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ARTICLE INFO ABSTRACT
Keywords: We report here an approach to encapsulate N, N-diethyl-3-methylbenzamide (DEET), an insect repellent,
Pickering emulsion through interfacial polycondensation using modified cellulose nanofiber (CNF) as pickering emulsifier. We found
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that stearic acid functionalized CNF (mCNF) can be used to form stable pickering emulsions (oil-in-oil and water-
in-oil), and further encapsulate DEET using interfacial polycondensation with very high encapsulation efficiency
of about 98%. Another major advantage of this approach is that mCNF can act both as pickering emulsifier and

bt also strengthen the barrier properties of microcapsules resulting in significant reduction in release rate of DEET.
Interpretation of the release profiles using standard mathematical models proposed by Ritger-Peppas show a
factor of three reduction in release rate constant for the microcapsules reinforced with mCNF.

1. Intrqoduction

Sustained release of active ingredients by microencapsulation
techniques has elicited tremendous interest in diverse applications such
as pharmaceuticals, agrochemicals, paints, coatings, consumer pro-
ducts, textiles etc. [1,2]. Microencapsulation enables safer and efficient

handling of chemicals. It can also help to reduce the degradation and
leaching of toxic chemicals [3]. Encapsulation can be achieved by dif-
ferent physical methods such as spray drying, solvent evaporation,
layer-by-layer (L-B-L) assembly and chemical methods such as sol-gel
encapsulation, in-situ/interfacial polymerization etc. [4]. Various
polymeric wall forming materials such as urea-formaldehyde (U-F),
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melamine-formaldehyde (M-F), polystyrene (PS), polyurethane, poly-
urea etc. have been employed to encapsulate active ingredients [5].
Among all other chemical methods, interfacial polymerization is at-
tractive for microencapsulation due to the ability to achieve high
loading efficiency of active ingredient [6-8].

Encapsulation of active ingredient using interfacial polymerization
involves formation of a stable emulsion, following which the reaction of
monomers at the interface of dispersed phase and continuous phase
leads to the formation of a polymeric wall around the active ingredient.
Polymeric surfactants are typically used to stabilize emulsions. In recent
years, there has been significant research interest in using solid nano-
particles to stabilize emulsions (pickering emulsions) [9-11]. This helps
to minimize adverse effects such as irritancy and hemolytic behavior,
while also rendering more resistance to coalescence as compared to
emulsions stabilized by surfactants. Some of the solid particles which
have been used as pickering emulsifiers include silica [12,13], clay
[14], barium sulfate [15], carbon black [16] and nanocellulose
[17-20]. Among these, nanocellulose has gained attention as a bio-
based, abundant, biodegradable, non-toxic, easily functionalizable na-
nomaterial that can be isolated from food waste and other plant sources
such as sugarcane bagasse, cotton linters, wheat straw, banana stem,
etc. Hydrophilic nanocellulose can be used to stabilize oil-in-water (O/
W) emulsions while hydrophobic nanocellulose leads to stable water-in-
oil (W/0) emulsions [21,22]. Wettability of the solid emulsifier at the
interface is a very important variable and can be characterized by water
contact angle (6). If @ is less than 90°, particles prefer to reside in the
water phase and stabilize O/W emulsions, and when 6 is more than 90°
particles prefer to reside in oil phase and stabilize W/O emulsions
[8,23,24].

