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a  b  s  t  r  a  c  t

Curcumin  (CUR)  has been  proved  to  be highly  cytotoxic  against  different  tumor  cell lines.  However,  its
poor  solubility  in aqueous  medium  and  fast degradation  in  physiological  pH are  the  common  drawbacks
preventing  its efficient  practical  use.  Herein,  we report  the development  of  original  microspheres  based  on
the  biopolymer  starch  crosslinked  with  N,N-methylenebisacrylamide  (MBA)  to  be  applied  as  an  efficient
delivering  system  for CUR.  The starch-based  microspheres  showed  high  loading  efficiency  even  in loading
eywords:
icrospheres

tarch
urcumin
ral drug delivery system

solution  with  different  CUR  concentrations.  In vitro  release  assays  data  showed  that  the  CUR  release  is
governed  by  anomalous  transport  (n  = 0.73)  and  it  is pH-dependent.  Cytotoxicity  assays  showed  that
starch  microspheres  could  improve  the  cytotoxicity  of  CUR  toward  Caco-2  and  HCT-116  tumor  cell lines
up  to 40  times  than  that  found  for  pure  CUR. This  behavior  was  attributed  to  the  slowly  and  sustained
release  of CUR  from  the  microspheres.
ntitumor activity

. Introduction

Curcumin, 1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-
iene-3,5-dione,  is a natural pigment derived from an active
omponent of curcuma longa (Mandeville, Froehlich, & Tajmir-
iahi, 2009; Tang et al., 2010). It has been demonstrated by several
tudies that curcumin (CUR) has a wide range of biological and
harmacological activities, especially against cancer propagation
nd prevention (Cabrespine-Faugeras, Bayet-Robert, Bay, Chollet,

 Barthomeuf, 2010; Radhakrishna Pillai, Srivastava, Hassanein,
hauhan, & Carrier, 2004). Although, CUR has great efficiency

n the treatment of some human tumors its water insolubility
nd instability limits its application (Anand, Kunnumakkara,
ewman, & Aggarwal, 2007). The hydrophobic nature disables, for

nstance, its vascular and oral administration (Sharma, Gescher,
 Steward, 2005). One alternative to overcome such limitations

s the application of an adequate releasing system (hydrogels,
endrimers, liposome, micro, and nanoparticles) for CUR deliver-
ng. The employment of such systems in controlled drug delivery
as been widely explored for long time (Sun, Shoji, Lu, Liotta,

 Snyder, 2006; Vemula, Cruikshank, Karp, & John, 2009). A
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variety of polymeric materials (synthetic and natural) have been
used to synthesize/prepare efficient carriers (Jain, Gupta, & Jain,
2007; Saito et al., 2005). That was possible because polymeric
materials include a huge variety of molecules, which can enable
adhesion at the delivered site and allow the sustained drug release.
Additionally, functional components can be combined with the
polymeric carrier to target the drug or to control the releasing rate,
for instance.

A promising natural polymer widely applied in several fields
that shows interesting physical, chemical and biological features
is starch. Starch is a complex polysaccharide composed by amy-
lose and amylopectin, two macromolecules that have different
characteristics. Amylose is a linear macromolecule consisting of
�-d-glucopyranose units linked through (1 → 4) linkages and has
a molecular weight of 105–106 g/mol. Amylopectin is a branched
macromolecule formed by short chains linking linear chains via
(1 → 6) linkages and has molecular weight of 106–107 g/mol
(Namazi & Dadkhah, 2010) that possesses hydrophilic nature. It
is important to emphasize that starch has natural abundance, low
cost of production, renewability, biocompatibility and biodegrad-
ability, features that support its application in the development of

drug delivery systems. In order to improve and/or create its end-use
properties, starch can be chemically modified (Angellier, Molina-
Boisseau, Dole, & Dufresne, 2006; Xu et al., 2010). One starch mod-
ification example is the introduction of chemical groups on the

dx.doi.org/10.1016/j.carbpol.2013.06.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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tarch chains to allow its crosslinking with other polymer (Kim,
ho, & Park, 2001). The crosslinked network improves considerably
he mechanical properties and the water resistance of starch-based

aterials. Furthermore, some reports show that crosslinked starch
hains acquires resistance against enzymatic hydrolyzes enabling
t to be used, for instance, as carrier in oral drug delivery sys-
ems (Chen et al., 2007; Reis et al., 2008). Taking into account
hese considerations, we present the development and charac-
erization of original microspheres based on chemically modified
tarch crosslinked with N,N′-methylenebisacrylamide (MBA) to act
s an efficient deliverer of CUR.

. Materials and methods

.1. Materials

Cassava starch was kindly supplied by INPAL S.A. (São Tomé,
razil) Mw 5.4 × 103 kDa determined by GPC/SEC as described else-
here (Pereira, Gouveia, de Carvalho, Rubira, & Muniz, 2009).
lycidyl methacrylate (GMA, 97% CAS: 106-91-2), curcumin from
urcuma longa (Turmeric) (CUR, CAS: 458-37-7), sodium dodecyl
ulfate (SDS, CAS: 151-21-3), and sodium persulfate (SPS, CAS:
775-27-1), were purchased from Sigma–Aldrich (St. Louis, USA).
unflower oil (CAS 8001-21-6) was purchased from Cocamar (Mar-
ngá, Brazil). N,N-methylenebisacrylamide (MBA, CAS: 110-26-9)

as purchased from Biorad (Hercules, USA); and sodium hydroxide
NaOH, 95%, CAS: 1310-73-2), acetone (99.5%, CAS: 67-64-1), abso-
ute ethanol (99.5%, CAS: 64-17-5), hexane (99%, CAS 110-54-3),
imethyl sulfoxide (DMSO, 99%, CAS 67-68-5), and tetrahydro-
uran (THF, CAS 109-99-9) were purchased from Nuclear (São Paulo,
razil). All materials and reagents were used as received.

