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NANOTECHNOLOGY
IN ONCOLOGY - CURRENT
STATE OF KNOWLEDGE

DOROTA LASKOWSKA'™*
KATARZYNA MITURA?

, EWA ZI6LKOWSKA' (),

" THE PRESIDENT STANISLAW WOJCIECHOWSKI STATE
UNIVERSITY OF APPLIED SCIENCES IN KALISZ,

Nowy SwIAT 4, 62-800 KALISz, POLAND

2 KOSZALIN UNIVERSITY OF TECHNOLOGY,
SNIADECKICH 2, 75-453 KOSZALIN, POLAND

*E-MAIL: DOROTA.LASKOWSKAPL@GMAIL.COM

Abstract

Nanotechnology is an interdisciplinary area of
science devoted to the production and testing of
nanostructures - defined as forms of the matter orga-
nizations the size of which does not exceed 100 nm.
It is a quickly developing area of science with many
applications in different areas of life, for example in
engineering, computing, medicine, pharmacy, and
agriculture.

One of the problems of contemporary oncology
is the low specificity of applied therapies. Most cur-
rently used chemiopharmaceuticals have systemic
effects which not only affect cancer cells but also
healthy tissues. Complications after chemotherapy
observed in many patients are bone marrow deficiency
(neutropenin, thrombocytopenia, anemia), damage
to the nervous system (neurotoxicity), myocardium
(cardiotoxicity) and pulmonary parenchyma. Similarly,
in radiotherapy, ionizing radiation destroys the healthy
tissues in the irradiation field. The side effects of
radiation therapy may include fatigue, skin reactions,
and impairment of tissue and organ functions. Accor-
ding to studies, nanostructures are an opportunity to
overcome these limitations. The most popular nano-
structures used in medicine are liposomes, silver and
gold nanopatrticles, magnetic nanoparticles, carbon
nanotubes, and dendrimers.

The purpose of this article is to present the current
state of knowledge on the use of available nano-
technology solutions in pharmacology and cancer
treatment.

Keywords: nanotechnology, oncology, nanostructu-
res, cancer treatment

[Engineering of Biomaterials 152 (2019) 2-9]

Introduction

Richard Feynman, the visionary of developing nano-
technology as a separate branch of science, as early as
1959, predicted the possibility of precise manipulation and
controlling the position of atoms in material structures.
The first attempt to define this concept was made in 1974
by Nobuteru Taniguchi. He based his considerations on the
dimensional criterion and referred (similarly to R. Feynman)
to the possibility of designing materials at the nanoscale.
However, at that time this was only a theory limited by the
available resolution capabilities of the microscopes [1,2].

A significant step forward was the development of the
scanning tunneling microscope (STM) in 1981 and the
atomic force microscope (AFM) in 1982. Since then, these
tools have made it possible to observe the materials surface
with the single-atom resolution [1,2].

The new tools led to new discoveries. In 1985, Richard
Smalley, Harold Kroto, and Robert Curl discovered a new
allotropic form of carbon-fullerenes. Inspired by their re-
search, in 1991 Sumio lijima discovered carbon nanotubes:
structures characterized by high thermal conductivity and
unique mechanical and electrical properties. These discov-
eries were the starting point for future research, the purpose
of which was not only to develop technologies to produce
nanostructures and nanomaterials but also to enhance them
with specific biological properties, particularly for future ap-
plications in medicine, pharmacy, and cosmetology [1,2].

Methods of production and division of nanostructures
The term “a nanostructure” is defined as the natural or
artificial form of the organization of matter in a condensed
and isolated form, made up of atoms, particles or clusters,
whose dimensions are limited to nanoscales (where the size
does not exceed 100 nm). The material built on a media
using nanostructures is called a nanomaterial. Sometimes
in literature, the interchangeable use of these terms occurs

[1,2].

The reduction of matter to the nanoscale can take place
in one of three dimensions (in the coordinate system). Based
on this principle, nanostructures are divided into zero, one,
two and three-dimensional ones [3].

There are many methods employed to obtain artificial na-
nostructures which can be divided into three general groups:
» top-down methods which consist in the comminution of

macroscopic materials (obtained by traditional methods)

into smaller parts, using physical processes,

* bottom-up methods which consist in the controlled pro-
duction of larger material structures by combining and
moving single atoms and molecules, using chemical
processes,

* hybrid methods [1,3,4].

Regardless of the production method, nanostructures
obtained have interesting properties which are different
when compared to the properties of micro- and macrometric
materials.

Nanomedicine
Of all the applications of nanostructures and nanomateri-

als in medicine those which deserve special attention are:

» pharmacy, in particular the search for new antibacterial,
antiviral or antifungal agents and carriers of drug and
biological molecules,

» nanooncology which includes different activities to im-
prove existing treatment methods and to develop new
alternative therapies, notably targeted therapy, photo-
dynamic therapy or thermotherapy,

» diagnostic and medical equipment, including the use
of nanostructures as biosensors and contrast agents,

* regenerative medicine, implantology, and dentistry.
Regarding cancer diagnosis and therapy, the use of

multifunctional nanoparticles called theranostic systems

are a promising prospect [5].
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Antiseptic agents and materials

Bacteria have accompanied humanity since the very
beginning. They can be found not only in soil and water but
also in extreme environments, such as glaciers or hydro-
thermal waters. Moreover, they can survive in both aerobic
and anaerobic conditions. Along with the development of
microbiology, at the turn of the 19" and 20" centuries, there
was a breakthrough for medicine) as researchers confirmed
the existence of pathogenic bacteria. Initially, precious
metal compounds, including silver and gold, were used to
combat bacteria.

In the 19" century, silver compounds were widely used to
treat infections associated with ulceration, burns or wounds
which were difficult to heal and to treat diseases, such as
epididymitis, tonsillitis or conjunctivitis. In 1928 the first anti-
biotic — penicillin, was discovered. Currently, antibiotics are
in common use. However, the increasing overuse and also
misuse of antibiotics resulted in the spread of drug-resistant
bacterial strains. Considering the scale and seriousness of
the problem, the research on alternative antibacterial agents,
including nanostructures, has started [6,7].

According to studies, silver nanoparticles display particu-
lar bactericidal potential. Nanoparticles are nanostructures
created by reducing the initial material (in macro-scale) in
all three dimensions so that all the dimensions measure
below 100 nm. Nanoparticles have unique physico-chemical
properties when compared to the materials with the same
chemical composition but at the macro scale, due to the sig-
nificant ratio of their surface atoms to the core atoms [1,2,8].

The impact of silver nanoparticles on biological systems
consists in breaking up cell membranes, denaturing proteins,
disrupting and inhibiting DNA replication, producing oxygen
radicals and the expression of proteins and enzymes in the
respiratory chain. Their effectiveness depends, among other
factors, on the size and shape of the applied nanoparticles,
the type of bacteria (cell wall structure) and the environment
(the presence of oxygen, pH or temperature) [6,8].

In many studies, the toxic effects of nanosilver have
been confirmed against such bacteria as: Staphylococcus
aureus (which causes purulent skin infections, subcutane-
ous and soft tissue infections, systemic infections and toxic
shock syndrome associated with the production of toxins),
Escherichia coli (which causes food poisoning, urinary tract
infections, neonatal meningitis, organ abscesses, sepsis),
Pseudomonas aeruginosa (particularly common in patients
with cystic fibrosis), Chlamydia trachomatis (which trans-
mitted during sexual interaction causes a disease called
chlamydia) and Providencia stuartii (which occurs in patients
with severe burns or long-term urinary catheters) [8,9].

The aforementioned bacteria are the most common
sources of nosocomial infections which are especially
dangerous for oncological patients. Patients undergoing
radiotherapy suffer from the immunity decrease related to
the impaired hematopoietic system (bone marrow) due to
the ionizing radiation. Cytostatics and immunosuppressants
have a similar effect. In general, the general destruction of
the body is associated with the ongoing process of cancer
and its treatment. To protect the weakened patients against
bacterial infections, silver nanoparticles are used in the pro-
duction of bandages, surgical masks, catheters, implants,
and medical equipment. Apart from medical applications,
nanosilver is also introduced into building materials (e.g.
paints), home water treatment plants, textiles, and house-
hold items, which are interesting areas for further research
as well [1,6,8,9].

Nanostructures as drug carriers in targeted therapy

The main purpose of any cancer therapy is to destroy @ @ e e @ @ o

as many cancer cells as possible while protecting healthy
tissue and minimizing potential complications. As years of
experience show, this goal is not always easy and achiev-
able. Therefore, it is hoped that the targeted therapy using
nanostructures as carriers of therapeutic compounds will
help to eliminate the adverse effects of treatment.

Due to the unique properties of nanostructures, they can
penetrate through the cells membrane (including overcom-
ing the blood-brain barrier), increase the half-life and speci-
ficity of the active substance and delay the drug metabolism.
Drug delivery systems affect the stability, biodistribution,
and solubility of the provided medicament which is released
directly at the site of the disease. Thus, the active substance
is accumulated in the cells or tissue where most needed.
The drug-carrier combination is called a conjugate [10,11].

Regarding the mechanism, the targeted therapy is di-
vided into:

« passive therapy (FIG. 1) using the phenomenon of the
increased permeability of blood vessels which supply
nutrients to the cancer cells. The nanoparticles contained
within the drug freely penetrate the cell or get absorbed
via endocytosis. This effect of increased permeability and
retention (EPR effect) of nanostructures in cancer cells
concerns mainly the nanoparticles systems similar to
micellar systems, liposomes, polymeric-drug conjugates
and polymeric NPs [10,12-14].

« active therapy (FIG. 2) using a combination of nanopar-
ticle, drug, and ligand. The ligand is usually a substance
with a strong affinity for tumour cell membrane receptors
or a compound these cells demand for e.g. glucose or
folic acid [10,12-14].

Nanoparticles with magnetic properties also serve as
efficient carriers. In such cases, the conjugate will stop at
the target site when the magnetic field is stronger than the
linear blood flow [10].

The nanostructures used as drug carriers have to meet
a number of requirements concerning biocompatibility,
non-toxicity and limited accumulation in the body, as nano-
particles are absorbed and degraded in the liver or spleen.
The active functional groups should be located on the
surface to maintain the therapeutic properties. Sometimes,
in order to fulfill the strict requirements, it is necessary to
functionalize nanostructures [10,15,16].

The most popular modification involves the use of poly-
mers, such as polyethylene glycol (PEG), N-(2-hydroxy-
propyl)methacrylamide copolymer (HPMA), a polystyrene
copolymer with maleic anhydride, poly(L-glutamic acid (PG)
and poly (D,L-lactic-co-glycolic acid (PLGA). Of those listed,
the most commonly used is PEG, due to its high solubility
in water, biodegradability, minimal toxicity and controlled
mechanical properties [17,18]. The functionalization process
can also involve applying proteins and sugars [10].

Nanostructures that can be used as drug carriers in on-
cology are, among others, liposomes, gold nanoparticles,
carbon nanotubes, and dendrimers.

Liposomes are nanoparticles of colloidal spherical-
shaped structures. They are composed of a double lipid layer
surrounding a central water space where the drug or other
active substance is placed. As research shows, the release
of the drug from the conjugate results from the liposome de-
cay caused by the low pH of the tumour microenvironment.
To prolong the circulation time in the body and improve the
targeted drug delivery, the liposomes are coated with poly-
ethylene glycol chains (PEGylated liposomes) [10,12,14].

3

“U)
©
¢
zQZ
L
L=
<

0 00000 0000000000000 0000000000000000000 000 "=

Ll



4

@——NANOPARTICLE
: MEMBRANE

D RECEPTOR

®
O[:>
9
\

BLOOD VESSEL
WITH INCREASED PERMEABILITY

CANCER CELL

| MEMBRANE
& :> RECEPTOR
i
NANOPARTICLE
WITH LIGAND
:> CANCER CELL
|

\

BLOOD VESSEL
WITH INCREASED PERMEABILITY

FIG. 1. The passive targeted therapy mechanism,
based on Bitulicki (2016) [13].

FIG. 2. The active target therapy mechanism, based
on Bitulicki (2016) [13].

TABLE 1. Nanoparticles based drug approved by FDA, based on Raj (2019) [14].

