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ABSTRACT: Microcapsules containing neem (Azadirachta
Indica A. Juss.) seed oil (NSO) were prepared by encapsu-
lation of natural liquid pesticide NSO in a polyelectrolyte
complex of j-carrageenan and chitosan. The optimum ra-
tio between carrageenan and chitosan to form a stable
polyelectrolyte complex was found as 1 : 0.36. The micro-
encapsulation method for NSO loading was also opti-
mized. SEM study demonstrated that the surface of the
microcapsules became more irregular as oil loading
increased. The release rates of NSO were studied by vary-
ing the percentage of oil loading, concentration of cross-

linking agent, and polymer concentration. Fourier trans-
form infrared spectroscopy (FTIR) study confirmed the
complex formation between j-carrageenan and chitosan.
Differential scanning calorimetry (DSC) and FTIR study
indicated the absence of any significant interaction
between polyelectrolyte complex of j-carrageenan -chito-
san and NSO. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
113: 1576–1583, 2009
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INTRODUCTION

Botanical insecticides have long been touted as
attractive alternatives to synthetic chemical insecti-
cides for pest management because botanicals reput-
edly pose little threat to the environment or human
health.1 Azadirachta Indica A. Juss., commonly known
as the ‘‘neem’’ tree, produces seeds which can be
extracted to get neem seed oil (NSO), that has pro-
ven its advantages over many synthetic pesticides.2,3

But, NSO, as it is a liquid, cannot be used in soil.
Microencapsulation technique seems to be the best
technique to design the liquid pesticide to a solid
form and for controlled delivery of the oil in the soil
for long duration efficiently.

Natural polymers, due to their eco-friendly nature,
cost effectiveness, free availability, and most impor-
tant—their biodegradability nature, are undoubtedly
the best choice for soil applications. Chitosan has
attracted much attention because of its biocompati-
bility, antibacterial fungal, and antimicrobial proper-
ties.4,5 Moreover chitosan on degradation, when
used for controlled release formulation for delivery
of NSO, may produce nitrogen which can enhance
the quality of soil.

Carrageenans, a naturally occurring high-molecu-
lar-weight polysaccharides, are made up of repeat-
ing units of galactose and 3,6 anhydrogalactose.
They cosists of sulpfate esters of galactose and 3,6
anhydrogalactose joined by alternating a-1,3 and b-
1,4 glycosidic linkages. Three types of carrageenans
namely iota (i), kappa (j), and lambda (k) with one,
two, and three sulpfate groups are available. Both
iota and kappa carrageenans are able to produce
gels which can govern the release behavior of mix-
tures. Carrageenas have been investigated for use in
controlled release tablets.6 Both carrageenans and
chitosan are little bit expensive but considering their
multiple advantages, they can be used as an matrix
for controlled release of NSO.
When two oppositely charged polyelectrolytes are

mixed in an aqueous solution, a complex is formed
by the electrostatic attraction between polyelectro-
lytes. Both chitosan and carrageenan can react to
form polyelectrolyte complex. Various neutral poly-
mers (e.g. hydroxypropylmethylcellulose [HPMC]),
cationic polymer (e.g.,chitosan), and anionic poly-
mers (j-carrageenan, sodium alginate) have been
used in the form of polyelectrolyte complexes7 such
as sodium alginate-chitosan,8–12 polyacrylic acid-chi-
tosan,13 and chitosan-carrageenan14,15 for the design
of controlled release formulations. Several reports
addressing the use of polyelectrolyte complex of
chitosan and j-carrageenan for controlled release of
drugs have been cited.12,14 Sakiyama et al.15 studied
the swelling behavior and other properties of this
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polyelectrolyte complex. But there is little informa-
tion regarding the use of this polyelectrolyte com-
plex for encapsulation of agrochemicals. To improve
the controlled release behavior, glutaraldehyde has
been reported to be used as a cross-linker.16,17

The aim of this work is to evaluate the possibility
of using chitosan j-carrageenan complex for encap-
sulation of NSO and to study the release characteris-
tic of NSO from glutaraldehyde cross-linked
microcapsules prepared under various conditions.

