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Abstract

MXenes are being heavily investigated in biomedical research, with applications ranging from
regenerative medicine to bioelectronics. To enable the adoption and integration of MXenes

into therapeutic platforms and devices, however, their stability under standard sterilization
procedures must be established. Here, we present a comprehensive investigation of the electrical,
chemical, structural, and mechanical effects of common thermal (autoclave) and chemical
(ethylene oxide (EtO), and H,O, gas plasma) sterilization protocols on both thin-film TizC,T
MXene microelectrodes and mesoscale arrays made from TisC,T ,-infused cellulose-elastomer
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composites. We also evaluate the effectiveness of the sterilization processes in eliminating

all pathogens from the Ti3CoT , films and composites. Post-sterilization analysis revealed that
autoclave and EtO did not alter the DC conductivity, electrochemical impedance, surface
morphology, or crystallographic structure of TisC,T,, and were both effective at eliminating £.
coli from both types of Ti3C,T ,-based devices. On the other end, exposure to H,O, gas plasma
sterilization for 45 minutes induced severe degradation of the structure and properties of TizCoT
films and composites. The stability of the Ti3C,T , after EtO and autoclave sterilization as well

as the complete removal of pathogens establish the viability of both sterilization processes for
Ti3CyT y-based technologies.

Keywords

MXenes; Bioelectronics; TisCoT ; Sterilization; Wearables; Implantable electrodes

Bioelectronic technologies are widely used in the clinical diagnosis and treatment

of neurological and neuromuscular disorders.2” Since the introduction of implantable
neuromodulators in the late 1960s, bioelectronic devices have predominantly relied on
metals like platinum (Pt) and stainless steel to monitor and modulate the activity of excitable
cells and tissues. These materials, however, pose significant challenges in realizing safe,
stable, and functional interfaces with biological structures - primarily arising from the
fundamental mismatch of their mechanical, electrochemical, and chemical properties.8-11
Propelled by the recognition of the tunable structure-function properties both at the
molecular scale and in the assembled form, there has been a growing interest in leveraging
nanostructured materials for applications in bioelectronics. Promising nanomaterials that
have been explored include graphene,12-14 carbon nanotubes, 1516 nanodiamonds,1” and Pt
nanorods,18 among others.

Two-dimensional metal carbides and nitrides (MXenes) are rapidly emerging as cost-
effective and high-performance alternatives to noble metals for high-resolution, multiscale
bioelectronics.19-21 MXenes are transition-metal carbides, carbonitrides, and nitrides
typically produced by selective etching of the A element, like aluminum, from the layered
MAX-phase precursors, where M is an early transition metal and X is carbon or nitrogen.
Among their properties, the high electrical conductivity,?2 volumetric capacitance,23
hydrophilicity,24 biocompatibility,2> and antibacterial nature26:27 make MXenes particularly
suitable for bioelectronic applications. Liquid-phase processing of aqueous TizC,T , MXene
dispersions has been successfully leveraged in several application-specific fabrication
schemes to produce recording, stimulation, and biosensing devices. To date, Ti3C,T ,-based
bioelectronic technologies have been demonstrated in a number of applications, including
wearable cardiac (electrocardiography, ECG), muscle (electromyography, EMG), and brain
(electroencephalography, EEG) electrodes,28-30 as well as invasive electrode arrays for
neural recording and stimulation,31:32 detection of neurochemicals,33:34 and remote non-
genetic neuromodulation.3®

As MXenes and other emerging nanomaterial-based technologies advance towards
translation, their ability to withstand standard clinical sterilization processes to be rendered
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pathogen-free becomes of paramount importance and must be demonstrated. As dictated by
the U.S. Centers for Disease Control (CDC) and other internationally-accepted standards
for medical device sterilization, any device or item intended to enter a sterile environment
or tissue can pose a high risk of infection, thus requiring sterilization by either steam
autoclave, H,0, gas plasma, or ethylene oxide (EtO).36:37 Demonstrating robust stability of
Ti3CoT, MXene films and devices under these commonly implemented clinical sterilization
procedures would thus mark an important milestone in the translational pathway of MXene-
based medical technologies.

Here, we present a systematic investigation of the stability of Ti3C, T, MXene films

and devices under EtO, steam autoclave, and H,O, gas plasma sterilization. Specifically,
we investigate thin-films of Ti3C,T , spray-cast onto Parylene-C to form microelectrode
arrays,32 as well as devices made from laser-machined cellulose-polyester blends
infiltrated with TizCoT .39 We first evaluate the effects of sterilization on the electrical,
electrochemical, structural, chemical, and mechanical properties of TizCoT 4 films and
devices. Then, we demonstrate the effectiveness of the sterilization processes in rendering
Ti3C, T, devices pathogen-free, by quantifying £. colibacterial units in both device types
over a 24-hour post-sterilization incubation period.