Active pharmaceutical

INET ) Nanotechnology platform ingredient Cancer type

DepoCyt Liposome Cytarabin HIV-related Kaposi sarcoma

DaunoXome Liposome Duanotubicin HIV-related Kaposi sarcoma

Myocet Liposome Doxorubicin Metastatic breast cancer

Margibo Liposome Vincristine Sulfate Acute lymphoblastic leukemia

Mepact Liposome Murgmyl trlpeptldg phos- Nonmetastatic, resectable osteosarcoma

phatidylethanolamine

Onivyde Liposome Irinotecan Pancreatic cancer

Doxil PEGylated liposome Doxorubicin HIV—_reIated Kaposi sarcoma, ovarian cancer,
multiple myeloma

Onivyde/MM-398 | PEGylated liposome Irinotecan Post-gemcitabine metastatic pancreatic cancer

Abraxane Albumin NP Paclitaxel Breast, lung and pancreatic cancer

Genexol-PM Polymeric micelle Paclitaxel Breast cancer and non-small-cell lung carcinoma
(NSCLC)

Oncaspar Polymer protein conjugate |L-asoaraginase Leukemia

Nanotherm Iron oxide NP Thermal ablation glioblastoma

The liposomes functionalized with polyethylene glycol
(PEG) are used as a carrier of doxorubicin. The research has
shown the increased conjugate accumulation at the cancer
site in comparison to the unbound drug. This phenomenon
facilitates the effectiveness of the therapy while reducing
the side effects. This conjugate was approved by the Food
and Drug Administration for the treatment of breast cancer,
ovarian cancer, multiple myeloma and Kaposi’'s sarcoma
[10,12,19].

The first nanotechnology-based drugs with tFDA approval
are Abraxane and Doxil. TABLE 1 presents nanoparticles-
based drugs approved by FDA for different types of cancer
treatment.

Gold nanoparticles (GNPs) are stable and non-toxic and
their proper functionalization allows for the attachment of
various active substances [18]. Studies have proved GNPs
as an effective carrier for such chemopharmaceuticals as
oxaliplatin (a derivative of cisplatin) used to treat colorectal
cancer. Oxaliplatin is characterized by high neurotoxicity
and a negative impact on the patient’s well-being (nausea
and vomiting), which significantly limits its applications.
In order to reduce its harmfulness, oxaliplatin is combined
with gold nanoparticles modified by polyethylene glycol
(PEG-GNPs). The results of the studies revealed that such
a conjugate is six times more efficient than the drug in an
unbound form [11].
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Carbon nanotubes (CNTs) are nanometric structures
shaped as empty cylinders built of coiled graphene planes.
Such a structure provides CNTs with numerous unique
optical, chemical, physical and mechanical properties.
The carbon nanotubes come in a variety of structures either
single-walled (composed of single graphene layers) or mul-
tiwalled (containing many concentrically arranged graphene
cylinders). In order to use nanotubes as drug carriers, they
must be functionalized [20,21].

The first use of nanotubes as drug carriers (in vivo) was
documented in 2008 by Z. Liu [22]. In the studies, paclitaxel
was attached to the single-walled carbon nanotubes (previ-
ously modified by polyethylene glycol with an amino moiety).
This system was characterized by great solubility, the long
residence time in the blood circulation and better uptake by
tumour cells, which contributed to the high drug accumula-
tion in the tumour area. Moreover, the tumour resorption
was observed after the application of even small amounts
of the conjugate [12,23].

In the following years, the researchers studied nanotubes
as transport systems for such compounds as:

e cisplatin [14,19-25]

Particular attention should be paid to the works of

C. Tripisciano et al. [24,25] who presented a method of

introducing cisplatin (DDP) into the structure of single-

walled (SWCNTs) and multiwalled (MWCNTs) carbon
nanotubes. The researchers analyzed the effects of vari-
ous drug concentrations both in an unbound form and the
conjugate on the cells viability (prostate cancer). They ob-
served a direct proportional dependence of the increase
in the SWCNTs-DDP conjugate content on the cancer
destruction Although the effectiveness of SWCNTs-DDP
and the unbound drug was comparable, the conjugate

caused fewer side effects. Interesting results (TABLE 2)

were obtained by comparing two types of carriers with

regard to the drug transfer efficiency.

Although the method of introducing cisplatin in both

cases was the same, the amount of drug accumulated

in MWCNTSs was lower than in SWCNTSs. In addition, the

MWCNTs-DDP conjugate was characterized by higher

efficiency and speed of drug release. The researchers

associated this fact with the lack of mutual interactions

in the cisplatin-MWCNTs system [17,23].

» carboplatin [17,23,22]

The work in this area was conducted, among others,

by the S. Hampel research group [26]. According to

the research results, the carboplatin-CNTs conjugate
significantly slowed the growth of cancer cells in the

blood [17,23].

» doxorubicin [23,27]
H. Ali-Boucetta and his research group [27] used the
doxorubicin combined (non-covalent bond) with multi-
walled carbon nanotubes (previously modified with the
triblock copolymer). This combination contributed to the
better drug delivery to the diseased cells (breast cancer)
through biological barriers and it improved the drug ac-
tivity. In addition, the conjugate system increased drug
toxicity against breast cancer cells [23].

Despite the potential benefits, the use of nanotubes
as drug carriers is often questioned because of toxicity
concerns. Nevertheless, the research by J. Yan et al. [28]
showed that the injection of carbon nanotubes into tissues
around the tumour did not cause any side effects [14,29].

Dendrimers are complex, highly branched polymers
composed of a multifunctional centre (core) and arms called
dendrons. Free functional groups, located at the end of
dendrons, can be modified in order to change chemical and
physical properties of the molecule. Dendrimers are charac-
terized by free spaces called cavities that can encapsulate
various compounds, such as drugs and biologically active
molecules. There are many types of dendrimers, including
polyamidoamine (PAMAM), poly(propylene imine) (PPI),
polyether or carbosilane (DBD) [1,8,30,31].

The researchers considered utilizing dendrimers as
transport systems for such compounds as:

* methotrexene [8,31]

In studies performed on mice with a subcutaneous tumour

of human epidermal carcinoma, PAMAM dendrimers (5™

generation) were used. The modification consisted in folic
acid (ligand), fluorescein (fluorophore) and methotrexene
attachment to the acetylated surface functional groups.

Following the conjugate intravenous administration, the

researchers observed the increased drug accumulation in

the tumour cells with overexpressing folic acid receptors

and the significant inhibition of the tumour growth [8,31].
» cisplatin [12,30,31]

The conjugate of cisplatin and PAMAM dendrimers

proved the increased drug accumulation in the tumour

and its retarded release. This translated into weaker
toxicity as compared to the therapy with cisplatin alone

[12,30,31].

» doxorubicin [12,31]

In research on human gingiva tumour line cells (Ca9-22

cells), the researchers compared two different conju-

gates of PAMAM dendrimers and doxorubicin (DOX).

The results showed the superiority of the hydrazone

coagulate (PAMAM-hyd-DOX) over the amido coagulate

(PAMAM-amide-DOX). The PAMAM-hyd-DOX conjugate

disintegrated in the acidic environment, releasing the

drug which led to the tumour cells death. The conjugate
cytotoxicity against the tumour cells may have increased

due to so-called chemical internalization [12,31].

» 5-fluorouracil (5FU) [31],
« gemcitabine [9],
» ibuprofen (results: an increase in the drug concentration

in epithelial lung cancer cells) [8,31].

TABLE 2. Effectiveness of DDP delivery by SWCNTs and MWCNTs, based on Werengowska (2012) [17].

SWCNTs MWCNTs

The amount of medicine inside CNTs

21 pg/100 pg CNTs

13.6 ug/100 pg CNTs

The amount of drug released 68% 95%
The rate of drug release Slower Faster
Time to release the maximum dose 72h 48 h

5

LU
=S
(D >

0 00000 0000000000000 0000000000000000000 000 "=

Ll



6

In light of the above considerations, the targeted therapy

® o o o o o o ysing nanostructures as drug carriers is a promising alter-

native to traditional chemotherapy. The described solutions
allow to eliminate such problems as low efficiency in drug
distribution, low bioavailability, increasing resistance of
tumour cells to cytostatics and the high systemic toxicity
of therapy [12]. TABLE 3 summarizes the conjugates which
were described above.

TABLE 3. Nanostructures used as drug carriers -
exemplary applications.

Nanostructures Active substance Literature
Liposomes Doxorubicin [10, 12]
Gold nanoparticles s
(GNPs) Oxaliplatin [11]
Paclitaxel [12, 22, 23]
Carbon nanotubes Cisplatin [17, 23-25]
(i) Carboplatin [17, 23, 26]
Doxorubicin [23, 27]
Methotrexene [8, 31]
Cisplatin [12, 30, 31]
Doxorubicin [12, 31]
Dendrimers
5-fluorouracil (5FU) [31]
Gemcitabine [9]
Ibuprofen [8, 31]

Photodynamic therapy

Another alternative to traditional chemotherapy is photo-
dynamic therapy. It involves the application of a photosen-
sitizing agent activated by the electromagnetic radiation of
a specific wavelength which corresponds to the absorption
band of the sensitizer. Thus reactive oxygen species (mainly
singlet oxygen) are released, which leads to the microcircu-
lation damage and induces the local inflammatory reaction
resulting in the tumour cells death. The commonly used
photosensitizers are orally administered compounds which
accumulate not only in the tumour area but also in other tis-
sues. The particularly vulnerable organs are the eyes and
skin, due to their substantial exposure to sunlight[12,13,32].

Nanostructures in the photodynamic therapy (similar to
the targeted therapy) are used to produce conjugates pro-
viding photosensitizers directly to the tumour. In this regard,
once again, the usefulness of such nanostructures as carbon
nanotubes and dendrimers has been confirmed [12].

The research group of V.N. Khabashsek [33] tested
a complex of folic acid (ligand), carbon nanotubes and
a photosensitizer from the porphyrin group. After the conju-
gate administration, its high affinity for the tumour cells was
confirmed by the highest drug concentration in this area.
In the next step, their radiation using a laser of the ap-
propriate wavelength initiated the process of producing
singlet oxygen. The therapy effectiveness depended on
the malignancy degree of the neoplastic lesion, with better
results obtained against malignant tumours. Still, the therapy
effectiveness was not lower than 60% [20,33].

Thermotherapy
Another promising strategy for cancer treatment is ther-

motherapy which uses the stimulating and destructive effects
of thermal energy on the cellular structures. An increase in
the body temperature may have internal (endogenous) or
external (exogenous) causes. Depending on the purpose,
there are two types of thermotherapy:

» hyperthermia when the temperature increase to 42-46°C
is aimed at sensitizing tissue to the traditional therapy
(chemotherapy or radiotherapy),

» thermoablation when the temperature increase to
51-55°C leads to cell death [12].

The most basic classification of hyperthermia methods
refers to the size of the body area subjected to high tem-
peratures. Therefore, one can distinguish the local, regional
and systemic (whole-body) hyperthermia. The classification
shown in TABLE 4 additionally takes into account the tumour
location [34].

TABLE 4. Different types of hyperthermia - exem-
plary classification, based on Rzepka (2012) [34].

Local Regional
hyperthermia hyperthermia

External methods -
applicators on the
body surface

Treatment of deep
tissue cancers

Whole-body
hyperthermia

Intraluminal or
endocavitary meth-

ods - applicators Regional perfusion

inside the body techniques
cavities
iti Continuous
Inters.tltlal methods hyperthermic
(including !
peritoneal

thermoablation)

perfusion (CHPP)

In oncology, hyperthermia is defined as a controlled
technique of heating the cancer area in order to destroy
the tumour cells or inhibit their growth [34]. Pathological
tissues with disturbed thermoregulation processes are not
able to effectively discharge the heat excess, which leads to
denaturation of the protein structures and the cell death [13].

Hyperthermia has its limitations. In the case of advanced
pathological changes, it is difficult to introduce the applicator
and in the case of small changes and the micrometastases
the precise location is problematic. Moreover, the side
effect of overheating healthy tissues may damage them.
The safe temperature limit is about 44°C with the exposure
time of about 60 minutes. However, it is difficult to maintain
the steady temperature all over the heated area, espe-
cially during the intraluminal or endocavitary hyperthermia.
Additionally, some tissues are more sensitive to heating
and this factor should be taken into account as well. Most
disadvantageous side effects occur during whole-body
hyperthermia, including diarrhea, nausea, vomiting, skin
burns, heart problems and changes in the coagulation sys-
tem. That is why, in contemporary oncology, hyperthermia
is used mainly to accompany radio- and chemotherapy.
In order to eliminate the drawbacks of thermotherapy the
possibility of using nanotechnology and nanostructures was
studied [3,12,13,34].
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The nanostructures that can be used in thermotherapy
are, among others, gold nanoparticles and supermagnetic
iron oxide nanoparticles. Gold nanoparticles are able to
convert near-infrared electromagnetic radiation into heat
energy. The properly functionalized GNPs accumulate in
cancer cells, which allows to localize the lesions of various
advancement stages and micrometastases. Thus, it is pos-
sible to heat the tumour area to the temperature of about
50°C, while protecting the healthy tissues. The increased
absorption of the infrared radiation by gold nanoparticles
is accompanied by the minimal radiation absorption in the
case of healthy tissues [8,34,35].

