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Content Grafted on the Chitosan Backbone

DANIELA AILINCAI*
”Petru Poni” Institute of Macromolecular Chemistry, 41A Gr. Ghica Voda Alley,700487, lasi, Romania

Abstract. The study presents the synthesis and characterization of two series of hydrophilic chitosan
derivatives, based on imine or amine linkage through PEGylation. The impact of PEGylation on the
morphology and supramolecular architecture along with the wettability were studied. The obtained
results proved that PEGylation is an appropriate method for tuning chitosan’s hydrophilicity. Adding
to that, the properties of the derivatives can be designed according to the targeted application.
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1. Introduction

In the recent years, the researchers’ attention has been directed towards the exploitation of
polysaccharides, due to their extraordinary properties which recommend them for a large variety of
applications [1,2]. Among them, chitosan occupies a special place, being widely used in the design and
development of materials and biomaterials with advanced functions and applications [3,4], being
involved in each application field, from agriculture [5,6], waste water treatment [7,8], diapers industry
[9] to drug delivery [10-13], gene therapy [14] or bioengineering [15,16].

Chitosan presents not only versatile properties, but also important therapeutic characteristics, such
as: hypolipidemic and hypoglycemic effect, hemostatic, antimicrobial and antitumoral activity and
mucoadhesivity and that is why, when applications in medicine or human related healthcare are required,
chitosan represents one of the most suitable choices [17-19].

From the chemical point of view, chitosan is composed of randomly distributed B-(1-4)-D-
glucosamine and N-acetyl-D-glucosamine, being obtained by chitin deacetylation usually with sodium
hydroxide [20]. The presence in its structure of the primary amine units makes it versatile also in terms
of the chemical reactivity, chitosan representing a large workbench for the development of new classes
of materials.

Even though chitosan is largely used in biomedicine, its most important drawback is represented by
its poor wettability, being known that materials’ biocompatibility and in vivo compliance are related to
the water content [21]. In order to improve chitosan’s hydrophilicity, different methods were used,
among which PEGylation is the most commonly used and easily to be achieved. Different PEGylated
chitosan derivatives were reported in the literature, using chitosan and PEG with different molecular
weights (Table 1), in order to achieve appropriate characteristics for chitosan, adequate for
bioapplications. Usually, chitosan’s modifications with PEG side chains were achieved at the amine
group of chitosan, through amide linkages, but PEG-g-chitosan at the hydroxyl group from the primary
alcohol from chitosan was also reported [29].

Table 1. PEGylated chitosan derivatives: characteristics of chitosan and PEG

PEGylated chitosan derivative | Chitosan reactive group | MWepinsa (Da) | MWees (Da) | Ref.
. . 28000 1500 -
PEG-g-chitosan Amine 27 000 500 oy
750

. . 2000 [23]

PEG-g-chitozan Amine 11 000 5 000
PEG-g-chitosan Amine T0 000 3000 24]
PEG-g-chitosan Amine 400 000 2000 23]
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PEG-g-chitozzn Amine unknown 2000 2a]

. . 30000 —
PEG-gz-chitosan Amine {90 000 2000 [27]
PEG-g-chitozan Amine 3035 000 2000 28]
PEG-g-chitoszn Hydrooyl 400 000 2000 291

In this context, the present study reports the synthesis of two series of chitosan derivatives with
improved hydrophilicity by PEGylation through imine or amine linkages, which brings supplementary
advantages such as: increased biocompatibility, stealth behavior and prolonged blood circulation time
[30-32]. One series was obtained by the acid condensation reaction of chitosan’s amino groups with
PEG-monoaldehyde in different molar ratios of their functionalities, giving rise to imino-chitosan
derivatives with different PEG content. The second series was synthesized starting from the previous
series, by reductive amination, when amino-chitosan derivatives were obtained. The impact of the
PEGylation on the morphology, supramolecular architecturing and wettability was evaluated by SEM,
X-ray diffraction and water to air contact.