RESULTS AND DISCUSSION

TigCoT , thin-film microelectrodes and cellulose-polyester-TizC,T , arrays (a.k.a. MXtrodes)
were fabricated using previously established protocols, detailed in the supporting
information (S1).3%:32 Briefly, thin-film microelectrodes were arranged in a 4x8 grid (12.1
mm x 28.1 mm) made of Ti3CoT , films (~1 mg/mL, 100 mL) spray-cast onto a 3.5-
pum-thick Parylene-C film (Figure 1A). 100-nm-thick Ti/Au pads and interconnects were
photolithographically defined and electron-beam deposited before a second 3.5-um-thick
Parylene-C layer was added to form the top encapsulation.32 Electrode diameter and pitch
are 100 pm and 4 mm (in both directions, Figure S1). The thin-film microelectrodes

were designed to provide high-resolution neural monitoring capabilities by leveraging a
high-density of microscale electrode contacts made on an ultrathin substrate (final device
thickness: 7.0 + 1.1 um, number of samples, 77 = 8). Cellulose-polyester-Ti3sC,T , MXtrodes
were composed of 2.5 mm contacts arranged in a 2x4 array (12.5 mm x 32.5 mm)

spaced 1 cm apart (Figures 1B and S2). The arrays were fabricated from a Texwipe®
cellulose-polyester blend textile infused with TigC,T , (~20 mg/mL) and were encapsulated
on both sides with ~300 pm polydimethylsiloxane (PDMS) layers (final device thickness:
820 + 100 um, 7= 14). The elemental composition of device contacts was qualitatively
confirmed for both device form-factors using Energy Dispersive X-Ray Spectroscopy
(EDX) measurements which highlighted the elemental presence of TizC,T , as well as the
encapsulating Parylene-C for thin-film microelectrodes and PDMS for MXtrodes (Figure
S3).

We subjected both types of devices to the following sterilization cycles using clinical
equipment and standard cycle parameters: EtO, Anprolene AN 74/, 12-hour cycle, 2-hour
post-sterilization gas purge; steam autoclave, Primus PSS 500, up to 30-minute cycle, 134
°C chamber temperature; H,0, gas plasma, Sterrad NX 100, 47-minute cycle, sub-ambient
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pressure (Figure 1C). After each sterilization cycle, we evaluated the electrochemical

and bulk conductivity effects of sterilization by collecting electrochemical impedance
spectroscopy (EIS) and DC conductivity with a Gamry Reference 600 potentiostat and

a Loresta-AX four-point probe, respectively. We further characterized the effects of
sterilization on the structure, bulk, and surface chemistry of Ti3C,T , using X-ray diffraction
(XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) for each device.
Additionally, we used optical and scanning electron microscopy (SEM) to visualize the
effects of sterilization on the devices and characterize the extent of film cracking and
delamination of the Ti3C, T, from the underlying substrate at the exposed contact sites. For
MXtrode composites, we also investigated the mechanical properties of device samples in
response to sterilization by monitoring the change in device resistance over the course of
hundreds of continuous cyclic deformations (to induce bending) as well as with vertical
tensile elongation to failure. Finally, we evaluated the effectiveness of the sterilization
treatments at rapidly removing all pathogens from the devices by measuring the presence of
E. colibacterial colony forming units (CFU) counted over a 24-hour incubation period at 37
°C (Figure 1D).

Electrochemical and Electrical Stability.

As bioelectronics primarily rely on the electrochemical transduction of ionic currents in

the body at the electrode-tissue interface, we first investigated the influence of sterilization
on the electrochemical interface impedance of thin-film and MXtrode devices with EIS
scans acquired in 0.01 M phosphate-buffered saline (PBS) before and after each sterilization
cycle. For thin-film microelectrodes post-EtO, we did not observe a significant change in

the impedance modulus at the reference frequency of 1 kHz (pre: 1.9 + 1.2 kQ, post: 2.1

+ 1.1 kQ, with a non-significant effect size of 0.21, Figure 2A and Table S1). We also

did not observe a significant change in impedance across the entire 102-10° Hz frequency
range. Autoclave sterilized thin-film arrays showed a significant decrease in impedance
post-sterilization (pre: 2.1 £ 0.3 kQ, post: 1.5 + 0.2 kQ, effect size: 2.54), which was
accompanied by the disappearance of a local minimum in the phase at 102-10% Hz, while
the rest of the spectral response remained essentially unchanged (Figure 2B). This change in
the phase behavior can be attributed to the evaporation of water intercalated between MXene
layers in the films — possibly from ambient environmental humidity or aqueous EIS testing
in the pre-autoclave exposure — and is further supported by a low dtspacing value of 11.4

A post-sterilization (Table S2). In contrast, H,O, gas plasma sterilized devices showed a
significantly higher impedance after sterilization (pre: 2.8 + 1.0 kQ, post: 4.9 + 1.7 kQ, effect
size: 3.10) and a capacitive shift in the broadband phase response. H,O, sterilized thin-film
devices also showed a decrease in their electronic properties with >10x DC conductivity loss
(pre: 9.0 £3.3103 S cm™, post: 9.2 + 7.8 102 S cm™1, effect size: 3.00). On the other hand,
DC conductivity of TigC, T films remained unchanged after EtO (pre: 8.9 + 3.2 103 S cm™,
post: 7.1 + 1.4 103 S cm™1, effect size: 0.698) and autoclave sterilization (pre: 8.9 + 3.1 103
Scm™L, post: 8.7 £ 3103 S cm™1, effect size: 0.087, Figure 2C and Table S3).

