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ARTICLE INFO ABSTRACT

Keywords: Influences of albumin on in vitro corrosion behaviour of pure Zn in artificial plasma up to 28 days were in-
Zinc vestigated. Pure Zn undergoes uniform corrosion and a complex of albumin and zinc oxide/hydroxide forms on
Stent the surface. At the initial immersion stage, rapid adsorption of albumin retards the corrosion of pure Zn.
Corrosion However, the corrosion is promoted due to dissolution of metal matrix after 3 days. And 7 days later, Zn cor-
Artificial plasma L. . . .

Albumin rosion is obstructed by the complex accumulation on the surfaces. Profound understanding of pure Zn corrosion

will encourage further exploration of Zn alloys in potential clinical application.

1. Introduction

Recently, there have been an up-surge interest in the potential use of
zinc (Zn) and its alloys as coronary artery stents due to their unique
advantages, ideal degradation rate in vivo, over conventional biode-
gradable metallic materials. This is mainly attributed to their favour-
able biological merits and biodegradability [1-6]. Zn degrades natu-
rally under physiological environment. It possesses standard
electrochemical potential between that of magnesium and iron, im-
plying an appropriate physiological degradation rate [7]. Thus it is
considered as potential candidate for biodegradable coronary stents.
Practically, it was found that Zn proceeds of a degradation rate of
“20 umy ! in rat arteries, which appears to be ideal for stent applica-
tion [8]. The biocompatibility of a material is another concern in the
development of biodegradable materials. Zn is considered to be an es-
sential trace element and to take part in many important biological
reactions [9-12]. Some in vivo tests revealed that Zn exhibited a strong
antiatherogenic character [13], good hemocompatibility [14] along
with non-cytotoxicity to endothelial cell [15].

Corrosion behaviour, including corrosion rate and evolution of
corrosion products, is crucial for understanding the basic corrosion
processes underpinning absorption of biodegradable metals. As stent
materials, Zn-based alloys are supposed to contact with the human
blood after implantation. To date, numerous efforts have been devoted
to addressing the in vitro corrosion behaviour of Zn-based material in
simulated physiological conditions [16-19]. Nevertheless, no consensus
has been reached for the corrosion mechanism of pure Zn. Cheng et al
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[16] concluded that the corrosion rate of pure Zn was between Fe and
Mn in Hank’s solution. Chen et al [17] found that the corrosion rate
placed Zn between Fe and Mg in phosphate buffered saline (PBS) in
transient assays. However, in contrary to Cheng’s study, in a long-term
course the corrosion rate of Zn developed faster than that of Fe and Mg.
To better understand its corrosion behaviour, Térne et al [20] com-
pared the degradation of pure Zn in saline solutions, plasma and whole
blood up to 72h. They suggested that passivation films containing
biomolecules and inorganic components were formed on Zn surfaces
during immersion in both the whole blood and plasma. However, this
phenomenon was not observed in the Ringer's and PBS. The same group
also studied the mechanism of the protective layer formation in the
whole blood by electrochemical measurement [21]. Long-term de-
gradation profile of pure Zn in the whole blood was not yet carried out.

Blood plasma, which are neutral solutions containing inorganic
components such as Na*, Ca?*, C1~, HCO;~ and HPO,?~ ions, as well
as organic compounds like amino acids, glucose and proteins [22]. In
the human blood serum, protein concentration is about 60°80g L™ !
[22], which is thought to have great influences on corrosion behaviour
of implanted materials [23,24]. A number of previous studies have
shown that in the presence of proteins biodegradable magnesium alloy
display different corrosion behavior compare to that in the inorganic
solutions [25-27]. Up to now, little information is known about cor-
rosion behavior of Zn and its alloys under physiological conditions.
Thus it is worthy to understand the influence of proteins on Zn corro-
sion. Bovine serum albumin (BSA) is a typical protein that has been
widely used to simulate the protein in human body [28-32]. Herein, the
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artificial plasma was prepared in the presence of 60 g L™ ! BSA. Pure Zn
was chosen for the tests with an aim to reduce the effects of other
elements. The corrosion rate and corrosion products of pure Zn in ar-
tificial plasma was elucidated by immersion tests and electrochemical
measurements. Profound understanding of surface reactions of pure Zn
in vascular environments will encourage further exploration of biode-
gradation of Zn-based alloy and push forward efforts to make these
materials applicable in biomedical stent.

2. Material and methods
2.1. Sample preparation

Zn foil with 99.99% purity was purchased from China New Metal
Materials Technology Co. Ltd. The samples were cut into disks with
diameter of 5mm and thickness of 2mm. All the samples were me-
chanically ground up to 5000 grit SiC sandpapers, mirror-polished with
diamond abrasive paste, followed by rinsed in ultrapure water, acetone
and ethanol successively to remove surface contaminants. The samples
were then dried and stored in a drying vessel.

2.2. Immersion test

Corrosion behavior of Zn samples was carried out by in vitro im-
mersion test in artificial plasma (denoted as “AP” in the following
sections) up to 28 d. The chemical composition of the solution was
selected from European Standard EN ISO 10993-15:2009 [33] and is
indicated in Table 1. The pH of AP should be within 7.35-7.45 and
adjusted with appropriated amount of 1 M NaOH or 1 M HCI. Each disk
was immersed in 40 mL AP at 37 °C. The solution was renewed every
day. The amount of released Zn ions into the solution was evaluated
using an atomic absorption spectrophotometer (AAS, ThermoScientific
M Series). The absorption spectra of the solutions were measured on a
double beam Shimadzu UV-vis 2600 PC spectrophotometer. After dif-
ferent temporal intervals the samples were picked up, then washed with
ultrapure water and dried before being weighted using a balance. The
weight loss (W, mg cm %) was calculated using the following Eq. [34]:
m; — my

A @

where m; is the initial weight of samples before immersion (mg), my is
the final weight of each samples after cleaning the corrosion products
(mg), A is the sample surface area exposed to solutions (cm?). The
corrosion products were removed in a chemical cleaning solution
containing 100 g L~ ! NH,CI for 2-5min at 70 °C [35].