The term “controlled release” encompasses various aspects such as
immediate release [25], target specific delivery [26] or sustained re-
lease [27,28]. Our work was aimed at preparing sustained release insect
repellant formulations. Herein, we have made an attempt to prepare
surfactant free W/O and O/0 emulsions stabilized solely by stearic acid
modified cellulose nanofibers (mCNF). We have used this as a platform
to prepare polyurethane microcapsules using interfacial poly-
condensation and thereby encapsulate oil insoluble and water sensitive
actives such as DEET, which is considered as a safer and effective insect
repellant. The percutaneous absorption of DEET reduces its efficiency as
an insect repellant. Microencapsulation could be a promising approach
to inhibit DEET absorption into skin while ensuring prolonged effect of
DEET in insect repellant formulations. Although few reports are avail-
able on microencapsulation of DEET [29,30], they are not based on
pickering emulsions or nanocomposite microcapsules by interfacial
polycondensation, a process that can lead to high encapsulation effi-
ciency. Here, we report on the encapsulation of DEET by interfacial
polycondensation using mCNF as pickering emulsifier. The advantage
of this system is that in addition to acting as pickering emulsifier, mCNF
also strengthens the barrier properties resulting in significant reduction
in the release rate of active ingredients. Few recent reports have de-
monstrated the use of nanocellulose as pickering emulsifier. Stenius
et al. [11] reported the preparation of W/O emulsions stabilized by
hydrophobized microfibrillated cellulose and studied emulsion stabi-
lity. Sebe et al [31]. reported the use of cinnamate modified nano-
cellulose as an inverse pickering emulsifier at water/toluene interface
to obtain silica colloidosomes. However, the use of modified nano-
cellulose fibers to stabilize both 0/0 and W/O emulsions and the pre-
paration of sustained release DEET microcapsules by interfacial poly-
condensation has not been reported before. We report here a systematic
investigation of these particle stabilized microcapsules and their sus-
tained release properties (Scheme 1 ).

2. Materials and methods

Sodium hydroxide (NaOH), sodium hypochlorite (4 wt%), glacial
acetic acid (CH3;COOH), tosyl chloride (TsCl), stearic acid, and
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methanol (AR grade) were procured from Leonid chemicals Pvt. Ltd.
Pyridine (Emparta grade), ethylene glycol (EG), DEET, dibutyl tin di-
laurate (DBTDL) and liquid paraffin (heavy) oil, and petroleum ether
(distillation range 65-70 °C) were procured from Merck chemicals.
Absolute ethanol (99.99%) was procured from Changshu Hongsheng
Fine Chemicals Co. Ltd. For the preparation of nanocellulose fibers,
waste cotton rag was collected from local market. Toluene-2, 4-diiso-
cyanate (technical grade (80%) (TDI), and fumed silica powder
(0.007 um) were purchased from Sigma Aldrich, USA. Hypermer A60
surfactant was obtained from Uniquema, UK. All chemicals were used
as received.

2.1. Isolation of cellulose nanofibers (NF) from waste cotton rag

Preparation of cellulose nanofibers involves two steps. First, a
chemical pretreatment is performed to remove hemicellulose, lignin
ete. followed by size reduction of cellulose fibers by mechanical or
chemical methods [32,33]. The cellulose nanofibers used in this work

were prepared using previously reported procedure [34]. In brief, 50g

waste cotton rag was cut into small pieces, cleaned with deionized
water and treated with 10% aq. NaOH solution at 60°C for 2h at a
concentration of 3.3wt % of fibers in water. After 2h, fibers were
washed with deionized water until the pH was neutral. This alkali
treatment procedure was repeated twice. After alkali treatment, cotton
rag fibers were bleached by using, equal proportion of acetate buffer
(27 g NaOH and 75mL glacial acetic acid) and 1.5% sodium hypo-
chlorite in water at 80 °C for 2 h. This process was also repeated twice to
ensure that fibers become white, and then washed with deionized water
until the pH was neutral. The washed and bleached pulp wasssubjected
to mechanical shear in an ultra-friction micro grinder (Super-
massColloider®, Masuko, Japan). The pulp was passed through the ro-
tating grinding stones at 1500 rpm in multiple cycles with decreasing
gap between the two grinding stones to obtain fibers of diameter less
than 100nm [35]. The obtained nanofibrils were lyophilized using
Labconco lyophilizer and stored for further use. The size of the fibers
was confirmed by Transmission Electron Microscopy (TEM).

