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nanoparticles was investigated. In this research, the effect of variation

Keywords: in some synthetic parameters of gelatin nanoparticles cross-linked by
Gelatin CDI/NHS system such as type of gelatin and formulation of cross-
Nanoparticles linking agent on their size and distribution was examined. The
Water soluble carbodiimide conventional two step desolvation method was used for preparation of

Cross-linking agent

gelatin nanoparticles. The morphology, mean size and size
Intrinsic viscosity

distribution of the formed nanoparticles were evaluated and compared
with each other. In addition, intrinsic viscosities of all the
*Corresponding author: nanoparticles were measured and compared under different
E-mail address: conditions. The results showed that the presence of more NHS and
saharzinatlo@khayam.ut.ac.ir absence of NHS catalyst in CDI/NHS system lead to the large particle
size and broad size distribution of nanoparticles that were attributed to
the fast and slow cross-linking rate, respectively.
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1. Introduction targeting molecules and its phase behaviour in dilute

Gelatin is a biodegradable, biocompatible, non- and semi-dilute solutions could be easily tuned by
carcinogenic and inexpensive polymer. Gelatin has ~ pH and temperature. These properties make this
variety of potential applications in pharmaceutics product an interesting colloidal carrier for targeting
and food industry and its novel uses are underway in ~ drug delivery systems. Unlike, the artificial
medicine and in specialized technical areas. nanoparticles which may have side effects such as
Among many other  applications, gelatin cell toxicity and accumulation in the human body,
nanoparticles could be served as a simple and safe gelatin nanoparticles can be used for transferring
carrier system for controlled drug delivery. Gelatin ~ large amount of the drug to the target site with
has numerous available active sites to attach ~ minimal side effects [1-5].
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Several techniques have been utilized for synthesis 2.1.2.1.1. Materials

of gelatin based nanoparticles such as desolvation
[6-11], nanoprecipitation [12-13],
phase separation [14-16], emulsification- solvent
evaporation [17-20] and miniemulsion method
[22,23].

Through Desolvation method, a desolvating agent

(e.g. alcohol, acetone) is added to an aqueous gelatin
solution to dehydrate the gelatin molecules. This
results in stretched to coil conformational change.
Commonly on the Next step, a cross-linking agent is
added to harden the pristine particles. This method
was modified by Coester et al [6] which added a
desolvation step to separate low molecular weight
gelatin molecules.
...Cross-linking of gelatin is very important to attain
gelatin nanoparticles with desired characteristics.
Unexpectedly, in all reported methods of fabrication
of gelatin nanoparticles, glutaraldehyde has been
used as cross-linking agent. Even though the use of
glutaraldehyde causes to stability of nanoparticles,
its high toxicity may restrict the utilizations of the
ultimate product. Hence, the use of non-toxic cross-
linkingers and evaluation of their effects on the
practical characteristics of nanoparticles seems
significant. The influence of utilize of a water
soluble carbodiimide (CDI) as non-toxic cross-
linking agent on synthesis process (via desolvation
method) and on the ultimate characteristics of
gelatin nanoparticles was studied [24].

The aim of this research is the optimum
preparation of gelatin nanoparticles (in presence of
non-toxic linking agent) and investigation of the
effect of variation in synthetic parameters of
nanoparticles such as type of gelatin and cross-
linking agent on their size, PDI and intrinsic
viscosity.

coacervation-

2. Experimental procedure

All the chemicals were of reagent grade and were
used without further purification. Gelatin: type A
(Bloom 80-120) & gelatin Bacteriological (LTD
Co), HCI, NHS (N-hydroxysuccinimide) and
acetone were obtained from Merck. CDI (1-(3-
dimethylaminopropyl)-3-ethyl-carbodiimide
hydrochloride) was purchased from Aldrich. Double
distilled water was used for all the experiments.

2.1.2. Preparation of gelatin nanoparticles

A two-step desolvation method developed by
Coester et al. [6] was used. Briefly, 0.5 g gelatin
(two different types of gelatin were used) was
dissolved in 10 mL distilled water at room
temperature. Then, 10 mL acetone was added as
desolvating agent to the solution to precipitate the
high molecular weight fraction. The high molecular
weight gelatin separated and then dissolved again in
10 mL distilled water with a stirring rate of 750
rpm. The pH of the new solution was adjusted at
2.5. Pristine gelatin nanoparticles formed by drop-
wise addition of 30 mL acetone. In the next step, to
stabilize the gelatin nanoparticles, cross-linking
agents (2.5 mL of 1.2% CDI: NHS (5:1) solution, 5
mL of 1.2% CDI: NHS (5:1) solution and 2.5 mL of
1% CDI without NHS solution) were added and the
resulted mixture stirred at 750 rpm for 12 hours.
After a simple purification process, the acetone was
removed using rotary evaporator.

