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APPLICATION OF DUAL IONIC/COVALENT CROSSLINKING IN LECITHIN/ 
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Abstract: The aim of this study was to investigate the use of chitosan derivatives in the formulation of 
lecithin/chitosan (LEC/CHI) nanoparticles (NPs), and to evaluate them as drug delivery systems after the 
application of dual ionic/covalent crosslinking. Chitosan and two chitosan conjugates were investigated 
in this study: Chitosan Phthalate and Phenylsuccinate with two degrees of substitution were used: 20 and 
40%. All NPs were characterized by hydrodynamic diameter, zeta potential, pH stability, drug loading, 
and encapsulation efficiency, and in vitro release studies. Metronidazole (MET) was used as a model drug 
in the evaluation of drug-loaded NPs. The drug-free NPs before and after crosslinking have a size of less 
than 100 nm irrespective of the type of chitosan used. The zeta potential ranged between 14 and 23 mV 
depending on the type of chitosan and the crosslinker used. The MET-loaded NPs showed an increase in 
hydrodynamic diameter reaching up to 400 nm in some formulas. It was found that NPs based on chito-
san derivatives showed higher drug loading capacities when compared to unmodified chitosan. Follow-
ing the application of dual crosslinking, the drug loading of MET ranged between 9 and 26% while the 
entrapment efficiency ranged between 56 and 73%. Release studies showed higher release amounts for 
dual crosslinked NPs with the exception of the phenylsuccinic chitosan 20% formula. The use of chitosan 
derivatives and the dual crosslinking process offers more promising capabilities compared to the classical 
LEC/CHI NP assembly in relation to drug loading and release properties.
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Nano drug delivery systems have interested 
many researchers in the last decade due to their prom-
ising properties compared to conventional drug car-
riers. Nanoparticles (NPs) have many applications in 
the medical and pharmaceutical fields. NPs and other 
colloidal drug-delivery systems modify the kinetics, 
body distribution, and release of an associated drug. 
NPs have been developed as an important approach 
for the delivery of conventional drugs, recombinant 
proteins, vaccines, and more recently, nucleotides (1). 
Among nanoparticulate systems that show a prom-
ising future are lecithin /chitosan (LEC/CHI) based 
NPs, which were first introduced by Sonvico et al. as 
drug delivery systems to deliver lipophilic drugs (2). 
Lecithin (LEC), a soya-based phospholipid consist-
ing of phosphatidylcholine and phosphatidylethanol-
amine, is considered a safe substance due to its biode-
gradability and is frequently used for the preparation 

of liposomal drug delivery systems (Figure 1). On 
the other hand, chitosan (CHI) is a polysaccharide 
polymer derived from chitin and consisting of glu-
cosamine with potentially biocompatible non-toxic, 
and biodegradable properties. This biopolymer has 
been used as a pharmaceutical excipient due to its 
binding and bioadhesive properties. Chitosan-based 
NP systems have been widely investigated for the 
delivery of antibiotics, anti-cancer, and many other 
drugs via several routes of administrations including 
parenteral, intranasal, dermal, etc. (3-5).

LEC/CHI-based NPs have been investigated to 
deliver drugs via nasal, ophthalmic, and parenteral 
routes for many drugs like insulin, melatonin, and 
clobetasol, etc. (6-9). LEC/CHI NPs are prepared 
by electrostatic interaction between the negatively 
charged lecithin and the positively charged amines 
of CHI. They offer many advantages including 
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improved bioavailability and efficient delivery of 
poorly water-soluble compounds compared to other 
polymers, due to the presence of phospholipid bilay-
ers within the NP assembly (10). However, one draw-
back of the LEC/CHI NP system is that only hydro-
phobic molecules such as progesterone can be loaded 
in this assembly, since loading capacities are usually 
decreased for hydrophilic drugs (11).

Among the main properties to be considered 
during NP formulation are the release and load-
ing properties, as they greatly affect the amount of 
drug reaching the active site. Various techniques 
have been employed to enhance the release includ-
ing physico-chemical manipulation of the drug or the 
nanocarrier. One of the attractive properties of chi-
tosan is that it can be chemically modified by intro-
ducing functional groups that can affect its gelation, 

mechanical properties, loading capacity, and perme-
ability. Several reports have been published describ-
ing chitosan conjugation including methylation, car-
boxylation, thiolation, etc. (5, 11). The idea of dual 
crosslinking of polymeric NPs has been previously 
reported to enhance their drug release and stabil-
ity. Polymeric crosslinking involves the connection 
between the polymeric chains via ionic or covalent 
bonding. Various crosslinkers have been used includ-
ing tripolyphosphates, carbodiimide, glutaraldehyde, 
etc. A few reports have been published in this regard, 
for example using ionic gelation followed by covalent 
crosslinking to deliver doxorubicin (11-12). The ap-
plication of covalent crosslinking by using controlled 
oxidation with hydrogen peroxide (H2O2) in chitosan 
thioglycolic acid-based NPs for mucosal drug de-
livery was also described by Barthelmes et al. (13). 