The works of D.V. Peralta’s research team [36] focused on
the efficiency of a complex of gold nanoparticles (in the form
of nanowires, AuNRs), the human serum albumin (HSA)
and paclitaxel (PAC) against the mouse breast cancer cells
(4T1). Having incubated the cells in the conjugate of various
concentrations, the irradiation process was carried out using
infrared radiation. The control group consisted of the 4T1
cells modified only with the GNPs and treated with infrared
radiation. The results of the control group proved a strong
dependence of the cell viability on the GNPs concentration.
In turn, the IR irradiation raised the amount of paclitaxel
released from the PAC-AuNR-HSA complex. Moreover,
the longer the exposure time, the more drug was released
from this conjugate. The most important conclusion was the
synergy effect — the cells resistant to paclitaxel alone may
have been killed by hyperthermia and vice versa [13,6].

Magnetic nanoparticles (MNPS) consist of an inorganic
core (e.g. iron oxide, cobalt or nickel) and a shell which is
compatible with specific tissues. The MNPS have different
properties dependent on the composition and size of the
core and the type of surface ligand. Regarding medical
applications, their most important feature is superpara-
magnetism [8].

Superparamagnetic nanoparticles of iron oxide (SPIO)
are able to generate thermal energy under the influence
of an external magnetic field. This phenomenon is used
in the induction heating cancer therapy (IHCT). According
to the research, the necessary conditions for the effective
IHCT is the temperature of 50°C maintained in the heated
area for about 10 min. This therapy worked in the case of
cancer foci whose size exceeds approximately 10 mm.
In the smaller cancer changes (1-5 mm), the cells rapidly
dissipated heat to their surroundings [12,34]. The clinical
trials on the magnetic thermotherapy were conducted in
several centres in Germany to treat malignant brain tu-
mours, prostate cancer, esophageal cancer, breast cancer,
rectal cancer, pancreatic cancer, bronchial cancer, cervical
cancer and sarcomas [37].

The research group of Q. Zhao [38] tested the magnetic
iron oxide nanoparticles inducing hyperthermia in the cases
of head and neck cancer. The tests were performed using
a mouse xenograft model of human head and neck squa-
mous cell carcinoma (HNSCC) cell line (Tu212). The mag-
netic nanoparticles were delivered through intratumoral
injection. The temperature of the tumour centre elevated
quickly and the cells death occurred due to oncotic necrosis,
as a consequence of hyperthermia [38].

In addition, it is possible to modify iron oxide nanoparti-
cles by attaching therapeutic compounds to their surface,
e.g. SPIO conjugates with methotrexate or doxororubicin
[12]. To sum up, the application of nanotechnology in hy-
perthermia helps to control the temperature distribution in
the tumour area and the healthy tissues exposure to heat.

Developing nanostructures with a higher radiation absorption
coefficient may establish hyperthermia as an independent
cancer treatment method. Nanotechnology also gives the op-
portunity to develop a non-invasive form of ablation [12,34].
For instance, the targeted thermal ablation of breast cancer
cells using an anti-HER2 conjugated nanoparticle was tested
in animal models with a positive therapeutic effect [19].

Radiotherapy
In the course of radiotherapy, both diseased and healthy

tissues in the radiation field are exposed to the harmful

effects. In some cases, to protect the critical organs, it is
necessary to limit the area of radiation or reduce the thera-
peutic dose, which may lower the therapy effectiveness.

One of the methods to improve the therapy procedures
is radiosensitization. This method consists in introducing
the agents, so-called radiosensitizers, that make the tumour
cells more sensitive to the ionizing radiation. The ideal ra-
diosensitizer should be:

» easily accessible,

* non-toxic under normal conditions and cytotoxic against
the tumour cells when combined with certain agents,

« relatively quickly removable from the body [12,13].

The nanostructures that have been used in radiosensi-
tization are gold nanoparticles.

W. N. Rahman'’s research team [39] used bovine aortic
endothelial cells (BAEC) as their experimental model.
It should be noted that BAECs are not cancer cells and the
purpose of the research was to analyze how GNPs can
facilitate the radiation dose efficiency in biological systems.
In the experiment, GNPs (1.9 nm diameter) were suspended
in a spherical medium at four different concentrations: 0.125,
0.25, 0.5 and 1 mM. The incubation time of the GNPs and
the cells was 24 h. Before the radiation, the researchers
performed:

+ the optical uptake test (confocal microscopy) to observe
the accumulation of gold nanoparticles clusters in the
cytoplasm of the BAECs,

« the cytotoxicity test which showed the decrease in cell
viability with the GNPs concentration increase.

The cell irradiation was carried out in several variants,
i.e. x-rays with energies of 80 and 150 keV and electrons
with energies of 6 and 12 MeV, providing different doses
(0, 1,2, 34 and 5 Gy). For all types of radiation, the research-
ers observed a decrease in cell viability with increasing
concentrations of gold nanoparticles. The highest efficiency
was observed for the 80 keV X-rays in combination with
the GNPs concentration of 1 mM and a dose of 4 Gy (the
final cell viability was about 25%). For this combination, the
dose increase factor (based on viability curves) was 24.6,
as compared to 4 for the electrons with the 6 MeV energy.
Therefore, it can be concluded that thanks to gold nano-
particles the megavoltage electron radiation beams were
replaced with orthovoltage x-ray beams [13,39].

In other studies, F. Geng’s [40] research team used human
ovarian cancer cells (SK-OV-3, HTB-77) and gold nanoparti-
cles both in an unbound form and bonded with thio-glucose
(Glu-GNPs) in two concentrations: 1 and 5 nM. The incuba-
tion time of GNPs and the cells was: 1, 2, 4, 8, 12, 24, 48
and 96 h. The irradiation was performed using x-ray beams
with the 80 keV and 6 MeV energies obtained from an x-ray
tube and a medical linear accelerator, respectively. The total
dose for all the samples was 10 Gy. The effectiveness of the
three therapies: using gold nanoparticles alone, irradiation
alone and GNPs combined with irradiation was analyzed.
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Based on the tests, the following was found:

* higher absorption of Glu-GNPs than GNPs without
modification,

* no significant harmful effects of gold nanoparticles
against SK-OV-3 cells (viability at 97% in all the samples,
regardless of incubation time),

» a slight, yet comparable to the control, increase in the
level of apoptotic cells after incubation of GNPs,

» a lower number of cancer cells in the GO / G1 phase
(low radiation sensitivity) and a higher number of cells
stopped in the G2 / M phase (high radiation sensitivity)
after incubation of GNPs,

» lower cell viability for both types of radiation, with the
viability rate around 45% for the orthovoltage radiation
and 58% for the megavolt radiation,

 higher apoptosis induction after irradiation (e.g. for the
6 MeV energy radiation - the increase from 9.26% to
14.35%),

» theinduction of oxidative stress for both types of radiation
which contributed to the higher level of reactive oxygen
species in the cells [13,40].

Summing up, the results revealed a better therapeutic
effect of gold nanoparticles combined with radiation as
compared to the irradiation alone [13,40]. The influence of
gold nanoparticles on changes in the cell cycle, and there-
fore the increase in their radiosensitivity, was also studied
by W. Roa [13,41].

There were also studies carried out by the research team
of S. Setup [42] testing conjugates of gold nanoparticles
and therapeutic compounds combined with irradiation.
The research was to determine the therapeutic effect of
the GNPs-cisplatin conjugate and the radiotherapy on the
glioblastoma multiforme (one of the most aggressive ma-
lignant neoplasms). The irradiation was carried out using
a source containing Caes-137 (1 Gy/min, total dose 10 Gy).
The initial test results indicated that the application of the
GNPs-cisplatin conjugate contributed to the decrease in
the cell growth rate. The complex was cytotoxic against the
tumour cells and increased the cytotoxicity of the ionizing
radiation. Unfortunately, on 16" day of the experiment, the
glioblastoma multiforme cells began to take reparative ac-
tion [13,42].

Another area of research is the use of nanostructures as
carriers of radioisotopes, e.g. yttrium sy [12].

Conclusions

The collected data indicates that intensive research on
nanotechnology will broaden the spectrum of its applica-
tions in medicine. Thanks to their specific physicochemical
properties, nanostructures will be used to improve the
diagnostics, treatment, monitoring and prevention of many
diseases, including cancer.

The overuse of antibiotics and bactericides has con-
tributed to the introduction and spread of drug-resistant
bacterial strains, which is a growing problem, particularly
for public health institutions. A promising solution might
be the use of silver nanoparticles which show toxic effects
against such bacteria as Staphylococcus aureus, Escheri-
chia coli, Pseudomonas aeruginosa, Chlamydia trachomatis
or Providencia stuartii.

The nanostructures have also been used in the cancer

treatment (nanooncology) as:

» drug carriers in the target treatment
The nanostructures effectively used in this area are
liposomes, gold nanoparticles, carbon nanotubes and
dendrimers. In most cases, the use of conjugates facili-
tates the effectiveness of therapy or reduces its toxicity
(in comparison to drugs in the unbound form).
Currently, a few nanoparticles-based drugs are already
approved by FDA and commercially used.

» photosensitizer carriers in the photodynamic therapy
In this regard, the usefulness of such nanostructures as
carbon nanotubes and dendrimers has been confirmed.

» media in thermotherapy (hyperthermal)
In oncology, hyperthermia is a therapy that uses the
controlled rise of temperature to destroy cancer cells or
inhibit their growth. The nanostructures such as gold na-
noparticles (converting the near-infrared electromagnetic
radiation into the heat energy) or superparamagnetic iron
oxide nanoparticles (generating heat under the influence
of the external magnetic field) have been used here.
The therapy using the conjugate of gold nanoparticles
and paclitaxel, followed by the IR irradiation is of par-
ticular interest because of the confirmed synergy effect
(cells resistant to paclitaxel alone may have been killed
by hyperthermia and vice versa).

» the radiosensitizer in the radiotherapy
The cited works showed that gold nanoparticles in-
creased the sensitivity of cancer cells to the X-ray.
The therapy using the conjugate of gold nanoparticles
and cisplatin in combination with radiotherapy on the
glioblastoma multiforme is a promising solution.

In conclusion, the studies so far give hope for the devel-
opment of new drugs and therapeutic methods with more
selective and less toxic effects. However, further research
on the fundamental biological processes in cancer and
pharmacokinetics, as well as the metabolism and toxicity
of the nanostructures in the biological systems seems to
be necessary.
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Abstract

The work presents materials characteristics of
fibrous polysaccharide substrates (calcium alginate,
CA) modified with short peptides. Three types of
synthesized peptides (hexapeptides) were composed
of: cysteine (C) and tryptophan (W) named - (WWC),
or cysteine (C) and tyrosine (Y) named (YYC), or
phenyloalanine (F) named 6F. The peptides size distri-
bution (DLS method) showed that they agglomerated
in an alcohol medium. These results were used to
select a modification method of the fibrous substrates
i.e. the peptides were deposited on the fibrous alginate
substrate by the electrospraying technique. Using
this method three kinds of polysaccharide- peptides
systems were obtained i.e.: CA/(WWC),, CA/(YYC),
CA/6F. As a reference material, the pure calcium
alginate fibrous substrate was used.

The results of modification with short peptides were
evaluated via scanning electron microscopy (SEM):
small aggregates were observed (40-100 nm) on
the surface of fibers, and the fibers size remained
the same after modification (11-12 um). The size of
aggregates depended on the kind of short peptide;
the smaller (40 nm) aggregates were observed when
the peptide had only aromatic chain (6F), the bigger
(<100 nm) ones were observed when the peptide
had heterocyclic rings in the chain (WWC and YYC).
All materials were contacted with osteoblast-like cells
(MG-63) to test biocompatibility (cells viability after 3
and 7 days) and the results proved showed higher
viability in the polysaccharide-peptide system which
increased with the time of observation. The durability
of polysaccharide-peptide systems was tested using
the enzymatic assay: collagenase confirmed the sta-
bility of materials. The progress of degradation rate
was observed using infrared spectroscopy (FTIR-ATR)
- the ratio on bands with C-O and C-OH increased after
degradation under in vitro conditions.

Results of the investigations on the fibrous substra-
tes have confirmed that the system is a good model
of an extracellular matrix (ECM) due to its chemical
composition and microstructure which both have
biomimetic characteristics. Thus, it may be used as
a filling of bone defects supporting the regeneration
of the damaged tissue. Additionally, it may also serve
as the model research system of ECM.

