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Introduction

Background: Due to increasing prevalence of ocular trauma, more and more patients
need to have their affected orbit, orbital adnexa, and periorbital area restored, which
results in an increasing demand for implant materials. It is important for these materials
to contain antimicrobial and antitumor drugs in order to prevent inflammation and
recurrent inflammation around the implant before and after tumor removal.

Purpose: To study the dynamics of depositing and diffusion of drugs (chlorhexidine,
S-fluorouracil and doxorubicin) in hydrogel implants with different hydrogel crosslinking
densities.

Material and Methods: Pharmaceuticals: 2.0% chlorhexidine digluconate,; 5-fluorouracil
(Ebewe Pharma, Unterach, Austria) infusion solution concentrate, 50 mg/ml; and
doxorubicin (Ebewe), 2 mg/ml.

Results: The time required for the drug concentration to reach the minimum therapeutic
level was as small as several minutes for the low-density cross-linked hydrogel, whereas
the diffusion lag time for the high-density cross-linked hydrogel was as large as several
hours. The latter hydrogel was found to have a higher capacity for deposition of
chlorhexidine digluconate and 5-fluorouracil, and is reasonable to be utilized in implants
with a prolonged antibacterial effect, whereas the former hydrogel is reasonable to be
utilized for a fast-release bolus antiseptic delivery. In in vitro experiments, the low-
density cross-linked hydrogel hydrogel provided a 3-4-fold greater drug concentration
in the environment, and allowed for a smoother and more prolonged drug release profile
compared to the high-density cross-linked hydrogel hydrogel.

Conclusion: Such a capacity for prolonged drug release will promote application of
hybrid hydrogel implants for depositing anti-cancer drugs and maintaining effective
concentrations of the latter at pathology focus.

Craniofacial injuries represent 29% of all trauma
cases [1, 2], and are primarily caused by anthropogenic
and criminal-related ocular and orbital trauma. In this
connection, more and more patients need to have their
affected orbit, orbital adnexa, and periorbital area restored
[3, 4], in particular, after surgery for eye cancer.

Surgeons are not always satisfied with using biological
tissue as a ductile material, and legal requirements
for harvesting of donor material have been made
increasingly stronger. The development of synthetic

polymer materials for restoration the structures that have
suffered anatomical and/or functional damage is therefore
of primary importance. Previously, our experimental in
vivo study [5] has demonstrated high biocompatibility
and no resorption for our highly porous polyvinyl formal
composite material, as well as ingrowth of adjacent tissue
into implanted constructs. These findings showed that this
was a promising material requiring further research aimed
at an improvement in its performance.

© Samchenko Iu.M., Maletskiy A.P., Bigun N.M., Dolynskyy G.A., Kernosenko L.O., Pasmurtseva N.O., Poltoratska T.P., Mamyshev LIe., 2020

53



ISSN 0030-0675. Journal of Ophthalmology (Ukraine) - 2020 - Number 3 (494)

It is important for implanted materials to contain
antimicrobial and antitumor drugs in order to prevent
inflammation and recurrent inflammation around the
implant after tumor removal. The hydrogels under study
are hydrophilic cross-linked polymers able to absorb large
amounts of water and they are soft, flexible, mechanically
robust and biocompatible [6]. Because their hydrophilic,
soft, porous and elastic physical characteristics are more
advantageous than those of other synthetic biomaterials,
and are especially suitable for human tissue, they have
been used for decades for manufacturing soft contact lenses
[7], delivery systems for targeted delivery and prolonged
release of drugs [8-11], biosensors [12], burn dressings
and hemorrhage dressings [13], tissue engineering and
plastic surgery materials [14], etc.

Given the potential of the proposed hydrogels for
use in manufacturing the implants capable of depositing
antimicrobial and antitumor drugs, it seemed reasonable to
assess diffusion characteristics of hydrogels with different
porosities and with chlorhexidine, 5-fluorouracil and
doxorubicin immobilized on their surface.

Material and Methods

Studies were conducted at the Department for
Functional Hydrogels, Ovcharenko Institute of Biocoloid
Chemistry, NAMS of Ukraine, with the use of the
following substances and materials:

Hydrogel synthesis reagents: linear polyvinyl alcohol
(PVA; 98 %; AppliChem GmbH, Darmstadt, Germany;
72 kDa), formaldehyde (37%; LAB-SCAN); concentrated
sulfuric acid; Triton X-100 (AppliChem GmbH); acrylic
acid (99%; Synbias); ammonium persulfate (98%;Thermo
Fisher); N, N'-Methylene bisacrylamide (Merck) were
used without additional purification.

The hydrogel implant is shown in Fig. 1.

