereal-based pellets (Opossum Pellets; Western 
Animal Nutrition, Rangiora, NZ) was provided, together with 
branches of Pinus radiata for browse. Fresh water was available 
ad libitum. The procedures described had prior approval from the 
University of Otago Animal Ethics Committee, Dunedin, New 
Zealand, or the AgResearch Invermay Animal Ethics Committee, 
Mosgiel, New Zealand.

In-vitro release of insulin from nanoparticles
Phosphate buffer
Insulin-loaded nanoparticles isolated from 1.0 g of the polymer-
ised micro-emulsion by centrifugation were re-dispersed, using 
ultrasonication in 10 ml phosphate buffer (0.067 M, pH 7.4), and 
rapidly transferred to a double-walled, temperature-controlled 
beaker (37°C), and stirred continuously using a magnetic fl ea at 
a rate of 400 rpm. Samples (0.5 ml) were withdrawn at set times 
(5, 30, 60, 120, 240, 300 and 360 minutes), and the nanoparti-
cles were separated using centrifugation at 14,000g for 5 minutes. 
Insulin present in the supernatant was determined using reverse-
phase HPLC.

Gastrointestinal enzyme solutions
Possums were anaesthetised (halothane by inhalation (fl urothane, 
0.3–0.4 L/minute); ICI New Zealand Ltd, Lower Hutt, NZ) to 
enable handling, and then subject to euthanasia by an intra-car-
diac injection of 0.3–0.5 ml sodium pentobarbitone (500 mg/ml)
(Pentobarb 500; Delta Veterinary Laboratories Pty Ltd, Hornsby, 
Australia). A mid-line incision was made to expose the gastroin-
testinal tract, and the caecum was removed and placed on ice. A 
sample of luminal contents (5.5 g) from the caecum was diluted 
with 2 ml 0.125 M NaCl, and homogenised for 10 seconds. The 
homogenate was separated using centrifugation at 1,000g for 
15 minutes at 4°C, and the supernatant was diluted to 10 ml 
with phosphate buffer (pH 7.2). To isolate the mucosal enzymes, 
a 15-cm long section of caecum was cut along the mesenteric 
border, opened out, and the caecal surface washed in cold phos-
phate buffer (50 mM, pH 7.2) with a fi ne paintbrush, to remove 
residues of luminal contents. The mucus and epithelial cell layer 
were then scraped off using the edge of a microscope slide, and 
homogenised in 2 ml 50 mM phosphate buffer. The homogenate 
was separated using centrifugation at 1,000g for 15 minutes at 
4°C, and the supernatant harvested. All samples were stored at 
–80°C until used.

Nanoparticles were prepared, washed, and isolated from 1.0 g 
polymerised micro-emulsion as described above, and dispersed in 
10 ml luminal enzyme solution or 5 ml mucosal enzyme solution, 
using ultrasonication, and then transferred to double-walled, 
temperature-controlled beakers (37°C). Solutions were stirred 
continuously at 400 rpm for 30 minutes.

Following this initial incubation in the enzyme solutions, the en-
tire dispersion was separated using centrifugation at 4,000g for 10 
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minutes, and the nanoparticles re-dispersed in 10 ml phosphate 
buffer (0.067 M, pH 7.4), transferred to double-walled, temper-
ature-controlled beakers (37°C), and stirred continuously using a 
magnetic fl ea at a rate of 400 rpm for 24 h. The release of insulin 
from these nanoparticles, previously exposed to an enzyme solu-
tion, was monitored over 24 h in phosphate buffer. Samples (500 
μl) were taken after 3, 30, 90, 180, 360, 600 minutes, and 24 h, 
separated by centrifugation at 14,000g for 5 minutes, and the 
insulin in the supernatant was then measured using HPLC.

Radioimmunoassay for human insulin in possum plasma
Concentrations of insulin in plasma were quantifi ed using a solid-
phase, competitive RIA kit (Coat-A-Count; DPC Ltd, Huntly, 
NZ), as described by the manufacturer. Radiolabelled insulin 
(125I) was detected in the samples using a 1470 Wizard Auto-
matic Gamma Counter (Wallac; GMI Inc, Ramsey MN, USA). 
Non-specifi c binding was estimated by incubating the zero cali-
brator solution with the 125I tracer, without antibody present. To-
tal counts were estimated by incubating the 125I tracer only, with 
the antibody. The assay was validated for plasma from brushtail 
possums by confi rming parallelism with samples from three 
animals, comparing serial dilutions of different volumes of the 
plasma with the standard curve. If the slope of the serial-dilution 
curve was equal to the slope of the standard curve then there was 
no proportional analytical error within the range of the standard 
curve. Cross-reactivity was tested by spiking samples with known 
amounts of human insulin, and determining the concentration of 
insulin in the spiked samples. The intra-day CV were determined 
from the variation between replicate plasma samples in one as-
say, and inter-day CV from replicate analyses of standard plasma 
samples included in different assays.

