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Abstract

Actual polymeric wound closure devices are not optimal for load-bearing applications
due to the low mechanical properties and the risk of inflammation and bacterial infection
mainly produced by multifilament and braided configurations. Biodegradable metallic Zn
alloys are promising materials candidates; however, mechanical performance, corrosion
behaviour, and biological response should be controlled in order to inhibit the risk of
inflammation and bacterial infection. To this end, a Zn-2Ag (2 wt.% Ag) alloy was
processed by ECAP to evaluate the concurrent combined effect of grain refinement and
Ag alloying on biodegradation and antibacterial activity. Two ECAP cycles were
successfully applied to a Zn-2Ag alloy obtaining a homogeneous ultra-fine-grained
structure in which nanoindentation maps suggested isotropic mechanical properties.
Lower UTS and YS with higher elongation was reported after ECAP with similar
corrosion rates as before processing. ECAP processed samples showed a homogeneous
Ag" release below the minimum inhibitory concentration for S. Aureus and no
antibacterial effect was observed by diffusion. As expected, the presence of Ag in Zn-Ag
alloys reduced bacterial attachment. Nevertheless, ECAP processed Zn-2Ag provided an
excellent antibacterial activity after 3 h probably caused by the uniformly degraded and

thus, non- stable, surface observed after bacterial adhesion.

Keywords: binary alloys; biomaterials; equal channel angular pressing; nanoindentation;

ultrafine-grained materials; zinc alloys



1. Introduction

Wound closure devices such as sutures and staples are designed to approximate the edges
of the injury tissue until its healing. The device should promote rapid closure by applying
proper tension to prevent infections, but excessive stress could lead to ischemia or tissue
necrosis. The fundamental material requirements for sutures gather good knot tensile
strength and security, proper ductility, and biocompatibility [1]. In the last decades,
bioresorbable materials have attracted so much attention since they eliminate the need for
second surgeries for removal and reduce the associated long-term risks [2].

Current biodegradable wound closure devices are polymer-based, usually containing
polylactic acid (PLA) and polyglycolic acid (PGA) [3]. These biodegradable polymers
are destined for soft tissue closures, whereas inert metals such as titanium (Ti) and
stainless steel (SS) are located in load-bearing applications due to their better mechanical
performance [1]. Other compositions based on nylon or polypropylene (PP) are used as
non-resorbable polymeric sutures. Nevertheless, their insufficient mechanical properties
require multifilament wires to provide an adequate tension. Multifilament and braided
configurations increase the risk of inflammation and bacterial infection [4]. Thus,
biodegradable metallic devices have been studied to better match the demand for
biodegradation and higher mechanical strength. Most studies have been focused on
magnesium (Mg), but the high corrosion rate, the release of hydrogen, and the lack of
ductility are still themes of concern [5]. On the other hand, iron (Fe) offers exceptional
mechanical properties, but the degradation rates are low and the degradation products
accumulate onto the tissues [6]. Zinc (Zn) alloys arose as potential candidates for
biodegradable implants due to their biocompatibility and degradation rate which is
intermediate between that of Mg and Fe [7]. However, a detected drawback is its
relatively weak mechanical properties compared to Mg and Fe. In that sense, a
considerable number of publications have been devoted in recent years to improve the
mechanical properties of Zn alloys for cardiovascular or orthopaedic applications [8—10].
However, few studies have been focused on Zn-based materials for wound-closure
applications up to date [11]. Guo et al. [12] developed Zn wires of 3- and 0.3-mm
diameters with good in vitro biocompatibility and knot feasibility, where the better
mechanical performance was related to the most refined microstructure. So far, achieving
the adequate mechanical performance, corrosion behaviour, and biological response of

Zn-based alloys remains an open challenge. Research indicates that alloying Zn with



different elements or manipulating and controlling the microstructure are effective
methods to improve mechanical properties [13]. Nevertheless, these methods will also
have and influence in biodegradation and biocompatibility that should also be tuned.
Mechanical anisotropy has been reported as one of the causes of implant failure since the
stress is not well-distributed along with the material after its implantation [2]. In this
regard, the mechanical properties of Zn are closely related to its texture [14]. Another
crucial factor for maintaining implant stability is its uniform degradation. Localized
corrosion could accumulate local stress and lead to the breaking of the implant. Severe
plastic deformation (SPD) is widely used to produce bulk ultrafine-grained (UFG)
materials by introducing extremely large strain during the deformation process. Among
them, equal channel angular pressing (ECAP) is an effective procedure to prepare UFG
metals with excellent mechanical and corrosion properties[15,16] and to improve the
biocompatibility of Mg alloys [17]. Concerning ECAP processing of Zn alloys different
studies have been performed. The obtained mechanical toughening in Zn-Mg or Zn-Mn
alloys has been attributed to grain refinement of the Zn-alloy matrix, as well as the
fragmentation and refinement of the secondary phases [18]. However, mechanical
strengthening is not obtained for every Zn-based conjugation. For instance, the ultimate
tensile strength (UTS) and yield strength (YS) of Zn-Cu alloys dramatically decreased
after ECAP, whereas superplastic behaviour was observed [19]. Nonetheless, the ECAP
effect on bacterial response of Zn alloys has not yet been studied.

