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Millan, a Y. L. López Franco a and F. M. Goycoolea c

Herein are reported the production and characteristics of chitosan nanoparticles that go through supercritical

CO2 drying. First, chitosan nanoparticles in aqueous colloidal suspension were produced by ionic crosslinking

with sodium tripolyphosphate. The produced nanoparticles have a surface charge (z-potential) of +27 mV and

an average diameter of approximately 100 nm, measured by dynamic light scattering and field emission-

scanning electron microscopy observations. The liquid phase of the nanoparticle suspension was replaced

successively with ethanol and supercritical CO2 to produce dried chitosan nanoparticles finally. The main

characteristics of the obtained nanoparticles were determined by diverse analytical techniques. Infrared

spectroscopy, solid-state 13C nuclear magnetic resonance and X-ray diffraction studies were performed to

explore possible physicochemical changes induced by the drying procedure. Also, the thermal stability of the

dry chitosan nanoparticles was determined by thermogravimetric assay and dynamic scanning calorimetry.

Structural properties were analyzed and compared with lyophilized nanoparticles finding that the

supercritically dried chitosan nanoparticles have a surface area an order of magnitude higher. Microscopy

images showed that the supercritically dried chitosan nanoparticles have a porous conglomerated structure,

suggesting that there is particle aggregation through the drying process. Notwithstanding, the dry chitosan

nanoparticles resuspended in the dilute acid medium readily; microscopy observations showed that the size

of the resuspended particles remains in the nanoscale range. The proposed procedure is able to furnish

dried chitosan nanoparticles with structural characteristics and functional properties that are appealing for

their use in diverse applications.
1. Introduction

Polysaccharides are natural compounds that have been proved
valuable for application in diverse areas mainly due to their
structural properties, stability and biocompatibility.1 Chitosan
(Cs) is a linear aminopolysaccharide composed of 2-acetamide-
2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose
(N-acetyl glucosamine and glucosamine units, respectively)
linked by b(1 / 4) bonds. The amino groups distributed along
the Cs chain provide it with a polycationic character, a rather
unique feature among natural polymers. The attention to this
biopolymer has been increasing over the years due to its avail-
ability and a set of interesting functional properties, including
being biocompatible, biodegradable, non-toxic, antimicrobial,
adsorptive, mucoadhesive, hemostatic, among others.2–4 Since
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the chemical characteristics of Cs, particularly the molecular
weight and degree of acetylation, determine such functional
properties it is possible to choose or adjust them according to
the application.5–7 Consequently, chitosan is one of the
biopolymers most extensively used to a wide range of materials
such as lms, gels, scaffolds, capsules or particulates.8–12

The use of biopolymers, particularly chitosan, in nanotech-
nology began exploring biocompatible alternatives to metals,
inorganic compounds and synthetic polymers that provide
limited stability to incorporated proteins.13 Initially, Cs nano-
particles were obtained generating covalent bonds between the
amino groups of the polysaccharide with diverse cross-linking
agents (e.g. glutaraldehyde).14,15 Later, Cs nanoparticles based
on ionic interactions were developed to avoid the use of
potentially toxic solvents, cross-linkers or other additives.16,17

Further research explores the utility of physical interactions for
simplied preparation of Cs nanoparticles.18 Over the years,
different preparation processes have been proposed trying to
improve the properties of the nanoparticulated systems such as
size, stability, surface charge and drug loading capacity.13,14

The use of nanoparticles in colloidal suspensions faces
several difficulties imposed by instability processes that could
be of physical (i.e. aggregation or sedimentation) or chemical
RSC Adv., 2017, 7, 30879–30885 | 30879
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nature (i.e. hydrolysis, diffusion or reactivity). The occurrence of
these problems is reected in the limited time that nanoparticle
suspensions may be stored.19 Removing the liquid phase,
usually water, from the colloidal suspension is an effective way
to improve the stability of the nanoparticles. Furthermore, dry
nanoparticles are usually preferred in certain applications, such
as drug delivery formulation for inhalation.20 The most used
procedures to obtain dry chitosan nanoparticles either rely on
evaporation (e.g. spray-drying) or sublimation (e.g. freeze-
drying) to remove water or other solvents.19,21