The mean recovery of 97.5 and 185.5 μIU/ml human insulin 
added to possum plasma was 82.6 (SD 6.8)% and 84.2 (SD 
6.7)%, respectively. Non-specifi c binding was <2% of the total 
counts. The limit of sensitivity of the insulin assay was 1.2 μIU/
ml plasma, and the intra- and inter-assay CV were <10%.

Glucose challenge
A glucose challenge was performed to ascertain if there was cross-
reactivity between endogenous insulin and human insulin, that 
was entrapped in the nanoparticles and was measured in the RIA. 
A glucose solution was prepared by dissolving 6.25 g anhydrous 
D-(+)-glucose (Dextrose; Sigma Aldrich) in 20 ml distilled wa-
ter. Adult, male brushtail possums (n=3; average body mass 3.0 
kg) were used for this study. The glucose solution (2.1 g/kg) was 
administered to the possums, anaesthetised by inhalation with 
fl urothane (0.3–0.4 L/minute; ICI New Zealand Ltd), via a fl ex-
ible tube (external diameter 4 mm) inserted in the mouth to the 
entrance of the oesophagus. One hour after the administration 
of glucose each possum was lightly anaesthetised, and blood was 
collected via cardiac puncture into heparinised tubes. A blood 
sample was also collected from an animal that had not received 
glucose (unchallenged animal). Each animal was then subject to 
euthanasia by an intra-cardiac injection of 0.3–0.5 ml sodium 
pentobarbitone (500 mg/ml) (Pentobarb 500; Delta Veterinary 
Laboratories Pty Ltd). Blood samples were separated using cen-
trifugation for 20 minutes at 1,000g, and the plasma aspirated 
and stored at –80°C until analysed.

In-vivo pharmacokinetics
As the basis for determining the bioavailability of insulin in pos-
sums, an insulin solution was administered I/V as well as intra-
caecally. The I/V dose is the reference from which the relative bio-

availability (F) from other routes of administration is calculated, 
using the following equation:

 AUCI/C x DoseI/V solution
F =
 DoseI/C x AUCI/V solution

where the area under the curve (AUC) for the intra-caecal (I/C) 
route is compared with the I/V route for the same formulation. 
Comparing the AUC for a drug in solution administered via the 
I/V route is the usual situation for delivery of drugs via the oral 
route. 

Prior to the experiment animals were placed in individual cages 
(490 mm wide x 360 mm high x 540 mm long), and fasted over-
night to reduce basal levels of insulin. The jugular cannulation 
procedure used was based on the method described by Crawford 
(1997). Each animal was anaesthetised with an I/M injection of 
30 mg/kg tiletamine and zolazepam (Zoletil; Virbac Laborato-
ries Ltd, Auckland, NZ), and excess salivation was controlled by 
an I/M injection of 0.3 mg atropine sulphate (Atropine; Phoenix 
Pharm Distributors Ltd, Auckland, NZ). The jugular vein was 
exposed by blunt dissection, and cannulated (Insyte 18 G, 1.3 x 
48 mm; BD Biosciences, Auckland, NZ). Warmed heparinised 
saline was infused into the cannula, to maintain patency.

Administration of formulations
Formulations used in the study were prepared immediately prior 
to dosing the animals. Nanoparticles were separated from the 
micro-emulsion and washed with ethanol. Isolated nanoparti-
cles were re-suspended using sonication in 1 ml of either 25 mM 
HEPES buffer (pH 8.2) or 10 mM EDTA (BDH Chemicals Ltd, 
Poole, UK). The dose of insulin administered was adjusted for 
bodyweight for each animal.

