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Abstract

Chitosan is a natural cationic polymer that dissolves
in an acidic environment and forms gels. Its properties
depend on the degree of deacetylation and molecular
weight. It is a bioactive compound with antibacterial
and film-forming properties that allow to increase
the regenerative capacity of the skin. Moreover, it is
biodegradable, biocompatible, non-toxic, and stable.
In this research, chitosan was combined with mande-
lic and lactobionic acids which are characterized by
biological activity and low toxicity. This combination
not only has a positive effect on the chitosan solubility,
but it also allows to obtain new biomaterials whose
positive features of the base ingredients are enhanced
by their synergistic effect. The obtained hydrogels
were assessed regarding the interaction of chitosan
and hydroxy acid molecules, and the stability of the
resulting structures was examined. The research
was performed by using rheological methods and IR
spectroscopy.

Chitosan hydrogels made with mandelic acid are
characterized by higher viscosity values, as com-
pared to hydrogels containing lactobionic acid. The
samples of the obtained hydrogels stored for 7 days
showed no signs of degradation and their viscosity
values were constantly increasing, which proves the
ongoing process of creating new bonds between
hydroxy acid molecules and chitosan chains. After
this time, the hydrogels with mandelic acid revealed
higher viscosity values in comparison to hydrogels
made with lactobionic acid. Based on the obtained IR
spectra, the shifts of the characteristic chitosan bands
as a result of interaction with the tested hydroxy acids
were analyzed.

Keywords: chitosan, lactobionic acid, mandelic acid,
rheology, FTIR spectra

[Engineering of Biomaterials 161 (2021) 2-7]

doi:10.34821/eng.biomat.161.2021.2-7

@ Copyright © 2021 by the authors. Some rights reserved.
@ Except otherwise noted, this work is licensed under

https://creativecommons.org/licenses/by/4.0

Introduction

In recent years, there has been a growing trend in tis-
sue engineering to use natural biopolymers from various
sources. These include, for example, proteins, lipids and
polysaccharides which can be obtained, among others,
from marine organisms. They are represented by collagen
(so-called marine), chitin and its derivative - chitosan. These
compounds have found application in biomaterials due to
their biocompatibility, non-toxicity and biodegradability.
Stable hydrogels are formed through the process of self-
assembly or as a result of chemical or physical cross-linking,
which helps to restore natural tissues [1,2].

Chitosan (FIG. 1) is produced by chemical or enzymatic
deacetylation of chitin. It dissolves only in acidic solutions
at a pH lower than 6 due to the presence of intermolecular
hydrogen bonds that prevent the dissolution of chitosan
in water or in organic solvents [1,3]. As a result of the
protonation of the amino groups in the acidic environment,
chitosan behaves like a cationic polymer. The presence of
positively charged amino groups is closely associated with
the antimicrobial activity of this compound. These groups
interact with the negatively charged cell wall surface of the
microorganism. Then, the membrane is damaged and the
internal structures of the pathogen are destroyed. In addi-
tion, there is another mechanism of the antimicrobial action
of chitosan. It is related to its ability to chelate metal ions
necessary for the proper functioning of microorganisms,
and thus chitosan contributes to their death [4-8]. Of all the
known natural polymers, chitosan has the highest chelating
capacity [2].

CHj
OH o:<
NH, NH
HO Q HO o)
0 HO O o)
NH,
OH OH

FIG. 1. Structure of a chitosan molecule.

The positively charged chitosan molecule adheres to
other negatively charged surfaces, including mucous mem-
branes. This can facilitate drug delivery by various routes
- oral, nasal, and direct application to the eye [2].

The degree of deacetylation and molecular weight have
a large influence on the physicochemical properties and
bioactivity of chitosan. There are three types of chitosan:
low molecular weight (LMW), medium molecular weight
(MMW) and high molecular weight (HMW). Chitosan with
the low molecular weight and high deacetylation has been
shown to have better antibacterial properties and better
solubility than the one with the high molecular weight and
low deacetylation [6-9].

Chitosan has the ability to increase the influx of phago-
cytic cells to the infection site and it affects the proliferation of
fibroblasts. Additionally, it is able to aggregate platelets at the
site of damaged tissues. This shortens the bleeding in the ini-
tial stage of wound healing and contributes to the formation
of a fibrin clot. Chitosan also stimulates the production of cy-
tokines and activates macrophages and neutrophils, which
results in the cleansing of a wound. Literature data indicate
that the polymer contributes to the formation of granulation
tissue and contributes to the correct course of epithelization.

Z ommm® © 00000 0000000000000 00000600000000000000000
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In addition, it stimulates angiogenesis and reduces scar vis-
ibility. Chitosan is also an inhibitor of the metalloproteinase 2
(MMP-2) present in skin fibroblasts and hydrolysing type 1V
collagen. The inhibition of this process facilitates the correct
reconstruction of damaged tissues in the case of chronic
wounds [4,10-14].

All the previously mentioned properties of chitosan make
it a very desirable component of biomaterials, and the posi-
tive effects of its use have been confirmed by many scientific
studies. Chitosan can take various forms in biomedical
materials, for example hydrogels [15], nanofibers [16], micro-
particles [17], nanoparticles [18] or scaffolds [19]. Chitosan
biomaterials have been extensively studied for the treatment
of wounds of various etiologies in the creation of dressing
materials, including burn wounds and pressure ulcers.
In combination with collagen, a nanocomposite membrane
was created that promotes wound healing and induces cell
migration and proliferation [20]. Chitosan-alginate nanofibers
act in a similar way [21-23]. Fibers made of carboxymethyl
chitosan and polyvinyl alcohol constitute the scaffold in the
skin regeneration process [16,24]. Chitosan hydrogels,
showing similar physical properties to the extracellular ma-
trix, have become a promising dressing material enabling
diffusion and stimulation of cell proliferation. They also
have the appropriate sorption capacity and antibacterial
properties. In the form of hydrogels, chitosan is combined
with silver nanoparticles or minocycline which belongs to
antibiotics. It is also a promising material for use in carriers
for the delivery of analgesic or anti-cancer drugs to improve
their performance [4,10,15].

Chitosan has also been studied in the engineering of
bone, cartilage and nervous tissues. It is part of special scaf-
folds (in combination with nanoceramics - hydroxyapatite,
silicon dioxide or bioactive glass-ceramics) that support
regeneration, increase cell adhesion, proliferation and differ-
entiation. Such scaffolds induce only a minimal foreign body
response. The compound was also tested in combination
with polycaprolactone or whitlockite in an in vivo experiment
to repair skull defects. Such combination increase the activity
of the compounds and improve the mechanical properties
of the structures. Chitosan-based hydrogels can be also ad-
ministered by intra-articular injection to cause the regenera-
tion of cartilage tissue. There have been also experiments
on the effects of chitosan scaffolds on nervous tissue. In the
studies carried out on rats, it was possible to obtain positive
effects in the regeneration of nerves [1,4,10,25].

Moreover, chitosan biocomposites can be used in den-
tistry. They effectively counteract bacteria that are respon-
sible for the formation of caries and periodontal diseases.
Chitosan can also be an element influencing the differentia-
tion of pulp stem cells. Moreover, it is a potential replace-
ment for some antibiotics that work against drug-resistant
bacteria [1].

Research on the use of chitosan in biomaterials focuses
on finding ingredients that will work synergistically. A good
example are hydroxy acids (for example, lactobionic acid
and mandelic acid), since chitosan is soluble only in acidic
solutions. These two acids are characterized by good bio-
logical activity and low toxicity, therefore they create the
required acidic environment to dissolve the polymer [26-28].

Lactobionic acid (4-O-B-D-galactopyranosyl-D-gluconic
acid, C,,H,,0,,) is a derivative of lactose. It belongs to
the group of polyhydroxy acids, its pKa is 3.8. A molecule
of lactobionic acid is a combination of gluconic acid with
galactose (FIG. 2) with a molecular weight of 358.3 g/mol.

OH
HO HO
o
HOY ™" YOH
HO 0 0
HO “OH
OH

FIG. 2. Structural formula of lactobionic acid.

Due to the presence of 8 hydroxyl groups in the molecule,
this compound has very good hygroscopic properties and
high water solubility. There is another carboxyl group in
the molecule that can react with functional groups of other
substances (for example, with an amino group). Mostly it is
produced by chemical synthesis, in the process of lactose
oxidation or by enzymatic or microbiological biosynthesis.
Another method of preparation is wet catalytic oxidation and
electrochemical catalysis of lactose. However, this process
results in the by-products of these reactions and higher
costs. Lactobionic acid in combination with chitosan forms
stable gels [29-31].

In the last decade, interest in lactobionic acid has in-
creased in fields, such as pharmacy, medicine, cosmetol-
ogy, the chemical and food industries [31,33-36]. It is also
increasing in popularity as a bioactive molecule providing
an excellent platform for the synthesis of biocompatible and
biodegradable biomaterials, tissue engineering scaffolds
and drug delivery carriers [26,32,34].

Studies on the lactobionic acid combined with copper or
with micro-capsuled chitosan were conducted regarding the
treatment of hepatocellular carcinoma in the liver. The ob-
tained results are the basis for carriers used in drug delivery
systems to a specific organ. These compounds have been
used as substrates in the synthesis of radiopharmaceuticals
that target liver cell imaging receptors. Researchers have
also suggested the suitability of lactobionic acid to design
nanofiber scaffolds supporting the regeneration of damaged
nerves [26,31-33].

