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Scalable biomimetic sensing system with membrane
receptor dual-monolayer probe and graphene
transistor arrays
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Thomas Schubert9, Giovanni Azzellino5, David Jin10, Jing Kong5, Tomás Palacios4*, Uwe B. Sleytr7,
Shuguang Zhang2*

Affinity-based biosensing can enable point-of-care diagnostics and continuous health monitoring, which com-
monly follows bottom-up approaches and is inherently constrained by bioprobes’ intrinsic properties, batch-to-
batch consistency, and stability in biofluids. We present a biomimetic top-down platform to circumvent such
difficulties by combining a “dual-monolayer” biorecognition construct with graphene-based field-effect-tran-
sistor arrays. The construct adopts redesigned water-soluble membrane receptors as specific sensing units, po-
sitioned by two-dimensional crystalline S-layer proteins as dense antifouling linkers guiding their orientations.
Hundreds of transistors provide statistical significance from transduced signals. System feasibility was demon-
strated with rSbpA-ZZ/CXCR4QTY-Fc combination. Nature-like specific interactions were achieved toward
CXCL12 ligand and HIV coat glycoprotein in physiologically relevant concentrations, without notable sensitivity
loss in 100% human serum. The construct is regeneratable by acidic buffer, allowing device reuse and functional
tuning. The modular and generalizable architecture behaves similarly to natural systems but gives electrical
outputs, which enables fabrication of multiplex sensors with tailored receptor panels for designated diagnostic
purposes.
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INTRODUCTION
Affinity-based electrical biosensors provide sensitive and specific
detection of analytes in complex biofluids at low cost with real-
time readouts, which can revolutionize portable point-of-care
disease diagnostics, continuous health monitoring, and precision
medicine (1, 2). Almost all current systems adopt the bottom-up ap-
proach by identifying analytes of interest and selectively detecting
themwith antibodies or aptamers, which is intrinsically constrained
by the availability and properties of probes (3–5). Although both
types of probes exhibit high sensitivity and specificity, antibodies
require immunogenicity, are expensive to produce, and lack
batch-to-batch consistency, while aptamers are sensitive to nuclease
degradation and unstable in biofluids such as human serum. Their
detection range can also fall out of clinical relevance (6). An alter-
native type of bioprobes without these issues is natural receptor pro-
teins, which are cells’ input/output machineries and mostly reside
on plasma membranes, including G protein–coupled receptors
(GPCRs) that comprise the largest protein family in human

proteome (7). They specifically recognize diverse stimuli ranging
from ions and odorants to biomolecules including peptides,
amino acids, and many pathogens. However, membrane receptors
suffer from poor water solubility that requires arduous and non-
transferable efforts for synthesis and stabilization in aqueous envi-
ronments, while additives like detergents may further decrease the
signal-to-noise ratio during electrical sensing (8, 9). Despite a few
reports on receptor integrations in biosensing (10–13), the lack of
generality hinders their widespread use beyond lab benches.

Here, we take a top-down approach and present a modular bio-
mimetic architecture to overcome the bottleneck in previous bio-
sensing systems. Instead of searching for probes to detect target
analytes, we identify critical receptors in human physiological pro-
cesses as well as redesign and integrate them with electronic devices
to generate electrical outputs with biophysical significance. The ar-
chitecture combines a protein design–based “dual-monolayer” con-
struct consisting of (i) water-soluble membrane receptors as specific
sensing units and (ii) two-dimensional (2D) crystalline S-layer
protein intermediates forcing receptor orientation, with (iii) gra-
phene-based field-effect transistor (GFET) array for electrical
signal transduction (14). The challenges in the membrane receptor
optimization are circumvented via our design tool named QTY
code to produce their water-soluble functional equivalents in low-
cost Escherichia coli system (Fig. 1A and fig. S1). Redesigned recep-
tors exhibit native ligand selectivity and high thermostability, as
have been demonstrated in our previous works (fig. S2) (15, 16).
S-layer proteins, which form 2D crystalline arrays by self-assembly
(17), are adopted to connect receptors and signal transducing
devices (17–21). They outperform common linking approaches
such as π stacking, His-tag binding, and N-hydroxysuccinimide
(NHS)–1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
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conjugation by (i) providing high-density anchoring sites at ~1012
U/cm2 and forcing receptors to expose their functional domains
(fig. S3), (ii) not requiring invasive modifications on substrates
that negatively affect electrical properties, and (iii) offering antifoul-
ing against nonspecific bindings to the signal transducing layer
underneath.

In mammalian sensory systems, native receptors’ redundancy in
both their types and numbers plays an important role in ensuring
reliable behavioral sensitivity (22–24). We fabricate an integrated
GFET array with more than 200 functionalized sensors to mimic
such redundancy, providing an ensemble of sensing units with
certain degree of performance variations, similar to a nature
sensory system. Signals are transduced in the electrical domain
from large numbers of sensory inputs (Fig. 1B), which encloses stat-
istically significant and machine learning computable readouts
from rapid measurements with a custom-built portable interface
(25). The built-in statistical significance provides a realistic compu-
tational model of a nature system for high sensitivity and exquisite

discriminatory capacity to ligands (26). The FET device geometry
has been widely adopted in biosensors to provide high sensitivity
detections toward analytes of interests (27). Guo et al. (28)
showed single-molecule detection of coronavirus disease 2019 anti-
gens by functionalizing devices with commercial nanobodies,
whereas another antibodies-based FET biosensor was used for
bladder cancer diagnostics and classification (29). Graphene is
chosen as the transducing material in our setup due to its large
surface-to-volume ratio, high carrier mobility, chemical stability,
and potential scalability (30, 31). The modular design allows
freedom for specificity tuning and multiplexing while being adap-
tive to alternative targets with simple surface receptor exchanges.
With prospective integration of a wide variety of human-sourced
receptors trained by deep learning–based analytical algorithms,
this highly scalable top-down approach may provide a biomimetic
sensing platform that behaves like a living organism, with similar
recognition powers, and gives real-time electrical readouts.