.2. Synthesis of chemically modified starch (starch-mod)

Starch was chemically modified adapting the methodology
eveloped by Reis et al. (2008). Briefly, starch (4 g) was  solubilized

n distilled water/DMSO mixture (ratio 1:1) at 80 ◦C under vigor-
us stirring. After complete solubilization, the temperature was
educed to 60 ◦C and the pH was adjusted to 10.5 with NaOH solu-
ion (0.2 M).  GMA  (4 ml)  was added to the reaction system, which
as kept under mechanic stirring at 60 ◦C for 24 h. The chemically
odified starch (starch-mod) was recovered by precipitation in

thanol. The precipitated material was separated by vacuum filtra-
ion. At last, the starch-mod was washed several times with ethanol
nd water portions to complete eliminate unreacted materials and
hen it was lyophilized (at −55 ◦C and 0.1 mBar for 12 h).

.3. Starch-mod characterization

.3.1. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of raw starch, GMA, and starch-mod was recorded

sing a Shimadzu 8300 FTIR spectrophotometer operating in the
egion from 4000 cm−1 to 500 cm−1 with resolution of 4 cm−1 and
4 scan acquisitions. The dried samples were mixed with KBr pow-
er and pressed into pellets for spectrum acquisition.

.3.2. Nuclear magnetic resonance (NMR)
1H NMR  spectra of raw starch, GMA, and starch-mod were

ecorded on Varian 300 MHz  unity (Oxford, model 300). Approx-
mately, 10% sample solutions in DMSO-d6 (raw starch and
tarch-mod samples) and CDCl3 (GMA sample) were prepared
n 5 mm  tubes with samples referred to tetramethysilane (the

etramethysilane signal was suppressed from the 1H NMR  spec-
ra). Chemical shifts in ppm were obtained by first-order analysis
f spin patterns (here it was considered that the proton is only cou-
led to other protons that are far away in chemical shift) for 1H NMR
olymers 98 (2013) 711– 720

experiments with the following conditions: number of data points
12 K; relaxation delay 30 s; angle pulse 90◦; acquisition time 5 s;
temperature 298 K; number of scans 32.

2.4. Microspheres preparation

Microspheres based on modified starch (starch-mod)
crosslinked with MBA  were prepared in water/oil emulsion
system. 2 g of starch-mod were dissolved in distilled water (90 ml)
at 80 ◦C to form the aqueous phase. The solution was cooled
to room temperature and MBA  (40 mg)  and SPS (0.25 mg)  were
added. The oleaginous phase, composed by sunflower oil (90 ml),
was deposited in a round bottom flask coupled to a mechanical
stirrer apparatus. Sodium dodecyl sulfate (SDS – 3.5 g) was  added
as emulsifier and the system was  stirred for 15 min  (1000 rpm)
before the temperature was increased to 90 ◦C. Both phases were
deoxygenated through N2 bubbling for 15 min. The aqueous phase
was poured slowly to the oil phase, and then the stirring was
increased to 2000 rpm and kept for 30 min  to crosslink. Finally,
the system was cooled to room temperature and the microspheres
were recovered by filtering under vacuum. The recovered micro-
spheres were washed several times successively with portions
of hexane (2× 20 ml)  to eliminate some oil residue, acetone (2×
20 ml), ethanol (2× 20 ml)  and water (2× 20 ml)  to eliminate the
non-reacted chemicals (MBA, sodium persulfate, SDS, starch-mod).
Then, microspheres were lyophilized before analyses.

2.5. Microspheres characterization

2.5.1. Scanning electron microscopy (SEM)
The morphology was investigated by SEM images (Shimadzu,

model SS 550, Japan). The microspheres were sputter-coated with
a thin layer of gold and image acquisition was taken by applying
an electron accelerating voltage of 12 kV. The microspheres aver-
age diameter was calculated by the Size Meter© software with
differentiation threshold set according to the image scale.

2.5.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy and analytical procedures were performed

according to parameters described in the previous section.

2.5.3. Thermogravimetry (TGA)
TGA was  performed on freeze-dried samples from 25 ◦C to

600 ◦C at a heating rate of 10 ◦C/min under 30 ml/min of flowing N2
in a thermogravimetric analyzer (Netzch, model STA 409 PG/4/G
Luxx, USA).

