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ABSTRACT  

Objective: To prepare oral curcumin delivery and optimize curcumin loading of 3D-nano-cellulose networks material (3DCM) by looking into the 
impact of process variables on the response utilizing response surface methodology (RSM) and Box-Behnken design.  

Methods: Optimization of curcumin loading of 3DCM was conducted using RSM and Box-Behnken model. Impact of four independent variables, 
including, the concentration of curcumin (X1), temperature (X2), shaking speed (X3), and time of loading (X4), was studied on one dependent 
response, that is, an amount of loaded curcumin (Y). Characterization of optimized 3DCM including curcumin was examined by Scanning Electron 
Microscopy (SEM) and Fourier Transform Infrared (FTIR) analysis . 

Results: R2 value for Y was approximately 0.94. X1 possessed the biggest positive impact compared to X2, X3 and X4. Optimized conditions for 
curcumin loading of 3DCM were X1 at 3 mg/ml, X2 at 40 °C, X3 at 120 rpm and X4 at 120 min. SEM photograph of 3DCM surfaces were found 
including fibers creating a 3D network structure. FTIR spectra studies depicted that there was no interaction between curcumin and 3DCM.  

Conclusion: The data obtained in this study thus suggest that curcumin loaded 3DCM was successfully fabricated to give a potential oral delivery 
system of curcumin. 
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INTRODUCTION 

The 3D-nano-cellulose networks material (3DCM) has the structure of 
super-thin nano fibers, great tensile, high capacity of keeping water, 
mechanical strength, simplicity of producing into a desirable form,… 
and the 3DCM is proven to have the potential of being a drug delivery 
system by its superior properties [1, 2]. The use of 3DCM of coconut 
jelly (made from coconut juice after the fermentation of bacteria 
Acetobacter xylinum) in the coating for Paracetamol by spraying 
technique was reported [3]. Results have indicated that the 3DCM 
membranes are able to increase releasing time of the drug and 
improve the efficiency of drug users. 3DCM membrane from the 
fermentation of Gluconacetobacter xylinum in the standard medium 
(Hestrin–Schramm) for transporting and releasing berberine in vitro 
was tested [4]. The experiment has controlled the drug releasing of the 
3DCM in artificial models, including stomach and intestine. The gained 
information has shown that berberine released with low rate in acidic 
condition, normal in alkaline condition and high releasing rate in 
neutral pH condition. It was demonstrated that 3DCM is a potential 
choice to gelatin capsules with both fast and slow release properties of 
the drug depending upon the constitutions of the enclosed materials 
[5]. 3DCM was produced by Gluconacetobacter xylinus as substances 
for famotidine and tizanidine delivery of oral route [6]. Results of drug 
loading and drug release studies in vitro have shown that 3DCM was a 
promising material for applications in drug delivery through the oral 
route. Curcumin ([1,7–bis–(4–hydroxy–3–methoxyphenyl)–1,6–
heptadiene–3,5–dione] (diferuloyl methane)), a phenolic compound, is 
present in many kinds of medicinal plants, especially in Curcuma longa 
(turmeric). Curcumin possesses a wide spectrum of biological and 
pharmacological activities, such as anti-inflammatory, anticancer, and 
other pharmacological activities [7, 8]. However, curcumin has not yet 
been approved as a therapeutic agent due to its limited aqueous 
solubility and degradation at alkaline pH hinder its bioavailability [9]. 
One of the attempts to improve its bioavailability is utilizing proper 
delivery vehicles to maximize the absorption and stability of curcumin 
in the upper gastrointestinal tract. Curcumin loaded on cassava starch 
nanoparticles demonstrated improved cellular absorption with non-
toxic to normal cells [10]. It is demonstrated that the use of olive oil 
nanoemulsions as a delivery vehicle for curcumin with excellent 

release characteristics and the ability to protect curcumin in an 
aqueous environment [11]. Moreover, solid lipid nanoparticles of 
curcuminoids were formulated and characterized in order to improve 
poor oral bioavailability of curcumin [12]. In vivo pharmacokinetics 
study in rats was conducted to demonstrate improved oral 
bioavailability. This research aims to prepare oral curcumin delivery 
and optimize curcumin loading of 3D-nano-cellulose networks 
material (3DCM) for designing a potential delivery system of 
curcumin. 

MATERIALS AND METHODS 

Materials 

The bacterial strain of Acetobacter xylinum producing cellulose was 
isolated and cultured in the clean room of microorganism, Institute 
of Scientific Research and Applications (ISA)–Hanoi Pedagogical 
University 2 (HPU2), Vietnam. 

