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The main objective of this study was to evaluate the most suitable conditions to prepare 5-fluorouracil (5-FU)
loaded chitosan nanoparticles (CSNPs). 5-FU loaded CSNPs were prepared employing the ionic gelation tech-
nique using three different molecular weights of CS with the polyanion sodium tripolyphosphate (STPP) as
cross-linking agent. The preparation was based on the ionic interaction of positively charged CS and negatively
charged STPP. The entrapment efficiency (EE%) of CSNPs was in the range of 3.86–21.82% EE% exhibited a clear
increasewith increasing CS concentration. The averge particles sizewas in the nanosize range andmonodisperse
in naturewhereas transmission electronmicroscopemicrographs showed that the prepared nanoparticles have a
spherical shape. Fourier transform infrared (FTIR), X- ray differaction (XRD) and differential scanning calorimetry
(DSC) confirmed successful incorporation of 5-FU inpreparedCSNPs. In vitro release of 5-FU from selected formu-
lations exhibited sustained release from the nanoparticles where slower release was observed when higher mo-
lecular weight CS was used. The study of drug release kinetics revealed that the release of 5-FU from CSNPs
followed a diffusion controlled pattern.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

5-fluorouracil (5-fluoro-2,4-pyrimidinedione, 5-FU) is a pyrimidine
analogue which acts as an antimetabolite. It is characterized by having
a broad range of activity, either alone or along with other antitumor
drugs, against solid tumors of the gastrointestinal tract, ovary, pancreas,
liver, head, neck, brain and breast [1–3]. Owing to its structure, 5-FU can
be incorporated into RNA and DNA. It can also hamper nucleoside me-
tabolism which ultimately leads to cytotoxicity and cell death [4]. The
major disadvantages of using 5-FU include non-specificity that leads
to systemic toxicity as well as its very low bioavailability and short
plasma half life. This leads to the use of high doses, thus resulting in
side effects [5]. In addition, development of resistance by tumor cells
had greatly limited the clinical applications of 5-FU [6,7]. One of the so-
lutions to beat these shortcoming is drug incorporation into polymeric
nanoparticles. These drug delivery carriers have unique characteristics
such as the ease of modification of their surface properties and the abil-
ity to protect the encapsulated drug and increase its stability [8]. Poly-
meric nanoparticles can also increase drug bioavailability, provide a
epartment, National Research
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controlled drug release pattern and increase tissue and cell selectivity
[9].

In recent years, there have been a great increase in the interest of in-
vestigating nanotechnology in the field of drug delivery.
Nanoparticlulate drug delivery carriers can be formulated using several
types of polymers. They have the ability to incorporate different catego-
ries of chemotherapeutic agents, thus protecting them from nonspecific
uptake to major organs, protein adsorption and renal clearance. A vari-
ety of biodegradable polymers have been investigated for their potential
as drug delivery nanocarriers [10]. Polymeric nanoparticles are solid
carriers characterized by having sizes b1 μm. They have the ability to en-
trap, attach or dissolve chemotherapeutic entities into their matrices
[11,12]. Moreover, several reports have indicated that these
nanocarriers can adjust drug release profile by altering the molecular
weight and degradation rate of the polymers used in their formulation
[13,14].

Chitosan (CS) is the only alkaline polysaccharide in nature. It is the
product of deacetylation of chitin and iswidely used in pharmaceuticals,
textiles, environmental monitoring and tissue repairs [15]. CS is gener-
ally regarded as biocompatible, biodegradable and nontoxic [16]. Due
to its physicochemical and biological beneficial properties, CS has been
widely investigated for the development and preparation of nanoparti-
cles [17–19]. A number ofmethods can be used for preparation of chito-
san nanoparticles (CSNPs). These methods comprise chemical cross-
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Table 1
Formulation codes and composition of investigated 5-FU loaded CSNPs.

