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Abstract

Synthetic fructose chitosan (FC) was linked to DL-a-tocopherol, ergocalciferol, diosgenin and two synthetic analogues of brassinosteroids via a succinate 
linker by carbodiimide coupling in solution. Conjugates with substitution degrees of 5.5 to 39.0% were obtained and used for the sustained release of 
agrochemicals and potential anticancer drugs. FTIR and proton NMR spectroscopies confirmed the hydrophobic modification of fructose chitosan. Differential 
scanning calorimetry and wide-angle X-ray diffraction studies of prepared FC conjugates are also presented. The amphiphilic FC-vitamin and FC-steroid 
conjugates self-assembled in aqueous medium as stable and positively charged nanoparticles of 165 to 213 nm with +30 to +54.2 mV, as revealed using 
dynamic light scattering. Almost spherical nanoparticles of 40 to 65 nm in dried state were observed by SEM and TEM. Sustained release of linked vitamins 
and steroids in phosphate buffer saline solution at pH 6.0 was observed over 96 h, while almost constant release rates were perceived during the first 7 to 8 
h. Brassinosteroid-N-modified fructose chitosan nanoparticles showed good agrochemical activity. These results indicated that the obtained nanoparticles might 
be potential drug delivery system of vitamins and steroids for anticancer and agrochemical applications.

INTRODUCTION
Chitosan is a natural and linear copolymer, consisting of 

randomly distributed β (1 → 4) linked D-glucosamine units 
and some proportion of N-acetyl-D-glucosamine units. It is 
obtained by extensive deacetylation of chitin [1]. Chitosan is 
considered a biomaterial with excellent properties and benefits 
for animals and humans [2,3]. It also increases photosynthesis, 
promotes and enhances plant growth, stimulates nutrient 
uptake, increases germination of seeds and sprouting, boosts 
plant vigor and stimulates defense mechanisms in plants [4]. 
It is capable of enhancing the transport of polar drugs trough 
epithelial membranes; but its application in medicine and the 
pharmaceutical field is limited due to water solubility restricted 
to acidic pH and short time stability of self-aggregated chitosan 
conjugates in solution [5]. Some chitosan derivatives overcome 
these limitations, still showing good biocompatibility (i.e. glycol 
chitosan, fructose chitosan) [6,7]. Fructose chitosan (FC) is 
prepared by Maillard reaction (reductive amination) between 
fructose and chitosan [7,8]. It has been employed for hepatocyte 
growth and liver injury treatment [9]. 

Vitamin D2 (ergocalciferol) and vitamin E (DL-α-tocopherol 
as main constituent) are lipophilic vitamins with important 
effects on animals and humans. Ergocalciferol is involved 
in skeleton development [10], while vitamin E is a potent 
antioxidant and protective agent of cell membranes and lipid 

peroxidation process [11,12]. Anticancer activity of ergocalciferol 
and α-tocopherol has been thoroughly studied [13,14]. On the 
other hand, diosgenin and some saponins containing it exhibit 
important antitumor and anticancer properties [15]. Together 
with some natural and synthetic brassinosteroids, diosgenin also 
presents antiproliferative, antiherpetic and anti-HIV activity in 
animals and humans [16]. Additionally, diosgenin is the main 
substrate in chemical synthesis of the Cuban synthetic analogue 
of brassinosteroid DI31 [17], used as commercial agrochemical 
Biobras-16. It is known that Biobras-16 promotes vegetal growth 
with increases in harvest of 5 to 25%, while protecting the crops 
of abiotic and biotic stress [18]. 

Brassinosteroids are steroidal phytohormones widely found 
in reproductive and vegetative plant tissues. They are involved 
in the defense mechanisms of plants, growth, reproduction and 
several physiological processes [19]. Its benefits in plants include 
protection against fungi and bacterial attacks, dryness, salinity 
and extreme temperatures [20]. However, plants metabolize fast 
the synthetic brassinosteroids used as agrochemicals, limiting 
their benefits [21]. The brassinosteroids and lipophilic vitamins 
E and D2 are hydrophobic compounds with very low aqueous 
solubility, and therefore require chemical modifications or to be 
included in adequate formulations for practical use. In this sense, 
chitosan was covalently modified with diosgenin hemiesters 
for controlled release of diosgenin as a proof of concept [22]. 
However, obtained chitosan-diosgenin conjugates were not 
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suitable for pharmaceutical applications because the limited 
solubility in aqueous medium. That is why the choice of water-
soluble chitosan derivatives for preparation of amphiphilic 
chitosan-vitamin and chitosan-steroid conjugates capable of self-
assembly in aqueous medium as stable nanocarriers is appealing.

