RESEARCH ARTICLE

'.) Check for updates

small

www.small-journal.com

Materials and Interface Designs of Waterproof Field-Effect
Transistor Arrays for Detection of Neurological Biomarkers

Yan Dong, Shulin Chen, Tzu-Li Liu, and Jinghua Li*

The continuous, real-time, and concurrent detection of multiple
biomarkers in bodily fluids is of high significance for advanced healthcare.
While active, semiconductor-based biochemical sensing platforms pro-
vide levels of functionality exceeding those of their conventional passive
counterparts, the stability of the active biosensors in the liquid environ-
ment for continuous operation remains a challenging topic. This work
reports the development of a class of flexible and waterproof field-effect
transistor arrays for multiplexed biochemical sensing. In this design,
monolithic, ultrathin, dense, and low defect nanomembranes consisting
of monocrystalline Si and thermally grown SiO, simultaneously serve as
high-performance backplane electronics for signal transduction and stable
biofluid barriers with high structural integrity due to the high formation
temperature. Coupling the waterproof transistors with various ion-selective
membranes through the gate electrode allows for sensitive and selective
detection of multiple ions as biomarkers for traumatic brain injury. The
study also demonstrates a similar encapsulation structure which enables
the design of waterproof amperometric sensors based on this materials
strategy and integration scheme. Overall, key advantages in flexibility,
stability, and multifunctionality highlight the potential of using such elec-

monitoring of metabolic homeostasis as
well as the diagnosis of impairments or
deviations from normal health status.
For example, the secondary damage from
traumatic brain injury (TBI) develops
through spreading depolarizations (SD)
which cause an increasing K* concentra-
tion and a decreasing Na' concentration
in cerebrospinal fluid (CSF).23 There-
fore, the selective, precise, and concur-
rent detection of multiple ions in CSF and
extracellular fluid (ECF) is essential for the
monitoring of disruption of cortical func-
tions, and thus could help save ischemic
but potentially viable cerebral tissues.l In
another example, dopamine (DA) is a type
of neurotransmitter which plays an impor-
tant role in reward, motivation, memory,
attention, and movement regulation in the
brain. These examples, out of many, high-
light the need for developing bio-integrated
sensing platforms and technologies with
high reliability and stability that can track

tronic sensing platforms for concurrent, continuous detection of various
neurological biomarkers, proving a promising approach for early diagnosis

and intervention of chronic diseases.

1. Introduction

Hundreds of biomarkers exist in bodily fluids which provide
abundant information for disease diagnosis and treatment. Of
particular interest is biosensing in neuroscience and neuroen-
gineering where the sensitive and selective detection of mul-
tiple biological markers is important for real-time, continuous
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biomarker levels continuously in liquid
environment.® The capture, analysis,
and “mining” of such health data are cru-
cial to tracking long-lasting health condi-
tions for early intervention and treatment
of diseases.

Among all types of chemical sensors, active, semicon-
ductor-based ones have attracted considerable attention
with levels of functionality exceeding those of conventional
passive counterparts.”® Taking ion sensing as an example,
compared to conventional ion-selective electrodes (ISEs),!
ion-selective field-effect transistors (ISFETs) allow for local
signal pre-amplification, processing, and multiplexing, "%
and thus serve as promising candidates of building compo-
nents for advanced neural interfaces."? Previous studies
demonstrate the use of a variety of low dimensional thin-film
semiconductors (e.g., carbon nanotubes, graphene, MoS,,
black phosphorus) and device structures for chemical and
biological sensing.*] For example, Zhang et al. reported
wafer-scale, high-performance carbon nanotube transistors
for label-free detection of multiple disease biomarkers.®]
Zhou et al. reported flexible In,0; transistor arrays function-
alized with enzymes or aptamers for detecting glucose or
neurotransmitters.l’%! The great success of the pioneering
works sets the foundation for the application of active bio-
sensors in label-free, ultrasensitive detection of biomarkers
in healthcare and biomedical research.
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However, the following issues are worth further investiga-
tion for in vivo application of field-effect transistor (FET)-based
chemical sensors in neuroscience and other healthcare-related
fields: 1) The operation of FET chemical sensors involves con-
tinuously applied voltages and induced currents immediately
adjacent to biofluids. The development of reliable, corrosion-
resistive, and bio-integrated potentiometric and amperometric
sensors for detecting various biomarkers (e.g., ions, neuro-
transmitters, and metabolites) is a challenging topic.[202!
2) Aside from the stability of electronics, another bottleneck
for continuous biochemical sensing is in the sensor-biology
interfaces, as the limited stability of bio-recognition elements
in biofluids might result in the loss of sensor function well
before the electronic devices fail. In the context of ion sensing,
the longevity, failure mechanism, and structure-property
interrelationship of ion-selective membranes (ISMs) under
physiological conditions remain understudied. 3) Achieving
concurrent detection of multiple biomarkers with high accu-
racy in mixed solution also requires further attention, as the
crosstalk between sensors can frustrate quantitative interpre-
tation of recorded data.

To solve these problems, this study reports the design of
a class of multiplexed biochemical sensor arrays compatible
with potentiometric and amperometric sensing based on pio-
neering studies.?Zl Here, ultrathin, yet dense, and low-defect
nanomembranes derived from monocrystalline Si serve as
waterproof encapsulation protecting the transistors against
corrosion when placed in a liquid environment. For poten-
tiometric sensors, gate electrodes functionalized with various
ISMs work as interfaces for selective ion capture. By using
ISMs for H*, Na¥, K*, and Ca?" as examples, the study estab-
lishes the proof-of-concept and develops calibration stand-
ards based on the cross-sensitivity between different ions and
ISMs. In addition to potentiometric sensors, the study further
demonstrates that an encapsulation structure consisting of a
heavily doped Si nanomembrane can serve as a conductive
pathway for electrical currents produced by electrochemical
reactions (e.g., DA/serotonin oxidation), thereby enabling
the design of amperometric sensors based on this materials
strategy and integration scheme.

