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ABSTRACT: Functional materials feature hierarchical microstructures

that define their unique set of properties. The prediction and tailoring of f— R B -
these require a multiscale knowledge of the mechanistic interaction of A U H u@ﬁ
microstructure and property. An important material in this respect is o= =
biodegradable magnesium alloys used for implant applications. To correlate
the relationship between the microstructure and the nonlinear degradation
process, high-resolution in situ three-dimensional (3D) imaging experi-
ments must be performed. For this purpose, a novel experimental flow cell
is presented which allows for the in situ 3D-nano imaging of the
biodegradation process of materials with nominal resolutions below 100
nm using nanofocused hard X-ray radiation from a synchrotron source. Synchrotron

The flow cell setup can operate under adjustable physiological and T S s

hydrodynamic conditions. As a model material, the biodegradation of thin

Mg-4Ag wires in simulated body fluid under physiological conditions and a flow rate of 1 mL/min is studied. The use of two full-
field nanotomographic imaging techniques, namely transmission X-ray microscopy and near-field holotomography, is compared,
revealing holotomography as the superior imaging technique for this purpose. Additionally, the importance of maintaining
physiological conditions is highlighted by the preliminary results. Supporting measurements using electron microscopy to investigate
the chemical composition of the samples after degradation are performed.

KEYWORDS: synchrotron radiation, nano computed tomography, in situ, biodegradation, mg alloy, transmission electron microscopy

H INTRODUCTION However, high degradation rates (DR) of Mg and its alloys limit
their practical application as implant materials. This is because
the implant may degrade too quickly before the healing process
of the surrounding bone or blood vessel is complete.'*
Moreover, as the degradation of Mg-based implants changes
the local chemical environment, controlling the degradation rate
is pivotal to ensure a favorable tissue response. Figure 1 shows
some of the key interactions considered for the biodegradation
of Mg alloys exposed to physiological conditions. To be able to
predict and tailor the material behavior in the future, it is
necessary to elucidate the correlation between the micro-
structural features of the alloy, such as precipitates, the involved
transport processes guided by the porosity of the forming

Multiscale in situ imaging of functional materials is key for
understanding their dynamic properties. To this end, hard X-ray
synchrotron radiation-based computed tomography (CT) can
be used as an unique modality due to its nondestructive 3D
nature." With the growing interest and newest developments in
in situ measurements using CT imaging, a variety of dynamic
processes in different research areas are being investigated, e.g.,
electrochemical processes in batteries” and fuel cells,” as well as
material deformation mechanisms.*” It has been shown that
4D (spatial and temporal) imaging is particularly useful to
understand complex nonlinear processes such as the biode-
gradation of novel magnesium (Mg) alloys meant for temporary
medical implants inside the human body.” Mg-based alloys are
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emerging as a compelling alternative to traditional implant Received: March 22, 2023 -
materials like stainless steel and titanium alloys, which often Accepted:  June 14, 2023
necessitate a removal surgery as the risk of an implant rejection Published: July 17, 2023
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increases over time. By eliminating the need for a second

surgery, biodegradable implants reduce health risks for the
patient and financial costs for the healthcare system.''™"’
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Figure 1. At the bottom, a schematic depiction of the flow cell setup coupled with a bioreactor integrated into an X-ray imaging beamline for in situ
studies is shown. In the upper left corner the flow cell is enlarged showing the principal medium flow. Key interactions between the physiological

medium and the Mg alloy are depicted in the upper right corner.

degradation layer on the surface, and the dynamic process of the
implant degradation. To this end, hard X-ray synchrotron
radiation-based nanocomputed tomography (SRnanoCT) is a
uniquely suitable technique, as it enables the visualization of
precipitates'>'® and pores,'” as well as the overall implant
morphology."*

In this work, a novel flow cell setup is presented, dedicated to
perform, for the first time, in situ SRnanoCT imaging of the in
vitro degradation of Mg-4wt%Ag (silver) wires under physio-
logical conditions. The flow cell is integrated into the setup of
the nanotomography endstation at the Imaging Beamline (IBL)
POS operated by Hereon at the storage ring PETRA III at the
Deutsches Elektronen-Synchrotron (DESY) in Hamburg,
Germany, where SRnanoCT experiments are conducted.'” A
schematic depiction of the flow cell integrated into the IBL is
shown in Figure 1. The flow cell design and imaging setup is
based on several requirements:

1. The flow cell must be able to be integrated into the IBL,
which includes the ability for rotation by 180° with high
stability, low absorption of hard X-ray synchrotron
radiation, and sterilizability.

2. The in vitro degradation conditions have to mimic the
physiological conditions as close as possible. This includes
the use of complex cell culture media, and temperature
(37 °C) and pH control (7.4).>°

3. The flow cell must enable setting specific hydrodynamic
conditions around the sample.

35601

4. The imaging setup must provide a sufficiently high
resolution and contrast in order to resolve all features of
interest in the sample.

