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ABSTRACT

Background: Progress in the field of biology and biochemistry has led to the discovery of numerous bioactive
peptides and proteins in the last few decades. Delivery of therapeutic proteins/peptides has received a considerable
amount of attention in recent years. Methods: In this study, a two-step desolvation method was used to produce
biodegradable hydrophilic gelatin nanoparticles (GNP) as a delivery system of protein model (BSA). The size and
shape of the nanoparticles were examined by dynamic light scattering and scanning electron microscopy. Results:
Particles with a mean diameter of 200-300 nm were produced and the percentage of entrapment efficiency was
found to be 87.4. The optimum amount of theoretical BSA loading was obtained, the release of BSA was monitored
in vitro, and the mechanism of release was studied. The BSA release profile showed a biphasic modulation
characterized by an initial, relatively rapid release period, followed by a slower release phase. Conclusion: Results
show that the two-step desolvation is an appropriate method for preparing GNP as a delivery vehicle for BSA. Iran.
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INTRODUCTION

eptides and proteins play a vital role in all
Pbiological processes and have received a

growing attention in recent years as drug
candidates. Therefore, the ability to deliver these
compounds systemically wusing convenient and
effective delivery systems is very important [1, 2].
However, some physicochemical and biological
properties of protein and peptide drugs are different
from those of conventional ones that cause a number of
limitations to delivery of them. These properties may
include molecular size, biological half-life, conform-
ational stability, solubility, dose requirement and
administration [3].

Oral route is the most convenient and popular
method for delivery of proteins and peptides, but most
peptide drugs show low oral activity. This fact is
mainly due to degradation by gastrointestinal tract
enzymes and poor permeability of the intestinal
mucosa [1, 4]. On the other hand, if protein and peptide
drugs administer parenteral, multiple injections are
required in order to achieve desirable therapeutic
effects because of their short half-lives in vivo. The
multiple or frequent injections cause poor compliance.

Therefore, designing and manufacturing truly unique
protein and peptide drug delivery systems are desired.
Recently, there is a significant interest in developing
novel delivery systems, which will deliver peptide and
protein drugs at a controlled rate throughout pre-
determined lengths of time. Various delivery systems,
including prolease technology, nano-particulate and
microparticulate delivery system, and mucoadhesive
delivery of peptides have been developed [5].

In recent years, nanoparticles have received a
growing attention as a delivery system of different
bioactive molecules. Nanoparticles are solid colloidal
particles ranging in size from 1 to 1,000 nm. They can
be used to entrap, encapsulate or absorb active agents
(drugs or other biologically active agents) [6]. These
particles can be prepared from a variety of natural and
synthetic materials, such as proteins, polysaccharides,
and synthetic polymers. Although various bio-
degradable nanoparticles of natural polymers, such as
starch, chitosan, liposomes, etc. are largely in use as
drug carriers, gelatin nanoparticles (GNP) represent a
promising carrier system for controlled drug delivery
technology [7].

The interest was based on the facts that gelatin is low
cost, biodegradable, biocompatible, non-toxic, and
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easy to crosslink and to modify chemically and has
therefore an immense potential to be used for the
preparation of drug delivery systems such as protein-
containing nanoparticles [6]. Various methods,
including nanoencapsulation [8], water-in-oil emulsion
[9, 10], desolvation [11], and coacervation-phase
separation [12] have been used to prepare GNP. There
are some studies that use these methods to produce
GNP containing different bioactive molecules [13-18].
Although all of these methods have several advantages,
there are some limitations. In case of water-in-oil
emulsion technique, a large amount of surfactant is
required to produce the small-sized GNP, which needs
a complicated post-process. The coacervation method
is a process of phase separation followed by cross-
linking step, while the non-homogeneous cross-linking
occurs in this method and has unsatisfied loading
efficiency [19]. Indeed, GNP prepared by many of
these methods was found to be large in size and has a
high polydispersity index (PDI) due to heterogeneity in
molecular weight of the gelatin polymer. An easier
GNP preparation method, two-step desolvation, was
developed that enabled the production of GNP with a
reduced tendency for aggregation [20]. In this method,
after the first desolvation step, the low molecular
gelatin fractions presented in the supernatant were
removed by decanting, and the high molecular
fractions presented in the sediment were redesolved.
However, there are some studies that use two-step
desolvation to produce GNP containing different
bioactive molecules [21-24].