The experiments were conducted at approximately the same time 
each day, to minimise diurnal variation. The experimental design 
for the pharmacokinetic study was based on a randomised block 
design (Table 1). For I/V administration each animal received 
a single bolus dose of insulin (0.5 IU/kg) in HEPES buffer via 
a co-axial cannula inserted into the indwelling jugular cannula. 
For intra-caecal administration, following insertion of the jugular 
cannula as described above, an incision was made on the mid-
line of the abdomen. The length of the caecum in the brushtail 
possum is variable, and can range from 25 to 51 cm (McDowell 
et al. 2005), hence a pre-determined distance of 5 cm from the 
ileocaecal junction was chosen, to standardise the position of the 
dose. The caecum was exteriorised, and a catheter (Angiocath; 14 
G x 135 mm; Deseret Pharmaceutical Co, Sandy UT, USA) was 
introduced approximately 5 cm from the ileocaecal junction and 

Table 1. Formulations used in a pharmacokinetic study to investigate 
nanoparticles as a delivery system to the brushtail possum (n=3 per 
group).

  Dose Route of Volume  
Group Formulation (IU/kg) administration (ml)
   
1 Insulin solution 0.5 I/V 1
2 Insulin-loaded nanoparticles 1.0  I/V 1
3 Insulin-loaded nanoparticles 10.0 I/C 3 x 1
4 Insulin-loaded nanoparticles  10.0 I/C 3 x 1
 + EDTA (10 mM) 
5 Insulin solution + EDTA (10 mM) 5.0 I/C 3 x 1

I/C = intra-caecal

McDowell et al. New Zealand Veterinary Journal 57(6), 2009 372



Figure 2. Mean (+ SD) profi le of release of insulin in phosphate buffer 
following incubation of insulin-loaded poly(ethyl 2-cyanoacrylate) 
nanoparticles in enzyme solutions prepared from caecal (a) luminal 
contents, and (b) mucosal contents from three brushtail possums.
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inserted approximately 10 cm; 1 ml of each formulation, insulin-
loaded nanoparticles, insulin-loaded nanoparticle and EDTA, or 
insulin solution and EDTA, was injected at three different sites 
in the caecum. The open end of the cannula was positioned such 
that the dose was expelled adjacent to the epithelium of the cae-
cum and closest to the side of attachment of the intestinal mesen-
tery and vasculature. Following administration the caecum was 
returned to the abdominal cavity, to maintain it at body tempera-
ture, and the surgical site covered with moist gauze.

Blood samples (1.5 ml) were collected via the indwelling jugular 
cannula at –5, 0, 5, 10, 15, 30, 45, 60, 75, 90, 120, 150 and 180 
minutes into heparinised (100 IU/ml) microfuge tubes (Axygen 
Inc, Union City CA, USA), and separated using centrifugation 
(IEC Centra-3S; Thermo Scientifi c, Milford MA, USA) for 20 
minutes at 8,000 rpm. The plasma was aspirated and stored at 
–80°C until analysed. Immediately after the fi nal blood sample 
was collected the animals were subject to euthanasia by injection 
of 0.3–0.5 ml sodium pentobarbitone (Pentobarb 500; Delta 
Veterinary Laboratories Pty Ltd), administered via the indwelling 
jugular cannula.

Statistical analysis
Concentrations of insulin were quantifi ed from the gamma 
counts using the program AssayZap (2.29 for Windows; BioSoft 
Inc, Cambridge, UK). Pharmacokinetic analysis was performed 
using the computer program MINIM (3.08 R Purves, Depart-
ment of Pharmacology, University of Otago, NZ). Plasma profi les 
were subjected to compartmental modelling, using an iterative, 
non-linear, least-squares regression analysis method (Gauss-New-
ton-Marquardt). Akaike information criterion values were com-
pared, in order to choose the most suitable model for the data. 
The randomness of residuals from the models was assessed using 
the Runs test (Draper and Smith 1968). The AUC was calculated 
using the parabolas-through-the-origin, then log-trapezoidal rule 
(Purves 1992). Differences between pharmacokinetic param-
eters were assessed using ANOVA, using the computer program 
Minitab Release 12.1 (Minitab Inc, State College PA, USA), and 
p<0.05 was considered signifi cant.

Results
Characterising nanoparticles
Poly(ethyl 2-cyanoacrylate) nanoparticles had a mean (n=5) parti-
cle size of 214 (SD 9.3) nm, that increased to 318 (SD 20.6) nm 
when loaded with insulin. The polydispersity index, a measure 
of the distribution of particle size, was 0.176 for unloaded and 
0.230 for insulin-loaded nanoparticles, respectively, indicating a 
narrow distribution in size. The surface charge of the nanoparti-
cles was similar between unloaded and insulin-loaded particles 
(–24.2 (SD 1.1) mV, and –22.9 (SD 1.9) mV, respectively), indi-
cating encapsulation of the protein inside the particles. The aver-
age effi ciency of encapsulation of insulin in the nanoparticulate 
formulations was 74.2 (SD 1.9)%.

