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Abstract

Crystalline Mg-Zinc (Zn)-Strontium (Sr) ternary alloys consist of elements naturally present in the
human body and provide attractive mechanical and biodegradable properties for a variety of
biomedical applications. The first objective of this study was to investigate the degradation and
cytocompatibility of four Mg-4Zn-xSr alloys (x = 0.15, 0.5, 1.0, 1.5 wt%; designated as ZSr41A,
B, C, and D respectively) in the direct culture with human umbilical vein endothelial cells
(HUVEC) /n vitro. The second objective was to investigate, for the first time, the early-stage
inflammatory response in cultured HUVECs as indicated by the induction of vascular cellular
adhesion molecule-1 (VCAM-1). The results showed that the 24-h /n vitro degradation of the
ZSr41 alloys containing a B-phase with a Zn/Sr at% ratio ~1.5 was significantly faster than the
ZSr41 alloys with Zn/Sr at% ~1. Additionally, the adhesion density of HUVECs in the direct
culture but not in direct contact with the ZSr41 alloys for up to 24 h was not adversely affected by
the degradation of the alloys. Importantly, neither culture media supplemented with up to 27.6 mM
Mg?2* ions nor media intentionally adjusted up to alkaline pH 9 induced any detectable adverse
effects on HUVEC responses. In contrast, the significantly higher, yet non-cytotoxic, Zn?* ion
concentration from the degradation of ZSr41D alloy was likely the cause for the initially higher
VCAM-1 expression on cultured HUVECs. Lastly, analysis of the HUVEC-ZSr41 interface
showed near-complete absence of cell adhesion directly on the sample surface, most likely caused
by either a high local alkalinity, change in surface topography, and/or surface composition. The
direct culture method used in this study was proposed as a valuable tool for studying the design
aspects of Zn-containing Mg-based biomaterials /77 vitro, in order to engineer solutions to address
current shortcomings of Mg alloys for vascular device applications.

"Corresponding author at: Department of Bioengineering, University of California at Riverside, 900 University Avenue, Riverside, CA
92521, USA., huinan.liu@ucr.edu (H. Liu).
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endothelial cells (HUVEC); Induction of vascular cell adhesion molecule-1 (VCAM-1); Early
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1. Introduction

Magnesium (Mg) alloys specifically designed for biodegradable implant applications have
been the focus of biomedical research since the early 2000s [1-3]. Physicochemical
properties of Mg alloys make these metallic biomaterials excellent candidates for temporary
biodegradable implants in orthopedic and cardiovascular applications [1-4]. Most notable is
the fact that the human body contains a large amount of Mg ions and can effectively
metabolize the degradation products of Mg [1-3]. Therefore, temporary biodegradable
metallic implants are idealized to be superior alternatives to permanent implants in that they
would eliminate the need for implant removal surgeries following healing of the damaged
tissue. By doing so, Mg-based biodegradable implants could reduce the burden on the
healthcare system by mitigating risks and costs [5,6]. Furthermore, as Mg alloys continue to
be investigated for biomedical applications, it is necessary to understand whether Mg-based
materials or the alloying elements have the intrinsic ability to direct an immune response to
improve implant integration while avoiding cell-biomaterial interactions leading to chronic
inflammation and/or foreign body reactions [7,8]. In contrast, previous studies have shown
that conventional permanent metallic implants, and associated wear debris, can trigger
chronic inflammatory responses, result in tissue loss, and are prone to infection [1,6,9].

In general, the initial (acute) inflammatory response (i.e. innate immunity) to biomaterials is
activated by the reaction of vascularized connective tissue to injury caused either by trauma
or implantation [10,11]. The physiological response of inflammation consists of a complex
series of meticulously controlled responses which cannot possibly be summarized in a few
sentences; however, the informed reader is referred to excellent reviews on the inflammatory
response to biomaterials [8,11]. Endothelial cells (EC) play an important role in the
regulation of immune and inflammatory local responses by expressing, among other things,
cell adhesion molecules (CAM) [12,13]. CAM expression in activated ECs (type 1l
activation) can be induced by pro-inflammatory cytokines, e.g. tumor necrosis factor a
(TNFa) [12,13], released by inflammatory cells activated on contact with adsorbed proteins
on the implanted biomaterial [8,11,14]. In turn, these adhesion molecules help recruit
leukocytes from circulating blood and facilitate transendothelial migration to the site of
injury to initiate the acute inflammatory response [8,11-14]. Additionally, previous /n vitro
studies showed that CAM expression in ECs was activated by elevated concentrations of
metallic ions typically found in permanent metallic implants [7,15-23]. Vascular cell
adhesion molecule-1 (VCAM-1) is an immunoglobulin superfamily-specific receptor that
provides high-affinity interactions between ECs and integrins on the leukocyte surface and
facilitates transendothelial migration [10,13,14]. Moreover, VCAM-1 binds with monocytes,
but not neutrophils, and it is the first CAM expressed in chronic inflammation such as
atherosclerosis (before atherosclerotic plaque development) [13,14,24] and restenosis
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following coronary stent implantation [25]. Thus, VCAM-1 can be used as an indicator of /n
vitro EC activation during the early stages of inflammation. Furthermore, previous studies
supported the applicability of human umbilical vein endothelial cells (HUVEC) to model
and investigate components of the inflammatory response, such as CAM expression [7,17].

Previously, we reported the development of Mg-Zinc-Strontium (Mg-Zn-Sr) ternary alloys
and the evaluation of their biological performance for biomedical applications [26-28].
Furthermore, we reported the /n vitro direct culture method to mimic /n vivo physiological
conditions and evaluate cell responses at the cell-biomaterial interface (direct contact) and
on the culture plate (/ndirect contact, exposure to solubilized degradation products)
surrounding the Mg-based biomaterial [29]. The direct culture method was introduced to
provide a more comprehensive /n vitro method, as compared with ISO 10993-based
methods, for the initial rapid screening of cytocompatibility and degradation of Mg-based
biomaterials [29]. The direct culture method was introduced as part of a field-wide effort to
improve and standardize the /n vitro testing of Mg-based biomaterials [29-32]. Thus, the
first objective of this study was to investigate the degradation and cytocompatibility of four
Mg-4Zn-xSr alloys (x = 0.15, 0.5, 1.0, 1.5 wt%; designated as ZSr41A, B, C, and D
respectively) in the direct culture with HUVECs /n vitro. The second objective was to
investigate the induction of an inflammatory response in HUVECs as indicated by the
expression of VCAM-1 activated by the degradation products of the ZSr41 alloys. While
several recent /n vivo studies reported adequate immunological response during the foreign
body reaction or fibrosis stages following implantation of Mg-based materials [33-37],
sparse literature is found on the early-stage inflammatory response. Specifically, to the
authors’ knowledge, early-stage inflammatory induction by the degradation of Mg-based
materials has only been investigated /n vitro with primary murine and human macrophages
[38] and with dendritic cells [39]. In both cases, the Mg-based materials and the respective
degradation products were not found to have detrimental immunomodulatory effects. This
study reported for the first time on the /n vitro transient inflammatory activation of ECs
induced by the degradation products of Zn-containing Mg alloys.

2. Materials and methods

2.1. Preparation of ZSr41 alloys, Mg control, and reference materials

The ZSr41 alloys in this study had a nominal composition of 4 wt% Zn with 0.15, 0.5, 1.0,
or 1.5 wt% Sr; these alloys were designated as ZSr41A, ZSr41B, ZSr41C, and ZSr41D
accordingly with increasing Sr content. Details pertaining to the metallurgical process and
heat treatment used for alloy preparation are described elsewhere [26,27]. The heat-treated
1.0 mm thick sheets of ZSr41 alloys were cut into 5 x 5 mm squares. Likewise,
commercially pure Mg sheets (99.9%, As-rolled, 1.0 mm thick, Cat# 40604; Alfa Aesar,
Ward Hill, MA, USA) were cut into 5 x 5 mm squares and used as a control in this study.
Commercially available AZ31 (1.0 mm thick, Cat# 44009; Alfa Aesar) and Nitinol (NiTi;
0.25 mm thick, Cat# 44953; Alfa Aesar) sheets were cut into 5 x 5 mm squares and used as
metallic reference materials in this study. AZ31 was included in this study since it has been
used previously as a reference material for the investigation of Mg-based materials [40-42];
likewise, NiTi was included due to the widespread use for cardiovascular stents [43].
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Additionally, 90:10 polylactic-co-glycolic acid (PLGA) was included in this study as a non-
metallic reference material due to the use of PLGA-based coatings to control the degradation
of Mg-based materials for cardiovascular stents [43,44]. The PLGA samples were prepared
by spin coating onto the non-tissue culture treated glass (Cat# 12-544-1; Fisher Scientific,
Hampton, NH, USA), which was cut into 5 x 5 mmsquares followed by rough polishing
with 240 grit SiC paper to improve the glass-PLGA adhesion. The 90:10 PLGA(Cat# AP49;
Polyscitech, West Lafayette, IN, USA) was dissolved in chloroform at 10 wt/vol% and
sonicated for 1 h at 40 °C. Subsequently, 50 uL of the dissolved PLGA was spin coated
(SC100; Smart Coater Co., Saint Louis, MO, USA) onto the rough-polished glass substrates
at 1300 RPM for 60 s. The PLGA coatings had a thickness of 64.0 £ 12.6 um.

2.2. Microstructure characterization

The microstructure and surface elemental composition/distribution of the ZSr41 alloys, pure
Mg control, and AZ31 reference were characterized using a scanning electron microscope
(SEM; Nova NanoSEM 450, FEI Co., Hillshoro, OR, USA) equipped with an X-Max50
detector and AZtecEnergy software (Oxford Instruments, Abingdon, Oxfordshire, UK). The
samples were ground with SiC abrasive paper (Ted Pella Inc., Redding, CA, USA) up to
1200 grit, and fine polished up to 0.25 um with polycrystalline diamond paste (Physical Test
Solutions, Culver City, CA, USA). Surface elemental compaosition and distribution were
analyzed with energy dispersive X-ray spectroscopy (EDS). SEM images and EDS analyses
were acquired with an accelerating voltage of 20 kV.

2.3. Electrochemical testing

Potentiodynamic polarization (PDP) curves were obtained using a three-electrode cell
configuration connected to a potentiostat (Model 273A, Princeton Applied Research, Oak
Ridge, TN, USA) and acquired with PowerSuite 2.50.0 software (Princeton Applied
Research). Specific details pertaining to preparation of the working electrode are given
elsewhere [29]. Briefly, the ZSr41 alloys, Mg control, and AZ31 reference samples (working
electrode) were embedded in epoxy resin (0.5 cm? area exposed). Platinum foil and a silver/
silver chloride (Ag/AgCI) were used as counter and reference electrodes, respectively. Prior
to electrochemical experiments, the working electrode was ground with SiC abrasive paper
up to 1200 grit and ultrasonically cleaned in acetone and ethanol. Revised simulated body
fluid (r-SBF; pH 7.4, 37.5 °C) was used as the electrolyte for PDP scans (no equilibration,
0.5t0 -3.5 V, 20 mV s71) since the ionic composition of r-SBF is the same as human blood
plasma [45]. PDP curves were then extrapolated according to ASTM G102-89 standard to
obtain values for corrosion potential (£¢qrr) and corrosion current density (Jgorr). All
potentials are in reference to Ag/AgCl electrode.

2.4. HUVEC responses and in vitro degradation of ZSr41 alloys

2.4.1. Preparation of HUVEC culture—Human umbilical vein endothelial cells
(HUVECs; Cat# C2519A,; Lonza Walkersville Inc., Walkersville, MD, USA) were cultured
according to the manufacturer’s recommended culture protocol to passage 5 in complete
Endothelial Cell Growth Medium-2 (EGM™-2) media (Cat# CC-3162; Lonza Walkersville
Inc.) in standard cell culture conditions (37 °C, 5%/95% CO»/air, sterile, humidified
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environment). Cell morphology was observed at each passage using an optical microscope to
ensure HUVECs were normal and healthy.

