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An integrated sensor chip with silicon nanowire ion-sensitive field-effect transistors for simultaneous
and selective detection of both molecular and elemental ions in a single sample solution is demonstrated.
The sensing selectivity is realized by functionalizing the sensor surface with tailor-made mixed-matrix
membranes (MMM) incorporated with specific ionophores for the target ions. A biomimetic container
molecule, named metal-organic supercontainer (MOSC), is selected as the ionophore for detection of
methylene blue (MB*), a molecular ion, while a commercially available Na-ionophore is used for Na*,
an elemental ion. The sensors show a near-Nernstian response with 56.4 + 1.8 mV/dec down to a con-
centration limit of ~1 wM for MB* and 57.9 0.7 mV/dec down to ~60 wM for Na*, both with excellent
Metal-organic supercontainer reproducibility. Extensive control experiments on the MB* sensor lead to identification of the critical role
Silicon nanowire FET of the MOSC molecules in achieving a stable and reproducible potentiometric response. Moreover, the
ISFET MB*-specific sensor shows remarkable selectivity against common interfering elemental ions in phys-
Multiplex detection iological samples, e.g., H*, Na*, and K*. Although the Na*-specific sensor is currently characterized by
insufficient immunity to the interference by MB*, the root cause is identified and remedies generally
applicable for hydrophobic molecular ions are discussed. River water experiments are also conducted to
prove the efficacy of our sensors.
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1. Introduction

Multiplexed analyses of liquid samples, e.g., water, sweat, blood,
saliva, and urine, have attracted great interest in recent years [1-5].
The liquid may consist of a complex matrix of small molecules,
molecular ions, and elemental ions. Such analyses can yield rich
information regarding water contaminations, individual’s physio-
logical state or early disease diagnosis. For example, the glucose
level in human sweat, as an important metabolite, is closely corre-
lated to the blood glucose level [6]. The sweat lactate is potentially
a very useful early indicator of pressure ischemia [7] and lactate
ion can function as a potential antioxidant agent [8]. Choline, as
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another example, containing a 2-Hydroxy-N,N,N-trimethylethan-
1-aminium cation, is an essential nutrient for neurotransmission
and provides methyl groups in various biological processes [9,10].
Apart from these molecular compounds, elemental ions such as
Na* and K* are useful biomarkers of electrolyte imbalance and an
excessive loss of them could result in dehydration [11,12]. Neu-
rochemicals, as a further example, which also include important
elemental ions (K*, CaZ*, Mg?*, etc.), are actively involved in cell
growth, replication, response, and communication in the neuronal
network [13]. Conventional methods, such as high-performance
liquid chromatography (HPLC) [14] and gas chromatography-
mass spectrometry (GC-MS) [15], are widely used for quantitative
measurements of these molecular ions but usually require highly-
skilled operators, expensive and bulky instrumentation, and are
often time consuming [ 16]. Electrochemical sensors have also been
widely investigated [13,16,17]. However, the integration of electro-
chemical sensors for multiple targets onto one chip has proven to
be difficult due to the different sensing mechanisms for different
targets.
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Potentiometric sensors employing ion-binding receptors, i.e.,
ionophores, have been extensively studied in the past decades
for selective detection of cations and anions [18,19]. However,
commercially available ionophores are limited to the detection of
elemental and other small ions. There is a lack of ionophores for
large biologically relevant molecular ions [19]. As a new class of
ionophores, supramolecular host materials are becoming increas-
ingly relevant in ion sensing applications [20]. In particular, a new
class of coordination based synthetic receptors, i.e., metal-organic
supercontainers (MOSCs), have been proven to be an extremely
efficient host system, especially for large molecular ions [21-24].
The size- and charge-selective feature of the MOSCs towards target
molecular ions has been experimentally shown, with the binding
affinities dependent on the molecular sizes and ionic charges of the
targets [25]. It has been demonstrated in our previous work that, by
incorporating MOSC molecules into poly(vinylchloride) (PVC), con-
ventional ion-selective electrodes (ISEs) exhibited a near-Nernstian
response towards methylene blue (MB*) that has a positive charge
and a molecular size closely matching the MOSC's cavity size [26].
The tunability of the nanocavity structure in the MOSCs is antic-
ipated to afford exciting new opportunities in the potentiometric
sensing of a wide range of molecular ion targets.

