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Abstract

Electrochemical aptamer-based (EAB) sensors, a minimally invasive means of performing high-

frequency, real-time measurement of drugs and biomarkers in situ in the body, have traditionally 

been fabricated by depositing their target-recognizing aptamer onto an interrogating gold electrode 

using a “sequential” two-step method involving deposition of the thiol-modified oligonucleotide 

(typically for 1 h) followed by incubation in mercaptohexanol solution (typically overnight) to 

complete the formation of a stable, self-assembled monolayer. Here we use EAB sensors targeting 

vancomycin, tryptophan, and phenylalanine to show that “codeposition”, a less commonly 

employed EAB fabrication method in which the thiol-modified aptamer and the mercaptohexanol 

diluent are deposited on the electrode simultaneously and for as little as 1 h, improves the signal 
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gain (relative change in signal upon the addition of high concentrations of the target) of the 

vancomycin and tryptophan sensors without significantly reducing their stability. In contrast, the 

gain of the phenylalanine sensor is effectively identical irrespective of the fabrication approach 

employed. This sensor, however, appears to employ binding-induced displacement of the redox 

reporter rather than binding-induced folding as its signal transduction mechanism, suggesting in 

turn a mechanism for the improvement observed for the other two sensors. Codeposition thus not 

only provides a more convenient means of fabricating EAB sensors but also can improve their 

performance.

Graphical Abstract

INTRODUCTION

Electrochemical aptamer-based (EAB) sensors support the high-frequency, real-time 

measurement of specific molecules irrespective of their chemical or enzymatic reactivity, 

rendering the approach general. EAB sensors are also selective enough that they can perform 

such measurements even when challenged in complex sample matrices, such as undiluted 

saliva,1 foodstuffs,2 urine,3 serum,4 and whole blood.5 Indeed, the approach even supports 

real-time, high-temporal-resolution molecular monitoring in situ in the living body,6–12 an 

ability that, in turn, supports closed-loop, feedback controlled drug delivery.6,10,13

EAB sensors comprise a redox-reporter-modified, electrode-bound aptamer that undergoes 

a conformational change upon target binding (Figure 1). This, in turn, changes the rate of 

electron transfer to the electrode, generating an electrochemical signal directly reflecting 

the target concentration (Figure 1). A critical step in the fabrication of EAB sensors 

is attachment of the target-recognizing aptamer to the interrogating electrode, which is 

achieved using a thiol-on-gold self-assembled monolayer (SAM). Historically, this has 

been performed by sequentially soaking the gold surface in a solution of a thiol-modified 

aptamer followed by a second incubation in dilute mercaptohexanol (MCH), which serves 

to “backfill” the space between aptamers to form a continuous monolayer (Figure 1). Since 

it was first reported for the fabrication of DNA-modified SAMS,14–16 this “sequential” 

method has dominated prior reports of EAB sensor fabrication, which typically employed 

MCH deposition times ranging from a few hours to overnight.4,6,11,17–19 In contrast to 

this sequential method, however, there have also been reports in which other, similarly 

DNA-decorated gold surfaces (e.g., refs 20–24) and, more recently, even EAB sensors25,26 

have been fabricated via a “codeposition” method that employs single-step incubation in 
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a mixture of MCH and thiol-modified aptamer (Figure 1). To date, however, we have not 

seen any comparison of the performance of EAB sensors fabricated using these two distinct 

approaches. Performing such a comparison here, we find that, in addition to being somewhat 

more convenient, codeposition can also improve EAB sensor performance.

RESULTS AND DISCUSSION

Here we compare the performance of EAB sensors fabricated using either the more 

commonly employed “sequential deposition,” in which incubation in aptamer is followed 

by incubation in an MCH solution, or “codeposition,” in which the electrode is incubated 

in a mixture of aptamer and MCH. Of note, although overnight incubation in MCH is 

commonly employed in the sequential deposition fabrication of EAB sensors,4,6,13,18 some 

authors have used shorter periods.17,19 We find, however, that longer incubation in MCH 

leads to improved performance for sensors fabricated using the sequential deposition method 

(Figure S1). Given this, we used overnight MCH incubation as the sequential deposition 

“standard” against which we performed our comparisons.