Formulation CS Mw CS (mg/ml) STPP
(mg/ml)

CS: STPP
mass ratios

Visual
identification

L31

Low

3
1

6:1 Clear Solution
L41 4 8:1 Clear Solution
L51 5 10:1 Clear Solution
L32 3

2
3:1 Colloidal dispersion

L42 4 4:1 Colloidal dispersion
L52 5 5:1 Colloidal dispersion
L33 3

3
2:1 Colloidal dispersion

L43 4 2.66:1 Aggregation
L53 5 3.33:1 Aggregation
M31

Medium

3
1

6:1 Clear Solution
M41 4 8:1 Clear Solution
M51 5 10:1 Clear Solution
M32 3

2
3:1 Colloidal dispersion

M42 4 4:1 Colloidal dispersion
M52 5 5:1 Colloidal dispersion
M33 3

3
2:1 Colloidal dispersion

M43 4 2.66:1 Aggregation
M53 5 3.33:1 Aggregation
H31

High

3
1

6:1 Clear Solution
H41 4 8:1 Clear Solution
H51 5 10:1 Clear Solution
H32 3

2
3:1 Colloidal dispersion

H42 4 4:1 Colloidal dispersion
H52 5 5:1 Colloidal dispersion
H33 3

3
2:1 Aggregation

H43 4 2.66:1 Aggregation
H53 5 3.33:1 Aggregation
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linking [20], emulsification solvent diffusion [21] and ionic gelation
[22–24]. Among the variety of techniques investigated to prepare
CSNPs, ionic gelation has attracted great interest as this process has
the advenatges of beign controllable, convenient, free of organic sol-
vents and non-toxic [25]. This method is based on physical cross-
linking, thus it avoids possible toxicity of chemical cross-linkers or
emulsifying agents. Ionic gelation also prevents the risk of damage to in-
corporated therapeutic agents, particularly if they are biological in na-
ture [26]. In this approach, CSNPs are formed by means of electrostatic
interactions between positively charged CS chains and polyanions,
used as cross-linkers, like tripolyphosphates [27,28]. Sodium
tripolyphosphate (STPP) is the most extensively used ion cross-linking
agent due to its non-toxic and multivalent properties [29].

Thus, the current work aims to study various factors affecting both
the formation of 5-FU loaded CSNPs and their efficiency as 5-FU carriers.
The influence of parameters such as CSmolecular weight, CS concentra-
tion and STPP concentration on the colloidal properties of nanoparticles
prepared by ioinc gelation was investigated. Nanoparticles were tested
for drug encapsulation efficiency (EE%), particles size (PS) as well as
particlemorphology. Moreover, incorporation of 5-FU into the prepared
nanoparticles was evaluated employing Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDAX) and differential scanning calorimetry (DSC). The
in vitro release pattern of 5-FU from prepared nanoparticles as well as
analysis of release kinetics were performed.

2. Experimental

2.1. Materials

Three different molecular weights of chitosan (CS; (C6H11NO4)n;
(1,4)-2-Amino-2-desoxy-beta-D-glucan) i.e. high, medium and low
(molecular weight 600,000, 300,000 and 150,000 g/mol, respectively)
were obtained from Alfa Aesar, USA. 5-fluorouracil (5-FU; C4H3FN2O2;
5-fluoropyrimidine-2,4-dione, ≥99%) and sodium tripolyphosphate
(STPP, Na5P3O10), and disodium hydrogen orthophosphate (Na2HPO4)
were obtained from Sigma-Aldrich, Germany. All other chemicals other-
wise mentioned were of analytical grade.

2.2. Methods

2.2.1. Preparation of 5- fluorouracil loaded chitosan nanoparticles
5-FU loaded CSNPs were prepared employing the ionic gelation

technique as previously reported by Calvo et al. [30] using CS of three
different molecular weights (low, medium and high). CS solution with
three different concentrations (3, 4 and 5mg/ml, respectively) was pre-
pared using 0.5% acetic acid. 10 mg of 5-FU was dissolved in 5 ml of CS
solution followed by dropwise addition of 2.5 ml of STPP aqueous solu-
tion with different concentrations (1, 2 and 3 mg/ml) under continous
stirring [31]. Accordingly, a total of 27 formulations were investigated
and their composition is presented in Table 1. The obtainednanoparticle
dispersion was gently stirred for 45 min at 600 rpm at room tempera-
ture to allow excess drug to adsorb to the nanoparticles and attain iso-
thermal equilibrium [32]. Finally, the nanoparticle dispersion was
centrifuged at 6.000 rpm for 60min (K-2015 ambient centrifuge Centu-
rion scientific, UK) and washed twice with 0.5% acetic acid. The com-
bined washings were used to determine the drug EE% whereas the
precipitated nanoparticle pellets were used for further analyses.

