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ABSTRACT

Objective(s): Over the past two decades, considerable interest has been focused on utilizing biocompatible magnetic
nanoparticles (MNPs) for biomedical applications. In thisstudy, production of human serum abumin (HSA) nanoparticles
using desolvation technique that were simultaneous loaded with high amounts of superparamagnetic iron oxide
nanoparticles (SPIONs) and 5-flourouracil (5-FU) was investigated.

Materials and Methods: 5-FU loading (%) and SPIONs entrapment efficiency (%) were optimized using response
surface methodology (RSM). The design expert software used to analyse the interactive effects of pH, 5-FU and
SPIONs concentrations.

Results: The optimum conditions found to be pH of 8.2, drug concentration of 1.5 mg/ml and SPIONs concentration of
2.79 mg/ml. Under the mentioned optimum conditions, particleswith the size of 111.8 nm, zetapotentia of -37.1 mV,
5-FU loading of 15.8% and SPIONs entrapment efficiency of 41.1% were obtained. In vitro cumul ative rel ease of 5-FU
from the nanoparticles was evaluated in phosphate buffer saline (pH 7.4, 37 “C). Resultsindicated that 85% of the 5-
FU released during 95 h, which reveal ed asustained release profile. In addition, Vibrating Sample M agnetometer (V SM)
analyses confirmed the superparamagnetic properties of magnetic al bumin nanoparti cles manufactured under the optimum
conditions.

Conclusion: According to the findings,SPIONs and 5-FU loaded HAS nanoparticles arepromising for use as novel
targeted delivery system due to proper magnetic and drug rel ease behaviours.

Keywords: 5-Flourouracil, HSA nanoparticle, In-vitro drug release, Magnetic nanoparticle, Response surface

methodology

INTRODUCTION

Magnetic nanoparticles (MNPs) are nanoscale
materials, which are able to overturn the theranostic
techniques. Due to their unique properties, they can
be manipulated at the cellular and molecular level of
biological interactions[1]. Magnetic resonanceimaging
(MRI) [2, 3], hyperthermia of cancerous cells [4, 5],
and targeted delivery of drugs for cancer treatment
[3, 6] are some of the versatile usages of
superparamagnetic iron oxide nanoparticles (SPIONS)
in biomedical and clinical applications.In recent
decades, nanoparticulate systems are playing an
important role in targeted delivery of therapeutics.
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Magnetic targeting has been proposed and used to
increase the concentration of cytotoxic agents at their
site of action since 30 years ago [6]. Despite the
advantages of iron oxide nanoparticles, their direct
clinical use may cause biofouling of the particlesinthe
blood plasma. Consequently, cells of the
reticuloendothelial system (RES) such as macrophages
capture the aggregates and hinder their efficiency. To
prevent and refuse this happening, SPIONs can be
coated, entrapped or folded in biocompatible and
biodegradable agents like polymers, liposome, and
proteins. Among them, nanoparticul ate systems based
on proteins have attracted great attention due to their
inherent characteristics of biocompatibility, nontoxicity
and nonantigenicity. In addition, a wide variety of
therapeutics can be loaded physically in protein
nanoparticles[7, 8]. 5-Fluorouracil (5-FU), an effective
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chemotherapeutic anticancer drug, has been used
against colon, breast, ovarian and skin cancers for
about 40 years[9]. Inits mechanism of action, when 5-
FU incorporatesinto the cellular metabolism, interferes
with the maturation of nuclear RNA, limitscell division,
which leads to cellular death causing the tumor
shrinking [9]. 5-FU can be administered intravenously
and oraly [9]. The most serious side effects of 5-FU
are chest pain, cardiotoxicity, low blood counts and
cognitive impairment [10-12]. Therapeutic effects of
anticancer drugs such as 5-FU can be improved and
their side effects decreased by the use of targeted
delivery systems due to effective targeting of tumor
tissues [13-15]. The objective of the present study is
the optimized preparation and characterization of HSA
nanoparticles dual-loaded with 5-FU and SPIONsasa
potential drug delivery system for both therapeutic and
diagnostic purposes. To obtain an optimum condition
for the SPION entrapment efficiency and 5-FU loading,
response surface methodology (RSM) using central
composite design (CCD) of the experiments was
employed. The physicochemical properties of the
system prepared under optimum conditions were
characterized thoroughly and 5-FU release was
evaluated in vitro.

