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Abstract

The present paper focuses on the synthesis and characterization of new hydrogels and
drug delivery systems, designed for local therapy. The hydrogels were obtained by reacting
PEG-ylated chitosan derivatives with citral in different molar ratios of their functionalities. The
drug delivery systems were obtained by the in situ hydrogelation of PEG-ylated chitosan
derivatives with citral, in the presence of a hydrophilic anti-inflammatory drug, diclofenac
sodium salt. The hydrogels and the drug delivery systems were characterized from the
structural, supramolecular and morphological points of view by FTIR spectroscopy, wide angle
X-ray diffraction, polarized optical microscopy and scanning electron microscopy. The in vitro
release kinetics of the drug has been monitored in physiological conditions, while the in vivo
release was evaluated by the somatic pain model on rats. The in vitro enzymatic degradability
of the hydrogels was evaluated in the presence of lysozyme, leading to a significant mass loss
of 47 % in 21 days. All the findings, recommend the investigated materials as promising

candidates for local drug delivery applications.
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1. Introduction

Local drug delivery is a central field of biomedicine related research, whose
development promises breakthrough advances to human health [1,2]. Comprising a large
variety of systems and formulations, local drug delivery aims to transport pharmaceutical active
compounds at the desired site of action, creating the framework for its maximum therapeutic
effect, increasing its bioavailability and decreasing its side effects in the rest of the body [3,4].
The existence of plenty of drugs and drugs matrix, makes the field of drug delivery and local
drug delivery, a complex one in which continuous development and innovation are required [5-
7].

Among the large variety of drug delivery systems used in local therapy, hydrogels are
known as the superlative one, due to their physical peculiarities: porosity, similarity to tissues
due to their high-water content, biocompatibility, safety, ability to swell or shrink under certain
conditions and so on [8-10]. Beside the advantages mentioned above, the hydrogels based on
chitosan, have the plus of chitosan’s intrinsic therapeutic properties, and maybe more important,
their compositional and mechanical similarity to the extracellular matrix [11]. This is the reason
why, in the last years, plenty of studies developed and investigated biomaterials based on a

large variety of chitosan derivatives, such as chitosan-grafted-dihydrocaffeic acid [12- 1], N-
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carboxyethyl chitosan [13, 14 — 2, 7], carboxymethyl chitosan [15 - 4], quaternized chitosan
[16 - 6] or chitosan-graft-polyaniline [17- 3]. All these materials proved outstanding properties,
showing once more the high potential of chitosan to generate valuable biomaterials. Moreover,
due to the presence of the amino groups on chitosan backbone, this polymer represents a
workbench for the development of dynamic hydrogels, based on reversible imine linkages [18,
19]. By this, the structural and mechanical defects in the resulted hydrogels are minimized,
leading to materials which may respond uniformly in terms of oxygen permeability and drugs
diffusivity [20].

A large variety of hydrogels based on chitosan have been reported in the literature,
obtained by its physical or chemical crosslinking, the last one being achieved usually with
dialdehydes. Moreover, in the last years, in our group, was developed a new strategy of
crosslinking chitosan with biologically friendly monoaldehydes [21-26].

Among the hydrogels synthesized by us, the one based on chitosan and citral proved
excellent in vivo biocompatibility and thixotropic behavior, important characteristics for their
future bio-applications [26]. However, due to the fact that the crosslinking nodes of these
materials were highly hydrophobic clusters formed by hydrophobic-hydrophobic associations,
they presented poor ability to rehydrate after lyophilization. This aspect clearly limited its
potential of being used in cell growing or drug delivery applications.

With this in mind, we proposed the use of PEG-g-chitosan as precursors for the
obtaining of citryl-imine-chitosan hydrogels with improved properties. Poly(ethylene glycol),
is one of the few synthetic polymers which was approved by the FDA for being used in food,
cosmetics and pharmaceutical industry. In bio-related applications, the presence of PEG in
formulations or systems proved to bring important advantages, such as increased
biocompatibility, prolonged blood circulation and stealth behavior [27]. The chitosan PEG-
ylation was already used as a method to improve chitosan’s physicochemical and biological
properties or even to add new ones [28]. Moreover, PEG-ylated chitosan derivatives promoted
the obtaining of thermosensitive or bioadhesive hydrogels which were successfully used as
drugs or proteins delivery systems, even if the used crosslinkers were not completely
biologically friendly e.g. glutaraldehyde [29-31]. Therefore, we decided to synthesize PEG-
ylated chitosan derivatives by the acid condensation of chitosan with PEG-monoaldehyde in
two molar ratios of their functionalities. In this manner, two imino-PEG-ylated chitosan
derivatives with different hydrophilicity were formed. Due to the fact that the imine linkage is
known to be reversible in the presence of water molecules, the imino-PEG-ylated chitosan
derivatives should present dynamicity. If proved to be so, they will be subjected to reductive

amination, leading to amino-PEG-ylated chitosan derivatives which will be used as precursors
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for hydrogels and drug delivery systems obtaining by the reaction with citral, a biologically
friendly monoaldehyde. We considered that this approach will lead to materials with increased
hydrophilicity and improved properties in general, closer to the standards imposed for bio-
applications.
2. Rational design

The hydrogels design was thought out in order to fulfill the requirements for use as
matrix for drug release systems, such as biocompatibility, biodegradability, lack of toxicity and
proper swelling, which are mandatory for bioapplications. To this aim, the chitosan, well known
for its biodegradability, biocompatibility and lack of toxicity was firstly combined with PEG to
improve its hydrophilicity in physiological medium. Further, the hydrogelation was realized
with citral, a naturally originating aldehyde, which already proved ability to crosslink chitosan
by a supramolecular aggregation mechanism [26, 32]. Citral was chosen as an alternative to
traditional dialdehyde crosslinkers which over time proved a degree of toxicity limiting the
bioapplications [vezi referintele]. It is a biocompatible monoaldehyde extracted from lemon
essential oil, with a LD> 1000 mg / Kg body, which is rapidly metabolized and excreted [33].
It should be stressed that PEG is a synthetic polymer approved by the FDA in order to be used
in food and pharmaceutical industry, being already demonstrated its capacity to improve the
biocompatibility, the blood circulation time and stealth behavior, when used in biomaterials
[27].