Surgical site infections (SSIs) are surgical-related infections related to wound closure
interventions that appear within 30 days after implantation (or one year in the case of
implants) [20]. Different factors affect the risk of bacterial incidences, such as the
geometry of the implant or its composition. For instance, multifilament and braided
sutures are more prone to infection because of the increased attachment of the bacteria
within the structure [21]. Therefore, suture materials are loaded with antibiotics such as
triclosan [22] or gentamicin [23]. However, the development of antibacterial resistance
forces researchers to find alternatives to avoid SSI. Staphylococcus aureus (S. aureus) is
present in most of the known SSIs and bloodstream infections. The development of
bacterial resistance and the lack of equally effective alternatives complicates methicillin-
resistant S. aureus (MRSA) treatment [24]. Antibacterial agents such as silver (Ag)
nanoparticles have been included in the polymeric structures hindering possible infections

[25]. Besides, the incorporation of metallic ions such as silver (Ag"), copper (Cu?*), and



zinc (Zn?"), or the correspondent oxides (AgO(s), CuO(s), ZnO(s)) to conventional
titanium have been demonstrated to provide antibacterial properties to the implants [26].
This work aims to provide more insights into the mechanical effects of grain refinement
in Zn-based alloys and evaluate its impact in bacterial performance. To this end, a Zn-
2Ag (2 wt.% Ag) alloy was processed and investigated to evaluate the achievable
strengthening induced by grain refining by ECAP and the concurrent combined effect of

grain refinement and Ag alloying on biodegradation and antibacterial activity.

2. Materials and Methods

2.1. Materials and ECAP processing
Zn-2Ag (2 wt.% Ag) metallic bar was provided by GoodFellow (UK). The as-received
condition of the bars was extruded and cold rolled. Billets with 10 mm of diameter and
100 mm of length were machined from the starting material. The ECAP die was
composed by two cylindrical channels intersecting at an angle of 90° with the outer arc
of curvature of 20°. This geometry provides an equivalent plastic strain of 1,05 each pass
according to Iwahashi equation [27]. Samples were pressed at room temperature with a
speed of 5 mm/min using molybdenum disulphide (MoS,) as lubricant. Zn-2Ag billets
were subjected up to two ECAP cycles. Second pressings were carried out by rotating the
sample along its longitudinal axis by 90° before the second pass. Samples subjected to
zero (as-received condition), one and two ECAP cycles were named as EO, E1, and E2,
respectively. Pressed samples were cut into 2.5 mm disks and grinded following

metallographic standard procedures.

2.2. Microstructure characterization

The microstructure of the as-received and pressed samples after ECAP cycles were
observed. To this end, the specimens were cut in the transversal and longitudinal
direction, parallel to the direction of ECAP extrusion. The transversal and longitudinal
sections were then abraded with silicon carbide grinding papers (grit size P800, P1200,
and P2500, and polished using 6 and 3 um diamond suspension. Fine polishing was
achieved using 0.05 um alumina suspension (Buehler, EEUU). The samples were etched
by a solution consisting on 0.5 g of oxalic acid, 2.5 mL of acetic acid, and 25 mL of
absolute ethanol (Sigma-Aldrich, USA).

Field-emission gun scanning electron microscopy (FEG-SEM) (Carl Zeiss AG - EVO®
50 Series, Zeiss, Germany) equipped with X-ray energy-dispersive spectrometry (EDS)



detector (Oxford Instruments, Aztec Energy, UK) was used for microstructural
characterization. Imagel] software (National Institutes of Health, MD) was used to
determine the area and the distribution of the secondary phases on transversal and
longitudinal sections of the samples.

The composition of the samples was studied by X-ray diffractometry (XRD, D8
ADVANCE Twin, Bruker, USA), with Cu K, operating at 40 kV and 100 mA and

scanning from 20° to 90 °. The scan rate was 2° min’!, and the step size was 0.02°.

2.3. Electron Backscattered Diffraction (EBSD) analysis
Microstructural evolution of the samples was studied by Electron Backscattered
Diffraction (EBSD) technique (C Nano, Oxford Instruments, UK) interfaced with the
FEG-SEM. To achieve good statistical data, the scan area selected was 200 um x 270 pm
with 0.15 um of step size for all the conditions. All the data were processed with
CHANNEL 5 software (Oxford Instruments, UK). The grains were defined as a set of
minimum 10 points with a mutual misorientation < 10°. Prior to EBSD analysis, the
surfaces were prepared by standard mechanical procedures until final polishing with 0.05

pm alumina suspension.

2.4. High-speed nanoindentation mapping
Nanoindentations were performed by a KLA iMicro nanoindenter (KLA, USA) using a
diamond Berkovich tip with its area function determined against fused silica standard.
Each indent performed on complete indentation cycle per second. Matrixes of 100 x 100
indentations were carried out to a maximum constant load of 1 mN with 2 pm spacing
between the indents. In all, 10 indents were performed to map the processed samples for
obtaining reliable correlations at the micrometre length and for subsequent statistical
analysis. Results were analyzed by InView software (KLA, USA). Prior to
nanoindentation studies, the samples were grinded up to 2500 grit and polished with

alumina suspension down to 0.05 pm.