2.6. Curcumin loaded microspheres

CUR (1.25 mg)  was  solubilized in water/THF (ratio 1:1, 100 ml)
to prepare the stock solution. After, 1.0 g of microspheres was
deposited in that solution. The system microspheres/CUR stock
solution was  kept under magnetic stirring overnight at room tem-
perature. So, the loaded microspheres were removed by high-speed
centrifugation and oven-dried at 40 ◦C for 24 h. The stock solution
was analyzed through UV spectroscopy technique to evaluate the
loading efficiency. The supernatant was  analyzed at 430 nm using
a UV-Vis Femto (model 800Xi, Brazil) apparatus. Using a previ-

ously built analytical curve, the concentration of CUR remaining in
the supernatant was calculated. The analytical curve was designed
from standard CUR solutions varying from 0.17 to 7.68 mg/l using
water/THF (ratio 1:1) as solvent. The linear correlation coefficient
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R2) value was higher than 0.999. The encapsulation efficiency was
alculated using the following equation:

ncapsulation efficiency (%) = [CUR0] − [CURs]
[CUR0]

× 100 (1)

here [CUR0] is referent to initial amount of curcumin and [CURs]
s the amount of curcumin remaining in the supernatant.

.7. CUR release assays

The in vitro CUR release assays were performed in two differ-
nt environments: simulated intestinal fluid [SIF, 6.8 g KH2PO4 and
7 ml  aqueous NaOH (0.2 M)  in water – final pH = 6.8, 1000 ml]  and
imulated gastric fluid [SGF, 2.0 g NaCl and 7.0 ml  HCl (37 g/g%)
n water – final pH = 1.2, 1000 ml], both without the presence of
nzymes. The release assays were carried out in a dissolution appa-
atus in which for each fluid 200 mg  of dry loaded microspheres
ere deposited in a sealed flask with 150 ml  of SIF or SGF. The

elease study was carried out in triplicate (n = 3) for a given fluid.
fter the dipping of each sample in a desired fluid, the system was
ept under constant stirring (75 rpm) at 37 ◦C over whole test. At a
esired time interval, an aliquot (ca. 5 ml)  was removed from each
ask to quantify, through UV measurements, the amount of drug
eleased as described previously. The aliquots were centrifuged
efore the UV analysis to avoid the interference of microspheres.
fter the UV measurements those aliquots and the precipitated
ere replaced into their respective flask. The analytical curves for
UR in SGF and in SIF were built in the concentration range of
.03–3.0 mg/l. R2 values were as high as 0.999 for both analytical
urves.

.8. Cytotoxic effect on tumor cell lines

Caco-2 and HCT-116 cell lines, originated from a human
olonic adenocarcinoma and human corectal carcinoma, were cul-
ured and maintained in Dulbecco’s modified Eagle’s medium
DMEM; Gibco®, Grand Island, NY, USA) supplemented with 10%
eat-inactivated fetal bovine serum (FBS; Gibco®) and 50 �g/mL
entamycin, in incubator set at 37 ◦C, 5% CO2 and 95% relative
umidity. The cells were expanded when monolayer reached con-
uence after 3. After reaching 80% confluence, cells were digested
y using 0.25% trypsin (Gibco®) contained 1 mM EDTA.

The cytotoxic effect of the CUR released from microspheres
n the Caco-2 and HCT-116 cell lines were determined by sul-
orhodamine B test (SRB-test) (Skehan et al., 1990). The unloaded

icrospheres were utilized as control and pure CUR was tested as
 comparative. In addition, two sets of microspheres with differ-
nt amount of encapsulated CUR were tested. The first one (labeled
s C1) was loaded in a CUR solution with concentration equal to

 mg/ml  and the second (labeled as C100) in a CUR solution with
oncentration equal to 100 mg/ml. The encapsulation efficiency
as equal to 80.54% to C1 (0.81 mg  of CUR encapsulated in 1 g of
icrospheres – 0.085 wt/wt%) and 82.38% to C100 (82.38 mg  of CUR

ncapsulated in 1 g of microspheres – 8.24 wt/wt%), respectively.
he experimental procedures for encapsulating CUR for evaluating
he encapsulation efficiency were the same described above.

The cells were seeded in 96-well tissue plates (TPP –
echno Plastic Products, Trasadingen, Switzerland) at a density of

 × 105 cell/ml in 100 �l of medium for 24 h in the CO2 incuba-
or. For each sample (control, pure CUR, C1, and C100) solutions
ith different concentrations (500, 100, 10, 1, and 0.1 �g/ml)
ere prepared and added to the culture media. After incubation
or 48 h, the cell monolayers were washed with 100 �l phos-
hate buffered saline (PBS) sterile, fixed with trichloroacetic acid
nd stained for 30 min  with SRB (7.16 mmol/l) (Sigma Chemi-
al Co., St. Louis, MO,  USA) in acetic acid solution. The dye was
olymers 98 (2013) 711– 720 713

removed by four washes with acetic acid solution (175 mmol/l), and
protein-bound dye was extracted with 10 mM unbuffered Tris base
[tris(hydroxymethyl)aminomethane] for determination of optical
density in a computer-interfaced, 96-well microtiter plate reader
(Power Wave XS, BIO-TEK®, Winooski, VT, USA). The CC50 values
were determined from a percentage of cells relative to untreated
control and the half-life of the Caco-2 and HTC cells in the pres-
ence and absence of each tested sample was  estimated as the time
point at which the cell viability decreased to 50% in relation to
the beginning of the test. All the tests were performed in triplicate
(n = 3).

