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Article history: Gelatin is one of the most versatile natural biopolymers widely used in pharmaceutical industries due to its bio-
Received 26 July 2013 compatibility, biodegradability, low cost and numerous available active groups for attaching targeting molecules.
Accepted 21 September 2013 These advantages led to its application in the synthesis of nanoparticles for drug and gene delivery during the last

Available online 2 October 2013 thirty years. The current article entails a general review of the different preparation techniques of gelatin

nanoparticles (GNPs): desolvation, coacervation-phase separation, emulsification-solvent evaporation, reverse

g?{:;f;ﬁn oparticles phase microemulsion, nanoprecipitation, self-assembly and layer-by-layer coating, from the point of view of
Drug delivery the methodological and mechanistic aspects involved. Various crosslinkers used to improve the physicochemical
Gene delivery properties of GNPs includintg aldehydes, genipin, carbodiimide/N-hydroxysuccinimide, and transglutaminase
Pharmaceutical applications are reported. An analysis is given of the physicochemical behavior of GNPs including drug loading, release, par-
Surface-modifications ticle size, zeta-potential, cytotoxicity, cellular uptake and stability. This review also attempts to provide an over-
Gelatin nanocomplexes view of the major applications of GNPs in drug delivery and gene therapy and their in vivo pharmacological
performances, as well as site-specific drug targeting using various ligands modifying the surface of GNPs. Finally,
nanocomplexes of gelatin with polymers, lipids or inorganic materials are also discussed.
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1. Introduction

Nanoparticles made of biodegradable polymers like proteins and
polysaccharides can act as efficient drug delivery vehicles for controlled
and targeted release, aiming to improve the therapeutic effects and also
to reduce the side effects of the formulated drugs [1]. Over the past few
decades, there has been considerable interest in developing protein-
based nanoparticles as GRAS (generally regarded as safe) drug delivery
devices. The underlying rationale is their exceptional characteristics,
namely biodegradability, nonantigenicity, high nutritional value, abun-
dant renewable sources, extraordinary binding capacity of various
drugs and possibility of less opsonization by the reticuloendothelial sys-
tem (RES) through an aqueous steric barrier in addition to greater sta-
bility during storage and in vivo [2].

Gelatin is a denatured protein that is obtained either by partial acid
or alkaline hydrolysis of animal collagen. Having a long history of safe
use in pharmaceuticals, cosmetics, as well as food products, it is consid-
ered as GRAS material by the United States Food and Drug Administra-
tion (FDA) [2,3]. For systemic administration, gelatin has a great deal of
experience for its use in parenteral formulations. It is used clinically as a
plasma expander and included as a stabilizer in a number of protein
formulations, vaccines and gelatin sponge (Gelfoam®). Gelatin offers
the advantages of being cheap and readily available. It has attracted a
great interest for its biocompatibility and biodegradability. Moreover,
gelatin has relatively low antigenicity because of being denatured
in contrast to collagen which is known to have antigenicity due to its
animal origin [2,3]. Moreover, gelatin does not produce harmful
byproducts upon enzymatic degradation, as it is derived from collagen,
which is the most abundant protein in animals. Finally, gelatin chains
contain motifs such as Arg-Gly-Asp (RGD) sequences that modulate
cell adhesion, thereby improving the final biological behavior over poly-
mers that lack these cell-recognition sites [4]. Due to their intrinsic
protein structure with the high number of different accessible function-
al groups, they bear multiple modification opportunities for coupling
with crosslinkers and targeting-ligands which may be especially useful
in developing targeted drug delivery vehicles. In addition, gelatin as a
matrix for mineralization has evoked a lot of interest in the field of tissue
engineering [4,5].

Overall, its biodegradability, biocompatibility, chemical modification
potential and cross-linking possibility make gelatin-based nanoparticles
(GNPs) a promising carrier system for drug delivery. This review paper
will focus on GNPs used as vectors for drug and gene delivery. The struc-
ture of gelatin, preparation and characterization techniques of GNPs,

drug delivery applications, and their surface modification with various
ligands are discussed. Further, gelatin nanocomplexes with other poly-
mers, lipids or inorganic materials are elaborated.

2. Chemical structure

Gelatin is a polyampholyte having both cationic and anionic along
with hydrophobic groups present in the approximate ratio 1:1:1,
which makes this polypeptide special. The gelatin molecule is ~13%
positively charged (lysine and arginine), ~12% negatively charged
(glutamic and aspartic acid) and ~11% of the chain hydrophobic in na-
ture (comprising leucine, isoleucine, methionine and valine). Glycine,
proline and hydroxyproline form the rest of the chain. The representa-
tion (Gly-X-Pro),, is responsible for the triple helical structure of gelatin,
where X represents the amino acid, mostly lysine, arginine, methionine
and valine ~6%. One third of the chain is comprised of glycine ~33% and
another one third is either proline or hydroxyproline ~33%. The rest are
other residues. Commercially, gelatin is available as both cationic (gela-
tin type A, isoelectric point (pl) 7-9, prepared by an acid hydrolysis of
pig skin type I collagen) or anionic (gelatin type B, pl 4.8-5, prepared
by an alkaline hydrolysis of bovine collagen) protein without the neces-
sity of additional functionalization [3,6]. Fig. 1 depicts the composition
of gelatin in terms of amino acids.

3. Preparation of GNPs

GNPs have been richly documented in the literature as carrier sys-
tem for drug and gene delivery. Since first described in 1978 [7], various
methods have been used to prepare GNPs.

3.1. Desolvation

Desolvation technique is based on the addition of a desolvating
agent (e.g., alcohol or acetone) to an aqueous gelatin solution in order
to dehydrate the gelatin molecules resulting in conformational change
from stretched to coil conformation. Next, to harden the native particles,
a step of crosslinking is required [3,8]. However, the use of native gelatin
produces large particles with a wide size range due to heterogeneity in
molecular weight of gelatin. Addition of a second desolvation step by
Coester et al. [9], has been shown to be more efficient in the formation
of smaller and uniform nanoparticles. The high molecular weight
(HMW) gelatin was precipitated in the first desolvation step to remove
the low molecular weight (LMW) gelatin then HMW gelatin is re-
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Fig. 1. Basic chemical structure of gelatin [3].

dissolved and desolvated again. A new simplified one-step desolvation
approach was developed by Ofokansi et al. [ 10], in which it is no longer
necessary to perform an initial desolvation step to discard the LMW gel-
atin fraction. In this method, before desolvation, the pH of gelatin solu-
tion was adjusted to neutral values of 7.0 clearly above the pl so that
gelatin molecules would be sufficiently uncharged to remain sensitive
to desolvation but sufficiently charged to prevent their aggregation.
Moreover, a preparation temperature of 37 °C was also selected to en-
sure that the molecular weight distribution of gelatin remained relative-
ly constant during incubation [10]. GNPs with a size of 253-479 nm and
polydispersity index (PDI) of 0.073 were obtained. Although extensive-
ly used to prepare GNPs, desolvation technique has two major draw-
backs: the use of organic solvents and the use of toxic crosslinkers.

3.2. Coacervation-phase separation

Coacervation is a process during which a homogeneous solution
of charged macromolecules undergoes liquid-liquid phase separation,
giving rise to a polymer rich dense phase at the bottom and a transpar-
ent solution above [6]. The addition of natural salt or alcohol normally
promotes coacervation that resulted in desired nanoparticles. GNPs
(600 to 1000 nm) were successfully prepared by slow addition of sodi-
um sulfate to aqueous gelatin solution containing surfactant (Tween 20)
followed by addition of isopropanol to dissolve the precipitate by
sodium sulfate [11]. A second aliquot of sodium sulfate was added
until the solution turned turbid, which indicated the formation of gela-
tin aggregates. Distilled water was then added until the solution turned
clear and glutaraldehyde (GA) was added to crosslink GNPs.

3.3. Emulsification-solvent evaporation

In this technique, GNPs (100 to 400 nm) were prepared adopting a
solvent evaporation method based on a single W/O emulsion. Aqueous
phase containing both gelatin and drug was mixed with vigorous shak-
ing with the oil phase e.g. organic solution of polymethylmethacrylate
[12-14] or paraffin oil [15] followed by crosslinking with GA [12-14]
or genipin [ 15]. A novel water-in-water emulsion technique was recent-
ly used to prepare insulin-loaded GNPs (250 nm) under mild conditions
which could guarantee the bioactivity of insulin [16]. Briefly, a pre-
warmed gelatin solution containing insulin was added dropwise to
poloxamer solution under stirring to form an emulsion which was
then cooled to 5 °C to promote nanoparticle formation followed by
crosslinking,

3.4. Reverse phase microemulsion

In this method, aqueous gelatin solution was added to solution of the
surfactant, sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in n-hexane,
then GA was added to crosslink the nanoparticles followed by evapora-
tion of n-hexane for recovery of GNPs [17]. The surfactant AOT when
dissolved in non-polar solvents like hexane forms reverse micelles
where hydrophobic tails of surfactants are assembled towards the

bulk non-polar solvent and hydrophilic head is directed away from
the bulk solvent inside enclosing an aqueous core in which the aqueous
solution of gelatin and crosslinker was dissolved and so the GNP forma-
tion and crosslinking take place inside the inner aqueous core of reverse
micellar droplets. The size of the inner aqueous core of reverse micelles
is in nanometer range so the GNPs prepared inside these nanoreactors
have average diameter of 37 nm. The advantage of utilizing this type
of microemulsion system for nanoparticle formation is that the size of
nanoparticles can be controlled by modulating the size of aqueous mi-
cellar core [18]. The entrapment efficiency of the nanoparticles for fluo-
rescein isothiocyanate-dextran as a fluorescent marker was found to be
approximately 90%.