MATERIALSAND METHODS

Iron oxide nanoparticles (8 nm, magnetic fluid) were
purchased from PlasmaChem, Germany. Human serum
albumin (fraction V, e” 96%), glutaraldehyde (8% (V/V)
in water) and 5-Fluorouracil (e” 99%) were obtained
from Sigma, Germany. All other reagents were of
analytical grade and used as received.

Preparation of HSA nanoparticles loaded with
SPIONsand 5-FU

HSA nanoparticles containing SPIONs and 5-FU
were prepared by a desolvation technique as described
elsewhere [16]. Briefly, 0.2 g HSA in 2.0 mL agueous
solution, titrated to pH 8.2, containing defined
concentrations of SPIONsand 5-FU, was converted to
nanoparticles by continuous addition of a desolvating
agent, ethanol, at therate of 1.0 mL/min under constant
stirring (800 rpm) at room temperature. Subsequently,
120 pL of glutaraldehyde aqueous solution was added
to induce particle cross-linking and stabilizing. The
cross-linking process was performed under constant
stirring of the suspension for 6 hours.

Optimization of SPION entrapment efficiency and
drug loading

SPIONSs concentration (X,), 5-FU concentration
(X,), and pH (X,) werefound to be the most significant
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factors affecting the production process after some
preliminary experiments and considered as the main
input variables. For the optimization, RSM using CCD
of the experiments at five levels (Table 1). RSM isan
assembly of statistical and mathematical techniques
that are useful for the modeling and analyses of
problems when a response of interest is influenced by
several variables and the objective isthe optimization
of this response. Central composite, Box—Behnken and
Doehlert designs are among the principal response
surface methodologies used in the experimental design.
Central composite design (CCD) is the most popular
response surface method due to its capability in
building the second order response models. Second-
order modelshave several advantages such as: (1) they
are very flexible and can take on a wide variety of
functional forms and (2) it is easy to estimate the
parameters in a second-order model. SPIONs
entrapment efficiency (%) and drug loading (%) were
considered as the output responses. The values of all
factor levels were chosen according to a previous
research[17] and several preliminary experiments.

In order to investigate the optimization of SPIONs
entrapment efficiency and 5-FU loading in HSA
nanoparticles, CCD-RSM was applied to design of the
experiments. Twenty experiments were designed by
design expert software (DX-7, State-Ease Inc., Version
7.0.0) and conducted (Table 2); eight of them organized
inafull factorial design and six experimentswererelated
to axial points. The other six experiments involved
repetition of the central design to obtain agood estimate
of the experimental error [18].

Purification of nanoparticles

Dual-loaded HSA nanoparticles were separated
from unloaded ones by 3 cycles of centrifugation
(30,000 x g, 10 min) with redispersion of the pellet to
the original volumein 10 mM NaCl. Each redispersion
step was carried out using ultrasonication (dr. Hielscher,
UP 400S, Germany) of the samples. Then, HSA
nanoparticles loaded with SPIONs and 5-FU were
freeze-dried to yield the nanoparticles powder.

Quantification of SPIONs entrapment efficacy in
HSA nanoparticles

After each experiment, the iron content of the dual-
loaded HSA nanoparticles was measured by atomic
absorption spectroscopy (VARIAN AA240, USA)
using a calibration curve of the SPIONs at different
concentrations to determine the entrapment efficiency
of SPIONs in HSA nanoparticles. In addition, the
saturation magnetization of the SPIONs and SPIONs-
loaded HSA nanoparticles, were determined by a
vibration sample magnetometer (VSM, Iran).
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Tablel. Main factors and their levels affect the nanoparticles production process