3. Results and discussion

3.1. Starch modification

Raw starch was chemically modified with GMA  to introduce
in its backbone methacrylate groups enabling further radical
polymerization and the formation of a crosslinked network. The
insertion of methacrylate groups from GMA on different polysac-
charides backbones is a well-known methodology used to form
crosslinked networks (Guilherme et al., 2012; Thompson et al.,
2006). The chemical reaction of GMA  with the polysaccharide
has been described in the literature by two possible mecha-
nism routes. The first is the transesterification reaction forming
the methacrylated-polysaccharide and glycidol as byproduct. The
transesterification predominates when the reaction is carried out
in an aprotic solvent, as DMSO, and usually is classified as fast
and reversible. The second route is the epoxy ring-opening mech-
anism, which forms two  products according to the opening site
of the epoxide ring. This route predominates when the reaction is
carried out in a protic solvent, as water. The epoxy ring-opening
reaction is known as slow and irreversible, fact that could increase
its effectiveness (Guilherme et al., 2012; Thompson et al., 2006).
Fig. 1 shows a reaction scheme for the chemical modification of
raw starch with GMA.

Fig. 2a shows the FTIR spectra of raw starch, GMA, and starch-
mod. The FTIR spectrum of raw starch shows the stretching
vibration of hydroxyl groups at 3405 cm−1, the C H stretch-
ing at 2953 cm−1, the scissoring of two OH bond adsorbed
water molecules at 1653 cm−1, the asymmetric vibration of the
C O C bond and C O vibration at 1157 and 1017 cm−1 (Riyajan,
Sasithornsonti, & Phinyocheep, 2012; Zhang et al., 2012). The
FTIR spectrum of GMA  shows the C H stretching at 3003, 2962,
and 2929 cm−1 assigned to CH2 and CH3 groups, the C O and
C C stretching from the ester conjugated system at 1718 and
1650 cm−1, the C O C stretching of the epoxide group at 909 cm−1,
and the C H stretching at 811 cm−1 (Guilherme et al., 2005; Meng,
Yuan, Rong, & Zhang, 2010).

The starch-mod FTIR spectrum, differently from the raw starch
spectrum, shows a shoulder at 1718 cm−1 assigned to C O
proceeding from GMA  (Hedin, Östlund, & Nydén, 2010; Reis et al.,
2008). In addition, it is possible to observe a slight increase in the
intensity of the band at 1650 cm−1, which is due to overlapping
of the C C stretching and scissoring of OH bond from absorbed
water molecules proceeding from the raw starch. This indicates
the successful chemical modification of the raw starch by GMA
(Hedin et al., 2010; Reis et al., 2008). Furthermore, in the starch-
mod  spectrum there is an increase of intensity in the spectral
region of 1450–1350 cm−1 due to C H bend, which characterizes
the insertion of CH2 and CH3 groups into starch backbone. At last,

the spectral region of 1200–1000 cm−1 in the starch-mod spectra
exhibits a slight increase of intensity due to C O stretching fre-
quency groups. All these evidences confirm the modification of raw
starch by GMA  (Hedin et al., 2010; Reis et al., 2008).
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Fig. 1. Reaction scheme for the chemical modification of raw starch with GMA. (i) Epoxy ring-opening and (ii) transesterification routes.

Fig. 2. (a) FTIR and (b) 1H NMR  spectra of raw starch, GMA  and modified starch.
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1H NMR  spectra of raw starch, GMA, and starch-mod are shown
n Fig. 2b. The resonance signals at chemical shifts (ı) 6.16 and
.71 ppm (denoted as a and a′) in the starch-mod spectrum are
vident, and can be attributed to hydrogen bounded to vinyl group
oming from reaction with GMA. Moreover, an intense resonance
ignal at ı 1.96 ppm (denoted as b) can be observed in the starch-
od  spectrum. This signal is attributed to hydrogen bounded to
ethyl groups from GMA. All these resonance signals that appeared

n the starch-mod spectrum corroborate with the results found
n other works that dealt with chemical modification of starch

ith GMA  (Hedin et al., 2010; Reis et al., 2008). According to
ome studies, the insertion of methacrylate groups from GMA
nto starch backbone could happen by both transesterification and
poxy ring-opening mechanism routes according to the solvent
sed. In this work, the chemical modification of raw starch by GMA
as performed in a mixture of solvents (DMSO/water), which might

uggest that both mechanism routes could happen (Reis et al.,
008, 2009; Sahu, Bora, Kasoju, & Goswami, 2008). However, as
entioned, the epoxy ring opening, characterized as a slow and

rreversible reaction, is more effective than transesterification reac-
ion and, therefore was the preferential pathway for such reaction
Reis et al., 2008, 2009; Sahu et al., 2008). The success of this mech-
nism route is confirmed by the appearing of just two-resonance
ignals in the starch-mod spectrum that are assigned to hydrogen
ounded to vinyl group from GMA  inserted into starch backbone.