EXPERIMENTAL

Materials

Carrageenan Type I, containing predominantly j-and
lesser amount of k-carrageenan was purchased from
Sigma-Aldrich Inc. (USA). Chitosan, medium molec-
ular weight with brookfield viscosity � 200 cps was
purchased from Sigma-Aldrich Inc. (USA). Glacial
acetic acid (E.Merck, India), Tween 80 (E.Merck,
India), glutaraldehyde 25% w/v (E. Merck, Germany)
were used without further purification. The core ma-
terial, cold pressed NSO was a gift sample of Ozone
Biotech., Faridabad, India. Double-distilled deionised
(DDI) water was used throughout the study. Other
reagents used were of analytical grade.

Optimisation of chitosan and carrageenan ratio

The optimum ratio between chitosan and carra-
geenan was judged from the measurement of turbid-
ity and viscosity of the supernatant solution. The
complex formation between polyelectrolytes is very
much dependent on pH.18 Mixing of both chitosan
and carrageenan solution at different ratio would
change the pH which might affect the reaction
between polyelectrolytes. For that buffer solution
was used to prepare both the solution of chitosan
and carrageenan.

Solutions of chitosan (0.5% w/v) and carrageena
(0.5% w/v) were prepared in 0.3% acetic acid/
sodium acetate buffer at two different pH namely 4
and 5. This range (4.0–5.0) was below the pH at
which precipitation of chitosan occurred. The stabil-
ity of carrageenan would also not be much affected
at these pH. Both solutions were mixed in different
proportions to make 30 mL. The mixtures were incu-
bated at 40�C for 24 h. It was then centrifuged at
2500 rpm for 1 h. The supernatant solution was sep-
arated, viscosity and turbidity were measured. The
supernatant solution did not exhibit any significant
difference in both viscosity and turbidity at pH 4
and 5.This indicated that the interaction between
chitosan and carrageenan would remain similar
within the pH range 4.0–5.0. The determination of
optimum ratio between chitosan and carrageenan
was, therefore, done at pH 4.5. This pH was main-

tained for preparing of chitosan and carrageenan so-
lution used for subsequent experiments.
Turbidity measurements were done to confirm the

optimum ratio between chitosan and carrageenan to
form an insoluble polyelectrolyte complex. Solutions
of pure chitosan (0.5% w/v), carrageenan (0.5% w/
v) and the supernatants from the mixture of both at
different ratios were scanned in the range 200–400
nm employing UV spectrophotometer. Both the solu-
tion of pure chitosan and carrageenan showed no
peak within the scanned range. But the supernatant
showed a peak at 341 nm. Therefore, all the turbid-
ity measurements reported were done at 341 nm.

Microencapsulation procedure

In order to optimize the encapsulation process, a se-
ries of experiments were conducted by varying the
parameters like temperature during formation and
hardening of microcapsules, time and temperature
for completion of cross linking reaction. The opti-
mized process are described as follows:
In a beaker, known amount of (100 mL) 0.3–0.85%

(w/v) of carrageenan solution was taken. This poly-
mer solution was stirred by mechanical stirrer under
high agitation at (70 � 1)�C. This temperature was
maintained throughout the experiment. To this, NSO
(0.68–2.04 g) was added under high agitation to form
an emulsion. A known amount of (36 mL) chitosan so-
lution of 0.3–0.85% (w/v) was added to the beaker
drop wise to attain complete phase separation. How-
ever, the weight ratio of carrageenan to chitosan was
maintained at 1 : 0.36 during all the experiments. At
this ratio, interaction between chitosan and carra-
geenan took place completely as judged by the vis-
cosity and turbidity measurements. The beaker
containing the microcapsules was left to rest at this
temperature for approximately 15 min. The system
was then brought to 5–10�C to harden the microcap-
sules. The cross linking of the polymer capsule was
achieved by slow addition of certain amount of glutar-
aldehyde (2.5–12.5 mmol/g of polymer). The tempera-
ture of the beaker was then raised to 45�C and stirring
was continued for another 3–4 h to complete the
cross-linking reaction. The beaker was then cooled to
room temperature. The microcapsules were filtered
through 300-mesh nylon cloth, washed with 0.1%
Tween 80 surfactant solution to remove any oil
adhered to the surface of microcapsules followed by
distilled water, dried and stored inside a refrigerator
in a glass ampule.