2.4.2. Direct culture of HUVECs with ZSr41 alloys—-Prior to cell culture
experiments, all metallic samples were ground with SiC abrasive paper up to 1200 grit,
ultrasonically cleaned for 15 min in separate baths of acetone and ethanol, and disinfected
under ultraviolet (UV) radiation for 4 h on each side. The as-coated PLGA samples were
disinfected by immersing in 70% ethanol for 20 min. Additionally, non-tissue culture treated
glass slides (non-coated with PLGA) were cut into 5 x 5mm squares, cleaned in acetone and
ethanol, disinfected under UV radiation, and used as a reference material for cell culture
experiments. All the samples were placed in standard 12-well cell culture treated plates and
rinsed with 3 mL of phosphate buffered saline (PBS) to calibrate the osmotic pressure.
Subsequently, HUVECs (P5) were seeded directly onto the surfaces of the samples at a
density of 6 x 103 cells cm~2 and incubated in 3 mL of EGM™-2 under standard cell culture
conditions for 4 and 24 h. HUVECs cultured in EGM™-2 media supplemented with 10
ng/mL of tumor necrosis factor a (TNFa; Cat# PHC3015; Life Technologies, Carlsbhad,
CA, USA) was used as a positive control for VCAM-1 expression experiments; this group
was designated as “HUVEC + TNFa.”. A positive control for HUVEC adhesion and
negative control for VCAM-1 expression, designated as “HUVEC” group, consisted of
HUVECS cultured only with EGM™-2 in the wells, i.e. without any samples or TNFa
stimulation. EGM™-2 alone was also used as a blank reference and designated as “EGM-2”
group. Separate sets of samples were used for the 4 and 24 h adhesion experiments, and for
the 4 and 24 h inflammation experiments.

2.4.3. Characterization of the HUVECSs in direct contact with ZSr41 alloys—The
interface between the HUVEC culture and ZSr41 alloys, and all other reference materials
was characterized using SEM following the 4 and 24 h in vitro cultures. Additionally,
corresponding surface elemental composition and Mg Ka1 elemental distribution maps were
acquired with EDS. Specific details for sample preparation for direct contact analysis are
published previously [29]. Briefly, the samples were removed from the wells, dip-rinsed in
PBS fixed with 3% glutaraldehyde in 0.1 M potassium phosphate buffer, and again dip-
rinsed in PBS. Subsequently, the samples were serially dehydrated in ethanol, critical-point
dried (Autosamdri-815, Tousimis Research Corp., Rockville, MD, USA), and sputter coated
(Model 108, Cressington Scientific Instruments Ltd., Watford, UK) with platinum/
palladium.

2.4.4. Quantification of HUVEC adhesion under direct versus indirect contact
conditions—HUVEC adhesion (i) under direct contact with the sample and (ii) under
indirect contact with the sample, following the 24 h jn vitro culture was evaluated using
fluorescence microscopy. The results from the culture plates were grouped separately and
designated as “plate”. Specific details for sample preparation for direct/indirect contact
analysis through fluorescence microscopy are described previously [29]. Briefly, the samples
in direct contact with HUVECSs were dip-rinsed in PBS and the corresponding wells were
washed separately with PBS. Subsequently, the samples and wells were separately fixed
with 4% formaldehyde (VWR, Radnor, PA, USA), followed by incubation in Alexa Fluor

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cipriano et al.

Page 6

488® phalloidin (Cat# A12379; Life Technologies) and 4”,6-diamidino-2-phenylin dole
dilactate (DAPI; Cat# D1306; Invitrogen™, Life Technologies) to fluorescently label cellular
F-actin and nucleus, respectively. Adherent cells were visualized using a fluorescence
microscope (Eclipse Ti and NIS software, Nikon, Melville, NY, USA) with a 10x objective
lens at the same exposure condition and analyzed using Image J (NIH, Bethesda, MD,
USA). Cell adhesion per group per time point was quantified by counting the DAPI-stained
cell nuclei at: five and nine random locations on the sample surface and on the culture plate,
respectively. Cell adhesion density was calculated as the number of adherent cells per unit
area.

2.4.5. Quantification of HUVEC inflammatory response to the degradation of
ZSr41 alloys in indirect contact—The inflammatory response of HUVECs to the
degradation of ZSr41 alloys was evaluated using immunofluorescence of VCAM-1 and were
carried out only for the cells in indirect contact with the samples (i.e. adhered to the tissue
culture plates). The cells adhered to the culture plates were fixed with 4% formaldehyde for
20 min, incubated with 5% goat serum in PBS during 1 h for blocking, incubated with 10
ug/mL VCAM-1 (Cat# SC-13160; Santa Cruz Biotechnology Inc., Dallas, TX, USA) mouse
anti-human primary 1gG overnight at 4 °C, and incubated with 10 pg/mL goat anti-mouse
secondary IgG-FITC (Cat# SC-2010; Santa Cruz Biotechnology Inc.) at room temperature
for 1 h. The nuclei were subsequently stained with DAPI nucleic acid stain for 5 min. Five
FITC images (640 x 512 pixel digital resolution, 16-bit depth, and 4 s exposure) per well per
group were captured using a Nikon Eclipse T/ fluorescence microscope. A mean
fluorescence intensity signal per pixel was calculated using ImageJ and the method
described by Patapova et al. [46].

2.4.6. In vitro degradation of ZSr41 alloys in the HUVEC culture—The in vitro
degradation of the ZSr41 alloys, Mg, and AZ31 after the 4 and 24 h cultures was evaluated
through measurements of pH and ionic concentrations of the collected media. The pH of the
media was measured immediately after collection using a calibrated pH meter (Model
SB70P, VWR). The concentration of Mg?*, Zn2*, and Sr2* ions in the collected media
(IMg?*], [Zn?*], and [Sr2*], respectively) was measured using inductively coupled plasma
optical emission spectrometry (ICP-OES; Optima 8000, Perkin Elmer, Waltham, MA, USA).
In order to minimize the matrix effects in ICP-OES, the collected EGM™-2 aliquots were
diluted to 1:100 solutions in DI water to measure [Mg2*] and [SrZ*]. lonic concentrations
were then obtained from calibration curves generated using Mg and Sr standards (Perkin
Elmer) diluted to ranges of 0.5-5.0 and 0.1-1.0 mg/L, respectively. The [Zn%*] in the
EGM™-2 at 4 and 24 h were measured by diluting the collected aliquots to 1:7 solutions in
DI water and then obtained using a calibration curve generated using a Zn standard (Perkin
Elmer) diluted to a range of 10-1000 pg/L.

2.5. Effects of media alkalinity and Mg2* ion concentration on HUVEC viability and

morphology

To identify which factor(s) modulated HUVEC viability or morphology, separate
experiments evaluating the effects of increasing [Mg2*] and increase in pH in the cell culture
media were carried out. HUVECs (P5) were seeded in standard 12-well cell culture treated
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plates at a density of 6 x 103 cells cm~2 and incubated in 3 mL of EGM™-2 under standard
cell culture conditions for 24 h. The cell density after this initial 24 h stabilization period
was designated as “EGM-2 (t = 0).” Subsequently, the media was removed and replenished
with 3 mL of (i) EGM™-2 with pH values intentionally adjusted to 8.1, 8.5, 9.0, and 9.5, or
(ii) EMG-2 supplemented with respective [Mg?*] of 1.3, 2.6, 6.7, 13.1, 21.2, and 27.6 mM.
EGM™-2 media without pH adjustment and without supplemented Mg2* ions was used as a
control in the pH and Mg2* ion experiments, respectively. EGM™-2 incubated without cells
was used as a blank reference. HUVECSs were then incubated under standard cell culture
conditions with the adjusted media conditions for another 24 h. Specific details used for
adjusting pH and instructions for supplementing Mg ions using MgCl,-6H,0 are described
elsewhere [29,47]. After 24 h, adhered cells were fixed and stained, and viability was
analyzed and quantified using the same method described above. Cell morphology was
quantified by manually outlining twenty cells per image per group (on the cell culture plate)
in ImageJ and obtaining values for average F-actin area per HUVEC nucleus, and Feret
diameter aspect ratio of cells (Dmax/Dmin)- Dmax 1S the maximum Feret diameter. Dpip, is the
minimum Feret diameter. The culture media was also collected and analyzed for changes in
pH and [Mg?*] as described above.

2.6. Statistical analyses

3. Results

All experiments described above were done in triplicate. All data sets were tested for normal
distribution and homogeneous variance. Parametric data sets were analyzed using one-way
analysis of variance (ANOVA) followed by the Tukey HSD post hoc test. Data sets with
normal distribution but heterogeneous variance were analyzed using one-way ANOVA
(homogeneous variance not assumed) followed by the Games-Howell post hoc test.
Nonparametric data sets were analyzed using the Kruskal-Wallis test followed by the
Nemenyi post hoc test. Statistical significance was considered at p < 0.05.

3.1. Microstructure of ZSr41 alloys

Fig. 1 shows the surface microstructures and elemental compositions of the ZSr41 alloys,
pure Mg control, and AZ31 reference. SEM images at a low magnification of 600x (Fig. 1a)
confirmed an increase in intermetallic p-phase with increasing Sr content in the ZSr41A-D
alloys, respectively. As expected, the pure Mg control showed a surface free of secondary
phases, and the AZ31 reference showed the presence of an intermetallic p-phase. SEM
images at a high magnification of 5000x (Fig. 1a, insets) showed that the intermetallic p-
phase of ZSr41A had a morphology of finely dispersed precipitates whereas coarse
precipitates were observed on ZSr41B-D. Fig. 1b shows the quantification of surface
elemental composition of the ZSr41 alloys, Mg, and AZ31 samples using EDS area analysis
at a 600x magnification. Increasing Sr content was detected for each of the ZSr41 alloys;
specifically (in wt%), 0.16 for A, 0.21 for B, 0.43 for C, and 1.18 for D. Additionally, a Zn
content in close agreement to the nominal 4 wt% and 1 wt% was measured for the ZSr41A,
B, D alloys and AZ31, respectively; the Zn content for ZSr41C was 2.6 wt%, which was
slightly below the nominal value, possibly due to the metallurgical processing of the alloy.
Furthermore, all samples had a predominant Mg content (>86.7 wt%), as well as Carbon (C)
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content (~7.0 wt%), and Oxygen (O) content (~1 wt%). AZ31 was confirmed to contain
3.27% Aluminum (Al), 1% Zn, and traces of Manganese (Mn).

The composition of the a-matrices and p-phases (in at%) of the ZSr41 alloys was
determined through EDS point analyses (Fig. 2) at the Points 1-8 shown in Fig. 1a.
Comparison of the composition of the a-matrices of each ZSr41 alloy at the Points 1, 3, 5, 7
showed a similar elemental content irrespective of nominal Sr content in the alloy (Fig. 2a
and b). Specifically, the a-matrices of all four ZSr41 alloys showed a Zn content of ~1.5
(i.e.~4 wt%), O content of ~1%, and C content of ~10%; these results are presented
graphically in the histogram shown in Fig. 2b. In contrast, comparison of the composition of
the intermetallic B-phases of each ZSr41 alloys at the Points 2, 4, 6, 8 (Fig. 2c) showed that
the B-phases in the ZSr41B alloy (Point 4) and ZSr41D (Point 8) alloy had a higher Zn
content than the ZSr41A (Point 2) and ZSr41C (Point 6). However, the Sr content was ~4 at
% in the B-phases of all four ZSr41 alloys, irrespective of the alloy. Additionally, a higher O
content of 11.7% was found in the B-phase of ZSr41A compared with the other three ZSr41
alloys (~1.3%). A trace amount of Calcium (Ca) was also detected in the p-phases of all
ZSr41 alloys. The composition of the p-phases of the ZSr41 alloys is shown graphically in
the stacked histogram in Fig. 2d. The Zn/Sr atomic ratio was calculated for the p-phases of
the four ZSr41 alloys and is shown in Table 1. Comparison of the Zn/Sr atomic ratio showed
that ZSr41B and ZSr41D had Zn/Sr ratios of ~1.6 and 1.7, respectively, while ZSr41A and
ZSr41C had Zn/Sr ratios of 0.4 and 0.9, respectively.

