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Abstract. Cellulose nanocrystal grafted with chitosan oligosaccharide (CNC-CSOS) was used to encapsu-
late vitamin C and prepare CNCS/VC complexes using tripolyphosphte via ionic complexation. The
stability of vitamin C and the antioxidant activity of the CNCS/VC complexes were elucidated. The
formation of the complex was confirmed using DSC and UV–vis spectrophotometry, and TEM was used
to study the morphology of the complexes. The encapsulation efficiency of vitamin C at pH 3 and 5 was
71.6%±6.8 and 91.0±1.0, respectively. Strong exothermic peaks observed in isothermal titration calori-
metric (ITC) studies at pH 5 could be attributed to additional electrostatic interactions between CNC-
CSOS and vitamin C at pH 5. The in vitro release of vitamin C from CNCS/VC complexes showed a
sustained release of up to 20 days. The vitamin C released from CNCS/VC complex displayed higher
stability compared with the control vitamin C solution, and this was also confirmed from the ITC
thermograms. CNC-CSOS possessed a higher scavenging activity and faster antioxidant activity compared
with its precursors, i.e., oxidized CNC and CSOS and their physical mixtures. Complexing vitamin C into
CNC-CSOS particles yielded a dynamic antioxidant agent, where the vitamin C is released over time and
displayed sustained antioxidant properties. Therefore, CNCS/VC can potentially be used in cosmeceutical
applications as topical formulations.

KEY WORDS: cellulose nanocrystals; chitosan oligosaccharide; controlled release; vitamin C antioxidant
activity.

INTRODUCTION

Antioxidants protect our body from the damage caused
by free radicals. Environmental factors such as air pollution,
cigarette smoke, and sunlight produce free radicals that dam-
age the skin (1). An effective antioxidant in biological systems
is vitamin C (L-ascorbic acid) that serves as a cofactor in
hydroxylation reactions and scavenges reactive oxygen species
(2). Similar to other important antioxidants, vitamin C is only
provided exogenously, therefore, topical application of vita-
min C is beneficial as a protector for the skin (3).

Vitamin C has also been used in different cosmetic and
pharmaceutical formulations because of its beneficial effects
on the skin (4,5). Vitamin C topical formulations are also
applied due to their depigmenting activity (6) and anti-
wrinkle activity through collagen synthesis promotion (7).
Despite several cosmeceutical formulations containing vi-
tamin C on the market, very few are topically effective.
The major drawbacks in the design of these formulations
are: (1) low concentration of vitamin C in the formulations; (2)

incomplete absorption and metabolism of different forms of
vitamin C (mixture of isomers or ester) by the skin; and (3)
chemical instability of vitamin C once the product is opened
(3,8). Vitamin C is easily oxidized to dehydroascorbic acid
(DHA) due to exposure to air, light, and high temperature,
which results in a short shelf time of formulations con-
taining vitamin C (9). The bioactivity of DHA is reported
at 80% of the activity of vitamin C (10). In basic condi-
tions, the oxidation of vitamin C occurs rapidly and re-
sults in the irreversible hydrolyzation of vitamin C into
2,3-L-diketogulonic acid (2,3-KDG), which is a biologically
inactive form (11).