The supercritical CO2 (scCO2) technology provides alternatives
to produce diverse nanoparticles.22 However, the production of
chitosan nanoparticles from aqueous solutions is mainly con-
strained by the low solubility of water in scCO2. Up to this point,
some supercritical techniques depending on compatible co-
solvents and specially congured equipment (e.g. supercritical
anti-solvent, supercritical assisted atomization or rapid expan-
sion of supercritical solution) have been used to obtain nano-
particles containing chitosan.23–26 Although there are reports
about the use of simple scCO2 drying procedures to obtain Cs
materials with different sizes and morphologies, such as mono-
lith and microparticles,27,28 none of these materials is at the
nanoscale. Usually, the materials obtained by scCO2 drying have
the large specic surface area, low density and mesoporous
structure, providing appealing properties for diverse applica-
tions, including active transport of bioactive substances.29–32 As
a result, scCO2 drying was used to process Cs nanoparticles
previously produced by ionotropic gelation. The physicochemical
and structural properties of the dry Cs nanoparticles were studied
and reported. The performance of the dry Cs nanoparticles on
resuspension and the comparison with freeze dried Cs nano-
particles were also analyzed.

2. Experimental

The materials used and experimental procedures are described
below. Also, the experimental scheme is included in Fig. 1.

2.1. Materials

Chitosan was provided by Primex (ChitoClear); it has a degree of
acetylation (DA) of 20% and weight average molecular mass
(Mw) of 250 kg mol�1 (supplier data). Tripolyphosphate
Fig. 1 Experimental scheme for dry Cs nanoparticles production and ch

30880 | RSC Adv., 2017, 7, 30879–30885
pentasodium salt (TPP) practical grade was obtained from
Sigma-Aldrich (St. Louis, Missouri, USA). Reagent grade
solvents and chemicals, acquired from recognized commercial
distributors, were used. Deionized water was utilized
throughout unless stated otherwise.

2.2. Nanoparticle preparation and characterization

An aqueous suspension of Cs nanoparticles (CsN) was produced
by previously described ionotropic gelation method with some
modications.33 Briey, Cs was fully dissolved (1.0 mg mL�1) in
2% v/v CH3COOH under magnetic stirring. The pH of the
solution was adjusted to 6.1 with NaOH (6% w/w). The nano-
particles were spontaneously formed upon mixing 20 mL of
a TPP solution (1.0 mg mL�1) into 30 mL of the Cs solution
under magnetic stirring (�400 rpm) at room temperature for
10 min. The size of the nanoparticles was determined by
dynamic light scattering with a non-invasive back scattering
(DLS/NIBS) technology; simultaneously, the zeta potential (z-
potential) of the particles was determined by laser Doppler
electrophoresis with phase analysis light scattering (M3-PALS)
using a Zetasizer Nano-ZS (ZEN 3600, Malvern instruments,
Worcestershire, UK). Themorphology of the CsN was studied by
eld emission-scanning electron microscopy (FE-SEM) using
a SU 8000 Hitachi microscopy. To this end, 10 mL of nano-
particles suspension was dropped on a copper grid coated with
a Formvar membrane, allowed to stand for 5 minutes, dried,
and coated with Au/Pd.

2.3. Nanoparticle drying

The CsN were subjected to scCO2 drying as follows. First, the
aqueous medium of the nanoparticles was replaced with
ethanol transferring the nanoparticles to 25, 50, 75 and 100%
ethanol successively. Then, the ethanol was exchanged with CO2

in supercritical conditions in a pressurized vessel (74 bar, 45
�C). Finally, the CO2 was slowly released leaving dry Cs nano-
particles (DCsN).

2.4. Physicochemical characterization

The main characteristics of the pristine Cs and the DCsN were
determined using several techniques. Solid-state cross-
polarization magic angle spinning 13C nuclear magnetic
aracterization.

