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a b s t r a c t

The synthesis of pectin-silica gels for controlled drug release in gastrointestinal tract (GIT) using low
methoxyl (LM) and high methoxy (HM) pectins and tetraethoxysilane (TEOS) as precursor is described.
The FTIR spectra of the pectin-silica gels show intense absorption bands at 1246 cm−1 and 802 cm−1

corresponding to the vibrations C O Si bonds, which absent in the FTIR spectra of the native pectins
that indicate the formation covalent bond between silica and pectin macromolecules in the pectin-silica
gels. Pectin-TEOS, pectin-Ca-TEOS and pectin-TEOS-Ca beads with mesalazine are synthesized by different
combinations of sol-gel method using TEOS and ionotropic gelation method using calcium chloride. The
best resistant of pectin-TEOS and pectin-Ca-TEOS beads during incubation in simulated gastric fluid for 2 h
and subsequently in simulated intestinal fluids for 18 h is indicated. Pectin-TEOS beads are characterized
by higher encapsulation efficiency (to 28%) than pectin-Ca-TEOS beads (to 16%). The drug release of pectin-
silica beads in simulated GIT occurs gradually up to 80% and is directly dependent on the hardness of the
beads. The surface morphology of beads is shown. The use of pectin-silica beads is promising with regard
to the development of controlled release of drug formulations.

© 2016 Elsevier Ltd. All rights reserved.
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. Introduction

Ulcerative colitis is the one of the most severe diseases of the
igestive system. Prevalence of the disease is increasing with time
nd in different regions around the world (Latella & Papi, 2012;
uyang et al., 2005). According to the epidemiological studies, the

otal number of patients with ulcerative colitis is from 25 to 240
er 100 thousand. The mortality rate ranges from 0.4 to 0.7 per 100
housand populations per year (Kappelman et al., 2008; Kornbluth

 Sachar, 2010; Munkholm, 2003; Satyrova & Mikhailova, 2010).
n increasing number of diseases, attaches social importance to
roblem of medical treatment of ulcerative colitis. The disease
as a significant impact on the quality of life for the majority of
atients (Boonen et al., 2002). Patients with ulcerative colitis often
equire hospitalization, specialized medical care and regular intake
f medicines (Longobardi, Jacobs, & Bernstein, 2004). Nowadays,
he main drugs in the treatment of ulcerative colitis are the prod-
cts based on the 5-amino salicylic acid (mesalazine) (Desreumaux

 Ghosh 2006; Iacucci, de Silva, & Ghosh, 2010). The major limita-
ion for its oral administration is the instability under the stomach
onditions and rapidly metabolized and inactivated in the intestinal
ucosa, becoming inactive N-acetyl-5-aminosalicylic acid, which

eads to low efficiency and other serious side effects (Desreumaux
 Ghosh, 2006; Schroeder, 2002). Effects from mesalazine are dose-
ependent, so it is important to ensure necessary concentrations of
esalazine in the field of inflammation. Therefore, the creation of

ffective coatings, which will prevent unwanted loss of mesalazine
n the unaffected areas of the gastrointestinal tract (GIT) and thus
nsure maximum delivery to the colon, is an urgent task.

The creation of hybrid materials consisting of biopolymers and
norganic complexing agent develops rapidly nowadays. Organosil-
con compounds occupy a special place among the hybrid materials.
t is shown that porous silicon-based materials can biodegrade
n the gastric environment, and silicone is a suitable mate-
ial for the encapsulation, transmission and effective release of
rugs (Salonen, Kaukonen, Hirvonen, & Lehto, 2008; Vivero-Escoto,
lowing, Trewyn, & Lin, 2010). In the preparation of organosilicon
ompounds in particular polysaccharide-silicɑ compounds, differ-
nt precursors such as tetraethyl orthosilicate (TEOS) (Angelova,
angelova, Yuryev, Georgieva, & Muller, 2012; Assifaoui, Bouyer,
hambin, & Cayot, 2013; Rangelova, Aleksandrov, Angelova,
eorgieva, & Muller, 2014; Samuneva et al., 2008), sodium metasil-

cate (Nurdin & Purwasasmita, 2013; Wu  et al., 2011) and tetrakis
2-hydroxyethyl) orthosilicate (Shchipunov & Karpenko, 2004) are

sed. One of the most desirable biopolymers for the preparation
f protective coatings is pectin. Pectin demonstrates diverse phys-

ological activities: immunomodulatory, antidotal, antioxidant,
astroprotective (Khasina, Sgrebneva, Ovodova, Golovchenko, &
 . . .  . .  . . . . .  . . . .  . . . .  . . .  . . .  . . .  .  .  . . .  . . . .  .  . . . . . . .  . . . . .  .  . . .  . . . . . .  .  . .  .  .  .  .  . . . .  . . .  . . . 19

Ovodov, 2003; Popov, Popova, Nikolaeva, Golovchenko, & Ovodova,
2005; Popov et al., 2013; Popov et al., 2014). It is known that
pectic polysaccharides form stable gels (Capel, Nicolai, Durand,
Boulenguer, & Langendorff, 2006; Patova, Golovchenko, & Ovodov,
2014; Ventura, Jammal, & Bianco-Peled, 2013), due to the low toxi-
city, are promising materials for the creation of protective materials
for drug delivery on their basis. It is shown that pectin can be used
as a protective sheath for delivery of biologically active ingredients
or drugs (Das, Ng, & Ho, 2011; Kawadkar, Chauhan Meenakshi, &
Ram, 2010; Mohanty & Anigrahi, 2015; Sriamornsak, 2011). Pur-
pose of this work is to produce a matrix based on silica and pectin
for the immobilization of drugs (mesalazine).

