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Development and Investigation of Mesoporous
Bioactive Glass/Zein Coatings Electrodeposited
on Titanium Alloy for Biomedical Applications

F. MACIĄG, T. MOSKALEWICZ, K. CHOLEWA-KOWALSKA, Z. HADZHIEVA,
M. DZIADEK, A. ŁUKASZCZYK, and A.R. BOCCACCINI

The objective of the present work was the development of cathodic electrophoretic deposition
(EPD) to obtain composite coatings of mesoporous sol–gel glass (MSGG) particles embedded in
a zein matrix on Ti-13Nb-13Zr substrates. To deposit robust and repeatable coatings, a direct
current EPD and pulsed direct current EPD as well as the deposition kinetics were investigated,
including the deposition yield and deposition rate. The stability of the suspension was
determined based on the zeta potential and conductivity. Macroscopically homogeneous
coatings with a thickness of about 10 lm and various volume fractions of MSGG were
subjected to further examination. Coatings were uniform, exhibiting open porosity and showing
excellent adhesion to the substrates. Both zein and MSGG particles revealed an amorphous
structure. The coated substrates demonstrated greater resistance to electrochemical corrosion in
Ringer’s electrolyte in comparison with the virgin (non-coated) substrate. The coatings showed
high roughness and moderate hydrophilicity. The incubation of the coated substrates in
concentrated 1.5 simulated body fluid (1.5SBF) showed the formation of carbonate hydrox-
yapatite. The composite coatings showed improved antibacterial properties against gram-neg-
ative E. coli and gram-positive S. aureus bacteria compared to pure zein coatings.
Electrophoretic MSGG/zein composite coatings should be further investigated in terms of
their osteoconductive behavior, to confirm their suitability for medical applications in
orthopedics.
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I. INTRODUCTION

TITANIUM alloys are utilized extensively in
biomedical applications for various types of bone
implants. Their great application versatility is related
to their unique properties, such as excellent mechanical
strength and low density, high resistance to

electrochemical corrosion and biocompatibility, which
makes them an outstanding material for biomedical
applications.[1–3] Particular attention is currently being
paid to b alloys, which have a lower elasticity modulus
than a + b alloys, and higher biocompatibility.[4,5] For
instance, Nb and Zr alloying elements in near-b alloys
(e.g. Ti-13Nb-13Zr) are more desirable than Al or V
used in a + b alloys (e.g. Ti-6Al-4V), because they are
non-toxic to the organism and do not induce health
ailments.[6,7] Nb is a highly biocompatible element and
strong b-stabilizer.[8] As the content of this element in
the alloy increases, the stability of the b phase also
increases.[9,10] The presence of Nb also lowers the
Young’s modulus of b alloys,[11] which is especially
beneficial for bone implants due to the lower stress
shielding between implant devices and bone.[12] Young’s
modulus of b alloys is about 25 pct lower than that of
a + b alloys, e.g. it is 79 GPa for the Ti-13Nb-13Zr
alloy.[13] Moreover, the presence of the b phase in the
microstructure increases the ability of the alloy to
harden during aging.[14] Zr is a neutral element and is
often added for improving mechanical properties.[9]

However, Zr may act also as a weak b-stabilizing
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element.[10] The phase composition of alloys from the
Ti-Nb-Zr system depends on Nb and Zr content and
heat treatment route. For instance, Geetha et al.[14]

reported that the Ti-13Nb-13Zr alloy exhibited occur-
rence of the a¢ phase, while Ti-20Nb-13Zr and
Ti-20Nb-20Zr alloys revealed the presence of a¢, a¢¢
and b phases in b solution treated and water-quenched
condition. However, after solution treatment in the
a + b phase field the Ti-13Nb-13Zr and Ti-20Nb-13Zr
alloys contained a¢, a¢¢ and b phases, while
Ti-20Nb-20Zr alloy showed the presence of a and b
phases. No presence of a’’ in the Ti-20Nb-20Zr alloy
microstructure was due to the enrichment in Zr of the b
phase. The high Zr content in this alloy significantly
stabilized the b phase, lowered the martensitic start
temperature (Ms) below room temperature and led to
the formation of only two phases, namely a and b.

A serious problem of b alloys is the very slow process
of osseointegration between implants and bone tissue.[15]

However, modification of the implant surface, such as
sandblasting,[16] chemical etching[17] or deposition of
bioactive coatings,[18] can increase the adhesion of bone
tissue to the implant surface. One important possibility
of tailoring the surface properties of titanium alloys is
the deposition of composite coatings involving a
biodegradable polymer and bioactive ceramic
particles.[19]

Zein as a biocompatible and biodegradable polymer
has great potential in the biomedical field including drug
delivery carriers, regenerative medicine scaffolds or for
the production of coatings.[20] Useful properties that
contribute to the high interest in biomedical applications
of zein also include its low toxicity and antibacterial
activity.[21–23] Zein is obtained from the natural source
of corn protein.[24] It belongs to a group of alcohol-sol-
uble proteins (prolamins).[25] Zein can be classified
according to its solubility properties as: a, b, c and
d.[26] The largest proportion of maize protein is a-zein at
around 70 pct of the total, the next is c-zein which
accounts for around 20 pct of the total, while b- and
d-zein each account for about 5 pct.[27,28] To extract
individual types of zein, various extraction agents are
used.[29] For example, to obtain a-zein, only water and
alcohol is required, while in the case of other types of
zein an additional reducing agent is necessary. The
a-zein structure consists of the repetitive homologous
segments of a-helices.[30] That helices contain a major
quantity of hydrophobic leucine, alanine and proline.[31]

In addition to hydrophobic amino acids, zein also
contains hydrophilic residues (glutamine). Although
zein is used as a coating in biomedical applications
due to its outstanding biological performance, it has low
mechanical strength and limited bioactivity (bone bond-
ing ability).[32] To enhance these properties, composite
zein-based coatings incorporating bioactive inorganic
ceramics, such as hydroxyapatite,[33] silica[34] and bioac-
tive glass,[31,35] have been designed. Due to attractive
properties, including bioactivity, osteoinductivity and
antibacterial effects, silica-based bioactive glasses (BG)
attract increasing attention for several biomedical appli-
cations.[36,37] The bioactive character of BGs in contact
with physiological fluids leads to the formation of

hydroxyapatite on their surfaces exhibiting strong
bonding to bone.
It is known that a porous structure of bone-contacting

biomaterials usually has a positive effect on the regen-
erative capacity of bone.[38] Thus, interest in meso-
porous bioactive glasses has recently increased
significantly.[39] This is largely due to presence of
ordered pores with a size of 2–50 nm contributing to
the large surface area of such mesoporous BG sys-
tems.[40,41] Mesoporosity can be altered for including
effective interaction with bone tissue.[42] The possibility
of delivering drugs (previously loaded in the mesopores)
or increasing the interaction of implants with physio-
logical fluids are other advantages of mesoporous
BGs.[43]

Among the rapidly-developing coating methods for
biomedical applications, electrophoretic deposition
(EPD) deserves special interest, due to the possibility
of co-depositing biopolymers, including zein, and bioac-
tive glass particles.[31,44] Moreover, this method is
cost-effective and easy to use.[45] EPD is an electro-
chemical method wherein the deposition process takes
place on the surface of an electrically conductive
material submerged in a colloid[46] or in suspension.[47]