W=

2.3. Surface analysis

Surface morphology of pure Zn after immersion was investigated by
a field emission scanning electron microscope (FE-SEM, FEI Quanta
200) coupled with an Oxford Instrument INCA X-max"-sight EDS ana-
lyzer. Fluorescence labelling of BSA was performed using fluorescein
isothiocyanate (FITC). The conjugation reaction was carried out by
adding the FITC to AP to the concentration of 6 mg/ml followed by an

Table 1
Chemical composition of the AP solution.

Chemical Composition (g LY
NaCl 3.40

CaCl 0.10

KCl 0.20

MgSO4 0.05

NaHCO3 1.10

Na,HPO,4 12H,0 0.16

NaH,PO4 0.01

BSA (Bovine serum albumin) 60.00
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incubation process for 12h at 4 °C in a dark environment. Fluorescence
images were obtained using an IX71Fluoresce microscope (Olympus).
Labelled BSA can emit a green light under the fluoresce microscope. To
evaluate surface roughness of pure Zn at each immersion intervals, the
surfaces were investigated using an atomic force microscope (AFM,
Bruker Icon). The AFM images were rendered as 3D topography and the
average surface roughness (R,) of Zn surface over an area with 50 x 50
um? was calculated using Roughness Icon (Nanoscope analysis 1.8). The
cross-sectional images and elements of immersed sample was obtained
by transmittance electron microscope (TEM, FEIF20). TEM sample was
selected using focused ion beam (FIB, Zeiss Auriga) lift-out. The che-
mical composition in corrosion products was characterized by Fourier
transform infrared spectrometer (FTIR, Nicolet 5700) in the wave
number ranging from 1000-3500 cm™~'. X-ray diffraction (XRD) was
conducted on the Smart Lab X-ray diffractometer (Rigaku) with Cu Ka
radiation. Diffraction patterns were generated between 26 values of 10-
90°. Raman spectra between 400 and 1800 cm ™! were collected using a
laser confocal Raman microscope (HR-800, Horiba). Raman scattering
was excited by the 785 nm radiation of a diode laser. A 50 X objective
was used by collecting Raman data. X-ray photoelectron spectroscopy
(XPS, PHI 5600) was used to characterize the surface chemical states of
samples after immersion. The XPS spectra were recorded using Al Ka
radiation (1486.6 eV) as excitation source.

2.4. Electrochemical measurements

Electrochemical measurements were performed by an electro-
chemical analyser (ModuLab XM). A three-electrode cell set-up was
used wherein the pure Zn samples, saturated calomel electrode (SCE)
and a platinum sheet were used as the working, reference and counter
electrodes, respectively. For the working electrode, the backside of the
square samples was connected with a copper wire and then sealed with
epoxy to expose the research surface area of 1cm? Open circuit po-
tential (OCP) measurements were recorded for 1800s immersion.
Potentiodynamic polarization (PDP) tests were conducted in a range of
—0.1V vs. OCP to —0.70 V vs. SCE at a constant scan rate of 1mV s~ .
Electrochemical impedance spectroscopy (EIS) studies were carried out
at OCP of 5mV sinusoidal amplitude in the frequency range of 10° Hz
to 10~ ! Hz. The impedance data were analysed with the ZSimpWin
software package and fitted to the equivalent curves. Linear polariza-
tion resistance (LPR) of the samples were measured at = 20 mV vs.
OCP with a potential sweep rate of 0.167 mV s~ *. All experiments were
conducted at 37 = 0.1°C in AP.

In terms of electrochemical tests, the values of current density (icor)
of pure Zn can be derived by the Stern-Geary Eq. (2):

. _ Baﬁc 1
lcorr—i X —
2.303x(B, + B) Ry 2

For the samples without Tafel region in the anodic branches, the i o,

could be determined from the Eq. (3):

Be

— X
2.303

T 1
corr— _—

R, (3)
where the 3, and . are anodic and cathodic slope values. The R, values
obtained from LPR and EIS methods are denoted as Ripr and Ry.gis,
respectively.

3. Results
3.1. Immersion test

3.1.1. Surface morphology and chemical composition

Fig. 1a-h portray SEM images of pure Zn immersed in AP for various
intervals. In the case of magnified morphologies (Fig. 1al-h1), points
1-24 are selected for EDS characterization. Grain boundaries are clearly
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Fig. 1. SEM images of pure Zn after immersion in artificial plasma for (a) 0.5d, (b) 1 d, (¢c) 3d, (d) 54d, (e) 7 d, (f) 14 d, (g) 21 d and (h) 28 d; (al-hl) are enlarged
morphologies of the selected areas in (a-h). Point 1 - Point 24 are selected for EDS point analysis.

observed on the surface after 0.5 d immersion (Fig. 1a) and turn out to Table 2

be more pronounced with time (Fig. 1b—f). It has been reported that the Elemental composition of the selected points marked in SEM images.
grain boundaries with high-energy are preferred sites for corrosion in-
itiation and proteins adsorption [28,36,37]. Scattered black aggrega-

Immersion time Points Elemental composition (at.%)

tions also show up on the surface on 0.5 d and change into gel-like films Zn C o) N S P Ca N/n
that almost cover the surface (Fig. 1b). Then a number of oblate sub-
stances randomly appear on the surfaces with the extension of im- 0.5d ! 643 328 14 12 01 020 002
L -y app . . ; 2 617 282 47 47 04 03 0 0.8
mersion time (Fig. 1c—f). Meanwhile, the grain boundaries become to be 3 682 287 28 0 01 02 0 0
indistinct for 21 d immersion (Fig. 1g), and even almost disappear after 1d 4 61.6 334 22 26 02 0 0 004
soaking for 28 d (Fig. 1h). 5 320 606 37 33 02 02 0 010
The EDS analyses corresponding to the surfaces shown in Fig. 1 are 6 384 546 41 25 0 03 01 006
listed in Table 2 and perf d in Fig. 2. In Table 2. EDS d : 3d 7 514 392 58 30 03 03 0 0.6
1st.e in Table 2 and performed in Fig. 2. In Table 2, ata of every 3 309 565 45 77 01 02 0 095
point confirms that the gel-like films (Fig. 1al and bl) and oblate 9 202 587 45 72 02 03 0 0.25
substances (Fig. 1c1-h1) have higher content of elements C, O, N and S 5d 10 318 563 45 70 02 02 0 0.22
compared with that of surrounding flat areas, confirming the presence 1 446 469 31 51 03 0 0 011
. . . L . 12 289 590 50 67 02 02 0 023
of BSA. With the extension of 1mmers.1on tlm.e, the ratio of N to Zn for 2d 13 128 669 85 114 01 02 01 089
the BSA-containing substances keeps increasing, representing accumu- 14 446 509 29 08 05 03 0 018
lation of BSA on sample surfaces. The atomic percentages of related 15 442 477 32 43 03 03 0  0.09
elements for each immersion point are calculated based on point ana- 14d 16 214 593 78 109 04 02 0 051
lyses (Table 2) and are shown in Fig. 2. The primary constituents 17 259 616 73 4l 06 03 02 016
P d 7 P i tain Zn. C. O. N. S el. s, As 18 351 560 53 28 05 01 02 0.08
ormed on pure Zn surfaces mainly contain Zn, C, O, N, § elements. o1 d 19 167 60.8 105 108 06 04 02 065
time evolves, the percentage of Zn decreases continuously while C, O, 20 190 647 82 67 10 03 01 0.35
N, S rise up obviously, which confirms the accumulation of BSA in the 21 157 635 89 107 08 03 0.1 0.68
corrosion products. 28d ig :1;‘2‘ 22'421 8-2 (1)15 g'z g~;‘ g 8~93
. . 4 5. . .
To better analyse the spread of BSA on sample surfaces at different 2 18 632 64 117 04 03 0 065

