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ARTICLE INFO ABSTRACT

Keywords: Corrosion behaviour of commercially pure Zn during immersion up to 4 weeks is studied in three different so-
Z%“C ) lutions mimicking physiological environment, i.e. Hanks’ Balance Salt Solution (HBSS), Dulbecco’s modified
Biodegradable implants Eagles’ medium (DMEM) and DMEM with 10 % of fetal bovine serum (DMEM + 10 % FBS). Morphological
Zinc corrosion mechanisms s . . . .
X . . characterizations, electrochemical tests, weight loss, and ion release measurements show that the corrosion
Physiological solutions . L. . . . .
Proteins mechanism is significantly affected by the physiological solution. In HBSS a phosphate-based conversion layer
forms resulting to significantly slow down the corrosion rate, while in DMEM an intergranular corrosion occurs.
The latter is hindered due to the presence of proteins from the fetal bovine serum in DMEM+FBS. The main
cathodic process is oxygen reduction in all physiological media. Direct estimate of corrosion rate by gravimetric
measurements revealed that zinc dissolution becomes very slow after two weeks of immersion in the employed
physiological thus suggesting that zinc is not suitable for the fabrication of biodegradable implants in static

fluidic condition.

1. Introduction

Biodegradable metallic implants are proposed to replace permanent
biomaterials, for applications where the implants are required only to
stay in the host for the time of tissues healing, to avoid chronic in-
flammations, secondary surgery to remove the implant, stress shielding
phenomena, and thrombosis [1-4].

Up to now, Mg-based alloys are the most studied as biodegradable
materials, due to very low corrosion resistance, cytocompatibility and
suitable mechanical properties. However, the corrosion resistance of
Mg-based materials is too low, especially in chloride-containing envi-
ronments (as in the body environment) and in presence of impurities or
intermetallic phases within the matrix causing non-uniform corrosion.
In addition, the generation and accumulation of Hj gas by the cathodic
reaction in Mg corrosion is of concern for safe applications [1,5-8].
More recently, pure iron and zinc-based materials have been proposed as
good candidate for biodegradable implants [9-13]. However, the
corrosion rate of iron is lower than that of the other suggested metals
and the corrosion products are too stable in the human body, thus their
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application in biodegradable implants is still a challenge. Zinc, being
one of the essential trace metals in human bodies, seems a promising
candidate due to its adequate corrosion rate and oxygen reduction re-
action (ORR) as the main cathodic process [4,14,15]. However, strength
and ductility of as cast zinc are generally below the mechanical
benchmark for biodegradable implants, such as bone fixtures and stents,
but can be enhanced by adding alloying elements [16-19].

In the last decades, several papers have been published trying to
study the corrosion mechanisms of zinc in human body [4,20-23], but
some aspects remain unclear. Indeed, zinc oxidation and dissolution can
be strongly influenced by the composition, temperature, and hydrody-
namic conditions of the environment, thus the role of the employed
electrolytic solution selected to mimic a physiological environment is
very important. It is widely known that a key factor affecting the
corrosion behaviour of zinc is chloride ion concentration, since Cl in-
duces localized corrosion. However, a role is also played by the other
compounds present in the electrolyte considering the complex nature of
the (simulated) biological environments. Indeed, insoluble salt forma-
tion as well as protein adsorption or the presence of amino acids can
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affect the corrosion mechanism and thus the corrosion rate. In ref. [24]
the effect of ammino acids (i.e. L-cysteine) in dissolution process was
investigated. In ref. [21] a detailed investigation was carried out aimed
to highlight the role of biomolecules and inorganic corrosion products in
affecting the corrosion behaviour of zinc with immersion tests lasting for
168 h, that allowed to estimate the corrosion rate of this metal in four
different simulated physiological solutions. However, a survey of all this
works still shows that there is not a general agreement on the effects of
all the above cited species, and that there are not long-term immersion
tests that can definitely assess the potential of Zn for bioresorbable im-
plants [22,23,25,26].