2.5. Mechanical characterization
Mechanical properties before and after ECAP process were evaluated by Vickers micro-
hardness and tensile tests. Microhardness measurements were performed on the
transversal and longitudinal direction of the samples with an indenter load of 100 g and
dwelling time of 10 s using a Vickers microhardness tester (Durascan G5, Emcotest).

According to the obtained results, the EO and the E2 condition were selected for the



following characterization. Tensile dog-bone samples (20 mm gage length, 4 mm
diameter, and 8 mm radius of fillet) were machined along the ECAP direction. Tensile
tests were carried out following ASTM E8/E8M [28] with an electromechanical testing
frame (MTS Alliance RT/100, MTS system, USA) at room temperature and a
displacement rate of 1 mm/min. The tensile tests were replicated using three samples per

each condition.

2.6. Corrosion characterization

The corrosion behaviour of the samples was studied by potentiodynamic polarization
(PDP) tests and static immersion tests at 37 = 1 °C and pH 7.4 + 0.1 in Hanks’ solution
containing 0.4 g/L of KCl, 0.06 g/L of KH,PO,, 8 g/L of NaCl, 0.045 g/L of Na,HPOy,,
0.35 g/L. of NaHCOs3, and 0.19 g/L of CaCl,,.

PDP analysis was performed using a PARSTAT 2273 potentiostat (Princeton Applied
Research, USA) where a three-electrode set up with a Pt electrode as counter electrode
and saturated calomel electrode (SCE) as reference electrode were used. The open circuit
potential (OCP) was first measured until its stabilization. The potential window selected
for PDP was from -1.4 to -0.6 V potential against the OCP at a scan rate of 0.16 mV/s,
according to ASTM G5-14 [29]. The corrosion rate (CR) was calculated from the Tafel
extrapolation using PowerSuit software (Princeton Applied Research, USA), following
ASTM G102-89 [30].

Static immersion test was performed following ASTM G31-72 [31]. Samples were first
weighted and then immersed during 10 days in 20 mL of Hanks’ solution at 37 + 1 °C.
The whole solution was renewed every 24 h to avoid a drift in the pH. The redox potential
(E) and the pH were monitored with a Hanna HI 5521 multiparameter (Hanna
Instruments, Italy). The Pourbaix diagrams of Zn and Ag in Hanks’ solution were
calculated by HSC 5.1 Software. After The released Zn>" and Ag" at 1, 3, 7, and 10 days
after immersion were analysed by ICP-MS (7800 ICP-MS, Agilent Technologies). For
this purpose, aliquots of the solution were collected and filtered with 0.2 um filter and
latter diluted with 1% HNO;(v/v). The CR was determined from mass loss measurements
for corroded samples cleaned in a solution of 200 g/L CrOs;(s) at 70+1 °C, according to
ISO 8407 [32]. Surface morphology of the samples before and after the removal of the
corrosion products were observed by SEM equipped with X-ray energy dispersive

spectrometry (EDS) (JSM-7001F, JEOL, Japan).



2.7. Bacterial adhesion

S. aureus (CCUG 15915, Culture Collection University of Goteborg (CCUG), Goteborg,
Sweden) was selected to evaluate the antibacterial properties of the samples. Bacteria in
frozen stock were aerobically cultured at 37 = 1 °C in a brain heart infusion (BHI,
Scharlab, Spain) overnight. Bacteria concentration was adjusted to a final optical density
of 0.2 at 600 nm, which corresponds to 10 colony forming units (CFU) per millilitre.
Two extra conditions were introduced as controls for the adhesion test: Ti and pure Zn
discs were prepared following the same metallographic procedure described at section
2.1. Samples were inoculated with 20 uL of bacteria suspension for 3 h. Subsequently,
samples were rinsed in phosphate buffer solution (PBS) to remove the non-adhered
bacteria.

The LIVE/DEAD™ BacLight™ bacterial viability kit (Thermo Fisher, USA) was used
to observe the attached alive bacteria (fluorescent green) and dead bacteria (fluorescent
red). The staining was prepared by diluting the component SYTO 9 and propidium iodide
(1.67mM) in PBS to a final concentration of 3 um/mL. For the live/dead staining, adhered
bacteria were fixed with 500 puL of 2.5% glutaraldehyde in PBS at 5 +1 <C for 30 minutes
and incubated in the staining for 15 minutes. Afterwards, bacteria were observed by
fluorescence microscopy (Nikon E600, Tokyo, Japan). For the quantification of the
attached bacteria, samples were introduced in PBS and ultrasonically cleaned for 1
minute. The resulting detached bacteria were incubated in agar plates overnight and the

number of colony forming units (CFU) were counted.

2.8. Statistical analysis
The results of this work were reported as the mean values + standard deviation (SD).
Unless previously specified, three replicates (n = 3) were done in the experiments. For
statistical analysis, a first normality test (Shapiro-Wilk test) was performed to evaluate
the normal distribution of the data. Later, an equality of variances test (ANOVA) or a
non-parametric test (Kruskal-Wallis test) were performed when data were normally or
non-normally distributed, respectively. Minitab Statistical Software (Minitab Inc., USA)

was used for the statistical analysis.



