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Foundry-compatible materials and processing ap-
proaches serve as the foundations for advanced, active implantable
microsystems that can dissolve in biofluids into biocompatible
reaction products, with broad potential applications in biomedicine.
The results reported here include in vitro studies of the dissolution
kinetics and nanoscale bioresorption behaviors of device-grade thin
films of Si, SiN,, SiO,, and W in the presence of dynamic cell cultures
via atomic force microscopy and X-ray photoemission spectroscopy.
In situ investigations of cell—extracellular mechanotransduction
induced by cellular traction provide insights into the cytotoxicity of
these same materials and of microcomponents formed with them
using foundry-compatible processes, indicating potential cytotoxicity
elicited by W at concentrations greater than 6 mM. The findings are
of central relevance to the biocompatibility of modern Si-based electronics technologies as active, bioresorbable
microsystems that interface with living tissues.
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toxicity, bioresorption, implantable electronics, cell traction force, cell metabolism

Electronics technologies that decompose, degrade, and/or (e.g, hygroscopic polymers, cellulose-based biomaterials),
bioresorb in a controlled, timed fashion are of considerable certain conventional metals and their alloys (e.g, W, Mg, Mg
interest due to thei1_' ability to serve as the basis for alloys), and high-quality semiconductor/dielectric nanomem-
bioresorbable diagnostic and therapeutic implants. Advanced branes (eg, Si, ZnO, SiN,, $i0,).”""> Of the various

strategies in fabrication allow devices that function on time
scales matched to a natural biological process, such as wound
healing, and then disappear naturally without the need for
retrieval.' > Such types of physically transient devices are
designed to fully bioresorb into their surroundings on
predictable, engineered time scales, where constituent

bioresorbable materials that have been employed in transient
electronics systems, inorganic semiconductors/dielectrics are
of particular interest owing to their capacity to support high-
performance operation with device designs aligned to those of

materials and device layouts define resorbable characteristics June 13, 2018
and associated dissolution kinetics."”® Reported examples of August 29, 2018
material options include specially formulated organic materials August 30, 2018
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Figure 1. Transfer printing of Si NMs from SOI source wafers to soft, bioresorbable substrates. (a) Optical and SEM images of Si NMs (200
nm thick, 80 gm X 160 pm) released from an SOI wafer, retrieved onto a PDMS stamp, and printed onto a polymeric substrate. The insets
provide magnified views of a representative Si NM. The colorized region corresponds to the stamp (cyan). (b) Photograph of arrays of Si
NMs on a sheet of PLGA. The inset magnified view shows a representative 0.8 mm X 1 mm Si NM. (c) Images collected at several stages of
dissolution of these Si NMs upon immersion in DPBS (1X, pH 7.0 + 0.1) at physiological temperature (37 °C).

conventional complementary metal-oxide-semiconductor
(CMOS) technologies.l3_15 An important consequence is
the ability to form temporary bioelectronic implants into state-
of-the-art modules with multifunctional modes of operation, as
biomedical technologies for nerve interfaces, temporary cardiac
and intracranial implants, and programmable drug delivery
vehicles for monitoring, therapeutics, and infection mitiga-
tion, 1618

Rapid assessments of the biocompatibility of candidate
materials and device architectures, in particular those that
leverage foundry-compatible approaches, are critically impor-
tant. In addition to in vitro studies of the chemistry of
hydrolysis of metals,’™ insulators,’ and semiconductor
materials,” recent work demonstrates that Si-based bioresorb-
able microsystems can not only support sensory functions but
also work actively to modulate biological processes in vivo.”
Additional research identifies various material parameters that
can affect biological responses, including size/shape, surface
functionalization, crystallinity, and wettability, each with
associated influence on dissolution kinetics and toxicity.'”~**
Nevertheless, the influence of device-grade electronic materi-
als, and devices built with them, on living model biosystems
remains unclear, particularly for systems derived from foundry-
based manufacturing schemes. Specifically, cellular responses
elicited by the high-quality, bioresorbable electronic compo-
nents and the products of their dissolution have been examined
only via simple cell viability assays and animal level histological
studies. The results do not yield direct insights into cell
metabolic activity, nor do they provide information on the
dynamic reciprocity between the cell and extracellular
microenvironment.”*>*