Keywords: synthetic extracellular matrix, biomimetic,
peptide, polysaccharides, laboratory model

[Engineering of Biomaterials 152 (2019) 10-15]

Introduction

The extracellular matrix is a natural microenvironment
for cells of all tissues constituting a living organism [1].
The main task of the matrix is not only to provide the
cells with scaffolds but also to ensure such a location that
enables the cells to pick transmitted signals. The proper
communication via biochemical or biomechanical signals
guarantees the maintenance of homeostasis as well as
the correct course of morphogenesis or cell differentiation
[2-3]. From the structural point of view, the fibrous matrix is
composed of proteins and polysaccharides. Protein fibres,
i.e. collagen and elastin, are enriched with non-fibrous forms,
such as glycosaminoglycans (GAG), proteoglycans (PG)
or free matrix proteins [4]. This specific fibrous composite
consisting of biopolymers (proteins and polysaccharides) is
a model that scientists attempt to reproduce in the labora-
tory conditions. Yet, the concept of using the natural ECM
framework obtained via tissue decellularization poses many
problems. The difficulties include the antigens removal,
the risk of rejecting the scaffold after implantation and the
destruction of fibers during the chemical treatment of ECM.
Another issue is the lack of process repeatability. All the
mentioned problems force scientists to research alternative
solutions [1]. Anew strategy is designing of a scaffold that will
act as an extracellular framework and imitate the scaffolding
structure and microstructure (biomimetic approach) [5-6].
A good example of biomimetic ECM scaffolds are poly-
saccharide fibers the microstructure modified with short
peptides.

Fibrous scaffolds are attractive substrates stimulating
cells to faster adhesion and proliferation. The interaction
between cells and materials will be even more effective when
the cells encounter peptides suitable for creating a chemical
complex between the cell's plasma and the biomaterial’s
surface (FIG. 1).

The purpose of the work was to develop and characterize
the fibrous substrate (matrix) produced from calcium alginate
modified with short peptides. The deposition of peptides
on the fibers surface was conducted by the electrospray-
ing technique. The peptides used in the experiment were
hexapeptides basing on tyrosine and cysteine (WWC),,
tryptophan and cysteine (YYC), or phenyloalanine (6F).
The polysaccharide-peptides systems were subjected to
both microstructural (via optical microscope, scanning elec-
tron microscope) and structural examinations (FTIR-ATR).
Then the durability of the systems was assessed in the
external environment of water and enzymes (collagenase).
The tests revealed that all CA/peptide systems are charac-
terized by microstructure stability (SEM), the high degree of
soaking and durability during degradation processes (FTIR-
ATR). Thus, they are a good research model to conduct
experiments involving cells from continuous lines (MG-63).
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Materials and Methods

The polysaccharide fibrous substrate made of calcium
alginate was obtained by the method of extraction solution
at the Faculty of Technology and Textile of the Lodz Uni-
versity of Technology. According to the methodology of this
process, sodium alginate (Protanal 80/20, BioPolymers) was
dissolved and homogenized to obtain a spinning solution.
Next, the solution was passed through the spinneret directly
into the precipitation bath (3% solutions of CaCl,/NaCl).
Further, the calcium alginate (CA) fibers were washed with
ethyl alcohol solutions of various concentrations (50, 70
and 90%) in order to remove residues of the precipitation
bath. The short peptides were synthesized at the Institute
of Organic Chemistry of the Lodz University of Technology.
The first hexapeptide consisted of tryptophan (W) and
cysteine (C), the second series of peptides included tyrosine
(Y) and cysteine (C) and the third peptides contained phe-
nylalanine (F). Some important data on the short peptides
were presented in TABLE 1.

Due to solubility of all the peptides in the 70% solution of
ethyl alcohol, the 0.5% w/wt. peptides solutions were prepared.
In such conditions, the peptides size distribution was meas-
ured using the DLS method (Litesize 500 DLS, Anton-Paar).

The wettability of all the tested materials was characterized
(DSA 25, Kruss). Ethyl alcohol (EtOH, Avantor SA) was
used in this method as a liquid. The polysaccharide fibrous
substrate was characterized by a swelling test, during which
the alginate fibers were immersed in water at 37°C for 24 h.
The mass changes and fibers size (SEM, Nova NanoSEM)
were observed after the swelling. Finally, using the electro-
spinning method (the apparatus settings: voltage 15 kV,
application time 10 min, chamber temperature 37°C) — the
peptides solutions with alcohol (1% w/wt.) were applied.
In this manner, a series of the substrates based on calcium
alginate fibers modified with three different hexapeptides
was developed for the tests. The calcium alginate fibers
were selected as the polysaccharide reference material.
The microstructural characteristics of the initial and the
modified fibers was performed using SEM microscopy (Nova
NanoSEM, FEI). The polysaccharide-peptides systems were
also tested for enzymatic degradation process in order to
check their in vitro stability. The concentration of ions in the
immersion medium (Ringer solution /37°C/3 months) and the
concentration of collagenase (in the Tracine buffer) were
monitored during the incubation [7]. The progress of the en-
zymatic degradation process was assessed by the infrared
spectroscopy (FTIR-ATR) after the degradation process.

TABLE 1. Characteristics of short peptides: compositions, size, and wettability.

peptide size, DLS [nm] wettability, theta []
WwWCWWC (WWC), 112.8 394+56
| YYCYYC (YYC), 391.3 38.7 £3.9 |
| FFFFFF 6F 40.5 69.4 + 5.4 |
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Results and Discussion

The short peptides were well pre-wetted by ethyl alco-
hol (wetting angle about 40° for mixed hexapeptides, for
a peptide composed of the same amino acids the wetting
angle was about 70°). The peptides slowly and partially dis-
solve in an alcoholic medium and the higher solubility was
obtained when they were heated to about 30°C. This was
a short-term effect because the decrease in temperature
below 30°C again caused the strong peptides agglomera-
tion (as seen in the results of the particle size distribution,
TABLE 1). The short peptides used in the experiment have
aromatic rings in their structure (typophan - an indole ring,
tyrosine - a phenolic ring) which facilitate the process
of rolling back. It is known that peptide chains enriched
with tyrosine or tryptophan are twisted to (3-harmonic [8].
Such a phenomenon is not observed for peptides rich in
phenylalanine (the smallest agglomerates in hexapeptide
6F are about 40 nm). The tested fibrous materials are sup-
posed to serve as scaffolds implanted into the human body.

Therefore, they should be characterized by a high level
of water absorption. The obtained results indicated that,
regardless of the kind of the applied peptide, all sub-
strates displayed the water absorption higher than 300%
(TABLE 2). This was confirmed by the hydrogel character
of calcium alginate [9].

The neat CA fibers had a diameter of 11-12 um and their
surface was quite regular and smooth. The selected method
of the substrates fabrication resulted in the multi-directional
fiber-distribution with pores located among them. The applica-
tion of the peptides did not cause significant alterations to the
fiber morphology and diameter (FIG. 2). In the case of the fib-
ers modified with hexapeptide (6F) it was very difficult to find
aggregates (particles size of the peptide was about 40 nm).
However, new forms appeared on the surface - the aggre-
gates of the respective peptides (FIG. 2: CA/(WWC),, CA/
(YYC),). The peptides with an indole ring (e.g. tryptophan)
were more prone to form irregular stack forms or 3-sheet
[10-11]. On the other hand, the tyrosine-based peptides
(a phenolic ring) did not show such tendencies [12], so they
formed more irregular shapes.

TABLE 2. Composition and physical properties of compositions based on nonwoven fibers (calcium alginate, CA)

modified with the short peptides.

Fiber diameter

Fiber diameter,

Samples name Sw{s/ll]lng before degradation after degradation
. (um] [Lm]

CA 320 10.92 + 1.28 10.54 + 1.61
CA/(WWC)2 210 11.99 +1.25 11.47 +1.76 I
CA/(YYC)2 280 11.59 + 1.39 11.28 + 2.04 I

CA/6F 300 11.97 + 2.37 11.56 + 2.84 |

FIG. 2. The microstructure of the fibrous scaffold modified with the short peptides.
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The peptides presence on the fibers was confirmed not
only by the change in morphology but also by the subtle
changes in the CA spectrum (FIG. 3a). The bands in the
range 1100-1350 cm' proved the presence of the ring in
the peptide (more visible in the first derivative). The bands
ranging 3400-3600 cm' were evidence of the peptide bonds
(amide 1°and 2°). Their intensity was relatively smaller than
the intensity of the bands originating from the substrate,
which resulted from a small amount of the applied pep-
tide. A change in the matrix morphology resulted from the
hydrolytic degradation conducted for 4 months in enzyms
(collagenase in Tracine buffer). Namely, the fibers became
rough and the aggregates of proteins were more difficult to
recognize. The fibers diameters did not change (TABLE 2)
but their surface was less homogeneous. Probably the poly-
saccharides-peptide interaction had only the electrostatic or
hydrogen bond character, hence the change in the external
environment caused the relaxation of these interactions.

The peptides (WWC), were able to penetrate inside the fiber,
as it was evidenced by the changes in the FTIR-ATR spec-
tra taken for the degraded materials (FIG. 3b). In the fiber
itself, the bands at 1200 cm™" were observed for the tyrosine
systems, whereas sulphur ions (derived from cysteine) were
found in the incubation solution.

The ion concentration was higher if the tryptophan-
based systems (YYCYYC) or the tyrosine base system
(WWCWWC) were used for the modification. The previous
study showed that the hydrolytic degradation conducted in
the Ringer solution (RS) resulted in dissolving the polysac-
charide substrate. This phenomenon confirmed the assump-
tion that calcium alginate fibers in the presence of cations
(derived from PBS) got substituted, forming the systems of
sodium alginate with salt soluble in water [9]. The examined
peptides did not dissolve in the Ringer solution; therefore,
they did not undergo the enzymatic degradation [13].

d
CA/(WWC),
3
* CA/(YYC),
8 ™ T
c
(1]
£
2 CA/6F
2
(1]
cA /\/\/\-/
—/\‘
4000 3500 3000 2500 2000 1500 1000 2000 1500 ' 1000

CA/(WW(C), before degradation

CA/(WWC), after degradation

absorbance, a.u

T T T T T T T

I I I I
3000 2500 2000 1500 1000
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I
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T

T T T T T T
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FIG. 3. FTIR-ATR spectra of polysaccharides-peptides system: (a) after modification with peptides WWC, YYC
6F (conventional spectrum, the first derivatives of spectrums), (b) after degradation CA/(WWC), (conventional

spectrum, the first derivative of the spectrum).
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FIG. 4. Viability of MG-63 cells after 1-day and 3-days incubation and their morphology on the fibrous scaffolds

observed in 3 days.

Due to their high wettability, the peptide-polysaccharides
systems were not easy to conduct experiments on. The gel
base made it difficult to observe the morphology of MG-63
cells. However, the quantitative determination of the cells
confirmed the good biocompatibility of the tested materials
after the 1- and 3-day incubation periods (FIG. 4). The most
advantageous results were obtained for the fibers modified
with tyrosine-based peptides. Tyrosine is an amino acid
that is sparingly soluble in water, yet it is necessary for
proper metabolism [14]. Introducing the additional amount
of tyrosine into the system did not affect its environmental
stability or cell functions (admissible amount of tyrosine
in CCM is 0.029-0.197 g/L) [15]. In turn, the presence of
tryptophan may influence the physicochemical properties
of the substrate (decrease its wettability), supporting the
metabolic processes associated with the cell spreading [16].

Conclusions

The tested protein-sugar systems derived from calcium
alginate and synthetic short peptides constitute a promising
group of in vitro stable substrates.

Taking into account the morphology and structure, the
calcium alginate modified with the peptides (WWC), and
(YYC), mimics the polysaccharide-peptide systems that
build the extracellular matrix.

Due to their durability, the examined materials can be
used as models for biological tests aimed at the microstruc-
ture improvement (making it more biomimetic).

They may also be used in further research to assess the
possibilities of supporting regenerative processes.
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Abstract

Chitosan is widely used to prepare films, hydro-
gels, cryogels, sponges, fibers and other various
biomaterials used in the tissue engineering field. It is
one of the best processable polysaccharides used in
biomedicine. However, its stability is generally lower
as compared with others, due to its pH sensitivity
and hydrophilic character. Using chitosan in combi-
nation with agarose may not only improve chemical
and mechanical properties of the resultant material
(by the formation of a biocomposite), but also lead to
the formation of a gel imitating physical attributes of
the extracellular matrix. Moreover, the combination
of these two polysaccharides has a promising ability
to improve the stability of chitosan and to increase
fibroblasts’ affinity to agarose. Characteristic advan-
tageous features of these natural polymers raise
a wide interest in tissue engineering. The aim of this
study was to develop and optimize a new method to
produce a highly biocompatible foam-like chitosan/
agarose wound dressing for skin healing applications.
The production process optimization helped to obtain
the absorbent foam-like biomaterial which is non-
-toxic to skin fibroblasts and does not conduce their
adhesion. Employing sodium bicarbonate as the main
agent in the foaming reaction not only led to obtaining
the foam-like structure but also neutralized the acidic
pH, making the material non-toxic and non-irritating to
the skin. In conclusion, the new foam-like biomaterial
has great potential for biomedical applications as the
wound dressing accelerating the healing process of
the damaged tissues.

