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Glycol chitosan was linked to vitamin D2 hemisuccinate (ergocalciferol hemisuccinate) for controlled
release through water-soluble carbodiimide activation. The resulting conjugate formed self-assembled
nanoparticles in aqueous solution with particle size of 279 nm and ergocalciferol hemisuccinate content
of 8.4% (w/w). Almost spherical 50-90 nm nanoparticles were observed by scanning and transmission
electron microscopy upon drying. Drug linking to glycol chitosan was confirmed by FTIR spectroscopy
and proton NMR. Particles were also characterized by differential scanning calorimetry and wide-angle
X-ray diffraction studies. In vitro vitamin D2 release studies performed in water at acid pH indicated a
drug release dependence on the solution acidity. Almost constant release rate was observed during the
first 8 h. These results indicate that the obtained nanoparticles could be good candidates for vitamin D2
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release to animals and humans.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Self-assembled polymeric nanoparticles, engineered with con-
trolled composition and defined properties, have received
increasing interest recently for their potential applications in
medicine, biotechnology and food chemistry, particularly as drug
delivery systems and carriers (Chen et al., 2011). These amphiphilic
nanoparticles consists of a hydrophobic core, usually a long hydro-
carbon chain and/or aromatic groups, shielded by a hydrophilic
shell in aqueous solution (Beheshti, Kjgniksen, Knudsen, Nystrém,
& Zhu, 2009; Jing-Mou, Li-Yan, Yi, & Yong-Jie, 2008). Chitosan,
cellulose and other biopolymers are particularly promising for
preparation of these nanoassemblies, due to their inherent bio-
compatibility (Babak & Desbriéres, 2010; Guthrie, Perrier, Roy,
& Semsarilar, 2009). Chitosan is a natural polymer, consisting of
B(1— 4) linked glucosamine units, with some proportion of N-
acetylglucosamine units. It is obtained by extensive deacetylation
of chitin, a polysaccharide widely spread in nature and major com-
ponent of the shells of crustaceans and molluscs, the cuticle of

* Corresponding author. Tel.: +53 7 870 2102.
E-mail addresses: javierp@fq.uh.cu, cybership01@fastmail.fm (J.P. Quifiones).

0144-8617/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2012.02.039

insects and cell walls of fungi (Boudran et al., 2012; Muzzarelli,
2011). Chitosan presents excellent biocompatible, biodegradable,
mucoadhesive, microbicidal, antifungal and antioxidant proper-
ties (Domb, Muzzarelli, Muzzarelli, Ravi Kumar, & Sashiwa, 2004;
Muzzarelli, 2009). Glycol chitosan possess a good water solubility at
all pHs, biocompatibility and is widely used as carrier of hydropho-
bic drugs and genes (Cho et al., 2006). It has been hydrophobically
functionalized with 53-cholanic moieties; in order to prepare self-
aggregated nanoparticles in aqueous solution for proteins and gene
controlled release (Jing-Mou et al., 2008; Cho et al., 2006).

Vitamin D2 (ergocalciferol) is a lipophilic vitamin with
important effects on adjusting the metabolism of calcium and
phosphorus, regulating osteoblasts proliferation and skeleton
development. Its deficit has been related to several diseases, such as
multiple sclerosis, rheumatoid arthritis, type 1 diabetes and over-
all cancer mortality (Autier & Gandini, 2007; Holick, 2003). Some
polymeric microcapsules/microspheres for controlled release of
vitamin D2 have been prepared, i.e. chitosan/ethylcellulose com-
plex microcapsules for intestinal release (Tian-Wei & Xin-Yuan,
2002).

The preparation of vitamin D2-modified glycol chitosan conju-
gate will allow accomplishing its controlled release, overcoming
the low aqueous solubility of ergocalciferol, and combining its
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cancer protective effects on humans and animals with the microbi-
cidal properties and biocompatibility of glycol chitosan (Amsden,
Knight, & Shapka, 2007; Chen et al., 2008).

