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In our study, the non-linear regression model and artificial neural networks
(ANNs) were used to optimise the preparation of the loading norcantharidin
chitosan nanoparticles (NPs) by ionic cross-linkage. Two major indexes,
the particle size and the entrapment efficiency of the drug vehicles were
synchronously optimised according to the normalised value calculated referring
to the weights of the indexes and factors. For the purpose, a multiple regression
model was constructed for fitting several preparation factors, including the low
molecular weight of chitosan (LCS), sodium tripolyphosphate (TPP) concentra-
tions and the temperature of the ionic cross-linkage reaction. Each of the level
values in the factors was arranged using the L9(3

4) table and their linear weighted
sum of the normalised value was taken as optimised object. A back-propagation
(BP) network (3� 7� 2) in ANNs was created and trained for further checking
the optimal results and the trained network was applied to simulate the exper-
iment system and screen the optimal conditions. Finally, when the weights of
temperature, particle size and entrapment efficiency were 0.1, 0.4 and 0.5,
respectively, the best preparation condition of NPs was obtained as 131� 7 nm
of particle size and 45.12% of entrapment efficiency at 40�C.

Keywords: chitosan; nanoparticles; non-linear regression; artificial neural
networks

1. Introduction

Norcantharidin (NCTD) synthesised from cantharidin, an active constituent obtained
from the dried body of the Chinese blister beetle (mylabris), is used as a traditional
medicine in China, traced back to over 2000 years [1,2]. Clinical studies have shown that
NCTD was effective against primary carcinoma of liver as an inhibitor of protein
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), administered by oral
and intravenous routes [3]. However, the clinical use of NCTD is limited because of the
significant drawback of irritation of the urinary organs in previous cases [4]. In order
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to minimise its toxicity, several alternative preparations, such as microsphere,
microemulsion, liposome and nanoparticle (NP) have been designed to improve the
liver-targeting properties of NCTD [5].

The advantages of NPs as a powerful carrier and controlled release system were well
known, which provided a potential ability for targeting the drug to some specified organs
such as liver, spleen and brain [6–8]. The previous studies have shown that the targeting
ability of NPs is closely related to the particle size – they are located in the liver when

smaller than 200 nm [9]. For this reason, an incorporated NCTD–NPs may be suggested to
modify its distribution and reduce the nephrotoxicity of NCTD.

Chitosan, as a non-toxic biodegradable polycationic polymer with low immunogeni-
city, has been extensively investigated as formula carrier and delivery system of therapeutic
molecules such as genes, protein molecules, vaccines, cyclosporine A and ammonium
glycyrrhizinate [10,11]. Chitosan NPs could be prepared by many methods, including
the emulsion cross-linking, coacervation, spray-drying, emulsion-droplet coalescence,
ionic gelation and self-assembled methods [12]. However, unlike poly (methacrylic acid
and methacrylate) copolymer NPs, the larger particle size (4200 nm) of chitosan–TPP
colloids could not address the need for targeting drug delivery [13]. For this aim, a low
molecular weight chitosan (LCS, 8� 10 kDa) was selected to prepare the smaller
size carrier loading NCTD chitosan–TPP NPs for improving the liver targeting
characteristics [14].

Polynomial non-linear regression analysis had been used widely for establishing
approximate mathematical models, wherein the variables and terms would be screened

by the stepwise selection method according to the statistical significance [15,16], and the
final model would be used to further analyse the relationship between factors and indexes.
Instead of the modelling method, artificial neural networks (ANNs) have been applied to
highly non-linear industrial processes as a powerful tool for approximating non-linear
systems that are complex and difficult to identify simply based on the reaction
phenomena [17,18]. It is generally argued that back-propagation (BP) network is the
first type of the networks that is widely used for non-linear system analysis because of the
clearly defined equations of correcting weights in networks [19].

Presently, orthogonal design has been used to evaluate the influence of different
process factors on NPs’ particles size and entrapment efficiency by non-linear regression
analysis and ANNs [20,21]. The aim of this study is to develop a mathematical model
and a BP network based on the orthogonal design in order to deduce the appropriate
conditions for preparing the colloidal system with desirable properties of increasing

the liver targeting and reducing the nephrotoxicity of NCTD.