The particles, being the dispersed phase of the coating
material, move in the liquid dispersing phase due to the
effect of an applied electric field between the two
electrodes.[48] Charged particles move towards one of
the electrodes (substrate material) and settle on its
surface.[49] In addition, EPD enables the deposition of
coatings on substrates with complex profiles, and it is
possible adjust the coating thickness through the applied
electrical voltage and deposition time.[50,51] The coating
morphology can also be tailored by controlling the
process parameters.[52] The available literature indicates
that EPD has not been used previously to deposit
mesoporous bioactive glass/zein composite coatings on
titanium alloy substrates. Previously, Ramos-Rivera
et al.[35,44] investigated the EPD parameters and
deposited BG/zein and CuO-doped BG/zein coatings,
which showed high adhesion to AISI 316L-SS substrate
and conferred osteoconductive and anti-infective prop-
erties. Meyer et al.[31] deposited homogeneous BG/zein
and Cu-doped BG/zein coatings, allowing the formation
of hydroxyapatite on their surface during in-vitro
bioactivity tests. Rehman[53] showed that BG/zein coat-
ings increased the resistance of a magnesium substrate
to electrochemical corrosion and that hydroxyapatite
crystals were formed on the coated substrate during
Kokubo test. Ahmed and Ur Rehman[33] developed the
EPD of hydroxyapatite/zein coatings. They showed that
the coatings revealed good mechanical and biological
properties, qualifying them for potential application in
biomedicine.
In our previous study,[54] we focused on the develop-

ment of optimal EPD parameters to obtain homoge-
neous zein coatings with strong adherence to titanium
biomaterial substrates. The surface preparation of the
substrates was shown to have a significant effect on the
coating adhesion. The coatings were dense and charac-
terized by higher roughness than the uncoated
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substrates, but they decreased the corrosion resistance of
titanium in Ringer’s electrolyte at the temperature of
37 �C. The aim of the present study was the develop-
ment of electrophoretic deposition and characterization
of composite zein-based coatings incorporating meso-
porous sol–gel glass (MSGG) particles. The conditions
for the EPD of coatings, including the chemical com-
position of suspensions, deposition kinetics and process
parameters were designed to deposit homogeneous
coatings on Ti alloy. In addition, the effect of MSGG
concentration in the suspension on coating adhesion
strength, morphology and microstructure as well as
surface topography was determined. The effect of the
coatings on the wettability and electrochemical corro-
sion resistance of the alloy substrates was also exam-
ined. Antibacterial properties against gram-positive (S.
aureus) and gram-negative (E. coli) bacteria were
investigated. The dissolution kinetics of the MSGG
particles in SBF and the apatite forming ability of the
coated samples during incubation in SBF were also
examined.

II. MATERIAL AND METHODS

A bar of Ti-13Nb-13Zr alloy with a diameter of
30 mm was delivered by Shaanxi Yunzhong Industry
Development Co., Ltd., China. The chemical composi-
tion of the alloy determined by an Oxford X-MET
3000TX Portable XRF Analyzer (UK) was as follows
(in wt pct): 72.4 ± 2.0 Ti, 13.2 ± 0.2 Nb, 13.9 ± 0.2 Zr
and 0.5 ± 0.2 Fe. The alloy microstructure was charac-
terized using scanning electron microscopy (SEM,
Thermo Fischer Nova NanoSEM 450 microscope, the
Netherlands) and phase composition was investigated
by a Panalytical Empyrean DY1061 X-ray diffractome-
ter, Malvern Panalytical, the Netherlands. The alloy
microstructure was composed of fine laths that formed
the acicular structure of a¢ (hexagonal close packed) and
a¢¢ (orthorhombic, Cmcm space group) in b grains (size
in the range from 20 to 80 lm) with body centered cubic
crystallographic structure (Figure 1(a,b)). The bar was

cut into 2.5 mm thick discs. The discs were ground with
1200 grit sandpaper.
MSGG with the molar composition of 70 pct SiO2–26

pct CaO–4 pct P2O5 was produced using the sol–gel
method with the supramolecular chemistry approach
followed by the evaporation induced self-assembly
(EISA) process. Tetraethoxysilane (TEOS; Si(OC2H5)4),
calcium nitrate tetra-hydrate (Ca(NO3)2*4H2O) and
triethylphosphate (TEP; OP(OC2H5)3), were employed
as the sources of SiO2, CaO and P2O5, respectively. The
amount of these reagents was calculated based on molar
glass composition. HCl solution was used as a catalyst
for the hydrolysis and condensation reactions. A
non-ionic amphiphilic triblock copolymer
(EO20PO70EO20), also designated as Pluronic� P123,
was used as a structure-directing factor. The preparation
of mesoporous glass was started by completely dissolv-
ing a portion of P123 surfactant in ethanol, next 1 M
HCl and the appropriate precursors were added: TEOS
was added 5 min after the HCl addition, followed by the
TEP portion after 30 min. The CaO precursor in the
form of hydrated nitrate was added directly to the
synthesis without prior dissolution in distilled water.
The overall mixture was mixed for 24 h. The obtained
solution was transferred in a covered polystyrene petri
dish and was kept in an ambient condition for homog-
enization and subsequently for the gelation process for
28 days. The product was then dried in an oven at 40 �C
for 7 days, afterwards a multistep drying process up to
120 �C was carried out. The dried samples were heated
at 700 �C for 3 h with a heating rate of 2.5 �C/min to
obtain a powder material. The powder was milled to a
grain size of d50 = 2 lm.
Zein (Z3625) in form of powder was obtained from

Sigma-Aldrich, Co. Anhydrous ethyl alcohol with 99.8
pct purity (POCH, Poland), glycerol (POCH, Poland)
and purified water were used as components of the
dispersing phase utilized for EPD.
To prepare the suspensions, a solution of ethyl

alcohol, purified water and glycerin in appropriate
concentrations, given in Table I, was stirred by a
magnetic stirrer, (IKA model Ro 5, Germany). The

Fig. 1—SEM micrograph of the microstructure (a) and XRD pattern (b) of the alloy used as substrates for coatings deposition.
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appropriate amount of zein (Table I) was then weighed
and gently added to the mixing solution. The OHAUS
Corporation model PA214CM/1 scale (Switzerland) was
used to weigh the suspension components. The mixture
was stirred until the zein was dissolved and placed in a
POLSONIC Sonic-3 ultrasonic bath (Poland), to break
up any remaining zein agglomerates. The various
portions of MSGG (Table I) were added to the prepared
solution of zein and stirred using a magnetic stirrer for
10 min. The suspension was then ultrasonicated to
crumble residual agglomerates of particles. The pH
values of the suspensions were measured with an
ELMETRON CPC-505 pH meter (Poland). All param-
eters of the suspension preparation and the deposition
process are summarized in Table II.