3.2. Corrosion properties of ZSr41 alloys based on electrochemical testing

PDP curves of the polished samples showed that the initial degradation behavior of the
ZSr41 alloys, pure Mg control, and AZ31 reference were similar (Fig. 3). The median PDP
trace with the most representative £ and Jorr for each sample type was plotted in Fig. 3a.
A qualitative assessment of the PDP curves indicated that the as-polished AZ31 reference
showed the most cathodic behavior when compared to all the other Mg-based materials
tested, all of which showed similar behavior. The samples would corrode faster if they were
more anodic and corrode slower if they were more cathodic. Furthermore, assessment of the
linear anodic (b,) and cathodic (b) portions of the PDP curves gave indication that AZ31
and Mg had similar half-reaction characteristics in contrast to those for all ZSr41 alloys.
PDP results do not typically yield absolute corrosion rates, but serve as an indication of the
severity of the corrosion that is occurring at a select point in time in a particular electrolytic
solution [48]; references [48,49] provide ample information on the use of PDP for studying
the Jn vitro corrasion of Mg alloys. ANOVA was used to confirm statistically significant
differences in the Eeopr [F(5, 12) = 18.114, p=3.209 x 107°] and Jorr [F (5, 12) = 6.7707, p
=3.22 x 1073] values calculated by Tafel extrapolation from the PDP curves (Fig. 3b). Post
hoc pairwise comparisons confirmed that the £.qr of AZ31 (-1.42 £ 0.01 V) was
significantly more cathodic (p < 0.001), when compared with ZSr41A (-1.52 £ 0.01 V),
ZSr41B (-1.51 £ 0.01 V), ZSr41C (-1.55 + 0.02 V), ZSr41D (-1.51 + 0.02 V), and Mg
(-=1.57 £ 0.03 V). In contrast, Mg was significantly more anodic (p < 0.01) when compared
with ZSr41A, ZSr41B, and ZSr41D. In addition, post hoc pairwise comparisons also
confirmed a statistically significant higher Jorr (£ < 0.001) for AZ31 (67.51 + 5.47 mA cm
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~2) when compared with ZSr41A (39.99 + 5.68 mA cm~2) and ZSr41B (40.07 + 6.47 mA
cm™2).

3.3. HUVECs in direct contact with ZSr41 alloys

A qualitative analysis of the HUVEC-substrate interface showed changes in surface
topography and elemental composition for the ZSr41 alloys compared with the Mg control
and reference materials as early as 4 h after incubation. Fig. 4a shows SEM micrographs of
the cell-substrate interface for the materials investigated at an original magnification of 150%
(Fig. 4a) and 1000x (Fig. 4a, insets) after 4 h of direct culture and diirect contact with the
samples. Adhered cells were observed on the surfaces of all samples; however, the cells
attached on all the Mg-based materials (i.e. ZSr41 alloys, Mg, and AZ31) showed relatively
compact cell bodies compared with the highly spread cells observed on the NiTi, PLGA, and
glass samples. These two distinct cell morphologies were referred to as anisotropic and
isotropic spreading, respectively [29,50]. Furthermore, comparison of cell attachment on the
non-Mg-based samples showed that cells on both NiTi and glass were isotropically-spread
almost completely flat on the surface of the samples whereas cells on the PLGA were
isotropically-spread but not completely flat on the surface. Additionally, all Mg-based
samples showed similar distribution of degradation-induced surface cracks, indicating
similar degradation characteristics after 4 h of incubation in EGM™-2 media. Fig. 4b shows
composite images of SEM micrographs with EDS elemental distribution maps (red = Mg,
green = C, yellow = O, pink = Potassium (K) and Sodium (Na), orange = Phosphorus (P),
purple = Ca, blue = Zn, white = Sr). The SEM-EDS composite images allowed visualization
of the cell-biomaterial interface and confirmed cell adhesion directly on the surface of all
Mg-based materials after 4 h of incubation. Interestingly, all Mg-based materials showed co-
localization of Ca, P, and O which indicated that Mg degradation possibly attracted mineral
deposition [29]. Fig. 5 shows elemental distribution maps of Mg (Ka1 lines) and a summary
of elemental composition (in wt%) results obtained from EDS analyses at 150x
magnification of the samples after the 4 h incubation. All Mg-based materials showed a
similar surface distribution of Mg (Fig. 5a), giving further indication of similar degradation
characteristics after 4 h of incubation. The stacked histogram shown in Fig. 5b summarizes
the elemental composition (in wt%) results obtained from EDS analyses at 150x
magnification. A Zn content comparable to the nominal 4% was detected on the surfaces of
alloys ZSr41A, B, C, and D (4.47%, 4.28%, 3.01%, and 4.68%, respectively); Zn was also
detected on AZ31 (0.96%) but not on the Mg control or any of the other reference materials.
Additionally, increasing Sr content was also detected on alloys ZSr41B, C, and D (0.03,
0.31, and 0.66%, respectively); Sr was not detected on the surface of ZSr41A alloy, Mg
control, or any of the reference materials. The deposition of Ca, P, and O was approximately
equal and only observed on all Mg-based materials. In contrast, none of the reference
materials (i.e. NiTi, PLGA, glass) showed deposition of Ca and P. Additionally, as expected,
elemental composition in NiTi was predominantly Nickel (Ni) and Titanium (Ti), PLGA was
predominantly C and O, and the glass sample had typical composition of soda-lime glass
[29]. Lastly, all samples showed C content (attributed to adhered cells, proteins, and
extracellular matrix produced by cells), and Na and K content (attributed to salt precipitation
from soluble ions in the culture media).
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Similarly, SEM and EDS analyses of the HUVEC-substrate interface after 24 h of incubation
showed further changes in surface topography and elemental composition of the
biomaterials investigated. Fig. 6 shows SEM micrographs of the cell-substrate interface at an
original magnification of 150x and 1000x (Fig. 6, insets) after 24 h of direct culture and
direct contact with the samples. In contrast to the 4 h samples, adhered cells were not
observed on the surface of any of the ZSr41 alloys or Mg control. Some cell attachment was
observed on the AZ31 sample but these HUVECSs showed abnormal morphology.
Additionally, isotropically-attached cells were observed on the surfaces of NiTi, PLGA, and
glass reference materials. Similar to the 4 h time point, the cells attached on the surface of
NiTi and glass continued to spread until almost completely flat while the cells on PLGA
sample did not appear to spread completely flat. At the 24 h time point, the cell monolayer
on the glass sample was approximately 80-90% confluent. Furthermore, comparison of the
surface morphology and degradation-induced crack distribution showed that all of the ZSr41
alloy and AZ31 samples had similar characteristics after the 24 h incubation in EGM™-2
media. In contrast, the Mg control sample showed much larger cracks than the other Mg-
based materials of this study. Fig. 7 shows elemental distribution maps of Mg (Kal lines)
and a summary of elemental composition (in wt%) results obtained from EDS analyses at
150x magnification of the samples after the 24 h incubation. Surface distribution of Mg (Fig.
7a) showed heterogeneous distribution likely indicative of localized corrosion; the bright
spots in each image corresponds to regions of higher Mg content (most evident in Fig. 7a,
Mg). These images showed the varying degree of surface integrity of all of the Mg-based
materials after 24 h of culture in EGM™-2 media, with AZ31 showing the most
homogeneous surface. The stacked histogram shown in Fig. 7b summarizes the elemental
composition (in wt%) results obtained from EDS analyses at 150x magnification. Similar to
the 4 h time point, a Zn content comparable to the nominal 4% was detected on the surfaces
of ZSr41 alloys and AZ31 but not on the Mg control or any of the other reference materials.
Additionally, increasing Sr content was also detected on alloys ZSr41B, C, and D but not on
ZSr41A alloy, Mg control, or any of the reference materials. All Mg-based samples
continued to show similar content and co-localization of Ca, P, and O; however, the Ca
content was slightly higher and the P content was slightly lower for all samples than their 4
h counterparts. The NiTi, PLGA, and glass samples showed very similar surface
compositions compared to their 4 h counterparts and continued to show a lack of deposition
of Ca and P. Lastly, all samples showed C, and Na and K content.

3.4. HUVEC adhesion under direct and indirect contact conditions

HUVEC adhesion directly onto the sample (direct contact) and on the culture plate (indirect
contact) was evaluated at 4 and 24 h after direct culture with the ZSr41 alloys, Mg control,
and reference materials, and results are summarized in Fig. 8. Fig. 8a shows fluorescence
images of HUVECs attached to the culture plates at 24 h post-incubation; similar images
were obtained for the 4 h culture on both direct and /ndirect contact, and for the 24 h direct
contact. The DAPI-stained nuclei were used to quantify cell adhesion density at the 4 and 24
h time points and results are plotted in the histograms shown in Fig. 8b for HUVECs
adhered to the culture plates and Fig. 8c for HUVECSs adhered directly onto the samples.
Results from cell adhesion density on the culture plate at 4 and 24 h (Fig. 8b) showed no
statistically significant differences among all the groups evaluated. A comparison between
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cell adhesion densities at 24 h with their respective counterparts at 4 h on the culture plates
showed an increasing trend for almost all the samples, indicating possible early signs of
proliferation. In all cases, the mean adhesion density at 24 h was within the range of error of
the 4 h values. Results from cell adhesion density directly on the sample surface at 4 h (Fig.
8c) showed no statistically significant differences; in contrast, the Kruskal-Wallis test
showed a statistically significant difference in the mean adhesion density at the 24 h time
point [X2 (8, N = 27) = 19.676, p= 0.017]. Post hoc pairwise comparisons showed a
significantly lower adhesion density on both ZSr41A (0.32 + 0.20 x 103 cells cm~2) and
ZSr41D (0.30 + 0.22 x 102 cells cm™2) compared with the glass reference (3.81 + 0.89 x 103
cells cm™2; p< 0.05). A comparison between cell adhesion densities at 24 h with their
respective counterparts at 4 h on the sample surface showed a large decrease for all groups
except for the glass reference indicating detrimental conditions for HUVEC adhesion and
viability in the longer culture period.

3.5. HUVEC inflammatory response under indirect contact

Results from the inflammatory response, as indicated by the immunofluorescence expression
of surface marker VCAM-1, are summarized in Fig. 9. The inflammatory response was only
measured on HUVECSs under /ndirect contact since adhesion density for direct contact was
greatly reduced after 24 h of incubation. Fig. 9a shows immunofluorescence images of
VCAM-1 expression (with DAPI-stained nuclei) of HUVECS attached to the culture plates
at 4 h post-incubation; similar images were obtained for the 24 h time point. The mean
VCAM-1 fluorescence intensity signal per pixel at the 4 and 24 h time points are plotted in
the histograms shown in Fig. 9b and c, respectively. ANOVA (without homogeneous
variance) was used to show statistically significant differences in the mean VCAM-1
expression at 4 h post incubation (Fig. 9b) [F (10, 9) = 22.715, p=5.191 x 107°]. Post hoc
pairwise comparisons showed a significantly lower fluorescence intensity for the ZSr41A
(159.9 £ 4.2 A.U.) and HUVEC (negative control; 136.2 + 10.9 A. U.) groups than both the
ZSr41D (267.4 £ 5.7 A. U.) and HUVEC + TNFa (positive control; 322.7 + 11.3 A. U.)
groups. Analysis of VCAM-1 intensity at the 24 h time point (Fig. 9c) showed no
statistically significant differences. Interestingly, despite the lack of significant differences, a
trend of increasing VCAM-1 fluorescence intensity was observed with increasing Sr content
in the ZSr41 alloys.