2. Materials and methods

2.1. Materials

NCTD was purchased from Surui Medicine Chemical Industry Co. Ltd (Suzhou, China).
Low molecular weight chitosan (LCS) with the deacetylation of 90.9% and molecular
weight of 8–10 kDa was supplied by Xingcheng Biochemical Co. Ltd (Nantong, China).
Sodium tripolyphosphate (TPP) was obtained from National Drug Group (Shanghai,
China) and Pluronic F68 was purchased from Fluka Chemika (Switzerland).
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Other chemicals and solvents were of analytical grades. Deionised twice-distilled water
was used throughout the study.

2.2. Preparation of NPs

Chitosan NPs were prepared according to the procedure first reported by Calvo et al. [22],
which was based on the ionic gelation of LCS with TPP anions and slightly modified.
Briefly, LCS was dissolved in acetic acid aqueous solution containing NCTD of
0.4mg/mL, and TPP aqueous solution was then added to the chitosan solution
drop-by-drop under magnetic stirring, resulting in cross-linkage. After the reaction
for 10min, Pluronic F68 of 125mg was dissolved in the solution as stabiliser. Aqueous
solution of acetic acid (0.2% v/v), stirring rate (500 rpm), the mixed volume of chitosan
and TPP (5 : 2, v/v) were kept at constant temperature. The temperature of the ionic
cross-linkage reaction and the solution concentrations of LCS and TPP, as three factors,
were constantly monitored. When the temperature was kept at 50�C, three kinds of
phenomena were observed visually: solution, aggregates and opalescent suspension, and
the zone of opalescent suspension (as shown in Figure 1) was further examined as NPs.

2.3. Particle size analysis and morphological characterisation

The analysis of particle size of NPs was performed by dynamic light scattering measured
by Zetasizer Nanoparticle Analyser (Malvern Instruments Ltd., UK, range from 0.6 to
600 nm). The NP colloid samples were condensed using a Vivaflow 50 Ultrafilter
(30,000Da polysulfone resin filter membrane, Sartorius Co., Germany), and some of them
were put into agar gel pipe (inter-diameter, 2mm), solidified with glutaral for 24 h and
embedded with osmium acid [23]. The morphological characteristics of nanoparticles were
studied by transmission electron microscopy (TEM, JEM-1230, JEOL, Japan).

2.4. Evaluation of drug entrapment efficiency and loading capacity

An appropriate volume of NPs colloid was filtered through a 0.45 mm filter to remove
non-soluble aggregate residues referring to the previous report [24,25]. The filtered colloid
was then ultracentrifuged at 40,000 rpm for 45min is an Optima MAX Centrifuge

Figure 1. The concentration scope of chitosan NPs formation.
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(Berkman Co. Ltd., USA). The supernatant was sampled and the concentration of NCTD
in the supernatant was determined by a reversed-phase HPLC method.

Twenty microliters of supernatant were injected into a chromatograph equipped with
a UV detector (Shimadzu LC-10AT, SPD-M10A, Japan) and a reversed-phase column
(Hypersil ODS2, 4.6� 250mm, Elite, Dalian, China). The mobile phase was a mixture
of acetonitrile: H2O¼ 10 : 90 (adjusted to pH 3.1 by adding phosphoric acid), and the flow
rate was 0.8mL/min with the wavelength of 210 nm at 30�C. The NCTD entrapment
efficiency (EE) and loading capacity (LC) were calculated as follows:

EE ¼
T� F

T
� 100%

LC ¼
T� F

W
� 100%:

T represents the total amount of NCTD in the colloid, F the free amount of NCTD in the
supernatant, while W is the amount of NPs added.

2.5. Experiment design

Orthogonal design (L9(3
4)) was applied to optimise the preparation of NPs, the particle

size (nm) and drug entrapment efficiency (%) were estimated compositely by calculating
the linear weighted sum of the normalised value. The level values of the factors affecting
the characteristics of NPs were arranged in a three-level L9(3

4) table, in which the
experimental points were distributed uniformly, and all the measurements were carried out
in triplicate.

2.6. Polynomial non-linear regression analysis

According to the complexity in the reaction process, quadratic polynomial regression
model was selected preliminarily to describe the relationship between factors and indexes,
and the stepwise selection was used to choose significant variables in the model. To check
the validity of the regression model, statistically significant F-ratios and correlation
coefficients were applied. Finally, two regression equations about particle size and
entrapment efficiency were obtained and they were also represented as two- (or three-)
dimensional response plots for two (or three) variables at a time. The equation expressions
of the indexes were normalised, respectively, according to the possible scopes of the
indexes. The linear weighted sum of the normalised expressions was used to screen the
optimal experiment conditions by simplex method [26,27].