Due to the lack of literature describing the prepara-
tion of a suspension for the EPD of MSGG/zein
coatings, the knowledge describing the preparation of
zein solution[32] and bioactive glasses (BG)/zein suspen-
sions was used to elaborate preparation methods.[31,53]

The chemical composition of the dispersing phase (90
vol pct ethanol, 10 vol pct water, 20 wt pct glycerol) was
developed based on the knowledge of the EPD of BG/
zein coatings on the stainless steel and magnesium
substrates.[31,53] Zein content in the solution was inves-
tigated in our previous work[54] in relation to the
adhesion of pure zein coatings to the titanium sub-
strates. We have shown that the coatings deposited from
a solution with a zein concentration of 200 g/dm3 had
the highest adhesion strength. The selection of the
MSGG concentration range (10–80 g/dm3) in our pre-
sent work was based on the BG concentrations in
suspensions used by Rehman (5 g/dm3)[53] and Meyer
et al. (80 g/dm3).[31] The use of several concentrations of
MSGG in suspensions was intended to determine its
influence on the homogeneity and adhesion of coatings
to the substrate. The conditions for the preparation of
suspensions (stirring time and dispersion time) were
selected experimentally on the basis of the period needed
to minimize the presence of zein and MSGG agglom-
erates. The selection of the voltage range and deposition
time (Table II) was made on the basis of the literature
data on the EPD of BG‘s/zein coatings.[31,53]

A Malvern Zetasizer Nanodevice (Malvern Instru-
ments Ltd., UK) equipped with a titrator was employed
to investigate the zeta potential and conductivity of
MSGG using the laser Doppler velocimetry (LDV)
technique. A diluted suspension consisting of 0.4 g/dm3

MSGG, 2 g/dm3 zein, 0.24 g/dm3 glycerol, ethyl alcohol
and distilled water in the proportion 9/1 was used for the
measurements to allow the laser to work unhampered.
Hydrochloric acid (HCl) and sodium hydroxide
(NaOH) of various concentrations were used as titrants.
The estimation of the potential values was based on the
Debye–Hückel equation.
The EPD setting consisted of a two-electrode cell,

spaced 10 mm apart, where the working electrode was a
Ti-13Nb-13Zr alloy sample and 316L-SS plate was used
as the counter electrode. To generate the desired direct
current (DC) with constant voltage, an EX752M Mul-
timode PSU power supply (AIM-TTI, UK), was used. A
Tektronix DMM 4040 multimeter (TEKTRONIX,
UK), was used to investigate the effect of the suspen-
sion’s chemical composition, voltage and time on
current density throughout the process. A pulsed direct
current (PDC) was generated by an Autolab PGSTAT
302 N (the Netherland) potentiostat/galvanostat, while
deposition was also attempted in order to minimize the
pore concentration in the coating volume.
To investigate the coating adhesion to the substrates,

tape test in consonance with the ASTM D3359-17B
standard was used. The tests consist of making two
perpendicular cuts approx. 20–30 mm in length to form
a grid using a multi-blade knife. Standardized tape was
put to the grid area, then gently pressed with a pencil
eraser and left for 60 s, then torn off at 90º. Then the
grid surface was assessed on the substrates and the
coating were classified according to the class adhesion
included in the ASTM standard.
The information about the structure of the bioactive

glass was received from the Fourier transform infrared
spectroscopy (FTIR) investigation using a Vertex 70 V
spectrometer (Bruker). Measurements were performed
in the 400–4000 cm�1 wavenumber range with 128 scans
and a resolution of 4 cm�1. The phase composition of
the glass was analysed by X-ray diffractometry utilizing

Table II. Route of Suspension Preparation and EPD Parameters

No Stirring Time* [min] Dispersion Time* [min] Stirring Velocity [rpm] Voltage [V] Deposition Time [min]

1 90 + 10 30 + 10 1000 2, 3, 5, 7, 10, 12 3, 4, 5, 6, 7
2 90 + 10 30 + 10 1000 2, 3, 5, 7, 10, 12 3, 4, 5, 6, 7
3 90 + 10 30 + 10 1000 2, 3, 5, 7, 10, 12 3, 4, 5, 6, 7

*Times are given for the preparation solution of zein in a mixture of ethyl alcohol, distilled water and glycerol as well as suspensions after adding
MSGG particles.

Table I. Chemical Compositions and pH of Suspensions Used for EPD

No MSGG [g/dm3] Zein [g/dm3] Ethyl Alcohol [Vol pct] Distilled Water [Vol Pct] Glycerol [Wt Pct] pH

1 10 200 90 10 20 6.63
2 40 200 90 10 20 7.86
3 80 200 90 10 20 8.21
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a diffractometer of a Philips X’Pert Pro, PANanalytical,
UK operating at 30 kV and 30 mA with Cu-Ka
radiation.

The specific surface areas (SBET) of the material were
established by N2 adsorption employed the BET anal-
ysis (Nova 1200e, Quantachrome). A Nova Nano-
SEM450 (FEI, the Netherlands) scanning electron
microscope (SEM) and a JEM-2010 ARP (JEOL,
Japan) transmission electron microscope (TEM) were
used to investigate the morphology and microstructure
of the MSGG particles and coatings. The sample of
MSGG for TEM investigation was prepared by putting
a drop of MSGG in ethyl alcohol on a Cu grid covered
with carbon and then drying it. The focus ion beam
(FIB) milling utilizing a QUANTA 3D200i device, FEI,
the Netherlands, was conducted for the specimen
(lamella) preparation for the TEM study of the
deposited layer. Selected area electron diffraction

(SAED) patterns were used for phase identification.
Fast Fourier transform (FFT) patterns and Inverse Fast
Fourier transform (IFFT) images were created using
Gatan’s ‘Digital Micrograph’ software. The volume
fraction of MSGG in the coatings was investigated by
peeling off coatings from the substrate to obtain films.
The films were located in a ceramic crucible and heated
at 500 �C for 60 min to completely degrade the zein. The
weight of the crucible was checked before and after
heating, and it was assumed that after heating only the
inorganic component of the coating (MSGG) was
present. Knowing the MSGG and zein density (2.46
and 1.23 g/cm3, respectively), the volume fraction of the
components within the coatings was determined.
A WYKO NT930 optical profilometer (Veeco) was

utilized to analyze the surface roughness of the substrate
and coating. A Krüss DSA25E goniometer (Germany)
was applied to determine the contact angle (CA) and

Fig. 2—SEM image (a), FTIR spectrum (b) and XRD pattern (c) of the MSGG particles. In addition, (b) contains spectra of MSGG after
incubation in SBF for various times.
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surface free energy (SFE) of the materials. Total SFE,
with its dispersive and polar components, was calculated
using the Owens–Wendt–Rabel–Kaelble (OWRK)
procedure.

All the electrochemical studies were performed in a
Faraday’s cage and environment of Ringer’s electrolyte
solution at pH equal to 7.4 in Ar atmosphere at a
temperature of 37 �C. The electrolyte contained 8.6 g/
dm3 NaCl, 0.3 g/dm3 KCl, 0.25 g/dm3 CaCl2 in water.
The polarization measurements were considered in the
electric potential range of � 1.5�2.2 V and for a rate of
electric potential changes equivalent to 1 mV/s. The
measurements were carried out using a classical cell
equipped with three electrodes. The working electrode
was an alloy substrate with or without coating. The
counter electrode consisted of platinum wire. Potentials
were measured vs. SCE (saturated calomel electrode).
The measurements were conducted with an AUTOLAB
PGSTAT302 potentiostat/galvanostat (the Nether-
lands). The corrosion current density (icorr) was deter-
mined by limiting the current density which moved
through the passivating film, turning into a measure of
the film’s protective performance.[55] During the EIS
measurements, the amplitude was 10 mV and the
frequency was in the range of 105–10�3 Hz. The EIS
results were fitted using the ZView software. The errors
were reduced utilizing the chi-squared criteria for fitting
the experimental data of the EIS.