Lecithin Metronidazole

EDCTripolyphostate (TPP)

Chitosan Phthalate Chitosan Phenylsuccinate

OH

O

O-

N+

N

N
H3C

Na

OO

O O-

O-O-O-
-O

O

P P P

O

N

NH

C N

P
O

O

O

N

O
O

H3C

H3C

H3C

H3C

CH3

O
H

O
O

O
O

OO

O
O

O
O

O

O
O

O

O
O

O
O

OH

OH

HO

HO

NH

NH2

H

H
H

H

H
H

H
H

H

H
H

H

H
H

H

H
H

H

HO

HO OH

OH
NH

NH2

Figure 1. Chemical Structure of the polymers, crosslinkers and the drug investigated in this study.
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A similar approach was adopted by Soliman et al. in 
the stabilization of a chitosan-hydrocaffeic acid con-
jugate (14). Recently, Vila-Sanjurjo et al. used dual 
crosslinking by genipin and sodium tripolyphosphate 
(TPP) to investigate the ability of chitosan NPs to 
target bacterial populations (15).

In this article, we investigate the use of chito-
san conjugate instead of chitosan in the preparation 
of lecithin-based NPs using two dicarboxylic acids 
(phthalate (PH) and phenylsuccinate conjugate (PS)) 
with two Degrees of Substitution (DS), 20 and 40%. 
In addition, we applied dual ionic crosslinking, us-
ing tripolyphosphate (TPP), and covalent crosslink-
ing, using Carbodiimide coupling, to these NPs, and 
compared it to the conventional LEC/CHI NPs. Here, 
we evaluated the crosslinking in each step by mea-
suring the hydrodynamic diameter and zeta potential. 
We anticipated that dual crosslinking would improve 
the loading and release properties. Metronidazole 
(MET), an anti-protozoal, was used as a model drug 
with moderate solubility in the loaded NPs. MET 
(Figure 1) contains both lipophilic and hydrophilic 
functional groups with slight water-solubility prop-
erties (16).

EXPERIMENTAL

Materials
In this study, we used medium molecular weight 

chitosan, phenylsuccinic anhydride and N-ethyl-
N′-(3-dimethylaminopropyl) carbodiimide hydro-
chlorides (EDC) (Sigma-Aldrich, USA). phthalic 
anhydride (Fluka, Switzerland). Penta basic so-
dium tripolyphosphate (TPP) and TRIS base buf-
fer (Sigma-Aldrich, Germany). We used dialysis 
tubing (molecular weight cutoff = 12 kDa, Sigma-
Aldrich, USA). Metronidazole (MET) was used as 
a model drug, thanks to a generous gift from Dar 
Al-Dawa (DAD) Pharmaceutical Manufacturing 
company (Naor, Jordan). Ultrapure water (conduc-
tivity = 0.05 μs/cm) was used for DLS size analysis 
(Millipore, USA). All other materials and solvents 
were of analytical grades.

Synthesis of chitosan conjugates
Chitosan conjugates (Chitosan Phthalate and 

Chitosan Phenylsuccinate) were prepared as de-
scribed earlier (11, 17). with slight modifications. 
Briefly, chitosan (1.00 g, corresponding to 5.58 mmol 
glucosamine) was dissolved in (50 mL) aqueous so-
lution HCl (0.37% v/v). The particular anhydride 
(phthalic or phenylsuccinic acids) was dissolved in 
(5 mL) pyridine added dropwise to chitosan solution 
with vigorous stirring. Two degrees of substitution 

were prepared (20 and 40%) for each chitosan deriva-
tive. The pH of the solution was maintained at 7.0 us-
ing 1 M NaOH solution. The reaction was allowed 
to continue for 40 min with continuous stirring. The 
reaction was terminated by the gradual addition of 
acetone under continuous stirring resulting in precip-
itation of the chitosan derivative. Following filtration, 
the precipitate was washed three times with 100 mL 
absolute ethanol, and finally with acetone (100 mL), 
and dried for 48 h in a hot air oven at 45°C. The prod-
ucts were stored in airtight bottles until further use.