2.7. Artificial neural networks analysis

BP network, which is applied frequently in ANNs, was created to simulate the
experimental system, and trained through taking the factor values as network inputs
and the index values as outputs. Especially, in hidden layer, the quantity of neurons was
determined referring to Kolmogorov’s law [28,29], and the training steps were confirmed
by training error to avoid overtraining. It seemed that the experiment process became
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a data NetBIOS, at least in data hierarchy, so that all the experimental results could
be predicted by the trained network, and the optimal condition would be found out.

3. Results and discussion

The orthogonal design is a kind of fractional factor design allowed to test multiple
independent process variables within a single experiment, and offers the possibility
of investigating multivariables at different levels, simply performing a limited number of
experiments. The variables are chosen through taking into account other reports on
chitosan–TPP NP preparation and the results of our preliminary experiments.

Since the procedure was first reported by Calvo et al., almost all the chitosan NPs
were prepared at room temperature (25�C). However, our study indicated that the
reaction temperature exercised a great influence on particle size, drug entrapment
percentage and even whether or not NPs could form, and it was identified in the
preliminary experiments that the NPs formation temperature ranged from approximately
40�C to 60�C. It was probably because that low molecular weight chitosan was not as easy
to crosslink at room temperature as the high molecular weight one, which was often
used [30]. The concentration zones of solution, aggregates and opalescent suspension
at reaction temperature of 50�C are shown in Figure 1. Visually, there are two zones
forming NP colloid and the particle size in the zone of low concentration (100–300 nm) is
smaller than the high concentration, detected using Zetasizer Nanoparticle Analyser
(Malvern Instruments Ltd., UK). Therefore, the low-concentration zone, including the
concentration range of TPP (0.6–1.2mg/mL) and LCS (1� 2mg/mL), is investigated
(Tables 1 and 2).

The following quadratic polynomial regression model, usually applied to describe some
complex processes, was generated for the statistical analysis of the results:

Y ¼ a0 þ a1X1 þ a2X2 þ a3X3 þ a4X
2
1 þ a5X

2
2 þ a6X

2
3

þ a7X1X2 þ a8X1X3 þ a9X2X3

ð1Þ

where Y represents the mean particle size or entrapment percentage, Xi the independent
variables: LCS concentration ðX1Þ, TPP concentration ðX2Þ, temperature ðX3Þ and ai
(i¼ 1, 2, 3, . . . , 6) represent constants.

Stepwise selection is used to choose significant terms (variables), and statistically
significant levels (�¼ 0.05), critical values of leading variables (Fa¼ 0.05) and deleting
variables (Fe¼ 0.05) are set so that two regression equations could be obtained as follows:

PSðnmÞ ¼ �1880þ 1240X1 � 878X2 þ 62X3 � 256X2
1 þ 422X2

2

� 0:468X2
3 � 8:9X1X3

ð2Þ

Table 1. The level values of the factors affecting NPs in L9(3
4).

Levels LCS (mg/mL) TPP (mg/mL) Temperature (�C)

1 1 0.6 40
2 1.5 0.9 50
3 2 1.2 60
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PS is particle size, and the multiple correlation coefficient is R¼ 0.9797.

EEð %Þ ¼ 213� 65:6X1 � 378X2 þ 38:9X2
1 þ 104X2

2 þ 47:2X1X2

� 1:33X1X3 þ 2:38X2X3

ð3Þ

EE is entrapment percentage, and the multiple correlation coefficient is R¼ 0.9987.
The two- (three-) dimensional response plots on the factor-index are shown in Figure 2,

which illustrates the effect of the LCS and TPP concentrations and temperature on particle

size, and Figure 3 demonstrates the effect on entrapment percentage. Obviously, the effect

of these factors on the particle size is different from the entrapment percentage, comparing

Figures 2 and 3, and in all probability, smaller particle would mean lower entrapment

percentage. In Figure 2, the trends following the knees of curves could be accounted by

forming a mixture of NPs and aggregates, and in Figure 3, the entrapment percentage

increases with the LCS (or TPP) concentration and temperature. In view of the different

variations between PS and EE, the optimisation is in need of coordinating PS and EE

through the following analysis.
The parameters set to perform the experiment optimisation are shown in Table 3,

where lower/upper bounds are the potential ranges of factors (or indexes) based on the

preliminary experimental results, desirable direction is the anticipant orientation of

optimisation (þ1 or �1 mean that larger or smaller values are expected, respectively, and 0

represents having no desirable direction), and weights (the sum is 1) represent the

significance of factors (or indexes).
Concerning the joint effects of factors and the integrated requirement of PS and EE,

the linear weighted sum of the normalised values should be calculated to solve the problem

according to the following formula:

FðX1,X2,X3Þ ¼
Xmþn

i¼1

D
Fi � Fmid i

Fmax i � Fmin i
Wi ði ¼ 1, 2, . . . ,mþ nÞ ð4Þ

where m and n are the quantities of factors and indexes, respectively, D the desirable

direction value, Fi the factor/index expressions (Fmid i, Fmax i or Fmin i is the middle,

maximum or minimum value in the range from the lower bounds to the upper ones.)