3.6. In vitro degradation of ZSr41 alloys in the HUVEC culture

Results from the analysis of the culture media at the 4 h time point are summarized in the
histograms shown in Fig. 10. Media pH and [Mg?2*] are both important indicators of the
degradation of Mg-based materials [48]; in addition, [Zn2*] and [Sr2*] were also measured
to ensure concentrations remained below reported cytotoxic levels. The Kruskal-Wallis test
showed statistically significant differences in the mean pH of the culture media at 4 h (Fig.
10a) [X2 (11, N = 36) = 31.444, p=9.36 x 1074]. Specifically, post hoc pairwise
comparisons showed a significantly higherpHfor AZ31 (8.13 + 0.03) when than NiTi (7.82
+0.03; p<0.05), PLGA (7.83 + 0.04; p< 0.05), and the EGM-2 blank reference (7.78

+ 0.01; p<0.01). Similarly, a significantly more alkaline media was measured for ZSr41A
(8.01 £ 0.08) when compared with the EGM-2 blank reference (p < 0.05). In general, as
expected, all of the Mg-based samples caused an increase in alkalinity of the media.
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Furthermore, ANOVA was used to confirm a statistically significant difference in the mean
[Mg2*] in the culture media (Fig. 10b) [F (11, 24) = 12.535, p= 1.99 x 10~]. Specifically,
post hoc pairwise comparisonsshowed that the [Mg2*] in ZSr41A (9.69 + 0.15 mM) and
ZSr41B (9.69 + 0.34 mM) were both significantly higher (o < 0.05) compared with PLGA
(8.92 £ 0.12 mM) and glass (8.78 = 0.26 mM); ZSr41B was also significantly higher (o <
0.05) compared with the HUVEC cells-only control (8.93 + 0.05 mM). Similarly, the [Mg?*]
in the culture media of ZSr41C (10.02 £ 0.11 mM), ZSr41D (10.09 £ 0.37 mM), and AZ31
(10.20 £ 0.15 mM) were all significantly higher (o< 0.01, p< 0.001, and p < 0.001,
respectively) when compared with NiTi (8.98 = 0.12 mM), PLGA, glass, HUVEC + TNFa
(8.99 £ 0.17 mM), HUVEC, and EGM-2 blank reference (9.16 £+ 0.58 mM). Post hoc
pairwise comparisons also showed a significantly higher [Mg2*] in the culture media of the
pure Mg control (9.80 £ 0.16 mM; p < 0.05) when compared with NiTi, PLGA, glass,
HUVEC + TNFa, and HUVEC cells-only control. Fig. 10c and d show [Zn2*] and [Sr2],
respectively, in the cell culture media after 4 h. ANOVA confirmed statistically significant
differences in the mean [Zn%*] in the media [F (11, 24) = 4.0052, p= 2.17 x 1073]. Post hoc
pairwise comparisons showed that the [Zn2*] of ZSr41D (1.59 + 0.34 uM) was significantly
higher when compared with the pure Mg control (0.49 £ 0.09 uM; p< 0.01), NiTi (0.57
+0.22 uM; p< 0.05), PLGA (0.78 £ 0.27 uM; p < 0.05), glass (0.56 £ 0.03 uM; p< 0.01),
and EGM-2 blank reference (0.65 + 0.12 uM; p < 0.01). No statistically significant
differences were confirmed for [Sr2*] and all values were in the low single-digit uM range.

Results from the analysis of the culture media at the 24 h time point are summarized in the
histograms shown in Fig. 11. ANOVA was used to confirm statistically significant
differences in the mean pH of the culture media at 24 h (Fig. 11a) [~ (11, 24) = 69.008, p=
2.06 x 10715]. Post hoc pairwise comparisons showed a significantly more alkaline media
for all Mg-based materials than the reference materials and controls (p < 0.001); however, no
statistically significant differences were confirmed when comparing Mg-based materials
amongst each other. Specifically, the culture media of ZSr41A (8.12 £ 0.02), ZSr41B (8.16
+0.01), ZSr41C (8.07 + 0.06), ZSr41D (8.15 + 0.03), Mg (8.10 + 0.06), and AZ31 (8.11

+ 0.01) were all significantly more alkaline compared with NiTi (7.79 £ 0.02), PLGA (7.81
+0.03), glass (7.85 + 0.02), HUVEC + TNFa (7.85 £ 0.02), HUVEC (7.87 £ 0.02), and
EGM-2 (7.79 £ 0.02). Furthermore, ANOVA showed statistically significant differences in
the mean [Mg?*] of the culture media at 24h (Fig. 11b) [~ (11, 24) = 55.126, p = 3.542 x
10715]. Post hoc pairwise comparisons indicated that the [Mg?*] in the media incubated with
all Mg-based materials was significantly higher (p < 0.001) when compared with NiTi (9.14
+ 0.29 mM), PLGA (9.48 £ 0.24 mM), glass (9.52 £ 0.24 mM), HUVEC + TNFa (9.37

+ 0.07 mM), HUVEC cells-only control (9.29 + 0.04 mM), and EGM-2 blank reference
(9.22 + 0.19 mM). Specifically, the [Mg2*] for the Mg-based materials were as follows:
ZSr41A (16.19 + 0.94 mM), ZSr41B (19.53 + 0.90 mM), ZSr41C (13.92 + 1.50 mM),
ZSr41D (18.12 + 1.61 mM), Mg (14.18 + 1.07 mM), and AZ31 (13.63 £ 0.28 mM). The
following significant differences in [Mg2*] were also confirmed: ZSr41B and ZSr41D were
both significantly higher (p< 0.001) than ZSr41C, Mg, and AZ31; and ZSr41A was
significantly lower (p < 0.01) than ZSr41B, but significantly higher (p < 0.05) than AZ31.
Fig. 11c and d show [Zn%*] and [Sr2*], respectively, in the cell culture media after 24 h.
ANOVA confirmed statistically significant differences in the mean [Zn2*] (Fig. 11c) [F (11,
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24) = 55.126, p= 2.697 x 10714]. Post hoc pairwise comparisons showed that the [Zn2*] in
the media incubated with ZSr41A (47.91 + 2.84 uM), ZSr41B (32.87 = 6.34 uM), and
ZSr41D (40.65 £ 12.39 pM) were all significantly higher (p < 0.001) when compared with
Mg (0.65 £ 0.31 pM), AZ31 (2.13 + 0.32 uM), NiTi (1.09 + 0.35 uM), PLGA (1.09 + 0.20
uM), glass (1.06 £ 0.39 uM), HUVEC + TNFa (0.86 + 0.40 uM), HUVEC cells-only
control (0.52 + 0.06 uM), and EGM-2 blank reference (0.68 + 0.08 uM). The [Zn%*] in the
media incubated with ZSr41C (8.24 £ 2.58 uM) was significantly lower (p < 0.001) than
ZSr41A, ZSr41B, and ZSr41D; likewise, ZSr41A was significantly higher (o < 0.01) than
ZSr41B. ANOVA also confirmed statistically significant differences in the mean [Sr2*] (Fig.
11d) [F (11, 24) = 35.955, p= 3.29 x 10712]. Specifically, post hoc pairwise comparisons
showed a significantly higher [Sr2*] (o< 0.001) in the media of ZSr41B (16.42 + 7.34 pM)
and ZSr41D (38.22 + 4.91 pM) when compared with Mg (4.01 + 1.37 pM), AZ31 (3.22

+ 1.56 pM), NiTi (3.94 £ 0.74 uM), PLGA (4.21 + 2.46 pM), glass (3.13 £ 2.16 uM),
HUVEC + TNFa (2.67 £ 1.76 uM), HUVEC cells-only control (4.91 + 0.64 uM), and
EGM-2 blank reference (4.04 + 0.59 uM). Likewise, ZSr41D was also significantly higher
(p<0.001) when compared with ZSr41A (6.16 + 1.87 uM), ZSr41B, and ZSr41C (8.76

+ 1.48 uM), and ZSr41B was significantly higher (o < 0.05) than ZSr41A. Compared with
their 4 h counterparts, the [Zn2*] and [Sr2*] measured at 24 h represented a ten-fold
increase.

The degradation rates of each ZSr41 alloy, pure Mg control, and AZ31 reference (given as a
mass loss rate per unit area per day) are summarized in Fig. 12. These values were
calculated by multiplying the [Mg2*] of each group at 24 h (ICP-OES results in Fig. 11b) by
the incubation volume of media (3 mL) and then dividing by the initial exposed surface area
of each sample to obtain a degradation rate based on initial geometry of the sample. ANOVA
confirmed statistically significant differences in the normalized degradation rates during the
24 h incubation period [F (5, 12) = 7.628, p= 1.954 x 1073]. Post hoc pairwise comparisons
showed that the degradation rates of ZSr41B (1.63 + 0.54 mg cm™2 day 1) and ZSr41D
(1.67 + 0.52 mg cm~2 day 1) were both significantly higher (v < 0.05) when compared with
ZSr41C (0.70 £ 0.18 mg cm~2 day™1), Mg (0.72 + 0.05 mg cm~2 day 1), and AZ31 (0.49
+0.05 mg cm~2 day1).

3.7. Effects of media alkalinity and Mg2* ion concentration on HUVEC viability and
morphology

Fig. 13 shows the results for HUVEC viability and morphology after 24 h of incubation with
the culture media intentionally adjusted to pH values of 8.1, 8.5, 9.0, and 9.5 and non-
adjusted media (EGM-2). The lower end of pH 8.1 was selected because the degradation of
the Mg-based materials in this study caused an increase in pH up to approximately 8.1 (Figs.
10a and 11a) without reducing cell viability (Fig. 8b). In contrast, the higher end of pH 9.5
was selected based on previous results that showed significantly reduce cell viability at pH
9.5 [29]. Fluorescence images of HUVECS after 24 h of culture in non-adjusted media and
alkaline media conditions (Fig. 13a) showed attached and viable, and isotropically-spread
cells. Fig. 13b summarizes results of pH measurements of the collected media after 24 h of
incubation with HUVECs (“blank” designates EGM-2 media incubated without HUVECS).
It was observed that the pH of all the adjusted culture media decreased after culture, when

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cipriano et al.

Page 14

compared with their initially-adjusted value, which was likely due to the pH buffering effect
of EGM-2 and possible acidic metabolites produced by viable HUVECs. Specifically, the
media adjusted to 8.1, 8.5, 9.0, and 9.5 changed to 7.74 + 0.01, 7.82 + 0.05, 7.89 + 0.02, and
8.01 + 0.02, respectively. The blank reference (without HUVECs) and non-adjusted media
(EGM-2) had pH values of 7.79 £ 0.03 and 7.78 + 0.02, respectively. Results of HUVEC
adhesion density in the pH-adjusted media after the 24 h culture are summarized in Fig. 13c.
Statistically significant differences in the mean cell adhesion density were confirmed by
ANOVA [F (4, 10) =5.723, p=0.01163]. Post hoc pairwise comparisons showed a
significantly lower cell adhesion density (p < 0.05) for cells cultured in the media adjusted to
pH 9.5 (2.92 + 0.15 x 103 cells cm~2) than the cells cultured in media adjusted to pH 8.1
(6.34 +0.62 x 1083 -cells cm™2), pH 8.5 (6.86 + 0.58 x 103 cells cm™2), and pH 9.0 (7.04
+0.90 x 103 cells cm™2). The HUVEC adhesion density after the 24 h stabilization period
and before the 24 h culture with the adjusted media (EGM-2 (t = 0)) was 3.86 + 0.09 x 103
cells cm™2. The HUVEC adhesion density after the stabilization period and 24 h incubation
in EGM-2 was 4.59 + 1.33 x 103 cells cm2. Interestingly, although no statistically
significant differences were detected, a general trend of increasing cell adhesion density with
increasing transient media alkalinity up to pH 9.0 was observed. Fig. 13d and e summarize
the size and shape of adhered HUVECS as indicated by F-actin area per nucleus of adhered
cell and aspect ratio of cell diameter, respectively. No statistically significant differences
were detected for either measurement as a function of increasing initial pH of culture media.
However, the F-actin area of adhered HUVECs cultured in the media adjusted to pH 9.5 had
a lower mean, indicating a possible correlation between the reduced cell adhesion density
and the reduced area of cell spreading.