Lactobionic acid has also found application in the pro-
duction of pharmaceutical products and antibiotics. It has
a strong antibacterial effect, inter alia, against Staphylococ-
cus aureus and Staphylococcus epidermidis. Thanks to this,
it may be used in antimicrobial drugs that are not antibiotics.
Lactobionic acid is also added to solutions intended for the
preservation and storage of transplantable organs. In the
pharmaceutical industry, it is currently used as a counter
ion for the intravenous administration of erythromycin and
in mineral supplementation to minimize irritation during the
therapy. In addition, it can be used as a component to form
nanoparticles. It acts as a stabilizer in pharmaceuticals con-
taining low-stability ingredients. Such a wide application of
lactobionic acid is related to the fact that it is non-irritating,
non-toxic, biocompatible and biodegradable [31,32,34].
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Lactobionic acid, when applied externally, has the ability

® e @ o o o o {ostimulate fibroblasts to produce collagen and elastin. It ac-

celerates the wound healing process, has strong antioxidant
properties, and strengthens the epidermal barrier function.
It has been shown to stop the production of hydroxyl radicals
as aresult of its chelating properties and to inhibit the action
of metalloproteinase enzymes - enzymes that contribute
to skin photoaging. Free radicals are also responsible for
causing skin cancer and skin autoimmune diseases. Lacto-
bionic acid prevents the formation of wrinkles, sagging skin,
dilatation, and cracking of capillaries [31,35,36].

Mandelic acid (2-phenyl-2-hydroxyacetic acid, CsH;O;)
belongs to the group of optically active a-hydroxy acids,
which contain an aromatic ring in their structure (FIG. 3).
Its pKa value is 3.4. The structure of the acid allows it to
be dissolved in both polar and non-polar solvents. It is well
soluble in ethyl alcohol, isopropyl alcohol, and partially in
water and fats. The natural source of mandelic acid are
almonds, apricots, and cherries. It can be obtained as
a result of the hydrolysis of the bitter almond extract [37,38].

O

Ho_
OH

FIG. 3. Structural formula of mandelic acid.

Mandelic acid exists in the form of two enantiomers,
S and R, which determine its properties. (R)- mandelic acid
is widely used as an intermediate product for the production
of semi-synthetic cephalosporins, penicillin and anticancer
agents, while (S)-mandelic acid is a component of inter-
mediates used in the production of pharmaceuticals. Both
enantiomers are effective resolving agents which are used
in the resolution of racemic amines and alcohols [39,40].

Mandelic acid is used in many medical and peri-medical
fields, including dermatology, pharmacy, and cosmetology.
It usually occurs in a racemic form. It has keratolytic proper-
ties that regulate the work of sebaceous glands, therefore it
supports the therapy of acne or excessive actinic keratosis.
It gives good results in combating discoloration of various
etiologies (for example freckles, acne scars or drug discol-
oration). That is why, it is widely used in cosmetology. Due
to the relatively large size of the molecule, it is absorbed
slowly through the skin, thus showing a low irritating poten-
tial, acting gently and safely, but slower than other a-hydroxy
acids [38,41].

The described compound is distinguished by a strong dis-
infecting and antibacterial effect. In an acidic environment,
it has a bacteriostatic and bactericidal effect on, among
others, strains of Staphylococcus aureus or Escherichia
coli. This property allows it to be used in the case of phar-
maceuticals, antibiotics or external agents [41].

The properties of lactobionic and mandelic acids allow
their use in combination with chitosan in biomedical materi-
als. These acids will beneficially interact with the polymer,
enhancing its biological activity and creating a suitable acidic
environment for its dissolution. The safety of their use will
be maintained because the combined compounds will not
cause irritation and will be non-toxic, biocompatible, and
biodegradable.

The aim of the presented work was to investigate the
physicochemical and rheological properties of chitosan
hydrogels obtained by dissolving low molecular weight
chitosan in solutions of mandelic or lactobionic acids.
In addition to rheological studies, infrared spectroscopy was
also performed.

Materials and Methods

Materials

Chitosan powder (low molecular weight, degree of dea-
cetylation DD =78%, M, = 1.4 x 10¢ g/mol [42]), lactobionic
and mandelic acids were obtained from Merck (Poznan,
Poland) and used without further purification.

Preparation of chitosan gels

Hydrogels were prepared by dissolving chitosan (2.6% w/v)
in 30 ml of aqueous solutions of mandelic acid and lacto-
bionic acid. The content of hydroxyacids was 0.002 mol.
The samples were mixed for an hour at the temperature
of 25°C on a magnetic stirrer until clear solutions were
obtained.

Viscosity measurements

After 24 hours of incubation, viscosity measurements
were taken at the temperature of 25 + 0.1°C in the range of
the shear rate from 0.1 s to 35 s™'. The measurements were
repeated 5 times per conditions. The rotational viscometer
SMART series (Fungilab, Warsaw, Poland) and a set of ap-
propriate spindles were used for the measurements.

FT-IR analysis

The structure of chitosan, mandelic and lactobionic acids
as well as the interaction between them were confirmed by
infrared spectroscopy, using NicoletiS10 device (Shimadzu,
Kyoto, Japan). All the spectra were recorded by absorption
mode at 4 cm™"intervals and 64-times scanning. After the
24 h incubation, the obtained hydrogels were poured in the
amount of 25 g into square Petri dishes (10 cm x 10 cm) and
allowed to dry. The finished films were carefully removed
from the plates and submitted to the FT-IR analysis. The
measurements were repeated 3 times per conditions on the
different parts of the film.

Results and Discussions

In the presented work, the viscosity characteristics of chi-
tosan solutions obtained by dissolving low-molecular-weight
chitosan in solutions of lactobionic acid and mandelic acid
were compared, and the changes of these characteristics
over time were analyzed. The rheological tests were per-
formed after 24, 48, 72, 168 and 312 hours from the prepara-
tion of the samples. The samples were stored at 8°C. Before
the measurements, the samples were thermostated to 25°C.

As a result of the rheological studies, the dependence
of dynamic viscosity on the shear rate (viscosity curves)
was obtained. It allowed to conclude that hydrogels based
on chitosan and mandelic acid are characterized by higher
viscosity values, as compared to those containing lactobi-
onic acid.
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FIG. 4. Comparison of dynamic viscosity of chitosan gel with lactobionic acid (a) and mandelic acid (b) depen-

ding on the time.

On the basis of the obtained viscosity curves (FIG. 4),
it can be concluded that chitosan gels, characterized by
an identical molar ratio of chitosan and acid, prepared with
mandelic acid show more than twice higher viscosity than
those made with lactobionic acid. The difference in the vis-
cosity parameters of chitosan gels with lactobionic acid and
mandelic acid results from the difference in the structure of
acids, their strength and the way the polymer interacts with
the acid molecules. The interaction of mandelic acid with
the chitosan molecule will form an ionic bond between the
protonated amino group of chitosan and the dissociated car-
boxyl group. At the same time, the hydroxyl group of the acid
can join another chitosan amino group, but due to the short
distance between the carboxyl and hydroxyl groups, most
likely belonging to another chitosan chain. The compact flat
aryl ring located between the chitosan chains allows them
to be closer to each other and interact with the formation
of hydrogen bonds, which also contributes to the viscosity
increase. The following processes improve the viscosity of
the gel formed with mandelic acid gel more than that with
lactobionic acid.

Lactobionic acid will interact with the chitosan chains in
a similar way, linking the dissociated carboxyl group with
the protonated amino group of chitosan, and the hydroxyl
groups of the polyhydroxy acid will also form associations
with the amino groups of both the same chitosan chain and
different chains. It can be assumed that hydroxyl groups of
lactobionic acid characterized by different acidity interact
with the polymer amino groups, resulting in the formation
of association complexes. In this way, the lactobionic acid
molecule can bind to the amino groups of both a specific
chitosan chain, causing its conformation, and other chains,
which increases the resulting hydrogel viscosity However,
it can be assumed that these types of bonds will be char-
acterized by lower stability, which in the case of using lac-
tobionic acid results in lower values of dynamic viscosity.
Amore spatially expanded lactobionic acid molecule causes
a looser arrangement of chitosan chains in relation to each
other and thus the lower viscosity of the obtained gels.
In the case of mandelic acid, the bonds are formed by the
interaction of the carboxyl and hydroxyl groups with the
amino groups of different chitosan chains, linking them with
each other and thus contributing to the higher viscosity than
in the case of lactobionic acid.

By examining the changes in viscosity characteristics up
to 312 hours of observation, it was found that the viscosity
of the systems for both lactobionic and mandelic acid con-
tinued to increase (FIG. 4). This fact can only be explained
by the formation of new bonds between chitosan and acid
molecules. Both mandelic acid (pKa 3.4) and lactobionic
acid (pKa 3.8) are weak acids. However, the protonation
of amino groups in chitosan in an acidic environment will
result in a shift of the equilibrium towards the increasing
acid dissociation. This, in turn, creates more bonds between
acid molecules and chitosan chains and contributes to the
higher viscosity of the obtained gels. The data available in
the literature on the interaction of chitosan with hydroxy acids
is very limited [43-45], and there is even less information on
viscosity tests of such systems.