immersion time, fluorescence microscope was utilized. As shown in
Fig. 3a and b, after 1 d immersion, large parts of sample surfaces are
covered by BSA, which shows light green colour. During the next 2 d of
immersion (Fig. 3c), almost the whole surface of pure Zn shows the
green colour, indicating more BSA spreads on the surface. It is worth
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Fig. 2. Elemental composition of sample surfaces after immersion for different
periods. (The data are calculated from Table 2).

noting that the grain boundaries show brighter green colour, which
means more BSA absorb on the grain boundaries. On prolonging the
immersion time, the sample surfaces display evident green colour and
the grain boundaries become obscure (Fig. 3d-h). These changes sug-
gest the accumulation of BSA on sample surfaces during the immersion.
It also should be noted that there are some small areas (marked by
white arrows in Fig. 3) showing the green colour with low intensity and
even change into dark areas after 28 d immersion, which is caused by
the contrast of adsorption amount of BSA on the surface. This phe-
nomenon maybe because that these areas are the preferential sites to
dissolve in the solution, which hinders the BSA adsorption. On the other
hand, the conformation change after initial adsorption of BSA also af-
fects the intermolecular forces and further interaction with sample
surface [38].

Fig. 4 depicts the AFM images of pure Zn at each immersion inter-
vals, also rendered as 3D plots. The sample surface presents globular
features (Fig. 4a and al), which are related to the BSA molecule ag-
gregations and lead to an increase of surface height. After 1 d immer-
sion grain boundaries apparently show up on the surface (Fig. 4b),
resulting in an increase of R,. The similar morphology is observed for
the 3 d sample (Fig. 4c) except for a higher R, value of 46.3 = 1.0 nm
(Fig. 4cl). It can be clearly seen that the grain boundaries are higher
than the grains from the 3D images (Fig. 4al-c1), implying more BSA
adsorption on the grain boundaries in the initial immersion stage. This
result is consistent with the fluorescence images and SEM images. Some
aggregations appear on the 5 d sample surface, which could account for
the increased R, value of 97.8 + 6.8 nm (Fig. 4d1). And after 7 d most
parts of the grain are occupied by BSA-containing structures (Fig. 4e),
resulting in an increase of R,. The sample surfaces show similar
morphologies after immersion for 14 d. The grain boundaries gradually
disappear with time (Fig. 4f~h) and the R, values continue to rise up
(Fig. 4f1-h1). It can be deduced that the metal matrix dissolute sus-
tainably and at the same time the BSA-containing corrosion products
accumulate constantly on the surfaces, resulting in the increase of R,
value during the immersion.

Fig. 5 shows the cross section image acquired by TEM and corre-
sponding EDS maps of pure Zn after immersion for 28 d. In Fig. 5a, it is
evident that the corrosion product layer covers the sample surface
unevenly. And the thickness ranges from about 550 nm for Section I to
150 nm for Section II. The EDS mappings of Fig. 5b—d display that the
corrosion products are mainly comprised of C and O, which are origi-
nated from BSA molecules.

Fig. 6a shows XRD patterns for Zn samples after immersion in AP for
various periods. In addition to the peaks from Zn substrates, no more
diffraction peaks can be observed on the XRD spectra of all samples.
This can be ascribed to that the corrosion products have amorphous
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structures.

The FTIR spectra as shown in Fig. 6b provides information about
organic groups in the corrosion layers. According to the literature, in
the absence of Zn?" ions, the amide I (C=0) region for BSA shows four
main peaks at 1674, 1661, 1644 and 1628 cm ™!, the bands at 1661 and
1611 cm ™" can be assigned to a-helical segment of BSA, the bands at
1674 and 1628 cm ™! can be assigned to B-sheet and turn segment of
BSA [39]. Herein, the peaks for amide I emerges into one peak at
1652cm ™', The peak shifting indicates that Zn?* binding occurs
mainly through BSA carbonyl groups. Additionally, the peak at
1548 cm ™! is attributed to the amide II (N—H bending and C-N
stretching) of CONH. The absence of BSA amide II peak at 1537.8 cm ™!
[39] indicates that Zn®>* binding is also through C-N groups. The in-
tensity of amide II peak evidently increases after immersion for 3 d.
This could be related to accumulation of BSA on the surfaces. Peaks at
2922 and 2855cm ™! are attributed to stretching vibrations of C-H
groups from BSA. In Fig. 6, there are two identifiable trends: (1) the
intensities of the peaks at 2922 and 2855 cm ™! decrease with immer-
sion time, (2) the intensities of the peaks at 1652 and 1548 em ™! in-
crease with immersion time. These features suggest that more BSA ac-
cumulates on sample surfaces with increasing immersion time.