Independent variables symbol (-a)-1.732 -1 0 +1 (+0)+1.732
SPIONSs concentration (mg/ml) X1 1 141 2 2.59 3
5-FU concentration (mg/ml) Xz 05 0.8 1.25 17 2

pH Xs 7 7.3 7.75 8 8.2

Table 2. Experimental design and results of the SPION entrapment and 5-FU loading efficienciesinto HSA nanoparticles using central
composite design

Coded Factors

Experimental Results

Tria X1 X X3
1 2.00 125 8.50
2 259 0.80 8.20
3 2.00 125 7.00
4 2.00 125 7.75
5 141 1.70 7.30
6 259 1.70 8.20
7 3.00 1.25 7.75
8 259 1.70 7.30
9 141 0.80 7.30
10 2.00 125 7.75
11 141 1.70 8.20
12 141 0.80 8.20
13 2.00 1.25 7.75
14 2.00 1.25 7.75
15 259 0.80 7.30
16 2.00 125 7.75
17 2.00 0.50 7.75
18 2.00 2.00 7.75
19 1.00 125 7.75
20 2.00 1.25 7.75

SPION entrapment (%)  5-FU Loading (%)
35 5.

58
271.7 7.67
28.3 16
26.8 15
40.4 217
20.8 7.2
15 0.33
115 1.95
29.2 53
27 8.8
235 15.8
31 13.9
275 74
27.3 16.1
21 12
27 15.3
30.6 11.2
251 4.5
40 3.8
26.9 14.1

Assessment of 5-FU loading in HSA nanoparticles
In order to determine the 5-FU loading, the resulting
supernatant obtained after the centrifugation and
separation of HSA nanoparticle in each experiment
collected and centrifuged again (for one cycle of 30,000
rpm x 20 min) for the separation of possiblefree SPIONs.
Then the amount of non-entrapped 5-FU was measured
spectrophotometrically at 266 nm [19] by the use of a
5-FU standard curve. The nanoparticle content was
determined gravimetrically and 5-FU loading was

calculated using the equation 1.
Drug loading (%) = Weigh of drug in nanoparticles x 100 (1)
Weight of nanoparticles

Physicochemical characterization of dual-loaded
HSA nanoparticles

Particle size and polydispersity index (PDI) of the
dual-loaded HSA nanopaticles produced under the
optimum condition were determined by dynamic light
scattering (DLS) using a Malvern Zetasizer 3000HS
(Malvern Instrument Ltd., UK). Zeta potential of the
nanoparticles was also measured to obtain the surface
charge of the particles with the same apparatus.
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M easurements on the formulation were done in
triplicate and results are presented as mean + standard
deviation (SD).

To verify the morphology of Tmx-HSA NPs, a
Transmission electron microscopy (TEM) (PHILIPS,
EM300) method was used. TEM examination of dual-
loaded HSA nanoparticleswas carried out with electron
kinetic energy of 300 kV. A drop of well-dispersed
nanoparticle suspension was placed on Formvar/
carbon 200 mesh copper grid and then dried at ambient
condition before its attachment to sample holder of
the microscope.

Invitrodrugreleasestudy

A suspension of dual-loaded HSA nanoparticles
containing 5-FU placed in a dialysis tube and dipped
in 10 mL of a phosphate buffer saline (PBS) medium
(pH 7.4, 37 °C) under constant stirring (100 rpm). At
predetermined timeintervals, the release medium was
replaced with 10 mL of the fresh PBS. The withdrawn
medium was used for the determination of 5-FU amount
released during a period of 100 hour. The results are
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expressed as a cumulative percentage of the released

drug, which calculated using equation 2.
Cumulative drug release (%) = _Amount of drug released at timet (mg) x100

Total amount of drug in nanoparticles (mg)

Short and long-time physicochemical stability
investigation of dual-loaded HSA nanoparticles

In order to eval uate the short-time storage stability
of 5-FU and SPIONs loaded HSA NPs, the prepared
samples under optimum conditions were stored in PBS
(pH 7.4) at 4**C and 37#*C. Physicochemical
specifications consisting of particle size, polydispersity
index and zeta potential were measured 1, 24, 48, 72
and 96 h after production by DLS. For long-time
physicochemical stability investigations, samples of
dual loaded-HSA NPs containing 5% (w/w) trehalose
as apreservative [20] were freeze-dried and stored at
room temperature. The samples were resuspended in
distilled water every two weeks and then, analyzed with
DL Sduring aperiod of 12 weeks.