Fig. 1. Schematic illustration of the architecture. (A) The QTY code transforms hydrophobic membrane receptors to water-soluble functional equivalents that do not
require detergents to stabilize in aqueous solutions. (B) S-layer proteins and solubilized receptors are sequentially coated onto designated sensing devices. Target an-
alytes are specifically recognized in aqueous media, while the detection signal is transduced for electrical responses. GPCR, G protein–coupled receptor. (C) Sequence
layout of the dual-monolayer construct. (i) The four elements of the construct: redesigned water-solublemembrane receptor, heavy chain Fc region of immunoglobulin G
(IgG) protein, Fc-binding fragment of protein A, and two-dimensional (2D) crystal-forming S-layer protein. (ii) Solubilized receptors are fused to IgG-Fc to serve as the
biospecific probes, while S-layer proteins are fusedwith protein A fragments to connect probes to the device. (iii) Sequentially, S-layer/protein A fusion proteins reproduce
its native nanoscale 2D crystalline lattice on the substrate, after which the receptor probes with Fc fusions were applied to bind the intermediate layer in high affinity and
capacity. The specific construct presented here (rSbpA-ZZ/CXCR4QTY-Fc) has p4 symmetry, a lattice parameter of ~13 nm2, and a receptor density in the order of ~1012

U/cm2.
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RESULTS
Fabrication of CXCR4QTY-Fc/rSbpA-ZZ dual-monolayer
construct
To demonstrate the feasibility and biomimicry of the architecture,
CXCR4QTY receptor was selected as an example probe, which is an
inflammatory chemokine receptor within the GPCR family. To-
gether with its native ligand CXCL12, the axis plays major roles
in multiple sclerosis (32); in the growth, invasion, and metastasis
of 23 types of cancers; (33); and in germinal center responses that
are critical in humoral immunity (34). Monitoring the CXCL12
level in biofluids from specific organs can provide valuable informa-
tion about human immune responses in inflammatory diseases and
can predict metastasis and prognosis in patients with cancer.
CXCR4 is also one of the co-receptors for HIV entry into T cells,
which enables HIV diagnostics andmonitoring for clinical manage-
ments (35). S-layer protein SbpA from Geobacillus sphaericus
CCM2177 was selected as linkers, which can form tetramers to re-
crystallize on solid and flexible surfaces, with p4 symmetry, a lattice
parameter of ~13 nm, and a height of ~7 nm (36).

A direct gene fusion of CXCR4 to SbpA was not possible, as the
N terminus of SbpA is needed to recrystallize on solid supports,
while the N terminus of CXCR4 is involved in the ligand binding
and required for selective biorecognition. Thus, we installed the
components onto functional devices by a dual-monolayer architec-
ture, the layout of which is shown in Fig. 1C. The four elements in
the construct are (i) CXCR4QTY receptors, the fragment crystalliz-
able (Fc) region of immunoglobulin G (IgG) proteins, Fc-binding
fragments from protein A, and SbpA S-layer proteins, where (ii) the
receptor is fused to the Fc region of IgG at the C terminus (denoted
as CXCR4QTY-Fc) and SbpA is fused with two Fc-binding frag-
ments of protein A also at the C terminus as described in a previous
report (denoted as rSbpA-ZZ; Supplementary Materials) (37). The
two fusion protein components are then sequentially coated, where
(iii) rSbpA-ZZ first reproduces its 2D crystalline lattice in nanoscale
on the electronic substrate, followed by the application of
CXCR4QTY-Fc that bound the intermediate monolayer in high af-
finity and capacity. The sequence construct of CXCR4QTY-Fc is
shown in table S1. Rabbit IgG-Fc was selected for its strong
binding with protein A, with hinge region retained and linkers
added to enable enough flexibility against steric collisions
between two components.

Biological behavior and solution test
Several biological and spectroscopic characterizations were con-
ducted to confirm the biological functionality of each component.
We first examined whether the Fc fusion will interfere with
CXCR4QTY. On the basis of the AlphaFold2 prediction (fig. S4A),
the fusion protein exhibited a distinct two-domain structure with
high confidence. Superimpositions of each segment with reported
crystal structures from Protein Data Bank (CXCR4: 4RWS and
rabbit IgG-Fc: 2VUO) revealed closely matched conformations
with RMSDs (root mean square deviations between equivalent
atomic positions) between 1 and 2 Å (fig. S4, B to D). Respective
RMSDs increased by 0.3 to 0.4 Å when superimpositions were con-
ducted on the fusion protein model, indicating additional spatial
constraints on subunits when they were connected.

CXCR4QTY-Fc was then expressed in E. coli and purified with
yield between 5 and 10 mg/liter in Luria-Bertani (LB) media (fig.

S5A). Far ultraviolet (UV) circular dichroism (CD) spectra
showed typical α-helical structures with signature valleys at 208
and 222 nm. The helical content is contributed by CXCR4QTY
and is inversely proportional to the molecular weight (MW) of
each protein, while reduced propensity of the α-helix was observed
for CXCR4QTY-Fc (fig. S5B). As shown in Fig. 2A, the ligand
binding of CXCR4QTY-Fc toward CXCL12 was determined by mi-
croscale electrophoresis (MST), where overlapping profiles were ob-
served compared to that from CXCR4QTY, suggesting no
discernable impact from Fc fusion on the receptor function.

The reversible construction of dual-monolayers is confirmed
using quartz crystal microbalance (QCM). Specific association
was observed only between CXCR4QTY-Fc and rSbpA-ZZ but not
with wild-type (wt) SbpA (Fig. 2B). Applying acidic (pH = 3)
buffer to the construct caused receptor dissociation. Atomic force
microscopy (AFM) inspection in deionized (DI) water confirmed
the sequential formation of each monolayer on a silicon wafer.
While rSbpA-ZZ formed well-ordered waffle-like patches, subse-
quent CXCR4QTY-Fc coating did not exhibit 2D crystalline lattice,
since there are not predefined lateral interactions between helical
regions of adjacent receptors (Fig. 2, C and D). Height profiles cor-
responded well with monolayers of either rSbpA-ZZ 2D lattice or
folded CXCR4QTY-Fc (~3 to 4 nm). The construct is applicable in
other substrates (fig. S6A) and can be expanded with alternative re-
ceptors (CCR10QTY-Fc and CXCR5QTY-Fc), whereas similar pro-
files also dependent on receptor properties were obtained (fig. S6,
B and C) (19). Trace-retrace scanning profiles revealed a nonrigid
body association between CXCR4QTY-Fc and rSbpA-ZZ, which can
be moved by AFM probes with the slightest touch using real-time
setpoint adjustments at low scanning speed (fig. S7). It is possible to
further cross-link the biomolecular coatings with dimethyl pimeli-
midate for enhanced rigidity and durability at the sacrifice of device
reusability, which was not conducted in the current study (37, 38).
The distribution of CXCR4QTY-Fc was visualized by transmission
electron microscopy (TEM) in solution on stand-alone rSbpA-ZZ
sheets and His-binding gold nanoparticles (Fig. 2, E and F).
High-density coverage was observed without significant clustering,
indicating near-homogenous receptor monolayer without apparent
aggregates.