3. Results

3.1. Microstructure characterization
Fig. 1 shows the SEM micrographs of EO, E1, and E2. The microstructure of all the
samples was composed by two phases: Zn and AgZn;. According to EDS and XRD results
(Fig. 2), and to the Zn-Ag phase diagram [33], the darker area corresponds to the Zn
matrix and the brighter area is the secondary AgZn; phase. The microstructure of EO
presented a homogeneous distribution of the AgZnj; phase, with a certain alignment to the
rolling direction (Fig. 1a,d). Image analysis confirmed similar distribution of the AgZn;
phase through the Zn matrix for E1 and E2 samples, with AgZn; particles with areas
ranging from 0.05 to 2.5 um?, with no observable evidence of fragmentation of the

secondary phases.

Transversal section

Longitudinal section

Fig. 1. Microstructure of the transversal sections (top) and longitudinal sections (bottom)
of EO (a, d), E1 (b, e), and E2 (c, f). The darker area corresponds to the Zn matrix and the
brighter area is the AgZn; phase.



a Lattice parameters
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Fig. 2. XRD results: (a) Crystallographic data of Zn and AgZn; phases. (b) XRD spectra
of EO, E1, and E2 samples.

3.2. EBSD analysis
Fig. 3 shows the transversal and longitudinal EBSD inverse pole figure (IPF) maps of the
samples, and the data analysis of the grain size is included in Fig. 4. After ECAP, it could
be noticed the grain refinement and a more homogeneous grain size distribution from
EBSD-IPF maps in both directions. Fig. 3d presents the longitudinal section of EO,
showing preferential grain orientation due to the rolling process. However, the oriented
and elongated Zn grains of the alloy became homogenous and non-oriented after ECAP

processing (Fig. 3e,f).
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Transversal section

Longitudinal section

Fig. 3. EBSD-IPF map of the transversal section (top) and longitudinal section (bottom)
of ZnAg at the different stages: as-received (a, d), after first ECAP cycle (b, e), and after
second ECAP cycle (c, 1).

Fig. 4 shows larger data dispersion for the grain distribution of EO, which approached a
refined log-normal distribution after ECAP. Moreover, the UFG structure was obtained
for E1 and E2, reaching grain size values below 1 pm? The statistical analysis

corroborated significant grain refinement after each ECAP pass.

400 1500 1000
EO, transversal E1, transversal E2, transversal
d=2.63 um? d = 1.45 um? 800 d =1.08 um?
1000 600
200 o
500 2t
200
0O 5 10 15 20 OO 5 10 15 20 O0 5 10 15 20
Grain size (um?) Grain size (um?) Grain size (um?)
300 1800 — 2500 —
EQ, longitudinal E1, longitudinal E2, longitudinal
d =3.06 um? d =0.99 um?
200 1200
100 600
% 5 10 15 20 % 5 10 15 20 % 5 10 15 20
Grain size (um?) Grain size (um?) Grain size (um?)
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Fig. 4. Bar charts based on binned grain size populations the as-received and ECAP
samples at the transversal and longitudinal sections; and the calculated grain size values
using CHANNEL 5 software.

Fig. 5 shows the IPF of the analysed samples. The weak texture in the transversal direction
remained substantially similar after the ECAP process (Fig. 5 a-c). However, it is
observed that the ECAP deformation caused noticeable changes in the longitudinal,
direction (Fig. 5 d-f). From the IPF of the longitudinal section of the EO condition, it is
evident that the majority of grains were preferentially oriented to [0001] pole and

scattered to the other directions with the ECAP cycles, developing a more random texture.

EO E1 E2

Transversal
sections
lﬂ
N
=~
--.J

0.40

Longitudinal
sections

Fig. 5. IPF images of the transversal and longitudinal sections of E0, E1, and E2 samples.

3.3. High-speed nanoindentation mapping
The nanohardness and the elastic modulus maps obtained after high-speed
nanoindentation tests are shown in Fig. 6 and Fig. 7, respectively, and quantified in Table
1. Mechanically different areas could be perfectly distinguished from the transversal
section maps of EO (Fig. 6a, Fig. 7a). The hardness became more isotropic on the
transversal section after ECAP (Fig. 6 b,c), together with a significantly lower average
nanohardness values indicating the softening of the material (Table 1). Regarding this, a
similar homogeneity trend could be observed from elastic modulus maps of E1 and E2
transversal section analysis (Fig. 7 b,c). Even though the qualitative tendency is clear, the
nanohardness and elastic modulus values provided in Table 1 were calculated as an
average from the maps without considering the presence of two phases. Therefore, no
quantitative comparison among conditions should be extracted from the reported values,

which might be affected by the local distribution of the AgZn; phase in the tested area.
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Transversal

Longitudinal

Fig. 6. Hardness nanoindentation maps of EO (a, d), E1 (b, e), and E2 (c, f) at the

transversal (top) and longitudinal (bottom) sections.

Transversal

Longitudinal

Scale bar: 50 pm.

