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Abstract—We present a novel, portable sensor platform
that enables concurrent monitoring of surface mass and
charge density variations at thin biointerfaces. This plat-
form combines a coplanar-gated field-effect transistor (FET)
architecture with grating-coupled surface plasmon reso-
nance (SPR), yielding an integrated disposable sensor chip
prepared by nanoimprint and maskless photolithography
techniques. The sensor chip design is suitable for scalable
productlon and relies on reduced graphene oxide (rGO), :
servmg as the FET’s semiconductor material for the electronic readout and a metalllc gate electrode surface that
is corrugated with a multidiffractive structure for optical probing with resonantly excited surface plasmons (SPs).
Together with its integration in a compact instrumentation, this results in a form factor optimized solution for dual-mode
investigations without compromising the optical or electronic sensor performance. A poly-L-lysine (PLL)-based thin linker
layer was deployed at the sensor surface to covalently attach azide-conjugated biomolecules by using incorporated
“clickable” dibenzocyclooctyne (DBCO) moieties. Interestingly, the dual-mode measurements allow elucidating the role
of the globular nature of the PLL chains when increasing the density of DBCO attached to their backbone, leading to PLL
folding and internalization of DBCO moieties, and thus reducing the coupling yield for the used deoxyribonucleic acid
(DNA) oligomers. We envision that this platform can be employed to studying a range of other biointerface architectures
and biomolecular interaction phenomena, which are inherently tied to mass and charge density variations.
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B interactions at solid-liquid interfaces are essential for
investigating various biological phenomena and developing
new technologies in healthcare and diagnostics [1], [2]. Among
these methods, surface plasmon resonance (SPR) biosensors
are routinely used for the label-free monitoring of biomolec-
ular affinity interactions by measuring respective refractive
index changes occurring on a metallic sensor surface [3].
More specifically, this is done by probing the surface of the
sensor in real time with excited surface plasmon (SP) waves,
allowing changes in surface mass density of affinity-bound
biomolecules within the SP evanescent field penetrating to a
distance of about 100 nm to be quantified. This label-free
method allows for reliable analysis of large- and medium-
sized biomolecules, but for low molecular weight analytes
or biomolecular systems undergoing conformation changes
it needs to be combined with other approaches, including
but not limited to, for example, labeling with fluorescent or
nanoparticle tags [4], [5].

Electrolyte-gated field-effect transistors (EG-FETs) have
become an established bioanalytical platform for detecting
chemical and biological species, as well as biomolecular
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interactions, in a way that complements SPR biosensors [6].
This is because beyond changes in surface mass density, most
biomolecular surface interactions also involve variations in
surface charge. EG-FETs are three-terminal devices in which
the current through a semiconductor channel is modulated
by a gate voltage (Vg), creating an electrical double layer
(EDL) at the interface, which is highly sensitive to changes in
surface charge density from attached molecules. This results
in a label-free, low-voltage sensor that is stable in aqueous
environments and with high sensitivity to interactions with low
molecular weight molecules occurring within close proximity
to the sensor surface, typically below 10 nm [7], [8].

Recently, the combination of SPR with electronic readouts
on EG-FETs has drawn increasing attention for simultaneous,
label-free surface interrogation [9]. Integrating SPR on the
EG-FET gate electrode allows for concurrent characteriza-
tion of surface functionalization, analyte binding, and sensor
response calibration [10]. Real-time monitoring of both optical
and electronic signals allows for the deconvolution of mass
and charge uptake and charge redistribution in multilayer
assemblies [11]. However, this approach is constrained by
bulky optical components and impractical nonplanar gate
architectures. A more practical solution would be a sin-
gle disposable sensor chip that integrates both transduction
principles. Alternative SPR methods beyond attenuated total
reflection (ATR) have been explored, such as using metallic
nanostructures for localized SPs [12] or diffraction gratings
for propagating SPs [13]. Additionally, SPR readout using
periodic nanohole arrays have been integrated into planar
electrochemical sensors [14], though this approach requires
optical probing through the analyte medium and depends on
redox-active species, which limit its range of applications.