Curcumin (95 % purity) was purchased from Apollo (India), 
whereas yeast extracts were purchased from Sigma-Aldrich (USA). 
Peptone was purchased from ECHA (European Union) and other 
standard chemicals used in the analysis were purchased from China. 

Methods 

Fabrication of 3D-nano-cellulose networks material (3DCM) 

3DCM was produced by Acetobacter xylinum using the method of 
static culture in Hestrin-Schramm (HS) liquid medium [2, 13] which 
was composed of D-glucose (2 %), peptone (0.5 %), yeast extract 
(0.5 %), sodium dihydrogen phosphate (0.27 %), and citric acid 
(0.115 %) in distilled water (pH = 6), and sterilized at 121 °C for 20 
min. The pre-culture was inoculated into a previously sterilized 24-
well plate containing HS medium and incubated in a static incubator 
(Binder, Germany) at 28 °C for 15 d. 3DCM was rinsed thoroughly 
with distilled water and treated with 0.3 M NaOH solution in an 
autoclave (Hirayama, Japan) at 121 °C for 20 min to eliminate any 
remnants of bacterial colonies. The 3DCM was again thoroughly 
rinsed with distilled water till reaching neutral pH and stored at 4 °C 
for further use [5, 6]. 
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Experimental design 

Response surface methodology (RSM) is one of the popular methods 
in the development and optimization of drug delivery systems. 
Based on the principles of design of experiments, the methodology 
involves the use of various types of experimental designs, generation 
of polynomial mathematical relationships, and mapping of the 
response over the experimental domain to select the optimum 
formulation. Box-Behnken design is one type of RSM designs 
available for statistical optimization of the formulations [14]. A Box-
Behnken experimental design was employed to statistically optimize 
the curcumin loading parameters of 3DCM for maximum curcumin 
entrapment. The Box-Behnken design was specifically selected since 
it requires fewer treatment combinations than other designs in cases 
involving three or four factors. The Box-Behnken design is also 
rotable and contains statistical missing corners, which may be useful 

when the experimenter is trying to avoid combined factor extremes. 
This property prevents a potential loss of data in those cases. 
Generation and evaluation of the statistical experimental design 
were performed with the JMP10 software. A design matrix 
comprising of 27 experimental runs was constructed. The 
independent and dependent variables are listed in table 1. The 
polynomial equation generated by the experimental design is as 
follows: Y = b0+b1X1+b2X2+ b3X3+b4X4+ b5X1X2+ b6X1X3+ 
b7X1X4+b8X2X3+ b9X2X4+b10X3X4+b11X12+b12X22+b13X32+b14X42 (1) [14].  

Where, Y is the measured response of the dependent variables; b0 is the 
intercept; b1 to b14 are the regression coefficients computed from the 
observed experimental values of Y. X1, X2, X3, and X4 is the coded value of 
the independent variables that were selected from the preliminary 
experiments. XaXb (a, b = 1, 2, 3, 4) and Xi2 (i = 1, 2, 3, 4) represented the 
interaction and quadratic terms, respectively. 

 

Table 1: The levels of independent and dependent variables in Box-Behnken design 

Factor Levels used, actual (coded) 
Low (−1) Medium (0) High (+1) 

X1 = Concentration (mg/ml) 1 2 3 
X2 = Temperature (°C) 40 50 60 
X3 = Shaking speed (rpm) 120 160 200 
X4 = Time (min) 60 90 120 
Yi = Amount of loaded curcumin (mg) Maximize 

 

Determination of curcumin loaded into 3DCM 

The 3DCM produced by Acetobacter xylinum in a Hestrin-Schramm 
(HS) liquid medium with the diameter 1.5 cm and thickness 1 cm 
was added a curcumin solution by using absorption method [15]. 
After a period of loading, the spectrophotometry (Spectrograph UV-
Vis 2450, Shimadru, Japan) was performed to determine an 
excessive amount of curcumin in the solution [2, 6, 15] at the time of 
sampling. The amount of curcumin loaded into 3DCM is calculated 
according to formula 2: mcl = m1–m2 (mg) (2) [2, 16]. Where: mcl is 
the amount of curcumin that is loaded into the 3DCM; m1 is the 
initial amount of curcumin in solution; m2 is the excessive amount of 
curcumin existing in solution after a certain period of time 3DCM 
loading curcumin. 

Scanning electron microscopy (SEM) 

The surface topography and morphology of the 3DCM were 
visualized by a field-emission scanning electron microscopy (FESEM, 
S-4800, Hitachi, Japan). The samples heat at 40 °C in 20 min, cover, 
then a thin platinum layer and put into the sample chamber [17]. 