2. Materials and methods

2.1 Materials

Citral (95%), chitosan (217.74 kDa, DA: 85%), O-[2-(6-Oxocaproylamino)ethyl]-O'-
methylpolyethylene glycol 2000, phosphate buffer (pH= 7.4), diclofenac sodium salt (DCF),
lysozyme (lyophilized powder, protein 90%, 40000 units/mg protein) and ethanol were
purchased from Aldrich and used without any previous treatments.

2.2 The synthesis of the imino- PEG-ylated chitosan derivatives (D samples) was done by
chitosan imination with PEG-aldehyde in two molar ratios of their functionalities 40 to 1 (D1)
and 50 to 1 (D2) (Scheme 1). The certain amounts of reagents are given in Table S1.

2.3 The synthesis of the amino- PEG- ylated chitosan derivatives (S samples) has been done by
the reductive amination in heterogeneous system with sodium borohydride in excess (10:1
molar ratio) of the D1 and D2 imines to give S1 and S2 amine derivatives (Scheme S1),
according to a procedure described in the literature [34].

2.4 Synthesis of the hydrogels (H1-H2.5 and H1*-H2.5* samples)



A series of 8 hydrogels was obtained via the acid condensation reaction of the free
amino groups of S1 and S2 derivatives with the aldehyde group of citral, in different molar
ratios of their functionalities (H series based on S1 derivative and H* series based on S2
derivative), according to an experimental procedure previously developed in our group [21-26]
(Scheme 1, Table S2). A reference sample, based on citryl-imine-chitosan (CC2) was also
synthesized according to a previously described protocol [26].

2.5 Synthesis of the drug delivery systems (H1.5D, H2.5D, H1.5*D, H2.5*D)

The hydrogels with the most appropriate properties were used for the encapsulation of
an anti-inflammatory drug — diclofenac sodium salt, forming four drug delivery systems
(H1.5D, H2.5D, H1.5*D, H2.5*D), all having the same amount of the encapsulated drug, but
differing between them through the crosslinking degree. In order to create the premises for a
homogenous encapsulation of DCF, the drug delivery systems were obtained by an in situ
hydrogelation procedure of the S1 and S2 derivatives in the presence of diclofenac, according

to a procedure already used in our group [35,36].
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Scheme 1. Synthesis of the hydrogels

2.4 Methods

Freeze-drying. The xerogels and the drug delivery systems were obtained by their
freezing in liquid nitrogen and further submission to freeze-drying of the corresponding
hydrogels using a LABCONCO Free Zone Freeze Dry System equipment, in working
conditions -54 °C and 1.510 mbar, for 24 hours.
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ATR-FTIR spectra of the drug delivery systems (H1.5D, H2.5D, H1.5*D, H2.5*D),
DCF drug and the hydrogels H1-H2.5 and H1*-H2.5* were recorded on the corresponding
xerogels on a FTIR Bruker Vertex 70 Spectrophotometer equipped with a ZnSe single
reflection ATR accessory. The measurements were performed between 4000—600 cm™ range,
with 32 scans and a resolution of 4 cm™. The overlapped bands from 1620-1480 cm™ region in
the FTIR spectrum of the drug delivery systems and of the blank xerogels were highlighted
with the second derivative of the original spectra. The bands were deconvoluted using a curve-
fitting assay, and the area of which peak was calculated with a 50% Lorentzian and 50 %
Gaussian function. The curve-fittings were performed with the OPUS 6.5 and OriginPro 8
software. The obtained errors were lower than 0.003.

Wide angle X-ray diffraction (WAXD) of the samples 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 supramolecular characterization 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 morphological observations were carried out on xerogel samples, both
for the hydrogels and formulations. The size of the pores and pore walls thickness was measured
using the Image J Software.

The monitoring of the in vitro release kinetics was performed in phosphate buffer
saline (PBS) (pH=7.4), at human body temperature, 37 °C. The obtained formulations (H1.5D,
H2.5D, H1.5*D, H2.5*D) were used in the in vitro release experiments, following the further
experimental procedure. Pieces of xerogels with a mass of 62 mg, containing 1.5 mg of DCF
drug were immersed into 10 mL of PBS. At different time intervals, 2 mL of supernatant were
withdrawn and replaced with new PBS, in order to keep the same volume and the same sink
conditions. The concentration of the removed supernatant was determined by UV-vis
spectroscopy, by measuring the absorbance of the characteristic absorption band of DCF at 275
nm and fitting on a calibration curve. The calibration curve was previously drawn by
determining the absorbance for solutions of DCF with well-known concentrations and by the
graphical representation of the absorbance as a function of concentration [37]. The cumulative
drug release was calculated using the following mathematical equation:

% DCF = [(10Cn + 2XCn-1)/mo]x100 Eq. 1

where Cn and Chn.1 represent the concentrations of the drug in the supernatant after n and
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n-1 withdrawing steps, respectively, and mo = 1.5 mg, corresponding to the amount of DCF
loaded in the samples. All the experiments were performed in triplicate and the values are given
as the mean value for three independent measurements. The absorbance of the released DCF
drug was measured using a Perkin EImer Lambda 35 UV-Vis spectrophotometer.