The bioactive properties of MSGG powder were
evaluated by incubation in simulated body fluid (SBF),
prepared following the procedure developed by
Kokubo[56] at 37 �C for 1, 3, 7, and 14 days with the
sample weight [g] to SBF volume [ml] ratio of 1:500.
After washing with anhydrous ethyl alcohol and drying
at RT the samples were investigated by FTIR. The
changes in the concentration of Ca, P, and Si in SBF
during incubation of the glasses were evaluated by
inductively coupled plasma atomic emission spectrom-
etry (ICP–OES; Plasma 40, Perkin Elmer). The mea-
surements were repeated three times and the results were
given as mean ± standard deviation (SD).

A concentrated version of SBF (1.5SBF) was used for
the bioactivity test of the coated substrate, as explained
below (Section III–F). The 1.5SBF solution was pre-
pared according to Kokubo[57] and consisted of HCl
(Tarchem, Poland), NaHCO3 (Chempur, Poland),
Na2SO4 (Eurochem, Poland), KCl (Poch, Poland),
K2HPO4 Æ 3H2O (Chempur, Poland), MgCl2 Æ 6H2O
(Chempur, Poland), NaCl (Poch, Poland),

NH2C(CH2OH)3 (Poch, Poland) and CaCl2 (Euro-
chem, Poland) dissolved in high-quality water (UHQ)
(Chempur, Poland). The prepared solution had a pH of
7.4. The samples were then placed in 50 ml SBF in an
INC 108 CO2 incubator (Memmert, Germany) at
36.5 �C ± 0.5 �C for 21 days. After this time, the
samples were investigated using SEM and FTIR.
The antibacterial properties of zein and MSGG/zein

coatings were further evaluated against gram-positive
(S. aureus) and gram-negative (E. coli) bacteria by using
Alamar blue assay. Briefly, the samples were sterilized
under UV light for 1 h on each side, respectively, in a
24-multi-well plate and 1 ml of the bacteria suspension
(OD at 600 nm = 0.001) was added in each well. The
samples were incubated for 90 min in agitation (90 rpm)
at 37 �C to allow the separation between adherent
biofilm cells and non-adherent floating planktonic cells
(separation phase). Subsequently, supernatants contain-
ing planktonic cells were discarded and replaced with
1 ml of fresh medium. Biofilm was grown at 37 �C for
24 h. After the incubation period, the samples were
moved in new well-plates prior to evaluation. 1 ml of the
alamarBlue� solution was added in each well and the
samples were incubated in the dark for additional 5 h at
37 �C. After the incubation period 3 aliquots of 100 ll
from each sample were transferred into 96-well plate
and the OD values were read at a wavelength of 570 nm
with a reference wavelength of 600 nm by micro-plate
reader. Each coating type was analyzed in triplicate and
pure zein coatings were used as a control. The reduction
of Alamar blue reagent [ pct] was calculated according
to the manufacturer’s protocol:

Reduction ofAlamar Blue reagent pct½ �

¼
ðEoxi;600 � A570Þ � ðEoxi;570 � A600Þ
Ered;570 � C600

� �
� ðEred;600 � C570Þ

½1�

with Eoxi;570= molar extinction coefficient of oxidized
AlamarBlue at 570 nm = 80,586, Eoxi;600= molar
extinction coefficient of oxidized AlamarBlue at
600 nm = 117,216, Ered;570= molar extinction coeffi-
cient of reduced AlamarBlue at 570 nm = 155,677,
Ered;600= molar extinction coefficient of reduced Ala-
marBlue at 600 nm = 14,652, A570= absorbance of test
wells at 570 nm. A600= absorbance of test wells at
600 nm, C570= absorbance of negative control well
(media, AlamarBlue Reagent, no cells) at 570 nm,

Table IV. The Changes in Concentration of Elements (Ca, P,

and Si) in SBF During Soaking of the MSGG Particles

Ca P Si

Sample/Days [mg/dm3]

SBF 84.2 ± 1.3 22.8 ± 0.7 0.6 ± 0.1
MSGG/1d 219.0 ± 3.5 < 0.5 41.7 ± 0.5
MSGG/3d 207.5 ± 3.6 < 0.5 41.6 ± 0.5
MSGG/7d 213.2 ± 4.1 < 0.5 36.9 ± 0.4
MSGG/14d 221.2 ± 4.0 < 0.5 36.1 ± 0.5

Table III. Results of SEM–EDS Microanalysis of MSGG

Particles

Element/X-ray line Wt Pct At.Pct

O Ka 46.3 ± 0.9 62.6 ± 0.9
Si Ka 35.4 ± 0.4 27.2 ± 0.5
P Ka 1.3 ± 0.1 0.9 ± 0.1
Ca Ka 17.0 ± 0.5 9.2 ± 0.4

The microanalysis was performed for an area of 430 9 550 lm2

(acc v 18 kV, spot size 2, WD of 5 mm).

246—VOLUME 54A, JANUARY 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A



C600= absorbance of negative control well (media,
AlamarBlue Reagent, no cells) at 600 nm.

SEM analysis was used to evaluate the bacterial
attachment and spreading on the coatings. After cultur-
ing for 24 h, bacteria were fixed on the surface of the
coatings using mixture solutions of glutaraldehyde,
formaldehyde, sucrose and distilled water. Finally, the
samples were dehydrated with increasing ethanol series
(30, 50, 60, 70, 85 and 99.5 pct) for 10 min, respectively.

III. RESULTS AND DISCUSSION

A. Mesoporous Sol–Gel Glass

The molar composition of the MSGG was as follows:
70 SiO2, 25 CaO, 5 P2O5. The sol–gel glass was ground,
and the obtained powder subjected to a series of
examinations aimed at determining particle size, chem-
ical composition, specific surface area and pore distri-
bution. The MSGG particles had an irregular shape
with grain size in the range of 0.3 lm to 3.2 lm
(Figure 2(a)). Measurements made using the laser
diffractometer revealed that the average particle size of
the glass particles was approx. 2.1 lm. The occurrence
of Si, Ca, P and oxygen was validated by SEM–EDS
microanalysis (Table III).

The FTIR spectrum of the glass sample showed the
three main bands that were connected to characteristic
oscillations of the Si–O–Si bond in the silicate network
(Figure 2(b)). The first, sharp band at 468 cm�1 was
attributed to the bending motion of the bridging oxygen

atom in the Si–O–Si bond, the next band at 795 cm�1

corresponded to symmetric stretching of the bridging
Si–O–Si bond between the SiO4 tetrahedra, while the
third large band at 1067 cm�1 arose from the anti-sym-
metric stretching of the Si–O–Si group.[58] A weak band
at 956 cm�1 represented the stretching oscillations of the
non-bridging Si–O (Si–O-NBO) bond probably with one
non-bridging oxygen per SiO4 tetrahedron.