This article reports on the covalent linking of vitamin D2
hemisuccinate (ergocalciferol hemisuccinate) to glycol chitosan,
forming self-assembled nanoparticles in aqueous solution, to
achieve their controlled release.

2. Experimental
2.1. Materials

Glycol chitosan (acetylation degree, DA=19.1% determined
by 'H NMR, My, =4.1 x 10°) was purchased from Sigma-Aldrich.
Vitamin D2 hemisuccinate was synthesized by basic-catalyzed tra-
ditional esterification in pyridine of ergocalciferol with succinic
anhydride (Abe, Hasunuma, & Kurokawa, 1976). The vitamin D2
(ergocalciferol), solvents and reagents employed were purchased
from Sigma-Aldrich and used without further purification.

The structure of glycol chitosan-vitamin D2 conjugate is pre-
sented in Fig. 1.

2.2. Glycol chitosan-vitamin D2 conjugate preparation

2.2.1. Reaction in aqueous solution of glycol chitosan with
vitamin D2 hemisuccinate activated with
1-ethyl-3-(3’'-dimethylamino )carbodiimide hydrochloride (EDC)

130mg (0.61 mmol) of glycol chitosan were dissolved in
8 mL of bi-distilled water and diluted with 24 mL of anhydrous
ethanol. Then 38 mg (0.20 mmol) of EDC and 23 mg (0.20 mmol) of
N-hydroxisuccinimide were added and stirred until solution clear-
ance. 75 mg (ca. 0.15 mmol) of ergocalciferol hemisuccinate were
dissolved in 32 mL of ethanol/water solution (85:15, v/v) and slowly
added with stirring to the glycol chitosan solution. The reaction
mixture was stirred 72 h at room temperature, dialyzed (MWCO:
6000-8000) against ethanol/water mixture (90:10, 66:33, 50:50
and 0:100, v/v), each one for 2 days with 16 exchanges. The dia-
lyzed solution was freeze-dried affording a white, cotton wool-like
product.

2.3. Characterization

The glycol chitosan-vitamin D2 conjugate was characterized by
FTIR spectroscopy using a Perkin-Elmer FTIR spectrophotometer
with 32 scans and 4 cm~! resolution. Sample was prepared by the
KBr pellet method. Elemental analysis was performed on a Varian
MicroCube Analyzer with burning temperature of 1150°C. The 'H
NMR spectra was recorded with an OXFORD NMR AS400 (VARIAN)
spectrometer operating at 400.46 MHz for 1H at 25 °C with concen-
trations ca. 25-8 mg mL~! in d2-water and d4-methanol/d2-water
(66%, v/v) and analyzed with the VNMR] software, version 2.2 (Jing-
Mou et al., 2008). Wide-angle X-ray diffraction (WAXD) analysis of
the powered sample was performed using a Rigaku SmartLab X-ray
diffractometer with Cu K, radiation (40 kV,30 mA, A =0.15418 nm),
data collected at a scan rate of 1° min~! with a scan angle from 4
to 50°. Calorimetric curves were obtained with a Perkin-Elmer Dif-
ferential Scanning Calorimeter Pyris 1 and analyzed with the Pyris
1 software (version 6.0.0.033). DSC studies were conducted using
sample weights of approximately 5 mg, under a nitrogen dynamic
flow of 20.0mLmin~! and a heating-cooling rate of 10°Cmin~!
(Basaran, Yazan, & Yenilmez, 2010). Samples were deposited in
aluminum capsules and hermetically sealed. Indium was used to
calibrate the instrument. Enthalpy (AH in J/g dry weight) and peak
temperature were computed automatically. Samples were heated
and cooled from —30 to 300°C. Dynamic light scattering (DLS)

study was performed using Zetasizer Nano (Malvern Instruments,
UK) at 25 °C to obtain the particle size and Zeta potential. The size
and morphology of dried nanoparticles was studied by transmis-
sion electron microscopy (TEM) with a Philips CM20 operating at
200kV and scanning electron microscopy (SEM) with a FEI Nova
NanoSEM 600. The sample was stirred 48 h in bi-distilled water (ca.
1mgmL-1) and a drop of it was deposited on carbon plates. The
excess solution was removed with filter paper and air-dried. The
SEM sample was coated with gold. The TEM sample was negative
stained with a drop of uranyl acetate solution (1 wt.%).