In order to consider the interaction of individual functional
groups of compounds forming the biopolymer, spectroscopic
examinations in the infrared range are conducted. In this
study, the interactions between the functional groups of
chitosan and lactobionic or mandelic acids were tested by
Fourier transform infrared spectroscopy.

The FTIR spectra of chitosan, lactobionic acid and
mandelic acid are shown in FIG. 5. The characteristic
peak at 3280 cm™ (Amide A), 2860 cm™' (C-H), 1645 cm™'
(Amide 1), 1540 cm'(Amide IlI) and 1025 cm™ (C-O-C)
are usually observed for chitosan samples. The axial de-
formation, or stretching bands, for lactobionic acid were
observed at: 3320 cm™' (OH,, o), 2885 cm™* (C-H), 870 cm™'
(ring vibration), 1110 cm™ and 1220 cm™ (C-O), 1730 cm"'
(C=0,44)- The bands of the lactobionic acid sample cor-
responded to the ones known from the literature [46]. The
following peaks were observed for a crystalline sample of
mandelic acid: 3400 cm' (OH), a wide band in the range
3030-2700 cm™ (C-Hgyeren), 1720 cm* (C=0,q4), 1500-490
cm™ (mainly ring deformations and o-, m-, p-CH bends).
These bands of mandelic acid also correspond to the data
found in the literature [47].

In the FTIR spectra of films made of chitosan with lactobi-
onic or mandelic acid, we can observe changes in both the
location of the observed peaks and their intensity (FIG. 5).
After the formation of bonds between chitosan and acids,
we do not observe peaks corresponding to C=0,,, also the
OH peak (3400 cm™') for mandelic acid disappears, and the
corresponding peak for lactobionic acid loses its intensity.
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FIG. 5. FTIR spectra of chitosan (a), lactobionic acid (b), mandelic acid (d) and chitosan hydrogels with lacto-

bionic acid (c) and mandelic acid (e).

On the other hand, in the spectrum of both films, new
peaks that may belong to the protonated amino group are
observed, with the intensity of these peaks for lactobionic
acid being slightly higher. The comparison of the bands for
pure compounds and the obtained hydrogels shows the
participation not only of the carboxyl group of the hydroxy
acid but also of the hydroxyl groups that form bonds between
chitosan and acids

Conclusions

The viscosity values of chitosan hydrogels (2.6% wi/v)
based on lactobionic or mandelic acids (each acid content
was 0.002 mol) as components of potential application in
biomaterials were investigated. The rotational viscometer
SMART series (Fungilab, Poland) was used. Viscosity meas-
urements were made at the temperature of 25 £ 0.1°C in the
range of the shear rate from 0.1 s*' to 35 s™'. The structure
of chitosan, mandelic acid and lactobionic acid as well as
the interactions between them were confirmed by infrared
spectroscopy using Nicolet iS10 device (Shimadzu, Japan).

The viscosities of hydrogels depending on the structure
of the hydroxy acid and the change of hydrogel viscosity
with time were analyzed. It was observed that chitosan
hydrogels prepared on the basis of mandelic acid showed
higher dynamic viscosity than those prepared on the basis
of lactobionic acid. It was proved that the dynamic viscosity
of the prepared samples for both acids in the time range
up to 312 hours was characterized by an upward trend.

These phenomena can be explained by the difference in the
interaction mechanisms of chitosan and acid molecules, de-
pending on their structure and the difference in acid strength.

Based on the FTIR spectra, it was proved that both car-
boxyl and hydroxyl groups were involved in the interaction
between chitosan and hydroxy acid molecules. The viscosity
increased over time due to the progressive process of pro-
tonization of the amino groups resulting from the progressive
dissociation of hydroxy acids and the increasing number of
bonds between chitosan and hydroxy acids.

A combination of the unique properties of chitosan with
the bioactivity of hydroxy acids, such as lactobionic acid
and mandelic acid, will be useful in the preparation of
a biomaterial for wound healing dressing.
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Abstract

The absence of even a single finger results in a ma-

Jorimpairment in the hand function (precise grasping,

grip power), therefore significantly affecting the social
and professional life of victims who are frequently yo-
ung people. Finger amputation is a surgical treatment

for ~69.000 patients in the EU after traumatic injury,

in which replantation microsurgery fails due to the
severity of tissue damage. The surgical reconstruction

is currently possible only via autograft transplantation,

e.g. a toe-to-hand transfer, thus leading to foot im-
pairment. Some motion functional restoration is also
possible using a bone-anchored silicone prosthesis

but without the sense revalidation.

Our current research focuses on alternatives for
surgical reconstruction by means of novel patient-
-specific, durable, biomimetic, bioactive and antibac-

terial implants for reconstructing lost bone and joints.

The implant design — and the improved micro(neuro)
surgery (beyond the project) — will consist in the fast
successful rehabilitation, including the soft-tissue
related mobility, the implantation of state-of-the-art

nerve conduits as well as the aesthetic appearance.

Key issues for the long-term functionality of the
biomaterial-based reconstruction of hard tissue are
based on surgical demands, such as: (1) perfect
integration of a bone-substituting metal with the surro-
unding bone tissue (a) with no signs of loosening due
to stress shielding at the interface and (b) enhanced
with protective activity against bacterial inflammation
(antimicrobial properties and formation of vasculari-
zed bone tissue (ossification)) even months to years
after the injury; (2) biomimetic finger joints based on
non-wearing materials without ossification meant to
prevent the loss of the motion function.

Keywords: finger implant, thin coatings, microstruc-
ture, cytotoxicity, microbiology
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Introduction

Optimal treatment after accidental finger amputation

Atraumatic finger (digit) amputation is the most common
type of highly severe injury of the upper extremities [1-3].
The hand and digital amputations account for ~69.000 visits
to emergency departments in the EU (~45.000 in the US)
[4,5]. The absence of even a single finger (especially the
thumb, ~15.000 patients/year in EU) results in major impair-
ments in the hand function, i.e. the inability to perform more
precise manoeuvres and engage in specific tasks and the
decreased power of the grip, causing social inhibition and
inadequate adaptation to society [6-8]. The multiple finger
loss only increases the disadvantageous impact on life and
work (i.e. productivity and income) [9].

Victims of severe finger injuries are usually young and
in their prime income earning years [9]. Thus, choosing an
appropriate treatment can bring substantial economic ef-
fects, not only to trauma patients but also to the lives of their
families and society. Medically, an amputation is a relatively
inexpensive and uneventful procedure, but in addition to the
motion and sensing disability, the persistent pain is prob-
lematic. Although costly and microsurgically challenging, the
gold standard for preserving the hand mechanics is replan-
tation, offering substantial functional and aesthetic benefits
[10-13]. ltis performed in ~24% of all cases in Austria, 22%
in EU28, 14% in the US and 29% in Japan with generally
higher prevalence in the case of amputation of >2 digits.
The procedure requires a long rehabilitation period and can
result in functional deficits owing to persistent finger stiffness
and limited sensation [14-17]. However, if the microsurgical
reconstruction fails (14% of cases [14] or replantation is
not an option due to the injury severity (e.g. after crushing
without a clean-cut) (~38% of total cases), techniques such
as finger pollicisation or a toe-to-hand transfer can also offer
a good reconstructive alternative [18]. Some finger function-
ality is preserved with external silicone prostheses [19-21],
if they connect to bone-anchored implants (in contrast to
a snap prosthesis providing only aesthetic function) [21,22].
However, anchoring is rarely used due to the high risks of
bacterial infection, prosthesis extrusion and osseoabsorption
of the phalangeal stump [23,24].
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Since immunogenicity risks prevent the use of any al-
lografts and xenografts, the autologous reconstruction
from patient’'s own donor tissue without the loss of other
extremities (e.g. toes) is currently increasingly considered
as a future alternative, especially for patients after the loss
of the thumb or 2 and more fingers (estimated 15,000 cases/
year in EU). While the autologous connective tissue, tendons
and skin transfer from donor sites, including the vasculari-
zation, is considered a (micro-)surgical standard, the main
challenge is the hybridization of this surgical approach with
implants. The problematic issues consist in:

(1) the reconstruction of the finger bone segments as
well as joints. When the available donor sites of bone are
either strongly limited (e.g. from the iliac crest) or missing
(for joints), itis necessary to apply bone- and joint-substitute
materials. However, finger-bone-substituting implants
(for reconstructing phalanx and metacarpal bones) have to
be patient-tailored to match the length and anchoring ge-
ometry to the existing bone/joints. Finger-joint implants are
currently available only for replacing arthritic joints. They are
not suitable for the combination with any bone-substituting
implants and have strong functionality limitations due to the
material ossification (metal or polymer).

(2) the reduction of germ count and minimizing the rate
of post-traumatic hand bone infections caused by bacteria
introduced during the injury or the medical-surgical treatment
(nosocomial, partly multi-resistant nosocomial Staph. aureus
& epidermidis, E. coli, Pseudomonas) [25].