Pharmaceuticals: OsteohexTM (2.0% chlorhexidine
digluconate); S-fluorouracil (Ebewe Pharma, Unterach,
Austria) infusion solution concentrate, 50 mg/ml; and
doxorubicin (Ebewe), 2 mg/ml.

The details of polyvinyl formal synthesis have been
published previously [15].

Hydrogels with different densities were obtained by
varying PVA content in the blend. The PVA content in
low-density cross-linked hydrogel and high-density cross-
linked hydrogel was 7.1wt% and 8.0 wt%, respectively.

In order to fabricate a hybride hydrogel from previously
synthesized polyvinyl formal and acrylic acid, 0.6 g of the
high-density cross-linked hydrogel was put in a 10-mL
syringe, and impregnated with fluid composed of 0.6 ml
of acrylic acid, 0.2 ml of N, N'-Methylene bisacrylamide,
and 5.25 ml of ammonium persulfate (40% w/v) (Table 1).
After impregnation, 4.5 ml of fluid was squeezed, and the
obtained composite was put into the drying cabinet for 60
minutes at 40°C.

Fourier-transform infrared spectroscopy (FTIR)
spectra were collected with a Perkin-Elmer spectrum BX
FT-IR system (Perkin-Elmer Corporation, Beaconsfield,

Bucks, UK). Spectra were registered from 4000 to 550
cm—1 at 2cm—1 resolution using total internal reflection
spectroscopy. Eight scans were averaged per spectral
replicate to avoid accidental artifacts.

Porosity of samples was determined gravimetrically
using Eq. 1.

where

P is overall porosity [%]; V is dry sample volume; and
p is density of the used material [16].

An optical microscope SIGETA MB 140 LED Mono
(Ukraine) was used to determine pore size in transmitted,
reflected and mixed light. Microscopic images and
statistics were analyzed using Toup View 3.5 sotware.

Photographs taken with the JSM-6060 LA (JEOL,
Japan) scanning electron microscope were analyzed to
obtain detailed information on the structure of the polymer
pore space. Polymer samples were lyophilized in a freeze
dryer (UZV-10; Kharkiv, Ukraine), affixed to standard
holders using double-sided conductive tape, and coated
with a thin layer (25 nm) of Au/Pd alloy using a Gatan 682
Precision Etching and Coating System (PECS) (Gatan,
USA).

Kinetics of swelling of hydrogel samples was studied
at 25 °C in distilled water and physiologic saline (0.9%
sodium chloride). The degree of swelling (Q) for samples
weighting 23.8-27.0 mg was determined gravimetrically
using the formula as follows:

Q =(m —-m,)/m, 2)

where

Q, is the degree of swelling, m, is the wet mass of the
gel at time t and m is the dry mass of the gel [17].

Drug diffusion in hydrogels was studied as follows.
Dry hydrogel samples shaped as cylinders of 12 mm in
diameter and 5-8 mm in height (the height varied from 5
to 8 mm depending on hydrogel content) were immersed
in aqueous solutions of various pharmaceuticals (2.0%
chlorhexidine digluconate in water for injections; 0.5%
5-fluorouracil in water for injections; 0.02% doxorubicin
in 0.9% sodium chloride) at 25 °C for 18 hours. The
mass of the deposited substance was calculated taking in
account changes in hydrogel concentration. Excess fluid
was squeezed from the swollen sample, and thereafter, the
sample was weighted and put in a vial containing 20 ml of
physiological saline. Drug diffusion was assessed by UV
spectroscopy using the Spectrophotometer / Fluorometer
System DS-11 FX+ (DeNovix, USA) at 25°C at spaced
time points within a day and with intermittent agitation.
Reactant concentrations were determined based on the
absorption peaks of chlorhexidine digluconate at 255 nm,
5-fluorouracil at 268 nm, and doxorubicin at 480 nm.
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Results and Discussion

Infrared (IR) spectroscopy

Functional groups of porous matrices of polyvinyl
formal were characterized based on the obtained IR spectra
(Fig. 2). Absorption bands in the range of 3362 — 3382
cm-1 with wide and intensive peaks may be attributed
to stretching vibrations of hydroxyl groups. Widening of
these absorption bands is explained by hydrogen bonds
of OH- groups. Absorption bands at 1007 cm-1 in the
spectrum of porous matrix of polyvinyl formal may be
attributed to stretching vibrations of the hydroxyl group C
OH from primary alcohols.

Porous structure of hydrogels

Porosities of the high-density cross-linked hydrogel
and low-density cross-linked hydrogel were 91.8%, and
95.0%, respectively, according to calculations based on
formula (1). The calculated porosity of (poly) acrylic acid
hydrogel composite was 85.9%.