As a model material system, Mg alloyed with 4 wt % silver
(Mg-4Ag) is investigated in the shape of wire pieces with 80 ym
diameter and 2 mm length. Due to its excellent balance of
relatively low DR and good mechanical properties, homogen-
ized Mg-4Ag is considered to show a high potential as
antibacterial”' and biodegradable implant material.”> The
features of interest, which need to be resolved for the
understanding of Mg alloy biodegradation, are precipitates,
pores, and the early stage formation of a degradation layer (DL).

Full-field SRnanoCT techniques available at IBL include
transmission X-ray microscopy (TXM) with Zernike phase
contrast'” and near-field holotomography (NFHT),** both of
which can be used to study Mg alloys.” These techniques differ
in several aspects, such as contrast mechanism and resolution.
Therefore this study compares both TXM and NFHT with
respect to their imaging and segmentation quality, the two major
factors most critical for the qualitative and quantitative
evaluation of the biodegradation process.

As in situ SRnanoCT does not provide information on the
chemical composition about the DL and precipitates, supportive
measurements with the aid of transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX)
complete our study.

In the following, the design of the flow cell experimental setup
is described, which fulfills all the aforementioned functional

https://doi.org/10.1021/acsami.3c04054
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requirements. The functionality of this novel flow cell setup is
subsequently evaluated and verified by experimental findings
and simulations. The qualitative and quantitative SRnanoCT
data regarding the biodegradation of Mg-4Ag are shown
subsequently.

B EXPERIMENTAL SECTION

Materials. Mg-4Ag wires with a diameter of 80 pm are
manufactured at the Helmholtz-Zentrum Hereon in Geesthacht,
Germany. Pure Mg (purity: 99.98%, MAGONTEC, Sydney, Australia)
is melted and alloyed with 4 wt% Ag (purity: 99.99%, ESG Edelmetall-
Service GmbH & Co. KG, Rheinstetten, Germany) under a protective
argon + 3 vol% SF atmosphere. The melt is cast into a billet by a
modified permanent direct chill casting technique and homogenized for
16 h at 450 °C.** The homogenized billet is hot extruded at 425 °C with
amean exit speed of 3.1 m/min and an extrusion ratio of 1:625 into four
Mg-4Ag wires with 1 mm diameter. Afterward, the wires are drawn into
80 um thin wires using the drawing machine “EZ2.01” (Miiller
Engineering GmbH Co. KG, Todtenweis, Germany). In order to ease
the drawing process, drawing wax is employed until the wire reached
320 pm in thickness. Each drawing pass reduces the wire area by about
20% with a drawing speed of 0.25 m/s. After every second pass, the
wires are recrystallized at 425 °C for 5 min to avoid embrittlement and
breakage by reducing work hardening while retaining solid-
solution.'®** Although microstructural analysis was not conducted in
our study, we anticipate that the microstructure of our samples is
comparable to that described by Meyer et al."® for Mg-2Ag and Mg-6Ag
wires with 250 pgm diameter. The material used in this study was
identical to that used in a further study by Meyer et al.*® where no
precipitates were present after heat treatment. Despite the difference in
diameter, no significant difference in grain size is expected for wire
diameters below 500 ym.”” The grain sizes in our study are expected to
fall within the approximate range of 35 to 45 ym.”®

Bioreactor-Coupled Flow Cell. The flow cell shown in Figure 1 is
coupled with a “Vario 500 Mini” bioreactor and a “TL/ 15EAD”
peristaltic pump (MDX Biotech GmbH, Norten-Hardenberg,
Germany). The pH level of the degradation medium is adjusted by
injection of CO, gas (CANgas, purity: 99.995%, Messer Schweiz AG,
Lenzburg, Switzerland). The self-built flow cell made from poly-
etheretherketone is located 2 m away from the bioreactor; hence, a 35
W TO220-type resistor (Bourns Inc., Riverside, USA) attached to a
copper plate serves as integrated heating solution. The temperature
controller “TC0806-RS232” and the proprietary software “TCCOM”
(CoolTronic GmbH, Beinwil am See, Switzerland) are used to control
the heater.

Simulation of Fluid Flow in Setup. The fluid flow in the flow cell
is simulated using COMSOL Multiphysics 6.0 (COMSOL AB,
Stockholm, Sweden). The computer aided design of the fluid space
within the flow cell is imported in Comsol and the stationary solution
for laminar flow with different inflow rates is determined. To this end,
the inflow rates at the inlet and outlet are set with a pressure condition
of p = 0 Pa. The fluid properties are set to those of water (built-in in
Comsol). The maximum flow velocity is determined using a cut plane
positioned at the approximate height of measurement 0.6—0.8 mm
above the glue position of the wire.

