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Abstract

Detection of analytes with field-effect transistors bearing ligand-specific receptors is 

fundamentally limited by the shielding created by the electrical double layer (the “Debye length” 

limitation). We detected small molecules under physiological high ionic-strength conditions by 

modifying printed ultrathin metal-oxide field-effect transistor arrays with deoxyribonucleotide 

aptamers selected to bind their targets adaptively. Target-induced conformational changes of 

negatively charged aptamer phosphodiester backbones in close proximity to semiconductor 

channels gated conductance in physiological buffers, resulting in highly sensitive detection. 

Sensing of charged and electroneutral targets (serotonin, dopamine, glucose, and sphinghosine-1-

phosphate) was enabled by specifically isolated aptameric stem-loop receptors.
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One Sentence Summary:

Field-effect transistors bearing aptameric stem-loop receptors designed to be conformationally 

flexible close to semiconductor surfaces detect small-molecule targets under physiological 

conditions overcoming Debye length limitations.

Field-effect transistors (FETs) modified with target-specific receptors could enable direct 

electronic target detection (1, 2). Signal transduction and amplification in FET-based sensors 

is based on electrostatic gating of thin-film semiconductor channels by target-receptor 

interactions such that even low receptor occupancy measurably affects transconductance (3). 

However, receptor-modified FETs must overcome two fundamental limitations to be more 

widely adopted. First, the electrical double layer in solutions containing ions shields 

semiconductor charge carriers to limit gating in response to recognition events. The extent of 

shielding, i.e., the effective sensing distance, is characterized by the Debye length, which in 

physiological fluids is <1 nm (table S1) (4). Second, small target molecules with few or no 

charges have minimal impact on semiconductor transconductance unless they trigger 

conformational changes in charged receptors within or near the Debye length, or otherwise 

affect surface potentials (5).

We overcame both of these obstacles by combining highly sensitive FETs with a specific 

type of oligonucleotide stem-loop receptor selected for adaptive target recognition (Fig. 1A). 

We fabricated nanometer-thin In2O3 FETs (Fig. 1B) using methods that facilitate micro- and 

nanoscale patterning and are readily scalable for producing large numbers of devices (2, 6). 

Sensing with FETs is inherently nonlinear (5), which enables target detection over larger and 

lower concentration ranges compared to equilibrium-based sensors (7). Although aptamers 

have been used as receptors for FET devices (2, 8), it proved critical to combine ligand-

induced stem-loop conformational rearrangements and close proximity to the surfaces of 

quasi-two-dimensional FETs. Changes in conformation of negatively charged 

phosphodiester backbones enabled signal transduction and amplification under biologically 

relevant conditions with low-charge and neutral targets.

Solution-phase selection of aptamers circumvented tethering small-molecule targets and was 

based on stem-loop closing with appropriate counterselection against interferents (Fig. 1C) 

(9, 10). This approach yielded aptamers characterized by adaptive-loop binding. Strategies 

and details of the selections and counterselections are given in the supplementary material 

(tables S2,S3, fig. S1). We isolated original receptors for dopamine, serotonin, glucose, and 

sphingosine-1-phosphate (S1P) (Fig. 1, D to G, table S4). Dopamine was targeted because 

we had constructed FET devices using a previously reported dopamine aptamer (11) but 

these required dilute ion concentrations for sensing (2). Serotonin was pursued as another 

important neurotransmitter target (12) having no reported aptamer sequences. Ultimately, we 

aim to distinguish serotonin from dopamine and other similarly structured molecules in 

measurements of interneuronal signaling (13–15). Glucose was selected as an example of an 

important neutral target. Aptamers interacting directly with glucose have not been reported 

(although cf. aptamers for glucose sensors) (10). The lipid S1P (critical micellar 

concentration <10 μM), which prevents chemotherapy-associated apoptosis (16), was chosen 

as an example of a zwitterionic target.
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Fluorescence assays were used to characterize aptamer-target dissociation constants (Kd) 