Measurements

Calibration curve of oil

A calibration curve is required for the determination
of release rate of oil from the microcapsules. It was
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found that 0.1 g of oil could be easily dissolved in
100 mL of water containing 0.1 g Tween 80. A
known concentration of NSO in DDI water contain-
ing 0.1% Tween 80 was scanned in the range of 200–
400 nm by using UV–visible spectrophotometer. For
NSO having concentration in the range 0.001–0.08
g/100 mL, a prominent peak at 254 nm was noticed.
The absorbance values at 254 nm obtained with the
respective concentrations were recorded and plotted.
From the calibration curve, the unknown concentra-
tion of NSO was obtained by knowing the absorb-
ance value.

Viscosity and turbidity measurement

The viscosity of the supernatant solution arising
from the mixing of chitosan and carrageenan was
measured by using an Ubbelohde viscometer at
30�C. The optimal ratio between chitosan and carra-
geenan was obtained when both polymers would
react completely to form an insoluble complex. At
this stage, polymer in the supernatant solution
would be either absent or negligible. This would
make the supernatant viscosity similar or close to
that of solvent viscosity.

Because of the mixing of chitosan and carrageenan
solution in different ratios, turbidity appeared was
different in different solutions. The optimal ratio at
which complete phase separation occurred between
chitosan and carrageenan solution was the point
where the supernatant would have the maximum
turbidity. The change in transmittance due to turbid-
ity was monitored continuously at 341 nm wave-
length using UV spectrophotometer.

Encapsulation efficiency, oil content, and oil load

A known amount of accurately weighed microcap-
sules was grounded in a mortar, transferred with
precaution to a volumetric flask containing a known
amount of 0.1% aqueous Tween 80 solution and
kept for overnight with continuous stirring. The
encapsulation efficiency (%), oil content (%), and oil
loading (%) were calculated by using the calibration
curve and the following formulae17

Encapsulation efficiency ð%Þ ¼ w1=w2 � 100

Oil content ð%Þ ¼ w1=w� 100

Oil load ð%Þ ¼ w2=w3 � 100

where w, weight of microcapsules; w1, actual amount
of oil encapsulated in a known amount of microcap-
sules; w2, amount of oil introduced in the same
amount of microcapsules; w3, total amount of poly-
mer used including cross-linker.

Scanning electron microscopy study

The samples were deposited on a brass holder and
sputtered with gold. Surface characteristics of the
microcapsules were studied at room temperature
using scanning electron microscope (model JEOL,
JSM-6360) at an accelerated voltage of 10 kV.

Oil release studies

Oil release studies of encapsulated oil were done by
using UV–visible spectrophotometer (UV-2001 Hita-
chi). A known quantity of microcapsules (0.2–0.3 g)
was placed into a known volume of 0.1% Tween 80
surfactant solution. The microcapsule-Tween 80 mix-
ture was shaken from time to time and the tempera-
ture throughout was maintained at 30�C (room
temperature). An aliquot sample of known volume
(5 mL) was removed at appropriate time intervals,
filtered, and assayed spectrophotometrically at 254
nm for the determination of cumulative amount of
oil release up to a time t. Each determination was
carried out in triplicate. To maintain a constant vol-
ume, 5 mL of 0.1% Tween 80 solution was returned
to the container.

Fourier transform infrared (FTIR) study

FTIR spectra were recorded using KBr pellet in a
Nicolet (model Impact-410) spectrophotometer. Chi-
tosan, carrageenan, polyelectrolyte complex of chito-
san–carrageenan, NSO, NSO loaded microcapsules,
and physical mixture of (NSOþ polyelectrolyte com-
plex of chitosan–carrageenan) were each separately
finely grounded with KBr and FTIR spectra were
recorded in the range of 4000–400 cm�1. The scan-
ning was done thirty times before taking the final
spectra.

Thermal property study

Thermal properties of chitosan–carrageenan poly-
electrolyte complex, NSO, NSO loaded microcap-
sules and physical mixtures of (NSOþ chitosan-
carrageenan polyelectrolyte complex) were evaluated
using differential scanning calorimeter (DSC). The
sample (6.0 mg approx.) was taken in an aluminium
pan and sealed. The study was done in a differential
scanning calorimeter (model DSC-60, shimadzu) at a
heating rate of 10�C/min up to 400�C under nitro-
gen atmosphere.