There are several requirements for cosmeceuticals con-
taining vitamin C to be topically effective: 1) They must
contain vitamin C in the form of L-ascorbic acid; (2) the
concentration of vitamin C must be sufficient enough
(~10%); (3) vitamin C must be stable; and (4) the pH of
the formulation must be less than the pKa of vitamin C
(4.2). The optimum pH of the formulations is ~3.5 (3). In
order to attain an effective vitamin C topical formulation
with the aforementioned requirements, developing formula-
tions that enhance the stability of vitamin C is required. One
way to increase the stability of vitamin C is to chemically
modify its structure by esterifying the hydroxyl groups with
organic or inorganic long-chain acids (12). Another method
is to encapsulate vitamin C within nanoparticles that protect
the sensitive bioactive compound from chemical and enzy-
matic degradation during storage (13).
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Recently, there has been an interest in using renewable
resources for the design of various novel products. The
abundance and biodegradability of natural polymers have
led to extensive research in this field. There is an ever-
increasing desire to design novel carriers for the delivery
of bioactive compounds to increase their stability and im-
prove their properties for enhanced patient compliance.
Cellulosic fiber is the most abundant natural material that
contains amorphous and crystalline regions. Acid hydrolysis
removes the amorphous regions of cellulose yielding indi-
vidual rigid rod-like crystals called cellulose nanocrystals
(CNC). Since the first discovery of CNC in 1949 by Rånby
(14), interest in this system has risen due to its availability,
high surface area, and aspect ratio. CNC possesses numer-
ous hydroxyl groups that can be further modified with dif-
ferent functionalities (15). CNC is also practically non-toxic,
is biocompatible and biodegradable which makes it an ex-
cellent candidate for biomedical applications (16). The sec-
ond most abundant polymer in nature is chitin derived from
the shells of marine crustaceans (shrimp and crabs). The
partial deacetylation of chitin leads to the production of
chitosan (CS). CS is an amino polysaccharide with interest-
ing biological properties such as biocompatibility, biode-
gradability, antimicrobial, and wound healing properties
(17). The protonation of amine groups in acidic media im-
parts positive charges onto CS allowing the binding of dif-
ferent anionic compounds. CS has a great potential for
manipulating the loading and release profiles of bioactive
compounds. The antioxidant activity of chitosan and its
derivatives has also been studied by researchers over the
past several years (18,19). Low-molecular-weight CS, known
as CS oligosaccharide (CSOS) is known to have better water
solubility and higher antioxidant properties (20,21). Due to
the beneficial properties of CNC and CSOS and the numer-
ous advantages of designing novel carrier systems based on
abundant natural polymers, we recently reported on the
chemical grafting of CSOS onto the surface of CNC via
peptidic coupling reaction (22).

There are several studies reported in literature on the
applications of CS nanoparticles for the delivery of vitamins
(23). Modified CS nanoparticles have been reported as car-
riers for vitamin C. N-Acyl CS modified with different acyl
chain lengths has been used to load vitamin C via a sonication
method (24). CS nanoparticles have also been prepared by
ionic gelation of CS with tripolyphosphate (TPP), which acts
as a crosslinking agent. In one study, Jang and coworkers
studied the characteristics and stability of vitamin C-loaded
CS nanoparticles in aqueous solutions during heat processing.
Their results showed an increase in the stability of vitamin C
during heat processing and suggested the potential applica-
tions of vitamin C-loaded CS nanoparticles as enhanced anti-
oxidants due to the continuous release of vitamin C in food
processing (25). CS nanoparticles have also been prepared by
similar methods by Alishahi and coworkers to encapsulate
vitamin C to increase its stability (26).

In this study, we aim to increase the stability of vitamin C
via the formation of complexes between vitamin C and CSOS-
grafted CNC via ionic gelation resulting in CNCS/VC com-
plexes. The potential benefits of these complexes in topical

applications would be the following: (1) CNC-CSOS particles
will both act as a carrier for vitamin C and increase its stability;
(2) CNC particles will reduce the oxidation-induced degrada-
tion of vitamin C by acting as barriers for oxygen reaching
encapsulated vitamin C in the complexes (8); (3) CS has
interesting biological properties such as antioxidant, antibac-
terial, hemostatic, and wound healing properties suitable for
topical cosmeceutical applications; (4) CNC-CSOS has high
antioxidant activity, pertaining to a dual antioxidant activity
of CNCS/VC, i.e., after the release of vitamin C from the
complex as a fast and potent antioxidant, the carrier CNC-
CSOS also possesses antioxidant properties leading to a syner-
gic and stable antioxidant effect.