The degree of substitution (DS) of raw starch by reaction with
MA  was determined from the starch-mod 1H NMR  spectrum. For

his, Eq. (2) was utilized (Hedin et al., 2010):

S = (Iı6.16 + Iı5.71)/2
(2)
Iı5.39

This equation relates the total areas of the two-resonance sig-
al assigned to the vinyl hydrogens (ı 6.16 and 5.71 ppm) observed

n the spectrum of the starch-mod to the resonance signal at ı

Fig. 3. SEM images of microspheres (a and b
olymers 98 (2013) 711– 720 715

5.39 ppm observed in the spectrum of the raw starch, which is
assigned to the hydrogen bond to the anomeric carbon in the glu-
cose unit (Hedin et al., 2010). The respective areas of the resonance
signals were measured after a careful baseline treatment and the
respective values are Iı6.16 ≈ 1.07; Iı5.71 ≈ 1.0; and Iı5.39 ≈ 12. Insert-
ing these values in the equation 2 the DS calculated for starch-mod
is 8,7%. This is a lower DS as compared to the results presented
by Hedin et al., which studied this same modification in DMSO
medium (Hedin et al., 2010). Some works associate higher DS values
for modification of the amylose moiety of starch, while the modi-
fication of amylopectin does not reproduce the same good results
(Huang, Schols, Klaver, Jin, & Voragen, 2007).

3.2. Microspheres preparation

Starch modified by reacting with glycidyl methacrylate is sup-
posed to form a network by itself without the need of further
crosslinker. However, the use of MBA  as an additional crosslinker
was necessary due to the low DS obtained in the modification
reaction of starch. MBA  has been used in several devices aiming
biomedical application and has been proven to be safe as crosslinker
(Costa et al., 2011; Mandal, Kapoor, & Kundu, 2009). Therefore, the
use of MBA  in the preparation of starch-mod microspheres does
not compromise its potential as a device for drug delivery system.
Although many studies (Kim et al., 2001; Rodrigues et al., 2012;
Spagnol, Rodrigues, Pereira, et al., 2009; Spagnol, Rodrigues, Neto,
et al., 2009) report the effect of crosslinker on swelling properties of
three-dimensional networks based on different polymeric matrix,
such aspect was  not focused in this manuscript.

From SEM images (Fig. 3), the average size of microspheres

was determined to be between 400 and 500 �m.  The microspheres
show a rough surface and some bulges outward, which can be
attributed to the dragging of material from the interior during the
purification and the drying process.

) and microspheres surface (c and d).
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Fig. 4. FTIR spectra of (a) starch-mod, (b) microspheres and (c) MBA.

Fig. 4 shows the FTIR spectra for starch-mod, MBA and the
icrospheres. The starch-mod FTIR spectrum shows a band at

718 cm−1 assigned to C O vibrational stretching. The vibra-
ional stretching attributed to the C C bond should appear at
a. 1650 cm−1, however a broad signal appears in that region
ttributed to water adsorbed in the amorphous regions of starch
Kizil, Irudayaraj, & Seetharaman, 2002). MBA  FTIR spectrum shows

 broad intense band at 3308 cm−1 assigned to N H vibrational
tretching; bands at 1655 and 1650 cm−1 assigned to conjugated

 O and C C stretching frequency groups; a band at 1546 cm−1

ssigned to N H bending and a band at 1227 cm−1 assigned to
 N of amine bonds. The FTIR spectrum of microspheres shows

ntense bands of C H stretching close to 3000 cm−1 proceeding
rom MBA. Furthermore, the C O band (1653 cm−1) shifted to
igher wavenumber due to a loss of conjugation of carboxyl groups
fter the crosslinking reaction. Two bands at 1549 and 1226 cm−1,
ssigned respectively to N H bending and to C N of amine bonds
roceeding from MBA, are observed in the microspheres FTIR spec-
rum.

Fig. 5a presents the TGA curves obtained for raw starch, starch-
od, MBA  and microspheres. Two stages of weight loss are

bserved. The first one at ca. 50–150 ◦C attributed to the loss of
ater and other volatile compounds. In this stage the largest weight

oss was verified for starch, indicating that the amount of moisture
n its structure was greater than in starch-mod, microspheres or

BA. So as expected, starch is more hydrophilic than starch-mod,
icrospheres or MBA.
The second stage, in the range of 250–500 ◦C, was  attributed

o the thermal degradation of the samples. Fig. 5b shows the first
erivate data (DTG) obtained from the TGA. The thermal stabil-

ty decreases in the following order: MBA, raw starch, starch-mod
nd microspheres. Although, the starch-mod/MBA microspheres
egrades at a lower temperature, at 600 ◦C the microspheres still
ad 20% of its initial weight while raw starch and starch-mod were
ompleted degraded.

.3. CUR loading and release assays

Despite CUR presents interesting activity against some types of
uman tumor, it presents a low bioavailability or poor absorption

ue to its slight solubility in water, which limits its oral adminis-
ration (Sun et al., 2012). Other negative aspect is the CUR rapid

etabolism and elimination, which decreases considerably the
evels of CUR in serum and, as a consequence its bioavailability
Fig. 5. (a) TGA and (b) DTG curves of starch-mod, microspheres (MS) and MBA.

(Johnson & Mukhtar, 2007; Tønnesen, Másson, & Loftsson, 2002).
All this disadvantages limit its clinical application. One way to over-
come these limitations and improve the oral bioavailability of CUR
is to encapsulate it into a polymeric matrix, which acts as a device
for controlling the drug release (Mohanty & Sahoo, 2010; Onofre &
Wang, 2010). This is a well-known strategy that has been explored
by several studies (Anand et al., 2007; Shaikh, Ankola, Beniwal,
Singh, & Kumar, 2009). These studies show that when encapsu-
lated into a polymeric matrix, the oral bioavailability of CUR is
significantly enhanced (Shaikh et al., 2009).