The synthesis of tocopherol-, ergocalciferol- and steroid-N-
modified fructose chitosan conjugates will allow accomplishing 
its controlled delivery, overcoming their low aqueous solubility 
and combining their positive effects on plants, humans and 
animals with the biocompatibility, antioxidant and microbicidal 
properties of the chitosan matrix [2,3,23]. In the current work, 
we synthesized novel FC-vitamin and FC-steroid conjugates by 
amidation of fructose chitosan with tocopherol hemisuccinate, 
ergocalciferol hemisuccinate and steroid hemisuccinates. The 
prepared FC conjugates, which self-assemble as nanoparticles 
in aqueous solution, were intended for in vitro delivery of linked 
vitamins and steroids mediated by hydrolysis of ester bond 
of hemisuccinate linker. Preliminary studies of agrochemical 
activity of synthesized FC-brassinosteroid conjugates towards 
radish (Raphanus sativus) were also conducted. 

EXPERIMENTAL

Materials

Chitosan (acetylation degree, DA = 19.8% determined by 
1H-NMR, Mw= 4.3×105) was purchased from Sigma-Aldrich. 
Hemisuccinates of DL-α-tocopherol, ergocalciferol, diosgenin and 
two synthetic analogues of brassinosteroids with agrochemical 
activity (DI-31 and S7), were synthesized by base-catalyzed 
traditional esterification in pyridine with succinic anhydride 
[24]. Fructose chitosan was prepared by the Maillard reaction of 
commercial chitosan (1%, w/v) with fructose (1%, w/v) in 0.2 
M aqueous acetic acid solution at 65 °C, affording a substitution 
degree of 5.6 mol-% by elemental analysis (19.8 acetyl molecules 
and 5.6 fructose molecules by 100 molecules of chitosan) [7,8]. 
Diosgenin and the synthetic analogues of brassinosteroids (DI-
31 and S-7) were supplied by the Center of Natural Products 
of the University of Havana. Solvents and reagents employed 
were purchased from Sigma-Aldrich and used without further 
purification.

The structures of DL-α-tocopherol hemisuccinyl fructose 
chitosan (FC-MSToc), ergocalciferol hemisuccinyl fructose 
chitosan (FC-MSVitD2), diosgenin hemisuccinyl fructose chitosan 
(FC-MSD), DI-31 hemisuccinyl fructose chitosan (FC-MSDI31), 
S7 hemisuccinyl fructose chitosan (FC-MSS7) conjugates and 
fructose chitosan (FC) are shown in Figure 1.

Preparation of hydrophobically-modified FC 
nanoparticles

Synthesis of hydrophobically-modified FC-vitamin and 
FC-steroid conjugates: 210 mg (ca. 0.5 mmol) of fructose 
chitosan were dissolved in 8 mL of bi-distilled water and diluted 
with 24 mL of anhydrous ethanol. 38 mg (0.20 mmol) of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
and 23 mg (0.20 mmol) of N-hydroxisuccinimide were added, 
and the mixture was stirred until solution clearance. 75-90 mg 
(0.15 mmol) of hemisuccinate of DL-α-tocopherol, ergocalciferol, 
diosgenin, DI31 or S7 were dissolved in 32 mL of ethanol/

water mixture (85:15, v/v) and slowly added with stirring to 
the FC solution. The reaction mixture was stirred 72 h at room 
temperature and dialyzed (Spectra/Por 1, MWCO 6 000-8 000 
Da) against ethanol/water mixture (90:10, 66:33, 50:50 and 
0:100, v/v), each one for 2 days with 16 exchanges. The dialyzed 
solution was lyophilized affording white or slightly yellow, cotton 
wool-like products. 

Preparation of the self-assembled FC nanoparticles: The 
synthesized hydrophobically-modified FC conjugates were able 
to form nanoparticles in aqueous medium after stirring overnight 
and probe tip sonication. To this end, the FC-vitamin and FC-
steroid conjugates (ca. 0.5-2.0 mg mL-1) were stirred overnight 
at 100 rpm in bi-distilled water or phosphate buffered saline 
solution (PBS, pH 7.4), as required. The solutions were probe tip 
sonicated (Branson Sonifier W-250, Heinemann, Germany) at 20 
W for 2 min in an ice bath. The sonication step was repeated five 
times. The pulse function was pulsed on 8.0 s and pulsed off 2.0 
s [5]. 