Table 2. Experimental results.

Experiment
number

LCS x1
(mg/mL)

TPP x2
(mg/mL)

Temperature
x3 (

�C)
Mean particle

size (nm)
Entrapment

percentage (%)

1 1 (1) 0.6 (1) 40 (1) 113� 7 29.26� 3.73
2 1 (1) 0.9 (2) 50 (2) 125� 12 11.34� 1.71
3 1 (1) 1.2 (3) 60 (3) 155� 22 29.51� 3.33
4 1.5 (2) 0.6 (1) 50 (2) 286� 29 24.89� 2.29
5 1.5 (2) 0.9 (2) 60 (3) 196� 12 18.27� 3.40
6 1.5 (2) 1.2 (3) 40 (1) 138� 7 16.63� 1.70
7 2 (3) 0.6 (1) 60 (3) 149� 19 29.79� 2.01
8 2 (3) 0.9 (2) 40 (1) 140� 6 44.77� 2.45
9 2 (3) 1.2 (3) 50 (2) 175� 18 54.64� 3.71
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and Wi the weight of the factors (or indexes). In order to achieve smaller PS, larger
EE and lower temperature synchronously, it is necessary to calculate the maximum
of the function (4) using simplex method. When the maximum could be acquired, the
optimal conditions, the values of X1, X2 and X3 could be obtained: the LCS and TPP
concentrations (5 : 2 v/v) are 2 and 1.1mg/mL, and the temperature is 40�C. Meanwhile,
the particle size of 143 nm and the entrapment percentage of 53.2% could also be predicted
based on the functions (2) and (3).

In general, most of the technical processes are highly non-linear systems, which are
in need of complex modelling techniques, and a lot of mathematical models have been used
to analyse multivariable non-linear ones, while the appropriate models are usually

Figure 2. Two-dimensional/three-dimensional curve line/response surface plots showing the
variation in the NP size (nm) with changes in LCS and TPP concentrations and the reaction
temperature.
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Figure 3. Two-dimensional/three-dimensional curve line/response surface plots showing the
variation in the drug encapsulation percentage with changes in LCS and TPP concentration and
temperature.

Table 3. Setting parameters for synchronous optimisation.

Terms Lower bound Upper bound Desired direction Weight

LCS (mg/mL) 1.0 2.0 0 –
TPP (mg/mL) 0.6 1.2 0 –
Temperature (�C) 40 60 �1 0.1
PS (nm) 100 300 �1 0.5
EE (%) 0 60 1 0.4
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complicated, inaccurate and difficult to obtain. So, the quadratic polynomial regression

model likely caused the optimisation error because of inaccuracy. For further checking the

result, the neural networks, eliminating the need for modelling, are often used

as simulating tools because of the ability to fit a variety of input–output patterns; the

BP network is often a better selection as the first type of ANNs that is extensively used

for simulating non-linear systems.
In this study, a BP network is created using Matlab 7.0 (MathWorks, Inc., USA) after

the preparation according to orthogonal design L9(3
4), and the level values of three factors

are selected as input and the values of two indexes as output [31]. Because of the inequality

among the order of magnitude of samples (input and output), the original data should

be normalised as follows:

Xi ¼
xi � xmin

xmax � xmin

where xi, xmin and xmax are the original, minimum and maximum values of the factors

(or indexes) and Xi represents the normalised value of xi.
Single hidden layer network, containing three input neurons and two output ones

according to the quantities of factors and indexes, was selected as an analogue of

the experiment, because it was flexible enough to fit non-linear mapping. According

to Kolmogorov’s law, the hidden layer in the network could contain seven neurons

(the whole network structure (3� 7� 2) is shown in Figure 4), in which X1, X2, X3, PS and

EE are the normalised values of the LCS and TPP concentrations, temperature, particle

size and entrapment percentage, respectively. The training for 500 times, determined

by several more training, is carried out in the BP network and the transfer function in the

hidden layer is set as ‘tansig’. The other parameters, such as the transfer function of the

Figure 4. The back-propagation (BP) network structure (3� 7� 2).