This journal is © The Royal Society of Chemistry 2017
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resonance (CP/MAS 13C-NMR) was performed in a Bruker Avance
TM 400WB equipped with a wide-mouth superconductingmagnet
(89 mm) operating at 9.4 tesla. The experimental conditions were:
4.4 ms width 90� pulse with 4 s repetition time, cross-polarization
contact time of 1 ms and spectra accumulation of 2000 scans, the
samples were contained in a cylindrical ceramic rotor. Attenuated
total reection Fourier transform infrared (ATR-FTIR) spectra
were collected on a Perkin-Elmer Spectrum One spectrophotom-
eter; using 64 co-added scans with 4 cm�1 resolution over
a spectral range of 500–4000 cm�1. Thermogravimetric analysis
(TGA) was performed on a Q500 thermogravimetric analyzer (TA
instruments), heating from 20 �C up to 800 �C at 10 �Cmin�1 rate,
under nitrogen ow. Differential scanning calorimetry (DSC) was
performed on DSC 7 calorimeter (Perkin Elmer) with two heating
runs, rst from �30 �C up to 190 �C and the second one from
�30 �C up to 400 �C. X-ray diffraction (XRD) experiments were
carried out on a Bruker D8 Advance diffractometer equipped with
Cu Ka radiation. The angle range (2q) was scanned from 2� to 40�

at a step size of 0.02� and the working voltage, and current were 45
kV and 100 mH, respectively. The crystallinity index (CrI) was
calculated from the corresponding XRD diffractogram using the
following formula:

CrI ð%Þ ¼ ðI110 � IamÞ � 100

I110

where I110 is the maximum intensity of the 110 plane at 2q ¼
20�, and Iam is the intensity of the amorphous diffraction at 2q¼
16�.34
2.5. Structural characterization

Specic surface area of dried nanoparticles was determined by
nitrogen sorption on a Monosorb Surface Area Analyser MS-13
(Quantachrome). The samples were degassed at 80 �C for 18 h
under vacuum prior to analysis. Six points in the range of
relative pressure (P/P0) from 0.05 to 0.3 were used to calculate
the surface areas by Brunauer–Emmett–Teller (BET) method.
2.6. Resuspension tests

A sample of DCsN was resuspended (0.5 mg mL�1) in 2% v/v
CH3COOH under constant vigorous magnetic stirring. Size
and z-potential of the systems were measured by DLS, and
morphological study of FE-SEM was performed as described
previously.
Fig. 2 FE-SEM image of the CsN. Magnification of 30 000�, SE
detector, 1.5 kV.
3. Results and discussion
3.1. Cs nanoparticles preparation and characterization

Under suitable conditions (e.g. Cs characteristics, reagents
concentration, pH, temperature, stirring, etc.) the addition of
TPP to a Cs solution produces nanoparticles due to the inter-
action of the positively charged polymer chains and the nega-
tively charged TPP molecules.17 The use of TPP as chitosan
crosslinker is a reliable method to produce stable nanoparticles
in relatively large quantities, minimizing safety concerns. This
method has been commonly used to obtain Cs nanoparticles
achieving lower particle size of about 100 nm and positive z-
This journal is © The Royal Society of Chemistry 2017
potential.33,35,36 In accordance with this, the size of the CsN,
measured by DLS, was 97 � 46 nm with a polydispersity index
(PDI) of 0.23, and z-potential of +27� 4mV. The positive surface
charge of the nanoparticles is related to the portion of amino
groups of Cs not linked with TPP.36 Apparently, the CsN have
a spherical shape and smooth surface, as can be observed on
the FE-SEM image (Fig. 2). From measurements on micro-
graphs, the diameter of the particles is in a range of 70 to
180 nm (average 117 � 42 nm, PDI 0.36, n ¼ 40), which is
congruent with the DLS data, taking into account the variance
associated to these measurements. The particles that were
processed by scCO2 drying were similar to those previously re-
ported in the literature.
3.2. DCsN characteristics

The obtained DCsN were subjected to diverse analytical tech-
niques in order to investigate the possible physicochemical and
structural changes that the drying process could induce in the
material.

