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Development of gemcitabine-adsorbed magnetic gelatin nanoparticles 
for targeted drug delivery in lung cancer

Senay Hamarat Sanlıer, Merve Yasa, Aslı Ozge Cihnioglu, Merve Abdulhayoglu, Habibe Yılmaz & Güliz Ak

Department of Biochemistry, Faculty of Science, Ege University, Izmir, Turkey

Introduction

Gelatin is a protein biopolymer which is derived from colla-
gen (Ding et al. 2011). There are two types of gelatin obtain-
able, depending on the pre-treatment procedure, and they 
are known commercially as type-A gelatin (isoelectric point 
at pH ∼ 8–9) and type-B gelatin (isoelectric point at pH ∼ 4–5), 
which are obtained under acidic and alkaline pre-treatment 
conditions respectively (Jongjareonrak et al. 2010). Gelatin 
is a naturally occurring polymer with relatively low antige-
nicity, and has been used for decades in parenteral formula-
tions and is an approved plasma expander (Gabr et al. 1996, 
Ofokansi et al. 2010).

Gelatin is made of animal connective tissues, and it is 
a translucent, colorless, brittle, and nearly flavorless solid 
substance. Gelatin has a unique property which enables it 
to produce thermally biodegradable gel. When a solution 
which contains gelatin is cooled, it creates a gel, and when 
this gel is heated once again, it liquefies. The existence of 
multifunctional groups such as –NH2 and –COOH in the 
gelatin chain, makes it an appropriate candidate to bind 
with drug (Gomez-Guillen et al. 2011). It is also commonly 

used to immobilize drugs and genes to produce controlled-
release products for pharmaceutical and medical applica-
tions. Its water solubility, biodegradability, biocompatibility 
and non-toxicity, ease of chemical modification and cross-
linking, make gelatin ideal for use in gelatin-based nano-
particles as carrier systems for drug delivery. It can also be 
a promising candidate for the surface modification of iron 
oxide (Gaihre et al. 2008).

Lung cancer comprises 15% of the new cancer cases every 
year, and also contributes to 18% of cancer deaths. Although 
the treatment approaches change depending on the stages 
and histopathologic types, generally, three types of treat-
ments exist (surgical, radiotherapy or/and chemotherapy) 
(Lippincort 1997). One of the most important difficulties in 
the pharmacologic treatment of the disease is the mobiliza-
tion of the active agents which are used for the purpose of 
therapy, to reach especially the specific targeted area, and to 
achieve constant drug release (Kalevi et al. 2008).

Gemcitabine (2′,2′-difluorodeoxycytidine, dFdC), is an 
analog of deoxycytidine, with high activity against many dif-
ferent types of solid tumors (Hodge et al. 2011). Gemcitabine 
is used as a single agent or in combination with other anti-
cancer molecules, in the treatment of a wide variety of malig-
nancies, including colon, pancreatic, lung, head and neck, 
ovarian, bladder, and breast cancers , (Martín-Banderas et al. 
2013, Barbara et al. 2007). Gemcitabine exhibits certain limi-
tations, such as very short plasma half-life and rapid metabo-
lism to its inactive form by cytidine deaminase. Furthermore, 
common side effects like systemic toxicity due to high dosage 
and no specificity with regard to healthy cells, has also lim-
ited its antineoplastic properties (Arya et al. 2011).

Many drug delivery systems therapy have been devel-
oped for controlled and targeted delivery. Microspheres, 
liposomes, lipid-based micro particle systems, and the con-
jugates that are acquired by modification of the active moiety 
with other chemical compounds, can be shown as examples 
for these types of systems (Gennaro 2000, Tomlinson et al. 
1986, Chien 1992, Oppenheim 1981, Delie 1998, Chen and 
Langer 1998).
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Abstract
Magnetic iron oxide nanoparticles (IONPs) were coated with 
gelatin type B by means of the two-step desolvation method. 
Drug loading by adsorption was studied under various conditions 
such as different temperature, contact time, pH, and initial 
gemcitabine concentration. Further, Langmuir isotherm curves 
were constracted and constants were calculated. According to 
the Langmuir isotherm, the Gibbs free energy of the adsorption 
process at 25°C was  4.74 kJ/mol. On the other hand, this value 
at 37°C was  7.86 kJ/mol. In vitro drug release was performed 
at pH levels of 5 and 7.4, with gemcitabine-loaded magnetic 
gelatin nanoparticles and free gemcitabine, and both the results 
were subsequently compared.