The initial electrochemical verification was conducted in solu-
tion. An open-circuit voltage (OCV) setup was used to evaluate
the redox potential changes during receptor-ligand binding (fig.
S8). CCL5, the native ligand for chemokine receptor CCR5 that is
similar inMW and biophysical properties to CXCL12 (table S2) but
does not interact with CXCR4, was selected as the negative control
to interrogate the system. The binding assays showed potential
changes in the order of tens of millivolts (mV), which was not ob-
served in the nonbinding set, demonstrating biological specificity.
The fusion protein exhibited a similar profile to the receptor
alone but smaller in magnitude of voltage change, probably due
to their higher MW and relatively less conformational changes in
binding. An alternative combination of CCR10-CCL28 was also
test as shown in fig. S8D.

Ligand detection in buffer
The dual-monolayer construct was first tested on a biologically
derived QCM impedance assay with gold sensor chips. Analyte
binding with the chip would induce a frequency shift (Δf ) in the
readout. The Δf was recorded as a function of time for sequential
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coatings of rSbpA-ZZ and CXCR4QTY-Fc and detections of
CXCL12 and CCL5 in the nanomolar concentration (Fig. 3, A
and B). The Δf and time till equilibrium are correlated to the MW
of bound proteins in each step as summarized in Fig. 3B. No dis-
cernible Δf was observed when the control sample CCL5 was
added, indicating detection specificity. Notably, the Δf profile equil-
ibrated within ~30 s during CXCL12 detection by a fully construct-
ed sensing chip, which agreed with the ligand-binding kinetics
determined by surface plasmon resonance assays in previous
reports, and enabled ultrafast detection of the target analyte in
real time (39).

The GFET array was then fabricated to fulfill the overall archi-
tecture providing an electrical assay (25, 30). The device geometry is
shown in fig. S9A, where more than 200 sensing units were integrat-
ed to provide statistical significance for the readouts in sensor re-
sponses. The rSbpA-ZZ and CXCR4QTY-Fc were sequentially
coated onto the graphene channel. A low-profile Ag/AgCl reference
electrode was used as a global top gate for the sensor array. The
drain current with respect to gate-source voltage [referred as “IDS-
VGS” (current-voltage relation) characteristics] of the chip before
and after each stage of functionalization are shown in fig. S9B.
Device-to-device variation was present in the commonly observed

range for advanced material–based devices due to material synthe-
sis, device fabrication, and biomolecule deposition–induced uncer-
tainties (31, 40). By averaging data from all devices on the highly
integrated sensing chip, we were able to reduce the noise and
capture the universal trend through statistical analysis and
machine learning algorithms to obtain biologically relevant
results. The IDS-VGS characteristics shifted during coating, which
were quantified by tracking the location of minimum conduction
in graphene, i.e., Dirac point (DP; fig. S10). Hysteresis of the
dual-monolayer–coated graphene sensors is mitigated by applying
a slow voltage sweeping rate of 20 mV/s. We obtained stable and
reproducible measurements and extrapolation of DP values as
shown in fig. S11. The sweeping window was kept constant
during gradient measurements against individual analyte in each
testing environment to eliminate its potential impact on DP shift.
As shown in Fig. 3C, the average DP shifted (cumulatively deter-
mined from fig. S9C) in opposite directions when rSbpA-ZZ and
CXCR4QTY-Fc were coated. The functionalized array was tested
against different concentrations of CXCL12 in deionized (DI)
water spanning six orders of magnitude. A left shift of the average
IDS-VGS characteristics was observed as shown in Fig. 3D, indicating
an n-doping effect in binding. By fitting with Langmuir adsorption

Fig. 2. Biological verification of the construct. (A) Comparison of microscale electrophoresis (MST) binding profiles between CXCR4QTY and CXCR4QTY-Fc toward their
native ligand CXCL12. (B) CXCR4QTY-Fc is bound to rSbpA-ZZ at basic buffer condition (pH = 9) and can be reversibly dissociated from the complex at acidic buffer
condition (pH = 3). No association is observed between CXCR4QTY-Fc and wild-type (wt) SbpA. (C) Atomic force microscopy (AFM) topography of rSbpA-ZZ–coated
silicon wafer. Height profile extracted from the red line is shown at the bottom of the image. (D) AFM topography of CXCR4QTY-Fc/rSbpA-ZZ–coated silicon wafer.
Height profile extracted from the red line is shown at the bottom of the image. (E) Transmission electron microscopy (TEM) graph of the standalone rSbpA-ZZ 2D crys-
talline sheets in solution (scale bar, 100 nm). (F) TEM graph of CXCR4QTY-Fc–coated standalone rSbpA-ZZ 2D crystalline sheets in solution and visualized by His-binding Au
nanoparticles (scale bar, 100 nm).
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isotherm, we extrapolated the surface dissociation constant (Kd)
from the gradient concentration responses in hundreds of sensors
(fig. S12A). The calculated Kd is 20.1 ± 9.1 nM, which is similar to
the Kd obtained from biological assays. This result suggests that the
electrical biomimetic architecture reacts similarly to the native
ligand as in biological systems. The Langmuir adsorption isotherm
was chosen over the law of mass action-based model, as the ligand
detection on devices can be modeled as a surface adsorption
process, different from in-solution reactions with predefinedmolec-
ular concentrations of binding partners (15, 16). The limit of detec-
tion (LOD) was estimated by finding the intercept between
normalized baseline and the linear fit of the logarithmic dynamic
range that determined to be ~18 nM, as shown in fig. S13 (41).
The average sensitivity of CXCR4QTY-Fc–functionalized sensors is

−11.4 ± 6.1 mV/decade. The CXCL12 in the range of 10−9 to 10−7

M but not >1 μM (10−6 M) were present in different organs and
found to mediate multiple biological and pathological processes
(42–44); therefore, the performance of the system is accurately suit-
able in applications like continuously health monitoring and cancer
metastasis evaluation.

