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a  b  s  t r  a  c  t

This  work  describes  the preparation  of  a microhydrogel  composite  from  cellulose  nanowhiskers  (CNW)
and  starch  in  an  ultrasound  assisted-emulsion.  CNW,  which  showed  rod-like  morphology,  was  obtained
by  acid  hydrolysis  of  cane-based  cellulose.  The  introduction  of vinyl  bonds  to  both  CNW  and  starch
enabled  us  to  create  the  microhydrogel  composite  in  which  CNW  played  a role  as  a  covalent  cross-
linker.  Furthermore,  CNW  may  act as  an  emulsifying  agent  for emulsion,  improving  both  sphericity  and
eywords:
ellulose
rug delivery
icroparticles
anowhiskers
tarch

homogeneity  of  the  microparticles.  The  drug  release  was  regulated  in response  to  changes  in  the  CNW
amounts.  The  modeling  of  the  release  kinetics  indicated  that  the drug  release  is  driven  by  an  anomalous
mechanism  and  that  the  addition  of CNW  to starch microparticles  led to differences  in that  mechanism.
The  release  rate  became  ca.  2.9  times  slower  when  CNW  is  added.  When  combined  with  starch,  CNW
played  a role  as a retardant  factor  for  drug  release.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

For several years, many drugs have been developed to be
bsorbed in the gastrointestinal tract (GI), which comprises both
he stomach and the intestine. GI is, in most cases, the site more
ppropriate for orally administrated drugs. The action of certain
rugs can be improved when they are absorbed in the large intes-
ine (colon). However, upon contact with the stomach and thin
ntestine environments, some drugs can undergo hydrolysis, affect-
ng their therapeutic properties before reaching the colon (Shalviri
t al., 2013; Zhang et al., 2013). Some approaches based on pH-
esponsive synthetic polymers and on polysaccharides, such as
tarch, have been proposed to overcome that limitation. For use in
ral drug delivery systems, starch takes vantage of being resistant to
astric juice (Saboktakin, Tabatabaie, Maharramov, & Ramazanov,
011).

The polysaccharides show great importance in the biomedical
ector owing to a wide variety of potential applications includ-

ng in the targeted delivery of drugs (Mauricio, Guilherme, Kunita,

uniz, & Rubira, 2012; Wu et al., 2011). Starch and cellulose, the
atter being a material with nanocrystalline structures, are the most

∗ Corresponding author. Tel.: +55 44 3011 3686.
E-mail address: afrubira@uem.br (A.F. Rubira).

ttp://dx.doi.org/10.1016/j.carbpol.2014.07.063
144-8617/© 2014 Elsevier Ltd. All rights reserved.
abundant polysaccharides in nature. Beyond being obtained from
renewable sources, both materials offer other important advan-
tages such as low cost, ease of chemical modification, ability to
replace some synthetic polymers, good mechanical resistance and
plasticity, and so on (Klemm et al., 2011; Olivato, Müller, Carvalho,
Yamashita, & Grossmann, 2014; Sun, Fan, & Xiong, 2014; Wang
et al., 2012).

The use of cellulose nanowhiskers (CNW) for developing bio-
composites has been the target of current investigations (Chen
et al., 2014; Dufresne, 2010; Habibi & Dufresne, 2008; Li, Ko, &
Hamad, 2013). Sugarcane bagasse is a resource rich in cellulose.
It is composed of lignin (ca. 15%), hemicelluloses (ca. 30%), and
cellulose (ca. 40%). Cellulose is extracted from sugarcane bagasse
by disrupting the complex of lignocellulose-polyose via delignifi-
cation. Nanowhiskers with different levels of crystallinity may be
obtained via cellulose hydrolysis. The sugarcane bagasse-derived
CNW are viable from an economical point of view, owing to an
increase in the production of sugarcane in the last years for cane-
based alcohol. This led to an expressive increase in the discarded
residues, the most part being bagasse.