Herein, CUR was encapsulated after microspheres preparation
and it was  not covalently bound to the matrix because the bind-
ing of drugs may  be not achievable trivially and in such process
there is a potential chance of original CUR pharmacological activ-
ity loss. Here, it is suggested that the interaction between the CUR
and the microspheres matrix occurs by physical sorption, or Van
der Waals sorption. This sorption phenomenon results from the
weak attractive intermolecular forces between the solid molecules
and the adsorbed substance. Its main characteristic is the reversible
character, which allows the CUR to be released from the micro-
spheres.

So, the microspheres were loaded through their immersion in a
CUR solution. Through Eq. (1), CUR loading efficiency was estimated

as ca. 90%, which means that 1.1 mg  of CUR was encapsulated in
1.0 g of microspheres (0.1 wt/wt%).

The in vitro CUR release assays were carried out in two  different
media: simulated gastric and intestinal fluids (SGF and SIF). These
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ig. 6. Time-dependent cumulative CUR release in SGF (pH 1.2) and SIF (pH 6.8) [(a)
n  mg/l and (b) % in relation to the amount of CUR loaded].

edia were chosen because they simulate some compartments, in
hich CUR-loaded microspheres have to pass when orally admin-

strated. Aliquots were collected from the release media at specific
ime intervals and the maximum absorption of CUR (at 430 nm)
as monitored by UV–vis spectra. The cumulative CUR release is

hown in Fig. 6.
The data obtained from the in vitro CUR release assays showed

he release profile is clearly pH-dependent and is more pronounced
n acid condition. After 12 h in SGF, only 18% of encapsulated CUR

as released from the microspheres, which increased up to 95%
umulative release by 96 h. On the other hand, in SIF a different
elease profile was observed. In the first 12 h, about 14% of CUR
as released from the microspheres. The CUR cumulative release

ncreased up to 38% by 48 h and then a drop in the concentration up
o 20% was observed for 96 h. These data are in agreement with the
ork of Noack et al. that investigates the releasing of curcuminoids

rom loaded lipid nanoparticles (Noack, Oidtmann, Kutza, & Mäder,
012).

According to Fig. 6 it could be inferred that the first CUR released

ight be relative to desorption process underwent by the adsorbed

rug in the microsphere surfaces. As the microspheres have high
urface area the CUR amount adsorbed is considerable high. The
ncessant contact between the SGF surface and releasing medium
olymers 98 (2013) 711– 720 717

promoted faster dissolution and subsequently CUR was released
through desorption process (Noack et al., 2012). For long immer-
sion periods the CUR was  released in a sustained manner due to the
gradual release of the drug entrapped within the polymeric matrix.
In addition, the higher release rate in SGF can be attributed to the
increased solubility of the CUR under acid conditions when com-
pared with neutral conditions (in SIF, for example) (Kakkar, Singh,
Singla, & Kaur, 2011; Noack et al., 2012).

The CUR cumulative release data in SIF showed the release
increased up to 38% by 48 h, which probably is referent to the
release of the drug adsorbed at the microspheres surfaces. Once,
CUR shows poor solubility in SIF, the drug encapsulated inside the
microspheres network was  not released. After 48 h of immersion
in SIF, a decrease in the cumulative release was observed; this can
be related to the degradation of the CUR in this medium. It is note-
worthy that CUR is easily degraded when exposed to medium with
pH close to or higher than 7. For this reason, it was  inferred that the
decreasing in the amount of CUR already released was  most likely
caused by degradation of CUR, which was  released firstly from the
microspheres surfaces, and/or the CUR degradation rate is higher
than its releasing rate.

Besides, in order to evaluate the release profile of the drug, it is
important to verify and understand the mechanism whereby the
drug is released from the device applied in controlled release. The
drug release from a polymeric device is nothing more than a mass
transference of a solute from the device to the medium (solvent)
and several factors affect this process (the geometry of the device,
the immersion medium, the solute size, etc.). The mass transfer-
ence is better understood when it is associated with diffusion laws.
The Korsmeyer–Peppas model (Korsmeyer, Gurny, Doelker, Buri,
& Peppas, 1983) allows to determinate the diffusion coefficient
(n), a mathematical parameter that associates the release profile
of a solute from an absorbable polymer network, as the starch-
mod/MBA microspheres, for example. The model of Ritger–Peppas
is described by Eq. (3) (Ritger & Peppas, 1987). It is important to
report that equation 3 predicts the first 60% of released solute.

Wt

Weq
= ktn (3)

where Wt is the mass of solute released from the microspheres at
a specified time interval and Weq is the mass of solute released
from the microspheres at equilibrium condition. k is a constant
of proportionality that relates the characteristics of the polymeric
network and the solute at a given solvent. n is a parameter that
depends on the diffusion mechanism and it has different concep-
tual meaning depending on the geometrical shape of the release
device (Guilherme et al., 2012; Thompson et al., 2006). For a
spherical shape (which corresponds to the geometry of our micro-
spheres) the value of the parameter n could be interpreted in the
following way: (i) n = 0.43 for Fickian diffusion or Case I (the dif-
fusion rate is slower than the relaxation of the polymeric chains);
(ii) 0.43 < n < 0.86 for anomalous transport, contribution of Fickian
diffusion and controlled relaxation (the diffusion rate and the relax-
ation of the polymeric chains are similar), (iii) n = 0.86 for zero order
or Case II (the diffusion rate is faster than the relaxation of the poly-
mer  chains) and (iv) n > 0.86 for super Case II (contribution of the
macromolecular relaxation of the polymer chains in the diffusion
process). The value of n was  obtained from slope of the logarith-
mical curve of release (Wt/Weq) ratio plotted against t, as shown
in Fig. 7a. The value of n was obtained only to CUR-loaded starch-
mod/MBA microspheres in SGF medium because in SIF the amount
of CUR released did not achieve the equilibrium. The value obtained