The studies described here focus on in vitro dissolution of
foundry-sourced Si, SiO,, SiN,, and W thin film materials in
the presence of cells and culture environment. The work
includes in situ microscopic studies to examine the cellular
responses to extracellular cues elicited by the bioresorbable
electronics upon cell metabolism for cytotoxicity evaluation.
Spectroscopic and microscopic investigations of these materials
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reveal nanoscale bioresorption behaviors and chemistry at
nanomembrane/biofluid interfaces, providing insights into
associated bioactivity under physiological environments that
mimic complex in vivo interactions. Analysis of mechano-
transduction via traction force microscopy (TFM) offers in
vitro platforms for direct monitoring of cell—extracellular
matrix characteristics in situ during the culture of cells in the
presence of foundry-compatible nanomembranes/microelec-
tronics, revealing metabolic responses to the exposure of
dissolution products upon material bioresorption. Such
measurements of cellular activity serve as cell-based tests of
biocompatibility and provide information on cytotoxicity for
foundry-compatible materials in advanced bioresorbable im-
plants.

RESULTS AND DISCUSSION

Previous studies examined the hydrolysis of amorphous/
porous silicon, lightly/heavily doped silicon, mono/polycrys-
talline silicon, and other silicon-based materials in biofluids and
various aqueous solutions by microscopic imaging of patterned
wafers and direct measurements of changes in thick-
ness.”'**”*” The dissolution chemistries involve a relatively
simple reaction, Si + 4H,0 — Si(OH), + 2H,, although
influenced in complex ways by chemical constituents in the
surrounding aqueous environment. For a given temperature,
the kinetics depend strongly on a collection of parameters,
including pH, concentrations and types of dissolved ions, as
well as the presence of reaction products and other chemicals
in solution.”***7*! The time scales for complete dissolution
of sheets of monocrystalline, device-grade Si (i.e., silicon
nanomembranes; Si NMs) at near-neutral pH in biofluids can
be tuned from several hours to years, where dopant activation
and surface oxidation provide the most important engineering
control parameters.g'2 Here, in vitro parametric investigations
of the dissolution of device-grade Si NMs on bioresorbable
polymer substrates establish essential aspects of the underlying
chemical reactions and their role in determining the
cytotoxicity of foundry-compatible electronic implants.
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Figure 2. Dissolution kinetics of arrays of Si NMs in cell culture media. (a) Optical images with magnified views as insets for the evolution of
the microstructure of Si NMs (80 gm X 160 ym) during dissolution. (b) Optical profilometry images and line scan profiles at different stages
of dissolution. (c) Experimentally measured changes in thickness as a function of time for dissolution of Si NMs under various conditions.
(d) Schematic illustration of a test structure for TFM characterization with cells cultured on arrays of Si NMs. (e) Phase-contrast images of
arrays of Si NMs with an overcoat of PA gel, fluorescent nanobeads (not visible under current magnification), and adhered cells after 18 h.

Figure la illustrates the process of microscale assembly of Si
NMs onto soft, bioresorbable materials at different stages of
fabrication. Releasable arrays of Si NMs follow from processing
of the top Si layer (~200 nm) of silicon-on-insulator (SOI)
wafers (SOITEC, France) by photolithography and reactive
ion etching (RIE). Controlled undercut etching in hydrofluoric
acid (HF) followed by photolithography yields supporting
polymeric anchors for free-standing Si NMs that result from
complete removal of buried oxide layer by further etching in
HF. The structures formed in this way facilitate subsequent
selective retrieval and transfer (i.., transfer printing with a
micropatterned elastomeric stamp) onto foreign substrates.
Details are in the Supporting Information (Figure S1) and the
Experimental Section. Transferrable Si NMs in various sizes,
shapes, geometries, and thicknesses follow naturally. An
arrayed example of large Si NM platelets (0.8 mm X 1 mm)
on a bioresorbable poly(lactic-co-glycolic acid) (PLGA) sheet
appears in Figure 1b. The resulting structure undergoes
hydrolysis upon immersion in Dulbecco’s phosphate-buffered
saline (DPBS) with pH, temperature, and osmolality aligned to
physiological conditions, as shown in Figure lc. The results
indicate dissolution rates of 25 + 3 nm/day for printed Si NMs
with doping levels of 10" cm™ (p-Si, boron, 14—18.9 Q-cm),
with temporal and spatial uniformity during the dissolution
process. These rates are slightly lower than those observed
with standard PBS (35 + 1 nm/day), due mainly to the lack of
Ca and Mg content but also with a possible minor influence of
the sterile and nonpyrogenic environment of DPBS.