EXPERIMENTAL SECTION

Materials

A freeze-dried cellulose nanocrystals (CNC) sample was
supplied by FPInnovations and Celluforce Inc.. Chitosan oligo-
saccharide (average Mn 5,000 Da, DD ~75%) was purchased
from Sigma-Aldrich. For TEMPO-mediated oxidation, the fol-
lowing chemicals were purchased from Sigma-Aldrich: TEMPO
(98%), sodium hypochlorite (NaOCl) (reagent grade, 10–15%
available chlorine) solution, sodium bromide (NaBr) (99.0%),
NaOH (1N) standard solution, HCl (1N) standard solution, and
methanol. For the amide coupling reaction, crosslinkers EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, commercial
grade) and NHS (N-hydroxysuccinimide, 98%+) were pur-
chased from Fluka and Acros Organics, respectively. As-
received MES (2-(N-morpholino) ethanesulfonic acid, >99%),
purchased from Sigma, was used as a buffer for the EDC
crosslinking reaction. For antioxidant studies, stable free radical
1,1-diphenyl-2-picryl hydrazyl (DPPH) was purchased from
Aldrich. Alcohol reagent, consisting of 90% ethanol, 4.6%
methanol, and 5.1% isopropyl alcohol, was purchased from
Fisher Scientific. Vitamin C (L-ascorbic acid) was obtained from
Sigma-Aldrich. For the complexation, acetic acid (>99.7%) and
sodiumTPP (technical grade 85%)were purchased from Sigma-
Aldrich. Millipore de-ionized (D.I.) water was used for all
experiments and sample preparations.

Cellulose Nanocrystal–Chitosan Oligosaccharide Synthesis

The synthesis and characterization of CNC-OX and
CNC-CSOS were described in detail in our previous paper
(22). The surface hydroxyl groups of CNC were oxidized to
carboxyl groups using NaClO assisted by 2,2,6,6,-tetramethyl-
1-(pyperidinyloxy) radical (TEMPO) (27). Briefly, a homoge-
nous CNC dispersion was prepared by dispersing CNC (1.3 g)
in D.I. water (100 mL) followed by 10 min sonication.
TEMPO (20 mg) and NaBr (400 mg) were then added to the
dispersion after adjusting the pH to 10 using 0.5 M NaOH and
stirred for 30 min at room temperature. The oxidation was
initiated by slowly adding NaClO 13% (9.8 mL) under gentle
agitation while the pH was kept constant at 10, by the contin-
uous addition of 0.5 M NaOH. After approximately 4 h, the
reaction was known to be complete when no additional reduc-
tion in the pH was observed. The excess oxidant was
quenched using methanol (10 mL), and the pH was adjusted
to 7 using 0.5 M HCl. The oxidized nanocrystals were dialyzed
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using dialysis tube (Mw cut off, 12,000 Da) against distilled
water for at least 48 h and freeze-dried. The grafting of CS
onto CNC-OX was achieved by a modified method reported
by Bulpitt and Aeschlimann (28). CNC-OX (0.2 g, 0.32 mmol
COOH) was dissolved in 50 mL D.I. water. A 50 mL solution
containing EDC (0.19 g, 1 mmol) and NHS (0.11 g, 1 mmol)
was added to the CNC-OX suspension and stirred for 15 min.
Another solution containing CS (0.36 g, 1.3 mmol NH2) was
dissolved in 100 mL D.I. water and then added to the first
solution resulting in a 200 mL reaction volume. MES buffer
(1.95 g, 0.05 M) was then added, and the pH was adjusted to 5.
The reaction was stirred for 24 h at room temperature and
purified using a dialysis tube (Mw cut off, 12,000 Da) against
D.I. water for 4 days until the conductivity of the dialysis
medium remained constant (29).

Synthesis of CNC-CSOS Vitamin C Complex (CNCS/VC)

To 10 mL 0.1 wt% CNC-CSOS in acetic acid (6v/v%),
4 mL of freshly prepared vitamin C in D.I. water (1 mg/mL)
was added while stirring. After 5 min, 6 mL of sodium TPP
(5 mg/mL) was added drop-wise to the solution using a
syringe. The pH of the mixture was kept at ~3, while in
some experiments the pH was adjusted to ~5. The mixture
was then vortexed for 5 min and sonicated for 10 min.
Oxygen in the system was removed by bubbling argon into
the vessel for 10 min. The vessel was then covered in
aluminum foil, and the mixture was left to stir for overnight
in darkness.