In-vitro release of insulin from nanoparticles
The in-vitro release of insulin from PECA nanoparticles in phos-
phate buffer was triphasic over 6 h (Figure 1). There was a burst 
release of 9.2% of the entrapped insulin immediately after im-
mersion in phosphate buffer (fi rst sample), and by 30 minutes 
approximately 16% of in the entrapped insulin had been released. 

Release of insulin was incomplete after 6 h, and the maximum 
amount released over the time of the investigation was 28.4% of 
the load dose.

Insulin released from PECA nanoparticles pre-incubated in en-
zyme solutions prepared from caecal contents was variable, and 
there was a burst release of approximately 5% when placed into 
phosphate buffer (Figure 2). Release of insulin following pre-
incubation in caecal luminal enzymes decreased until after 3 h, 

Figure 1. Mean (± SD) in-vitro release of insulin from poly(ethyl 
2-cyanoacrylate) nanoparticles (n=3 batches) in phosphate buffer.
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In-vivo pharmacokinetics
Following I/V administration of insulin solution the time required 
to reach maximum concentration was recorded at 2 minutes (the 
fi rst post-injection sample), which was followed by a rapid fall 
in concentration over the following 15 minutes (the elimina-
tion phase; Figure 3a). When administered I/V, insulin-loaded 
nanoparticles gave a similar AUC of insulin to that with the in-
sulin solution administered I/V (p=0.338) (Figure 3b, Table 2). 
Based on Akaike information criterion and r2 values, plasma 

Table 2. Non-compartmental mean (± SD) pharmacokinetic parameters for insulin administered to three brushtail possums, using different 
formulation approaches.

 AUC Cmax tmax Cl Vss t½
Formulation (μIU/min/ml) (μIU/ml) (min) (ml/min/kg) (ml/kg)   (min)

I/V      

     Solution 59,687 ± 5,671.88 4,795.1 ± 2,117.63 2 ± 0 8.4 ± 0.8 173 ± 27.5 14.2 ± 1.1

     Nanoparticlesa 46,270 2,585.5 2 24.1 458 13.8

Intra-caecal      

     Nanoparticles 858 ± 781.56 21.3 ± 2.11 11 ± 2.9 nd nd nd

     Nanoparticles +  EDTA 642 ± 133.61 20.0 ± 10.57 13 ± 2.9 nd nd nd

     Solution +  EDTA 851 ± 413.63 16.0 ± 7.55 20 ± 8.7 nd nd nd

a n=2
AUC = area under the curve; min = minute(s); Cmax = maximum concentration; tmax = time required to reach maximum concentration; Cl = clearance; Vss = volume of 
distribution; t½ = half-life; nd = not determined

when insulin was not detected in the release medium (Figure 2a). 
In contrast, release of insulin from nanoparticles pre-incubated 
in caecal mucosal extracts was maintained over 10 h (Figure 2b).

Glucose challenge
One hour after dosing with the oral glucose challenge the concen-
tration of insulin measured in the plasma of two of the animals 
was 4.5 and 3.6 μIU/ml. In the third possum, the level of insulin 
remained below 2.6 μIU/ml. Insulin in the plasma from an un-
challenged animal was not detectable.

Figure 3. Semi-logarithmic plot of the mean (+ SD) plasma insulin profi les after different formulations were administered to three brushtail possums. 
(a) Insulin solution administered I/V, (b) poly(ethyl 2-cyanoacrylate) (PECA) nanoparticles administered I/V, (c) PECA nanoparticles administered intra-
caecally, and (d) PECA nanoparticles + EDTA administered intra-caecally.
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insulin concentration-time curves after I/V administration of 
insulin-loaded nanoparticles were best fi tted using a standard 
two-compartment model. The mean maximum concentration 
for the PECA nanoparticulate formulation was less than half that 
for the insulin solution administered I/V (Table 2). Clearance of 
the insulin-loaded nanoparticles tended to be faster than the insu-
lin solution (p=0.073). The apparent volume of distribution was 
higher for the PECA nanoparticulate formulation administered 
I/V compared with the insulin solution given I/V (p=0.026), al-
though the half-life for insulin was approximately 14 minutes for 
both formulations (p=0.812) (Table 2).