Characterization

The synthesized FC-vitamin and FC-steroid conjugates were 
characterized by FTIR spectroscopy using a Perkin-Elmer 1720 
FTIR spectrophotometer (Perkin-Elmer Corporation, Norwalk, 
Connecticut, USA) with 32 scans and 4 cm-1 resolution. Samples 
were prepared by the KBr pellet method. Elemental analyses 
were performed on a Vario MicroCube Analyzer (Elementar 
Analysensysteme, Germany) with burning temperature of 1150 
°C. The 1H-NMR spectra were recorded with an OXFORD NMR 
AS400 (VARIAN) spectrometer (Varian, Palo Alto, CA, USA) 
operating at 400.46 MHz for proton at 25 °C with concentrations 
ca. 8-25 mg mL-1 in d2-water and d4-acetic acid/d2-water (25%, 
v/v) and analyzed with the VNMRJ software, version 2.2. Wide-
angle X-ray diffraction (WAXD) analysis of the powered samples 
was performed using a Rigaku SmartLab X-Ray diffractometer 
(Rigaku, Tokyo, Japan) with Cu Kα radiation (40 kV, 30 mA, λ = 
0.15418 nm), data collected at a scan rate of 1 o min-1 with a scan 
angle from 4 to 50°. Calorimetric curves were obtained with a 
Perkin-Elmer Differential Scanning Calorimeter Pyris 1 (Perkin-
Elmer Instrument Inc., Boston, MA, USA) and analyzed with 
the Pyris 1 software (version 6.0.0.033). Differential scanning 
calorimetry (DSC) studies were conducted using sample weights 
of ca. 5 mg, under nitrogen dynamic flow of 20.0 mL min-1 and a 
heating-cooling rate of 10 °C min-1 [22]. Samples were deposited 
in aluminum capsules and hermetically sealed. Indium was used 
to calibrate the instrument. Enthalpy (ΔH 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) studies were performed using Zetasizer Nano ZS (Malvern 
Instruments, Malvern, UK) at 25 °C to obtain the particle size and 
zeta potential. The size and morphology of dried FC-vitamin and 
FC-steroid nanoparticles were studied by transmission electron 
microscopy (TEM) with a Philips CM20 (Philips, Amsterdam, 
Netherlands) operating at 200 kV and scanning electron 
microscopy (SEM) with a Nova NanoSEM 600 (FEI, Hillsboro, 
Oregon, USA). Samples were stirred in bi-distilled water (ca. 1 mg 
mL-1) 48 h and a drop was deposited on carbon plates. The excess 
solution was removed with filter paper and dried in air. The SEM 
samples were coated with gold. The TEM samples were negative 
stained with a drop of uranyl acetate solution (1 wt-%).
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In vitro drug release studies

In vitro drug release of DL-α-tocopherol, ergocalciferol 
and steroids from FC-MSToc, FC-MSVitD2 or FC-steroid 
nanoparticles was studied by UV detection (Genesys 10 UV-Vis 
Spectrophotometer, Thermo Spectronic, Rochester, N.Y., USA) of 
the delivered DL-α-tocopherol at 292 nm, ergocalciferol at 265 
nm or steroids (diosgenin at 280 nm, DI31 and S7 at 300 nm) in 
PBS at pH 6.0. 10 mg of FC-vitamin or FC-steroid nanoparticles 
dissolved in PBS solutions (5 mL) at pH 6 were placed in dialysis 
bag (Spectra/Por 4, MWCO 12 000-14 000 Da) and dialyzed 
against the release media (PBS pH 6, 40 mL) at 30 °C (FC-MSD, 
FC-MSDI31, FC-MSS7) or 37 °C (FC-MSToc, FC-MSVitD2) 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 DL-α-tocopherol, ergocalciferol or 
steroids released was determined from a previously obtained UV 
calibration curve. These studies were conducted in triplicate for 
each sample.