The disadvantage of a biocomposite composed of starch is

that it has a low water-solubility, limiting its processing in aque-
ous environments. To increase solubility of starch in water, some
approaches based on chemical modification of the polysaccharide
backbone have been proposed. The chemically modified starch

dx.doi.org/10.1016/j.carbpol.2014.07.063
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.07.063&domain=pdf
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ould be used in the production of biocompatible, hydrophilic
aterials like covalent hydrogels (Ismail, Irani, & Ahmad, 2013;

ereira et al., 2013; Valiki & Rahneshin, 2013).
The hydrogels have markedly different properties when their

ize toward microscale. For example, the higher surface area of
hese materials at a microscale level (called microhydrogels) makes
asier their interaction with the physiological environment, which
s rich in water. Efficient strategies have been proposed to produce

icrohydrogels (�H) such as radical polymerization in emulsion,
elective precipitation of particles, scCO2-based synthesis, and so
n (Bordenave, Janaswamy, & Yao, 2014). However, in view of
he surface characteristics, �H shows a strong tendency toward
ggregation, affecting the properties and consequently the quality
f the product. When they are sufficiently dispersed, the particle
roperties are then reestablished. Ultrasound-assisted emulsion
olymerization is an efficient strategy to prepare �H, because it
rovides an excellent, uniform dispersion of the particles (Campos
t al., 2013; Grinberg & Gedanken, 2010; Li, Li, Sun, & Yang, 2013).
he ultrasound waves can also contribute to disaggregate particles
nd prevent coalescence of the emulsion.

This work aims at developing covalent microhydrogel-based
omposites (�HC) from starch and CNW for application in drug
elivery systems via radical polymerization in an ultrasound
ssisted-emulsion. The drug release profile of �HC was studied
y the modeling of the release kinetics of Vitamin B12 (Vit-B12),
hich was used as a model drug. Vit-B12 was selected on basis of

ts hydrophilic characteristics, i.e., it shows affinity for the environ-
ent in which it acts (both hydrogel and solvent phases). To obtain

ovalent �HC, starch and CNW were chemically modified with the
urpose of introducing glycidyl methacrylate-derived vinyl groups
GMA) to their polysaccharide backbone. The vinyl bonds on the

odified CNW function as potential cross-linking points, allow-
ng the nanowhiskers to be used as a covalent cross-linking agent
or vinylated starch. The biocomposites based on the starch/CNW

icrohydrogels represent an attractive approach for synthesis of
ew advanced materials that may  be used as a design parameter to
ontrol the release rate.

. Experimental

.1. Materials

Glycidyl methacrylate (GMA, 97%), starch (from corn),
oly(vinyl alcohol) (PVA, 87–89% hydrolyzed, Mw =
1,000 g mol−1), vitamin B12 and high retention seamless cel-

ulose tubing (average diameter of 15 mm,  average flat width
f 23 mm,  pore sizes of 12,400 MWCO, 99.99% retention) were
urchased from Sigma–Aldrich. Benzyl alcohol (99.0%), hexane,
oluene, hydrochloric acid and absolute ethyl alcohol (≥99.3%)
ere supplied by F. Maia.

.2. Extraction of cellulose from sugarcane bagasse

The sugarcane bagasse was cut into smaller pieces and subse-
uently washed with water at room temperature while stirring.
he samples were left to dry in an oven at 40 ◦C for 7 days
nd then crushed with the use of a cutting mill, in the absence
f light and humidity. After being washed and dried at room
emperature, 100 g of crushed bagasse was submitted to a pre-
reatment in water, hexane and a toluene/ethanol (2:1) mixture

or removal of impurities. Each stage of the treatment was per-
ormed at 40 ◦C for 3 h, and in the interval of each stage, the
agasse was filtered and dried in a ventilated oven at 50 ◦C for
0 h.
olymers 115 (2015) 715–722

2.3. Synthesis of cellulose nanowhiskers (CNW) from cane-based
cellulose

The cellulose nanowhiskers were obtained by acid hydrolysis.
For that purpose, 1 g of bagasse-extracted cellulose was added to
25 mL  of HCl at 45 ◦C and left to react for 1 h. Then, the system was
cooled to 25 ◦C and the sample was continually washed until pH 3
was obtained. After hydrolysis, cellulose was dialyzed until neutral
pH was  reached.