2.2. Preparation of modified cellulose nanofibers (mCNF)

mCNF used in this work was prepared using procedure reported

earlier [36]. In brief, 13 g of dry CNF (0.080 mol glucopyranose units)—,

obtained by Iyophilization was taken in a 3-necked round bottomec
flask with 500 mL pyridine. After complete dispersion of CNFs in pyr-
idine, 91 g TsCl (0.48 mol) was added with nitrogen purging and con-
tinuous agitation. After complete dissolution of TsCl, 136 g of stearic
acid (0.48 mol) was added slowly into the mixture over a time span of
30 min. Then the temperature of the reaction mixture was raised to
50°C and stirred continuously for 3 h. After this process, the reaction
mixture was allowed to cool to room temperature. The fibers were then
centrifuged and washed with ethanol at least 5 times. The fibers were
dried at room temperature in fume’hood. After drying, the fibers were
Soxhlet-extracted with methanol initially for 2 h, and then the solvent
was replaced with fresh methanol and again extracted for another 12h
to eliminate any impurities on the surface of mCNF. Finally, the mCNFs
were removed, washed with ethanol and dried for 15h in vacuum.
Obtained modified fibers were characterized using FTIR, and 13¢.cp/
MAS solid state NMR. mCNFs obtained by this process was stored as dry
fibers and used for further experiments.

2.3. Prepara;tion of polyurethane microcapsules using DEET as active
ingredient and mCNF as Pickering emulsifier

Polyurethane microcapsules (MICs) were prepared using interfacial
polycondensation in non-aqueous medium [37]. Oil-in-oil emulsion of
DEET was prepared using mCNF as pickering emulsifier. mCNF was first
homogenized in paraffin oil using MICCRA D-9 homogenizer at
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Scheme 1. Preparation of modified cellulose nanofibers (mCNF) with stearic acid.

11,000 rpm for 5 min to obtain homogeneous dispersion of mCNF. The
content of mCNF was varied from 0.5 to 2 wt % with respect to paraffin
oil. Further, the dispersed phase containing a mixture of 2.105g
(0.01207 mmol) of TDI, 0.2 g of DBTDL (1% solution in paraffin oil) and
2.6 g of DEET was added to the continuous medium. This mixture was
further homogenized for 5 min at 11,000 rpm to obtain a stable emul-
sion.

This emulsion was stirred with an over-head stirrer at 1000 rpm at
room temperature. After 20 min, 0.5g (0.00805 mmol). of ethylene
glycol was added drop wise. After the addition, temperature of the

" ystem was raised to 60 °C and maintained for 5 h. The reaction medium
was then cooled to 28°C and stirring speed was reduced to 600 rpm.
These conditions were maintained for next 15h. Then the milky sus-
pension-was centrifuged, filtered and subjected to multiple washing
with petroluem ether. Pristine microcapsules were also prepared using
above mentioned protocol but using conventional surfactant i.e.
Hypermer A60 (1 wt%) instead of the pickering emulsifier mCNF.

3. Characterization
3.1. Morphology and chemical characterization

TEM was used to determine the dimensions of CNF. Sample was
prepared by stirrring CNF in water (0.05mg/mL) for 6 h and then so-
nicating for 1h in a water bath. mCNF was dispersed in di-
chloromethane instead of water as per above conditions. The uniformly
dispersed sample was drop casted on a carbon coated copper grid with
200 mesh size and dried overnight in a fume hood at ambient condi-
tions. The data was acquired using FEI-Tecnai-F20 electron microscope
operating at 200kV. The reaction of CNF with stearic acid was mon-

__itored using FTIR and '*C-CPMAS solid-state NMR. FTIR was used in
ransmission mode to confirm the reaction between stearic acid and
CNF. KBr pellets were prepared using the standard procedure, and FTIR
spectrum was acquired using Perkin Elmer Q5000 GX IR instrument
with 32 scans and resolution of 4cm ™", For solid-state'C Cross po-
larization/Magic Angle Spinning (CP/MAS) NMR, completely dried
sample powder was analyzed using Bruker Spectrometer (400 MHz)
broadband 4 mm CP/MAS probe. The contact angle of CNF and mCNF
surfaces was measured using Kruss drop shape analyzer. For this ana-
lysis, CNF and mCNF were molded into films in a hydraulic polymer
press (Model PF-M 15) at 70°C and 2000 psi. The morphology of the
microcapsules was analyzed using optical microscopy and scanning
electron microscopy. Olympus BX-60, USA optical microscope fitted
with Olympus SC30 digital camera was used to monitor capsule for-
mation. Scanning Electron Microscope (SEM) (E-SEM, Quanta 300) was
used to probe the morphology of MICs. Samples were sputter coated
with gold before SEM imaging to avoid charging. Thermogravimetric
analysis (TGA) was performed to ascertain the thermal stability and
quantify the active content in the microcapsules. TGA analysis was
carried out using Perkin Elmer’s STA 6000 Instrument at a heating rate
of 20 °C min under nitrogen atmosphere.