RESULTS AND DISCUSSION

Viscosity and turbidity measurement

Figure 1(a) shows the change in supernatant viscos-
ity with variation in percentage of chitosan in
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chitosan–carrageenan mixture. Each value represents
the mean of three values. Viscosity was found to
decrease initially, reaching a minimum value, and
after that it increased with the increase in the
percentage of chitosan. The minimum viscosity ob-
served when the percentage of chitosan in the mix-
ture was in between 30 and 40. Similar type of
observation was reported by Tapia et al.12 At this
percentage of chitosan (36%), both the polymers
probably reacted completely to form an insoluble
complex. The percentage of polymer at this stage in
the supernatant would be minimum, which in turn
would develop lowest viscosity. The observed
higher viscosity at the latter stage might be due to
the presence of unreacted chitosan in the
supernatant.

The plot of % transmittance against % of chitosan
is presented in Figure 1(b). Each value represents
the mean of three values. The % transmittance
showed a decreasing trend initially followed by an
increasing trend latter. The minimum % transmit-
tance occurred when the % of chitosan in the mix-
ture was in between 30 and 40 and also in between
these points the transmittance increased sharply.
The reason for this could be explained as before.
The maximum turbidity developed when the inter-
action between chitosan and carrageenan was maxi-

mum. The higher the turbidity, the lower was the
transmittance. The % of increased chitosan latter
would decrease the turbidity and hence transmit-
tance increased.

Scanning electron microscopy study

SEM photographs of neat carrageenan þ chitosan
complex and NSO loaded microcapsules are pre-
sented in Figure 2. Photographs of neat carrageenan
þ chitosan complex [Fig. 2(a)] appeared more regu-
lar and free flowing compared to NSO loaded micro-
capsules[Fig. 2 (b,c)]. The surface of high NSO
loaded microcapsules [Fig. 2(c)] appeared more
irregular and bursting in comparison with that of
low NSO loaded microcapsules [Fig. 2(b)] Similar
observation was reported in the literature.18 Figure
2(d) represents the photograph of the sample after
release of NSO. Levels of NSO loading in both the
samples (c and d) were almost similar. Bursting look
observed in loaded samples was found to decrease
after releasing of NSO.

Effect of variation of oil loading

The effect of variation of oil loading on oil content,
encapsulation efficiency, and release rate is shown in
the Table I and Figure 3. All experiments were car-
ried out in triplicate and the results presented were
the average value. With the increase in oil loading,
the encapsulation efficiency, the release rate, and %
oil content were found to increase throughout the
range of oil concentration studied. At low oil load,
the dispersion force of the stirrer was more efficient
resulting in the generation of smaller oil vesicles.
The polymer present in the mixture was enough to
encapsulate these vesicles. The dispersion force
became progressively difficult as the oil load
increased. This would develop large oil vesicles and
as a result encapsulation efficiency would increase.
As the amount of polymer was fixed, therefore, the
polymers would encapsulate all the large oil vesicles
at the expense of decrease of thickness of microcap-
sule wall. The faster release rate might be due to the
decrease of thickness of the capsule wall. With
the decrease in wall thickness, diffusional path for
the oil release became short,19 which resulted in an
increase in release rate. With increase in percent oil
load, the oil content (%) increased. At very low oil
load, many of the microcapsule probably contained
few oil vesicles indicating that there was an abun-
dance of the encapsulating polymer for the oil pres-
ent. With the increase in oil load (%), the number of
oil vesicles in the microcapsule increased which
resulted in an increase in oil content. An increase in
oil content (%) of microcapsules due to increase in
oil loading was supported by SEM study. The

Figure 1 (a) Effect of variation of chitosan concentration
in chitosan–carrageenan mixture on relative viscosity of
supernatant. (b) Effect of variation of chitosan concentra-
tion in chitosan carrageenan mixture on (%) transmittance
of supernatant.
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surface characteristics of the microcapsules were
found to change as oil content (%) varies.

Effect of variation of cross-linker concentration

The effect of variation of cross-linker concentration
on oil loading (%), oil content (%), encapsulation

efficiency (%), and release rate is shown in the Ta-
ble I and Figure 4. The trends of oil loading (%)
and oil content (%) shown in the table were as per
expectation. With the increase in glutaraldehyde
concentration, oil loading decreased for all as
expected. But oil content and encapsulation effi-
ciency increased. A decrease in trend in oil content

Figure 2 Scanning electron micrographs (a) neat carrageenan þ chitosan complex, (b) microcapsules loaded with low
percentage of NSO, (c) microcapsules loaded with high percentage of NSO, (d) microcapsules loaded with high percent-
age of NSO (after release of NSO).