2.4. In vitro drug release studies

In vitro drug release of vitamin D2 hemisuccinate linked to
glycol chitosan nanoparticles was studied by UV detection at
265 nm of the delivered ergocalciferol at various pH. The glycol
chitosan-vitamin D2 conjugate (10mg) was placed in a dialysis
bag (MWCO: 14,000) containing buffer solutions (5 mL) at differ-
ent acidic pH and dialyzed against the release media (40 mL of PBS
solutions at the same pH as the corresponding conjugate solution)
at 37 °C with constant agitation at 100 rpm. The entire media was
removed at determined time intervals, and replaced with the same
volume of fresh media. The amount of ergocalciferol released was
determined by UV spectrophotometry and calculated from a pre-
viously obtained calibration curve. These studies were conducted
in triplicate.

3. Results and discussion

The employed method afforded ergocalciferol content of
3.9mol% in the obtained glycol chitosan-vitamin D2 conjugate,
equivalent to 8.4 wt.% of ergocalciferol hemisuccinate.

Glycol chitosan-vitamin D2 conjugate formed self-assembled
nanoparticles in aqueous solution with 279 47 nm average diam-
eter, due to its hydrophilic/hydrophobic moieties. The particles
structure is affected by the polarity of the media, as observed
in proton NMR peak differences in d2-water compared to d4-
methanol/d2-water (66%, v/v).

Dynamic light scattering studies conducted in triplicate afforded
average particles diameters of 27947 nm with a polydispersity
index of 0.50 & 0.03. These small nanoparticles were accompanied
by ca. 5-8 mol% aggregates of about 4.7-4.8 pm size. The Zeta
potential of 7.7+0.1 mV is indicative of some instability or ten-
dency to aggregation in aqueous solution.

Fig. 2 shows the SEM and TEM images of dried vitamin D2-
modified glycol chitosan nanoparticles. Almost spherical shaped
nanoparticles with ca. 50-80nm mean diameters are observed
at SEM micrographs. TEM image showed spherical particles with
70-90 nm mean diameters.

The FTIR spectrum of glycol chitosan-vitamin D2 conjugate is
shown in Fig. 3. The spectrum of glycol chitosan is also included for
comparison.

The IR spectrum of glycol chitosan (Fig. 3(a)), presented absorp-
tion peaks at 3432cm~! (O—H stretching overlapped with N—H
stretching), 2926 cm~! and 2870 cm~! (aliphatic C—H stretching
band), 1650 cm~! (amide 1 band, C=0 stretching of acetyl group),
1616cm~! (N—H bending) and 1450-1380cm~! (C—H bending).
The absorption peaks at 1160cm~! (antisymmetric stretching
of the C—O—C bridge), 1120 and 1066cm~"! (skeletal vibrations
involving the C—O stretching) related to its saccharide structure
are observed (Coll, Curiel, Peniche, & Pérez, 2010; Jing-Mou et al.,
2008).

The spectrum of glycol chitosan-vitamin D2 conjugate is domi-
nated by the broad glycol chitosan peaks; however the intense C=0
peak of the ester linkage is present at 1726 cm~! (Fig. 3(b)). Intense
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Fig. 1. Structure of glycol chitosan-vitamin D2 conjugate.

Fig.2. Scanningelectron micrographs of glycol chitosan-vitamin D2 conjugate nanoparticles at (a) 40,000 x, (b) 85,000 x magnifications, (c) transmission electron micrographs

at 100,000 x magnifications (see Fig. 1 for structure).
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Fig. 3. Infrared spectra of: (a) glycol chitosan and (b) glycol chitosan-vitamin D2
conjugate (see Fig. 1 for structure).

peakat 1564 cm~! (amide Il band, N—H bending) and the increase in
the amide I band at 1654 cm~! confirm the amide linkage between
the glycol chitosan and ergocalciferol hemisuccinate.