2. Materials and methods

2.1. Materials

Apple pectins AU701 and AU202 (Herbstreith & Fox, Germany).
Chemical reagents: tetraethoxysilane (TEOS) (Fluka, France),
ethanol (95%, JSC Kirov Pharmaceutical Factory, Russia), hydrochlo-
ric acid (Neva Reaktiv, Russia), sodium chloride (Neva Reaktiv,
Russia), potassium dihydrogen phosphate (Neva Reaktiv, Russia),
calcium chloride (99%, Sigma-Aldrich, Germany) and mesalazine
(Aldrich, China).

2.2. General analytical methods

The uronic acid content was  determined by the reaction with
3,5-dimethylphenol in the presence of concentrated sulfuric acid
and a calibration plot was constructed for d-galacturonic acid; pho-
tocolorimetry was  carried out at the following two wavelengths:
400 and 450 nm (Usov, Bilan, & Klochkova, 1995). The amount
of methoxyl groups was  determined by a previously described
method (Wood & Siddiqui, 1971) and from the calibration plot
constructed for methanol; photocolorimetry was carried out at
412 nm.  Spectrophotometric measurements were made with an
Ultrospec 3000 spectrophotometer (England). Pectin average molar
masses were determined using HP-SEC on a chromatographic sys-
tem (Shimadzu, Japan) by a previously described method (Popov
et al., 2014). Qualitative and quantitative determination of neutral
monosaccharides in the form of corresponding polyol acetates was
carried out using GC in a Varian 450-GC (Netherlands) chromato-
graph by a previously described method (Popov et al., 2014). FTIR
spectra of samples dehydrated in a Fisher pistol in vacuum over

P2O5 at 60 ◦C were recorded using a FTIR Prestige-21 (Shimadzu,
Japan) spectrophotometer (�0 = 4000 cm−1, �к = 400 cm−1, IT = 1).
Samples (2 mg)  were analyzed as beads obtained by pressing with
KBr.
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Table  1
Chemical characteristics of pectins.

Pectin UAa Gala Xyla Glca Rhaa Araa OMea DM (%)b Mw, kDa Mw/Mn

AU701 86.5 2.3 2.8 1.5 1.3 0.3 6.2 43 401 5.2
AU202 78.0 6.4 2.4 1.7 1.9 2.0 10.8 82 506 7.6

a Data were calculated as weight%.
b Degree of methylation.

Table 2
The formulation composition, physical properties of pectin-silica plates.

Pectin-silica compounds C (TЭOC), mol/l Young modulus E, kPa

AU701-1 0.25 15.4 ± 4.5
AU701-2 0.50 42.1 ± 12.1
AU701-3 0.75 77.1 ± 11.4
AU701-4 1.00 109.9 ± 23.8
AU202-1 0.25 n.d.
AU202-2 0.50 n.d.
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AU202-3 0.75 26.6 ± 4.1
AU202-4 1.00 47.2 ± 8.6

.d.—not identified.

.3. Preparation of pectin-silica gels

.3.1. Preparation of pectin-silica plates
The pectin solution (AU701, AU202), TEOS (0.25 M,  0.50 M,

.75 M and 1.00 M)  (4 mL)  were placed in Petri plate (d = 3.4 cm)
nd HCl (0.01 mL)  was added under continuous stirring and then
he reaction mixture was incubated for 24 h (after adding of the
nd components the pectin concentration was 2%). After 24 h the
eleased liquid was removed from the gel surface. The obtained
late was washed 2–3 times with distilled water to neutral pH and

yophilized (VirTis FREEZEMOBILE 3+SL, USE).

.3.2. Preparation of pectin-silica beads
Pectin (AU701) was dissolved in dist. water up to a concentra-

ion 20 mg/mL  (2%). Pectin solution was extruded drop-wise with
 0.6 mm diameter needle into 50% aqueous ethanol solution con-
aining TEOS (0.25 M,  0.50 M,  0.75 M and 1.00 M)  and 0.2 mL  of 0.5 M
Cl with constant stirring and held for 24 h. After 24 h, the beads
ere separated on the grid, washed 2–3 times with dist. water to

eutral pH. Then the each portion of beads was divided into two
qual parts. Further, the first batch was dried out at 25 ◦C tem-
erature. The second part of obtained beads was  placed in a 1.0 M
alcium chloride solution for 1 h. Then beads were washed on the
rid 2–3 times with dist. water to neutral pH and were dried at
5 ◦C. These beads were obtained in combination pectin-TEOS and
ectin-TEOS-Ca respectively (Table 3).

Pectin (AU701) was dissolved in dist. water up to a concentra-
ion 20 mg/mL  (2%). Pectin solution was extruded dropwise with a
.6 mm diameter needle into 50% aqueous ethanol solution con-
aining calcium chloride (1.0 M)  with constant stirring and held
or 1 h. After that, obtained beads were washed on the grid, 2–3
imes with dist. water to neutral pH and were separated into
ve portions. The first portion was left unchanged and was  dried
t 25 ◦C. The remaining four portions were placed in 50% aque-
us ethanol solution containing TEOS (0.25 M,  0.50 M,  0.75 M and
.00 M),  HCl (0.5 M,  0.2 mL)  and incubated for 24 h. After 24 h beads
ere washed on the grid 2–3 with dist. water to neutral pH. Further,

he formed beads were dried similarly to the first portion. These
eads were obtained in combination Ca-pectin and pectin-Ca-TEOS
espectively (Table 3).
.3.3. Preparation of mesalazine loaded pectin-silica beads
To a 2% solution of pectin was added mesalazine (drug content is

.25%, 0.50%, 1.00% and 2.00%). The resulting dispersion was  added
ropwise to a solution of 50% aqueous ethanol solution containing
TEOS (1.0 M)  and HCl (0.5 M,  0.2 mL)  or CaCl2 (1.0 M) under contin-
uous stirring. Further was  done similarly as in the preparation of
beads with TEOS.