TABLE I
Effect of Variation of Oil Loading, Polymer and Glutaraldehyde Concentration on

the Behavior of Microcapsules

Sample formulations

Oil load (%)
Oil content

(%)
Encapsulation
efficiency (%)

Total
polymer (g)

Glutaraldehyde
(mmol) NSO (g)

0.68 2.5 0.68 73.12 31 � 1.0 73.39 � 2.37
0.68 2.5 1.36 146.23 48 � 1.3 80.82 � 2.18
0.68 2.5 2.04 219.35 59 � 0.5 85.897 � 0.728
0.68 1.5 1.36 163.85 41 � 2.0 66.02 � 3.22
0.68 7.5 1.36 95.10 48 � 0.74 98.47 � 1.51
0.68 12.5 1.36 70.4 40 � 1.0 96.78 � 2.40
0.408 1.875 2.04 342.56 61 � 0.9 78.80 � 1.169
1.156 4.625 2.04 126.04 46 � 2.3 82.49 � 4.13

Chitosan: 0.018�0.306 g; carrageenan: 0.30�0.85 g; water: 136 mL; NSO: 0.68�2.04 g;
glutaraldedyde: 1.5�12.5 mmol/g of polymer; temperature: (70 � 1)�C.
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was observed in the case of 12.5 mmol concentra-
tion of glutaraldehyde.

The increase in encapsulation efficiency (%) could
be due to the improvement of oil retention capacity
of the microcapsules caused by the formation of
cross-linking. The cross-linking reaction took place
between glutaraldehyde and polyelectrolyte complex
of carrageenan and chitosan. The release rate of oil
was found to decrease as the % of glutaraldehyde

increased. The microcapsule wall became compact
as degree of cross-linking increased. This resulted in
the decrease of diffusion rate through the microcap-
sule wall. Similar findings were cited in the
literature.20

Effect of variation of polymer concentration

Table I shows the results of the effect of variation of
total polymer concentration on oil loading, oil con-
tent, and encapsulation efficiency. In all the studied
experiments, the ratio of polymer to cross-linker was
kept fixed. As expected, both oil loading (%) and oil
content (%) decreased with the increase in total
polymer content. Encapsulation efficiency increased
initially and then leveled off. With the increase in
polymer content, more and more polymer would be
available to encapsulate the oil vesicles and thereby
efficiency increased. The excess polymer after com-
plete encapsulation would enhance the thickness of
the microcapsule. The release profile is shown in
Figure 5. The release rate was found to decrease
with the increase in polymer concentration. The
increase in wall thickness of the microcapsules
might be responsible for this type of behavior.18

FTIR study

FTIR spectra of Chitosan (curve-a), Carrageenan
(curve-b), chitosan-carrageenan polyelectrolyte
complex (curve-c), NSO(curve-d), physical mixture
of (NSOþ chitosan–carrageenan polyelectrolyte

Figure 3 Effect of variation of oil loading on release pro-
file [a: polymer 0.68 g; cross-linker 2.5 mmol; NSO 0.68 g,
b: polymer 0.68 g; cross-linker 2.5 mmol; NSO 1.36 g, c:
polymer 0.68 g; cross-linker 2.5 mmol; NSO 2.04 g].

Figure 4 Effect of variation of cross-linker concentration
on release profile [a: polymer 0.68 g; cross-linker 12.5
mmol; NSO 1.36 g, b: polymer 0.68 g; cross-linker
7.5 mmol; NSO 1.36 g c: polymer 0.68 g; cross-linker 2.5
mmol; NSO 1.36 g, d: polymer 0.68 g; cross-linker 1.5
mmol; NSO 1.36 g].