3.5. Nanoprecipitation

In nanoprecipitation technique, water as solvent phase (containing
gelatin and drug) was added slowly to ethanol as the nonsolvent
phase containing poloxamer as a stabilizer then GA was added to
crosslink the nanoparticles [19,20]. The nanoparticles turned out nar-
rowly distributed around unimodal size mean of 251 nm with unimodal
polydispersity of 0.096. The mechanism of formation of nanoparticles
has been explained by the interfacial turbulence generated during
solvent displacement. Subsequently a violent spreading is observed be-
cause of mutual miscibility between the solvents. Droplets of solvent,
probably of nanometric size, are torn from the interface. These droplets
are rapidly stabilized by the stabilizing agent, until diffusion of the
solvent is complete and protein solidification has occurred [19,20].
Nanoprecipitation presents numerous advantages, in that it is a
straightforward technique, rapid and easy to perform. It often enables
the production of small nanoparticles with narrow unimodal distribu-
tion. Moreover, it does not require extended shearing rates, sonication
or very high temperatures, and is characterized by the absence of
oily-aqueous interfaces [21,22].

3.6. Self-assembly

Nanoparticles can be formed through self-assembly of gelatin mole-
cules through one of the following methods:

i. Chemical modification. The structure of hydrophilic gelatin makes
it possible to chemically conjugate with various hydrophobic
molecules to form an amphiphilic polymer. The hydrophobically mod-
ified gelatin is capable of undergoing conformational rearrangement
upon dissolving in an aqueous environment thus self-assembling to
form micelle-like nanospheres where the hydrophobic segments
would aggregate inward forming a hydrophobic core entrapping hy-
drophobic therapeutic molecules with a hydrophilic outer shell [23].
Self-assembled GNPs were first proposed by Kim and Byun [24],
where the carboxyl groups of deoxycholic acid (DOCA) and carboxyl-
ated monomethoxy polyethylene glycol (MPEG) were coupled with
amine group of gelatin by dichlorohexylcarbodiimide (DCC) method.
The synthesized gelatin/DOCA/MPEG conjugates were ultrasonicated
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to produce self-assembled nanoparticles where DOCA acted as the hy-
drophobic core, thereby aggregating gelatin molecules and hydrophil-
ic MPEG chains located at the surface of the nanoparticles. Hexanoyl
anhydride and alpha-tocopheryl succinate (TOS) were utilized as
hydrophobic groups to chemically modify the hydrophilic gelatin
[25], (Fig. 2) or recombinant human gelatin (rHG) [26], respectively
[25,26]. For loading of lipophilic drug into the hydrophobic core of
the nanoparticles, camptothecin [25] or 17-AAG (17-allylamino-17-
demethoxygeldanamycin) [26] was mixed with the amphiphilic
copolymer solution under sonication. Free drug was removed by
centrifugation or dialysis followed by lyophilization. A very low
CAC (0.00216 mg/mL) was observed for hexanoyl-modified gelatin
in aqueous solutions which ensured structural stability of the
nanoparticles in blood circulation [25]. According to Tanigo et al.
[27], simvastatin was water solubilized by incorporation into L-lactic
acid oligomer (LAo)-grafted gelatin micelles. The micelles were then
mixed with gelatin, followed by chemical crosslinking of gelatin to ob-
tain gelatin hydrogels. In the presence of collagenase, the hydrogels
are degraded enzymatically to make gelatin water soluble, resulting
in the sustained release of simvastatin. In another study, the water sol-
uble drug, doxorubicin hydrochloride (DOX) could be incorporated
into amphiphilic gelatin-co-poly(lactide)-1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine copolymer nanoparticles via double emul-
sion or nanoprecipitation method [28].

ii. Simple mixing. Gelatin and drug solutions were directly mixed to allow
their interaction based on specific forces without chemical modifica-
tion of gelatin. Hydrogen bonding was mainly responsible for self-
assembly of nanoparticles of gelatin with tea catechins [29] or partially
purified ellagitannins (PPE) [30] upon simple mixing. Hydrophobic in-
teractions are also suggested to be contributing to the self-assembly of
nanoparticles. It was known that the protein with compact tertiary
structure provides less hydrophobic sites, constraining interaction
with tannin molecules. However, gelatin is a proline-rich protein
with extended random coil conformation. Hence, gelatin provides
more interaction sites for tannin molecules, eventually promoting
higher affinity for tannin molecules [30].

3.7. Layer-by-layer (LbL) coating

In this technique, GNPs (200 nm) were coated by alternating layers
of oppositely charged anionic and cationic polyelectrolytes (polystyrene
sulfonate/polyallylamine hydrochloride, polyglutamic acid/poly-L-lysine,
dextran sulfate/protamine sulfate, carboxymethyl cellulose/gelatin, type
A). Surface charge alternation with sequential deposition of polycation
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and polyanion layers was observed [31,32]. Different polyphenols were
loaded into the GNPs by adsorption from their concentrated solutions.
Adsorption of polyphenols with higher molecular weights and a larger
number of phenolic groups was found to be higher (70% for theaflavin).
Modification of nanoparticle surfaces with polyelectrolyte LbL shells al-
lows for modulating nanoparticle cell uptake, providing a template for
their modification with tumor-targeting agents, increasing colloidal sta-
bility, and controlling loading/release characteristics [31].

4. Crosslinking of GNPs

Crosslinking of GNPs is required to give gelatin stability, shape and
an enhanced circulation time in vivo as compared to uncrosslinked par-
ticles [2,3]. GNPs prepared without crosslinking were found to be unsta-
ble and tended to aggregate upon aging.

4.1. Aldehydes

As reported previously [33], using glyoxal to crosslink GNPs resulted
in instantaneous mass aggregation and precipitation of the nano-
particles. Hence, number of investigations showed glutaraldehyde (GA)
as an effective crosslinker for GNPs [10,34]. GA crosslinking did not
induce aggregation of GNPs which remained stable for more than
10 months on storage at 2-8 °C. GA is a non-zero length crosslinker
which induces poly- or bi-functional crosslinks into the network
structure of proteins by bridging free amino groups of lysine or
hydroxylysine residues [34]. Because GA was consumed during GNP
crosslinking and residuals were removed by particle purification, no ad-
verse effects could be observed. Thus, GA-crosslinked GNPs did not trig-
ger undesired immune or toxicological reactions. However, a reduction
in biocompatibility of crosslinked gelatin films was reported earlier.
Slight toxicity was demonstrated in oral toxicology studies as well as
contact dermatitis if applied on the skin was shown. Therefore, the
use of non-toxic crosslinking agents seems important for future applica-
tions of GNPs [35,36].

p,L.-Glyceraldehyde can be considered a non-toxic crosslinking
agent. The p-form of this aldehyde is phosphorylated by triokinase
in the human body forming p-glyceraldehyde-3-phosphate that
enters in glycolysis cycle. In the last years, gelatin crosslinked
with p,L-glyceraldehyde was proposed as a new material for phar-
maceutical applications [37]. In the study of Zhao et al. [16],
insulin-loaded p,L-glyceraldehyde-crosslinked GNPs were prepared for
pulmonary administration. No toxicity was reported after subcutaneous
or intratracheal administration of nanoparticles into rats.
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Fig. 2. The reaction scheme for the synthesis of self-assembled hexanoyl-modified GNPs [25].
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4.2. Genipin

Genipin is a natural crosslinker extracted from gardenia fruit that
has been used in herbal medicine and fabrication of food dyes. Genipin
requires a longer crosslinking time; however, its cytotoxicity is
approximately 10,000 times less than GA [38,39]. The mechanism of
crosslinking reaction of proteins by genipin was proposed by Song
et al. [40], to involve two free amino groups of lysine residue on the pro-
tein macromolecular chains crosslinking with one molecule of genipin.
Genipin-crosslinked rHG nanoparticles were efficiently internalized
in the cell without significant cytotoxicity [41]. Genipin was also used
to fix the structure of gelatin-dextran micelles encapsulating tea poly-
phenol to avoid disintegration after dilution. The crosslinked micelles
were stable with no considerable size change was found by 100-fold
dilution [42].

4.3. Carbodiimide/N-hydroxysuccinimide (CDI/NHS)

A mixture of water soluble carbodiimide and N-hydroxysuccinimide
(CDI/NHS) was successfully used as a non-toxic crosslinking system of
GNPs [43]. The nanoparticles were smoother and more homogeneous
with smaller size and narrower size distribution than those crosslinked
by GA. Using paracetamol as a model drug, both drug entrapment
and loading efficiencies were higher in the CDI/NHS crosslinked
nanoparticles; however, the release kinetics was comparable to that of
GA-crosslinked nanoparticles. The differences in the characteristics of
CDI/NHS and GA-crosslinked GNPs were attributed to the different na-
ture of network structures formed by the two crosslinking agents [43].

4.4. Microbial transglutaminase (MTG)

Enzymatic crosslinking is an attractive approach due to high
specificity of the enzyme catalysis controllable to a certain degree
by changing pH and temperature [44,45]. Recombinant microbial
transglutaminase (MTG) was investigated by Fuchs et al. [46], to
crosslink GNPs prepared by a two-step desolvation technique
using acetone as a desolvating agent. This acyltransferase forms
intra- and intermolecular isopeptide bonds in and between proteins
by crosslinking the e-amino groups of lysine to the side chain amide
group of glutamine, thereby releasing one molecule of ammonia per
crosslink. As TG is sensitive to organic solvents, purification of
the acetone-containing particle dispersion was considered crucial
after the second desolvation step prior to addition of the cross-
linking enzyme. Crosslinking reactions were best at 25 °C using an
ion-free solvent at a neutral pH and have been terminated after
12 h. Particles of defined size below 250 nm and narrow size distri-
bution stable in a short-range stability set-up were produced suc-
cessfully [46].

4.5. Other crosslinkers

Double-crosslinked gelatin—-chitosan nanoparticles were prepared
where part of the amino functional groups of both polymers was
ionically-crosslinked with sodium sulfate for polymers gelation,
forming an interpenetrated network [47]. The particles were further
hardened by covalent crosslinking the free amino groups with GA. The
use of an ionic crosslinker allows a significant reduction in the amount
of covalent crosslinker, often toxic, but usually indispensable due to
the required gel stability (Fig. 3). Narayanan et al. [48] used CaCl,
for crosslinking GNPs. At a pH of 8.5, the — COOH groups of gelatin
become deprotonated facilitating crosslinking with Ca?™ in CaCl,.
Concentration of CaCl, used was found to affect the particle size and
drug entrapment.