Although these evaluations yield valuable kinetic informa-
tion, further investigations into the dissolution upon
immersion in cell culture media are more directly relevant to
bioresorption in biological environments. Figure 2 shows
results for arrays of Si NMs in cell culture media at 37 °C. The
media contain aqueous formulations of nutrients, antibiotics,
and simulated plasma, with physiological levels of inorganic
salts and protein albumin to ensure a stable active proliferation
of mammalian cells and cell lines. The micrographs in Figure
2a highlight the exterior changes of Si NMs that occur as a
result of degradation/dissolution. During dissolution, swelling
of the polymeric substrate (PLGA in this case) occurs slowly in
the first few hours of immersion, yielding stresses that can lead
to fracture/disintegration of the supported Si NMs. Otherwise,
changes in the thicknesses of the Si NMs monotonically follow
the hydrolytic reactions between the Si NMs and the culture
media, with a high level of microscopic uniformity across the
spatial extent of each NM (80 ym X 160 ym). Time sequences
of thickness measurements based on surface profilometry
(Figure 2b) provide details, allowing parametric studies of the
time scales for complete dissolution. The dissolution rate of
printed Si NMs derived in this way suggests a nonlinear
dependence on immersion time (green, Figure 2c), varying
from 2.1 + 0.5 to 12.8 + 2.3 nm/h. This acceleration may
follow from uncontrolled levels of natural degradation of the
culture media via processes such as proteolysis, coagulation,
and/or basification of the protein ingredients over time,
perhaps as a consequence of the release of products of
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Figure 3. In vitro TFM evaluation of cytotoxicity associated with Si NMs and silicic acid. (a) Optical phase-contrast images of representative
cells under cell culture media (Ref.), conditioned in the presence of Si NMs (<1 ppm), and dissolved in silicic acid at different
concentrations (2 and 10 mM) after 18 h. (b) Vector plot of displacement fields underneath each of these same cells. (c) Traction stress
maps derived from the results in (b). (d) Traction-associated properties of cells at the 18th hour as quantified from the live assay in (a).
Significance of data variation was validated with two-sample t-test (p-value < 0.10 denoted by single asterisk).

dissolution and from the presence of oxygen from the ambient
environment.*>™>° During the dissolution, Si converts into
metasilicic acid (H,Si0;), orthosilicic acid (H,Si0,), disilicic
acid (H,Si,05), and pyrosilicic acid (H4Si,O,) upon reactions
with the OH™ anion. These species may result in
deprotonation of carbonate salt compositions that promote
the release of cations and CO,, leading to fast hydrolytic
reactions as reported in previous studies on ionic strength and

8,36,3

salinity.**>*” A discussion of the surface chemistry of Si NMs

after the reactive dissolution appears subsequently.
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Similar results on the time dependence of dissolution for
silanized Si NMs with (blue) and without (red) a coverage of
poly(acrylamide) (PA) gel are also shown in Figure 2c for
comparison. These common preculture treatments for cellular
traction measurements slightly delay the dissolution via effects
of surface passivation. Here, silanized Si NMs immobilize
proteins due to the high reactivity of glutaraldehyde-activated
surface toward amines, amides, and thiol groups in
biomolecules, leading to enhanced adsorption of proteins/
biomolecules that passivate the surfaces of the Si NMs at early
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stages of dissolution.”® The overlying PA gel (~100 ym) may
not significantly impede diffusive access of aqueous solution to
the Si NMs due to its intrinsic permeability to water, as
inferred by experimental observations of complete dissolution
of embedded Si NMs after immersion for 24 h.

This finding supports the possibility for using this test
structure, ie., arrays of Si NMs silanized and embedded
beneath a film of PA gel, for in situ characterization of cell—
extracellular matrix mechanotransduction. Such studies allow
accurate determination of local cellular activity in response to
silicon dissolution and associated cellular stimuli. Figure 2d
presents a schematic diagram of the overall test structure for in
vitro evaluations, with setups that incorporate a soft PA gel
layer (modulus of ~S kPa) above arrays of Si NMs on PLGA/
glass substrates. Here, a random collection of fluorescent beads
(diameters ~100 nm) infused within the gelant formulations at
the same focal plane facilitates microscopic imaging. The
transparency of the overall structure allows direct tracking of
local deformations and stresses induced by cellular traction
forces associated with cellular metabolic activity: increased
cellular traction involves assembly of actin stress fibers and
other anabolic processes determined by mechanosensitive set
points, while a decrease of tension may initiate catabolic
processes.””** The overall structure for in vitro cell culture
testing is shown in Figure 2e, where the phase-contrast images
show mammalian cells adhered tightly to the PA gel coating on
the Si NMs. This platform is effective for cell—extracellular
matrix mechanotransduction and rapid, in situ assessment of
cell activity by traction force microscopy.