In Situ Full-Field Nanoimaging. At the nanotomography
endstation POS operated by the Helmholtz-Zentrum Hereon at the
storage ring PETRA III (DESY, Hamburg, Germany) ,28 Mg-4Ag wires
are imaged in situ using the full-field SRnanoCT techniques TXM and
NFHT. By a Si{1 1 1} double crystal monochromator the beam energy
is monochromized to 11 keV. The acquisition of one full set of
projections takes approximately fifteen to thirty minutes. A Hamamatsu
Photonics C12849—101U camera (Hamamatsu, Japan) with a sCMOS
chip with 6.5 ym physical pixel size and a 10 um Gadox scintillation
layer is used as the detector system.

In case of TXM, a similar setup as described in'” is used. A Fresnel
zone plate (FZP) with an outermost zone width of 60 nm and a
diameter of 250 um served as the objective lens. Zernike phase contrast
imaging is realized by placing phase rings in the back-focal plane of the

FZP.”® The FOV of the setup is 100 g#m and 2X 180° scans are stitched
to§ether to achieve 360° scans. In situ NFHT is implemented according
to™> with a FZP having an outermost zone width of 50 nm and a
diameter of 300 ym at a sample-to-FZP distance of 23.1 mm. Both
setups have a sample-to-detector distance of approximately 20 m. All
optics are designed and fabricated in the X-ray Optics and Applications
group of the Paul Scherrer Institut (Villigen, Switzerland).

In Vitro Mg Wire Biodegradation during SRnanoCT. For
imaging, a 1 mm long piece is cut from a Mg-4Ag coil (80 ym diameter)
using a ceramic knife. The wire sample is glued into the sample holder
using the UV active glue, easyform LC gel (DETAX GmbH, Ettlingen,
Germany). After curing of the glue and mounting the inner polyimide
tube over the sample, the assembly is cleaned in an ultrasonic bath using
a series of n-hexane (15 min), acetone (15 min), and 100 vol % ethanol
(3 min).

As physiological degradation medium, SBF-JL2, in the form of a dual
solution, is prepared under sterile conditions according to the
literature.>® Approximately 200 mL of degradation medium is filled
into the sterile bioreactor under the clean bench. While being stirred,
the medium is heated to 37 °C and then the pH level is autoadjusted to
7.4. An initial reference scan is taken when the wire is sterilized using vol
% ethanol at a flow rate of 2 mL/min for 15 min. Afterward, scans are
taken in periodic intervals, while the Mg-4Ag wire degrades under flow
atarate of 1 mL/min. The solution volume to sample surface ratio (sv/
SA) is 0.025 mL/cm® The integrated heater provides a medium
temperature of 37 °C. The degradation experiments used for the
comparison of NFHT and TXM are carried out at room temperature.
When a biodegradation experiment is finished, the sample holder with
the degraded wire sample is cleaned with ethanol, exchanged, and
stored inside a desiccator to avoid further degradation.

Experimental Parameters. Mg-4Ag wire samples from the same
coil, which were degraded in SBF, were imaged in situ with NFHT and
TXM, respectively. This comparison was performed at RT with a first
generation flow cell. Once NFHT was confirmed as the more suitable
technique, it was tested again at 37 °C by using the second generation
flow cell. An overview of the experiments is given in Table 1.

Table 1. Overview of Important Experimental Parameters for
the Beamtime Experiments Using the Flow Cell Setup

Experiment run

Parameter 1 1 2
Flow cell generation 1 1 2
Degradation medium SBF SBF SBF
Flow rate Q (mL min™") 1 1 1
pH 7.3=7.6 7.3=7.6 7.4
Temperature T (°C) RT RT 37
SRnanoCT technique TXM NFHT NFHT
Phase contrast Zernike quantitative quantitative
Effective voxel size s, (nm) 43 84 92
Time between scans (min) 120 120 35

TXM and NFHT differ most notably in their respective phase
contrast mode: TXM relies on Zernike phase contrast, which is purely
qualitative, while NFHT is able to provide quantitative phase contrast
through an additional phase retrieval step. From phase retrieval to
segmentation, each NFHT scan took at least 3—4 h longer to process
than a TXM scan.

Tomographic Image Processing and Analysis. Tomographic
reconstruction is performed using a gridrec algorithm in TomoPy
pipelines®" with a binning factor of 2 in all directions. Similar effective
voxel sizes of the reconstructed tomograms are achieved for TXM and
NFHT: 43 nm and 84—92 nm, respectively.'””>*’ In the case of
NFHT, a phase retrieval step is required prior to reconstruction. Phase
retrieval is performed from a single distance measurement using an
iterative projection algorithm described in the literature.’> All image
processing is performed on the Maxwell computing cluster at DESY.

https://doi.org/10.1021/acsami.3c04054
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Table 2. Deconvoluted Values of Elemental Content Given in at.% Taken from Corresponding ROIs Marked in Figure 7a—d.