MXtrode devices also showed a similar EIS and DC conductivity responses in each of
the tested conditions. The impedance modulus and phase behavior of sterilized MXtrodes
were stable after both EtO (pre: 300 + 60 Q, post: 350 + 60 Q, effect size 0.887) and
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autoclave sterilization (pre: 400 + 80 Q, post: 460 + 150 Q, effect size: 0.872, Figure

2D). Interestingly, the phase response of the MXtrode devices did not show evidence

of intercalated water removal after autoclave sterilization and appeared to be unaffected

by the treatment cycle, with a atspacing of 12.5 A both before and after sterilization.

This could be caused by the composite morphology, where the cellulose-polyester-PDMS
matrix inhibits the ingress of water between the TizC,T , flakes, as previously suggested.38
Consistent with the thin-film device response, however, H,0, gas plasma strongly affected
the electrochemical interface of MXtrodes, with the impedance modulus increasing from
400 £ 80 Q to 1100 * 410 Q (significant effect size of 10.1) and the phase response

again shifting to lower angles (Figure 2E). We also evaluated potential size effects in the
impedance response by exposing MXtrode devices with 1 mm and 5 mm contact size to

the same sterilization conditions, but we did not find any significant difference in effect
compared to the 2.5 mm devices (Figure S4), although we did see the overall magnitude

of impedance increase with decreasing electrode diameter regardless of sterilization, as
expected.3%40 DC conductivity measures also had similar trends in the effects of sterilization
on the 2.5 mm MXtrodes with non-significant changes after EtO (pre: 90 + 20 S cm™~2, post:
77 + 14 S cm™1, effect size: 0.490, Figure 2F) and autoclave sterilization (pre: 92 + 21 S
cm™L, post: 68+ 13 S cm™1, effect size: 0.791), but a significant > 3x drop in conductivity
after exposure to H,0, gas plasma (pre: 90 + 22 S cm™1, post: 23+ 8 S cm™, effect size:
2.21).

XRD and Raman Analysis of TigC,Ty Films and Devices.

To confirm that the structure and chemical composition of TigC,T  thin films and
composites were unaffected by EtO and autoclave, but also to further elucidate the
mechanisms of H,0, gas plasma-induced degradation, we collected XRD patterns and
Raman spectra for each sterilization condition and quantitatively compared the results
against: 1) pristine (i.e., non-sterilized) Ti3C,T ,samples, 2) the background spectra of the
substrate. In the XRD patterns, we noted the presence of the characteristic (00/) peaks of
Ti3CoT, MXene for all pristine and sterilized samples in both device form factors, indicative
of out-of-plane stacking of MXene flakes (Figure 3A and 3B).41 We further calculated the
full width at half-maximum (FWHM) of the dominant (002) peak for each sample to probe
the flake alignment and interlayer spacing variations in the sterilized samples.*2 For both
device types, the FWHM did not vary significantly after either EtO or autoclave sterilization,
indicating no change in the flake alignment. Furthermore, the increased intensity of high-
order (00)) peaks in the autoclaved samples suggests a regular spacing between MXene
layers and no negative effect of this treatment on the film structure. Only a minor expansion
of the interlayer spacing was observed for the EtO sterilized thin films (from 10.9 to 12.1
A), which notably did not affect the post-sterilization electrochemical behavior. H,O, gas
plasma sterilized thin films and MXtrodes, however, showed a significant increase in the
FWHM of the (002) peak, which is indicative of a decreased structural order and, possibly,
more anisotropic spacing of the TisC, T, flakes.#344 Further, the XRD patterns of the H,0,
gas plasma samples showed a broad scattering background similar to the Parylene-C layer
for the thin-films and the strong peak at ~23° similar to the textile for the MXtrodes, which
both indicate some loss of TizC,T  layers, damage and sputtering of the substrate layers, or
formation of amorphous degradation products. Likely, loss of interlayer water and sintering
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of the films after gas plasma sterilization resulted in the up-shift of the (002) peak, which is
further supported by the decrease in the d~spacing after H,O, gas plasma treatment.

Raman spectra of the pristine and sterilized Ti3C, T, MXene thin films and MXtrode
samples (Figure 3C and S5) showed the characteristic TizC,T  peaks, including the E;4(C)
in-plane resonance at ~120 cm~1 and both Aqq(Ti, C, O) and A14(C) out-of-plane peaks at
~205 cm™1 and ~730 cm™1, respectively.#> Raman spectra were analyzed by normalizing
the A14(C) peak in each spectrum by its maximum and fitting it with a Gaussian curve

to compare the amplitude and peak center of the fitted A;4(C) peaks and calculate the
normalized FWHM. For both EtO and autoclave sterilized samples, there was no significant
change in the A;4(C) peak amplitude or FWHM compared with the pristine MXene.