2.2.2. Characterization of 5-fluorouracil loaded chitosan nanoparticles

2.2.2.1. Determination of encapsulation efficiency. In order to detrmine the
EE% of 5-FU in the prepared nanoparticles, the combinedwashings after
centrifugation were appropriately diluted using 0.5% acetic acid. The
amount of free, unencapsulated 5-FU was measured spectrophotomet-
rically at 265.2 nm using the regression equation of the standard
calibration curve plotted employing suitable concentrations of 5-FU
[33]. The amount of encapsulated 5-FU was determined by difference
between the amount of free, unencapsulated 5-FU in the combined
washings and the initial amount used in preparation of CSNPs where
the following equation was employed [34,35]:

EE% ¼ Free drug−Total drug
Total drug

� 100

2.2.2.2. Determination of particle size. The PS for the prepared nanoparti-
cles wasmeasured bymeans of photon correlation spectroscopy using a
zeta-sizer (Nano ZS, Malvern Instruments Ltd., Malvern, UK). Samples
were suitably diluted with distilled water and measured at ambient
temperature using quartz cuvettes.

2.2.2.3. Fourier transform infrared spectroscopy. FTIR spectroscopy was
used to study the spectra of 5-FU, CS, STPP as well as the selected 5-FU
loaded CSNPs. The spectra were recorded using FTIR spectrometer
(Jasco, FT/IR 6100, Japan). The KBr pellet method was employed
where the powdered samples were ground and mixed with KBr then
compressed into discs. A scanning range of 4000–400 cm−1 was
employed.

2.2.2.4. X-ray diffraction. The physical state of 5-FU, CS, STPP and selected
5-FU loaded CSNP formulations was evaluated using X-ray diffraction.
Measurements were acquired with X-ray diffractometer (Bruker AXS,
D8 Advance, Germany) which was operated at 40 KV and 40 mA using
CuKα as a radiation source where λ = 1.54 A°. The diffractograms
were recorded in the diffraction angle (2θ) range between 4 and 50°
and the process parameters were set at scan step size of 0.020° and
scan step time of 0.4 s.

2.2.2.5. Differential scanning calorimetry. Thermal analysis of 5-FU, CS
(low, medium and high molecular weight), STPP and selected 5-FU
loaded CSNPs formulations was performed by Perkin-Elmer differential
scanning calorimeter (Shimadzu, DSC-60, Japan). The samples were
scanned at a temperature that ranged from 20 °C to 400 °C, with a



Table 2
EE%, PS and PDI values of investigated 5-FU loaded CSNPs.

Formulation EE% ± SD PS (nm) ± SD PDI

L32 7.45 ± 1.73 319.1 ± 40.62 0.127
L42 8.33 ± 1.76 377.7 ± 47.29 0.125
L52 21.82 ± 3.64 484.3 ± 82.49 0.380
M32 3.86 ± 0.33 379.9 ± 74.44 0.196
M42 6.95 ± 0.77 324.6 ± 45.36 0.269
M52 16.66 ± 1.34 631.7 ± 270.2 0.234
H32 7.35 ± 1.34 426.5 ± 54.29 0.127
H42 6.15 ± 2.61 512.5 ± 109.6 0.302
H52 21.12 ± 1.25 529.2 ± 85.85 0.346
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scan rate of 10 °C/min and the analysis took place in aluminum pans,
under nitrogen atmosphere using reference alumina.