Radish cotyledon test for agrochemical activity 
bioassay

The radish (Raphanus sativus) test was employed in order to 
assess plant growth activity. This bioassay consists of measuring 
the increased weight of the treated radish’s cotyledons (auxin 
type activity). Briefly, radish seeds previously sanitized by 
sodium hypochlorite treatment were germinated on wet filter 
paper in dark at 25 °C, for 72 h [25]. Cotyledons were separated of 
hypocotyls and excess water was removed with filter paper. The 
cotyledons were weighted and treated with 5 mL of FC-MSDI31 
or FC-MSS7 nanoparticles in water (10-1 to 10-7 mg mL-1); DI31 
or S7 solutions (10-1 to 10-7 mg mL-1); fructose chitosan aqueous 
solution (10-1 to 10-7 mg mL-1) or bi-distilled water (control). 
After 72 h, cotyledons were weighted again. These studies were 
performed in triplicate for each sample and concentration (10 
cotyledons per each run). 

RESULTS AND DISCUSSION
The hydrophobic modification of water soluble FC with 

hemisuccinates of vitamins and steroids via amidation in aqueous 
solution activated by carbodiimide coupling afforded FC-vitamin 
and FC-steroid conjugates with substitution degrees in DL-α-
tocopherol of 39.0 mol-% (equivalent to a DL-α-tocopherol 
content of 44.0 wt-%), in ergocalciferol of 5.5 mol-% (equivalent 
to a 10.6 wt-% of ergocalciferol) and in steroids of 29 to 33 mol-
% (FC-MSD 29 mol-%, for a content of 36.9 wt-% of diosgenin; 
FC-MSDI31 30 mol-%, for a content of 39.7 wt-% of DI31; FC-
MSS7 33 mol-%, for a content of 42.3 wt-% of S7). The employed 
synthetic route involved mild and efficient amidation (ca. 65-
80% yields relative to starting FC) of free primary amine groups 
of FC with vitamin or steroid hemisuccinates. 

Synthesized FC-vitamin and FC-steroid conjugates formed 
self-assembled nanoparticles in aqueous solution with average 
particle sizes between 165 nm and 213 nm, due to their 
hydrophilic/hydrophobic moieties. 

Characterization

Dynamic light scattering studies conducted in triplicate 

detected average hydrodynamic particle diameters in PBS solution 
of: 195 ± 6 nm with a polydispersity index (PDI, indication of the 
width of the overall distribution) of 0.39 ± 0.02 (FC-MSToc), 213 
± 3 nm with a PDI of 0.83 ± 0.02 (FC-MSVitD2), 205 ± 3 nm with 
a PDI of 0.25 ± 0.02 (FC-MSD), 199 ± 5 nm with a PDI of 0.43 ± 
0.05 (FC-MSDI31) and 165 ± 4 nm with a PDI of 0.50 ± 0.04 (FC-
MSS7). These FC nanoparticles were formed in aqueous medium 
with a 3 to 6 mol-% of aggregates with ca. 4.6 to 5.4 µm sizes. Zeta 
potential of the FC nanoparticles measured in bi-distilled water 
were: +32.5 ± 0.4 mV (FC-MSToc), +30 ± 3 mV (FC-MSVitD2), +40 
± 2 mV (FC-MSD), +54.2 ± 0.5 mV (FC-MSDI31) and +50.5 ± 0.3 mV 
(FC-MSS7). The relative high surface charges associated with zeta 
potential values over 30 mV, might provide colloidal stability in 
aqueous medium [26]. Experimentally, no significant differences 
in hydrodynamic parameters (hydrodynamic diameters and PDI) 
were observed after keeping the FC nanoparticles dispersions 
after 2 weeks of storage (data not shown). 

Figure 2 shows the SEM and TEM images of dried tocopheryl-
N-modified, ergocalciferol-N-modified and steroid-N-modified 
FC nanoparticles. The SEM micrographs showed almost spherical 
nanoparticles, while TEM images showed particles with 40-65 
nm mean diameters. In this study, observed shrinkage of the FC 
nanoparticles upon drying was ca. 60 to 80%. Shrinkage of dried 
chitosan based nanoparticles of up to 80% was described for 
other amphiphilic chitosan-drug conjugates [27]. It might be due 
to that the nanoparticles are allowed to dry and dehydrate before 
electron microscopy imaging.