The system presents an unprecedented combination of the
following features: 1) on-chip FETs that could support local
signal processing/amplification; 2) waterproof encapsulation
derived from monocrystalline Si for sustained operation in
liquid environment. The encapsulation consists of insulating
SiO, and heavily doped, highly conductive Si, which allows
for potentiometric and amperometric sensing towards dif-
ferent types of analytes via proper design and integration;
3) versatile, modularized chemical sensor arrays with calibra-
tion standards for minimizing crosstalk; 4) high mechanical
compliance and minimal invasiveness needed to successfully
interrogate soft, dynamic tissues and organs. Integration of
such flexible, waterproof, and multifunctional biochemical sen-
sors can form high-resolution neural interfaces which may shift
the current paradigm of biochemical sensing from few points
describing acute medical concerns to actively multiplexed oper-
ating to address processes over extended periods. Compared to
other biochemical sensors with active components, one unique
advantage is that the current device scheme/fabrication exploits
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SiO, derived from monocrystalline Si as encapsulation with a
very high structural integrity. An integrated system following
the design scheme could provide better stability for in vivo
applications. Additionally, the calibration standards reported
here can address the crosstalk issue for biochemical sensing in
a complex environment.

2. Results and Discussion

2.1. Design Principles of Flexible, Waterproof, and
“Modularized” Transistor Arrays

The design concept of the multifunctional, “modularized”,
and waterproof transistor arrays and an envisioned applica-
tion appear in Figure 1. Briefly, devices of this type consist of
two key functional parts: biochemical interfaces (i.e., ISMs)
for capturing target analytes (i.e., ions) (Figure 1A) and Si FET
backplanes with monocrystalline Si derived nanomembranes
as a waterproof encapsulation (Figure 1B). The ionophores in
ISMs can be predominantly complex with a specific ionic spe-
cies in solution. For example, the K* ionophore, valinomycin,
is a cyclodepsipeptide composed of twelve alternating amino
acids and esters (Figure S1, Supporting Information). The intra-
molecular hydrogen bonds between the carbonyl O atoms and
N—H in the neighboring amide groups result in a rigid ring
structure with a cavity in the center for the capture of K*.12%24
The interactions between Na* and Ca?" ionophores and the cor-
responding target ions follow a similar mechanism, while H*
ionophore has a high affinity to H* due to the basicity of amine
(Figure S1, Supporting Information).?>! The concentration gra-
dient results in a diffusion layer and accordingly a potential
difference w between the membrane and the bulk electrolyte
according to the Nernst equation.*2¢]

Figure 1B shows the cross-section schematic illustration of a
Si-FET with a biofluid barrier prepared by a unique “inverted fab-
rication” method (details in Experimental Section and Figure S2,
Supporting Information): briefly, fabricating transistors using
device-grade Si nanomembranes (thickness: =100-200 nm)
on a silicon-on-insulator (SOI) substrate and removing the
back-layer Si handle wafer using reactive ion etching (RIE)
yield a flexible system with a layer of thermally grown, buried
SiO, (BOX layer, t-SiO,, thickness: =300-1000 nm) protecting
the transistor from biofluids. Etching a window on the BOX
layer exposes a pre-patterned island of heavily doped, highly
conductive Si (p-type, boron-doped, concentration: =102 cm™3,
sheet resistance: ~50-80 ohm sq7!) with metal interconnects
formed during the transistor fabrication steps to the gate dielec-
trics of the encapsulated transistors. Such a monocrystalline Si
layer serves as a conductive pathway bridging the electronics
side and the biofluid side. Please note that for potentiometric
sensors working based on surface potential modulation,
opening the window on t-SiO, to expose the highly conductive
Si interconnect is not a required step. However, establishing
such a conductive pathway can minimize the voltage divi-
sion effect caused by the insulating t-SiO, encapsulation layer
for obtaining a maximal sensitivity. A polyimide film serves
as the flexible substrate for the transistor. The total thickness
of the sensor is =20 um. As illustrated in Figure 1A (right),
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Figure 1. A) Schematic illustration of ISMs as biochemical interfaces and the working principle for ion capture and detection. B) Schematic illustra-
tion and optical images of flexible potentiometric sensor arrays with the waterproof encapsulation derived from monocrystalline Si nanomembranes.
C) Envisioned application of the device concept in real-time monitoring of TBI biomarkers for early warning, risk assessment, and prediction of patient

outcomes.

coupling receptors to the gate electrode can shift the threshold
voltage of the transistor (Vy,) upon the binding of analytes
(Note S1, Supporting Information). In this study, we separately
prepare the transistor part and the ISM-functionalized gate
electrode part and link them together for systematic bench
tests so that FETs can be recycled after each use.l”?8! Iterative
eliminations suggest that the interface structure of the func-
tionalized gate plays a key role in the sensing performance:
sensing layers exploiting the combination of ISMs and Au on
the bottom provide the most stable sensing outcomes due to
the inertness of Au which minimizes nonspecific interactions.
On the other hand, direct coating of ISMs on heavily doped
Si does not yield a stable interface for potentiometric sensing
which might be due to the active hydroxyl groups on the native
oxide that can cause non-specific interactions. Figure 1C shows
a potential application of multifunctional sensor arrays based
on this device concept, which can interrogate brain tissues
and continuously detect changes in ion concentrations in CSF
emerging at the secondary stage of TBI as early warning signals
of the condition worsening.