The aim of this work is studying Zn corrosion mechanism in simu-
lated body environments by comparing the corrosion behaviour of
commercially pure zinc during immersion up to 4 weeks at 37 °C in
Hanks’ Balance Salt Solution (HBSS), Dulbecco’s modified eagles’ me-
dium (DMEM) and DMEM with 10 % of fetal bovine serum (DMEM + 10
% FBS). While HBSS mimics only the inorganic constituent of body
fluids, DMEM contains also amino acids that are present in body fluids.
Addition of serum to DMEM enables to study the effect of blood proteins
on the corrosion behaviour. Morphological characterizations, electro-
chemical tests, weight loss and ion release measurements were carried
out in oxygen containing and oxygen-free environment to better un-
derstand the corrosion mechanism, (including the nature of the cathodic
process) during Zn corrosion. Notably, the corrosion rate was estimated
as a function of the immersion time to understand if its values can in
principle match the healing process, in order to elucidate if zinc is truly
promising as metallic material for biodegradable implants.

2. Materials and methods
2.1. Material preparation

Zinc samples (Goodfellow, purity >99.95 wt.%, as rolled) with a
dimension of 10 x 20 mm? and a thickness of 0.15 mm were used. Prior
to immersion test, the samples were chemically etched in 5 % wt. nitric
acid aqueous solutions for 30 s and then ultrasonically cleaned in
acetone and distilled water for 10 min. Samples were used after 12 h of
exposure in air.

2.2. Immersion tests

Plate samples (2 cm?) were used for immersion tests. In vitro im-
mersion tests were carried out in different simulating physiological so-
lutions, namely Hanks’ Balance Salt Solution (HBSS), Dulbecco’s
modified Eagles’ medium (DMEM) and DMEM with 10 % of fetal bovine
serum (DMEM + 10 % FBS) up to 28 days. In Table 1 the composition of
the different physiological solutions is reported. The ratio of the solution
volume to the sample area was set as 20 mL/cm? as reported in ASTM G3
—72. Samples were positioned in 50 mL sterile centrifuge tubes with 40
mL of solution and incubated at 37 °C. The test periods were 1, 3, 7, 14,
21 and 28 days respectively. In order to remove corrosion product layer,
the corroded samples were firstly cleaned in 100 g/L NH4Cl for 5 min at
70 °C according to ISO 8407:2009, and then rinsed in distilled water and
dried to acquire the final weight.

2.3. Electrochemical measurements

Open circuit potential measurement (OCP), electrochemical imped-
ance spectroscopy (EIS) and polarization curves were recorded using a
Partstat 2263 (PAR). The experiments were performed at 37 °C in air
and in O, free atmosphere (under nitrogen atmosphere) using a three-
electrode configuration where a Pt net having a very high surface area
was used as counter electrode and a silver/silver chloride electrode
(SSC) with 3 M KCI was employed as reference electrode. OCP (Open
Circuit Potential) was recorded for 30 min. EIS spectra were carried out
at corresponding open circuit potential (Uyp) using an amplitude of the
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Table 1
Composition of different physiological solutions used expressed in g/L.
HBSS DMEM DMEM+FBS

NaCl 8 6.4 6.4
KCl1 0.4 0.4 0.4
CaCl, 0.2 0.2 0.2
MgCl, 0.2 - -
MgSO4e7H0 0.06 0.2 0.2
NaH,PO4 0.25 - -
NayHPO4 0.06 0.124 0.124
D-Glucose 1 1 1
Fe(NO3)3eH,0 - 0.0001 0.0001
Na-Pyruvate - 0.11 0.11
Phenol red - 0.015 0.015
NaHCO; 0.35 3.7 3.7
L-Arginine HCl - 0.084 0.084
L-Cysteine - 0.048 0.048
L-Glutamine - 0.58 0.58
L-Histidine HC1 - 0.042 0.042
L-Isoleucine - 0.106 0.106
L-Leucine - 0.106 0.106
L-Lysine HCl - 0.146 0.146
L-Methionine - 0.03 0.03
L-Phenylanine - 0.066 0.066
L-Threonine - 0.095 0.095
L-Tryptophan - 0.016 0.016
L-Tyrosine - 0.072 0.072
L-Valine - 0.094 0.094
Glycine - 0.03 0.03
L-Serine - 0.042 0.042
Cholinchloride - 0.004 0.004
Folic acid - 0.004 0.004
Myo-Inositol - 0.0072 0.0072
Nicotinamide - 0.004 0.004
Da-Ca-Pantothenate - 0.004 0.004
Pyridoxal HCl - 0.004 0.004
Riboflavin - 0.0004 0.0004
Thiamine-HCl - 0.004 0.004
Fetal Bovine Serum (FBS) - - 10 % wt

applied sinusoidal signal of 10 mV and a frequency ranging from 100
mHz to 100 kHz. The resultant spectra were fitted via ZSimpWin soft-
ware. The polarization curves were recorded with a scan rate of 5 mV s~
starting from —150 mV vs. OCP and sweeping the electrode potential
toward anodic direction up to 0 V vs. Ag/AgCl. Electrochemical mea-
surements were carried out on Zn samples after immersion tests of 1, 3,
7, 14, 21 and 28 days respectively.