The invitro release data were analyzed by fitting the experimental data on the following
well-known mathematical models:
1) Zero order model: Q; = K, - t, where Qt is the amount of drug dissolved in the time t and Ko

is the zero-order release constant.

i) Higuchi model: Q; = Ky - t%, where Q is the amount of drug released in the time t and Kn
is the Higuchi dissolution constant.

iii) Hixson-Crowell model: W,""* — W;'/* = K - t, where Wy is the initial amount of drug in
the formulation, W is the remaining amount of drug in the formulation at time t and K is a

constant.

iv) Korsmeyer-Peppas model: ;:’—t = K - t™, where Mi/M., is the fraction of drug released at the

time t, K is the release rate constant and n is the release exponent.
v) First order model: logQ; = log Q, + K - t/2.303, where Qt is the amount of drug released
in the time t, Qo is the initial amount of drug and K is the first order release constant.

The in vitro enzymatic degradation of the blank xerogels has been monitored by
determining the mass loss of the xerogels in lysozyme buffer solution. With this aim, pieces of
the xerogel H2.5, with a mass of 10 mg were added to 10 mL of lysozyme solution 10 mg/L
and kept at 37°C [38]. The lysozyme solution was refreshed at every three days. At certain time
intervals the pieces were took out, washed with double distilled water to remove the salts and
submitted to analysis. A similar procedure was followed in order to evaluate the hydrolytic
degradation of the samples, only in PBS solution. The mass loss determination was calculated

using Equation 2 as follows:
Wipss = ——- 100 Eq. 2

where Wioss= the weight loss of the hydrogel

Wo= the initial weight of the xerogel

W= the weight of the xerogel at a predetermined moment

The investigations of the in vivo release kinetics were conducted on white Wistar rats
(of 190-200g each) provided by the Grigore T. Popa University bio-base. The animals were

kept in standard laboratory environmental conditions (with 12 hours/12 hours artificial periods



of light/darkness, a temperature of 22 £ 1°C and a relative humidity 55-65%). The rats were
randomly assigned into 7 groups:

Group 1 (C): — control without pellets;

Group 2 (Cp): - implant with sterile cotton pellets — control with pellets;

Group 3 (DCF): implant with cotton pellets impregnated with DCF solution — positive control
with diclofenac;

Group 4 (S1D): implant with pellets from S1 grinded with DCF;

Group 5 (S2D): implant with pellets from S2 grinded with DCF;

Group 6 (H1.5D): implant with H1.5D pellets;

Group 7 (H1.5*D): implant with H1.5*D pellets;

The rats received standard diet and water ad libitum, except during the time of the
studies. Before the experiment, the rats were positioned on a raised wire mesh, under a
transparent plastic cage and allowed, for two hours, to acclimate to the testing room. The sterile
cotton pellets and the investigated sample pellets were administered by subcutaneous
implantation. 12 hours before making the incision, the animals were food-deprived. The rats
were generally anaesthetized, by intraperitoneal injection of ketamine (50 mg/kg body weight)
and xylazine (10 mg/kg body weight), the dorsal region was shaved and antisepticised with
70% alcohol solution. A small incision was made in one dorsal area, the tested samples
(weighting 62 mg) were inserted and the cut was sutured using a non-absorbable surgical thread.
The pellets, similar as the foreign elements produced a local subacute inflammatory reaction.

The somatic pain testing was performed using tail flick assay (PanLAB Harvard
apparatus) in order to evaluate the tail’s thermal nocifensive behavioral reaction, when the
latency of nocifensive responses induced by thermal noxious tail stimulation was measured
[J.S. Mogil, Animal models of pain: progress and challenges, Nat. Rev. Neurosci. 10 (2009)
283-294]. The measurements based on the fact that DCF has analgesic effect, and its release
rate will induce a corresponding endurance effect to the pain. Using a standardized holder, the
rats were gently held, being positioned with the tail above the heat source. Tail withdrawal
latencies were recorded in response to thermal stimulus from a light beam concentrated on the
dorsal surface of the tail (2 cm from the tip) [39]. When the rat moves its tail, the light beam
initiates the photocell, disconnecting a switch, which turns off the radiant heat. The time taken
for the animal to flick the tail away from the thermal stimulus, signifying the latency time of
reactivity (seconds), was assessed [40,41].

The tail-withdrawal reactivity was measured before implantation (baseline) and 1 hour,

3 hours, 1 day, 3 days and 7 days after the pellets subcutaneous administration. The recorded



baseline latency was 4.3 + 0.2 seconds (mean + standard deviation — S.D. of mean). A cut-off
time of 12 seconds, was used to avoid the tail damage.

The discrepancies between the measured and baseline latencies are appreciated as an
index of antinociception. In this somatic pain model, the prolongation in the time for the rat to
move its tail is indicative of analgesia, while, the reduction in the tail-flick latency are
suggestive for hyperalgesia [40,42].

The latency data from tail withdrawal measurements were converted to per cent of

maximum possible effect (%0MPE) using the equation [43].

%MPE = [(measured latency-baseline latency)/(cut off time-baseline latency)] x 100 Eq.3

The in vivo biocompatibility of the implanted pellets was evaluated by assessing their
influence on some hematological, biochemical and immune parameters. 24 hours and 7 days
after the pellets administration, under general anesthesia, the blood was collected from the retro
orbital plexus and the following parameters were investigated: leukocyte formula
(polymorphonuclear neutrophils - PMN, lymphocytes - Ly, eosinophiles - E, monocytes - M,
basophils - B), the activity of liver enzymes (aspartate aminotransferase (AST), alanine
aminotransferase (ALT), lactate dehydrogenase (LDH)) and, phagocytic capacity of peripheral
neutrophils (NBT test) and serum complement activity [45]. The NBT test and the serum
complement activity are specific parameters of a battery test used to investigate the
immunologic effects of pharmacological active substances in laboratory animals [46,47].

The data were expressed as mean +/- standard deviation (S.D.) and processed using
SPSS version 17.0 for Windows 10, to estimate the differences between control groups and the
groups receiving the subcutaneous pellets, with or without diclofenac. The values of p
(probability) coefficient below 0.05 were considered to be statistically significant comparing
with those of the control group.

The protocol of the experiments and the surgical procedures were approved by the
University Committee for Research and Ethical Issues, according to the regulations of the IASP
Committee for Research and Ethical Issues, in compliance with the international guidelines,

regarding the handling of laboratory animals [48-50].