2.4. Texture analyses of pectin-silica gels

A software-controlled dynamometer TA-XT.Phus Texture Ana-
lyzer (Stable Micro Systems, UK) with a 5-kg load cell was used for
the mechanical characterization of the wet  plates (height 4 mm)
and the wet  beads (height 3 mm).  The resistance of hydrogel to
penetration and the hardness were obtained with ebonite cylin-
drical probes (P/0.5R and P/5), diameters are 5.0 mm  and 12.7 mm,
respectively. The pre- and post-test speed was  10.0 mm/s and the
test speed was 0.1 mm/s until a deformation of 50%. Each analysis
was executed 25 (on different beads) and 10 (on different plates)
times. All calculations of maximum peaks were performed using
Texture Exponent 6.1.4.0 software (Stable Micro Systems, UK).

2.5. Study of size and morphology of gel beads

The shape and size of beads were recorded with an optical
microscope (Altami, Russia) fitted with a camera and an image anal-
ysis system (Altami Studio 3.2, Russia). Each analysis was  executed
on 25 different beads. Under the same optical conditions, an image
of a linear scale was used for calibration. One pixel corresponds to
0.024 mm.  Standard error of measurement was  0.012 mm.  Aspect
ratio (AR) of the beads calculated based on the results of analysis
circuit is defined as: AR = (L − B)/(L + B), where L and B denotes the
length and width of the beads.

Surface morphology was observed under the scanning electron
microscope (SEM) (JEOL, JSM6510LV, USA) at 15 kV. The surface of
the dry beads is prepared by removing the top of the thermally
sprayed layer of platinum (ion sputter, 30 s). Digital images were
collected at magnifications of 50×,  500× and 5000×. The elemental
analysis of the cross-sections was done by energy-dispersive X-ray
spectroscopy (EDX).

2.6. Water holding capacity

The water content was  determined as a measure of the
water holding capacity of the beads. The weight of 40–60 ran-
domly selected beads from each batch before and after complete
removal of moisture by drying beads was  determined on AG
245 wt (Mettler Toledo International) (Das et al., 2011). The
water content (WC) was calculated using the following equations:
WC%  = (WW − WD)/WW × 100%, where, WW and WD represent the
weight of the beads before and after drying, respectively.

2.7. Drug loading and encapsulation efficiency

The beads prepared with different content mesalazine and com-
bination of pectin-TEOS-4 and pectin-Ca-TEOS-4,  were immersed
in 20–50 mL  of phosphate buffer with pH = 6.8. After swelling,

the beads were crushed and withstand for a further 24 h. The
solution was  filtered then and the amount of mesalazine was
defined. The loading of mesalazine was  defined as the ratio between
the weight of mesalazine in the beads and the weight of beads
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oaded with mesalazine: Loading of mesalazine (LM) % = Weight of
esalazine/Weight of beads × 100%. For definition of encapsulation

fficiency of mesalazine (%) following formula was  used: Encapsu-
ation efficiency (EE) % = Actual amount of mesalazine encapsulated
n beads/Theoretical amount of mesalazine used for preparation
f beads × 100%. Mesalazine concentration was determined at a
avelength of 303 nm for a pre-built, depending mesalazine in con-

entrations ranging from 10 to 100 mg/mL  (Moharana, Banerjee,
anda, & Muduli, 2011).

.8. Evaluation of the stability of beads in an environment
imulating the GIT

The stability of the beads were assessed in a solution simu-
ated the GIT. The dry beads of known weight (20 mg)  were placed
n a glass vial containing 20 mL  of the simulated gastric medium
pH 1.09, 0.08 M HCl and 0.03 M NaCl) and incubated at 37 ◦C
or 2 h. After that, the swollen beads were withdrawn, weighed,
laced immediately in a glass vial containing 20 mL  of the simulated

ntestinal medium (pH 6.80, 0.05 M KH2PO4 and 0.05 M NaOH) and
ncubated at 37 ◦C for 8 h or until completely dissolved beads. The
eads were periodically withdrawn and weighed. All experiments
ere done in triplicate.

.9. Mesalazine release in vitro

To examine the release behavior of mesalazine from beads in
IT in vitro, samples (20 mg)  were added to 20 mL  of the simulated
astric medium (pH 1.09, 0.08 M HCl and 0.03 M NaCl) and were
ncubated at 37 ◦C for 2 h; subsequently transferred into 20 mL  of
he simulated intestinal mediums: pH 6.80 (0.05 M KH2PO4 and
.05 M NaOH) for 6 h and pH 7.40 (0.07 M KH2PO4 and 0.07 M
aHPO4) for 16 h or until completely dissolved beads. At prede-

ermined time intervals, samples of 20 mL  were collected from the
elease medium and replaced by an equal volume of fresh buffer
olution. The amount of mesalazine released from the beads was
ssayed by spectroscopy at 303 nm (Moharana et al., 2011).

. Results and discussion

In this work, commercial apple pectins AU701 and AU202 with
ifferent degree of methylation were used. Both pectins are high
olecular compounds, containing d-galacturonic acid residues as

he main component of macromolecules (Table 1).

.1. Formation of pectin-silica gels

In preparation of the pectin-silica gels, TEOS was applied as sil-
con source; mineral acid was used as the catalyst, which leads
o increasing reaction speed and to reducing time of gel matura-
ion to 24 h. The preparation of silica gels by the sol-gel method
tarts from TEOS in an organic solvent, most often ethanol (Pierre

 Rigacci, 2011; Vaskevich, Gaishun, Kovalenko, & Sidsky, 2011). In
rder to eliminate the influence of ethanol in the gelling reaction
nd to determine the interaction of pectin and silica, pectin-silica
els were obtained in the absence of ethanol. In the preparation of
ectin-silica gels in the form of plates, 2% solutions of LM and HM
ectins, different amounts of TEOS were used. The introduction of
EOS and a small amount of HCl as catalyst induced the gelation of
U701 solutions, at concentration of TEOS beginning from 0.25 M.
s a result, the pectin-silica gels with different mechanical proper-

ies were obtained (Table 2). The experiment with AU202 revealed

hat the gelation of the HM pectin solutions proceeds with diffi-
ulty at low TEOS concentrations (0.25 and 0.5 M),  viscous liquid is
ormed. However, using TEOS concentrations of 0.75 M and 1.00 M,
he gels are formed (Table 2).
Fig. 1. Preparation of pectin-TEOS (a), pectin-TEOS-Ca (b), pectin-Ca-TEOS (c) beads.