The FTIR spectra of FC-vitamin and FC-steroid conjugates are 
shown in Figure 3. The spectra of chitosan and fructose chitosan 
are also included for comparison. The IR spectrum of chitosan 
(Figure 3 (I) (a)) presented the characteristic absorption peaks at 
2942-2784 cm-1 (aliphatic C-H stretching band), 1658 cm-1 (Amide 
1) and 1597 cm-1 (-NH2) bending and 1321 cm-1 (Amide III). 
Absorption peaks at 1154 cm-1 (antisymmetric stretching of the 
C-O-C bridge), 1082 and 1032 cm-1 (skeletal vibrations involving 
the C-O stretching) are due to its saccharide structure [28]. 
Fructose chitosan showed a quite similar IR spectrum (Figure 
3(I) (b)), due to lack of additional functional groups compared 
to chitosan and low substitution degree with fructose (5.6 mol-
%). On the other hand, the synthesized FC-vitamin and FC-steroid 
conjugates showed additional characteristic peaks. Thus, FC-
MSToc conjugate (Figure 3 (I) (c)) exhibited C=O IR absorption 
at 1742 cm-1 (ester linkage) and an intense peak at 1557 cm-1 
(Amide II band, N-H bending of amide groups formed between 
tocopheryl hemisuccinate and FC). Besides, the FTIR spectrum 
of FC-MSVitD2 (Figure 3 (I) (d)) showed the C=O absorption 
band at 1734 cm-1 (ester linkage) as a slight shoulder due to a 
low functionalization of chitosan matrix with ergocalciferol (5.5 
mol-%), while an intense absorption band at 1560 cm-1 (Amide 
II band, N-H bending of amide formed between ergocalciferol 
hemisuccinate and FC) is also observed. 

The IR spectrum of the FC-MSD conjugate (Figure 3 (II) 
(b)) presents an intense absorption band at 1734 cm-1 (C=O 
of ester linkage) and an intense band at 1557 cm-1 (Amide II 
band, N-H bending of amide linkage formed between diosgenin 
hemisuccinate and FC). The brassinosteroid-N-modified fructose 
chitosan IR spectra (Figure 3 (II) (c) and (d)) showed intense 
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ketone C=O absorptions at 1714 cm-1, which overlaps the C=O 
absorptions at 1730-1740 cm-1 of ester linkage (not observables), 
and intense absorption bands at 1558 cm-1 (Amide II band, N-H 
bending of amide linkage formed between steroid hemisuccinates 
and FC).

The 1H-NMR spectra of chitosan, FC, FC-vitamin and FC-
steroid conjugates are shown in Figure 4. 

The proton NMR spectrum of chitosan (Figure 4 (I) (a)) 
showed characteristic peaks at 2.10 ppm (s, methyl group of 
CH3CO-), 3.19 ppm (s, 1H, Hb), 3.75 ppm (s, 1H, He), 3.80 ppm 
(s, 1H, Hf*) and 3.91 ppm (s, 3H, Hc+Hd+Hf) as reported for 
crab chitosans [29,30]. The 1H-NMR of fructose chitosan was 
dominated by chitosan peaks; but it is observed a signal at 4.54 
ppm (CH, Ca anomeric sugar proton of fructose-substituted 
glucosamine units).

The 1H-NMR spectrum of FC-MSToc (Figure 4 (I) (c)) showed, 
in addition to chitosan peaks, signals at 0.65 ppm (methyl groups, 
4’-CH3+8’-CH3+12’-CH3), 1.21-1.23 ppm (methyl and methylene 
groups, 2-CH3+H1’ to H12’), 2.98 ppm (methylene groups, 
H14+H15 of succinyl moiety) and 4.16 ppm (CH-, Ca anomeric 
sugar proton of tocopheryl-substituted glucosamine units). FC-
MSVitD2 (Figure 4 (I) (d)) presented peaks at ppm 0.94 ppm 
(methyl groups, H18+H26+H27), 1.10 ppm (methyl groups, 
H21+H28), 4.29/4.57 ppm (CH-, Ca anomeric sugar proton of 
ergocalciferol-substituted glucosamine and fructose-substituted 
glucosamine units, respectively).

The 1H-NMR spectra of FC-steroid conjugates (Figure 4 (II) 
(a)-(c)) presented several peaks at 0.75/0.65/0.75 ppm (methyl 
group, H18 at MSD and MSDI31; H19 at MSS7), 0.78/0.83 ppm 
(methyl groups, H19+H27 at MSD and MSDI31 and H26+H27 
at MSS7); 1.36-1.37/1.33 ppm (methyl group, H21 at MSD and 
MSS7), 2.58 ppm (methylene groups, H29+H30 and H31+H32 of 
succinyl moiety at MSD and MSS7, respectively), 4.32/4.43/4.27 
ppm (CH-, Ca anomeric sugar proton of steroid-N-substituted 
glucosamine units at FC-MSD, FC-MSDI31 and FC-MSS7, 
respectively).