Region
Element a b c d
C 749 +2.30 20.49 + 4.04 4077 + 5.80 64.88 + 12.04
(o] 5.58 +2.03 57.16 + 16.00 39.67 + 9.66 13.26 + 4.57
Na 0.00 £+ 0.0S 3.53 £0.98 3.27 £ 0.79 0.00 + 1.22
Mg 86.09 + 31.13 14.01 + 3.90 4.15 +1.01 1.24 + 0.96
P 0.08 + 0.04 2.94 + 0.80 538 +1.26 1.43 + 0.76
Cl 0.06 + 0.03 0.62 +0.17 0.20 + 0.0 0.00 + 0.60
Ca 0.03 + 0.02 0.70 + 0.17 6.29 +1.21 1.35 +0.51
Ag 0.68 + 0.22 0.55 +0.13 0.27 + 0.05 17.84 + 3.35

After reconstruction, the TXM and NFHT tomograms are filtered
using an iterative nonlocal means filter (control parameter a = 0.75)
according to the literature® or a 2D anisotropic diffusion filter (50
iterations, smoothing level 2) implemented in Avizo 2021.1 (FEI SAS,
Thermo Fisher Scientific Inc., Massachusetts, USA), respectively. The
filtered tomograms are segmented using Avizo 2021.1. The NFHT and,
where applicable, the TXM tomograms are segmented via thresholding
and region-based watershedding. The majority of TXM tomograms are
segmented semimanually by segmenting every 10th tomographic slice
by hand filling in the gaps between slices by label interpolation.
Following segmentation, the tomograms are registered on another with
the initial tomogram of the nondegraded sample as a reference. Then,
the registered tomograms are resampled and cropped.

Image analysis and the calculation of the contrast-to-noise ratio (eq
1) and DR are performed using Fiji/ ImageJ.**

IS, — S,
\/612 + 0'22 (1)

where S, ), is the signal and 6, ), is the respective noise. The surface area
A, of the nondegraded sample is determined using a Matlab script.*®

Electron Microscopy and Sample Preparation. Electron
microscopy experiments of a Mg-4Ag wire sample degraded in SBF
are performed at the Ernst-Ruska center in Jilich. An approximately
100 nm thin TEM lamella is prepared using the Dual-FIB workstation
FEI Helios NanoLab 400S (Thermo Fisher Scientific Inc., Waltham,
Massachusetts). Carbon is used as a protective layer for the region of
interest by both electron and ion beam deposition. At 30 kV and 5.5 nA
cross-sectional trenches are milled above and below the ROI by an Ion
beam (Gallium). The TEM lamella is further prepared by edge cleaning
and undercutting and transferred to a copper grid by the use of a
micromanipulator needle. Step wise thinning of the TEM lamella is
performed until a thickness of under 100 nm is reached. A final
polishing at 2 kV and 47 pA is done. HAADF STEM imaging and EDX
analyses shown in Figure 7 are conducted with the aid of probe-
corrected FEI Titan G2 80—200 operated at 200 kV*® and Velox
Software (Thermo Fisher Scientific Inc., Waltham, Massachusetts).
Quantification of EDX data in Table 2 is corrected for absorption, using
a sample thickness of 100 nm and applying the Brown-Powell model for
the ionization cross section.

CNR =

B RESULTS AND DISCUSSION

Flow Cell Design. The central element of the flow cell setup
is a specialized sample environment that permits the in situ
imaging of the biodegradation processes of the Mg alloy wire.
There are two generations of the flow cell, with the second
generation including the integration of a heating unit. In the
following, the second generation flow cell shown in Figure 2 is
described in detail. The flow cell consists of four parts: a catch
basin, the base unit with an integrated heater, the sample holder,
and a cap. The catch basin has four bores which are used to bolt
the flow cell onto the rotation axis of the nanotomography setup.
The black part on the rim of the catch basin is the cable relief. At
the center of the catch basin is the base unit an inlet for media.

35603

v
Medium outlet Polyimide tubes @l «— Cap
s T-Sensor1 \\.|

Medium inlet T-Sensor 2 &, «— Sample holder

T

Base —» i \

+—Heating plate

~
Catch basin

Figure 2. Second generation of the flow cell. A wire specimen was
mounted inside the polyimide tubes on the sample holder. The sample
holder has a height of 7.2 mm and a diameter at the base of 10 mm. The
two hoses are the inlet and outlet for the medium. Yellow wires are
connected to the copper heating plate underneath the sample stage.
The pairs of black and white wires are connected to temperature
sensors, one at the copper plate and one directly in front of the sample
location.

