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H-responsive chitosan aerogels
for biomedical applications

J. Radwan-Pragłowska,*a M. Piątkowski, a Ł. Janus,a D. Bogdała and D. Matysekb

Novel pH-responsive biodegradable chitosan aerogels for biomedical applications were developed.

Prepared from propylene glycol and bioactive acids under MW conditions hydrogels were transformed

into aerogels by lyophilisation. Obtained materials were characterized with FT-IR spectroscopy and SEM

imaging. Biodegradability, bioactivity and pH response were analysed. An anticancer drug release profile

was investigated.
Recently, the rapid development of medicine and pharmacy in
such areas as tissue engineering,1,2 theranostics,3 controlled
drug delivery and release systems,4,5 and intelligent wound
dressings6 has been observed resulting in the need for new types
of biomaterials with advanced properties. Lately, our scientic
team has developed a new method of chitosan hydrogel
obtainment, characterized by high swelling coefficients. It was
discovered that application of microwave radiation, as well as
propylene glycol and an appropriate acid or amino acid in
a specic ratio as crosslinking agents, results in the obtainment
of a material with excellent sorption capacity. Chitosan is
a polymer obtained by deacetylation of chitin known for its
benecial characteristics.7 It gained the attention of scientists
in the 19th century and properties of the polymer like antibac-
terial,7 antioxidant8 or hemostatic activity,9 biodegradability,10

lack of toxicity and biotolerance11 have been found. Currently, it
is one of the most leading macromolecular compounds in the
eld of biomedicine.12 Two functional groups of the polymer
enable various chemical modications resulting in the obtain-
ment of the materials with better characteristics. These include
methylation, carboxylation, alkylation, sulphonation and many
others.13–15 During modications such a parameter as deacety-
lation degree must be precisely measured, since it inuences
characteristics of the material.16–19 Recently, chitosan has been
blended with other polymers, natural or synthetic, to increase
its bioactivity or affinity to specied tissues.20,21 Commonly used
are poly(ethylene glycol), poly(vinyl alcohol), poly(lactic acid),
polyamide-6 or poly(vinyl pyrrolidone).22–24 Nevertheless, such
trials of some biological properties enhancement may lead to
deterioration of its other features like biodegradability, anti-
pyrogenity and cause oxidation stress aer body placement.
ical Chemistry, Faculty of Chemical
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Chitosan in medicine and pharmacy is mostly applied in form
of physical or chemical hydrogels.25–30 Their obtainment is
connected with the usage of various crosslinking agents like 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDS) leading to
brosis and inammation.31 Alternatively, glutaric aldehyde or
genipin were used which resulted in signicant decrease of
susceptibility of the material to biological degradation, hydro-
philicity and adhesiveness. Application of such reagents during
polymerization reactions was also associated with the presence
of unreacted molecules, which when non chemically bonded
resulted in toxic effect on human cells.32–36 Therefore, new
crosslinking agents and reaction conditions had to be devel-
oped. A new approach of the chitosan hydrogels formation is
based on crosslinkers, which are nontoxic and inert to living
cells even when they are not fully incorporated into polymeric
backbone. Fully biocompatible and biodegradable chitosan
hydrogels have some signicant limits in their applications due
to their solubility in low pH, lack of durable structure and
difficulties in active substances placement and release, as well
as functionality preservation in time.37,38 Thus alternative forms
of polymer or polymeric composites like nanoparticles, were
developed but it strongly limited biomaterial application due to
lower durability.39,40 The number of different chitosan modi-
cation methods caused an increase in requirements for
biomaterials obtainment pathways, which have to be not only
effective but also harmless to the environment and performed
according to Green Chemistry principles. Although, there is
a great number of chitosan concerning publications, no one yet
has proposed biodegradable, biotolerant and bioactive chitosan
aerogels with easily programmed properties obtained by rapid,
efficient, eco-friendly method which has many potential
biomedical applications.

Herein we report a new type of multifunctional chitosan-
based aerogels obtainment method under microwave irradia-
tion. Our innovation concerns novel approach to aerogel
materials, which are applied as thermal, moisture or sound
insulators and preparation of chitosan hydrogels with high
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Proposed chemical structure of the chitosan aerogel obtained
from L-aspartic acid.