(fig. S2A). Selection led to high-affinity aptamers for dopamine (150 nM) and serotonin (30 

nM) (fig. S2, B and C). Counterselection eliminated interactions with other 

neurotransmitters and metabolites (Fig. 1, H and I) critical for sensing in the presence of 

high concentrations of similarly structured countertargets in vivo. Notably, our dopamine 

aptamer did not recognize norepinephrine, in contrast to cross-reactivity of a previously 

reported dopamine aptamer (2, 11). Poor selectivity has also been problematic for fast-scan 

cyclic voltammetry, the most common method for sensing dopamine (13, 17). The affinity of 

the glucose aptamer (~10 mM) (fig. S2D) and selectivity with respect to analogs (Fig. 1J, 

fig. S3) were consistent with the receptor recognizing hydrophobic surfaces of glucose (18). 

The affinity of the S1P aptamer was 180 nM (Fig. 1K, fig. S2E), which was not as high as a 

reported spiegelmer (4 nM) (19).

We covalently modified thin-film In2O3 FETs with dopamine or serotonin aptamers using 

silane chemistry (fig. S4) to investigate electronic small-molecule detection (Fig. 1A). 

Despite subnanometer Debye screening lengths, aptamer-FETs responded to wide ranges of 

target concentrations (10−14 to 10−9 M) in undiluted, i.e., physiological, phosphate-buffered 

saline (PBS) (Fig. 2A, fig. S5A) or artificial cerebrospinal fluid (aCSF) (Fig. 2, B and C) 

with response times on the order of seconds (fig. S6). Scrambled aptamer sequences (table 

S5) produced negligible responses (Fig. 2, A and C, fig. S5A), as did FETs lacking aptamers 

(fig. S5, B and C). Even at physiological ion concentrations and hence, substantially reduced 

Debye lengths, FET responses for our dopamine aptamer were more than three orders of 

magnitude greater than those of the previously reported dopamine aptamer (11) in PBS 

diluted tenfold (Fig. 2A) due to designed positioning of recognition regions capable of 

adaptive conformational changes in the new aptamer.

Dopamine-aptamer-FETs were selective for dopamine vs. serotonin, norepinephrine, 

tyramine, and dopamine metabolites (Fig. 2D, fig. S6A). Serotonin-aptamer-FETs were 

selective for serotonin vs. dopamine, norepinephrine, histamine, other biogenic amines, and 

indole metabolites (Fig. 2E, fig. S6B). Aptamer-FET selectivity was further investigated 

with surface-enhanced Raman spectroscopy (SERS; fig. S7, A and B). Raman signatures 

were enhanced only in close proximity to metal surfaces because of the short range of 

evanescent fields, with the strongest enhancement within ~1 nm of surfaces (similar to the 

physiological Debye length) (20). After dopamine or serotonin were introduced, SERS 

spectra exhibited complex pattern changes that were not evident with nontarget compounds 

(fig. S7, C and D).

To evaluate sensing in an undiluted biological matrix, serotonin was added to brain tissue 

from mice lacking neuronal serotonin, i.e., Tph2 null mice (Fig. 2F) (21). Electronic FET 

responses differentiated physiologically relevant serotonin concentrations (10 pM to 100 

nM) (14). Sensor responses to dopamine or the serotonin metabolite, 5-hydroxyindoleacetic 

acid in tissue were negligible (fig. S8A). The high sensitivity of aptamer-FETs offsets losses 

often encountered in biological environments and sensitivity for modest changes in target 

concentrations was observed despite large sensing ranges. Concentration sensitivity ranges 

could be “tuned” by altering the numbers of serotonin aptamers on FET surfaces (Fig. 2F). 

Sensor performance in tissue was reproducible when repeated 12 hours later (fig. S8B). 
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Moreover, continuous exposure of serotonin-aptamer FETs to brain tissue for 1 to 4 hours 

produced stable concentration-dependent conductance responses and was another indication 

of sensor stability (Fig. 2G).