Also, few studies have been conducted in production
of protein-loaded GNP by this method. In the present
study, a two-step desolvation method was used to
produce GNP containing a model protein drug, BSA,
as protein/peptide delivery system. At the first step, the
influence of molecular weight heterogeneity of gelatin
on nanoparticle size and PDI was investigated. Then,
BSA-loaded GNP was produced and the optimum
amount of BSA loading was obtained. Finally, the size,
shape, entrapment efficiency (EE%) and drug release
kinetic of nanoparticles were investigated.

MATERIALS AND METHODS

Materials. Gelatin from bovine skin, glutaraldehyde
(25% v/v aqueous solution), acetone, and BSA were
purchased from Merck, Germany.

GNP preparation. GNP was prepared by one- and
two-step desolvation method. The mechanism of GNP
formation was based on applying a desolvating agent
to reduce water available and keep the hydrated gelatin
chain in solution, resulting in agglomeration and
subsequent formation of particles.

One-step desolvation. Gelatin (200 mg) was
dissolved in distilled water (10 mL) under constant
heating at 40 = 1°C, pH 3 (by adding 0.1 M HCL).
BSA was added, followed by dropwise addition of
acetone (30 mL) to form GNP. At the end of the
process, glutaraldehyde solution (25% v/v in distilled
water [100 pL]) was added as a cross-linking agent,
and the solution was stirred for 30 min. Dispersion was
centrifuged at 11790 RCF for 30 min. The particles
were purified by threefold centrifugation and
ridispersion water. After the last ridispersion,
fabricated particles were freeze-dried, and then white
freely flowing powder of BSA-loaded GNP was
obtained.

Two-step desolvation. Coester et al. [20] reported a
two-step desolvation method to produce GNP. Here,
this method was adapted to encapsulate BSA in situ
within GNP. Briefly, 200 mg gelatin was dissolved in
distilled water (10 mL) under constant heating at 40° £+
1°C. Acetone (10 mL) was added to the gelatin
solution as a desolving agent to precipitate the high
molecular weight gelatin. The supernatant was
discarded, and the high molecular weight gelatin was
redissolved by adding distilled water (10 mL) with
stirring under constant heating at 40°C, pH 3 (by
adding 0.1 M HCL). BSA was added, followed by
dropwise addition of acetone (30 mL) to form GNP. At
the end of the process, glutaraldehyde solution (100
puL) was added as a cross-linking agent, and the
solution was stirred at 40 + 1°C for 30 min. Solution
was centrifuged at 11790 RCF for 30 min. The
particles were purified by threefold centrifugation and
ridispersion water. After the last ridispersion,
fabricated particles were freeze-dried, and then white
freely flowing powder of BSA-loaded GNP was

obtained. The process has been described
schematically in Figure 1.
Characterization of nanoparticles.  Scanning

electron microscopy (EM-3200) and the particle size
analyzer (Malvern Zen3600 Zetasizer) were used to
study the particle size and morphology of the GNP.
The infrared spectrum of GNP was recorded on a
Fourier transform infrared spectrophotometer (Thermo
Nicolet NEXUS 670, USA). The total quantity of BSA
contained in the nanoparticles and in vitro BSA release
were determined by a UV-Vis spectrophotometer
(LIUV-210 UV/Vis, Lambda Scientific Pty Ltd.,
Australia).

Determination of entrapment efficiency. The total
quantity of BSA contained in the nanoparticles was
determined by a ‘direct’” method. Five milligrams of
nanoparticles were added to 5 ml PBS (37°C). After
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Fig. 1. Schematic illustration of BSA-loaded gelatin nanoparticles produced by two-step desolvation. (a) Aqueous solution of
gelatin; (b), first step desolvation; (C), aqueous solution of high molecular weight of gelatin; (d), BSA- loaded in aqueous gelatin; (e),
dropwise addition of acetone and formation of GNP, and (f), stabilization of GNP by glutaraldehyde [19].

complete dissolution, the drug concentration was
determined by UV-Vis spectrophotometer at A = 278
nm.
mass of drugs in GNP
EE% = ) , (D
mass of drugs used in formulation

In vitro release study. The in vitro release
experiment was performed in a shaker bath at 37°C.
The BSA-containing GNP was suspended in PBS and
shaked in water bath. At predetermined time intervals,
1 ml supernatant was withdrawn. Then, 1 ml fresh PBS
was added to the tube and the tube was returned to the
shaker bath. The release samples were quantitated
using a UV spectrophotometer at 278 nm. The
percentage cumulative amount of BSA released was
calculated by using the following equation:

Amount of BSA release (%) =100x Mt 2

t=00

ZMt
t=0

Where M, is the amount of BSA released at time t.