Therefore, during the preparation of pectin-silica gels in a form
of plates were shown the chemical interaction of the pectins
with TEOS is occurring without addition of ethanol in the reac-
tion mixture. The modification of hydroxypropylcellulose and
carboxymethylcellulose by TEOS have shown also occurs without
ethanol (Angelova et al., 2012; Rangelova et al., 2014). However,
the using ethanol during the preparation of pectin-silicɑ gels in the
form of beads is necessary. If the synthesis of pectin-silica beads
carries out without ethanol, the pectin will dissolve in the reac-
tion system earlier than they entered into a chemical reaction with
TEOS. It should be noted that acetone or other polar solvents could
be used instead of ethanol.

For preparation the pectin-silica beads pectin AU701,  which
forms strong gels in a wide range of TEOS concentrations
(Table 2), was used. Beads pectin-TEOS were synthesized by dis-
persion the pectin solution in TEOS-ethanol-water systems with
an acid catalyst (HCl) and subsequent exposure for 24 h (Fig. 1a).
Beads pectin-TEOS-Ca (Fig. 1b) were synthesized from pre-formed
pectin-TEOS beads by immersing in CaCl2 solution for 1 h. Beads
pectin-Ca-TEOS (Fig. 1c) were synthesized by a two-step proce-
dure: calcium pectinate beads prepared by ionotropic gelation were
immersed in TEOS-ethanol-water systems with an acid catalyst
(HCl) for 24 h.

The mean diameter of beads ranges from 0.98 to 1.13 mm  for the
dried samples, and from 2.98 to 3.40 mm for the wet samples. From
aspect ratio, it can be seen that almost all the beads were spheri-
cal in shape. In most cases (Table 3), bead size and water content
were not significant depended on the formulation conditions of the
pectin-silica beads (Table 3).

3.2. Infrared spectroscopy pectin-silica gels
The method of FTIR-spectroscopy for establishing chemical
bonds in pectin-silica gels was  used. Fig. 2a shows the FTIR spec-
trum of pectin AU701,  which has following absorption bands: at
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Table  3
The formulation composition, size and water holding capacity of the beads.

Beads C (TЭOC) mol/l C (CaCl2) mol/l Wet  beads Dry beads WC (%)

Size (mm  ± SD) AR Size (mm ± SD) AR

pectin-TEOS-1 0.25 – 3.12 ± 0.12 0.03 0.99 ± 0.10 0.05 96.8 ± 0.2
pectin-TEOS-2 0.50 – 3.14 ± 0.22 0.03 0.98 ± 0.09 0.06 96.1 ± 0.3
pectin-TEOS-3 0.75 – 3.21 ± 0.18 0.03 0.98 ± 0.08 0.06 96.7 ± 1.6
pectin-TEOS-4 1.00 – 3.07 ± 0.10 0.03 0.98 ± 0.10 0.06 95.1 ± 1.4

pectin-TEOS-Cɑ-1  0.25 1.00 3.40 ± 0.16 0.03 1.01 ± 0.14 0.06 95.6 ± 0.7
pectin-TEOS-Cɑ-2  0.50 1.00 3.00 ± 0.17 0.04 0.95 ± 0.11 0.06 96.0 ± 0.2
pectin-TEOS-Cɑ-3  0.75 1.00 3.07 ± 0.22 0.04 1.16 ± 0.10 0.03 96.3 ± 0.4
pectin-TEOS-Cɑ-4  1.00 1.00 3.12 ± 0.08 0.02 1.05 ± 0.13 0.03 95.4 ± 0.4

pectin-Ca-TEOS-1 0.25 1.00 3.03 ± 0.20 0.04 0.97 ± 0.08 0.09 96.9 ± 0.2
pectin-Ca-TEOS-2 0.50 1.00 3.08 ± 0.16 0.04 0.97 ± 0.14 0.09 95.5 ± 0.5
pectin-Ca-TEOS-3 0.75 1.00 3.17 ± 0.10 0.03 0.98 ± 0.07 0.08 94.8 ± 0.1
pectin-Ca-TEOS-4 1.00 1.00 3.04 ± 0.09 0.03 1.04 ± 0.13 0.05 93.8 ± 0.2

Cɑ-pectin – 1.00 2.98 ± 0.14 0.02 1.04 ± 0.09 0.03 95.8 ± 0.2

), pec

3
g
m
B
S
r
H
s

Fig. 2. FTIR spectra of pectin AU701 (a), AU701-4 plate (b

433 cm−1 corresponds to the stretching vibrations of hydroxyl
roups, at 2938 cm−1 corresponds to stretching vibrations of the
ethyl esters groups or C H bonds of pyranoid ring carbons (Calce,

ugatti, Vittoria, & De Luca, 2012; Lim, Yoo, Ko, & Lee, 2012;

ynytsya, Copэkova, Matejka, & Machovic, 2003), at 1748 cm−1 cor-
esponds to stretching vibrations of carboxyl groups (Ismail, Ramli,
ani, & Meon, 2012; Synytsya et al., 2003), at 1614 cm−1 corre-

ponds to stretching vibrations of the carbonyl moieties in carboxyl
tin-TEOS-4 bead (c), pectin AU202 (d), AU202-4 plate (e).