Keywords: adsorption, drug delivery, gemcitabine, isotherm, 
kinetic modeling, magnetic gelatin nanoparticles
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The surfaces of nanoparticles can be modified with other 
molecules, which will provide better targeting of cells that 
cannot be identified by the immune system. They can be 
modified to cross the barriers such as the blood-brain bar-
rier or the dermal tight junction. Nanoparticles can be modi-
fied as drug carriers which are prepared to deliver drugs to 
damaged tissues and achieve controlled drug release. The 
polymeric nanoparticles which are prepared and used as 
carrier systems for active matter have many advantages. The 
IONPs, which can be loaded with drugs, have properties of 
easy dispensability, small size, biocompatibility, superpara-
magnetism. Although chemotherapy is aimed at destroying 
cancer cells, it damages the normal cells as well (Haley and 
Frenkel 2008).

The goal of this study is the development of a gemcitabine-
loaded nano-scaled formulation for magnetically-targeted 
therapy of non-small cell lung cancer. In this study, gemcit-
abine was loaded onto magnetic gelatin nanoparticles by the 
adsorption technique. The adsorption isotherm and kinetic 
constants were calculated, and in vitro gemcitabine release 
from nanoparticles was determined by performing dialysis 
at 37°C.

Materials and methods

Materials
Gelatin type-B from bovine skin was purchased from Sigma, 
and glutaraldehyde (GA) was purchased from Merck. The 
IONPs were prepared according to the method described by 
Dung et  al. (2009). Gemcitabine (“Gemzar”) was obtained 
from Lilly. All other chemicals were of analytical grade, and 
were used as received.

Synthesis of magnetic gelatin nanoparticles
Magnetic gelatin nanoparticles (M-GNPs) were prepared 
using the two-step desolvation method reported by Yılmaz 
and Sanlıer (2013). Briefly, 50 mg of gelatin was dissolved in 
d-water at 37°C, and 2 mL of acetone was added to the gela-
tin solution. After the precipitation was complete, the super-
natant was discarded and the pellet was dissolved in 1 mL 
of d-water at 37°C. The pH level of the solution was adjusted 
to the range of 12–13, and 0.5 mL of iron oxide suspension 
(10 mg/mL) was added to the solution under shaking at 480 
rpm. Acetone was dropped into the solution using a tubing 
pump, at a rate of 1mL/min, and 12 mL of glutaraldehyde  
(4% v/v aqueous solution) was added to this mixture as a 
crosslinker. The mixture was left to shake for 24 h at room  
temperature. At the end of this time, M-GNPs were  
collected by centrifugation and washed with d-water. The 
drug adsorbed onto the M-GNPs was characterized using 
scanning electron microscopy (SEM) (Phillips XL-30S) in 
the Izmir Institute of Technology. The shape and dispersity 
of the nanoparticles were examined.

Adsorption of gemcitabine onto M-GNPs
Gemcitabine was loaded onto the M-GNPs by the adsorption 
technique. For this, 2 mg of M-GNPs were incubated with 1.5 
mL of gemcitabine solution, and at the end of this process, 
the mixture was centrifuged. The supernatant was used for 

the analysis of the non-adsorbed drug. The concentrations of 
the initial and non-adsorbed gemcitabine were determined 
at 268 nm, based on the standard curve which was drawn for 
a concentration of gemcitabine ranging from 10 to 75 mg/mL, 
using the Perkin Elmer Lambda 35 UV/VIS spectrophotom-
eter. Adsorbed drug amount and drug adsorption efficiency 
were calculated according to Eqs. (1) and (2) respectively.