Transmission Electron Microscopy (TEM)

Transmission electron microscopic (TEM) images of
CNC-CSOS and CNCS/VC were recorded using a Philips
CM10 TEM with 60 keV acceleration voltages. A few drops
of 0.01 wt% aqueous samples were deposited on a carbon-
formvar film on 200-mesh copper grids. Excess solvent was
removed from the grids placed on top of a filter paper to
minimize the agglomeration of particles and the grids were
dried over night.

Vitamin C Encapsulation Efficiency and Drug Loading

In order to remove the unbound vitamin C and calculate
the encapsulation efficiency and loading of vitamin C,
CNCS/VC solution was passed through an ultrafiltration
stirred cell (Millipore Corporation, Bedford, USA) with filters
having a cut-off pore size of 25 nm (Millipore, VSWP,
Ireland). The concentration of free vitamin C in the filtrate
was measured at 265 nm using an Agilent 8453 UV-visible
spectrophotometer and based on the vitamin C calibration
curve. A fresh stock solution containing 100 μg/mL of vitamin
C was prepared by dissolving 1.5 mg of vitamin C in 15 mL of
D.I. water. The solution was stored in a glass-stoppered bottle,
which was covered in an aluminum foil. Standard solutions of
different concentrations (50, 25, 18.75, 12.5, 10, 7.5, 5, and
1 μg/mL) were prepared by diluting the stock solution in
D.I. water, and the absorbance of these solutions was record-
ed at wavelength of 265 nm by Agilent 8453 UV-visible
spectrophotometer.

The encapsulation efficiency and drug loading were de-
termined indirectly by measuring the free vitamin C in the
filtrate using the following expressions:

Encapsulation Effieciency %ð Þ

¼ Vitamin C½ �total − Vitamin C½ �filtrate
Vitamin C½ �total

� 100 ð1Þ

Drug Loading %ð Þ ¼ Weight of Vitamin C loaded
Weight of CNCS=VC

� 100 ð2Þ

Differential Scanning Calorimetry (DSC)

Calorimetric analyses were performed using a Q2000
calorimeter (TA Instruments Inc., USA). Approximately
2 mg of the samples (vi tamin C, CNC-CSOS, and
CNCS/VCpH=5) were placed in standard aluminum pans and
sealed by a hermetic aluminum lid. The samples were heated
from 20°C to 300°C with a heating rate of 10°C/min under
nitrogen atmosphere.

UV-Spectrophotometry for Proving the Complex Formation

Spectra of 0.1 wt% vitamin C, CNC-CSOS, and CNCS/VC
in quartz cuvettes (Hellma Analytics) were recorded at a
wavelength range of 150 to 350 nm with a scan rate of
6 00 nm/m in u s i n g an Ag i l en t 8453 UV-v i s i b l e
spectrophotometer.

Vitamin C In Vitro Release Studies

The 2 mL of CNCS/VC complex was placed in a
SnakeSkin dialysis tube (Pierce Biotechnology Inc., Mw cut
off: 3500 Da) and immersed in 20 mL phosphate buffer saline
(PBS, pH=7.4) while being gently stirred in the dark in a
closed container at room temperature. At given time intervals,
1-mL aliquots were removed for analysis and replaced with
the same volume of fresh release medium to preserve the sink
condition. Based on the vitamin C calibration curve, the sam-
ples were assayed for vitamin C content. In order to compare
the stability of vitamin C loaded in the CNCS/VC complex, a
known solution of vitamin C with the same amount of vitamin
C loaded in the complexes was placed in a SnakeSkin dialysis
tube and immersed in 20 mL PBS buffer as control.