2.2.  Characterization of the nanoparticles
2.2.1. Shape and Size

The Shape and Size: The morphological study of the

unloaded nanoparticles was performed using a digital
scanning electron microscopy (SEM) DSM 960 (Carl
Zeiss, Jena, Germany). To prepare the samples, 50
micro liters of the nanoparticle dispersions were
freeze-dried on a glass surface. The particle size and
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the particle size distribution of the nanoparticles was
also determined by photon correlation spectroscopy
(PCS), Zetasizer 3000 (Malvern Instruments, UK)
with a He-Ne laser beam at a wavelength of 633 nm
and scattering angle of 90°. To obtain optimum signal
intensity all samples were diluted with double
distilled water before measurements.

Intrinsic viscosity

The viscosity of nanoparticle dispersions and
gelatin solution were determined by measuring the
flow time in a capillary Ubbelohde viscometer at
controlled temperatures of 25-45 + 0.1 °C. A
minimum of four repetitions were performed for
each sample. Intrinsic viscosity [#] determined by
extrapolation at zero concentration of the reduced
viscosity, 7s/C = [5] + ka[#]’c (Huggins equation)
[25]. Where, c (g/dl) is solute concentration, #s, IS
the specific viscosity and represents the
incremental viscosity due to the presence of the
polymer chains or nanoparticles in the solution and
ky is the Huggins constant.

3. Results and discussion
3.1. Characterization of the nanoparticles

The size of nanoparticles greatly affects their
applications [26]. In this research, two-step
desolvation method proposed by Coester et al was
used for preparation of nanoparticles with a proper
size and size distribution [6]. Two-step desolvation
method consists of an additional step in which low
molecular weight gelatin removed after a desolvation
step. This step enhances the stability of particles
formed before cross-linking thus reduces the
formation of aggregates during cross-linking.
Removing of low molecular weight molecules also
prevents further irreversible flocculation of particles
during storage [6].
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The average particle size of the unloaded gelatin
nanoparticles cross-linked by CDI without NHS and
CDI /NHS and CDI/NHS (twice as much as) and
synthesized by another type of Gelatin as determined
by photon correlation spectroscopy was found to be
335 (PDI=0.851) and 180 (PDI=0.141) and 240
(PDI1=0.558) and 550 (PDI=1), respectively. Tablel
and 2 presents the results of nanoparticle size
characterization measurements.

Table 1. Effect of type of cross-linking agent on size and
PDI of nanoparticles.

Sample Cross- Nanoparticles Zeta
no. linked by size(nm) potential(mV)
Gl CDI/NHS 335 0.851 16.3
CDI/NHS
G2 (twice as 184 0.141
much as)
G3 CDI 240 0.558

Table 2. Effect of type of gelatin on size and PDI of
nanoparticles.

. . Zeta
Sample Gelatin ~ Nanoparticles .
o fvoe size (nm) PDI  potential
| P (mv)
Merck
G1 gelatin 184 0.141
type A
(LTD)
G4 . 550 1 16.3
Gelatin

...SEM was used to characterize the morphology of
nanoparticles. As shown in Fig. la and b,
nanoparticles were spherical and a little non-
homogeneous in size distribution, independent of type
of used cross-linking agent. The mean size of
nanoparticles from SEM micrographs resembles those
calculated from  dynamic  light  scattering
measurements.

Furthermore the morphological studies from SEM

micrographs reveal that apart from smaller size and
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PDI, nanoparticles cross-linked by CDI/NHS (Fig 1b)
have smoother surface than CDI without NHS (Fig
1a) cross-linked particles.

-

.

r—

| 565
SO8 nm SHE nm

Fig. 1. SEM micrographs nanoparticles cross-linked by
CDI (a) and CDI/NHS (b).

Besides, the CDI/NHS-GNPs and CDI without NHS

and CDI/NHS (twice as much as)-GNPs were stable
under long time storage conditions. The size and PDI
of these nanoparticles remained almost unchanged
after 3 months storage under refrigerated conditions at
4°C.
The rather high PDI indices of all the nanoparticles
synthesized using different cross-linking agents, could
be related to the rate of mechanism of particle
formation in the desolvation method. Through this
method, Nanoparticles form through strong
interactions of positively and negatively charged
segments in or between the gelatin chains.

Because the synthesis conditions are same for all the
types of the nanoparticles synthesized here, the
difference in particle characteristics may be attributed
to the difference in chemistry of cross-linking agents
and consequently the difference in the nature of
network structures formed by CDI or CDI/NHS.