RESULTSAND DISCUSSION
SPION entrapment and drug loading optimization
As described before, 5-FU concentration, SPION
concentration and pH were sel ected asthe independent
input variables, and the drug loading and SPION
entrapment efficiencies as the dependent output
variables. According to several preliminary
experiments, the lowest and the highest levels of the
drug and SPION concentrations were determined.
A central composite design was employed to analyze
theinteractive effects of these parametersand to arrive
at an optimum condition. A 23-factorial central
composite experimental design, with six axial points
and six replications at the center point leading to a
total number of 20 experimentswas carried out for the
optimization of the parameters. The variables were
coded according to the following equation:
X =(x;—xi )/ 4x,
Where X; is the coded value, x; is the actual value of
theith test variable, x; isthe value of x; at the centre
point of theinvestigated area, and 4x; isthe step size.
The range of the variables is given in Table 1. The
experimental design protocolsdevel oped by DX-7 and
corresponding results are presented in Table 2.
The experimental results of the CCD werefitted witha
second-order polynomial equation. The values of
regression coefficients were calculated and the fitted
equations (in terms of coded values) for prediction of
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the maximum entrapment of the SPIONs and 5-FU
loading were asfollows, respectively:

Y, =+27.19-7.13X -2.43%xX ~8.67x10xX —
0.99xX xX_+5.41xX xX ~0.49xX xX ~0.26xX? -
0.24xX? +1.21xX?, 3
Y AHLE2+LTIXX HOL7XX HL23X HOT1XX XX +LE3XX XX~
0.31xX xX ~1.85%X* +3.31xX? +0.52xX?, 4
Where ¥, and ¥ are the SPION entrapment and 5-FU
loading efficiencies, respectively. X, , X,, and X, are
coded values of SPION concentration, the drug
concentration and pH, respectively.

The coefficients of the regression models that appear
at one constant, threelinear, three quadratic, and three
interaction terms are listed in Tables 3 and 4. The P-
value, which determinesthe significance of each value,
isalso given.

SPION concentration was found to have the most
significant main effect. The SPION concentration-pH
term was found to be the most significant term in
interactions. Likewise, in equation 4, P-values imply
that the first order main effects, namely SPION
concentration and pH, and the second order main
effects of al three variables are significant in 5-FU
loading. It is noteworthy that the most significant
second order term is for 5-FU concentration with the
P-value < 0.0001. The interaction term, 5-FU
concentration-pH, is also significant. Therefore, they
can act aslimiting factorsand small variationsin their
amount will alter nanoparticle production with the
desired SPION entrapment efficiency (%) and 5-FU
loading (%). It isrequired to test the significance and
adequacy of the model through analysis of variance.
The analysis of variance of the regression model
demonstratesthat the model ishighly significant, asis
evident from the Fisher’s F test. F model equals12.08
and 20.93 for the SPION entrapment efficiency (%) and
5-FU loading (%), respectively. The goodness of the
fit with this quadratic model was confirmed by the
determination coefficient (R?).

In this case, the value of the determination coefficient
indicatesthat themodel can explain 92.36% and 96.42%
for the variability in the responses of the SPION
entrapment efficiency and 5-FU loading, respectively.
The optimum conditions were found to be pH 8.2,
SPION concentration 2.79 mg/mL and 5-FU
concentration 1.5 mg/mL. The optimal SPION
entrapment efficiency of 40.42% and 5-FU loading
efficiency of 16.89% were predicted by the software
for the production of dual-loaded HSA nanoparticles.
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Table 3. ANOVA Table for the SPION entrapment efficiency