When administered into the caecum, bioavailability of the na-
noparticulate formulations was 0.07%, signifi cantly lower than 
when the nanoparticles were administered I/V, and more variable 
between animals (Figure 3cd). The addition of a permeation en-
hancer (EDTA) in conjunction with the nanoparticulate formula-
tion administered directly into the caecum did not improve the 
bioavailability (0.05%) or the uptake of insulin into the systemic 
circulation (Table 2), as indicated by similar AUC for the formu-
lations (p=0.848). The maximum concentrations for the formu-
lations administered directly into the caecum were also similar 
(p=0.904). The time required for both the intra-caecal formu-
lations to reach maximum concentration was approximately 12 
minutes (Table 2).

Discussion
Nanoparticles can provide a controlled release of drugs (Moghimi 
et al. 2001), which was demonstrated in the present study, with 
the release of insulin from PECA nanoparticles in vitro. The in-
complete (~30%) release of insulin when incubated in phosphate 
buffer may be explained by the co-polymerisation of insulin with 
the polymer wall during formation of the nanoparticles.

In-vitro incubation of insulin-loaded PECA nanoparticles with 
luminal enzymes from the caecum caused insulin to be degraded 
more rapidly than when exposed to enzyme solutions prepared 
from the mucosa of the gastrointestinal tract of the brushtail 
possum. Luminal enzymes may cause damage to the polymeric 
wall of the nanoparticles, and enable entry of the enzymes into 
the core of the nanoparticles to degrade the entrapped insulin. 
However, the mechanism for degradation of nanoparticles is not 
known, and is an area that warrants further investigation. Oral 
delivery systems should therefore be designed where the biocon-
trol agent remains within the nanoparticle during translocation 
of the nanoparticles through the gastrointestinal epithelium, to 
prevent premature degradation in the lumen of the gastrointesti-
nal tract. The rate of release of insulin from nanoparticles pre-in-
cubated in intestinal preparations in the present study was highly 
variable between individual animals. This may in part be due to 
the low sample number used (n=3), and potential differences in 
intestinal microfl ora and diet between individual possums. The 
intestinal contents used in this study were from animals caught 
from the wild from different localities. Consequently, the history 
of the animals’ diets might be different depending on the type of 
vegetation within their home range. Animals were habituated to 
captivity for at least 2 weeks prior to the commencement of this 
study. However, the time taken for gastrointestinal microfl ora to 
alter in response to changes in diet of hindgut-fermenting animals 
such as the brushtail possum is unknown.

As a pre-requisite to using insulin to investigate the effectiveness 
of formulations it was necessary to validate an assay for measuring 
human insulin added to plasma from the brushtail possum. In the 
present study, two of the three brushtail possums had a minimal 
response to the glucose challenge, and in the third animal the level 
of insulin in the plasma was below the detection limit of the as-
say. These results could be interpreted in two ways. The brushtail 
possum may have low levels of endogenous insulin. The natural 
diet of brushtail possums is not rich in sugars (Kerle 1984) so it 
follows that they do not need to have high levels of insulin as eu-
therians do. Alternatively, the antibodies in the RIA kit used may 
not bind to insulin in the brushtail possum. Non-specifi c bind-
ing for the RIA kit used was typically <2%, and the yield from 
possum plasma samples spiked with calibrator standards (human 
insulin) was approximately 88%. Consequently, this lower-than-
expected cross-reactivity may mean that there are differences in 
at least the binding epitope between insulin from the brushtail 
possum and human insulin. As the sequence for insulin in the 
brushtail possum is not known it cannot be determined how simi-
lar it is to human insulin. The apparent low cross-reactivity of 
human insulin and insulin from T. vulpecula was advantageous 
for the study described here because the insulin from the brush-
tail possum would not interfere with the assay for the human 
insulin used in the test formulations. Consequently, it was not 
necessary to suppress insulin levels in the brushtail possum prior 
to the pharmacokinetic study.

