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Magnesium Test: Universal and Ultra-Sensitive Method for
Measuring Reliability of Thin-Film-Encapsulated
Bioelectronic Implants in Physiological Environment

Massimo Mariello,* Kosuke Ayama, Kangling Wu, Costanza Baudino, Lei Wang,
Léo Mutschler, Lucas Aurélien Jourdan, Marion Bianca Cleusix, lvan Furfaro,
Claudia Kathe, Grégoire Courtine, Marion von Allmen, Matthias Van Gompel,

Yves Leterrier,* and Stéphanie P. Lacour*

Next-generation bioelectronic implants require miniaturization, durability, and
long-term functionality. Thin film encapsulations, prepared with inorganic or
hybrid organic/inorganic designs, are essential for ensuring protection, low
water permeation, adaptability, and structural strength. It is equally important
to precisely measure their barrier performance, especially for in vivo use, to
ensure the manufacture of reliable bioelectronics. Current monitoring
solutions are not adequate: they are bulky, lack sensitivity, and are
incompatible with microfabricated devices. Here, a comprehensive method is
introduced to quantify the permeability of thin-film encapsulation for
bioelectronic implants both in situ and in real time. This method relies on
monitoring the electrical resistance of the Mg film, which experiences
corrosion due to water permeation, leading to Mg hydrolysis. An analytical
model is proposed that predicts and quantifies this permeation, and is
adaptable for various types of encapsulations, including hybrid multilayers.
An unprecedented ultra-low detection limit of 3 X 1078 g m=2 d~" at room
temperature is demonstrated and the monitoring approach is validated in vivo
using polyimide and poly(dimethylsiloxane)-coated bioelectronics.

1. Introduction

The next-generation implantable bioelec-
tronic devices will be microfabricated,
soft, and compliant to the host tissues.
Compelling demonstrations of these
devices have been deployed in animal
models (rodents!'! minipigs,/*) non-human
primates®)) and humans,!*! with a par-
ticular application focus on medical
technologies. To operate over years in
vivo and guarantee their form factor, they
should be protected from the body environ-
ment by thin, high-barrier coatings, called
hereafter thin film encapsulation (TFE),
whose design, synthesis, and integration
represent a critical challenge. The main
function of the TFE is to guarantee simulta-
neous compatibility with microfabrication
processes, mechanical compliance, bio-
compatibility, hermeticity, and long-term

reliability.>®]  Against standard barrier
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technologies (based on macroscopic rigid Titanium or ceramic
capsules, or on thick silicones!®)), current TFE exploit organics
(e.g., polyimide, 1% Teflon,[*!) parylene C[!?)), inorganics (e.g., alu-
minum oxide (Al,0,), silicon dioxide (SiO,, SiO,),[* silicon ni-
tride (SiN,),"* silicon carbide (SiC)['*'*)), or a combination of
the two, deposited by atomic layer deposition (ALD), chemical
vapor deposition (CVD) or thermal growth.l>'°] Table S1 (Sup-
porting Information) compiles the best-known materials for flex-
ible/stretchable encapsulations, while for a recent review on TFE,
please refer to ref. [5]. While there are no universally defined met-
rics to quantify the performance of TFE, one can report the Water
Vapor Transmission Rate (WVTR).5! This metric indicates how
much moisture can penetrate through the TFE over a specific pe-
riod. Throughout the paper, we use WVTR for referring to expo-
sure to wet air (water vapor), and WTR (Water Transmission Rate)
for exposure to liquid water. Another useful parameter, especially
for TFEs prepared with inorganic films, is the Crack Onset Strain
(COS), which informs about the maximum strain before the film
experiences catastrophic cracking.[?°-221 [deally TFE for bioelec-
tronic implants should offer ultra-low WTR (<10~ g m=2 d71),
high COS, and designs complying with tissue anatomy and
biomechanics to guarantee a functional lifetime of at least 5—
10 years in the body.[2123-27] Recent strategies include multilayer
architectures, consisting of alternating dyads made of organic
and inorganic layers.[?%2°] However, one of the main challenges
for the implementation of these TFEs is the accurate evalua-
tion of their barrier properties, because standard measuring sys-
tems usually display high detection limits (>107° g m~2 d7!).
Recent and accurate methods (e.g., the calcium (Ca) test>3%-3%))
are not fully compatible with miniaturization/microfabrication
processes, thus not suitable for flexible bioelectronics form
factors.

In this study, we propose a comprehensive, robust, and in situ
method to quantify ultra-low permeability of TFE engineered for
bioelectronic micro-devices.[®! The method relies on Mg thin-
film electrical sensors, called “e-Mg test cards”. The fundamental
principle is that corrosion of Mg into Mg(OH),, caused by water
diffusion through the barrier coating is continuously monitored
by analyzing via the electrical resistance of the Mg structures.
Differently from Ca, which reacts vigorously (<10 s) with oxy-
gen and water,** Mg films can be deposited and processed in a
standard atmosphere and easily integrated into the microfabri-
cation processes of bioelectronic implants. We demonstrate that
the method is universal as it can be applied to various types of
TFE barrier encapsulation and testing conditions, from wet air
to in vivo environments. The method is complementary to the
Mg optical permeability test that we recently proposed to quan-
tify water-side permeation in thin-film encapsulations.!*!

We deployed TFE-coated Mg test cards in rigid, flexible, and
stretchable formats and assessed the impact of mechanical defor-
mation of the TFE on water permeation. Finally, we implemented
the in-situ Mg test sensors into two representative bioelectronic
implants interfacing the surface of the brain (Figure 1) and the
spinal cord.
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2. Results

2.1. Corrosion of Magnesium Thin Films
2.1.1. Magnesium Corrosion without Encapsulation Layers

Mg films (200 nm thick) are deposited and patterned on rigid
electrical Mg (e-Mg) test cards (Figure S1, Supporting Infor-
mation), ie., glass carrier pre-patterned with inert metallic
(Ti/Pt/Au) tracks (Figure S2a, Supporting Information). The full
fabrication process is reported and described in Note S2 and
Figure S3 (Supporting Information).