(3) the tactile function restoration: the loss of sensation
of e.g. both digital nerves of the thumb (even if the motion
is still possible without the amputation) equals 20% loss of
the hand function [26]. Tactile sensibility can be restored by
various neurovascular flap techniques [27] and a number
of nerve guidance conduits and nerve protectant wraps ap-
proved by the US Food and Drug Administration (FDA) for
clinical use in the peripheral nerve repair [28].

General demands for autologous tissue & implant
scaffold based reconstruction

In order to reconstruct the finger using a durable, patient-
tailored, biomimetic and bioactive implant (the R&D target of
the fingerIMPLANT project, bullet points 1&2 from above),
special focus must be laid on the highly complex reconstruc-
tion of motion, i.e. using structural implants (materials in
demanded shape) for finger bone and joint reconstruction.

Soft-tissue related mobility, implantation of state-of-the-
art nerve conduits and aesthetic appearance (bullet point 3)
are mainly a task for the post-project clinical studies on
adapting available microsurgical techniques.

Based on the consortium experience, the necessary
patient-specific implants for reconstruction of bones, joints
and tactile function must mandatorily be:

(1) non-cytotoxic and biocompatible for the long-term
use, i.e. initially anti-microbial and bioactive to provide the
proper bone neoformation,

(2) patient-tailored to the size and shape of the digital
defect (“finger length”), the elasticity of surrounding bone at
the interface to the existing bone in order to prevent stress
shielding and degradation of the surrounding bone, and
comparatively manageable for the surgeon,

(3) mechanically robust to provide sufficient strength
against physical forces in vivo (similarly to the normal finger
and hand motion).

The long-term surgical experience with tissue engineer-
ing, bone-substitute materials and artificial joints shows
that any implant concept without metal- or ceramic-based,
durable high-strength materials have failed in osteosynthesis
and functional reconstruction due to heavy loads and a high
number of load cycles (movements) affecting the extremities.
Consequently, the following demands arise for the biomi-
metic design of bone and joint reconstruction:

Patient-tailored bone reconstruction implants

An excellent, patient-tailored adaptation of the implant to
the patient-specific dimensional demands of the phalanx and
metacarpal bones as well as providing fast axonal regrowth
is essential to minimize the process of learning the new
grasp, adding to an already huge burden of accepting the
reconstructed extremity. Furthermore, arthroplasty in small
bones generally shows that the implant stiffness has to be
adapted to the natural bone stiffness in the areas of direct
contact (anchoring sites) because the elasticity differences
will result in the bone degradation caused by stress-shielding
and therefore the implant loosening.

The most important characteristics that the implant must
fulfil are:

(1) The response to loading similar to natural bone at the
anchoring sites (Young’s modulus (E) 25-30 GPa (ISO 6892-1)
to prevent stress shielding by using design methodology for
4D printing (3D shape + directionally-optimized stiffness by
cellular inner structure).

(2) Long-term mechanical and corrosion durability - ten-
sile testing ISO 6892-1:2016: (tensile strength >800 MPa),
fatigue limit (106 cycles, >400 MPa).

Tribologically and chemically durable artificial
ceramic joint implants

The state-of-the-art silicone or PEEK polymer-based
finger joint implants for arthritic joint replacement gener-
ally fail mechanically after 2-4 years [29-34], the CoCr or
pyrolithic carbon joints fail due to loosening, ossification or
wear after the similarly long use [35-38]. The demands are,
thus, as follows:

(1) the non-osteoconductive material to prevent the
osteoblast adhesion and ossification

(2) the highly smooth (Ra<10 nm) surface after the polish-
ing post-treatment, both high hardness (>1200 HV) & tough-
ness >6 MPa m0.5 for the minimized wear rate (<0.1 mm?/
107 cycles, modified 1ISO 14242 test)) and the reduced
anchoring sites of osteoblasts (start of ossification)

(3) the high-quality material for biomedical applications
(bulk density >3.94 g/cm?, grain size <4.5 pym, flexural
strength >400 MPa) (ASTM F603-12)

Thin bioresorbable, osteoconductive and
antimicrobial coatings on metal implants

Generally, full metal-based bone-substitute implants
impede the optimal interaction with the surrounding tissue
due to the tissue capsula formation and the risk of persis-
tent inflammation caused by the bacteria biofilm. So, to
improve the implant/tissue interaction, metal implants may
be coated with bioresorbable osteoconductive materials
(like hydroxyapatite (HAp)) to enable leaching necessary
osteoinductive ions dedicated for the faster bone neoforma-
tion during the slow dissolution in body fluids. This widely-
used (e.g. for joint arthroplasty) safe approach of an in vivo
bioreactor inside the patient’s body, instead of the ex vivo
cell cultivation with the excessive manipulation of cells, is
mandatory for tissue engineering due to the rigid regulations.
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Finally, such an approach leads to the key benefit i.e. the
formation of a natural-like bone layer. However, state-of-the-
art industrial coating technologies do not fulfil the demands
of low-temperature processing to prevent distortion of small
implant sizes. Further, materials like HAp are insufficient to
protect deep wounds and bone destruction from the enor-
mous risk of bacterial colonization in the cases of finger
traumas. In spite of the initial antibiotic therapy, inflammation
may occur even some weeks past the injury and/or the final
reconstruction surgery in less vascularized regions with low
blood supply, such as the implant surface. This constricts
further bone formation and results in implant rejection if the
emergency anti-biotic treatment is inefficient. Based on the
joint substitute know-how, the medical demands for a coating
technique at low temperatures (<120°C) are the following:

(1) the biodegradation of osteoinductive HAp within
15-20 weeks as a basis for neoformation of a thin layer
(500 - max. 1000 ym) of natural-like vascularized cortical
bone on the implant

(2) the local anti-microbial protection during these 15-20
weeks of the HAp biodegradation phase after implantation
(decrease of Staph. aureus & epidermidis, E. coli, Pseu-
domonas from 1E5 to <1EQ /ml in 24 h, ISO 22196 test
conditions) to prevent the biofilm formation and the finger
implant loss.

The main objective of the study was to design and manu-
facture a prototype finger implant.

Materials and Methods

The research and development of the optimized, biomi-
metic implant based on finite element modelling is the origin
of developing (i) high-elastic Ti-15Mo-5Zr-3Al scaffolds with
partly bionic cellular structures as bone substitutes and
(i) ultra-tough, smooth, complex 3D-shaped ZrO,-Al,O,
ceramic joint substitutes for additive manufacturing by
adapted selected laser melting (SLM) and lithography-based
ceramic manufacturing (LCM), respectively.

Microstructure analysis

The surface morphology was examined with scanning
electron microscopy (SEM). Prior to the imaging step, the
samples were coated with a gold thin film to prevent the
tissue surface charging. The visualization was performed
by FEI Versa 3D FEG SEM (FElI, Poland), with the 5.0 kV
—10.0 kV acceleration voltage and the electron beam cur-
rent of 4.0 nA.

The study was performed from the cross-section using trans-
mission electron microscopy (TEM) Tecnai G2 F20 (200 kV).
The thin films for the TEM analysis were prepared by the
focused ion beam technique (FIB) using gallium ions by the
device QUANTA 200 3D Dual Beam.

Cytotoxicity

The task addresses issues of the possible cytotoxic ef-
fects of biomaterials, i.e. the fibroblasts necrosis in relation
to the control group tested on the Ti6AI4V alloy with con-
firmed biocompatibility. The cytotoxicity test of samples was
performed by the indirect method according to ISO 10993-5
on murine fibroblasts (L929 ATCC). The potential cytotoxic
effect was determined according to the ISO 10993-5:2009
standards. Twenty-three samples measuring 1.5 cm? were
placed in confluent mouse fibroblast (L929; ATCC) cul-
tures (about 5x10° cells) and incubated for 48 h at 37°C.

Then the cells were stained with propidium iodide (PI).
The images were taken with the Axio Imiger confocal micro-
scope equipped with a camera and quantified using Axio-
Vision 4.6 (Carl Zeiss Microlmaging). A statistical analysis
(two-way ANOVA and Tukey post hoc test, P value smaller
than 0.05 was considered as significant — Statistica 10.0 PL)
was performed on three replicates from each treatment.
The number of live and necrotic cells was assessed by
confocal microscopy using the propidium iodide (Pl) marker
MitoTrucker green which stains active mitochondria. This
marker localizes the mitochondria independently of the
mitochondrial membrane potential. The propidium iodide
test is one of the more commonly used methods for cyto-
toxicity testing. To label mitochondria, cells are incubated
with MitoTracker® probes which passively diffuse across
the plasma membrane and accumulate in the active mito-
chondria. After labelling their mitochondria, the cells can be
treated with an aldehyde-based fixative for the samples that
require fixation to allow further sample processing. Some
MitoTracker® probes are also preserved after permeabilisa-
tion with certain detergents during subsequent processing
steps (e.g. Immunocytochemistry or in situ hybridisation).
Propidium iodide penetrates into the cell only when the
continuity of the cell membrane is breached. Upon entering
the cytoplasm, it labels nucleic acids and upon excitation
with green light, it turns the nucleus of the necrotic cell red.