The network formation mechanism of CDI/NHS
cross-linking systems has been described. It has been
accepted that [27] CDI activates the carboxylic acid
residues of aspartic and glutamic acids on gelatin
chains. The presence of NHS is critical in this stage.
NHS molecules react with the previously mentioned
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activated carboxylilc acid groups. In the absence of
NHS, the activated carboxylic groups may hydrolyze
or rearrange to o-acylisourea residues (Fig 2) [28].

But after reaction with NHS, the activated groups are
less likely to rearrange or hydrolyze [29]. The
network formation is then launched by the reaction of
the unprotoned amino residues of lysine and
hydroxylysine with the activated carboxylic acid
residues on gelatin molecules. Therefore, NHS/CDI is
a zero-length cross-linker because it does not
introduce any space between gelatin chains during the
formation of amide bonds as chemical cross-linker.

) & o
I [ Presence of NHS
Rp-C-OH + RpN=C=N-R; — R.-C-0-C  +NHRs R-C-NH-Ry
Gelatin chain DI Iﬂl Gelatin chain
Rs (ﬁ)
O-acylisourea ‘—, R-C-0H
Absence of NHS
ik
RGO (N-acylurea)
0
NH
R;
NHRy

Fig. 2. Cross-linking mechanism of CDI/NHS system.

It seems that for the sake of charge neutralization
process during nanoparticles formation, there have
been enough free amino groups for both cross-linking
agent (CDI and CDI/NHS) to form chemical cross-
links. However, in the case of CDI/NHS, the
formation of cross-links is more simplified due to
charge neutralization considerations that enforce the
reactant groups (-NH2, -COOH) to be brought in the
proximity of each other and thereupon they can react
more easily. This phenomenon leads to faster
stabilization of the nanoparticles which inhibit further
aggregation that increase the size of the particles. The
large particles size and broad size distribution of CDI
cross-linked nanoparticles can be attributed to the
slow cross-linking rate due to absence of NHS that
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acts as catalyst under the investigated conditions.
Slow rate of cross-linking causes primary gelatin
nanoparticles to agglomerate before cross-linking.
The large particle size and broad size distribution of
CDI/NHS (twice as much as) cross-linked
nanoparticles can be attributed to the fast cross-
linking rate due to presence of more NHS catalyst
under the investigated conditions. In this case, fast
rate of cross-linking leads to reaction between several
nanoparticles during cross-linking. Large particles
size and broad size distribution of nanoparticles
synthesized by using (LTD Co) gelatin can be
attributed to the high temperature of its gelling point.
In fact, the room temperature is under the gelling
point of this type of gelatin and lead to formation of
large aggregates. It is noteworthy that any change in
the reaction conditions such as pH, temperature,
desolvation agent, ionic strength of the solution as
well as gelatin type may lead to nanoparticles with
other sizes and morphological characteristics.

3.2. Intrinsic viscosity

It is generally known that the main effect of
dissolution or dispersion of macromolecules or
nanoparticles in a solvent is an increment in
viscosity.

This effect is quantitatively expressed by the
intrinsic viscosity [n], which is sensitive to the
conformation or flexibility of the macromolecules,
as well as the size and to the nature of interaction of
the solute with the solvent [25]. Thus, exact
measurement of [n] can present helpful information
about the mentioned before features.

Fig 3a demonstrates the Huggins function,
H=ngy/c[n] as a function of reduced concentration,
[n]c, all nanoparticles and a normal gelatin solution
prepared at its native pH=5.4 and T=25 °C. The
intrinsic viscosity for G1, G2, G3 and G4 was found
to be 15.6, 20.3, 38.1 and 40.7 ml/g respectively,
and 25.2 ml/g for gelatin solution at pH =5.4.
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The slope of the plot indicates Huggins constant,
ky [30]. For the nanoparticles dispersed in a solvent,
ky provides information about nature of interaction
between particles. A large and positive ky is due to
strong repulsive forces between particles.