The success in potentiometric molecular ion sensing using a
MOSC-incorporated membrane matrix offers the opportunity to
integrate both molecular and elemental ion sensors in a sin-
gle chip. In this work, we demonstrate an integrated sensor
chip using silicon nanowire based ion-selective field-effect tran-
sistors (SINW-ISFETs) for multiplexed analysis of molecular and
elemental ions in a single sample solution. A SINW-ISFET sen-
sor functionalized with B-cyclodextrin (8-CD) was indeed shown
to be capable of discriminating between D and L enantiomers
of thyroxine [27]. Using SiNW-ISFETs for electronic sensing is
advantageous due to the possibility of high-density integration
as well as integration with on-chip data processing circuits [28].
Ionophore-incorporated mixed-matrix membranes (MMMs) are
chosen as the ion-selective layer on the gate insulator of the
SiNW-ISFETs since they have been shown to establish a more
stable interface potential with the solution [18,19] than cova-
lently functionalized ion receptors [29-31]. MB* is chosen as
the dummy target for molecular ion sensing since its interaction
with MOSC molecules has been extensively studied in the past
[22,25]. A Na*-specific sensor is constructed using the same type
of polymer matrix and a commercially available Na-ionophore, as
a demo elemental ion sensor. Extensive control experiments are
performed for investigating the critical role of MOSCs in MMM
towards stable and reproducible potentiometric responses. Con-
sidering the complexity of preforming detections in a solution
that contains multiple targets, ionic interference and possible
crosstalk between different sensors are necessary to be investi-
gated. The performances of the MB*-specific sensor with a high
background concentration of elementary ions along with the Na*-
specific sensor with a high background of molecular ions are
carefully examined. River water experiments are also conducted
using the water from the Fyris River (Sweden) to further prove the
practical utility of the SINW-ISFET based sensors. Finally, multi-
plexed detection of molecular and elemental ions in one solution
is demonstrated.

2. Materials and methods
2.1. Reagents and materials
The MOSC (1-Co), synthesized following a published pro-

cedure [23], was chosen for this study. Na-ionophore III
(N, N, N, N'-Tetracyclohexyl-1, 2-phenylenedioxydiacetamide),

Table 1
Compositions for MMMs prepared in this study.
Composition MB*-MMM1 MB*-MMM2 Na*-MMM Control-MMM
1-Co 25.7mg
Na-ionophore III 10mg
KTpCIPB 5.0mg 5.0mg 4.5mg 4.5mg
PVC 330mg 330mg 165mg 165mg
THF ~5mL ~5mL ~5mL ~5mL
DOS 722 pL 722 pL 361 pL 361 L
MB 3.2mg 3.2mg

Tetrahydrofuran (THF), Bis(2-ethylhexyl)sebacate (DOS), high
molecular weight poly(vinylchloride) (PVC), potassium tetrakis(4-
chlorophenyl) borate (KTpCIPB), KCl and NaCl were purchased from
Sigma-Aldrich and used without any further purification. HCl was
purchased from BASF and methylene blue (MB) from Merck Milli-
pore. All concentration series were prepared using deionized (DI)
water (18.2 M2 cm) and the Fyris River water to reach the target
value.

2.2. Device fabrication

The SiNW-ISFET chips were fabricated as reported previously
[32] using standard silicon process technology on silicon-on-
insulator wafers (SOI). In brief, the silicon layer in the channel
region was thinned down from 260 to 40 nm via thermal oxidation.
SiNWs were first defined by lithography and dry etching. They were
then laterally shrunk to the desired width using wet etching that
is selective against surrounding SiO, and has an etch rate highly
dependent on crystal orientation [32]. To reduce the series resis-
tance, PtSi/p*-Sileads were used for connecting the SINW-ISFETs to
the contact pads placed at the edges of the chip. Finally, a fresh thin
silicon oxide (SiO,) film was grown via rapid thermal oxidation to
serve as gate insulator and on-chip passivation.