RESULTS

Size and size distribution. The size and size
distribution are important characteristics of a

nanoencapsulation product used for drug delivery
because of the dependence of drug release rate on the
size and size distribution. Figure 2A shows size and
size distribution of the GNP without BSA loading,
produced by one-step desolvation method. The average
particle size and PDI of nanoparticles are 360 nm and
0.371, respectively. Figure 2B shows size and size
distribution of GNP without BSA loading produced by
two-step desolvation method. The average particle size
and PDI of nanoparticles are 199 nm and 0.250,
respectively. These results demonstrate that two-step
desolvation is more suitable to get GNP with desirable
size and PDI. Therefore, we used two-step desolvation
method for producing of BSA-loaded gelatin
nanoparticles. Scanning electron microscopy images of
GNP produced by two-step desolvation method have
been shown in Figure 3. As shown in this Figure,
smooth and spherical GNP was produced. The
photograph clearly indicates that no hairline cracks or
heterogeneity appear on the nanoparticles surface.
These data present morphological evidence for the
solid and the smooth nanoparticles.

The effect of theoretical BSA loading on size and
entrapment efficiency of GNP. Table 1 shows the
effect of theoretical BSA loading on particle size, PI,
and EE%. The results revealed that BSA loading in
GNP had a significant effect on particle size. There
was a considerable increase in EE% between 1% and
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Fig. 2. Particle size distribution of gelatin nanoparticles
produced by (A) one-step and (B) two-step desolvation methods
by number.

2% w/w of theoretical BSA loading. Figure 4 shows
GNP containing 2% and 3% w/w of BSA. By using 3%
w/w of BSA, the particle size and PDI was increased
significantly and some aggregation was observed (Fig.
4b), whereas no important effect was observed on
EE%. In 4% and 5% w/w of BSA, some precipitate
was formed after addition of acetone and desirable
nanoparticles could not be obtained at these
percentages of theoretical BSA loading. Therefore, 2%
of theoretical BSA loading was selected as optimum
for producing nanoparticles with a desirable size, PDI,
and EE%.

Infrared spectral analysis. The gelatin powder,
blank GNP, BSA, and BSA-loaded GNP were

characterized by  Fourier transform infrared
spectrophotometer spectra (Fig. 5). The strong band
observed at 3373 cm ' was due to N-H stretching of
amine group, 2930 cm ' due to C-H stretching of
methyl and methylene group, 1653 due to C=0O
stretching of amide group, 1545 ¢m ' due to C-N
stretching vibration, and 1450 cm' due to C=N ring
stretching. Glutaraldehydes have an aldehyde group
(-CHO) that reacts with the amino group of gelatin,
resulted in the formation of aldimine linkage (CH=N).
A stronger peak at 1450 cm’ in the BSA-loaded
gelatin nanoparticles is related to this linkage. Figure 6
shows the formation of bond between gelatin and
glutaraldehyde as crosslinking agent into gelatin
chains.

In vitro protein release. The release profiles of BSA
from GNP were measured by using UV-Vis
spectrophotometer. First, UV-Vis absorption spectrum
of BSA was plotted (Fig. 7). The BSA had the
maximum absorption centering at 278 nm. For the
calibration curve, five different concentrations of the
drugs were prepared and the absorbance was plotted
against the concentrations to get the standard curve.

25 KV

15.0 KX 1um KYKY-EM3200 SN:0056

Fig. 3. Scanning electron microscopy images of gelatin
nanoparticles (1-pm scale).

Table 1. Effect of theoretical BSA loading on particle size, PI, and EE%

Theoretical BSA Amount of Temperature Size (nm) Entrapment
loading (%) glutaraldehyde (uL) (°C) polydispersity index efficiency (%)
0 200 40 199.02 (0.250) 0
1 200 40 275.44 (0.257) 61.3
2 200 40 290.52 (0.264) 87.4
3 200 40 498.04 (0.481) 89.1
4 200 40
5 200 40
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Fig. 4. Scanning electron microscopy images of gelatin nanoparticles (1-um scale). (a) Gelatin nanoparticles with 2% w/w BSA, (b)
gelatin nanoparticles with 3% w/w BSA fabricated by two-step desolvation method.
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Fig. 5. The Infrared spectra of different materials. (a) Gelatin
powder, (b) blank gelatin nanoparticles, (c) BSA-loaded gelatin
nanoparticles, and (d) BSA.