There was, however, a significant increase in the FWHM and decrease in the A14(C) peak
amplitude that was only seen in the H,O5 gas plasma sterilized samples, likely caused by
surface degradation and a removal of MXene layers during the sterilization cycle (Figures
3D, S6, and S7). Indeed, when scanning at shift values > 1000 cm™! there were large D and
G band peaks indicative of amorphous carbons between 1100 cm™1 — 1700 cm™1 formed
upon MXene degradation in the H,0O, gas plasma thin-film samples, compared to much
smaller peaks in EtO and autoclave samples (Figure S8A). Furthermore, in a subset of H,0,
gas plasma thin-film samples that became visually more damaged, the A;4(C) peak trended
towards lower amplitudes and right-shifted to higher wavelengths (from 727 cm™1 to 732
cm~L, Figure 3E), which has been shown to be caused by a decrease in the MXene layer
thickness, 446 and could potentially indicate the onset of Ti3C,T , oxidation.4 In addition to
the A14(C) peak, other characteristic Raman signatures of TizC,T , gradually attenuate with
increasing level of visual damage, including the A14(Ti, C, O) and E14(C) peaks (Figure
S8B). However, despite the visible lightening in color, surface damage, and right-shifted
A14(C) peak, there were no signs of rutile or anatase titanium oxide (TiO) on any of the
Raman spectra collected for H,O, sterilized thin-film arrays and MXtrodes, despite the
higher sensitivity of Raman to the formation of nanoscale TiO, compared to XRD.4448 This
suggests that the bulk chemistry of TizC,T , in the devices is unaffected by the exposure

to H,O5 gas plasma. Moreover, the visible damage in the case of H,O, plasma treatment
was confined predominantly to the surface of the samples. Therefore, since the penetration
depth of light into Ti3C,T , films is several microns with an excitation wavelength of 785
nm,*9 the presence of TizC, T, peaks in the Raman spectra of the H,0, plasma treated films
indicate that the majority of the damage did not exceed ~10s of nanometers. This suggests
that the Ti3CoT x is being continuously oxidized and etched away directly at the surface
rather throughout the bulk of the material.

XPS Analysis Confirms Oxidation after H,O, Gas Plasma Sterilization.

To characterize the chemical composition of the sterilized samples and investigate the
possible presence of surface TiO, as a driving mechanism for Ti3C,T , degradation in H,O»
gas plasma sterilized samples, we collected XPS spectra for EtO, autoclave, and H,O, gas
plasma sterilized thin films and MXtrodes and compared them to pristine samples. For
pristine samples and those sterilized with EtO and autoclave, the Ti 2p spectra shows three
pairs of doublets attributed to Ti with -O and -F surface terminations indicative of properly-
synthesized Ti3Co T, MXene, and with less than ~10 % of the spectra stemming from TiO,
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(doublet at ~459 eV and ~465 eV, Figure 4A-C, S9A and Table S4).5951 Similarly, the C 15
spectra clearly shows one peak attributed to C-Ti bonding indicative of pristine MXene, and
other peaks attributed to adventitious carbon contamination on the surface (Figure S9C).51
After H,O, gas plasma sterilization, however, the components attributed to Ti3C,T xin the
Ti 2pand C 1sspectra completely disappear (Figure 4D) and the survey spectra indicates
only titania, amorphous carbon, and silica remain, confirming surface oxidation (Figure 4D
and S9A).4452 The increase of the Si 2sand Si 2p peaks in the survey spectra, presumably
from silica, are indicative of the exposed substrate for the thin film samples, which again
indicate the loss of TisCoT x flakes in plasma sterilized samples, consistent with XRD and
Raman results. Considering that XPS probing depth is less than 10 nm, and titania was only
identified in XPS but not in Raman spectra, our findings suggest that only the surface layers
— between 10 to 100 nm — are oxidized and the remaining Ti3C,T , is intact. Moreover, the
exposed substrate indicates that damage is not homogenous throughout the entire surface
and some spots might be more damaged than others.

Optical and SEM of Thin-film Microelectrode and MXtrode Contacts.

The degradation of H,O, gas plasma sterilized devices was also visually apparent. The 100
um thin-film microelectrode and 2.5 mm MXtrode contacts were visibly lighter in color and
showed clear removal of Ti3C,T 4 0n and around the contact site post-sterilization (Figure
5). Additionally, SEM measurements of the contact surfaces revealed that there was clear
cracking of the TizC,T 4 films for both thin-film microelectrode and MXtrode devices that
were sterilized with H,O, gas plasma along with a relative increase in elemental Oxygen

in the EDX spectra (Figure S10). Notably, however, there was no apparent delamination

of the encapsulating substrate visible for either device type, and both Parylene-C and
PDMS layers appeared undamaged. In contrast to the visible damage incurred after gas
plasma sterilization, however, EtO and autoclave sterilized thin-film and MXtrode contacts
remained visually unaffected and showed no sign of Ti3C,T , cracking or delamination on or
around the exposed contacts, similar to the pristine, unsterilized contacts.

Mechanical Stability of MXtrodes to Cyclic Bending and Tensile Testing.