The Raman active groups in BSA consist of various amide groups
and aromatic side chains such as tyrosine (Typ), tryptophan (Try) and
phenylalanine (Phe). The interaction of BSA and pure Zn surfaces was
also testified by the Raman spectra (Fig. 6¢). The characteristic peaks
for BSA were detected at around 511, 847, 947, 1001, 1112, 1441 and
1650 cm ™! (the black line). Details of the band positions and their as-
signments are reported in Table 3. The pure Zn surface after immersion
in AP also show the bands for BSA (the red line), which is indicative of
the appearance of BSA on sample surface. It is notable that all the bands
shift towards high wavenumbers after immersion, which testifies the
combination of BSA and Zn surface.

The XPS survey spectra of pure Zn samples after soaking for dif-
ferent times are presented in Fig. 7. The peaks for Nal s and Cl 2s are
detected on the sample surface after 0.5 d immersion. This result is
attributed to the adhesion of NaCl from AP solution. There is no dif-
ference in chemical compositions of the corrosion products, which
mainly consists of Zn, N, C and O elements (Fig. 7a). In Fig. 7b, some
peaks for Ca 2p, P 2p, S 2s and S 2p are also detected. The existence of S
element confirms the formation of species containing BSA on sample
surfaces. Additionally, high-resolution XPS spectra of C 1sand N 1 s on
typical sample surfaces are collected and the corresponding results are
listed in Table 4. The C 1s spectrum signalised a new peak around
285.8 eV after 14 d (Fig. 8a). Fig. 8b and c designate the curve fits of the
C 1s spectra for the samples after immersion for 1 d and 28 d, re-
spectively. The peaks are well fitted with five contributions at 284.5 eV,
285.4 eV, 286.2 eV, 287.5 eV and 288.3 eV. The low-binding-energy
signal is assigned to C-H/C—C bonds, whereas the high-binding-energy
signals are respectively assigned to C-N, C-O, C=0 and O = C-N.
Generally, the peak at 286.2 eV is assigned to NH—CHR — CO carbons
of the protein backbone and the peak at 288.3 eV is assigned to the
— CO-NH- peptide bonds of proteins [45,46]. Thus, these characteristic
bonds indicate the presence of BSA on sample surfaces. Apparently, the
appearance of a new peak at 285.8 eV is caused by the increase in C-N
and C-O intensity. The proportion of C-N increased from 0.20 to 0.22
and the C-O increased from 0.16 to 0.22. Fig. 8d shows that the N 1s
peaks shifted towards low binding energy after 14 d. The deconvolution
of N 1 s spectra (Figs. 8e and f) reveal two components, centred at 399.4
eV and 400.0 eV, which correspond to the C-N and C=0—NH bonds
[47,48], as expected for the amine or amide groups of BSA [46]. Ac-
cording to other researchers, the peaks at around 399.0eV also re-
present the C—N—Me groups [49,50]. The proportion of C-N bonds
increases from 0.33 to 0.56, which accounted for the shift of N 1 s peak.
The increased intensity of C-N in both C 1s and N 1 s spectra may be
relative to the accumulation of Zn?" or ZnO/Zn(OH), on the surface, in
accordance with the results from FTIR spectra.
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Fig. 3. Fluorescence microscope images of labeled BSA with FITC on pure Zn sample surfaces after immersion in AP for different time: (a) 0.5d, (b)1d, (c)3d, (d) 5

d, (e) 7d, (f) 14 d, (g) 21 d, (h) 28 d. Arrows indicate typical dark areas.

XPS depth profile was conducted on the sample immersed for 14 d.
The rate of sputtering was about 20 nm min~'. Fig. 9a exhibits the
atomic concentration change as a function of sputtering time. It is no-
ticed that at the end of 4 min, there is little element O and small var-
iations are detected for other atomic concentrations. Assuming the
etching rate to the surface material is uniform, the thickness of the
corrosion layer is around 80 nm. From the outer surface to inner, the
concentration of C element, which is originated from BSA, decreases
obviously, whereas the concentration of Zn increased rapidly. However,

the element P is only detected at the outer surface and the concentra-
tion of Ca is relatively low at different depth. We can speculate that
there is no corrosion products rich in Ca and P elements.

Fig. 9b-d and g show the XPS depth sputtering spectra of C 1s, N
1s, O 1s and Zn 2p3,,. The peak intensities decrease with sputtering
time except an increment for Zn 2p3 ». With respect to O 1 s spectra, the
peak is composed of four contributions at 530.1 eV, 531.2 eV, 532.0 eV
and 532.5eV (Fig. 9e and 9f), which represented 0%~, OH~, 0=C—N
and H,O [51,52]. In addition to the decrease of O = C—N, the
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Fig. 4. AFM images of pure Zn at different immersion time: (a, al) 0.5d, (b, b1) 1d, (c,c1) 3d, (d,d1) 5d, (e, el) 7 d, (f, f1) 14 d, (g, g1) 21 d, (h, h1) 28 d. (al-h1)
are corresponding 3D images. The arrows indicate the grain boundaries and white circles indicate the aggregations at different immersion time.

2 pm

Fig. 5. (a) TEM image of cross section of pure Zn after immersion in AP for 28 d, (b—f) the corresponding elemental mapping images of the square area in the image
(a). Section I and Section II are chosen for the thickness measurement.
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article).

Table 3
Raman band used as molecular species-specific fingerprint and corresponding
vibrational modes.

Table 4
Results obtained from deconvoluted XPS spectra of C1s, N 1s, O 1s, Zn 2p3/»
on pure Zn surfaces.

Raman band (cm ™) Assignments References Element Characterized bonds Binding energy (eV) References
511 S-S stretching mode [40] Cls C-H/C-C 284.5 [45,46]
843 Tyr [40,41] C-N 285.4 [45,46]
947 skeletal C-C vibration [40,41] Cc-0 286.2 [45,46]
1001 Phe [41,42] c=0 287.5 [45,46]
1112 Tyr [40,41] O =C-N 288.3 [45,46]
1441 CH, vibrations [43] Nls C-N(-Me) 399.4 [46,47,48,49,50]
1655 Amide I [41,44] C = O-NH 400.0 [46,47,48]
O1s 0% 530.1 [51,52]
OH™ 531.2 [51,52]
proportion of OH™ increases from 0.51 to 0.75. The OH- peak is ori- 0=CN 532.0 [51,52]
. . . . H,0 532.5 [51,52]
ginated from both hydroxides in the corrosion layer and hydroxyl n 2pss 1021.6 Z0/Z00 [53]
groups in the BSA molecules, whereas the 0%~ peak is attributed to zinc 1022.7 Zn(OH), [53]

oxide. As exhibited in Fig. 9h and i, Zn 2p3 , spectra is composed of two
contributions centred at 1021.6 and 1022.7 eV, which represent Zn/
ZnO and Zn(OH), [53]. Combined with the results from O 1s spectra,
Zn element thus exists in the corrosion layer in the form of ZnO and Zn
(OH),. As the detection depth increases, zinc oxides gradually change to
zinc substrate.