to n was  equal to 0.73 (R2 = 0.943), which demonstrates that the
release mechanism of CUR from the microspheres is governed by
anomalous transport or non-Fickian diffusion. This type of diffusion
indicates a coupling of the diffusion and erosion controlled rate
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Fig. 7. (a) Korsmeyer–Peppas, (b) Hixson–Crow

elease (Korsmeyer et al., 1983). To characterize the CUR release
ate, the mean dissolution time (MDT) parameter was determined
y Eq. (4), were k is the kinetic constant and n is the diffusional
oefficient calculated from the Ritger and Peppas equation.

DT  = n

n + 1
k−1/n (4)

he parameter MDT  is a sum of the period of time that CUR
olecules remain into the microspheres before release, divided

y the total number of molecules of CUR encapsulated (Möckel
 Lippold, 1993). The value of MDT  calculated for n = 0.73 and

 = 3.57 × 10−2 h−1 was equal to 40 h and it indicates the efficiency
f the polymer to retard the release of the drug.

Other important kinetic model is the Hixson–Crowell cube root
aw that describes the release from a system in which the sur-
ace area and diameter of the particles or tablets change caused
y degradation or dissolution (Desai, Singh, Simonelli, & Higuchi,
966; Singh, Desai, Simonelli, & Higuchi, 1967). For a drug powder
onsisting of uniformly sized particles, it is possible to derive an
quation that expresses the rate of dissolution based on the cubic
oot of the particle, in this case, the microspheres. This equation is
iven as follows:

1/3
0 − Q 1/3

t = kHCt (5)

here Q0 is the amount of drug in the matrix at t = 0, Qt is the
mount of drug remaining in the matrix at time t, and kHC is
he cube root law rate constant. The value of kHC was  obtained
rom slope of the plot Q 1/3

0 − Q 1/3
t against t (in h), as shown in

ig. 7b. This model showed a correlation coefficient (R2) of 0.968

ndicating a change in the surface area and diameter of the micro-
pheres as function of time. The drug diffuses out through an outer
ayer, which erodes allowing the water molecules to penetrate
urther into the core. The drug release is improved due to good
) zero-order, and (d) first-order release models.

solubilization of CUR in acid media (Colombo, Bettini, Santi, &
Peppas, 2000; Costa, Valente, Miguel, & Queiroz, 2012).

Another important kinetic aspect is to understand whether the
drug release is dependent or not on its concentration for a deter-
mined system. For this, CUR release kinetic was evaluated through
zero-order and first-order release kinetics (Eqs. (6) and (7)). Zero-
order release kinetics refers to the process of constant drug release
from a drug delivery device such as oral osmotic tablets, trans-
dermal systems, matrix tablets, matrix tablets with low-soluble
drugs and other delivery systems (Gautam Singhvi, 2011). For the
zero-order kinetics the release rate is non-dependent of drug con-
centration. Differently, the first-order release kinetics describes a
release process where the drug concentration affects the release
rate. In general terms, the zero- and first-order release kinetics can
be described by the following equations:

Q = Q0 − k0t (6)

ln Q = ln Q0 − k1t (7)

where Q is the amount of drug released or dissolved (assuming
that release occurs rapidly after the drug dissolves), Q0 is the ini-
tial amount of drug encapsulated into the delivery system, and k0
(h−1) and k1 (h−1) are the zero- and first-order release constants. k0
was obtained from slope of the plot Q against t (in h), and k1 from
the slope of the plot ln Q against t (in h), as shown in Fig. 7c and
d. The R2 value obtained for the zero-order is 0.968 and the con-
stant k0 is 1.58 × 10−3 h−1 and for the first-order R2 and k1 are 0.946
and 1.56 × 10−2 h−1, respectively. From these results it is possible

to realize that the experimental data is better fitted by zero-order
release kinetics model. Zero-order release kinetics for a delivery
system is desirable because the release rate is constant minimizing
any swing in drug concentration in the blood stream. In addition,
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Table  1
In vitro evaluation of cytotoxic effects of CUR released from starch-mod/MBA micro-
spheres on tumor cell lines.

Sample In vitro cytotoxicity – CC50 (�g/ml)a

Caco-2 cells HCT-116 cells

Controlb 962 ± 23 300 ± 50
Pure CUR 38 ± 5 7.00 ± 0.14
C1c 0.85 ± 0.05 0.33 ± 0.06
C100d 62 ± 5 19 ± 5

a CC50 values were determined using sulforhodamine test and the data are
means ± standard deviations from tests performed in triplicate (n = 3).

b Unloaded starch-mod/MBA microspheres were utilized as control.
c In this sample the amount of CUR encapsulated is 0.81 mg  per gram of micro-
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pheres.
d In this sample the amount of CUR encapsulated is 82 mg  per gram of micro-

pheres.

his release profile leads to constant drug effect, provided the drug’s
harmacokinetic and pharmacodynamic properties, such as dis-
ribution, metabolism, and elimination, and its pharmacodynamic
roperties relating plasma concentration to drug effect, are station-
ry.