and methyl ester groups (Copikova, Synytsya, Cerna, Kaasova, &
Novotna, 2001). The region of 1440–1237 cm−1 are occupied by
asymmetric stretching vibrations of the C O C bonds and CH
groups or stretching vibration of methyl esters groups (Copikova

et al., 2001; Synytsya et al., 2003). The region of 1200–1000 cm−1

corresponds to skeletal C O and C C vibration bands of glycosidic
bonds and a pyranoid ring, and is considered to be the “fingerprint”
region that is specific to polysaccharides (Synytsya et al., 2003). The
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153–1117 cm−1 region contains the asymmetric stretching fluctu-
tions of C O C and C C bonds (Copikova et al., 2001; Kundu,
armah, & Sarkar, 1995; Kamnev, Calce, Tarantilis, Tugarova, & De
uca, 2015; Synytsya et al., 2003), the 1055–1036 cm−1 region cor-
esponds to the symmetric stretching vibrations of C O C and
C C bonds (Copikova et al., 2001; Synytsya et al., 2003). The

egion of 964–891 cm−1 contains the deformation vibrations of the
C OH groups (Copikova et al., 2001; Synytsya et al., 2003). The
ands at 831, 640 and 540 cm−1 correspond to bending vibrations
f the C OH and C H groups (Copikova et al., 2001; Synytsya
t al., 2003).

In the FTIR spectrum of pectin-silica plate AU701-4 (Fig. 2b),
he following absorption bands are observed: an increasing signal
ntensity in region of 3455–3429 cm−1 corresponds to the imposi-
ion of the stretching vibrations of C OH and Si OH groups, the
egion of 2951 cm−1 contains the stretching vibrations of the C H
onds of a pyranoid ring, at 1749 cm−1 corresponds to stretching
ibrations of the carboxyl groups, at 1634 cm−1 stretching vibra-
ions of the carbonyl moieties in the carboxyl group is saved, in
he region of 1440–1330 cm−1 asymmetric stretching vibrations of
he C O C groups or stretching vibrations methyl ester groups
s also saved. In the field of 1246 cm−1 vibrations of C O Si
roups appear which absent in the spectrum of native pectin.
n region of 1132 cm−1 and 802 cm−1 vibrations of Si O Si
nd C O Si groups appear (Gendron-Badou, Coradin, Maquet,
roohlich, & Livage, 2003; Han, Taylor, Mantle, & Knowles, 2007;
im et al., 2009; Nenkova, Radev, Rangelova, Aleksiev, & Samuneva,
007; Swann & Patwardhan, 2011), which also absent in the spec-
rum of native pectin. The region of 1028 cm−1 corresponds to the
ymmetric stretching vibrations of C O C groups, increasing
ignal intensity in the region of 964 cm−1 indicates the occur-
ence of symmetric stretching vibrations of Si OH groups, which
re superimposed with bending vibrations of C OH groups. The
bsence of bands at 891 cm−1 corresponded to C OH groups is
vidence of their partial replacement by C O Si bonds. The
ignal intensity in the region of 627–576 cm−1 corresponds to
eformation vibrations of C H groups. The deformation vibra-
ions of Si O Si bonds appear at 492 cm−1, which absent in
pectrum of native pectin. The absence of bands at 720 cm−1 and
45 cm−1 is an indication that the precursor used to obtain the
ilica was completely hydrolyzed (Toki, Chow, Ohnaka, Samura, &
aegusa, 1992; Vinogradova, Estrada, & Moreno, 2006). Fig. 2b and

 shows that the absorption bands in FTIR spectra of pectin-TEOS-4

eads and AU701-4 plate are identical to each other.

In the FTIR spectrum of pectin AU202 (Fig. 2d), the absorption
ands are identical to the absorption bands of pectin AU701. The
xceptions are signals at 2938 cm−1 and 1443 cm−1, where more
 Polymers 157 (2017) 9–20

intense stretching vibrations of the methyl esters groups or C H
bonds and methyl groups is observed respectively (Calce et al.,
2012; Lim et al., 2012; Synytsya et al., 2003). The FTIR spectrum of
AU202-4 plate (Fig. 2e) is similar to the FTIR spectrum of AU701-4
plate. The most intense signals vibrations of Si O Si bonds that
absent in the FTIR spectra of original pectins appear at 1246 cm−1

and 1332 cm−1. The stretching vibrations of the methyl esters at
1438 cm−1 are saved.

The FTIR spectra of biogenic silica (Gendron-Badou et al., 2003;
Swann & Patwardhan, 2011), synthesized polysaccharide-silica
materials (Agoudjil et al., 2012; Angelova et al., 2012; Assifaoui
et al., 2013; Chernev, Todorova, Djambazov, Salvado, & Ivanova,
2014; Nurdin & Purwasasmita, 2013; Rangelova et al., 2014;
Samuneva et al., 2008;), as well of the produced pectin-silica gels
have absorption bands in the 1150–1000 cm−1 and 490–450 cm−1

regions, corresponding to Si O Si bonds. The absorption bands
in the region of 970–950 cm−1 correspond to Si OH  groups.
The literature data of FTIR spectroscopy indicate on formation of
hydrogen bonds between organic and inorganic components in the
pectin-silicate gels. Besides, in the FTIR spectra of AU701-4, pectin-
TEOS-4 and AU202-4 gels (Fig. 2), absorption bands at 1246 cm−1

and 802 cm−1 were identified, which are probably responsible
for the formation of bonds C O Si in the synthesized pectin-
silica gels. A review of the literature allows us to conclude that
the availability an intense absorption band at 1230–1270 cm−1 of
FTIR spectra indicates the substitution of polysaccharide hydroxyl
groups with the formation of covalent bonds. For example, par-
tial acetylation of hydroxyl groups in pectin is the cause of the
appearance of absorption bands at 1250 cm−1 of C O C bonds
(Synytsya et al., 2003). In FTIR spectra of sulfated or phosphate
polysaccharides has clearly shown that the absorption bands at
1230–1270 cm−1 and 800–850 cm−1 appear only after modifica-
tions, and indicate the formation of C O S/P bonds (Fan et al.,
2011; Huang, Du, Yang, & Fan, 2003; Jung, Bae, Lee, & Jung, 2011;
Lin et al., 2007; Suflet, Chitanu, & Popa, 2006; Wang, Zhang, Yao,
Zhao, & Qi, 2013). In particular, it was  shown on example of sulfated
pectins (Bae et al., 2009; Vityazev et al., 2010). Based on the results,
we can conclude that, the synthesized pectin-silica gels (AU701-4,
pectin-TEOS-4, AU202-4) are formed as a result of chemical inter-
action between pectin and silica and formation not only hydrogen
bonds, but also covalent bonds.