Fig. 14 shows the results for HUVEC viability and morphology after 24 h of incubation with
the culture media supplemented with [Mg2*] of 0 (EGM-2), 1.3, 2.6, 6.7, 13.1, 21.1, and
27.6 mM. Fluorescence images of HUVECs in all media conditions supplemented with
[Mg2*] (Fig. 14a) showed attached and viable, and isotropically-spread cells. Fig. 14b
summarizes the [Mg?*] of the culture media analyzed after 24 h of culture with HUVECs.
An increasing trend of [Mg2*] in the supplemented culture media was confirmed after 24 h.
Culture media without supplemental Mg?* ions and incubated for 24 h without cells (blank
reference) had a [Mg?*] of 10.56 + 0.18 mM, which is in close agreement with literature
values for MCDB 131 media [51]. The formulation for EGM™-2 is proprietary, however, per
the vendor, it is based on the formulation of the classical MCDB 131 media. Results of
HUVEC adhesion density in the media supplemented with increasing [Mg?*] after the 24 h
culture are summarized in Fig. 14c. ANOVA was used to confirm statistically significant
differences in the mean adhesion density [F (6, 14) = 5.406, p = 4.427 x 1073). Post hoc
pairwise comparisons did not detect a significant reduction in adhesion density for any of the
supplemented [Mg?*] conditions tested. However, a significantly higher cell adhesion
density was observed in the media supplemented with 2.6 mM [Mg2*] (11.45 + 0.78 x 103
cells cm™2) when compared with the non-supplemented media (EGM-2; 5.03 + 1.35 x 103
cells cm™2; p< 0.001), media supplemented with 1.3 mM [Mg?*] (5.83 + 1.13 x 103 cells
cm~2; p< 0.001), and media supplemented with 27.6 mM [Mg2*] (6.40 + 0.78 x 103 cells
cm~2; p< 0.01). The HUVEC adhesion density after the 24 h stabilization period and before
the 24 h culture with the adjusted media (EGM-2 (t = 0)) was 4.91 + 1.15 x 103 cells cm™2.
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Fig. 14d and e summarize the cell spreading area (F-actin area per adhered nucleus) and
shape (cell aspect ratio) of adhered HUVECS, respectively, as a function of increasing
supplemented [Mg?*]. No statistically significant differences were detected for either
measurement; however, a wider distribution of cell spreading area was observed for
HUVECs grown in the media supplemented with 2.6 mM [Mg?2*].

4. Discussion

The degradation of four heat-treated ZSr41 crystalline Mg alloys and their interaction with
HUVECs was investigated using the direct culture method to model and study possible
cellular modulatory effects at the HUVEC/ZSr41 alloy interface /n vitro. We also examined
HUVECs on the culture plate surrounding the ZSr41 alloy samples to understand
modulatory effects of solubilized degradation products. Our results showed for the first time
that the degradation products of Zn-containing Mg-alloys could induce an initial expression
of VCAM-1 in cultured ECs, thus providing evidence of a transient inflammatory activation
of ECs representative of the early-stages inflammation.

4.1. Microstructure and degradation of ZSr41 alloys

The incremental addition of Sr to the ZSr41 alloy resulted in distinctive p-phase
composition and morphology. Our results are in agreement with previous studies for age-
hardened Mg-Zn-Sr alloys that showed the segregation of Zn and Sr predominantly in the
precipitated phases accompanied by an a-matrix with ~4 wt % Zn [26,52,53]. Brar et al.
suggested that the intermetallic p-phases in the Mg-4Zn-0.5Sr alloy were ternary
compounds in the form of MgyZnySr; [52]. In contrast, Li et al. showed the presence of two
distinct p-phases, namely Mg17Sr, and MgZn,, through transmission electron microscopy
(TEM) analysis for the Mg-17n-0.8Sr alloy [53]. Similarly, previous results from our group
also confirmed the presence of Mg17Sr, and MgZn; in the Mg-4Zn-1Sr (ZSr41C) alloy
through EDS and X-ray diffraction (XRD) analysis. Li et al. also suggested that the
formation of the MgyZn,Sr, was strongly related to the Zn content in the Mg-Zn-Sr alloys.
Collectively, results from these independent studies suggested a transition in p-phase
composition and morphology that might be correlated to the Zn/Sr at% from the nominal
composition of the Mg-Zn-Sr alloys (e.g. 10.9 Zn/Sr at% ratio for Mg-4Zn-0.5Sr; 1.7 Zn/Sr
at% ratio for Mg-12n-0.8Sr; 5.3 Zn/Sr at% ratio for Mg-4Zn-1Sr). Critical Zn/X at% ratios
that control secondary phase composition have been described in detail for the Mg-Zn-Ca
alloy system [29]. Although a detailed TEM analysis is required to accurately identify the
composition of the B-phases in the ZSr41A-D alloys presented in this study, it is reasonable
to speculate that the higher Zn/Sr at% ratio in the secondary phases of the ZSr41B and
ZSr41D alloys could correspond to the MgZn, phase while the lower Zn/Sr at% for ZSr41A
and ZSr41C could correspond to the MgyZnySr, and/or Mg;7Sr, phase. Detailed discussions
on the evolution of the microstructure during solidification, grain size, and mechanical
properties of the Mg-Zn-Sr alloy system can be found in Refs. [26,52,53], and a
thermodynamic evaluation with phase diagrams are presented in Ref. [54].

An increasing p-phase volume fraction with increasing Sr content was observed for the
ZSr41A-D alloys and is consistent with previous reports in literature [27]. In this systematic
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study, the samples were polished up to 0.25 um polycrystalline diamond paste to show the
morphology of the secondary phases in detail. When Sr increased from 0.15 wt% to 0.5-1.5
wit%, B-phase morphology transitioned from finely dispersed oxygen-rich precipitates to
coarse particulates, and its volume fraction increased. Previous studies investigating Mg-Zn-
Sr alloys for biomedical applications pointed out that the mechanical enhancement induced
by solid-solution strengthening resulting from the increasing volume fraction of the p-phases
must be carefully balanced by the detrimental effects of secondary phases on corrosion
resistance [52,53]. Specifically, although the volume fraction of secondary phase is generally
reduced by a lower percentage of alloying elements, the Zn/Sr at% ratio could play a critical
role in dictating mechanical and corrosion properties of the Mg-Zn-Sr alloys. For example,
Brar et al. and Li et al. showed that both yield strength (YS) and ultimate tensile strength
(UTS) of Mg-Zn-Sr alloys increased with decreasing Zn/Sr at% ratio; Brar et al. observed
this trend for increasing Zn content [52] while Li et al. observed the trend for increasing Sr
content [53]. Additionally, in this study, the Zn/Sr at% ratio also dictated composition and
morphology of the distinctive p-phases, both of which are critical factors for micro-galvanic
corrosion (i.e. corrosion resistance of the alloy). In fact, Brar et al. reported a decrease in
corrosion resistance with increasing Zn/Sr at% ratio in Hank’s solution for heat-treated Mg-
xZn-0.5Sr alloys [52]; likewise, Cui et al. reported an improved corrosion resistance in SBF
for heat treated Mg-4Zn-xSr alloys with decreasing Zn/Sr at% ratio [55]; and, Xia et al.
recently reported that corrosion resistance improved in 0.1 M NaCl for heat-treated Mg-1Zn-
xSr alloys with decreasing Zn/Sr at% ratio [56]. This critical ratio effect was also observed
in the Mg-4Zn-xCa alloy system, where optimal mechanical (i.e. YS, UTS, elongation) and
corrosion properties were achieved for Mg-Zn-Ca alloys when ~1.2 < Zn/Ca at% < ~5 [29].
Other ternary polycrystalline Mg-Zn-X alloys, including X = Al [40,57-59], Ca [29,60,61],
Yttrium [62], Zirconium [63], Mn [64,65], Si [65], and Selenium and Copper (Cu) [66],
exhibited solution strengthening and p-phase-mediated corrosion. To highlight the
significance and novelty of this study in comparison with the state-of-the-art, a thorough
review on the history and current development of as-cast crystalline Mg-Zn-Sr ternary alloys
is summarized in Table 2 [26-28,52-56,67].

The significantly faster /n vitro degradation rate of ZSr41B and ZSr41D in EGM™-2 media
after 24 h of incubation could potentially be correlated with the higher Zn/Sr at% ratio in the
B-phase of these alloys than that in the secondary phases of ZSr41A and ZSr41C, and the
corresponding micro-galvanic corrosion formed with the a-matrix. Fig. 15 shows a
summary of the average daily degradation rate (mass loss rate) per unit area of the ZSr41
alloys in this study as a function of Zn/Sr at%, O content, and morphology of each
respective p-phase. Results from PDP measurements and Tafel extrapolation of this study
(Fig. 3) showed that the initial corrosion response of the four as-polished ZSr41 alloys had
similar characteristics, i.e. similar Eqor values and Jyor in the same order of magnitude for
all ZSr41 alloys. The similarity in Egqp and Jyorr Values for the ZSr41 alloys was likely due
to a rapid initial oxidation, without stabilization, of the predominant a.-Mg matrix upon
immersion in r-SBF [48]. Furthermore, collective results from the 4 h time point (SEM-
based qualitative assessment of the surface integrity of the samples, Fig. 4; the surface
distribution of Mg acquired through EDS, Fig. 5; pH measurements of the media, Fig. 10a;
and [Mg2*] in the media, Fig. 10b) supported the conclusion that all Mg-based materials had
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a similar initial corrosion behavior when incubated in complete EGM™-2 media.
Additionally, the pH and [Mg?*] measurements indicated that the degradation of all the Mg-
based materials investigated induced significant changes in the media as early as 4 h of
incubation. Previous studies confirmed that the degradation of Mg-based materials in
buffered media caused a sharp increase in the pH after only hours of static incubation
[68,69]. Analysis of the 24 h results showed differences in surface crack density and Mg
surface distribution (Figs. 6 and 7), which could be the early signs of different long-term
degradation behaviors. Moreover, the differences in the degradation profiles at 24 h were
observed through the linearly-correlated pH and [Mg2*] measured in the media (Fig. 11a
and b). Specifically, the significant increase in both indicators induced by the degradation of
ZSr41B and ZSr41D alloys, along with the normalized results shown in Fig. 12, are direct
evidence of the faster degradation of these alloys. These results were in close agreement
with a previous 72-h evaluation of the /n vitro degradation of ZSr41 alloys with human
embryonic stem cells (hESC) in mTeSR®1 media showing both higher pH and [Mg2*] for
ZSr41B and ZSr41D alloys than ZSr41A and ZSr41C [27]. Additionally, the 24-h
degradation rates per unit surface area of the ZSr41 alloys in EGM™-2 media were in close
agreement with the degradation rate per unit surface area measured during the first 24 h
interval in mTeSR®1 media despite the differences in media composition (osmolality 260—
290 mOsm/kg H,0 for EGM™-2 and 330-350 mOsm/kg H,0 for mTeSR®1). Table 3
summarizes the ionic concentrations from the inorganic salts, ionic strength, and osmolality
of MCDB 131 (non-commercial analog of EGM™-2) [51], mTeSR®1 [47], r-SBF [45], and
human blood plasma [47]. Osmolality values for EGM™-2 and mTeSR®1 were obtained
from technical specification sheets from the vendors, while values for human blood plasma
were obtained from [70].