2.4. GMA-based modification of starch (starch�) and CNW
(CNW�)

Three grams of starch were added to 20 mL  of N,N-
dimethylacetamide (DMA) at 100 ◦C under stirring for 15 min. The
thus formed solution was  cooled to 50 ◦C and then 0.05 g of 4-
(dimethylamino)pyridine (DMAP), as a catalyst, and 3.0 mL  of GMA
were introduced. The resulting solution was  left to react for 24 h
and subsequently precipitated with ethanol. The centrifuged prod-
uct was washed with ethanol three times to ensure an efficient
removal of DMAP and unreacted GMA. The product was left to dry
in an oven at 60 ◦C.

CNW was  modified using a strategy comparable to that reported
above. Two  grams of CNW were added to 20 mL  of DMA  at 50 ◦C
under stirring for 15 min. Then, 3.0 mL  of GMA  and 0.05 g of DMAP
were added while stirring. After 24 h of reaction, the solution was
precipitated with ethanol and subsequently centrifuged. The prod-
uct was washed with acetone, ethanol and water and left to dry in
an oven at 60 ◦C. The starch� and CNW� labels were used to identify
the modified polysaccharides.

2.5. Preparation of �HC from starch� and CNW�

Five milliliters of a 2.0% (w/v) starch� aqueous solution were
added to 5.0 mL  of a 1.0% (w/v) PVA aqueous solution with 0%, 1%,
or 10% CNW� at room temperature while stirring. After homoge-
nization, 2.4 mg  of ammonium persulfate, as an initiating agent,
were introduced and dissolved with help of a magnetic stirrer.
Then, benzyl alcohol was  added dropwise to the resulting solution
so that a two-phase system was  formed. The water/benzyl alco-
hol mixture compositions were used in the 1:4 and 1:3 ratios. The
emulsion (w/o) was obtained by sonication with the use of a probe
of ultrasonic oscillation (Cole-Parmer® 500, model EW-04711-40),
applying a frequency of 20 kHz for 60 s. After that, 150 mL of ace-
tone were added for precipitation. The product was centrifuged and
left to dry under vacuum in a desiccator at room temperature for
24 h. In the emulsions without ammonium persulfate (i.e., the con-
trol experiment), a longer time was  required to induce the radical
polymerization, but this led to an overheating.

2.6. Vit-B12 release from �HC

Vit-B12 (10% in relation to mass of starch�) was added to �HC-
forming emulsion (in situ drug loading approach). This loading
strategy was used in view that a significant amount of the drug
can be loaded onto the microhydrogel. In such a case, the drug
molecules are trapped into the starch network over the cross-
linking/polymerization. There is no binding between the modified
polysaccharides and Vit-B12. The carbon-carbon double bonds of
Vit-B12 are connected to either a carbonyl group or chemical
groups, which are stabilized by resonances with steric hindrance.
Thus, in our present understanding, side reactions of the drug are

not possible. For experiments of release, 100 mg of drug-loaded
�HC were added to 3.0 mL  of a buffer solution at pH 6.9 at 37 ◦C
and subsequently transferred to into a dialysis tube. After being
properly sealed, the full tube of the suspension of �HC was  fixed
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t the bottom of a glass reactor with 220 mL  of the same buffer
olution equilibrated at 37 ◦C. The external solution was stirred at
0 rpm using a paddle stirrer, which was positioned 2.5 cm above
he dialysis tube. Aliquots of 5.0 mL  were collected from the exter-
al solution at specified times and transferred to a 1 mm-internal
iameter quartz cuvette. The readings of release were done at
he wavelength for the maximum absorption of Vit-B12 (360 nm)
ith the use of a UV–vis spectrophotometer (Biochron, Libra S12
odel) operating in a spectrophotometric mode. After analysis,

he aliquots were returned into the reactor to prevent changes on
he volume of the external solution. An analytical curve that cor-
elates the absorption to the concentration of the drug in water
ε = 2.3 × 104 M−1 cm−1) was used to determine the concentrations
f released Vit-B12.