5. In vitro characteristics of GNPs
5.1. Drug loading

Drugs or genes encapsulated into GNPs may be either entrapped into
the matrix of nanoparticles during preparation or adsorbed onto the
surface of the preformed nanoparticles. Hydrophilic drugs can be suc-
cessfully loaded into GNPs by incubating the drug with aqueous gelatin
solution for sufficient time prior to nanoparticle formation to allow
drug-protein binding. Various mechanisms may be involved in drug
loading into GNPs including physical entrapment, electrostatic attrac-
tion or covalent conjugation [3]. Furthermore, hydrogen bonding and
hydrophobic interactions between drug and gelatin were also reported
[29,30]. DXR could be incorporated into magnetic GNPs through electro-
static interactions between positively charged DXR and the negatively
charged FeO™ and COO™ coating layers after allowing GNPs to swell in
a freshly prepared drug solution [15]. Moreover, a covalent binding
of DXR to the protein matrix via GA crosslinking was hypothesized.
DXR-loaded GNPs showed a greater number of free amino groups
than the unloaded ones mainly due to competition between the
amino group of DXR and the amino groups of the gelatin chains during
the crosslinking process [34]. In another study, the competition be-
tween carboxylic groups of gatifloxacin and aldehyde groups of GA to
react with the amino groups of gelatin molecules resulted in reduction
of gatifloxacin-loading efficiency into crosslinked GNPs compared to
uncrosslinked ones [20].

For loading of hydrophobic drugs, a concentrated solution of the
drug (e.g. amphotericin B [49] or hypocrellin B [50]) in water-miscible
organic solvent (e.g. ethanol or dimethylsulfoxide) was added to gelatin
solution under stirring and sonication for simultaneous desolvation and
loading before crosslinking. Entrapment of hydrophobic drugs in GNPs
could be explained on the basis of preferential localization of drug inside
the nanoparticulate core, which was less hydrophilic than the outer
aqueous environment [49]. In another study, the hydrophobic drug, hy-
drocortisone, was complexed with cyclodextrins in order to increase its
aqueous solubility before mixing with gelatin solution [51]. Moreover,
lipophilic drugs could be successfully loaded into the hydrophobic
core of self-assembled amphiphilic gelatin nanocarriers with high load-
ing [25,26]. The extent of drug loading and encapsulation efficiency of
GNPs depends on the molecular weight and also on the nature of the
substance incorporated. Studies by Truong-Le et al. [52] have shown
that the encapsulation efficiency of GNPs increases with increasing mo-
lecular weight. Similarly, Saxena et al. [53] reported that encapsulation
efficiency of cycloheximide was found to be 26, 34.1 and 41% in 75,
175 and 300 Bloom gelatin (molecular weights 22, 40 and 87.5 kDa)
respectively.

5.2. Drug release

The drug release from GNPs may be due to three predominant
mechanisms including desorption, diffusion and biodegradation of
GNPs [3,54]. Many factors were shown to influence the rate of drug re-
lease from GNPs. The crosslinking density of gelatin was reported to
have a significant influence on the drug release rate from nano-
particulate matrix. Bajpai and Choubey [14] found that both the frac-
tional release of cytarabine and the swelling ratio increase with
increasing GA concentration up to 10.6 mM while beyond it a fall in re-
lease and swelling was noticed. Since GA is a hydrophilic crosslinker, its
increasing number of linkages in the nanoparticles enhances their hy-
drophilicity, which, will allow increasing number of water molecules
to penetrate into the nanoparticle and obviously the swelling ratio
and the release of cytarabine will increase. However, beyond 10.6 mM
of GA, the size of nanoparticle will decrease due to enhanced cross-
linking density, and therefore, both swelling and release will fall.

Another factor is the presence of proteolytic enzymes which acceler-
ates the biodegradation of GNPs resulting in faster drug release. Leo
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Fig. 3. Chitosan and gelatin particle co-crosslinking with sodium sulfate and GA [47].

et al. [55] have studied the release of DOX from GNPs by dynamic dial-
ysis in both absence and presence of trypsin. Only a little fraction (from
9 to 13%) of the drug was released in the absence of the enzyme corre-
sponding to the free drug fraction (Fig. 4). Addition of trypsin caused the
release of a further 10-15% of the drug loading probably due to a frac-
tion of the DOX-peptide conjugates produced by nanoparticle digestion
and characterized by a molecular weight lower than membrane cut-off
(3500 Da). The major part of DOX (about 70%) was bound to the protein
matrix via GA, forming a drug-conjugate having a molecular weight
higher than membrane cut-off so cannot diffuse freely through it.

5.3. Particle size and surface charge

Most GNPs prepared by the above methods have reported mean
sizes ranging from 200 to 400 nm. Colloidal stability, drug encapsula-
tion efficiency, loading capacity, drug release and biodistribution profile,
cell internalization kinetics etc. are strongly influenced by the particle
size. The effect of various parameters such as temperature, pH, degree
of crosslinking, nature of gelatin and type of desolvating agent on the
size of the GNPs has been investigated by several groups. Nahar et al.
[49] showed that increasing the amount of GA caused a significant re-
duction in particle size of amphotericin B-loaded GNPs which could be
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Fig. 4. Doxorubicin in vitro release from GNPs before and after treatment with different
proteolytic enzymes; protease (A); a-chymotrypsin (®); trypsin (M) [55].

attributed to crosslinking of free amine groups at the nanoparticle sur-
face by GA, which caused hardening of particles leading to reduction
in size. As the amount of crosslinker was increased, more groups were
crosslinked and subsequently caused a higher degree of reticulation
[34].

A temperature of 40 °C was found to be the minimum as well as the
optimum temperature resulting in GNPs with nanometric size and nar-
row size distribution because of the high viscosity of gelatin at room
temperature. The possible reason for this effect is the triple-helical
structure of gelatin, which uncoiled as temperature rose in a controlled
manner. However, at higher temperatures (50 and 60 °C), an unexpect-
ed increase in particle size was observed, probably due to complete
uncoiling of gelatin chains [49]. Additionally, formulation pH at the sec-
ond desolvation step was significant to obtain GNPs of desired size and
low PDI. pH 3 for type A or pH 11 for type B gelatin, was found to be op-
timum, because formation of GNPs probably was associated with a
higher degree of electrostatic interactions causing charge neutralization
and consequently formation of GNPs on adding desolvating agent to
gelatin solution [53]. Such pH dependent behavior of gelatin could be at-
tributed to its polyelectrolyte nature (contains both amino and
carboxylate-terminated chains at its pl), and as the pH was shifted to
the acidic or basic range there was a predominance of NH3 or COO™
ions depending upon the type of gelatin. Therefore, at these pH values,
strength of electrostatic interactions could be maximized, resulting in
small particles with low PDI [53]. It was found that increasing the
bloom number of gelatin resulted in reduction in the particle size and
PDI [49]. However, the increase in gelatin concentration and volume
of ethanol led to an increase in the particle size [56]. Ethanol concentra-
tions between 65 and 70% w/w yielded GNPs of small particle size and
low PDI [10]. Azarmi et al. [57] showed that nanoparticles prepared
with acetone as desolvating agent were generally smaller and of lower
PDI compared to those prepared with ethanol.

Zeta potential is an important index for the stability of the GNP sus-
pension. A high absolute value of zeta potential indicates high electric
charge on the surface of the drug-loaded GNPs, which can cause strong
repellent forces among particles to prevent their aggregation [3]. The
positive charge on the surface of type A GNPs could be attributed to pre-
dominance of NHF groups, whereas the negative charge on the surface
of type B GNPs could be attributed to a predominance of COO ™, acquired
during the formulation of GNPs in acidic (pH 3) and basic (pH 11), re-
spectively. Nahar et al. [49] noticed the relatively high zeta potential
of GNP A bloom 300 over GNP A bloom 175 which could be explained
by the higher molecular weight of the former and hence higher density
of amine groups at the surface.
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5.4. Cytotoxicity and cellular uptake

Cytotoxicity assays have been carried out to determine the effect
of GNPs on the viability of the cells in culture. The MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is a simple
non-radioactive colorimetric assay to measure cell cytotoxicity, pro-
liferation or viability. Using this standard MTT assay, Guptaetal. [17]
demonstrated that human fibroblasts incubated with GNPs
remained more than 100% viable at concentration as high as
500 pg/mL. Moreover, after incubating GNPs with human bronchial
epithelial cells, the nanoparticles provoked little or no cytotoxicity
observations as indicated by constant lactate dehydrogenase levels
equal to the controls after 48 and 96 h [58]. Additionally, GNPs
showed no inflammatory potential as they did not initiate any expres-
sion of interleukin-8 even at concentrations as high as 100 pg/mL [58].
These studies indicate that GNPs are biocompatible and non-toxic, and
hence are safe to be used as a vehicle for drug delivery applications.
However, when compared with rHG nanoparticles after incubation
with human embryonic kidney cells, the cell viability of GNPs was
slightly less than that of rHG nanoparticles suggesting that rHG
nanoparticles may be more compatible as drug delivery systems for
human applications [56].

