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Abstract: Curcumin is a naturally occurring phytochemical with interesting 
therapeutical properties. However, it shows some limitations of low intrinsic solubility, 
fast degradation and poor bioavailability. In this study, curcumin was loaded onto amino-
functionalised starch (amino-starch) nanoparticles via the nanoprecipitation method in 
an attempt to increase its water solubility. In this nanoprecipitation process, the amino-
starch aqueous solution was added into excess ethanolic solution under stirring. Amino-
starch nanoparticles were formed as organic solvent got separated from the amino-starch. 
Amino-starch nanoparticles with mean particle size of 163 nm were obtained by drop-
wise addition of dissolved amino-starch solution into excess absolute ethanol solution 
containing curcumin. Amino-starch nanoparticles showed enhanced curcumin loading 
capacity of 0.76 mg mg–1 as compared to 0.33 mg mg–1 for native starch nanoparticles. 
Curcumin was observed to release out slowly from amino-starch nanoparticles over a 
period of 12 h. Therefore, the potential of amino-starch nanoparticles as the controlled 
release nanocarriers for curcumin was demonstrated.
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1.	 INTRODUCTION

Curcumin is a naturally occurring phytochemical derived from Curcuma longa 
(turmeric) with interesting therapeutic properties, including being antioxidant, 
anti-inflammatory, anti-proliferative, anti-microbial, as well as the antitumor 
effect for many types of cancer cells.1 It has been reported to have a minimal side 
effect on humans, and it is still safe for consumption even at a higher dosage.2 
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Despite all these promising biomedical properties, curcumin suffers from several 
limitations such as low water solubility, fast degradation and poor bioavailability. 
Consequently, various research efforts were carried out to load curcumin onto 
nanocarrier to enhance its water solubility, stability and bioavailability.1,3  

Starch nanoparticles have been demonstrated to be promising nanocarriers for 
various drugs and nutraceutical products as they are composed of a natural 
polysaccharide that is renewable, biodegradable, low cost, abundantly available 
and biocompatible with tissue and cells.4 Previously, our research group has 
loaded curcumin onto native starch nanoparticles by the in-situ precipitation 
microemulsion method. However, the intrinsic poor water solubility of native 
starch has resulted in a relatively low loading capacity of curcumin. Higher loading 
capacity of curcumin was achieved by the use of a microemulsion method, which 
was due to higher suspension stability of starch that afforded more curcumin to be 
encapsulated onto the starch nanoparticles.1

Amino-starch mostly had been reported to show enhanced physical properties 
such as higher water solubility, aside from exhibiting low antimicrobial 
properties.5 The protonation of the amino groups facilitates the repulsion between 
the polymer chains, forming a stable starch suspension in aqueous solution.2  
Thus, improved hydrophilic properties of native starch will also help to increase 
the loading capacity of curcumin onto the starch nanoparticles. In this study, 
amino-starch was synthesised by reacting native sago starch (Metroxylon sagu) 
with ethylenediamine in the aqueous-based medium and subsequently loaded with 
curcumin via the in-situ nanoprecipitation method. The prepared curcumin loaded 
amino-starch nanoparticles then were evaluated as controlled release nanocarriers 
of curcumin.  

2.	 EXPERIMENTAL

2.1	 Materials

Native sago starch was purchased from a local grocery store in Kuching (Sarawak, 
Malaysia). Ethylenediamine from R&M Chemicals (United Kingdom) as an amino 
source, epichlorohydrin from Sigma Aldrich (United States) as the crosslinking 
agent, and curcumin powder from Merck (Germany) were used. Sodium hydroxide 
(NaOH) was obtained from Merck (Germany), ethanol was obtained from HmbG 
Chemicals (Malaysia), potassium bromide (KBr) of infrared spectroscopy grade 
was from Merck (Germany), and hydrochloric acid was obtained from R&M 
Chemicals (United Kingdom). All chemicals were reagent grade and used as 
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purchased without further purification. All aqueous solutions were prepared using 
ultrapure water (∼18.2 MΩ, 25°C) from the Water Purifying System, ELGA, 
Model Ultra Genetic (United Kingdom).