Codeposition improves the signal gain of some EAB sensors. To see this, we first employed 

an established vancomycin-detecting sensor.6 When fabricated using the sequential method 

(500 nM aptamer for 1 h followed by 10 mM MCH overnight), the signal gain of these 

sensors is 91 ± 1% (Figure 2A; reported confidence intervals reflect the standard deviation 

across multiple, independently fabricated devices). In contrast, when we fabricated sensors 

via codeposition in a single solution containing the thiol-modified aptamer at 500 nM 

and MCH at 10 μM, the gain rises to 121 ± 4% (Figure 2A). The improvement in gain, 

however, depends on the concentration of MCH employed and falls significantly at both 

lower and higher MCH concentrations (Figure 2A). Building on these results, we find 

similarly improved gain when we use codeposition to fabricate a tryptophan-detecting 

sensor,27 with the highest gain seen at 10 μM MCH and lower gain at concentrations above 

or below this (Figure 2B). For a phenylalanine-detecting sensor,28 in contrast, the highest 

gain we obtained via codeposition only equaled, rather than surpassed, that produced by the 

sequential method (Figure 2C).

The poorer gain seen at lower and higher MCH concentrations appears to arise as a result 

of poor monolayer formation and small peak currents under the former and latter conditions, 

respectively. Specifically, we observe upward sloping baselines at negative potentials for 

sensors fabricated using codeposition at 1 μM MCH (Figure 2D–F), an effect that is 

indicative of oxygen reduction occurring because of a poorly formed monolayer.29 Besides, 

faradaic processes, such as nonspecific adsorption of the DNA probes on gold surface and 

hydrogen reduction, may also attribute to the low signal gain at lower MCH concentration.30 

Sensors fabricated by using codeposition at high MCH concentrations, in contrast, produce 

only weak methylene blue peaks (Figure 2D–F). This presumably occurs because too few 

aptamers are immobilized on the electrode under these conditions. Consistent with the latter 

argument, when we determined the packing density (number of aptamers per unit area) for 

all three sensors, we found that the packing density falls by about 2 orders of magnitude as 

the MCH concentration rises from 10 μM to 1 mM (Figure S2).
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The gain of sensors fabricated via codeposition is a weaker function of aptamer 

concentration than of the MCH concentration. Specifically, when we hold the MCH 

concentration fixed at 10 μM, the titration curves of the resulting sensors are effectively 

unchanged using aptamer deposition concentrations varying from 100 nM to 1 μM (Figure 

3A–C), and all of the resulting sensors exhibit reasonable peak currents when interrogated 

using square wave voltammetry (Figure S3). Likewise, the packing densities for all such 

sensors are, at around 10−13 mol/cm2, closely comparable (Figure S4). We note, however, 

that because of low methylene blue peak currents at lower aptamer concentrations and 

the prohibitive cost of employing higher aptamer concentrations, the range of DNA 

concentrations that can be employed in EAB sensor fabrication is much smaller than the 

range of MCH concentrations we explored in the prior paragraph.

A number of previous reports have emphasized the need to optimize the aptamer/MCH ratio 

used in sensor fabrication.22,23,31 Perhaps not surprisingly, however, this result does not hold 

at arbitrarily low concentrations of the two. Specifically, when we characterized sensors 

prepared via codeposition at a fixed 1:20 aptamer/MCH ratio and aptamer concentrations 

ranging from 2 μM aptamer down to 2 nM, we find that, consistent with prior claims, sensor 

performance does not vary significantly over the range of concentrations that still ensure 

measurable sensor performance. That is, at aptamer and MCH concentrations below 200 nM 

and 4 μM MCH, respectively, the methylene blue peak is lost, suggesting that little DNA 

has adsorbed to the electrode, and the baselines slope strongly upward, suggesting a poorly 

formed monolayer (Figure S5A).