Fabrication of lecithin/chitosan or chitosan 
derivatives nanoparticles

Lecithin/chitosan and chitosan derivative NPs 
were prepared according to the method described by 
Sonvico et al. with slight modifications (2). Chitosan 
was dissolved in 0.275 N HCl to get 0.5% (w/v) con-
centration. Freshly prepared lecithin (2.5% w/v in 
96% ethanolic solution) was always used. Two pro-
portions of lecithin to chitosan were used in this 
study (10 : 1 and 5 : 1). NPs were generated spon-
taneously by dropwise addition of 4 mL of ethano-
lic solution of lecithin in 46 mL aqueous solution of 
chitosan under magnetic stirring using the syringe 
method (the syringe having an internal diameter of 
0.38 mm, 1 mL /min injection rate). Following the 
appearance of a hazy solution, the stirring was al-
lowed to continue for 2 min. NPs based on chitosan 
conjugates were prepared with the same method and 
proportions. In the preparation of drug-loaded NPs, 
the ratio of 1 : 1 lecithin to the drug was selected for 
evaluation (equivalent to a dose of 2 mg MET per 
1 mL NP dispersion). MET was dissolved in the chi-
tosan solution before starting the dropping method. 
Drug-free NPs were prepared as previously described 
and were used for comparison.

Dual ionic/covalent crosslinking of the prepared 
nanoparticles using TPP/EDC

Aliquots of 5 mL of the preparation of LEC/
CHI NPs were placed in vials, and the respective 
amount of TPP (0.4 w/v%) was added (data from 
a previous study (11) with continuous stirring for 
2 min. This was followed by the addition of 10 mg 
EDC to each vial and again stirring was continued 
for 2 min (Figure 2). For size and zeta potential eval-
uations, the aliquots were dialyzed against water be-
fore measurement.

Characterization of nanoparticles
Particle size and zeta potential measurements

The hydrodynamic diameter (z-average) 
and polydispersity index (PDI) of the NPs were 
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determined by dynamic light scattering (Zetasizer 
Nano ZS, Malvern Instruments, UK). Detection of 
the scattered light was carried out at an angle of 173° 
at 25°C. The zeta potential was also measured by la-
ser Doppler microelectrophoresis using a Zetasizer 
ZS Nano (Zetasizer Nano ZS, Malvern Instruments, 
UK). All measurements were carried out in triplicate. 
The results are given as mean ± standard deviation 
of the three values obtained.

Nanoparticles morphology
The morphology of NPs was observed by trans-

mission electron microscopy (Morgagni (TM) FEI 
268, Holland). The samples were placed directly on 

copper grids and allowed to dry at room temperature 
before observation.

Stability studies at physiological pHs
Aliquots of all NP formulas whether ionotropic 

or covalent were studied under two pH ranges and 
evaluated by dynamic light scattering (DLS). pH ad-
justments were achieved by the dropwise addition 
of aqueous NaOH (0.1 M monitored using Jenway 
pH-meter, UK). Only samples with hazy appear-
ance were analyzed by DLS while samples showing 
aggregates were not analyzed. All measurements of 
particle size and Polydispersity Index (PDI) were 
done in triplicate.

(a) Citosan solution (b) TPP solution (c) EDC powder

d e f

Figure 2. Above: Scheme of the experimental set-up for crosslinking process: (a) Addition of Chitosan to Lecithin solution (b) addition 
of TPP dropwise (c) addition of EDC powder with continuous stirring. Below: Visual observation of (d) Lecithin/Chitosan Phthalate 40% 
NPs (e) Lecithin/Chitosan Phthalate-TPP NPs 40% and (f) Lecithin/Chitosan phthalate TPP-EDC 40%.
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Drug Loading (DL%) and Encapsulation 
Efficiency (EE%)

The DL% and EE% of the MET-loaded NPs 
were measured using a modified microfiltration pro-
cedure (18). Encapsulated and non-encapsulated por-
tions of MET from the NP dispersion were separated 
using centrifugal filter devices (Amicon Ultra-0.5, 
Millipore®) with centrifugation at 8 000 rpm for 
30 min at 4ºC using a refrigerated centrifuge 
(Centurion, UK). The ultrafiltrate resulting from 
centrifugation was diluted with TRIS base buffer 
(pH 7.4) and drug content was measured by UV/VIS 
spectrophotometry (Shimadzu, UV-1800, Japan) at 
311 nm. The NPs resulting from centrifugation were 
freeze-dried (ZirbusVaco-2 Freeze Dryer, Germany). 
A specific quantity of MET loaded NPs was placed 
in a mixture of 15 mL of acetic acid/ absolute etha-
nol (10%) solution and shaken in a water bath at 50°C 
overnight followed by sonication for 30 min to allow 
the breakdown of the NPs. Drug content was quan-
tified by UV spectroscopy at the same wavelength 
described above.