Figure 8 illustrates the BSA release profile from the
GNP (containing 2% BSA) at 37°C over 7 days of
incubation. Over 70% of BSA was released when the
release time (t) was less than 80 h. When t>90 h, the
release rate was quite slow. The burst release phase
may be due to the BSA molecules imbedded in the
surface of GNP. Reduction in release rate may be
attributed to the reduced concentration of BSA in the
gelatin matrix.

DISCUSSION

The rapid advances in peptide and protein
pharmacology along with the large-scale production of
these compounds have fueled enormous interest in
these compounds. Development of peptide and protein

has been more rapidly than the ability to deliver these
components effectively. In recent years, nanoparticles
have received a growing attention as a delivery system
of different bioactive molecules such as proteins and
peptides. Gelatin as a nanoparticle material has a
number of advantages owing to its biocompatibility,
biodegradability and low antigenicity [22, 25]. In this
study, one- and two-step desolvation methods were
used to produce gelatin nanoparticles as the delivery
system of BSA as a protein model. In particle size
distribution curve of GNP produced by one-step
desolvation method, two peaks can be observed (Fig.
2A). The second peak is related to the low-molecular-
weight gelatin chains in solution, which results in a
higher particle size and PDI. These particles frequently
encounter some problems. They not only may form
irreversible aggregates during cross-linking but also
additionally tend to be aggregated more extensively
after cross-linking [20]. Also, variation in size and
PDI of nanoparticulate carrier systems may affect
drug release, drug loading, and alternation in in vivo

GEL GEL
é] H\ H H H 131
/
H/ \‘H O\G/C{\G/}: \C,/fo HJ[\H
AT
H H
GEL GEL

Fig. 6. UV-Vis absorption spectrum of BSA.
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Fig. 7. Cumulative percentage of BSA released from gelatin
nanoparticles as a function of time.

parameters such as uptake by macrophages. Therefore,
heterogeneity in molecular weight of the gelatin is one
major obstacle for formulating GNP. In two-step
desolvation method, low-molecular-weight gelatin
chains were discarded in the first desolvation step, and
subsequently the obtained high- and uniform-
molecular-weight gelatin was used for the GNP
formulation, which ensured nanometric particles with
lower PDI (Fig. 2B). These results demonstrate that
two-step desolvation is necessary to get more desirable
GNP. Therefore, we used two-step desolvation method
for producing of BSA-loaded gelatin nanoparticles. In
this method, different processing parameters such as
pH, the amount of glutaraldehyde, and temperature
may affect the size, PDI, and EE% of drug-loaded
GNP [26].

Theoretical drug loading is also significant to obtain
GNP of desired size and EE%. Therefore, BSA loading
was varied from 1% to 5% w/w to observe the effect

100 +
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Fig. 8. Formation of bond between gelatin and glutaraldehyde
as cross-linking agent into GEL chains [27].

on size, PDI , and EE% (at a temperature of 40°C, 200
pL glutaraldehyde, pH 3). Our results show that at
higher concentration of BSA (4% and 5% w/w), some
precipitate was formed after the addition of acetone. It
was probably because of the formation of irreversible
aggregation during cross-linking of BSA molecules
with glutaraldehyde happening at higher percentage of
theoretical BSA loading.

As previously noted, designing and manufacturing a
truly unique protein and peptide drug delivery systems
are important to preserve the biological activity of
them. The results of FTIR showed that the spectra of
the BSA, gelatin and BSA-loaded GNP are
approximately the same, and no new peak or migration
was observed. A stronger peak at 1450 cm™ in spectra
of BSA-loaded GNP was due to the formation of bond
between gelatin and glutaraldehyde as crosslinking
agent into gelatin chains. It can be concluded that this
method is safe, and there is no risk for changing the
conformation of the protein during GNP production.
The BSA release profiles showed a biphasic
modulation characterized by an initial relatively rapid
release period, followed by a slower release phase. The
mechanism of release of hydrophilic protein from GNP
may involve the following aspects: (1) water
permeation through the hydrogel matrix and absorption
by the GNP, (2) GNP swelling, and (3) diffusion of
BSA molecules through the swollen GNP. The release
was continuously monitored for 7 days and it
demonstrated that these GNP are appropriate as
delivery system for BSA.

It can be concluded from this study that desirable
BSA-loaded GNP, can be prepared using two-step
desolvation method. By using 2% w/w of theoretical
drug loading as optimum, particles with a mean
diameter of 200-300 nm and EE% of 87.4% were
produced. The BSA release profiles showed that these
protein-containing nanoparticles could sustain the
release of protein drugs and consequently prolong the
bioavailability of the drugs.
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