Thus it can be assumed that during the preparation of pectin-
residues of galacturonic acid, linking them to the second and third
hydroxyl, and forming a bridge ( O Si(OH)2 O ). The reaction can
be expressed as follows:
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.3. Structural and mechanical properties of pectin-silica gels

The hydrogels based on pectin AU701 were shown to differ in the
ilica concentration that leads to differences in the textural param-

ters (Table 2). Mechanical properties of the pectin-silica gels were
etermined by uniaxial compression. The profiles of penetration
xperiments performed on the plates are shown in Fig. 3. Some
echanical parameters were extrapolated from these curves: the

Fig. 3. Texture analysis. Stress–strain curves of A
Young modulus (E), obtained from the initial slope of the stress-
strain curve at 4% of strain (Table 2); the system hardness, i.e. the
maximum positive force registered while attaining the imposed
deformation (Fmax) (Figs. 3 and 4 a ).
The Young modulus of a body is a fundamental property that
directly related to its intermolecular binding energy and its struc-
ture. It is commonly determined by methods such as compressive
testing or indentation testing (Roylance, 2008). The Young modulus

U701-1, AU701-2, AU701-3, AU701-4 plates.
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ig. 4. TEOS concentration dependence of hardness (50% of deformation) of AU701
ectin-silica plates (a) and pectin-TEOS, pectin-TEOS-Ca and pectin-Ca-TEOS beads
b).

s obtained from the load displacement slope of the unload-
ng curve, which is related to the elastic recovery of the plates:
 = (F × L)/(S × �L), where E is the Young modulus (kPa), S is the
otal displacement probes (m2), F compressive force (N), L height
f the plate (m), the �L  absolute compression (m). The variation in
he Young modulus within samples of AU701-1, AU701-2, AU701-3,

ig. 5. Scanning electron micrographs of beads: pectin-TEOS-4 (a), pectin-TEOS-Ca-4 (b), p
ppearances of the beads surfaces: pectin-TEOS-4 (e), pectin-TEOS-Ca-4 (f), pectin-Ca-TEO
ectin-TEOS-Ca-4  (j), pectin-Ca-TEOS-4 (k), Ca-pectin (l), magnification 5000×, scale bar 5 
 Polymers 157 (2017) 9–20

AU701-4 plates is from 15.4 to 109.9 kPa and dependences on the
amount of TEOS used for the preparation (Table 2).

Experiments have shown that plates under physical compres-
sion withstand unequal mechanical stresses and, destruction of the
gel structure occurs at different compression forces, which indicate
the hardness of gels (Fig. 3). The results (Fig. 4a) show that the com-
pressive force, in under which the gel structure is destroyed has a
linear dependence on the amount of TEOS used for the gel prepara-
tion, a correlation coefficient R2 is 0.993. The destruction of the gel
structures occurs at rising compression forces from 7.5 to 100.9 kPa
with increasing of TEOS content from 0.25 to 1.00 M.  Thus, it is pos-
sible to obtain pectin-silica gels with certain hardness by varying
TEOS content during the gel preparation.

The hardness of pectin-TEOS, pectin-TEOS-Ca and pectin-Ca-TEOS
beads was  found has linear dependence of TEOS concentration,
a correlation coefficient R2 is 0.994–0.954. Unlike the hardness
of pectin-Ca-TEOS beads, the hardness of pectin-TEOS-Ca beads
is decreased with increasing TEOS concentration (Fig. 4b). The
hardness of pectin-TEOS beads is slightly grown with increas-
ing TEOS concentration. Under physical compression Ca-pectin
and pectin-Ca-TEOS-4 beads have close hardness values, about
1.11–1.20 N/bead at 50% deformation. The pectin-Ca-TEOS-4 and
pectin-Ca beads exhibited the best textural properties in terms of
hardness. The pectin-TEOS-Ca-4,  pectin-Ca-TEOS-1 and pectin-TEOS-
1 beads have the lower hardness values (Fig. 4b).

3.4. Morphological analysis of the beads by SEM

It can be stated that the addition of different cross-linking
agents to pectin, as well as the change of operating conditions of
gelation affect morphological characteristics of pectin-silica beads.

SEM images illustrate the external structure of the dry beads
(Fig. 5). Pectin beads combinations: pectin-TEOS-4,  pectin-TEOS-
Ca-4, pectin-Ca-TEOS-4 and Ca-pectin have different shape, surface
macro-relief and micro-surface. All beads have a satisfactory spher-

ectin-Ca-TEOS-4 (c), Ca-pectin(d); magnification 50×,  scale bar 500 �m.  Microrelief
S-4 (g), Ca-pectin (h), magnification 500×, scale bar 50 �m; and pectin-TEOS-4 (i),
�m.
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ig. 6. The elemental composition of the surface layer of beads: pectin-TEOS-4,
ectin-TEOS-Ca-4,  pectin-Ca-TEOS-4, Ca-pectin.