2. Materials and methods
2.1 Materials

Low molecular weight chitosan (217.74 kDa, DA: 85%), O-[2-(6-Oxocaproylamino)ethyl]-O’-
methylpolyethylene glycol 2000, sodium borohydride (NaBHa4), acetic acid and ethanol were purchased
from Sigma Aldrich and used as received.

2.2 The synthesis of PEGylated chitosan derivatives

Two series of PEGylated chitosan derivatives, 5 compounds each, were obtained by the acid
condensation between chitosan and PEG-aldehyde, by changing the molar ratios of their reactive groups
(amine and aldehyde) from 50/1 to 10/1 (Table 2). One series is based on reversible imine linkages (11-
I5 series), while the other one was obtained by the reductive amination reaction of the first one, with
sodium borohydride, which led to the obtaining of PEGylated chitosan derivatives based on amine
linkages (A1-A5 series) (Scheme 1).

2.2.1 The synthesis of the imino-PEGylated chitosan derivatives (11-15) was done by the following
experimental procedure: 60 mg of chitosan were dissolved in an acetic acid aqueous solution (21 puL.
acetic acid in 3 mL water). When chitosan’s dissolution was completed, the corresponding amount of
PEG monoaldehyde in ethanol, according to the table, was added, in order to obtain different PEG
content grafted on the chitosan backbone. After 3 h of magnetic stirring at 55°C, the reaction mixture
was cooled down at room temperature and freeze in liquid nitrogen and submitted to lyophilization.

2.2.2 The synthesis of the amino-PEGylated chitosan derivatives (A1-A5) was done following the
next experimental procedure: 60 mg of lyophilized 11-15 compounds were added into a solution of
NaBHg in ethanol, according to Table 1. The heterogeneous system was kept under magnetic stirring for
48 h. After the reaction time, the NaBH, solution was removed and the solid was washed three times
with pure ethanol.

Table 2. The composition of PEGylated chitosan’s derivatives

Mechitosan Vwater Vacetic acid Mpec | Vethanol | MNaBH4
Samples Sample code | (mg) D) | @ (mg) | mu) | (mg)
11 60 3 21 12 1.2 -
12 60 3 21 15.1 1.51
Imino-PEGylated chitosan | 13 60 3 21 20.2 | 2.02
14 60 3 21 30.3 | 3.03
15 60 3 21 60.6 | 6.06 -
Amino-PEGylated chitosan | Al 60 - - - 4.45 2.2
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A2 60 = = = 5.8 2.9
A3 60 = = = 7.6 3.8
A4 60 = = = 11.4 5.7
A5 60 = = = 22 11

2.3 Methods

Lyophilization. The PEGylated chitosan derivatives were obtained by freezing them in liquid
nitrogen, after which they were lyophilized using a LABCONCO Free Zone Freeze Dry System
equipment, in working conditions —54°C and 1.510 mbar, for 24 h.

ATR-FTIR spectra of the 11-15 and A1-A5 series were recorded using a FTIR Bruker Vertex 70
Spectrophotometer equipped with a ZnSe single reflection ATR accessory.

Wide angle X-ray diffraction (WAXD) was performed on a Bruker D8 Advance diffractometer at
36 kV and 30 mA, using Ni filtered Cu-Ka radiation (A =0.1541 nm). The diffractograms were recorded
in the 2-40 degrees range, at room temperature, on pellets obtained by pressing a certain amount of
sample using a hydraulic press (5 N/m?).

The investigations of the supramolecular architecture of the systems was realized by polarized
optical microscopy (POM), using a Leica DM 2500 microscope.

The morphology of the samples was evaluated with a field emission scanning electron microscope
(Scanning Electron Microscope SEM EDAX - Quanta 200) at accelerated electron energy of 10 eV.