2.2. Results of Leakage Tests and Bending Tests

The monocrystalline Si-derived thin-film encapsulation with
high structural integrity due to the high formation temperature
(> 1000 °C) can significantly improve the stability of encapsu-
lated electronics in a liquid environment.2223% Figure 2A pre-
sents a scanning electron microscopy (SEM) image of the top
surface of t-SiO, after the back etching process. Measuring the
time evolution of leakage current across a t-SiO, film in solu-
tion under elevated temperatures evaluates the stability of the
barrier material. All samples used have an area at the same
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order of magnitude (=1 cm?) with only minor variations. Nor-
malizing the leakage current according to the test area further
minimizes discrepancies. The initial current is =10"' A cm™2
and remains constant before a catastrophic failure takes place.
A sudden increase in the current corresponds to a leakage
event caused by the penetration of biofluids (Figure 2B): a
=300 nm t-SiO, show an average lifetime of =1, 2, 4, 10, and
21 days at 95, 91, 87, 81 and 77 °C, respectively. The reason for
choosing the elevated temperatures is to allow for assessments
of reaction rates that are too low at body or room tempera-
ture within a reasonable period (e.g., one month). Calibrating
the actual temperatures of the oven during the leakage tests
yields the values used for plotting. The results are in qualita-
tive agreement with previous studies while minor differences
are associated with the temperature control and the volume of
solutions used.?23! Linearly fitting the reaction rate as a func-
tion of T in a semilogarithmic scale extrapolates the reaction
rates at lower temperatures according to the Arrhenius equa-
tion (Figure 2C)1?2l (Note S2, Supporting Information). Calcu-
lated lifetimes based on extrapolated reaction rate at different
temperatures for a 100, 170, 240, 500, and 1000 nm t-SiO,
encapsulation appear in Figure 2D. The theory behind using
the reaction rate to predict the lifetime t-SiO, with different
thicknesses is based on previous studies that the failure of
t-Si0, in liquid is mainly due to the spatially uniform dissolu-
tion with an almost constant dissolution rate throughout the
process.?2l We also study the pH effects on the dissolution of
t-SiO,. As shown in Figure 2B, under pH 7.4, leakage happens
after 2 days, while under alkaline condition (pH = 10.0), leakage
happens after only 1 day (Figure S3A, Supporting Information).
In acidic PBS solution (pH = 4.0), no leakage event takes place
within 7 days as a higher concentration of protons will shift the
chemical equilibrium of the reaction producing silicic acids.l*?
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Figure 2. A) SEM image of t-SiO, surface after the back etching process with RIE. B) Leakage test results for systems encapsulated with t-SiO,
nanomembranes (thickness: =300 nm) at 95, 91, 87, 81, and 77 °C, respectively (n = 3). C) Experimental and simulated results of reaction rate of t-SiO,
in PBS solution as a function of T~ according to the Arrhenius’ equation. D) Lifetime based on extrapolated reaction rate at different temperatures
for a 100, 170, 240, 500, and 1000 nm t-SiO, encapsulation. E) Leakage test results for systems encapsulated with 20 and 240 nm ALD-Al,0O3, 20 and
170 nm HfO, at 37 °C (n = 3). F) Bending test results for a transistor encapsulated with =1 um t-SiO,. Inset: photograph of a test transistor laminated
on a glass tube (bending radius = 8 mm). Data presentation: mean * standard deviation.

In addition to hydrolysis, SiO, is also stable against decom-
position as determined by its Gibbs free energy of formation
(Note S3 and Table S1, Supporting Information) and oxidation
as it is in the highest oxidation state. The results suggest that
a submicron encapsulation can provide sufficient longevity (at
least a few years) to support the operation of active electronics
well beyond the lifetime of bio-recognition elements. In com-
parison, encapsulations of 20 nm Al,O; and HfO, prepared by
atomic layer deposition (ALD) show a lifetime of only <4 day
at 37 °C before leakage events appear (defined as >1 nA cm™)
(Figure 2E). Thicker Al,O0; (240 nm) and HfO, (170 nm) pre-
pared by ALD have longer lifetimes (10 days for 240 nm ALD
Al,O; and 14 days for 170 nm ALD HfO,). However, these
values are still significantly shorter than the predicted life-
times of 240 nm and 170 nm t-SiO, at 37 °C (Figure 2D, 46 250
and 32 760 days, respectively). Systems encapsulated with
600 nm SiO, prepared by plasma-enhanced chemical vapor
deposition (PECVD, 350 °C) show a lifetime of =5 min at
70 °C (Figure S3B, Supporting Information). The results here
highlight the advantages of thermal oxide as biofluid barriers
over other thin-film materials deposited by low-temperature
processes. ALD Al,0; and HfO, with high dielectric constant
are also commonly used thin-film materials for encapsulation
due to their strong coupling capability. Previous studies**!
show that coating a layer of ALD Al,O; on top of Si nanowire
transistors (with thermally grown SiO;) can improve the sta-
bility of the device in the liquid environment due to the forma-
tion of tortuous diffusion pathways. However, results from a
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recent studyl?? and this work suggest that using ALD metal
oxide alone yields a shorter lifetime compared to t-SiO,, as
a lower growth temperature (<250 °C in this study) leads to
a higher defect density in the film and a lower quality of the
interface with the underlying layers.****l In contrast, t-SiO,
derived from monocrystalline Si has the advantage of a much
higher film quality because of the high formation temperature
(>1000 °C) and the structural integrity of the growth template.
In this sense, SiO, can support the operation of active elec-
tronics in liquid environment with improved stability, which
will be useful especially for systems where the lifetime of
biochemical interface is relatively long (e.g., electrochemical
fast-scan cyclic voltammetric method for DA detection).**l For
future applications, encapsulation materials should be prop-
erly chosen based on the stability of the sensing interfaces, the
specific application scenarios (acute vs chronic), and the target
lifetime of the sensing platform. The following strategies could
be used to circumvent the weak coupling due to the lower
dielectric constant of SiO,: 1) opening a window on SiO, to
establish a conductive pathway mediated by heavily doped Si,
as illustrated in Figure 1; 2) decreasing the thickness of SiO, to
reach a balance between the lifetime/stability and capacitance
of the dielectric layer; and 3) enhancing the dimension of the
laterally extended gate electrode buried under SiO, to avoid
the voltage division effect. Results of bending tests (Figure 2F)
show that key electrical performances of a t-SiO, encapsulated
transistor remain nearly unchanged (bending radius: 8 mm,
bending cycle: 100 and 200). Together, the stability of the
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Figure 3. A) Transfer curves and B) zoom-in view of a representative Na* sensor in response to NaCl solutions with different concentrations.
C) Transconductance (G,) at different Vger values derived from transfer curves. D) Sensitivity of the test device shown as the threshold voltage of
the transistor as a function of Na* concentration (n = 3). E) Real-time response of drain-to-source current of the test device to changing Na* con-
centration. F) Zoom-in view of Ips as a function of time showing the fast response of the ISM to changing Na* concentration. Data presentation:

mean + standard deviation.

ultrathin t-SiO, nanomembranes during leakage and bending
tests serve as the foundation for developing waterproof and
flexible biosensors.

2.3. Sensing Performance of Flexible FETs as Potentiometric
lon Sensors

Figure 3 shows the performance of a sensor with Na* ISM
functionalized gate electrode in response to NaCl solutions
with concentrations ranging from 1-100 mwm. As shown in
Figure 3A,B, an increasing Na* concentration causes a nega-
tive shift in the transfer curve, suggesting the addition of
positive charges at the sensor-electrolyte interface. Extrapolating
the tangent line of the transfer curve at the largest transcon-
ductance G, value point (Figure 3C) extracts Vy,. Plotting V,
values as a function of the concentration of Na* yields a sensi-
tivity of —41.66 mV dec™! (Figure 3D). The real-time response of
the ISM to changing Na* concentration appears in Figure 3E,F.
drain-to-source current (Ipg) changes upon the addition of con-
centrated Na* solutions with a response time of <5s. The abso-
lute value of the sensitivity of the Na* sensor (41.66 mV dec™)
in this work is within the range of the sensitivity of existing ion
sensors (from 16 to 57 mV dec™?) reported in literature (Table S2,
Supporting Information). The fact that it is slightly lower than
the highest reported value and the Nernst limit might be due
to the non-ideal ratio of ionophores to ion exchangers and
defects in the ISM, where further optimization is possible. The
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response time (= 5 s) is similar to those of other reported ion
sensors (from 5 s to 1 min).

The study demonstrates the versatility of this device concept
for potentiometric sensing by using the combination of water-
proof transistors and other ISMs. Similarly, the results show
high sensitivity, selectivity, and fast real-time response to cor-
responding target ions (K*, Ca?*, and H*) as shown in Figure 4.
In all cases, an increase in cation concentration results in a
negative shift in Vy, of the transfer curves (Figure 4A, D, G).
Extracting the values of Vy, as a function of ion concentration
yields a sensitivity of —43.33 (K* ISM), —29.47 (Ca* ISM), and
—56.93 (H" ISM) mV dec™}, respectively (Figure 4B, E, H). The
results are consistent with the Nernst limit calculated based on
the valency of the corresponding ions. The Ipg-t curves of each
type of sensor appear in Figure 4C, F,I. Key performance met-
rics of K¥, Ca?", and H* sensors are also comparable to reported
values in literature (Table S3 to Table S5, Supporting Informa-
tion). Tests in solutions with low concentrations of target ions
evaluate the detection limit of the sensor systems. As shown
in Figure S4A—C, Supporting Information, the lower detection
limit of a H* FET sensor is around pH = 8.06. The value is
close to that obtained using a H* ISM functionalized Au elec-
trode (also around pH = 8.06, Figure S4D, Supporting Informa-
tion). The results are consistent with previous reports that the
detection limit of ISFETs often agrees with that of the ISM elec-
trode of the same type.’”! Similarly, the lower detection limits
of the Na* and K* sensors are estimated to be =1 x 107 and
1x 107 m, respectively (Figure S4E,F, Supporting Information).
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Figure 4. A) Zoom-in transfer curves of a K* sensor in response to KCl solutions with different concentrations. B) Sensitivity of the test device shown
as the threshold voltage of the transistor as a function of K* concentration (n = 3). C) Real-time response of the test device to changing K* concentra-
tion. D) Zoom-in transfer curves of a Ca?* sensor in response to CaCl, solutions with different concentrations. E) Sensitivity of the test device shown
as the threshold voltage of the transistor as a function of Ca?" concentration (n = 3). F) Real-time response of drain-to-source current of the test device
to changing Ca%**concentration. G) Zoom-in transfer curves of an H* sensor in response to solutions with different pH. H) Sensitivity of the test device
shown as the threshold voltage of the transistor as a function of pH (n = 3). ) Drain-to-source current of the test device over time under different pH.

Data presentation: mean * standard deviation.