Source Sum of squares Df Mean square F-value P-value prob >F
Model 844.75 9 93.86 12.08 0.0005
A 567.70 1 567.70 73.07 <0.0001
B 65.75 1 65.75 8.46 0.0173
C 8.421E-006 1 8.421E-006 1.084E-006 0.999
AB 5.69 1 5.69 0.73 0.4144
AC 169.85 1 169.85 21.86 0.0012
BC 1.39 1 1.39 0.18 0.6819
A? 0.95 1 0.95 0.12 0.7351
B? 0.82 1 0.82 0.11 0.7523
c? 20.38 1 20.38 2.62 0.1398

Table 4. ANOVA Table for the 5-FU loading efficiency

Source Sum of squares Df Mean sguare F-value P-value (prob >F)
Model 161.55 9 17.95 20.93 0.0003
A 14.75 1 14.75 17.20 0.0043
B 0.14 1 0.14 0.17 0.6957
C 14.56 1 14.56 16.98 0.0045
AB 0.056 1 0.056 0.066 0.8048
AC 12.51 1 1251 14.59 0.0065
BC 0.46 1 0.46 0.54 0.4878
A? 21.66 1 21.66 25.26 0.0015
B? 69.25 1 69.25 80.76 <0.0001
c? 3.67 1 3.67 4.28 0.0774

Confirmation experimentsunder the optimum condition
were conducted in triplicate and average values of
41.1% and 15.8% were acquired for the SPION
entrapment efficiency and drug loading, respectively.
The good agreement between these predicted and
experimental resultsconfirmsthe validity of the models.
Contour plots generated from the predicted data
illustrate the effect of each pair of independent variables
on the optimization of the SPION entrapment efficiency
and 5-FU loading (Fig. 1). Two-dimensional contour
plots are the graphical presentation of the regression
equation and are plotted to understand the interaction
of the variables and to locate the optimum level of the
two variables corresponding to the maximum response.
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Fig. 1. Contour plots @) pH-SPION interaction, b) pH-SPION
interaction, c) 5-FU concentration-SPION concentration
interaction, d) 5-FU concentration-pH interaction

Particle size and zeta potential of dual-loaded HSA
nanoparticles

Average diameter and zeta potential of dual-loaded
HSA nanoparticles, synthesized under optimum
condition was 111.8 = 14 nm and — 37.1+3.1 mV,
respectively.In order to evaluate the short- and long-
term storage stability, the drug and SPIONs |loaded
nanoparticleswere prepared under optimum conditions
asdescribed earlier. For short-term stability experiments,
the sampleswere stored at 4 and 37 a%C for aperiod of
96 h. The results revealed that average size, PDI and
zetapotentia did not change significantly at both 4 #C
and 37 #C during al timeintervals of the storage. These
results indicate that the short-term storage of
nanoparticles at both 4 #C and 37 #*C for 96 h do not
change significantly the physicochemical properties of
nanoparticles and, therefore can be considered as the
conditions for short time storage.
For long-term stability experiments, the samples of
nanoparticles prepared under optimum conditions and
containing 5% trihalose were initially freeze-dried and
then maintained at room temperature. The
physicochemical properties of nanoparticles were
measured every two weeks by DL S for a storage period
of 12 weeks. A little growth in particle size observed
after 12 weeks of storage dueto the particles adherence,
but the size is still in accepTable range for use as a
delivery system (Table 5). Therefore, Freeze-drying of
nanoparticles can preserve the properties of
nanoparticles. Thelong time stability of powder form of
dual-loaded nanoparticles make them attractive as a
targeted delivery system.

Transmission Electron Microscopy

As described earlier, TEM was used to study the
entrapment and distribution of the SPIONswithin the
HSA nanoparticles. The TEM image (Fig. 2) clearly
confirms the spherical shape of nanoparticles and
successful entrapped of SPIONSs in the polymeric

matrix.
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Fig. 2. TEM image of the produced dual-loaded
nanoparticles under optimum conditions
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In vitro drug release

5-FU rel ease from dual-loaded HSA nanoparticles
was conducted as described earlier. The cumulative
release profileispresented in Fig. 3. InthisFigthe y-
axis is the cumulative percentage of the released 5-
FU, and the x-axisistime. ThisFig exhibitsthat in the
early hours of release there existsaburst effect, which
is most probably because of the 5-FU adsorbed on
the HSA nanoparticles. Thisinitial fast releaseisin
accordance with our previous observations[19, 21].
Controlled release of the drug in the following hours
shows that this system can release the drug in a
sustained controllable manner that is convenient for
adrug delivery system.