The solubilized [Mg?*], [Zn2*], and [Sr2*] in the media as a result from the degradation of
the ZSr41 alloys during the 24 h incubation were below the therapeutic daily dosages (TDD)
and LD50 reported in literature. The TDD and LD50 for Mg?*, Zn?*, and Sr2* are
summarized in Ref. [27]. The largest change in [Mg2*] in the culture media induced by the
degradation of the ZSr41 alloys in this study was observed for ZSr41B at 24 h (10.31 mM
above the blank reference), which was well below the TDD of 24-40 mM and LD50 of 50—
73 mM (multiple mammalian cell types). Specifically for ECs, Zhao et al. indicated that the
LD50 of Mg2* was 30 mM [71]. Likewise, the largest change in [Zn2*] and [SrZ*] in this
study were both measured at 24 h for ZSr41A (47.22 uM [Zn?*] above the blank reference)
and ZSr41D (34.44 uM [Sr2*] above the blank reference). Thus, the [Zn%*] and [Sr2*]
concentrations measured in this study at 24 h were lower when compared with the TDD of
900 pM and LD50 of 3.7 mM for [Zn?*], and TDD of 5.9 mM and LD50 of 33.8 mM for
[Sr2H].

4.2. HUVECs in indirect contact with ZSr41 alloys: viability and early inflammatory

response

HUVEC adhesion density on the culture plate (/ndirect contact) up to 24 h was unaffected
by the solubilized degradation products of the ZSr41 alloys, indicating adequate
cytocompatibility. The absence of significant differences in the adhesion densities on the
culture plates surrounding the ZSr41 samples compared with each other at 4 h and then at 24
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h (Fig. 8b) indicated that HUVEC viability was unaffected by the varying degradation rates
(and concomitant solubilized degradation products) of the Mg-based materials of this study.
Specifically, at 24 h, HUVEC adhesion density was unaffected by the significantly higher
degradation rates of ZSr41B and ZSr41D. Furthermore, our results confirmed unaltered
HUVEC viability and morphology when cultured in the media “transiently-adjusted” to pH
9.0 (Fig. 13) or supplemented with [Mg?*] = 27.6 mM (Fig. 14). It is important to highlight
that the media was “transiently-adjusted” to pH 8.1-9.5 in our alkalinity experiments,
because the NaHCO3/5% CO, buffer system in EGM ™-2 media (and other mammalian cell
culture media) could effectively buffer sharp increases in pH within minutes [72]. In the
direct culture, however, the degradation of Mg induced pH change was continuous, which
explained why the pH of the EMG™-2 media after 24 h of incubation with Mg-based
materials (pH 8.07-8.16) was higher than that of the media “transiently-ad justed” to pH 9.5
(8.01) after 24 h of culture. Collectively, these results indicated that continuous but slight
alkaline media would not affect HUVEC viability or morphology as much as sharp transient
alkaline changes (i.e. pH 9.5). In contrast, [Mg2*] in the media from the degradation of the
Mg-based materials (4.41-10.31 mM) and from the supplemented media experiment (27.6
mM) above the baseline (~10 mM) showed no detrimental effects on HUVEC viability or
morphology, mainly because active transport of Mg?* ions across the cell membrane is
tightly regulated [73]. Interestingly, in our experiments, supplementing the EGM™-2 media
with a [Mg?*] = 2.6 mM led to a significant increase in cell adhesion density. Zhao et al.
also showed beneficial EC responses /7 vitro with a total of 13 mM [Mg2*] in the culture
media (3 mM basal + 10 mM supplemented). Specifically, they reported enhanced
proliferation rate of human coronary aorta EC (HCAEC) at 13 mM [Mg?2*] followed by a
gradual decrease up to 33 mM tested [71]. Conversely, previous /n vitro studies showed that
deficiency of Mg2* ions (lower than 10 mM of the basal EGM™-2 media) inhibited HUVEC
proliferation and migration [74,75]; collectively, these in vitroresults indicated the biphasic
effects of [Mg?*] in the culture media. Clinically, deficiency of Mg2* ion was associated
with cardiovascular conditions, including atherosclerosis, hypertension and thrombosis
[74,75]. It has been shown that the i vitro effects of Mg2* ions on cell behavior are
dependent on cell type [29]; thus, the degradation rate should be carefully engineered to
maximize the benefits for each end-goal application. The results of this study suggested that
media alkalinity induced more dramatic effects on cellular functions than [Mg?*] from the
degradation of Mg-based materials, which were in agreement with previous studies for bone
marrow derived mesenchymal stromal cells (BMSCs) [29,76], UMR-106 rat osteosarcoma
[77], and hESCs [47]. Overall, the cytocompatibility results of Mg-Zn-Sr alloys with
HUVECs reported in this study were in general agreement with previous /in vitro studies
with hESCs [27] and fibroblasts [28,53,67].

Transient type Il EC inflammatory activation, characterized by significantly enhanced
VCAM-1 expression, could be induced by solubilized heavy metal ions in the culture media.
We investigated the /n vitro induction of VCAM-1 expression in HUVECs at 4 and 24 h
based on the published literature showing that /n vitro CAM induction by TNFa in ECs
peaked at 4-6 h after stimulation and declined to basal levels by 24 h (refractory period)
[78-80]. Additionally, when cells were allowed to reach confluency prior to stimulation (not
used in this study), VCAM-1 induction by TNFa was expressed within hours of stimulation

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cipriano et al.

Page 19

and remained at high levels for at least 72 h [81]. Previous studies showed that the transient
expression of CAMs including E-selectin, intercellular adhesion molecule-1 (ICAM-1), and
VCAM-1 in cultured ECs could be induced by the exposure to non-cytotoxic concentrations
of heavy metal ions. /n vitro experiments with Ni2* and Co2* ion concentrations (in the form
of NiCly, NiSQy4, CoCl,, or CoSO,) ranging from 0.1-2 mM were reported to induce the
expression of all three CAMs at the mRNA and protein levels in a dose-dependent and
transient manner; CAM induction by heavy metal ions was comparable to the induction by
pro-inflammatory mediators such as TNFa, interleukin 1 (IL-1), and bacterial
lipopolysaccharide (LPS) [7,15-21]. Additionally, Klein et al. observed CAM induction by
NiZ* and Co?* ion concentrations in the mM and nM but not uM range, suggesting a
possible biphasic CAM induction response to heavy metal ions [17]. Interestingly, other
Period 4 transition metal ions such as Cr3* (up to 1 mM) [7,19], Fe3* [18], Mn?*, and Cu?*
(both up to 2 mM) [16,18] did not induce CAM expression in cultured ECs. Previous studies
showed that Ni2* or Co?* ions activated the auto-regulatory mechanism of the nuclear
factor-xB/inhibitor of kB (NF-xB/IxB) system [16,18-20], up-regulated transcription factor
activator protein-1 (AP-1) [19,20], but did not initiate a pro-inflammatory cytokine-induced
autocrine stimulation [16,18]. The ubiquitous transcription factor NF-xB, and AP-1, are key
regulators of cytokine-induced pro-inflammatory proteins, such as endothelial CAMs,
cytokines, and growth factors among others [12,19]. Further mechanistic studies identified
the involvement of phosphorylation events of different protein kinases of two or more
signaling pathways leading to the translocation of NF-xB and subsequent CAM expression
[18,20]. It was suggested that Ni2* and Co?*-induced CAM expression could be a result
from metal ion attachment to proteins presented to the cultured ECs [20], due to the
involvement of oxygen radicals [18,82], or due to the inhibition of the biological activity of
nitric oxide [82]. More recent studies focused on the culture of ECs with bulk permanent
implant materials and reported: no significant CAM expression after culture with NiTi,
CoCrNi, or NiCr [21]; significant ICAM-1 and VCAM-1 expression induced by the ion
release from Ti-6Al-4V alloy [22]; and significant E-selectin expression induced by the ion
release from NiTi wires [23].

Early-stage inflammatory activation in HUVECs was not likely induced by the solubilized
Mg?2* ions. Our results showed that a [Mg2*] of 0.9 mM above baseline (pure Mg control;
Fig. 10b) did not induce a significant VCAM-1 expression on the cultured HUVECs at 4 h
(Fig. 9b). Although a [Mg2*] of ~1.2 mM was measured for ZSr41D and AZ31, these alloys
contained other alloying elements and the effects of Mg2* ions could not be decoupled.
Since the [Mg2*] released into the culture media was in a similar range compared to Ni2*
and Co?* (UM to mM range), and since no significant VCAM-1 expression was observed at
either 4 or 24 h, it is reasonable to conclude that Mg2* ions in the uM to low mM range
(above the baseline of ~10 mM) do not transiently induce the expression of VCAM-1 on
cultured HUVECs. However, previous /n vitro studies showed that Mg?* ion deficiency (i.e.
below 10 mM) could induce the expression of VCAM-1 in cultured HUVECs [74,75].
Previous studies also showed that a supplemented [Mg?*] higher than 40 mM caused
discontinuities within the intercellular cell-to-cell junctions in cultured ECs [71], indicating
possible mediation of EC inflammation. In fact, other studies showed that Mg?* ions could
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attenuate the NF-xB signaling pathway [83,84], thereby participating in multiple NF-xB-
related cellular responses.

Zn2*, another Period 4 transition metal ion, released at 4 h (Fig. 10c) could have been
involved in the induction of VCAM-1 on HUVECs in vitro (Fig. 9b). The solubilized Zn2*
ions from the fast-degrading ZSr41D alloy possibly induced the early-stage inflammatory
activation in HUVECSs, providing the first /n vitro evidence for an initial inflammatory
response to the degradation of Zn-containing Mg-based biomaterials. The increase of
VCAM-1 expression at 4 h of culture, however, could be a transient effect as early responses
of ECs /n vitro, considering that the cells recovered and showed no significant differences in
VCAM-1 expression at 24 h of culture. Previous studies showed that Zn%* ions (in the form
of ZnCl,) induced the following responses in cultured ECs: at [Zn2*] of 1-10 nM,
significantly increased the expression of both E-selectin and ICAM-1 after a 5 h incubation
[17]; at [Zn?*] of 1 uM and 1 mM, weakly induced the expression of NF-xB p65 mRNA
after an 8 h incubation [19]; and at [Zn?*] of 1 mM, increased the expression of E-selectin
after a 5 h incubation [17] and ICAM-1 after a 4 h incubation [20]. Similar to Ni2* and Co?*
ions, one mechanistic study provided evidence for the involvement of phosphorylation
events of different protein kinases involved in the translocation of NF-xB and concomitant
ICAM-1 induction by Zn2* ions [20]. In fact, previous studies demonstrated the active role
of Zn in the phosphorylation of IxB leading to the translocation of NF-xB in HUT-78 cells
[85,86]. However, other CAM-related studies also reported the inability of Zn2* ions to
induce the expression E-selectin, ICAM-1, or VCAM-1 after a 6 h incubation with a [Zn?*]
of 2mM [16] and no E-selectin induction by a [Zn2*] of 1 mM after a 4 h incubation [20] or
5 h incubation [19]. These seemingly contradictory results for [Zn2*] in the mM range could
be due to the close proximity to the TDD and LD50 for Zn2* ions. In fact, Wagner et al.
observed that HUVEC morphology at [Zn%*] of 1 mM was strongly damaged [20].
Additionally, time-dependent CAM induction [16] in response to Zn2* ions could lead to
some of the discrepancies in published literature and should be systematically evaluated to
identify distinct effects on the expression of E-selectin, ICAM-1, and VCAM-1 in cultured
ECs. Although Zn?* does not directly induce the formation of reactive oxygen intermediates
via Fenton reaction (in contrast with Ni2* and Co?* [87]), varying [Zn?*] has been shown to
have an active role in the production of nitric oxide (NO) [88,89] and on the activity of
Zn/Cu-superoxide dismutase (SOD) [90]; both NO and Zn/Cu-SOD have also been shown to
have an effect on CAM expression in cultured ECs [91,92]. While ZnZ* ions resulting from
the fast degradation of bulk Mg alloys might be responsible for initial VCAM-1 induction in
cultured ECs in vitro, extensive literature of /n vivo studies showed that Zn deficiency is
associated with increased inflammatory responses [93,94]. Zn is considered as an
antioxidant and anti-inflammatory agent in human and plays an important role in cell
mediated immunity [95]. Zn supplementation in the elderly has shown decreased generation
of inflammatory cytokines and decreased oxidative stress [95]. Additionally, Zn-containing
Mg alloys with controlled degradation rates showed minimal inflammatory responses when
implanted /n vivo [33,34,36,96-98]. Further experiments with Zn2* supplemented media are
needed to determine the mechanisms responsible for the transient increase of VCAM-1
expression /n vitro.
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To our knowledge, a systematic evaluation of CAM induction by Sr2* ions has not been
reported in literature; thus, direct effects of Sr2* ions are unknown. The absence of
statistically significant differences in the [Sr2*] of the culture media at 4 h presented in this
study (Fig. 10d) indicated that the [Sr2*] in the media of all groups was comparable.
Specifically, the [Sr2*] in the media of the negative control group for VCAM-1 expression
(HUVEC group; 1.50 + 1.31 uM) did not show an induction of VCAM-1 expression.
Therefore, it is unlikely that Sr2* ions in the low uM range would induce EC activation
through VCAM-1 expression.