Results and discussions
New hydrogels with improved hydrophilicity were obtained by the acid condensation
of two amino-PEG-ylated chitosan derivatives with citral monoaldehyde, and were further used

as matrix for the encapsulation of an anti-inflammatory drug — diclofenac sodium salt (Scheme
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2). The amino-PEG-ylated chitosan derivatives were obtained by reductive amination of the
imino-PEG-ylated chitosan ones. Hydrogels based on chitosan and citral have already proved
in vivo biocompatibility on rats and were also successfully used as matrix for anticancer drug
delivery [26,35]. These systems presented important characteristics which made them suitable
for bioapplications, but their high hydrophobicity led to low performances when used in drug
delivery [36]. Therefore, we proposed the use of PEG-ylated chitosan as starting polymers for
the obtaining of citryl-imino-chitosan hydrogels with improved properties, closer to the

standards imposed for bioapplications.

Imination/
Transimination

PEG-ylated chitosan

H1.5D, H2.5D \ Citral
H1.5*D, H2.5*D
% DCF

Scheme 2. The obtaining of the drug delivery systems

3.1 Structural characterization by FTIR

FTIR spectroscopy was used in order to characterize the PEG-ylated chitosan
derivatives used as precursors and the hydrogels and drug delivery systems. For comparison,
the FTIR spectra of the pristine chitosan and of PEG-aldehyde were also recorded.

The successful obtaining of the PEG-ylated chitosan derivatives was confirmed by some
changes which occurred in the fingerprint region of the FTIR spectra. Therefore, the maximum

of the broad peak from 1635 cm™ in chitosan’s spectrum shifted at first to 1642 cm™ in the D1,
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D2 imino-chitosan derivatives (See Figure S1). Next, due to the imine reduction (S1, S2), the
maximum of this peak shifted to higher wavenumbers, at 1658 cm™, indicating the dominance
of the amide groups from PEG-aldehyde structure in the detriment of the imine ones, consumed
by reductive imination (See Figure S1). These data were observed even better by the
deconvolution of the peaks in discussion (See Figure S2). Further, the success of citral grafting
on PEG-ylated chitosan derivatives was demonstrated by the shifting of the maximum from
1658 cm™ to 1645 cm™ confirming the formation of new imine linkages between the amino
groups of S1 and S2 derivatives and citral [26, 35]. This new peak is quite broad and by its
deconvolution was observed that it is actually formed by the superposing of three individual
peaks as follows: at 1638 cm™ the stretching vibration of the amine group from chitosan, at
1645 cm* the one corresponding to the newly formed imine and at 1661 cm, which is actually
the amide group from PEG-aldehyde, which slightly shifted due to hydrogen bond formation.
(See Figure S3). As expected, the CH=N band appeared at quite high wavenumbers, in
agreement with the lower degree of conjugation of the imine linkage between two aliphatic
units, as previously reported [26, 50]. Moreover, simultaneously with this change which
indicated the formation of imine band, the stretching vibration of the CH=0 group from the
citral spectrum (1675 cm™Y) significantly diminished in intensity indicating its consumption
(Figure 1).

DCF
H1.5D
- H1.5
5
b S1
<
5
p= NH-CO
g Suleécs]émg !
= Citral
o

Y
4C=0 stretching
1675

v I d I d I v | v ] d !
1800 1600 1400 1200 1000 800 600
Wavenumber (cm_l)
Figure 1. FTIR spectra of some representative drug delivery systems and the blank hydrogels
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By comparing the FTIR data of the drug delivery systems with the ones of the blank
hydrogels, no band from the drug could be clearly observed. However, by the deconvolution of
the spectral region between 1620-1480 cm, a band which corresponds to the groups stretching
vibrations of the C=0 from DCF drug appeared, indicating its successful encapsulation (See
Figure S3).

3.2 Supramolecular characterization by WXRD

Wide angle X-ray diffraction was used in order to (i) determine the supramolecular
architecture of the PEG-ylated chitosan-based hydrogels and to (ii) evaluate the state of the
encapsulated drug into the formulations.

The PEG-ylated chitosan derivatives based either on imine or amine linkages maintain
in their supramolecular arrangement, the morphological peculiarities of both components:
chitosan and PEG presenting a broad band with two maxima from chitosan, at 12 and 21 dgr
and two maxima from PEG-aldehyde at 19.7 and 23.3 dgr (See Figure 4S) [51, 52].

The diffraction pattern of the hydrogels on the other side, changed in terms of peaks
shape and position, but remains similar to the previously reported ones for hydrogels based on
chitosan and monoaldehydes [21-26]. Therefore, the diffractograms indicated a layered
supramolecular architecture, due to the same hydrogelation mechanism, consisting in
hydrophilic-hydrophobic segregation, along with the formation of highly ordered hydrophobic
clusters between the imino-citryl moieties. This was evidenced by the new peak from 4.2 dgr,
which corresponds to a distance of 21 A (Figure 2) between the hydrophobic and hydrophilic
layers, similar to other cases previously reported by our group [15-20]. Concerning the other
reflections in the xerogels diffractograms, some changes could be also observed due to the
hydrogelation process, and also due to the PEG presence: (i) the peak from chitosan which
appeared at 20.1 dgr, became sharper, sign of the increased degree of ordering in the xerogels
(i) the peak from 13.5 dgr moved to smaller angles in the diffractograms of the xerogels (at
12.28 dgr), therefore to higher distances very probably because of the PEG side chains which
keep apart the chitosan chains within the same layer (iii) a new peak appeared at 8.5, 2 theta

dgr, possible attributable to PEG ordering among imino-chitosan chains.
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Figure 2. X-ray diffractograms of some representative drug delivery systems, blank hydrogels
and their components

Regarding the supramolecular arrangement of the drug delivery systems some notable
differences could be observed in comparison to the blank hydrogels. At first, it seems that the
drugs presence hindered somehow the hydrophobic hydrophilic segregation of the citryl-imino-
chitosan derivatives, fact evidenced by the almost disappearance of the reflection from the small
angles domain. Secondly but equally important, the matrix seams to prevent the crystallization
of the DCF drug, very probably due to the high viscosity of the system. As it could be observed,
no evident reflections characteristic to DCF could be observed in the diffractograms of the drug
delivery systems. This means that the drug is dispersed at sub-micrometric level in the hydrogel
matrix, due to the strong interactions established between them.