Keywords: chitosan, agarose, biomaterials, fibro-
blasts, cytotoxicity

[Engineering of Biomaterials 152 (2019) 16-20]

Introduction

Skin is the biggest organ in the human body that pos-
sesses numerous functions essential for human survival.
The primary one is to keep a barrier between the external
and internal environment [1]. The wounded epidermis is
known to stimulate self-regeneration, but the healing pro-
cess depends on the type of injury. If the regeneration is not
adequate, it may lead to the formation of a chronic wound.
Any deep wound resulting in full-thickness skin loss needs
grafting for its cure [2]. Frequently, patients with a high
percentage of injuries or burns cannot become a donor for
self-skin transplantation. Therefore, surgery procedures
are often limited by the low accessibility of healthy tissue.

Another strategy applied in skin regeneration is the al-
logeneic skin graft. Nevertheless, non-self-tissues used
for allografts may cause immune rejection and infections
related to the poor compatibility of tissue. Thus, in the case
of extensive injuries or burn wounds, tissue-engineered skin
grafts are the best way to overcome the above-mentioned
problems [3,4]. The tissue engineering aims to fix, restore,
improve or maintain tissue functions that have been lost due
to various pathological conditions. The main strategies used
can be classified into three primary groups: (1) implantation
of the patient cells, (2) implantation of the different scaffolds
seeded with patient cells, and (3) supplying tissue-inducing
substances [5]. The development of appropriate scaffold
design and an effective fabrication method is an important
issue in regenerative medicine research and tissue engi-
neering [6]. Among all engineered organs, the skin was the
first tissue-engineered product used in patient treatment [7].
Over the last several decades, various natural and synthetic
biomaterials for skin regeneration have been developed.
A vast majority of them possess basic features of a proper
wound dressing i.e. providing an external barrier against
microorganisms, controlling the pain, removing exudates
and also promoting the skin healing process [8].

Tissue-engineered biomaterials for skin regeneration that
are currently available on the world market differ in a few
main attributes: the type of biomaterial regarding its function
(skin substitute/graft or external dressing), the duration of
skin wound coverage (permanent or temporary), and cel-
lular or acellular applications [9]. Interactive (or bioactive)
dressings, like hydrogels (e.g. made of alginate, collagen),
hydrocolloids, foams, or transparent films (e.g. made of
polyurethane) are semi-occlusive or occlusive dressings that
are essential for maintaining optimum moisture. They are
recommended because of their advantageous influence on
the local cellular response [10]. All the mentioned biomateri-
als may perform various important functions during the skin
regeneration process, such as pain alleviation, protection
of periwound skin, removal of nonviable tissues and dead
spaces [11]. In general, wound dressings made of natural
products can improve the wound healing process thanks
to their demulcent, emollient, astringent, and antioxidant
properties [12]. For instance, fibrinogen, elastin, chitosan,
and collagen are natural biocompatible polymers similar
to natural molecules present in the human organism [13].
Due to their efficient bioactive properties, natural polymers
better interact with the cells facilitating the healing process.
Natural polymers which are used in skin regenerative medi-
cine can be divided into three large groups: (1) polysac-
charides (e.g. alginate, dextran, chitin, chitosan, cellulose,
amylose, glycosaminoglycans), (2) polynucleotides (DNA,
RNA), and (3) proteins (e.g. collagen, elastin, gelatine, silk,
fibrinogen) [6]. Synthetic polymers used in wound dressing
production represent the largest group of biodegradable
polymers. They are widely used in tissue engineering as it
is possible to adapt their capabilities to the specific applica-
tions. Moreover, such biomaterials exhibit a long shelf time
and can be produced in large uniform quantities [14]. Biologi-
cal properties of bioactive dressings can be also improved
by impregnation with antimicrobial or debriding agents, e.g.
polyhexamethylene biguanide, cadexomer iodine, crystal
violet, silver sulfadiazine, etc. [15]. The presence of natural
or synthetic polymers and growth factors or other bioactive
agents in the modern wound dressings composition makes
it possible to predict the changes in the wound environment
and to enhance the healing process [16].
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The porosity of the potential wound dressings is a very
important feature. It not only provides high material absorp-
tion but it is also essential for the cell proliferation, nutrition
and tissue vascularization of the skin substitutes seeded with
patient cells [17]. The aim of this study was to develop a new
production method of the foam-like chitosan/agarose-based
wound dressing that can be potentially used in skin tissue
regeneration. To obtain a foam-like structure, the freeze-
drying method was combined with a gas foaming agent.
The reaction of sodium bicarbonate with acetic acid gener-
ates carbon dioxide which promotes the formation of a highly
porous structure: CH,COOH + NaHCO; — CH,COONa +
H,O + CO,1. To optimize the production process various con-
centrations of chitosan, sodium bicarbonate and acetic acid
were investigated. The final biomaterials were obtained by
lyophilization of the frozen samples. The described method,
using sodium bicarbonate as the main agent in the foaming
reaction, not only allowed obtaining a foam-like structure but
also neutralized the acidic pH, making the material non-toxic
and non-irritating to the skin. The obtained dressings were
subjected to cytotoxicity tests with human fibroblasts using
MTT assay and live-dead staining.

Materials and Methods

Materials

The chitosan powder (Mw 150kDa) of 75-85% deacety-
lation was purchased from Sigma-Aldrich Chemicals. The
agarose powder with the 36°C melting point and £10% mois-
ture content, sodium bicarbonate powder (MW 84.01 g/mol),
phosphate-buffered saline, Eagle’s Minimum Essential
Medium (EMEM), penicillin, streptomycin, trypsin-EDTA,

sodium dodecyl sulphate, Thiazolyl Blue Tetrazolium Bro-
mide (MTT), Live/Dead Cell Double Staining Kit were sup-
plied by Sigma-Aldrich Chemicals. The foetal bovine serum
was obtained from Pan-Biotech, whereas the normal human
skin fibroblast cell line (BJ) was obtained from American
Type Culture Collections (ATCC).

Preparation of the biomaterials

To optimize the production process of wound dressings,
chitosan, solvent (acetic acid) and gas-foaming agent
(sodium bicarbonate) were applied at different concentra-
tions. To prepare the foam-like materials, a predetermined
amount of chitosan powder (based on the required concen-
tration, see TABLE 1) was added to the acetic acid solution
applied at a concentration of 0.5% (v/v) or 1% (v/v) respec-
tively. A beaker with the dissolved chitosan was placed on
a hot plate magnetic stirrer and the 2% (w/v) agarose was
slowly added to the chitosan solution. The stirrer parameters
were matched to the final dissolution of agarose (15 min,
300 rpm, 95°C). Then, the 1% (w/v) or 2% (w/v) sodium
bicarbonate was added to the polysaccharide blend and
mixed to obtain a foam-forming reaction. Having obtained
a homogeneous mass, it was spread on the polystyrene
surface. Finally, the produced samples were cooled down
at 6°C before freezing at 80°C overnight. All the samples
were lyophilized for 20 h in order to receive the foam-like
biomaterials. A schematic figure of the preparation of chi-
tosan/agarose-based biomaterials can be seen in FIG. 1.
The fabricated B4 biomaterial revealing the most homog-
enous structure was visualized using the stereoscopic
microscope (Olympus SZ61TR).

TABLE 1. Sample design and various components concentrations used during the production process of

chitosan/agarose biomaterials.

Concentrations (%)

Chitosan Acetic acid

Sample

Agarose

Sodium

Observation

designation (w/v) (wiv) (v/v) bicarbonate (w/v)
B1 3 2 1 2 Chitosan cross-linking and uncontrolled gelation
process resulting in inhomogeneous structure
B2 2 5 1 > Chitosan cross-linking and uncontrolled gelation
process resulting in inhomogeneous structure
B3 2 2 05 2 Chitosan cross-linking and uncontrolled gelation
) process resulting in inhomogeneous structure
B4 2 2 1 1 Homogeneous structure
2wt%
agarose
2wi% _— Spreading on the
- % st ; q
chitosan/ NaHCO3 pozjﬁz;i"e Freezing at-80 °C

aceticacid
solution
-

chitosan/

agarose/
acetic acid

solution

=

—

——— Freeze-drying

FIG. 1. Schematic representation of the preparation process of chitosan/agarose-based biomaterials.
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Cell culture

Normal human skin fibroblasts (BJ cell line) used in this
study were bought from ATCC. The line was drawn from skin
taken from normal foreskin. The cells were cultured in flasks
using Eagle’s Minimum Essential Medium supplemented
with 10% foetal bovine serum, streptomycin (100 U/ml)
and penicillin (100U/ml) to obtain a complete culture medium.
The parameters of the culture conditions were as follows:
37°C, 5% CO, and 95% of air humidity. The cells were
cultured for a period sufficient to approx. 90% confluency
and then sub-cultured to obtain a sufficient number of cells.
The BJ fibroblasts from the passages 4 -6 were used in the
experiments.

Cytotoxicity test using MTT assay

The in vitro cytotoxicity test was carried out in accordance
with 1ISO 10993-5 standard using the fluid extracts of the
materials. Briefly, the produced biomaterials were weighed
and immersed in the EMEM culture medium at the ratio:
100 mg of the sample per 1 ml of the medium. To obtain the
extracts the biomaterials were incubated for 24 h at 37°C.
The polypropylene extract served as a negative control of
cytotoxicity. To assess the cytotoxicity of the prepared bio-
materials, the BJ cells were seeded in a 96-multiwell plate
in 100 pl of EMEM at the concentration of 2 x 10° cells/well.
After the 24-hour incubation, the culture medium was re-
placed with 100 pl of the prepared extracts and the plates
were left in an incubator for further 24 hours. Afterwards, the
extracts were removed from the wells and 100 pl of Tmg/ml
MTT solution was added to each well. The cells were incu-
bated with MTT for 3 h at 37°C and the 0.01% (w/v) sodium
dodecyl sulphate solution prepared in 0.01 M HCl was added
to lyse the cells and dissolve the insoluble formazan. The
absorbance of the obtained solution was measured at 570 nm
using the microplate reader (BioTek Synergy H4 Hybrid).

Cell viability determination by fluorescent technique

The non-toxic biomaterial (B4) selected in the MTT as-
say was subjected to the cytotoxicity evaluation based on
fluorescent staining. The B4 | samples (5 mm x 5mm) were
placed in the wells of a 48-multiwell plate and preincubated
in the complete culture medium for 24 h. Then, 0.5 ml of the
fibroblast suspension with the final concentration of 2 x 10°
cells/ml was seeded on the biomaterials and incubated for
2 days at 37°C. The BJ cells were grown for 2 days at the
surface of the biomaterials and stained with the Live/Dead
Cell Double Staining Kit according to the manufacturer
instructions, using two reagents: calcein-AM and propidium
iodide. Calcein-AM is a fluorescent dye that penetrates
through the cellular membrane into cells, and during the test
intracellular esterases present in the live cells remove the
acetomethoxy group from the calcein, giving green fluores-
cence. Propidium iodide is used to stain dead cells. It is not
membrane-permeable so it cannot penetrate healthy cells.
The effect of live-dead reagents on the cell cultures was
analyzed for green and red fluorescence using the confocal
laser scanning microscope (Olympus Fluoview equipped
with FV1000). The dead cells became visible as red ones
while the viable fibroblasts - green.

Statistical analysis

The MTT assay was repeated in 3 independent experi-
ments and the obtained data were presented as the mean
values * standard deviation (SD). The differences regarding
cell viability of the tested samples were considered statisti-
cally significant at P < 0.05. All the statistical calculations
were performed with the GraphPad Prism 6.0.0 software. The
One-way Anova followed by the Tukey’s test was used to de-
termine statistical differences by comparing the tested groups.

Results and Discussions

Structural and physicochemical characteristics of the
biomaterial (e.g. porosityregarding pore size distribution,
pore interconnectivity, pore volume and average pore size,
surface chemical composition, wettability) is the key factor
that must be considered while developing a new production
method. The interconnected porous structure of biomaterials
is required for the tissue ingrowth, cell penetration, waste
and nutrient transport [18]. The highly porous structure is
crucial for the material designed to act as a scaffold for skin
cells (fibroblasts or keratinocytes). High porosity makes the
biomaterials also more absorbent, which is a highly required
property of the dressings to treat exudative wounds.

The foam-like structure of biomaterials was obtained by
adding the gas foaming agent and applying the freeze-drying
process (FIG. 2). The concentration of sodium bicarbonate
(the gas foaming agent) used during the sample fabrica-
tion determined the amount of CO, gas release, which in
turn resulted in the different porosity values of the resultant
biomaterials. However, at the stage of adding sodium bicar-
bonate, the chitosan cross-linking and its gelation forming
aggregates was noticed for the B1, B2, and B3 samples. This
phenomenon resulted in theirinhomogenous structure. It is
known that a stable and firm gel is formed by neutralizing
acidic chitosan solutions [19]. Thus, it was inferred that the
excessive amount of sodium bicarbonate applied during the
fabrication process caused the chitosan component gelation,
due to the pH decrease. Among all the produced samples,
only the B4 material, which was produced using the 1:1 ratio
of the solvent and the gas-foaming agent, was character-
ized by the uniform and homogeneous structure (FIG. 2).