2.3. Preparation of MMMs

Four types of MMMs were prepared: MOSC-doped MMM pre-
mixed with MB (MB*-MMM1), MMM premixed with MB but
without MOSC (MB*-MMM2), Na-ionophore doped MMM (Na*-
MMM), and blank control MMM containing only ionic sites
(Control-MMM). Detailed compositions for the four different
MMMs are listed in Table 1. The preparation procedure for MB*-
MMM1 and MB*-MMM2 can be found in our previous work [26],
while that of Na*-MMM is available in the literature [32].

Once the solution was prepared and there were no visible
particles, the MMMs were fabricated by drop casting the solu-
tion on the device area of the chips by pipettes. Then, the chips
with MB*-MMM1 and MB*-MMM2 were placed in a fume hood
for approximately 2 h while the chips with Na*-MMM were left
in ordinary atmosphere overnight. Before any measurement was
performed, the chips with MB*-MMM1 and MB*-MMM2 were con-
ditioned in a 10 wM MB solution overnight while the chips with
Na*-MMM were conditioned in a 100 mM NaCl solution for 4 h. All
procedures of MMM preparation and conditioning were conducted
at room temperature.

2.4. Electrical measurement

All electrical measurements were performed at room tem-
perature on a probe-station using a Keysight B1500A precision
semiconductor parameter analyzer. To facilitate measurement
with electrolyte, a polydimethylsiloxane (PDMS) container was
placed on the chip. During the measurement, the gate potential
(Vi) was kept constant and was applied to an Ag/AgCl reference
electrode (with 3.4 M KCl as filling electrolyte, purchased from Har-
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Fig. 1. (a) Three-dimensional sketch of SINW-ISFETs covered by electrolyte, (b) a zoom-in schematic showing the charge separation and equilibrium at the MMM]/electrolyte
interface, (c) photo picture of our chip showing SINW-ISFETs with MB*-MMM (left) and Na*-MMM (right) formed by drop-casting, insert: SEM micrograph of an SINW-ISFET,
(d) Ips-V¢ transfer characteristics of representative SINW-ISFETs with and without MMM measured in electrolyte (1 mM KCl), and (e) potential distribution in the SINW-ISFET

with MMM on the gate insulator.

vard Apparatus) immersed in the solution. A three-dimensional
schematic of SINW-ISFETs covered by electrolyte is presented in
Fig. 1a, followed by a zoom-in view of MMM/electrolyte inter-
face (Fig. 1b) showing the charge separation and equilibrium at
the interface. Fig. 1c shows the experimental arrangement for
multiplexed detection. The SINW-ISFET was biased inits subthresh-
old region. The drain-to-source current (Ips) was monitored in
real-time with a constant Vps=1V. Solution exchanges during the
measurement were realized manually using a pipette. In detail,
each measurement was initiated with a solution with a low sample
concentration in the PDMS container in order to set an Ipg base-
line. Once the baseline became stable, the concentration in the
container was increased by adding samples of higher analyte con-
centrations. Similar solution-exchange procedures were applied to
the multiplexed detection, using a starting solution containing both
molecular and elemental ions of low concentrations. Before we
went back from high concentration to low concentration for repeat-
ing experiments, a thorough cleaning of the sensor was performed
to avoid any hysteresis.

3. Results and discussion
3.1. Characterization of SINW-ISFETs
The transfer characteristics, i.e., Ips vs Vg, of two SINW-ISFETs

with and without MMM measured in the same electrolyte are
shown in Fig. 1d. The two SiNW-ISFETs have the same channel