To verify sensing specificity, we again used CCL5 to interrogate
the system. Human insulin was introduced to be another negative
control as in previous biological assays (15, 16). The averaged DP
shifts with respect to different ligand concentrations were plotted
in Fig. 3E. The analytes were tested between 10−10 and 10−5 M to
fully cover the clinically relevant ligand concentrations while fol-
lowing the manufacturer’s reconstitution protocols. CXCR4QTY-
Fc–functionalized sensors showed notable responses to CXCL12

Fig. 3. Ligand detection in buffer. (A) Frequency shift profile in each step of protein coatings and ligand detections as a function of time. (B) Table summarizes the
frequency shift (Δf ), time till equilibrium, and molecular weight (MW) of bound proteins for sequential coatings of rSbpA-ZZ, CXCR4

QTY-Fc, and detections of CXCL12 and
CCL5 in the nanomolar concentration. (C) Average Dirac points (DPs) of graphene-based field-effect transistor (GFET) arrays for bare graphene, rSbpA-ZZ coating, and
CXCR4QTY-Fc coating. (D) The left shift in averaged drain current with respect to gate-to-source voltage(IDS-VGS) curves from the fully constructed array with respect to a
gradient concentration of CXCL12. (E) The averaged DP shifts from the fully constructed array with respect to a gradient concentration of CXCL12, CCL5, and insulin. Error
bar indicates the standard deviation of three repeat measurements. (F) Distribution of sensor sensitivities toward the native ligand and the negative controls. (G) The plot
of averaged concentration-dependent response and IDS-VGS curve (insert) from the fully constructed device array toward recombinant HIV coat glycoprotein gp41–120.
Error bar indicates the standard deviation of three repeat measurements. (H) Well-defined nonoverlapping clusters via t-distributed stochastic neighbor embedding (t-
SNE) dimension reduction processing of data from experimental sets in buffer.
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with concentrations greater than 10 nM, while negative controls
induced negligible change even with concentrations as high as 0.1
mM. Figure 3F shows the distribution of sensor sensitivities toward
CXCL12 and negative controls. This result highlights our claim of
sensor selectivity against nonspecific binding.

The shift of DP was proposed to be induced by the isoelectric
point (pI) of each protein (table S2). Because tests were conducted
in the neutral pH environment, the rSbpA-ZZ has an acidic pI,
carries a net negative charge at pH = 7, and serves as electron
donors, while CXCR4QTY-Fc has a basic pI, carries a net positive
charge at pH = 7, and serves as electron acceptors. This was reinstat-
ed by ligand-binding tests, which also induced a negative shift on
the DP with positively charged CXCL12. However, despite that
insulin and CCL5 have pIs on the opposite sides of pH = 7,
loading them onto the array did not induce any DP shift, as they
did not interact with receptors. The current density change profiles
with zero gate were plotted against gradient concentrations of
CXCL12, CCL5, and insulin in fig. S14, which cross-referenced
well with DP changes. Because current response is different when
gated at left or right side of the DP for graphene-based FETs (fig.
S15), the change of DP will be used as the primary feature for eval-
uating the sensor performance.

To evaluate biomimicry of the architecture compared to a
natural system, we further tested the constructed devices with
HIV coat glycoprotein. CXCR4 is one of receptors for HIV
human infection by binding with coat protein gp41 and gp120
(45). Their recombinant fusion named gp41–120 was obtained
from Prospec, which did not contain virus RNA but had necessary
machineries for docking. A negative DP shift was observed similar
to CXCL12. Extracted average DP with respect to gp41–120 concen-
trations is shown in Fig. 3G, with shift of averaged IDS-VGS curves
shown in the inset. The array showed concentration-dependent re-
sponses toward gp41–120 with a Kd of 5.8 ± 3.1 nM, similar to that
obtained from biological assays. The LOD for gp41–120 in buffer is
estimated to be 95 pM. Thanks to the large number of available
sensors, we are able to perform statistical analysis to further distin-
guish different types of analytes. T-distributed stochastic neighbor
embedding (t-SNE) is used as a dimension reduction technique to
visualize the data collected. As shown in Fig. 3H, clusters of differ-
ent analytes are well separated. This result demonstrates the poten-
tial of the sensing platform to distinguish different biomolecules
and to be used for rapid HIV diagnostics.

Analyte detection in serum and antifouling test
One major obstacle against affinity-based biosensors is their lack of
resistance to nonspecific bindings and device degradation in
complex biofluids (46). Here, we test the usability of our system
in human serum, since the dense crystalline layer of rSbpA-ZZ
should provide efficient antifouling against unspecific adsorptions
of nontargeting biomolecules by the graphene channel underneath
(17, 47, 48). As shown in Fig. 4A, incubating fully constructed
devices in heat-inactivated human serum for extended period of
time beyond the testing requirement did not induce notable DP
shift. The current density change during incubation was also unob-
servable (fig. S16), suggesting negligible nonspecific associations of
undesired biomolecules.

Tests with gradient concentrations of CXCL12 and gp41–120 were
conducted using human serum as buffers, where similarly well-
behaved binding profiles were obtained compared to assays in DI

water, demonstrating that minimal interference was induced in
our concentration-dependent DP measurements in human serum
(Fig. 4, B and C). The two-way analysis of variance (ANOVA) mul-
tiple comparison test with Tukey’s post hoc test procedure was per-
formed on different analyte concentrations for gp41–120 tests both in
buffer and in human serum. Calculated P values indicate strong
confidence in statistically distinguishable DP measurements with
various gp41–120 concentrations (tables S3 and S4). The Kd was
24.8 ± 13.0 and 19.1 ± 6.1 nM for CXCL12 and gp41–120 in serum,
compared to 20.1 ± 9.1 and 5.8 ± 3.1 nM in DI water, respectively.
Slightly decreased Kd values agreed with biological assays in 50%
human serum (compared to 100% human serum in device tests)
and were attributed to reduced performances from receptors in
complex biofluids rather than devices. The results are summarized
in Table 1 (16). The similarity between device-derivedKd values and
those from biological assays for both solubilized and native proteins
reinstate our claim about biomimicry of the architecture, proving
their compatibility with complex biofluids that does not interfere
with the specific detection of target analytes. The LODs for
CXCL12 and gp41–120 in human serum are estimated to be 7.2
nM and 26 pM, respectively. All estimated LOD values in the
current testing sets are summarized in table S5.