Efficient cellular uptake in the disease area is a prerequisite for
nanoparticles being used as a drug delivery system. The uptake of
nanoparticles into cells is usually examined by confocal laser scan mi-
croscopy (CLSM) and flow cytometry (FACS). Type B GNPs loaded
with the fluorescent macromolecular dye (tetramethylrhodamine-con-
jugated dextran, TMR-dextran) could be taken up by NIH-3T3 murine
fibroblast cells through non-specific endocytosis and within 12 h, the
payload could be released and accumulated around the perinuclear re-
gion [17]. Another study demonstrated that internalization of the fluo-
rescent probe in GNPs by murine bone marrow dendritic cells (DCs)
was higher (88%) than that of the soluble form of TMR-dextran (4%)
[59]. GNPs were phagocytosed by DCs and were mostly localized in
the lysosomes, with some escape into the cytoplasm, but no localization
in the nucleus. However, Karthikeyan et al. [60] noticed that resveratrol-
loaded GNPs exhibited very rapid and more efficient cellular uptake in
lung cancer cells than free drug with fluorescence that was found inside
the nuclei indicating that GNPs are useful in site-specific delivery of
drugs to the cell nucleus. Many experiments indicated that GNPs were
efficiently internalized and localized within various types of cells show-
ing that these nanoparticles could be used for efficient intracellular de-
livery of biopharmaceuticals as well as for increasing drug delivery
across cellular barriers.

5.5. Stability

The kinetic stability in biological media is an essential property of
drug nanocarriers. The elevated stability of the drug-loaded particles
may improve their blood circulation time [25]. Therefore, it is important
to evaluate the physical stability of the colloidal GNP suspensions at rel-
evant storage and physiologic temperatures at 4° and 37 °C, respective-
ly. High storage stability of GNP suspensions over storage at 4 °C was
reported as indicated by no significant differences in the size, zeta po-
tential and PDI values up to 6 months [41,46]. However, a significant
particle growth and reduced zeta potential of cryptolepine-loaded
GNP suspension were noticed after just 2 weeks of storage at room tem-
perature [61]. Thus, for long-term storage at room temperature, it may
be appropriate to store GNPs in a freeze-dried state. In the study of
Zillies et al. [62], oligonucleotide-loaded GNPs were successfully
freeze-dried using trehalose as a cryoprotectant due to its high glass
transition temperature and its amorphous nature. The freeze-dried
GNP formulations retained biological activity in vivo after 4 weeks of
storage at 40 °C. In another study, glucose and sucrose were found to
be effective in low concentrations compared to mannitol as cryoprotec-
tants in the preparation of freeze-dried cryptolepine-loaded GNPs. The

particle size, zeta potential, PDI and drug release characteristics of ly-
ophilized nanoparticles did not change after storage at 25 °C/60% rela-
tive humidity for 52 weeks [61].

6. Pharmaceutical applications of GNPs
6.1. Anti-cancer drug delivery

GNPs have been extensively used for the delivery of both hydrophilic
and hydrophobic anti-cancer drugs including methotrexate [12],
cytarabine [14], camptothecin [25], 17-AAG [26], curcumin [31], cyclo-
heximide [53], resveratrol [60], doxorubicin (DOX) [15,28,34,55,63-68],
paclitaxel [11,69], cisplatin [70-75] and noscapine [76], aiming to in-
crease anti-tumor efficacy, control release, and target the drugs to the
tumor thus reducing the toxicity. The benefits of GNPs for use in anti-
cancer drug delivery include their very low cytotoxocity, simple and re-
producible production that may lead to future upscaling and the low
cost of gelatin [3]. Another important feature is the passive targeting abil-
ity of GNPs through the EPR effects, through which the nanoparticles re-
main at the tumor region for sufficient time to complete the release of the
loaded anti-cancer drug which will be accumulated at the tumor region
at high local concentration even with low doses and low frequency.
These findings were confirmed by the rapid uptake and long-term reten-
tion demonstrated by GNPs in the tumor after administration. Paclitaxel-
loaded GNPs showed 2.6 times higher bladder tumor tissue concentra-
tions compared with the commercial Cremophor/EtOH formulation
after intravesical administration into dogs [11].

The superior efficacy of anti-cancer drug-loaded GNPs compared to
free drug was manifested both in vitro (in cancer cell lines) and in vivo
(in tumor-bearing animal models). The tumor volume in the mice treat-
ed with free 17-AAG was increased 20 times relative to the initial vol-
ume, whereas that of 17-AAG/rHG-TOS nanoparticles was increased
15 times (Fig. 5) [26]. After intraperitoneal injection of DOX-loaded
GA-crosslinked GNPs into rats, the efficiency of DOX was enhanced
compared to free drug, however, high cardiotoxicity was observed
upon repeated administration. The authors attributed this to covalent
attachment of the drug to the carrier and the toxicity of the degradation
products of drug-peptide conjugates [63]. According to Lee et al. [64],
gelatin was conjugated with DOX after amine group-blockage using ac-
etaldehyde. Gelatin-DOX nanoparticles exhibited much lower cytotoxic-
ity and remarkably inhibited tumor growth and suppressed pulmonary
metastasis compared to free DOX. GNPs loaded with paclitaxel were
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Fig. 5. Anticancer effects of 17-AAG-loaded rHG-TOS nanoparticles in tumor-bearing mice
[26].
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also used in intravesical bladder cancer therapy. Both the hydrophilicity
of gelatin and the nanoencapsulation of paclitaxel in amorphous state
within GNPs may be responsible for the enhanced solubility and rapid re-
lease of drug (87% in 2 h without enzymes) which is highly desirable in
intravesical bladder therapy in which the drug formulation is typically
maintained in the bladder for only a short duration (i.e, 2 h) [11].

Cytotoxicity analysis of anti-cancer drug loaded GNPs against differ-
ent cancer cell lines showed the higher anti-cancer activity compared to
free drug which might be attributed to greater endocytotic uptake of
GNPs in cancer cells. The ICso value of noscapine-loaded GNPs on
human breast cancer cell line (MCF7) was 26.3 uM significantly lower
than that of free noscapine (40.5 uM) [76]. Similarly, encapsulation of
resveratrol into GNPs enhanced its anti-cancer efficacy against NCI-
H460 lung cancer cells compared to free drug [60]. Erythrocyte aggrega-
tion assay showed that the prepared resveratrol-GNPs elicited no
hemolytic response whereas the free drug caused a significant aggrega-
tion of erythrocytes upon 1 h incubation.

6.2. Protein and vaccine delivery

GNPs have also been used to deliver protein and peptide drugs. Li
et al. [77,78] have studied GNPs for the delivery of BSA as a model pro-
tein. A composite system composed of BSA-loaded GNPs encapsulated
in poly(lactic-co-glycolic acid) microspheres demonstrated sustained
release characteristics with the capability of preventing protein dena-
turation [77]. In another study, rHG nanoparticles showed great poten-
tial for delivery of FITC-BSA in terms of sustained release, less initial
burst, and safety [41]. Other protein drugs including insulin [16],
tissue-type plasminogen activator (t-PA) [79,80], bone morphogenetic
protein-2 (BMP-2), alkaline phosphatase (ALP) [4] and angiogenic
basic fibroblast growth factor (bFGF) [81] were successfully encapsulat-
ed into GNPs with the biological activity of those protein drugs were
retained in vivo.

Significant uptake of GNPs by murine bone marrow dendritic cells
(DCs) has been reported and therefore, they are suitable for targeting
antigens to DCs and can be a suitable immunoadjuvant [59]. Subcutane-
ous injection of tetanus toxoid (TT)-loaded GNPs in BALB/c mice
effectively elicited systemic immune response as demonstrated by com-
parable IgG response and a significantly higher cytokine response (IL-2
and IFNvy) as compared to alum-TT vaccine [82]. After uptake by
antigen-presenting cells (APCs), GNPs are degraded by lysosomal en-
zymes (e.g. collagenase) releasing TT intracellularly. Moreover, GNPs
could deliver a large amount of antigen to APCs, leading to an antigen
specific immune response.

6.3. Gene delivery

GNPs have several advantages as a non-viral gene delivery vector.
They can be conjugated to moieties that stimulate receptor-mediated
endocytosis, multiple plasmids can be encapsulated and the bioactivity
of the encapsulated DNA could be improved by preventing digestion by
nucleases and by using long-circulating PEGylated nanoparticles [3,83].
Nucleic acids can be loaded onto GNPs through physical encapsulation,
electrostatic attraction or complexation with surface modifying groups.
Kaul and Amiji [54] were the first to develop type B GNPs as non-
condensing gene delivery systems. The negatively charged type B gela-
tin at neutral pH 7.0, can physically encapsulate reporter and therapeu-
tic nucleic acid constructs as opposed to positively charged lipids and
polymers that electrostatically condense DNA. The physically encapsu-
lated plasmid DNA (pDNA) in a hydrogel-type matrix is protected in
the systemic circulation and upon cellular transport. Additionally, the
released pDNA has a supercoiled structure at the nuclear membrane
which is critical for efficient uptake and transfection [84]. In other in-
stances, the negatively charged nucleic acids can be adsorbed onto the
surface of GNPs by modifying the surface of gelatin with a quaternary
amine (e.g cholamine) to increase ionic interactions [85]. Another

method of loading nucleic acids was reported through complexation
of the antisense-compound namely biotinylated peptide nucleic acid
(PNA) by the avidin-conjugated GNPs [86].

Over the last several years, Amiji group has investigated the poten-
tial of non-condensing type B GNPs for systemic and oral gene therapy.
Cell trafficking studies using GNPs loaded with TMR-dextran as a model
hydrophilic drug in BT-20 cells showed that the particles were mainly
taken up by endocytosis, which later escaped the endosomal system
and were found around the perinuclear area in the cytoplasm [54,87].
In another study, most of the administered GNPs were internalized in
NIH-3T3 fibroblast cells within the first 6 h of incubation. Green fluores-
cent protein expression was observed after 12 h of nanoparticle incuba-
tion and remained stable for up to 96 h with DNA transfection efficiency
was 43% [88]. Leong et al. [89] have studied the in vivo transfection effi-
ciency of GNPs containing the LacZ plasmid in the tibialis anterior mus-
cle of 6-week-old BALB/c mice. The GNPs exhibited a more profound
and sustained gene expression than the naked pDNA and lipofectamine
complexes. GNPs were also used for successful encapsulation and intra-
cellular delivery of siRNA [90]. The encapsulated siRNA was shown to be
stable even in RNAse rich environment. Following treatment of HIF-1c
siRNA loaded GNPs in HIF-1a overexpressed SKOV3 cells, it has demon-
strated significant down-regulation of HIF-1c [90,91].