The high degree of ordering of the xerogels was confirmed by polarized optical
microscopy (POM). Therefore, in polarized light, all the samples presented birefringence
(Figure 3 and Figure 5S), which is similar to the one characteristic to the layered mesophase of
smectic liquid crystals [53,54]. Moreover, a slightly difference in terms of birefringence
intensity could be observed for the systems containing the drug and the ones without the drug.
Therefore, the drug delivery systems are less intensely colored than the blank hydrogels, sign
of their lower degree of ordering, finding which is in agreement with the X- ray data.

13



H15% | | H1.5%
Figure 3. Polarized optical microscopy images of some representative xerogels

3.3 Morphological characterization by SEM

The morphological investigations by SEM revealed quite important differences in the
microstructure of the xerogels, clearly because of the different PEG content. Therefore, the
xerogels based on the chitosan derivative which contains more PEG (H series), presented a
porous microstructure with fibrous aspect (Figure 4 and Figure 6S). On the other side, the
xerogels obtained using the chitosan derivative with less PEG, presented a clearer porous
morphology, but with smaller pores in comparison with chitosan based xerogels without PEG
[26,35]. The drug delivery systems on the other side, regardless the PEG content, exhibited a
porous morphology, with micrometric pores with thicker walls (walls thickness ~9-13 pm).
More than this, the aspect of the xerogels is more robust, indicating that the encapsulation of
the drug occurred mainly inside the pores walls. No micrometric drug crystals were observed
into the xerogel mass, confirming once more that the drug was encapsulated at sub-micrometric
level into the xerogels pores walls, as was demonstrated by POM and X-ray diffraction data.
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Figure 4. SEM microphotographs of some representative xerogels and drug delivery systems

3.4 Swelling behavior

The swelling ability of the xerogels was investigated by determining the mass
equilibrium swelling (MES) in two media with different pH: (i) phosphate buffer saline (PBS)
with a pH of 7.4, similar to the one of biological tissues; (ii) water with neutral pH (Figure 5).

In both media, the xerogels were able to rehydrate fast, forming hydrogels with high
water content in less than one minute. Moreover, the obtained values of the MES depended
mainly on the content of hydrophilic PEG from the chitosan-g-PEG derivatives. As expected,
the xerogels obtained using the S1 (the one which contains the higher amount of PEG)
derivative presented a higher ability of swelling and led to higher values for the MES parameter,
reaching a maximum of 120% in water and 54% in PBS in only 4 hours for H series and 6 hours
for the H* series. On the other side, the xerogels obtained using the S2 derivative presented
lower values of the MES in both water and PBS (100 and 46%, respectively) but still higher in
comparison with the ones obtained for hydrogels based on citryl-imino-chitosan (28 % and 7.5
%, respectively) [26]. This behavior can be explained if we take into consideration the influence
of PEG, a highly hydrophilic polymer known for its ability to swell and retain large amount of
water [55].
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Figure 5. Mass equilibrium swelling for the blank xerogels and a reference sample based on
citryl-imine chitosan xerogel (Apare CC2?, poate e bine sa il explicit (CC2 is the reference
hydrogel based on citryl-imino-chitosan)

3.5 In vitro drug release

The release kinetics profile was monitored in vitro in phosphate buffer saline with a pH
close to the physiological one (pH=7.4), at human body temperature (37 °C) for all samples.
The understudy drug delivery systems were able to release the encapsulated DCF drug with
different rates depending mainly on their ability to absorb water. Still, by analyzing the release
profiles of the samples, two release stages could be observed, well correlated with the swelling
behavior of the matrix. The hydrophilicity of the systems generates complex macromolecular
and supramolecular changes in the polymeric network under the influence of water molecules.
Therefore, the samples with higher PEG content (H1.5D and H2.5D), characterized by higher
mass equilibrium ratios and further higher hydrophilicity, due to their fast swelling (reaching
the MES in 4 hours), higher volume expansion and further elasticity of the network released
the encapsulated drug faster. On contrary, the samples with lower PEG content released the
DCF with a slower rate. Differences in terms of percentage cumulative drug release were also
noticed. After 7 days, the most hydrophilic sample, H2.5D, released almost the entire amount
of the encapsulated drug (~99.5%), while the less hydrophilic one, H1.5*D released only 91%.
These differences can be explained if we take into consideration the hydrophilicity, but also the
elasticity of the networks, under the influence of water, due to the different crosslinking degree.
Thus, the H1.5*D sample contains a lower amount of PEG and a higher amount of citral, which
led to a more compact and rigid network, with stronger and denser crosslinking nodes, which

will hinder the drugs diffusion. By comparing the DCF release data obtained in this cases with
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previously reported work, it could be observed a more obvious sustained release in our case,

the systems being able to release the encapsulated drug up to 168 hours [56-59].