.7. Characterizations

.7.1. Wide-angle X-rays diffraction (WAXD)
The index of apparent crystallinity (ICRX) was determined

hrough the resolutions of the WAXD patterns. The data were
ecorded on a Siemens Kristaloflex 4-Difractometerusing acceler-
ting voltage of 40 kV, current intensity of 30 mA,  2� range of 5–50◦

nd scanning speed of 1◦ min−1, with Ni-filtered Co-K� radiation at
.5406 Å. The curves were deconvoluted without a base line by the
ethod of least squares curve-fitting using Lorentzian distribution

unction, according to Eq. (1):

CRX = 1 − ham

hcr
= 1 − ham

htot − ham
(1)

here hcr and ham are the maximum intensities (a.u.) of WAXD
ignal for (0 0 2) crystalline plan at 2� = 22.5◦ and for amorphous
eflection at 2� = 18◦, respectively.

.7.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of the samples were recorded in a Bomen FT-IR

odel MB100 spectrometer. Powdered samples were prepared into
ellets with KBr. The spectra were acquired in triplicate and a total
f 128 scans were run for each spectrum to reach the resolution of

 cm−1.

.7.3. Scanning electron microscopy
Morphological characteristics of the lyophilized samples were

nalyzed in a scanning electron microscope (Shimadzu, model SS
50 Superscan). The samples were earlier sputter-coated with a
hin layer of gold. SEM images were taken by applying an acceler-
tion voltage of 15 kV and a current intensity of 30 �A.

.7.4. Transmission electron microscopy (TEM)
TEM images were obtained in a JEM-1400 microscope (JEOL)

y applying an acceleration voltage of 120 kV. For TEM imaging, an
liquot of a stirred suspension of microparticles in isopropyl alcohol
as added dropwise onto a 400 mesh copper grid.

. Results and discussion

.1. Structural characteristics of CNW from cane-based cellulose

Fig. 1 shows the TEM images and WAXD patterns of CNW. The
ield of CNW extracted by acid hydrolysis was 62%. CNW showed
od-like morphology. The images suggest structures with an appar-
nt size higher than 500 nm,  owing to agglomeration of CNW.
his is because CNW prepared from hydrochloric acid hydroly-

is were almost charge free (Jiang, Esker, & Roman, 2010; Rusli,
hanmuganathan, Rowan, Weder, & Eichhorn, 2011). The charge
ree surface leads to a high tendency of the CNW aggregation. The
rystalline peaks at 15◦, 22.6◦ and 34.5◦ (2�  range) provide strong
olymers 115 (2015) 715–722 717

evidences of CNW, corroborating the TEM results. ICRX of CNW,
obtained from diffractogram, was 79%.

3.2. Spectroscopic analysis of the modified polysaccharides

Fig. 2 shows the FTIR spectra of starch, starch�, CNW, CNW� and
�HC. The bands of high intensity at 1716 cm−1 in the spectrum of
�-CNW (Fig. 2(a)) and at 1722 cm−1 in the spectrum of starch�

(Fig. 2(a)) were attributed to carbonyl groups (�C O) of conju-
gated esters derived from GMA  molecules. The bands at 813 cm−1

in both the spectra were correlated to C H out-of-plane bend-
ing. These findings are strong evidences of the addition of chemical
groups of GMA  to both starch and CNW backbones. The cross-
linking/polymerization reaction of starch� with CNW� (gelation)
was characterized by the changes of the bands from 1716 cm−1

in the spectra of CNW� (Fig. 2(a)) and 1722 cm−1in the spectrum
of starch� (Fig. 2(a)) to 1714 cm−1 in the spectra of �HC 1% CNW
and �HC 10% CNW (Fig. 2(b)). The shifts of those bands are corre-
lated to �-unsaturated conjugation-loss of the ester groups of the
GMA  moieties, caused by the consumption of the vinyl groups. This
argument is strengthened by the disappearance of the vinyl bands
at 1650 cm−1 (spectrum of CNW�) and at 1652 cm−1 (spectrum of
starch�) after the gelation (spectra of �HC), indicating the change
from vinylic to methylenic carbons.

3.3. Microparticle morphology

The ultrasound-assisted emulsion cross-linking/polymerization
is a powerful approach in the production of small particles. After
the modification, starch and CNW were easily dispersed in water, as
described in the preparation of �HC. This observation encouraged
us to think that, in the emulsion, both modified polysaccharides
move toward the aqueous phase and that the particles are therefore
formed within the benzyl alcohol-confined water droplets (Reis
et al., 2009), which are induced by the acoustic waves. To observe
the influence of the composition of the hydroalcoholic emulsion on
the microparticle morphology, the 1:3 and 1:4 water/benzyl alco-
hol mixture ratios were tested. At first, only covalently crosslinked
starch particles (that is, without CNW) were prepared in order to
evaluate the synthesis medium more appropriate for producing
�HC.