Bhavsar and Amiji [92-94] developed a unique multicompartmental
oral DNA delivery system based on encapsulation of DNA-loaded type
B GNPs in poly(epsilon-caprolactone) (PCL) microspheres using a
“double emulsion-like” technique. This delivery system was termed
“nanoparticles-in-microsphere oral system” or NiMOS (Fig. 6). NiMOS
would be able to protect the orally administered nucleic acids during
transit from the stomach. When PCL matrix is degraded by lipases abun-
dantly present in the intestinal tract, the released DNA-containing GNPs
can then be internalized by the enterocytes or other cells of the GI
lumen for transfection of the encoded protein [92-95].

Following oral administration of reporter pDNA encoding enhanced
green fluorescent protein (EGFP-N1) or beta-galactosidase (CMV-gal)
in NiMOS less than 5.0 pm in diameter to fasted Sprague-Dawley rats,
there was significant EGFP and beta-galactosidase expression in
the small and large intestine [94]. After oral administration of anti-
inflammatory murine IL-10 (mIL-10) expressing pDNA-loaded NiMOS
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Fig. 6. Schematic representation of the NiMOS and the scanning electron micrographs of
small interfering RNA (siRNA)-encapsulated type B GNPs and siRNA containing NiMOS
[97].
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into Balb/c mice with induced colitis, the mice showed significantly
higher mRNA and protein levels in addition to reduced levels of pro-
inflammatory cytokines such as IL-1a, IL-1b, IFN-y, TNF-c, and IL-12
as compared to mIL-10 pDNA in naked GNPs [96]. Kriegel and Amiji
[97] have recently extended the application of NiMOS for oral delivery
of siRNA duplexes for treatment of inflammatory bowel disease. After
oral administration of TNF-a specific siRNA encapsulated NiMOS in
mice, successful gene silencing led to decreased colonic levels of TNF-
«, suppressed expression of other pro-inflammatory cytokines (e.g.,
IL-13, IFN-v) and chemokines (MCP-1), an increase in body weight,
and reduced tissue myeloperoxidase activity.

6.4. Ocular drug delivery

GNPs were chosen for ocular drug delivery because of its biocompat-
ibility and biodegradability. Moreover, collagen, the native protein from
which gelatin is derived, is present in the eye, more specifically in the
stroma of the cornea, and has been extensively employed in ocular ap-
plications [98]. GNPs encapsulating hydrophilic (pilocarpine HCI) and
hydrophobic (hydrocortisone) drugs were produced for topical oph-
thalmic use [51]. Uptake of those nanoparticles in the first cell layers
of the cornea was expected dependent on their nanometric size.
Sustained release of both drugs from GNPs was observed with the re-
lease kinetics were close to zero order [51]. Cationized GNPs have
been successfully used for transfecting the ocular epithelium offering
advantages of protection of pDNA and increased transfection efficacy.
Spermine-cationized GNPs were used to efficiently transfect human
corneal epithelial (HCE) cells in vitro [99]. The nanoparticles significant-
ly protected the associated pDNA from degradation in the presence of
DNase I for at least 60 min compared to 5 min for naked DNA to be
completely digested. The confocal images of HCE cells showed effective
internalization of the pDNA by nanoparticles with the absence of naked
pDNA internalization [99]. The nanoparticles successfully transfected
the ocular epithelial cells in vitro and in vivo with a new plasmid
encoding a modified human MUC5AC mucin protein [100]. Corneal
cell lines showed detectable MUC5AC mRNA expression in cells exposed
to the nanoparticles. The in vivo application of the pMUC5AC-loaded
GNPs onto the eyes of rabbits resulted in significantly higher MUC5AC
expression in the conjunctiva (122%) compared to untreated control
and naked plasmid.

6.5. Pulmonary drug delivery

GNPs may be promising vehicles of transporting drugs efficiently to
the lung via inhalation, while avoiding unwanted mucociliary clearance.
Tseng et al. [70] reported that inhalable GNPs do not cause lung inflam-
mation as demonstrated by myeloperoxidase activity assay and are thus
safe for use. Therefore, inhalative GNPs as carriers of cisplatin were
designed for the treatment of lung cancer with anticipated improved
therapeutic effect and reduced side effects. A high cisplatin concentra-
tion could be achieved in cancerous lungs via inhaled GNPs [70]. How-
ever, the disadvantage of using nano-sized delivery systems for
pulmonary application is that their mass median aerodynamic diameter
(MMAD) is not suitable for inhalation purposes. Consequently, it is
expected that a large fraction of the inhaled dose will be exhaled and lit-
tle particle deposition will take place in the lungs. To overcome this
problem, Sham et al. [101] investigated spray-dried micrometer-sized
carrier particles for delivery of GNPs to the lower respiratory regions
of the lung via a dry powder inhaler. GNPs were spray-dried together
with lactose as the carrier matrix which is expected to dissolve quickly
after landing on the aqueous covered epithelium of the lung and
nanoparticles are released immediately. The mean particle size of
spray-dried GNPs increased from 242.2 to 319.9 nm; however, the
fine particle fraction (FPF 40%) and MMAD (3.0 pm) of the powders
were suitable for efficient lung delivery [101].

An aerosol formulation of cationized GNPs loaded with immuno-
stimulating agent; Cytosine-Phosphate-Guanine-Oligodeoxynucleotides
(CpG-0ODN) was developed to maximize the efficacy of immunotherapy
against hypersensitivity for treatment of equine recurrent airway ob-
struction [102,103]. The size of GNPs after nebulization was 222.3-
248.2 nm, with a FPF of up to 65.7%. Nebulized CpG-ODN-loaded GNPs
remained capable to stimulate IL-10 release in vitro from equine
alveolar lymphocytes. After five consecutive inhalations, regulatory
anti-inflammatory and anti-allergic cytokine IL-10 expression was signif-
icantly triggered. Recently, GNPs were investigated as insulin pulmonary
administration system [16]. Intratracheal instillation of insulin-loaded
GNPs was found to promote insulin pulmonary absorption effectively
and prolong the duration of hypoglycemic effect. In addition,
nanoparticles could guarantee the safety of lung by reducing insulin de-
position in lung.

6.6. Nutraceutical delivery

Over recent years, GNPs hold promise for efficient delivery of several
bioactive nutraceuticals with the aim of improving their poor bioavail-
ability, enhancing their stability and bioactivity in addition to providing
controlled release. According to Chen et al. [29], the antioxidant
activity of tea catechins was retained after three weeks of storage via
encapsulation into GNPs. In addition, tea catechins exhibited 28-41%
inhibition to trypsin against the degradation of gelatin. Thus, tea
catechin-GNPs might be a useful antioxidant carrier because catechins
and gelatin were, respectively, protected from oxidation and enzymatic
digestion.

Natural polyphenols, epigallocatechin gallate (EGCG), tannic acid,
curcumin, and theaflavin were encapsulated into LbL coated GNPs
with the aim of improving their poor bioavailability and half-life prolon-
gation [32]. Western blot analysis showed that GNP-encapsulated EGCG
retained its biological activity by blocking hepatocyte growth factor
(HGF)-induced intracellular signaling in breast cancer cell line as po-
tently as free EGCG. In another study, gelatin-dextran micelles exhibit-
ed high loading, and sustained release of tea polyphenol (TPP) in vitro
and showed stronger cytotoxicity against breast cancer cells than free
TPP [42]. Nanoencapsulation of cocoa procyanidins (CPs) into GNPs sig-
nificantly improved their storage stability and enhanced their apoptotic
activity in human acute monocytic leukemia cells compared with the
free CPs [104]. Moreover, coating the nanoparticles with chitosan
imparted positive charge to facilitate electrostatic interaction with the
negatively charged mucus layers, which favors the transportation of
nanoparticles to the epithelium. The authors attributed the observed
stabilizing effect to the interaction between gelatin and CPs, the protec-
tion of chitosan, and the restricted diffusion of O, through the polymer
barrier into the nanoparticle space.

6.7. Enzyme immobilization

GA-crosslinked GNPs were successfully used for glucoamylase im-
mobilization [105]. Based on the reversible swelling and contracting of
the crosslinked GNPs with several cycles of heating and cooling, this
system could be used for enzyme immobilization and release. The
immobilized enzyme was released when the system temperature was
above 40 °C and performed high activity similar to free enzyme. On
the other hand, when the system temperature was below 40 °C, there
was no enzyme release. The loading efficiencies of glucoamylase
immobilized by entrapment and adsorption methods were 59.9% and
24.7%, respectively. The efficiency of temperature-triggered release
was as high as 99.3% for adsorption method, while the release of en-
zyme from the entrapment method was not detected. The authors at-
tributed this to the possible reaction of GA with glucoamylase forming
covalent linkage between gelatin and glucoamylase resulting in the
higher immobilization efficiency for entrapment method. However,
the covalently linked enzyme was hardly to be released. On the other
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hand, in adsorption method, the glucoamylase was only physically
adsorbed at the gelatin matrix which facilitated its release [105].

6.8. Miscellaneous drug delivery

GNPs have been also utilized as delivery systems for drugs of miscel-
laneous classes including anti-HIV (didanosine [106]), anti-malarial
(chloroquine phosphate [13] and cryptolepine hydrochloride [61,107]),
anti-fungal (fluconazole [20] and amphotericin B [49,108,109]), anti-
tubercular (rifampicin [110] and isoniazid [111]), anti-bacterial
(gatifloxacin [20], chloramphenicol [47] and ciprofloxacin hydro-
chloride [112]), anti-inflammatory (ibuprofen [48,113] and indo-
methacin [114]), analgesic (paracetamol [43]), skeletal muscle
relaxant (tizanidine hydrochloride [20]) and oral hypoglycemic
(rosiglitazone [115]) drugs.