Microbiology

The antimicrobial activity contact test was based on
ISO 22196:2007(E). Escherichia coli strain ATCC 8739
(Gram-negative) and Staphylococcus aureus strain 6538P
(gram-positive) were used, as recommended in the norm.
The obtained results were visualized as antibacterial activ-
ity index (R) which represents the difference between the
number of viable bacteria recovered from both untreated and
treated specimens. To analyze the microbiological properties
of the coatings according to ISO 22196, the samples were in-
oculated with a bacterial suspension of the units that formed
a colony of approximately 2.5 x 10% — 1.0 x 108 / ml (cfu).
Staphylococcus aureus (ATCC® 6538P™) and E. coli
(ATCC® 8739™) strains were selected for the study. The
samples were incubated for 24 h at 95% relative humidity
and at 37°C. To determine the initial number of bacteria, the
microorganisms were counted after having been applied to
the biomaterial and quickly washed away from its surface.

Results and Discussions

The concept of the implant
The suggested implant design is presented in FIG. 1.
The image shows the bone part and the joint part.

The material topography and microstructure

The surface topography images were obtained by scan-
ning electron microscopy at an accelerating voltage of 2 kV,
using a secondary electron detector. One of the images was
taken with the table tilted to 52 degrees to obtain a three-
dimensional image (FIG. 2). The microstructural tests were
performed on the reference flat samples, not on the implant.
The surface, shown in FIG. 2, corresponds to the surface
dedicated to the bone fixation.
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FIG. 1. The concept of the design: A - the suggested implant design, B - the concept of the implant-bone

connection.
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FIG. 2. SEM topography analysis of the materials intended for implants.

The detailed microstructural characterization was car-
ried out using transmission electron microscopy on the
cross-section (FIG. 3). Athin film was cut from the boundary
between the substrate and the sphere. The sphere region
showed the columnar growth of crystallites in the direction
perpendicular to the sphere surface. Twinning was also
shown, due to the tendency for twinning in hcp structures.

In order to better visualize the crystallites in the sphere
area, the microstructural characterization was carried out
in the dark field of observation from a selected diffraction
reflector (FIG. 4).

Twinning is one of the main deformation modes in hex-
agonal close-packed (HCP) materials, and it has a great
influence on mechanical properties.

The direct cytotoxic effect

The cytotoxic effect of the materials on the cells was
determined according to the 10993 standard of the direct
cytotoxicity analysis of materials. The tests were carried out
using molecular probes of the mitotrucker type to test the
level of mitochondrial activation and propidium iodide which
labels necrotic cells (FIG. 5).

The graph was developed by the colocalisation func-
tion. The colocalization analysis is performed on a pixel by
pixel basis. Every pixel in the image is plotted in the scatter
diagram based on its intensity level from each channel. The
colour in the scatterplot represents the number of pixels
that are plotted in that region. In this example, the green
intensity is shown on the x-axis and the red intensity is
shown on the y-axis.
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FIG. 5. Cytotoxic effect of the tested materials on the cells.

TABLE 1. The antimicrobial activity assumption.

Antibacterial activity R against:

Biomaterial
E. coli S. aureus
HAp/Ti64_H188 6.5 22
I E3//TiSubstrate//HAp//280A 2.6 23 I
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Abstract

Bioceramic materials, such as hydroxyapatite
(HAp), are characterized by high biocompatibility in the
presence of tissues and body fluids without causing
toxic or allergic reactions. Hydroxyapatite, due to its
similarity to structures found in bones, is used both
in the form of powders, e.g. as additives to bone ce-
ments, and implants coatings. However, this material
is not characterized by antimicrobial properties, the-
refore attempts are made to improve its properties by
introducing additional elements into the hydroxyapatite
structure. Thanks to HAp’s high ion-exchange ability,
silver can be introduced into its structure. The calcium
ions present in the HAp structure can be easily repla-
ced by silver ions to create a material endowed with
high biocompatibility and antibacterial properties. The
presented study is based on the analysis of the morp-
hology of the modified powders via scanning electron
microscopy (SEM), their chemical composition via
X-ray energy dispersive spectroscopy (EDS) and che-
mical structure via X-ray diffraction (XRD) and Raman
spectroscopy. The powders obtained through the ion
exchange were mixtures of silver phosphates Ag,PO,
and HAp. The highest silver content was found in the
sample modified with a 1M concentration of AgNO; in
the aqueous solution. It was also determined that the
annealing of the obtained powders under vacuum at
800°C resulted in the formation of metallic silver and
a change in the structure of HAp to B-TCP.

Keywords: hydroxyapatite, ion exchange, silver
nitrate (V), annealing, XRD, Raman spectroscopy
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Introduction

Hydroxyapatite Ca,,(PO,)s(OH), belongs to the group
of apatite minerals with a Ca/P molar ratio of 1.667. It has
a hexagonal structure tightly packed with atoms, therefore
this compound has a rather high density - 3.16 g/cm®[1,2].
Hydroxyapatite is a biologically active material whose
chemical and phase composition is similar to that of human
bone. The biggest advantage of hydroxyapatite is its poros-
ity which gives the possibility of bone tissue ingrowth [3,4].
In addition, the mere presence of calcium and phosphorus
ions at the interface between the ceramic and the bone
tissue enables faster bonding between the bone and the
implant [5-7]. HAp dissolves relatively well in acids and
poorly in water. It is characterized by a high ion exchange
capacity [8-10]. One way to modify hydroxyapatite is to in-
corporate silver into its structure [11-13]. W. Chen et al. [14]
and M. Rai et al. [15] showed that HAp is an optimal mate-
rial for introducing silver ions. The Ca?* ions present in the
HAp structure can be easily replaced by Ag* ions, creating
a material with high biocompatibility and antibacterial proper-
ties. The antibacterial properties of silver have been used
in many fields of medicine for years, which is evidenced by
the wide range of preparations available on the market [16].
Since ancient times silver has been used in the treatment of
extensive wounds and burns [17,18]. Silver in small amounts
has low toxicity to human cells, high thermal stability, and
low volatility with prolonged action, indicating biofilm inhibi-
tory properties [19,20]. It is worth noting that some implant
rejections may result from the disconnection of the implant
surface and bone tissue, due to inflammation associated with
local infection. To reduce the risk of peri-implant infection,
antibiotic prophylaxis is commonly used [21-23]. Nowadays,
there is more and more research on the use of materials
endowed with local antibacterial activity. Among them,
silver-doped coatings (DLC - diamond-like carbon, HAp)
seem to be promising [24-28]. As shown in the literature,
the introduction of silver into HAp coatings can be carried
out in various ways [29,30]. One of the possibilities is the
application of powders containing both hydroxyapatite and
silver in the coating manufacturing processes [31,32]. The
present work addresses precisely this issue. It describes
an ion exchange process using hydroxyapatite powder and
silver nitrate (V) solutions. The efficiency of such a process
is influenced by the following factors: pH, temperature, and
the solution concentration where the reaction takes place.
pH parameter determines the degree of dissociation of
functional groups, which has a bearing on the dynamics and
efficiency of the process. On the other hand, increasing the
temperature of the process accelerates the ion exchange
reaction. This happens due to the internal structure loosen-
ing of the ionite particle so that the transport of ions into the
structure is much easier. The ion exchange process is also
affected by the structure of the ionite particles, the type of
ions exchanged, the type and number of functional groups
in the ionite, and the efficiency of ionite regeneration [33,34].
The ion exchange processes carried out in this work, us-
ing hydroxyapatite powder and different concentrations of
silver nitrate (V) solution, enabled the formation of a silver-
containing compound (Ag;PO,) from which metallic silver
can be obtained by annealing [35-37]. Therefore, the paper
also includes the results from a trial annealing process of
a selected powder at 800°C.
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Materials and Methods

Hydroxyapatite (Ca,o(PO,)s(OH),) powder from MEDI-
COAT used for the plasma spraying of coatings and the silver
nitrate (V) AgNO; solution from P.P.H. “STANLAB” Sp. J. were
used for the ion exchange process. In the first step, AQNO;
solutions were prepared at concentrations: 1M and 4M.
An appropriately determined mass of silver nitrate AQNO,
was dissolved in deionized water at 50°C using a mag-
netic stirrer. An equal amount of hydroxyapatite powder
was then added to the solutions. The ion exchange was
carried out for a 7 pH solution. To obtain the intended
pH of the suspensions, 65% HNO; was gradually added.
The obtained suspensions were stirred at a constant tem-
perature of 50°C for 30 min. Then, all the suspensions were
subjected to decantation three times. Finally, the obtained
products were dried for 48 h at room temperature and then
for 24 hin a vacuum dryer at 100°C. The obtained samples
were designated as Ag-HAp-1M and Ag-HAp-4M, respec-
tively. The sample with the highest concentration of silver
was subjected to annealing in a vacuum oven (at about
10 Pa) at 800°C for 1 hour.

Morphology studies of the modified HAp and Ag-HAp
powders were performed using a JSM-6610LV Scanning
Electron Microscope (JEOL, USA) equipped with an EDS
chemical composition analysis attachment (X-Max 80 EDS;
Oxford Instruments, UK). Surface topography images of the
samples were taken using secondary electrons. Observa-
tions were made under high vacuum, with accelerating
voltage from 10 to 15 kV. The phase composition analysis
was carried out using an EMPYREAN X-ray diffractometer
from PANalytical, operating in Theta-Theta geometry at
40 kV and 45 mA current, using Co lamp X-rays with
wavelength A = 1.7902 A. To confirm the changes in the
chemical structure of the powders, the Raman Spectroscopy
technique was applied, using an inVia Confocal Raman
spectrometer from Renishaw (Gloucestershire, UK) using
a 532 nm laser.