Herein, we report a novel sensor system based on grating-
structured coplanar-gated field-effect transistors (FETSs), which
enables simultaneous optical and electronic readout on the
gate surface. Optical readout is achieved through backside
excitation of propagating SPs using multiperiodic gratings
(MPGs), which were fabricated by mass-production com-
patible nanoimprint lithography [15], [16]. We investigate
how MPGs impact FET fabrication on glass substrates, eval-
uate device performance, and compare it to the top-gated
FET/SPR platform based on ATR with Kretschmann geometry.
As a proof of concept, devices were functionalized with a
poly-L-lysine (PLL) biointerface modified with dibenzo-
cyclooctyne (DBCO) for orthogonal and covalent func-
tionalization with an azide-modified deoxyribonucleic acid
(DNA) oligomer through strain-mediated click chemistry. This
functionalization was monitored optically and electronically,
offering insights into linker conformation, density, and binding
site accessibility.

[I. EXPERIMENTAL SECTION
A. Fabrication of Grating-Structured Coplanar-Gated
FET Substrates
A schematic representation of the fabrication steps is
shown in Fig. 1. Details of the MPG structure that was
developed by Hageneder et al. [15] using UV-laser interfer-
ence lithography (UV-LIL) can be found in previous work.

Polydimethylsiloxane (PDMS) stamps, based on the optimized
grating, were used to fabricate the grating-structured FET
substrates. BK7 glass substrates (1 mm thick) were cut to
1.5 x 1.5 cm and cleaned by sonication in a 1% Hellmanex!
IIT aqueous solution for 15 min, then Milli-Q grade DI-H,0
for 15 min, and finally ethanol for 15 min, before blow-drying
with compressed air. They were then coated with Amonil
MMS 10 via spin coating (3000 r/min, 120 s), resulting in
an Amonil layer of ~110 nm. The PDMS stamp was then
placed on top of the Amonil layer to imprint the grating
structure. Trapped air was allowed to escape for 5 min at room
temperature (RT), followed by UV curing at 365 nm with a
dose of 2 J.em™2 (UV lamp Bio-Link 365, Vilber Lourmat).

FETs with interdigitated electrode (IDE) architecture (see
Fig. S1) (six pairs, 30/30 pum electrode/gap, W/L = 266, and
channel size Ay, = 0.24 mm?) and a coplanar gate electrode
3 x3mm, A, =9 mm?) were fabricated using maskless
photolithography and lift-off on top of the grating structured
substrate as previously reported [17]. The gate-to-channel size
ratio is ~38 with a gate-channel distance of 4 mm. In brief,
the grating-structured substrates were sonicated in isopropanol
for 5 min, blow-dried with N, and then heated on a hot plate
at 140 °C for 3 min. They were cooled to RT under a flow of
N, spin-coated with AZ1505 photoresist (3000 r/min, 45 s)
and placed on a hot plate at 100 °C for 1 min. The FET
architecture was patterned by photolithography at 405 nm and
238 mJ-cm~2 using a Microtech LW405B laser writer. The
irradiated parts of the AZ1505 layer were developed in AZ726
MIF developer for 10 s, washed with Milli-Q grade DI-H,O,
and blow-dried with N,. A 60 nm gold layer was deposited by
thermal evaporation (Plassys MEB 300 with 2 x 10~ mbar
at 0.3 A-s~1), followed by lift-off of the sacrificial photoresist
via sonication in acetone for 5 min. The resulting substrates
were washed with isopropanol and blow-dried with N,. The
reduced graphene oxide (rGO) channel on top of the IDEs
was prepared according to previous reports [17]. The IDEs
were prefunctionalized with poly(diallyldimethylammonium
chloride) (PDADMAC) as an electrostatic anchor layer for
graphene oxide (GO) deposition which was then electrochemi-
cally reduced (further details see Supplementary Information).

B. Dual-Mode Setup

Substrates were connected to a Keithley 4200-SCS probe
station with spring-loaded gold pins (see Fig. S20). A PDMS
reaction chamber with a clearance hole was filled with
phosphate buffered saline (PBS) electrolyte and the trans-
fer characteristics (IpsVg curves) measured. Therefore, Vg
was swept from —0.8 to 0.8 V (200 mV-s~!) with a con-
stant drain—source voltage of Vps = 50 mV, measuring the
drain—source current (Ips) and gate- or leakage current (/).