cal shape and a relatively flat surface. The beads pectin-TEOS
nd Ca-pectin have a smooth surface microstructure, which is
learly seen in the photographs obtained by increasing the 5000×.
owever, the simultaneous using TEOS and calcium during the
reparation of beads pectin-TEOS-Ca, pectin-Ca-TEOS leads to the

ormation of a rough and grooved surface. The photographs taken
t 500× and 5000× magnification of samples pectin-TEOS-Ca-4 and
ectin-Ca-TEOS-4 well reflect the heterogeneity of microrelief. The
ormation of different sizes grains arranged chaotically is observed.
n this case, probably the wet beads (Ca-pectin or pectin-TEOS) bear
artial positive or negative charges accordantly, so direct deposi-
ion of silicates or Ca2+ is possible, that leads to the formation of
ranules on the surface of pectin-TEOS-Ca-4 and pectin-Ca-TEOS-

 beads. A similar situation was observed in design gelatin–silica
ybrid capsules (Coradin & Livage, 2007).

Long cracks formed on the surface of the microrelief were
bserved in photographs obtained with an increase of 500×, of
ectin-TEOS-4 (Fig. 5e) and pectin-Ca-TEOS-4 (Fig. 5g), which were
ot noticed in photographs of pectin-TEOS-Ca-4 (Fig. 5f) and Ca-
ectin (Fig. 5h). It is possible that the formation of cracks is due
o their silicon content of the surface. Elemental analysis made
y EDX showed that silicon content of samples pectin-TEOS-4 and
ectin-Ca-TEOS-4 is higher than 18%. The silicon content of sample
ectin-TEOS-Ca-4 is less than 4%. In addition, the elemental analysis
btained by EDX showed that external layer of the beads is com-
osed of carbon, oxygen and calcium (Fig. 6). The content of carbon
nd oxygen, remain constant regardless of the bead type ranging
rom 17% to 20% and from 56% to 65%, respectively. Thus, different
ontent of silicon and calcium in the surface layer depends on the
ead making method (Fig. 6).

.5. Stability of the beads in an environment simulating the GIT

Determining the optimal composition of the pectin-silica gels
o mesalazine encapsulation was studied in vitro experiments by
equential dissolution of beads in solutions under different pH
hich simulates the sequence of the beads passage in the human

ody, i.e.,  pH initially kept at pH 1.09 (0.08 M HCl and 0.03 M NaCl)
or 2 h, then at pH 6.80 (0.02 M NaOH and 0.05 M KH2PO4) for 8 h
Fig. 7).

The composition of the surface layer was determined to influ-
nce on the strength of beads in the digestive tract. Fig. 7c shows
rofiles of weight change of Ca-pectin and pectin-TEOS-Ca beads
uring sequential incubating in simulated GIT conditions. As seen,

ectin Ca-pectin and pectin-TEOS-Ca beads are stable in an acidic
nvironment. The beads begin to swell in an acidic medium with

 pH 1.09 that leads to 8–9 fold increase weight of beads. During
ubsequent incubation in the medium of phosphate buffer at pH
Fig. 7. Profiles of weight change of beads during incubation in simulated GIT con-
ditions. Values are mean ± s.d. (n = 3).

6.80 was observed reduce the bead weight due to dissolution of
calcium pectinate and subsequent bead disintegration. As a result,
after 2.5–4.5 h of sequential incubation beads Ca-pectin and pectin-
TEOS-Ca dissolve in simulated intestinal medium (pH 6.80).

The graphs (Fig. 7a and b) have shown the stability of beads
pectin-TEOS and pectin-Ca-TEOS during 8–10 h of sequential incu-
bation in simulated GIT conditions. The beads were stable and
swelled in an acidic medium with a pH 1.09, which led to a 2–4
fold increase weight of beads (Fig. 7). During subsequent incuba-
tion in the medium of phosphate buffer at pH 6.80 the beads in
combination pectin-TEOS and pectin-Ca-TEOS were stable for 6–8 h.
Exceptions are samples pectin-TEOS-1 and pectin-Ca-TEOS-1 (min-

imum TEOS concentration, 0.25 mmol/l), which collapsed almost
during 5 h incubation in the medium of phosphate buffer (Fig. 7).
Thus, the presence of the silica coating of calcium pectinate and
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Table 4
Drug loading and encapsulation efficiency of the beads.

Beads Initial concentration of mesalazine, % LM, %. EE, %.

pectin-TEOS-1 0.50 4.3 24
pectin-TEOS-2 0.50 3.1 24
pectin-TEOS-3 0.50 2.3 22

pectin-TEOS-4 0.25 1.6 28
0.50 2.1 23
1.00 2.9 18
1.50 4.5 16
2.00 5.6 16

pectin-Ca-TEOS-1 0.50 3.0 17
pectin-Ca-TEOS-2 0.50 1.6 18
pectin-Ca-TEOS-3 0.50 1.6 16

pectin-Ca-TEOS-4 0.25 0.8 16
0.50 1.0 14
1.00 1.9 13
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1.50 3.5 13
2.00 4.3 10

he silica shell around pectin macromolecule appeared to stabilize
ignificantly the hydrogel network, especially toward dissolution
n simulated GIT conditions.

In this regard, beads in combination pectin-TEOS-Ca, cannot be
onsidered as a framework for the support of mesalazine, thus, their
urther research was excluded. Therefore, for the encapsulation of

esalazine should be used beads in combination of pectin-TEOS and
ectin-Ca-TEOS. This approach appears very promising as it allows
he association of a soft biocompatible component, pectinate with

 tough, non-swelling component, silica.

.6. Estimation of the mesalazine loading and the encapsulation
fficiency of the beads

Effect of the amount of silicon in pectin-TEOS and pectin-Ca-TEOS
eads on the encapsulation efficiency and the drug loading was
tudied. The pectin-silica beads were prepared from solutions with
ifferent contents of TEOS and mesalazine (Table 4). The encapsu-

ation efficiency was found not to change with increasing of silicon
ontent in pectin-TEOS and pectin-Ca-TEOS beads. The loading of
esalazine is reduced with increasing of silicon content in the

eads (Table 4). This happens due to the fact that increasing of sil-
con content in the beads leads to rising of their weight, while the
mount of mesalazine in the beads remains the same (Table 4).