Mechanotransduction due to cellular tractions follows from
extracellular cues as responses to the culture microenviron-
ment. In other words, the cells translate biological responses
into mechanical information. Through TFM analysis, quanti-
tative studies of cell spreading and traction forces in response
to conditioned surroundings serve as foundations for under-
standing processes in cell migration, homeostasis, morpho-
genesis, wound healing, and other biological fanctions.*"**
Here, in vitro assays of CCD18 human colon fibroblasts for
TFM analysis (Figure 3) rely on experiments with conditioned
cultures that include a control case (Ref.), a test structure with
arrays of Si NMs (<1 ppm), and arrays of Si NMs with the
addition of Si(OH), extracts into the culture media (2 and 10
mM). The total Si content can be determined by calculating
the amount of dissolved Si based on the weight loss and on
direct experimental measurements by inductively coupled
plasma optical emission spectrometry (ICP-OES). The ICP-
OES analysis indicates that bioresorption of Si NM:s releases Si
into the media at concentrations of less than 400 ug/L
throughout the in vitro culture and TEM characterization.
Additional details and associated procedures are in the
Experimental Section.

After conditioning the culture for 18 h, the area of cell
spreading decreases with increasing Si(OH), content in the
surrounding microenvironment (Figure 3d). Other TFM
parameters of stress, force, and strain energy show no apparent
differences after 18 h of exposure to a maximum of 10 mM
silicic acid in the culture environment, suggesting that
biological activity related to adhesion and traction of the
cells is not affected significantly at this dosage and time scale.
Assays performed for further assessment of biocompatibility
under each conditioned culture (Table 1) indicate a high
viability of cells and their normal proliferation after exposure to
the silicic acid stimuli, thereby supporting a lack of toxicity.
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Table 1. Cell Viability Calculated as the Fraction of Total
Living Cells after Conditioning the Culture for 3, 9, and 18
h

time
3h 9h 18 h
viable cells viable cells viable cells
conditioned culture (%) (%) (%)
Si 2 mM 102 + 3 104 £ 1 103 £ 1
10 mM 98 + 1 98 + 1 99 + 4
w 1.2 mM 101 + 1 102 +£ 2 101 £ 2
6 mM 89 +3 86 +3 86 +3
electronics 0.01% 99 + 3 100 + 1 100 + 3

The results verify that device-grade silicon and its dissolution
products are biologically safe, without measurable cytotoxic
effects, consistent with extensive reports of bioavailable silicon
in the nontoxic form of silicic acid and their use in biomedical
engineering/medicine associated with bone mineralization,
collagen synthesis, skin, hair, and nail health, atherosclerosis,
Alzheimer’s disease, immune system enhancement, and some
other disorders or pharmacological effects.’*~*