Adsorbed drug amount ( g) Initial drug amount ( g)

Nonadsorbe

µ µ

 dd drug amount ( g)µ � (1)

Adsorption efficency (%)

Adsorbed drug amount ( g)

Initial drug am


µ
oount ( g)µ









 100 � (2)

In order to achieve maximum efficiency of gemcitabine 
adsorption onto the M-GNPs, the effect of incubation time 
and temperature, pH of the media, and the concentration of 
drug on adsorption, were studied. Firstly, 2 mg of M-GNP and 
1.5 mL of gemcitabine dissolved in 10 mM sodium acetate 
buffer of pH 4 were incubated at 25°C for different periods of 
time (3–24h). At the end of this time, the mixture was centri-
fuged at 13,000 rpm, and the amount of gemcitabine in the 
supernatants was determined. The adsorption yield of each 
sample was calculated, and the optimum incubation time 
was determined. Secondly, the temperature of the adsorp-
tion process was investigated for optimum adsorption of the 
drug. M-GNPs and gemcitabine were mixed in a hot water 
bath at different temperatures ranging from 4 to 40°C, for 
15 h, which was selected as the optimal incubation time. 
After 15 h, the supernatants were collected and the amount 
of gemcitabine was analyzed. Thus, optimum adsorption 
temperature was estimated. In the third step, effect of pH on 
drug adsorption was researched. Gemcitabine was dissolved 
in different buffer solutions in the pH range of 3.5–10, and 
M-GNPs were incubated with gemcitabine solution at 25°C 
(which was found to be the optimal incubation temperature). 
After centrifugation, the amount of adsorbed drug in each 
sample was calculated, and the optimal pH value of gem-
citabine adsorption was determined. Finally, the effect of 
gemcitabine concentration on adsorption was investigated. 
Gemcitabine solutions at concentrations of 10–350 mg/mL 
were prepared in sodium acetate buffer of pH 4, the optimal 
buffer for adsorption. The nanoparticles and drug solutions 
were incubated for 15 h at 25°C. Maximum adsorption yield 
was estimated based on the amount of gemcitabine in the 
supernatants.

Adsorption kinetics, isotherms, and thermodynamic 
modeling
The experiments were performed to observe the effect of 
concentration at constant pH and temperature. Gemcitabine 
solutions were prepared at concentrations ranging from 50–
350 mg/mL. Nanoparticles were dispersed equally in 10 mM 
Na-acetate-buffered gemcitabine solutions. The samples 
were incubated for 15 h in a hot water bath at 25°C and 30°C, 
with shaking at slow speed. After 15 h, the samples were  
centrifuged. The upper phases were taken and measured 
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spectrophotometrically. The Langmuir isotherm was applied 
and constants were calculated. Thermodynamic constants 
were calculated using the constants that were obtained from 
the Langmuir isotherm.

A solution of 50 mg/mL of gemcitabine was prepared in 
a 10 mM Na-acetate buffer. M-GNPs were dispersed in the 
buffered drug solution. The samples were incubated in a 
hot water bath under constant shaking at 37°C and 25°C. 
The upper phases were removed at the predetermined time 
intervals and measured immediately. Kinetic values were 
calculated.

In vitro drug release
Gemcitabine-loaded M-GNPs were placed in a dialysis 
membrane after dissolving in PBS buffer (pH 6 and 7.4), and 
dialyzed against 15 mL of PBS buffer (pH 6 and 7.4) for 24 
h at 37°C, under conditions of constant shaking. The data 
obtained was compared with the data of the release of free 
drug under the same conditions. The amount of gemcitabine 
released was spectrophotometrically determined from the 
receiver solution, and cumulative release was calculated 
with Formula 3. Likewise, free drug was dialyzed under 
the same conditions and the data obtained was calculated 
using Formula 3, and compared with drug release from 
nanoparticles.