Journal of Experimental Nanoscience 279

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



output layer and the training function of the network, are set as ‘logsig’ and ‘trainlm’
(Levenberg–Marquardt BP training function) in Matlab 7.0, and the training result
is shown in Figure 5. After training for 163 times, the network mean square error (MSE),
which is often used to evaluate the network performance, has reached 0.000959 (the goal is
0.001), and it could be deduced that the network is accurate enough to predict other
experimental results.

The network trained could be applied to predict and search for the optimal preparation
condition of chitosan NPs. In the beginning, the step width of three factors (LCS, TPP
and temperature) are set as 0.1, 0.1 and 5, so that there are 11� 7� 5 sets of combination
values of experiment conditions, which are normalised and input to network. Finally,
all the experimental results are predicted, and the optimal condition: the LCS and TPP
concentrations (5 : 2 v/v) of 2 and 1.0mg/mL, and temperature of 40�C (almost identical
to the result of polynomial non-linear regression analysis) would be found out by a simple
Matlab program based on the function (4) and the settings in Table 3. Meanwhile, the
particle size of 131.46 nm and the entrapment percentage of 53.47%, under the optimal
condition, are well predicted.

Zetasizer Nanoparticle Analyser is used to measure the mean particle size, and the
particle size distribution is shown in Figure 6, in which it is observed the average particle
size of 127.2 nm. The entrapment percentage is detected by HPLC (referring to 2.5), so that
the entrapment efficiency of 45.12% and the loading capacity of 7.3% are obtained. The
low-drug contents could be aptly accounted by the high-aqueous solubility of NCTD,
resulting in considerable drug loss to the aqueous medium.

TEM images, the photos of NPs stained with 2% phosphotungstic acid and the
ones not stained are shown in Figure 7 and used to evaluate if the NP forms and
the cross-linkage process take place by charge in the preparation condition. The spheres
in the images illustrate that chitosan–TPP NPs have formed, and the particle sizes in

Figure 5. The training result of the network in Matlab 7.0.
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Figures 6 and 7 are in substantial agreement, while the NPs stained are little smaller than
the not stained ones, which is probably because of the acidic condition of 2%
phosphotungstic acid that prevents NP aggregation.

From the results, the optimal condition is screened out by two data analysis
approaches. Since particle size and entrapment were taken into consideration simulta-
neously as per the function (4), it is obvious that the optimal formulations were superior to
the nine formulations in L9(3

4) table. Previously, it was only single index (particle size
or entrapment) that could be optimised by traditional methods [32]. The smallest particle
size of 100.7 nm exhibited 10.11% of entrapment, when the LCS and TPP concentrations

Figure 7. TEM images of low molecular weight chitosan (LCS) NPs loading NCTD: (a) the NPs
stained with 2% phosphotungstic acid; (b) the unstained NPs.

Figure 6. Particle size distribution analysis.
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were 1 and 0.9mg/mL and the temperature was 40�C. Also, the largest entrapment of
54.7% with the particle size of 175 nm was obtained when the LCS and TPP
concentrations were 2 and 1.2mg/mL and the temperature was 50�C (the 9th formulation
in Table 2). This result was unable to attend to particle size and entrapment at one time, so
it was reasonable that the optimal formulation was still superior to it. However, modelling
predictions arose some deviations, which could be explained by the inaccurate math-model
of polynomial non-linear regression analysis and the poor data used to train the network.
So, it is probably a better choice to apply two methods to cross-reference.

4. Conclusions

As a general conclusion, the relationship of index and factor could be described precisely
by mathematical modelling, and it is not necessary to collect enormous experimental data
to establish an accurate analytical model. On the contrary, the non-math-modelling
technique (ANNs) is often applied to simulate experimental system through creating
accurate network instead of searching or establishing a complicated math model. The
quality of network depends on the quantity of the training samples and influences
the precision of analysis. The advantages of the two methods could complement each other
to solve problems. On the other hand, introducing the linear weighted sum of the
normalised value makes it possible to optimise multiple indexes at one time. So they were
superior to the traditional method.

In general, the modelling data analytical methods could also be applied to analyse
those data from many other experimental designs, such as rotatable central composite
design or uniform design, available reference approaches; the analytical processes are the
same as specified above.
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