13

10

70

40

7 GPa

0

0

Fig. 7. Elastic modulus nanoindentation maps of EO (a, d), E1 (b, e), and E2 (c, f) at the
transversal (top) and longitudinal (bottom) sections. Scale bar: 50 um.

Table 1. Elastic modulus (E) and nanohardness (H) parameters calculated from
nanoindentation maps of the transversal and longitudinal section of EO, E1, and E2.

EO0 E1l E2
Direction | Transversal Longitudinal | Transversal Longitudinal | Transversal = Longitudinal
H (GPa) | 147+0.13 1.25+0.13 1.26£0.14 1.28 £0.14 1.24£0.13 1.18£0.12
E (GPa) 84.9+6.7 773+12.0 | 82.1+10.8 86.2+9.8 88.2+9.8 81.8+9.5

13




3.4. Mechanical characterization
The evaluation of the mechanical behaviour was performed by means of microhardness
measurements and of tensile tests. The hardness values and tensile curves collected are
summarized in Fig. 8. The E0 microhardness showed a clear drop for both directions after
the second ECAP cycle (Fig. 8 a). For this reason, the subsequent tensile characterization
was focused on the E2 condition only. The tensile tests (Fig. 8 b) showed an important
decrease in the ultimate tensile strength (UTS) and yield strength (YS) after two ECAP
cycles. Both tested materials featured a very limited work hardening ability in the plastic
regime but extensive ductility, reaching values of fracture elongation (A %) above 200 %
for the E2 samples. Fig. 8 includes representative fractographs of the samples after the
tensile test. The fracture morphology of the E0 mainly showed dimples with diameter of
in the range 2-20 um (Fig. 8 ¢) whereas the dimple size decreased below 2 um for the E2

sample (Fig. 8 d), in accordance to the observed microstructure structure refinement.

a 65 : b 150
~ TS —EO0
T 60- 2| b LS T —E2
- 21001
&S 551 =
= »
5 50 d 2 504
< ] n
= 40 = 00 05 10 15 20 25 3.0
E|O El‘l Strain
TS | 54,3+35 | 56,2+2,0 | 46,7+0,7 YS (MPa) UTS (MPa) A (%)
LS | 55,7+00 | 495+06 | 45508 Eg 5132’; 72 ;125+ iz 13 ;f;’ +i524

Fig. 8. (a) Vickers micro-hardness results of EO, E1, and E2 samples. >4 symbols join
groups with non-statistically significant differences. (b) Tensile curves and calculated
tensile properties of the EO and E2 samples. SEM fractographic images of (¢) EO, and (d)
E2 samples.
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3.5. Corrosion characterization
The corrosion parameters calculated from PDP and immersion tests in Hanks’ solution
are listed in Table 2. No significant differences were observed between EO and E2
samples for any parameter (Table 2). The values obtained are in accordance with previous
corrosion studies on Zn-Ag alloys [34].

Table 2. Corrosion parameters obtained from PDP and static immersion test in Hanks’
solution: corrosion potential (E), current density (i), CR (PDP), and CR (mass loss).

E (V) i (LA/cm?) CR, PDP (mm/yr) CR, mass loss (mm/yr)
EO -1.176 £0.018 226+0.13 0.034 +0.002 0.099 + 0.032
E2 -1.193 £ 0.008 1.98+0.43 0.029 + 0.006 0.090 = 0.046

Although the corrosion parameters presented no statistical differences, the ion release of
the samples differed. As shown in Fig. 9a, the release of Zn?>* was higher for E2 in
comparison with E0, with a total final concentration of 20.66 £+ 0.24 ng/dL and 13.69 +
0.21 pg/dL, respectively. On the other hand, the Ag" release presented the opposite
relation, with lower total concentration for E2 (0.11 + 0.01 pg/dL) than for E0O (0.92 +
0.02 pg/dL) (Fig. 9b). Table 3 shows the Zn?* and Ag" concentrations measured by ICP-
MS on days 1, 2, 3, 7, and 10 of immersion and their relation in %. Fig. 9¢,d show the pH
and the E evolution through the immersion test in Hank’s solution, respectively. As
expected, the pH increased respect to the initial value of 7.4, confirming the release of
corrosion products from the alloys. The obtained values of E were between -40 and -80
mV. The calculated Pourbaix diagrams of Zn and Ag in Hanks’ are depicted in Fig. 9 e,f.
Applying the obtained values of pH and E in the Pourbaix diagrams, the most stable Zn
solid phases are ZnCOs(s) and ZnO (s) while the most stable Ag solid phases are Ag(s),
and AgCl (s).
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Fig. 9. Accumulative (a) Zn*" and (b) Ag" ion release of the samples measured by ICP-
MS after 1, 2, 3, 7, and 10 days of immersion. Evolution of (¢) pH, and (d) E with the
immersion time. Pourbaix diagrams of (e) Zn, and (f) Ag in Hanks’ solution at tested
conditions obtained by HSC 5.1 Software.