In general, this versatile, modularized sensor design exploiting
the combination of the waterproof Si transistors and selective
biochemical interfaces could enable the detection of different
analyte species using the potentiometric sensing strategy by
transducing changes in the surface potential upon the binding
of analytes. Examples include peptides,?! proteins,3** nucleo-
tide acids,*! and others.#2#4

2.4. Heavily Doped Si as Conductive Encapsulation for
Amperometric Sensing
Besides potentiometric sensing outlined in the preceding sec-

tion, one unique feature of the monolithic Si—SiO, biofluid
barriers is the capability to support amperometric sensing.
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Here, a redox reaction occurring at the sensor-electrolyte
interface can produce a charge transfer in the presence of an
electrochemical potential via the heavily doped, highly con-
ductive Si (resistivity: 1073 Q cm) to backplane electronics,
while t-SiO, can serve as the passivation layer for the rest of
the sensor system. Similar to t-SiO,, p™*-Si has high structural
integrity with a dissolution rate of =0.5 nm day™' under physi-
ological conditions.*! Figure 5A shows the schematic illustra-
tion of an as-described working electrode encapsulated by the
Si—SiO, nanomembranes. Depositing a layer of Au on top of
the exposed p**-Si forms an electrochemical interface for redox
reactions and prevents the growth of SiOy during dynamic
electrochemistry.*l The amperometric response can be char-
acterized using a potentiostat with a three-electrode setup.
Figure 5B presents an example of using such an encapsulated
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Figure 5. A) Schematic illustration of a flexible working electrode encapsulated with the monolithic Si—SiO, nanomembranes. B) Schematic illustra-
tion of using a Si—Au electrochemical interface for detecting DA through an amperometric sensing strategy. C) CV curves of an encapsulated system
in solutions with varying DA concentrations. D) Current density at the oxidation peaks (E = 0.25 V) as a function of DA concentration (n = 3). E) CV
curves of an encapsulated system in solutions with varying serotonin concentrations. F) Current density at the oxidation peaks (E = 0.4 V) as a function
of serotonin concentration (n = 3). Data presentation: mean * standard deviation.

system for detecting DA through the oxidation of DA to form
dopamine o-quinone (DOQ). As presented in Figure 5C, cyclic
voltammetry (CV) curves show stable oxidation and reduc-
tion peaks with varying DA concentrations (1-50 pm, scan
rate (v): 50 mV s7) (sensing surface area: 0.385 cm?). Plot-
ting the current density at the oxidation peaks (E = 0.25 V)
as a function of DA concentration yields a sensitivity of
0.063 HA cm™ um! (Figure 5D). Another electroactive
neurotransmitter, serotonin (1-10 um, scan rate: 50 mV s7),
shows an oxidation peak at 0.4 V during CV scan (Figure 5E),
with a sensitivity of 0.076 pA cm™ pum (Figure 5F). On the
other hand, CV scans in glucose and glutamate solutions only
show negligible changes (Figure S5A,B, Supporting Informa-
tion), suggesting a high selectivity of such waterproof elec-
trodes to electroactive species at the corresponding redox
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peaks. Figure S5C-F, Supporting Information, show the CV
scans of the Si—Au sensing interface obtained with different
scan rates and plots of the oxidation peak current (iy,) as a
function of the square root of v. The linear relationship sug-
gests that both reactions are a diffusion-controlled process
according to the Randles-Sevcik equation.”! Such Si—SiO,
nanomembranes encapsulated working electrodes can sup-
port the development of various flexible, waterproof electro-
chemical sensors. Integrating enzymes, electron mediators,
and materials with high surface areas on the side of the encap-
sulation in contact with biofluids can improve the sensing
performance (e.g., selectivity, sensitivity, limit of detection,
and limit of quantification). Fabricating such p**-Si-mediated
working electrodes together with SiO, encapsulated active
components following the integration scheme described in
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Table 1. lon concentrations and pH values of each solution used for establishing the sensitivity matrix S.

Concentration Base solution ~ Na*solution1  Na*solution2  K*solution1  K*solution2  Ca® solution1  Ca?*solution2  pH solution1 pH solution 2
(sol 1) (sol 2) (sol 3) (sol 4) (sol 5) (sol 6) (sol7) (sol 8) (sol 9)

NaCl [mm] 40 70 100 40 40 40 40 40 40

KCl [mm] 5 5 5 10 25 5 5 5 5

CaCl, [mm] 0.37 0.37 0.37 0.37 0.37 1 5 0.37 0.37

pH 5.58 5.43 5.47 5.51 5.48 5.41 533 4.18 3.47

Figure 1 can further yield waterproof amperometric sensor
arrays with on-chip multiplexing and signal amplification
capabilities.

2.5. Multiplexed Arrays for Concurrent lon Sensing

For in vivo application of such multiplexed sensor arrays, it
is important that the system can concurrently and accurately
sample changes in the concentration of multiple biomarkers.
such as the ion fluxes in glial cells*®*) and the disrupted ionic
homeostasis resulting from secondary cell damages (e.g.,
stretching of axons) during TBL.W In a complex environment,
the crosstalk sourced from non-specific interactions could be
detrimental to the precise interpretation of sensing outcomes.
To tackle this challenge, the study investigates responses of
transistor arrays coupled with different ISMs to multiple ions
in mixed solutions. The model assumes that in a mixed solu-
tion, the surface potential change in a potentiometric sensor
can be viewed as the sum of surface potential changes caused
by specific and non-specific interactions (Note S4, Supporting
Information).