The (EE%) and (DL%) were calculated by the 
following equations:

𝐸𝐸𝐸𝐸% =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑 𝑖𝑖𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖𝑠𝑠 𝑣𝑣𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑠𝑠 −𝐴𝐴𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑 𝑖𝑖𝑎𝑎 𝑠𝑠𝑇𝑇𝑇𝑇𝑎𝑎𝑇𝑇𝑖𝑖𝑇𝑇𝑎𝑎

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑 𝑖𝑖𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖𝑠𝑠 𝑣𝑣𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑠𝑠
×100

𝐷𝐷𝐷𝐷% =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑 𝑖𝑖𝑎𝑎 𝑠𝑠𝑠𝑠𝑒𝑒𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖𝑐𝑐 𝑤𝑤𝑒𝑒𝑖𝑖𝑑𝑑ℎ𝑇𝑇 𝑇𝑇𝑜𝑜 𝑁𝑁𝑁𝑁𝑠𝑠

𝑊𝑊𝑒𝑒𝑖𝑖𝑑𝑑ℎ𝑇𝑇 𝑇𝑇𝑜𝑜 𝑁𝑁𝑁𝑁𝑠𝑠
× 100%

In vitro release studies
 The dialysis membrane method was employed 

in the MET in vitro release studies. Release tests 
were carried out in TRIS base buffer (pH: 7.4) at 
37ºC for 24 h. A specific volume of the filtered NPs 
was placed in a dialysis bag (pore size 2.5 nm, mo-
lecular weight cut off 12 000-14 000 Da, Merck) in 
release media and was shaken using a shaking wa-
ter bath (Thermo, China) at 100 rpm at 37°C for 
24 h. At pre-determined time intervals, 2 mL of 
sample was withdrawn and replaced with an equal 
volume of the corresponding fresh media. MET 
concentration was quantified at 311 nm using UV/
VIS spectroscopy (Shimadzu UV-1800, Japan) as 
described above.

Analytical method validation
Method validation was carried out according 

to the procedures described by the International 
Conference on Harmonization (ICH, 2005) (19) using 
an Ultraviolet-visible spectrophotometer (Shimadzu 
1800, Japan). The method involved the measurement 
of specificity, Limit of Detection (LOD), Limit of 
Quantitation (LOQ), linearity, range, accuracy, in 
addition to precision.

Specificity
Specificity was evaluated by analyzing the UV 

spectra of MET and the LEC/CHI NPs (without 
MET) to guarantee that no interference occurred in 
the absorbance region as a reference for MET quan-
tification. The UV spectra of MET and drug-free 
LEC/CHI NPs. Absorption spectra did not show 
any potential interference from the NP constituents 
at 311 nm.

Limit of Detection (LOD) and the Limit of 
Quantitation (LOQ)

LOD and LOQ for MET were estimated by ex-
trapolation of the regression line through Y-axis from 
a standard curve at low concentration using the fol-
lowing equations:

slope
LOD ��

�
3.3

slope
LOQ ��

�
10

σ: standard deviation of intercept with Y-axis.

The values calculated for LOD and LOQ were 
0.01 µg/mL and 0.03 µg/mL, respectively.

Linearity and range
The linearity and range were investigated us-

ing MET solutions in TRIS base Buffer pH 7.4 in six 
different concentration levels ranging from 2-6 µg/
mL. A linear relationship was found between the ab-
sorbance and the concentration of MET in the range 
of 2 to 6 µg/mL. The correlation coefficient was 
0.9999 indicating excellent linearity (r2 > 0.999). The 
regression parameters for the curve, described by the 
equation: y = ax + b, were a = 0.1027, b = 0.0024 and  
r = 0.9999 (n = 6) calculated by the least squares 
method. SD of Intercept was 0.0016. Therefore, the 
method is linear for MET within the evaluated ranges.

Accuracy and precision
The recovery assay was conducted on drug-

free NPs dispersions with concentrations of 2, 4, 
and 6 µg/mL, which corresponds to the minimum, 
medium and maximum values of the previously de-
termined standard calibration curve. Assays were 
performed in triplicates and the Relative Standard 
Deviation percentage (RSD%) values were evalu-
ated. The precision study consisted of the deter-
mination of the intermediate precision (assays on 
different days) and the repeatability (different as-
says on the same day). The intermediate preci-
sion and repeatability were determined with six 
scans of three MET solutions with known concen-
trations. Precision levels were calculated by the 
(RSD%) from the analytical curves. The intra-day 
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and inter-day relative standard deviation (RSD) values ob-
tained by the proposed method were found to be lower than 
2.0%. The accuracy of the method expressed as recovery 
(%) was between 99.1 and 100.7%. According to the results 
obtained, it can be concluded that the UV spectrophotomet-
ric method was adequate to quantify MET in the presence 
of LEC/CHI NPs.