[59,60]

Additionally, in the bands at 468 cm�1 and
1067 cm�1, bending oscillations of O–P–O bonds and
asymmetric stretching oscillations of O-P bonds in the
PO4 tetrahedra were present, respectively. Moreover, the
single peak that was present at 603 cm�1 pointed to
phosphorus in the amorphous phase.[59] The shoulder at
about 1190 cm�1 was attributed to the anti-symmetric
stretching of the Si–O–Si bridging bonds. The bands at
1635 cm�1 and 3445 cm�1 represented bending and
stretching oscillations of the –O–H groups in the water
molecules absorbed in the samples, respectively. The
half width and relatively high intensity of the 3445 cm�1

band also suggests the contribution of the stretching
oscillations of O–H bonds arising from silanol (Si–OH)
groups present in the glass structure.
The bioactive properties of the MSGG particles were

assessed in relation to calcium phosphate-forming capa-
bility during immersion test in SBF. The formation of
the CaP layer on the surface of the glass particles was
examined by FTIR spectroscopy (Figure 2(b)). The
result confirmed that new double bands in the range of
560 – 602 cm�1, assigned to the O–P–O bending mode,
appeared after just 1 day of immersion in SBF. These
bands are characteristic for crystalline calcium

Fig. 3—TEM images of ordered MSGG particles (a) through (c) and a non–ordered MSGG particle (d).
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phosphate precipitations. A new characteristic band of
CO3

2� bending vibrations at 873 cm�1 proved the
crystallization of hydroxyapatite with carbonate substi-
tution (CHA). The results of the ICP–OES analysis of
SBF during different incubation times of MSGG par-
ticles are collected in Table IV.

The highest Ca concentration in SBF was observed at
1 day of incubation, and then Ca concentration was
almost constant after the next time point. In contrast,
the concentration of P after only 1 day of incubation
was below the detection limit, which suggests the total
adsorption of P from SBF to form calcium phosphate

Fig. 4—TEM image of the ordered MSGG particle recorded along the direction perpendicular to the channels and SAED pattern taken from
the area marked by a circle (a). (b) Shows the FFT pattern of a square area of the particle in the TEM image, IFFT image and intensity profile
(along the line in the IFFT image) based on which the pore size was determined.
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precipitations and thus limited further consumption of
Ca ions. The release rate of Si from the glass particles to
the fluid achieved the highest level after 1 day of
incubation and was slightly reduced after 7/14 days of
incubation. This behaviour arises from the formation of
the CaP layer on the particles, which delayed the release
of Si species. The particles exhibited a very high specific
surface area of 318.5 ± 1.5 m2/g. The investigation of
MSGG using XRD revealed an amorphous structure
(Figure 2(c)). A broad peak at 2h in the range of 20 to
35 deg was present in the pattern.

TEM investigations allowed to observe the meso-
porous architecture of the sol–gel glass particles. It was
found that about 95 pct volume fraction of particles
contained highly ordered mesopores and the remaining
particles contained non–ordered mesopores. As an
example, Figure 3(a-c) shows particles with well–or-
dered mesopore channel structure and Figure 3(d)
presents a particle with non–ordered mesopores. The
particles contained typical 2D-hexagonal (p6mm sym-
metry) mesoporous channels (Figure 3(b)). The same
symmetry of mesoporous channels was observed by
Lopez-Noriega et al.[61] in highly ordered mesoporous
SiO2-P2O5-CaO sol–gel glasses with a similar chemical
composition. The images taken with the electron beam
perpendicular to the channels (beam direction [110]) are

shown in Figure 3(a,c), while the image in Figure 3(b)
were taken with the beam parallel to the mesoporous
channels (in [100] direction). Some of the particles
contained regions with an ordered mesopore channel
structure and regions with non–ordered mesopores. The
size of particles observed in TEM was in the range of
several dozen of nanometers to about 2 lm.
An electron diffraction investigation confirmed the

XRD study and showed an amorphous atomic structure
of the MSGG particles. A typical SAED pattern
containing broad diffusion diffraction rings is shown in
Figure 4(a). TEM-EDS microanalysis of the particles
confirmed that the chemical composition was within the
range determined using SEM–EDS (Table III), e.g. for
the particle in Figure 4(a) following chemical composi-
tion was detected: (in at. pct) 63.1 O, 26.9 Si, 8.9 Ca and
1.1 P.
To measure the mesopore size, two-dimensional (2D)

fast Fourier transform (FFT) of the digitized experi-
mental TEM images was performed and inverse IFFT
images were reconstructed from streaks present in the
FFT patterns. The use of a mask around the streaks
allowed a significant reduction of high-frequency
non-periodic noise and to obtain stronger contrast
images for pore size measurements. The pore size
diameter was measured as a distance between the

Fig. 5—Conductivity and zeta potential of the suspension with various MSGG concentrations of 10 g/dm3 (a), 40 g/dm3 (b) and 80 g/dm3 (c) at
varying pH.
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adjacent fringes in a line profile of the IFFT patterns of
different particles with ordered mesopore channels. The
pore size diameter of the particles was determined to be
in the range of 3.2–8.1 nm. For example, the distance
for adjacent fringes measured in a line profile in
Figure 4(b) was 6.04 nm. It should be noted that the
presence of such ordered mesopores with a small
diameter in the glass particles provides a high surface
area and volume of pores, much higher than those
occurring in the glass with the same chemical compo-
sition produced by the conventional sol–gel method.
Therefore, such particles can significantly contribute to
enhancing bioactivity.[62]

B. Optimization of EPD Conditions and Adhesion
Strength of the Coatings

Zein is a polymer that dissolves in hydrated alcohols.
On the other hand, in literature[63] it was found that the
ethyl alcohol/water ratio has a significant influence on
the solubility of zein. The most optimal medium for zein
solubility contains ethyl alcohol in the range of 60–90
pct,[64] but coatings deposited from a solution contain-
ing only alcohol and water were brittle and cracked.
Research conducted by Xu et al.[65] has shown that the
addition of glycerin has a positive effect on the plasticity
of zein coatings. We showed previously,[54] that the ethyl
alcohol and water proportion of 9/1 and 24 g/dm3

glycerol enabled the production of homogeneous and
pure zein coatings on titanium with high adhesion
strength. For this reason, in the present work, we used a
previously developed zein solution to which MSGG
particles in various contents of 10 g/dm3, 40 g/dm3 and
80 g/dm3 were added.

The stability of the suspensions was determined based
on zeta potential values.[66] Another important factor
responsible for successful coating deposition is conduc-
tivity,[67] as it can affect the stability of the particles or
their mobility, which can lead to the inhibition of
deposition.[68,69]

To perform correct measurements, a transparent
suspension is needed, so that the light passing through
it goes to the detector placed in front. For this purpose,
in this work, the investigations were performed on a
100-fold dilution of the suspensions, which contains
ethyl alcohol and distilled water in the ratio of 9/1, with

the addition of 0.24 g/dm3 glycerol, 2 g/dm3 zein and
various concentrations of MSGG (0.1, 0.2, and 0.4 g/
dm3) to obtain reliable results. The zeta potential of the
prepared suspensions for the original pH was, respec-
tively: + 0.6 mV (10 g/dm3 MSGG) for pH
7.11, + 3.2 mV (40 g/dm3 MSGG) for pH 7.39 and +
3.5 mV (80 g/dm3 MSGG) for pH 7.66 (Figure 5). The
results obtained for target suspensions demonstrated
that the coatings would be obtained on the cathode at
the pH range from 3 to 9. The conductivity of the
solutions was the lowest near the starting pH of
suspensions and maximal in acidic environments.
Mishra et al.[70] indicated that the increase in conduc-
tivity is most likely due to an increase in free ions in the
solution due to the addition of acids and bases to adjust
the pH. These ions become major charge carriers, which
reduces the mobility of the polymer chains and ceramic
particles in the suspension.[71]