Measuring the responses of an array of ion sensors in a
set of multi-ion solutions (Table 1) yields a sensitivity matrix
S (unit: mV dec™) (Figure 6, Figures S6 and S7, Supporting
Information):

S=| Skinas Skike Skecaze 0 —57.2 -3.07 (1)

SNesNa+  SNasks SNa+Ca2+:| |:—53.5 8.22 2.27
Scazenar  Scazeks  Scazecarr 191 431

—33.42

where S;;and Sj; are the sensitivity of the sensor i to ion i (target
analyte) and j (non-target analyte), respectively. The study also
calculates response to changes in pH for potential applications
with further enhanced multifunctionality. The following equa-
tion determines the concentration difference of n types of ions
between an unknown solution and a standard reference solu-
tion, namely the vector Ac (Acy, A ¢y, ... Ac,)T,

Ac=S"" XAV (2)

where AV is a vector (AV;, A V,, ... A V,)T showing the response
of the n ion-selective sensors in threshold voltage to the
unknown solution.

Previous studies show that in CSF of TBI patients, the
decrease in Na* concentration and increase in K* concentration
are signs of the progression of secondary injury and condition
worsening.l>3] As shown in Figure 7A, in healthy brain tissues,
Na* ions flow into neuron cells from the extracellular space
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through integral membrane proteins, producing a dendritic
inward current. The accumulating positive charges caused by
the influx of Na* are compensated by the function of the Na*-
K* pump which maintains the normal ion concentration gra-
dient and the resting potential across the cell membrane by
exporting Na* and importing K*. During TBI, the decreased
activity of the pump leads to an overall decrease in Na* con-
centration and an increase in K* concentration in CSF.’% To
validate the performance of the sensor arrays, the ion concen-
trations of an artificial solution mimicking the brain dialysis
fluids of TBI patients (denoted as “aTBI” solution) are cali-
brated using the sensitivity matrix with an artificial CSF (aCSF)
serving as a standard reference. Comparing Vy, of the sensor
arrays obtained in the aTBI solution with those obtained in the
reference solution (Figure 7B—G) estimates the concentration of
multiple ions (denoted as MATX method) (Note S5, Table S6,
Supporting Information). Calculating the ion concentrations of
the aTBI solution using the sensitivity obtained in single ion
solutions provides comparison (denoted as SNGL method).
The results and errors appear in Table 2. The concentrations of
Na* and K* in the aTBI solution obtained using MATX method
are very close to the actual values with small errors (Na*:1.77%,
K*: 0.789%). On the other hand, errors for the measured ion
concentration values using the SNGL method are much larger
(Na*: 16.8%, K*: 8.68%), indicating the improved accuracy
after calibration. The errors for the concentration of Ca?* are
relatively higher in both cases (>20%) consistent with previous
reports,l! which might be associated with the relatively smaller
difference in Ca?" concentration used here as well as the
intrinsically lower Nernst limit for divalent ions. In all cases,
the results suggest the importance of calibrating sensitivity in
mixed ion solutions during multiplexed sensing for improved
accuracy.

2.6. Stability of ISMs in Solution Under Physiological Condition

Long-term stability is a crucial yet challenging topic for implant-
able sensors. For biochemical sensing, the stabilities of the
electronics and the sensing interfaces jointly determine the life-
time of the system. The unique “inverted fabrication” process
and the resulting structure consisting of monocrystalline Si-
derived nanomembranes as biofluid barriers can significantly
improve the stability of electronics in liquid environment.
However, the lifetime of ISMs under physiological conditions
requires further investigation. The study characterizes the sta-
bility of ISM-functionalized Au surfaces in 1X PBS solution at
37 °C by measuring the open circuit potential (OCP) with an
Ag/AgCl reference electrode. As illustrated in Figure 8A, a
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Figure 6. A-D) Zoom-in transfer curves of the Na* sensor in response to multi-ion solutions with varied Na*, K*, Ca?', and H" concentrations,
respectively. E,F) Sensitivities of the Na* sensor shown as the threshold voltage of the transistor as a function of K*, Na*, Ca?*, and H* concentrations

(n = 3). Data presentation: mean * standard deviation.

“co-extraction” process might take place during the immer-
sion of ISMs in solutions.”’ An ISM typically consists of two
key functional components: ionophores for capturing target
ions, and lipophilic salts for providing ion exchange sites and
reducing counter ionic interference. While anions typically do
not enter cation-selective ISMs under a normal condition, a
decreased number of ionic sites for cations can lead to a simul-
taneous migration of cations and anions into the membrane to
maintain electrical neutrality, resulting in changes in sensitivity
and selectivity.

The sensitivities of different ISMs towards their target ions
over time (in 1X PBS at 37 °C) appear in Figure 8B. Both Na*
and H* ISMs show good stability, maintaining a sensitivity of
around =40 and =55 mV dec™ for 4 weeks, respectively. When
stored at an elevated temperature (59 °C), the Na™ ISM still
maintains a sensitivity of =40 mV dec™! for at least a month

Small 2022, 18, 2106866
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(Figure S8A, Supporting Information). The sensitivity of
the K™ ISM slightly decreases from =45 to =35 mV dec™ after
20 days, while the Ca?* ISM only maintains a sensitivity above
20 mV dec™! for a week which then drops to =5 mV dec™ after
2 weeks. The lower stability of the Ca?* ISM could be attributed
to the plasticizer used in Ca?* ISM (2-nitrophenyl octyl ether,
(o-NPOE)): the higher polarity compared to that of the plasti-
cizer (bis(2-ethylhexyl) sebacate, (DOS)) used in Na*, K*, and
H* ISMs may increase its leaching rate from the ISM to the
bulk solution.P!] The loss of plasticizer could change the mem-
brane composition and the dielectric constant.?l Previous
studies show that the change in the dielectric constant of an
ISM could have an impact on the ionophore-target stability.l*’]
Since the ionophore-target stability constant will affect the equi-
librium concentration of the target ions in the ISM, the sensi-
tivity will be altered accordingly.
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Figure 7. A) Schematic illustration of the ion fluxes under normal condition and during SD in TBI. B-D) Zoom-in transfer curves of the Na*, K*, and
Ca?* sensors in aCSF solution and aTBI solution. E-G) Summary of Vy, of the Na*, K*, and Ca?" sensors in aCSF solution and aTBI solution (n = 3).