The static contact angle for 11-15 series was measured using a CAM-200 instrument from KSV
Finland, by the sessile drop method, at room temperature and controlled humidity. The measurements
were performed in 10s after placing 1 uL drop of water on film surface and the contact angle was
measured by fitting the drop profile using the Young-Laplace equation [33]. The contact angle was
measured 5 times on different places of the surface, and after that the average value was calculated.

3. Results and discussions

The study presents the synthesis and characterization of two series of imino and amino-PEGylated
chitosan derivatives. The first series was obtained by the acid condensation of chitosan’s amine groups
with PEG monoaldehyde (coded 11-15), while the second series was obtained by the reductive amination
of the first one (coded A1-A5) (Scheme 1). The main idea was to improve chitosan’s hydrophilicity in
order to make it even more suitable for bioapplications and to establish a PEG content — hydrophilicity
relationship.
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Scheme 1. The synthesis of imino and amino-PEGylated chitosan derivatives
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3.1 The characterization of PEGylated chitosan derivatives
3.1.1 Structural characterization of imino and amino-PEGylated chitosan derivatives by FTIR

In order to validate the success of the acid condensation reaction between the amino groups of
chitosan and the aldehyde group of PEG-aldehyde, the FTIR spectra were recorded for all samples,
reagents and reaction products. As it could be observed, the FTIR spectrum of chitosan reveals that its
morphology is governed by intra and intermolecular hydrogen bonds which are reflected in the 2700-
3700 cm™ and 1200-1500 cm™ spectral regions (Figure 1a, b). Moreover, the chitosan FTIR spectrum
presented a sharp peak at 1635 cm™, corresponding to the secondary amide stretching. PEG-aldehyde
presented intense bands at 2882 cm™ and 1460 and 1340 cm™, corresponding to the C-H stretching and
bending respectively, while at 1724 cm™ appeared the vibration corresponding to the stretching of the
C=0 group. In comparison, in the spectra of the imine-PEGylated chitosan derivatives (11-15),
significant changes could be observed, consequence of the chemical and physical interactions
established between the two reagents. Firstly, in the fingerprint region appeared a new band at 1642
cm (Figure 1a), which corresponds to the group stretching vibrations of the newly formed imine
[34,35]. Moreover, the band which corresponds to the C=0 stretching vibration from PEG-aldehyde,
completely disappeared in the spectrum of the chitosan derivatives, indicating its complete consumption
in the condensation reaction with the amino groups of chitosan. On the other side, significant
modifications appeared between 3700-2700 cm™, indicating some morphological changes in chitosan,
due to the physical interactions with PEG chains. More precisely, the maximum in chitosan spectrum
which is attributed to the intramolecular hydrogen bond is shifted to higher wavenumbers in the spectra
of the PEGylated chitosan derivatives, indicating the formation of new hydrogen bonds, due to their
physical interaction [34-37].
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Figure 1. FTIR spectra of chitosan, PEG-aldehyde and some representative imino-PEGylated
chitosan derivatives (a) and amino-PEGylated chitosan derivatives (b), deconvoluted FTIR
spectrum of 11 derivative (c) and of Al derivative

Mater. Plast., 57 (4), 2020, 145-154 148 https://doi.org/10.37358/MP.20.4.5414


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

Moreover, amino-PEGylated chitosan derivatives (A1-AS) were also analyzed from the structural
point of view by FTIR spectroscopy, revealing the disappearance of the peak corresponding to the imine
group, due to its reduction in the reaction with sodium borohydride (Figure 1b). In order to confirm this
information, deconvolution of the FTIR spectra was performed. Therefore, after deconvolution, it was
observed that the peak from 1642 cm™in the imino derivatives spectra was formed from three individual
peaks, one of which corresponds to the imine (Figure 1c). In the spectra obtained after deconvolution,
for the amine-PEGylated derivatives, it was noticed that this peak disappeared, due to imine conversion
into amine (Figure 1d).