Not shown is the integrated heating plate below the base unit,
which is connected to a power source via electrical cables. The
heating plate is made from copper and is separated from the
degradation medium by a thin polyimide sheet to prevent any
contamination of the medium. The base unit houses two
temperature sensors, one monitors the temperature of the heater
(T-sensor 1) and the other of the medium (T-sensor 2). The
sample holder is screwed tightly onto the base unit in order to
avoid leakage. The same holds for the cap, which is screwed onto
the sample holder and has an outflow grommet for the cell
culture medium harvest. The flow cell inlet and outlet are
connected to a bioreactor to maintain physiological conditions
during testing.

Except for the catch basin, all major parts are machined from
polyetheretherketon (PEEK) because of its good mechanical
and thermal properties and chemical stability permitting the
sterilization of the flow cell using 70% ethanol solution.” The
parts inside the beam path are made of polyimide which is low-
absorbant toward synchrotron radiation.”” The flow cell is
designed such that during the 180° rotation, none of the cables
and silicone tubes can obstruct the beam and have as little
influence on the sample stage as possible (see Video S1).

Simulating Physiological and Hydrodynamic Condi-
tions. An integral function of the flow cell setup is the
simulation of physiological conditions. By coupling the flow cell
with a bioreactor, physiological media can be stored and the pH
controlled. In the current work, simulated body fluid (SBF)
prepared according to’ (SBF-JL2) is used, but using other
immersion media, such as cell culture media supplemented with
proteins would be possible too. The pH of the medium is
adjusted in the bioreactor using CO, gas, which is injected

https://doi.org/10.1021/acsami.3c04054
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Figure 3. (a) Simulated flow velocity at a flow rate of 1 mL-min™" in the flow cell. The dotted red line in the inset highlights the appoximate height at
which the sample was measured. The sample itself is indicated by a dashed black line. (b) Maximum flow velocity in the inner polyimide tube evaluated
at the measured sample height for different pump flow rates. (c) Experimental data of the integrated heater of the flow cell. Measured temperatures are
T inside the flow cell for different flow rates Q and maximum temperatures T,,,.

directly into the media at bodylike temperatures (37 °C) until a
pH of 7.4 is reached.

Many in vitro Mg alloy degradation studies are performed
under physiological conditions, however, the medium remains
quasi-static. This is considered one of the reasons for the
discrepancy between in vivo and in vitro degradation.*>*' Hence,
the establishment of hydrodynamic conditions is another key
consideration for the flow cell setup. Using a peristaltic pump,
the medium is fed to the flow cell at different flow rates. The
medium enters the sample chamber as shown in Figure 1 and a
flow surrounding the Mg alloy wire is established. The presence
of a reservoir (200 mL) within the bioreactor ensures a high
buffer capacity and minimizes the likelihood of reaching
saturation or depletion of essential components.”’ As a result,
the influence of the electrolyte volume is considered negligible.
In order to characterize the hydrodynamic conditions, a
simulation of the flow is shown in Figure 3a where the flow
velocity within the flow cell is shown for a flow rate of 1 mL/min.
The maximum flow rate in the inner polyimide tube at the
measured sample height is evaluated in Figure 3b. Overall, the
flow is laminar, with a strong increase in flow velocity only within
the fine bores. As the simulation shows, the flow velocity
surrounding the sample can be controlled linearly by adjusting
the flow rate. Due to the distance between bioreactor and sample

38,39

(approximately 2 m), the medium temperature drops down to
room temperature (RT) when being pumped to the sample
stage. To resolve this and preserve a physiological temperature
of 37 °C, the second generation of the bioreactor-coupled flow
cell setup contained an integrated heater. The heating
characteristics for different medium flow rates is shown in
Figure 3c. The maximum temperature T, is measured by T-
sensor 1 which is directly attached to the integrated heater. After
thermal equilibration, the medium temperature T is measured
by using a standalone temperature sensor placed inside the inner
polyimide tube. The T values at the sample position are lower
than T,,,, since the medium is heated only while flowing across
the base of the flow cell, where the heating unit is connected.
Consequently, the temperature increases with flow rate Q as the
medium flows more quickly to the sample and sensor. Therefore,
it is not possible to achieve physiological temperatures at flow
rates below 0.25 mL/min. Nevertheless, for a wide range of flow
rates Q physiological temperatures are reached while T, isin a
safe range for protein-containing media.*”

Tomographic Imaging at the Nanoscale. Once the flow
cell is established, the most suitable SRnanoCT imaging method
needs to be identified in terms of its ability to generate high-
resolution tomographic images of the degrading Mg-4Ag wires
under in situ conditions with sufficient image contrast to identify