The wide-angle X-ray diffraction patterns of chitosan, fructose 
chitosan, FC-vitamin and FC-steroid conjugates are shown in 
Figure 5.

Chitosan presented low crystallinity, but defined peaks at 
2θ 10.7° and 20.0° were observed (Figure 5). These peaks are 
attributed to the (020)h planes of the hydrated crystalline structure 
and the reflections of the hydrated polymorph respectively [31]. 
Fructose chitosan presents an X-rays pattern quite similar to 
chitosan with peaks at 10.1° and 20.0°, probably due to a very 
similar crystalline structure. However, the hydrophobically-
modified FC conjugates showed several broad and intense peaks 
at 19.4° (FC-MSToc), 21.3° (FC-MSVitD2), 5.9° and 15.3° (FC-
MSD), 12.5°, 14.7° and 17.4° (FC-MSDI31), 14.7° and 17.6° (FC-
MSS7) (see Figure 5 and Table 1). The absence of intense peaks at 
10.1° and 20.0° attributed to fructose chitosan is indicative of the 
absence of a pure FC crystalline phase. The characteristic narrow 
peaks of pure DL-α-tocopherol hemisuccinate, ergocalciferol 
hemisuccinate, diosgenin hemisuccinate and brassinosteroid 
hemisuccinates (MSDI31 and MSS7) were also absent (Table 
1). Instead some broad peaks were observed, associated with 

the new crystalline phases of the prepared FC-vitamin and FC-
steroid conjugates.

The DSC curves of chitosan, fructose chitosan, FC-vitamin and 
FC-steroid conjugates are shown in Figure 6. Thus, the DSC of 
parent chitosan (Figure 6 (I) (a)) showed two endothermic peaks 
at 170.4 °C and 187.0 °C, respectively. Their onset and completion 
temperatures are listed in Table 2, together with their associated 
peak enthalpy (∆H). The total ∆H of these effects is 124.1 J/g. 
These endothermic effects must result mainly from the melting 
and dissociation of chitosan crystals, based on comparisons 
with reports for crab chitosans [28]. On the other hand, fructose 
chitosan presents three endothermic peaks at 207.5oC, 224.3 °C 
and 269.0 °C with an associated ∆H of 1741.5 J/g, 906.7 J/g and 
51.4 J/g, respectively (see Table 2, related to decomposition of 
FC matrix). In this case, the total ∆H of these effects is 2699.6 J/g. 
Thus, dissociation and decomposition of FC chains appears to 
require much more energy than the needed in decomposition of 
chitosan chains.

The DSC of FC-MSToc (Figure 6 (I) (c)) exhibited two intense 
endothermic peaks at 173.4 °C and 224.8 °C, with related ∆H of 
1431.4 J/g and 9853.6 J/g, respectively. The particularly high 
energy required (9853.6 J/g) in decomposition of FC-MSToc 
might be due to the aromatic stacking of tocopheryl fragments 
linked to different FC chains with the related stabilizing π–π 
interaction. The FC-MSVitD2 showed several endothermic peaks 
between 134-263 °C, with associated ∆H between 31-209 J/g. 
These peaks can result from the melting of tocopheryl-N-modified 
or ergocalciferol-N-modified FC, dissociation and decomposition 
of chitosan chains.

The DSC curves of FC-steroid conjugates (Figure 6 (II) (a)-
(c)) present several intense endothermic peaks between 158–
249 °C (see Table 2) with associated ∆H between 35–752 J/g. 
These peaks can result from the melting of FC-steroid crystals, 
dissociation and decomposition of chitosan molecular chains.