In those studies, GNPs were utilized for: (i) providing prolonged drug
release; GNPs were found to be capable of releasing cryptolepine and
ciprofloxacin hydrochloride for prolonged durations up to 192 and
96 h, respectively [61,112], (ii) reducing the side effects of toxic drugs;
encapsulation of amphotericin B and cryptolepine into GNPs was
found to reduce their nephrotoxic and hemolytic side effects, respec-
tively, compared to the free compounds [49,107], and (iii) improving
the pharmacokinetic profile and pharmacological activity of drugs; after
i.v. injection into Wistar rats, cryptolepine-loaded GNPs attained a 4.5
fold higher area under the curve and longer elimination half-life
(21.85 h) compared to free drug (11.7 h) in addition to improved in
vivo schizonticidal activity [107]. Rifampicin-loaded GNPs resulted in
enhanced uptake of drug by the lung tissue, improving its bioavailability
causing significant reduction in bacterial counts in the lungs and spleen
of TB-infected mice [110]. Similarly, the anti-inflammatory activity of
indomethacin-loaded GNPs was enhanced compared to pure drug as in-
dicated by the significant decrease in the rat paw volume [114].

7. Surface-modified GNPs

The primary structure of gelatin offers many possibilities for chemi-
cal modification. When gelatin surface was modified with site-specific
ligands, its uptake was further facilitated by receptor-mediated endocy-
tosis [3].

7.1. Thiolated GNPs

The intracellular glutathione (GSH) concentration is generally higher
than the extracellular concentrations. While during active proliferation
of tumor cells, GSH and peroxide levels are even higher in the cytoplasm.
Therefore, Kommareddy and Amiji [116] introduced thiol (ie., SH)
groups into gelatin through reaction with 2-iminothiolane then thiolated
type B GNPs were prepared by desolvation for cytosolic DNA delivery in
response to higher intracellular GSH concentrations. Thiolated GNPs
showed a greater percent release of fluorescein isothiocyanate-dextran
in GSH containing phosphate buffer (pH 7.4) as compared to unmodified
GNPs [116]. The thiol content of gelatin would result in the formation of
disulfide bonds within the polymer structure, thus strengthening the ter-
tiary and quaternary protein structure in the case of gelatin. The disulfide
bonds also stabilize the nanoparticles during systemic circulation. How-
ever, in the cell, where the GSH concentrations are usually 1000 fold
higher, these disulfide bonds are broken and the biopolymer unfolds re-
leasing its contents [116,117]. Thiolated GNPs encapsulating pDNA
encoding for EGFPN1 were found to have greater transfection efficiency
in NIH-3T3 murine fibroblast cells as compared to unmodified GNPs and
Lipofectin®-complexed DNA. The high transfection efficiency associated
with thiolated GNPs could be attributed to the increased stability from
additional crosslinking, noncomplexed DNA delivery system, trigger re-
lease of the payload in a reducing environment inside the cell, and re-
duced cytotoxicity.

7.2. Pegylated GNPs

GNPs are predominantly engulfed by the cells of RES upon systemic
administration. With coating of poly(ethylene glycol) (PEG), it could
form a dense hydrophilic shell of long chains and protect the core
from non-specific hydrophobic interaction with serum proteins (e.g,
opsonins) resulting in reduced uptake by RES [118]. Furthermore,
PEGylation may also increase the hydrodynamic size of the particles de-
creasing their clearance through the kidney. This would ultimately re-
sult in an increase in circulation half-life of the particles in vivo [119].
Moreover, chemical derivatization of PEG through its terminal hydroxyl
group can be used for site directed PEGylation of protein or for further
conjugation of selected ligands. Additionally, the presence of PEG chains
on the surface of GNPs was found to resist digestion by proteolytic en-
zymes [90]. A gelatin PEGylation process by reacting gelatin and PEG-
epoxide was illustrated in Fig. 7.

Combined with the high transfection ability of non-condensing type
B GNPs, PEGylated GNPs are preferentially distributed to solid tumor
due to the hyperpermeability of the angiogenic blood vessels by the
EPR [120,121]. Thus, PEGylated non-condensing type B GNPs are suit-
able for systemic gene delivery to tumor mass. In the study of Kaul
and Amiji [120], PEGylated GNPs were shown to preferentially target
the tumor mass in Lewis lung carcinoma (LLC) bearing female mice
and approximately 4-5% of the intravenously injected dose remained
in the tumor for up to 12 h postadministration. In the later study from
the same group, reporter pDNA encoding for [3-galactosidase (pCMV-
) was encapsulated in PEGylated GNPs [121]. Intravenously adminis-
tered PEGylated GNPs to LLC-bearing mice showed significant expres-
sion of -galactosidase in the tumor with 61% transfection efficiency
relative to i.t. administration. Kushibiki et al. [122] have proven the
long-circulation property of PEGylated gelatin by using ?’I-labeled gel-
atin. The authors further examined the biodistribution profiles of
unmodified and PEGylated '*’I-labeled GNPs following i.v. administra-
tion through the tail vein in LLC-bearing mice. PEGylated nanoparticles
showed long circulating properties in the blood and preferentially accu-
mulated in the tumor for up to 24 h post-administration. In another
study, thiolated PEGylated GNPs showed prolonged circulation times
and enhanced tumor extravasation in vivo in an orthotopic human
breast adenocarcinoma xenograft model [123]. The nanoparticles were
found to have longer circulation times non-PEGylated ones, with the
plasma and tumor half-lives of 15.3 and 37.8 h, respectively.

In addition to gene delivery, PEGylated GNPs have been also used as
long circulating passive targeting system for efficient delivery of various
anti-cancer drugs to tumors. PEGylated gelatin-DOX nanoparticles sig-
nificantly inhibited tumor growth up to 82% and were systemically

PEG-O_CHZ_CH—CHZ + HzN
A4

(0]
NH,
Borate buffer
PEG —O—CHZ—?H-CHZ—NH
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H |
N—CH,—CH-CH,-0- PEG

Fig. 7. A scheme for the synthesis of PEGylated gelatin [64].
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less toxic than DOX based on hematological, serological and histopath-
ological findings [64]. LV. administration of noscapine, the tubulin-
binding anticancer agent, resulted in rapid elimination of the drug
with a half-life of 0.39 h [76]. A 1.43-fold increase in the area under
the curve for noscapine-loaded PEGylated GNPs over unmodified
GNPs and a 13.09-fold increase over free noscapine was noted with sig-
nificantly enhanced cytotoxicity. Similarly, PEGylated gelatin-polylactic
acid nanoparticles improved the phototoxic efficacy of cyclohexane-
1,2-diamino hypocrellin B, against human breast adenocarcinoma
(MCF-7), human gastric sarcoma (AGS) and mice specific Dalton's lym-
phoma (DLA) compared to free drug [124]. Recently, ibuprofen sodium
(IbS) was encapsulated into PEGylated GNPs for injection to overcome
its limited bioavailability and rapid clearance thereby aiding reduction
in its administration frequency [48]. The nanoparticles provided
sustained drug release for about 4 days with improved bioavailability
and plasma half-life when compared to non-PEGylated GNPs and free
IbS. Histological analysis of liver and kidney revealed tissue integrity in-
dicating biocompatibility of the nanoparticles.

7.3. Cationized GNPs

Gelatin is a low charge density polyelectrolyte with the net charge
appreciably dependent on solution pH. Of particular interest is the
modification of the gelatin charge by cationization [125]. Cationic
gelatin can be readily prepared by simply introducing amine residues to
the carboxyl groups of gelatin via reaction with ethylenediamine
[79,80,126,127], cholamine [85,102,103], polyethylenimine [128,129]
and spermine [99,100]. Cationized GNPs have been used for a myriad of
applications that benefit from the increased positive charge on the GNPs.

As delivery vehicles for pDNA, positively charged GNPs could be ca-
pable of condensing DNA and favoring interactions with the negatively
charged cell membrane to facilitate endocytosis [126]. There was five-
fold elevation in the amount of insulin-like growth factor (IGF)-1 pro-
duced by the adult canine articular chondrocyte cells treated with the
ethylenediamine cationized GNPs containing the pIGF-1 compared
with the noncationized GNPs. A higher positive surface charge may
enable to condense the pIGF-1 producing smaller nanometer-sized
particles that could increase cell entry. Once inside the cells, the
nanoparticles would release the plasmid, which would gain entry
into the nucleus and enable the overexpression of IGF-1 [126].
Polyethylenimine (PEI) has high positive charge and shown high affin-
ity to DNA through the electrostatic interaction between the amino
group of PEI and phosphate groups of the DNA. Moreover, PEI has
high endosomal and lysosomal-buffering capacity as a “proton sponge”
which can protect the nucleotides from degradation and promote their
release from the acidic vesicles [128]. Therefore, low molecular-weight
PEI was conjugated onto the surface of GNPs as delivery vector for
DNA of pCMV-Luc gene. The nanoparticles provided high transfection
efficiency with minimal cytotoxicity.

Cationized GNPs could be also used to develop a sustained release
system of small interfering RNA (siRNA) inside cells aiming at a
prolonged time period of gene suppression. Ethylenediamine cationized
GNPs succeeded to prolong the release of luciferase siRNA with the time
profiles of siRNA release corresponded to those of nanospheres degra-
dation [127]. In another study, novel core-shell nanocarriers composed
of a biodegradable gelatin core and a highly extended PEI layer as a shell
were developed for siRNA delivery [129]. Gelatin-PEI nanogels were
able to completely condense siRNA, and effectively protected siRNA
against enzymatic degradation. The nanogels were able to effectively
deliver siRNA into HeLa cells increasing the intracellular uptake efficien-
cy of siRNA from 41 to 84% with the delivered siRNA could inhibit 70% of
human argininosuccinate synthetase 1 gene expression.

According to reports in the literature, positively charged particles
are favorable phagocytosed by DCs and macrophages compared to neu-
tral or negatively charged particulate formulations [59]. In agreement
with this, murine myeloid DCs internalized the positively charged

immunostimulatory CpG ODN-loaded cholamine cationized-GNPs
more efficiently than plain non-cationized GNPs, which have a partially
negative zeta potential [85]. Surface modification with cholamine hy-
drochloride resulted in the formation of a pH-independent cationic sur-
face charge on the nanoparticles, which prevent unwanted desorption
of the CpG ODN from the carrier surface during the transport to the tar-
get cell.