35604 https://doi.org/10.1021/acsami.3c04054

ACS Appl. Mater. Interfaces 2023, 15, 35600—35610


https://pubs.acs.org/doi/10.1021/acsami.3c04054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04054?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c04054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a) 0 h (TXM) b) 9 h (TXM)
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Figure 4. (a,b) TXM and (c, d) NFHT slices of 80 ym diameter Mg-4Ag wires degraded in SBF at RT for 9 h. Microstructural features are indicated by
red arrows (possibly precipitates or impurities) and blue arrows (pores). The tomograms are filtered using an iterative non local means filter. (e) Plots
of the CNR for unfiltered TXM and NFHT tomograms between bulk magnesium alloy (Mg) and degradation layer (DL) as well as DL and
background (BG). The values above each bar represent the absolute CNR value, and the error bars represent the standard deviation.

key features in the samples. In the following, both techniques are
compared with regard to their image contrast, resolution of
microstructural feature resolution, and segmentability.

Image Contrast. The filtered tomographic slices of both
TXM and NFHT measurements are shown in Figure 4a—d.
Both techniques produced a strongly differing image contrast.
The background (BG) in TXM has a similar grayscale value like
the residual material which appears to be delineated from the
background by a ring of dark greyscale values. In NFHT images,
however, the dark-appearing residual material is clearly
distinguishable from the light background. Additionally, a
degradation layer is discernible in NFHT images, while it is
hardly identifiable in the TXM images. In general, the NFHT
tomographies provide superior contrast between residual
material and background than TXM which is reflected by the
CNR.* As shown in Figure 4, the CNR values of the NFHT
images surpass the CNR for TXM for both the contrast between
residual Mg-alloy and DL as well as DL and BG.

Within all images phase and 3D reconstruction artifacts occur.
Notable image artifacts are ring artifacts found in the TXM
images. NFHT images contain a grayscale gradient and fringe-
like artifacts which appear within the residual Mg part of the
tomography. In addition, streak artifacts around precipitates and
pores are seen in both imaging techniques, but predominantly in
TXM tomograms. These result from the sample movement due
to the high photon flux on the sample in the medium. Fringes
appear due to strong phase gradients not being compatible with
assumptions made for linearized phase retrieval.'®

Feature Resolution. The resolution is important for
evaluating the effect of the microstructure on the degradation
behavior. Both imaging techniques enable high spatial
resolutions below 100 nm. Due to the point spread function
of the detector, resolutions in the range of 2.5 times the effective
voxel size can be achieved (see Table 1).**? It is assumed that
this resolution cannot be achieved here due to image artifacts.
The arrows in Figure 4 indicate the supposed microstructural

features: Pores that appear bright and have a size of 3 + 1 ym are
marked by blue arrows. The red arrows indicate Ag-containing
precipitates, presumably Mgg,Ag,,** which appear dark and
have an irregular shape. It appears visually that the micro-
structural features inside the wire sample are slightly better
resolved by TXM than by NFHT. The chemical analysis of the
postdegradation Mg-4Ag wires using EDX is presented in Figure
7 and Table 2 and the corresponding paragraph.

Segmentation. Segmentation is a necessary image-post-
processing step for the quantitative analysis of the degradation
behavior. Segmenting the residual nondegraded Mg alloy and
thus determining the number of voxels N belonging to it is of
particular interest. Together with the voxel size s,, the volume V
of the residual material is determined:

V=N @)

However, the difference in the image contrast affected the
mode of segmentation strongly. Since the contrast in the TXM
images is comparatively low, a time-consuming semimanual
segmentation was performed (4 h). Due to the enhanced
contrast, the NFHT tomographies were segmented using a
combination of thresholding of grayscale values and region-
based watershedding (0.5 h). The resulting segmentations of the
nondegraded and degraded Mg-4Ag wires are shown in Figure 5
as three-dimensional isosurfaces. Step-like structures can be
observed in the TXM isosurfaces, which are, however, not
caused by the degradation of the sample: Due to inconsistencies
in the manual segmentation, the subsequent interpolation
created these step-like segmentation artifacts. Additionally, the
large notch that can be seen in both TXM isosurfaces originates
from the sample preparation and is not caused by degradation
but by the imprint of a ceramic knife.

In summary, the direct comparison of TXM and NFHT
images revealed that the latter is the more suitable SRnanoCT
technique for imaging of the biodegradation of Mg. This finding
is based on the superior image quality and segmentability.
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a) 0 h (TXM)

b) 9 h (TXM)

Figure 5. Three-dimensional isosurfaces depicting the segmentation of
the remaining bulk material of Mg-4Ag wires during degradation at 0
and 9 h, utilizing two distinct imaging techniques. (a) 0 h with TXM,
(b) 9 h with TXM, (c) 0 h with NFHT, and (d) 9 h with NFHT, all
acquired at RT.