3.2. Extraction of active ingredient from microcapsules

0.2g to 0.5g of dry microcapsule sample containing active agent
was weighed accurately and transferred to a 100 ml round bottom flask.
30 mL of 50% (v/v) of aqueous methanol was added to this flask and
refluxed for 4 h. After refluxing, mixture was cooled to room tem-
perature and filtered through Grade-3 sintered glass crucible; the re-
sidue was washed with 20-30mL of 50% (v/v) aqueous methanol.
Filtrate was transferred to 100 mL volumetric flask and further diluted
with distilled water up to the mark. Further dilutions of this solution
were made till concentration of final diluted solution fitted within the
calibration range. Final dilutions were made in duplicate and the ab-
sorbance at 251 nm (A of DEET) was measured on UV spectro-
photometer (Agilent model 89090A) and the concentration of active
ingredient was obtained by using the following formula,

Diluti A
Active Ingredient (%) = z uno_n Factor X Absorbance % 100
Calibration Slope X mg ofsample

3.3. Release measurements

Release study of pristine and mCNF containing MICs was carried out
in dissolution apparatus (LABINDIA- DS8000). In this study, 56 mg of
microcapsules were dispersed in 400 mL of distilled water and stirred at
150 RPM and 30°C for 30 h. After specific time intervals, 10 mL ali-
quots were taken out and replenished with same amount of fresh dis-
tilled water to maintain concentration gradient. Absorbance of the
aliquots were recorded using UV-vis spectrophotometer (Agilent model
89090A) at Amax =251 nm to measure % release of DEET from MICs.
The maximum amount of DEET in the reservoir was never above 28 mg
which corresponds to a concentration of 70 ppm. This is an order of
magnitude lower concentration than the solubility limit of DEET in
water (1000 ppm). When five to ten fold higher volume of dissolution
media is used than the saturation limit (“perfect sink” condition), it
ensures that the dissolution rates do not reduce significantly over time
due to solubility issues and cause inaccuracy in release data.

4. Results and discussion
4.1. Extraction and modification of CNFs

CNFs were prepared by mechanical grinding of bleached cotton rag
pulp. TEM images (Fig. 1) confirm the formation of nanofibers with
diameter in the range of 10-50 nm. TEM images of mCNF shows that
the chemical modification did not affect the morphology of the fibers.

Due to aggregation of nanofibrils, the fiber diameter appeared to be
slightly higher. The average diameter of mCNF still remained below
100 nm after the modification (Fig. 1b). In the FTIR spectrum (Fig. 2),
the significant difference in the spectrum of mCNF and CNF is the band
peak appearing at 1751 em™ ! corresponding to -C = O (ester) sym-
metric stretching. The -C = O band peak for stearic acid appears at
1698 em ™', Sharp increase in the asymmetric and symmetric —CH,
stretching appearing at 2921 em? and 2853 cm’’, respectively,
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Fig. 1. TEM Image of (a) cellulose nanofibers and (b) modified cellulose nanofiber.
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Fig. 2. FTIR spectrum of cellulose nanofibers, modified cellulose nanofibers
and stearic acid.
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Fig. 3. '°C Solid state NMR of cellulose nanofiber (CNF) and modified cellulose
nanofibers (mCNF).

corresponds to the aliphatic chain of stearic acid linked to cellulose.
Cellulose in this region has a broad band peak corresponding to —CH
stretching [38] at 2902 cm™. In 'C solid-state NMR (Fig. 3), the peak
appearing at 173 ppm confirms the presence of -C = O ester bond,
which is not present in neat CNFs. The peaks appearing close to 14, 23,
31 and 33 ppm correspond to the long aliphatic chain of stearic acid

linked to cellulose along with cellulose backbone peaks appearing at i
106.08, 89.22, 74.44-71.75 and 65.27 ppm corresponding to Cl, C4,
C2/C3/C5, and C6 carbon respectively [39]. The hydrophilic/hydro-
phobic character of nanocellulose was ascertained by measuring the
contact angle using sessile water drop technique. The free OH groups in
unmodified CNF imparts hydrophilic character.