3.1.2. Ion Dissolution and weight loss measurements

As depicted in Fig. 10a, in the first 7 d the daily release amount of
Zn?" gradually increases except for a flexion point around day 3, then
decreases slowly during 7-21 d, and inversely witness an upward trend
in the few days later. Overall, the release amount of Zn>* varied be-
tween 0.13 and 0.36 mg L.~ *. As depicted in Fig. 10b, the weight loss of
Zn samples increases steadily with time, ascertaining the dissolution of
pure Zn in the AP.

3.1.3. Micrographs of corroded Zn sample
Fig. 11 provides representative SEM images of pure Zn after removal
the corrosion products so as to unveil the underneath corrosion attack.
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The grain boundaries are obvious before 14 d immersion (Fig. 11a—c)
and become obscure at 28 d. Fig. 11cl and d1 show the enlarged areas
of 14 d and 28 d samples. It can be seen that some tiny pores (marked
by the arrows) show up on the surfaces. These pores may originate from
the defects of the surfaces during the preparation, or because the im-
purities act as the anode and thus lead to the galvanic corrosion in these
micro areas. Overall, no severe localized corrosion pits are observed
throughout the immersion.

3.2. Electrochemical measurements

Fig. 12a performs the typical OCP curves of Zn during the test in the
electrolytes. OCP value keeps relatively stable for the 0 d and 0.5 d
immersion samples. After 1 d immersion the OCP value of pure Zn
undergo small fluctuations throughout the tests. The evolution of OCP,
the values at which EIS measurements are carried out are summarized
in Fig. 12b. It is obvious that the OCP value increases from —1.12V/

()
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Fig. 7. XPS spectra of Zn after immersion in AP for different time: (a) XPS survey; (b) fragment of XPS survey from 500 eV to 0 eV.
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region and (e, f) high-resolution spectra of N1s for 1 d and 28 d, respectively.

SCE for 0 d to —1.04 V/SCE for 0.5 d and rise to —0.98 V/SCE for 1 d.
Small variations are detected for the 3-7 d immersion samples. Then a
slight increase of OCP value is observed after 14 d. It is obvious that all
the OCP values after immersion are higher than that at 0 d. This be-
havior may refer to the constant buildup of corrosion products on
sample surfaces, which decrease the corrosion susceptibility of pure Zn
in the AP.

Fig. 13 compares the PDP curves corresponding to pure Zn at each
immersion time points. Corresponding parameters including corrosion
potential (Ecorr), icorrs Ba and B slopes are shown in Table 5. In Fig. 13a,
a passivation-like behavior (below —0.92 V/SCE) in the anodic branch
is detected for 0 d and 0.5 d samples and vanishes after longer im-
mersion time, which may result from the adsorption of BSA onset of the
immersion and subsequent desorption. After 5 d immersion, small
passivation area emergences (Fig. 13b). This behavior could be related
to the accumulation of metal oxides and BSA on the sample surfaces
during the immersion. It also can be seen that the anodic and cathodic
current densities at the same potential reduce greatly within 1 d im-
mersion, then obvious increases are observed over 3 d. However, the
current densities start to reduce again after 7 d. As listed in Table 5, the
value of E.,,, is shifted toward positive values with immersion time
except for a small fluctuation. The i, values show the same trend as
the anodic current densities. And after 28 d, the immersed pure Zn
displays better corrosion resistance than the sample without immersion
(0 d). The results reflected in Table 5 indicate that both anodic and
cathodic Tafel slopes are changed during the immersion. This phe-
nomenon reveals that the corrosion products have an impact both on
the dissolution of pure Zn and oxygen consumption.

Fig. 14 shows the EIS spectra of pure Zn after immersion for dif-
ferent time. From the results of Nyquist plots, a Warburg impedance
character is observed in the low frequency region for the samples im-
mersed within 3 d (Fig. 14a). After that, the Warburg impedance
character disappears. The diameters of capacitive loop show an increase
within 1 d immersion, then decrease during the immersion for 3-7 d
and increase again after 7 d, which shows the same trend as the im-
pedance modulus, |Z| at the lowest frequency (Fig. 14c). It is well
consistent with the results of PDP curves (Fig. 13). The Bode plots show
that there are two overlapped time-constants in medium and low
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frequency regions for pure Zn after immersion for different times.

A two-time constant model with the Warburg impedance is used to
fit the EIS data of pure Zn within 3 d immersion. As shown in Fig. 14e
(insertion in Fig. 14a), R represents the solution resistance, Ry and CPE;
describe the first capacity loop at medium frequency, which represent
the film resistance and capacity, respectively. R, and CPE, are used to
describe the second capacity loop at low frequency, which represents
the charge transfer resistance and the electric double layer at the metal/
electrolyte interface. CPE is a constant phase element and is employed
here to compensate the non-homogeneity in the system [54]. The
electrical impedance of a CPE can defined as [23]:

ZCPE:.;

(e)"Yo “@
where Y, is the general admittance function and w represents the an-
gular frequency. The exponent n is a coefficient related to deviation
from pure capacitance. A two-time constant model in Fig. 14f (inset in
Fig. 14b) is used to fit the EIS data of pure Zn without immersion (0 d)
and over 5 d immersion. The fitting parameters are listed in Table 6.
The chi-square values (x?) are less than 4 x 1073, indicating a sa-
tisfactory fit between the measured and simulated values.