Fourier transform infrared (FTIR) analysis 

FTIR analysis was performed to study the chemical interaction 
between curcumin and 3DCM using FTIR Affinity-1S (Shimadru, 
Japan). Spectra for all samples is directly measured by Reflectometry 
in 20 °C, moisture 40-43 %. The samples were scanned in the IR range 
from 400 to 4000 cm −1 [17]. Interaction between the components, if 
any, was indicated by either producing additional peaks or absence of 
characteristic peak corresponding to curcumin and 3DCM. 

Data analysis and statistics  

Data are reported as mean±SD (Standard deviation) and the 
difference between the groups were tested using two-way ANOVA, 
using Microsoft Excel 2010 and JMP10 software. The differences 
were statistically significant when P<0.05. 

RESULTS  

Optimization of curcumin loading of 3DCM 

From the preliminary studies, it was observed that the concentration 
of curcumin, temperature, shaking speed, and time of loading 
contributed much towards the change in amount of curcumin loaded 
into 3DCM using the absorption method. Therefore, Box-Behnken 
design was applied in this study to optimize the curcumin loading of 
3DCM. The experimental matrix from the randomized runs for the 
independent variables and response observed is shown in table 2. 

The response was simultaneously fitted to regression models by 
using the JMP10 software. Actual versus predicted profile, analysis 
of variance and lack of fit for the response amount of loaded 
curcumin into 3DCM has been given in fig. 1. By comparing statistical 
parameters, such as P-value and squared correlation coefficient 
(RSq) it was found that regression model was fitting in the 
mathematical model for the response. P-value for the response 
amount of loaded curcumin into 3DCM (Y) was less than 0.0001. 
P<0.05 indicated that the model is statistically significant. The RSq 
value defines the total variation shown by the model. The RSq value 
should be close to 1 for a good model fit. The RSq value of the 
response Y was approximately 0.94. 

The polynomial equation was used to draw the conclusions after 
considering the magnitude of coefficient and the mathematical sign 
it carried. The mathematical relationship in the form of factor’s 
coefficients, its corresponding P-values for the measured response 
and correlation coefficient are shown in table 3. Coefficients with P-
value less than 0.05 had a significant effect on the prediction efficacy 
of the model of the measured response. The high values of the 
correlation coefficient for the dependent variable indicated a good 
fit. The amount of loaded curcumin into 3DCM (dependent variable, 
Y) obtained at various levels of the four independent variables (X1, 
X2, X3 and X4) was subjected to multiple regressions to yield a 
second-order polynomial equation (full model). 

Y = 9.49+4.26X1–0.37X2–0.08X3+0.60X4–0.08X1X2–0.59X1X3+1.26X1X4 

–0.09X2X3–0.59X2X4–0.08X3X4–1.85X12–0.35X22+0.03X32–0.67X42 (3) 

The amount of loaded curcumin into 3DCM values measured for the 
different batches showed wide variation (i.e., Values ranged from a 
minimum of 1.14 to a maximum of 14.55). The results clearly 
indicated that the amount of loaded curcumin in 3DCM value was 
strongly affected by the variables selected for the study. This was 
also reflected by the wide range of values for the coefficients of the 
terms of equation 3. The main effects of X1, X2, X3 and X4 represented 
the average result of changing one variable at a time from its lowest 
level to its high level. The interaction terms (X1X2, X1X3, X1X4, X2X3, 
X2X4, X3X4, X12, X22, X32 and X42) showed how the amount of loaded 
curcumin into 3DCM changed when two variables were 
simultaneously changed. Concerning the amount of loaded curcumin 
into 3DCM, the results of multiple linear regression analysis showed 
that both the coefficients b1 and b4 had a positive sign while b2 and 
b3 had a negative sign (R2 = 0.94).  

Equation 3 and from the parameter estimates shown in table 3 
revealed X1 had the largest positive effect compared to X2, X3 and X4. 
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Table 2: Experiment based on box-behnken design and the observed amount of loaded curcumin into 3DCM results 