Acetic anhydride, silanes, silica and amines have been used pre-
viously for chemically modifying nanocellulose. A considerable in-
crease in contact angle (from 30-35°) upto 160° has been achigved using
these modifiers indicating a clear hydrophobic character [40-44].
Huang et al. have used stearic acid for modifying nanocellulose and
improve the dispersibility. However, there is no information on the
effect of stearic acid on contact angle [45]. In our work, the unmodified
CNF showed a lower contact angle of 53.5°as shown in Fig. 4a, whereas
in case of mCNF, due to the covalently bound stearic acid, the contact
angle increases significantly to 112.2° confirming hydrophobic surface
characteristics (Fig. 4b).

4.2. Preparation of emulsion and MICs

Prior to actual encapsulation, emulsion studies were carried out
with mCNF and Hypermer A60. Fig. 5 shows the optical images (a-¢)—
and fluorescence microscopy images (d-f) of emulsion. When Hyperme:
AB60 was used as a surfactant the emulsion size obtained was in the
range of 1-5 um (Fig. 5a&d), while CNFs as a pickering emulsifier led to
droplets in

the range of 5-50 um (Fig. 5b&e). However, when this emulsion was
homogenized for 5 min at 11,000 rpm, the emulsion size obtained was
in the range of 1-5um (Fig. S5c&f). For fluorescence microscopy,
0.5mg/mL of Rhodamine B was used along with DEET. After con-
firming the successful action of MCNF as a surfactant in oil-in-oil
emulsion, we attempted to encapsulate DEET, a mosquito repellant
using interfacial polycondensation reaction. Fig. 6 shows the SEM
images of MICs prepared using Hypermer A60 and mCNF. Good sphe-
rical and smooth microcapsules were obtained with varying pt:oportion
of mCNF (0.5, 1 and 2wt%). The size of the MICs obtained was in the
range of 1-12 pm with majority of the MICs in the range of 1-3um
when the emulsion was homogenized. However, the size of MICs were
higher (~ 80-100 ym) when emulsion was not homogenized.

4.3. Extraction analysis of active ingredients

The encapsulation efficiency of DEET was estimated using extrac-
tion studies. Experiments were conducted using 50% (v/v) aqueous
methanol as described in the literature [28]. The DEET content was in
the range of 46—49 wt%. The values obtained were in close agreement
to the theoretical loading of DEET (50% by weight) (Table 1).
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.

Fig. 4. Contact angle image of a) cellulose nanofiber and b) modified cellulose nanofiber.

Fig. 5. Optical microscope images (a—c) and fluorescence optical microscope images (d-f) of the emulsion using surfactant hypermer A-60 (a,d), mCNF (b,e), and

mCNF with homogenization (c,f).
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Fig. 6. Scanning electron micrographs of DEET encapsulated MICs (a) MICs with Hypermer A60 (b) 0.5% mCNF (c) 1% mCNF (d) 2% mCNF.

Table 1 .

Extraction of DEET from the polyurethane microcapsules.
Sample No. Theoretical Obtained Encapsulation

Loading (%) Loading (%) efficiency (%)

MICs-Hypermer 50 49 98
MICs-0.5%mCNEF 50 46 92
MICs-1%mCNF 50 48 96
MICs-2%mCNF 50 49 98

The overall encapsulation efficiency achieved was about 92-98 %,
which is significantly higher than that obtained with other methods of
encapsulation. The presence of mCNF helped to prolong the release of
DEET as shown in subsequent sections.

.