Aptamer-FET responses to the zwitterionic lipid S1P were recorded at concentrations 

ranging from 10 pM to 100 nM. A nontarget lipid (1-myristoyl-2-hydroxy-sn-glycero-3-

phosphoethanolamine) bearing similar epitopes (Fig. 2H) exhibited negligible responses, as 

did a scrambled S1P sequence (table S5). Glucose-aptamer-FETs exhibited concentration-

dependent responses to glucose (10 pM to 10 nM). The FET responses to other 

monosaccharides, e.g., galactose and fructose, were minimal, as were responses when a 

scrambled glucose sequence was used (Fig. 2I; table S5). Experiments with SERS 

corroborated target-specific recognition in close proximity to substrates for S1P and glucose 

aptamers (fig. S7, E and F).

We detected glucose in whole blood diluted with Ringer’s buffer (10 μM to 1 mM; Fig. 2J). 

We also measured glucose levels in diluted serum from mice lacking serotonin transporter 

expression characterized by hyperglycemia (22). Elevations in serum glucose in basal and 

glucose-challenged states were observed using glucose-aptamer-FETs (Fig. 2K); glucose 

concentrations were similar to those determined in whole blood using a glucometer (fig. S9). 

These findings demonstrated the feasibility of aptamer-FET sensing in diluted yet full ionic 

strength blood/serum and the ability to differentiate modest yet physiologically relevant 

differences in neutral target concentrations.

Aptamer-FET sensing enabled observations suggestive of mechanism. In addition to FET 

responses at subthreshold-regime gate voltages (Fig. 2), we examined characteristics of FET 

transfer curves, i.e., source-drain currents (IDS) vs. source-gate voltage sweeps (VGS). 

Transfer curves for increasing target concentrations diverged for dopamine- and glucose-

aptamer-FETs vs. serotonin- and S1P-aptamer-FETs (Fig. 3, A to D). Dopamine and 

serotonin each have one positive charge at physiological pH. Transfer curve divergence for 

these molecules enables us to conclude that signal transduction mechanisms based 

exclusively on target charge, as has been proposed (23), are incorrect and preclude detecting 

neutral targets. The divergence of I-V curves also suggests different conformational changes 

upon target binding. For dopamine and glucose, transfer curves were consistent with 

aptamer reorientations occurring such that substantial portions of the negatively charged 

backbones moved closer to n-type semiconductor channels, increasing electrostatic repulsion 

of charge carriers (band bending) and decreasing transconductance, measured as target-

related current responses (Fig. 3E). In contrast, we hypothesized that serotonin and S1P 

aptamers moved predominantly away from channel surfaces upon target capture increasing 

transconductance (Fig. 3F).

We used circular dichroism (CD) spectroscopy to gain additional insight (24, 25). For 

dopamine and serotonin, large changes in CD peak positions and relative intensities 

indicated shifts away from predominant duplex signals (maxima at ~280 nm) and formation 

of new target-induced structural motifs. A parallel (or mixed) G-quadruplex (maximum 

shifted to 260 nm) (26) was indicated for dopamine- (Fig. 4A) and an antiparallel G-

quadruplex (maximum shifted to 290 nm) for serotonin-aptamer complexes (Fig. 4B). As 
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with fluorescence, FET, and SERS data, CD indicated selectivity of dopamine and serotonin 

aptamers for their targets vs. similarly structured countertargets (fig. S10, A and B). 

Although fluorescence, FET, and SERS findings specified target recognition for glucose and 

S1P aptamers, changes in CD spectra were not observed for these aptamers (fig. S10, C and 

D). Thus, for glucose and S1P aptamers, all major DNA domains, i.e., G-quartets, helices, 

and single-stranded regions, were formed prior to target binding and adaptive binding 

occurred through spatial rearrangement of existing secondary structures and companion ions 

(27).

We used Förster resonance energy transfer (FRET) to investigate changes in aptamer 

backbone distances during target-induced conformational changes. We identified FRET 

sensors for serotonin and glucose aptamers (table S6). For serotonin, the decrease in FRET 

(Fig. 4C, fig. S11A) was consistent with a substantial fraction of the longest loop in the G-

quadruplex moving away from the semiconductor surface, and hence, with the upward shifts 

in FET transfer curves (Fig. 3B). For glucose, FRET results (Fig. 4D, fig. S11B) supported 

movement of the second stem in the aptamer toward the semiconductor surface, consistent 

with downward shifts in FET transfer curves (Fig. 3C). For the glucose aptamer, we 

increased the stem lengths for attachment to FET surfaces (Fig. 4C). Conductance responses 

decreased with additional base pairs (Fig. 4D), suggesting that recognition occurred further 

away from FETs as the attachment stems became longer. This strategy might be used to tune 

sensitivity ranges of sensor array elements thereby extending the ranges of arrays.