Hence, to test the second generation of the flow cell, NFHT was
employed with an improved procedure. The temporal resolution
was significantly increased by reducing the time between scans
(see Table 1).

Quantitative and Qualitative Analysis of Mg-4Ag
Biodegradation. In the following, the tomographic images
and segmentations are used to provide a quantitative and
qualitative time-resolved description of the degradation
behavior of Mg-4Ag, thereby demonstrating the unique data
obtainable from in situ SRnanoCT.

Three Mg-4Ag wire samples are analyzed and compared, see
Table 1. To assess the degradation behavior quantitatively, the

volume losses VL and the degradation rates DR are calculated
based on the segmented image data. The VL at a specific
degradation duration ¢ is calculated according to:

Vo— Vi
100%

Yo ()
with V the volume of the nondegraded sample and V, the
volume of the residual material, both determined using eq 2. The
DR in mm a™" at a specific degradation duration ¢ is determined
using
V, —

At

Vi

(4)

where A, is the surface area of the nondegraded sample.

Figure 6 shows the degradation behavior of Mg-4Ag wires.
Although the wire samples originate from the same spool and
share the same processing history, their degradation behavior
appears to vary strongly. The VL determined at RT differs in
slope, i.e. while the VL obtained from NFHT segmentations
increases linearly, the VL determined from TXM increases with
a seemingly decreasing slope. These apparent differences in wire
samples are in agreement with the literature, where the standard
deviation of the DR of Mg-xAg wires was very high.'® The
qualitative inspection of the volume renderings shown in Figure
S, which highlight that the degradation of the Mg-4Ag wires
proceeded inhomogeneously, supports this finding. A reason for
the inhomogeneous degradation may be the nonuniform
distribution of Ag in the wire. According to Liu et al,** the
microstructure of Mg-xAg alloys is strongly influencing the
degradation behavior, with a larger number of precipitates
leading to higher degradation rates.

The VL values of Mg-4Ag degraded at 37 °C are generally
higher than those at RT and exhibit a steeper linear increase.
This influence of the temperature is in accordance with previous
studies on Mg-based alloys.* In this case, DR of 9—12 mm a™"
are reached, which is higher than DR values of Mg-xAg in the
literature.”'®****~*¢ This discrepancy in DR may be due to the
different experimental conditions and their influences on the
degradation behavior. Fluid flow is likely the most significant
contributor to these differences,”® as well as the wire
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Figure 6. Volume losses and degradation rates of Mg-4Ag wires degraded in SBF for several hours. Results of the first generation setup at room
temperature using TXM (plus) and NFHT (square) and the second generation at 37 °C using NFHT (triangle) are shown.
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Figure 7. HAADF overview image of the thin Mg-4Ag foil originally degraded in SBF (37 °C, NFHT) for approximately 6 h. Red lines in the HAADF
overview image separate bulk (1), degradation layer (2), and FIB protection layer (3). An orange rectangle indicates the sample area investigated with
the aid of EDX with the magnified HAADF inset to the right. Chemical compositions (at.%) evaluated for the ROIs a—d, indicated in the HAADF
inset, are summarized in Table 2. The dotted red line within the DL indicates the interface between two sub layers. The corresponding Mg, O, Ag, Ca,

P, C, and Na distribution maps are shown below.

microstructure,”* temperature® and pH buffering (see the
Supporting Information).*”*® Overall, the presented exper-
imental setup enables the observation of the degradation of Mg
alloys under physiological conditions at early time points in situ
(see Video S2).

Microstructural Analysis Using Energy Dispersive X-
ray Spectroscopy. To gain a better understanding of the
materials microstructure and its chemical composition, the
degradation layer and precipitates of the sample tested before
with NFHT at 37 °C were analyzed thoroughly using scanning
transmission electron microscopy (STEM) and EDX mapping.

Figure 7 shows a high-angle annular dark field (HAADF)
overview image of the structure observed in the TEM lamella
prepared from this sample. The orange rectangle in the HAADF
overview image indicates the area investigated with EDX, shown
magnified in the right-hand side inset. Corresponding elemental
distribution maps are presented below.

The average composition values of the individual regions of
interest (ROIs), indicated as a—d in the HAADF inset in Figure
7, are listed in Table 2. ROI a stands for the non-degraded bulk
material, containing mainly of Mg and Ag. Due to the presence
of cracks and a high porosity of the degradation layer, the
previously existing voids were enlarged during the thinning of
the foil (e.g., black irregular hole in the middle of the DL) and
the presence of a curtain effect within the bulk material (1) can
be observed (horizontal lines with alternating brightness). In the

bulk the Mg alloy is solid-solution annealed and no precipitates
are visible in the HAADF images.