S. No. Pattern Concentration (mg/ml) Temperature (°C) Shaking speed (rpm) Time (min) Amount of loaded curcumin (mg)  
1 +0+0 3 50 200 90 10.51±1.65 
2 +00− 3 50 160 60 9.76±1.48 
3 0−−0 2 40 120 90 9.46±1.41 
4 0000 2 50 160 90 9.45±1.31 
5 +−00 3 40 160 90 10.85±1.37 
6 00−− 2 50 120 60 8.24±0.91 
7 ++00 3 60 160 90 10.49±1.50 
8 −−00 1 40 160 90 4.13±0.17 
9 00+− 2 50 200 60 9.22±1.06 
10 0+−0 2 60 120 90 8.62±1.36 
11 0++0 2 60 200 90 8.18±1.18 
12 +0−0 3 50 120 90 12.72±1.72 
13 −00+ 1 50 160 120 1.14±0.13 
14 0−+0 2 40 200 90 9.36±1.83 
15 0000 2 50 160 90 9.53±1.45 
16 −+00 1 60 160 90 4.08±0.14 
17 0−0− 2 40 160 60 8.13±1.01 
18 −00− 1 50 160 60 1.37±0.15 
19 +00+ 3 50 160 120 14.55±1.79 
20 00++ 2 50 200 120 9.49±1.39 
21 −0−0 1 50 120 90 4.04±0.19 
22 0−0+ 2 40 160 120 10.20±1.43 
23 00−+ 2 50 120 120 8.82±2.41 
24 0+0+ 2 60 160 120 8.03±1.77 
25 0+0− 2 60 160 60 8.31±1.96 
26 −0+0 1 50 200 90 4.18±1.02 
27 0000 2 50 160 90 9.50±2.48 

 Note: All data representing an average of 3 trials (n = 3), given as mean±SD 
 

  

Fig. 1: Actual versus predicted profile, analysis of variance and lack of fit for the response amount of loaded curcumin into 3DCM 
 

Table 3: The parameter estimates for the response amount of loaded curcumin into 3DCM 

Term Estimate Std error t Ratio Prob>|t| 
Intercept 9.4933 0.6534 14.53 <0.0001* 
Concentration (mg/ml) (1, 3) 4.1616 0.3267 12.74 <0.0001* 
Temperature (°C) (40, 60) -0.3683 0.3267 -1.13 0.2816 
Shaking speed (rpm) (120, 200) -0.08 0.3267 -0.24 0.8107 
Time (min) (60, 120) 0.6 0.3267 1.84 0.0912 
Concentration (mg/ml) x Temperature (°C) -0.0775 0.5659 -0.14 0.8933 
Concentration (mg/ml) x Shaking speed (rpm) -0.5875 0.5659 -1.04 0.3197 
Temperature (°C) x Shaking speed (rpm) -0.085 0.5659 -0.15 0.8831 
Concentration (mg/ml) x Time (min) 1.255 0.5659 2.22 0.0466 
Temperature (°C) x Time (min) -0.5875 0.5659 -1.04 0.3197 
Shaking speed (rpm) x Time (min) -0.0775 0.5659 -0.14 0.8933 
Concentration (mg/ml) x Concentration (mg/ml) -1.8475 0.4900 -3.77 0.0027* 
Temperature (°C) x Temperature (°C) -0.345 0.4900 -0.70 0.4949 
Shaking speed (rpm) x Shaking speed (rpm) 0.03 0.4900 0.06 0.9522 
Time (min) x Time (min) -0.6675 0.4900 -1.36 0.1982 
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The results in table 3 showed that the interaction terms, only 
coefficients b7 and b11 were significant at P<0.05. It could be 
concluded that the interaction terms b5, b6, b8, b9, b10, b12, b13 
and b14 did not contribute significantly to the prediction of Y, and 
the low coefficients of these terms in equation 3 indicated that these 
terms contributed the least to the prediction of Y. It was deduced 
that concentration of curcumin (X1) and its interaction with time of 
loading (X4) contributed to the regression model more than others. 

In order to determine the optimal value of the four experimental 
factors for a maximum amount of loaded curcumin into 3DCM, the 
expected point will be maximized using the prediction curve through 
prediction tools in JMP10 software (Prediction Profiler). The results 
in fig. 2 showed that the maximum amount of loaded curcumin into 
3DCM can reach 14.37 mg when reacting to concentration of 
curcumin at 3 mg/ml, the temperature at 40 °C, shaking speed at 
120 rpm, and time of loading at 120 min. 

 

 

Fig. 2: Prediction profiler response amount of loaded curcumin into 3DCM 

 

After determining the optimum conditions for curcumin loading of 
3DCM, in order to test the compatibility of the model for the 

experiment, the amount of loaded curcumin into 3DCM was taken 4 
times at the predicted conditions shown in table 4. 