Our results from VCAM-1 expression at 4 h indicated a significantly higher response to
ZSr41D most likely due to the significantly faster degradation of ZSr41D (compared with
ZSr41A and ZSr41C) and concomitantly higher [Zn2*] in the media. It is unlikely that
VCAM-1 induction was caused by solubilized organic debris from dead cells because the
similar values of adhered cells for all Mg-based materials under both direct and indirect
contact suggest that the percentage of adhered live cells versus dead cells was similar for
these samples.

In terms of clinical translation, an engineered activation of ECs (and
concomitantCAMexpression) could help control the activation of macrophages during the
distinct phases of the inflammatory response, leading to dampened inflammation throughout
the foreign body response and resolution stages (biological response) or the degradation of
the Mg-based materials (biomaterial response) [8,11]. Heavy metal ions including Zn2*,
NiZ*, Co2*, and Cr3* were also shown to increase the activity of immune cells, e.g.
polymorphonuclear neutrophil granulocytes (PMNSs) [99], macrophages [100], and
lymphocytes [101]. Interestingly, low concentrations of Zn2* ions activated the secretion of
pro-inflammatory mediators from PMNs and increased PMN-EC binding [99]. In contrast,
Mg?2* ions did not induce detrimental immunomodulatory effects on cultured macrophages
or dendritic cells [38,39], but modulated EC/macrophage adhesion via CAM expression
[74,75].

Collectively, our results from the /n vitro evaluation of VCAM-1 induction highlighted the
critical importance of carefully engineering the degradation rates of Zn-containing Mg
alloys to minimize the risks associated with early inflammatory responses when used for
biomedical implant applications, such as cardiovascular stents, orthopedic implants,
craniomaxillofacial devices, etc. Future studies are needed to determine the possible dose-
dependent effect of Zn2* and/or the effect of Zn%* chelators on VCAM-1 induction in
HUVECs to develop a comprehensive understanding of the ion-dependent mechanism.
Further exploration of the effects of Zn-containing Mg-alloys and their roles in the activation
of cells involved in inflammation will support the research effort toward superior alloy
design for medical implant applications.

4.3. HUVECs in direct contact with ZSr41 alloys: cell-biomaterial interface

The dynamic interface between the degrading ZSr41 alloys and HUVECs cultured directly
onto the sample surface showed signs of reduced cell adhesion /n vitro after 24 h. The
observed decrease in cell adhesion density for all Mg-based materials (24 h compared with 4
h; Fig. 8c) provided evidence of reduced EC growth directly on the sample surface. Our
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results from the effects of [Mg?*] on HUVEC viability and morphology supported the
conclusion that the solubilized Mg?* ions were unlikely involved in the reduction of cell
adhesion observed. However, it is difficult to determine whether the reduction of cell
adhesion between the 4 and 24 h intervals was due to a local increase in alkalinity, the
changing surface topography, and/or the surface composition at the cell-biomaterial
interface.

While a sharp increase in local alkalinity at the interface would be sufficient to reduce cell
adhesion (Fig. 13c), the drastic change in surface topography between 4 h and 24 h could
have also participated in reducing cell adhesion. Comparison between the corrosion-induced
cracks and elemental Mg distribution at 4 h (Figs. 4a and 5a) and 24 h (Figs. 6 and 7a)
showed a drastic change in the surface topography. It is also important to mention that the
Zn/Sr ratio could affect the grain size and secondary phase morphology of Mg-Zn-Sr alloys,
as well as composition. All these variances at the cell-material interface could work
collectively in affecting cell attachment. The surface microstructure has been reported to
play an important role in cell adhesion even when the other variances (e.g., composition)
were fixed [102]. Previous /n vitro studies using HUVECs and polymer-based substrates
reported the ability of surface topography in the nm [103] and um [104] ranges to accelerate
cell adhesion, and to modulate proliferation [105]. Additionally, the surface elemental
composition of this in vitro study closely resembled the post-implantation surface reported
previously for an /n vivo study in a murine artery [106]. Further experiments are needed in
order to elucidate the respective effects of each factor on cells.

In a previous study, in which we investigated the dynamic interface between Mg-Zn-Ca
alloys and BMSCs, we suggested that the changing surface topography of Mg-based
materials could be heavily involved in mediating cellular responses [29]. In the Mg-Zn-Ca/
BMSC study, BMSCs proliferated on the sample surface up to 72 h. In contrast, HUVEC
viability reduced on the surface of the Mg-Zn-Sr alloys after only 24 h. Taken together, these
observations could be indicative of: the sensitivity of HUVECs compared with BMSCs; the
effect of alloying elements on cellular responses when cultured directly onto the sample
surface; and/or, the distinct alloy degradation profile in distinct cell culture media.
Cardiovascular biomaterials, including Mg-based materials, for stent applications are
idealized to be hemocompatible (i.e. thromboresistant and reducing platelet adhesion),
promote endothelialization, reduce neointimal hyperplasia, and have no pro-inflammatory
properties [4,107]. The truncated HUVEC viability and increased platelet adhesion [28] at
the cell-ZSr41 alloy interface indicated that the ZSr41 alloys (especially ZSr41D) need to be
studied further to determine their applicability for cardiovascular stent applications. Previous
in vivo and pre-clinical studies of cardiovascular stents showed the potential of Mg-based
materials [4]; however, evidence of undesired neointimal hyperplasia and a desire to further
reduce the degradation rate was reported in most cases. The direct culture method used in
this study could thus be a valuable tool in studying the /n vitro endothelialization, smooth
muscle cell responses leading to neointimal hyperplasia, and immunomodulation, in order to
engineer solutions to overcome current shortcomings of Mg-based materials for
cardiovascular stenting or neurovascular embolization applications.
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This article reported the cytocompatibility and early-stage inflammatory induction of human
umbilical vein endothelial cells in response to the degradation of four Mg-4Zn-xSr alloys (x
=0.15, 0.5, 1.0, 1.5 wt%,; designated as ZSr41A, B, C, and D respectively) in the direct
culture /n vitro. Possible factors and mechanisms that affect cellular responses were also
investigated. The following major conclusions were drawn from the present study:

1.

Addition of 0.5 or 1.5 wt% Sr to the heat-treated Mg-4Zn-xSr alloys resulted in a
Zn-enriched coarse B-phase (Zn/Sr at% ~1.5). In contrast, addition of 0.15 or 1.0
wt% Sr resulted in a p-phase with a Zn/Sr at% < 1; however, the p-phase
morphology in the Mg-4Zn-0.15Sr alloy consisted of finely dispersed
precipitates while the Mg-4Zn-1.0Sr alloy had coarse precipitates. Furthermore,
an increasing p-phase volume fraction with increasing Sr content was observed.
Given that the /n vitro degradation rates of the Mg-4Zn-0.5Sr and Mg-4Zn-1.5Sr
alloys were greater than the other two Mg-4Zn-xSr alloys in this study, it was
suggested that the Zn/Sr at% ratio could play a critical role in dictating
corrosion, and perhaps mechanical properties of the Mg-Zn-Sr alloys.

HUVEC adhesion density on the culture plate (/ndirect contact) up to 24 h was
unaffected by the solubilized degradation products of the Mg-4Zn-xSr alloys,
indicating adequate cytocompatibility. The results also indicated that HUVEC
viability is not negatively impacted when cultured in the media with pH up to 9.0
or in the media with supplemented [Mg2*] up to 27.6 mM (maximum tested for

[Mg**]).

Solubilized Zn?* ions (in a non-cytotoxic range) resulting from the significantly
faster degradation of Mg-4Zn-1.5Sr alloy possibly induced a transient higher
VCAM-1 expression on HUVECs at the early-stage (4 h) of direct culture but
indirect contact with the samples. The effects of the alloy samples on VCAM-1
induction were comparable to the effects of pro-inflammatory cytokine TNFa,
thereby providing the first evidence for the transient early-stage inflammatory
response to the degradation of Zn-containing Mg-based biomaterials.

The dynamic interface between the degrading Mg-4Zn-xSr alloys and HUVECs
cultured diirectly onto the sample surface showed reduced cell adhesion in vitro
after 24 h. However, based on the results of this study, it is difficult to determine
whether the reduction of cell adhesion was due to a local increase in alkalinity,
the changing surface topography, and/or the surface composition at the cell-
biomaterial interface.

The direct culture method used in this study is proposed as a valuable tool in
studying the design aspects of Mg-based cardiovascular biomaterials 7 vitro,
such as: endothelialization, smooth muscle cell responses leading to neointimal
hyperplasia, and immunomodulation, in order to engineer solutions to address
current shortcomings of Mg-based materials for cardiovascular or neurovascular
applications.
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Statement of Significance

Magnesium (Mg) alloys specifically designed for biodegradable implant applications
have been the focus of biomedical research since the early 2000s. Physicochemical
properties of Mg alloys make these metallic biomaterials excellent candidates for
temporary biodegradable implants in orthopedic and cardiovascular applications. As Mg
alloys continue to be investigated for biomedical applications, it is necessary to
understand whether Mg-based materials or the alloying elements have the intrinsic ability
to direct an immune response to improve implant integration while avoiding cell-
biomaterial interactions leading to chronic inflammation and/or foreign body reactions.
The present study utilized the direct culture method to investigate for the first time the /n
vitro transient inflammatory activation of endothelial cells induced by the degradation
products of Zn-containing Mg alloys.
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Fig. 1.
Microstructural analyses of ZSr41 alloys. (a) SEM images of ZSr41A-D alloys, commercial

pure Mg (control), and commercial AZ31 alloy (reference). Scale bar = 50 um for all
images. Original magnification: 600x. Insets in (a) are SEM images of the secondary phases
respective to each alloy at a high magnification of 5000x. Scale bar = 10 um for all insets.
(b) Surface elemental composition (wt%) quantified through EDS area analysis on (a) at
600x magnification. Points 1-8 represent locations for the EDS point analyses for which
results are shown in Fig. 2.
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Fig. 2.
EDS analyses of the primary and secondary phases of ZSr41 alloys, including (a,c) EDS

spectra and (b,d) quantification of elemental composition (at%). (a) and (b): EDS analyses
of points 1, 3, 5, and 7 at the a-matrices of ZSr41A-D in Fig. 1a; (c) and (d): EDS analyses
of points 2, 4, 6, and 8 at the intermetallic p-phases in ZSr41A-D in Fig. la.
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Fig. 3.