Because reversible association-dissociation between rSbpA-ZZ
and CXCR4QTY-Fc was observed in the QCM assay (Fig. 2B), we
determine whether it allows the regeneration of GFET devices.
After sensing experiments with the highest concentration of
ligands (10−5 M), we immersed the whole chip in a glycine-based
buffer at pH = 3. The DP was monitored with incremental time in-
tervals, whereas the full restoration to the original position corre-
sponding to rSbpA-ZZ coating (fig. S17) was observed after 1
hour of cumulative immersion (Fig. 4D). No further DP change
was observed because of the higher durability of crystalline S-
layer coating compared to affinity-based receptor associations.
The capability of regenerating sensing devices enables their reuse
with convenient exchanges of surface receptors. Despite that our
system can mitigated the device-to-device variability and low repro-
ducibility issue by providing a large number of devices, not all 200
devices are needed to obtain statistically significant results. We

Table 1. Comparison of Kds. The dissociation constant (Kd) between
CXCR4QTY and its binding partners obtained from device models agree
with those from biological assays. GFET, graphene-based field-effect
transistor.

Ligand
Biological
assay (nM)*

GFET device test (nM)

Native QTY Langmuir fitting model

CXCL12 buffer
∼5

17.3 ± 4.2 20.1 ± 9.1

CXCL12 serum† 31.4 ± 12.2 24.8 ± 13.0

gp41–120 buffer
∼200‡

7.0 ± 1.9 5.8 ± 3.1

gp41–120 serum† 12.7 ± 2.6 19.1 ± 6.1

*Kd values from biological assays were obtained from our previously
published paper (16). †Because of the technical implementation,
biological assays were conducted in 50% human serum, while the device
tests were conducted in 100% human serum. ‡Kd between native
CXCR4 and HIV coat glycoprotein was measured by a cell-based assay.
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analyzed the DP distributions using gp41–120 testing sets with ran-
domly selected groups of devices and found almost identical DP dis-
tributions from only 100 devices compared to the full array (fig.
S18). Fifty devices still resulted in statistically confident responses,
whereas less than 20 units are more susceptible to device variations.
Potentially more than one type of receptor probes can be integrated
in the same GFET array to achieve multiplexing and realize accurate
disease diagnostics (25).

DISCUSSION
In summary, we have devised a modular and scalable biomimetic
sensing platform using a dual-monolayer construct to transform bi-
ospecific interactions into readable electrical outputs. The construct
adopted water-soluble membrane receptors as specific bioprobes
(15, 16) and 2D crystalline S-layer protein intermediates (17). The
water-soluble receptor design was achieved by a widely applicable
design tool named QTY code, which enables cost-efficient produc-
tion of previously inaccessible membrane proteins in a scale-up
quantity. S-layer proteins guided receptor orientations and forced
exposure of their functional sites to enhance signal-to-noise ratio

as well as provided antifouling for the device underneath. The con-
struct is naturally multimodal (49–51), which overcomes one of the
fundamental challenges to ultrasensitive bioelectronic detections in
obtaining well-defined sensing structures on device surfaces (4).
The dual monolayer was then introduced to a GFET array integrated
with more than 200 transistors to mimic the redundancy in natural
systems and provide statistically significant electrical readouts (25).

We demonstrated the feasibility and biomimicry of this system
by rSbpA-ZZ/CXCR4QTY-Fc combination. Specific detections were
observed toward the native ligand and binding partner of CXCR4
but not negative controls. High sensitivity and specificity were ob-
served also in 100% human serum, suggesting sufficient antifouling
capability for fully constructed GFET arrays in complex biofluids.
The architecture can be regenerated in acidic buffer, which
enables the reuse of devices and functional tuning by surface recep-
tor exchanges. Comparison of performances for our platform with
other works is summarized in table S6. The current system exhibit-
ed excellent specificity, good stability in biofluids, excellent sensitiv-
ity and suitable detection range, as well as device reusability.

The design approach is easily applicable to a wider range of re-
ceptor probes including another 11 cytokine receptors in full-length

Fig. 4. Analyte detection in serum and device regeneration. (A) Device DP shift after incubation in the human serum for extended period of time. (B) Concentration-
dependent response of the fully constructed array toward a gradient of CXCL12 dissolved in human serum. Insert shows the change of IDS-VGS curves. Error bar indicates
the standard deviation of three repeat measurements. (C) Concentration-dependent response of the fully constructed array toward a gradient of gp41–120 dissolved in
human serum. Insert shows the change of IDS-VGS curves. Error bar indicates the standard deviation of three repeat measurements. (D) DP regeneration as a function of
time by immersing the sensing array after ligand testing in glycine buffer at pH = 3.
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or truncated forms already experimentally verified, which can be
conveniently integrated into the system for targets of interest (15,
16, 52, 53). Combinations of receptors can be tailored to fabricate
multiplex sensors on the GFET array for designated diagnostic pur-
poses. The sensor array analyzes the collective response from mul-
tichannel inputs instead of assuming absolute specificity and
sensitivity of one device. Microfluidic channels can be further inte-
grated onto the system for precise sample manipulation during the
tests. With properly calibrated and well-trained disease models
using large sets of real-world biological samples in future studies,
data from individual patients in clinical trials can be analyzed by
deep learning algorithms for highly accurate analyte predictions,
disease diagnostics, and continuously health monitoring, which
enable precision medicine.

On the other hand, the biomimicry enables the use of our plat-
form as physical simulators of a nature system, beyond the function
of a traditional biosensor for health care. Potential applications
include membrane receptor deorphanization, drug screening in-
cluding antibodies and aptamers, and specificity/off-target screen-
ing for cell therapies like chimeric antigen receptor–T, using
statistically significant electrical signals as a quantification criterion.
Such applications cannot be achieved in traditional bottom-up de-
signed biosensors with antibody or aptamer probes.

While conception of the architecture was demonstrated here, its
significance lies beyond the current stage of research. Compared to
common bottom-up approaches, where researchers identify target
analytes and find bioprobes to detect them, we take a top-down
route to build a biomimetic system with important receptors in pro-
teome, redesigning and installing them onto bioelectronic devices
to generate electrical signals that can be analyzed from a biophysical
aspect. The “plug-and-play” regime in combination with multiplex
GFET arrays opens up the pathway to fabricate integrated bioelec-
tronic systems with a panel of receptors that behaves in a synergistic
manner across different functional molecules like the living organ-
ism but through real-time electrical communications. The approach
may be especially advantageous in electronic nose applications
where state-of-the-art methods inherently lack specificity in
complex environments, which also provides new routes for re-
emerging interests in disease diagnostics by patients’ exhaled
breath, tear drops, and sweat (54).

MATERIALS AND METHODS
Bioinformatics of the QTY variants
Protein properties includingMWand pI were calculated on the basis
of its primary sequence via the open-access web-based tool ExPASy
(https://web.expasy.org/protparam/).