Optical measurements were achieved via a Y-fiber optic
(FO) splitter (400 um core diameter, Thorlabs Inc.), integrated
into the bottom of the sample holder. The substrate was placed
on the holder with the backside in direct contact with the
end-face of the fiber coupler, positioned below the gate elec-
trode (see Supplementary Information). Polychromatic light
(halogen, 12 V, HL-2000-LL, Ocean Insight) was directed
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Fig. 1. Schematic representation of the fabrication steps involved in the preparation of the grating-structured coplanar-gated FET device including

i) imprinting of the nanostructure (optical signal), ii) fabrication of the FET architecture (electronic signal), and iii) deposition of the transistor channel

material.

to the backside of the substrate through the Y-splitter. The
reflected beam from the MPG structure was routed to a
spectrometer (HR4000, Ocean Insight), with spectra normal-
ized against a reference flat gold surface. The normalized
reflectivity spectra were processed by a dedicated LabView
software, developed in-house.

C. Biomolecular Binding Study

The rGO channel and the gate electrode were functionalized
with PLL-oligo(ethylene glycol) (OEG)-DBCO. Initial optical
and electronic signals were recorded in PBS 1X. Nuclease-free
PBS 1X was used for all biomolecular binding studies. The
sensor surface was coated with a polymer monolayer using
a PLL-OEG-DBCO solution in PBS (0.5 mg-mL~") for 1 h,
as reported [18]. The substrates were then rinsed with PBS,
after which the optical and electronic signals were recorded
in PBS. Additionally, an azide-modified DNA oligomer based
on a previously reported structure [19] was clicked to the
DBCO-moieties of the PLL layer via strain-promoted alkyne-
azide cycloaddition. For this, a 1 uM azide-DNA oligomer
solution in PBS with 1 mM MgCl, was applied for 1 h,
followed by rinsing. Optical and electronic signals were then
recorded after oligomer functionalization in PBS.

I11. RESULTS AND DISCUSSION

A. Sensor Chip Preparation

Dual-mode sensing was integrated into a coplanar-gated
FET/SPR device using sensor chips with MPG corrugation,
fabricated through a facile process (see Fig. 1). An example
of the sensor chip is shown in Fig. 2(a), with a detailed
scanning electron microscopy (SEM) image of the imprinted
MPG in Fig. 2(b). Combining coplanar FET architecture with
an MPG structure integrates both transducing principles on
a single chip, simplifying fabrication and enabling flexible
device design [17]. Notably, the preparation process relies

solely on industrial-compatible nano- and micro-fabrication
techniques, paving the way for future mass production of
FET/SPR devices without the need for complex lithography.

The FET devices were successfully fabricated on
MPG-structured glass substrates, similar to those on
standard glass (see Fig. S2). The resulting gold electrode
edges on the grating-structured substrates showed slight
impairments, likely due to the nanoimprint resist (which
covers the entire substrate) interfering with the sacrificial
photoresist and/or gold layer during the lift-off process.
However, the electronic functionality of the electrodes was
intact, allowing MPG-structured devices to function as FETs.

rGO was used as the semiconductor due to its ambipolar
behavior, which allows for the discrimination of cation and
anion density changes under varying gate potentials, an essen-
tial feature for a platform designed to study affinity-driven
biomolecular interactions. GO was electrostatically anchored,
using PDADMAC as polycationic adhesive primer and electro-
chemically reduced in bi-distilled water, aligning with a fully
green and scalable device fabrication (see Figs. S3 and S4
of Supplementary Information,). The rGO-based FET channel
was characterized using SEM and Raman spectroscopy, which
confirmed a homogenous and successfully reduced rGO film
(see Supplementary Information). Comparison to standard
glass slides showed that the MPG structure did not negatively
affect the rGO channel fabrication (see Fig. S5). Raman
mapping revealed that the film predominantly consists of more
than five rGO layers, with no significant differences between
devices with and without MPG structure (see Section C of
Supplementary Information).