3.2.1. CP/MAS 13C-NMR. The CP/MAS 13C-NMR spectra of
CS and DCsN are shown in Fig. 3. The Cs spectrum has ve
bands, at 57.6, 60.9, 76.1, 84 and 105.7 ppm, that correspond to
the pyranose rings carbon atoms (C2, C6, C5 + C3, C4, C1;
respectively).37 Additionally, the methyl and carbonyl carbons of
the acetyl group of the N-acetyl-glucosamine units remaining in
Cs correspond to the bands at 23 and 178 ppm, respectively. In
the literature, similar signals display has been associated to the
“tendon” polymorph of Cs.38 Compared to the Cs, the DCsN
spectrum shows similar peaks but broader and with lower
resolution. This could be related to the layout of Cs chains and
TPP molecules forming amorphous structures in the nano-
particles that induce anisotropic effects which the experimental
conditions were not able to overcome.
RSC Adv., 2017, 7, 30879–30885 | 30881
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Fig. 3 CP/MAS 13C-NMR spectra of Cs and DCsN.
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3.2.2. ATR-FTIR. The information about the chemical
identity of the components of the DCsN is complemented
with infrared absorption analysis. Fig. 4 includes the ATR-
FTIR spectra of Cs, TPP and DCsN. For Cs, the main bands
observed are centered at 3355, 2875, 1650, 1584, 1417, 1375,
1316 cm�1 and several overlapped bands in the ngerprint
region (1200–850 cm�1). This pattern coincides with the
known infrared absorption spectrum for Cs.39 By comparison,
several changes are observed in the DCsN spectra. At rst, the
bands corresponding to the O–H and N–H stretching vibra-
tions (3350 and 2875 cm�1, respectively) become broader
indicating that such bonds are involved in a larger variety of
chemical environments, including multiple hydrogen
bonding that could be induced by the ionic crosslinking
between Cs and TPP. Secondly, the C]O and NH2 vibrations
bands (1650 and 1584 cm�1, respectively) are shied to lower
wavenumbers. Furthermore, the band at 1632 cm�1 is also
broader which suggest different molecular environment in
the DCsN structure due to intermolecular interactions.40

Finally, the bands observed at 1218 cm�1 and 892 cm�1 in the
DCsN spectra are attributed to P]O stretching vibration and
P–O–P asymmetric stretching vibration, which also appear in
the TPP spectrum, demonstrating its presence in the
nanoparticles.40
Fig. 4 ATR-FTIR spectra of DCsN, Cs, and TPP.

30882 | RSC Adv., 2017, 7, 30879–30885
3.2.3. Thermal characterization. To determine the effect of
the ionotropic gelation and scCO2 drying on the thermal
stability of the nanoparticles, thermogravimetric (TG) and
differential thermogravimetric (DTG) curves of Cs and DCsN
were obtained (Fig. 5). For Cs, three main steps are observed in
the thermogram. The rst step, attributed to the moisture
evaporation, goes up to 130 �C and cause 7% of mass loss. The
second step corresponds to the main phase of polymer degra-
dation, with a highest rate close to 300 �C and 40% of weight
loss associated. This phase includes the dehydration of the
saccharide rings, thermal depolymerization and decomposition
of the molecular units of Cs chain.41 Similar thermal behavior is
typical for the degradation of Cs and other polysaccharides.40,42