Isothermal Titration Calorimetry (ITC)

The Microcal VP-ITC instrument was used to study the
interactions between vitamin C and CNC-CSOS at pH 3 and
pH 5. Once the thermal equilibrium was reached, the titra-
tions were performed at a constant temperature by injecting
the titrant (vitamin C 100 mM) from a ~282 μL injection
syringe into a 1.4551 mL sample cell filled with 0.1 wt%
CNC-CSOS solution prepared at the same pH. An injection
schedule was automatically performed using an interactive
software after setting the number of injections, volume of each
injection, and time between each injection. Blank titrations
were performed by injecting the same aliquot of vitamin C
into water at the same pH to obtain the heat of dilution.
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DPPH Radical Scavenging Activity

The antioxidant activity of the samples was measured by
a slightly modified DPPH scavenging activity method (30,31).
To study the scavenging activity of samples, briefly, 1 mL of
test samples at different concentrations were diluted with
1.85 mL alcoholic reagent, and the absorbance was measured
as blank. CNC-CSOS samples were prepared in acetic acid
(6%v/v) to enhance the dispersibility of the nanoparticles.
The 150 μL of freshly prepared methanolic solution of
DPPH (1 mg/mL) was then added to the solutions. The reac-
tion mixture was shaken well and incubated for 30 min at
room temperature in darkness. The absorbance of the
resulting solutions was determined at 517 nm against a blank
using the Agilent 8453 UV-visible spectrophotometer.
Solvents with DPPH were used as control. Each sample was
run in triplicate, and the values were averaged. The radical
scavenging activity was measured by the reduction in the
absorbance of DPPH, and it was calculated using the following
equation:

DPPH Scavenging Activity %ð Þ ¼ AControl−ASample

AControl
� 100 ð3Þ

Antioxidant Activity Kinetics

Antioxidant kinetics of CNC samples was studied by
measuring the rate constant (k) of each scavenging activity
reaction using the same DPPH protocol (32). The 1-mL sam-
ple solutions (0.1 wt%) were diluted with 1.85 mL alcoholic
reagent, and then 150 μL of freshly prepared methanolic
solution of DPPH (1 mg/mL) was added to the solutions.
The solution was fully mixed, and the reduction in absorbance
was determined at 517 nm at 0 min, and different time inter-
vals over a period of 200 min using Cary 100 Bio UV-visible
spectrometer. All experiments were repeated in triplicate. The
antioxidant rate constant (k) was calculated using the follow-
ing equation:

−kt ¼ ln
A∞−At

A∞−A0
ð4Þ

Where t is time and A∞, At, A0 are the absorbances at
time infinity, time t, and at time zero, respectively.

RESULTS AND DISCUSSION

Synthesis of CNC-CSOS Vitamin C Complex (CNCS/VC)

The structure of CNC-CSOS and vitamin C, along with a
schematic representing the mechanism formation of
CNCS/VC is shown in Scheme 1. The CNCS/VC complexes
were produced spontaneously by the ionotropic gelation be-
tween vitamin C, positively charged amino groups on CSOS

and TPP (26). Ionotropic gelation is the crosslinking of poly-
electrolytes in the presence of counter ions (33). Unlike other
crosslinking agents (formaldehyde or gluteraldehyde), TPP is
non-toxic (34,35). CS has protonable amine groups, which
possess positive charge at pH below 6, and vitamin C pos-
sesses many electrophilic groups. Four hydroxyl groups with
different acidities are present in vitamin C’s structure in posi-
tions 2, 3, 5, and 6 giving rise to varying pKa values for each of
the hydroxyl group. The strongest acidity belongs to the hy-
droxyl group in position 3 (pKa=4.2). Hydroxyl groups in
position 2 possess a pKa of 11.6. Hydroxyl groups in positions
5 and 6 act as secondary and primary alcoholic residues,
respectively (36). CNCS/VC complexes are formed through
non-covalent bonds, such as H-bonds and hydrophobic inter-
actions (37). Based on the Lewis acid–base theory, the acidic
hydroxyl group in position 3 of vitamin C is expected to react
with the amino groups of chitosan (38). At pH 5, additional
electrostatic interactions between the amino groups of CSOS in
CNC-CSOS and deprotonated hydroxyl groups in vitamin C
are expected.