Table 1. Cumulative % DCF release from chitosan based materials

System Cumulative Cumulative Cumulative Reference
DCF release at | DCF release at | DCF release at
4 hours 8 hours 24 hours
Citryl-imine-PEG-ylated chitosan 23.3% 30.59 % 39.59 % This
hydrogels study
Xylan/chitosan complexes based >95 % >095% >05% 56
hydrogels
Nitrosalicyl-imine-chitosan ~20% ~25% ~ 40% 36
hydrogels
Alginate Microspheres
encapsulated in chitosan ~38% ~55% ~80% 57
hydrogels
Chitosan-N-isopropylacrylamide >40 % >50 % >50% 58
hydrogels
Chitosan-g-poly (acrylic
acid)/attapulgite/sodium alginate >90 % >90 % > 95% 59
composite hydrogel

Moreover, even if a burst effect was observed, the cumulative % drug release at 4 hours
being ~ 23%, in other systems the burst effect is significantly higher, the cumulative % drug
release reaching even values of 95% [55]. However, the drug release profiles, regardless the
samples content, are characteristic to the systems with sustained release, with a burst effect in
the first 4 hours, when a shock dose is necessary, followed by a quite large interval in which
the therapeutic dose is kept constant (up to 7 days) [57]. Therefore, it can be concluded that the
citryl-imine-PEG-ylated chitosan hydrogels are adequate for both acute pain treatment (due to
the burst release effect) but also to the rheumatic chronic pain, due to their ability to release the
encapsulated DCF up to 168 hours. This is definitely attributed to the strong physical
interactions (especially hydrogen bonds) which can be established between the DCF drug and

the imino-PEG-ylated chitosan hydrogels.
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Figure 6. Drug release kinetics for the drug delivery systems (a) for 7 days and (b) for 8 hours
3.6 The analysis of drug release kinetics

Diclofenac sodium salt is a hydrophilic drug, whose release from any formulation may
be governed by multiple factors, such as diffusion, solubility, matrix swelling or even erosion
[48]. Moreover, due to the intrinsic chemical structure of the DCF, containing two chlorine
atoms, one esteric group and one nitrogen atom is possible to create the ground for the
development of physical interactions with the PEG-ylated chitosan matrix, which will also
influence the release mechanism [60].

Therefore, aiming to elucidate and to draw a scenario regarding the mechanism of DCF
release from the imino-PEG-ylated chitosan matrix, the in vitro release data were fitted to
different mathematical models: Zero Order, First order, Korsmeyer-Peppas, Higuchi and
Hixson-Crowell. The mathematical models were applied on the both stages (i) from 30 min to
4 hours and (ii) from 8 hours to 96 hours (Table 2,3).

In the first release stage, the straight line obtained in the case of the zero order model,
with high values of the correlation coefficient (0.98-0.99) proves that the release of the DCF
from the xerogels occurs with constant rate, fact which may increase the bioavailability of the
drug and also may prolong its pharmaceutical action [50]. The differences in terms of ko
constant values show the slight influence of the hydrophilicity of the matrix on the drug release
rate. Moreover, the good fitting of the zero order model on the kinetic data revealed the
importance of DCF dissolution on the release process from the citryl-imino-PEG-ylated
chitosan xerogels [61].

The good fitting of the first order model, (correlation coefficient: 0.97-0.99), showed
the significant influence of the amount of DCF encapsulated on the amount of DCF released
[62,63].
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The Higuchi model, on the other side, fitted quite well (R?=0.98 for the xerogels based
on S1 derivative and R?=0.94 for the xerogels based on S2 derivative), showing that the DCF
release from the matrix is also controlled by the diffusion through the xerogel matrix. Beside
this, the fitting of the Hixson Crowell model with high values of the correlation coefficient
(0.99-0.97) indicated the prevalence of the DCF dissolution on its diffusion. In order to have
information regarding the type of diffusion, the Korsmeyer-Peppas model was used. The n,
values which are higher than 1, for all samples indicated a nonFickian supercase of transport 2,

characteristic to the systems in which the erosion of the matrix plays an important role [61].

Table 2. The data obtained by fitting the kinetic data on different mathematic models
for the first stage (1-4 h)

Zero First Higuchi Hixson- Korsmeyer-
Code order Order model Crowell Peppas
R? Ko R? K R? Ku R? K R? k n;

H25D | 099 | 125 | 0.99 | 0.172 | 0.97 33.77 0.99 -0.24 0.99 | 1.049 | 1.055
Hi5D | 099 | 891 | 099 | 0.108 | 0.98 241 0.99 -0.15 0.99 | 0.817 | 1.26
H25* | 098 | 7.11 | 0.97 | 0.082 | 0.94 19.03 0.97 -0.12 098 | 0.76 1.09

D
H15* | 098 | 645 | 0.97 | 0.073 | 0.93 17.17 0.97 -0.1 0.99 | 0.58 1.28

D

Rz correlation coefficient; K: proportionality constant; n: release exponent

In the second stage of the process, the fitting of the in vitro kinetic data on the same
mathematic models show high correlation coefficient values for Zero Order, Higuchi, Hixson
Crowell and Korsmeyer Peppas models. This revealed that the mechanism of release is not
significantly affected in time. Though, a big difference in the values of the n, parameter from
the Korsmeyer Peppas model was observed indicating changes in the drug diffusion
mechanism, from nonFickian supercase 2 in the first stage (n>1) to quasi Fickian in the second
one (n<0.45) [63,64]. Differences in the values of the proportionality constants in the two
different stages were also observed, in all cases the k values being much higher in the first stage,
in comparison to the stage 2.

This being said, it can be concluded that the release of the DCF drug from the citryl-
imino-PEG-ylated chitosan xerogels is a complex process, governed by both drug and matrix
peculiarities through different but equally important factors: i) drugs dissolution, ii) drug

diffusion, iii) matrix swelling, iv) matrix erosion.
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Table 3. The data obtained by fitting the kinetic data on different mathematic models for the
second stage (8-72 h)

Zero First Higuchi Hixson- Korsmeyer-
Code order Order model Crowell Peppas
R? Ko R? K R? Kx R? K R? k n;

H25D | 097 | 0.36 | 0.89 | 0.037 0.99 4.72 0.96 -0.02 098 | 166 | 0.162
His5D | 097 | 055 | 0.89 | 0.025 0.98 7.13 0.94 -0.02 0.97 | 1.345 | 0.307
H25* | 098 | 0.6 | 097 | 0.02 0.99 7.73 0.98 -0.02 099 | 121 0.36