From optical microscopic evidence and electron
microscopy evidence, the obtained hydrogels had a
heterogeneous multilevel porous structure. That is, highest-
level pores resulted also from coalescence of pore structures
with a size that was two orders of magnitude lower.

According to our calculations, the highest-level pores
had a size of 120-180 um for the high-density cross-linked
hydrogel and 460-670 um for the low-density cross-linked
hydrogel (Fig. 3B).

The pore size in hybrid acrylic acid hydrogel composite
varied from 200 um (Fig. 4A) to 590 pm (Fig. 4B).

Lowest-level pores form the substructure of walls of
large pores (Fig. 5A), and had a size of 3-5 pm irrespective
of hydrogel density (Fig. 5B).

Porosity and pore size of the implant material play
an important role in tissue regeneration, and are widely
studies and discussed in the literature. The porous structure
of the matrix is essential for tissue regeneration, because it
exerts effects on cell adhesion, migration and proliferation,
and diffusion of nutrients, oxygen and metabolites. It has
been found that high-size pores facilitate nutrient delivery
and metabolic product removal, whereas low-size pores
allow for increased surface area for cell adhesion [18-
20]. It is noteworthy that the effect of pore architecture on
cell behavior also depends on cell nature. In an in vitro
study [21], the scaffold section with 380-405 microm
pore size showed better cell growth for chondrocytes
and osteoblasts, while the scaffold section with 186-200
microm pore size was better for fibroblasts growth. These
preferences may be explained by the following: although
larger pores facilitate nutrient and oxygen diffusion,
fibroblasts tend to adhere to scaffold sections with smaller
pores due to increased scaffold specific surface area [22].
Although in vitro studies demonstrated that the increased
porosity was accompanied by increased cell migration
and infiltration [23, 24], it may cause protein wash-out
in vivo [22]. Pore interconnectivity is another important
characteristic feature of the scaffold, and influences not

only movement within the scaffold whether it be diffusion
of soluble factors, oxygen, and nutrients or cell migration,
but also growth factor-mediated vascularization [25].

Consequently, it can be stated that the hydrogels that
we have developed can accumulate and transport various
metabolites and pharmaceuticals via the micropore
system, and serve as a matrix for adherence and migration
of various cell types that are involved in the course of
regeneration processes in biological tissues.

Hydrogel swelling kinetics

From the analysis of swelling kinetics of hydrogels
with various structures (Table 2), it can be concluded
that during swelling, equilibrium was achieved within
30 minutes for all hydrogel samples immersed in water.
Although the degree of swelling of the samples immersed
in physiological saline was somewhat (by approximately
16%) lower compared to the samples immersed in
water for injections, this exerted almost no effect on a
high swelling rate. Swelling equilibrium was, however,
achieved within 3 hours for (poly) acrylic acid hydroxyl
composite samples immersed in physiological saline. This
pattern is characteristic of all hydrogels and explained
by low ionic osmotic pressure with an increase in ionic
power of the solution resulting in hydrogel swelling [26].
These findings were used to determine the time needed for
hydrogel saturation with drugs.

Drug diffusion in high-density and low-density cross-
linked hydrogels

Fig. 4 presents the diffusion kinetics of chlorhexidine
and S-fluorouracil. Minimal inhibitory concentrations
(MIC) of chlorhexidine for pathogenic bacteria [13]
were achieved in less than 6 hours (Fig. 4), which was
evidence of a reliable antimicrobial effect immediately
after composite implantation. It is noteworthy that the time
required to reach concentration values close to a minimum
therapeutic level was as small as several minutes for the
low-density cross-linked hydrogel, whereas the diffusion
lag time for the high-density cross-linked hydrogel was as
large as several hours, with a significantly (20-25%) lower
amount of released drug at the time when the equilibrium
was reached. Sorption studies demonstrated that the latter
hydrogel has a higher capacity for drug deposition, and
is reasonable to be utilized in implants with a prolonged
antibacterial effect, whereas the former hydrogel is
reasonable to be utilized for a fast-release bolus antiseptic
delivery.

Now let us consider diffusion properties of hydrogel
implants loaded with an anti-cancer drug. Because
5-fluorouracil (5-FU) is released from the plasma as
early as 30 minutes after intravenous infusion, clinicians
have to administer high doses of this agent, which causes
toxic side effects [27, 28]. The same is true with regard to
doxorubicin.