TEM Analyses

The TEM images of CNC-CSOS and CNCS/VC complex
are shown in Fig. 1, a and b, respectively. It can be seen that
CNCS/VC complexes were larger compared with the loose
network structures of CNC-CSOS due to ionic gelation. For
TEM studies, two samples were examined, and more than five
TEM images were obtained confirming the reproducibility of
the images.

Vitamin C Encapsulation Efficiency and Drug Loading

The encapsulation efficiency (EE%) and drug loading
(DL%) of vitamin C in CNCS/VC complexes were calculated

Scheme 1. Schematic illustration of formation of CNCS/VC complex by ionic gelation
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indirectly by measuring the vitamin C in the filtrate using a
vitamin C calibration curve. The results based on three mea-
surements are summarized in Table I. It can be seen that a
higher EE% and DL% of vitamin C was observed at pH 5.
The first pKa of vitamin C is at pH 4.2. At pH 3, the hydroxyl
groups of vitamin C are protonated, and the loading is prob-
ably due to physical entrapment of vitamin C and hydrogen
bonding with CNC-CSOS. At pH 5, vitamin C is deprotonated,
resulting in an additional electrostatic interaction between
positively charged CNC-CSOS and the negative charge on
vitamin C, leading to a higher encapsulation and loading.

Differential Scanning Calorimetry (DSC)

In order to study the physical state of the materials, DSC
analyses of pure vitamin C, CNC-CSOS, and CNCS/VC were
performed (Fig. 2). The calorimetric analysis of pure vitamin
C displayed a sharp endotherm due to the melting point of
vitamin C molecule at 196°C. The absence of the endothermic
peak of vitamin C in the CNCS/VC complex indicated the
ionic interactions between vitamin C and CNC-CSOS and the
complex formation (39). This phenomenon can also be attrib-
uted to the miscibility of vitamin C complexed with CNC-
CSOS (40).

UV-Spectrophotometry for Proving the Complex Formation

Further confirmation of the insertion of vitamin C in CNC-
CSOS was obtained by comparing UV spectra of pure vitamin C,
CNC-CSOS, and CNCS/VC (Fig. 3). It can be seen that vitamin
C displayed an absorption peak at 265 nm. The CNCS/VC UV
spectrum clearly showed the absorption peak of vitamin C,
which is indicative of the presence of the vitamin C in its native
form. In the presence of amine moieties, the lactone ring in the
structure of vitamin C can be subjected to ring opening. The

presence of the vitamin C absorption peak in the CNCS/VC
complex suggested that vitamin C was not subject to ring open-
ing during the complex formation (38). The shift in the adsorp-
tion peak of vitamin C to lower wavelengths in the complex, and
its broadening could be attributed to the complexation between
vitamin C and reactive groups of CNC-CSOS. Similar results
were reported in the literature (41).

Vitamin C In Vitro Release Studies

The cumulative in vitro vitamin C release from CNCS/VC
loaded at pH of 3 and 5 is shown in Fig. 4. The in vitro release
profile of vitamin C loaded at pH 5 showed a more controlled
release profile and a higher percentage of vitamin C was
released. This could be attributed to the higher loading of
vitamin C in the complex at pH 5 which resulted in a higher
concentration gradient and faster diffusion. The size of vita-
min C is significantly smaller than CNC-CSOS, and the mole-
cules can easily diffuse through the pores and from the surface
of the carrier (25). A control solution of vitamin C containing
the same amount of vitamin C loaded at pH 3 in CNCS/VC
complexes was placed in a dialysis tube and immersed in PBS
solution. The control vitamin C solution diffused rapidly from