Cumulative release(% w / w)

Amount of gemcitabine released

Initial


ggemcitabineamount (mg)
100









 � (3)

Results

Synthesis of M-GNPs
In the present study, M-GNPs were synthesized by a two-
step desolvation method. Since commercial gelatin shows 
a wide range of molecular weights, the presence of a low 
molecular weight fraction in the solution results in broad 
size distribution and aggregation of nanoparticles. The two-
step desolvation method allows the removal of the lower 
molecular weight fraction in the first desolvation step. GA 
was added as a cross-linking agent to prevent redissolving of 
the gelatin nanoparticles. According to Gaihre and cowork-
ers, when GA is added to the aqueous dispersion of the com-
posite nanoparticles, the carboxylic acid residues and amine 
groups react with the cross-linking agent (Gaihre et al. 2008). 
A formulation of the temperature effect was explained with 
the high viscosity of gelatin at room temperature. Higher 
temperature was found to be preferable for the formation of 
GNPs, because the triple-helical structure of gelatin uncoils 
as the temperature rises (Nahar et  al. 2008). Gelatine has 
been used in many studies as a drug, matrix, and nucleotide 
carrier (Ofokansi et al. 2010, Nahar et al. 2008, Leo et al. 1997, 
Zwiorek et  al. 2008). Due to the particle size, the nanopar-
ticular system designed must be significiantly smaller than  
5 mm, without forming aggregates, to ensure that the parti-
cles do not cause an embolism, since the smallest capillaries 
in the body are 5–6 mm in diameter (Singh and Lillard 2009).

Gelatin is a natural polymer, with carboxyl, amine, and 
amide functional groups present in the polymer chain. So it 
is expected to be negatively charged in alkaline conditions, 
and to show higher efficiency in formation. The desolvat-
ing method is a modification of a salting-out technique. In 
salting-out, for protein precipitation, organic solvents may 
be used. As known, with the rapid addition of an organic 
solvent or a salting-out agent, hydrophobic sites of proteins 
emerge and interact with each other rapidly, so that proteins 
suddenly precipitate as aggregates. It means that with rapid 
addition of organic solvent, the particle grows so rapidly in 
size, that size control is not possible.

M-GNPs were synthesized as described in “Synthesis of 
magnetic gelatin nanoparticles”. According to the study by 
Gaihre B. and co-workers, for effective targeting, the per-
centage of IONPs in the composite nanoparticles plays an 
important role, and with increasing the percentage of IONPs 
in gelatin solution, there is no significiant change seen in the 
hydrodynamic size of the nanoparticles (Gaihre et al. 2009). 
It means that gelatin encapsulates the IONPs with apparent 
percentage, and there is no need to increase the percentage 
of IONPs. Increasing the IONP percentage also results in the 
increase in the viscosity of the gelatin solution, which leads 
to aggregation of gelatin as a gel, but not in the form of nano-
particles (Gaihre et al. 2009).

In the present study, M-GNPs were synthesized based on 
the method described in the study by Yilmaz. H and Hamarat 
Sanlier S. (2013). To show the shape of nanoparticles, SEM 
images were taken, and were as shown in Figure 1. As seen 
in Figure 1, the nanoparticles are homogenous and spheri-
cally shaped, with a diameter of ∼300 nm. This result is in 
good agreement with an earlier study (Yılmaz and Hamarat 
Sanlier 2013).

Adsorption of gemcitabine onto the M-GNPs
In the present work, the effects of temperature, pH, contact 
time, and drug concentration on adsorption were stud-
ied. Maximum adsorption occurred at 25°C, with a yield 
of 23.1%  5.8, at neutral pH. At 4°C, the adsorption yield 
was low, due to the lack of energy required for adsorption. 

Figure 1. Sem image of M-GNPs.

945



interact due to their counter charges. Moreover, gemcitabine 
can be chemically adsorbed onto nanoparticles. Above this 
pH, gemcitabine loses its positive charge by giving its proton 
to the solvent, and gelatin becomes more negatively charged. 
According to this information, it is expected that the adsorp-
tion process will weaken and adsorption efficiency will 
decrease. The results can be seen in Table I.