Drug delivery

The release profiles of DL-a-tocopherol and ergocalciferol 
from FC-MSToc and FC-MSVitD2 nanoparticles at 37 °C in PBS 
(pH 6.0), expressed as percent cumulative release against time, 
are presented in Figure 7 (I). Figure 7 (II) shows the release 
profiles of steroids from FC-steroid nanoparticles (FC-MSD, FC-
MSDI31 and FC-MSS7) at 30 °C in PBS (pH 6.0). These studies 
were performed at pH 6.0 because acidic conditions are needed 
to achieve the hydrolysis of the ester linkage and the release of 
the vitamins and steroids. It is known that the interstitial space 
in cancer cells is acidic (pH ca. 6.5) due to increased excretion 
of lactic acid from the accelerated glucose metabolism [32], and 
particularly uptake of foreign bodies by endocytosis brings the 
FC nanoparticles to lysosomes with a pH of 5.0 [33]. On the other 
hand, vacuoles in vegetal cells also exhibit an acidic pH ca. 6.0 
and some hydrolytic enzymes capable to degrade the FC-steroid 
nanoparticles that suffered endocytic uptake, thus releasing the 
brassinosteroids in the plants [34]. The in vitro drug release 
experiments were performed at two different temperatures (37 
°C and 30 °C) because the FC-vitamin nanoparticles were intended 
for anticancer therapy, while the FC-steroid nanoparticles were 
aimed to agrochemical applications.
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Figure 1 Structure of DL-α-tocopherol hemisuccinyl fructose 
chitosan (FC-MSToc), ergocalciferol hemisuccinyl fructose chitosan 
(FC-MSVitD2), diosgenin hemisuccinyl fructose chitosan (FC-MSD), 
DI-31 hemisuccinyl fructose chitosan (FC-MSDI31), S7 hemisuccinyl 
fructose chitosan (FC-MSS7) conjugates and fructose chitosan (FC).

Figure 2 Scanning electron micrographs of: (I) FC-MSToc, (II) FC-
MSVitD2, (III) FC-MSD, (IV) FC-MSDI31 and (V) FC-MSS7 nanoparticles 
at (a) 40000× and (b) 85000× magnifications, c) transmission electron 
micrograph at 100000× magnifications with negative staining (see 
Figure 1 for structures).

Table 1: WAXD peaks of chitosan, fructose chitosan, tocopheryl hemisuccinate, ergocalciferol hemisuccinate, steroid hemisuccinates and obtained 
FC conjugates (see Figure 1 for structures).

Samples 2 θ (degrees)

CS 10.7 20.0 - - - - - - -

FC 10.1 20.0 - - - - - - -

MSToc  8.4  8.9 10.5 16.8 17.7 18.5 19.1  20.9 21.9

MSVitD2  16.1* 20.0  22.0* 26.0 31.4 38.1 38.4 42.0* -

MSD 10.9 15.0 15.6 17.6 18.5  20.0* 21.7  22.9* 29.0*

MSDI31  4.3   6.2*   8.6* 11.8 12.4 14.5 17.3 18.5 20.9*

MSS7  4.2   8.7 11.6 12.1 14.4 17.1 17.6 20.8 25.1*

FC-MSToc 19.4 - - - - - - - -

FC-MSVitD2 21.3 - - - - - - - -

FC-MSD  5.9   9.1* 15.3  19.5* - - - - -

FC-MSDI31  9.1* 12.5 14.7 17.4  20.4* - - - -

FC-MSS7  8.9*   9.6*  12.1* 14.7 17.6 21.2* - - -

* stands for peaks of  low intensity.



Central
Bringing Excellence in Open Access





Quiñones et al. (2017)
E-mail:  

JSM Nanotechnol Nanomed 5(3): 1056 (2017) 6/9

Table 2: Thermal properties and main endothermal effects of chitosan, fructose chitosan and obtained FC conjugates (see Figure 1 for structures).

Samples
Endotherm (ºC)

Onset Peak Completion ΔH (J/g)
CS 167.2 170.4 174.1    3.5

181.5 187.0 197.8  120.6
FC 178.0 207.5 210.8 1741.5

210.8 224.3 242.4  906.7
268.2 269.0 271.6   51.4

FC-MSToc 170.2 173.4 184.8 1431.4
184.8 224.8 230.7 9853.6

FC-MSVitD2 132.2 134.4 136.0   31.1
136.0 141.4 153.9  163.5
153.9 159.0 179.1  209.1
242.8 262.3 274.0   57.1

FC-MSD 154.6 158.0 159.7   42.0
166.3 170.5 179.2  675.6
179.2 187.1 196.3  284.7

FC-MSDI31 246.2 248.7 250.4   35.2
FC-MSS7 207.5 231.8 252.1  752.2

Figure 3 Infrared spectra of (I): (a) chitosan, (b) FC, (c) FC-MSToc and (d) FC-MSVitD2;       (II): (a) FC, (b) FC-MSD, (c) FC-MSDI31 and (d) FC-MSS7 
(see Figure 1 for structures).

The studied lipophilic vitamins showed sustained release with 
almost constant release rates (zero order kinetics) during the 
first 7-8 h. Release were not quantitative, reaching a cumulative 
release of 28 % (FC-MSToc) and 20% (FC-MSVitD2) after 96 h.