On the contrary, negative values of Huggins
constant represent the attractive forces between
particles. As Fig 3 shows, the Huggins constants for
the nanoparticles and gelatin solution are positive,
which  indicate  repulsive  forces  between
nanoparticles or gelatin chains in the solution (Table
3). In the case of gelatin solution measured at
pH=5.4, very close to its Pl (~5), the net charge of
gelatin chains in the solution is almost neutral, lead
to rather low ky value.

a b
T=250C =L T=37°C !
= b G2
" f 28 &
. G4
%_ ¥ Jatin sol = /
/'/’
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" [ T=asic el
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Fig. 3. Huggins function vs. reduced concentration for
gelatin nanoparticles at different temperatures, 25 °C (a),
37 °C (b) and 45 °C (c).
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Table 3. Huggins constants and intrinsic viscosities of the

investigated systems at T=25°C

Gelatin
Sample Gl G2 G3 .
solution
[n](ml/g) 15.6 20.3 38.1 40.7 25.2
Ky 1497 1154 551 4.67 3.26

3.2.1. Effect of pH and temperature on
nanoparticles

The effect of pH and temperature on the Huggins
function of G1, G2, G3 and G4 nanoparticles was
depicted in Fig 3-6. The nanoparticles may be used
temperatures and pHs such as
physiological condition (pH=7.4, 37°C). Thus, it is
very important to study the effect of pH and
temperature on the size and stability of the
nanoparticles at desired conditions.

In the case of G1, G2, G3 and G4 nanoparticles,
it can be seen that raising temperature at constant
pH, did not affect considerably the nature of
interparticle interactions and just lead to a little
expansion of nanoparticles because improving the

at various

solvent quality, so that the intrinsic viscosity
increased (Fig 3 and 4; Table 4). It has been shown
by Bohidar et al [30] that water becomes a better
solvent for gelatin with increasing temperature.

sa - /
40 - A
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20 — 2
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=¥
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Temperature(“C)

Fig.4. Intrinsic viscositiy vs. temperature for gelatin
nanoparticles.
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Table 4. Intrinsic viscosities of the investigated systems at
different temperatures

(l(ml/g),  [n](ml/g),  [n](ml/g),
Sample
T=25°C T=37°C T=45°C
G1 15.6 24.6 34.9
G2 20.3 29.7 36
G3 38.1 44 46.4
G4 40.7 50.4 53.3

Also, in the case of G1, G2, G3 and G4 nanoparticles,
two different behaviors can be observed by raising pH
from 3.2 to 5.4 and then 7.4 at 25 °C source used in
this work was found to be about 5. At pH=3.2,
ionization of -NH2 groups lead to net positive charges
on the gelatin chains and enhance electrostatic
repulsion which represented by high Huggins
constant.

ny/Inle
‘] IFI]]I"
. 5
I
w
. =
\ \

Fig. 5. Huggins function vs. reduced concentration for
gelatin nanoparticles at different pHs, pH= 3.2 (a), pH
=5.4 (b) and pH =7.4 (c).
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Table 5. Huggins constants of the investigated systems at
different pHs.

Sample Ky Ky, Ky,
pH=3.2 pH=5.4 pH=7.4

Gl 14.6 8 15.6

G2 9 5.95 9.17

G3 5.9 4.6 6

G4 54 4.1 551

But, at pH=5.4, the charge balance on the gelatin
chain lead to weakness of electrostatic repulsion
between nanoparticles, which resulted in smaller k.

Again, raising pH to7.4 lead to more ionization of —
COOH groups and it lead to net negative charge of the

gelatin chains which enhanced electrostatic repulsion

between chain segments and therefore caused a large

ky at pH=7.4 (Fig 5 and 6; Table 5).
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Fig. 6. Huggins constants vs. pH for for gelatin
nanoparticles.

4. Conclusion

In this research, the effect of variation in some
synthetic parameters of gelatin nanoparticles cross-
linked by CDI/NHS system (as a non-toxic cross-
linking system) such as type of gelatin and
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formulation of cross-linking agent on their size and
distribution was examined. The conventional two
step desolvation method was used for preparation of
gelatin nanoparticles. The results showed that the
presence of more NHS and absence of NHS catalyst
in CDI/NHS system lead to the large particle size
and broad size distribution of nanoparticles that were
attributed to the fast and slow cross-linking rate,
respectively. Fast rate of cross-linking leads to
reaction between several nanoparticles during cross-
linking and slow rate of cross-linking causes primary
gelatin nanoparticles to agglomerate before cross-
linking. Large particles
distribution of nanoparticles synthesized using
another type of gelatin were ascribed to the high
temperature of its gelling point lead to formation of
large aggregates. Moreover, dilute
viscosimetry experiments confirmed the stability of
the nanoparticles under various physicochemical
conditions. On the whole, these results suggest that
CDI/NHS cross-linked gelatin nanoparticles have
high potential to be wused for
applications.

size and wide size

solution

drug delivery

Acknowledgment

Partial financial support from the Iranian
Nanotechnology Initiative and vice-president for
research and technology of University of Tehran is
gratefully appreciated.

References

[1] H. G. Schwick and K. Heide, Bibliotheca
Haematologica, 3 (1969) 111-125.