Each Mg pattern is soldered to customized flexible printed cir-
cuit boards (PCBs) or flexible cables (Figure S2b—e, Supporting
Information) with connections supporting a 4-point probe (4PP)
monitoring of the Mg resistance (Figure S2f, Supporting Infor-
mation). Wire soldering adds negligible resistance to that of the
Mg pattern. All contacts are sealed using poly(isobutylene) or
PIB.1337] See the details in Note S6 (Supporting Information).

The Mg patterns eventually become transparent regardless of
the water-based environment, but how it gets to this state can
vary (Figure 2a; Figure S5a, Supporting Information). In PBS,
which contains ions like chloride (Cl7) or sodium (Na‘), the
Mg turns brown on the surface. This color change is due to
the formation of corrosion by-products (Figure S5b, Supporting
Information).

Next, we monitored how thick the Mg patterns became in dif-
ferent environments: DI H, O, saline solution, and hot and wet air
(Figures S6-S8, Supporting Information; Figure 2b). In the first
two cases, the Mg first thickens and then thins out until it dis-
appears. This happens because the Mg reacts with water to form
hydroxide, which then dissolves into the water (Mg + 2H,0 —
Mg(OH), + H,; Figure 2c). In humid air, however, the Mg thick-
ens and then stabilizes, indicating that the corrosion products
stay in place leading to five times increase in the thickness. This
trend is consistent regardless of the initial thickness of the Mg
(from 20 nm to 1 um; Figure S9, Supporting Information). This
can be ascribed to the adsorption of water molecules that solvate
the Mg ions yielding a loose hydroxide structure with lower mass
density than that of the bulk material.[*®]

The transformation into hydroxide is confirmed by X-ray
diffraction (XRD), with clear peaks for Mg and Mg(OH),. During
the corrosion process, the (002) peak at 34.38° decreases in inten-
sity while the (001) peak at 18.75° increases.!***° Both peaks are
the strongest and indicate hexagonal structures. This suggests
that while oxidation alters the mass density, it does not change the
crystal structure.[*!) In terms of surface morphology, corrosion
manifests non-uniformly, initially presenting as black spots and
porous islands termed pinhead defects. These can be observed
in the optical (Figure 2d), SEM (Figure 2e), and AFM (Figure 2f)
micrographs. When exposed to wet air (Figure S10a, Support-
ing Information), this inhomogeneity exacerbates with the Mg
roughness, sometimes to the extent of hundreds of nm or even
um. Additionally, the density of the hydroxide pinhead-like de-
fects on the surface increases with longer exposure time (Figure
S10b, Supporting Information). When in direct contact with lig-
uid (PBS), Mg corrodes faster and more aggressively, leading to
an unpredictable and irregular surface morphology (Figure S10c,
Supporting Information).
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Figure 1. Concept of Magnesium test. Schematic showing a compliant electrode implant (electrocorticography array) deployed on the surface of the
cortex. The implant needs hermetic thin-film encapsulations (TFE) for chronic applications, in order to be protected against water, biofluids, and humidity
ingress. Mg testis introduced as an accurate in situ method for barrier assessment. Mg corrosion and conversion into hydroxide (Mg(OH,)) is harnessed

to quantify the encapsulation’s transmission rate.

As corrosion progresses, the initially conductive Mg film be-
comes thinner as it converts to hydroxide, resulting in a steady
rise in electrical resistance (Ry) up to an equivalent open cir-
cuit (infinite resistance). The corrosion rate accelerates with in-
creasing exposure temperatures, aligning with the principle of
thermally activated electrochemical reactions. This is nicely illus-
trated in Figure 2g with R,,, monitored in water vapor at 85%RH
and over three different aging temperatures (37, 67, and 85 °C;
Figure S12a,b, Supporting Information). The variation rate of
Ry, can be correlated with the WVTR of a barrier coating. The
WVTR derived from the resistance measurement (WVTR,,,,.) is
calculated as follows:

meas)

dRrR
WVTR, = K+ ——— 1)
RMg t
where K = —n(My,0/M,,)(Sy,/ S)(l/w)ép is a constant depend-

ing only on geometrical and physical parameters of the Mg pat-
tern under corrosion; n = 2 is the number of equivalent elec-
trons transferred in the corrosion reaction; My, = 24 g mol™
and My, o = 18 g mol™' are the molar masses of Mg and water,
respectively; Sy, and S are the surface areas of Mg directly ex-
posed to corrosion and of the barrier permeated by water, respec-
tively; I, w are the effective length and width of the Mg pattern;
3, p are the Mg mass density (1.738 g cm—,[*?]) and electrical re-
sistivity (1.63 X 107° Q m, at 25 °C[*}]), respectively. Equation (1)
can be adopted both for WVTR and WTR.

It should be noted that there is not an established correlation
between WVTR and WTR, since a relative humidity of 100% does
not correspond to a liquid environment.[**l The analytical model
(see the full derivation in the Supporting Information) is based on

Adv. Funct. Mater. 2024, 34, 2315420 2315420 (3 Of14)

the assumption of a homogeneous variation of the Mg thickness
profile, as it was observed experimentally (Figures S6-S8, Sup-
porting Information), i.e., a gradual decrease of the metal thick-
ness, in favor of an increasing thickness of hydroxide layer (see
the empirical models illustrated in Figure S13a,b, Supporting In-
formation). Therefore, since the hydroxide acts as an additional
inorganic barrier, which hinders and delays the corrosion of Mg
underneath, the corrosion rate of Mg can be correlated with the
WVTR of the Mg(OH), layer, through Equation (1). In Figure 2h,
the WVTR curves show a decreasing trend due to the increas-
ing thickness of the hydroxide layer (see Figure 2b), indicating
a constant hydroxide permeability!*). The averaged WVTR val-
ues measured before conductivity loss are 1.1 x 10°, 4.0 x 1071,
8.2x 107 gm= d~! for 85, 67, and 37 °C, respectively, all at 85%
RH. An activation energy of 4.32 kcal mol~! (18 k] mol~!) was ob-
tained for water permeation into Mg(OH), (see Equation S21 in
the Supporting Information and illustrated in the Arrhenius plot
in Figure 2i). This value is lower than those reported for glassy
or crystalline oxides,[*¢] likely due to the high porosity of the Mg
hydroxide.