Unlike silicon and Si-based compounds that naturally resorb
via metabolic reactions in a biocompatible manner, the toxicity
of W is not well understood. Some reports describe that
exposing multiple cultured human cells to significant levels of
tungsten can result in local cytopathologic and subtle
neurobehavioral effects,*®™>° while others suggest no chronic
injuries, ill effects, or loss of function after consumption of 25—
80 g of powdered tungsten metal.”' ~>* Here, cell assays with
W-conditioned culture and TFM analysis determine whether
W in foundry-compatible formats or its degradation products,
i.e.,, tungstic acid in monohydrate and dihydrate forms of WOj,
interfere with cell metabolisms and/or elicit other biological
processes. Figure 4 presents TFM results from representative
cells under standard and W-conditioned culture (at concen-
trations of 1.2 and 6 mM) for 18 h. The displacement fields
(Figure 4b) and traction stress maps (Figure 4c) of the same
viable cells show changes in extracellular matrix as a measure of
cell metabolic activity. As a result of exposure to tungstic acid,
cells exhibit a significant decrease in their state of health and
possibly metabolic activity, as maximum and average traction
stresses decline with increasing W dissolution products in the
surroundings (Figure 4d). Total force magnitudes and strain
energies also decrease, although by small amounts, with
increasing concentration of W dissolution products in the
culture environment. The results are interpreted as a symptom
of apoptosis since the reduction in traction force and focal
adhesion may lead to the loss of cytoskeleton that is vital for
cells to maintain nucleus structure/function and to survive in
vitro. Similarly, results from viability tests (Table 1) reveal that
an aggressive microenvironment with high concentrations of W
degradation products surrounding the cells could have adverse
effects on their viability, especially with prolonged exposure
time. The results imply that high tungsten concentrations (6
mM in the form of the products of dissolution) may elicit local
cytopathologic effects that eventually lead to apoptosis.
Nevertheless, it is unlikely that at a given in vitro dissolution
rate of 154 pug/day/mm?* concentrations of W content will
reach a level of toxicity in the human body, even locally, for the
amounts of W used in electronics. For example, dissolution of a
relatively large areal coverage of W (i.e., 80 ym X 80 ym for a
microcomponent of the sort described previously) would only
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Figure 4. In vitro TFM evaluation of cytotoxicity associated with bioresorption products of W. (a) Optical phase-contrast images of
representative cells under cell culture media (Ref.), conditioned with W dissolution at 1.2 and 6 mM after 18 h. (b) Vector plot of
displacement fields underneath each of these same cells. (c) Traction stress maps derived from the results in (b). (d) Traction-associated
properties of cells at the 18th hour as quantified from the live assay in (a). Significance of data variation was validated with two-sample t-test
(p-value < 0.10 denoted by single asterisk, p-value < 0.05 denoted by double asterisk).

yield concentrations of 0.2 mM assuming a fixed volume of 1
mL of biofluids. More specifically, even if all of the W traces in
a foundry-based 6 in. wafer dissolve in the human body
(biofluid volume of ~40 L) without turnover of fluid via
excretion/consumption, concentrations would only begin to
reach levels (6.5 mM) with potential toxicity, as reported here.

Spectroscopic and microscopic methods allow further
examination of the effects of in vitro bioresorption during
cell metabolic activity, via surface characteristics of device-
grade Si NMs, PECVD SiN,, thermally grown SiO,, and
sputtered W after culture and proliferation of CCD18 human
colon fibroblasts. Figure S highlights changes in chemical
composition and nanoscale morphology after in vitro
bioresorption for S days. X-ray photoelectron spectroscopy
(XPS) reveals the surface chemistry of Si NMs and thin films
of W, as shown in Figure Sa. The spectra indicate significant
levels of biochemical residues adsorbed on surfaces (within 10
nm) that form the interfaces with cells in all cases, with strong
peaks (normalized to Si or W signal depending on the test
substrate) at 401.5 eV for nitrogen, at 347.0 and 350.55 €V for
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calcium, and between 284.5 and 287.7 eV for carbon. These
residues can be attributed to catabolic/metabolic products
from cellular activity and/or natural nitrogen and carbon
sources such as glutamine and pyruvate used during cell
culture. Other chemistries from common ingredients such as
inorganic salts (e.g., MgSO,, NaHCO,, NaH,PO,, KCl) may
also be present, although the photoemission signals are too
weak to be observed. Depth profiling via monatomic argon ion
beam milling of samples of partially bioresorbed Si and W
reveals a decrement of valence states from the outer surface
into the depth. The findings indicate that a mixture of oxides
develops through the surface in contact with culture media/
cells as the bioresorption proceeds. Due to the impermeability
of monocrystalline Si,* the reactive processes occur only at the
surface (within the 10 nm depth resolution of the XPS
measurements), as inferred by the presence of the pristine Si
2p core level in the XPS spectra. Additional results based on
Raman and Fourier-transform infrared spectroscopy confirm
this surface-based process for bioresorption of Si NMs (Figure
S2). Release of Si atoms into culture media is consistent with
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Figure 5. Characterization of surface chemistry and morphology associated with bioresorbable electronic microcomponents after in vitro cell
culture. (a) XPS depth profiling of Si NMs and thin films of W after cell culture. (b) Optical images of bioresorbable microelectronic
components consisting of Si, SiN,, SiO,, and W before and after bioresorption in culture media. (c¢) AFM morphological images of Si, SiN,,
Si0,, and W before and after cell culture. (d) Calculated (dashed lines) and measured (symbols) changes in film thickness for Si, SiN,, SiO,,

and W during cell culture over 10 days.