Fig. 1. TEM images of CNC-CSOS and CNCS/VC complex

Table I. Encapsulation Efficiency (EE%) and Drug Loading (DL%)
of vitamin C in CNCS/VC Complexes at pH 3 and pH 5 (n=3)

pH EE%±SD DL%±SD

3 71.6±6.8 28.6±2.7
5 91.0±1.0 38.4±2.5

EE encapsulation eficiency, DL drug loading, SD standard deviation
Fig. 2. DSC thermograms of CNC-CSOS, vitamin C, and CNCS/VC
complex
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the inside the dialysis tube to the release medium and was
degraded over time. However, based on Fig. 4, vitamin C
loaded in CNCS/VC was released gradually over 20 days from
the complex and was more stable. Our results are in accor-
dance with the results reported by Alishahi and coworkers,
where they compared the shelf life of free vitamin C with
encapsulated vitamin C in CS nanoparticles. Encapsulated
vitamin C was more stable whereas a ~70% reduction in free
vitamin C concentration was observed over a period of 20 days
(42).

Thermodynamics of CNC-CSOS and Vitamin C Interaction

ITC was used to investigate the binding thermodynamics
between vitamin C and CNC-CSOS at pH 3 and 5. Figure 5
shows the raw ITC data of titrating 100 mM vitamin C into
CNC-CSOS at pH 3 and 5, as well as the blanks containing the
same concentration of vitamin C was titrated into water. The

pH of the titrant and CNC-CSOS solutions were adjusted to
the same pH values.

Our results were reproducible and displayed an unusual
behavior. At pH 3, titrating vitamin C into water resulted in
typical exothermic heat of dilution (plot a). However, when
titrating vitamin C into CNC-CSOS at pH 3, we observed small
exothermic peaks with a shift in the baseline (plot b). At pH 5,
raw ITC plot of titrating vitamin C into water displayed a
significant baseline drift with the first titration points being
exothermic and the final points being endothermic (plot c).
This could be due to the instability of vitamin C at pH 5
leading to a continuous change in the characteristics of the
titrant, i.e., vitamin C. Titrating vitamin C into CNC-CSOS at
pH 5 resulted in an interesting and reproducible thermogram
(plot d). The first few titrations resulted in huge exothermic
peaks with a drastic baseline drift. The fact that the equilibri-
um was not re-established after the first few injections could
indicate that the binding of vitamin C to CNC-CSOS at pH 5
was affected by a slow aggregation-like process (43).
However, as seen in Fig. 5c, after a fixed number of injections,
and once the complex between vitamin C and CNC-CSOS was

Fig. 3. UV spectrum of CNC-CSOS, vitamin C, and CNCS/VC

Fig. 4. Vitamin C in vitro release profile from CNCS/VC (prepared at
pH=5 and pH=3) and control vitamin C (pH=3) in PBS pH=7.4

Fig. 5. Raw ITC data for titrating 100 mM vitamin C (VC) into a water
at pH 3, b water at pH 5, c CNC-CSOS at pH 5, and d CNC-CSOS at pH 3

Fig. 6. Scavenging activity of different samples at different concentra-
tions on DPPH radical (n=3)
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formed, the equilibrium was re-established after the fifth in-
jection, and there was no drift in the baseline. The huge
exothermic peaks when titrating vitamin C into CNC-CSOS

at pH 5 compared with pH 3 could be attributed to ionic
interactions between negatively charged vitamin C and posi-
tively charged CNC-CSOS. This result could explain the higher
binding efficiency for vitamin C at pH 5 reported in Table I.

DPPH Radical Scavenging Activity

An important antioxidant mechanism involves the scav-
enging of hydrogen radicals. DPPH possesses a hydrogen
radical with a characteristic absorbance of 517 nm. As antiox-
idants react with DPPH radical, the absorbance at 517 nm
decreases, and the purple color of DPPH solution changes to
yellow (31). Therefore, by measuring the absorbance using a
spectrophotometer, the progress of the reaction can be ana-
lyzed (44). In this study, DPPH was used to deduce the anti-
oxidant activity of samples. The scavenging activity (SA%) of
the samples on DPPH at various concentrations is shown in
Fig. 6. Our results showed that oxidizing the CNC enhanced