2.4. Ion release and hydrogen evolution quantifications

To quantify the Zn ion release, PerkinElmer Inc.-Optima 2100 DV
was used. For ICP-OES tests, all chemicals used were of analytical grade
(purchased from Sigma Aldrich). To estimate metal release in solution, a
calibration procedure was carried out with 0 (ultrapure water), 2, 5, 10,
20, 50, 100, 200, and 500 ppb for Zn standard solutions. Samplings were
carried out at 1, 3, 7, 14, 21 and 28 days.

To quantify hydrogen evolution produced by cathodic reaction, zinc
samples were immersed in different physiological solutions by using 250
ml glass bottles sealed with DURAN™ Bromobutyl Rubber Stopper.
Hydrogen accumulated in the bottle headspace was analyzed using a
500 ul Manual Gas Tight Syringes by an HP 6890 Series GC system
equipped with a Supelco GC 60/80 CarboxenTM-1000 packed column
and a thermal conductivity detector.

2.5. Surface observation and corrosion product analysis

Corrosion morphologies of the immersed samples were observed
using a FEI Quanta 200 FEG-SEM equipped with an EDX analyser. SEM
micrographs were acquired using an accelerating voltage of 20 kV and
different magnifications. The phase identification of corrosion products
was performed by Micro Raman spectroscopy through a Renishaw inVia
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Raman Microscope spectrometer equipped with a microprobe (50 x)
and a CCD detector with a Nd:YAG laser with a wavelength of 532 nm.

The adsorption of organic species was evaluated by employing
Fourier Transform Infrared Spectroscopy (FTIR). A Spectrum One, Per-
kin Elmer spectrometer was used to record IR spectra on zinc samples
after immersion in physiological solutions. The spectra were acquired
between 4000 and 500 cm™ with a resolution of 4 cm™.

3. Results and discussion

Zinc coupons were immersed at 37 °C in physiological media. For
comparison, SEM micrograph with relative EDX analysis of commer-
cially zinc sample and after chemical etching are presented in Figure S1.
The surface morphology of zinc samples after immersion in different
solutions are shown in Fig. 1 and S2 and the corresponding EDX analysis
in Figure S3. After 1 day of immersion, SEM micrographs and EDX
analysis reveal the presence of corrosion products on samples immersed
in HBSS, while they are not detected on samples immersed in DMEM and
DMEM + 10 % FBS (see Fig. 1a, 1d, 1g).

EDX analysis reveals the presence of Ca and P on surface immersed to
HBSS for 1 day (see Fig. S3a). After 7 days of immersion, different
morphologies are detected (see Fig. 1b, le, 1h). In particular, inter-
granular corrosion was observed in DMEM and corrosion attacks
affecting all the surface were detected for DMEM + 10 % FBS. After 21
days of immersion, the sample exposed to HBSS is totally covered by
corrosion products with lamellar shape (see Fig. 1c), prevalently
composed by Mg, P and Ca (see Fig. S3c).

Raman spectra related to zinc sample after immersion in HBSS,
DMEM and DMEM+FBS are reported in Fig. 2a. For sample immersed in
HBSS, Raman spectra relating to three different area on the sample were
registered (a, b, ¢). The corrosion products mainly consist of zinc-
calcium phosphates. According to the active Raman modes, hopeite
(Zn3(P0O4)3), scholzite (CaZny(PO4)2) and tarbuttite (ZnoPO4OH) were

1 ay

HBSS

DMEM

DMEM+10%FBS

Electrochimica Acta 531 (2025) 146411

identified. A band for hopeite in the Raman spectrum is observed at 940
em™! and is assigned to the v; PO, symmetric stretching mode. Other
Raman bands are observed at 1150, 1059, 1000 and 995 cm ™' and are
assigned to the v3 PO4 antisymmetric stretching modes. The Raman
spectrum of tarbuttite shows an intense band centred at 965 cm™!
assigned to the v; symmetric stretching mode. The Raman spectrum of
scholzite shows an intense band at 1000 cm ™ that is assigned to the v3
antisymmetric stretching modes of the PO4. A band is observed at 923
cm ™! with a second band at 935 cm ™!, These bands are assigned to the v;
PO4 symmetric stretching modes [27-29]. Raman spectra related to
sample after immersion in DMEM and DMEM+FBS show dissymmetrical
broad band at 570 cm! assigned to ZnO [30].