In our sorption studies, the developed hydrogels
(especially the high-density cross-linked hydrogel)
demonstrated a high capacity for accumulation of 5-FU.
Both hydrogels provided prolonged drug release (with
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drug diffusion time > 6 hours), but the high-density cross-
linked hydrogel provided a somewhat (20-30%) higher
equilibrium drug concentration (Fig. 6) compared to the
low-density cross-linked hydrogel. Given the demand
for means of low-dose controlled release of 5-FU [29]
in combination chemotherapy [30] or metronomic [31]
chemotherapy, the composite hydrogels based on polyvinyl
formal seems promising for reconstructive surgery in
cancer patients and ophthalmic patients [32] for preventing
tissue scarring after glaucoma filtration surgery.

Now let us consider sorption and diffusion of the
cytostatic drug doxorubicin. The low-density cross-linked
hydrogel sorbs twice as much doxorubicin as the high-
density cross-linked hydrogel, possibly due to the absence
of steric obstacles to penetration of the porous hydrogel
structure by a large drug molecule (molecular weight,
544 g/mol). In in vitro experiments, the former hydrogel
provided a 3-4-fold greater drug concentration in the
environment compared to the latter hydrogel (Fig. 7). The
latter hydrogel, however, allows for a smoother and more
prolonged drug release profile.

Hybrid polyvinyl formal/ polyacrylic acid composite
hydrogels showed an order of magnitude higher
doxorubicin deposition capacity compared to the polyvinyl
formal component. This effect probably results from the
development of ionic bonds between the active -COOH
groups from the hybrid hydrogel and amine groups from
doxorubicin. It is the slow hydrolysis of these ionic bonds
that explains the prolonged (several days) release of
doxorubicin from hybrid hydrogels (Fig. 8).

Such a capacity for prolonged drug release will promote
application of hybrid hydrogel implants for depositing
anti-cancer drugs and maintaining effective concentrations
of the latter at pathology focus.

Conclusion

First, the time required for the drug concentration
to reach the minimum therapeutic level was as small as
several minutes for the low-density cross-linked hydrogel,
whereas the diffusion lag time for the high-density cross-
linked hydrogel was as large as several hours, with a
significantly (20-25%) lower amount of released drug at
the time when the equilibrium was reached.

Second, the latter hydrogel was found to have a higher
capacity for drug (doxorubicin or 5-FU) deposition, and
therefore is reasonable to be utilized in implants with
a prolonged antibacterial effect, whereas the former
hydrogel is reasonable to be utilized for a fast-release
bolus antiseptic delivery.

Finally, the low-density cross-linked hydrogel sorbs
twice as much doxorubicin as the high-density cross-
linked hydrogel, possibly due to the absence of steric
obstacles to penetration of the porous hydrogel structure
by a large drug molecule (molecular weight, 544 g/mol).
In in vitro experiments, the former hydrogel provided a
3-4-fold greater drug concentration in the environment,
and allowed for a smoother and more prolonged drug
release profile compared to the latter hydrogel.
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Table 2. Degree of swelling (Q) in distilled water (DW) and physiological saline (PS) for hydrogels of various structure at
various time points

Time point: 1 min 5 min 10 min 30 min 1hr 3hr 21 hr
. ) . DW 4.4 8.8 9.4 10.0 11.1 11.0 9.7
High-density cross-linked hydrogel
PS 4.5 8.9 9.0 9.5 9.4 94 9.7
) . DW 8.5 16.9 29.7 32.6 33.7 32.0 324
Low-density cross-linked hydrogel
PS 9.8 23.9 26.9 27.3 27.4 27.6 27.9
Hybrid polyvinyl formal/ polyacrylic | DW 5.5 7.9 8.1 10.2 8.9 9.5 9.0
acid hydrogel PS 26 37 4.6 5.3 5.7 7.2 7.3
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Fig.1. View of the hybrid hydrogel implant

Fig. 2. IR spectrum of the porous matrix of polyvinyl formal
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B

Fig. 3. Processed microscope images (original magnification, x40) of the structures of the high-density cross-linked
polyvinyl formal hydrogel (A) and low-density cross-linked polyvinyl formal hydrogel (B).

Fig. 4. Processed microscopic images (original magnification, x40) of pores of the largest (A) and smallest (B) sizes in
hybrid acrylic acid hydrogel

Fig. 5. Electron microscopic images of the pore architecture of polyvinyl formal hydrogels. (A) Highest-level pores. (B)
Substructure-level pores.
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Fig. 6. Kinetics of drug
release from low-density
and high-density cross-
linked hydrogels. (A)
Chlorhexidine release from
low-density cross-linked
hydrogel. (B) Chlorhexidine
release from high-density
cross-linked hydrogel. (C)
5-fluorouracil release from
high-density ~ cross-linked
hydrogel. (D) 5-fluorouracil
release from low-density
cross-linked hydrogel.
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