2.2	 Preparation of Amino-starch Nanoparticles

Amino-starch nanoparticles were prepared based on the methodology reported by 
Wang et al.6 Native sago starch was dried for 2 h at 60°C prior to use. A starch 
solution (2% w/v) was prepared by dissolving 1.0 g of native sago starch in 50 ml 
of 1.0 M aqueous sodium hydroxide (NaOH) solution at 70°C. Approximately 
0.1 ml epichlorohydrin was then added and the mixture was continuously stirred 
overnight. The resulting solution was adjusted to pH 6–7 with hydrochloric 
acid (HCl) and successively 1.0 ml of ethylenediamine was added. The aqueous 
amino-starch solution was then re-precipitated by stirring at 500 rpm in absolute 
ethanol to form amino-starch nanoparticles. After centrifugation, the supernatant 
was removed and the regenerated amino-starch nanoparticles were washed 
three times with absolute ethanol to remove excess NaOH, epichlorohydrin and 
ethylenediamine. A clear solution of supernatant was observed after washing three 
times with the absolute ethanol. 

2.3	 Preparation of Curcumin Loaded Amino-starch Nanoparticles

Curcumin was loaded onto the amino-starch nanoparticles via the in-situ 
nanoprecipitation method as reported by Chin et al.1 Amino-starch solution with 
1% (w/v) concentration was prepared by a constant stirring of 0.25 g amino-sago 
starch in 25 ml ultrapure water at ambient temperature. Curcumin powder then 
was dissolved in 20 ml of absolute ethanol, making up 7.5 mg ml–1 of solution 
concentration by continuously stirred until a homogenous solution was obtained. 
An amount of 1 ml aliquot of the starch solution was added dropwise into the 
curcumin ethanol solution and stirred for another 30 min. Curcumin was loaded 
in-situ as the amino-starch nanoparticles were formed during the precipitation 
process. The curcumin loaded amino-starch nanoparticles were collected by 
centrifugation and washed three times with absolute ethanol in order to remove 
excess curcumin adhered to the surface of the nanoparticles. 

2.4	 Loading Capacity of Curcumin 

The curcumin loaded amino-starch nanoparticles were collected by centrifugation 
and the amount of free curcumin in the supernatant was measured by a UV-Vis 
spectrophotometer at a wavelength of 429 nm. A calibration curve of curcumin in 
absolute ethanol within the concentration range of 1.5 mg l–1 to 15 mg l–1 was used 
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to determine the amount of curcumin loaded onto the amino-starch nanoparticles. 
The loading capacity of curcumin (mg mg–1) was calculated based on Equation 1:

curcumin(initial) − curcumin(free) (1)
total weight of nanoparticles

where curcumin(initial) is the initial concentration of curcumin used before 
encapsulation and curcumin(free) is the concentration of curcumin available in the 
supernatant after centrifugation.

2.5	 Curcumin Release Study

Curcumin release study was conducted based on the methodology reported by 
Voon et al.7,19 About 50 mg of curcumin loaded amino-starch nanoparticles were 
dispersed in 15 ml of phosphate-buffered saline (PBS) at two different pH values: 
(1) pH 7.4 which simulate human blood; and (2) pH 1.2 which simulated gastric 
juice.8,9 PBS medium of pH 1.2 was prepared by adding diluted HCl to the desired 
pH value. The desired medium pH value of PBS for pH 1.2 was adjusted by 
adding diluted HCl. Curcumin release study suspension was kept incubated at 
37°C ± 0.5°C, at a scheduled time interval 5 ml of PBS solution was withdrawn 
and then replaced with an equal volume of PBS solution of the same pH. The 
amount of curcumin released was quantified by measuring its absorbance by the 
UV-Vis spectrophotometer at the wavelength of 429 nm. The calibration curve 
of curcumin was constructed beforehand by measuring a series of curcumin 
standards in PBS at 429 nm. The concentration of the curcumin released then was 
calculated with reference to the calibration curve (R2 = 0.997 at pH 1.2, R2 = 0.959 
at pH 7.4) of curcumin in PBS. The percentage of curcumin released from amino-
starch nanoparticles was calculated based on Equation 2:

Mass of curcumin released
× 100% (2)

Mass of curcumin in nanoparticles

2.6	 Swelling Study 

The swelling behaviour of amino-starch nanoparticles was studied by dispersing 
the amino-starch at two different pH values (pH 7.4 and pH 1.2). Amino-starch 
nanoparticles were immersed in the 10 ml of buffer at pH 7.4 and pH 1.2, 
respectively at 37°C ± 0.5°C. At predetermined time intervals, the nanoparticles 
were removed, and the excess buffer was blotted with filter paper. Changes in the 
weight of the swollen nanoparticles were measured and recorded. The experiment 
was conducted for 8 h as swelling of nanoparticles has reached equilibrium. 
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The mass of nanoparticles remained constant after 8 h. The swelling ratio was 
calculated based on Equation 3:

Ww − Wd
(3)Wd

where Ww and Wd are the wet and dry weights of amino-starch nanoparticles.