2.1.2. Magnesium Corrosion with Encapsulation Layers

Next, we characterized e-Mg test cards coated with standard TFE.
We selected parylene C which is deposited by CVD at room
temperaturel*’! and is very commonly used as a packaging con-
formal layer for electronic circuits.['*8] The resistance curves
and WVTR data for parylene-coated test cards exposed to wet air
(85 °C, 85%RH) with two different parylene thicknesses (2 ym
and 5 pm) are presented in Figure 3a,b, respectively, with detailed

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Corrosion of Mg thin films without encapsulations. a) Corroded Mg test card with the ends protected by the PIB sealant. Scale bar: T cm.
(b) Summary plot for the thickness profiles over time for different testing conditions: wet air 85 °C, 85%RH, PBS 25 °C, de-ionized water 25 °C. c) XRD
spectra of corroding Mg thin films (2200 nm), with an indication of the main characteristic peaks. d) Corroded Mg track (in wet air 85 °C, 85%RH) with
optical micrograph showing black corrosion spots. €) SEM image of the corroded Mg surface with the presence of porous islands. f) AFM topography
image of the corroded Mg surface. g—i) Electrical monitoring of the corroding rigid test cards at three different temperatures and fixed 85% relative
humidity: g) resistance versus time curves, h) WVTR of the Mg(OH), film (calculated with Equation (1)) versus time datapoints and smoothed averaged
curves, The “noise” is due to intrinsic signal fluctuations by the electronic instrumentation. i) Arrhenius plot.

point-to-point descriptive analysis in Figure S14 (Supporting In-
formation). A similar signature is evident for the two investigated
thicknesses and reflects the intricate diffusion and corrosion phe-
nomena at work. It is also evident that the thicker barrier delays
the Mg corrosion as revealed from the final asymptotes in both
resistance and WVTR data. Time “0” corresponds to the start of
data recording, when the samples are introduced in the environ-
ment at the set conditions. The difference between the initial re-
sistances for the two parylene thicknesses is attributed to minor
differences in fabrication patterning, electrical connections, and

Adv. Funct. Mater. 2024, 34, 2315420 2315420 (4 0f14)

overlap between Mg and Au. The temperature at the parylene/Mg
interface reaches 85 °C within less than 1 ms, based on a heat
equation approximation, so that one can ignore transient thermal
effects. The lag time for the diffusion of water molecules from
the outer surface to the parylene/Mg interface was also evaluated
using Fick’s second law and an estimated diffusion coefficient
at 85 °C. It was found to be close to 1 s and 6 s the for 2 and
5 um parylene layers, respectively, which means that the corro-
sion process of Mg starts almost immediately at the experimental
timescale.

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Reproducibility, sensitivity, and validation of e-Mg test. a,b) Electrical monitoring of the corroding rigid test cards coated with parylene C with
two thicknesses (2 um and 5 pm), at 85 °C and 85% relative humidity: a) resistance curves, b) WVTR curves. The inset in (a) shows the initial range of
the resistance curves, below 10Q. The inset in (b) shows the different ranges of the WVTR curves, highlighting the final formation of Mg hydroxide. c,d)
Electrical monitoring of the corroding rigid test cards coated with multilayer hybrid encapsulations (1, 3, 6 dyads), at 85 °C and 85% relative humidity:
c) resistance curves, d) WVTR curves (e) plot of time for corrosion and of WVTR (peak) versus number of dyads. f) Resistance and WVTR curves for
four samples coated with parylene C, for testing reproducibility in wet air and in liquid. g,h) Measurements for determining the low detection limit: (g)

resistance monitoring, (h) WVTR curves.

In a first, initial regime the resistance progressively increases
until it reaches a plateau value after several 10 min, a result of the
initial corrosion steps. During this first phase, the WVTR starts to
increase because more and more molecules permeate the barrier
per unit time and it goes through a maximum after few 10 s. At
this point, the concentration of water molecules at the interface
and the Mg corrosion rate are maximum. The measured WVTR
(Equation 1) results from the combined influence of the barrier
and the forming hydroxide. The WVTR of the barrier (WVTR)
was then deduced by adopting the theory of permeability in lam-
inates/multilayers (Figure S13c, Supporting Information), as fol-

Adv. Funct. Mater. 2024, 34, 2315420 2315420 (5 Of14)

lows (see also Equation S45 in the Supporting Information), us-
ing the known WVTR of the hydroxide (Figure 2):
-1
1 1

WVIR = -
WVTR WVT Ry 0m,

(2)

meas

The datapoints derived from Equation (2) represent the effec-
tive WVTR of the barrier, taking into account also the initial non-
homogeneous formation of the discontinuous hydroxide layer. At
85 °C, 85%RH parylene C exhibited an average WVTR of (5.1
+ 0.5) X 10% and (2.0 + 0.3) X 10* gm=2 d°! for 2 and 5 um
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thicknesses, respectively, in accordance with values reported in
literature.[*] These values are determined as an integral mean
of the WVTR curve in the initial regime of the measurement: a
detailed description of how they are calculated is reported in the
next section.

The decrease of WVTR which follows is due to the progres-
sive formation of the porous hydroxide layer, acting as an addi-
tional barrier for the diffusion of water molecules. The second
regime in the resistance behavior starts with a plateau until a
final massive increase. This change in the resistance increase
is essentially due to a slow-down of the corrosion and reduc-
tion of the Mg thickness due to the presence of a growing hy-
droxide barrier. The critical time for full corrosion is reached
asymptotically when the Mg thickness goes to zero, and the re-
sistance diverges up to MQ due to the loss of electrical connec-
tion. The WVTR in this second regime decreases because the
thickness of the hydroxide increases (here the scatter is higher
in the logarithmic representation, also due to a higher variabil-
ity in the discretely computed temporal derivative of the Mg
resistance).