The proton NMR spectrum of glycol chitosan-vitamin D2 conju-
gate is shown in Fig. 4. The placebo glycol chitosan is also showed
for comparison.

The 'H NMR spectrum of glycol chitosan (Fig. 4(I)(a)) showed
the characteristic signals of the saccharide protons at 2.09 ppm
(s, CH3 of CH3CO—), 2.74ppm (s, 2H, C, sugar protons of N-
unsubstituted glucosamine units), 3.2-4.0ppm (C. to Cy sugar
protons) and 4.49 ppm (s, C; anomeric sugar proton) (Gray et al.,
2001). Compared with glycol chitosan, in the proton NMR spec-
trum of glycol chitosan-vitamin D2 (Fig. 4(I)(b), and (II)), the peaks
at 0.90 ppm (CH3, H18+H26+H27), 0.98 ppm (CH3, H21+H28),
1.29ppm/1.34ppm (CH2, H12+H16), 1.35ppm/1.38 ppm (CH2,
H11+H15), 2.53-2.61 ppm (CH;, H30+H31 of succinyl moiety),
4.20ppm and 4.60 ppm (CH, C; anomeric sugar proton of ergo-
calciferol substituted and free glycol chitosan, respectively; CHs,
methylene protons of glycol residues of glycol chitosan poly-
mer chain) (Jing-Mou et al., 2008) are observed. Addition of
d4-methanol to previously prepared d2-water solution of glycol
chitosan-vitamin D2, until a composition of d4-methanol/d2-
water (66%, v/v), enhance the peak intensity in the proton NMR
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Fig.4. Proton NMR spectra of (I): (a) glycol chitosan and (b) glycol chitosan-vitamin
D2 conjugate at 25mgmL-! in D,0; (II): glycol chitosan-vitamin D2 conjugate at
8mgmlL-' in CD;0D/D,0 (2:1) at 25°C (see Fig. 1 for structure).

spectrum and revealed the less intense methyl peaks of ergocal-
ciferol hemisuccinyl moiety (at 0.90 ppm and 0.98 ppm, Fig. 4(Il)),
due to a better solubility and amphiphilic behavior of ergocalciferol
hemisuccinate glycol chitosan conjugate (Fig. 4(1I)).

The wide-angle X-ray diffraction patterns of ergocalciferol
hemisuccinate, glycol chitosan and glycol chitosan-vitamin D2
conjugate are shown in Fig. 5.

Glycol chitosan presents two intense peaks at 20 7.7° and 20.1°.

The glycol chitosan-vitamin D2 showed a broad and intense
peak at 20.9°. The absence of intense peak at 20.1° attributed to
glycol chitosan is indicatives of glycol chitosan lack as crystalline
phase. The characteristic peaks of pure ergocalciferol hemisucci-
nate were also absent (see Table 1).

The DSC curves of glycol chitosan placebo and the vitamin D2-
modified glycol chitosan, under nitrogen flow in the temperature
range from —30 to 300°C are shown in Fig. 6. DSC curve of gly-
col chitosan placebo (Fig. 6(a)) showed three endothermic peaks
at 123.6°C,175.1 °Cand 180.9 °C. Their onset and completion tem-
peratures are listed in Table 2, together with their associated peak
enthalpy (AH). These endothermic effects must result mainly from
the melting and dissociation of glycol chitosan crystals, by compar-
ison with reports for chitosans (Coll et al., 2010). The DSC of linked
glycol chitosan-ergocalciferol conjugate (Fig. 6(b)) presents two

(a)
(b)
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W em—(c)

10 20 30 40 50
20 (degrees)

Fig. 5. Wide-angle X-ray diffraction patterns of: (a) vitamin D2 hemisuccinate, (b)
glycol chitosan and (c) glycol chitosan-vitamin D2 conjugate (see Fig. 1 for struc-
ture).

intense endothermic peaks at 125.5°C and 152.2°C (see Table 2)
with associated AH of 229.0]/g and 225.2 /g, respectively. These
peaks can result from the melting of glycol chitosan with linked
ergocalciferol hemisuccinate, dissociation and decomposition of
modified glycol chitosan chains.