The plasma concentration-time curves of the insulin solution ad-
ministered I/V in the brushtail possum were approximated using 
a two-compartment model, and were consistent with reports in 
eutherian animals, including rats (Schilling and Mitra 1992) and 
humans (Waldhausl et al. 1983). In rats, the half-life following 
I/V administration of insulin solution was 11.5 minutes (Schill-
ing and Mitra 1992), and was comparable with the present study 
where the mean half-life was 13.8 minutes. The pharmacokinetics 
of the model compounds fl uorescein and GnRH in the brushtail 
possum were also reported to be similar to those for eutherian 
mammals of similar size, such as the rabbit (McLeod et al. 2005). 
When normalised for dose the AUC was larger for the insulin 
solution. It is unlikely that the RIA used to measure the insu-
lin in plasma could quantify insulin contained within the PECA 
nanoparticles. Peptide entrapped within polymeric nanoparticles 
is physically shielded from interaction with the antibody in the 
RIA, and so is not detected. This shielding effect of peptide con-
tained within nanoparticles has been described by Hillery et al. 
(1996) for GnRH in n-butylcyanoacrylate nanoparticles, and for 
growth hormone-releasing factor by Gautier et al. (1992). Conse-
quently, the AUC for the insulin-loaded nanoparticles represent-
ed only the insulin released from the nanoparticles rather than the 
total insulin present. In addition, the plasma curve for insulin-
loaded nanoparticles showed that following a progressive fall in 
the plasma concentration over 120 minutes levels then reached a 
plateau. This plateau was maintained until the end of the study, 
60 minutes later. This may refl ect the gradual release of insulin 
that is entrapped within the nanoparticles, as it diffuses through 
the polymeric wall and into the blood. This clearance of insulin-
loaded nanoparticles was in agreement with the literature on the 
clearance of nanoparticles in vivo. Particulate drug carriers are 
rapidly cleared from the blood following I/V administration, by 
macrophages of the circulatory system, and accumulate in the liv-
er and spleen (Demoy et al. 1999). Specifi cally, Cruz et al. (1997) 
demonstrated in vitro that poly(alkylcyanoacrylate) nanoparticles 
were taken up by macrophages from the peritoneum of mice.
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In-vivo release of insulin from PECA nanoparticles in plasma (ap-
proximately 1,000 μIU/ml) was greater than its release in vitro in 
phosphate buffer (approximately 175 μIU/ml). Both the in-vitro 
and in-vivo conditions of release were at 37°C and pH 7.4. Rates 
of release may have been different because the composition of 
plasma is different from that of buffer, due to the presence of 
proteins, including enzymes, in the blood. Nanoparticles have an 
hydrophobic surface and so, when administered I/V proteins in 
the blood, e.g. IgG and albumin, are adsorbed to their surface 
(Demoy et al. 1999; Soppimath et al. 2001). This protein compl-
exation (opsonisation), coupled with enzymatic activity, could act 
to degrade the nanoparticles and so lead to greater release in vivo 
than under in-vitro conditions.

The bioavailability, relative to I/V administration of insulin so-
lution, for the formulations administered by the intra-caecal 
route in the present study was lower than that typically reported 
of 1–2% for protein and peptide molecules (0.07% for insulin-
loaded nanoparticles and 0.05% for insulin-loaded nanoparticles 
with EDTA). The fact that insulin was detected in the plasma 
following administration of the nanoparticulate formulation is an 
indication that some of the insulin was protected by being en-
trapped in the nanoparticle and was able to be transported across 
the epithelium into systemic circulation. Previous studies have 
shown that a permeation enhancer can improve the bioavailabil-
ity of proteins in vivo (Wen 2003). In the present study, there was 
no improvement in bioavailability when the nanoparticles were 
suspended in the permeation enhancer (EDTA) compared with 
the nanoparticulate formulation without EDTA. The absorption-
enhancing effects of the permeation enhancer when used in vivo 
may be less than shown in vitro because the enhancer may be 
diluted below an effective concentration when mixed with the 
digesta in the gastrointestinal tract. In addition, Li and Deng 
(2004) proposed that there is a time lag for ETDA to chelate the 
calcium ions that assist in the opening of tight junctions, leading 
to a delay in the effects of enhancement of permeation by EDTA.

In summary, an insulin RIA was validated for use with plasma 
from a marsupial species, the brushtail possum. Furthermore, the 
brushtail possum was found to be a suitable non-diabetic model 
in which to study the protein insulin. Biodegradable PECA na-
noparticles can be prepared using interfacial polymerisation of 
biocompatible micro-emulsions, and can effi ciently entrap insu-
lin, and in-vitro release was incomplete over 6 hours. The pharm-
acokinetic parameters of insulin-loaded PECA nanoparticles ad-
ministered I/V were similar to those for an insulin solution ad-
ministered I/V, although there was evidence of a sustained release 
of insulin from the nanoparticulate formulation. The intra-caecal 
administration of insulin-loaded PECA nanoparticles yielded a 
low bioavailability of insulin in the brushtail possum, and it was 
highly variable. Addition of the permeation enhancer, EDTA, 
with insulin-loaded PECA nanoparticles did not signifi cantly 
increase the concentration of insulin in plasma compared with 
PECA nanoparticles alone.
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