The last step, related to secondary thermolysis processes, occurs
over 400 �C leaving less than 10% of residual mass. Conversely,
the rst weight loss stage of DCsN is shorter than in Cs, which
could be a consequence of less dense structure. Furthermore,
the thermal degradation of DCsN starts at a lower temperature
than in Cs. The higher stability of the untreated polysaccharide
could be related to the presence of more microcrystalline
domains that provides transitory stability at elevated tempera-
ture conditions. The residual mass aer pyrolysis (char yield)
for Cs and DCsN was 6 and 40% at 800 �C, respectively.
Apparently, the presence of inorganic matter (e.g. TPP) affects
the nal outcome of the thermal reactions. In general, the
processes involved to produce DCsN decrease to some extent
the thermal stability of the polysaccharide and causes the start
of disintegration at lower temperatures. Such difference could
be associated with the higher relative rigidity of the internal
structure in DCsN, due to multiple intermolecular interactions.
The DSC curves (dash lines Fig. 5) of Cs and DCsN shows
exothermic peaks centered at 331 �C and 238 �C, respectively.
These peaks are related to the decomposition temperature of
the polysaccharide, and their onset depends on the crystallinity,
water content and acetylation degree of the Cs.43 Congruently,
Fig. 5 TGA, DTG and DSC curves (dash lines) of Cs and DCsN.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 N2 adsorption–desorption isotherms of DCsN and LCsN.
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both exothermic peaks correspond with the peaks of the DTG of
Cs and the DCsN, reinforcing the arguments of thermal
processes are affectedmainly by crystallinity and crosslinking of
the Cs molecules.

3.2.4. XRD. XRD analysis was carried out to determine the
crystallinity of the materials and the results are shown in Fig. 6.
Cs shows diffraction peaks at 2q ¼ 9.8� and 20� corresponding
to the respective equatorial (020) and (110) of the microcrys-
talline reections reported for Cs.44 Themain diffractive regions
of the DCsN proles were centered at 18� and 23� with notori-
ously lower intensity, indicating that DCsN is more amorphous
than the pristine polymer, with almost no ordered structure.
The crystallinity index for Cs and DCsN was 59.5% and 30.6%
respectively. Similar results were reported for monoliths ob-
tained from covalent gels dried with scCO2.31
3.3. DCsN structural features

In order to shed light on the inuence of scCO2 drying on the
morphology of the DCsN, a sample of lyophilized Cs nano-
particles (LCsN) was obtained from CsN. The freezing process
was carried out as fast as possible, in liquid nitrogen, to induce
the formation of smaller and uniform ice crystals. The lyophi-
lization is the most used technique to obtain dry nanoparticles,
mainly in order to facilitate their characterization and storage.45

The specic surface area of the dry nanoparticles (DCsN and
LCsN) was measured by N2 sorption method using the BET
(Brunauer–Emmett–Teller) model. In the adsorption isotherms
(Fig. 7), it is possible to observe that DCsN display a type IV
isotherm with hysteresis loop. This behavior has been associ-
ated with capillary condensation into mesopores and the
limiting uptake over a range of high relative pressure.46

Whereas, the LCsN produce a type II adsorption isotherm that is
associated to macroporous materials.46 Moreover, the DCsN
have a specic surface area (10.76 m2 g�1) an order of magni-
tude higher than LCsN (1.97 m2 g�1).

These results indicate structural differences among DCsN
and LCsN that could be attributed to changes induced by their
respective drying procedures based in dissimilar principles.
Lyophilization tends to modify previously formed structures,
primarily due to ice crystals formation and solutes
Fig. 6 XRD diffractograms of Cs and DCsN.

This journal is © The Royal Society of Chemistry 2017
concentration effects.47 As consequence of the multiple
disruptions caused by the high concentration of ice crystals in
the suspension, there is considerable loss of the intrinsic
structure of the gel nanoparticles. Usually, freeze-dried mate-
rials resemble macroscopic porous structures made of xerogel
lms. Alternatively, the scCO2 drying technology is based on the
replacement of the uid phase of a colloidal system (e.g. a gel or
particle suspensions) with CO2 in conditions over its critical
point, and then the pressure is reduced to release the CO2 as
a gas. Indeed, the network structure formed by the ionic gela-
tion of Cs with TPP could be modied due to the successive
replacement of liquid phase, from aqueous to ethanol, with
different interaction with the polymer. However, at the drying
stage, when the liquid phase (scCO2) turns into gas, the surface
tension is negligible minimizing the effects over previously
formed network structure. The scCO2 drying procedure reduces
to a minimum the negative effects of surface tension over
structural features normally producing mesoporous and low-
density materials.48,49