Data presentation: mean * standard deviation.

Another important performance metric for long-term ion
sensing is selectivity. Responses of each ISM to multiple ions
appear in Figure 8C-F. After =4 weeks, the Na* ISM and H*
ISM still maintain a high selectivity towards their corre-
sponding target ions (Figure 8C,F and Figure S8B, Supporting

Table 2. lon concentrations in aTBI solution measured and calculated
using different methods. MATX represents the method using the sen-
sitivity matrix, and SNGL represents the method using the sensitivities
obtained in single ion solutions.

lon aCSF  aTBI  Calculated aTBI  Error %  Calculated aTBI Error %
species  [mm] [mM] MATX [mm] SNGL [mm]

Na* [mm] 147 96.2 94.5 177 80.0 16.8
K* [mm] 2.7 3.8 3.83 0.789 413 8.68
Ca?*[mm] 1.2 0.99 0.705 28.8 0.642 35.2
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Information), consistent with the observations in the sensitivity
study. The Na* ISM shows a relatively high selectivity when
stored at 59 °C (Figure S8C, Supporting Information). The K*
ISM, however, develops a negative sensitivity in NaCl or CaCl,
solutions over time (Figure 8D), suggesting a response to
anions (CI7). One possible reason is that the lipophilic salt used
in K* ISM, NaTPB, is more hydrophilic compared to NaTFPB
and NaTCIPB,”¥ which may also promote the leaching pro-
cess to the bulk solution. The loss of ionic sites caused by
the leaching of NaTPB may cause the coextraction process,!
leading to an additional response to the anions (Cl7). This
could also explain the slightly decreased sensitivity of the K*
ISM after 3 weeks. The Ca** ISM shows a decreased selectivity
towards Ca’" mainly due to the significantly reduced response
to Ca’* (Figure 8E). Besides, the leaching of the plasticizer
(o-NPOE) and thus the membrane composition could change
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Figure 8. A) Schematic illustration of the coextraction process due to the leaching of lipophilic anions from ISM to bulk solution. Under normal condi-
tion, anions in the solution cannot enter the ISM (top), while in an ISM losing lipophilic anion R~ (bottom), cations (C*), and anions (A7) are coex-
tracted into the membrane to maintain the electrical neutrality. B) Sensitivity of Na*, K*, Ca?*, and H* ISMs to target ions during immersion tests in 1X
PBS solution at 37 °C. C-F) Response of Na*, K, Ca?", and H* ISMs to multiple ions during immersion tests in 1X PBS solution at 37 °C for 4 weeks.

the dielectric constant of the ISM, which may also affect the
selectivity of the ISM.I">%] The results suggest that multiple
factors such as the choices of plasticizers and ion exchangers
may play important roles in determining the performance
of ISMs in solution during long-term application. Further
improvements are possible through systematic studies on the
structure-property interrelationship and rational designs to
obtain extended lifetimes.

2.7. lon Sensing in Real Human Sample
To demonstrate the sensing performance in a complex envi-

ronment with human-related samples, this study performs pH
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sensing tests in human serum (Sigma Aldrich, H4522, lot#
SLCJ3948, from human male AB plasma, USA origin, sterile
filtered). Coating the Au surface of the gate electrode with
polyaniline (PANI) through electrodeposition forms a pH-
sensitive interface (0.25 M aniline in 0.5 m H,SO,, —0.2-1 V
vs Ag/AgCl, 10 cycles). Detailed test results in pH buffer
solutions and the human serum sample appear in Figure S9,
Supporting Information. The system shows a sensitivity of
579 mV pH™L Calculating the pH value of the serum sample
based on the calibration curve yields a value of =78, which is
close to the one obtained using a commercial pH meter (7.63).
The results suggest that such sensors have a practical sensing
capability that can be potentially expanded for detection of
other biomarkers.
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3. Conclusion

In summary, the results presented here provide materials strat-
egies, interface designs, and integration schemes for building
flexible, waterproof, and multiplexed MOSFET biochemical
sensor arrays. The design of the ultrathin biofluid barriers
exploiting the monolithic p**-Si and t-SiO, nanomembranes
is compatible with potentiometric and amperometric sensing
strategies, thereby offering unique advantages in developing
waterproof, active electronics for high-fidelity, continuous
monitoring of different types of neurological biomarkers
(e.g., ions and neurotransmitters) in liquid environment. To
improve the precision for concurrent multi-ion sensing, cali-
bration standards address the cross-sensitivity issue caused by
non-specific interactions between ISMs and non-target ions.
The sensor arrays can capture minute changes in concentra-
tions of multiple ions in artificial solutions mimicking CSFs
from TBI patients, suggesting their great potential as in vivo
recording devices for the early diagnosis of secondary TBI. Sys-
tematic studies investigate failure mechanisms of ISMs during
immersion tests associated with the leaching of functional
components under physiological conditions. The study opens
a pathway to scalable fabrication of waterproof biochemical
sensor arrays using SOI substrates and standard complemen-
tary metal-oxide-semiconductor (CMOS) technologies. Integra-
tion of different bio-recognition elements can expand the device
concept for efficient detection of various biomarkers using
potentiometry and/or amperometry. Stable but ultimately biore-
sorbable active systems are also possible by replacing metals
and polymers used here with transient counterparts (e.g., Zn,
Mg).50-58] The results may create new opportunities for under-
standing the body's dynamic chemistry over extended periods
during biomedical research and clinical practices. Future direc-
tions include the development of waterproof, high-resolution,
and fully integrated chemical sensor arrays with local active
components for mapping the spatiotemporal distribution of
neuronal compounds, as well as multifunctional neural inter-
faces with integrated, miniaturized biochemical sensors and
neural electrodes for dual-mode recording.