Together, all mechanistic findings are consistent with small-molecule-FETs enabling sensing 

under physiological conditions (Fig. 3, E and F) and without added aptamer labeling or 

surface chemistries (cf. ref. (28)). Importantly, because of the aptamer selection strategy, 

target-specific aptamer reorientations occur in close proximity to semiconductor surfaces, 

and in some cases, even in the absence of formation of new secondary structural motifs. 

General aptamer reorientation can be inferred from FET gate-voltage sweeps with additional 

FET mechanisms possibly contributing for specific sensors, e.g. band bending, and 

permittivity and mobility changes. Unlike large protein receptors (e.g., antibodies), highly 

selective, chemically synthesized, compact nucleic acid receptors identified through in vitro 

selection are amenable to affinity tuning (29, 30) and targeting of a wide variety of small 

(and large) molecules for electronic sensing (23).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Isolation of stem-loop aptamer receptors.

(A) Schematic of field-effect transistor surface chemistry. (B) Layer-by-layer composition of 

FETs, FET microscope image, and photograph of experimental setup. (C) Oligonucleotide 

libraries (Nm, with random regions m from 30 to 36 nucleotides, flanked by constant regions 

and oligonucleotide primer regions for PCR amplification) were attached to agarose-

streptavidin columns via biotinylated (B) complementary sequences. Exposure to targets 

(red sphere) causes elution of aptamers in which stems are stabilized. These sequences are 

preferentially amplified. Exposure to countertargets (alternate shapes) eliminates cross-

reactive sequences. Aptamers for (D) dopamine (Kd=150 nM), (E) serotonin (Kd=30 nM), 

(F) glucose (Kd=10 mM), and (G) S1P (Kd=190 nM) were isolated. Solution-phase SELEX 

selected for aptamers that were directly converted to sensors. The complementary 
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oligonucleotide was labeled with a quencher instead of biotin, while the aptamer was labeled 

with a fluorophore, leading to adaptive binding sensors with responses shown in (H to K). 

Fluorescence responses indicate selectivities of dopamine, serotonin, and glucose aptamers 

in the presence of specific vs. nonspecific targets. Fluorescence-concentration curves were 

the result of N=3 measurements with SEMs too small to be visualized in the graphs shown.
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Fig. 2. Electronic small-molecule detection using aptamer-functionalized field-effect transistor 
(FET) sensors

(A) Responses of FET sensors functionalized with the new dopamine aptamer (Kd=150 nM, 

full strength phosphate-buffered saline (1X PBS)) or its scrambled sequence, compared to 

FET responses with a previously reported dopamine aptamer (Kd=1 μM, 0.1X PBS) (2). (B) 

New dopamine aptamer and scrambled aptamer-FET responses to dopamine in artificial 

cerebrospinal fluid (1X aCSF). (C) For serotonin-aptamer-FETs, serotonin in 1X aCSF led 

to concentration-dependent responses, while scrambled serotonin sequences showed 

negligible responses. (D) New dopamine-aptamer-FET responses to 100 μM norepinephrine, 

serotonin, L-3,4-dihydroxyphenylalanine (L-DOPA), and 3,4-dihydroxyphenylacetic acid 

(DOPAC) were negligible compared to dopamine (10 nM). (E) Serotonin-aptamer-FET 

responses to 100 μM dopamine, norepinephrine, 5-hydroxytryptophan (L-5-HTP), or 5-
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hydroxyindoleacetic acid (5-HIAA) were negligible compared to serotonin (10 nM). (F) 