B. Dual-Mode Sensor Platform

The FET/SPR sensor chip was placed in the sample holder
with a PDMS reaction chamber clamped onto the surface,
confining the electrolyte (see Figs. 2(c) and S20). Electronic
connectivity was established through three spring-loaded pins
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(a) Photographic image of the device, with (b) SEM image of the grating structured gate electrode. (c) Schematic representation of the

dual mode setup. (d) Electronic signal (Ips Vg, black), indicating hole (h%) and electron (e~) accumulation branch, and the Dirac point (V;). Leakage
current (/g) is shown in gray. Arrows indicate the Vi scan direction. (e) Schematic representation of the coupling to the optical signal via backside
excitation. (f) Optical signal obtained from different ethanol/water dilutions. (g) SPR calibration of the intensity ratio shift with adsorbed surface mass

density and the linear fit (red).

that made contact with the source, drain, and gate pad on
the chip, which were then connected to the measurement
unit. Optical signals were recorded simply by irradiating the
backside of the chip with polychromatic light coupled to
a Y-FO splitter connected to a portable UV/visible (VIS)
spectrometer. The key advantage of the MPG structure is
that it enables direct optical probing in reflection mode, with
the optical beam impinging from the substrate side, unlike
conventional grating-coupled SPRs. This design enables facile
operation and allows for the convenient exchange of electrolyte
and analyte solutions from the top of the chip. Furthermore,
this setup also facilitates flow cell integration and simplifies
user handling. The developed compact instrumentation, inte-
grating all necessary auxiliary hardware, is shown in Section F
of Supplementary Information. Compared to other FET/SPR
platforms, it does not require complex or expensive optical
components and no moving parts or special environmental
requirements (for example, system encapsulation or align-
ment).

C. Electronic Signal Characterization

The electronic signal transduction is based on the Ipg
modulation upon application of V. The effective modulation
via Vi results from binding events at the MPG gate electrode
(38 times larger than the rGO channel), induced by the
electric field effect and capacitive coupling. IpsVgs transfer
and IpsVps output characteristics were recorded to assess the
electronic performance. It has previously been demonstrated
that EG-FET technology can be transferred to a coplanar
gate arrangement without compromising the device’s perfor-
mance [17]. Typical ambipolar IpsVs transfer curves were

obtained, with a hole (A™) and electron (e~) accumulation
branch and the minimum of the transfer curve being denoted as
Dirac point (V;) [see Fig. 2(d)]. No significant dependence on
the distance between gate electrode and channel was observed
(see Section D of Supplementary Information), as expected
based on previous studies in top-gated configuration [10].
Ig was two orders of magnitude lower than Ipg, with no
redox peaks, indicating electrochemical stability, proper gat-
ing with functional isolation and negligible parasitic effects.
Additionally, linear IpsVps curves showed no issues with
contact resistance up to 200 mV Vpg with Vg from —500
to 500 mV (see Fig. S9). The applied Vps of 50 mV in
this study is well within the linear regime. Despite the slight
electrode edge impairment, fabricated devices show stable and
repeatable operation (see Fig. S10) and no significant impact
on the electronic performance due to the presence of the MPG
was observed (see Fig. S11). The performance was consistent
with devices on standard Si/SiO, wafers with the same IDE
geometry [17]. Therefore, we conclude that the MPG structure
does not significantly alter the measured electronic signals.

D. Optical Signal Characterization

The MPG structure, which carries the thin gold film acting
as the gate electrode, enables resonant excitation of SPs,
providing complementary optical readout. The MPG fea-
tures two superimposed periodic corrugations with periods of
A = 456 nm and A, = 240 nm, determined by fast Fourier
transformation (FFT) analysis of atomic force microscopy
(AFM) topography (see Fig. S13). These periods align closely
with the original pattern prepared by UV-LIL [15], validating
the imprinting process. The resulting structure enables SPs
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diffraction excitation on the same area as the gate electrode
[see Fig. 2(e)] (layer deposition and adhesion details are in
the Supplementary Information, Figs. S14-S16). The optical
backside excitation mechanism enabled by cross-coupling of
SP modes from the inner (SP;) and outer (SP,) side of
the gold film is schematically shown in Fig. 2(e). It relies
on the designed MPG corrugation components facilitating
Ist-order diffraction-based phase matching of the incident
beam traveling in the far-field with SP; mode (component
A1) at the inner interface followed by the transfer of elec-
tromagnetic field intensity through the Au film to the SP,
mode, which propagates along the outer interface in opposite
direction (component A,) via their evanescent field tails [15].