dimensions, i.e.,, 2 pm in length, 200 nm in width, and 40 nm in
height. Both devices exhibit similar subthreshold slope (SS), i.e.,
118 mV/dec, while surface functionalization with MMM has clearly
decreased the threshold voltage (Vry) from that of the device with
bare gate insulator (marked SiO, in the figure). As shown in the
potential diagram in Fig. 1e, when a reference electrode (RE) is
used, the electrical potential of the electrolyte (g ) is fixed by
Vi [33]. For the SiO;/electrolyte interface, its potential (¢og) is
determined by the pH value of the electrolyte since the reaction
between H* in the electrolyte and the silanol groups (Si-OH) on the
SiO, surface is mainly responsible for surface charging [28]. How-
ever, when the gate insulator is covered by MMM, the potential at
the MMM]/electrolyte interface (¢yg) is governed by the binding
affinity between the ionophores and target ions, as well as by the
ionophores and ion concentrations in the MMM and the electrolyte,
respectively [18,19]. Given the same type of MMM and same ionic
composition in the electrolyte, ¢y should remain unaltered. The
observed difference in Vyy for the two SINW-ISFETs is, thus, the con-
sequence of gy departing from @og. The negligible change of SS by
MMM is essential for maintaining the gate coupling efficiency and
current sensitivity of the SINW-ISFET [33]. This is due to the addi-
tion of ionic sites into MMM]| 19], which converts the MMM from an
insulator to a conductor, leading to negligible potential drop across
the MMM bulk when it is in series connection with the gate insula-
tor as illustrated in Fig. 1e. It is worth noting that the gate leakage
(Ig) is below 2 nA for Vg ranging from —0.5 to 0.5V, and it is about
3 orders of magnitudes lower than the Ipg at the SINW-ISFET work-
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Fig. 2. AVry of the SINW-ISFET functionalized with MB*-MMM1 (a) as a function
of time when a3+ was changed from low to high and (b) as a function of o+,
including response to interfering ions such as Na*, K*, and H*.

ing point, which is important for a stable sensor operation in the
electrolyte.

3.2. Molecular ion sensing

The detection of MB* using the MB*-MMM1 functionalized
SiNW-ISFET relies on the size-selective feature of the interaction
between the MOSC molecules and the MB* ions. The MOSC pos-
sesses one endo- (@ ~1.7nm) and six exo-cavities (@ ~0.74 nm),
which determines its ion-capture properties [26]. The sizes of
these cavities fit nicely with the dimensions of MB* that mea-
sure 1.6 nm in length and 0.7 nm in width [34]. Previous work [22]
has shown that 1-Co has the ability to selectively bind to MB* in
both solution and solid-state with an apparent binding constant
of (1.42+0.31) x 10 M~. This favorable binding is believed to be
due in part to the so-called “cation-” interaction between MB*
and the MOSC cavity, respectively featuring a positive charge and
multiple aromatic groups (aka m-systems). Fig. 2a shows AVyy
of the MB*-MMMI1 functionalized SINW-ISFET as a function of
time when the MB* activity, o+, is increased from 10nM to
1 mM. All Vpy shifts are retrieved with respect to the Vy value at
oyp+=10nM, i.e., AVy=0mV at o p+=10nM. As o+ increases,
the MMM surface becomes more positively charged (and more
negatively charged on the electrolyte side), leading to a negative
shift of Vry and lowering of Ips for the SINW-ISFET with hole
conduction. The overshoot after each addition of sample solution
could be related to the way of sample mixing in the PDMS con-
tainer, i.e., each increment of sample concentration is performed by
adding a sample with higher concentration to mix with the sample
already in the container. Although gently performed with the sam-
ple addition, the transport of ions and molecules in the electrolyte is
governed by convection instead of diffusion [35]. This may explain