2.7	 Characterisation of Amino-starch and Curcumin Loaded Amino-
starch

2.7.1	 FTIR spectroscopy

The samples were mixed with KBr with a ratio of 1:100 to form pellets.  
The sample/KBr pellets were scanned using the FTIR spectroscopy, Thermo 
Scientific/Nicolet iS10 (United States) within the wavenumber range of  
4000–500 cm–1.

2.7.2	 SEM

The morphological characterisation of samples was conducted by using a scanning 
electron microscope (SEM), JEOL JSM-639OLA (Japan), at an accelerated 
voltage of 10 kV.

Samples were dried in an oven for 12 h at 60°C before mounting it on metal stub 
using conductive carbon tape. The gold coating then was applied to the mounted 
sample to further increase the conductivity before viewing it under the scanning 
electron microscope. 

2.7.3	 UV-Vis spectroscopy 

The loading capacity and release study of curcumin was determined using a  
UV-Vis spectrophotometer, Perkin Elmer Lambda 25 (United States) by 
measuring the absorbance at the wavelength of 429 nm. A calibration standard 
curve of curcumin was plotted by measuring the absorbance of a series of curcumin 
solutions of different concentrations.
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3.	 RESULTS AND DISCUSSION

3.1	 FTIR Analysis 

Wavenumbers (cm−1)
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Figure 1:	 FTIR spectra of (a) native sago starch, (b) amino-starch, and (c) amino-starch 
nanoparticles.
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FTIR spectra of native sago starch and amino-starch are shown in Figure 1. 
Figure  1(a) shows absorption peaks at 1409 cm–1 and 857 cm–1 which were 
attributed to C-H bendings, whereas peaks at 1148 cm–1, 1077 cm–1, 994 cm–1 
and 759 cm–1 were due to stretching vibration of C-O bonds.10 All absorption 
peaks observed were a general characteristic of any starch samples with a peak 
at 759 cm–1 being solely attributed to starch molecules.10 Strong absorption peak 
at 3262 cm–1 was also observed in Figure 1(a) which belongs to -OH stretching 
of native sago starch molecules. Figure 1(b) shows amino-starch with closely 
similar peaks observed at 3265 cm–1, due to the -OH stretching overlapped with 
NH stretching in the same region.2,11 Absorption peak observed at 997 cm–1 which 
resembles 994 cm–1 peak in Figure 1(a) also belongs to the stretching of C-O 
bonds of the starch molecule. A strong peak was observed at 1630 cm–1 which 
was attributed to the N-H bending vibration.2 A new weak peak was also observed 
around 1563 cm–1 and 1363 cm–1, due to the C-N bond in between the amino 
group and starch molecules.12,13 The presence of these peaks evidenced that amino 
groups were successfully attached to the starch molecules. Figure 1(c) shows the 
FTIR spectra of the prepared amino-starch nanoparticles. It is closely similar to 
Figure 1(b) which implies that there is no changes occur on the functional group 
even after the formation of nanoparticles. 

Figure 2:	 Proposed schematic representation of the reaction of amine and native sago 
starch to form amino-starch.

Figure 2 shows the proposed schematic representation of the reaction for the 
formation of amino-starch.6 The low reactivity of native sago starch and amine 
requires modification in order to improve inter-reactivity between the compounds. 
Therefore, epichlorohydrin was used as a crosslinking agent, producing starch-
ether.14 In the presence of excess epichlorohydrin, starch-ether could react 
efficiently with ethylenediamine in which aminated starch was obtained.15

3.2	 Morphological Study 

Figure 3 shows the SEM micrographs of native sago starch and amino-starch 
nanoparticles. Granule’s size distribution was analysed by using SmileView 
software. As observed in Figure 3(a), native sago starch comprised of smooth 
oval granules with a mean granule size of 20 µm. The sizes of the starch granules 
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are ranging from 12 µm to 27 µm. Figure 3(b) shows the SEM micrograph of 
amino-starch nanoparticles with the mean particle sizes of 163 nm, and the size 
ranges at 120–200 nm. The drastic change in the morphological characteristics 
of the starch granules was due to the pressure-induced by high-speed stirring and 
the reaction temperature of 70°C used during the modification process which 
destroyed the granule structures of the native starch. High-speed stirring during 
the precipitation process had resulted in the formation of small particle sizes by 
breaking apart aggregates or preventing particles from agglomerating. The amino-
starch nanoparticles were observed to be spherical in shape.  