Table 3. ICP-MS results of released Zn?" and Ag™ at days 1, 2, 3, 7, and 10 of immersion
in Hanks’ solution at 37 + 1 °C. Limit of detection (LOD): Zn?>* = 0.01 pg/dL; Ag® =

0.001 pg/dL.
EO E2
Day Zn** (ug/dL) Ag" (ug/dL) Zn** (ug/dL) Ag" (ug/dL)
1 12.26 £ 0.03 (81%)  2.93 +0.05 (19 %) <LOD <LOD
2 2437+030(97%) 0.75+£0.02(3%) | 45.46%0.58(99 %)  0.55=0.02 (1 %)

3 10.22+0.40 (88 %)
7 13.81+0.20 (97 %)
10 13.66 £0.16 (95 %)

1.46 + 0.04 (12 %)
0.47 £0.01 (3 %)
0.74 +0.02 (5 %)

21.88 + 0.74 (98 %)
16.97 + 0.08 (100 %)
23.78 + 0.24 (99 %)

0.52+0.01 (2 %)
<LOD
0.19+0.01 (1 %)
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Fig. 10. SEM images of the EO and E2 sample surfaces after 10 days of immersion in
Hanks’ solution: before (a, d) and after (b-c, e-f) the removal of the corrosion products.
Yellow arrows indicate the non-degraded AgZn; phase.

Fig. 10 shows the SEM images of the surfaces of EO and E2 with the corrosion products
after the immersion test. The corrosion layer formed onto both studied surfaces was
homogeneous, as it can be seen in Fig. 10 a,d. The elemental analysis performed by EDS
detected Zn, Ca, C, O, P, and Cl, as a result of the precipitation of calcium phosphate
minerals, and Zn-carbonates, phosphates and oxides and Ag-chloride as predicted by the
Pourbaix diagrams [33,35]. Besides, EDS mapping indicated the presence of Zn and Ag
located at the underlying metallic surface. SEM images of the corroded surfaces after the
removal of the corrosion layer showed similar corrosion features for both EO (Fig. 10 b,c)
and E2 (Fig. 10 e,f), with the most stable AgZn; phase surrounded by the anodic

degradation of the Zn matrix.

3.6. Bacterial response
The bacterial response was evaluated after 3 h of culture with S. Aureus on inert c.p. Ti
and Zn, as controls, and on the investigated EO, and E2 samples. Fig. 11 a-d shows the
confocal images obtained after the live-dead assay. Ti surface was totally covered by
bacteria (Fig. 11 a), exceeding the maximum limit for CFU quantification at the tested
conditions. On the other hand, the reduced bacteria attachment to Zn-based surfaces (Fig.
11 b-d), indicated a noticeable antibacterial activity compared with Ti. In addition, the

antibacterial performance of EO significantly reduced the bacterial attachment, from (2.4
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+ 1.1) x10” CFU/mm? of the Zn surface (Fig. 11 b), to (7.8 + 5.8) x10® CFU/mm? of the
EO alloy. Surprisingly, the ECAP deformation accentuated the antibacterial effect (Fig.
11 d), with a noticeable reduction in CFU, down to (7.6 £+ 5.9) x10° CFU/mm?.

Fig. 11 e-h includes the general image of the metallic surfaces after the bacterial adhesion
test, and subsequent cleaning with ethanol and ultrasounds. The surface of Ti remained
intact, according to its inert nature (Fig. 11 e). In contrast, degradation signs could be
observed in the Zn-based samples (Fig. 11 f-h). Pure Zn and E2 samples showed
distributed degradation pits, whereas the E0 presented a heterogeneously degraded

surface with a pronounced degradation compared to the studied series.

N W A

CFU x107/mm?

Zn EO EZ

Fig. 11. Bacterial adhesion tests of the studied surfaces cultured with S. Aureus after 3 h
of incubation. Live-dead staining of S. Aureus incubated onto (a) Ti, (b) Zn, (c) EO, and
(d) E2. Images of the surfaces after the adhesion test and subsequent cleaning: (e) Ti, (f)
Zn, (g) EO, and (h) E2. (i) Quantification of attached bacteria to the surfaces. Ti is not
included since it exceeded the maximum CFU for quantification.

4. Discussion

Biodegradable metals emerged to overcome the drawbacks of conventional implants,
including inflammation processes, long-term consequences, or second surgeries for their
removal [36,37]. Among them, Zn stands out due to its biocompatibility and degradation