FIG. 2. The B4 foam-like biomaterial: (a) the top
surface; (b) the cross-section.
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The production method described in this work is unique
because the individual components (chitosan, agarose), the
gas foaming agent (sodium bicarbonate) and the solvent
(acetic acid) were applied at concentrations that enabled
the neutralization of the acidic chitosan solution. It was also
possible to maintain the homogeneous structure without any
traces of the chitosan precipitation or gelation. According to
the available literature, other biomaterials based on agarose
and chitosan were produced using two main approaches:
the pH neutralization after the production process [20], or
the production without the neutralization, which probably
made the biomaterials toxic to the cells [21].

In this study, it was hypothesized that employing the
foaming reaction and lyophilization may increase the specific
surface area and the porosity of the resultant materials.
The described method also enhances the material absorp-
tion capacity which is necessary to remove exudates from
the wound. Nevertheless, future studies (e.g. the porosity
liquid retention ability tests) need to be performed to confirm
this assumption.

The conducted MTT assay showed that among all the
tested biomaterials produced applying different concentra-
tions of the components, only the B4 material was non-toxic
to human skin fibroblasts (FIG. 3). Namely, although the
chemical composition of all samples was the same, only
the B4 biomaterial did not reduce cell viability. The B1-B3
biomaterials were characterized by the cell viability reduced
to 8-11% as compared to the non-toxic polypropylene con-
trol. The viability of the fibroblast cell line exposed to the
extract of the B4 material exceeded 92%. Cytotoxicity of the
B1-3 samples may be explained by the excess of sodium
bicarbonate in their structure which caused a pH significant
increase the culture medium, exerting a lethal effect. Accord-
ing to the ISO standard, the biomaterial shall be considered
non-toxic to the cells if the relative cell viability is over 70%,
as compared to the control sample [22].

MTT - biomaterials cytotoxicity
150+
S
> 1004
E
8
= 501
©
o
0-
>
«°
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Since the B4 biomaterial revealed both the optimal
foam-like structure (FIG. 2) and non-toxicity against skin
fibroblasts, it underwent the cytotoxicity test based on the
live-dead fluorescent assay. The confocal microscope ob-
servation confirmed its non-toxicity against BJ cells (FIG.
4a and b). A monolayer of viable (green fluorescence) and
well flattened cells with normal fibroblastic morphology were
visible around the biomaterial (FIG. 4c and d) and no flat-
tened fibroblasts were noticed on the top surface (FIG. 4a).
The human fibroblasts seeded on the biomaterial were vi-
able and showed green fluorescence. Still they were round
and not attached to the sample surface, which may indicate
that the B4 biomaterial did not support the attachment of
adherent cells, despite its lack of toxicity. In addition, no
dead cells stained with red were observed, confirming the
high biocompatibility of the B4 sample.

The tested biomaterial can be potentially used as an
external wound dressing providing the barrier function be-
tween the wound and the external environment. Moreover,
due to its foam-like structure, it reveals the high absorption
ability, which will remove the wound exudates [23]. Since
the B4 biomaterial was proved to be non-toxic and unfavour-
able to the fibroblast adhesion, it may act as a promising
temporary dressing to cover the wound. What is more, after
the treatment it can be removed without causing trauma to
the wound bed.

FIG. 3. Comparison of human fibroblasts viability
after exposure to the extracts of the produced
biomaterials based on the MTT assay; *statisti-
cally significant differences compared to the
control (cells exposed to polypropylene extract),
*statistically significant differences compared to
the B4 material, P < 0.05, One-way Anova followed
by Tukey’s test.

FIG. 4. Qualitative cytotoxicity evaluation of the
B4 biomaterial: (a) and (b) live-dead staining of
BJ cells grown directly on the biomaterial; (c) and
(d) human fibroblasts cultured on the polystyrene
next to the B4 biomaterial (merged images with
green fluorescence — viable cells, red fluores-
cence — dead cells, Nomarski contrast highlights
biomaterial structure).
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Conclusions

The presented study demonstrated that adding sodium
bicarbonate to the chitosan/agarose mixture prepared in
acetic acid allows obtaining the foam-like structure of the
resultant biomaterial. It was proved that the material is non-
toxic when sodium bicarbonate and acidic acid are applied
at the 1:1 ratio. The biomaterial with the most promising
biomedical potential was produced using 2% w/v chitosan,
2% w/v agarose, 1% v/v CH;COOH and 1% NaHCO,.
The described here production method, involving the chi-
tosan and agarose dissolution in acetic acid and the use
of the foaming agent, may be potentially applicable for
fabricating foam-like skin wound dressings. The biomaterial
developed via this method is non-toxic and at the same time
its surface does not support cell adhesion. Therefore, the
biggest advantage of this biomaterial will be the painless
removal of wound dressings after the successful healing
process. Nevertheless, to fully confirm the biomedical poten-
tial of the developed material, the further detailed analysis
regarding its mechanical, antibacterial, and biodegradable
properties is recommended.
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Abstract

Protezy state wykonane na podbudowie metalowej
licowane ceramikg stanowig istotng cze$¢ metod
uzupetnienia brakow zebowych, jakie sg do dyspozycji
w dziedzinie protetyki stomatologicznej. Korzystne
wyniki leczenia z zastosowaniem protez statych,
wykonanych ze stopu metalu i/lub ceramiki zalezg
w duzym stopniu od starannie przeprowadzonej
diagnostyki uktadu stomatognatycznego, a takze od
wtasciwego zaplanowania postepowania klinicznego
i laboratoryjnego. Najlepsze wyniki mozna osiggngc¢
tylko wtedy, gdy wybrany materiat na proteze statg,
a takze sposob opracowania zeba bedg zgodne
réwniez z oczekiwaniami pacjenta. Mimo iz rozwig-
zania tego typu sg znane od bardzo dawna, nadal
cieszg sie ogromng popularnoscig wsrod pacjentow.
Spowodowane jest to bardzo dobrg wytrzymato$cig
oraz odpowiednig estetyka, ktora jest bardzo wazna
dla pacjentow. Wysokg estetyke uzyskuje sie poprzez
licowanie konstrukcji podbudowy metalowej ceramikg
tlenkowsg, ktora niemal identycznie odzwierciedla
twarde tkanki zeba.

W pracy wykorzystano stopy firmy Dentau-
rum Remanium CSe, na ktérych powierzchnie
zostaty natozone warstwy opakerow w postaci
proszku i pasty. Na powierzchnie stopu natozono
ceramike firmy Vita Master oraz VM13. Probki
zostaty poddane badaniu chropowato$ci, porowa-
tosci oraz przeprowadzono analize pierwiastkow
w danym obszarze ceramiki.

Przeprowadzone badania wykazujg, ze warstwa
posrednia (opakerowa) wptywa na potgczenie stopu
z ceramikg. Najlepsze rezultaty wykazuje gdy poro-
watos$c¢ jest minimalna. Na podstawie wynikow nie
stwierdzono wptywu rodzaju warstwy posredniej na
wytrzymato$c¢ potgczenia stopu z ceramikg. Potwier-
dzono, ze parametr chropowatosci istotnie wptywa na
wytrzymatos$¢ potgczenia metal-ceramika. Badania
morfologiczne wykonane przy uzyciu mikroskopu
skaningowego SEM wykazaty, ze po wypaleniu za-
chodzg zmiany w stezeniu pierwiastkow na granicy
ceramika-stop.

Stowa kluczowe: ceramika, metal, oksydacja,
warstwa posrednia

[Inzynieria Biomateriatow 152 (2019) 21-28]

Fixed alloy and ceramic prostheses constitute an
important part of remedies available at the disposal
of restorative dentistry. The successful treatment
with fixed prostheses made of alloy or ceramics, or
a combination of both materials, depends to a large
extent on the thorough diagnosis of the masticatory
organ, as well as the proper planning of clinical and
laboratory procedures. The best results can only
be achieved if the material chosen for the perma-
nent prosthesis and the method of developing the
tooth is also adjusted to the patient’s expectations.
Although this type of solution has been known for
a very long time, it is still very popular among patients.
This is due to very good durability and appropriate
aesthetics, which is very important for patients.
High aesthetics is achieved by veneering the metal
framework construction with oxide ceramics that al-
most identically reflect the hard tooth tissues.

In this work, we used the Remanium CSe alloy with
layers of powder and paste applied to the surface.
The samples were subjected to the roughness, po-
rosity, as well as elemental analysis in a given area
of ceramics.

The conducted examinations showed that the
intermediate (opaque) layer affects the connection
of the alloy with ceramics. The best results were
achieved when the porosity was minimal. Based on
the results of the study, it was found that the type of
intermediate layer did not influence the strength of the
alloy with ceramics. It was confirmed that the rough-
ness parameter significantly affected the strength of
the metal-ceramic bond. Morphological studies via
SEM scanning microscopy showed that after firing,
changes occurred in the concentration of elements
at the ceramic-alloy border.

Keywords: alloy, ceramics, oxidation, intermediate
layer

[Engineering of Biomaterials 152 (2019) 21-28]
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Wprowadzenie

Mimo coraz nowoczesniejszych technik, urzgdzen
i materiatow stuzgcych do wykonania statych uzupetnien
protetycznych, technika metalowo-ceramiczna wcigz pozo-
staje niezawodng i popularng metodg wykonania réznego
rodzaju prac protetycznych (korony, mosty).

Potgczenie pomiedzy metalem a ceramikg uzyskuje
sie na drodze chemicznej, fizycznej i mechanicznej [1].
Potgczenie chemiczne w tym przypadku to reakcje za-
chodzace pomiedzy warstwg tlenkéw, a masg opakera.
Sita wystepujgcych wigzan chemicznych nie jest zbyt
duza, dlatego nalezy szczegolnie doktadnie przygotowaé
powierzchnie metalu, aby uzyskacé trwate potgczenie stopu
z ceramikg [2,3].

Aby zwiekszy¢ adhezje ceramiki do podbudowy, nalezy
odpowiednio dopasowaé wspotczynnik rozszerzalnosci
cieplnej miedzy podbudowg a ceramikg. Dobre potgczenie
miedzy metalem a ceramikg wymaga doboru materiatow
o odpowiednich wspétczynnikach rozszerzalnosci ciepine;.
Wspoétczynnik rozszerzalnosci cieplnej ceramiki jest tylko
nieznacznie mniejszy niz metalu [4]. W celu uzyskania
odpowiedniego potgczenia réznica ta powinna wynosi¢
pomiedzy 0,5-1,5%10%/K w temperaturze 25-500°C. Wspot-
czynnik podbudowy metalowej, jak i ceramicznej powinien
mie¢ nizszg wartosc¢. Jest to zwigzane ze skurczem cera-
miki [5]. W wiekszosci przypadkéw producenci ceramiki
podajg tabele stopdw, na ktérych mozna napala¢ dang
ceramike. Trzeba tez przyjg¢, ze jesli r6znica we wspot-
czynnikach rozszerzalnosci cieplnej jest mata, konstrukcje
nalezy studzi¢ szybciej. Postepowanie to jest zwigzane z
naprezeniami powstajgcymi na styku ceramiki i podbu-
dowy. Przy szybkim studzeniu moze dojs¢ do powstania
peknie¢ materiatu ceramicznego [4,6-8].

W celu zwiekszenia rozwiniecia powierzchni wykorzystu-
je sie piaskowanie, ktére moze przyczynic sie do lepszego
potgczenia stopu z ceramika. Powierzchnia uzyskuje wtedy
wiekszg chropowatosc. Istotne tez jest uzycie rodzaju
i wielkosci $cierniwa.

Jakos¢ potgczenia metalowo-ceramicznego zalezy od
dziatania kilku czynnikéw: zwilzalnosci porcelany, grubosci
warstwy tlenkowej, potgczenia mechanicznego, potgczenia
zwigzanego z réznicg kurczliwosci materiatéw, dyfuzji [8].
Dobre zwilzenie powoduje gtebokg penetracje ceramiki
w strukture metalu. Proces zwilzenia, ktory jest bardzo
wazny dla dobrego potgczenia metal-ceramika moze zo-
sta¢ zaburzony przez zanieczyszczenia. Jedng z metod
czyszczenia powierzchni metalowych jest uzywanie pary
wodnej. Po tej czynnosci struktura metalowa nie powinna
by¢ dotykana [9].

Grubos¢ warstwy tlenkéw ma wptyw na adhezje miedzy
stopem a ceramikg. Nie moze by¢ zbyt gruba ani zbyt
cienka [9]. W warstwie tej nastepuje dyfuzja atomoéw z
powierzchni stopu i ceramiki oraz powstaje miedzy atoma-
mi zawartymi w stopie i tlenie — czyli powstania tlenkow.
Pozostawiona warstwa polepsza ostateczne wtasciwosci
mechaniczne [9].