The steroid-N-modified fructose chitosan nanoparticles also 
presented sustained release with almost constant release rates 
during the first 8 h. Releases reached a 13% (FC-MSD), 61 % (FC-
MSDI31) and 43% (FC-MSS7) after 96 h. 

Agrochemical activity

Figure 8 shows the plant growth biological activity of the 
synthetic brassinosteroids DI31 and S7, fructose chitosan and FC-
brassinosteroid nanoparticles in the radish cotyledons bioassay. 

Plant growth stimulator activities of the synthetic 
brassinosteroids DI31 and S7 are quite similar, showing best 
results at 10-3 and 10-4 mg mL-1 concentrations, but almost a 
doubled cotyledons weight was reached as compared to control 

with the lowest concentrations (10-6 and 10-7 mg mL-1). Fructose 
chitosan exerts a comparable growth stimulator effect at higher 
concentrations (10-1 to 10-4 mg mL-1), but no activity is observed 
at low concentrations (10-5 to 10-7 mg mL-1).

The studied FC-MSDI31 and FC-MSS7 nanoparticles in 
aqueous solution presented very good and almost constant 
stimulatory activities at all concentrations (weight increased 
approximately four times compared to control). A doubled of 
cotyledons weight increase was reached when compared to pure 
brassinosteroids (DI31 and S7) at lowest concentrations (10-6 
and 10-7 mg mL-1), which might be due to the controlled release 
of exogenous brassinosteroid analogues (DI31 and S7) in the 
required nanomolar concentrations for a stimulatory growth 
effect in the radish cotyledons [21,35]. 

CONCLUSIONS
Synthesized fructose chitosan was covalently linked 

to tocopherol, ergocalciferol and different steroids with 
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Figure 4 Proton NMR spectra of (I): (a) chitosan and (b) FC at 8 mg mL-1 in D2O; (c) FC-MSToc and (d) FC-MSVitD2 at 25 mg mL-1 in CD3COOD/
D2O (1:3) at 25 °C; (II): (a) FC-MSD, (b) FC-MSDI31 and (c) FC-MSS7 at 25 mg mL-1 in CD3COOD/D2O (1:3) at 25 °C (see Figure 1 for structures).

Figure 5 Wide-angle X-ray diffraction patterns of: (a) chitosan, (b) FC, 
(c) FC-MSToc, (d) FC-MSVitD2, (e) FC-MSD, (f) FC-MSDI31 and (g) FC-
MSS7 (see Figure 1 for structures).

agrochemical and potential anticancer activity for their 
controlled release, as confirmed by FTIR and proton NMR 
spectroscopies. Hydrophobic modification of fructose chitosan 
ranged from 5.5 to 39.0 mol-%. These FC conjugates formed self-
assembled nanoparticles in aqueous solution upon sonication 
and released the linked vitamins and steroids in aqueous acidic 
medium (PBS, pH 6.0) with almost constant rates during the 
first 7-8 h. The brassinosteroid-N-modified fructose chitosan 
nanoparticles showed increased agrochemical activities as 
compared to the pure brassinosteroids. These results indicate 
that hydrophobically-modified fructose chitosan nanoparticles 
are efficient pH dependent drug delivery systems for the 
sustained release of lipophilic vitamins and agrochemicals.
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Figure 6 DSC Curves of (I): (a) chitosan, (b) FC, (c) FC-MSToc and (d) FC-MSVitD2;      (II): (a) FC-MSD, (b) FC-MSDI31 and (c) FC-MSS7 (see Figure 
1 for structures).

Figure 7 In vitro release profile of (I): (a) FC-MSToc and (b) FC-MSVitD2 at 37 ± 2 °C in PBS (pH= 6.0); (II): (a) FC-MSD, (b) FC-MSDI31 and (c) FC-
MSS7 at 30 °C in PBS (pH = 6.0) (see Figure 1 for structures).

Figure 8 Agrochemical activity of (I): Control (C), (a) DI31, (b) S7, (c) FC, (d) FC-MSDI31, (e) FC-MSS7 at 25 °C in concentrations of 10-1 to 10-4 
mg mL-1; (II): Control (C), (a) DI31, (b) S7, (c) FC, (d) FC-MSDI31, (e) FC-MSS7 at 25 °C in concentrations of 10-5 to 10-7 mg mL-1. (*) Not measured 
because cotyledons died as result of high ethanol content. Data represents the mean ± standard deviation (n = 3) (see Figure 1 for structures).
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