3.1.2 Structural characterization of imine-PEGylated chitosan derivatives by 'H-NMR

In order to confirm the FTIR data, NMR spectroscopy was used as a complementary method to
characterize the PEGylated chitosan derivatives from the structural point of view. For comparison, the
NMR spectrum of PEG-aldehyde was also recorded. Therefore, the NMR spectra of the 11-15 derivatives
presented the chemical shifts corresponding to H2-H6 protons from chitosan between 2.5 and 4.5 ppm
and the one from the N-acetyl-glucosamine unit at 2.1 ppm and the chemical shifts from PEG-aldehyde
between 2-3.5 ppm (Figure 2) [32, 35]. Beside these signals, in the NMR spectra of the chitosan
derivatives appeared a new peak at 8.26 ppm which corresponds to the imine proton [35, 38]. Moreover,
the NMR spectra confirmed the FTIR data according to which the PEG-aldehyde was completely
consumed in the condensation reaction by the absence of any signals above 8.3 ppm, considering that
the pick characteristic to the monoaldehyde unit from PEG-aldehyde appears at 9.6 ppm.
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Figure 2. NMR spectra of PEG-aldehyde and some
representative imino-PEGylated chitosan derivatives

3.1.3 The evaluation of the hydrolytic stability of the 11-15 derivatives in comparison with A1-A5
derivatives by TH-NMR

Being known that the imine linkage is reversible in water, the stability of the synthesized derivatives
was evaluated by recording their NMR spectra in deuterium oxide at time O after their dissolution and
after 2 and 24 hours. For comparison, the NMR spectra of the amino-PEGylated chitosan derivatives
were recorded in the same manner. As it could be observed in the NMR spectra of the imine derivatives,
the fresh dissolved samples displayed the peak corresponding to the chemical shift of the aldehyde
proton from PEG-monoaldehyde, indicating that, due to the presence of water molecules, the imine
formation equilibrium shifted to reagents (Figure 3a). Moreover, by recording the NMR spectra from
time to time, it could be observed that the signal which corresponds to the aldehyde protons increased,
while the one corresponding to the imine one decreased (Figure 3b). These data clearly indicated the
hydrolytic instability of the imine-PEGylated chitosan derivatives. The amino-PEGylated chitosan
derivatives were also evaluated for their hydrolytic stability, when it was observed that even after 24 h,
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the peak corresponding to the aldehyde proton didn’t appear in the NMR spectra, sign that the newly
formed derivatives were stable in water (Figure 3a).
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Figure 3. NMR spectra of 14 and A4 derivatives in DO at different moments after
dissolution (a) and variation of aldehyde/imine integrals ratio (b)

3.1.4 Supramolecular characterization by X-ray diffraction

Wide angle X-ray diffraction was used in order to characterize the I1-15 and A1-AS series from the
supramolecular point of view. For comparison, the chitosan’s diffractogram was also recorded. The
chitosan diffractogram showed the classical pattern of a semi crystalline polymer with a broad band
between 5 and 30 2 theta degrees with two maxima at 13.8 and 20 2 theta degrees attributed to organized
dehydrated clusters entrapped into an amorphous mass of hydrated chitosan (Figure 4a) [39]. In
comparison to this, the diffractograms of the imine-PEGylated chitosan derivatives presented some
changes in terms of reflections number and position. First, it could be observed the presence of new
reflections at 19 and 23 2 theta degrees, which indicate the presence of PEG side chains on chitosan
backbone [40]. Secondly but equally important is the shifting of the shoulder from chitosan
diffractogram, from 13.8 2 theta degrees to lower angles (12 2 theta degrees) and therefore, according
to Bragg’s law, to higher distances (Table 3). This may indicate that the presence of PEG side chains on
the chitosan backbone hinder their packing in clusters with higher degrees of ordering [41]. By
comparing the supramolecular arrangement of the imine-PEGylated chitosan derivatives to the one of
the amine-PEGylated chitosan derivatives, no changes were observed, the reflection number and
position remaining the same in the case of all samples (Figure 4a).