Previously, Xiao and co-workers have shown that EAB sensor gain can be increased by 

performing aptamer deposition in the presence of its target.32 In keeping with this, when 

we employ sequential deposition, the signal gain of our vancomycin-detecting sensor 

improves from the 96.6 ± 0.2% in the absence of a target to 102.6 ± 1.4% with target-

assisted sequential deposition (Figure 4A). Moreover, this improvement is additive with the 

improvements associated with codeposition. That is, the gain of our vancomycin-detecting 

sensor rises from 118.3 ± 2.1% for codeposition in the absence of a target to 146.7 ± 

0.6% when we perform codeposition at 1 mM target. The gain of our tryptophan-detecting 

sensor is enhanced still more significantly, rising from 210.0 ± 4.8% for codeposition in the 

absence of a target to 368.2 ± 8.0% (Figure 4B). In contrast, however, either alone or in 

combination, codeposition and target-assisted deposition did not significantly improve the 

gain of the phenylalanine-detecting sensor (Figure 4C).

We suspect that the lack of improvement seen for the phenylalanine sensor with either 

codeposition or target-assisted deposition occurs because, in contrast to the aptamers 

employed in our other two sensors, the phenylalanine aptamer remains folded in the absence 

of a target. For example, whereas both the vancomycin and tryptophan aptamers exhibit 

significant changes in their circular dichroism spectrum upon target binding, suggesting 

that they undergo binding-induced folding, the phenylalanine aptamer does not (Figure 

5). Upon addition of the denaturant urea, the ellipticity of the phenylalanine aptamer 

also falls much more significantly than that of the other aptamers (Figure S6), again 

suggesting that, unlike the other aptamers we have employed, it is folded in the absence 

of a target. Presumably, this means that the binding-induced signal change associated 
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with the phenylalanine sensor is likely generated by target-induced displacement of the 

redox reporter from the target binding pocket.33 That this aptamer is always folded may 

account for the inability of codeposition and target-assisted deposition to improve its gain. 

Specifically, unfolded aptamers expose their nucleobases, which are then free to bind the 

surface of our gold electrodes nonspecifically.34 Such nonspecific adsorption would produce 

a background of methylene blue peak current that does not respond to the target, reducing 

gain. Codeposition and target-assisted deposition may reduce this by limiting opportunities 

for the solvent-exposed bases in unfolded molecules to interact with the gold, in the latter 

case by reducing the concentration of unfolded molecules.

The stability of sensors fabricated via codeposition matches that seen for sensors fabricated 

via sequential deposition. To see this, we exposed sensors to 37 °C whole blood, conditions 

we employ to mimic in vivo sensor placements.35 Under these conditions, the signals from 

all three sensors rapidly fall at all square-wave frequencies (Figure S7). To correct this 

drift, we typically interrogate in vivo EAB sensors at a pair of square-wave frequencies 

that drift in concert, and use these to perform kinetic differential measurements, a drift 

correction approach.12 For our vancomycin- and tryptophan-detecting sensors, we find that 

the accuracy of this drift correction (in 37 °C whole blood in vitro) is effectively identical 

for devices fabricated using either codeposition or sequential deposition (Figure S8A,B). 

For our phenylalanine-detecting sensor, however, we find that devices fabricated using 

codeposition exhibit a slightly higher residual drift after KDM correction (Figure S8C).

The performance of sensors fabricated by using codeposition is largely independent of 

deposition time. Specifically, the gain and binding midpoints of sensors fabricated using 

a 1 h deposition time are indistinguishable from those of sensors fabricated using longer 

deposition times (Figure 6A–C). The drift seen in undiluted 37 °C whole blood is similarly 

independent of the deposition time (Figure 6D–F). Such single-step, 1 h deposition is 

faster and more convenient than the overnight incubations we have generally employed 

for sequential deposition. And, as we note above, although sequential deposition can be 

performed more rapidly, this harms sensor performance (Figure S1).

CONCLUSIONS

Codeposition improves the gain of some EAB sensors and, when combined with target-

assisted deposition, generates some of the highest gain sensors we have achieved to date. 

Circular dichroism studies suggest that the aptamers that codeposition improves are those 

that employ binding-induced folding as their signal transduction mechanism; the approach 

has little impact on the performance of our phenylalanine sensor, which appears to instead 

employ binding-induced displacement of the redox reporter as its signal transduction 

mechanism. For all aptamers, codeposition is more rapid, being a single-step deposition 

process that requires only 1 h, a time scale far faster than the overnight incubations required 

to achieve the best performance by using sequential deposition. In short, codeposition 

is a more convenient means of fabricating EAB sensors that achieves better or at least 

comparable performance to the more commonly employed sequential deposition method.
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METHODS AND MATERIALS

Materials.