Statistical analysis
Each experiment was replicated at least 3 times and the 

values reported are expressed as mean ± standard deviation 
(SD). Percent Relative Standard Deviation (RSD%) was cal-
culated in the analytical method validation. Microsoft Excel 
Software 2007 (Microsoft Corp., Redmont, WA, USA) was 
used to create graphs. Statistical comparison was performed 
using Student’s t-test. P-values of less than 0.05 were consid-
ered statistically significant.

RESULTS AND DISCUSSION

During the last two decades, the use of polymeric NPs 
has been extensively investigated as a drug delivery system. 
In this article, we introduced chitosan derivatives in the for-
mation of a LEC/CHI assembly and compared it with NPs 
based on unmodified chitosan. These NPs were generated as 
a result of the electrostatic interaction between the negatively 
charged lecithin and the positively charged chitosan or chito-
san derivatives resulting in hazy dispersion characteristic of 
NP dispersions. Following their fabrication, these NPs were 
further subjected to dual ionic / covalent crosslinking as de-
picted in Figure 2.

Particle size and zeta potential measurements
The size and zeta potential of the prepared NPs were 

measured using Dynamic Light Scattering (DLS) (Table 1). 
In general, the size was comparable to LEC/CHI previously 
published data (20). The hydrodynamic diameter in all pre-
pared NPs was less than 100 nm while the PDI of the measured 
NPs was below 0.3 in general indicating the uniformity of the 
size within the prepared dispersions. This small particle size 
has some advantages including the large surface area and the 
ability to release the drug easily. After the dual ionic/cova-
lent crosslinking was applied, the size range remained below 
100 nm with PDI less than 0.4. This indicates the formation of 
condensed NP assemblies following crosslinking independent 
of the introduction of the larger molecules of chitosan conju-
gates. The data in Table 1 also indicates that increasing the 
chitosan ratio from 10 : 1 to 5 : 1 did not affect the NP size. 
The ratio 5 : 1 was used in the rest of the study to investigate 
the effect of using different types of conjugated chitosan in 
addition to chitosan itself.

In all NP formulations, the zeta-potential was positive 
ranging from 20 to 23 mV before dual crosslinking (Table 2). 
Comparing chitosan derivative-based NPs to chitosan NPs, Ta
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it can be noticed that the degree of substitution de-
creased the zeta potential when phthalate or phenyl-
succinate conjugates were introduced to the NP as-
sembly, due to the decrease in chitosan amino groups 
that were replaced with carboxyl groups upon conju-
gation. In addition, crosslinking with TPP followed 
by EDC decreased the NP surface positive charge to 
reach 13 mV in Chitosan phthalate and to a lesser ex-
tent in the phenylsuccinate. This can be explained by 
the involvement of the amine of the chitosan and car-
boxyl groups in the chitosan derivative in the cross-
linking step, whether it was electrostatic by TPP or 
covalent crosslinking by EDC.

It has been previously reported that the incor-
poration of high phospholipid content will emphasize 
the amount of chitosan associated with the surface 
of the NP (21). However, the change of zeta poten-
tial observed was limited when the ratio of lecithin 
to chitosan was increased from 10 : 1 to 5 : 1.

Stability study at physiological pHs
The stability of the fabricated NPs was stud-

ied at pH 6.8 and 7.4. As can be seen in Table 3, the 
NPs preparation pHs ranged between 2.47 and 2.64. 
The use of unmodified chitosan in the NP assembly 
showed aggregation at pH 7.4 before and after cross-
linking. At pH above 6.5 (pKa of chitosan), aggre-
gation can be observed due to the deprotonation of 
chitosan amine groups (11, 22). The use of covalent 
crosslinking of chitosan derivative provided stable 
NPs when exposed either to pH 6.8 or 7.4. Although 
we mentioned above that some interactions between 
chitosan and crosslinkers (evidenced by a decrease 
in zeta potential) were observed (Table 2), it seems 
that the configuration of crosslinking in unmodi-
fied chitosan was insufficient to provide a stable 
NP which resulted in aggregation. While in the 
case of chitosan derivatives, the stability could be 
attributed to the effective interaction between the 

Table 2. Zeta potential of the various formulations before and after crosslinking*.