Celem niniejszej pracy byto okreslenie wptywu warstwy
potgczenia metal-ceramika. Cze$¢ badawcza obejmuje
badania porowatosci, a takze okreslenie zawartosci
pierwiastkdbw w poszczegdlnych warstwach przy pomocy
mikroskopu skaningowego.

Introduction

Despite the development of more and more modern
techniques, equipment and materials used to manufac-
ture permanent prosthetic restorations, the metal-ceramic
method is still a dominant one to perform various types of
prosthetic work due to its reliability and predictability.

The connection between metal and ceramics is obtained
chemically, physically and mechanically [1]. The chemical
bond results from the reaction between the oxide layer and
the intermediate layer connecting the alloy to the ceramic.
The strength of the occurring chemical bonds is not par-
ticularly high, so it is important to prepare the metal surface
carefully to obtain the permanent bonding of the ceramic
alloy [2,3].

In order to increase the forces that cause adhesion,
the thermal expansion coefficients between the support
and the ceramics should be appropriately chosen. A good
connection between metal and ceramics requires the
selection of materials with appropriate thermal expan-
sion coefficients. The thermal expansion coefficient of the
ceramics is only slightly lower than the one of metal [4].
To assure adequate adhesion, the difference should be
between 0.5-1.5 x 10¢/K at 25-500°C. Both the metal and
the ceramics substructures should be endowed with lower
values since after cooling the ceramics is pressed against
the metal surface as a result of the difference in the thermal
expansion parameters [5]. In most cases, the ceramics
manufacturers provide tables of alloys that can be fired
on particular ceramics. It is also important to assume that
if the difference in thermal expansion coefficients is small,
the structure should be cooled faster. This procedure is re-
lated to the pressures arising at the contact of the ceramic
underlay. During the rapid cooling process, cracks in the
ceramic material might occur [4,6-8].

In order to facilitate surface development, the sandblast-
ing technique is used, which can contribute to the better
connection between the alloy and ceramics.

The quality of the metal-ceramics joints that occur
during permanent prosthetic work is a result of several
factors, such as ceramics wetting, oxide layer thickness,
mechanical joint, shrinkage difference, diffusion. The ef-
ficient wetting causes deep penetration of the ceramics
into the irregular metal structure. However, the moisturizing
process, which is very important for a good metal-ceramics
combination can be inhibited by impurities. One of the
methods of cleaning metal surfaces is water vapor. After
this process, the metal structure should not be touched [9].

The thickness of the oxide layer affects the adhesion
between the alloy and the ceramics. It should not be ei-
ther too thick or too thin. In this layer two processes take
place: the diffusion of atoms from the alloy surface and the
ceramics and the formation of the oxide between the alloy
atoms and oxygen. The obtained layer improves the final
properties of the joint.

The purpose of this work was to determine the effect of
the metal-ceramic joint layer. The research part includes
porosity tests, as well as determining the content of elements
in individual layers, using a scanning microscope.
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Materialy i metody

Zakres pracy obejmuje ocene potgczenia ceramiki ze
stopem nikiel-chrom na podstawie wykonanych probek
przy uzyciu trzech warstw posrednich: w formie proszku
drobnoziarnistego do stosowania w konwencjonalnym za-
kresie WRC (probka A), w postaci proszku do stosowania
w zakresie WRC 13,8-15,2 (prébka C) oraz konsystencji
pasty (prébka B). W pracy uzyto ceramiki tlenkowej firmy
Vita. Ceramika ta zawiera SiO, 58-63%, Al,0; 20-23%,
Na,O 6-11%, K,0 4-6%, B,0;0,5-2% Ca0 <1% i TiO,<1%.
W TABELI 1 przedstawiano poszczegdlne prébki z réznymi
warstwami posrednimi.

TABELA 1. Prébki przeznaczone do badan.
TABLE 1. Description of individual samples.

Materials and Methods

The scope of this work includes evaluating the combina-
tions of nickel-chromium alloy and ceramics. Three types of
intermediate layers were used: fine powder in the conven-
tional WRC range (sample A), powder for WRC 13.8-15.2
(sample C) and paste (sample B). Vita oxide ceramics was
used in the work. These ceramics contains SiO, 58-63%,
AlL,O; 20-23%, Na,O 6-11%, K,0 4-6%, B,0; 0.5-2% CaO
<1% and TiO, <1%. TABLE 1 shows individual samples with
different intermediate layers.

Probka A Opaker + ceramika

Sample A Intermediate layer + final ceramics

Prébka B Opaker w formie pasty + ceramika

Sample B Intermediate layer in the form of paste + final ceramics

Probka C Wash Opaker + opaker + opakdentyna + ceramika

Sample C 2 intermediate layer + additional bonding layer + specific ceramics

Prébki przeznaczone do badan zostaty wykonane ze
stopu Remanium CSe NiCrMo o $rednicy 0,5 mm. W sktad
tego stopu wchodzi Ni 61%, Cr 26%, Mo 11%, Si 1,5%
i Fe 1,2%. Na ich powierzchnie zostaty natozone warstwy
opakeréw w postaci proszku i pasty. Do badan uzyto po 3
probki z kazdego rodzaju. Probki stopu nikiel-chrom zostaty
przeszlifowane na papierach o ziarnistosci 800 i 1200, aby
uzyskac¢ gtadka, oczyszczong powierzchnie. Kolejnym eta-
pem byto wypiaskowanie probek tlenkiem glinu o rozmiarze
ziarna 110 ym pod cisnieniem 2,5 bara, ktére miato na celu
rozwiniecie powierzchni, a tym samym zwiekszenie przy-
czepnos$ci naktadanej ceramiki. Przed przystgpieniem do
naktadania opakera kazda z prébek zostata oczyszczona
pod cisnieniem pary wodnej. Procedura naktadania ceramiki
na powierzchnie metalu byta zgodna z zaleceniem produ-
centa. Pierwszym etapem jest naktadanie opakera, ktory
nadaje koronie podstawowy odcien. Opaker w proszku
jest rozrabiany z ptynem VITA VM OPAQUE FLUID. Masa
powinna mie¢ wodnistg konsystencjg. Za pomocg pedzla
naktada sie opaker na suchg i czystg strukture metalowa.
Nastepnie pokrywa sie powierzchnie licowang rozrobionym
opakerem za pomocg pedzla lub szpatuiki i napala sie.
Analogicznie pokrywa sie suchg strukture metalowg opake-
rem w pascie. Po natozeniu dentyny, naktada sie warstwe
masy VITAVM.13 ENAMEL. Po natozeniu kazdej z warstw
ceramika byta napalana w piecu do ceramiki firmy Vita.
Temperatura wypalania ceramiki to 890-960°C.

Badania profilometryczne wykonano z wykorzystaniem
konfokalnego laserowego mikroskopu skaningowego
(CLSM) Nikon MA200. Jest to mikroskop uniwersalny
o odwroconej optyce, ktdry wyposazony zostat w najnowszy
system konfokalny C1. System C1 umozliwit obserwacje
i rejestracje przekrojéw optycznych badanych probek, ktére
postuzyly do analizy topografii powierzchni. Zrédiem $wiatta
w mikroskopie konfokalnym sg lasery, ktére posiadajg wigz-
ke Swiatta o okreslonej dtugosci fali i natezeniu. Do skano-
wania powierzchni prébek wykorzystano laser argonowy
o diugosci fali A = 488 nm. Obrazy rejestrowano przy pomocy
programu EZ-C1. Obrazy z mikroskopii optycznej zostaty
opracowane w programie ImageJ, ktory zostat specjalnie
dostosowany do mikroskopu w celu uzyskania informacji
odnosnie porowatosci. Do analizy przekroju warstw ceramiki
postuzyt mikroskop metalograficzny.

The test samples were made of 0.5 mm diameter Re-
manium CSe NiCrMo alloy. This alloy consists of Ni 61%,
Cr 26%, Mo 11%, Si 1.5% and Fe 1.2%. On their surface,
opaque layers were applied in the form of powder and
paste. The nickel-chromium alloy samples were ground
on 800 and 1200 grain papers to obtain a smooth and
clean surface. Next, the samples were sandblasted with
the aluminum oxide powder of 110 um in diameter at the
2.5 bar pressure to develop their surface and thus increase
the adhesion of the applied ceramics. Before applying the
first layer of ceramics (intermediate layer), all samples
were cleaned under the steam pressure. The procedu-
re for applying ceramics to the metal surface stayed in
accordance with the manufacturer's instructions. The first
stage was the application of opaque, which gives the crown
a basic shade. The powder opaque was mixed with VITA
VM OPAQUE FLUID. The mass should have a watery
consistency. The opaque was applied to a dry and clean
metal structure with a brush. Then the veneered surface
was covered with the crushed opaque with a brush or
spatula and fired on. Similarly, the dry metal structure
was coated with the opaque paste. After applying dentin,
a layer of VITAVM.13 ENAMEL was applied. After applying
each layer, the ceramics were fired in a Vita ceramic oven.
The ceramic firing temperature was 890-960°C.

The profilometric tests were performed using Nikon
MAZ200 confocal laser scanning microscope (CLSM)
with inverted optics equipped with the latest confocal C1
system. The C1 system allowed for the observation and
recording of the optical cross-sections of the samples to
analyze the surface topography. An argon laser wavelength
A =488 nm was used to scan the surface of the samples.
The images were recorded using the EZ-C1 program.
The resolution of the recorded images was 512x512 pixels.
A detailed analysis of the confocal microscope data was
performed using the MountainsMap Premium program.
The calculations were performed in east-west direction.
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Do oceny powierzchni potgczenia wykorzystano do-

® ® @ 0 0 00 datkowo elektronowy mikroskop skaningowy JEOL JSM

— 6610LV przy pomocy standardowego oprogramowania.
Napiecie przyspieszajgce wynosito 20 kV. Rozdzielczo$¢
rejestrowanych obrazéw wynosita 512x512 pikseli.
Szczegoétowa analiza danych uzyskanych za pomocag
mikroskopu konfokalnego zostata przeprowadzona
przy pomocy programu MountainsMap Premium firmy
Digitalsurf. Obliczenia dotyczyly odcinka skierowanego
w kierunku wschod-zachod. W celu okreslenia zawartosci
pierwiastkbw w poszczegdlnych obszarach wykonano
mikroanalize rentgenowskg (EDS) firmy NORAN z opro-
gramowaniem VENTAGE oraz wykonano identyfikacje
faz metoda dyfrakcji elektrondw wstecznie rozproszonych
EBSD firmy NORAN.

Obrazy uzyskane za pomocg mikroskopu optycznego
metalograficznego zinterpretowano przy uzyciu progra-
mu Imaged w celu okreslenia porowatosci danej probki.
Wymagato to przetworzenia otrzymanych zdje¢ na obrazy
8 bitowe w skali szarosci oraz zwigkszeniu kontrastu w
celu zréznicowania detali.

Nastepnie wykonano badanie przy uzyciu elektro-
nowego mikroskopu skaningowego HITACHI S-3000N,
wyposazonego w zestaw do mikroanalizy rentgenowskiej
(EDS-NORAN). Badania wykonano w celu okreslenia
zawartosci pierwiastkbw w poszczegodlnych obszarach
ceramiki.

Wyniki i dyskusja

Na RYS. 1 przedstawiono strukture geometryczng
powierzchni badanych probek po piaskowaniu. Dane te
otrzymane zostaty za pomocg mikroskopu konfokalnego
CLSM.

Na RYS. 2 znajdujg sie struktury geometryczne po-
wierzchni badanych prébek po wypaleniu.

TABELA 2 zawiera warto$ci parametréw chropowatosci.

Na podstawie wynikéw wida¢ zmiane chropowatosci
powierzchni prébek objawiajgcg sie w zwigkszeniu war-
tosci Ra, Rz oraz Rq po wypaleniu. Najwigksze roznice
wykazujg powierzchnie probki A i B. Najwigkszg wartos-
cig wspotczynnika Ra charakteryzowata sig¢ probka C.
Parametr chropowatosci w przypadku potgczenia metalu
z ceramikg ma szczegolne znaczenie. Im wiekszy jest ten
parametr, tym wigksza jest mozliwos$¢ uzyskania lepszego
pofgczenia metalu z ceramika.

RYS. 3 przedstawia morfologie zastosowanych w pracy
warstw posrednich w formie proszku. Oba materiaty cha-
rakteryzujg sie bardzo podobng morfologig.

Ocene porowatosci poszczegolnych probek dokona-
no na podstawie obrazéw metalograficznych badanych
powierzchni, ktére zamieszczono w TABELI 3. Badania
jednoznacznie wskazujg na wiekszg porowatos¢ ceramiki
w postaci proszku do stosowania w zakresie WRC 13,8-
15,2.