Phosphate-buffered saline (PBS) and salts were obtained from Santa Cruz Biotechnology 

(Dallas, TX), cow blood was from Hemostat Laboratory (Dixon, CA), phenylalanine was 

from Sigma-Aldrich (Saint Louis, MO), and vancomycin and tryptophan were from Thermal 

Fisher Scientific (Waltham, MA). Gold wires (75 μm diameter, 64 μm insulation thickness) 

were purchased from A-M Systems (Sequim, WA), and PTFE tubing (HS Sub-Lite-Wall, 

0.02 in., black opaque) was from Zeus (Branchburg Township, CA). The 60/40 lead–

selenium solder was purchased from Digikey (Thief River Falls, MN). Platinum counter 

electrodes, Ag/AgCl (3 M KCl) reference electrodes, and gold-plated pin connectors were 

obtained from CH Instruments (Austin, TX). The PBS used in our experiments contains 2 

mM MgCl2 to mimic the concentration of this divalent cation found in blood.

We obtained the relevant thiol- and methylene-blue-modified aptamers and corresponding 

oligonucleotides from IDT (Newark, NJ) and used these as received. We employed three 

aptamer sequences (Table 1), each with the following structure:

5′ − HO − CH2 6 − S − S − CH2 6 − O − PO2O
−aptamer sequence − O − CH2 − CH CH2OH − NH
−C(O) − CH2 2 − MB − 3′

Electrode Preparation.

We fabricated the EAB sensor electrodes as follows. Briefly, we cut 4.5 cm segments of 

gold wire, soldered one of its ends to a gold-plated pin connector with 60/40 lead–selenium 

solder, and insulated the gold wire with heat-shrinkable PTFE tubing, leaving approximately 

3 mm wire exposed as the working electrode. We then cleaned the gold surface using 

established protocols.16,36 In these, we first exposed the bare gold wire to 0.5 M NaOH and 

performed electrochemical cleaning (using external reference and counter electrodes and a 

CHI 1040C Electrochemical Workstation from CH Instruments, Austin, TX) by cycling the 

potential 300 times between −1 and −1.6 V (all potentials vs Ag/AgCl) at 1 V/s to remove 

any residual contaminants on the electrode surface. Following this, we rinsed the electrode 

and performed pulsing between 0 and 2 V for 16,000 cycles with a pulse length of 0.02 

s in 0.5 M H2SO4 to increase the microscopic surface area of the electrodes.16 We then 

immersed the electrodes in 0.5 M H2SO4 and cycled the potential two times between 1.50 

and −0.35 V at 100 mV/s. Finally, we rinsed the freshly cleaned electrodes with a deionized 

water.

Deposition Procedures.

We prepared a 1-mercaptohexanol (MCH) solution and reduced DNA solution for sequential 

deposition or mixed solution of MCH and reduced DNA for codeposition. The manufacturer 

provides the DNA constructs in a disulfide form, which we reduced before deposition by 

combining 6 μL of 10 mM Tris(2-carboxyethyl)phosphine (TCEP) per microliter of the 

DNA-aptamer at 100 μM and incubating for 1 h in the dark at room temperature. We 

prepared 10 mM MCH by dissolving 4.05 μL of pure MCH in 3 mL of PBS and then diluted 
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this with PBS to the desired final concentration. For our studies of MCH concentration 

dependence, we combined the appropriate concentration MCH solution with 3.5 μL of 

reduced DNA solution and 86.5 μL of PBS to obtain 100 μL of solution of 500 μM DNA 

with the appropriate concentration of MCH. For our studies of the DNA concentration 

dependence, we combined 10 μL of 100 μM MCH with 7, 3.5, 1.4, or 0.7 μL reduced 

DNA solution and then diluted them to 100 μL in PBS. For sequential deposition, we 

prepared sensors by immersing clean electrodes in 200 nM reduced DNA solution for 1 h 

and then in 10 mM MCH solution overnight or for several hours as stated in the caption. 

For codeposition, we prepared sensors by immersing clean electrodes in the appropriate 

DNA/MCH solution either overnight or for shorter periods as indicated. We rinsed all of the 

sensors with deionized water prior to measurements.