The literature does not describe the EPD mechanism
of MSGG particles with zein. However, the EPD
mechanism of bioglass (BG) with zein was reported
previously by Meyer et al.[31] Authors claim that zein
significantly influences the deposition process. Zein
consists of different groups of amino acids, some
negatively charged and some positively charged. There-
fore, zein surrounds BG particles and, together with the
deprotonated part of zein particles, binds to bioactive
glass particles, which then migrate to the cathode.
Similar mechanism may be active in the co-deposition of
MSGG particles with zein. At acidic pH, MSGG
particles as well as zein, investigated in our earlier
work,[54] have positive values of zeta potential. It can
therefore be assumed that MSGG particles surrounded
by chains of zein migrate towards the negative electrode
as a result of the applied electric field and settle on its
surface forming a coating.
The MSGG/zein composite coatings were deposited

from suspensions containing ethyl alcohol and distilled
water in a ratio of 9/1, with the additives of 24 g/dm3

glycerol, 200 g/dm3 zein and various concentrations of
MSGG, 10, 40 or 80 g/dm3 (Table I). Macroscopically
uniform coatings were obtained at the voltage range of
3–10 V with a deposition time of 5 min. An attempt to
apply a voltage below 3 V resulted in no coating
deposition. In the case of higher voltage (above 10 V)
the carbonization of the zein matrix on the surface of the

Fig. 6—Stereoscopic microscope images of coating surfaces obtained from suspensions containing 10 g/dm3 (a), 40 g/dm3 (b) and 80 g/dm3 (c)
MSGG particles deposited at a voltage of 5 V and time of 5 min.
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substrate took place. When deposition time was shorter
(3 and 4 min), the coatings were thin and nonuniformly
distributed over the surface of the substrate. Longer
deposition time (6 and 7 min) resulted in the appearance
of folds and macroscopically visible pores on the
coating. Open pores appeared on the surface of all
coatings. The appearance of many pores on the coat-
ing’s surface is likely the result of the electrolysis of
water taking place during EPD.[72] The number of pores
depended on the applied current voltage and the
concentration of MSGG particles in suspensions. This
phenomenon was more intense with increasing voltage
and MSGG concentration in the suspensions (Figure 6).

The change in the weight of the coating as function of
deposition time was determined. The mass of all
coatings increased almost linearly as the process pro-
gressed. The weight gain was very small, amounting to
thousandths of a gram (Figure 7(a)). The EPD rate was
rapid at the beginning of the deposition process,
reaching the highest value after about 60 s, and then
decreased continuously to the end of the deposition
(Figure 7(b)).

Pulse direct current EPD has been used to minimize
the number of pores formed in the coating during EPD.
Sufficiently short, pulsed DC (PDC) signals can prevent
the formation of water electrolysis reaction prod-
ucts.[73–75] Several attempts were made to conduct pulse
deposition with the present system by changing the cycle
activity, pulse duration and time interval between
pulses, even with dilute suspensions, but none has
resulted in a homogeneous coating surface. For exam-
ple, Figure 8(a) shows several coatings deposited with
PDC EPD. Pores still appeared on the coating in a
greater or similar number than when using DC EPD
(Figure 8(b)).

The adhesion of coatings to the substrates was
investigated by the tape tests. The test was performed
for the coatings obtained using DC from suspensions

with content of MSGG equal to 10 g/dm3, 40 g/dm3 and
80 g/dm3 (Figure 9). The coating adhesion classes were
high and ranged from 4B (less than 5 pct of area
removed) for the coatings obtained from suspension
with 10 g/dm3 MSGG (Figure 9(a)) to 5B (0 pct of area
removed) for coatings obtained from suspension con-
tained 40 g/dm3 and 80 g/dm3 MSGG (Figure 9(b,c)).
Composite coatings showed significantly higher adhe-
sion to the substrates compared to pure zein coatings,
which had an adhesion class to the substrate equal to 0B
(the lowest adhesion class).
However, detailed SEM observations (Figure 9)

showed delaminations of small coating areas close to
the cuts. They were especially visible on coatings
achieved from 10 and 80 g/dm3 MSGG suspensions
(Figure 9(a,c) respectively).

C. Morphology and Microstructure of Coatings

Uniformly distributed glass particles and their
agglomerates (Figure 10) with dimensions in the range
of 1–8 lm and numerous pores (Figure 9) with diameter
in the range of 30–50 lm were observed on coating
surfaces achieved at a 5 V constant voltage for 5 min
using suspensions of various MSGG contents. As the
concentration of MSGG particles increased, numerous
boundaries separating the agglomerates of MSGG
particles could be noticed on the surface of the coatings.
The boundaries presumably result from the shrinkage of
the polymer while drying the coatings.
The volume fraction of MSGG particles in the

coatings deposited from suspensions with various con-
tents was determined as 4 ± 1 vol pct for 10 g/dm3,
6 ± 1 vol pct for 40 g/dm3 and 10 ± 1 vol pct for 80 g/
dm3, respectively.
The microstructure of the coating showing the great-

est adhesion to the substrate, e.g. achieved from the
suspension with 40 g/dm3 MSGG, was examined by

Fig. 7—Variation of deposit mass (a) and deposition rate (b) as a function of time for the coatings deposited at 5 V and deposition time of
5 min.
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TEM on a sample prepared using FIB from the
coating’s cross-section. The coating thickness in the
investigated area varied from 6.1 lm to 9.4 lm
(Figure 11(a)). The coating was dense, but pores with
a diameter up to 300 nm derived from the EPD process
or the lamella preparation using FIB were visible
(Figure 11(b)). The single particles and agglomerates
of the glass were evenly arranged in the zein matrix. The
selected area electron diffraction patterns showed an
amorphous structure of both MSGG and zein
(Figure 11(b)). The proportion of MSGG particles in
the zein matrix was lower near the substrate surface.

D. Influence of the Coating’s Surface Topography
on Wetting Properties

The composite coatings had higher roughness com-
pared to the titanium alloy substrate (Figure 12). The
arithmetic average height (Ra) and root mean square
roughness (Rq) of the coatings were at least 10 times
higher than of the uncoated substrate (Table V). Mean-
while, the maximum height of the profile (Rmax) was at
least 5 times higher for the coatings. Compared to the zein
coating investigated in our previous study,[54] an increase
in the values of roughness parameters was noticed. These
differences were due to the presence of MSGG particles,
their agglomerates and open pores. However, Ra and Rq

decreased, while Rmax increased with rising MSGG
volume fraction in the coating. A possible explanation
for this phenomenon may be that, as the volume fraction
of MSGG in the coating increased, the particles were
increasingly densely packed, which led to a smoothing of
the coating surface. Moreover, the open pores that
appeared in the coating were deepened in coatings with
higher volume fractions of MSGG.