Fig. 3 shows the SEM images of covalent starch microparticles
produced in the water/benzyl alcohol mixtures in the 1:3 and
1:4 ratios. The (1:3)-based starch particles showed heterogeneous
particle dimensions and agglomeration (Fig. 3(a)). Under this con-
dition, the water droplets are close each to other. Therefore, the
water–water intermolecular attraction forces increase and the
reaction medium coalesces. On the other hand, the (1:4)-based
starch particles showed predominantly spherical shape with small
size dispersity (Fig. 3(b)). This may  be explicated by the larger
volume of external phase (benzyl alcohol) that allows the water
droplets move as far away as from each to other. Consequently,
those water–water attracting forces decrease. The objects of unde-
fined shape in both micrographs were correlated to PVA films.

To further characterize the microparticle dimensions, parti-
cle size distribution curves (Fig. 3(a1) and (b1)) were elaborated
by measuring particle diameters from the respective SEM images
(Fig. 3(a) and (b)). The plots correlating number of observations to
particle diameter were obtained by a statistical treatment with the
use of an Imagen Pro-Plus software version 4.5.0.29. The distribu-
tion curve of (1:3)-based starch microparticles showed an average
diameter of 0.6 ± 0.2 �m.  On the other hand, smaller particles with

an average diameter of 0.54 ± 0.2 �m were observed for (1:4) starch
microparticles.

On the basis of the SEM results and distribution curves, �HC
was produced in the water/benzyl alcohol mixture in the 1:4
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Fig. 1. Bright field TEM images and WAXD patterns of can

roportion. Fig. 4 shows the SEM micrographs of �HC 1% CNW
nd �HC 10% CNW and the respective particle size distribution
urves. �HC 1% CNW (Fig. 4(a)) showed heterogeneous parti-
le dimensions, while �HC 10% CNW (Fig. 3(c)) showed the best
esults in terms of size dispersity, and sphericity. At high concen-
rations, CNW may  act as an emulsifying agent by adsorption on the
ater/oil interface, which provides a physical chemical barrier sur-

ounding the droplets and therefore stabilizes the emulsion. CNW is
rreversibly adsorbed at the water–oil interface, forming a hydrated
ayer. Furthermore, Pickering emulsions stabilized by cellulose
anocrystals, which were obtained by hydrochloric acid hydrolysis
f bacterial cellulose, have been reported by (Kalashnikova, Bizot,

athala, & Capron, 2011).

The distribution curves showed the following particle diam-
ter: 0.9 ± 0.3 �m for �HC 1% CNW and 1.4 ± 0.4 �m for �HC
0% CNW. The increase in the average diameter of both �HC

Fig. 2. FTIR spectra of (a) CNW, CNW� , starch, starch� , and (b) �HC 1% CNW and �HC
d CNW. Bar charts displaying spatial resolution of 0.5 �m.

compositions, when compared with those of starch-only micro-
particles, was  correlated to contribution of CNW to particle size.

Fig. 5 shows the bright field TEM images of �HC 10% CNW.
The TEM images, taken at a spatial resolution of 0.2 �m,  showed
microparticles with relatively spherical shapes (Fig. 5(a)), which
is consistent with SEM results. Although a few morphological fea-
tures can be identified, TEM images did not showed clear details of
the sample. This was correlated to the fact that unstained, trans-
parent materials do not produce contrast when light rays passes
through them. As �HC is a low contrast material, most likely due
to its polysaccharide structure, the bright field microscope was
changed into a dark field microscope in order to create high con-

trast images. Nevertheless, it was not possible to see small details.
Then, the image (bright field) was focused onto a particle and taken
at a spatial resolution of 100 nm,  as shown in Fig. 5(b). Although
the microparticle morphology apparently changed, significant

 10% CNW in the spectral range of 2000–450 cm−1. Inset: FTIR spectrum of GMA.
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ig. 3. Left: SEM images of covalent starch-onlymicroparticles produced in the wat
istribution curves ((a1) and (b1)) obtained by measuring particle diameters of (a) a

nformation on CNW in the starch particle was given. Starch, which
s essentially composed of atoms of carbon, hydrogen and oxygen,
orresponds to brightest gray areas. The dark points correspond to
od-like structures of CNW in the microparticle, providing a strong
vidence of the formation of the microhydrogel composite.