Fig. 3 Chitosan aerogels FT-IR spectra. (A) Chitosan, (B) chitosan/L-
aspartic acid aerogel, (C) chitosan/levulinic acid aerogel, (D) chitosan/
succinic acid aerogel, (E) chitosan/adipic acid aerogel.
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sorption capacity using organic acids and propylene glycol as
crosslinkers followed by their conversion into super light
porous biomaterial by lyophilisation process. All chitosan aer-
ogels were prepared in two-step method from chitosan akes of
the known average molar mass determined by viscosimetric
measurements (401 000 g mol�1) and the deacetylation degree
of 79.6%. All raw materials used for chitosan aerogels prepa-
ration including: L-aspartic acid, succinic and adipic acid can be
produced during fermentation process of waste molasses as the
main carbon source. Levulinic acid is a basic product of cata-
lytic degradation and dehydration reaction of cellulose pro-
cessing under acidic conditions.

The general procedure of chitosan aerogels preparation
involves dissolving chitosan akes (0.5 g) in 10 mL of 2% acetic
acid solution, heating and mixing heterogeneous system until
all chitosan akes dissolute. Speed of chitosan dissolution
depends on pH of the aquatic solution. Generally chitosan
dissolves in water below pH ¼ 6.3, but to shorten the dissolu-
tion time 0.1 g of each acid was used, as well as 1 mL of
propylene glycol. A drug was incorporated into polymeric matrix
at the end of the homogenization process (Fig. 1).

Aer obtainment of homogenous solution, the samples were
irradiated using 400 W for 20 min, frozen and freeze dried.
Lyophilisation process signicantly reduced mass of prepared
samples. As a result of the lyophilisation process a highly
porous material was obtained (Fig. 2).

Aerogels were characterized by IR spectroscopy. In the
Fig. 3A FT-IR spectrum of pure chitosan is presented. Stretching
vibrations of –OH and –NH groups are observed at 3276 and
3357 cm�1. At 2919 cm�1 stretching vibrations from C–H
aliphatic chains are present. At 1650 and 1637 cm�1 stretching
vibrations of carbonyl group C]O in amide group can be
observed. At 1578 cm�1 bending vibrations of –CH3 groups in
the acetylated units of chitosan are visible. At 1557 cm�1 a band
with a low intensity characteristic for N-acetylated groups is
present. At 1419 cm�1 a –CH2– bending vibrations are observed
in the spectrum. At 1320 cm�1 stretching vibrations from
C–O–N structure and at 1251 cm�1 stretching vibrations from
C–O–C bridge are observed. At 1073 cm�1 and 1030 cm�1

stretching C–O vibrations and skeletal vibrations involving
a C–O–C stretching band are present. At 895 cm�1 vibrations
responsible for glycosidic bonds are observed. In the Fig. 3C
a chitosan/levulinic acid aerogel spectrum is presented. The
Fig. 1 Superlight chitosan aerogel with density of 0.06 g cm�3.

This journal is © The Royal Society of Chemistry 2017
main difference between chitosan and chitosan/levulinic acid
aerogel is a strong peak at 1706 cm�1 from ketone group
vibrations C]O contained in levulinic acid molecule. Low
intensity stretching vibrations from amide carbonyl C]O group
are still present at 1650 cm�1. At 1557 cm�1 a strong band from
protonated –NH3

+ groups appears. In the Fig. 3B a chitosan/L-
aspartic acid aerogel spectrum is present. A strong and broad
band from 2900 to 3600 cm�1 appeared which is caused by
introducing to chitosan a large amount of carboxylic groups and
the primary hydroxyl groups of chitosan. Hydroxyl groups of
carboxylic acid –(C]O)–OH and –NH vibrations caused a strong
absorption of IR radiation in this area of spectrum.

A strong band from stretching vibrations of carbonyl groups
appeared in a ragged strong peak with maximum absorption at
1729 and 1710 cm�1 in the Fig. 3E. At 1555 cm�1 again a small
peak responsible for protonated amino group –NH3

+ appeared
indicating that carboxylic groups of acids interacted with chi-
tosan free amine groups and protonated it. Due to a high
similarity in chemical structure of adipic and succinic acid
spectrum of chitosan/adipic acid aerogel and chitosan/succinic
acid aerogel (Fig. 3D) are very similar.