Measurement and Data Processing.

We interrogated all EAB sensors using square-wave voltammetry (SWV) on a CHI 1040C 

Electrochemical Workstation over the potential range −0.20 to −0.45 V (all potentials 

relative to Ag/AgCl) and an amplitude of 25 mV. We used a standard three-electrode set 

up employing a platinum counter electrode and a Ag/AgCl (3 M KCl) reference electrode.37

For the experiments we conducted in PBS, we performed measurements at 37 °C and 

after at least 3 min equilibration to ensure that the proper temperature had been achieved. 

To produce binding curves (Figures 2A–C, 3A–C, 4A–C, and 6A–C), we extracted the 

voltametric peak current at each target concentration. We converted these into “normalized 

signal changes” by determining the percentage difference between the peak current seen at a 

given target concentration and the corresponding peak height measured in a PBS blank:

Normalized signal( % ) = Itarget − Iblank
Iblank

× 100%

(1)

Kinetic differential measurements (KDMs) were calculated by taking the difference between 

the normalized signal seen at the lower frequency and that seen at the higher frequency:

KDM(%) = normalizedsignalfrequency − normalizedsignallow frequency

1 + normalizedsignalhigh frequency + normalizedsignallow frequency
2

× 100%

(2)

For phenylalanine, the frequencies we employed were 25 and 300 Hz; for tryptophan, they 

were 15 and 200 Hz; and for vancomycin, they were 20 and 200 Hz. For vancomycin 

constructs, we fit these data sets to the Langmuir isotherm to determine their signal gain 

(ΔS):

S(T ) = [T ]ΔS
[T ] + KD

(3)
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where S(T) is the EAB sensor KDM signal seen in the presence of different concentrations 

of target, [T] is the target concentration, and KD is its dissociation constant. For 

phenylalanine constructs, the titration curve does not reach saturation upper baseline because 

of the phenylalanine solubility limit. Thus, it cannot be properly fitted with this model, and 

we used the signal gain of phenylalanine-detecting sensor at 20 mM as the overall signal 

gain (ΔS).

Because the tryptophan aptamer nonequivalently binds two copies of its target,27 we fit its 

binding data to the sum of two Langmuir isotherms:

S(T ) = [T ]ΔS1
[T ] + KD1

+ [T ]ΔS2
[T ] + KD2

(4)

where S(T) is the EAB sensor KDM signal seen in the presence of different concentrations 

of target, [T] is the target concentration, ΔS1 and ΔS2 are the changes in signal associated 

with the two binding events, and KD1 and KD2 are their dissociation constants. For this 

sensor, we defined the gain as the sum of the ΔS1 and ΔS2.

For experiments performed in undiluted bovine blood, we interrogated the sensors 

continuously at 37 °C by using a temperature-controlled water bath. Under these conditions, 

EAB sensors exhibit an initial exponential drift followed by a linear drift.35 We calculated 

the “normalized signal change” of each measurement by determining the percentage 

difference between the peak current seen at each measurement to the corresponding peak 

height measured at 90 min, which is during the linear drift phase.

Normalized signal(%) = Imeasurement − I90 min
I90 min

× 100%

(5)

We performed kinetic differential measurements (KDMs) between the normalized signal 

seen at 30 and 100 Hz (eq 2) and plotted the signal change over time.

For probe packing density measurements, chronocoulometric experiments were acquired 

using PBS rather than 0.5 mM RuHex in 10 mM Tris buffer. Electrodes were immersed 

in the respective solution for 10 min prior to the experiment. Two-step coulometry was 

performed stepping from 0 to −0.350 to 0 V with a pulse period of 250 ms. The probe 

densities were calculated by using a previously established method.

Circular Dichroism Spectroscopy.