Chitosan type**
Zeta potential (mV) before crosslinking

Zeta potential (mV) 
after ionic gelation 
crosslinking with 

TPP

Zeta potential (mV) 
after Covalent 

crosslinking using 
EDC

10 : 1 5 : 1 5 : 1
CHI 23.4 ± 0.5 23.1 ± 0.7 20.6 ± 1.6 14.4 ± 0.2

CHI-PH 20 24.7 ± 1.4 22.0 ± 0.5 16.9 ± 1.1 14.0 ± 1.0
CHI-PH 40 22.1 ± 1.8 20.1 ± 0.9 16.8 ± 1.5 13.2 ± 0.9
CHI-PS 20 23.7 ± 1.7 20.8 ± 0.9 17.4 ± 1.4 17.3 ± 1.0
CHI-PS 40 25.1 ± 1.8 21.0 ± 0.6 18.5 ± 2.0 16.2 ± 1.7

*All recorded data were presented as average ± SD
**CHI: Chitosan, PH: Phthalate, PS: Phenylsuccinate, 20 and 40 represent 20 and % Degree of Substitution respectively.

Table 3. Stability assessments of LEC/CHI NPs physiological pHs*

Chitosan 
type**

Preparation
pH

Original NPs before 
crosslinking

After ionic gelation 
crosslinking with TPP

After Covalent crosslinking 
using EDC

Size (nm)
(PDI)

Size (nm)
(PDI)

Size (nm)
(PDI)

pH 6.8 pH 7.4 pH 6.8 pH 7.4 pH 6.8 pH 7.4

CHI 2.64 102.8 ± 3.55
(0.28 ± 3.56) Aggregation 94.68 ± 2.84

(0.33 ± 0.06) Aggregation 99.56 ± 8.12
(0.36 ± 0.07) Aggregation

CHI-PH 20 2.47 151.9 ± 13.77
(0.64 ± 0.06)

91.37 ± 2.02
(0.29 ± 0.05)

142.0 ± 4.8
(0.58 ± 0.11)

127.7 ± 6.05
(0.36 ± 0.05)

119.0 ± 2.25
(0.27 ± 0.01)

130.1 ± 4.89
(0.42 ± 0.06)

CHI-PH 40 2.62 89.56 ± 2.97
(0.27 ± 0.03)

97.42± 2.39
(0.29 ± 2.39) Aggregation Aggregation 116.2 ± 7.8

(0.50 ± 0.09)
105.6 ± 3.40
(0.36 ± 0.00)

CHI-PS 20 2.49 105.8 ± 7.8
(0.42 ± 0.13)

92.71 ± 2.06
(0.38 ± 0.01) Aggregation 142.0 ± 4.87

(0.58 ± 0.11)
99.86 ± 2.78
(0.35 ± 0.06)

101.6 ± 6.82
(0.39 ± 0.06)

CHI-PS 40 2.57 148.7 ± 9.45
(0.53 ± 0.07)

104.8 ± 5.5
(0.36 ± 0.05)

151.05 ± 9.86
(0.52 ± 0.16) Aggregation 115.6 ± 13.46

(0.34 ± 0.05)
123.1 ± 3.95
(0.34 ± 0.03)

*All recorded data were presented as average ± SD
**CHI: Chitosan, PH: Phthalate, PS: Phenylsuccinate, 20 and 40 represent 20 and % Degree of Substitution respectively
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carboxyl group present in the phthalate and phenyl-
succinate derivative with the two crosslinkers TPP 
and EDC (11). It has been previously reported that 
the introduction of a carboxylic group to chitosan 
backbone and in presence of TPP and EDC in the 
preparation media, resulted in NP stabilization due 
to phosphoramide group formation via a mixed an-
hydride intermediate formation. The formation of 
a phosphoramide group facilitated the maintenance 
of repulsion between NPs and prevented the aggre-
gation upon exposure to pHs higher than 6.5 (pKa 
of chitosan) (11). It should be pointed out that the in-
volvement of several components within the cross-
linked NP assembly did not allow the elucidation 

and confirmation of the type of interaction between 
the various components by infrared spectroscopy 
for example.

Characterization of drug-loaded NPs
Particle size and PDI determination  
of drug-loaded NPs

As can be seen in Table 4, there was a slight 
increase in the size of the loaded NPs of the vari-
ous formulations (size less than 120 nm) and PDI 
less than 0.5 before and after crosslinking. This can 
be attributed to the high drug: polymer ratio (1 : 1) 
used in drug loading and to the potential interac-
tion between the drug and the other components of 

Table 4. Characterization of MET loaded NPs*.