Si(OH), products, where abundant biochemical residues and
Si** on the outermost surface of the Si appear in the XPS data.
Sputtered W thin films, by comparison, have grain boundaries
and micropores that enable liquid-phase diffusion of water and
biomolecules. Continuous corrosion at the top surfaces and
into the depth of the film occur in parallel, leading to a hybrid
W—-WO, coverage with a thickness greater than 40 nm after 5
days of culture, consistent with previous studies.”> We note
that preferential sputtering of oxygen over tungsten induced by
ion beam milling may occur during the depth profiling but
should not lead to a significant level of spectral variation upon
sputtering for films with thicknesses in the range examined
here.

Additional experiments to determine the effects of
bioresorption on microstructure and nanoscale morphology
involve atomic force microscopy (AFM) measurements on the
same types of samples. Here, foundry-compatible micro-
electronic components constructed with these materials
dissolve during cell culture (Figure Sb), in a fashion that
follows the dissolution kinetics of the different constituent
materials and the diffusivity of water throughout the multilayer
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stacks. Figure Sc provides AFM images that highlight the
changes in nanoscale morphology before and after cell culture,
indicating increased surface roughness as a result of cell
metabolic activity through biochemical reactions and/or
bioresorption through hydrolysis of materials themselves.
The enhanced roughness after cell culture likely follows from
reactive diffusion, influenced by catalytic and other chemical
effects of ions and surrounding biomolecules,*® as observed in
prior XPS results. The time-dependent changes in thickness
determined by cross-sectional SEM images for these same
materials in the presence of cell metabolic activity over 10 days
appear in Figure 5d. The results are largely consistent with in
vitro measurements of dissolution rates, with values that lie in a
range comparable to that of previous studies for various types

. a1 8272
of aqueous solutions and biofluids,”""” 4

with good levels of
temporal and spatial uniformity at the macroscopic scale.
Details of dissolution rates are summarized in Table 2. We
note that the in vitro assays tested here represent the initial
results of such dissolution kinetics/chemistries. Future work
will explore the use of drug dissolution pharmacopoeia tests
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Table 2. Dissolution Rates of Si, SiN,, SiO,, and W during
the Culture of CCD18 Fibroblasts

w/cells in CO,-filled incubator

B W SIN,  Sio,
dissolution rate (nm/d) 16.1 254 7.1 2.0

(e.g, USP, BP) to evaluate release of dissolution products in
vivo.

Microelectronic devices sourced from a commercial foundry
(X-Fab Semiconductor Foundries) provide examples of Si,
SiN,, SiO,, and W thin films in hiﬁh—;}erformance electronics
with fully bioresorbable formats. ™" Figure 6a highlights
microcomponents of p-channel metal-oxide-semiconductor
field-effect transistors (MOSFETs) released from the support-
ing SOI wafer. A schematic exploded view illustration shows
the detailed configurations of transistors that include films of
Si, SiN,, SiO,, Ti/TiN, and W. The presence of the Ti/TiN
adhesion layer (<0.1% content of a typical device) may not
elicit significant cytotoxicity effects, as these materials are
known to be biologically inert in biofluids.*>" Here, a test
structure similar to that in Figure 2d but with arrays of
transistors in this microcomponent format (Figure S3) allows
in vitro studies of biocompatibility of the devices along with the

products of their dissolution during the transience. As shown
in Figure 6b, CCD18 cells incubated on this type of test
structure at 37 °C tend to adhere along structural features
following previously reported topology effects.”* After 18 h of
culture, the transfer characteristics of the transistors degrade
rapidly due primarily to the dissolution/bioresorption of
exposed tungsten traces and ionic transport through sites of
corrosion, on time scales comparable to previous findings in
Figure 5d. Specifically, ions/radicals from the culture media or
from metabolic products (mostly positive species such as Ca*)
diffuse and accumulate within the multilayered micro-
components, where they produce local potentials and
associated biases at the gates of the transistor channels,
thereby electrostatically inducing adverse effects on the transfer
characteristics, most prominently as shifts in the threshold
voltage. The transistor functionality and key characteristics
such as threshold voltage, subthreshold swing, and saturation
current degrade in a corresponding manner. After 120 h of
culture, the transistors no longer exhibit useful switching
characteristics, as a result of the disintegration of the W
interconnects. The embedded Si active layers persist at this
stage due to the relatively slow dissolution of overlying films of
SiN,, and SiO,.
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Figure 6. In vitro cell culture evaluations of cytotoxicity and performance degradation of bioresorbable transistors. (a) SEM image (left) and
exploded view schematic illustration (right) of p-channel MOSFETs in microcomponent form and constructed with bioresorbable materials.
(b) Phase-contrast images of arrays of such microcomponents with adhered cells over 18 h, corresponding to the stage of TFM
characterization. (c) Transfer characteristics of a representative p-channel MOSFET before and after cell culture for 18 and 120 h. (d) TFM
images of displacement and stress fields of a representative cell cultured on printed transistor arrays with conditioned media over 18 h. (e)