Additional characterization of the effects of sterilization was performed by assessing the
mechanical stability of MXtrode composites in response to cyclic bending and vertical
tensile stress to failure. Briefly, cyclic deformation was performed over 300 cycles on
pristine and sterilized sample MXtrode composites (5 mm x 5 cm) to induce a bending
radius of ~5 mm. While the measured change in resistance from pre to post bending
remained low for pristine, EtO, and autoclave sterilized samples (10 % - 16%), there was

a large (>130 %) increase in the relative resistance of H,O, gas plasma sterilized samples
after bending - likely caused by a combination of the degraded electrical performance and
crack formation (Figure S11). Tensile stress strain measurements of the MXtrode samples
were consistent in magnitude to those previously reported,3 and appear to be driven - in all
samples - by the mechanical properties of the encapsulating PDMS in the linear regime. The
relative failure points for each sample condition appeared to be driven by local variations or
defects in the PDMS thickness and did not seem to be affected by sterilization.
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Sterilization is Effective at Rapidly Eliminating Pathogens from TizC,Ty Devices.

Finally, to evaluate the efficacy of EtO and autoclave at rapidly removing any and all
bacterial pathogens adhered to the devices in a single sterilization cycle, we inoculated £.
coli onto the devices prior to exposure to the sterilization cycles. After sterilization, we
incubated all samples in culture media at 37 °C and then measured colony forming units
(CFU) and optical density at 600 nm wavelength (ODggg) over the following 24 hours.
Samples exposed to £. colithat were not sterilized showed bacterial contamination and
proliferation at all six timepoints during the 24 hours of the experiment (Figures 6 and
S12). Notably, this high volume of bacteria in unsterilized samples is not related to the
antibacterial properties of Ti3C,T , directly, but rather is a control indicating that complete
devices (Ti3C,T,, PDMS, Parylene-C, Au, cellulose-textiles) that are not sterilized will
not be clinically sterile or safe for patient use. For all of the samples inoculated and
sterilized, however, both the bacterial count and optical density were below the detection
limit threshold (ND) at all timepoints. These findings demonstrate that TigC,T , thin-film
microelectrodes and MXtrode composites can be effectively and completely sterilized by
EtO and autoclave and rapidly rendered pathogen-free for clinically safe use in wearable and
implantable devices.

CONCLUSION

Here, we have investigated the effects and efficacy of the three most common sterilization
techniques on TizC,T , thin-films and textile-PDMS composites assembled in the form of
electrode arrays. Our studies reveal that EtO and autoclave sterilization do not cause any
change in the crystalline structure, mechanical strength, or the electronic/electrochemical
properties of TizC,T ,. Interestingly, autoclave sterilized thin-film devices showed a slight,
but consistent improvement in electrochemical impedance and disappearance of double-peak
phase shifts in full EIS spectra, likely due to the removal of intercalated water. Exposure

to 45-min cycles of H,O, gas plasma sterilization, however, resulted in severe degradation
of TigC,T 4 films and composites, evidenced by a significant drop in electrical conductivity,
decreased flake alignment, cracking, and Ti3C,T , delamination from the substrates. While
there was no presence of rutile or anatase TiO, peaks in XRD patterns or Raman spectra,
surface chemical analysis with XPS indicated that MXene is oxidized to TiO, at least to
within 10 nm from the surface, where the H,O5 radicals and ultraviolet (UV) excitation are
likely driving TizC,T , degradation. The functional and structural damage from H,O, gas
plasma sterilization treatment is not specific to TigC, T, and has already been independently
found to damage other common bioelectronic materials, such as PEDOT:PSS, indicating that
H,0, gas plasma sterilization is not a viable option with many emerging nanomaterial and
organic bioelectronics.>3 Furthermore, H,0, gas plasma is not compatible with common
electronic components such as connectors and head-stage amplifiers, or with many active
bioelectronic technologies.?* Finally, we demonstrated that EtO and autoclave sterilization
are effective at completely and rapidly removing all common and significantly harmful
pathogens like £. colibacteria from TisCoT , thin films and composites within a single
sterilization cycle. As synthesis and functionalization of Ti3C,T , play an important role

in determining its stability and resistance to oxidation, future work should elucidate the
effects of different synthesis processes and terminal groups on Ti3C,T , resistance to H,0,
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gas plasma.>® Ultimately, our findings indicate that common sterilization processes widely
adopted in clinical and research settings, such as EtO and autoclave, do not alter TizC,T
MXene devices and thus can be integrated in processing, manufacturing, and surgical
workflows for wearables and invasive implants, paving the way for the future translation
of TisCo T, MXene bioelectronics and other medical technologies.

TizCoTx MXene Synthesis.

Suspensions of TizC, T, MXene were produced and provided by MuRata Manufacturing,
Co., Ltd. Large TizC,T  flakes (~ 2 um lateral size) were synthesized using the minimally
intensive layer delamination (MILD) method, where the Al is etched from the TisAIC,
powder (MAX phase) with a combination of 12 M LiF and 9 M HCI.24 Ti3C,T, MXene
suspensions were stored in a large glass vial at 4 °C until use.

Device Fabrication.