Structure prediction and superimposition
Structure prediction for QTY code designed CXCR4, and its Fc
fusion were conducted via ColabFold (55). Google Colaboratory
notebook called AlphaFold2_advanced was used, since it provides
more accurate predictions. The best model was analyzed on the
basis of pLDDT (predicted local distance difference test) values of
each prediction with PyMOL (version 2.4.1). Structural superposi-
tions were made by align command against reported crystal struc-
tures obtained from the Protein Data Bank, and visualizations were
made in PyMOL. The parameters are summarized in Table 2.

E. coli synthesis of CXCR4QTY-Fc
Genes of CXCR4QTY-Fc were codon-optimized for E. coli expres-
sion and obtained from GenScript. The genes were cloned into
pET20b expression vector with carbenicillin resistance. The plas-
mids were reconstituted and transformed into E. coli BL21(DE3)
strain. Transformants were selected on LB medium plates with car-
benicillin (100 μg/ml). E. coli cultures were grown at 37°C until the
optical density at 600 nm (OD600) reached 0.4 to 0.8, after which
IPTG (isopropyl-β-D-thiogalactopyranoside) was added to a final
concentration of 1 mM, followed by 4 hours of expression. Cells
were lysed by sonication in B-PER protein extraction agent
(Thermo Fisher Scientific) and centrifuged (at 23,000g for 40 min
at 4°C) to collect the inclusion body. The biomass was then subse-
quently washed twice in buffer 1 [50 mM tris-HCl (pH 7.4), 50 mM
NaCl, 10 mMCaCl2, 0.1% (v/v) Triton X-100, and 2 M urea, 0.2 μm
filtered], once in buffer 2 [50 mM tris-HCl (pH 7.4), 1 M NaCl, 10
mMCaCl2, 0.1% (v/v) Triton X-100, and 2 M urea, 0.2 μm filtered],
and again in buffer 1. Pellets from each washing step were collected
by centrifugation (at 23,000g for 25 min at 4°C).

Washed inclusion bodies were fully solubilized in denaturation
buffer (6M guanidine hydrochloride, 1× phosphate-buffered saline,
and 10 mM dithiothreitol, 0.2 μm filtered) at room temperature for
1.5 hours with magnetic stirring. The solution was centrifuged at
23,000g for 40 min at 4°C. The supernatant with proteins was
then purified by QIAGEN Ni-NTA (nitrilotriacetic acid) beads
(His-tag), followed by size exclusion chromatography (SEC) using
an ÄKTA Purifier Protein Purification System and a GE Healthcare
Superdex 200 gel filtration column. Purified protein was collected
and dialyzed twice against renaturation buffer [50 mM tris-HCl
(pH 9.0), 3 mM reduced glutathione, 1 mM oxidized glutathione,
5 mM ethylenediaminetetraacetic acid, and 0.5 M L-arginine]. Fol-
lowing an overnight refolding process, the renatured protein solu-
tion was dialyzed against 50 mM tris-HCl (pH 9.0) with various

Table 2. Parameters for structure predictions.

Parameter Value

homooligomer 1

msa_method mmseq2

msa_format fas

pair_mode unpaired

pair_cov 50

pair_qid 20

rank_by pLDDT

max_msa True

num_models 512:1024

use_ptm True

num_ensemble 5

max_recycles 3

tol 0

num_samples 1

subsample_msa True

num_relax None
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arginine content and filtered through a 0.2-μm syringe filter to
remove aggregates.

E. coli synthesis of rSbpA-ZZ
The plasmid of rSbpA-ZZ was constructed as has been reported in
the previous publication (37). It was transformed into E. coli
BL21(DE3) strain and selected on LB medium plates with kanamy-
cin (50 μg/ml). Cultures were grown at 37°C until the OD600 reached
0.4 to 0.8 and induced by 1 mM IPTG for 4 hours. Cells were col-
lected and lysed in lysis buffer [0.05 MHepes (pH 7.4), 0.5 M NaCl,
0.01 M imidazole, 15% glycerol, 0.5% Triton X-100, 1× protease in-
hibitor cocktail, and 1 × 10−4 M phenylmethylsulfonyl fluoride]. In-
clusion bodies were collected by centrifugation (at 23,000g for 40
min at 4°C), washed twice in buffer S1 [50 mM tris-HCl (pH 7.4),
50 mM NaCl, and 10 mM CaCl2], once in buffer S2 [50 mM tris-
HCl (pH 7.4), 1 MNaCl, and 10 mMCaCl2], and again in buffer S1.
The pellet was denatured using extraction buffer [50 mM tris-HCl
(pH 7.4), 150 mM NaCl, and 5 M GHCl] and centrifuged, and the
supernatant was renatured against SEC running buffer [50 mM tris-
HCl (pH 7.4) and 150 mM NaCl] overnight. Supernatant filtered
through a 0.2-μm syringe filter was purified by ÄKTA Purifier
system with GE Superdex 200 column and checked via SDS–poly-
acrylamide gel electrophoresis. Protein concentration was deter-
mined using Implen NanoPhotometer NP80 NanoDrop system
using an extinction coefficient of 1.64. Purified proteins can be
stored in aqueous solution at 4°C for several months. Recrystalliza-
tion can be induced by applying a buffer system containing 10
mM CaCl2.

MST measurement
MST detects changes in thermophoretic movement and tempera-
ture-related intensity changes of the protein-attached fluorophore
upon ligand binding. Because synthesized receptors were labeled
with Monolith NT Protein Labeling Kit RED-NHS (NanoTemper
Technologies) in storage buffer to obtain unique fluorescent
signals. Receptor at 5 nM was tested against 0.0916 to 3000 nM
the ligand at 80% MST power and 15% light-emitting diode
power in premium capillaries on a Monolith NT.115 pico instru-
ment at 25°C. MST time traces were recorded and analyzed to
obtain highest possible signal to noise levels and amplitudes >5
Fnorm units. The recorded fluorescence was plotted against the con-
centration of ligand, and curve fitting was performed with Kaleida-
Graph 4.5 using the Kd fit formula derived from the law of mass
action. For clarity, binding graphs of each independent experiment
were normalized to fraction bound (0 = unbound and 1 = bound).
MST measurements were performed at 2bind GmbH, Regens-
burg, Germany.