The effect of gemcitabine concentration on adsorption 
was studied at 25°C for 15 h. As seen in Figure 2d, the data 
revealed that maximum adsorption occurred at a concentra-
tion of 50 mg/mL, with ∼70% adsorption efficiency; above 
this concentration, desorption occurred and the adsorption 
reached an equilibrium. This data corresponds with data 
from an earlier study which was performed by Yilmaz H. and 
Hamarat Sanlier S (2013). In their study, with increasing con-
centration, adsorption efficiency was seen to increase until 
a concentration of 350 mg/mL was reached, and above this 
concentration, adsorption efficicency was seen to decrease, 
as in our study.

All of these experiments were repeated five times, and 
error bars were given. All of the drug adsorption yields are 
calculated from the standard curve of gemcitabine. The 
equation for this standard curve is y  0.014x, and the R2 
value is 0.999.

Adsorption kinetics, isotherms, and thermodynamic 
modeling
The Langmuir adsorption isotherm explains the monolayer 
coverage of the adsorbate on an adsorbent surface at a con-
stant temperature. The assumption is that the forces exerted 
by chemically unsaturated surface atoms do not extend fur-
ther than the diameter of one adsorbed molecule (Ofokansi 
et al. 2010). The linear equation of Langmuir’s curve is:

C

q Q b

C

Q
eq

eq b

eq

0

1



 � (4)

Ceq is the concentration of gemcitabine solution (mol/L) at 
equilibrium, and Qeq is the amount of gemcitabine adsorbed 
per unit weight of M-GNP (mol/g). Q0 gives the adsorp-
tion capacity (mol/g) of the theoretical monolayer, and b 
is the Langmuir constant which is related with the energy 

Moreover, at high temperatures, the M-GNPs may expand 
due to the swelling property of gelatin, and it may result in 
decreased surface area for adsorption. The effect of tempera-
ture on the adsorption process can be seen in Table I.

At higher temperatures such as 30°C and 40°C, the gelatin 
nanoparticles enlarge in size, and this enlargement causes a 
decrease in the area of the surface of the nanoparticle that 
comes into contact with drug molecules. Thus, the drug 
adsorption yield decreases. This result is similar to the results 
demonstrated in the study by in Yilmaz H. And Hamarat 
Sanlier S. (2013).

The contact times for adsorption were varied over a 
range of 3 to 24 h, at a temperature of 25°C. As seen in the  
Table I, adsorption increased with contact time. With 
increasing contact time, gemcitabine molecules have a bet-
ter chance to interact with the M-GNPs. Maximum adsorp-
tion occurred at 15 h, with 61.6  0.4% yield. At 24 h, there 
was not much difference between the adsorption yield at 
15 h and that at 24 h. However, in adsorption process, there 
is a risk of contamination during long adsorption times. 
A contact time of 15 h was chosen as the optimum, based 
on both adsorption efficiency and avoidance of the risk of 
contamination.

In order to determine the effect of pH on adsorption 
yield, six pH levels were used, ranging from 3–8. Based on 
the obtained data, the best adsorption occurred at a pH of 4, 
with 74.1% efficiency. At a pH of 3, both M-GNPs and gem-
citabine have a positive charge according to their isoelectric 
points. The isoelectric point of gemcitabine is 3.6, and it has 
a positive charge at a pH of 4. On the other hand, the isoelec-
tric point of gelatin is nearly 5, and therefore, gelatin nano-
particles have a negative charge at pH 4. In the present study, 
it is hypothesized that at pH 4, M-GNPs and gemcitabine can 

Table I. Effect of gemcitabine concentration, contact time, pH, and 
temperature on gemcitabine adsorption onto M-GNPs. M-GNP: 
Magnetic gelatin nanoparticle.