During the immersion for the first 1 d, the value of Ry increases
gradually, which indicates that the adsorption of BSA protects the
sample from corrosion. However, during the immersion for 3-7 d, R
decrease gradually and then greatly increase again after 7 d. A reverse
trend is identified in the terms of admittance for CPE; which denotes
that the corrosion product layer become thicker [55]. It is obvious that
R values almost show the same trend as R;. In the EIS measurements,
the polarization resistance R, g5 can be obtained by combination of R,
and R [56]. The value increases with time in the first 1 d and decreases
within 7 d, then goes up consistently as time progresses, signifying the
corrosion resistance of pure Zn is improved after immersion for longer
time. This result is well corresponding to that of PDP curves.
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4. Discussion
4.1. The influence of BSA on the corrosion behavior

The pure Zn immersed in AP encounters uniform corrosion, but
other works reported that pure Zn undergoes severe localized corrosion
with massive corrosion products [16,17,57]. The differences come from
various initial states (being polished or only mechanically ground by
SiC papers) of sample surfaces or the different components among test
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solutions (whether containing organic components or not). In order to
get insight into the influence of BSA on the corrosion behaviour of pure
Zn, the corrosion in revised simulated body fluid (r-SBF) in our previous
work [58] are used here as a comparison.

In the r-SBF, corrosion products on the pure Zn are mainly consisted
of inorganic components, namely Zn;(PO,4), and Zn(OH),/ZnO close to
the substrate and Ca3(PO,4), and CaHPO42H,0 on the top surface. After
10 d immersion, the corrosion layer is compact with thickness over
2um. However, the corrosion products on pure Zn are mainly
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Fig. 10. (a) Daily Zn*" release amount and (b) weight loss of Zn samples during the immersion in AP for 28 d.
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Fig. 11. SEM images of pure Zn after removal the corrosion products on the surfaces: immersion in AP for (a) 1 d, (b) 7 d, (c) 14 d and (d) 28 d. (c1 and d1) are

enlarged areas of (c and d). Arrows indicate the tiny pores on sample surfaces.

comprised of BSA and ZnO/Zn(OH), after immersion in the AP. This
result can be rationalized that the presence of BSA hiders the formation
of inorganic compounds. However, as reported by Yang et al [15], in
the in vivo study the corrosion products on pure Zn stent are comprised
of Zn, O and P elements after 1 month. It should be note that there are
other organic substances such as cells [59] and glucose [60] in the
whole blood that may interfere with the corrosion of implanted bio-
materials. In addition, the circulation of blood in the body could also
influence the corrosion of pure Zn.

In the electrochemical tests, a comparison of parameters within 14 d
obtained in r-SBF and AP are shown in Fig. 15. Interestingly, in the
presence of BSA the i, and R, show almost completely opposite trends
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compared with the data for r-SBF. Generally, BSA accelerates the cor-
rosion rate of pure Zn at first and then suppress the corrosion till 14 d
except for 0.5 and 7 d. One should note that the i, values here are
obtained from the Stern-Geary equation, while that in the r-SBF are
obtained by the Tafel extrapolation. The discrepancy of calculation
methods should be taken into consideration. Additionally, from the
polarization curves one can observed that in the first 6 h immersion in r-
SBF, pure Zn only displays small passivation-like regions (the figures
are not shown here). However, in the presence of BSA in this work
distinct passivation areas show up for 0 d and 0.5 d samples. This dif-
ference implicates that the rapid adsorption of BSA alters the corrosion
behavior of pure Zn in the initial of immersion.
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Fig. 12. (a) OCP evolution with time in the electrolytes, (b) OCP values of pure Zn as a function of immersion time.
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Fig. 13. PDP curves of pure Zn after immersion in AP for different time: (a) 0d, 0.5d,1 dand 3d, (b)54d, 7 d, 14 d, 21 d and 28 d.

4.2. Corrosion rate calculation

In the immersion test, the corrosion rate (CR,,, pm y’l) of pure Zn
derived from weight loss can be calculated according to ASTM G31-72
[34]:

CRy,=87.4%x

A-D-t %)

where D is the material density (g cm~3) and ¢ the immersion time (h).
Corrosion rate (CR, um y~ ') corresponding to electrochemical tests can
be calculated as follows [51]:

_ 5 Alcorr
CR=3.15x10 NFD 6)

The component a is atomic weight (g mol~'), N the number of
equivalent exchange and F the Faraday’s constant. The corrosion rates
obtained by LPR and EIS methods are denoted as CR; and CRggs, re-
spectively. The calculated data are listed in Table 7. The current density
obtained from LPR and EIS measurements decrease apparently in the
first 1 d and increase to 5.83 = 0.63 and 6.79 = 1.13puA cm ™ ? re-
spectively after 7 d, then exhibit a decreasing trend till 28 d. The cor-
rosion rates are changing in the same order as the current density, while
the polarization resistances display a reverse trend. This suggests that
the BSA adsorption film cannot provide sufficient protectiveness for
pure Zn in the initial stage and that the accumulated corrosion products
in the later stage can protect samples effectively. In terms of CR,,, the
values are much smaller than CR calculated from the LPR and EIS
methods in the first 14 d. The reason is likely that the electrochemical
measurements are carried out under applied current, which can accel-
erate the corrosion rate, especially for the metal with exposed surface.
According to the Eq. (6), the difference between CR; and CRg;s is caused
by the different methods to get the impendence values. Once the cor-
rosion products are formed, they act as a physical barrier. Thus the
charge transfer will be impeded, leading to the reduction of corrosion
rate in the electrochemical tests. As for the weight loss method, the
material is examined under natural condition in the solution. The CR,,
is quite close to the real condition and is relatively reliable compared to

Table 5
Electrochemical parameters of pure Zn after immersion in AP for different time.

CR; or CRgss. Although different values of CR were obtained by three
methods, the variation tendency of values disclose similarity during the
immersion. After 21 days, the corrosion rates are close and finally give
the values of 16.52 = 0.21, 11.31 = 2.79,12.44 = 5.37um y ! for
28 days, respectively. These results are close to 20 umy ! design cri-
teria. On the other hand, the corrosion rates in this work is similar to
the in vivo results reported by Bowen et al [2]. It can be concluded that
the artificial plasma used here is a good choice for in vitro test of stent
materials.

From a viewpoint of biodegradation, the service life of stents in the
body should be taken into account. By hypothesizing a stent made of
pure Zn with a wall thickness of 100 um for cardiovascular artery, and
the corrosion initiates from both sides of the stent wall, the stent will be
totally degraded in 3 years according to the values of CR,
(16.52 = 0.21um y~'). It should be pointed out that the corrosion
rates of pure Zn wires in vivo rise up consistently with the implantation
time [2]. Therefore, a long-term in vitro immersion test is necessary to
better understand the degradation profile of pure Zn in the blood.