Transmission electron microscopy
The ability of the rSbpA-ZZ to form standalone 2D crystalline self-
assembly was demonstrated with an FEI Tecnai T20 transmission
electron microscope operated at 160 kV (Thermo Fisher Scientific,
Eindhoven, The Netherlands) via negative staining. CaCl2 was
added to the rSbpA-ZZ proteins to induce recrystallization in solu-
tion [1 mg/ml protein, 10 mM CaCl2, and 0.5 mM tris-HCl (pH
9.0)]. After overnight recrystallization, the formed self-assemblies
were adsorbed on 300 mesh copper grids (Christine Gröpl Elektro-
nenmikroskopie, Tulln, Austria) coated with a Formvar support
film and a thin carbon layer. A chemical fixation of the protein

adsorbed on the copper grids was done with 2.5% glutaraldehyde
in cacodylate buffer (pH 7.4) for 10 min. For negative staining,
samples were placed on 2% uranium acetate drops for 4 min. All
steps were performed at room temperature. To demonstrate the ac-
cessibility and the binding of biological components, CXCR4QTY-
Fc was applied to the self-assembly products, followed by an incu-
bation with His-binding nanogold particles (Ni-NTA nanogold, d =
10 nm; nanoprobe) at pH 9.0 for 60 min. The binding events were
visualized in TEM after negative staining as described above.

Atomic force microscopy
The surface morphology for each layer of the construct was exam-
ined on an ultraflat silicon wafer (<100>; Ted Pella). The wafer was
cut into 1 cm–by–1 cm squares and cleaned sequentially in acetone,
isopropanol, ethanol, and DI water for 10 min each using a sonica-
tion bath. Recrystallization solution of rSbpA-ZZ was prepared and
applied onto the clean silicon chip, which was placed in a closed
humid environment, and incubated overnight at 4°C before
removal. Coated surfaces were rinsed repeatedly and stored in DI
water for 1 day to remove excessive rSbpA-ZZ to ensure the forma-
tion of the monolayer before AFM inspection or CXCR4QTY-Fc
coating. For CXCR4QTY-Fc coating, the protein was renatured fol-
lowing the procedure above to a temporary storage buffer [50 mM
tris-HCl (pH 9.0) and 50 mM arginine] and diluted by 0.1 M
glycine-NaOH (pH 9.0) at a ratio of 1:9 with extensive mixing.
The solution was kept at room temperature for 3 min, centrifuged
at 16,000g for 5 min to remove aggregates, and applied to rSbpA-
ZZ–coated wafer for 1.5 hours at room temperature. The sample
was immersed and stored in DI water before AFM characterizations.
The Asylum Cypher ES Environmental AFM system in the Center
for Nanoscale Systems at Harvard was used for the inspection. Ex-
aminations were conducted by contact mode in liquid with Nano-
World Pyrex-Nitride triangular AFM probes. The resolution is 384
points per line, and the scanning rate is 1 Hz in an area of 1 μm × 1
μm. Real-time adjustment on the setpoint was performed to ensure
minimal contact force between the probe tip and proteins to obtain
optimal image reflexing surface geometry.

Circular dichroism
CD spectra were recorded using JASCO Model J-1500 CD Spec-
trometer in Biophysical Instrumentation Facility at Massachusetts
Institute of Technology. CXCR4QTY and CXCR4QTY-Fc were dia-
lyzed and refolded into CD buffer [0.05% (v/v) trifluoroacetic
acid and 1 mM tris (2-carboxyethyl)phosphine]. For far UV CD,
spectra between 195 and 250 nm were collected with a step size of
0.5 nm, a bandwidth of 1 nm, and a scanning speed of 50 nm/min in
a 0.1-cm path length cuvette. Baselines were established using dial-
ysis buffer without protein and subtracted from the measurements.
The baseline-subtracted spectra were scaled to obtain mean residue
ellipticity and normalized by protein concentrations, which were 1
to 4 μM as determined by NanoDrop with calculated extinction co-
efficient from ExPASy.

OCV test
The device for OCV measurement was made in-house using a
Thermo Fisher Scientific Slide-A-Lyzer MINI dialysis tube [0.5
ml, 3.5K MWCO (molecular weight cut off )]. Copper tape was at-
tached to the inner wall of the lower and upper chambers to serve as
electrodes. Receptors were predialyzed overnight in a parallel tube
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without the electrodes to reach environmental equilibrium in the
buffer. Final concentrations of the receptors were ~0.11 to 0.16
mg/ml in the upper chamber. After transferring the equilibrated so-
lutions in both chambers to the measurement device, analytes were
added to the upper chambers in 1:1 molar ratio to the receptor. The
relative changes of OCV between the two chambers were recorded
at fixed time intervals using a Hewlett Packard 34401AMultimeter.
The reported values in fig. S8 were the average of three measure-
ments at each time point. Parallel control tests were conducted to
establish a baseline to eliminate interferences from the buffer-elec-
trode interactions, whereas changes in OCV readings were subtract-
ed from those obtained in the testing sets and normalized to the
readings at 0 min.

QCM test
The initial QCM verifications were performed with a QSense E4 in-
strument (QSense, Biolin Scientific, Västra Frölunda, Sweden).
Gold-coated quartz sensors (QSX 301, QSense, Biolin Scientific)
were cleaned by sonification in 2% (w/w) SDS solution for 20
min and subsequently rinsed with ultrapure water and ethanol, fol-
lowed by a drying step using nitrogen. Subsequently, the cleaned
sensors were treated with UV/ozone (BioForce Nanosciences,
Ames, IA, USA) for 30 min and coated with 1 mM solution of oc-
tanethiol in ethanol to obtain a more hydrophobic surface. The oc-
tanethiol-coated sensors were then sonicated in ethanol and lastly
mounted into the QCM-D (dissipation) chamber. Injection of
wtSbpA or rSbpA-ZZ (50 μg/ml), all washing steps, and the addi-
tion of CXCR4QTY-Fc were performed by means of a peristaltic
pump (Ismatec, Cole-Parmer GmbH,Wertheim, Germany) operat-
ing at a flow rate of 0.3 ml/min. Experiments were performed
at 25°C.

The QCM sensor chip was obtained from the Gamry company
(USA). The fundamental frequency of the chip was 5 MHz with a
double-side gold electrode surface. CXCR4QTY-Fc tests were per-
formed by QCM-І (impedance) (Gamry, USA). The quartz chips
were sonicated in piranha solution (98% H2SO4:30% H2O2 = 7:3)
for 10 min to remove organic pollutants remaining on the crystals.
Subsequently, the quartz chips were incubated in 25 ml of 3-amino-
propyltriethoxysilane (100 μl) and ethanol solution for 12 hours at
room temperature. The quartz chips were rinsed with ethanol and
dried with N2 gas. The dried quartz chips were incubated in the re-
crystallization solution of rSbpA-ZZ (0.5 ml) for 12 hours. The
treated quartz chips were rinsed with ethanol, dried with N2 gas,
and subjected to CXCR4QTY-Fc coating and analyte detections.