Traction force and stress derived from the assay in (b).
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Extracts of DPBS following partial device dissolution (some
SiO, may remain) blended into culture media (~0.01 wt %)
generate conditioned microenvironments for in situ mechano-
biological studies of cell metabolic activity in response to the
dissolved components (6.36 ppm for Si content and 78.3 ppm
for W content by ICP-OES measurement). Cytotoxicity assays
based on TFM characterizations (Figure 6d) determine the
tonicity of CCD18 cells in such a conditioned microenviron-
ment, as the traction-induced displacements of the extracellular
matrix follow the metabolic reactions of cells to the
surrounding stimuli. Figure 6e summarizes the generation of
cellular traction forces under pristine (red, Ref.) and
conditioned (blue, w/ devices) culture environments for 18
h, where no significant mechanobiological signs of apoptosis
result from the presence of the devices or their dissolved
components, compared to the control cases. Viability results
for the same condition as shown in Table 1 also suggest the
biocompatibility of these foundry-based forms of bioresorbable
microelectronic components.

CONCLUSION

The results presented here summarize findings from in vitro
studies of bioresorption of device-grade Si, SiN,, SiO,, and W,
as well as the effects of foundry-compatible -electronic
microcomponents on cell metabolism and viability. In situ
mechanobiological investigations of cell metabolic activity that
examine cell—extracellular matrix interactions reveal the
dynamic reciprocity between cells, bioresorbable materials/
devices, and the products of their dissolution, suggesting that
dissolved components are biocompatible without significant
cytotoxicity effects on the cells. The results demonstrate the
feasibility of constructing biointerfaced electronic devices for
use in temporary active biomedical devices that leverage
conventional Si CMOS technologies for advanced modes of
operation.

EXPERIMENTAL SECTION

Preparation of Test Structure. Photolithography and RIE
defined arrays of Si NMs (200 nm initial thickness) on SOI source
wafers (SOITEC). Controlled HF etching removed the exposed
buried oxide layer (1 ym) and partially undercut regions beneath the
borders of the Si NMs. Applying an overcoat of photoresist (~2 ym;
AZ5214), flood exposing to UV light, and performing a development
process (AZ 917 MIF) yielded an anchor structure of underexposed
photoresist in the undercut trenches. Additional exposure to UV light
through the photomask used in the process of defining the Si NMs
but aligned to be partially overlapped with the previously formed
patterns created an entrance for HF after basic development. An
additional immersion in HF removed the buried oxide under the Si
NMs, thereby resulting in a free-standing configuration supported
only by the photoresist at the perimeter regions.60 A stamp of PDMS
(10:1 mixture of base to curing agent) formed by the techniques of
soft lithography allowed transfer printing of the Si NMs onto PLGA
(85:1S; Sigma-Aldrich)-coated glass substrates.” Immersion in
acetone immediately after retrieval of the Si NMs onto the PDMS
stamps, and before their transfer to PLGA, removed any residual
photoresist. A field emission SEM (54800, Hitachi) allowed for high-
resolution imaging of the Si NMs.

In Vitro Dissolution Tests. Assembly of printed Si NMs was
performed on sterilized glass-bottom dishes with a 14 mm well
(Cellvis) for long-term cell culture. The culture media consisted of
Dulbecco’s modified Eagle medium (Thermo-Fisher Scientific), fetal
bovine serum (10% v/v; Thermo-Fisher Scientific), and penicillin—
streptomycin (1%; Lonza). At different stages of culture, aged samples
were rinsed with deionized water and lysed in 0.25% trypsin and 2.21
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mM ethylenediaminetetraacetic acid (Corning) to remove cells and
stained sediments for profilometry (3030, Dektak; NexView, Zygo),
AFM (Cypher, Asylum Research), and XPS (PHI 5400, RBD
Instruments) measurements of the time evolution of thicknesses,
surface morphologies, and chemical compositions, respectively.
Additional extracts were obtained by decanting DPBS (Corning)
from the test structure after dissolution of materials of interest,
followed by sterile filtration with 0.2 um in pore size before use.
Resulting stock solutions were measured in duplicate wells by ICP-
OES (Optima 8300, PerkinElmer) in a clean air room to determine
the concentration of Si and W. A mixture of nitric acid (trace metal
grade, 67—70%) and hydrochloric acid (trace metal grade, 34—37%)
in a ratio of S:1 was used to initially digest the samples, which were
further subjected to an automated sequential microwave digester
(Discover SP-D, CEM Corp.) The final clear transparent digest was
analyzed by ICP-OES (100 + 5% accuracy) calibrated based on
single-element standards of 1000 ppm concentration (High-Purity
Standards). At least two emission lines were observed for the
conditioned DPBS, and the one with the highest intensity and lowest
relative standard deviation (<1.1%) was used for this study (207.9 nm
for W and 212.412 nm for Si). Aliquots of the thick concentrates of
conditioned DPBS were added to culture medium in each well for
conditioned cell culture.