2.2.2.6. Energy dispersive X-ray spectroscopy analysis. Energy dispersive
X-ray spectroscopy (EDAX)was used for identifying the elemental com-
position of selected 5-FU loaded CSNP formulations. The freeze dried
samples were analyzed by energy dispersive X-ray spectroscopy
(Quanta FEG 250-FEI, Holland). The atomic and weight percentage of
the existing elements was calculated by using EDAX spectrum.

2.2.2.7. Transmission electron microscopy. The morphology of a selected
5-FU loaded CSNP formulation and its dimensions in nanometer range
was confirmed by TEM. The transmission electron microscope (JEOL
Co., JEM-2100, Japan) was adjusted at a high tension electricity of
200 kV. One drop of the appropraitely diluted sample was placed onto
a carbon-coated copper grid, negatively stained with 1% phosphotung-
stic acid and left to dry at ambient temperature before being examined
at suitable magnifications.

2.2.3. In vitro drug release study
The in vitro release of 5-FU, in free form and from selected prepared

CSNPs, was evaluated employing the dialysis bag technique [32] using a
Fig. 1. FTIR spectra of 5-FU, STPP, CS (low, medium and high mol
dialysis tubing cellulose membrane (Visking®, SERVA Electrophoresis
GmbH, Germany; Molecular weight cutoff 12.000–14.000). An amount
equivalent to 2 mg of 5-FU was instilled in the dialysis bag, sealed at
both ends to prevent leakage and placed in screw-capped glass con-
tainers filled with 50 ml phosphate buffer (pH 7.4). The entire system
was kept at 37 ± 0.5 °C at 100 rpm using a shaking water bath. At
predetermined time intervals (1, 2, 3, 4, 6, 8, 24 and 48 h), 5 ml of the
release medium was withdrawn and replaced with 5 ml of fresh buffer
solution. The samples were adequately diluted and analyzed for 5-FU
content spectrophotometrically at 266.4 nm. The cumulative percent-
age of drug released was determined as the ratio of the amount of re-
leased 5-FU to the amount of 5-FU initially inserted into the dialysis
bag. All measurements were performed in triplicates.
2.2.3.1. Drug release kinetics.Kinetic analysis of drug release of 5-FU from
different CSNPs was performed using various mathematical models
such as zero order and first order models as well as Higuchi's model,
Hixson-Crowell cube root law, Baker-Lonsdale equation of time kinetics
and Peppas exponential model [36]. The regression coefficient values
(R2) were calculated from the plots of Q vs. t in case of zero order, log
(Q0 - Q) vs. t for first order, Q vs. t1/2 for Higuchi model, Q0

1/3 - (Q0 -
Q)1/3 vs. t for Hixson-Crowell model, 3/2[1-(1-Q/Q0)2/3] vs. t for Baker-
Lonsdale model and Q vs. Log t for Peppas model.

Where (Q) is the percentage of released drug at time (t) and (Q0 -
Q) is the remaining percentage of drug after time (t). In Peppas model,
the release exponent (n) was also calculated in order to determine the
drug release mechanism.
2.2.4. Statistical analysis
Results are presented as mean ± SD. Statistical analysis was per-

formed by means of one-way analysis of variance (ANOVA) followed
by LSD's post-hoc test for means comparison. A difference of P b0.05
was considered statistically significant.
ecular weight) and CSNPs formulations (L52, M52 and H52).



Fig. 2. XRD diffractograms of 5-FU, STPP, CS (low, medium and high molecular weight) and CSNP formulations (L52, M52 and H52).
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3. Results and discussion

3.1. Preparation of chitosan nanoparticles

The quick gelling ability of CS in presence of polyanions depends on
the formation of both intermolecular and intramolecular crosslinkages
Fig. 3. DSC thermograms of 5-FU, STPP, CS (low, medium and high m
mediated by the polyanions [37]. In this study, the preparation of
CSNPs was based on the ionic interaction of positively charged CS and
negatively charged STPP. The use of STPP as CS crosslinker is a reliable
method to produce stable nanoparticles where, during the preparation
process, STPP is electrostatically attracted to CS amino groups in order
to create ionically crosslinked nanoparticles [38,39]. Previous reports
olecular weight) and CSNPs formulations (L52, M52 and H52).