The presence of phosphate ions on the surface was confirmed by
FTIR spectra in Fig. 2b Bands located at around 580 cm™ and 1000 cm™
correspond to PO} confirms the presence of phosphate-conversion layer
on the surface of the sample immersed in HBSS. The band around 3300
cm! is assigned to O—H stretching vibration. In addition, FTIR spectrum
for pure Zn immersed in DMEM + 10 % FBS, reported in Fig. 2b, shows
the adsorption of organic species on the surface. Band located at 2900
cm™ are related to stretching vibrations in C—H. Bands located at
around 1650 cm™, 1550 cm™, and 1250 c¢m™! correspond to Amide I
(stretching vibrations of C=0 and C—N groups), Amide II (N—H
bending, C—N and the C—C stretching vibrations), and Amide III,
respectively [23]. FTIR data therefore demonstrates adsorption of pro-
teins on the surface of Zn after immersion in DMEM+FBS. The adsorp-
tion of organic species was confirmed by EDX analysis, that shows a very
high percentage of carbon for sample after immersion in DMEM + 10 %
FBS (see Figure S3g-i) if compared to HBSS and DMEM (see
Figure S3a-f).

Fig. 3 shows mass variation and corrosion rate for different immer-
sion times and different physiological solution. Due to the presence of
large amounts of corrosion products, positive mass variation was
detected for zinc in HBSS, therefore a chemical surface treatment was

Fig. 1. SEM micrographs of Zinc samples after 1 day, 7 days and 21 days of immersion tests in HBSS, DMEM and DMEM + 10 % FBS.
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Fig. 2. a) Raman spectra and b) FT-IR spectrum related to zinc sample immersed in HBSS and DMEM with/without FBS.
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Fig. 3. Mass variation and corrosion rate of Zinc samples after different time of immersion tests in a,d) HBSS, b,e) DMEM and c,f) DMEM + FBS and after removing

corrosion products.

carried out to selectively remove these compounds (see experimental
section) before checking the sample weight. After the removing of
corrosion products, a mass loss is measured. The weight loss is signifi-
cantly higher in HBSS as compared with DMEM w/o FBS, see Fig. 3a-c.
However, is interesting to note that the mass loss is almost independent
on immersion time for HBSS, see Fig. 3a. Indeed, the weight loss is not
affected appreciably by immersion time, thus suggesting that the
corrosion products (i.e. zinc-calcium phosphates) hinder the corrosion
process. Indeed, the corrosion rate in HBSS is ~ 0.7 mg cm™ day’! but
decreases to 1.8-1072 mg cm™ day™! after 4 weeks of immersion (see
Fig. 3e,f). Conversely, in the case of DMEM without and with 10 % FBS
there is an increase of the weight loss after 3 days of immersion, while it
does not change appreciably for longer immersion time. The corrosion
rate in DMEM w/o FBS is lower if compared to HBSS and decreases to

1.3-102 mg cm? day™! after 4 weeks of immersion (see Fig. 3e,f). This
does not mean that the corrosion process stops since the surface
morphology of zinc changes according to the SEM micrographs. It is
likely that the corrosion becomes more localized thus not significantly
contributing to total weight losses.

Fig. 4 reports the concentration of zinc ions released during im-
mersion in physiological media as a function of time, obtained by ICP-
OES. The zinc ions released in HBSS are two orders of magnitude
lower than that measured in DMEM and DMEM + 10 % FBS, as expected
due to the formation of thick corrosion products layers (conversion
coating) on the surface of the metal with consequent zinc ions con-
sumption. Moreover, the values measured in DMEM and DMEM + 10 %
FBS are almost independent on immersion time in agreement with the
mass loss experiments.
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Fig. 4. Zinc ions release related to zinc samples after different time of im-
mersion tests in HBSS, DMEM and DMEM + FBS.