The vitamin D2 released (in weight per cent) after 30 min at
different pH was 2% at pH 6.0, 5% at pH 5.0, 11% at pH 4.0 and
18% at pH 2.0. The ergocalciferol released increases as the solution
acidity increases.

The in vitro release is mainly pH dependent and controlled by
the hydrolysis of the ester linkage between the vitamin D2 and the
succinyl group on the glycol chitosan-vitamin D2 nanoparticles.

The release profile of ergocalciferol at 37 °C in buffer solution
(pH=6.0), expressed as per cent cumulative release against time for
ergocalciferol hemisuccinate-modified glycol chitosan is presented
in Fig. 7. This study was performed at pH 6 to simulate as much as
possible physiological conditions (pH 7.4), but acidic conditions are
needed to achieve the hydrolysis of the ester linkage and the release
of the vitamin D2.

Ergocalciferol hemisuccinate presented sustained release with
almost constant release rate (zero order kinetics) during the first
8 h. Release was not quantitative, reaching a cumulative release of
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Fig. 6. DSC Curves of: (a) glycol chitosan and (b) glycol chitosan-vitamin D2 conju-
gate (see Fig. 1 for structure).
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Table 1

X-ray peaks of ergocalciferol hemisuccinate (MSVitD2), glycol chitosan (GC) and glycol chitosan-vitamin D2 conjugate (GC-MSVitD2) by wide angle X-ray diffraction (see

Fig. 1 for structure).

Samples 20(°)

MSVitD2 16.12 20.0 22.0° 26.0 314 38.1 384 42.0° -
GC 7.7 20.1 30.0° 34.4° 35.1¢ 37.92 39.82 41.0° 41.32
GC-MSVitD2 8.94 20.9 - - - - - -

a Stand for peaks of low intensity.

Table 2
Thermal properties and main endothermal effects of glycol chitosan (GC) and glycol
chitosan-vitamin D2 conjugate (GC-MSVitD2) (see Fig. 1 for structure).

Samples Endotherm (°C)
Onset Peak Completion AH(]/g)
GC 121.7 123.6 141.7 81.9
151.7 175.1 177.6 510.5
177.6 180.9 195.2 72.1
GC-MSVitD2 123.7 125.5 139.1 229.0
148.2 152.2 163.6 225.2
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Fig.7. Invitrorelease profile at 37 & 2 °Cof vitamin D2 from glycol chitosan-vitamin
D2 conjugate in buffer solution (pH =6.0) (see Fig. 1 for structure).

44% after 68 h. However the unreleased vitamin D2 linked to glycol
chitosan should be available after enzymatic degradation.

4. Conclusions

Glycol chitosan was linked to ergocalciferol hemisuccinate with
a functionalization of up to ca. 4 mol% as confirmed by elemental
analysis and proton NMR. This conjugates were able to form self-
assembled nanoparticles in aqueous solution, as result of partial
hydrophobic modification of glycol chitosan with the vitamin D2
hemisuccinate. The vitamin D2 release percent in water at differ-
ent acid pH indicated a drug release dependence on the acidity of
the solution. In vitro sustained release was observed up to 68 h,
reaching a 44 wt.% of the ergocalciferol linked to the glycol chi-
tosan. These results indicate that the obtained nanoparticles could
be good candidates for vitamin D2 release to animals and humans.
Besides, the proposed methodology could be extended to other
lipophilic vitamins or bioactive compounds, in order to achieve
their controlled release.
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