Also a strong band between 2400 and 3700 cm�1 caused by
vibrations of –OH and –NH groups is observed. A stronger
absorption at 2920 cm�1 is observed because succinic acid
contains two methylene groups which contain four C–H bonds.
Again in this spectra a small peak at 1552 cm�1 indicates that
protonated amino groups are present. Visible changes in
RSC Adv., 2017, 7, 32960–32965 | 32961
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chemical structure of the chitosan conrms chemical modi-
cation of the polymer due to the crosslinking reaction. Bands
typical for amide bonds can be observed which proves the
hypothetical chemical structure of the aerogel presented in the
Fig. 2.

The morphology of chitosan aerogels was characterized by
SEM. Chitosan aerogels obtained using L-aspartic acid charac-
terized by a large smooth wavy, little ragged akes having an
average size of 400 to 600 mm. The surface of the obtained
aerogel wasn't cracked. In contrast to hydrogel obtained using L-
aspartic acid chitosan aerogel synthetized in succinic acid
solution (Fig. 4B) was characterized by a large morphological
variation. In the picture both at structure and ragged one in
homogenous areas were visible. The size of pores in the regions
of occurrence of smaller structures varied from 50 to 150 mm. In
the picture at the ends of akes ner structures were observed.
Aerogel obtained by using levulinic acid was characterized by
rather uniform wall thickness. Addition of adipic acid to chi-
tosan creates trapezoidal slightly rolled up shapes similar to
ower petals aer freeze drying process. On the surface of the
aerogel very thin porous structures reminiscent of the thread
cobweb can be observed. The size of the largest elements seen in
the picture oscillates between 200 and 400 mm. The sizes of
visible substructures were from 5 to 15 mm. The aerogel ob-
tained from levulinic acid was characterized by the most
uniform pattern. The whole aerogel surface was lled up with
similar size pores in the range from 70 to 150 mm. The wall
thickness of aerogel was also uniform.

The biodegradation degree of the chitosan aerogels was
measured. The biodegradation study was conducted according
to OECD 301 B: CO2 evolution test. Firstly, the amount of Total
Organic Carbon (TOC) in aerogels samples was determined.

The activated sludge was added to a mineral medium to
reach the concentration 20 mg L�1 of suspended solids. To the
2 L of this solution chitosan aerogels were added to reach the
concentration of TOC at the level of 20 mg L�1. During the study
also a blank solution was prepared. The level of released carbon
dioxide was monitored every 2–5 days. Based on the amount of
Fig. 4 SEM images of four prepared chitosan aerogels. (A) Chitosan/L-
aspartic aerogel structure, (B) chitosan/succinic acid aerogel structure,
(C) chitosan/adipic acid aerogel structure, (D) chitosan/levulinic acid
aerogel structure.

32962 | RSC Adv., 2017, 7, 32960–32965
carbon dioxide released by samples biodegradation degree was
calculated. In the Fig. 5 biodegradation process progress is
presented. During rst 1–4 days of biodegradation process (lag
phase) microorganisms were adapting to a new source of
carbon which was contained in chitosan polymer and added
organic acids. The adaptation process depends on the chemical
structure of biodegradable material, the medium on which
microorganisms were previously multiplicated, the physical
form of the material, temperature and mineral composition of
the media. Aer the adaptation process a logarithmic phase of
biodegradation process started. During this phase a lot of
carbon dioxide was released to the atmosphere and the amount
of total organic carbon level decreased. From day 5 to 10 organic
matter was over 80% fully degraded. Aer day 11 a plateau
phase was observed. The end of carbon dioxide release means
that all matter capable of biodegradation process was
consumed by microorganisms.