4.3. Corrosion mechanism of pure Zn in BSA-containing AP

According to the results interpreted in previous, the corrosion me-
chanism of pure Zn in AP can be divided into three stages as shown in
Fig. 18. During the immersion, dissolution of pure Zn takes place ac-
cording to the Egs. (7) and (8):

Anodic reaction: Zn — Zn?* + 2e”

)
(€))

The Pourbaix diagram for Zn shows that Zn has a tendency to be
passivated to Zn(OH), under neutral or slightly alkaline conditions
[61], parts of which was likely dehydrated to form ZnO [62]. The
chemical reactions are as follows:

Cathodic reaction: O + H,O + 4e™ — 40H™

Zn?* + 20H™ — Zn(OH), (©)]

Zn(OH), — ZnO + H,0 (10)

Immersion time

Ba (mV dec™ D)

B (mV dec™ )

Ecorr (V/SCE)

corr (HA cm ™)

od - 81.40 + 5.38 —-1.12 = 0.01 10.53 = 1.57
0.5d - 45.36 = 4.60 —1.09 = 0.05 6.46 = 0.48
1d 38.29 + 2.43 89.04 + 8.64 —0.94 = 0.02 212 = 0.30
3d 58.11 + 8.79 86.60 + 9.34 —0.96 = 0.02 3.42 = 0.62
5d 81.07 + 3.49 125.20 + 16.03 —0.97 = 0.02 3.62 = 0.33
7d 47.55 = 7.79 105.70 + 8.05 —0.98 = 0.01 5.83 = 0.63
14d 50.87 + 2.40 108.63 + 6.69 —0.98 = 0.01 4.99 = 0.23
21d 57.88 + 9.36 121.23 * 16.60 —0.98 = 0.02 1.04 = 0.35
28d 64.80 + 12.46 156.30 + 44.59 —0.97 = 0.01 0.76 = 0.18
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Fig. 14. EIS and the fitted results of pure Zn immersed for different time: (a, b) Nyquist plots, (c) Bode plots of |Z| vs. frequency, (d) Bode plots of phase angle vs.

frequency in the artificial plasma; equivalent circuits (inserted in Fig. a and b) for the samples after immersion for different time: (e) 0.5d,1dand 3d, (f)0d,5d, 7
d, 14 d, 21 d and 28 d.

Table 6
Fitting parameters of pure Zn immersed in AP for different times.
Immersion time  CPEg n; R¢ CPEy, n, Rt w x (1073
107°Q tem 25" (kQ cm?) 1074 Q tem 25" (kQ em?) 1074 Q tem™25%%)
0d 39.92 + 5.17 0.70 = 0.02 0.31 = 0.10 1.31 = 0.18 0.89 *= 0.06 0.94 = 0.12 2.58 *+ 0.32
0.5d 1.73 = 0.41 0.84 = 0.02 2.76 = 0.16 0.72 = 0.08 0.75 = 0.01 1.71 = 0.18 8.09 = 2.44 0.68 = 0.10
1d 1.23 + 0.16 0.86 = 0.01 4.45 + 0.32 0.88 = 0.05 0.51 = 0.01 3.38 = 1.79 3.24 = 1.00 0.87 = 0.10
3d 1.37 = 0.22 0.86 = 0.01 2.45 *+ 0.18 3.88 = 1.51 0.54 = 0.13 2.10 = 0.67 7.19 = 4.76 0.64 = 0.05
5d 1.46 = 0.14 0.87 = 0.01 3.01 = 0.21 8.76 = 4.28 0.59 * 0.04 0.88 = 0.37 0.94 = 0.09
7d 0.67 = 0.02 0.91 = 0.01 2.17 * 0.53 2.66 *+ 0.61 0.98 + 0.01 0.42 + 0.14 1.72 = 0.41
14d 0.25 = 0.17 0.92 = 0.02 5.23 = 0.39 0.39 = 0.12 0.90 = 0.02 1.20 = 0.36 1.15 = 0.71
21d 0.35 = 0.05 0.90 = 0.01 9.79 + 0.16 2.77 = 1.01 0.90 = 0.06 1.69 = 1.63 1.65 *= 0.88
28 d 0.35 = 0.04 0.92 = 0.01 21.22 + 3.42 3.71 £ 2.29 0.88 + 0.10 3.70 £ 1.92 2.15 + 0.32
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Fig. 15. Comparative electrochemical parameters of pure Zn tested in r-SBF and AP: (a) current density i.o.r obtained from PDP curves and (b) polarization resistance
R, obtained from EIS measurements.
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Table 7
Corrosion rate along with related parameters of pure Zn obtained from weight loss, EIS, LPR data.
Immersion Weight loss LPR EIS
time
w CRW RLPR icon CR] Rp—EIS iccrr—EIS CREIS
(mg cm?) (um y~1) (kQ cm?) (uA cm~2) (umy~ 1) (kQ cm?) (A cm~2) (umy~1)
od - - 2.31 + 0.24 10.53 + 1.57 156.87 * 23.46 2.79 + 0.54 8.84 + 1.76 132.70 + 37.78
05d 0.04 * 0.04 13.31 = 11.5 4.97 + 0.43 6.46 + 0.48 96.23 * 7.08 450 * 0.05 7.10 = 0.19 105.81 * 2.82
1d 0.04 = 0.04 6.65 = 5.76 5.54 * 0.77 2.12 * 0.30 31.55 + 4.48 7.50 = 1.77 1.59 * 0.32 23.76 = 4.70
3d 0.52 = 0.07 38.83 = 5.08 4.44 * 0.35 3.42 * 0.62 50.97 + 9.25 4.32 = 0.86 3.61 = 0.10 53.86 *+ 14.86
5d 0.58 + 0.08 25.96 * 3.46 5.90 + 0.47 3.62 + 0.33 53.93 * 4.90 3.89 + 0.21 5.48 + 0.36 81.63 * 5.35
7d 1.21 + 0.26 38.99 * 8.36 2.46 = 0.51 5.83 * 0.63 86.84 = 9.30 2.59 * 0.44 5.50 * 0.42 82.02 * 6.34
14d 1.62 * 0.05 26.15 + 0.82 3.01 * 0.08 4.99 * 0.23 74.45 = 3.40 6.43 = 0.24 2.33 = 0.13 34.82 = 1.96
21d 1.80 + 0.07 19.34 + 0.73 17.77 + 7.27 1.04 = 0.35 15.56 * 5.26 11.49 * 1.79 1.51 + 0.38 22.48 * 5.64
28d 2.05 * 0.02 16.52 * 0.21 26.38 * 4.55 0.76 * 0.18 11.31 * 2.79 24.92 * 5.27 1.04 = 0.63 12.40 + 4.98
200 - negatively charged (isoelectric pH 4.7-4.9) [64]. Divalent Zn®* ions
[ Weight loss can be combined to C=0 and C—N groups by electrostatic interactions
- ]ij gR as detected by FTIR. In the first day of immersion (Fig. 18a), the Zn®*
150k = ions near the surface serve as bridging agents to enhance the gradual
::w adsorption of BSA (Fig. 3a and b). The adsorbed BSA protects the
E samples from corrosion to some extent, leading to a decrease of cor-
o rosion rate (Fig. 16). In this stage, desorption of BSA molecules pro-
& 100 - : ;
= ceeds at the same time, which accounts for the appearance of Warburg
= . . . .
2 . = impendence in the Nyquist plots (Fig. 14;1).
g As shown in Fig. 10a, the release Zn** amount shows an obvious
& S0t 4 T uptrend during the immersion of 3-7 d. And in the same immersion
= period, the electrochemical tests reveal an increased current density
and decreased impendence. These results reflect that the effect of
chelation of BSA with Zn?* surpasses BSA adsorption, leading to the