Reflectivity spectra from the MPG gate electrode [see
Fig. 2(f)] exhibit two superimposed Lorentzian dips at distinct
wavelengths of A;; and A;;. These two dips occur due to
the diffraction coupling of counter-propagating SP; and SP,
modes that lead to the splitting of their dispersion rela-
tion as previously discussed [15], [16]. Fig. 2(f) shows two
reflectivity dips that exhibit a small red-shift with increasing
n (from 1.33 to 1.36 for ethanol in water). The coupling
strength (I;;1) increases for the lower wavelength dip (A;),
while the coupling strength (Ij;5) decreases for the longer
wavelength component (4;5). The SPR response was defined
as the intensity ratio Iy;;/Ip;» (see Fig. S17), yielding a
bulk refractive index sensitivity Sp = A(ly;1/13i2)/An, of
14 4+ 1 RIU~! and resolution of (4.4 & 0.7) x 1073 RIU from
a calibration step (see Fig. S18). To convert the SPR response
to the surface mass density, a calibration using layer-by-layer
(LbL) deposition of oppositely charged PEMs was performed
(details see Supplementary Information) [16]. Linear fitting
yielded a correlation of (4.9 + 0.1) x 107* cm’.ng™!
(R?* = 0.997) [see Fig. 2(g)].

E. Dual-Mode Sensor Operation

The large SPR surface/gate compared to the FET channel
size ensures high capacitance at the gate/electrolyte interface,
forming a larger EDL and allowing the electric field to be
more strongly influenced by surface mass and charge at the
SPR interface. This results in stronger signal coupling at the
SPR interface compared to the channel, promoting both spatial
and temporal concurrence.

To validate dual-mode operation, the sensor was tested with
electrolytes of increasing ionic strength (H,O, PBS 0.1X, and
PBS 1X) (see Supplementary Information). Minor reflectivity
changes, corresponding to a slight increase in bulk refractive
index, were observed, while significant shifts in the IpsVg
transfer curves confirmed sensitivity to ionic strength. The
Dirac point shift and steeper e~ and 2™ accumulation branch
slopes aligned with previous findings, indicating responsive-
ness to ionic environments [20], [21]. The marked difference
in the magnitude of optical and electronic signals underscores
the benefit of combining these two transducing principles,
as the electronic response is particularly valuable for detecting
small changes for example in ionic concentration or pH due to
charge redistributions at the solid-liquid interface [11]. Inter-
estingly, the asymmetric FET responses to ionic strength, more
prominently affecting the e~ accumulation branch, resemble

the signals observed when increasing gate size (see Fig. S22),
suggesting that the FET response is primarily influenced by
changes at the gate/electrolyte (capacitance) interface. Further-
more, a more symmetric shift of the IpgVs curve is expected
with diminishing influence of gate surface effects [10], [20].

The impact of Vi on the optical signal has been explored in
plasmonic fiber gate electrodes with an FET [10], and similar
effects were observed for the MPG-structured coplanar gate.
Here, optical signal reversibility and short regeneration times
after the Vi bias application were noted (Fig. S23, discussion
in Supplementary Information). Both signal channels delivered
stable responses without requiring thermal pretreatment, unlike
fiber optic gates [22]. Dual-mode operation remained effective,
with stable optical signals after V; cycling (for transfer curves)
or during constant Vi application (for real-time electronic
sensing), which minimizes SPR cross-sensitivity.

F. Surface Functionalization

There are various methods for preparing biointerfaces and
attaching receptor units to optical and electronic biosen-
sors [6], [23], which often involve linker molecules designed
for specific surfaces, such as thiol derivatives for gold [24] or
pyrene linkers for graphene-based substrates [25]. To enhance
the versatility of the sensor platform and avoid these surface-
specific limitations, we used a surface modification strategy
based on physisorption of functionalized polyelectrolytes
(PLL-OEG-DBCO) [18]. This approach enables uniform
deployment on both the rGO channel and the gold gate
electrode [see Fig. 3(a)].