Chitosan type**
Original NPs before crosslinking After covalent crosslinking using EDC

Size (nm) (PDI) Size (nm) (PDI)

CHI 112.9 ± 0.83 0.27 ± 0.02 119.6 ± 3.63 0.34 ± 0.05

CHI - PH 20 99.97 ± 1.41 0.30 ± 0.05 111.4 ± 2.54 0.37 ± 0.02

CHI - PH 40 101.4 ± 3.66 0.30 ± 0.04 97.98 ± 1.65 0.24 ± 0.02

CHI - PS 20 106.4 ± 1.51 0.33 ± 0.03 439.9 ± 37.44 0.63 ± 0.17

CHI - PS 40 104.9 ± 1.76 0.28 ± 0.02 109.2 ± 1.65 0.24 ± 0.03

*All recorded data were presented as average ± SD
**CHI: Chitosan, PH: Phthalate, PS: Phenylsuccinate, 20 and 40 represent 20 and % Degree of Substitution respectively

Record 13: CH-PH 20-METR 11 Record 14: CH-PH 20-METR 12
Record 15: CH-PH 20-METR 13

Record 84: CH--PH 20 TPP EDC 1 2 Record 84: CH--PH 20 TPP EDC 2 2
Record 84: CH--PH 20 TPP EDC 3 2
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Figure 3. Particle size distribution obtained by DLS of MET loaded Lecithin-chitosan 
phthalate NPs with DS 20% (a) before dual crosslinking (b) after dual crosslinking.
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the NPs like lecithin or chitosan polymeric chains. 
Table 4 shows also the large increase in the size of 
chitosan Phenylsuccinate (20% DS). The low degree 
of substitution did not allow efficient crosslinking 
since phenylsuccinate as a substituent has been pre-
viously postulated to result in one-sided rather than 
two-sided crosslinking (11). This type of interaction 
may result in non-efficient packing of the polymeric 
parts within the NP assembly following MET load-
ing. Figure 3 also illustrates the NP size distribution 
for LEC/CHI -phthalate with 20% DS as generated 
by DLS with minimum changes in the hydrodynamic 
diameter after dual crosslinking.

Morphological analysis by TEM
TEM was used to depict the morphology of 

the prepared NPs. TEM images were captured be-
fore and after covalent crosslinking for Lecithin-
Chitosan Phthalate with DS 40% NPs before and 
after dual crosslinking (Figure 4). The TEM pho-
tographs showed that the synthesized NPs were al-
most spherical. There was no significant change in 
the size of the NPs before and after crosslinking. The 

hydrodynamic diameter is in correlation with the re-
ported average size measured by DLS.

Determination of Drug Loading (DL%) and 
Encapsulation Efficiency (EE%)

The DL% and EE% were determined for MET 
loaded NPs using a ratio of 1 : 1 (LEC: MET) as 
seen in Table 5. This ratio was selected during the 
optimization studies (data is not shown). It is clear 
from Table 5 that drug DL% increased significant-
ly after the covalent crosslinking was performed in 
all formulations (p < 0.05). The highest DL% was 
26.59 for CHI-PH 40 and the lowest was 9.18 for un-
substituted chitosan. It can be noticed that increasing 
the DS increased the DL%. This can be attributed to 
the increased chance of crosslinking with increas-
ing DS which allowed more drugs to be entrapped 
during the loading process. It has been reported that 
LEC/CHI are best used to encapsulate lipophilic 
drugs rather than hydrophilic drugs due to the lipo-
philic nature of NPs (2). In this study, we were able 
to achieve high DL% with a slightly water-soluble 
drug-like MET which can be attributed to the appli-
cation of the dual crosslinking procedure involved. 

Table 5. Drug Loading (DL%) and Encapsulation Efficiency (EE%) for MET loaded NPs before and after covalent crosslinking*.

Chitosan 
type**

DL% 
before dual 
crosslinking

DL% after dual 
crosslinking p-value

EE% 
before dual 
crosslinking

EE% after dual 
crosslinking p-value

CHI 4.23 ± 0.38 9.18 ± 0.17 0.01 56.4 ± 1.85 65.49 ± 1.43 0.09

CHI-PH 20 5.07 ± 0.23 11.72 ± 0.37 0.01 78.45 ± 1.04 66.65 ± 1.22 0.02

CHI-PH 40 5.12 ± 0.01 26.59 ± 0.36 0.00 79.39 ± 1.83 71.46 ± 0.46 0.08

CHI-PS 20 7.10 ± 0.52 14.22 ± 0.80 0.04 56.03 ± 1.79 56.74 ± 0.83 0.42

CHI-PS 40 5.34 ± 0.41 16.9 ± 0.62 0.01 60.66 ± 1.66 73.82 ± 1.72 0.04

*All recorded data were presented as average ± SD
**CHI: Chitosan, PH: Phthalate, PS: Phenylsuccinate, 20 and 40 represent 20 and % Degree of Substitution respectively

Length: 96.88 nm Length: 89.29 nm

100 nm

BA

Figure 4. TEM of Lecithin-chitosan phthalate NPs with DS 40% (a) before dual crosslinking (b) after dual crosslinking.
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The high EE% and DL% obtained with lecithin/chi-
tosan NPs may be related to some affinity between 
lecithin and MET.