4. Experimental Section

Fabrication of Encapsulated, Waterproof Si MOSFET: The development
of MOSFETs with ultrathin, waterproof interfaces included four essential
steps: transistor fabrication, polymer coating, back etching, and via
opening (more details in Figure S2, Supporting Information). Briefly,
the process started with two cycles of deposition, patterning, and
doping of device grade Si on a SOI wafer (Soitec) following standard
semiconductor processing techniques to form isolated n*™* regions
as the source and drain of the transistor and p** regions as the
electrically conductive interface. The reason for choosing p**-Si as the
conductive encapsulation was due to its higher stability than n**-Si in
biofluids.[*l Thermal oxidation followed by ALD formed a layer of SiO,
(=50 nm) and a layer of Al,O; (=10 nm) as the gate dielectric stack.
Photolithographically patterning, etching, and metallization (10 nm
Cr/300 nm Au) completed the fabrication of FETs. Spin-coating of
polyimide (PI) precursor followed by thermal curing formed a thin PI
film (=2 um) on top of the transistors. A commercial silicone adhesive
layer then joined the PI layer and a temporary handling substrate with a
spin-coated polydimethylsiloxane (PDMS) and a laminated Kapton film
(=13 um). Inductively coupled plasma RIE (ICP-RIE) with SF¢/O,
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removed the Si handle wafer to expose the buried t-SiO, as the
submicron encapsulation layer. Photolithographic patterning and
combined dry (CF,)/wet (buffered oxide etch (BOE), 10:1) etching
formed via opening on SiO, aligned to the underlying p**-Si. A probe
station and a semiconductor parameter analyzer (Keysight B1500A)
characterized the electrical performance of the transistors.

Leakage Tests for Thin Film Materials: The study used PBS solution
to provide an environment for the leakage test of thin films including
t-SiO, and ALD-Al,03/HfO,. An oven controlled the temperature of
the systems. An electrochemical station measured the leakage current
across the thin films as a function of time to determine the leakage
(defined as >1 nA cm™?).

Preparation and Characterization of p**-Si Mediated Amperometric
Sensors:  Electron-beam evaporation formed a bilayer of Cr/Au
(5/50-200 nm) on the p**-Si surface as the working electrode for
electrochemical sensing (it should be noted that for a fully integrated
system, thermal evaporation should be used to avoid electron radiation
induced shift in the threshold voltage of the transistors). CV using an
electrochemical station (PALM-PS4.F2.10) characterized the response to
DA, serotonin, glucose, and glutamate solutions with a platinum wire as
the counter electrode and a saturated Ag/AgCl electrode as the reference
electrode.

Preparation of ISMs: The sodium-selective membrane consisted of
sodium ionophore X (1 wt.%), sodium tetrakis[3,5-bis (trifluoromethyl)-
phenyl] borate (Na-TFPB, 0.55 wt.%, providing cation exchange sites
and reducing resistance), polyvinyl chloride (PVC, 33 wt.%, plastic
matrix), and bis(2-ethylhexyl) sebacate (DOS, 65.45 wt.%, plasticizer).
Dissolving 100 mg of the mixture mentioned above in 660 uL
tetrahydrofuran yielded the sodium ISM cocktail. The potassium-
selective membrane consisted of valinomycin (2% wt.%, ionophore),
sodium tetraphenylborate (Na-TPB 0.5 wt.%, providing cation
exchange sites and reduce resistance), PVC (32.7 wt.%, plastic matrix),
and DOS (64.7 wt.%, plasticizer). Dissolving 100 mg of the mixture
mentioned above in 350 pL of cyclohexanone formed the potassium
ISM cocktail. The calcium-selective membrane cocktail was purchased
from Sigma Aldrich and used directly. The composition of the calcium-
selective membrane cocktail was calcium ionophore IV (0.072 wt.%,
ionophore), Na-TFPB (0.022 wt.%, providing cation exchange sites and
reduce resistance), 2-nitrophenyl octyl ether (4.748 wt.%, plasticizer),
PVC (2.379 wt.%, plastic matrix), and tetrahydrofuran (92.78 wt.%,
solvent). The hydrogen-selective membrane consisted of hydrogen
ionophore | (1 wt.%, ionophore), Na-TCIPB (0.65 wt.%, providing
cation exchange sites and reduce resistance), PVC (33 wt.%, plastic
matrix), and DOS (65.35 wt.%, plasticizer). Dissolving 100 mg of
the mixture mentioned above in 660 UL tetrahydrofuran formed the
hydrogen ISM cocktail. Drop-casting of as-prepared mixtures on Au
surfaces followed by drying at room temperature overnight formed
various ISM sensing interfaces as gate electrodes of the transistors for
potentiometric sensing.

Statistical Analysis: Raw data were used directly for analysis without
preprocessing. Data were expressed as mean * standard deviation (SD).
The sample size (n) for each statistical analysis was 3. Linear regression
(Vin/OCP vs logarithm of ion concentration) determined the sensitivity
of the system. OriginPro was used for data analysis.
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