Fig. 4. EDAX analysis of (a) drug free CSNPs formulation L52 and (b) 5-FU loaded CSNPs
formulation L52.
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showed that the change of the appearance of CS solution upon addition
of STPP indicates that therewas a change of the physical state of CS from
solution to nanoparticles and eventually aggregates [40,41]. Accord-
ingly, the prepared formulations were visually analyzed and identified
as either clear solution, colloidal dispersion (which represents the ap-
pearance of a suspension of colloidal particels) or aggregation [32],
and the results are presented in Table 1. It is clear that the concentration
of both CS and STPP as well as CS:STPP mass ratio had a clear effect on
the formation of CSNPs. The concentration of CS and STPP should be
Fig. 5. TEM micrograph of 5-FU loaded CSNPs formu
controlled at a suitable range so as to acheive sucessful formation of
CSNPs in the nanosize range [42]. It is obvious that at low STPP concen-
tration (1 mg/ml), no nanoparticles were formed and a clear solution
was observed with all CS concentrations tested. Upon increasing STPP
concentration to 3 mg/ml, the formation of either nanoparticles or
aggrgates depended on the concentration of CS used. In acidic medium,
an electrostatic repulsion exists between protonated amino groups of
CSmolecules. On the other hand, interchain hydrogen bonding between
CSmolecules is also present. These two forces i.e. intermolecular hydro-
gen bonding attraction and intermolecular electrostatic repulsion are in
equilibrium at low CS concentrations [43]. At higher CS concentrations,
as molecules get closer to each other, a limited increase in intermolecu-
lar cross-linking takes place. Thus, larger nanoparticles are formed. Fur-
ther increase in CS concentration will lead to stronger hydrogen
bonding interactions, where a plenty of CS molecules become occupied
in the cross-linking of a single particle and the electrostatic repulsion
between particles is not sufficient to maintain their stability. This leads
to formation of larger microparticles which appear as a flocculant pre-
cipitate [44].

Another observation is that, in case of low and medium molecular
weight CS, higher ability of nanoparticle formation was observed com-
pared to high molecular weight CS (H33 compared to L33 and M33).
This can be explained by a decrease in viscosity of the solution as the
molecular weight decreases which leads to the simultaneous increase
in the ability of CS to form smaller structures [45]. According to the pre-
vious observations, nine formulations prepared employing STPP at a
single concentration of 2 mg/ml and CS (low, meidum and high molec-
ular weights) at concentrations of 3, 4 and 5 mg/ml were selected for
further investigation.

3.2. Characterization of 5-fluorouracil chitosan nanoparticles

3.2.1. Determination of encapsulation efficiency
Table 2 shows the EE% of nine prepared 5-FU loaded CSNPs. Results

show that CSNPs displayed EE% values ranging from 3.86% to 21.82%. It
is clear that an increase in EE%wasobservedwith the increase of CS con-
centration from 3 to 5mg/ml in the three CSmolecular weights investi-
gated. The results show that no significant difference in EE% was
observed when CS concentration increased from 3 to 4 mg/ml in case
of low and high molecular weight CS. On further increase of CS concen-
tration (from 4 to 5 mg/ml), a significant increase in EE% (P b0.05) was
observed in the three CSmolecular weights investigated. The results in-
dicate that CS concentration as well as CS:STPP ratio, which increased
from 3:1 to 5:1, have a prominant effect on the drug's EE% whereas CS
molecular weight did not seem to have a clear impact on the EE% of
the drug in the investigated formulations. This finding comes in agree-
mentwith previous reports. For example, Nagarwal et al. reported an in-
crease in EE% upon increasing CS concentration from 1 to 1.5 to 2mg/ml
lation L52 stained by 1% phosphotungstic acid.