Drug Adsorption Efficiency 
(%w/w)

Temperature (°C)*
4 8.1  4.5
25 23.1  5.8
30 7.2  6.1
40 2.2  5.4

Contact time (h)
3 54.2  4.9
6 57.8  3.1
9 57.3  4.4
15
24

Drug concentration (mg/ml)**
50
100
200
250

61,6  0.4
54.1  2.3

68.0  6.0
39.8  2.2
50.2  0.4
52.6  0.4

300 60.6  0.5
350 59.0  2.0

pH
3 66.33  8.7
4 74.09  3.8
5 70.42  0.5
6 55.59  8.5
7 55.43  5.3
8 53.90  11.9

Figure 2. Langmuir isotherm curve of gemcitabine adsorption on 
nanoparticles.
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of adsorption (L/mol). A plot of Ceq/Qeq versus Ceq yields a 
straight line with slope 1/Q0 and intercept b.

To identify the favorability of the adsorption, the dimen-
sionless constant separation factor R is expressed as:

R
b CL

0

1

1 ( )


 
� (5)

The value of RL indicates the state of adsorption favorabil-
ity as follows: RL  1, unfavorable; RL  1, linear; 0  RL  1, 
favorable; RL  0, irreversible (Mittal et al. 2008).

In the present study, the theoretical monolayer adsorp-
tion capacity was determined at two different temperatures, 
as 25°C and 37°C. The values are 83.8 mol/g at 25°C and 
142.8 mol/g at 37°C, respectively. The Langmuir constant 
was calculated as 0.0019 at 25°C and 0.011 at 37°C. The con-
stants can be seen in Table II. The Langmuir isotherm curve 
can also be seen in Figure 2.

At 25°C, the RL value was 0.768, while at 37°C, this value 
was 0.894, both of which are between 0 and 1, indicating that 
the adsorption of gemcitabine onto M-GNPs is favorable.
These values indicate that the adsorption occurred sponta-
neously and the process was feasible.

The changes in the standard Gibb’s free energy were calcu-
lated using the Langmuir isotherm constant b. The equation 
is shown below. Changes in the thermodynamic parameters, 
that is free energy (G0), enthalpy (H0), and entropy (S0), were 
also calculated based on the adsorption isotherms, using 
Eqs. (6–8) (Mittal et al. 2008).

∆G RT b0 ln � (6)

∆H R
T T

T T k k
b0 1 2

2 1 2 1

( )

( )ln /
ln



 � (7)

∆ ∆ ∆
S

( )0
0 0


H G

T
� (8)

The negative standard Gibb’s free energy values indicate the 
feasibility of the process and its spontaneous nature. The 
standard Gibb’s free energy was determined as  4.74 kJ/
mol at 25°C and  7.86 kJ/mol at 37°C. These values repre-
sent that the adsorption physically occurred. The ΔH0 value 
of this process was found to be 112.4 kJ/mol. This result 
indicates that the nature of the adsorption process is endo-
thermic. The ΔS0 value was found to be 393.1 J/molK at 25°C 

and 387.9 J/molK at 37°C. The constants are represented in 
Table III. The positive values of the entropy change show the 
increased randomness at the solid/solution interface, with 
some structural changes in the adsorbate and adsorbent, 
and an affinity of the M-GNP towards gemcitabine. All these 
values indicate that the adsorption occurred spontaneously 
and that the process was feasible.

The kinetic model having an appropriate adsorption rate 
was chosen, using Eq. (9).

t

q k q

t

q
 

1

2 e
2

e

� (9)

Where k2 (kg/g-min) is the pseudo-second-order rate con-
stant. The linear plot of 1/q versus t gives the second-order 
rate constant and qe (g/kg). This model is used to predict 
behavior over the whole range of adsorption, and is in agree-
ment with the chemisorption mechanism being the rate-
controlling step. The pseudo-second-order kinetic curve is 
exhibited in Figure 3.