(a)

	

(b)

Figure 3:	 SEM micrographs of (a) native sago starch, and (b) amino-starch nanoparticles.

3.3	 Loading Capacity of Curcumin

Curcumin was loaded onto amino-starch nanoparticles by the in-situ 
nanoprecipitation processes. The loading of curcumin occurred during the 
precipitation of starch nanoparticles, where curcumin was being encapsulated or 
adsorbed on the surface of regenerated nanoparticles.1 Figure 4 shows the loading 
capacity of curcumin increased linearly as the concentration of curcumin was 
increased from 0.5 mg l–1 to 5.0 mg l–1. At the concentration of 5 mg l–1 and 
above, the loading capacity of curcumin in the reaction medium was leveled off, 
indicating that the maximum loading has been achieved. The maximum loading 
capacity of curcumin for amino- starch nanoparticles was determined to be  
0.76 mg mg–1. 

In our previous finding, the maximum loading capacity of curcumin was 
2.0  mg  mg–1 with 78% loading efficiency in the microemulsion system.1  
Much lower loading curcumin was reported in ethanolic solution with a 
loading efficiency of 13% and a maximum loading capacity of 0.33 mg mg–1. 
The loading of curcumin in the microemulsion system was higher due to the 
presence of highly hydrophobic of lipophilic domains in the system. The highly 
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hydrophobic component further dissolved curcumin as it increased its solubility, 
thus improving the loading capacity of curcumin. In this work, a higher loading 
capacity was achieved in the ethanolic system as compared to a similar system 
used in the previous study. Enhanced solubility of the amino-starch not only led 
to the formation of a much stable starch solution but also enhanced the solubility 
of curcumin thereby resulted in a higher loading capacity of curcumin. The amine 
group worked almost similar to the lipophilic domain in the microemulsion 
system. The positively charged amino groups attached to the starch surface 
formed hydrogen bonds with the phenolic group of curcumin, resulting in the 
higher solubility of curcumin and hence led to the higher loading capacity at 
0.76 mg mg−1 of curcumin onto the amino-starch nanoparticles compared to the 
loading capacity of 0.33 mg mg−1 in an ethanolic solution using native starch.16
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Figure 4:	 Effect of curcumin concentration in the reaction medium on the loading capacity 
of amino-starch nanoparticles (error bars were calculated from the mean value 
of triplicate readings, number of samples (n) = 3).

3.4	 Swelling Study

Figure 5 shows the swelling behaviour of amino starch nanoparticles at pH 1.2 and 
pH 7.4. It was observed that the swelling of nanoparticles increased along with 
the increase in time. Amino-starch nanoparticles showed that it swelled more at 
pH 1.2 as compared to at pH 7.4 medium. It is most likely that in acidic condition, 
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which due to the protonation of the amine group attached on the surface of the 
nanoparticles. This has increased the positive charge density of the nanoparticles, 
thus facilitated repulsions between the polymer chains.2 Meanwhile, in the neutral 
condition of pH 7.4, the amine group was not easily protonated as there is a lower 
amount of free proton available. Therefore, amino-starch nanoparticles swelled 
more in acidic conditions due to the protonation of the amine group on the 
polymeric chain.
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Figure 5:	 The swelling ratio of amino-starch nanoparticles at pH 1.2 and pH 7.4 (error 
bars were calculated from the mean value of triplicate readings, number of 
samples (n) = 3).