its antioxidant activity. Also, the SA% of CNC-CSOS was
much higher than SA% of the physical mixture of its precur-
sors (CNC-OX+CSOS). The scavenging activity of samples
depends on their capacity to donate an electron to DPPH.
This property is a function of different sizes of electron-cloud
density and its accessibility to DPPH (45). The higher SA% of
CNC-CSOS compared with its precursors could be due to the
orientation of the functional groups of CS chain after chemical
conjugation on CNC surface, leading to increased accessibility
of the functional groups to react with DPPH radical. The
decrease in the SA% of CNC-CSOS at 1 wt% concentration
might be attributed to the slight reduction in the solubility of
CNC-CSOS, leading to a lower antioxidant activity. Moreover,
the lower mobility of CNC-CSOS at high concentrations might
increase the possibility of inter- and intramolecular bonding
that minimized the exposure of active functional groups that
were responsible for the scavenging activity.

The SA% of 0.1 wt% CNCS/VCpH5 and 0.1 wt% vitamin
C was measured in four consecutive days (Fig. 7). It can be
seen that the SA% of vitamin C solution slightly decreased
over the course of 4 days due to the instability of vitamin C.
The SA% of CNCS/VCpH5 increased over time as vitamin C
was being released from the complex. The results are in ac-
cordance with the vitamin C release profile observed in Fig. 4.
The low SA% of CNCS/VCpH5 on day 1 might be due to the
involvement of the functional groups of CNC-CSOS with vita-
min C in the complex, preventing the functional groups to
react with DPPH radicals.

Antioxidant Kinetics Studies

The antioxidant kinetics of CNC samples was studied
by monitoring the decay of the absorbance peak of DPPH
at 517 nm over time and calculating the rate constants (k).
The antioxidant reaction rate has been proposed as another
parameter to elucidate the antioxidant activity of various
compounds (46). As seen in Fig. 8, CNC-CSOS possessed
the largest slope, leading to the highest rate constant, and
the slope of the first-order kinetic plot of CNC-OX was
larger than CNC. The high antioxidant rate constant leading
to the fastest antioxidant activity observed for CNC-CSOS

might be attributed to the presence of several functional

Fig. 7. Scavenging activity of CNCS/VCpH 5 and vitamin C over time

Fig. 8. aDecay of the visible absorbance (517 nm) of a DPPH solution following addition of CNC samples. b
Estimation of antioxidant rate constant for first H atom abstraction (k) for CNC samples using Eq. 4 (n=3)
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groups (OH, COOH, and NH2) on the surface of CNC and
their synergistic effect in increasing the speed of the scav-
enging activity.

CONCLUSIONS

An effective and novel antioxidant system was developed
by forming complexes between vitamin C and cellulose nano-
crystal grafted chitosan oligosaccharide (CNC-CSOS). CNC-
CSOS was first prepared via peptidic coupling by reacting the
carboxylic acid groups on oxidized CNC with the amino
groups on CSOS. CNCS/VC complexes were then prepared
using TPP through ionic complexation of CNC-CSOS and
addition of vitamin C at pH 3 and 5. TEM images showed
complexes with a size of approximately 1 μm. DSC and UV
spectrophotometry confirmed the presence of vitamin C in the
CNCS/VC complexes. The encapsulation efficiency of vitamin
C was higher (~91%) at pH 5 compared with pH 3 (~72%).
The in vitro release of vitamin C from CNCS/VC complexes
displayed a sustained release up to 3 weeks with the released
vitamin C displaying higher stability compared with a control
vitamin C solution. DPPH method was used to study the
scavenging activity and antioxidant kinetics of various CNC
samples, CSOS, and vitamin C as control. CNC-CSOS had
higher scavenging activity and antioxidant rate constant com-
pared with oxidized CNC and CSOS and their physical mixture
denoting a synergistic activity against DPPH radical.
Therefore, by loading vitamin C into CNC-CSOS particles,
an efficient dynamic antioxidant agent was produced, and
vitamin C is released over time with the carrier CNC-CSOS

also possessing desirable antioxidant properties. The pH, high
loading, and stability of vitamin C in CNCS/VC complexes
make it an excellent candidate for applications in topical
cosmeceuticals.
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