Results and Discussion

The SEM images show the morphology of the HAp pow-
ders before and after the modification processes. FIG. 1a
shows the characteristic structure of the HAp powders.
As can be seen, there are agglomerates of smaller particles
with irregular shapes (FIG. 1a). After the ion exchange
processes their morphology changes, which is indicated by
more regular particle shapes (FIG. 1b,c). All the samples
show a rather large scatter of microparticle sizes from about
20 to 130 ym. None of the modifications applied significantly
changed their sizes.

In order to check the effectiveness of the performed
processes, the samples were subjected to the EDS analy-
sis to determine their basic chemical composition (FIG. 2).
As can be seen, the Ag-HAp-1M sample had the highest
silver content (18.52% on an atomic scale). Usege of the
higher concentration of AQNO; in the solutions inhibites the
ion exchange process, and the powders obtained in this
way had about 15.05% silver in their atomic composition.
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FIG. 1. SEM pictures of surface morphology:
a) HAp, b) Ag-HAp-1M, c) Ag-HAp-4M.
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Further analysis of the ion exchange process was made

® o o o o o o by XRD technique and Raman Spectroscopy. FIG. 3 shows
the diffractograms obtained for the powders before and after
modification. This study did not reveal any other crystalline
phases in the powders except for HAp (according to the
standard number 00-009-0432) and Ag,;PO, (according to
the standard number 04-009-5227). Their simultaneous
presence is evidence that the selected conditions enabled
only a partial exchange of Ca?* ions to Ag* in HAp powders.
For HAp powders, distinct diffraction peaks which cor-
responded to specific crystallographic planes of the hex-
agonal cell were found at the following angular positions:
25.39 (200); 26.65 (111); 30.14 (002); 32.78 (102); 33.76
(210); 37.07 (211); 37.56 (112); 38.39 (300); 39.75 (202);
41.44 (301); 45.85 (212); 46.58 (310); 49.22 (311); 54.82
(222); 56.49 (312); 58.14 (213); 59.37 (321); 60.33 (410);
61.32 (402); 62.59 (004); 73.04 (214); 74.72 (502); 76.05
(323.304); 77.25 (511). After the modification processes
in the powders, in addition to the selected HAp diffrac-
tion peaks, the peaks characteristic for the Ag,PO, cubic
structure were observed at the following angular positions:
24.30 (110); 34.63 (200); 38.88 (210); 42.76 (211); 56.15
(310); 62.07 (222); 64.91 (320); 67.68 (321). Additionally,
the analysis based on the Rietveld method showed that in
Ag-HAp-1M powders the Ag;PO, phase accounted for
43.5% while in Ag-HAp-4M powders only 35.2%. The
trend of these changes is also visible in the intensity of the
characteristic peaks on the diffractograms shown in FIG. 3.
FIG. 4 presents the Raman spectra of the studied powders.
The spectrum of the unmodified hydroxyapatite (4a) accord-
ing to the literature [38-41] shows the most intense peak char-
acteristic of symmetric stretching vibrations around 963 cm-'
(character 1) between P-O-P within the (PO,)* tetrahedral.

Further, peaks atabout 1072, 1046 and 1029 cm-' respective-
ly, correspond to the symmetric streching vibrations. Modes
at about 593 and 581 cm' are associated with (4) O-P-O
vibrations and at about 431 cm™" with (2) O-P-O vibrations.
After modification in the aqueous AgNO; solution, the most
prominent peak on the Raman spectrum is at the position
of about 909 cm™' originating from the stretching symmetric
vibrations of (1) PO,* evidently indicating the formation of
Ag;PO, [42,43]. In addition, typical modes from the unmodi-
fied HAp powder (especially at 963 cm™') are visible to a less-
er extent. For powders modified in AQNO, solution, the peaks
at 909 cm™' and 963 cm-' change their intensities according
to the content of silver atoms in the samples. The lowest
intensity of the peak characteristic for the pure HAp powder
(at 963 cm™), and at the same time the highest inten-
sity of the peak characteristic for the Ag;PO, structures
(at 909 cm") are typical for the Ag-HAp-1M powders
with the highest silver content and the highest content of
Ag;PO, phase.

The mixture of silver phosphate and hydroxyapatite
obtained in the ion exchange process with the highest
silver content was subjected to a one-hour annealing
process in a vacuum oven at 800°C in order to confirm
the possibility of changing the structure of the modified
powders to the one with silver in a metallic form and not
in the Ag,PO, compound. After this process, the powders
were re-examined using the techniques presented earlier.
FIG. 5 presents the SEM image of the powder modified
in this way along with EDS analysis, while FIG. 6 shows
the characteristic XRD and Raman spectroscopy spectra.
As can be seen in FIG. 5, the morphology of the powders
changed. After the annealing process, the micropowders
were composed of spherically shaped, sintered particles.
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FIG. 4. Raman spectra of micropowders: a) HAp, b) Ag-HAp-1M, c) Ag-HAp-4M.
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FIG. 6. X-ray pattern of phase composition (a) and Raman spectrum (b) of Ag-HAp-1M powder.

From the EDS studies, it can be seen that the silver content
of these powders was lower than the Ag-HAp-1M powders,
which may be due to the temperature and pressure of the
processing. After annealing, the characteristic peaks of the
silver cubic structure were observed in the studied powders
(FIG. 6a) at the following angular positions: 44.57 (111);
51.95 (200); 76.53 (220) and rhombohedral -TCP at the
following angular positions: 32.36 (214); 34.57 (300); 36.19
(0210); 40.13 (220); 55.13 (4010); 56.33 (238); 56.85 (416);
62.35 (2020); 70.38 (517). The Raman spectrum in FIG. 6b
shows the change of the HAp powder in —TCP, as evidenced
by the 1(PO,) modes occurring at about 949 cm™" and 971
cm' [43-45]. The other peaks were attributed to the 2(PO,)
vibrations occurring at about 406, 442, 481 cm™', 3(PO,) at
about 1016, 1048 cm', and 4(PO,) at about 546, 598, 609,
and 628 cm™.

Conclusions

The ion exchange process led to the incorporation of
silver ions into the hydroxyapatite structure. This con-
firmed the effectiveness of the procedure used to obtain
the powders as Ag;PO,/HAp mixtures. The morphology
of the HAp powders changes significantly as a result of
silver doping. The phase composition analysis revealed
the presence of characteristic peaks corresponding to HAp
and the newly formed silver phosphate phase Ag;PO,.

The sample modified with 1M AgNQ; in an aqueous solution
had the highest silver content. Additionally, the chemical and
phase composition of the produced powders can be modified
by thermal treatment. The use of vacuum annealing at 800°C
resulted in the formation of metallic silver and the change
in the structure of HAp to B-TCP. However, further studies
and analyses are necessary to precisely develop process
parameters for the modification of HAp powders with silver
ions, as well as their thermal treatment.
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Abstract

Bone infections are a challenging problem as they
may cause a permanent patient disability and even
death. Additionally, their relapse rate is relatively high.
The implantation of a local drug delivery system can
be an effective way to fight bone infections. In this
study, we present the process of surface bioactivation
and immobilization of nanoparticles loaded with drugs.
Our aim was to improve osseointegration of the ZrO,
surface by coating it with a bioactive layer containing
poly(L-lactide-co-glycolide)(PLGA) nanoparticles
(NPs) loaded with antibacterial drugs (gentamicin and
bacitracin) using a biomimetic precipitation method.
The ZrO, substrates were prepared via pressing and
sintering. The CaP-coating was obtained by immersing
the substrates in ten-times concentrated simulated
body fluid (10xSBF). NPs were prepared by the do-
uble emulsion method and the drug loading in NPs
was assessed. Thus obtained NPs were applied on
bioactivated ceramic substrates by the drop-casting
method or by introducing them in the 10xSBF solu-
tion during the bioactivation process. The NPs were
visualized using scanning electron microscopy (SEM).
The NPs size and the Zeta potential were measured
using dynamic light scattering (DLS) method. The
microstructure of the coating and the efficiency of the
NPs incorporation were tested by SEM. In this study,
we proved the presented process to be an effective
way to obtain biomaterials that could be used as drug
delivery systems to treat bone infections in the future.

Keywords: bioactivation, polymer nanoparticles,
bioactive layer, biomimetic coating, bone tissue re-

generation, bone implants
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Introduction

Nowadays, bone infections are a widespread problem.
Due to the limited ability of the antibiotics accumulation in
the bone tissue, the infection treatment is rather difficult [1].
The increasing average age of the patients contributes to
the reduction of immune response, more hip fractures and
higher numbers of joint surgeries. The increasing number
of joint infections is also a result of the overall population
aging [2,3]. Bone infections are often extremely painful
and lead to progressive destruction, abnormal bone for-
mation and the body’s systemic inflammatory response.
As a consequence, they may cause permanent disability
and even death [4,5]. Despite the availability of a large
number of antibiotics, bone infections remain a challenge
for clinicians and have a high relapse rate despite the seem-
ingly effective treatment [6].