Graphene-based sensor array fabrication
Similar fabrication method was reported by our team before (25).
The graphene-based sensor arrays were fabricated on a 4-inch,
200-μm-thick Corning willow glass wafer (MTI Corporation).
After solvent cleaning, 25 nm of aluminum oxide was deposited
on the wafer using atomic layer deposition (ALD) to enhance adhe-
sion in subsequent photolithography steps. Ti/Au (5/100 nm) was
deposited using electron beam deposition as the row contacts of the
sensor array. A 30-nm layer of aluminum oxide was then deposited
as the interlayer dielectric using ALD. A secondmetal layer of Ti/Au
(5 or 100 nm) was then deposited using electron beam deposition.
Openings were etched into the interlayer dielectric using a BCl3
plasma to expose the first metal layer for contacts. The sensing
chips were diced from the wafer using a diesaw machine before

the graphene transfer step. Graphene coated with poly(methyl
methacrylate) (PMMA) [1 cm by 1 cm; ACS (Advanced Chemicals
Supplier) Materials Trivial Transfer Graphene] was transferred on
the substrate to cover the entirety of the array. The chip was baked at
60°C for 30 min and 130°C for 10 min. The sensor array chip was
then immersed in acetone for several hours to remove the PMMA.
The chip was subsequently annealed at 350°C in 400 standard cubic
centimeter per minute (SCCM) of Ar and 7000 SCCM of H2 to
reduce PMMA residue and further enhance adhesion between the
graphene and substrate. Graphene sensors were isolated from each
other using oxygen plasma and a patterned PMGI/SPR700 resist
stack as a mask. The resist stack was then removed by immersion
in N-methyl-2-pyrrolidone for several hours. The chip was spin
coated with SU-8, and openings were defined over the graphene
channel regions and contact leads.

Dual-monolayer coating on graphene-based sensor array
Sequential coatings of rSbpA-ZZ and CXCR4QTY-Fc were conduct-
ed on the as-fabricated GFET arrays. Recrystallization solution of
rSbpA-ZZ was applied onto the device. The devices were placed
in a closed humid environment and incubated overnight at 4°C
before removing the coating buffer. Coated surfaces were rinsed re-
peatedly and stored in DI water for 1 day to remove excessive
rSbpA-ZZ and ensure the formation of the monolayer. Simultane-
ously, CXCR4QTY-Fc were renatured following the procedure above
to a temporary storage buffer [50 mM tris-HCl (pH 9.0) and 50 mM
arginine] and diluted by 0.1 M glycine-NaOH (pH 9.0) at a ratio of
1:9 with extensive mixing. The coating solution was kept at room
temperature for 3 min and centrifuged at 16,000g for 5 min to
remove aggregates. The fully coated devices were rinsed repeatedly
and stored in DI water till testing. Drying out of the devices was
carefully avoided during handling to prevent the denaturation of
surface proteins which might cause the loss of function.

Graphene-based sensor array measurement
The analytes and human serum were obtained directly from com-
mercial sources [CXCL12 (Sino Biological, 13511-HNCE), CCL5
(Sino Biological, 10900-HNAE), insulin (MilliporeSigma,
91077C), gp41–120 (Prospec, HIV-158), and human serum (Milli-
poreSigma, H5667)]. All electrical measurements were performed
using the custom-built measurement system that is previously re-
ported by our team at room temperature (25). The drain-source
voltage VDS was held constant, and the gate-source voltage VGS
was swept from −0.6 to 0.6 or 0.9 V in 10-mV increments. A 10-s
hold timewas used before the gate-source voltageVGS was swept at a
rate of 10 mV/500 ms. This provided adequate time for charged
species to migrate and reach steady-state before measurement. An-
alytes were reconstituted and diluted in DI water (manufacture rec-
ommended) or human serum with the exception of insulin (0.25
mM HEPES, pH 8.0) due to its solubility issue. The analytes were
applied onto the devices and kept for 5 min to allow sufficient
binding and rinsed off by repeated mild pipetting, followed by I-
V measurements in DI water. The experiments started with the
lowest concentration to reduce the potential for altering solution
concentrations due to cross contamination. The glycine regenera-
tion test was done by immersing the whole device in 0.1 M
glycine-NaOH (pH 3.0) and periodically removing the device for
testing the DP shift in DI water.
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DP fitting
Minimum conduction points, or DPs, were calculated by fitting the
experimental I-V characteristic with a polynomial and finding the
minimum of the polynomial fit (25). This ensures the most accurate
possible DP interpolation. I-V curves were fitted using a sixth-order
polynomial. Experimental data were discretized using a step size of
10 mV, which could lead to some additional error if the DP was es-
timated simply by taking the minimum of the discretized dataset.

Kd calculation–based on Langmuir adsorption isotherm
and LOD estimation
The Kd value was calculated using Langmuir model. DPs were ex-
tracted using the estimation method mentioned above. The device
response S is calculated by finding the change in the DP upon
binding with different concentrations of analytes with respect to
the baseline. A linear fit was performed with the x value being the
concentration of the analyte (C), while the y value being the ratio
between concentration of the analyte and device response (C/S) as
shown in fig. S12A. Kd can be extrapolated as y intercept/slope.
Devices with poor fitting accuracy were filtered out. All calculation
is done in MATLAB.

The LODs of each analyte testing set were estimated by finding
the intercept between normalized baselines and the linear fit of the
logarithmic dynamic range, following the equation of: y = a × log (x)
+ b, where y is the DP shift, x is the analyte concentration, and a and
b are the fitting parameters. LOD is extrapolated from the x values at
the intercept.

T-distributed stochastic neighbor embedding
We applied t-SNE to visualize the clusters of different analytes. We
first standardized the sensor response by finding the change in the
DP upon binding with six different concentrations of analytes with
respect to the baseline (DI water). The standardized DP values of
each device were used as features for clustering. The dimensionality
of our sensor response was the number of different concentrations
tested and was restricted to six. The data from multiple chips were
combined for analysis with a matrix size of 813 × 6. Each data point
represents a single sensor’s response toward one concentration of
analyte. The t-SNE function in MATLAB’s Statistics and Machine
Learning Toolbox was used to produce the final 2D projection.
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