Next, we prepared test cards with high-barrier encapsula-
tions consisting of multilayer hybrid sequences of organic and
inorganic thin films!”l (Figure S15a, Supporting Information).
In particular, we designed a multilayer structure made of re-
peated dyads of 500 nm-thick parylene C and an ALD Al,O,
(30 nm)/TiO, (5 nm) inorganic bilayer.”*%l The barriers were
grown and deposited at low temperature (<100 °C) in a hybrid re-
actor (Comelec SA, Figure S15b, Supporting Information) and a
preliminary adhesion ALD Al, O, (5 nm) layer was always grown
on the substrates whereas a capping parylene C (1 um) layer com-
pletes the sequence to ensure mechanical integrity. The cross
section of the multilayer encapsulation obtained by Focused Ion
Beam (FIB) milling (Figure S15c), highlights the different layers:
these barrier encapsulations guarantee conformality, uniformity,
and hermeticity. The Mg resistance curves for test cards coated
with 1, 3, and 6 dyads, exposed to wet air (85 °C, 85%RH) are
collected in Figure 3c, with the corresponding WVTR curves in
Figure 3d. The WVTR initially increases, correspondingly to the
transient time for water diffusion in the barrier: in this regime
Mg progressively corrodes and the WVTR value corresponds to
the real performance of the barrier. Then, it reaches a peak corre-
sponding to the maximum permeation rate of water molecules.
Finally, the massive appearance of the hydroxide leads to a de-
crease in the WVTR until the electrical connection is lost. As
illustrated in Figure 3e, the critical time for corrosion (i.e., the
time needed for completing the Mg corrosion, see the theoretical
definition in the Supporting Information) is proportional to the
number of dyads, whereas the value of the peak WVTR (WVTR,)
is exponentially related to that. WVTR, of (3.2 + 0.8) x 10, (1.0
+ 0.3) X 10%, (1.1 + 0.4) X 10' g m~2 d~! were measured for 1,
3 and 6 dyads, respectively, at 85 °C, 85%RH, whereas the initial
values in the transient regime were respectively 1.1 x 10!, 2.4 x
1071,3.2x 107> g m~* d~". The following expression for WVTR,
can be proposed for a parylene-based multilayer encapsulation:

WVTR, = WVTR,cexp (=K, - Np) 3)
where WVTR,, is the WVTR of parylene C (i.e., with 0 dyads); K,

is an experimental constant depending on the material and thick-
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ness of the dyads; N, is the number of dyads. Noteworthy, accord-
ing to the empirical 10-degree rule (or Baker’s rule),>!] 6 dyads
would have a WVTR of ~5.0 X 10~ gm~2 d~! at 25 °C. The higher
barrier performance of the hybrid multilayer encapsulations is
due to their specific architecture: water permeation is dominated
by defects in the inorganic layers but the presence of the organic
interlayers decouple the defects, making the diffusion pathway of
water molecules more tortuous, resulting in a lower transmission
rate.[>7] To support this concept, a detailed MATLAB-based Finite
Element Model (FEM), reported in the Supporting Information,
provides insights on the Fickian water diffusion through multi-
layer barriers (Figure S16, Supporting Information), accounting
for the number of defects in each inorganic layer (Figure S17,
Supporting Information), the number of inorganic layers and the
widths of the defects (Figure S18, Supporting Information), the
randomized location of defects and side effects (Figure S19, Sup-
porting Information). It can be shown that the WVTR curve is
strongly related to the water concentration versus time profile
(Figure S20, Supporting Information): see the theoretical foun-
dation in the Theory section of the Supporting Information.
The critical time for corrosion (t) was instead determined by
considering a threshold for the electrical resistance (10kQ) above
which the corrosion is assumed complete. We found 16.5, 37, and
75 days at 85 °C and 85%RH for 1, 3, and 6 dyads, respectively.
These values match what was reported previously,’! revealing a
linear relationship with the number of dyads (i.e., t, = < + K, -

N, where £ is the critical time of corrosion with parylene C and
K, is another experimental constant depending on the nature
of the dyads). What is reported in this section demonstrates the
versatility and universality of the e-Mg test.

2.1.3. Reproducibility, Lower-Detection Limit, and Comparison with
Standard WVTR Measurements

We next evaluated in detail the accuracy of the proposed method
(Mg test), in particular its reproducibility and the lower-detection
limit (sensitivity).

The reproducibility was investigated by characterizing four test
cards coated with parylene C (5 pm), in the same testing condi-
tions, i.e., 85 °C, 85% RH, and soaking in PBS at 85 °C. The Mg
corrosion in liquid occurs faster than in wet air, and in both cases,
the four measurements follow the same trend, as shown by the
resistance curves (Figure 3f). The WVTR for parylene C, and for
any encapsulation presented in this work, was determined as the
integral mean in the initial regime of the measurement, taking
into account the amount of time necessary for water molecules
to pass through the barrier and initiate the corrosion process. In
order to account for the realistic diffusion process taking place
in the barrier/Mg(OH), bilayer, a range of 107! — 1071%m? s™!
can be considered for the diffusion coefficient of parylenel®?] at
25 °C (thus 1071% — 107 cm? s7! at 85 °C). Hence, Fick’s sec-
ond law yields t ~ 20 — 200 s for 5 um-thick parylene C, there-
fore the first ~3 min measurements were selected for the inte-
gral mean (see Figure S14b, Supporting Information). The re-
sult for one dataset (one Mg stripe) was ~2.2 X 10 and ~2.0 x
10 g m~* d~! for PBS, 85 °C, and water vapor 85 °C, 85%RH (in
accordance with values found in literaturel>#), with a root-mean-
square deviation of %0.5 x 10! gm~2 d~! (excluding 10% outliers).
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Considering soaking tests in PBS, averaging over four samples
yielded (2.2 + 0.3) x 10 g m~2 d~" with a coefficient of variation
of 0.15. Within this good reproducibility, deviations in the experi-
ments can be ascribed to the substrate cleaning process, the qual-
ity of Mg deposition, non-uniformities in the Mg thickness, and
inhomogeneities (e.g., pinholes) of the barrier.*"!