Cumulative Drug Release (%)

] in 0 awn 4n S0 4] n ’O 0 100
Time (h)

Fi

g. 3. In vitro cumulative release of 5-FU in PBS, pH 7.4
and temperature 37 °C
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Table 5. Long-term stability investigation of physicochemical characteristics of dual-loaded HSA nanoparticles

Parameters Unloaded HSA nanoparticles Dual-loaded nanoparticles
Right after synthesis After 12 weeks Right after synthesis After 12 weeks
Particle size (nm) 97.5+6 99.1+12 111.8+14 138.4+21
Zeta potential (mV) -31.7+2.4 -32.1+3.3 -37.1+3.1 -38.2+4
PDI 0.049 0.068 0.064 1.023

Saturation magnetization measurements
Characteristics of the hysteresis loops and field-
dependent magnetizations at constant temperature
were evaluated for dual-loaded HSA nanoparticlesin
comparison with the SPIONs. Figure 4 shows VSM
measurement of magnetization of the SPIONs and the
dual-loaded HSA nanoparticles at 300 K. This Fig
revealsthat, in general, these two entitiesdisplay similar
magnetic behavior. They show superparamagnetic
characteristics with no hysteresis cycle. Therefore, it
can be concluded that SPIONs-loaded HSA
nanoparticles maintain the superparamagnetic
properties of the SPIONs. Asshown inthisFig, by the
SPIONs entrapment into HSA nanoparticles, the
magneti zation shows a reduction and it is because of
the protein layer around the magnetic nanoparticles
that affect the surface characteristics of the SPIONs

[22,23).
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Fig. 4. Magnetization measurement of SPIONs and dual-
loaded HSA nanoparticles

CONCLUS ON

In this study, an optimum production process
for dual-loaded HSA nanoparticles with
superparamagnetic properties was investigated. The
nanoparticulate system was prepared by the ethanolic
desolvation technique. The effect of significant
process variables on the production of SPIONs and 5-
FU loaded abumin nanoparticles was evaluated, and
the optimum condition was determined by CCD-RSM.
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A 23-factorial central composite design, with six axial
points and six replications at the center point leading
to atotal number of 20 experiments carried out for the
optimization of the parameters. Optimum conditions
predicted to be pH 8.2, drug concentration of 1.5 mg/
ml and SPION concentration of 2.79 mg/ml. 5-FU
loading and SPION entrapment efficiency of 15.8% and
41.1% achieved, respectively. Under these conditions,
dual-loaded nanoparticles with the average radius of
111.8 nm, zetapotential of -37.1 mV and PDI of 0.064
produced. Confirmation experiments carried out in
triplicate and the obtained results confirmed the
predicted optimum condition by the DX-7 software.
Transmission electron microscopy (TEM) indicated
that SPIONs entrapped into the protein matrix of HSA
o Invitro cumulative release of 5-FU from
magnetic HSA nanoparticles was evaluated in PBS
solution, pH 7.4 a 37 #C. 5-FU released totally after 93
hours, which indicates an appropriate control over drug
release by the nanoparti culate system at sink condition.
In addition, Vibrating Sample Magnetometer (VSM)
analysis showed that the produced magnetic albumin
nanoparticles under optimum condition had
superparamagnetic property, providing magnetic
targeting ability to the drug carrier system. Stability
investigations were conducted by storing the
nanoparticulate system for 12 weeks. After this time,
the change in physicochemical properties was
negligible. In conclusion, according to the findings,
SPIONs and 5-FU loaded HSA nanoparticles are
promising for use as a novel targeted delivery system
due to proper magnetic and drug release behaviours.
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