Figure 5 Effect of variation of polymer concentration on
release profile [a: polymer 1.156 g; cross-linker 4.625
mmol; NSO 2.04 g, b: polymer 0.68 g; cross-linker
2.5 mmol; NSO 2.04 g, c: polymer 0.408 g; cross-linker
1.875 mmol; NSO 2.04 g].
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complex) (curve-e), and NSO loaded chitosan–carra-
geenan microcapsules (curve-f) are shown in Figure
6. The spectrum of chitosan showed a strong absorp-
tion band at 1635.33 cm�1 assigned to NH bending.
The other notable peaks appeared at 3435, 2920, 1425
and 1384, 1330, 1170, 1075, and 1030 cm�1, were due
to OAH þ NAH stretching vibration, CH3 symmetric
þ CH2 asymmetric vibration, CH3 þCH2 bending
vibration, vibration of CAN group, CAOAC
asymmetric vibration, CAO(ACAOHA) vibration,
CAO(ACH2AOHA) vibration respectively. All these
above peaks appeared in the spectrum of chitosan
were observed in the spectrum of carrageenan except
the peaks corresponding to nitrogen atom related
groups. Besides this, the other notable absorption
bands appeared in the spectrum of carrageenan at
1379.23, 1265.70, and 846.33 cm�1 were due to sul-
phonic acid group, CAO stretching band and glyco-
sydic linkages. The appearance of a new band at
1528.64 cm�1 due to NHþ

3 groups and reduction of
intensity of the absorption band of sulphonic acid
groups in the spectrum of chitosan–carrageenan com-
plex indicated the formation of strong polyelectrolyte
complex.12 The absorption bands appeared in the
spectrum of NSO at 1745.90, 1463.04, and 1163.85
cm�1 were due to carbonyl stretching, CH2 asymmet-
ric deformation, and CAC stretching vibration. The
position of these bands in the physical mixture as

well as in the NSO loaded microcapsules remained
almost unchanged indicating the absence of any sig-
nificant interaction between NSO and chitosan–carra-
geenan polyelectrolyte complex.

Thermal property study

DSC thermograms of neat chitosan–carrageenan
polyelectrolyte complex (curve-a), NSO (curve-b),
NSO loaded microcapsules (curve-c), and physical
mixtures of (NSOþ chitosan–carrageenan polyelec-
trolyte complex) (curve-d) are shown in Figure 7. In
the physical mixture, the ratio of NSO to neat chito-
san–carrageenan polyelectrolyte complex was kept
similar to that of microcapsules loaded with NSO.
The endotherm appeared in all the thermograms
except that of oil at around 100�C was due to the re-
moval of moisture. The thermogram of NSO showed
an endothermic peak at around 220�C. Both the NSO
loaded microcapsules and physical mixture of com-
plex and NSO did not show any remarkable differ-
ence in their thermograms. In both the thermograms,
the endothermic peak due to NSO appeared almost
in the similar position. These results indicated that
there was no significant interaction between NSO

Figure 6 FTIR spectra of (a) chitosan (b) carrageenan
(c) polyelectrolyte complex of chitosan and carrageenan
(d) NSO (e) physical mixture of (NSOþ polyelectrolyte
complex of chitosan and carrageenan) (f) NSO loaded
microcapsules.

Figure 7 DSC thermograms of (a) neat chitosan–carra-
geenan polyelectrolyte complex (b) NSO (c) NSO loaded
microcapsules (d) physical mixture of (NSOþ chitosan–
carrageenan polyelectrolyte complex).
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and chitosan–carrageenan complex. The results also
suggested a low compatibility in thermal properties
in the relation between NSO and chitosan–carra-
geenan polyelectrolyte complex.

CONCLUSION

The release rate of NSO was found to be dependent
on polymer concentration, cross-linker concentration,
and oil content. The encapsulation efficiency, oil con-
tent, and release rate of NSO increased with the
increase in oil loading. The higher the polymer and
cross-linker concentration, the lower was the release
of NSO from microcapsules. SEM study showed a
change in the surface characteristics of the microcap-
sules due to variation of NSO loading. FTIR results
confirmed the formation of chitosan–carrageenan
polyelectrolyte complex. It also showed that there
was no interaction between chitosan–carrageenan
polyelectrolyte complex and NSO. DSC study
showed the poor compatibility in thermal properties
in the relation between chitosan–carrageenan polye-
lectrolyte complex and NSO. All these results indi-
cated that chitosan–carrageenan polyelectrolyte
complex could be used as an efficient matrix for
encapsulation of NSO.
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