Fig. 6. In vitro release profiles of free 5-FU suspension and selected CSNP formulations
(L52, M52 and H52) in phosphate buffer, pH 7.4, at 37 °C.
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[46].Mehrotra et al. also reported an increase in EE%with the increase of
CS concentration from 1 up to 3 mg/ml. This observed increase in EE%
with increasing CS concentration could be attributed to adsorption
and electrostatic attraction between the drug and CS molecules [47].

3.2.2. Determination of particle size and polydispersity index
PS values of the prepared 5-FU loaded CSNP formulationsweremea-

sured and the results are presented in Table 2. The results show that all
tested formulations were in the nanosize range with PS ranging from
319.1 to 631.7 nm. The results indicate that PS of CSNPs depended
largely on molecular weight of CS. At the same CS concentration, PS of
CSNPs increased as higher molecular weight CS was used [37]. CS with
lower molecular weight has the tendancy to form smaller nanoparticles
as shorter CS chains can easily penetrate into the CS–STPP complexes,
resulting in a denser particle. The results also show that a decrease in
PS is observed with decreasing the ratio of CS:STPP.

Concerning the effect of CS concentration on PS, a general increase in
PS with the increase in CS concentration from 3 to 5 mg/ml is observed.
This comes in accordance with previous reports [48,49]. The increase of
PS due to the increase in CS concentration could be due to lesser spatial
distance between CSmolecules at higher concentrations, which leads to
the formation of larger particles. On the contrary, smaller PS was ob-
tained with lower CS concentration due to decreased viscosity during
ionic gelation [49]. Concerning PDI of the investigated formulations, all
CSNPs exhibited PDI values ranging from 0.125 to 0.380 (Table 2). All
formulations showed an acceptable PDI (b 0.5) indicating a narrow
size distribution [50,51].

Based on the previous results, formulations prepared employing the
three molecular weights of CS at a concentration of 5 mg/ml along with
STPP at a concentration of 2mg/ml (i.e. formulations L52,M52 andH52)
showed the highest ability to incorporate the drug, exhibiting highest
EE%. Also these three formulationswere in the nanosize rangewith suit-
able PDI values indicating a monodisperse nature, accordingly they
were selected for further investigations.
Table 3
The calculated correlation coefficients and kinetics parameters of 5-FU release profile from sele

Formulation Q48h

(% ± SD)
Zero order First order Higu

L52 34.17 ± 5.85 0.8778 0.8832 0.92
M52 25.50 ± 3.19 0.8643 0.8697 0.89
H52 20.01 ± 1.14 0.8981 0.9033 0.94

Q48h: Percent total 5-FU released after 48 h.
3.2.3. Fourier transform infrared spectroscopy
Fig. 1 displays the FTIR spectra of pure 5-FU, low molecular weight

CS, medium molecular weight CS, high molecular weight CS, STPP and
the three selected 5-FU loaded CSNPs (L52, M52 and H52). The FTIR
spectrum of 5-FU shows intense characteristic peaks at 3178.1,
1725.01, 1655.5, 1426.1, 1245.7, 809.9 and 546.7 cm−1 due to the vibra-
tion of imide stretch (amide II and amide III) and aromatic ring. Spectral
peaks at 3026.7–2929.3 cm−1 are due to –C–H stretching bands and at
1348 cm−1 due to pyrimidine vibration. Also, the –C–O and –C–N vibra-
tionswere observed at 1179.2, 1655.5 and 1245 cm−1 [52]. FTIR spectral
analysis of STPP showed strong P_O stretching vibrations at
1163.8 cm−1, and P\\O stretching at 899.6 cm−1 and 727.03 cm−1

[49,53]. Similar characteristic peaks were observed in a study presented
by Lima et al. [54]. The intense peaks at 1646.9, 1605.4 cm−1; 1647.8,
1601.5 cm−1; and 1647.8, 1604.4 cm−1) are due to N\\H bending of
amide I and amide II in the chemical structure of low, medium and
highmolecular weight CS, respectively (Fig. 1). The general characteris-
tic absorption bands of C\\N stretching appear at (2881.1, 2880.1 and
2919.7 cm−1 in low, medium and high molecular weight CS, respec-
tively [37]. After ionic crosslinking with STPP and incorporation of the
drug, the characteristic peaks at ≈ 1646–1647 cm−1 for N\\H
stretching vibration of NH3