The accuracy of the e-Mg test was investigated by determin-
ing the sensitivity of the electronic interface used for real-time
monitoring of electrical resistance. In particular, connecting to
the multiplexing acquisition board four fixed resistors (4.7, 47,
199, 989 Q) in place of the e-Mg test cards (see the Support-
ing Information for details), the variations in the measured re-
sistance were only due to signal fluctuations and instrumental
noise (Figure S21a, Supporting Information). The change in re-
sistance is the same for the four resistors, but the change in
conductance and thus the apparent WVIR (WVTR,,) depends
on the value of the resistor (Figure S21b-d, Supporting Infor-
mation): the higher the resistance, the lower the WVTR,,,. A
value of 1x10~° g m~2 d~! was obtained for the highest resis-
tance used, thus representing the electronics sensitivity limit.
The lower experimental detection limit was instead measured us-
ing rigid e-Mg test cards enclosed with a glass slide edge-sealed
(with several applications of PIB and epoxy) and soaked in PBS
at 85 °C (Figure S21e, Supporting Information), similarly to what
was reported for previous works on Ca test.3*33] This sample,
in fact, represents the closest case to an ideal encapsulation: the
only sources of Mg corrosion were the slight water permeation
through the sealed interface, the reaction with the glass, the out-
gassing from the sealant and the residual O, /H, O remained en-
trapped between Mg and glass during the assembly (performed
in a glove box). The presence of N, between Mg and glass, as
well as the irregular sealed interface contributed to delay the Mg
degradation. Therefore, in these conditions, the Mg corrosion
rate can be reasonably considered as the minimum detectable
rate. Figure 3g shows the resistance increase for three Mg test
lines (3.1, 5.2, 7.5 Q), whereas Figure 3h reports the correspond-
ing WVTR curves: a value of 2.1 x 107> g m~2 d~! was obtained
for the 7.5 Q Mg test line, which corresponds to a value of 3.3
x 1078 g m=2 d~! for a pattern of ~10> Q (as in real case for
micro-patterns in bioelectronic implants) at 25 °C. This sensitiv-
ity is unprecedently lower than that of the electrical Ca test (~1
x 1077 g m~2 d7! at 25 °CP3%) which has been considered so far,
together with the radioactive tritium test,[** the most accurate
method for detecting water permeability.

Therefore, compared to standard bulky systems (e.g., Mocon
apparatus, 5 X 10~ g m~2 d~! sensitivity;>*! Technolox mass spec-
trometer, 1 X 107> g m~2 d~! sensitivity;>® Systech Instrument
7001, 2 X 103 g m~2 d~! sensitivity (Figure S21, Supporting In-
formation), etc.) the e-Mg test presents: i) higher sensitivity; ii)
compatibility with microfabrication technology; iii) suitability for
miniaturization; and iv) versatility of testing conditions including
broader operational temperature range.

For instance, a representative standard water permeation cell
for WVTR measurements (Systech Instrument 7001, requires
the barriers to be free-standing or on a carrier substrate, (see
measurements for several standard encapsulations in Figures
S23-S26, Supporting Information). The system cannot be used to
evaluate performances of ultrahigh-barrier encapsulations, e.g.,
a PI carrier substrate coated with a 3-dyad hybrid encapsulation
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(Figure S27, Supporting Information) provides values very close
to the low detection limit of the system, with wide fluctuations
and negative WVTR values, thus not reliable. More sensitive com-
mercial equipment, based on these standard tests, could be con-
sidered (as the aforementioned Mocon(>*)) but nonetheless, any
measurement close to the lower detection limit that may cause
saturation/drying issues of the permeation cells should not be
taken as reliable. This further demonstrates the utility of the pro-
posed method, which is anyway in good agreement with the val-
ues provided by the standard system within their own operating
conditions (Table S2, Supporting Information).