the observed instantaneous response of Vry to sample addition in
Fig. 2a as well as the overshoot. More interface study will still be
needed to validate the hypothesis. The variation of Vi with o+ is
depicted in Fig. 2b, with each data point representing an average of
three independent measurements. The MB*-MMM1 functionalized
SiNW-ISFET shows a near-Nernstian response to a,z+ with a slope
of 56.4+ 1.8 mV/dec up to ayp+=30 wM. The change of Vy starts
to deviate from ideal, giving rise to a slope of 35.8 +1.4mV/dec
when o+ is above 100 WM. Such a deviation at high ag+ can be
explained by the co-extraction of MB* and Cl~ from the sample into
MMM, leading to the so-called Donnan failure [ 19]. This can be miti-
gated by further optimization of the MMM composition, e.g., ratio of
ionophore to ionic site [ 19]. The lower detection limit extrapolated
from the MB+ response curve is ~1 wM. The performance of the
SiNW-ISFET based MB™ sensor is close to our MOSC-incorporated
conventional ISE [26], and is also comparable with early reported
MB* ISEs with different ion receptors and membrane compositions
[36,37]. Our results prove the concept of integrating MOSC-doped
MMM with SINW-ISFET with an excellent repeatability in potentio-
metric MB* sensing. The MB*-MMMT1 functionalized SINW-ISFET
was further investigated for its response to common interfering
elemental ions. As shown in Fig. 2b, no substantial shift in Vry of
the SINW-ISFET is observed with oy, +, i+, and o+ up to 100 M.
This immunity to the elemental ions is attributed to the antici-
pated size effect because these ions are too small in size to allow
for an effective competition with the MB™* ions for the MOSC cavi-
ties. When the ion activities were further increased from 100 wM to
10 mM, the SINW-ISFET started to respond, giving rise to a slope of
13.2,8.71,and 13.5 mV/dec for Na*,K*, and H*, respectively. Similar
responses at high ion activities (except for H*) were also observed
for the SINW-ISFET without MMM, i.e., with bare SiO,, indicating
that such responses are likely due to the response of SiO, to the
changes of ion activities [28] in the MMM as a result of the changes
in the bulk electrolyte, and are not related to the binding between
the MOSC molecules and the ions. The superior selectivity against
elemental ions is a clear advantage of using MOSCs for recognition
of molecular ions in physiological and environmental processes.
To achieve the desired Nernstian response, it is crucial to main-
tain a constant activity of the ion of interest in the bulk of the
membrane phase [18]. It has been shown in our previous work [26]
that without MOSC molecules incorporated into the MMM, MB*
can gradually leach into the aqueous phase, leading to a drift of
ayp+ in the membrane phase. Three consecutive response curves
(green) of the SINW-ISFET functionalized with such MMM without
MOSC incorporation, i.e., MB*-MMM?2, are depicted in Fig. 3a. The
response curve (black) of the MB*-MMM1 functionalized SiNW-
ISFET is also included as a reference. Due to the instability of atyp+
in the membrane phase, the sensor response deviates significantly
from the ideal Nernstian behavior. Moreover, the reproducibility
is poor in comparison with the reference, as evident by its sub-
stantially larger standard deviation shown in Fig. 3b. The detection
limit of the MB*-MMM2 functionalized SiNW-ISFET is also inferior
to the reference, which could be explained by MB* leaching out
from MB*-MMM2, thereby [19] considerably raising oyz+ at the
interface, a{&w. In another case where MMM contained neither
premixed ion of interest (MB*) nor MOSC molecules, designated
as Control-MMM, the sensor showed a negligible potentiometric
response during the first measurement. This is expected since there
was no MB* in the MMM to balance the charge and to establish
a stable phase boundary potential with the MB™* in the solution.
However, MB* is relatively hydrophobic. As the SINW-ISFET with
Control-MMM is used over and over again, the MB* could be incor-
porated into the hydrophobic membrane due to the hydrophobic
interactions. This renders the MMM to an ion-exchange membrane.
By repeating the measurement for the second and third times, o+
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Fig. 3. AVry of the SINW-ISFETs with different MMMs as a function of oyg+.
In (a), three consecutive measurements for SINW-ISFETs with MB*-MMM2 and
Control-MMM are plotted separately, and in (b) response curves averaged from
three measurements.

in Control-MMM increases and the SiNW-ISFET sensor starts to
respond with a low detection limit similar to the reference (black).
However, the response curve averaged from three measurements,
shown in red in Fig. 3b, significantly deviates from the ideal Nern-
stian behavior. Such a sub-Nernstian response could be ascribed
to a sample dependent o+ in Control-MMM [18,19], i.e., aypp+ iS
not constant in the membrane phase but is dependent on the MB*
activity in the aqueous phase. The results here clearly demonstrate
the critical role of the MOSC molecules for stabilization of the activ-
ity of the ion of interest in MMM, which is essential for achieving a
Nernstian response.