In Fig. 5, EIS spectra and polarization curves, recorded in different
physiological solutions with and without oxygen, are shown. For EIS
spectra recorded at OCP (open circuit potential) in presence of oxygen,
the overall impedance measured in physiological solutions (blue lines) is
about 400 Q cm? in HBSS, 1100 Q cm?, in DMEM and 4000 Q cm? in
DMEM-+FBS (see Fig. 5a-c). The highest overall impedance recorded in
the case of DMEM + FBS can be explained considering the protein
adsorption on the sample surface. In presence of oxygen, polarization
curve recorded in DMEM + FBS (see Fig. 5d-f), allows to estimate a
corrosion current density, icor, lower than those recorded in HBSS and
DMEM, in agreement with the results of EIS spectra. It is noteworthy to
mention that a pitting potential of about —0.8 V vs. SSC can be estimated
for the immersion in all physiological solutions.

To better understand the corrosion mechanism with a specific focus
on the cathodic reactions, EIS spectra and polarization curves were
recorded in the same physiological solutions in a Oy-free atmosphere
(see yellow lines in Fig. 5).

In EIS spectra, the overall impedance measured in Oy-free atmo-
sphere is higher than that measured in Oz-containing atmosphere in all
physiological solutions. More specifically, in HBSS and DMEM the

Electrochimica Acta 531 (2025) 146411

overall impedance is at least one order of magnitude higher in Oo-free
atmosphere with respect to O,-containing atmosphere, while in the case
of DMEM-+FBS solution it is about three times higher.

The polarization curves recorded in O,-free atmosphere show a
corrosion potential E ., shifted in cathodic direction with respect to Oo-
containing atmosphere, while the pitting potential is the same. The
estimated corrosion current densities ico in Oy-free atmosphere are
lower with respect to Oy-containing atmosphere and it is noteworthy to
mention that i.oy does not change by changing the physiological solu-
tions. These results allow to highlight that oxygen reduction reaction
(ORR) is the main cathodic process, as has been previously reported in
literature [26,31,32]. To further support this conclusion, hydrogen
quantification was carried out using GC as described in the experimental
section. After 28 days of immersion in all physiological solutions, the
amount of evolved hydrogen is below GC detection limits, suggesting
that HER as cathodic process is negligible.

In Fig. 6a-f EIS spectra in Bode representation recorded at corre-
sponding open circuit potential, (whose values are reported in
Figure S4-6) in different solutions as a function of immersion time. For
zinc immersed in HBSS the overall low frequency impedance increases
during the first three days of immersion (from 4.10% to 8-10° Q cmz),
while after 1 week of immersion, it remains almost constant. This
finding can be explained by the growth of the corrosion products layer,
whose presence was highlighted by SEM (see Fig. 1 and S2). As evident
in the Nyquist representation, since the early stage of immersion the
spectra recorded in HBSS show a high frequency capacitive loop fol-
lowed by a portion of a lower frequency loop. Notably, the size of the
latter is not appreciably affected by the immersion time. Conversely, the
high frequency capacitive loop has a diameter that increases up to 3 days
of immersion, reaching a lower value for higher immersion time.

A slightly different behaviour is shown by Zn in DMEM solution.
Indeed, the overall impedance at low frequency is about 1100 Q cm? at
the beginning of the test and changes in a narrow range for 4 weeks (i.e.
between 1.4-10° and 2.4-10° Q- cm?). However, immersion time has a
significant influence on the shape of the EIS spectrum as better evident
in their Nyquist representation. Indeed, soon after immersion in DMEM
the spectrum shows a high frequency capacitive loop followed by a
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Fig. 5. EIS spectra, in Bode representation, recorded at corresponding Open Circuit Potential (Uop) and polarization curves in different solution at 37 °C with oxygen
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Fig. 6. EIS spectra, in Bode and Nyquist representation, recorded at corresponding Open Circuit Potential in a, d, g) HBSS, b, e, h) DMEM and c, f, i) DMEM+FBS at

37 °C after different time of immersion.

portion of a lower frequency loop, while after the first day of immersion
a high-frequency capacitive loop coupled with a low-frequency induc-
tive loop is evident. When fetal bovine serum is added to this solution,
the impedance is higher and ranges between 6-10° and 1.6-10* Q-cm?
during the immersion up to 4 weeks. In this solution, since the early state
of immersion the spectra show a high frequency capacitive loop fol-
lowed by a portion of a lower frequency loop.