The encapsulation efficiency and loading of mesalazine were
evealed to depend on its concentration in the solution from which
he beads were prepared. The increase in the concentration of

esalazine in the initial solution leads to the higher values of drug
oading. The mesalazine encapsulation efficiency decreases with
ncreasing of the drug concentration from 0.25% to 2.00% in the ini-
ial solution. In addition, pectin-TEOS-4 beads are characterized by
he higher encapsulation efficiency than pectin-Ca-TEOS-4 beads
Table 4). Thus, the optimal concentration of mesalazine in the
ectin solution for preparation pectin-TEOS-4 and pectin-Ca-TEOS-4
eads is 0.5%. Although some authors use for a bead encapsula-
ion of 1.0% mesalazine solutions, without determination of the
oncentration-dependent response relationship (Kawadkar et al.,
010).

.7. In vitro mesalazine release from the beads

Immobilization of mesalazine in pectin-TEOS-4,  pectin-Ca-TEOS-

 and pectin-Ca beads was performed by the method described in

Experimental’. Evaluation of the protective effect of the pectin-
ilica gels in the bead form was provided by in vitro experiments
f the mesalazine release under pH conditions simulated the
Fig. 8. Mesalazine release profiles of pectin-TEOS-4,  pectin-TEOS-Ca-4 and Ca-pectin
beads under in vitro simulated GIT conditions. Values are mean ± s.d. (n = 5).

sequence of the drug passage in the human body, i.e.,  pH initially
kept at 1.09 for 2 h, then at 6.80 for 6 h, and finally at 7.40 for
12 h (Fig. 8). The mesalazine release experiments from pectin-TEOS-
4, pectin-Ca-TEOS-4 and Ca-pectin beads showed that the type of
beads, the nature of the cross-linking agent affects a drug release
profile (Fig. 8). The beads pectin-TEOS-4 and pectin-Ca-TEOS-4 were
shown to release less than 30% of mesalazine during 2 h of incu-
bation in simulated gastric environment, while Ca-pectin beads
release 57% of the total mesalazine content. The beads Ca-pectin
are completely dissolved and released 95% of mesalazine during the
first 0.5 h of incubation in simulated intestinal medium. The beads
pectin-Ca-TEOS-4 and pectin-TEOS-4 were shown to disintegrate
and release of mesalazine gradually in the simulated intestinal
environment. After 2 h of sequential incubation, pectin-Ca-TEOS-4
beads release about 30% of mesalazine, after 6 h – 44%, after 8 h –
49%, and then each next 2 h the beads release an average of 3% of the
total mesalazine content in the beads. After 2 h of sequential incu-
bation, pectin-TEOS-4 beads release about 20% of mesalazine, after
4 h they release about 36%, after 10 h – 67% of the total mesalazine
content in the beads, and then each next 2 h the beads release an
average of 4% of mesalazine. Thus, the slope of release curve of
pectin-TEOS-4 beads is steeper in the first 20 h of sequential incu-
bation than that of pectin-Ca-TEOS-4 beads.

The obtained pectin-silica gels provide a prevention of the
drug release of the beads in the stomach and a slow liberation of
mesalazine in the intestinal tract that is why the most of mesalazine
comes to colon (Fig. 8). Thus, the use pectin-silica gels make it
possible controlling mesalazine output in the GIT.

4. Conclusions

A new method for producing pectin-silica gels has been devel-
oped. The comparative synthesis of pectin-silica gels by sol-gel
gelation of LM and HM pectins with precursor TEOS was obtained.
It was  shown that synthesis pectin-silica gels can occur in an acidic
environment without the use of ethanol. The experiment revealed
that the gelation depend on degree of methylation of pectin and
TEOS concentration. In the case of LM pectin, monolithic hydrogels
were generated through the 24 h starting from minimum con-
centration of TEOS (0.25 M).  Whereas in the case of HM pectin,
monolithic hydrogels were produced only at high TEOS concen-
tration (0.75 M).

The FTIR spectra of synthesized pectin-silica gels in presence
of ethanol and without it are similar and indicate the formation

of hydrogen and covalent bonds between the silica and pectin.
The FTIR spectra show intense absorption bands at 1246 cm−1,
1132 cm−1, 802 cm−1, 492 cm−1 and 964 cm−1 corresponding to
the vibrations C O Si , Si O Si bonds and Si OH groups
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ccordingly, which are not observed in the FTIR spectra of the native
ectins.

The sequential incubation of the beads in simulated gastric fluid
or 2 h and in simulated intestinal fluids for 18 h indicates the stabil-
ty of the pectin-silica beads depending on the gelation technology.
n the process of swelling under in vitro conditions simulated GIT,
he mass of the pectin-silica beads is increased in four times, which
s significantly less than the mass increase of ionic gel beads made
rom pectins and other anionic polysaccharides. The most resis-
ant are beads in combination pectin-TEOS and pectin-Ca-TEOS. It is
hown that the drug release of pectin-silica beads in simulated GIT
ccurs gradually up to 80% and is directly dependent on the hard-
ess of the beads. It is found that pectin-Ca-TEOS beads are stronger
nder mechanical compression and its speed of drug release in
olutions simulated the intestinal environment is slower than that
ectin-TEOS beads.

Therefore, the use of pectin-silica matrices is promising with
egard to the development of controlled release of drug formula-
ions. Moreover, the synthesis of pectin-silica matrices can take
lace in an acidic environment without ethanol, which gives an
dvantage over other sol-gel methods and opens up new prospects
or pectin gels in medicine and biotechnology.
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