3.3. Elemental ion sensing

Fig. 4a shows AVqy of a Na*-MMM functionalized SINW-ISFET
as a function of time with increasing oy, +. An overshot is also vis-
ible after addition of each new sample solution but the recovery is
significantly faster than observed in MB* sensing, which could be
explained by the relatively higher diffusivity of Na* comparing to
the bulkier MB* in the solution and thus shorter time for the solu-
tion to become homogenized. As depicted in Fig. 4b, in the presence
of K" as alikely interfering ion with o+ =1 mM, the Na*-MMM func-
tionalized SiNW-ISFET exhibits a near-Nernstian response with a
slope of 57.9+£0.7 mV/dec in a wide oy,+ range from 100 wM to
100 mM, with a lower detection limit of ~60 wM. Such a perfor-
mance is in close match with the reported data obtained from a
conventional ISE with the same Na-ionophore [38], and is better
than the recently demonstrated SINW-FET based Na* sensor [30].
On the other hand, the response to K*, in the presence of Na* as
a likely interfering ion with a,+=1mM, becomes close to Nerns-
tian (~61 mV/dec) at much higher concentrations, i.e., o+ > 10 mM.
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Fig. 4. AVqy of the SINW-ISFET functionalized with Na*-MMM (a) as a function of
time when ay,+ was changed from low to high, and (b) as a function of aty,+, o+,
and o+ . For the detection of Na* and MB*, the interfering ion is K* with o+ =1 mM,
while for the detection of K*, the interfering ion is Na* with a,+=1mM. Error bars
are shown for the Na* and MB* response curves in (b) but they are smaller than the
plot markers.

A selectivity coefficient K{2% of 10-!2 can be estimated from the
lower detection limit of Na* (oy,+(DL)) in the presence of interfer-

ing K* with an activity of o+ through [19]:
aya+ (DL) = KR+, (1

which is in good agreement with the reported values [32,38,39].

Considering the abundance of molecular ions in physiological
samples, it is important to investigate the cross-sensitivity of the
elemental ion sensor towards molecular ions. The response curve
of the Na*-MMM functionalized SINW-ISFET towards the molecu-
lar ion MB* is shown in Fig. 4b. Similar to the case of Control-MMM,
the hydrophobic MB* is likely incorporated into the Na*-MMM
during measurement. The SINW-ISFET exhibits a super-Nernstian
response towards MB* once ayz+ is above a critical threshold,
ie, ~10 M in this experiment, with a large standard deviation
among the measurements. Therefore, in order to have a control-
lable detection of elemental ions, it is essential to keep the activity
of hydrophobic ions below the threshold at which they start to be
incorporated into MMM.

3.4. Detections with river water

To show that our sensors could be utilized for more practical
and complex samples, both molecular and elemental ion detec-
tion experiments were performed with the water collected from
the Fyris River in the city of Uppsala, Sweden. The response curves
of the MB*-MMMT1 functionalized SiNW-ISFET are undistinguish-
able between the river water and the DI water as depicted in Fig. 5.
These results clearly demonstrate the robustness of the SINW-ISFET
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using DI water and river water.

based molecular ion sensor, which can be attributed to its remark-
able selectivity against interfering elemental ions often abundantly
present in river water. Similar experiments were conducted with
the Na*-MMM functionalized SINW-ISFET. Significant performance
deterioration is observed as evident by a sub-Nernstian response
and an increase of the lower detection limit in Fig. 5. This behav-
ior can result from the presence of a multiple of other elemental
ions in the river water [40], e.g., K* and Ca2*, that interfere with
the Na* detection [32,39]. Nevertheless, the slope of the response
curve improves with increasing oy,+, reaching 54.5 +0.9 mV/dec
when ay,+ is above 30mM, as a result of the reduced effect from
the interfering ions at high analyte concentrations.