The observed degradation layer comprises two structurally
distinct sub layers. The dotted red line in the HAADF inset
marks the interface between the two sub layers. The inner sub
layer, containing ROI b, is in direct contact with the bulk (non
degraded sample material) and exhibits a rather compact but
sponge-like structure with fine, homogeneously distributed
pores. The outer sub layer is less concise, containing large,
irregularly shaped, and nonhomogeneously distributed pores.
Apart from changes in morphology, significant variations in Mg,
O, and Ca concentrations are observed between the two sub
layers.

From quantitative analysis of the EDX results in ROI b, a high
content of Mg and O and low levels of Na, P, Cl, and Ca were
revealed. The spongy sub layer structure and high O:Mg ratio,
suggest that this inner sub layer consists predominantly of
Mg(OH),, which is consistent with the findings reported by
Cihova et al.”!

The chemistry of the outer layer, as exemplified by ROI ¢,
reveals a decrease in Mg and O content with a simultaneous
increase of the Ca and P amount. As the two latter elements
originate from the immersive medium, this indicates that this
part of the degradation layer was rather easily penetrated by the
immersive medium, which was facilitated also by a higher layer
porosity. Zeller-Plumhoff et al.>* present for pure Mg degraded
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in SBF the predicted predominant precipitation of hydrox-
yapatite Cas(PO,);OH. In addition, they show that small
fractions of carbonates CaCOj; and MgCOj; can be expected at
pH 7.4. Considering the presence of the elements in ROI ¢, it is
thus assumed that a compound of hydroxapatite and Ca- and
Mg-based carbonates formed during biodegradation.>”>*

The degradation layer reveals the presence of unevenly
distributed areas of bright appearance in the HAADF images,
which correspond to the Ag-enriched areas on the correspond-
ing EDX maps. The largest Ag-rich areas are mainly
concentrated near the surface of the degradation layer, just
beneath the carbon protection layer. One such area is marked in
ROI (d) of the HAADF inset. Previous studies by Elen et al.>®
and Liu et al."* have reported the formation of precipitates in
binary Mg-xAg alloys, specifically identified as Mg,Ag and
Mg, Ag . Additionally, Tie et al.’® observed the presence of
secondary phases, such as Mg;Ag and Mgs,Ag;; during
degradation processes. We observe the agglomeration of Ag,
but the exact nature of its formation, whether as precipitates,
secondary phases, or a combination of both, should be
investigated in future experiments. Given the very high Ag:Mg
ratio in ROI d, it is assumed that during the degradation process
Ag agglomerates and diffuses through the degradation layer.
Small Ag agglomerates can be observed in the inner sub layer,
which may be trapped due to the porous structure. These
agglomerates can diffuse through the outer sub layer and form
larger agglomerates near the surface.

B CONCLUSION

A novel bioreactor-coupled flow-cell setup capable of biode-
gradation under physiological conditions while simultaneously
allowing for in situ nanoimaging was developed. As a case study,
the degradation of Mg-4Ag wires was investigated under the flow
of SBF and autoregulation of physiological pH and temperature.
We compared two full-field nanoimaging techniques, TXM and
NFHT, and found that despite its longer postprocessing time,
NFHT is better suited for the in situ imaging of biodegrading
wires. The acquisition of VL and DR values by image
segmentation of Mg-4Ag wires shows an increased degradation
rate at higher temperatures and also the dynamic degradation
behavior at very early time points, both according to the
literature. The unique analytical data provided by in situ
SRnanoCT revealed that the degradation of Mg-4Ag proceeds
inhomogeneously. Since a resolution below 100 nm can be
achieved, micro structural features like precipitates and pores
may be observed. By utilizing STEM and EDX techniques, it is
demonstrated that during degradation, two structurally distinct
sub layers are formed. Moreover, it has been observed that the
larger Ag agglomerates are predominantly located at the surface.
To further our understanding of how precipitates affect
degradation behavior, we are developing a correlative imaging
approach that directly links nanoscopic CT data with HR(S)-
TEM and EDX data down to the atomic level. The unique data
provided by correlative imaging can be used to aid the
development of digital twins, which will be key in predicting
and tailoring the biodegradation of Mg alloys in the future.

B ASSOCIATED CONTENT

Data Availability Statement

The data sets generated and analyzed during the current study
are available from the corresponding author on reasonable
request.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c04054.

Further details on the experimental setup, pH evolution of
the bioreactor, and time lapse provided in the other
Supporting Information files (PDF)

Video S1, flow-cell setup mounted on top of sample stage
within the experimental hutch (MOV)

Graph of the pH evolution at the bioreactor (PDF)

Video S2, time lapse of a Mg-4Ag wire degrading in SBF
(MP4)
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