+ group in the CS spectra were shifted to ≈
1630–1635.4 cm−1. On the other hand, peaks at ≈ 1600–1605 cm−1

disappeared (Fig. 1) which could be attributed to the strong ionic inter-
action between CS and STPP. Concerning the FTIR spectra of L52, M52
and H52, it could be observed that diminishing of the characteristic
peaks of 5-FU took place, signifying the interaction between 5-FU and
CS molecuoles and indicating successful encapsulation of 5-FU into the
prepared nanoparticles.

3.2.4. X-ray diffraction
The XRD patterns of low, medium and high molecular weight CS as

well as 5-FU, STPP and 5-FU loaded CSNPs (L52, M52 and H52) are pre-
sented in Fig. 2. Low, medium and high molecular weight CS showed
strong diffraction peaks at 2θ = 10.8,19.9°; 11.3, 20.3° and 19.9,
22.09°, respectively which indicates the crystalline nature of CS [55].
The XRD pattern of STPP exhibited diffraction peaks at 2θ = 19.4, 33.3
and 34.1°. Intense multiple diffraction peaks were observed at 2θ =
16.1, 19.8, 21.6, 22.1, 28.4, 32.7, 36.7, 36.9 and 46.5° in the diffraction
pattern of pure 5-FU indicating that the drug exists in a crystalline
state. Although intense peaks were observed in both the polymer and
the drug, XRD patterns for selected of 5-FU loaded CSNPs exhibited
only broad diffraction peaks (Fig. 2). Disappearance of the distinguished
peaks of 5-FU in the spectra of drug loaded CSNPs signify the incorpora-
tion of 5-FUwithin the carrier in an amorphous state [3]. Similar results
were also reported for other drugs encapsulated into CS nanoparticles
[3,56].

3.2.5. Differential scanning calorimetry
DSC thermograms of selected 5-FU loaded CSNP formulations and

their individual components are presented in Fig. 3. DSC technique
can provide information concerning physical and chemical properties
of the drug incorporated into nanoparticles [57]. DSC detects changes
in enthalpy due to changes in the physicochemical properties of amate-
rial as a function of temperature. The DSC thermograms of low,medium
and highmolecular weight CS show exothermic peaks at a temperature
cted CSNP formulations.

chi Hixon Crowell Baker Lonsdale Peppas

R2 R2 n

68 0.8814 0.8940 0.8622 0.2062
21 0.8679 0.8861 0.7902 0.1016
36 0.9016 0.9259 0.8734 0.1413
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of 309.63, 308.64 and 304.18 °C, respectively. These edxothermic peaks
are related to the decomposition temperature of the polysaccharide
[58]. The DSC thermogram of STPP shows no characteristic thermal
transitions which comes in agreement with previous reports [59] and
could be attributed to its highmelting point (622 °C) [60]. The DSC ther-
mogram of 5-FU exhibits an endothermic peak at 282.80 °C which cor-
responds to the drug's melting point [61,62]. DSC thermograms of 5-FU
loaded CSNP formulations L52, M52 and H52 (Fig. 3) revealed disap-
pearance of the distinguished 5-FU peak. Such finding have been previ-
ously reported [3] and could be due to dispersion of the drugwithin the
nanoparticles at molecular level.

3.2.6. Energy dispersive X-ray analysis
EDAX analysis gives information on the element presence of sam-

ples. EDAX analysis which indicate that the elemental percentage of
the substances present in the area of interst of the prepared drug free
CSNPs and 5-FU loaded CSNPs (both for formulation L52) show the la-
beled peaks in Fig. 4. The precence of carbon (38.82%), nitrogen (5%),
oxgen (23.16%), and phosphorus (20.52%) atoms in the areas that was
subject to EDAX analysis was observed, and thus the formation of
CSNPswas comfirmed in the drug free formulation. The precence of car-
bon (41.58%); nitrogen (7%); oxgen (29.26%); phosphorus (20.52%),
and florine atoms (1.64%), in the areas subjected to EDAX analysis of
the drug loaded formulation indicate the formation of 5-FU loaded
CSNPs and prescence of 5-FU within the CS matrix was also comfirmed.