4.4. Thermogravimetric analysis

TGA was carried out to study the effect of mCNFs on the thermal
stability of MICs and for confirming the encapsulation efficiency
[46,47]. Fig. 7 represents the thermogram of MICs with and without
mCNF, Two step degradation was observed for all the MICs.

The first degradation from 230 °C to 300 °C can be ascribed to the
loss of DEET from the capsules [41], while the second degradation step
is due to polymer decomposition. From the differential thermogravi-
metric analysis (Fig. 7b), we can observe that the decomposition of
DEET alone occurs between 115 °C to 250 °C, while polyurethane mi-
crospheres without any DEET decomposes between 230°C to 350 °C
(denoted as MIS). In the case of MICs, we could observe a shift in the
decomposition of DEET to higher temperatures and the decomposition
also overlapped with the decomposition peak of polymer.

Hence it was difficult to accurately estimate the DEET content in the
MICs using TGA. We could at least conclude that encapsulation delays
the thermal decomposition of DEET.

4.5. Release study of DEET from MICs

Percentage release of DEET from the pristine and mCNF embedded
MICs was determined using procedure reported in the literature
[40,48,49]. Experiments were repeated four times and the average
values have been used in the release curves depicted in Fig. 8. Pristine
MICs prepared using Hypermer A60 showed faster release of DEET with
about 70% cumulative release occurring in 30 h. On the other hand —
mCNF reinforced MICs showed significantly slower release of DEET.
The incorporation of mCNF also led to sharp decrease in the burst re-
lease observed during the first six hours (Fig. 8b). Among all mCNF
reinforced MICs, 2% mCNF/MICs exhibited the slowest release of DEET
(23% in 30 h).This can be ascribed to the increase in tortuosity and
enhanced barrier to permeation of small molecules through the mCNF
reinforced microcapsule wall. Increase in mCNF concentration from 1%
to 2% led to slight increase in barrier properties. Further increase in
mCNF did not show much difference in the release behavior of DEET.
Similar observation was reported by Jagtap et al [46]. The cumulative
release reduced by almost 20% (as compared to pristine MICs) by using
polyurea MICs with 2% clay. On increasing the clay content ta 4%, the
release rate also increased. Yoo et al. [50] have also demonstrated the
use of polylactic acid medified nano crystals for controlling the release
of an active ingredient from poly (urea-urethane) MICs. However, the
release rate of the active ingredient reduced progressively on increasing
the concentration of modified nanocrystals in the polymer from 0 to
7.5%. The maximum reduction in cumulative release achieved was
close to 20%.

4.6. Mathematical interpretation

We also attempted to interpret the release data using established
mathematical models and further understand the mechanism governing
the release of active ingredient from microcapsules [51]. When the
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Fig. 7. (a) TGA and (b) differential thermogravimetry curves of DEET, MISs, hypermer MICs and 0.5, 1, and 2 wt % mCNF MJCs.

encapsulated active ingredient is hydrophilic the controlling me- Table 2
chanism is often diffusion, while for hydrophobic active ingredients, Parameters for different mathematical models used to fit experimental release
swelling or matrix erosion can also govern the release of active [52]. profiles.
Since DEET has substantial solubility in water (1000 ppm) and the el or. No. Gonoenifation of jRCNE.  ku R
__polyurethane shell is relatively hydrophobic in nature, we hypothesized (wt %)
that the release is likely to be diffusion controlled. Thus, the Higuchi
equation [53] was first attempted for fitting the experimental release Higuchi ; ggds‘i“e) ;'g: 3'32
profile. 3 1 0.70 0.92
4 0.53 0.90
Q= kﬂ{fi . M Korsmeyer, Ritger zoncentratinn of K n R?
Where, Q represents the amount of active released and kg is the Higuchi and Peppas mCNF (Wt %)
: Sy 5 0 (Pristine) 0.053 0.33 0.9921
constant (or release rate constant). The major assumption in this model & dE 0.017 039 09823
is that the release rate remains constant throughout. This is valid only 7 1 0.019 035 0.9908
when the capsules do not swell significantly and the path for diffusion 8 2 0.016 036 0.9778

(diffusional resistance) remains the same throughout the release period. Weibull Model Concentration of a B Rt