.4. Cytotoxic effect on tumor cell lines

Cancer could be characterized as a dysfunction of cell signaling
ue to a combination of genetic susceptibility and environmental
xposure (Anand, Kunnumakkara, et al., 2008, Anand, Sundaram,
hurani, Kunnumakkara, & Aggarwal, 2008b). CUR was proven to
e an efficient drug in the fight of many tumor cell lines by act-

ng at different stages in the development of affected cells (Anand,
undaram, et al., 2008; Tang et al., 2010). The cytotoxicity effects
f pure CUR, unloaded and CUR-loaded starch-mod/MBA micro-
pheres were evaluated against both Caco-2 and HCT-116 cell lines
nd are displayed in Table 1. After 48 h of incubation, either free
UR or loaded microspheres exhibited inhibition effect on cell
rowth (CC50) for both Caco-2 and HCT-116 cell lines, as com-
ared to control group. Besides, the suppression on tumor cells
rowth showed to be dependent on levels of loading. In case of
aco-2 cells, the starch-mod/MBA microspheres containing the
mallest amount of CUR (C1 ∼ 1 mg/g) presented to be ca. 40 and 70
imes more effective than pure CUR and C100 (∼ 82 mg/g), respec-
ively. In the case of HCT-116 cells, similar behavior was found. It
as been shown that CUR is highly susceptible to degradation in
queous solution even at physiological pH, and ca. 50% of CUR is
egraded in cell culture medium supplemented with 10% of FBS

n 8 h, while 90% is degraded in phosphate buffer pH 7.4 in 30 min
Shen & Ji, 2012; Wang et al., 1997). In light of this, the highest
nhibitory effect on cellular growth presented by C1 in relation
o pure CUR is attributed to the slower and constant release of
UR from the microspheres avoiding degradation and keeping the
nti-tumor activity. It is not clear the reason why C100 was  less
ffective than pure CUR or C1. Ma  et al. (2008) and Song et al.
2011) report that CUR-loaded polymeric micelles presented simi-
ar cytotoxic effect toward different cell lines in relation to pure CUR
t low concentration levels (2.5 and 5 �g/mL), but at higher con-
entrations the effect of pure CUR was greater than that observed
or the CUR-loaded delivery system. This odd behavior was  not
xplained.

It is believed that at higher concentrations (such C100) the
hysical state (amorphous or crystalline) of CUR inside the micro-
pheres should be different from that at low concentration and

hus, the releasing mechanism and the kinetic is probably different
rom C1, strongly influencing its cytotoxicity effect toward tumor
ells. Therefore, further experiments are necessary to explain such
ehavior.
olymers 98 (2013) 711– 720 719

It is noteworthy to mention the microspheres prepared in this
work increased the stability of CUR by protecting it against hydroly-
sis and the loss of CUR‘s pharmacologic activity. Besides, it is known
that some inflammatory bowel diseases cause the decreasing in the
pH of the colon. Therefore, the prepared microspheres, as showed
by the pH dependence release, could be an interesting device for
CUR-release in the treatment of colon cancer, when the disease
decreases the local pH (Leopold & Eikeler, 2000).

Recently, different microparticles have been developed in order
to protect and to deliver CUR in sustained fashion (Josephine Leno
Jenita, Wilson, & Premakumari, 2012; Li, Li, & Li, 2011). It was
showed by in vitro releasing profiles that such systems could mod-
ulate the delivery and degradation of CUR. However, cytotoxicity
assays proving the efficacy of such systems against tumor cell lines
were not presented. In this paper, the activity of CUR against Caco-2
and HCT-116 tumor cells was  demonstrated and could be out-
standing improved when CUR is encapsulated in starch-mod/MBA
microspheres, and this effect is dependent on loading level. There-
fore, this study shows an interesting contribution to the field
presenting a new release system based on the biopolymer starch.

4. Conclusions

Original starch based microspheres were successfully prepared
by emulsion method to be applied as device for controlled release
of curcumin (CUR). Raw starch was modified by grafting vinyl
groups from glycidyl methacrylate (GMA), as confirmed by FTIR
(1718 cm−1 assigned to C = O) and 1H NMR  at ı 6.17 and ı 5.64 ppm
which were attributed to hydrogen bounded to vinyl group. SEM
images demonstrated uniform size distribution ca. 400–500 �m.
The microspheres showed to be a very promising device for the con-
trolled release of CUR, especially for the treatment of colon cancer,
which in general decreases the pH of the colon. At simulated intesti-
nal fluid the polymer matrix did not expand avoiding the influx of
fluid and consequently the release of CUR. In that condition only the
CUR adsorbed on the microspheres surface was released at the first
day decreasing its concentration in the following days. However, at
simulated gastric fluid the fraction released of CUR was 100% and
in a controlled manner, due to the sustained diffusion of CUR to the
media and also due to the degradation of the polymer matrix. The
CUR-loaded microspheres presented much higher activity against
Caco-2 and HCT-116 tumor cell lines than free CUR.
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