D
H1.5* | 0.99 | 0.67 | 0.95 | 0.018 0.98 8.48 0.99 -0.02 0.96 | 1.05 0.43

D

Rz correlation coefficient; K: proportionality constant; n: release exponent

3.7 In vitro enzymatic degradation

Enzymatic biodegradability is an important requirement for a material used for in vivo
bioapplications, especially in drug delivery. That is why, the enzymatic degradation of some
representative citryl-imino-chitosan xerogels has been investigated in the presence of lysozyme.
The experiments were carried out at physiological pH, at human body temperature, 37 °C in
order to mimic the biological environment [64]. The enzymatic degradation was monitored
quantitatively and qualitatively by determining the mass loss and also the morphological
changes by SEM. By comparing the mass loss of the H2.5D drug delivery system with the one
of the blank xerogel H2.5, no significant changes could be observed, indicating that DCF
encapsulation doesn’t influence in a significant manner the matrix erosion [36]. Very
interesting, despite the fact that the mechanism of lysozyme action involves the presence of two
N-acetyl sites [36, 65], very high values of the mass loss were obtained (a maximum of 46%
after 21 days was achieved), much higher than the one expected for a chitosan with such a low
N-acetylation degree as the one used in this study. Therefore, it could be concluded that the
matrix suffers also hydrolytic erosion, not only the cleavage of the C-O-C linkages between
two N-acetylated glucosamine units caused by lysozyme presence. In order to evaluate the
extent of the hydrolytic erosion of the xerogel, the degradation was also monitored in the
absence of lysozyme, only in PBS solution [35,36]. Much lower values for the mass loss were
obtained in this case, reaching a maximum of 24.7% after 5 days (in comparison with 32.6% in
the presence of lysosyme), after which no further mass loss occurred. Though, even if the
hydrolytic degradation didn’t reach the extent of the enzymatic one, it reached high values in
comparison to other systems previously studied in our group [35,36]. This can be easily
explained if we take into consideration the increased hydrophilicity of these systems, due to the
PEG’s presence.

The SEM microphotographs of the samples which suffered enzymatic degradation

showed ruptures in the xerogels pores walls even after 24 hours (Figure 7 b). Later, after 3 or
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more days, the morphology was affected even more, the pore walls becoming tattered, leading
to the complete loss of the pristine morphology (Figure 7 c, d).

Therefore, the understudy systems are easily bio-erodible, a major requirement for in
vivo bio-applications in drug delivery and not only. Moreover, the systems are versatile from
this point of view, the rate of erosion being quite controllable and influenced in a major manner

by the hydrophilicity and therefore, crosslinking degree.
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Figure 7. Graphical representation of the mass loss versus time (a) and some representative
SEM images at different time intervals 1 day (b), 3 days (c), 21 days (d)

3.8 In vivo biocompatibility evaluation

The in vivo biocompatibility of the drug delivery systems (H1.5D; H1.5*D) and of the
blank samples (S1D and S2D which represent physical mixtures of the two PEG-ylated chitosan
derivatives S1 and S2 with DCF drug) was monitored by evaluating their influence on some
hematological, biochemical and immune systems parameters. At 24 hours and 7 days after
administration, were investigated: leukocyte formula (polymorphonuclear neutrophils - PMN,
lymphocytes - Ly, eosinophils - E, monocytes - M, basophils - B), aspartate aminotransferase

21



(AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), phagocytic capacity of
peripheral neutrophils (NBT test) and serum complement activity [44]. Control samples were
used as follows: positive control samples which were cotton pellets impregnated with saline
solution (Cp) or diclofenac (DCF) and negative control samples which were treated only with
saline solution (C).

By comparing the leukocyte formula of the rats which were treated with sterile cotton
pellets (Cp) to the one of the control group without implant (C), it could be observed that the
white blood cell differential counts exhibited an important percentage increase of the PMN
(**p<0.01), M (**p<0.01) and B (**p<0.01) parameters, while the lymphocyte (**p<0.01)
percentage decreased, indicating an inflammatory process.

The subcutaneous administration of pellets impregnated with DCF (DCF), on the other
side, was associated with the substantial decrease of the peripheral PMN (#p<0.05), M
(#4p<0.01), B (##p<0.01) percentages and an increase of the Ly (#p<0.05) percent, statistically
significant compared to the control group with implant, after 24 hours during the experiment.

In animals from the groups 4 and 5 (S1D; S2D), which received pellets obtained by
simply mixing the PEG-ylated chitosan derivatives with DCF, the blood tests showed a
diminution in the percentage of PMN (#p<0.05), M (#4p<0.01) and a rise in the percentage of
Ly (#p<0.05), statistically significant 7 days after the subcutaneous implantation of the
understudy compounds. These effects on the white blood cells were less accentuated than the
one of the DCF group. The use of the pellets in groups 6 and 7 (H1.5D; H1.5*D) resulted in a
decrease of the PMN (#p<0.05) and of the M (#p<0.05) percent and an increase of the Ly
(#p<0.05) percent, statistically significant compared to the control group with implant (Cp),
only at 7 days after the substances administration. Their influence on the serum percentage of
these blood cells was less intense than of the group with pellets impregnated with DCF in the
experiment. The effects of the tested substances on the elements of the leukocyte formula were
in a descending order as follows: DCF > H1.5D > H1.5*D > S1D > S2D.
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Figure 8. The modifications of the differential white cell count after subcutaneous
implantation of the pellets. Values were presented as mean +/- S.D. for 6 animals in a group.
*p<0.05, **p<0.01 (vs control), #p<0.05, +4p<0.01 (vs control pellets)
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Figure 9. The modifications of the liver enzymes activity after subcutaneous implantation of
the pellets. Values were presented as mean +/- S.D. for 6 animals in a group.

No considerable differences in the ALT and AST activity between the groups 3, 4, 5, 6,
7 and the control groups with or without pellets have been revealed, after 24 hours, nor after 7
days in the experiment.