2.2. Flexible and Stretchable e-Mg Test Cards
2.2.1. Flexible e-Mg Test Cards

Next, we fabricated flexible versions of the rigid e-Mg test cards,
hereafter called flexible e-Mg test cards (see the full fabrication
process in Figure S28, Supporting Information). Figure 4a shows
two representative Mg designs (narrower (150 um) and wider
(500 um) serpentines) embedded between two 5 um-thick lay-
ers of PI. The deposited Mg films (200 nm) were high-quality,
crack-free, highly reflective, and not affected by the subsequent
baking and curing of the PI superstrate. The flexible test cards
enable to perform a dynamic e-Mg test, i.e., introducing mechan-
ical deformations during the Mg corrosion. Soft bioelectronic
implants, in fact, must be shape-adaptable and undergo move-
ments/deformations due to the body motions or the contrac-
tion/expansion of internal organs. To evaluate the mechanical in-
tegrity and compliance of the test cards in operational conditions,
we performed cyclic buckling tests (Figure 4a) on a horizontal
cyclic stretcher (Figure S29a, Supporting Information). The cyclic
limits were set in accordance with physiological conditions,>’!
i.e., relative axial displacements (40% and 60%) and two motion
frequencies (0.1 and 1 Hz; Figure S29b, Supporting Informa-
tion). We determined the applied strain (e,) and stress (c%) in
the Mg thin films (Figure S29b, Supporting Information), from
the theory of solid mechanics (e, =y/R , 6, = Ee, /(1 — v?), where
y is the distance from the neutral axis, R is the radius of curva-
ture, E, v the Young’s modulus and Poisson’s ratio of the mate-
rial under stress). We found 2.44 and 4.03 MPa (. %) for 40%
and 60% relative displacements, respectively. The corresponding
strains were 4.9 and 8.1 X 107>, thus not risky for any mechanical
damage. Correspondingly, the electrical resistance of the flexible
test cards did not exhibit any change during the buckling tests
after 140 000 cycles (Figure 4b). When performing mechanical
tensile tests up to break, the resistance increased smoothly until
the abrupt increase (with elongation at break of ~3-4%) (Figure
S29¢, Supporting Information). This confirms the good quality
and mechanical integrity of the deposited Mg films. We charac-
terized then the test cards in PBS at 25° in static and dynamic
mode. After soaking (Figure S29d, Supporting Information), the
Mg converts into hydroxide and becomes transparent. Figure
S29e,f (Supporting Information) shows an FIB-milled cross sec-
tion of a flexible test card where the Mg profile can be observed.
EDX analysis revealed that the oxidation took place with the ap-
pearance of O in place of Mg (Figure S29f, Supporting Informa-
tion). In Figure S29g (Supporting Information), a magnified SEM
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Figure 4. Dynamictesting of flexible Mg-test cards. a) Photos of the flexible e-Mg test cards (two representative designs) and buckling tests with two fixed
relative displacements (the corresponding radii of curvature are shown). b) Results of resistance monitoring during the buckling tests at two different
frequencies and two fixed displacements. c) Resistance-time curves for soaking tests of flexible e-Mg test cards in PBS at 25 °C, in static and dynamic
mode. The corresponding WTR curves are reported in (d). The inset shows the flexible test card in a buckled shape during soaking.

image shows the porosity of the hydroxide embedded in PI. The
asymmetric structure resulting after the corrosion is due to the
presence of the Ti seed layer which acts as a barrier from one side
of Mg. For the dynamic mode, we used a chamber filled with PBS
(Figure S29g, Supporting Information) in which the test cards
were subjected to buckling tests (Figure S29h, Supporting Infor-
mation). From the resistance and WTR curves (Figure 4c,d) we
deduced that the dynamic mode does not affect the water trans-
mission rate but only the critical time for completing the cor-
rosion, in fact the resistance curves appeared shifted leftwards
compared to those in static mode. The effect of the mechani-
cal buckling onto the corrosion can be ascribed to an accumu-
lated damage that enhances corrosion, but the water diffusivity
through the barrier does not change: in fact, the tested deforma-
tions were not large enough to enhance cracking and favor the
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water permeation and corrosion. In particular, an initial WTR of
~2.0 X 10° g m~2 d~! was obtained for all the designs and modes
in PBS at 25 °C (Figure 4d), which corresponds to a value of 1.3
x 10* g m=* d~! at 85 °C. The inset in Figure 4d shows the curves
initially stable and with a slight negative slope which leads, after
~10 h, to a plateau at ~5 -9 x 107! g m~2 d~! (averaged), cor-
responding to the hydroxide contribution. Since the WTR does
not change, a control test with rigid test cards coated with PI is
not needed. A further benefit of the flexible e-Mg test cards is
that they can detect mechanical failure, since this would lead to
distinguishable signatures in the electrical measurements. Since
cracking is an immediate phenomenon, this would lead to abrupt
and stepwise increases in the Mg resistance, whereas the in-
crease induced by corrosion is more asymptotic until the loss of
connection.
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Figure 5. Stretchable e-Mg test cards. a,b) Illustration (a) and exploded view (b) of the stretchable e-Mg test cards. c) Real photos of stretchable test
cards with two different representative designs for Mg (narrower and wider). d) Tensile cyclic tests for stretchable test cards with narrower and wider
Mg pattern, at two displacements (A, L, are the elongation and the initial length) and for two representative stretching frequencies. The black curves
are the displacement-time curves. e) Corrosion tests during the application of a fixed stretching strain, using two clamps. f) WVTR values and lag time
for corrosion, for the same stretchable test card subject to three different pre-stretching strains and soaked in PBS at 85 °C. g) Stress relaxation curve

for a stretchable test card subject to an initial pre-stretching strain of 50%.

2.2.2. Stretchable e-Mg Test Cards

Next, we designed proof-of-concept stretchable e-Mg test cards
(Figure 5a—c), by introducing serpentines, patterned in the
PI/Mg/PI stack (see the full fabrication process in Figure S30,
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Supporting Information). We first evaluated the mechanical re-
sponse of the stretchable test cards by performing uniaxial ten-
sile tests and monitoring their electrical resistance. FEM simu-
lations of the soft structures under an applied 100% elongation
indicate maximum von Mises stresses of 5.0 MPa and ~400 MPa
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in the PDMS and in the PI/metal/PI serpentines, respectively
(Figure S31a,b). Lowering the width and the stiffness of the Mg
pattern generally allows a more homogeneous elongation and re-
duces the maximal stresses. Further design optimization could
be performed to achieve desired levels of stretchability, but this
is not within the scope of this work. Figure S31c,d (Supporting
Information) shows the force-displacement curves and the elec-
trical resistance monitoring for the quasi-static up-to-break ten-
sile tests: on average, the narrower design reached a strain of 80%
without losing electrical contact and keeping a stable resistance
up to 40% strain, exhibiting thus a better stretchability. The next
increase in resistance upon elongation is attributed to the cre-
ation of lattice defects and cracking in the Mg thin films. We also
carried out dynamic cyclic stretching tests in ambient conditions
to evaluate the long-term mechanical response: we clamped the
devices on a cyclic stretcher and performed cycles with two rep-
resentative frequencies (0.3 and 1 Hz) and two relative axial dis-
placements (20% and 50%). As shown by the displacement-time
curves and the resistance monitoring (Figure 5d), the wider de-
sign exhibited a more stable signal whereas the narrower one
had degraded performances with increasing displacement and
frequency. At 1 Hz and 50% displacement, the stability reached
500 cycles for the narrower design.