Thin-film microelectrodes were fabricated as follows from previously established
protocols.32 On a 4” silicon wafer, 3.5-um thick Parylene-C was deposited via chemical
vapor deposition. Photolithography with negative resist (NR-73000p) was used to pattern
conductive backend channels of 20nm/90nm Ti/Au, deposited using electron beam
deposition, and residual metal was lifted-off using an organic solvent. Next, an anti-adhesion
cleaning solution was spun on the wafer to prevent adhesion of overlaid parylene-C layers,
followed by the deposition of a 3-um thick sacrificial parylene-C layer. The second of

three photolithography processes then outlined the 32 electrode contacts, and reactive ion
etching (RIE) using O, plasma exposed the base parylene-C layer in these locations. Once
the electrode contacts were exposed by the plasma etching, spray coating the 100 mL of
dilute TizC, T, MXene (~1 mg mL™1) onto the wafers was carried out using a hand-held,
commercially available airbrush (Gravity Double Action Tattoo Art Model) from a distance
of ~2 feet above the surface of the wafers at an angle of ~45° from horizontal. The Ti3CoT
MXene used was provided by MuRata Manufacturing as a stock 20 mg/mL, which we
diluted to 1 mg/mL for spray coating with DI water. The dilution was homogenized by
brief (~30 seconds) sonication prior to spray coating. The working spray coating pressure
was held constant at 40 psi and a 0.2 mm diameter nozzle was used. Spray coating was
performed in a fume hood with the wafer set on a hot plate heated to 150 °C during the
entire coating process. The angle of the spray nozzle was rapidly rastered left to right across
the wafer repeatedly throughout spray coating, and the entire wafer was rotated 90 ° three
times during the coating to ensure an even film distribution. After coating, the wafer was
placed in an 80 °C oven for 30 minutes to bake out any residual water from the MXene
films on the wafers. Once the TizC, T, MXene films had dried on the wafers, the sacrificial
parylene-C layer was peeled up to leave Ti3CoT, MXene only at the 32 contact sites. A final
3.5-um top-encapsulating Parylene-C layer was deposited on the wafer, the device shape
and exposed connections were photolithographically defined, and completed devices were
peeled off the wafer after a final RIE etch. Devices were stored in a N, gas desiccator after
peel-off and before use, to prevent MXene film oxidation.
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MXtrodes were fabricated from a previously established protocol.30 First, the stock 30

mg mL~1 suspensions were diluted to 20 mg mL™1. Then, the array geometries were laser-
patterned into a Texwipe® nonwoven, hydrogenated cellulose-polyester blend substrate with
a COy, laser. The electrode cutouts were then adhered with Adapt® 3M medical adhesive
spray to a ~300-um thick degassed and cured polydimethylsiloxane (PDMS, SYLGARD™
184, 10:1 ratio) sheet, which served as an underlying encapsulation layer. The woven
electrode geometries were next inked with TizC,T , and placed in an 80 °C oven to bake

for 1 hour. After inking and drying, backend connectors were attached with Circuitworks®
two-part conductive silver epoxy, to interface with the recording instrumentation. A final
~300-um thick encapsulation layer was formed by pouring PDMS over the electrode arrays,
followed by 10 min degassing and 1 hour curing in the oven at 80 °C . The encapsulated
devices were then cut away from the PDMS sheet into their final form. Finally, to expose the
electrode contacts, the PDMS was cut out with Imm, 2.5 mm, or 5 mm biopsy punches.

Protocols.

Ethylene oxide (EtO) samples were sterilized in a Anprolene AN 74/ machine, using a single
(12-hour cycle) Anprolene® EtO ampoule to deliver the gas sterilization.

All EtO samples were packaged in commercial steam and EtO sterilization wrapping, with
an Anprolene biological dosimeter indicator and a Humidichip® humidity chip. Samples
were run under a 12-hour cycle for all experiments. Autoclave samples were sterilized

in a Primus PSS 500 Autoclave machine. MXtrode and thin-film devices were packaged

in commercial steam and EtO sterilization wrapping with indicator tape placed on the

wall of the wrapping. Samples were steam sterilized using the Vacuum cycle at 134 °C

for 30 minutes with a 20-minute drying time. All H,O, plasma sterilized MXtrode and
thin-film microelectrode samples were packaged in Tyvek low-temperature pouches prior to
sterilization. H,0 sterilization was performed in a Sterrad® NX 100 Plasma sterilization
tool for ~45-minute cycles. The temperature of the H,O, chamber did not exceed 50 °C.

Electrochemical Impedance Spectroscopy.

Electrochemical Impedance Spectroscopy (EIS) of Ti3C, T, MXtrodes and thin-film
microelectrodes was acquired with a Gamry Reference 600 potentiostat (Gamry
Instruments) in room temperature 0.01 M phosphate-buffered saline (PBS, pH 7.4). The
measurements were collected in a three-electrode cell, with the MXtrode or thin-film
microelectrode contact as the working electrode, a long graphite rod (Bio-Rad Laboratories,
Inc.) serving as the counter electrode, and an Ag/AgClI electrode (Sigma-Aldrich) as the
reference electrode. Measurements were collected by applying a 10 mV g sinusoidal
voltage at decreasing frequencies from 100 kHz to 1 Hz. Prior to EIS, each device was
placed in an 80 °C oven for one hour to remove any potential moisture. EIS was collected on
the same devices before and after sterilization.

DC Conductivity.