In order to identify the diffusion mechanism, the intra-
particle diffusion model was applied and expressed as:

q k t c p
1/2 � (10)

Where kp (mg/g-min1/2) is the intra-particle diffusion rate 
constant, and c (mg/g) is a constant that gives informa-
tion about the thickness of the boundary layer. The plot of 
q versus t1/2 could yield a straight line passing through the 
origin, if the adsorption process obeys the sole intra-particle 
diffusion model. If the line does not pass through the origin, 
intra-particle diffusion is not the only rate-limiting step. It 
could be stated that this process is complex and involves 
more than one mechanism (Hamarat Sanlier et al. 2013).

When adsorption is preceded by diffusion through a 
barrier, the kinetics in most cases follow pseudo-first order 
kinetics. However, the pseudo-second order kinetics were 
not proved to be effective in representing the experimental 
kinetic data for the entire adsorption period. The diffusion 
mechanisms were considered independently, in accordance 
with the assumptions that the kinetics was controlled by 
pseudo-second order kinetics at the beginning of the experi-

Table II. Langmuir isotherm constants for adsorption of gemcitabine 
by M-GNPs. M-GNP: Magnetic gelatin nanoparticle.

Langmuir constants

Q0 (mol/g) b (L/mol) R2 RL

25°C 83.8 0.011 0.939 0.768
37°C 142.8 0.0019 0.894 0.894

Table III. Thermodynamic constants for adsorption of gemcitabine by 
M-GNPs. M-GNP: Magnetic gelatin nanoparticle.

25°C 37°C

ΔG° (kJ/mol) 4.74 7.86
ΔH° (kJ/mol) – 112.4 –
ΔS° (J/molK) 393.1 387.9

Figure 3. Pseudo-second order kinetic of gemcitabine adsorption on 
nanoparticles.
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gemcitabine from M-GNPs was slower and pH-dependent. 
At pH 6, only 69% of gemcitabine was released from M-GNPs 
in 3.5 h, and at the end of 24 h, 91.1% was released. At pH 
7.4, 55% of gemcitabine was released from M-GNPs in 3.5 h, 
and 68.8% gemcitabine was released after 24 h. The results 
showed that there is 25% more release at pH 6 than at pH 7.4. 
However, because of the magnetic property of nanoparticles, 
it is expected that the targeting of M-GNPs will take 30 min 
(Lubbe et al. 2001). Hence, it is very important to compare 
the release profiles of gemcitabine in the first hour, at pH 7.4. 
The data showed that in the first hour, 37% of gemcitabine was 
released from M-GNPs at a pH of 7.4, but the release of free 
gemcitabine was 71%. The fast release of gemcitabine from 
nanoparticles at the beginning of the drug release process 
can be explained by the burst effect. However, based on the 
data obtained, it still has a better release profile compared 
with that of free gemcitabine. The faster release of gemcit-
abine from M-GNPs in an acidic medium can be explained 
by the surface charge of the M-GNPs. At acidic medium, the 
surface charge of M-GNPs is expected to be positive, which 
leads to the weakening of the interaction between gemcit-
abine and M-GNPs (Gaihre et al. 2009).

Moreover, the release of free drug was not changed at any 
pH level, and the release amount was completed in 3.5 h. Our 
nanoparticle drug carrier system achieved more controlled 
and sustained release of gemcitabine compared to the free 
drug. Based on our data, the prepared nanoparticle system 
is thought to have the potential to decrease unwanted side 
effects.

According to the report by B. Gaihre and his coworkers, 
who studied doxorubicin-loaded M-GNPs, drug release at 
the physiologic pH of 7.4 was 32%. A fast drug release profile 
was seen at acidic pH. The release value was 61%. The drug 
release in our study is higher when compared to the drug 
release in this study (Gaihre et al. 2009).

Conclusion

In this paper, M-GNPs were synthesized by a simple method, 
and characterized using SEM. The SEM image of M-GNPs 
shows that M-GNPs are spherical nanoparticles (Figure 1). 
Gemcitabine, which is an anti-cancer agent, was loaded onto 
the M-GNPs by a process of adsorption. It is important to 

ment and then controlled by intra-particle diffusion. The 
intra-particle kinetic curve is shown in Figure 4.