Next, we analyzed the corrosion rate of the stretchable e-Mg
test cards with static soaking tests in PBS at 85 °C, without or
with pre-stretch. Figure S31le (Supporting Information) shows
the resulting test cards after Mg corrosion, and Figure S31f
(Supporting Information) reports the corresponding resistance
curves and WTR plots: a WIR of 1.8 x 10" g m™ d~! was ob-
tained for the PDMS/PI encapsulation at 85 °C, which is in line
with the results achieved with the flexible test cards, confirming
the very high permeability of PDMS.P! Based on the transmis-
sion rate values of PDMS found with standard measurements
(Figure S24, Supporting Information), normalized to its thick-
ness in the stretchable test cards and to the testing temperature,
aWTR of #1.47 x 10 gm~2 d~! can be extracted for P1. This value
compares well with the value of 1.3 X 102 g m~2 d~! obtained for
the flexible e-Mg test cards.

Next, we pre-stretched the test cards by clamping them on a
glass support at a specific displacement (Figure 5e), and then
soaked them in PBS at 85 °C. The Mg corrosion exhibited a
strong acceleration upon strain and the WTR of the encapsula-
tion increased by a factor of 4.3 when stretched to 20% strain
(Figure 5f). In particular, we obtained 1.1 x 10!, 4.7 x 10, 1.6
x 10> g m=2 d71, for 0%, 20%, and 50% pre-strain, respectively.
Since the previous tests demonstrated a good Mg mechanical in-
tegrity at these strains, the effect of stretching-enhanced water
permeation may be attributed to a larger free-void volume in the
polymeric barriers,®*% to possible micro-delamination between
PDMS and PI, or to the temporarily reduced thickness of the
encapsulation during to the deformation, which allows water to
penetrate through the encapsulation more rapidly. Additionally,
the stress relaxation in the polymers (Figure 5g), the redistribu-
tion of stresses, and the plastic deformation around Mg (which
occurs rapidly) can play a role in accelerating the water diffusion
and the Mg corrosion.[6162]

Finally, given the softness and shape-adaptability of the stretch-
able test cards, we tested them in a real biological tissue. We
implanted them into beef sirloins as tissue phantoms, kept at
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body temperature (37 °C) for >5 h (the detailed procedure is
described in the Supporting Information). The resulting WTR
(9.2 x 10° g m=2 d-1, (Figure S31gh, Supporting Information)
was of a similar order of magnitude to the ones measured at
85 °C in PBS, revealing that the biological tissue constitutes a
more aggressive physiological environment than a buffer solu-
tion and can accelerate any degradation/permeation pathways in
plastics.[>-%8] Further tests with wider variability of tissues and
with deep histological/biochemical analyses would be needed to
understand whether the permeability of the polymer encapsula-
tion to water molecules could vary in relation to the molecules
present in these bio-environments. However, this preliminary re-
sult confirms that exposure to biological tissue does play an im-
portant role in water permeation through the encapsulation.

2.3. Implementation of e-Mg Test within Neural Interfaces

Next, we integrated the e-Mg test into two representative mi-
crofabricated neural interfaces, i.e., flexible electrocorticography
(ECoG) electrode arrays and stretchable optoelectronic implants
(optoelectrodes). Neural interfaces are, in fact, an exemplary cate-
gory of bioelectronic devices, mostly implanted, interacting with
the nervous system and requiring optimal reliability.

ECoG implants were manufactured according to an estab-
lished process flow (Figures S32 and S33, Supporting Infor-
mation): a resistive Mg sensor and inert metallic (Ti/Pt) inter-
connects were embedded in Sum-thick PI exposing electrodes
through the top PI (Figure S33c, Supporting Information); the
Mg sensor was patterned as a four-point-probe (4PP)-connected
Mg ring around the inert electrode (Figure S33d, Supporting In-
formation), leaving a gap of 10 ym to avoid undesired delamina-
tion at the PI/electrode interface due to the swelling of the cor-
roding Mg and without hindering the water permeation through
the PI encapsulation.

We soaked a 3-electrode ECoG in PBS at 85 °C and monitored
the resistance between two adjacent electrodes isolated from the
solution with PIB: water permeation induced a 10?-fold decrease
in the inter-electrode resistance (from 10° to 10*Q) (Figure S33f,
Supporting Information) within a day of exposure to PBS. Wa-
ter diffusion likely occurred through the encapsulation’s surface
and/or through its sidewalls (Figure S33h, Supporting Informa-
tion). The time at which the resistance decrease occurs was even
shorter than the theoretical time necessary for water diffusion be-
tween electrodes (according to the approximation At = d?,/6D,
where d,;; is the inter-electrode distance): this could be ascribed
to other effects such as water permeation at the interfaces.

Integrating the Mg sensor into the ECoG offers real-time
quality control for the encapsulation and device performance.
Mg oxidation does not affect the integrity of the interfaces in
the implant (Figure S33g, Supporting Information), maintaining
a good Pl/electrode adhesion. We tested the devices ex vivo on
the surface of pigs’ explanted brains (Figure S34a, Supporting
Information), keeping the implants always in contact with the
tissue surface, at body temperature (~37 °C), and hydrated in a
PBS bath. The e-Mg resistance curves for the corroding Mg rings
(Figure 6a) show that the critical time for completing corrosion
matches the time spent before the cross-talk occurred between
the electrodes, meaning that Mg can detect the inter-electrode
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Figure 6. Implementation of e-Mg test in neural interfaces. a) Resistance curves for the Mg patterns in the 1-electrode and 3-electrode ECoG designs for
ex vivo measurements. b,c) Chronic electrical characterization of the ECoG implants ex vivo: b) CV, ¢) VT curves. CSC, charge storage capacity; CIC, charge
injection capacity. d) Exploded view of the stretchable optoelectrode with bottom and top Mg tracks for measuring permeability. e) Optical micrograph
of the implant with a focus on the micro-LEDs integrated in the design. f) In vitro monitoring of the micro-LED operation and of the bottom and top
Mg tracks (Mgg and Mgy, respectively), soaked in PBS at 85 °C. g) In vivo implantation of the Mg-integrated devices in the spinal cord of anesthetized
mice. The inset shows the micro-LED function inside the epidural space. h) Zoom on the implantation site and on the micro-LED operation, before and
after its failure. i) In vivo monitoring of the micro-LED operation and of the bottom and top Mg tracks.