W celu okreslenia zawartos$ci pierwiastkow w poszcze-
golnych obszarach ceramiki wykonano analize za pomocg
elektronowego mikroskopu skaningowego. Obszary ana-
lizy ceramiki przedstawiono na RYS. 4. Rysunek zostat
podzielony na 5 obszaréw. Obszar od 1 do 3 to obszar
ceramiki wtasciwej, obszar 4 to warstwa posrednia czyli
opakerowa, natomiast obszar 5 to powierzchnia metalu.

The metallographic microscope was used to analyze
the cross-sections of the ceramics in order to obtain the
porosity values. The images from optical microscopy were
processed using Imaged program, which required trans-
forming them into grayscale 8-bit images and increasing
the contrast to differentiate the details.

The HITACHI S-3000N scanning electron microscope,
equipped with NORAN’s X-ray microarrays (EDS) with
VENTAGE software and the NORAN-based EBSD EBSD
diffraction kit, were used to determine the content of ele-
ments in individual ceramic areas.

Results and Discussion

FIG. 1 represent the geometric surface structure of the
sandblasted samples. The data was obtained by means
of the CLSM confocal microscope.

FIG. 2 represent the geometric sample structure after
stoving.

The TABLE 2 shows the roughness parameters results.

Based on the results, it can be observed that the surface
roughness parameters Ra, Rz, and Rq values increased
after stoving. The biggest differences were noticed for the
samples A and B. The sample C was characterized by the
highest Ra value.

The morphologies of the powder intermediate layers are
depicted in FIG. 3. The image shows that both powders
have very similar morphologies.

The porosity evaluation of individual samples was
conducted on the basis of metallographic images of the
examined surfaces. The TABLE 3 represents the results
showing that the sample C is characterized by the largest
porosity.

The tests clearly indicated the higher porosity of the
powder ceramics used in the WRC 13.8-15.2 range.
In order to determine the content of elements in particular
areas of the ceramics, the SEM analysis was performed.
The areas of ceramics analysis are shown in FIG. 4.

The TABLE 4 shows the content of elements in each
area of ceramics after stoving.
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RYS. 1. Struktura geometryczna powierzchni: a) probka A po piaskowaniu, b) probka B po piaskowaniu,
c) prébka C po piaskowaniu.

FIG. 1. Geometric surface structure: a) sample A after sandblasting, b) sample B after sandblasting, c) sample
C after sandblasting.

RYS. 2. Struktura geometryczna powierzchni: a) probka A po wypaleniu, b) prébka B po wypaleniu, c) prébka

C po wypaleniu. L
FIG. 2. Geometric surface structure: a) sample A after firing, b) sample B after firing, c) sample C after firing. = E
(D >
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TABELA 2. Zestawienie wynikéw parametréw chropowatosci.
TABLE 2. List of roughness parameters results.

Ra Ra Rz Rz Rq Rq
B po wypaleniu  po piaskowaniu  po piaskowaniu = po wypaleniu  po piaskowaniu  po wypaleniu
Samples Ra Ra Rz Rz Rq Rq
after stoving  after sandblasting after sandblasting after stoving after sandblasting after stoving
[um] [um] [um] [um] [um] [um]
g;‘::;: '2 1.82 1.23 8.54 12.5 1.65 2.45
SP;‘?:]’;ZBB 1.65 1.19 8.23 135 1.59 2.39
S":;E’;i% 1.9 1.13 9.88 8.5 1.63 1.74

RYS. 3. Obrazy uzyskane za pomoca mikroskopu elektronowego z obserwacja elektronéw wstecznie rozpro-
szonych (BSE) przedstawiajgce morfologie opakeréow: a) prébka A, b) probka C.
FIG. 3. SEM images (BSE mode) of the powders used as intermediate layers: a) sample A, b) sample C.

TABELA 3. Wyniki porowatosci poszczegoélnych
probek.
TABLE 3. Porosity values of individual samples.

Powigkszenie  PrébkaA  Prébka B~ Probka C
Magnification =~ Sample A Sample B Sample C
Powiekszenie
Magnification 2.43% 1.62% 8.25%
100x
Powigkszenie . /
Magnification 2.23% 0.55% 10.6% ho iaevse s - = g g
IBSE2) [ 5= Ll
200x : ; 5
Powigkszenie . 2 -
Magr?ification 0.82% 0.58% 8.3% RYS. 4. Analiza obszaréw ceramiki.
300x ’ ' ) FIG. 4. Analysis of ceramic areas.
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TABELA 4. Zawartos¢ pierwiastkow w poszczegolnych obszarach po wypaleniu ceramiki.
TABLE 4. The content of elements in particular areas of ceramics after firing.

Pierwiastki Obszar 1 Obszar 2 Obszar 3 Obszar 4 Obszar 5
Elements Area 1 [%] at. Area 2 [%] at. INCERIVIKE R Area 4 [%] at. Area 5 [%] at.
(0] 49.52 51.45 48.41 41.73 -
Na 473 5.31 5.08 3.78 -
Al 7.90 7.90 7.86 717 0.22
Si 27.45 27.08 28.23 21.27 3.16
Zr 1.01 0.85 0.97 3.94 -
K 6.21 5.56 6.67 6.19 -
Ca 0.84 0.64 1.04 0.85 -
Ti 1.14 0.69 0.99 5.26 -
Ce 1.19 0.53 0.74 9.82 -
Mo - - - - 3.27
Cr - - - - 22.60
Mn - - - - 1.44
Fe - - - - 42.38
Ni - - - - 26.93

W TABELI 4 przedstawiono zawarto$¢ pierwiastkow
w poszczegolnych obszarach po wypaleniu ceramiki.

Badania te dowodzg, ze po wypaleniu zachodzg zmia-
ny w stezeniu pierwiastkédw na granicy ceramika-stop.
Zawartos¢ Zr, Ti i Ce zwieksza sig, natomiast Si, O i Na
zmniejsza sie. Swiadczy to o wystgpieniu dyfuzji w bada-
nych obszarach.

Niewielka ilos¢ Al i Si ulegta dyfuzji do obszaru stopowe-
go. Stwierdzono tam nastepujgce zawartosci: 0,22% at. dla
Al'i 3,16% at. dla Si. Zachodzi takze utlenianie stopu. Pro-
cesy te prowadza do powstania warstwy przejsciowej, ktéra
w istotny sposéb wptywa na wytrzymatosé i szczelnosc
ztgcza. W wyniku obrébki cieplnej, a w szczegolnosci nie-
zgodnosci wspotczynnikéw rozszerzalnosci cieplnej cera-
miki i warstwy metalicznej, powstajg w uktadzie naprezenia
wplywajgce na wytrzymatos$¢ potgczenia.

Parametry chropowatosci Ra, Rz i Rq zwiekszyly sie
po wypaleniu w przypadku wszystkich badanych probek.
Z otrzymanych danych wynika, ze wash opaker Vita VM13
ma najwiekszg chropowatos$¢ po wypaleniu, a najmniejsza
opaker Vita VMK. Moze to by¢ spowodowane intensywnymi
procesami utleniania warstwy wierzchniej badanych prébek
w wysokich temperaturach ich wypalania (890-960°C). Wraz
ze wzrostem chropowatosci rosnie rozwiniecie powierzchni,
co moze skutkowac¢ wzrostem wytrzymatosci potgczenia.

Dzieki analizie obrazéw EDS mozna stwierdzi¢, ze war-
stwy posrednie nie réznig sie znacznie miedzy sobg pod
wzgledem wielkosci ziaren i sktadu chemicznego — analiza
EDS. Producent ceramiki Vita twierdzi, ze ziarna Vit-y VM13
sg okragte i majg 18 um. Natomiast w przypadku ceramiki
Vita VMK Master ziarna wynoszg ok. 19 um. Jednak z wyko-
nanych badan wynika, iz obie ceramiki majg budowe ziaren
ptatkowg. Mniejsze ziarna umozliwiajg lepsze potgczenie
sie ceramiki, a to mogto minimalnie polepszy¢ potaczenie
w przypadku Vita VM13 mimo, ze réznica w wielkosci miedzy
tymi ceramikami jest niewielka.

Dodatkowo badania morfologiczne wykonane przy
uzyciu mikroskopu skaningowego SEM wykazaty, ze po
wypaleniu zachodzg zmiany w stezeniu pierwiastkow na
granicy ceramika-stop. Zawartos¢ Zr, Ti i Ce zmniejsza sie
w kierunku poszczegdlnych warstw ceramiki. Swiadczy
to o wystgpieniu zjawiska dyfuzji w badanych obszarach
w wyniku proceséw dyfuzyjnych. Prawdopodobnie pierwia-
stek Si dyfundowat do obszaru stopu, gdyz jego zawartosé
sie zwiekszyta poréwnujac go ze sktadem przed wypaleniem.

These studies showed that the concentration of ele-
ments on the ceramics-alloy border-line changed after
stoving. The content of Zr, Ti and Ce increased while the
Si, O and Na amount was reduced. This proves the ap-
pearance of diffusion in the studied areas.

A small amount of Al and Si was diffused into the alloy
area the contents were as follows: 0.22% at. for Al and
3.16% at. for Si. It also oxidized the alloy. These processes
led to the formation of a transition layer which significantly
affects the strength and tightness of the joint. As a result of
the heat treatment, and in particular the incompatibility of
the thermal expansion coefficients of the ceramics and the
metallic layer, tensions build up in the system which affect
the bond toughness.

The roughness parameters Ra, Rz, and Rq increased for
all tested samples after firing. The obtained data showed
that the wash opaque Vita VM13 had the highest rough-
ness after firing, and the smallest opaque - Vita VMK.
This phenomenon may result from the intensive oxidation
of the surface layer at high firing temperatures (890-960°C).
The surface development increases as the roughness in-
creases, which can result in the increased bond strength.

Thanks to the analysis of EDS images, it can be con-
cluded that the intermediate layers do not differ significantly
in terms of the grain size and chemical composition. The
ceramics manufacturer Vita claims that Vit-y VM13 grains
are round and measure 18 um. In the case of Vita VMK
Master ceramics, the grains are about 19 um. However, the
research showed that both kinds of ceramics have a flake
grain structure. Smaller grains allow a better combination
of ceramics, and this could slightly improve the connection
in the case of the Vita VM13, although the difference in size
between these two types of ceramics is insignificant.

In addition, the SEM morphological studies showed
that after firing, the changes occurred in the concentration
of elements at the ceramics-alloy border. The content of
Zr, Ti and Ce decreased in individual ceramic layers. This
proves the occurrence of diffusion in the studied areas as
a result of diffusion processes. Probably the Si element
diffused into the alloy area because its content increased,
as compared to the composition before firing. As for Al, its
quantity decreased. These processes led to the formation
of an oxide layer, which significantly affects the strength and
tightness of the joint.
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Jesli chodzi o Al to jego ilos¢ sie zmniejszyta. Procesy te
prowadzg do powstania warstwy tlenkowej, ktéra w istotny
sposob wplywa pozytywnie na wytrzymatosc i szczelnosé
ztgcza.

Z aktualnych doniesien literaturowych wynika, ze za-
stosowanie jonéw na powierzchnie metalu oraz oksydacja
powodujg minimalny wzrost chropowatosci. Wystepowanie
metali nieszlachetnych prowadzi do znacznie nizszych sit
wigzania i nie wplywa pozytywnie na potgczenie. Zauwaza
sie korelacje miedzy chropowatoscig powierzchni, a sitg wig-
zania. Konieczne jest wykonanie mechanicznej obrébki stru-
mieniowo- Sciernej poprzez zastosowanie Al,O,. Dowodzag
tego réwniez autorzy Susanne Enghardt, Gert Richter, Edgar
Richter, Bernd Reitemeier, Michael H. Walter, publikacji pt:
+Experimental Investigations on the Influence of Adhesive
Oxides on the Metal-Ceramic Bond”. Autor innej publikaciji
réwniez potwierdza, ze wypiaskowana powierzchnia wptywa
na tworzenie sie drobnych nieregularnosci, ktore polepsza-
ja potgczenie poprzez wytworzenie tzw. mechanicznych
»,mikrozaczepow” [6-8].

Whioski

Warstwa opakerowa wptywa na potgczenie stopu z ce-
ramika. Najlepsze rezultaty wykazuje gdy porowatosc jest
minimalna, a ziarna sg mate. Warstwa ta nie moze r6zni¢
sie znacznie twardoscig od pozostatych warstw, gdyz bedzie
bardziej podatna na kruche pekanie. Duza réznica w module
sprezystosci pomiedzy stopem, a materiatem ceramicznym
jest niewskazana.

Na podstawie wynikow badan nie stwierdzono wptywu
rodzaju opakera na wytrzymatos¢ potgczenia stopu z ce-
ramika.

Mniejsze ziarna proszku ceramicznego umozliwiajg
lepsze potgczenie sie ceramiki, a to mogto minimalnie po-
lepszy¢ potgczenie w przypadku probki A, mimo ze réznica
w wielosci miedzy tymi ceramikami jest niewielka.
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