The CA and the SFE were measured for the substrate
material and coatings deposited at a constant 5 V
voltage and a constant time of 5 min. In order to
determine the SFE by the OWRK method, two liquids
were used: polar water (H2O) and dispersive diiodo-
methane (CH2I2). All coatings decreased the CA of the
alloy by around 20 deg (Table VI). The obtained CA
was close to ideal wettability in the range of 35 to 80 deg
for the early stage of protein attachment.[76]

All coatings showed higher SFE values (around 20
pct) than the substrate material. The results are similar
to the data obtained in our previous work for a zein
coating on titanium,[54] where the CA value was
43.5 ± 2.8 deg and the SFE was 59.5 ± 3.8 mN/m. It
can be assumed that the MSGG particles were com-
pletely embedded in the zein matrix and therefore zein
had a decisive effect on the coating surface properties.
Dong et al.[77] found that zein has an amphiphilic
character. Corradini et al.[78] reported that this phe-
nomenon is due to occurrence in zein hydrophobic
(proline, leucine, isoleucine) and hydrophilic (glutamine)
proteins. Presumably, glutamine chains were responsible
for the hydrophilic nature of the coatings, which might
be presented on the top part of the coating. Based on the
available literature,[79,80] regarding mesoporous glasses,
it can be assumed that the mesoporosity of the glass
used in this work will additionally decrease the contact
angle of the substrate surface and rise its SFE during the
zein degradation process.

E. Influence of Coatings on the Electrochemical
Corrosion Resistance of the Alloy

The free corrosion potential was evaluated for a
period of 12 h and results are presented in Figure 13(a).

Fig. 8—Macroscopic (a) and stereoscopic microscope (b) images of the alloy substrates with coatings obtained by PDC EPD from suspensions
with a concentration of 40 g/dm3 MSGG and 150 or 200 g/dm3 zein in various conditions given in the Table with a constant electrode spacing
of 10 mm and EPD time of 5 min.
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The value of this potential of the coated alloy was
significantly higher than for the virgin alloy. The
potential value of the coating at the beginning of the
measurement was � 0.05 V and changed in time,
constantly decreasing its value to the level of about �
0.19 V after approximately 2 h. Subsequently, the value
of the OCP gradually increased and was characterized
by some fluctuation through the next 5 h. Finally, after
about 8 h, the OCP of the coated alloy achieved a
constant value of � 0.12 V. The Eocp values for the
virgin alloy showed a constant value equal to � 0.45 V.
In the OCP measurement, but in general, in all chemical
reactions related to the surface of a material, the
morphological conditions and the chemical state of the
substrate (initial and during the test) together with the
chemico-physical parameters related to the solution
(and to the whole measurement environment), play a

significant role on the obtained result. In our studies,
unstable OCP values during 7 h of exposure in Ringer’s
solution can be strongly connected with the presence of
open pores and biodegradable properties of the coat-
ings. On the contrary, the excellent adhesion to the
substrate achieved for the moderate porosity coatings
(deposited from suspensions with 40 g/dm3 MSGG)
substantially impeded corrosion processes. The OCP
values of the coated alloy were significantly more
positive than in the case of the virgin alloy. The results
demonstrated that the coated substrate had enhanced
corrosion resistance in comparison with the virgin
(non-coated) sample.
The cyclic potentiodynamic polarization curves of the

alloy with the MSGG/zein coating in Ringer’s solutions
are presented in Figure 13(b). The potentiodynamic
measurements confirmed the results of the stationary

Fig. 9—Stereoscopic (top) and SEM (bottom) images of the alloy substrates coated with composite coatings where concentrations of MSGG in
suspensions were 10 (a) or 40 g/dm3 (b) or 80 g/dm3 (c) MSGG at 5 V voltage and deposition time of 5 min after tape tests.

Fig. 10—SEM images of coatings from 10 g/dm3 (a), 40 g/dm3 (b) or 80 g/dm3 (c) MSGG suspensions, deposited at 5 V constant voltage and
5 min deposition time.
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potential results, which indicated that the coated sub-
strate material exhibited significantly better resistance to
corrosive processes in Ringer’s electrolyte compared to
the virgin one.

The polarization curves confirmed that the virgin
titanium alloy (uncoated substrate) was easily passi-
vated, which inhibited its dissolution.[81,82] A very wide

plateau range was observed on both obtained curves: for
the virgin substrate it equaled between � 0.30 and
1.60 V, and for the MSGG/zein coated substrate it was
significantly longer in the potential range from � 1.04 to
1.60 V. The current densities for the anodic area was
significantly higher for the virgin substrate compared
with the coated one. On the contrary, in our previous

Fig. 11—The overview of the investigated lamella observed by SEM with the marked thickness of the coating (a). Microstructure of the coating
deposited from suspension 2 (Table I) at 5 V voltage and time of 5 min on the alloy and electron diffraction patterns of the zone marked with
letter A and B for zein and MSGG, respectively (b), TEM.
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study,[54] we showed that titanium with pure zein
coating revealed insignificantly weaker corrosion resis-
tance in Ringer’s electrolyte at the normal body tem-
perature than the virgin titanium. This behavior may be
due to several factors, for example: (i) lower thickness
and (ii) lower adhesion strength of the zein coating in
comparison with composite coatings, and (iii) the
presence of glass particles in the composite coatings,

which inhibited corrosion processes. The OCP and
polarization results are presented in Table VII.
Figure 14 shows the Nyquist plots and equivalent

circuit for the virgin substrate and the coated substrate
immersed in Ringer’s electrolyte at 37 �C. For the virgin
substrate, an experimental diagram of the equivalent
circuit was built from electrolyte resistance (R1) in series
with the parallel combination of a constant phase
element (CPE) and a polarization resistance (R2).

Fig. 12—Surface topography of the ground alloy (a) and composite coatings achieved from mixtures containing 10 g/dm3 (b), 40 g/dm3 (c) and
80 g/dm3 (d) MSGG (U = 5 V, t = 5 min.), observed by optical profilometry.

Table V. Parameters of Surface Roughness for the Substrate and MSGG/Zein Coatings

Parameter Substrate

MSGG/zein coating

Zein coating
10 g/dm3 MSGG 40 g/dm3 MSGG 80 g/dm3 MSGG

Ra [lm] 0.23 ± 0.01 3.13 ± 0.07 2.32 ± 0.09 1.98 ± 0.12 1.7 ± 0.1
Rq [lm] 0.31 ± 0.01 3.63 ± 0.10 2.98 ± 0.14 2.72 ± 0.16 1.5 ± 0.1
Rmax [lm] 5.6 ± 0.3 27 ± 6 36 ± 9 41 ± 7 12 ± 10

For comparison, the surface roughness parameters of the pure zein coating are also given.