leakages. The results of the e-Mg test can then be correlated
with the electrical performances of the devices. As shown by the
electrochemical impedance spectroscopy (EILS), cyclic voltamme-
try (CV), and voltage-transient (VT) curves of the implants ap-
plied on the tissue (Figure S34b, Supporting Information, and
Figure 6b,c), at the same time when the crosstalk occurs, several

Adv. Funct. Mater. 2024, 34, 2315420 2315420 (11 0f14)

changes appear: an increase in the EIS impedance, a 40% reduc-
tion in the area enclosed by the CV curves, and a flattening of
the VT curves. These effects can be ascribed to the degradation
of the electrodes/tissue interface, and the resulting charge stor-
age/injection capacity of the ECoG.!?”) In summary, the e-Mg test
provided the time at which a 40% loss in performance occurred
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for the ECoG implant during its deployment, besides being a use-
ful tool to monitor real-time the WTIR of the encapsulations in
contact with the host tissue.

In a follow-up experiment, we demonstrated the miniatur-
ization and integration of the e-Mg test into stretchable op-
toelectrodes aimed for applications in optogenetics across the
dorsoventral spinal cord of mice. The implants carry micro-
LEDs (dimensions 270x220x50 um?, wavelength 470 nm) to de-
liver blue light across the spinal cord (Figure S35, Supporting
Information!®]). We integrated two stretchable Mg tracks into the
optoelectrodes, one per encapsulation film: the first PI encapsu-
lation embeds the metal interconnections, whereas on top of it
the micro-LEDs are soldered and encapsulated with elastomers
(e.g., PDMS and/or PIB) (Figure 6d). Therefore, the two stretch-
able Mg tracks (bottom, Mg, and top, Mg;) were deposited and
patterned below the PI and the PDMS encapsulants, respectively
(Figure S36, Supporting Information). Through in vitro acceler-
ated aging tests in PBS at 85 °C, we obtained the resistance curves
for the two Mg tracks as well as the normalized voltage on the
micro-LEDs (Figure 6f). The optical devices worked properly with
stable voltage until sudden electrical failure. The top Mg track cor-
roded faster than the bottom one, failing in few minutes, in line
with PDMS high permeability. Interestingly, the micro-LEDs re-
mained functional after the failure of the first encapsulation and
stopped working before the failure of the second encapsulation.
This can be ascribed to the weakening of the soldering sites due
to water permeation. So far, the micro-LED’s lifetime was taken
as a metric for the barrier lifetime;”] here we demonstrate that
the failure processes occurring during the implant operation are
more complex and the e-Mg test unprecedently provides a more
accurate method to search for the cause of the barrier/device fail-
ure. Additionally, it allows for a real-time and dynamic monitor-
ing during implantation against the qualitative “on/off” indica-
tion given by the micro-LED’s lighting.

We implanted the optoelectrodes into the spinal cord of ter-
minally anesthetized mice in an acute setting (Supporting In-
formation Notes and Figures S37 and S38a—e, Supporting Infor-
mation; Figure 6g). After closing the wound with skin clips, the
light of the micro-LEDs was observable (Figure S38f, Support-
ing Information), and tunable by adjusting their modulation cur-
rent (Figure S38h, Supporting Information). The performance of
the micro-LEDs was monitored over time (Figure 6h and Figure
S38g, Supporting Information) together with the Mg electrical re-
sistance. The corrosion of the Mg tracks was completed in a few
hours (faster for Mg, Figure 6i) and correspondingly the micro-
LEDs stopped working in between, matching our in vitro observa-
tions. WTR values of 5.6 x 107! and 3.3 x 10° gm~2 d~! were re-
spectively extracted for PDMS/PI (Mgg) and PDMS (Mgy), which
follow the trend found previously with flexible and stretchable
test cards (in vitro/ex vivo).

3. Conclusions

In summary, we developed an e-Mg test as a universal and ultra-
sensitive method for measuring the permeability of any barrier
encapsulation used in bioelectronic implantable applications.
The method is based on the use of resistive sensors and on the
correlation between the Mg corrosion rate with the water trans-
mission rate of the barrier. The miniaturized transducer can be

Adv. Funct. Mater. 2024, 34, 2315420 2315420 (12 0f14)
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integrated into neural implants, providing in situ and real-time
quality control for the encapsulation and the device itself. Mg
films can be patterned to be included in the design of minia-
turized implants. We demonstrated their integration and use in
two typical neural interfaces, an ECoG and a spinal cord epidural
implant. The Mg sensor method exhibits good accuracy, repro-
ducibility, and repeatability, matching values provided by stan-
dard WTR measuring systems. The thin-film sensor approach
is versatile and reliable, provides quantitative feedback on the
exposed devices, and allows to achieve ultra-low detection limit
of water permeation (3 X 1078 g m~2 d~!) independently on the
use conditions, from in vitro to in vivo settings. This is also a
useful technique to assess in situ performance of thin film en-
capsulation, which remains an unmet challenge for long-term
bioelectronic implants. The Mg test can also reveal critical phe-
nomena such as encapsulation failure or electrical degradation of
electrodes. In conclusion, the development of this miniaturized,
quantitative approach to device aging is poised to significantly
enhance the application scope and efficacy of wearable and im-
plantable bioelectronics, offering new avenues for advancement
in this field.

4. Experimental Section

Detailed fabrication steps for the devices, designs for the data acquisition
systems, and related hardware, the in vitro and ex vivo/in vivo setups are
described in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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