 

Table 4: Comparison between the experimental and predicted values for the most probable optimal conditions 

Dependent variable Optimized conditions (3 mg/ml, 40 °C, 120 rpm, 120 min) 
Experimental  Predicted 

Amount of loaded curcumin into 3DCM 14.47±0.87 mg 14.37 mg 

Note: All data representing an average of 4 trials (n = 4), given as mean±SD 

 

Comparison between the experimental and predicted values for the 
most probable optimal conditions is reported in table 4.  

The experimental test showed that the results on the amount of 
loaded curcumin into 3DCM at the optimized conditions 
(14.47±0.87) with an insignificant difference from the predicted 

result (14.37) of the model (P>0.05), and amount of loaded 
curcumin were well within the predetermined specifications. From 
this, it can be concluded that as predicted value agreed well with the 
experimental values, demonstrating the feasibility of the optimized 
conditions in the development of a potential curcumin delivery 
system from curcumin loaded 3DCM. 

 

  
a b 

Fig. 3: Scanning electron microscopy images of curcumin unloaded 3DCM (a) and optimized curcumin loaded 3DCM (b) 
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Characterization of optimized curcumin loaded 3DCM  

The morphological characteristics of the curcumin loaded 3DCM 
were observed using FESEM. As shown in fig. 3a and 3b, the 
prepared curcumin unloaded 3DCM and curcumin loaded 3DCM 
were found to be composed of entangled fibers, forming an 
interconnected web-like structure. As the results, 3DCMs have the 

homogeneous fiber structure networks without significant changes 
in structure before and after loading curcumin. 

FTIR analysis of pure curcumin, pure 3DCM and optimized curcumin 
loaded 3DCM was performed to investigate the interaction between 
curcumin and 3DCM. Fig. 4 shows FTIR spectra of curcumin, 3DCM 
and optimized curcumin loaded 3DCM. 

  

 

Fig. 4: FTIR spectra of pure curcumin, pure 3DCM and optimized curcumin loaded 3DCM 

 

The FTIR spectra of 3DCM displayed the typical features of cellulosic 
substrates with intense bands around 3300, 2880, 1100 and 700 cm-

1, associated with the vibrations of the –OH, C–H, C–O–C and –CH2–
groups, respectively [4, 17]. In the optimized curcumin loaded 
3DCM, no additional peaks attributable to the formation of a 
complex appeared, but variations in the relative intensities of the 
characteristic peaks for 3DCM, and the curcumin can be observed.  

DISCUSSION 

The results of optimized curcumin loaded 3DCM are consistent with 
other studies about the structure of 3DCM including nano-sized 
cellulose fibers that make up the three-dimensional structure 
network [4-6, 17]. Furthermore, in another study, the SEM 
micrographs indicated that the fibers of freeze-dried 3DCM were 
interwoven more loosely with fiber-covered pores present on the 
surface, in contrast, the structure of oven-dried 3DCM was more 
compact with no visible pores on the surface [5]. The changes in the 
pore sizes of 3DCM analyzed by SEM showed that the porosity 
decreased after acid or alkali treatment, indicating fiber expansion, 
and neutral buffer had no effect on 3DCM fibers [4]. However, in this 
study, investigation of the 3DCM structure using FESEM showed that 
the cellulose fibers of 3DCM have a stable structure without 
structural change when loading curcumin under optimal condition. 
The FTIR spectrum of a physical mixture shows all characteristic 
peaks with minor shifts indicating an absence of interactions. 
Consequently, between the curcumin and 3DCM without the 
formation of covalent bonds, the optimized curcumin loaded 3DCM; 
therefore, only involved noncovalent bonding forces. The 
appearance of specific absorption peaks associated with functional 
groups of 3DCM and curcumin revealed the successful curcumin 
loading into 3DCM without any chemical alteration in the structure 
of the curcumin and 3DCM. The results are in agreement with the 
previous studies [4, 5, 17]. 

CONCLUSION 

Curcumin loaded 3DCM, a potential curcumin delivery system, was 
successfully fabricated by absorption method and optimization 
technique using RSM and Box-Behnken model. The study 
demonstrated that the results on the amount of loaded curcumin 
into 3DCM at the optimized conditions with an insignificant 
difference from the predicted result of the model, and amount of 

loaded curcumin were well within the predetermined specifications. 
Optimized conditions for curcumin loading of 3DCM were the 
concentration of curcumin at 3 mg/ml, temperature at 40 °C, shaking 
speed at 120 rpm and time of loading at 120 min. SEM imaging, the 
3DCM surfaces were found to be composed of entangled fibers, 
forming an interconnected web-like structure. FTIR spectra studies 
depicted that there was no interaction between curcumin and 3DCM. 
The results indicate the potential for using 3DCM to design the oral 
curcumin delivery system. 
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