Serotonin aptamer-FET sensitivities were shifted by altering ratios of amine-:methyl-

terminated silanes for surface tethering. (G) Serotonin-aptamer-FETs after 1–4 h incubation 

in serotonin-free brain tissue followed by addition of serotonin exhibited reproducible 

responses with differentiable physiological concentrations. (H) Sphingosine-1-phosphate 

(S1P) aptamer-FETs showed concentration-dependent responses to S1P but not a 

phospholipid with similar epitopes or a scrambled sequence in 1x HEPES. (I) Glucose 

sensing in 1X Ringer’s buffer. Responses of glucose-aptamer-FETs were minimal or 

negligible for galactose, fructose, and a scrambled sequence. (J) Glucose aptamer-FET 

responses in mouse whole blood diluted in Ringer’s to construct a concentration curve. The 

red circle represents response in undiluted whole blood. (K) Glucose aptamer-FETs enabled 

differentiation of hyperglycemia in serotonin transporter deficient (KO) mice vs. wildtype 

(WT) mice by measuring glucose levels in diluted serum under basal and glucose challenged 

conditions. All calibrated responses were at gate voltage VG = 100 mV. Error bars are +/− 

SEM with N = 6 (A–C, H, I) or N = 3 samples per group (D–G, J, K).

*** P < 0.001 vs. countertargets;

** P < 0.01 KO vs. WT.
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Fig. 3. Aptamer-functionalized field-effect transistor (FET) mechanisms.

(A) Exposure of dopamine-aptamer-FETs to dopamine (artificial cerebrospinal fluid; 1x 

aCSF)) led to concentration-dependent reductions in source-drain currents. (B) For 

serotonin-aptamer-FETs, increasing concentrations of serotonin (1x aCSF) produced 

increases in source-drain currents. (C) Exposure of glucose aptamer-FETs to glucose (1x 

Ringer’s) led to reductions in source-drain currents. (D) The S1P aptamer-FET transfer 

curves (1x HEPES) increased in response to target concentrations. Transfer curves shown 

are representative of N=6 individual measurements. (E,F) Hypothesized mechanism of 

stem-loop aptamer target-induced reorientations in close proximity to semiconductor 

channels and within or near the Debye length. In (E), aptamers reorient closer to FETs to 

deplete channels electrostatically (e.g., dopamine, glucose). In (F), aptamer stem-loops 

Nakatsuka et al. Page 13

Science. Author manuscript; available in PMC 2019 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reorient away from semiconductor channels increasing transconductance (e.g., serotonin, 

S1P). Schematics are idealized and do not reflect individual aptamer secondary structural 

motifs.
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Fig. 4. Changes in aptamer secondary structures upon adaptive binding to small-molecule 
targets.

(A) Circular dichroism spectroscopy of the dopamine aptamer upon target capture showed 

significant shifts indicating formation of a compact parallel G-quadruplex (1x aCSF). (B) By 

contrast, the serotonin aptamer showed a shift in peak positions indicating formation of an 

antiparallel G-quadruplex. Förster resonance energy transfer (FRET) between donor-, 

fluorescein (F), excited at 470 nm, and acceptor-, 5-carboxytetramethylrhodamine (T), 

labeled aptamers was monitored before and after target incubation. (C) For serotonin 

aptamers, donor fluorescence increased while acceptor emission decreased upon serotonin 

incubation suggesting that fluorophores move further away from each other upon target 

exposure. (D) Conversely, for glucose aptamers, the emission spectra for the acceptor 

increased while donor fluorescence decreased upon glucose exposure indicative of acceptor 
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moving closer to donor enabling increased energy transfer. Stem-loop movement directions 

indicated by FRET for glucose vs. serotonin aptamers are consistent with their divergent 

FET transfer curve directions in Figure 3. (E) For glucose-aptamer-FETs with rigid double-

stranded attachment stems (left), increasing distances from semiconductor surfaces by 

increasing the stem lengths (stem variants; right) resulted in (F) length-associated decreases 

in FET calibrated responses (1x Ringer’s solution). Spectra shown in A–D are representative 

of N=2 samples per condition; error bars in F are +/− SEMs with N=3 samples per group.
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