The EIS spectra can be rationalized in the frame of kinetic models for
reaction involving the formation of an adsorbate intermediate and its
successive oxidation, as detailed explained in ref. [33]. Kinetic models
are superior to the use of electrical circuit analogues because the same
model can account for different behaviour shown by the metal as a
function of the electrolyte composition. Zinc oxidation is a two-step
reaction occurring with the formation of an adsorbate intermediate
(Znigs) and its successive oxidation to Zn?* according to the following
scheme (ref. [32]):

Zn Sznt +e ¢h)

Znjy, St fe @)

a

Assuming that the adsorption of reaction intermediate Zn_4s obeys a
Langmuir isotherm [32], the corresponding faradic impedance, Zg, is a
function of k; and ky, of the Tafel slope for both electron transfer steps
and of the surface coverage. The relation providing the equivalent
impedance is:

A
—1 _ p-1
Z =R ®)

where Ry, A and B depend on the above cited parameters. The equivalent
circuit corresponding to this impedance can be different depending on
kinetic parameters including the surface coverage, and can be repre-

sented by equivalent electrical circuit of Fig. 7, where adsorption
impedance, Z,gs, is expressed as:

_jo+B

A
When A = 0, the faradaic impedance reduces to Zg = R; and the
interfacial impedance only exhibits one time constant. When A < 0, the
interfacial impedance shows two capacitive semicircles and when A > 0,
the interfacial impedance has a high-frequency capacitive loop and low-
frequency inductive loop such that the low-frequency limit for the
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capacitive loop is Re + R;. For all values of A, the same expression
provides the low-frequency limit for the impedance [33]. Eq. (4) is a
mathematical expression that cannot be expressed as an equivalent
circuit with defined passive elements when A < 0, while when A > 0 it is
possible to fit the spectra with the electrical circuit reported in Fig. 7
where Z,4s corresponds to an inductance in series with a resistance (see
table S1).

Polarization curves were also recorded after different immersion
times in all physiological solutions around the open circuit potential (see
Fig. 8).

The i-V curves are independent of the immersion time for DMEM,
while a shift of the corrosion potential is evident for HBSS and DMEM +
FBS. Notably, in the latter case a low and constant passivity current is
measured in the anodic branch up to the pitting potential (—0.8 V vs.
Ag/AgCl).

The results obtained considering surface morphologies character-
ization, electrochemical tests, mass variation test and ions release show
that the corrosion mechanism for zinc immersed in different physio-
logical solutions changes significantly. In general, the results show
generalized corrosion for samples immersed in HBSS with the formation
of a corrosion product layer of the surface. The samples immersed in
DMEM and DMEM + 10 % FBS show different localized corrosion
without the formation of a corrosion product layer and a higher zinc ion
release, see Figs. 1 and 4.

The values estimated by ICP-OES are lower than that estimated by
the mass losses, which is expected for HBSS due to generalized corrosion
with formation of a chemical conversion coating. In the case of DMEM
and DMEM+FBS this finding can be explained by precipitation phe-
nomena that reduce the Zn?>" ion concentration in solution due to the
formation of Zinc oxide and/or hydroxide. The cross check of mass
losses and ICP ion release allows to get a reliable estimation of the zinc
release rate and of the metal corrosion rate, crucial for the design of
shape and thickness of biodegradable implants as a function of the
composition of the electrolyte. According to the experimental findings,
it seems that after 3 days of immersion, independently from the physi-
ological solution where the tests are carried out, the mass loss and the
ion release become almost constant, suggesting that the zinc corrosion
rate is very low. However, the electrochemical tests and the information
provided by morphological investigation as a function of time clearly
show that the corrosion process is different in the investigated physio-
logical solutions. In HBSS solution a thick zinc-calcium phosphate layer
grows on the surface of the metal hindering further degradation process.
Indeed, during the initial immersion, the anodic reaction is zinc disso-
lution and the dominant cathodic reaction is oxygen reduction. Zn>*
ions can react with ions such as HCO3 and HPOj to form a less soluble
corrosion product that deposits on the surface, with an increase of