Cell Culture and Viability Assay. CCD18 human colon
fibroblasts were seeded at a density of 5000 cells/cm? in 12-well
plates (Corning) and were precultured in pristine culture media for §
h prior to conditioned culture. Viable cells were then placed on the
test structures with conditioned media and incubated at 37 °C in a
humidified atmosphere with 5% CO,. Cells were stained with
Hoechst 33342 (2 pg/mL; Thermo Scientific), and both phase-
contrast and fluorescent images were taken in situ before and after
conditioned culture, where trypan blue treatment (Sigma-Aldrich)
facilitated imaging of cell nuclei for quantitative analysis of live/dead
assay. The numbers of viable cells in at least four randomly chosen
fields were counted and averaged to yield the final result. We note that
another cell line, monkey kidney fibroblasts (MKFs), was also tested
to assess tissue cytotoxicity and material bioresorption, which showed
no significant difference in material degradation nor adverse effects on
the cellular response (although not shown here) compared to the
presented CCD18 results.

In Situ Characterization of Cell-Extracellular Matrix
Mechanotransduction. Test structures for TFM characterization
were prepared following the protocol reported by Tse and En§ler for
synthesis of PA gels on printed NMs/microcomponents.” First,
sterilized glass-bottom dishes with printed NMs/microcomponents
were silanized by (3-aminopropyl)trimethoxysilane (Sigma-Aldrich)
and functionalized with glutaraldehyde (0.5%; Polysciences) to
facilitate PA gel attachment. A mixture of acrylamide (40%; Sigma-
Aldrich), N,N’-methylenebisacrylamide (2%; Sigma-Aldrich), and
DPBS was then used to generate a liquid PA gel overcoat (modulus of
~5 kPa) on the silanized substrate, followed by ammonium persulfate
(1% v/v; Bio-Rad) and tetramethylethylenediamine (0.1% v/v; Bio-
Rad) to catalyze the polymerization reaction. To prepare fluorescent
beads (100 nm diameter), additional glass coverslips (#1, 12 mm
diameter; Ted Pella) treated by poly-p-lysine (0.1 mg/mL; Sigma-
Aldrich) for 1 h were blow-dried to support red fluorescent beads
(540/600 excitation/emission wavelength in nm) sourced from a
colloid suspension (1:5000 diluted, Thermo-Fisher).®® By placing the
processed coverslips onto PA gel-coated samples during gel
polymerization, fluorescent beads were uniformly embedded into
the liquid PA gel via gravity-driven diffusion. After removal of the
coverslips, sulfosuccinimidyl-6-(4'-azido-2’-nitrophenylamino)-
hexanoate (0.02%; Thermo Scientific) in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (50 mM, pH 8.5;
Fisher Scientific) was applied with UV activation to complete the
process. The test structures were immersed overnight in a fibronectin
solution (human, 25 ug/mL; Corning) in HEPES buffer for protein
functionalization and rinsed three times with DPBS before seeding
CCD18 fibroblasts. Phase-contrast and fluorescent images of hybrid
cells/test structure were obtained for TFM studies after 18 h of
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culture. By comparing the fluorescent images before and after culture,
traction stress/force and strain energy can be quantified using the
following equations: maximum traction stress = max((z,> + Tyz)l/ %),
total traction force = / cell area 1(7% + Ty2)1/2|dA, and total strain
energy = (1/2) f cellarea |(Tody + Tydy)ldA, where d is measured
displacement and 7 is local traction stress around area dA.%*®
Analysis of TEM images was performed using Image] open-source
software.
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