To examine the behaviour of prepared chitosan aerogels in
conditions imitating human organism incubation tests in
Ringer and SBF uid were performed. Ringer solution con-
tained: 6.8 g L�1 NaCl, 0.3 g L�1 KCl and 0.48 g L�1 CaCl2$2H2O.
The pH of the prepared solution was 6.05. Simulated body uid
solution contained: 8.00 g L�1 NaCl, 0.35 g L�1 NaHCO3, 0.22 g
L�1 KCl, 0.23 g L�1 KH2PO4$3H2O, 0.31 g L�1 MgCl2$6H2O,
0.28 g L�1 CaCl2, 0.07 g L

�1 Na2SO4 and HCl to reach pH¼ 7.25.
To a 15 mL of prepared uid 0.5 g of aerogel was added. The
samples were incubated in 37 �C. During 8 days change of pH of
the prepared solutions was monitored. The results are shown in
the Fig. 6 and in the 7.

In the case of all chitosan aerogels samples no signicant
changes in pH values were observed that could suggest impor-
tant changes in biomaterials chemical composition or
morphological condition. Aerogels obtained from levulinic, L-
aspartic, adipic and succinic acid can be considered as inert to
biological uids according to examination results. Carboxyl
groups resulted in hydrolysis could lower pH value due to
dissociation (adipic, succinic). In the case of levulinic and
aspartic acid stronger impact on body environment connected
with faster polymeric matrix natural degradation can be
Fig. 5 The results of the chitosan/organic acid aerogel biodegradation
study. (1) Chitosan/L-aspartic acid aerogel, (2) chitosan/levulinic acid
aerogel, (3) chitosan/adipic acid aerogel, (4) chitosan/succinic acid
aerogel.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Incubation study of chitosan aerogels in Ringer solution. (1)
Chitosan/succinic acid aerogel, (2) chitosan/adipic acid aerogel, (3)
chitosan/levulinic acid aerogel, (4) chitosan/L-aspartic acid aerogel.

Fig. 7 Incubation study of chitosan aerogels in SBF solution. (1) Chi-
tosan/adipic acid aerogel, (2) chitosan/succinic acid aerogel, (3) chi-
tosan/levulinic acid aerogel, (4) chitosan/L-aspartic acid aerogel.

Fig. 8 5-Fluorouracil release profile from aerogels to 0.1 M HCl
solution, distilled water and hexane from (A) chitosan/L-aspartic acid
aerogel, (B) chitosan/succinic acid aerogel, (C) chitosan/levulinic acid
aerogel, (D) chitosan/adipic acid aerogel.

Fig. 9 Proliferation study of chitosan aerogels. 2D culture – reference
sample, (1) chitosan/L-aspartic acid aerogel, (2) chitosan/succinic acid
aerogel, (3) chitosan/adipic acid aerogel, (4) chitosan/levulinic acid
aerogel.
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observed. An increase in pH value resulting from –NH2 groups
protonation in the case of L-aspartic acid can be noticed. pH
increases in the case of levulinic acid was caused by ion-
exchange process.

A drug release prole was investigated (Fig. 8). As a model
substance 5-uorouracil was used. The anticancer drug was
incorporated into the polymeric matrix aer dissolution of
chitosan in slightly acidic solution. A homogenous yellow/
orange solution was obtained. The samples aer drug addition
and homogenization were freeze dried. The concentration of
active substance was 50 mg g�1 of polymer matrix. Three
solvents, 50 mL each, were used: 0.1 M solution of hydrochloric
acid, distilled water and hexane. To each solvent 0.20 g of dry
aerogel were added and the mixtures were stirred for several
hours. The hydrochloric acid solution had the strongest
degradation power to aerogel. Aer 70–80 min an equilibrium
state was reached for all aerogels in acidic solution. The highest
amount of released 5-uorouracil (8.2 mg) to acid solution for
chitosan/adipic acid aerogel was observed and the lowest for
chitosan/levulinic acid aerogel (6.7 mg). During the rst 20
minutes over 60% of drug for all aerogels samples was released
to hydrochloric acid solution. Distilled water did not have such
high destructive properties to aerogels and the amount of
released 5-uorouracil was signicantly lower. To dissolve chi-
tosan in water a high hydronium ion concentration is required
This journal is © The Royal Society of Chemistry 2017
to protonate free primary amine groups (R–NH3
+). Amine