AN
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Fig. 7. Equivalent electrical circuit (EECs) used to model the electrochemical
behaviour of zinc sample after immersion in different physiological solution.
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corrosion resistance, essentially constituted by hopeite (Zn3(PO4)s),
scholzite (CaZny(PO4)2) and tarbuttite (ZnpPO4OH). According to the
measured mass losses, after the first day of immersion there is an initial
mass loss in the order of 1 mg cm? corresponding to a thickness
reduction of 1.4 ym. But due to the presence of these compact corrosion
products, further thinning of the metal is almost negligible. When Zn is
immersed in DMEM, there is no evidence of formation of this layer, due
to the lower concentration of phosphate ions as well as due to
complexation of Zn ions by amino acids, e.g. L-Cysteine [24]. The SEM
images show the occurrence of localized corrosion but, since open cir-
cuit potential is lower that the pitting potential, it is likely that localized
intergranular corrosion occurs. Despite the different corrosion behav-
iour, also in this solution the degradation rate becomes almost constant
after the first days of immersion, probably because the mass loss is lower
due to the occurrence of localized corrosion making mass changes less
appreciable. For pure zinc samples this type of mechanism is not related
to the presence of metallic impurities but to a crystalline type attack
[34]. The real surface is not atomically flat and homogenous, but it
contains in general many defects such as dislocations, vacancies and
grain boundaries. The grain boundaries are locations where the atoms
are less solidly bound and are preferentially attacked. The addition of 10
% of Fetal Bovine Serum (FBS) reduces intergranular attack probably
due to the adsorption of proteins of the zinc surface that uniformly cover
the metal. In any case, in DMEM without and with FBS the corrosion rate
is even lower than that measured in HBSS and becomes negligible after
the 1 - 3 days of immersion.

The results of this study demonstrate that significantly different
corrosion behaviour of pure Zn is observed in the here used three
different simulated physiological solutions; not only as concern the
corrosion rate but moreover also the corrosion mechanisms. Therefore,
the choice of the electrolyte for studying biodegradation of Zn is crucial
and should be carefully considered in view of best simulating the true
biological environment. Moreover, and noteworthy, in all physiological
solutions here studied, corrosion is drastically slowed down after only
few days immersion, becoming almost negligible after initial burst of
dissolution. This raises questions on the suitability of zinc for biode-
gradable implants, even before assessing its biocompatibility.

4. Conclusions

Corrosion behaviour of zinc samples was investigated in different
physiological solutions, namely HBSS, DMEM and DMEM + 10 % FBS,
as function of immersion time. The results obtained considering surface
morphologies characterization, electrochemical tests, mass variation
test and ions release, show that the corrosion mechanism for zinc sam-
ples changes significantly by changing the physiological solutions.
Samples immersed in HBSS show generalized corrosion with the for-
mation of a corrosion product layer on the surface while those immersed
in DMEM and DMEM + 10 %FBS show corrosion without the formation
of a corrosion product layer and consequently a higher zinc ion release.
The presence of a high concentration of phosphate ions in HBSS, the
chelating action towards zinc ions of amino acids in DMEM and DMEM
+ 10 % FBS, combined with a lower buffering action with respect to
HBSS, can explain this different behaviour. Electrochemical character-
izations and hydrogen quantification test reveal that HER as cathodic
process in Zn corrosion is negligible.

Following immersion test in all the physiological media employed in
this work up to 4 weeks, it was possible to evidence that zinc corrosion is
more localized in DMEM solution with respect to HBSS, and that
corrosion rate becomes very low after 14 days strong deceleration of
dissolution after only few days of immersion. The presented results
intend to stimulate new scientific discussion about the real possibility of
using zinc as constituent material for biodegradable implants.



D. Pupillo et al.

1.0E+00

Electrochimica Acta 531 (2025) 146411

1.0E+00 1.0E+00
1.0E-01 1.06-01 | LOE01 F c
1.0E-02 1.0€-02 X
. ’g 1 o 1002 f
£ 1.0£-03 G 10603 | §1.0e03
< < N
:>1.0E-04 Z 10604 | >1.0E-04
210605 § 5
- ;1-05-05 1 §1.0E 05
‘gl.os-oe g 10606 F §1.os-oe 1
£ 5
31.0€-07 “ 10807 | © 10607 |
1.0E-08 1.0€-08 10608 |
1.0E-09 1.0E-09 1.0E-09 4 * .
-12 -1.0 08 06 04 0.2 0.0 1.2 1 -0.8 0.6 -0.4 -0.2 12 1 08 06 04 02 0
Potential / V vs. SSC Potential / V vs. SSC Potential / V vs. SSC
1 day 3 days 7days —e—14days -e—21days -e—28days

Fig. 8. Polarization curves recorded in a) HBSS, b) DMEM and ¢) DMEM+FBS after different time of immersion tests.
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