Table VI. Values of Wettability Properties for the Alloy Substrate and the Coatings

Parameter Substrate

MSGG/Zein Coating

10 g/dm3 MSGG 40 g/dm3 MSGG 80 g/dm3 MSGG

CA H2O [deg] 68 ± 2 46 ± 3 47 ± 5 49 ± 5
CA CH2I2 [deg] 44 ± 1 44 ± 3 46 ± 3 48 ± 5
SFE [mN/m] 47 ± 2 54 ± 6 57 ± 5 59 ± 4
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In the present work, the experimental diagram of an
equivalent circuit for the MSGG/zein coated alloy
consisted of the electrolyte resistance (R1) and a
CPE-1 in parallel with a resistance (R2). Two last
components were related to the response of the barrier
layer, which is attached in series with a constant phase
element (CPE-2) associated with the diffusion process in
the layer. The rough and porous MSGG/zein coating
can cause a double-layer capacitance to appear as a
constant phase element with a CPE-P value between 0.9
and 1. According to the parameters from the equivalent
circuit shown in Table VIII, the CPE1-P value for
MSGG/zein coated alloy equaled about 0.92. On the

contrary, the CPE2-P value for coated alloy equaled
almost 0.1. The constant phase element CPE2-P is the
Warburg impedance due to mass transfer to the elec-
trode surface, but in examined coatings these processes
were taking place much slower than in typical Warburg
impedance. Alike, Sreekanth et al.[83] performed the EIS
studies of ZM21 magnesium alloy by developing a
ceramic coating on its surface using the plasma elec-
trolytic oxidation technique. It is worth underlining that
the authors obtained a similar equivalent circuit where
R2 corresponded to the pore resistance. The inner
barrier layer resistance of the oxide film respectively,
CPE1 and CPE2 represented constant phase elements
corresponding to the pores and inner barrier layer. It
was concluded that they obtained a layer containing low
porosity which does not extend down to the substrate.
Moreover, this outer layer helped in the development of
a pore-free barrier layer beneath the outer porous layer
with very high corrosion resistance.

F. In-Vitro Acellular Bioactivity of the MSGG/Zein
Coated Alloy

Due to the fact that the bioactive MSGG particles are
embedded in zein matrix, which does not allow their
direct dissolution, and Ca solubility occurs only in
particles located close to the surface, 1.5 SBF was
selected for the immersion of the coated alloy in this
study. 1.5SBF has higher ion concentrations, which
gives a higher chance of formation of nucleation sites for
apatite crystal growth and could finally lead to an
homogeneous distribution of apatite crystals on the
investigated material as shown by Taruta et al.[84]

The formation of a continuous and thick layer of
calcium phosphate with cauliflower-like morphology
was observed on the coating surface after 3 weeks of
immersion in 1.5SBF (Figure 15). Microanalysis of the
chemical composition of the formed layers showed the
presence of Ca and P. The atomic Ca:P ratio was
1.5 ± 0.1. The characteristic pattern of bands in the

Fig. 13—Electrochemical measurements of virgin (non-coated) and MSGG/zein coated substrate material in Ringer’s environment at 37 �C. (a)
Open circuit potential vs. time and (b) linear sweep voltamperometry at 1 mV/s.

Table VII. OCP and Polarization Results

Samples OCP [V] EK-A [V] icorr [lA/cm2]

Virgin alloy � 0.45 � 0.43 20
Coated alloy � 0.12 � 1.21 0.56

Fig. 14—Nyquist plot with equivalent circuits for the virgin alloy
and alloy coated with MSGG/zein.
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range of 560–610 cm�1 (560 higher intensity, 605 lower
intensity) and the remaining bands at 1040 cm�1 +
870/1420/1470 cm�1 and 1630/3400 cm�1, as well as
the Ca/P ratio, indicate that the formed layer is a
carbonate hydroxyapatite (HCA) structure.

G. Antibacterial Assay on MSGG/Zein Coatings

In order to investigate the influence of MSGG on the
antibacterial performance of the samples, pure zein and
MSGG/zein composite coatings prepared from suspen-
sions with the highest and lowest MSGG concentration

(10 g/dm3 and 80 g/dm3) were analyzed by Alamar blue
assay. All MSGG-containing coatings showed antibac-
terial properties against gram-negative E. coli and
gram-positive S. aureus in comparison to pure zein
coatings (Figure 16(a)). Nevertheless, no significant
differences in the antibacterial efficiency of the coatings
with varying glass concentrations were found. Accord-
ing to the SEM observations, S. aureus and E. coli could
attach and spread on the smooth surface of pure zein
coatings as both bacteria types exhibited intact cell
membranes (Figure 16(b)). In comparison, the number
of adherent bacteria on the composite coatings reduced

Table VIII. Chi-Square (v2) Parameters Achieved by Fitting Equivalent Electrical Circuit Using ZView Software and

Electrochemical Values for the Virgin and Coated Substrates

Elements of the electric equivalent circuits

Samples

Virgin substrate Coated substrate

R1 [X*cm
2] 12.30 ± 0.12 51.87 ± 0.20

CPE-T [Fsn�1 cm�2] 4.3137*10–5 ± 3.0412*10–7 8.1715*10–6 ± 3.9754*10–8

CPE-P 0.8963 ± 0.002 0.9167 ± 0.002
R2 [X*cm

2] 321,830 ± 6327.6 5.4676*10–12 ± 4.2965*10–14

CPE2-T [Fsn�1 cm�2] — 7.2749*10–7 ± 2.4354*10–8

CPE2-P — 0.0968 ± 0.0001
v2 0.005 0.006

Fig. 15—Surface morphology of the alloy with the MSGG/zein coating after immersion in 1.5SBF during 3 weeks (a) and the corresponding
EDS spectrum from the layer formed on the sample surface, SEM; FTIR spectrum (b) for the coating before and after immersion in 1.5SBF.
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significantly, suggesting the antibacterial properties of
MSGG. As reported in the literature, the rapid ion
exchange between the alkaline ions of the bioactive glass
and the hydrogen ions from the solution can create a
hostile alkaline environment for bacteria.[85] Moreover,
the increased osmolarity and osmotic pressure due to
MSGG ion release can affect the bacterial
morphology.[86]

IV. CONCLUSIONS

1. The cathodic electrophoretic deposition of macro-
scopically homogeneous MSGG/zein composite
coatings was developed. The optimal composition
of the suspensions was ethyl alcohol and distilled
water in the ratio 9/1 with 200 g/dm3 of zein, 40 g/
dm3 or 80 g/dm3 MSGG and 20 wt pct glycerol.
Both DC EPD and PDC EPD led to obtaining
coatings with open porosity. The open pore number
was greater with increasing voltage and MSGG
concentration in the suspensions.

2. The coating microstructure consisted of MSGG
particles embedded in the zein matrix. Increasing
the content of MSGG particles in the EPD suspen-
sion resulted in an increase in their volume fraction
in the coating.

3. The coatings achieved from mixtures containing
40 g/dm3 and 80 g/dm3 of MSSG showed excellent
adhesion strength (adhesion class 5B). The adhesion
class of the coatings obtained from the mixture
containing 10 g/dm3 of MSSG was slightly lower
(4B).

4. The coatings revealed high roughness, about 10
times higher compared to the uncoated substrate
and high wettability with contact angle with water

of 45º-49º, which are promising factors for promot-
ing cell attachment and spreading.

5. The MSGG/zein coated alloy exhibited increased
resistance to corrosion in Ringer’s electrolyte com-
pared to the virgin alloy and the alloy coated with
pure zein.

6. The formation of a continuous carbonate hydrox-
yapatite layer was observed on the coating surface
after immersion in 1.5SBF, which indicates its
bioactivity. MSGG/zein coatings showed superior
antibacterial activity against gram-positive S. aur-
eus and gram-negative E. coli bacterial strains in
comparison to pure zein coatings.

The obtained results show great potential of the
MSGG/zein coatings for biomedical application.
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51. Ö. Varlık, Y. Göncü, and N. Ay: Mater. Chem. Phys., 2022, vol.
282, p. 125927.

52. O. Gerard, A. Numan, S. Krishnan, and M. Khalid: J. Energy
Storage, 2022, vol. 50, 104283.

53. M.A. Ur Rehman: Prosthesis, 2020, vol. 2, pp. 211–24.
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