MXtrodes for conductivity measurements were prepared as ~2cm x 2cm square samples.
Thin-film samples were prepared on 3um parylene-C coated glass slides spray-coated
with 100 mL of 1 mg mL~ Ti3C,T . Spray-coating was performed on a 150 °C
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hot plate and slides were placed in an 80 °C oven for 1 hour after film deposition.
Conductivity measurements were collected on each thin-film and MXtrode sample before
and after sterilization. For MXtrodes, the average thickness of the infused textile prior to
encapsulation was found to be consistent with previously reported values, at 0.28 £ .03 mm
(n= 4).39 Thin-film thickness was measured on a high-resolution profilometer (KLA Tencor
P7 2D Profilometer) and was 150 + 20 nm (n7=5). DC conductivity was measured using a
Loresta-AX® four-point probe. Sheet resistance (Rs, Q / O) and film thickness (T, nm) were
collected for each sample. Conductivity (o, S/cm) was calculated as follows:

@)

X-Ray Diffraction.

A Rigaku MiniFlex benchtop X-ray diffractometer was used for X-ray diffraction (XRD)
measurements (Rigaku Co. Ltd.). The source was Cu Ka (A = 0.1542 nm), and spectra were
acquired at 40 kV, 15 mA, for Bragg angles from 3°-60° at a rate of 14° min~1 with a step of
0.02°. After collection, spectra were fitted using CrystalDiffract to identify peak locations,
calculate FWHM, and derive the (002) peak d-spacing values.

Raman Spectroscopy.

A Renishaw in Via Raman spectrometer (Gloucestershire, UK) instrument was used for

all measurements. The acquisition time for the measurements was 10 seconds using a 63x
objective (NA=0.7). The excitation intensity using the diode (785 nm) laser was 10.5 mW x
10%. All measurements were conducted by raster scanning from 100-3200 cm™1. Additional
measurements investigating the presence of adventitious carbons at shift values > 1000
cm~1 were collected using a 514 nm excitation wavelength. After collection, peak amplitude
and FWHM peak values were confirmed using OriginLab, which fitted the peak with a
gaussian curve for calculation. Gaussian fitting for the A;4(C) peak was calculated using the
following equation, where A is the peak amplitude, xo is the peak center, sd is the standard
deviation of the curve, and H is the baseline offset of the peak.

(x(0) = x)°

G(x) = Ae @ sdz) +H

@

X-Ray Photoelectron Spectroscopy.

XPS was acquired using a PHI VersaProbe 5000 instrument (Physical Electronics) with a
25 W monochromatic Al-Ka (1486.6 eV) X-ray source targeting a 200 pm spot. Charge
neutralization was acquired through a dual-beam setup using low energy Ar* ions and
low-energy electrons at 1 eV and 200 PA. Survey spectra and High-resolution spectra from
the Ti 2pand C 1score-level region were collected using pass energy / energy resolution of
117.4 /0.5 and 23.5/0.05 eV, respectively. The binding energy scales were calibrated by
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adjusting the C-C/C-H component from adventitious carbon in the C 1sspectra to 284.8 eV,
where the required shift was < 3.3 eV for all samples. Quantification and peak fitting were
conducted using the CasaXPS software following previously published studies.>®

Optical Microscopy.

Optical images of the MXene electrodes were acquired using a Keyence VHX6000

digital microscope. Image magnification ranged from 50x to 200x for MXtrodes and
thin-film microelectrodes, respectively. 3D depth composition was performed during image
acquisition to resolve the image at multiple depths.

Scanning Electron Microscopy.

SEM images of the thin-film microelectrodes and MXtrodes were acquired using a FEI
QUANTA 600 FE-SEM machine. Charge neutralization was accomplished with copper
conductive grounding tape. Chamber pressure was kept at a constant 0.38 torr, and power
was set to 15 keV during acquisition. Image magnification ranged from 50-3000x for
MXtrodes and thin-film microelectrodes, respectively.

Energy Dispersive X-Ray Spectroscopy.

EDX spectra of the thin-film microelectrodes and MXtrodes was acquired in the same
scanning sessions as the SEM imaging. Samples were charge neutralized with copper
conductive tape and the samples were kept under high vacuum during acquisition.

EDX spectra was collected and fitted with elemental mapping using the EDAX Team™
Wavelength Dispersive Spectrometry (WDS) analysis system in mapping mode with a final
resolution of 256 x 512 voxels per image. Spectra were normalized by the sum of counts
measured within 0-5.5 KeV at the end of acquisition.

Mechanical Testing.

Cyclic bending and tensile stress/strain measurements were performed using an Instron
testing system (Instron 5948). MXtrode samples were prepared with 5 mm x 5 cm strips of
textile infused with Ti3C, T, MXene ink and encapsulated in PDMS as previously described.
After sterilization, samples were placed in the Instron and were subjected to 300 cycles

of 20 mm compression to induce bending that corresponded to induce a bending radius

of ~5 mm. Throughout testing, resistance was recorded at 2 Hz with a Gamry Reference

600 potentiostat using alligator clips fixed to each end of the sample. Resistance was also
measured with a potentiostat before and after testing to assess overall change in resistance
as a result of the cyclic deformation. Force-displacement curves were measured by vertically
applying force to each sample until failure.