3.5	 Curcumin Release Studies

Curcumin release study was conducted in a phosphate buffer solution of pH 1.2 
and pH 7.4 which simulate human digestive juice and blood, respectively.8 As 
can be seen in Figure 6, the release behaviour of curcumin from the amino-starch 
nanoparticles was closely influenced by time, swelling properties as well as the 
pH of the media. Curcumin is being released as the nanoparticles swelled up due 
to the absorption of the buffer solution, in which the swollen part facilitated the 
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diffusion of curcumin gradually. As time increased, a higher degree of swelling 
allows greater access for the solution media to the encapsulated drug, therefore 
promote more the release of curcumin.1–3,7 The initial burst of curcumin released 
was observed within 2 h to be around 34% at pH 1.2 and 36% at pH 7.4 which 
brings the cumulative release close in between the two mediums. Despite the 
initial burst, curcumin continued to be released gradually at pH 7.4. At lower 
pH, curcumin was released more within a shorter period compared to that at 
higher pH. As shown in Figure 6, 100% of curcumin were released within 8 h at 
pH 1.2. Meanwhile, at pH 7.4, the loaded curcumin was fully released in 12 h. 
This is because the nanoparticles swelled more in acidic conditions due to higher 
protonation of the attached amine group, thus promoting higher diffusion of 
curcumin. In short, the prepared amino-starch nanoparticles with its pH-sensitive 
mechanism and controlled release of curcumin may be beneficial in various kinds 
of treatment, especially in cancer therapy for selective and efficient treatment.17
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Figure 6:	 Cumulative release of curcumin from amino-starch nanoparticles at pH 1.2 and 
pH 7.4 (error bars were calculated from the mean value of triplicate readings, 
number of samples (n) = 3).
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3.6	 Drug Release Mechanism 

The drug release mechanism was studied by fitting into several kinetic models 
as shown in Table 1. The curcumin release profile on both pHs was found to 
closely correlate to zero-order and first-order as the linear regression coefficients 
(R2) of curcumin were nearly 1 with R2 value in the range of 0.9022–0.9754. 
This indicated that the curcumin release from amino-starch nanoparticles was 
concentration-independent.4 The in-vitro release data also showed a good fit for 
the Hixson-Crowell and Higuchi model (R2 value of 0.9318–0.9896), which could 
be attributed to the release profile based on swelling and erosion of the starch 
matrix.18 The release profile of curcumin from amino-starch nanoparticles was 
further clarified by applying the Korsmeyer-Peppas model. The R2 values from 
fitting the Korsmeyer-Peppas model were determined to be 0.9702 and 0.9028 at 
pH 1.2 and 7.4, respectively, indicating that the release of curcumin was driven 
by diffusing out from the nanoparticles matrix.19 Amino-starch nanoparticles also 
showed a good fit for the model with the slope (n) value determined to be 0.8433 
and 0.8404 (pH 1.2 and 7.4) which falls in the range of 0.5–1.0. This implied that 
the release of curcumin is governed under a non-Fickian release profile. Therefore, 
as the (n) value shows that the curcumin release is nearly zero-order, anomalous, a 
non-Fickian release profile, it indicates that the drug transportation mechanism is 
by the combination of diffusion and erosion of the nanoparticles polymer chain.20 
After fitting and comparing it into several kinetic models, the release of curcumin 
at pH 1.2 was determined to closely correlate with the Hixson-Crowell model, 
as it shows the highest R2 value. This implies that the release was primarily due 
to surface erosion and swelling of the nanoparticles. Meanwhile, at pH 7.4 the 
release profile of curcumin obeys Higuchi kinetic models, indicating that the drug 
is mainly released by diffusion mechanism. 

Table 1:  Kinetic modeling of curcumin release from amino-starch nanoparticles.

Kinetic models pH Regression coefficient (R2) Features

Zero order 1.2
7.4

0.9155
0.9210

Concentration independant rate 
of release 

First-order 1.2
7.4

0.9754
0.9022

Concentration dependent rate 
of release 

Hixson-Crowell 1.2
7.4

0.9896
0.9318

Surface erosion and swelling 
drug release mechanism

Higuchi 1.2
7.4

0.9661
0.9766

Diffusion release mechanism 

Korsmeyer-Peppas 1.2
7.4

0.9702, n = 0.8433
0.9028, n = 0.8404

Diffusion and swelling release 
mechanism
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4.	 CONCLUSION

Curcumin loaded amino-starch nanoparticles were successfully prepared. The 
amino-starch exhibited higher solubility in aqueous solution forming a stable 
suspension. Amino-starch nanoparticles demonstrated a substantially higher 
loading capacity of curcumin of 0.76 mg mg–1 as compared to that of native starch 
nanoparticles of 0.33 mg mg–1. The release of curcumin at pH 1.2 was also found 
to be correlated with Hixson-Crowell model, while at pH 7.4 the release profile 
obeyed Higuchi kinetic models. This showed that at pH 1.2 the release of curcumin 
is based on surface erosion and swelling of  the nanoparticles, but at pH 7.4 the 
drug was mainly released by diffusing out of the nanoparticles. Overall, this study 
has demonstrated that amino-starch nanoparticles are promising nanocarriers for 
the controlled release of curcumin. 
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