Some of the mentioned structural features could be observed
in the FE-SEM images of the different dry nanoparticles (Fig. 8).
At the higher magnication, it is possible to perceive that the
DCsN (Fig. 8B) form a porous structure by aggregated individual
nanoparticles. It would appear that the liquid phase replace-
ment procedure cause particle aggregation. Similar structural
features have been seen in scCO2 dried materials from Cs
chemical and physical gels.27,29 Also in agreement with the
previous results, the LCsN materials appear to be made up by
lm-like structures forming macroporous scattered pieces
(Fig. 8C and D).
3.4. Resuspension of DCsN

DCsN resuspension tests, in dilute acid (CH3COOH 2% v/v) and
pure water, were carried out to explore the functional behavior
of the dry nanoparticles and envisage the possible applications
of this material. When DCsN are mixed into acidic media, the
particles were solvated, and an opalescent suspension was
achieved. This indicates that the ionic crosslinks stand the acid
conditions (pH � 4) hindering the Cs dissolution process. A
RSC Adv., 2017, 7, 30879–30885 | 30883
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Fig. 8 FE-SEM images of: (A) DCsN at 100� magnification; (B) DCsN
at 20 000�mag.; (C) LCsN at 100�mag.; (D) LCsN at 5 000�mag. All
images were acquired with SE detector and 20.0 kV.
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different outcome was observed in pure water where a consid-
erable portion of the material remains aggregated. According to
DLS measurements, the average hydrodynamic diameter of the
resuspended DCsN in diluted acid was 149 � 61 nm (PDI ¼
0.41) with a z-potential value of +52 � 6 mV. As z-potential
values above +50 mV are associated to colloidal systems with
good stability,50 it is reasonable to expect that DCsN forms
stable suspensions in slightly acidic aqueous media. Concern-
ing to the increase of z-potential, compared with CsN, this may
be due to molecular arrangements induced by the protonation
of available amino groups of Cs chains in acidic medium.
However, as can be observed in the FE-SEM image (Fig. 9)
apparently the resuspended particles are formed by aggregated
individual nanoparticles. The apparent diameter of the acid
Fig. 9 FE-SEM image of a re-suspended DCsN particle. Magnification
of 150 000�; SE detector, 1.5 kV.
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resuspended DCsN was 73 � 21 nm, measured from SEM
images. Similar size reduction has been observed in other
materials dried by scCO2 treatment, mainly related to molecular
interactions and rearrangements in the gels during the change
of liquid phase.28,30 The aggregates of reduced size nano-
particles reach higher surface charge when are resuspended in
an acidic media, however this charge is not enough to separate
them completely.

4. Conclusions

Drying Cs nanoparticles by simple supercritical CO2 drying
procedure was possible. Initially, spherical Cs nanoparticles
were produced by ionotropic gelation with an average of
approximately 97 nm of hydrodynamic diameter and positive
surface charge in water suspension. The proposed drying
procedure includes a liquid phase replacement process (i.e.
water to ethanol) that apparently generates particles aggrega-
tion. As a consequence a conglomerated porous structure is
observed in the DCsN. The further structural analysis demon-
strates that the scCO2 dying produces materials with higher
surface area compared with the lyophilized CsN. The physico-
chemical characterization indicates that the scCO2 dying does
not affect the chemical structure of the polysaccharide and the
thermal properties observed are related to the ionic cross-
linking induced by the TPP. The DCsN were effectively
dispersed in diluted acidic media resulting in stable colloidal
suspension. These results open the possibility to produce dry
chitosan nanomaterials with the extended surface area, porous
structure and good resuspension capacity using an uncompli-
cated and environmentally safe scCO2 dying technology. It is
estimated that materials with such properties result appealing
for diverse application. Studies to explore the possibilities to
use DCsN type materials as bioactive compounds carriers are in
progress.
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