The amine groups of lysine side chains in PLL are positively
charged at physiological pH, facilitating adsorption onto nega-
tively charged surfaces through electrostatic interactions. PLL
and its derivatives adsorb quickly and efficiently across a wide
range of surfaces, including silicon dioxide [18], gold [18],
[26], various metal oxides [27], [28], polymers [29], and
graphene [30]. Despite its versatility, PLL has rarely been used
in electronic devices [30], [31], [32], [33]. PLL derivatives,
with “clickable” moieties, allow for covalent postfunctional-
ization with diverse molecules, such as proteins or antibodies,
enhancing specificity for various analytes [33]. For instance,
azide-modified biomolecules can be bound to the DBCO
groups of the PLL interface [18], [26] through strain-promoted
alkyne-azide cycloaddition, allowing precise receptor density
control [34]. Additionally, the OEG side chains in PLL pro-
vide antifouling properties, minimizing nonspecific protein
adsorption [35], [36].

To confirm similar adsorption of PLL-OEG-DBCO on rGO
and Au surfaces, it was initially immobilized on functionalized
FO-SPR substrates (details in Supplementary Information).
Rapid adsorption with similar binding kinetics was observed
on both surfaces (see Figs. 3(b) and S21). Subsequently,
an azide-modified DNA oligomer (“N3-DNA”), which specifi-
cally binds to interleukin 6 (an inflammatory response protein),
was clicked onto the interface. This DNA oligomer sequence,
based on a previously reported aptamer probe [19], has demon-
strated effectiveness in detecting interleukin 6 in prior stud-
ies [37], [38], [39]. Comparable quantities of adsorbed PLL-
OEG»9.49,-DBCOg 69, and DNA oligomer were immobilized on
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both Au and rGO surfaces [see Fig. 3(c)], with rGO showing
slightly higher signals due to its higher amount of negative
surface charge from residual oxygen-containing groups. Sta-
tistical analysis, however, showed no significant difference
between the two surfaces, enabling functionalization with a
controlled degree of covalently attached receptors on either the
gate, the channel, or both. This approach also offers an alter-
native to electrochemical functionalization of graphene with
“clickable” aryl diazonium species, achieving functionaliza-
tion without modifying graphene’s electronic properties [40].

To investigate how varying DBCO content in PLL affects
the functionalization process, PLL compounds (see Table S1
of Supplementary Information) with increasing DBCO content
of y = 2.8%, 42%, 5.5%, and 6.6% were immobilized
on SPR substrates. Results indicated that higher DBCO
content led to an increase in surface mass density, with
122 + 15 ng-cm~2 for PLL containing 6.6% DBCO, compared
to 79 £ 16 ng-cm~? in average for PLL compounds with
lower DBCO content [see Fig. 3(c)]. This suggests that higher
DBCO content alters the PLL interface, potentially due to
m—m stacking interactions between DBCO groups on the
PLL backbone. In solution, these intramolecular interactions
were indicated by the broadening of the DBCO peak in the
'H NMR spectra (see Figs. S28-S32). The absence of
aggregates, confirmed by dynamic light scattering (DLS)
(see Fig. S33), suggests that intermolecular interactions are
unlikely due to the positive charge of PLL. The intramolecular
interaction of DBCO should lead to a globular structure of PLL
chains with their DBCO groups incorporated in their interior
[see Fig. 3(d)]. The surface adsorption leads to thicker PLL

layers as for other PLL derivatives [34], confirming that the
globular nature is conserved upon immobilization, resulting in
higher surface mass density. This was also confirmed by quartz
crystal microbalance (QCM), showing greater frequency shifts
and increased dissipation for PLL with higher DBCO content
(see Fig. S34).