Elgectrochemical testing results of ZSr41 alloys, pure Mg control, and AZ31 reference. (a)
potentiodynamic polarization curves of the polished Mg-based samples at 37 °C using r-SBF
as the electrolyte; and (b) corrosion potential and corrosion current density of ZSr41 alloys,
pure Mg, and AZ31 obtained from Tafel extrapolation (ASTM G102-89) of potentiodynamic

*kk

polarization curves; values are mean + SD, n =3, " p< 0.01, ™" p< 0.001.
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(b)
ZSrd1A

ZSr41D

Fig. 4.

HSman umbilical vein endothelial cells (HUVECS) in direct contact with ZSr41 alloy
surface after 4 h of direct culture in EGM™-2 media. (a) SEM micrographs of ZSr41 alloys,
pure Mg (control), and reference materials (AZ31 alloy, NiTi, PLGA, and glass,
respectively). Original magnification: 150x%; scale bar = 200 um for all images. Insets in (a)
were taken at 1000x original magnification with scale bar = 20 um for all images. (b) SEM-
EDS composite image of the ZSr41 alloys, Mg control, and AZ31 reference at 1000x
magnification. The color mapping in each image represents surface elemental distribution
measured by EDS (red = Mg, green = C, yellow = O, pink = K, Na, orange = P, purple = Ca,
blue = Zn, white = Sr). Scale bar = 25 pm for all images. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Cipriano et al.

Page 35

ZSr41A ZSr41C

(b) mMg BC 0O BP mCa OSi DAl mNi BTi BZn OSr EBNa,K
ZSr41A - ]
ZSr41B -]
ZSr41C — ]
ZSr41D ]

Mg | ]

AZ31 ; -

NiTi T ]

PLGA [ I ]

Glass;j”y"”H“-‘H'H!-H
0 25 50 75 100

Surface Elemental Composition (wt. %)

Fig. 5.

SL?rface characterization of Mg-based materials: (a) EDS elemental distribution map of Mg
Kal lines of ZSr41 alloys (A-D), pure Mg (control), and AZ31 alloy (reference),
respectively, after 4 h direct culture with HUVECs in EGM™-2 media. Original
magnification: 150x; scale bar = 200 um for all images. (b) Surface elemental composition
(wt%) based on EDS quantification on 150x images of Mg-based materials, NiTi, PLGA,
and glass.
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Fig. 6.

HEJVECS in direct contact with ZSr41 alloy surface after 24 h of direct culture in EGM™-2
media. SEM micrographs of ZSr41 alloys, pure Mg (control), and reference materials (AZ31
alloy, NiTi, PLGA, and glass, respectively). Original magnification: 150x; scale bar = 200
um for all images. Insets in were taken at 1000x original magnification with scale bar = 20
um for all images.
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Fig. 7.

Page 37

Surface characterization of Mg-based materials: (2) EDS elemental distribution map of Mg

Kal lines of ZSr41 alloys (A-D), pure Mg (control), and AZ31 alloy (reference),
respectively, after 24 h direct culture with HUVECs in EGM™-2 media. Original

magnification: 150x; scale bar = 200 um for all images. (b) Surface elemental composition
(wt%) based on EDS quantification on 150x images of Mg-based materials, NiTi, PLGA,

and glass.
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Fig. 8.

Page 38

HUVEC adhesion after 4 and 24 h of direct culture on ZSr41 alloys (A-D), pure Mg control,
reference materials (AZ31 alloy, NiTi, PLGA, and glass), cells only supplemented with 10
ng/mL TNFa, and cells only control: (a) representative fluorescence images of adhered

HUVECs at 24 h on the tissue culture plates, (b) adhesion density on the culture plate

surrounding each corresponding sample (indirect contact with the sample), and (c) adhesion
density on the sample surface (direct contact with the sample). Values are mean + standard

error of the means, n = 3; "p < 0.05.

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cipriano et al.

(a)
ni ) ﬂ'
NiTi PLGA ‘ HUVEC+TNFa HUVEC
L]
- (c) -

b
(b) ZSr41A T ZSr41A |
ZSr41B [e=—— x ZSr41B et
ZSra1C | = * ZSr41C [mmmee————
ZSr41D [ ZSr41D |
Mg = . VT ——
AZ31 e AZ31 e
NiTi [e—— x NiTi [e=——
PLGA e PLGA e
Glass [ Glass [T e d—
HUVEC+TNFa | -, - HUVEC+TNFa [
HUVEC:;*HHH*: HUVEC mesg—
0 200 400 0 200 400
VCAM-1 Fluorescence VCAM-1 Fluorescence
Intensity (A. U.) Intensity (A. U.)

Fig. 9.

Page 39

HUVEC responses after 4 and 24 h of direct culture with ZSr41 alloys (A-D), pure Mg
control, reference materials (AZ31 alloy, NiTi, PLGA, and glass), cells only supplemented
with 10 ng/mL TNFa (positive control), and cells only (negative control): (a) Fluorescence
images of adhered HUVECs at 4 h culture. Blue color indicates DAPI stained nuclei and

green color indicates FITC-labeled VCAM-1. Scale bar = 50 um for all images. (b)

Quantification of VCAM-1 mean fluorescence intensity signal per pixel at 4 h culture. (c)
Quantification of VCAM-1 mean fluorescence intensity signal per pixel at 24 h culture. All
results were only for cells adhered on the culture plate surrounding the samples. Values are

mean + SEM, n =3, “p<0.05 and **p < 0.01.

Acta Biomater. Author manuscript; available in PMC 2018 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cipriano et al.

a .
@ suia | E—— .
Zsr41B et
Zsr41C e
ZSr41D [T
Mg e
AZ31 [ *
NiTi [ i
PLGA [+
Glass [T
HUVEC+TNFa [ %

HUVEC i

*k

EGM-2 | L] -
76 78 80 82
Media pH

(c) l
ZSr41A [T+
ZSr41B [V
ZSr41C |[ImE—
ZSr41D [[et— ¢
Mg [T *
AZ31 [ *
NiTi [
PLGA [T -4
Glass [
HUVEC+TNFa [T—=3—
HUVEC [mme=—
EGM-2 =+

Zn?* lon Concentration
in Media [pM]

Fig. 10.

(b) .
ZSr41A [y
ZSr41B [
Zsr41C [
Zsr41D [
Mg
AZ31
N —— T
PLGA *
Glass %
HUVEC+TNFa [T
HUVEC [
EGM2

0 4 8 12

Mg?* lon Concentration
in Media [mM]

(d) _
ZSra1A

ZSr41B B—
ZSr41C |
ZSr41D B~
Mg =H—
AZ31 e+
NiTi [=—
PLGA =t
Glass F=—
HUVEC+TNFa [V
HUVEC [—=—
EGM-2 3+

0 2 4 6

Sr2* lon Concentration
in Media [pM]

Page 40

Analysis of solubilized degradation products in culture media after 4 h of direct culture with
ZSr41 alloys (A-D), pure Mg control, reference materials (AZ31 alloy, NiTi, PLGA, and

glass), cells only supplemented with 10 ng/mL TNFa, cells only, and blank EGM™-2

media: (a) pH of media, (b) Mg2* ion concentration, (c) Zn%* ion concentration, and (d) Sr2*

ion concentration. Values are mean + SD, n = 3. < 0.05, *"p < 0.01,

*hk
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Analysis of solubilized degradation products in culture media after 24 h of direct culture
with ZSr41 alloys (A-D), pure Mg control, reference materials (AZ31 alloy, NiTi, PLGA,
and glass), cells only supplemented with 10 ng/mL TNFa., cells only, and blank EGM™-2
media: (a) pH of media, (b) Mg2* ion concentration, (c) Zn%* ion concentration, and (d) Sr2*

ion concentration. Values are mean + SD, n = 3. < 0.05, *"p < 0.01,

*kk

< 0.001.
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Fig. 12.

Average daily degradation rate (mass loss rate) per unit surface area of ZSr41 alloys, pure
Mg control, and AZ31 reference in EGM™-2 culture media during 24 h of incubation.
Values are mean + SD, n = 3; “p < 0.05.
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Fig. 13.
HUVEC behaviors after 24 h of incubation in complete EGM™-2 media with initial pH

values intentionally adjusted to 8.1-9.5. (a) Fluorescence images of HUVECs. Blue color
indicates DAPI stained nuclei and green color indicates Alexa Fluor® 488 stained F-actin
(cytoskeleton). Scale bar = 200 um for all images. Original magnification: 10x. (b)
Measured pH of culture media after 24 h incubation with HUVECs. Blank indicates media
without cells. EGM-2 indicates non-adjusted media. (¢) HUVEC adhesion density on culture
plates. EGM-2 (t = 0) represents HUVEC adhesion density after 24 h pre-incubation for cell
stabilization prior to incubation with the alkaline media. (d) F-actin area per adhered
HUVEC nucleus. (e) Cell diameter aspect ratio (Dmax/Dmin)- Values in (b) are mean = SD,
and (c) — (e) are mean + standard error of the means; n = 3 for all measurements; *p < 0.05.
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Fig. 14.
HUVEC behaviors after 24 h of incubation in complete EGM™-2 media supplemented with

Mg?2* concentration of 0-27.6 mM initially. (a) Fluorescence images of HUVECs. Blue
color indicates DAPI stained nuclei and green color indicates Alexa Fluor® 488 stained F-
actin (cytoskeleton). Scale bar = 200 um for all images. Original magnification: 10x. (b)
Measured Mg2* ion concentration in culture media after 24 h of incubation with HUVECs.
Blank indicates media without cells. EGM-2 indicates non-adjusted media. (c) HUVEC
adhesion density on culture plates. EGM-2 (t = 0) represents HUVEC adhesion density after
24 h pre-incubation for cell stabilization prior to incubation with the adjusted media. (d) F-
actin area per adhered HUVEC nucleus. (e) Cell diameter aspect ratio (Dmax/Dmin)- Values
in (b) are mean = SD, and (c) — (e) are mean = standard error of the means; n = 3 for all
measurements; *p < 0.05, ™ p < 0.001.
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Fig. 15.
Summary of the average daily degradation rate (mass loss rate) per unit surface area in

EGM™-2 media of the Mg-based materials in this study and critical Zn/Sr at% ratios that
affect B-phase formation and corrosion resistance of ZSr41 alloys. Scale bar in SEM
micrographs = 10 um. Numbers in parenthesis indicate elemental O content (at%) in the -
phase of each ZSr41 alloy. Degradation values are mean + SD, n = 3; “p < 0.05.
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Table 3

lonic concentrations (mM) from inorganic salts in MCDB 131 (non-commercial analog of EGM™-2),
mTeSR®1, and r-SBF in comparison with human blood plasma. Compiled from Refs. [45,47,51,70].

MCDB 131 mTeSR®1 r-SBF  Plasma
Na* 1245 113.74 142 142
K* 4 3.26 5 5
Mg+ 10 0.56 15 15
Li2* - 0.98 - -
Ca2* 1.6 0.82 25 25
Fe3* 0.001 - - -
cr 117.2 100.96 103 103
HCO; 14 18 27 27
H,PO; 05 0.36 - -

- 0.39 1 1
HPO?~

B 10 0.32 05 05

SO;
lonic Strength 0.173 0.123 0150  0.150
Osmolality (mOsm/kg H,0)@  260-2908  330-350¢ 290

a . . . .
Osmolality values reported with the presence of organic species and buffers.

bOsmoIaIity for EGM™'-2 media from technical specification sheet. Lonza Cat# CC-3162.

cOsmoIaIity for mTeSR®1 media from technical specification sheet. Stem Cell Tech, Cat# 85850.
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