Table 2 (rows 1 to 4) shows the values for the rate constant kg and the hig g‘fﬁé::)%) A e, s
correlation coefficient (Rz? for release profiles of all the f_our samples. 10 05 0.014 0.44 0.9846
Increase in the concentration of nanofiber in the polymer shell led to a 1 1 0.017 038 0.9914
steady decline in the values of ky indicating higher diffusional re- 12 2 0.014 0.39 0.9802

sistance of polymeric shell embedded with mCNF. However, the R?
value decreased steadily with increase in mCNF. Hence, we explored
other mathematical equations. The power law described by Korsmeyer, mechanism of release. This model predicted the release profiles very
Ritger and Peppas is a semi-empirical equation which can explain the well. Table 2 (rows 5 to 8) shows the K, n and R? values for all four
release of active ingredient from polymeric systems more comprehen- batches. The K value decreased almost by a factor of three on in-

sively [54,55]. corporating 0.5 wt% of mCNF, indicating the strong influence of cel-
lulose nanofibers on the barrier properties of the polymer shell. Further

—L =K.t increase in concentration of mCNF did not change the K value sig-
 Ms @ nificantly. This trend can also be observed in the release profiles, where
Where M,/M.. is the fraction of active released at time t, K'is the release the microcapsules incorporated with mCNF have release profiles which

rate constant and 1 is the exponent of time ¢ which represents the are drastically slower than the pristine MICs but almost closer to each

BT 304
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Fig. 8. Release behavior of DEET from microcapsules in distilled water at room temperature (a) overall release (b) initial release.
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Fig. 9. Experimental and predicted release profiles for (a) pristine (b) 0.5% mCNF MIC, (c) 1% mCNF MIC and (d) 2% mCNF MIC.

other. The éxponent ‘n’ in the Korsmeyer—Peppas model is lower than
0.43 which generally indicates a deviation from the Fickian range of
diffusion. However Ritger and Peppas obtained values as low as 0.3 for
Fickian materials which were polydisperse [45]. They concluded that a
specific range of n cannot be defined for samples having particle size
distribution.

We also explored the Weibull model which was first introduced in
1951 [56] and applied to drug release systems in 1972 [57]. Papado-
poulou et al. have used computer simulations for determining the me-
chanisms of controlled release curves using the following form of the
Weibull function [58].

M g g

Mo 1 — exp(—a. t”) i @)
where a and b are constants. A critical value of 0.75 for exponent b
represents the Fickian diffusion limit, beyond which, other factors start
influencing the release. ‘Table 2 (rows 9-12) shows the values for a, b
and R? fitted to all four systems in this study. The model fits

all the four MIC release curves well and the values for b are all
below 0.75. Thus, it can be concluded that the release is primarily
controlled by diffusion. Fig. 9 shows the experimental release data and
the predicted release curves obtained using models discussed hitherto.
Among the models explored, Peppas model and Weibull model were
able to closely predict the experimental release profile of DEET in these
MICs.

5. Conclusions

This study illustrates that hydrophobically modified cellulose na-
nofibers could be used as an ecofriendly alternative to perform dual
functions, viz stabilize emulsions as well as prolong the release of active
ingredients from microcapsules. Although few reports aré available on
microencapsulation of DEET, they are not based on pickering emulsions

or nanocomposite microcapsules by interfacial polycondensation, 2
process that can lead to high encapsulation efficiency. Here, we report
on the successful encapsulation of DEET by interfacial polycondensa-
tion using mCNF as pickering emulsifier. This approach enabled to
achieve a high encapsulation efficiency of around 92-98%.
Microcapsules obtained by this approach were spherical and smooth
with size ranging from 5 to 40 pm. Thermogravimetric analysis of MICs
indicate a delayed decomposition of DEET upon encapsulation.—
Presence of mCNF led to a significant reduction in the release rate ¢
DEET. Interpretation of release profile by standard mathematical
models such as Higuchi, Korsemayer-Ritger-Peppas and Weibull re-
vealed a significant reduction in release rate constants implying en-
hanced permeation resistance in the presence of mCNF.
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