rate [38]. However, its insufficient mechanical properties force to alloy Zn with other
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elements, strengthening the material via solid solution, grain refining and precipitation
hardening, but inevitably modifying the degradation behaviour and affecting the
biological behaviour of the alloys [39]. Thus, extensive research is focused on modifying
the secondary phases' distribution to obtain a homogeneous microstructure [40,41]. Here,
no relevant changes were noticed in the AgZn; area or distribution. Xu et al. [42]
performed an extensive analysis of Zn-based alloys after ECAP, in which they reported
the breaking and the formation of secondary phases with ECAP passes. Here, a possible
combination of both mechanisms would lead to no observable changes in the AgZn;
distribution. Nevertheless, further analysis should be done to verify this hypothesis. In
this regard, the mechanical isotropy of a material has direct effects on its mechanical
performance, enhancing the safety of the implants and increasing the implantation
tolerance [43—45]. Several studies have been performed to control anisotropy or to
fabricate isotropic structures [46,47]. In this work, two ECAP cycles have been
successfully applied to a Zn-2Ag alloy in order to obtain a homogeneous UFG structure.
The excellent starting formability of the material allowed two ECAP passes to be
performed at room temperature, avoiding any failure [48], hence providing an additional
degree of freedom for the control of the final microstructure. The as-received Zn-2Ag
alloy developed UFG microstructure with randomly distributed grain orientation after the
ECAP process. Mechanically different regions above 100 um? in the EO surface were
noticed at high-speed nanoindentation mapping (Fig. 6 and Fig. 7), which might be
attributed to larger primary Zn grains previously observed in polycrystalline Zn [49]. It
is assumed that both nanohardness and elastic modulus are dependent on grain orientation
[50,51]. Homogeneous nanohardness (Fig. 6) and elastic modulus (Fig. 7) were reported
for both E1 and E2 samples. The direct influence of the secondary phases in the final
mechanical performance in binary Zn-based alloys has been previously reported [39].
Here, the average results of both elastic modulus and hardness is calculated without
considering the presence of two phases, since the equipment was not sensible enough to
distinguish between the Zn matrix and the small areas occupied by the AgZn; phase. The
mechanical properties of hexagonal-closed pack (hcp) alloys have been reported to be
closely related to the texture [52]. However, despite the homogeneous texture, Vickers-
hardness measurements evidenced the isotropic response only for E2 (Fig. 8 a),
suggesting that the grain size and crystal orientation may be playing a fundamental role
in the mechanical behaviour of the samples. The differences in nanohardness and Vickers

might be related to an overestimation of nanohardness values due to indentation size
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effects because of the small indentation depths used. As previously reported by
Bednarczyk et al. [14], ECAP process is almost ineffective in strengthening hcp materials
but it does induce a dramatic change in grain size and crystal texture. Indeed, after as-
received cold-rolled rods a sharp texture is observed. The low crystal symmetry in hcp
structures results in the activation of only one slip system per grain, diminishing the
possibility of dislocations slip within the grains and thus, increasing material strength

[53]. After ECAP, the crystal refinement and orientation redistribution results in lower
texture, hence easier slip of dislocations which better accommodates the macroscopic
deformation resulting in lower YS, UTS, and exceptional fracture elongation (Fig. 8)
[54,55]. Moreover, another study by Bednarczyk et al. [56] reported an inverse Hall-Petch
phenomenon in Zn-0.8Ag after severe plastic deformation. They corroborated that after
extensive grain refinement, the slope of Hall-Petch could become negative and lead to a
softening of the material, where grain boundary sliding (GBS) mechanisms would
predominate. Nonetheless, the obtained YS and UTS around 50 and 80 MPa, respectively,
are still superior to those of actual bioresorbable polymeric sutures (UTS: 40 — 60 MPa
[57,58]).

This superior mechanical strength would avoid complex multi-braid structures, in which
the risk of bacterial infection is higher. Moreover, the obtained high elongation to fracture
is supposed to provide good formability, good handling and knot security [59].

It has been widely reported that the refinement of the microstructure improves corrosion
protection and reduces localized corrosion [17,60]. This is due to the refinement and
homogeneous distribution of the secondary phases, which minimizes its cathodic capacity
and hence the possible galvanic pairs lose their effectiveness [16,17]. On the other side,
grain refinement could accelerate corrosion by the increased Gibb’s free energy related
to grain boundaries surface, whose concentration is higher in UFG structures [61]. These
two effects might also compensate each other, leaving the corrosion rate of the SPD alloy
substantially unchanged. In our studies, similar corrosion parameters were found for EQ
and E2 samples in Hanks’ solution (Table 2), but the ICP-MS measurements provided
some differences regarding the ionic release of metallic species (Table 3). The total
release of Zn?>" detected for both samples is in the physiological range (2-15 uM) [62],
with a final total concentration of 3.1 uM and 2.1 uM for E2 and EO, respectively.
Interestingly, the Ag™ release seemed to be hindered after the ECAP process. The EO
exhibited a first burst release on day 1, and fluctuating Ag* concentrations ranging from

3 to 12 % of the total measured ion release the following days. (Table 3). In contrast, E2
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presented a more homogeneous release of 1-2 % of Ag™ through the experiment, in which
the percentage of released Zn?* in the E2 increased up to 98—99 %. This sustained release
might be related to a modification in the area or distribution of the AgZn3 phase after
ECAP, even if any change was observable in SEM analysis (Fig. 1), as well as a more
homogeneous Ag distribution into the Zn matrix. However, further characterization
should be performed to confirm these hypotheses. The excessive administration of silver
may have genotoxic effects, but further studies would be needed to assess its carcinogenic
potential [64,65]. Recently, Guillory et al. [66] observed a positive in vivo performance
of Zn-based wires with 4 wt.% of Ag implanted into female Sprague Dawley rats for 6
months. Thus, the amount of delivered Ag* of E0 series should not have a cytotoxic effect.
Finally, the degradation time for actual biomaterials used for wound closure are 4-6
weeks, for PLA/PGA 75/25 and PGA, or more than 1.5-5 years, for PLA [3]. Assuming
a constant corrosion rate of 0.090 mm/year (Table 2), a typical USP 5-0 suture (@ 100
pm) [67] would degrade at an intermediate time of 6 months after implantation.