According to published studies, drug loading 
reflects the mass of the drug in NPs and its content 
depends mainly on the physical and chemical prop-
erties of the polymeric material and other process-
ing factors (23). It should be emphasized that physi-
cal and electrostatic interaction will usually result 
in low drug-loading efficiency, as seen in the case 

of unmodified chitosan and TPP in the fabricated 
NPs, while covalent and coordinate bonds will usu-
ally give high drug-loading values. The high DL% 
can be attributed to the increase in the space ca-
pacity of the NP assembly resulting from covalent 
crosslinking between the chitosan derivative and 
lecithin molecules.

Among the important factors to be consid-
ered in drug encapsulation is the solubility of the 
drug within the solvent and its ionicity and drug 
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Figure 5. Release profiles of LEC/CHI NPs using Chitosan (a), Chitosan Phthalate 20% (b), chitosan phthalate 40% (c), Chitosan 
phenylsuccinate 20% (d), chitosan phenylsuccinate 40% (e) before crosslinking () compared to their respective dual crosslinked 
NPs ().
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lipophilicity (24). It has been reported previously that 
LEC/CHI NPs are best used for lipophilic drugs like 
progesterone and clobetasol due to increased favor-
able interactions between these drugs and the lipid 
carrier (2, 9). Despite the fact that MET contains both 
lipophilic and hydrophilic functional groups within 
its small molecular structure it showed increased 
DL% and EE% following covalent crosslinking. This 
can be attributed to the introduction of the hydropho-
bic moieties of phthalate and phenylsuccinate which 
limit the chance of drug diffusion following loading. 
In addition, covalent crosslinking will decrease the 
chance of water penetration to the interior of the NP, 
thus decreasing drug permeation (25).

In vitro release studies
Figure 5 shows the release profiles of all NP 

formulae before and after covalent crosslinking. It 
can be observed that all formulae showed rapid re-
lease in the first 2 hours due to the release of the ad-
sorbed drug on the NP surface or due to weak bind-
ing within the NP. Following that, a plateau can be 
seen in all the release profiles. Also, the crosslinked 
formula showed a higher % release compared to the 
uncrosslinked formula. This can be attributed to the 
higher drug loading as mentioned in the previous 
section and to the interaction between the slightly 
water-soluble MET and the hydrophobic moieties 
introduced by chitosan grafting. In addition, the co-
valent crosslinking decreased the chance for drug 
leaching outside the NP compared to uncrosslinked 
NPs (11-12). As seen in Figure 5d, the phenylsucci-
nate based formula with a 20% degree of substitution 

showed a decrease in % cumulative release for the 
crosslinked formula compared to the uncrosslinked 
formula. This can be attributed to the low DS and 
weak capability of the phenylsuccinate substituent 
to form two-sided crosslinking, which correlates 
well with a similar finding that has been previous-
ly reported (11). The highest % cumulative release 
reached only 80%, this can be explained by the ab-
sence of lipid enzymes within the release media 
which leads to the degradation of the lecithin layer 
thus allowing drug permeation (13).

Table 6 shows summary results of the accuracy 
and precision of MET using UV / VIS spectrosco-
py. In addition, the linear regression analysis of the 
calibration curve of MET and the UV/VIS spectra 
for pure MET and LEC/CHI nanoparticles (without 
MET) are depicted in Figure 6. These results are in 
compliance with the ICH guideline (19).

CONCLUSION

Our results highlighted novel lecithin/chitosan-
based NPs using chitosan conjugates which can be 
fabricated to be used for the encapsulation of MET. 
This type of conjugation allows the manipulation of 
the lipophilic/hydrophilic interaction within the NPs. 
Additionally, the degree of substitution of each con-
jugate has a tremendous effect on the MET loading 
and encapsulation efficiency. Most probably these 
changes are related to a change in the lipophilic-
ity of the chitosan when conjugated. Results of the 
present study indicate that dual crosslinking allows 
the preparation of stable NPs at physiological pHs. 

Table 6. Intra-day and inter-day precision data of UV spectrophotometric method for MET in LEC/CHI NPs.

Accuracy
Nominal concentration (µg/mL) Mean concentration found* (µg/mL) RSD (%)** Accuracy (%)

2 2.09 0.6 99.8
4 4.06 0.7 100.7
6 6.1 0.7 99.1

Mean recovery% 99.7
Precision

Precision Experimental concentration (µg/mL) Recovery (%) RSD (%) **

Intra-day(n = 6) 5.25 99.4 0.6

Inter day

Day 1 (n = 3) 5.09 100.7 0.9

Day 2 (n = 3) 5.02 99.8 1.0

Day 3 (n = 3) 5.16 101.1 1.2

Mean (n = 9) 5.09 100.5 1.1

*Mean of three replicates
**RSD = Relative standard deviation
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