Bone and marrow infections can be caused by any
pyogenic organism, as well as by some strains of fungi,
but the most common pathogens are Gram-positive bac-
teria, including Staphylococcus aureus that causes 80% of
osteomyelitis. Gentamicin sulfate is the most commonly
used antibiotic to impair the bacterial protein synthesis and
thus to prevent the infection from spreading [3,4].

S. aureus releases bacterial adhesins that help it stick to
the host extracellular matrix proteins, which is the first step
in the infection pathogenesis. Additionally, S. aureus shows
the ability to effectively evade the human immune system,
to penetrate mammalian cells and to persist intracellularly,
which is one of the main reasons for the high recurrence
rate of osteomyelitis [4,7].

The treatment of bone infections is based on a long-
term and aggressive antibiotic therapy which is the last
and the longest stage of the treatment and may last up
to several weeks. The choice of active substance and the
therapy duration depends on the patient risk factors, comor-
bidities or the presence of drug-resistant microorganisms.
The chronic osteomyelitis treatment generally involves sev-
eral steps. The first is to clean up the necrotic and infected
tissue. Then, the defective area needs to be filled in to start
the bone reparation or regeneration process. Only then the
antibioitics are administered [4,8,9].

Antibiotics can be delivered in a variety of ways. The oral
drug administration is very rare due to the low concentra-
tion of active substances that can reach the bones. That is
why, intravenous antibiotics are commonly used, but such
a therapy is not always effective and the disease recurs.
The unsuccessful intravenous antibiotic delivery results from
the fact that the infected bone fragment is often surrounded
by sclerotic avascular bone, making it almost inaccessible
to systemic antibiotics. For this reason, it is often necessary
to remove the infected bone. The solution to this problem
may be the implantation of a drug delivery system with an
extended release time in order to ensure the appropriate
concentration of antibiotics for a longer period of time.
In general, the local drug delivery is regarded as more effec-
tive in fighting the disease than the systemic therapy [8,9].

Gentamicin, or rather gentamicin sulfate, is an amino-
glycoside antibiotic that acts as an inhibitor of the protein
synthesis process, binding the 30S subunit of the bacterial
ribosome, thus preventing the appearance and spreading
of infection. This antibiotic can be used when the use of
potentially less toxic drugs is contraindicated. Gentamicin
should be used in the treatment of infections caused by
susceptible bacteria [3].
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Bacitracin is a polypeptide antibiotic that is produced by

e o e e o o o bacterial strains of Bacillus subtilis and Bacillus licheniformis.
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It has an antibacterial effect against Gram-positive bacteria,
and also inhibits the resistance to S. aureus. The most com-
mon side effect of the use of bacitracin is the renal dysfunc-
tion but it does not cause complications in the topical appli-
cation. This side effect is sometimes observed after intrave-
nous systemic administration, while bacitracin taken orally,
is safe. In addition, it has been shown that bacitracin can
support the osteogenic differentiation of bone marrow stem
cells (hBMSC). The high bioactivity of bacitracin as well as
its multifunctional properties make this antibiotic effective for
the local treatment of bone infections and osteolysis [10-12].

Drug delivery systems (DDS) are considered an extremely
valuable tool in modern medicine. They maintain the proper
drug concentration in target tissues for a specified period
of time, while preventing structural changes of the active
substances. These systems are most often based on various
types of drug carriers, in particular nanoparticles. The NPs
use has a number of advantages. NPs are characterized
by a high ability to encapsulate the drug. Their small size
allows them to be administered in various ways: orally, in-
travenously, and even by inhalation. They can reach even
the smallest capillaries. In addition, nanoparticles have the
ability to penetrate the bone structure, which allows them
to reach the infected bone areas [13,14].

In the treatment of bone infections supported by the
implant, DDS systems based on biodegradable material
can be successfully used. The use of poly(L-lactide-co-
glycolide) (PLGA) nanoparticles as a layer allows the design
of unconventional scaffolds that provide better functionality.
Such an implant, in addition to its basic function, can also
play the role of a local delivery system not only for drugs,
but also for growth factors or other molecules accelerating
the bone tissue regeneration [15].

Zirconium oxide is a material classified as non-bioactive
bioceramics. Itis characterized not only by high biocompat-
ibility but also by good tribological properties, high strength,
and hardness [16,17]. Hydroxyapatite (HAp) is a biocom-
patible bioceramic material with the molecular formula
Ca,,(PO,)s(OH),, used in bone tissue engineering. This ma-
terial is bioactive and has osteoconductive properties [16,18].

Bioinert materials can be coated with bioactive layers so
as to improve their osseointegration. For this purpose, bio-
compatible materials are used which should also be osteo-
conductive and/or osteoinductive, as well as mechanically
stable under physiological stress. They should also adhere
to the implant. The coating materials are mainly calcium
phosphates [16]. The presence of the ceramic bioactive
coating increases the implant surface activity by promoting
the adhesion and proliferation of osteoblasts and osteogenic
cells, which accelerates the process of tissue repair and new
bone formation [19,20].

TABLE 1. Reagents used to prepare 1 L of SBF-solution for each step.

First step (1000 ml)
Ca-solution P-solution
(500 ml)

(500 ml)
Mass [g]

Reagent

Second step (1000 ml)
Ca-solution
(500 ml)

Mass [g]

The aim of this study was to bioactivate the bioinert sur-
face of ZrO, substrate by coating it with a bioactive layer
of calcium phosphate (CaP) that was doped with PLGA
NPs loaded with antibacterial drugs using the biomimetic
co-deposition method.

Materials and Methods

Preparation of ceramic substrates

The ceramic substrates were obtained via pressing and
sintering. Briefly, 1.3 g of the ZrO, powder (TZ-3YS-E, Tosoh
Corporation, Nanyo Manufacturing Comlex, Japan) was
uniaxially pressed with a force of 15 kN for 1 min and then
sintered for 2 h at the temperature of 1450°C. The produced
samples (2 mm thick round lozenges of 1 cm in diameter)
were grinded and polished with SiC abrasive papers until
the 15 pym grit. Then they were cleaned 4 times by using
ultrasounds: twice with acetone (CH,COCH,, Merck KGaA,
Darmstadt, Germany), once with ethanol (C,H;OH, Merck
KGaA, Darmstadt, Germany) and once with double distilled
water. Having been cleaned, the substrates were immersed
in the 5 M phosphoric acid for 3 days at 37°C.

Preparation of nanoparticles

The method of double emulsion with solvent evaporation
was used to prepare the nanoparticles. A 2% solution of
PLGA (La:Ga ratio 85:15, Mn = 100 kDa, d = 1.5, produced
at the Center of Polymer and Carbon Materials, Polish Acad-
emy of Sciences, Zabrze, Poland) in dichloromethane (DCM,
Avantor Performance Materials, Gliwice, Poland) and a 2%
aqueous solution of polyvinyl alcohol (PVA, Sigma Aldrich,
Germany) were prepared. Gentamicin (Gent, Sigma Aldrich,
Germany) or bacitracin (Bct, Sigma Aldrich, Germany) re-
spectively, in the amount of 6 mg, were added to 3 ml of the
PLGA solution, and then homogenized with ultrasound for
3 min with an amplitude of 40% (Sonics, Vibra Cell VCX130,
Newtown, CT, USA). The obtained emulsion was added to
20 ml of the PVA solution and stirred at 1000 rpm for 24 h at
room temperature. In the next stage, the obtained nanopar-
ticles were centrifuged five times (18000 rpm, 20 min, 4°C),
and subsequently they were frozen at -80°C. The last step
was the drying process that was carried out in the freeze-
dryer (Christ Alpha 1-2 LDplus, Germany) for 24 h.

The morphology of obtained NPs was observed with
scanning electron microscope (SEM, GeminiSEM 500,
Zeiss, Jena, Germany). Their size and the Zeta potential
were measured by dynamic light scattering method (DLS,
Zetasizer nano-ZS, Malvern, UK). The encapsulation effi-
ciency was checked by the fluorescence reader (FLUOstar
Omega, BMG Labtech, Germany). We used the reaction
with o-phthalaldehyde (OPA) and the phenomenon of fluo-
rescence to quantify drugs.

Bioactivation process

We used the biomimetic precipitation
method to bioactivate the ZrO, surface.
In general, the ceramic substrates were
immersed in a 10xSBF solution to obtain
a bioactive layer. The process was carried
out in two stages and it was a combination of
two different techniques already described.

P-solution
(500 ml)

NaCl 29.220 29.220 41.492 41492 [ The first step was based on the paper of
KCI 0.373 - - - A. Tas et al., while the second one on the study
CacCl, » 2H,0 3.675 - 3.676 - of D. Costa et al. [21,22]. TABLE 1 shows the
MgCl, * 6H,0 1.017 - - - reagents and their quantities that were used
NaH,PO, « 2H,0 R 1.560 N - to prepare the SBF-solutions.

NaHCO, - 0.840 - -

K,HPO, - - - 1.742
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FIG. 1. Schematic representation of the drop casting method (A: 1 — first step of coating process (15 ml of the
SBF-solution); 2 — second step of coating process (2.5 ml of the SBF-solution); 3 — adding a drop of dispersed
NPs on the coated sample) and the precipitation process (B: 1 —first step of coating process (15 ml of solution);
2 — adding SBF-solution used in the second step; 3 — adding dispersed NPs; 4 — second step of coating process).