[2] A. O. Elzoghby, W. M. Samy, N. A. Elgindy,
Journal of Controlled Release, 161(2012) 38-49.
[3] J. Xu, F. Gattacceca, M. Amiji, J.
Pharmaceutics. 10 (2013) 2031-2044.

[4] S. K. Nitta and K. Numata, Int. J. Mol. Sci. 14
(2013) 1629-1654.

Mol.



144

[5] J-H. Xu, F-P.Gao, X-F. Liu, Q. Zeng, Sh-Sh.
Guo, Zh-Y. Tang, X-Zh. Zhao and H. Wang, J.
Chem. Commun.49 (2013) 4462-4462.

[6] C. J. Coester, K. Langer, H. V. Brisen, J. Kreuter,
J. Microencapsul.17

(2000) 187-193.

[7] M. Mozafari and F. Moztarzadeh, Journal of
Colloid and Interface Science, 351 (2010) 442-448.
[8] C.-L. Tseng, K.-C.Yang, K.-C.Yen, S.Y.-H.Wu,
F.-H, Current Nanoscience, 7 (2011) 932-937.

[9] H. Wang, O. Boerman, K. Sariibrahimoglu, Y.
Li, J. Jansen, S. Leeuwenburgh, Biomaterials, 33
(2012) 8695-8703.

[10] N. Kuntworbe and R. Al-Kassas, J. AAPS.
Pharm. Sci. Tech. 13 (2012) 568-581.

[11]H. Wang, Q. Zou, O. Boerman, A. Nijhuis, J.
Jansen, Y. Li, S. Leeuwenburgh, Journal of
Controlled Release, 166 (2013) 172-181.

[12]E. J. Lee, S. Ahmad Khan, J. K. Park, K-H. Lim,
J. Bioprocess Biosyst Eng. 35 (2012) 297-307.

[13] S. Ahmad Khan, M. Schneider, J. Macromol.
Biosci. 13 (2013) 455-463.

[14] R. C. Oppenheim and N. F. Stewart, Drug Dev.
Ind. Pharm.5 (1979) 563-571.

[15] E. Leo, M. A. Vandelli, R. Cameroni and F.
Forni, Int.J. Pharmaceut.155

(1997) 75-82.

[16] K. W. Leong, H. Q. Mao, V. L. Truong, K. Roy,
S. M. Walsh and J. T. August, J.Controlled
Release,53 (1998) 183-189.

[17] B. Rossler, J. Kreuter, D. Scherer,Journal of
Microencapsulation, 12 (1995) 49-57.

[18] C.-P. Zhang, L .Hu, Y.-P.Luo, W. Deng, X.
Gao, Y.-X. Qiu, D.-J Shen,

S. Zinatloo-Ajabshir et al. / INS 5(2015) 137-144

FuheCailiaoXuebao/ActaMateriaeCompositaeSinic
a, 19 (2002) 59-64 .

[19] M. G. Cascone, L. Lazzeri, C. Carmignani and
Z. Zhu, J. Mater. Sci.: Mater.Med.13 (2002) 523-
526 .

[20] A. K. Bajpai and J. Chouby, J. Mater. Sci.:
Mater. Med.17 (2006) 345-358.

[21] J. Kwon Oh, R. Drumright, D. J. Siegwart, K.
Matyjaszewski, J. Prog.Polym. Sci.33 (2008) 448-
477.

[22] A. Ethirajan, K. Schoeller, A. Musyanovych,
U. Ziener and K. Landfester,Biomacromolecules, 9
(2008) 2383-2389.

[23]A. Ethirajan and Katharina Landfester, J.Chem.
Eur. 16 (2010) 9398-9412.

[24] N. TaheriQazvini and S. Zinatloo, J. Mater.
Sci: Mater. Med.22 (2011) 63-69.

[25] W. M. Kulicke and C. Clasen, Viscosometry
of Polymers and Polyelectrolytes.Speringer-Verlag,
Berlin (2004).

[26] C. Vathier and K. Bouchemal, Pharmaceut.
Res.26 (2009) 1025-1058.

[27] A. J. Kuijpers, G. H. M. Engbers, J. Feijen, S.
C. De Smedt, T. K. L. Meyvis, J.Demeester, J.
Krijgsveld, S. A. J. Zaat and J. Dankert,
Macromolecules,32(1999) 3325-3333.

[28] R. Timkovicz, Anal. Biochem.79 (1977) 135-
143.

[29] H. Yamakawa, Macromolecules,34 (1961)
1360-1372.

[30] A. Gupta, B. Mohanty and H. B. Bohidar,
Biomacromolecules, 6 (2005) 1623-1627.