3.5. Multiplexed analysis

Finally, the MB*-specific and Na*-specific SINW-ISFET sensors
are integrated on the same chip, as the demonstrator of a multi-
plexed analysis of molecular and elemental ions in one solution.
The two MMMs are manually coated onto the sensors by drop cast-
ing. As shown in the previous section, the hydrophobic MB* will be
extracted from the solution into the Na*-MMM, giving rise to false
response on the Na*-specific sensor. Asaresult, o+ in the solution
is kept below the threshold, i.e., 10 wM, during this demonstration.
AsshowninFig. 6, when the experiment is conducted with DI water,
oyt in the solution is first increased from 1 to 3 WM and then
from 3 to 7 wM, the MB*-specific sensor shows AVqy of 12.5 and
30.7 mV, respectively. This is in good agreement with previously
demonstrated response shown in Fig. 2b. With these changes, Vry
of the Na*-specific senor remains unaltered. Afterwards, o+ in the
solution is increased from 100 to 300 M and then from 300 uM
to 1 mM, the corresponding AVry of the Na*-specific sensor is 9.4
and 13.0 mV; both are relatively small in comparison with the data
obtained from the separate solution measurements as shown in
Fig. 4b. This could be due to the use of a higher concentration of
KCl, i.e., 10 mM, as the background electrolyte in this demonstra-
tion, since K* is a strong interfering ion for the Na*-specific sensor. A
slower process to restore the interface equilibrium after the over-
shot is observed in Na* sensing than observed in Fig. 4a, which
is possibly due to the involvement of MB*. When the experiment
is conducted with the river water, the same oyz+ range as with
DI water is applied since the MB*-specific sensor produces sim-
ilar response curves in both water solutions. On the other hand,
larger oy, + steps are used due to the performance deterioration of
the Na*-specific sensor with the river water. As expected, the MB*-
specific sensor shows AVry of 18.0 and 28.5 mV with the increase

30

MB' sensing Na' sensing
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-
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Fig. 6. Multiplexed measurement of MB* (black) and Na* (red) in one solution with
the concentration series prepared with DI water (solid line) and river water (dash
line). The MB*-sensor is functionalized with MB*-MMM1 and the Na*-sensor is func-
tionalized with Na*-MMM. The same o+ range is applied for MB* detections with
the DI and river waters. For Na* detections, larger ay,+ steps are used with the river
water (o,+ with underline). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

of oyp+ first from 1 to 3 WM and then from 3 to 7 WM, respec-
tively, while the Na*-specific sensor shows no detectable AVyy.
Afterwards, ay,+ in the solution is increased from 30 to 300 .M
and then from 300 uM to 3 mM, the corresponding AVyy of the
Na*-specific sensor is 6.4 and 22.5 mV.

Our results demonstrate the possibility to operate the two types
of sensors targeting, with high specificity, both molecular and
elemental ions simultaneously in a complex sample. It is worth
noting that cross-interference issues are also identified. Follow-up
investigations will be performed with the goal both to enlarge the
detection range and to improve the voltage sensitivities for multi-
targets.

4. Conclusions

We have demonstrated an integrated SiNW-ISFET based sen-
sor chip for multiplexed analysis of both molecular and elemental
ions in a single sample solution. A same polymer matrix is used
to form the ion-selective membranes in both types of sensors to
greatly simplify the integration process. When used separately,
the sensors show a near-Nerstian response in wide concentration
ranges. The molecular ion sensor further shows excellent selectiv-
ity against common interfering elemental ions, e.g., H*, Na*, and
K*. In contrast, the elemental ion sensor is shown to be more sus-
ceptible to the presence of molecular ions due to the partitioning
of relatively more hydrophobic molecular ions into MMM. Based
on the understanding of cross-interfering mechanism of the two
types of sensors, we have demonstrated simultaneous and selec-
tive detection of molecular and elemental ions in a single sample
solution, as long as the activity of the molecular ions in the solu-
tion is kept below a critical threshold. To demonstrate the practical
utility of our sensors, multiplexed sensing experiments have also
been demonstrated with the water from the Fyris River (Sweden).
Further engineering of MMM in the elemental ion sensor to enable
effective shielding of hydrophobic ions will be essential for appli-
cations of such a platform for multiplexed analysis of real-life,
complex samples.
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