.4. Application in drug delivery

The drug release was studied by applying Eq. (2)

Ct

C∞
= ktn (2)

here Ct and C∞ are the cumulative concentrations of drug released
rom �HC at a specified time and at equilibrium, respectively, k is a
onstant of proportionality, and n is the diffusional coefficient that
escribes the release mechanism.

The Eq. (2) is used to determine the release mechanisms of
wellable polymer devices with different geometric forms such as

lms, cylinders, discs and spheres, but it can predict only the first
0% of released drug.

The values of n depend on geometry of the polymer device,
s shown in Table 1. Fickian diffusion indicates that the release

able 1
alues of diffusional exponent, n, for polymer devices with different geometrical shapes.

Diffusional exponent n 

Thin film Cylinder Sphere

0.5 0.45 0.43 

0.5  < n < 1.0 0.45 < n < 0.89 0.43 < 

1.0  0.89 0.85 

>1.0  >0.89 >0.85 
zyl alcohol mixtures in the 1:3 (a) and 1:4 (b) ratios. Right: respective particle size
).

mechanism is controlled by diffusion. Anomalous transport is the
contribution of both the Fickian diffusional and the relaxational
mechanisms. In the case II transport, the mechanism is driven by
macromolecular relaxation of the polymer chains, and is indepen-
dent on time. The super case II transport mechanism results of the
contribution of diffusion, macromolecular relaxation, and erosion
of the polymer device.

3.5. Release profiles and mechanisms

The drug release performance for starch microparticles, �HC 1%
CNW and �HC 10% CNW was studied by plotting curves correlating
the fraction of the released drug to time Ct/C∞, as shown in Fig. 6.
The release profile of a microhydrogel is better understood when it
is correlated to the time necessary to cumulative release of drug to
reach equilibrium (t∞). This is an important parameter to predict
whether the release is sustained for a long time.

The values of t∞ were summarized in Table 2. �HC showed

values of t∞ longer than that of starch microparticles, and this
became more evident for �HC with the larger amount of CNW. It
thus becomes clear that the introduction of CNW to starch micro-
particles leads the drug release to a sustained profile.

Release mechanism

Fickian diffusion
n < 0.85 Anomalous transport (non-Fickian)

Case II transport (zero-order release)
Super case II transport
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Fig. 4. Above: SEM micrographs of �HC 1% CNW and �HC 10% CNW produced in water/benzyl alcohol emulsion in a 1:4 ratio. Below:  respective particle size distribution
curves ((a1) and (b1)) obtained by measuring particle diameters of (a) and (b).

Fig. 5. Bright field TEM image of �HC 10% CNW.

Table 2
Fitting parameters of Eqs. (1) and (2) to Vit-B12 release from the from starch-only microparticles, �HC 1% CNW and �HC 10% CNW at 37 ◦C.

Samples t∞ (min) n k (10−3 min−1) d

Starch microparticles 500 (±12) 0.64 (±0.03) (R2 = 0.9844) 7.08 (±0.46) 0.89 (±0.07)
�HC  1% CNW 1400 (±63) 0.71 (±0.05) (R2 = 0.9434) 2.43 (±0.25) 1.63 (±0.33)
�HC  10% CNW 1600 (±39) 0.70 (±0.05) (R2 = 0.9865) 2.49 (±0.49) 1.23 (±0.14)

The fitting parameters were estimated by a least-squares approach, with a 95% level of confidence using Origin 8.0.
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ig. 6. Time-dependent release curves of Vit-B12 from starch-only microparticles, �
ata  to Eq. (3). Inset: Logarithmical curves of Ct /C∞ plotted against the time, accord