We monitored the ureainduced unfolding and target-binding conformational change of the 

three aptamers as follows. We made solutions of 1 μM aptamer and the appropriate urea 

concentration in PBS at pH 7.4 and allowed them equilibrate for at least 3 min at 20 °C 

before then measuring their CD spectra on a J-1500 Circular Dichroism Spectrophotometer 

(Jasco Products Company, Oklahoma City, OK) using a 1 cm path length cuvette. We 
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then measured the CD signals of the three aptamers in the presence and absence of their 

target. For these experiments, we recorded the CD spectra of 1 μM aptamer solutions 

lacking the target; 1 μM aptamer solutions containing 40 μM target (phenylalanine), 50 

μM target (tryptophan), or 1 mM target (vancomycin); and solutions of the target at these 

same concentrations but lacking aptamer. As phenylalanine and vancomycin target-only 

solution produced large CD signals, we subtracted the CD signal of 1 μM aptamer solution 

containing target by that of only target solution to get the CD signal of aptamer bound with 

corresponding target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
EAB sensors have most often been fabricated using a “sequential deposition” in which 

a gold electrode is exposed to a solution of thiol-modified aptamer followed by an 

overnight “backfilling” incubation in dilute mercaptohexanol (MCH). Here we compare the 

advantages of this approach via a “codeposition” approach in which only a mixed solution 

of mercaptohexanol and a thiol-modified aptamer is employed. Although the latter has seen 

widespread use in the fabrication of DNA-modified monolayers, it has rarely been employed 

in the fabrication of sensors of this specific type.
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Figure 2. 
Codeposition often improves EAB sensor gain, which is the relative signal change from 

no target to high target concentrations. (Top row) Shown are binding curves for (A) 

vancomycin-, (B) tryptophan-, and (C) phenylalanine-detecting EAB sensors when the 

sensors are fabricated using sequential deposition (500 nM aptamer followed by 10 mM 

MCH) or codeposition (500 nM aptamer at the indicated MCH concentration). In each 

case, codeposition at 10 or 100 μM MCH gives rise to gain that matches or improves on 

the gain seen for sensors fabricated using sequential deposition. In contrast, at higher or 

lower MCH concentrations, the gains were obtained using codeposition fall. (D, E, F) The 

poorer gain seen at lower MCH concentrations is associated with voltammogram baselines 

that slant strongly upward, suggesting that oxygen reduction is occurring as a result of 

incomplete monolayer formation (illustrated in panel G). In contrast, the methylene blue 

peak is suppressed upon codeposition at higher MCH, presumably because fewer aptamers 

are immobilized under these conditions. Only at intermediate MCH concentrations are 

these problems avoided to create high-performance sensors. The data presented here were 

collected from sensors fabricated via overnight deposition for codeposition and 1 h aptamer 

deposition followed by overnight MCH deposition for sequential deposition.

Wu et al. Page 13

Langmuir. Author manuscript; available in PMC 2025 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A–C) The signaling properties of sensors fabricated via codeposition are only a weak 

function of the concentration of DNA employed during deposition. Here we employed 

overnight codeposition.
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Figure 4. 
Signal gains (e.g., where the fitted Langmuir isotherms hit the right side of these plots) 

of our (A) vancomycin- and (B) tryptophan-detecting EAB sensors increase when they 

are fabricated in the presence of their target. This effect occurs for both sequential and 

codeposition and is additive with the improvements obtained via codeposition. (C) In 

contrast, the gain of our phenylalanine-detecting sensor varies little across these fabrication 

methods. The data presented here reflect sensors fabricated using overnight deposition for 

both codeposition and sequential deposition (i.e., in the MCH backfill solution overnight). 

We used overnight sequential deposition as the performance of sensors fabricated using this 

longer deposition time is improved relative to sensors fabricated using shorter incubations 

(Figure S1).
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Figure 5. 
Circular dichroism spectra of the vancomycin-binding and tryptophan-binding aptamers 

change dramatically between their target-bound and unbound statues (A, B), suggesting 

that target binding induces a large conformation change. (C) In contrast, the phenylalanine-

binding aptamer shows no such change, suggesting that it remains folded even in the 

absence of a target.
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Figure 6. 
Signaling and drift properties of EAB sensors are independent of the duration of the 

codeposition (deposition times indicated). Indicated in each panel are the codeposition times 

we employed.
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Table 1.

Aptamer Sequences Used

composition (5′ → 3′)

vancomycin CGA GGG TAC CGC AAT AGT ACT TAT TGT TCG CCT ATT GTG GGT CGG

tryptophan CCG GTG GTG TAG TTC CGG CGT GGG GAA GG

phenylalanine CGA CCG CGT TTC TTC CCA AGA AAG CAA GTA TTG GTT GGT CG
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