Bacterial Culture & Quantification Assays.

Escherichia coli ATCC11775 (E. coli) was grown and plated in Luria-Bertani (LB) agar
plates incubated overnight at 37 °C. Following the incubation period, one isolated colony
was transferred to 6 mL of medium (LB broth), which was incubated overnight (12-16
hours) at 37 °C. On the following day, the inoculum was prepared by diluting the bacterial
overnight solutions 1:100 in 6 mL of the respective media and incubated at 37 °C until
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logarithmic phase (ODggg = 0.5). The devices were then placed in Petri dishes (EtO group)
or glass flasks (autoclave group) with 15 mL of LB broth. Groups exposed to bacteria were
inoculated with 2x10° cells mL~1 prior to sterilization. During sterilization, all samples
were placed in glass flasks. Three aliquots of each condition (100 pL) were transferred to

a 96-wells plate and ODgqq values were quantified at 0, 0.5, 1, 2, 4, and 24 hours using

the EIx808™ absorbance microplate reader (Biotek, VT, USA). After ODgq values were
recorded, 10-fold serial dilutions were performed, and the dilutions were plated on LB agar
plates and allowed to grow overnight at 37 °C. Afterwards, CFU counts were recorded.
H,0, gas plasma bacterial evaluation was not collected due to the damaging oxidation from
sterilization, which causes functional degradation to both TizC,T , films and devices.

Statistical Analysis.

Effect size was used as the primary indication of sterilization-induced degradation. The
effect size provides a quantitative indication of changes in impedance and conductivity after
sterilization, as opposed to the binary p-value indication of whether the data is statistically
different in the initial and final cases because it calculates the change in the device
performances as a metric of the standard deviation of the pre-sterilization distribution.>”

The expression of the effect size is shown below, where x, and x, are the means, n, and n, are
the sample sizes, and sd, and sd, are the standard deviations for the pre and post distributions,
respectively. As an additional direct statistical test, we also computed the confidence interval
for each pre-post condition, to confirm that significant changes were consistent with the
measures of effect size.

X — X,
(n — 1) % sd? + (ny — 1) % sdy’
(n;+ny,—2)

Cohen’sd, =

©)
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Figure 1. Overview of the study.
(A, B) Left: schematics of fabrication process, right: bright-field microscopy and SEM

images of completed arrays and contacts for (A) high-density TizCo T, MXene thin-film
microelectrodes, and (B) MXtrode arrays. (C) Sterilization processes investigated in this
work. (D) Schematics of the analysis methods used to evaluate the post-sterilization stability
of Ti3C2TX.
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Figure 2. Electrochemical impedance and DC Conductivity of sterilized devices.
(A-C) Thin-film microelectrodes: (A) 1 kHz impedance modulus (EtO: 3 devices, 7= 96

channels, AC: 2 devices, 7= 53 channels, H,O, plasma: 3 devices, /7= 86 channels). (B)
Full-band EIS impedance and phase spectra. (C) DC conductivity (r7= 30 samples each).
(D-F) MXtrodes: (D) 1 kHz impedance modulus (sample size: 5 devices each, n= 40
channels). (E) Full-band EIS impedance and phase spectra. (F) DC conductivity (7= 45
samples each). (* effect size > 1 / ** effect size > 2 / *** effect size > 3). In (B) and (E)
points are means, shaded areas are standard deviations.
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Figure 3. Raman and XRD analysis of pristine and sterilized devices.
(A, B) Left: XRD patterns including pristine control and Parylene-C or textile backgrounds.

Right: FWHM of the (002) peak for (A) thin-film devices and (B) MXtrodes (7=

2 for each condition). (C) Raman spectra including pristine controls and Parylene-C
background for thin-film devices. (7= 2 samples for each condition). (D) Normalized
Gaussian-fitted A14(C) peak for thin-film devices. (E) Right-shifting Normalized Gaussian-
fitted A14(C) peak for increasingly visually damaged thin-film samples after H,O, gas
plasma sterilization.
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Figure 4. XPS of pristine and sterilized devices.
(A-D) Ti 2p XPS spectra of thin-film microelectrodes (A) before and (B-D) after

sterilization with EtO, autoclave, and H,O- gas plasma, respectively.
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Figure 5. Optical microscopy of pristineand sterilized device contacts.
(A-D) Left: bright-field microscopy image of thin-film microelectrode contacts in pristine

and sterilized conditions. Scale bar 50 pm. Middle: bright-field microscopy image of
MXtrode contacts in all conditions. Scale bar 1.25 mm. Right: zoomed-in of individual
cellulose-polyester fibers coated in TisC, T, MXene for (A) pristine, (B) EtO, (C) autoclave,
and (D) H,0, gas plasma sterilized devices. Scale bar 100 pm.
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Figure 6. Efficacy of EtO and autoclave sterilization.
CFU counts at all timepoints (0, 0.5, 1, 2, 4, and 24 hours) for different combinations of

sterility and bacterial inoculation of thin-film microelectrodes and MXtrodes. All samples
below dashed line had non-detectable bacterial counts. ND: Non-Detectable. (n7 = 6 samples
for each condition).
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