However, at higher DBCO content (above 5%), the confor-
mational change of the PLL chains leads to a lower coupling
yield for subsequent click reactions with DNA oligomers (see
Fig. 3(e)], likely due to a reduced number of available DBCO
groups. The click functionalization of the PLL interface (with
4.2% DBCO) was validated using an azide-modified redox
probe (“Fc—Nj3”) (see Supplementary Information). Redox
peaks, observed only for the DBCO-containing PLL inter-
face, indicate surface-bound behavior and a probe density of
1.8 £ 05 x 107" mol-cm™2, consistent with previ-
ously reported values [see Fig. 3(f)] [26]. The lower
probe density for the azide-modified DNA oligomer
(0.2 £ 0.1 x 107" mol-cm~2), measured via FO-SPR (cal-
culation in Supplementary Information), can be attributed
to increased steric and electrostatic repulsion between DNA
oligomers [see Fig. 3(f)]. Despite the reduced coupling yield,
the dilution of recognition units may be advantageous for sens-
ing applications by minimizing repulsive interactions (steric
and/or electrostatic) between adsorbed species [41].

G. Multimodal Biointerface Investigation

The PLL-DNA biointerface, with its significant differences
in mass and charge between PLL and DNA, was used to
assess the dual-mode sensor chip’s ability to distinguish these
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Fig. 4. Dual-mode investigation of the PLL-DNA biointerface using PLL with 6.6% DBCO. (a) In situ SPR readout for PLL coating and subsequent
click-functionalization with the N3-DNA oligomer. (b) Ips Vg curves of unmodified devices, after PLL coating and DNA oligomer click functionalization,
in PBS 1X and with Vpg = 50 mV. (c) Image of the FET geometry and an illustration of the resulting electric field lines. (d) Evaluated optical response
(red bars) and electronic response (Dirac point shifts, blue bars) for the two functionalization steps (n = 3). (e) Surface mass (left) and surface charge

density (right) quantification based on the optical readout.

differences. As a proof-of-principle, both the gate and channel
were functionalized with PLL-OEG2g 49,-DBCOQg ¢4, and then
clicked with the N3-DNA oligomer. Note that, for a biosensor,
functionalization of only the gate would be advantageous to
omit any rGO signals. However, the gate functionalization
was in situ monitored via grating-coupled SPR [see Fig. 4(a)].
The SPR signal revealed rapid electrostatic adsorption of
PLL-OEG-DBCO, followed by DNA oligomer binding, con-
firming gate functionalization. The observed refractive index
change indicated mass uptake on the sensor surface [3] [see
Fig. 4(d)]. The dense monolayer of PLL-OEG-DBCO caused
a more significant intensity ratio shift compared to the lighter,
sparsely attached DNA oligomer (=11 kDa), which was con-
trolled by DBCO side chain density.

Simultaneously, Ips Vi transfer curves were recorded before
and after each functionalization step [see Fig. 4(a)], sweeping
Vi from —800 to 800 mV in PBS 1X. Fig. 4(b) shows a
detailed view of the measured Ips, normalized by the current
at the Dirac point (Ips(vi)). The Ips is modulated according
to the equation

Ins =(W/L)-C;-u-(Vg —Vr)- Vps )]

where W is the channel width, L the channel length, C; the
effective capacitance per unit area, i the charge mobility, and
Vr the threshold voltage. The large gate-to-channel area ratio
of ~38, makes the gate function as the working electrode. This
is attributed to the higher gate capacitance and the higher field
density at the FET channel [see Fig. 4(c)]. The larger gate sur-
face area allows for greater mass and charge adsorption, which
displaces the electric field more effectively than adsorption
at the smaller FET channel, resulting in a stronger impact