Biochemical analysis hadn’t shown any substantial variations in the plasmatic level of
LDH, in rats from the groups 3, 4, 5, 6, 7 and the control group without implant, as well as the
control group with cotton pellets, at both moments of the determinations.
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Figure 10. The modifications of some immune parameters after subcutaneous implantation of
the pellets in rats. Values were presented as mean +/- S.D. for 6 animals in a group. *p<0.05,
(vs control), #p<0.05 (vs control pellets)

In the group treated with sterile cotton pellets, a statistically significant increase of
phagocytic capacity of peripheral blood PMN (*p<0.05) and a decrease in the serum
complement activity (*p<0.05), compared to the rats without granuloma was noted after 24
hours, as well as after 7 days. These changes were in agreement with the literature
communicated data, being explained by the immune modifications induced after the

development of the local subacute inflammatory reaction [66].
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The subcutaneous administration of pellets impregnated with DCF was accompanied by
a considerable (#p<0.05) diminution in the phagocytic capacity of peripheral blood PMN,
compared to the control group with pellets after 24 hours and 7 days in the experiment.

In the groups 4, 5, 6, 7 an important reduction in the phagocytic capacity of peripheral
blood PMN was observed, at 7 days after the samples’ administration. There were no important
variations in the activity of serum complement between groups 3, 4, 5, 6,7 and the control group
without implant during the experiment.

Therefore, by analyzing all these data it can be concluded that the used matrices for the
DCF drug do not induce a supplementary toxicity than the drug itself on rats. Moreover, by
comparing the samples one to each other, it can be observed that there are no significant
differences in terms of their effect on the blood and liver parameters, all of them being safely

to be used for bio-applications.

3.9 Evaluation of the nociceptive reactivity

The evaluation of the nociceptive reactivity was evaluated by the tail flick assay which
consists in the evaluation of the tail withdrawal latencies in rats, after the administration of
analgesic drugs. Besides the fact that DCF is a well-known anti-inflammatory drug, its
analgesic effect was also demonstrated, being largely used in the treatment of acute or chronic
pain and inflammation and also used as a reference when new analgesics are evaluated [67, 68].

The implantation of the sterile cotton pellets (Cp) was associated with a slight
diminution of the tail withdrawal latency, suggesting a tendency for hyperalgesic reactivity, but
statistically non-significant compared to control group without pellets (C).

The treatment with pellets impregnated with DCF determined a rapidly and statistically
significant (**p<0.01) increase of the latency response, effect prolonged 3 hours (**p<0.01)
after the subcutaneous implantation, and an abruptly decrease thereafter.

The subcutaneous administration of the hydrogels pellets was accompanied by a
substantial increase in the latency time reactivity, beginning 1 day (**p<0.01) after the
implantation and running for around 3 days (**p<0.01) in tail flick test in rats. The most intense
effects were noted in animals from group 6 (H1.5D). The influence of the tested formulations
on the somatic nociceptive sensitivity was in the descending order the following: DCF > H1.5D
> H1.5*D > S1D > S2D.
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Figure 11. The tail withdrawal latency as a response to thermal noxious stimulation in tail
flick test in rats. Each point is the mean + S.D. of latency time (seconds) for six animals in a
group. ** p< 0.01 vs control.
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Figure 12. Time course of the maximum possible effect (%MPE) of implanted pellets in tail flick
test in rats. Each point is the mean £ S.D. of percentage of maximum possible effect (%MPE) for six
animals in a group.

The treatment with pellets impregnated with DCF determined an increase in %MPE in
the tail flick test, statistically significant in the first 3 hours, with the peak effect detected 1 hour
(46.2 %MPE) after their implantation. In the interval between 1 day and 3 days, the use of
hydrogels pellets, significantly increased the response latency, the %MPE of group 6 (H1.5D)
being more accentuated than of the other groups in all moments of determination, after 3 hours
in the tail flick assay.

The in vivo tests on rats demonstrated that the hydrogels used as DCF delivery systems
present the tremendous advantage of being able to produce an in vivo sustained release of the
active principle, generating a prolonged effect in the tail flick test in rats, up to several days.
The PEG-ylated chitosan derivatives used as reference samples, being more hydrophilic,
released the anti-inflammatory drug much faster in vivo, data which are in agreement with the

faster release rate of these samples from the in vitro release kinetics.
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4. Conclusions

The present paper reports the synthesis of new hydrogels and drug delivery systems
based on PEG-ylated chitosan derivatives and citral, as promising materials for local therapy
applications. The hydrogels were obtained by the acid condensation reaction of the amino
groups of two PEG-ylated chitosan derivatives and the aldehyde groups of citral, while the drug
delivery systems were synthesized by an in situ hydrogelation procedure of the same PEG-
ylated chitosan derivatives, in the presence of the DCF drug.

This synthetic procedure of the drug delivery systems led to xerogels in which the drug
was dispersed at submicrometric level into the xerogels pores walls as demonstrated by SEM
and POM, being anchored by physical interactions and leading by this to a sustained release of
the encapsulated drug. The drug release profile of the samples is characteristic to systems with
sustained release, with a burst effect in the first 4 hours, when a shock dose is necessary,
followed by a quite large interval in which the therapeutic dose is kept constant (up to 7 days).
The in vivo release profile, monitored on rats revealed that the understudy materials present
antinociceptive effect for more than 3 days, in comparison to the systemic administration for
which the therapeutic effect lasted less than 24 hours. The citryl-imine-PEG-ylated chitosan
hydrogels were biologically friendly and biodegradable in the presence of lysozyme, an
important enzyme found in the human body.

All the evidences from this study point towards the idea that the use of PEG-ylated
chitosan derivatives as precursors for the obtaining of hydrogels seems to be a reliable method
for the preparation of biocompatible materials, which meet the requirements imposed by bio-

applications and with real chances to pass the gap between fundamental to practical research.
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