The positive zeta potential seems to be very important for improving
the interaction between GNPs and the ocular surface leading to a higher
transfection efficiency of the system [130]. Gelatin cationized with
the low molecular polyamine spermine was the most promising
among the studied cationized proteins in terms of safety, formation of
nanoparticles with suitable physicochemical properties, protection of
PDNA, and transfection efficiency in human corneal cells. Zorzi et al.
[99] developed hybrid nanoparticles composed of spermine cationized
gelatin and the polyanions, dextran sulfate and chondroitin sulfate,
using mild ionic gelation technique to induce gene expression in ocular
epithelial cells. Such anionic polymers have the ability to interact with
the hyaluronic acid receptor for endocytosis (HARE) and CD44, both of
which are found in the eye and related to internalization of macromol-
ecules [131].

Cationized GNPs could be used for complexation with anionic drugs
rather than nucleic acids. Ethylenediamine-cationized gelatin electro-
statically interacted with tissue-type plasminogen activator (t-PA), an
anionic globular protein widely used as a thrombolytic drug, forming
cationized t-PA-gelatin complex which upon simple mixing with the
anionic PEGylated-type B gelatin forms a nano-sized delivery complex
via electrostatic attraction [79]. The t-PA thrombolytic activity of com-
plexes was significantly suppressed to be 45% of original t-PA. However,
when exposed to ultrasound in vitro, the t-PA activity was fully recov-
ered. In a rabbit thrombosis model, the iv. administration of the
complexes followed by ultrasound irradiation resulted in complete re-
canalization. In another study, the interaction between t-PA and
cationized gelatin molecules could be reinforced by mixing with zinc
ions. t-PA molecules electrostatically interact with gelatin to form
their complex, and additionally, the complex becomes stable through
coordination bond with zinc ions. The t-PA complexation with gelatin
and zinc ions enabled to prolong the half-life of t-PA in the blood circu-
lation because the apparent molecular size of t-PA was reduced to
95 nm [80].

7.4. Antibody-anchored GNPs

Antibody modified GNPs have been used as drug carrier systems to
target nanoparticles to specific cell types. In the work of Balthasar
et al. [132], the surface of GNPs was thiolated and the avidin derivative
NeutrAvidin™ was covalently attached to the nanoparticles via bifunc-
tional spacer (Fig. 8). Due to its high binding affinity for biotin, biotinyl-
ated compounds such as antibodies can be very rapidly attached by
strong avidin-biotin complex formation. Thus, biotinylated anti-CD3
antibodies specific for the CD3 antigen on lymphocytic cells were at-
tached to GNPs for specific drug targeting to T-lymphocytes [132,133].
In cell culture, these nanoparticles very specifically bound to CD3 +
human T-cell leukemia cells and primary T-lymphocytes. Uptake rates
of about 84% into T-cell leukemia cells were observed. The cell-type
specificity was further confirmed by competition experiments using ex-
cessive free anti-CD3 antibodies which could suppress binding and inter-
nalization of anti-CD3-modified nanoparticles. The uptake mechanism
could be characterized as a receptor-mediated endocytosis by incubation
at 4 °C or in the presence of cytochalasin which inhibits the uptake of
aCD3-nanoparticles [133].

7.5. Peptide-conjugated GNPs

Peptide ligands, which have the advantage of high avidity of interac-
tion with the target receptor through multiple points of contact, low
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Fig. 8. Schematic representation of antibody-anchored NeutrAvidin™-modified GNPs [132].

immunogenicity, and easier surface modification of the nanocarrier sys-
tems, are being pursued by a number of groups as targeting moiety for
cell-specific delivery [134]. Overexpression of epidermal growth factor
receptors (EGFR) has been observed to correlate with poor prognosis
in several types of cancers. Thus, conjugation with EGFR targeting pep-
tide should assist the system in active targeting of tumor cells. The
EGFR-targeted GNPs carrying pDNA encoding for EGFP-N1 showed
highest levels of EGFP expression in Panc-1 pancreatic adenocarcinoma
cells relative to all the other controls, especially at 48 h posttransfection
[84]. With the same system, transfection with tumor suppressor protein
(p53) induced rapid apoptosis process in Panc-1 cells [135]. After
intravenously injected into mice bearing Panc-1 human pancreatic
adenocarcinoma, EGFR-targeted GNPs showed preferential and
sustained accumulation in the tumor mass, and displayed almost
twice tumor targeting efficiency than either PEGylated or unmodified
nanoparticles, highlighting the efficacy of the active targeting strategy
[136]. Similarly, EGF-conjugated gelatin-cisplatin nanoparticles
resulted in higher cisplatin concentrations in lung adenocarcinoma
cells (A549, high EGFR expression) than that on normal lung cells
(HFL1, low EGFR expression). Nebulized aerosol droplets of EGF-GNPs
showed specific accumulation in the cancerous lung of mice to achieve
high cisplatin dosage with stronger anti-tumor activity and lower toxic-
ity [70,137].

Tat and SynB peptides are cell-penetrating peptides that show
charge-mediated blood-brain barrier (BBB) selectivity [ 138,139]. There-
fore, modification of gelatin-siloxane nanoparticles (GSNPs) with the
Tat or SynB peptide enhanced their efficiency in crossing BBB. Mem-
brane penetration is driven primarily by ionic interaction between the
cationic charges of these peptides and the anionic charges of the phos-
pholipid heads in the biomembrane, and subsequently internalized
into cells by endocytosis [140,141]. When the plasmid encoding calcito-
nin gene-related peptide (pLXSN-CGRP) was encapsulated into Tat-
GSNPs, 1.71 and 6.92 times higher CGRP expression in endothelial cells
than unmodified GSNPs and naked pLXSN-CGRP, respectively were ob-
served [142]. Because of the effect of the nuclear localization signal in
the Tat peptide, pLXSN-CGRP could be transferred into the nucleus,
and then released from the nanoparticles for efficient gene transfection.
After intracisternal injection of (pLXSN-CGRP)-loaded Tat-GSNPs in an
experimental rat model of subarachnoid hemorrhage, overexpression
of CGRP attenuated vasospasm and improved neurological outcomes.

7.6. Carbohydrate-decorated GNPs

Macrophages possess variety of surface receptors such as mannosyl,
lectin and galactosyl called mannose receptors (MRs). MRs are present
at the surface of monocyte macrophages, alveolar macrophages, astro-
cytes in brain, hepatocytes in liver, and so on and overexpressed in
infected macrophages [143]. Due to this fact, carriers containing ligands
such as mannosyl, immunoglobulin, fibronectin, and galactosyl are bet-
ter phagocytosed by macrophages. Therefore, GNPs bearing the anti-
HIV drug didanosine were coupled with mannose for controlled and
site-specific delivery to HIV-infected macrophages for improving its

therapeutic efficacy and reducing its toxicity [106]. The coupling meth-
od involved ring opening of mannose followed by reaction of its alde-
hyde group with free amino groups of GNPs via Schiff's base
formation. Coupling of mannose to GNPs enhanced their in vitro uptake
in the macrophage tissues and so enhanced the lung, liver, and lymph
nodes uptake of drug, in comparison to noncoupled GNPs or free drug.
Similarly, mannosylated GNPs showed a 5.4-fold reduction in ICso of
amphotericin B in comparison with plain drug suggesting significant
enhancement of its anti-leishmanial activity on ]774A.1 infected macro-
phage cells with [108]. Saraogi et al. [111] found that incorporation of
isoniazid into mannosylated GNPs enhanced its delivery to alveolar
tissues resulting in significant reduction in bacterial counts in the
lungs and spleen of TB-infected mice beside reduction in the drug
hepatotoxicity.

Another ligand, 4-sulfated N-acetyl galactosamine (4-SO4GalNAc),
is closely related to the macrophage MRs both antigenically and struc-
turally [65]. Cys-MR domain binds glycoprotein's bearing sulfated
sugars by hydrogen bonding between sulfate group of 4-S04GalNAc
and cystein group on MRs. The surface of GNPs was modified with
4-S04GalNAc for specific targeting of DOX to macrophages of liver
and spleen in treatment of visceral leishmaniasis. After i.v. adminis-
tration, the modified GNPs showed enhanced internalization in
macrophage cells with significantly higher localization of DOX in
liver and spleen as compared to unmodified ones. Another impor-
tant application of carbohydrate-decorated nanovectors is the
targeting of hepatocarcinoma cells [ 144]. Asialoglycoprotein (ASGP) re-
ceptors are present on liver cells and bind ASGPs (glycoproteins from
which sialic acid has been removed to expose galactose) to remove
them from circulation [ 145]. Galactosylated GNPs were prepared for en-
hanced intracellular delivery of DOX to hepatocarcinoma cells [66].
Galactosylated GNPs were selectively taken up by HepG2 cells and
exhibited enhanced cytotoxicity (ICso; 0.35 pg/mL) and apoptosis
compared with unmodified GNPs (ICso; 0.75 pg/mL) with liver
accumulation of 24.5 pg/g DOX in liver in comparison with heart
(0.3 pg/g) [66].

Heparin, a highly sulfated anionic polysaccharide composed of re-
peating glucosamine and uronic acid residues, interacts with a variety
of growth factor receptors having heparin-binding domains such as fi-
broblast growth factor-2 (FGF2) receptors overexpressed on tumor
cells including breast cancer cells [146]. When heparin was attached
to cisplatin-bearing GNPs through amide bond between — COOH groups
of heparin and - NH,; groups of gelatin, a greater uptake into human
breast cancer cells and greater tumor accumulation in tumor-bearing
mice was exhibited compared to unmodified GNPs and free drug [71].