Pseudo-second order kinetics showed that with increas-
ing temperature, the drug adsorption capacity of M-GNPs 
was reduced. On the contrary, as can be seen in intra-particle 
diffusion kinetics, drug diffusion into the M-GNPs at 37°C is 
higher when compared to that at 25°C. Based on the data, 
we presume that at the beginning of the adsorption process, 
the rise in temperature increases the drug adsorption by 
M-GNPs, but afterwards, adsorption follows intra-particle 
diffusion and lower temperatures are likely to be better for 
this stage of adsorption. In light of the results obtained, it can 
be stated that the process of adsorption may be implemented 
in two stages for better adsorption, which means that it can 
be started with high temperature and followed with low tem-
perature. The data obtained about kinetic constants can be 
seen in Table IV.

In vitro drug release studies
In order to determine the drug release behavior of M-GNPs, 
release studies were conducted with the aid of a dialysis 
membrane using PBS buffer at pH levels of 6 and 7.4, at 
37°C. Figure 5 shows the release profile of gemcitabine from 
M-GNPs and the release profile of free gemcitabine. The data 
was compared with the release of the free drug under the 
same circumstances. The physiologic pH value of the blood 
is 7.4. On the other hand, based on data in the literature, the 
pH level in the microenvironment of the tumor decreases 
to a range of 5–6.5 (Singh and Lillard 2009). For this reason, 
drug release from the nanoparticles was observed both at the 
physiologic pH and at pH 6, and compared with the release 
of free drug.

As seen in the Figure 5, the cumulative release of free 
gemcitabine reached 95.8% at pH 7.4, and 95% at pH 6, in 
3.5 h, which means that the release of free gemcitabine is not 
pH-dependent. On the other hand, the cumulative release of 

Figure 4. Intra-particle kinetic curve of gemcitabine adsorption on 
nanoparticles. Figure 5. Cumulative drug release of nanoparticles and free drug at pH 

6 and pH 7.4.

Table IV. Pseudo-second-order and intra-particle diffusion kinetic 
constants for adsorption of gemcitabine by M-GNPs. M-GNP: Magnetic 
gelatin nanoparticle.

Pseudo-second order Intra-particle diffusion

k1 qe R2 kp c R2

37°C 0.656 139.9 0.916 11.48 62.5 0.982
25°C 0.661 63.7 0.974 1.48 21.8 0.912
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discover the adsorption mechanism which can be explained 
using thermodynamic isotherm models. Due to the impor-
tance of the nature of adsorption, the Langmuir isotherm 
is drawn with the results obtained. According to Langmuir 
isotherm, the Gibb’s free energy of the adsorption process 
at 25°C was  4.74 kJ/mol, and at 37°C it was -.86 kJ/mol, 
which indicates that the process spontaneously occurred at 
25°C and 37°C. Thus, it was estimated that the adsorption 
was physical. The kinetic values showed that the adsorption 
process cannot be explained either by pseudo-second-order 
kinetics or by the intra-particle diffusion kinetic model. 
Kinetic studies showed that adsorption process may be com-
pleted in two stages; at the beginning of adsorption, high 
temperature is required, and afterwards, the temperature 
may be decreased, to have a better adsorption profile.

Although the adsorption was physical, drug release 
occurred in a controlled manner. Free drug release was 
completed in 3.5 h at both pH values, that is pH 7.4 and pH 6. 
On the other hand, the drug release from nanoparticles was 
pH-dependent and showed more controlled behavior. Also, 
the drug release from nanoparticles was completed in 24 h 
instead of 3.5 h. Moreover, the results showed that there is a 
25% more release at pH 6 than at pH 7.4.

The further studies should include studies on hyperther-
mic drug release due to the magnetic property of nanopar-
ticles, cell culture studies, and in vivo animal studies, to 
determine the biodistribution profile of nanoparticles.
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