3 5 7
Immersion time, d

28

0

05 1 14 21

Fig. 16. Corrosion rates calculated from weight loss, LPR and EIS methods at
different immersion time.

It has been accepted that the interactions between albumin and
metal surfaces include both adsorption and chelation process [63].
Under the neutral physiological conditions, BSA molecules are

evident dissolution of metal matrix (Fig. 18b). Thus the corrosion rates
are increased in the second stage. According to the previous study [65],
Zn>" can form pentacoordinate Zn (II) binding geometry through MBS/
Site A in BSA, with the apical position taken up by water or an anion
(e.g. C17). The UV-vis spectra are used detect the complex of Zn?* and
BSA in the solution. As shown in Fig. 17, the absorption peak for BSA is
detected around 280 nm. The fresh solution is used as control. The
solution placed after one day without soaking the sample shows the
similar spectrum as the fresh solution (Fig.17a), which excludes the
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Fig. 17. UV-vis spectra of the AP solution after different immersion time: (a) AP solution after one day without soaking the sample; (b) 0.5d, (¢c) 3d, (d)5d, (e) 8d

and (f) 14 d. Control: the fresh solution.
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(a) Stage I: Adsorption of BSA
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O?
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(c) StageIIl: Formation of a complex
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(b) StageII: Dissolution of Zn
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(d) Accumulation of the complex
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Complex of BSA and Zn(OH),/ZnO
@ The grain covered by BSA, dark green means more BSA

Fig. 18. Schematic illustration of corrosion process of the pure Zn immersed in artificial plasma: (a) adsorption of BSA at initial immersion stage; (b) dissolution of
pure Zn; (c) formation of a complex of BSA and Zn(OH)/ZnO; (d) accumulation of the complex on sample surface.

changes of BSA itself in the solution. In the first 2 days (Fig. 17b and c),
no obvious change is observed in the peak intensity or position. After
longer immersion, the absorption peak intensity is gradually increased,
which is followed by the shift in the maximum wavelength, indicating
the disorder of the BSA structure. Combined with Fig. 10 a, the released
amount of Zn?* is higher during the immersion between 5-14 days,
which may account for the obvious change of UV-vis spectra for 5d, 8 d
and 14 d (Fig. 17d-f).

During the immersion, the released Zn>* ions promote formation of
zinc oxide/hydroxide on pure Zn surfaces. As reported by Bhunia et al
[66] the binding constant K along with the number of binding sites (n)
between BSA and ZnO nanorods are 1.84 x 10> M~! and 1.11, re-
spectively, which indicate that a positive cooperation takes place. As
shown in FTIR spectra, no peak shift is observed during the immersion
for 28 d, which suggests that combination bonds of BSA molecules and
Zn substrate remain unchanged. According to Zhang et al [67], BSA was
firstly connected to Zn?* via electrostatic interactions. The adsorbed
Zn?* provide the nuclei for the growth of ZnO by hydrolysis, forming
the BSA/ZnO complex. However, S. Chakraborti et al [68] pointed that
the interaction of ZnO and BSA relied on both electrostatic and hy-
drophobic forces, only that the exact location of ZnO within BSA was
not ascertained. Thus, a complex of BSA and ZnO/Zn(OH), forms on the
pure Zn surface during the immersion (Fig. 18c). With the extension of
immersion time, especially after 7 d (in the third stage) the complex
accumulates on sample surfaces (Fig. 18d), leading to the gradual dis-
appear of grain boundary as shown in the AFM images (Fig. 4e-h).
Meanwhile, the complex, which in turn, act as a physical barrier for
electrons, anions and cations transport. Therefore, the substrates are

protected from the corrosive medium and the corrosion resistance of
pure Zn is improved after immersion for longer time (Fig. 16).

5. Conclusion

In this study, the influences of BSA on corrosion process of pure Zn
in artificial plasma were characterized by immersion test and electro-
chemical test. The results were summarized as follows:

(1) Overall, in the presence of BSA, pure Zn undergoes uniform cor-
rosion during the immersion for 28 d.

(2) The corrosion products are mainly comprised of BSA and ZnO/Zn
(OH)..

(3) Three stages of the corrosion process of pure Zn can be dis-
tinguished in the presence of BSA: in the first day, BSA adsorption
protects the substrate from dissolution; but the chelation of BSA and
Zn?" increase the corrosion rate during 3-7 d immersion; after 7 d
the corrosion resistance of pure Zn is improved by the complex
accumulation on sample surfaces.

(4) The corrosion rates estimated by the weight loss, LPR and EIS are
16.52 = 0.21,11.31 * 2.79,12.44 + 5.37umy ', respectively.
These values are close to the design criteria for stent materials.

(5) The influences of protein on biomedical materials should be taken
into consideration in the in vitro tests.
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