on Ips. The potential changes at both the gate-electrolyte and
channel-electrolyte interfaces alter the transconductance |g,|
decreasing from 17.1 uS for the unmodified sensor, to 12.3 uS
after PLL-OEG-DBCO addition, and 12.5 uS for N3-DNA
oligomer immobilization (evaluated for the e~ accumulation
branch). Hence, the biolayer formation reduces the slopes of
the e~ and h' accumulation branches (see Fig. S39). The
formation of the dense PLL monolayer is also indicated in
the measured leakage current and a detailed discussion can
be found in Section M of Supplementary Information. Addi-
tionally, the functionalization also caused significant Dirac
point shifts, linked to the differing charges of the immobilized
species [see Fig. 4(d)]. The PLL-OEGyg 49,-DBCOg g9, is posi-
tively charged due to the protonated amino groups of the lysine
side chains at physiological pH and led to a negative shift of
AV; = —109 £ 10 mV. This behavior aligns with expectations,
as a positively charged target leads to a depletion of hole
carriers in the rGO [42], while exerting capacitive effects,
a trend similarly observed in PLL-modified graphene [30].
These results are consistent with findings from top-gated FET
devices, using a planar Kretschmann-SPR configuration (see
Fig. S36). No significant dependency of AV; on the DBCO
content in PLL was observed (see Fig. S37). The measured
AYV; correlates with the quantity of unfunctionalized lysine
in the various PLL-OEG-DBCO compounds (see Fig. S37),
supporting the fact that the increase in optical density with
higher DBCO content is due to intramolecular rearrangement
of DBCO side chains rather than the intermolecular PLL
agglomerations. Otherwise, an increase in surface charge den-
sity from free lysine groups would be expected. Binding of
the negatively charged DNA oligomer subsequently caused a
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positive shift of AV; = 25 £+ 13 mV, only partially offsetting
the positive charge from the PLL layer. This shift had no
significant effect on transconductance, suggesting minimal
capacitive coupling from oligomer binding. The dual mode-
sensing platform’s strength is underscored here, as the positive
surface charge shift, crucial for characterizing biomolecular
layer properties, would remain undetected by SPR alone.

The grating-SPR response quantified the surface mass
density as 142 + 23 ng-cm_2 for PLL-OEG9 49,-DBCO¢ g9
and 19 + 8 ng-cm‘2 for the DNA oligomer [see Fig. 4(e)],
aligning with results from FO-SPR and planar Kretschmann-
SPR configurations. This optical readout on the gate electrode
allows for precise interpretation of the electronic signals
based on AV; and A|g,|. Specifically, the sign of AV,
reveals the type of surface charge immobilized, while the
surface mass density provides a basis for calculating of the
exact amount adsorbed (see Supplementary Information).
The adsorbed surface charge densities were determined
to be o, of 38 = 5 and —6 + 3 uC-cm™2 for the PLL-
OEG9 49,-DBCOg 64, and the DNA oligomer, respectively [see
Fig. 4(e)], consistent with the ratio from the corresponding
AYV; values. This supports the observed low coupling yield
due to intramolecular interactions among the DBCO groups
(see Supplementary Information). Comparing the optical
and electronic signals highlights the dual-mode platform’s
complementary insights [see Fig. 4(d)]. It is important to
note that this quantification of the adsorbed interfacial charge
is not directly measurable via the FET signal alone due to
overlapping influences of the interfacial capacitor and charge
transfer resistor (see Supplementary Information). Integrating
grating-coupled SPR onto a coplanar FET gate creates a facile
and versatile platform, capable of simultaneously tracking
surface binding events, identifying the type of charge involved,
and quantifying both surface mass and charge density.

IV. CONCLUSION

We developed an innovative multimodal sensor platform
that combines grating-coupled SPR and a coplanar-gated
FET on a single chip, providing simultaneous monitoring
of surface mass and charge density variations. For surface
functionalization, we demonstrate DBCO-modified PLL with
covalent conjugation of an azide-modified DNA oligomer as an
effective approach for graphene (electronic) and gold (optical)
biointerface engineering. This platform also allows for com-
parative studies on the effects of selective functionalization at
either the gate or the channel.

With a compact FET design, simplified optical readout
for grating-coupled SPR, and the seamless integration of
these components, this sensor chip offers substantial benefits
over traditional FET/SPR systems [10], [11]. Additionally, the
industrial compatible manufacturing process supports scala-
bility, paving the way for future multiplexing and parallel
multichannel detection. Together with its integration in a
compact instrumentation provides an optimized solution for
dual-mode surface investigations without compromising the
optical or electronic sensor performance compared to other
FET/SPR platforms (see Table S2). Furthermore, adjusting the
MPG periods allows to tune the working wavelength depend-
ing on the application in mind which is not straightforward for

the other configurations. The versatile biointerface architecture
shared by the optical and electronic sensor enhances this
dual-mode sensor platform for multiparameter analysis, sup-
porting advanced investigations into biomolecular interactions
at the solid-liquid interface and thus guides further biosensor
developments based on organic electronics.
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