7.7. Fatty acid polymer-coated GNPs

In the study of Sarkar [147], a new kind of surface modification of
GNPs rather than covalent attachment has been done with fatty acid
polymers. Rhodamine B-encapsulated GNPs have been prepared by
coacervation-phase separation then the fatty acids, myristoleic or oleic
acid, have been polymerized in situ on the surface of gelatin coacervates
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forming protective shells thereby retarding the dye release. It was found
that GNPs coated with oleic acid have smaller size, greater dye encapsu-
lation efficiency and slower release compared to that with myristoleic
acid. The authors attributed this behavior to that the longer chain fatty
acid, ie., oleic acid provides a more hydrophobic environment and
helps protecting the dye more efficiently than that formed from a
shorter chain fatty acid (myristoleic acid). The fatty acids can block
the pores on the surface of GNPs and thus delay the release of encapsu-
lated dye.

8. Gelatin nanocomplexes
8.1. Gelatin-polymer nanocomplexes

Gelatin has the ability to form nanocomplexes with different poly-
mers through various mechanisms including ionic complexation, graft
copolymerization or Maillard reaction. Injectable and biodegradable
colloidal gels have been developed by mixing equal weight percents of
oppositely charged cationic type A GNPs and anionic type B GNPs
formed using a desolvation method [148]. These nanosphere-based
gels were shown to be cohesive and self-healing due to the strong elec-
trostatic interactions between cationic and anionic nanospheres and
showed great potential for sustained delivery of osteogenic protein
growth factors (BMP-2 and ALP) [4]. In another study, sequential release
characterized by rapid release of angiogenic basic fibroblast growth fac-
tor (bFGF) and more sustained release of BMP-2 was obtained by load-
ing bFGF onto cationic GNPs of low crosslinking density and BMP-2 onto
anionic GNPs of high crosslinking density. Using in vivo rat femoral con-
dyle defect model, an obvious stimulatory effect on bone regeneration
was observed for the colloidal gels loaded with BMP-2, whereas bFGF-
loaded colloidal gels did not influence the rate of bone regeneration
[81].

Gelatin-polyacrylic acid (GEL-PAA) core-shell nanoparticles were pre-
pared via polymerization of anionic acrylic acid monomers in the pres-
ence of cationic type-B gelatin without any aid of organic solvents or
surfactants [72,149]. Driven by hydrogen bonding between unionized
carboxyl groups of PAA and carbonyl groups of gelatin and electrostatic
interactions between ionized carboxyl groups of PAA and protonated
amino groups of gelatin, GEL-PAA nanoparticles were formed. Cisplatin
was successfully loaded into GEL-PAA nanoparticles through a ligand ex-
change reaction of platinum(II) from the chloride to the carboxyl group of
the nanoparticles. Furthermore, the abundant carboxylic groups provided
by PAA dramatically enhanced cisplatin loading (24.6%) [72,73]. The
nanoparticles showed significantly superior anticancer efficacy in hepatic
H22 tumor-bearing mice in comparison with free drug. Cisplatin-loaded
GEL-PAA nanoparticles showed prominent passive tumor-targeting abili-
ty and were able to penetrate the tumor after their extravasation through
the leaky vessels and distributed in a distance of about 20 pum from the
vessels at 24 h postinjection [73]. Upon peritumoral implantation of gela-
tin hydrogel (jelly) encapsulating cisplatin-loaded GEL-PAA nanoparticles

in a murine hepatoma H22 cancer model, a significantly superior efficacy
in impeding tumor growth and prolonging the lifetime of mice than those
treated with i.v. injection of drug-loaded nanoparticles was observed [74].
The jelly maintains its hydrogel state while coating the tumor, then,
gradually transforms into a viscous sol due to the body temperature,
subsequently releasing the drug-loaded nanoparticles resulting in
higher concentration, retention and penetration of drug in the tumor as
well as lower uptake in nontarget organs (Fig. 9). Crosslinked gelatin
(gel)-based graft copolymer nanoparticles were prepared using 2-
hydroxyethyl methacrylate (HEMA) and/or styrene (Sty) monomers
[113]. The prepared Gel/HEMA and Gel/Sty nanoparticles exhibited parti-
cle size ranging from 15 to 17 nm and from 0.42 to 5 pm, respectively
with slow ibuprofen release within 6 h. Jatariu et al. [47] reported the
preparation of nanoparticles based on gelatin and chitosan using a reverse
emulsion-double crosslinking technique. Nanoparticles were formed by
the dispersion of a solution of both polymers containing Tween 80 in
toluene containing Span 80 to give a reverse W/O emulsion followed
by double crosslinking. The nanoparticles proved to manifest pH sensitive
interactions and thus can be considered good candidates for drug
delivery.

Maillard reaction, a naturally occurring reaction that conjugates
polysaccharide and protein by linking the reducing end carbonyl groups
in the former to the amino groups in the latter, avoiding the use of toxic
chemicals, was used to synthesize gelatin—dextran conjugate [42]. Af-
terward, complex coacervation core micelles (86 nm) were prepared
via self-assembly of the gelatin-dextran conjugate with tea polyphenol
(TPP) based on hydrophobic interaction and hydrogen bonding where
the insoluble core of gelatin and TPP was stabilized by the conjugated
hydrophilic dextran shell. Complex coacervation micelles offer several
advantages including green process, narrow size distribution, high load-
ing capacity, and sustained release.

8.2. Gelatin-lipid nanocomplexes

Gelatin-lipid hybrid nanoparticles (GLNPs) were prepared by a two-
step desolvation method to improve the oral bioavailability of
amphotericin B [109]. The drug was efficiently encapsulated within
the lipid core, which was further stabilized by a biodegradable coat of
gelatin, subsequently increasing the system's payload capability and
providing additional protection in the gastrointestinal fluids. Electro-
static interaction between the cationic type A gelatin (below its pl)
and the anionic lecithin was utilized for the formation of stable GLNPs.
Moreover, hydrophobic interactions among the hydrophobic chains of
lipid and hydrophobic residues of gelatin were also reported. GLNPs ex-
hibited a sustained drug release profile, a 5.89- and 4.69-fold increase in
the intestinal permeability and oral bioavailability, respectively, togeth-
er with significantly lesser hemolytic and nephrotoxicity as compared
to free drug. However, this system suffers from slight sensitivity to acid-
ic degradation in the stomach; therefore, further attempts such as en-
teric coating of the formulation can be useful.

CDDPloaded
GEL -PAA nanoparticles

CDDP-NP.Jelly
coating on the tumor mass

Body temperature

gelsol transition

Viscous sol

Fig. 9. Schematic illustration of CDDP-NP-Jelly coating on the tumor, which gradually transforms into a viscous sol in vivo due to the body temperature [74].
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Fig. 10. (a) The synthetic scheme and (b) TEM image of AGIO nanoparticles with CaP coating.

Modified from reference [68].

8.3. Gelatin-inorganic nanocomplexes

Gelatin was found to form nanocomplexes with various inorganic
materials for drug delivery applications. Biocompatible hybrid gelatin—
siloxane nanoparticles (GSNPs) were synthesized using a two-step
sol-gel process using 3-glycidoxypropyl-trimethoxysilane and gelatin
solution to yield a crosslinked network of gelatin-siloxane for drug de-
livery [140-142].

Multistage quantum dot GNPs (QDGNPs) composed of a gelatin core
with amino-PEG QDs conjugated to the surface were successfully pre-
pared [150]. After the original 100-nm GNPs preferentially extravasate
from the leaky regions of the tumor vasculature into tumor tissue, a
size change was triggered by proteases that are highly expressed in
the tumor microenvironment such as matrix metalloproteinases,
which degrade the cores of 100-nm GNPs, releasing smaller 10-nm
nanoparticles (QDs) from their surface that can more readily diffuse
throughout the tumor's interstitial space allowing penetration into the
tumor parenchyma [150,151]. Ultimately, the smaller QDs will be re-
placed with a 10-nm nanocarrier of cancer therapeutics that are re-
leased as the particles penetrate deep into the tumor.

Magnetic gelatin nanocomplexes were elaborated by two methods:
in the first one; iron oxide nanoparticles (IONPs) were encapsulated
within gelatin through two-step desolvation method where gelatin
was chemisorbed into IONP surface through the carbonyl and amino
groups thus preventing the leaching of IONPs from nanoparticles. DOX
[67] or cisplatin [75] were successfully loaded onto those nanoparticles
with either adsorption or entrapment process. In the second method;
amphiphilic hexanoyl-gelatin induced structural aggregation of IONPs
to form an aggregated core on which positively charged Ca?™ ions
(CaP) were adsorbed around the core by electrostatic interactions
with the negatively charged carboxyl groups of amphiphilic gelatin to
form core-shell nanoparticles [68]. DOX was encapsulated by electro-
lytic co-deposition during CaP shell formation (Fig. 10). After dissolu-
tion of the acid-sensitive CaP-DOX shell, DOX escaped from endosome
and was delivered efficiently into the nucleus.

9. Drawbacks and challenges

Considerable attention has been directed to the application of GNPs.
However, there are still critical problems associated with the use of
animal-origin gelatins which carries with it the risk of contamination
with transmissible spongiform encephalopathies (TSEs). In the case of
gelatin however, the rigorous manufacturing processes such as acid, al-
kaline and heat treatments inactivate TSE agents and minimize TSE risk
in drug products [26,41,56]. Furthermore, recombinant human gelatin
(rHG) is commercially available. Currently, there are commercial sup-
pliers (e.g. FibroGen South San Francisco, CA, USA) that produce gelatin
by recombinant DNA technology (http://www.fibrogen.com). rHG is

nontoxic and useful for developing nanostructures for drug delivery
due to its nonimmunogenicity [26,41,56].

Commercial gelatins used in the pharmaceutical industry are
heterogeneous mixtures of different sized proteins derived from bovine
or porcine bones or skins with a wide range of molecular weights pro-
ducing heterogeneous nanoparticle size distribution. An interesting
strategy to overcome this drawback is the use of the two-step
desolvation technique previously discussed [9] or the use of rHG due
to its homogeneity in molecular weight and precisely defined properties
to form nanoparticles with narrow size distribution. By overcoming
these problems, the potential market for GNPs is expected to be huge.
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