The values of n were obtained from slopes of the logarithmi-
al curves of Ct/C∞ as a function of time for starch microparticles,
HC 1% CNW and �HC 10% CNW (Table 2) and the respec-

ive plots were shown in the inset of each Figure. The straight
ine describes the kinetic model adjusted to first 60% of the
eleased drug. Starch microparticles showed an anomalous mech-
nism for drug release, contributions of Fickian diffusional and
elaxational mechanisms. Both �HC compositions also showed
n anomalous mechanism, but with a slight tendency to macro-
olecular relaxation. It is clear that the release mechanism

omewhat responded to changes on the particle architecture.
n the other words, adding CNW to starch microparticles leads
o differences in the mechanism driving the drug release. From

 molecular point of view, it is reasonable to suppose that
NW affected the polymer motion of the network structure of
tarch.

.6. Release rate constant (k) of drug

The Eq. (2), in view of its restriction, may  not be used to adjust
he entire set of the experimental data, being applied only for early

imes, when the release is linear. In such a case, the results are
uperficially comprehended and a deep discussion is not possible.
o have a further insight into release data it is need to describe the
verall profile of the in vitro released drug, which can be assessed
% CNW and �HC 10% CNW at 37 ◦C. The solid lines represent the best fit of release
 Eq. (2).

by applying a modified version of the Weibull function (Costa &
Lobo, 2001):

Ct

C∞
= C0 + (1 − e(−k(t−t0))d

) (3)

where d and k are constants, respectively. Costa, Valente, Miguel,
and Queiroz (2011) reported that d and k are closely related to the
mechanism and rate constant of release, respectively (Costa et al.,
2011).

The release kinetics of Fig. 6 were adjusted to Eq. (3), from which
a value of k and d was  described for each fit (Table 2). Notably, both
�HC compositions showed release rate approximately 2.9 times
slower than the starch microparticles. This means that the addition
of CNW to starch microparticles gives a release retardant effect, i.e.,
when combined with starch, cellulose nanocrystals are a retardant
factor for drug release. As a result, the release is extended for longer
times, corroborating the data of t∞. The values of k for �HC 1% CNW
and �HC 10% CNW were on the same order of magnitude (also in
terms of n), suggesting that the release rate slows until a limit value.
From a physical chemical point of view, the decrease in the release
rate was  attributed to tortuosity effect. This behavior is the result of

the disposition of nanocrystals within the polymer device. In other
words, the introduction of CNW could produce longer (or tortuous)
pathways that would difficult the diffusion of the drug toward the
outside microhydrogels.
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Values for d higher than 0.8 correspond to n values higher than
.5 (Kosmidis & Argyrakis, 2003; Kosmidis, Argyrakis, & Macheras,
003). The analysis of d indicated an anomalous transport for starch
icroparticles and for both �HC compositions, confirming the
echanism data of Eq. (2).

. Conclusions

Covalent �HC was produced from CNW and starch for appli-
ations in drug delivery. CNW was obtained by acid hydrolysis of
ane-based cellulose in hydrochloric acid, demonstrated by WAXD
nd TEM. The extraction of cellulose from sugarcane bagasse was
rocessed by delignification. Adding vinyl bonds to both CNW and
tarch allowed us to produce covalent microhydrogels in which
he nanocrystals played a role as a covalent cross-linking agent.
TIR indicated that the structure of the hydrogel composite is
ormed via radical cross-linking/polymerization of CNW� with
tarch� because of important spectral changes on the regions of
inyl and carbonyl groups. The morphological properties of the
tarch microparticles changed following the addition of nanocrys-
als. �HC with the larger amount of CNW showed the best results
n terms of size dispersity, and sphericity. The drug release was
egulated in response to changes on the CNW amounts in the
tarch particle. That became evident when t∞ values increased from
00 min  (starch microparticles) to 1600 min  (�HC 10% CNW), indi-
ating sustained release characteristics. The modeling of the release
inetics indicated that the drug release is driven by anomalous
echanism and that adding CNW to starch microparticles leads

o differences in that mechanism. It was also found that the release
ate become approximately 2.9 times slower when CNW is added.

hen combined with starch, the cellulose nanocrystals play a role
s a retardant factor for drug release, which is extended for longer
imes. This is consistent with the data of t∞. The analysis of d con-
rmed the anomalous mechanism.
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