Table 3. X-ray data for chitosan and the obtained
PEGylated chitosan derivatives

Sample Reflexion (20) Distance (nm)
Chitosan 13.8 6.46

20 4.5

12.2 7.29
11-15& Al1-A5 19 4.73

23 3.94

By observing the samples under polarized light, a birefringent texture was observed, indicating a
certain degree of ordering of the samples, in agreement with the semicrystalline state demonstrated by
the X-ray data (Figure 4b) [42, 43].
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Figure 4. WXRD diffractograms (a) and POM images (b) of some representative imine
and amine-PEGylated chitosan derivatives

3.1.5 Morphological characterization by SEM

In order to evaluate the morphology of the samples, they were analyzed by scanning electron
microscopy. For comparison, chitosan was also analyzed by SEM and used as reference. As it could be
observed, compared to the chitosan sample, all the imino-PEGylated derivatives presented a porous
morphology, regardless the PEG content, attributed to the hydrogelling effect induced by the PEGylation
(Figure 5). Moreover, as expected, the same porous morphology was observed also for the amino-
PEGylated chitosan derivatives. The size of the pores depended mainly on the PEG content and not on
the presence of imine or amine linkages. As already mentioned in the materials and methods section, the
amino-PEG-ylated derivatives were obtained by the reductive amination in heterogeneous systems of
the imine-PEGylated ones. This could be the reason why, the morphology of the samples after reductive
amination, was kept unchanged. The size of the pore was micrometric in all cases, the samples 12 and
A2 having a mean diameter of 12 um, while the samples 14 and A4 had a mean diameter of 10 pm.

Chitosan

Figure 5. SEM images of some representative imine and amine PEGylated
Chitosan derivatives and of chitosan reference
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3.1.6 The contact angle of PEGylated chitosan derivatives

In order to evaluate the success of theoretical design according to which the wettability of the samples
is governed by the PEG content, their water to air contact angle was measured and compared with the
one of chitosan. Therefore, chitosan presents a water to air contact angle of 104 dgr, indicating a quite
hydrophobic surface, this value exceeding the one of 90 dgr, which is known as being the superior limit
of the moderate wettability domain (Figure 6) [41].

By grafting PEG side chains on the chitosan backbone, the wettability of the samples gradually
changed. Therefore, for the samples with lower PEG content (11-13), the water to air contact angle
remains quite high, around 93 dgr, while for the samples 14 and 15 the obtained values are much lower,
14 reaching the moderate wettability with a value of 85 dgr, while the 15 samples, presents the lower
value of water to air contact angle, of 56 dgr. All these data reveal that chitosan’s hydrophilicity can be
improved by PEGylation and even more important than that, it can be tuned by changing the mass ratio
between chitosan and PEG (Figure 6b).

s 120
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¥ 60 4 FRR chitosan, 11-15 series (a)
z s Oy and its variation with the
£ S 404 chitosan/PEG mass ratio
G 20 - 5 20 4 from chitosan derivatives.
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¢c 1 2 B M4 I5 1 2 3 4 5 as the mean of three
Sample Chitosan/PEG mass ratio individual measurements
a) b) +S.D

4. Conclusions

Ten chitosan derivatives based on imine or amine linkages were obtained by varying the molar ratio
between the amino and aldehyde reactive groups of the reagents. FTIR and NMR spectroscopy
demonstrated the forming of imine linkages or of the amine linkages, respectively. WXRD and POM
demonstrated that all chitosan derivatives presented a certain degree of ordering, but no packing of the
PEG side chains in ordered clusters was observed. All the samples presented porous morphology
regardless they were based on imine or amine linkages, as revealed by SEM. The obtained water to air
contact angle values for PEGylated chitosan derivatives showed an increasing trend as the content of the
PEG decreased, from 56 to 93 dgr, indicating PEGylation as an appropriate pathway to tune the
chitosan’s hydrophilicity.
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