3.2.7. Transmission electron microscopy
Fig. 5 shows TEMmicrographs of 5-FU loaded CSNP formulation L52.

The nanoparticles exhibited a fairly regular dark stained surface, with
more or less spherical shape and no signs of aggregation. Their diame-
ters appeared in agreementwith the results obtained in the PS determi-
nation experiment.

3.3. In vitro drug release

Fig. 6 shows the in vitro release profile of 5-FU from three CSNPs;
L52, M52 and H52 compared to the free drug suspension. All three
CSNP formulations exhibited a sustained release profile where the per-
centage of 5-FU released after 48 h was 34.17%, 25.51% and 20.01% for
L52, M52 and H52, respectively. Conversly, 5-FU suspension showed a
relatively fast release, reaching 91.32% after only six hours (Table 3).

Release profiles of the investigated CSNPs showed a biphasic behav-
ior, with an inital fast release was observed for the first hour. This was
followed by a sustained, slow release that lasted for up to 48 h. This
slow release behaviour of 5-FU was previously reported from CS based
carriers [32] and could be attributed to the strong hydrogen bond be-
tween drug molecules and CS which retards the diffusion of 5-FU into
the releasemedium. Another important observation is that the percent-
age of released drug, after 48 h, significantly increased (P b 0.05) as the
CS molecular weight decreased. A similar behaviour related to CS mo-
lecular weight was reported in case of CS based microspheres where
an increase in the molecular weight of CS was associated with a more
sustained release profile [63].

3.3.1. Drug release kinetics
The release pattern of the investigated CSNPs was found to be most

fitted to Higuchi model possessing the highest correlation coefficient
(R2) compared to the other calculated mathematical models (Table 3).
This indicates that CSNPs follow diffusion-based release kinetics which
comes in agreement with previous reports concerning CSNPs [32]. To
further eulcidate the mechanism of drug release, analysis of the release
data employing the Peppas equationwas performed, and the release ex-
ponents “n” was determined. According to Peppas theory, if n is less
than or equal to 0.43, then drug release follows Fickian diffusion mech-
anism. If n lies between 0.43 and 0.85, then the release follows anoma-
lous (non-Fickian) diffusion. Case II transport is expected when n =
0.85, whereas n values N 0.85 indicate super-case II transport. As pre-
sented in Table 3, the values of the release exponent “n” were ≤ 0.43
which indicates a Fickian release mechanism. This further confirms
that 5-FU release from investigated systems was mainly controlled by
a diffusion process.

4. Conclusion

Nanoparticulate drug delivery systems represent a promising strat-
egy with obvious superiority compared to conventional dosage forms
because they have the ability to increase drug bioavailability and per-
meability. In the present study, 5-FU loaded CSNPs were prepared by
ionic gelation and a number of parameters that influence the prepara-
tion and characteristics of the nanoparticles were investigated such as
the molecular weight of CS, concentration of CS and CS:STPP mass
ratio. Formation of nanoparticles was successful at STPP concentration
of 2 mg/ml with all CS concentrations and molecular weights investi-
gated. EE% of the drug showed a clear increase with increasing the CS
concentration. PS of the prepared formulations exhibited a clear in-
crease with increasing CS concentration from 3 to 5 mg/ml. The CS:
STPP mass ratio 5:1 exhibited the highest EE% with suitable PS in the
nanorange. The results of FTIR, DSC, EDAX and XRD studies confirmed
the incorporation of 5-FU within the prepared carriers at molecular
level. The release of 5-FU from nanoparticles was biphasic in nature
and followed a diffusion based kinetic model. It was also found that
using higher molecular weight CS resulted in slower drug release. The
obtained results would help in understanding the effect of different fac-
tors geverning the sucessful formulation of CS based polymeric nano-
particles for efficient delivery of 5-FU.
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