Bacterial infection is a worldwide theme of concern due to the medical resistance
developed by bacterial strains such as S. aureus, which is the most common strain present
in skin, soft tissue, bone, joints, and device-associated infections [24]. Recently, the
investigation focused on new antibacterial approaches for biomaterials has attracted
global interest. The use of metallic ions such as copper or silver as antibacterial agents
have been investigated for different biomaterials [25]. Ti is a common biomaterial used
for wound suture applications; however, Ti requires to be treated to avoid possible
bacterial infections [26]. A possible strategy includes the introduction of ZnO onto Ti-
based materials due to its well-known antibacterial effect properties [68—70]. Therefore,
the reduced number of bacteria attached to Zn-based surfaces (Fig. 11) may be related
with the presence of a ZnO in its natural passivation layer. As expected, the presence of
Ag in the Zn-Ag alloys reduced the bacterial attachment. The minimum inhibitory
concentration (MIC) reported of colloidal silver is 1.39 mg/dL [71], and the reported MIC
for silver nanoparticles 0.625 mg/dL [72]. Both values are much superior to the total Ag*
detected at the immersion test, thus, the decreased bacterial adhesion of Zn-Ag alloys was
not related to Ag* diffusion mechanisms, but to the Ag presence onto the metallic surfaces
and its antibacterial effect by contact. Surprisingly, the antibacterial activity was
considerably enhanced after ECAP processing. Previous reports have shown lower

bacterial adhesion to polymeric and thus, softer surfaces [73], but the opposite trend in
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polymeric materials has also been published [74]. Nonetheless, most of the studies are
referring to polymeric surface that intrinsically offer mesh-like structures in which other
factors as porosity may be affecting bacterial adhesion [73]. Thus, the relation between
the surface hardness and the bacterial adhesion would require further investigation.
Regarding this, the supposition of a better Ag distribution after ECAP would contribute
to the greater antibacterial effect observed in the E2 sample.

Another important observation was the different aspect of the degraded EO and E2 sample
surfaces after the bacterial adhesion test (Fig. 11), in contrast to the similar corroded
surface after corrosion tests in Hanks’ solution. In previous studies, the changing
degradation behaviour of Zn surfaces depending on the immersion media has been studied
[75,76]. Furthermore, an extensive characterization of Zn and Zn-4Ag in different
corrosive media has been performed by Sikora-Janinska et al. [77], in which the presence
of organic species was reported to form a passivation layer and protect the surfaces from
further corrosion. Biodegradable implants may avoid bacterial infection by providing a
non-stable surface for bacterial adhesion[78]. However, the accumulation of bacteria onto
the degraded and rougher surfaces of Zn-based alloys has been previously reported [39].
In connection with our bacterial test, the more degraded surface of EO may limit the
antibacterial effect, whereas the uniform surface degradation of E2 provided a smoother
surface to which bacteria hardly attached, contributing to the enhancement of the

antibacterial activity.

5. Conclusions

In this work, Zn-2Ag was successfully subjected to ECAP at room temperature. The
microstructure of the samples consisted of a Zn matrix and a secondary AgZn3 phase.
EBSD results confirmed the generation of UFG structures after ECAP with randomly
distributed texture and similar size and distribution of second phases for E1 and E2
samples. Nanoindentation maps suggested isotropic mechanical properties of the ECAP-
processed samples. However, Vickers measurements only confirmed the isotropy for E2,
demonstrating the influence of the grain refinement on the nano- and micro-mechanical
performance of the material. Lower UTS and YS with higher elongation have been
reported after ECAP, in accordance with previous studies on hcp materials. Similar
corrosion rates were observed for E0 and E2 in Hanks’ solution, with a released

concentration of Zn?>* among the physiological range of 2-15 mM. The more
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homogeneous Ag™ release of E2 sample was attributed to the better Ag distribution along
the Zn matrix after ECAP process. The released Ag* was below the MIC for S. Aureus,
and hence the observed antibacterial effect was attributed to the bacterial contact with the
Ag-containing surfaces. Moreover, the better Ag distribution in E2 and its uniformly
degraded surface after the bacterial adhesion test would contribute to the excellent
antibacterial performance of the sample. In summary, the ECAP process provided
mechanical isotropy, good formability, and exceptional antibacterial activity to
biodegradable Zn-2Ag, being a potential processing route candidate for the

manufacturing of wires for wound closure applications.
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Influence of ECAP process on mechanical, corrosion and bacterial

properties of Zn-2Ag alloy for wound closure devices

Highlights

Two ECAP cycles were applied to Zn-2Ag obtaining an ultra-fine-grained
structure

Isotropic nanoscale mechanical properties were obtained after ECAP

The addition of Ag as alloying element in Zn reduced bacterial attachment
ECAP processed Zn-2Ag alloy showed excellent antibacterial effect for S. Aureus
ECAP processed Zn-2Ag alloy displayed uniformly degraded surface and
corrosion rate
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