groups present on chitosan chain are protonated and a stable
polycationic lipophilic colloid is formed. 2.4 mg of drug for
chitosan/levulinic acid aerogel was released, 2.5, 2.8 and 2.4 for
chitosan/succinic acid, adipic and aspartic acid aerogel
respectively. To simulate the lipophilic environment a drug
release of 5-uorouracil to hexane was investigated. The
amount of released 5-uorouracil was very low in range 0.30–
RSC Adv., 2017, 7, 32960–32965 | 32963
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0.45 for all examined aerogels. Since 5-uorouracil is more
soluble in 0.1 M HCl than in water some additional tests were
performed to conrm the aerogels' pH sensitivity. Anticancer
drug was replaced by a bromocresol red. Controlled dye release
study in 0.1 M HCl aquatic solution as well as in distilled water
were performed. The results were analogical which proves that
differences in substance release prole are correlated with the
degradation of the polymeric matrix in acidic pH. To determine
bioactivity of the chitosan aerogels a proliferation study was
performed. Cell culture was proceeded using L929 broblasts
cultured in DMEM medium supplemented and 1% antibiotic/
antimycotic solution with 10% fetal bovine. All tests were
carried out at 37 �C in 5% CO2. The humidity was 95%. Prolif-
eration investigation was performed for ve days applying
cultures of 95% viability. The cells viability was estimated by
trypan blue dye exclusion assay. Proliferation of broblasts was
determined by MTT assay. As a control a plastic plate was used.
In the Fig. 9 results of proliferation study are presented. None of
the samples were cytotoxic. All four samples had a positive
effect cells proliferation activity in comparison with reference
sample. The best results were observed for the aerogel prepared
from chitosan and L-aspartic acid which enhanced broblasts
proliferation by 43%. It can be caused by the fact that this
aerogel mimicked extracellular matrix in the best way due to its
chemical composition. Also L-aspartic acid-based aerogel had
the highest surface area which could provide best nutrients and
oxygen delivery and enabled cells anchorage. Similar results
were obtained for the aerogel of alike morphology prepared
from adipic acid which enhanced proliferation of the bro-
blasts by 38%. The weakest proliferation accelerating effect was
observed for the aerogel of the smallest pores diameter (aerogel
from levulinic acid). Pure chitosan is rich in free amino groups,
which can strongly interact with broblast by electrostatic
interactions thus limiting their proliferation activity. Chemical
modication of the biopolymer with amino acids caused the
signicant reduction of the number of –NH2 groups what could
enhance cells growth without changing its lack of cytotoxicity.

Conclusions

In summary we have developed a new, MW-assisted eco-friendly
method of biodegradable, pH sensitive chitosan aerogels
synthesis that may have various applications in medicine and
pharmacy. Novel biomaterials were obtained by a two-step
process comprising hydrogel obtainment under microwave
irradiation and its lyophilisation. As crosslinking agents non-
toxic substances were applied such as biotolerant acids and
propylene glycol. Application of various acids enabled obtain-
ment of the 3D structure with different size, shape and distri-
bution of formed pores. Ready aerogels were fully
biodegradable and of slightly different bioactivity. Biomaterials
had a positive impact on proliferation activity. In comparison
with 2D culture proliferation was enhanced up to 43%.
Chitosan-based biomaterials were investigated for their appli-
cation in controlled drug release system for anti-cancer drugs.
Their behaviour was analysed in environments of different pH
value and polarity. To explain the difference between release
32964 | RSC Adv., 2017, 7, 32960–32965
proles of active substance a chemical structure analysis of
polymer must be done. A chitosan unit contains one polar
primary hydroxyl group, one secondary hydroxyl group and one
oxygen atom in the ring. The units are coupled with glycosidic
bonds. Additionally, chitosan aerogels contain organic acids
which makes the polymer material highly polar. The weak
interactions between two phases, low ability to penetrate deep
into the material and adsorption properties of chitosan prevent
drug molecules leaving from aerogel material. Development of
aerogels synthesis method enabled obtainment of polymeric
matrixes with dedicated and programmed properties. Their
further modication will be a subject of the future research and
publications.
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