FIG. 2. SEM images of different types of nanoparticles: A — empty nanoparticles (PLGA); B — nanoparticles
loaded with gentamicin (PLGA_Gent); C — nanoparticles loaded with bacitracin (PLGA_Bct).

In the first step, the samples were incubated in 15 ml of
the SBF-solution for 24 h at 37°C under static conditions.
During the second step, they were immersed in 2.5 ml of
the SBF-solution for the same period of time but under dy-
namic conditions (shaking at a speed of 150 rpm) at room
temperature. Then, the samples were rinsed three times
with double distilled water (ddH,O) and left to dry.

The microstructure and the quality of received coatings
were observed using SEM.

Introducing NPs into the CaP-coating

To introduce NPs onto the ceramic substrates, we used
two different methods whose schematic representations
are shown in FIG. 1. The first one was the drop-casting
method which is based on placing a drop of the NPs dis-
persed in water on the coated substrate. We applied 100 pl
of dispersion with a NPs-concentration of 2 mg/ml. Then,
the samples were dried at room temperature for 48 h.
The second method included NPs in the SBF solution dur-
ing the second step of the bioactivation process. We added
5 mg of NPs to 2.5 ml of the SBF solution to receive the
same concentration (2 mg/ml) as in the first method.

To check the efficiency of the immobilization of NPs we
analyzed the surface of substrates with SEM.

Results and Discussion

The results of the SEM observation of NPs are presented
in FIG. 2. Picture A shows empty NPs while in the pictures
B and C there are NPs loaded with gentamicin and bacitra-
cin, respectively. The particles are agglomerated, yet their
size is similar in every case, despite the NPs type. NPs are
round and regular in pictures A and B, while bacitracin has
an impact on the shape and morphology of NPs and makes
them more irregular.

DLS results confirmed that the NPs size is similar in every
case - approximately 200 nm. However, the size (FIG. 3) as well
as the Zeta potential (FIG. 4) are dependent on the NPs type.
As shown in TABLE 2, particles loaded with drugs are
smaller (207.4 nm and 202.4 nm for particles loaded with
gentamicin and bacitracin, respectively) and their Zeta po-
tential increases (-23.9 mV for gentamicin and -13.4 mV for
bacitracin) in comparison with the empty NPs whose size
and Zeta potential are equal to 226.3 nm and -30.5 mV,
respectively. This phenomenon results from the interaction
of polymer with drugs whose positive nature changes the
polymer surface charge. The encapsulation efficiency is
higher for gentamicin (54.3%) in comparison with bacitracin
(37.5%) but it is relatively high for both used drugs.

Coating the implant with a bioactive layer is a relatively
common method to improve osseointegration. Different
methods of the CaP-precipitation on the implant surface
have been developed. A. Tas et al. created a layer of cal-
cium phosphate on the surface of Ti6Al4V [21]. SBF with
a ten times higher concentration (10xSBF) of calcium and
phosphate ions was used. That solution did not require the
use of buffering agents and the coating process itself was
carried out at a linear speed. Before dipping in the 10xSBF,
the TiBAI4V surface was initially chemically etched in
a 5 M KOH solution and then thermally treated at 600°C.
The SBF solution made it possible to obtain a calcium phos-
phate coating not only on metals but also on ceramics or
polymers. This method led to the formation of layers in as
little as 2 - 6 hours at room temperature. The phosphate con-
tent in the coating and the Ca/P molar ratio made the coating
classified as bone-like, which is additionally characterized
by a relatively high adhesive force to the substrate surface.
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FIG. 3. Size distribution of nanoparticles determined by DLS method: A— PLGA, B-PLGA_Gent, C - PLGA_Bct.
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TABLE 2. Characteristics of NPs: average size, Zeta potential and encapsulation of drugs.

Average size [nm]

Zeta potential [mV]

Encapsulation [%]

PLGA 226.3 -30.5 -
PLGA_Gent 207.4 -23.9 54.3
PLGA_Bct 202.4 -13.4 37.5

D. Costa et al. used simulated body fluid (SBF) to create
a calcium phosphate (CaP) coating on polycaprolactone
(PCL) foil [22]. Due to the presence of such a coating, the poly-
mer substrates could be bioactive and osteoconductive, and
their biocompatibility increased when compared to uncoated
substrates. The hydroxyapatite (HAp) layer was obtained by
dipping the substrate in SBF solution with a five times higher
ion concentration (5xSBF) of the typical SBF solution, there-
fore the time needed to obtain the coating shortened from
about 7 days to 24 hours. The coating process was based on
the work of Tas et al. [21]. The bone-like layers with different
surface topography were produced on the PCL substrates,
depending on the concentration of Mg? and HCO?* ions.
The lower concentrations resulted in a fine surface topogra-
phy, while high concentrations in a surface with roughness
considered optimal for adherence and differentiation of
osteoblasts. At the same time, the mechanical properties of
CaP coatings were similar to those of natural bone tissue.

In our study, we combined both of the above-mentioned
approaches. One method is based on the composition of
the blood plasma while the other one contains only the most
typical SBF ions. The absence of ions such as Mg?* in the
second step transforms the structure obtained in the first
step into the more bone-like structure. The first step of our
bioactivation process was based on the work of A. Tas et al.,
while the second one was inspired by the research of
D. Costa et al. [21,22].

AN LN

In each stage, we used the Ca- and P-solutions that
contained only appropriate ions. When adding the solu-
tions to the tube we followed the order: first P- and then
Ca-solution. We immersed the substrates for 24 h at 37°C
under static conditions in 15 ml of the solution (7.5 ml of the
P-and 7.5 ml of Ca-solution) prepared as shown in TABLE 1.
During the second stage, the samples were incubated for
the same period of time at room temperature under dy-
namic conditions (shaking at a speed of 150 rpm), in 2.5 ml
of the 10xSBF solution (1.25 ml of the P- and 1.25 ml of
Ca-solution) that was prepared as presented in TABLE 1.
Then, the samples were rinsed three times with double
distilled water (ddH,0) and left to dry.

The bioactive layers we received correlated with those
obtained in the above-mentioned papers, as presented in
the SEM pictures A and B (FIG. 5).

Crystals obtained according to the first step of coating
process (FIG. 5A) were thinner, while those after both steps
(first and second) were thicker and the layer was denser
(FIG. 5B).

In order to immobilize NPs on ceramic substrates we used
two different methods. One of them was the drop-casting
method (FIG. 5C). The other was based on the presence
of NPs in the SBF solution during the second step of co-
deposition process (FIG. 5D). In both methods the same
concentration of dispersed NPs (2 mg/ml) was applied.

FIG. 5. SEM microphotographs of the bioactive layer on the ZrO, substrate after the first (A) and the second (B)
step of the coating process and NPs deposited on the ZrO, substrates by drop-sitting method (C) and during

the CaP layer preparation process (D).
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As for the immobilization during co-deposition, the mi-

® o o o o o o crostructure of bioactive layer did not differ from the one

obtained without particles. That means that the NPs pres-
ence in the solution did not have a negative impact on the
crystallization process. The NPs were evenly distributed on
the surface and their adhesion to the surface was relatively
strong.

Thanks to the drop-casting method, a larger number of
NPs was immobilized so they nearly covered the whole
surface. Although they were highly agglomerated and not
homogeneously distributed, the NPs deposition was more
precise in this method and the adhesion to the bioactive
layer was also high.

Conclusions

In this paper we presented a method of producing ZrO,
substrates coated with a bioactive layer containing polymer
nanoparticles loaded with antibacterial drugs.

The biomimetic method of the bioactive layer deposition
was stable and the obtained coatings consisted of flake-like
crystals. In the first step of the process, the crystals were
not fully developed. Therefore, it was important to perform
the second step. During that stage, the microstructure
transformed into a more stable form which was similar to
hydroxyapatite. That explains the necessity of using the
two-step process.

Both methods of the NPs immobilization were efficient.
However, the number of deposited particles was higher
in the drop-casting method. The NPs formed a layer that
covered the surface almost completely. In both cases, NPs
were agglomerated. Incorporating NPs in the solution dur-
ing the coating process allowed for a more homogenous
particles distribution on the surface of the ZrO, substrate.
Yet, the immobilization process during co-deposition was
less precise because the attached NPs could not be con-
trolled in terms of their quantity.

It can be stated that the method used to prepare nano-
particles was characterized by high stability and efficiency
and the obtained particles were of a spherical shape and
a desirable size. The presented process of deposition of
bioactive layers was an effective technique to bioactivate
bioinert surfaces, the result of which was the layer consisting
of flake-like crystals. Both methods of immobilizing nano-
particles allowed for the deposition of a sufficient number of
particles that were relatively well attached to the substrate.
The presented processes of the surface bioactivation and
the NPs immobilization are a successful method of creating
bioactive ceramic substrates. In further studies we are plan-
ning to test the drug release, antibacterial properties and
biological properties of our biomaterials in contact with bone
cells so as to confirm their potential for tissue engineering
and the bone infections treatment.
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