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Abstract

Nucleic acid-based electrochemical sensors are a versatile technology enabling affinity-based 

detection of a great variety of molecular targets, regardless of inherent electrochemical activity 

or enzymatic reactivity. Additionally, their modular interface and ease of fabrication enable 

rapid prototyping and sensor development. However, the technology has inhibiting limitations in 

terms of long-term stability that have precluded translation into clinically valuable platforms like 

continuous molecular monitors. In this opinion, we discuss published methods to address various 

aspects of sensor stability, including thiol-based monolayers and anti-biofouling capabilities. We 

hope the highlighted works will motivate the field to develop innovative strategies for extending 

the long-term operational life of nucleic acid-based electrochemical sensors.
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Introduction

Since the development of the continuous glucose monitor, and its subsequent commercial 

success [1], electrochemical biosensors have gained widespread attention for their potential 

value in biomedical applications. While the glucose monitor achieves selectivity from 

a surface-immobilized enzyme, glucose oxidase [2], another class of electrochemical 

biosensors uses nucleic acids in place of enzymes. These nucleic acid-based electrochemical 

sensors (NBEs) rely on affinity of surface-bound oligonucleotides for a specific target 

molecule [3,4]. Upon target binding, signal is generated through a change in electron 

transfer kinetics of either a covalently-attached or solvated redox reporter [5]. Because 
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NBEs rely on affinity instead of target reactivity, they can be developed for many molecules 

of interest: from a complementary nucleic acid [4] to small molecule drugs [6], protein 

biomarkers [7], and even whole viruses [8] or cells [9]. Additionally, NBEs have achieved 

popularity due to their ease of fabrication and modular interface, which allow changing 

the sensing element (i.e., the nucleic acid sequence) without individually optimizing other 

interface components [10]. However, NBEs have limitations preventing their translation into 

clinically valuable platforms, such as wearable molecular monitors [11].

One such critical limitation of NBEs is their lack of monolayer stability over time [12]. 

Most often, NBEs leverage the chemistry of thiol on gold self-assembly to form mixed 

monolayers containing: a) thiol- and redox reporter-modified nucleic acids for target binding 

and signal generation; and b) short-chain alkylthiols for electrode surface passivation (Figure 

1a) [6]. Unfortunately, these chemistries desorb over time when exposed to environmental or 

experimental factors like, for example, dry air [13], high temperatures [14], voltage pulsing 

[15], and biological fluids [16]. This desorption process simultaneously removes sensing 

moieties and passivating thiols from the electrode surface, prohibiting their deployment for 

more than a few hours [17]. Despite this restriction, many NBE studies, especially those in 

the sub-field of electrochemical aptamer-based (E-AB) sensors, claim long-term, continuous 

sensing as a key application [18,19]. However, if affinity NBEs are to be translated for 

such a purpose, the issue of long-term monolayer stability must be addressed, including 

in buffered solutions and dry air for the extended shelf-life storage needed for successful 

commercialization.

A second critical limitation of the NBE sensor interface is that of fouling in biological fluids 

[12]. When NBEs are exposed to blood or serum, proteins from those fluids will deposit on 

the monolayer surface (Figure 1b) [20,21]. These proteins, or fouling layer, simultaneously 

restrict the conformational dynamics of electrode-attached nucleic acids and the electron 

transfer efficiency between the electrode and redox reporter. Fouling-induced hindering of 

conformational dynamics reduces the total signal gain possible from target binding, while 

worse electron transfer reduces overall signal output, regardless of target concentration 

[22,23]. Taken together, these effects limit the signaling lifetime of NBEs. For example, 

continuous in-vivo measurements using E-AB sensors have only been demonstrated for ~12 

h to date [18,19]. Thus, in addition to reducing monolayer desorption, NBE antifouling 

capabilities must also be enhanced [24].

Other remaining limitations for NBE stability relate to the attached redox reporter and 

electrochemical method employed for the interrogation of sensors. Specifically, only one 

reporter (methylene blue) is primarily deployed in NBEs [6,12,25]. In fact, methylene blue 

does reveal superior stability over dozens of other reporters when attached to an NBE 

interface [26]. However, its negative reduction potential overlaps with the reduction of 

molecular oxygen (which includes the formation of the highly reactive radical superoxide, 

Figure 1c), a reaction that likely accelerates the degradation of the underlying monolayer 

[12]. Additionally, because methylene blue undergoes a proton transfer during reduction, 

signaling with methylene blue is pH dependent [27]. Therefore, finding alternative redox 

reporters with a more positive reduction potential and insensitivity to sample pH remains 

of interest in the field. As for electrochemical interrogation, the most used method 
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is square-wave voltammetry (SWV). While SWV achieves high signal-to-noise electron 

transfer measurements [28], its square wave-based voltage pulsing can accelerate monolayer 

desorption [29,30], thereby limiting long-term stability. As such, a balance between 

maximizing signal versus maximizing lifetime should be considered.

The focus of this opinion is to critically evaluate published approaches that address the 

above issues of monolayer stability, fouling resistance, and stable continuous sensing. We 

specifically highlight works that focus on: a) thiol-based strategies to prolong monolayer 

stability; b) approaches to reduce NBE sensor biofouling; and c) insights into sensor signal 

loss driving factors. We hope this work will spotlight the need for innovative strategies to 

prolong NBE sensor lifetime, in addition to serving as a reference for researchers looking to 

tailor their sensor interface to a specific application.

Thiol-based strategies to prolong monolayer stability

Thiol-gold monolayers have been extensively studied and applied to a variety of 

technologies [31]. For NBEs specifically, the most deployed thiols are 6-mercapto-

hexanol for the passivation of the electrode [12], and an analogous six carbon thiol for 

immobilization of nucleic acids. However, these hydrophilic, monodentate thiols rapidly 

desorb from the electrode surface when removed from their highly concentrated deposition 

solutions [29,32–35]. We highlight here three approaches demonstrated to enhance the 

stability of thiol self-assembled monolayers: multi-dentate anchoring groups [36,37], 

crosslinking [38,39], and hydrophobic thiols [12,40]. While not fully overcoming the issue 

of thiol desorption, these methodologies address a fundamental limitation of NBEs. As such, 

their deployment extends both their shelf-life and operational stability for long-term sensing.

The first methodology for enhancing monolayer stability is to increase the number of 

attachment points to the electrode surface. Multidentate interactions are well-known to 

increase binding energy due to the chelate effect. Because of this knowledge, groups have 

formed monolayers from di- and trithiol anchoring groups with a variety of carbon chain 

lengths [41], number of carbon chains [36], and additional functionalities [37,42]. Such 

multidentate monolayers can enable prolonged shelf-life [43] and increased thermal stability 

[37]. In a specific example we highlight here, both flexible and rigid trithiols were used to 

immobilize DNA onto an electrode surface, then compared to the traditional monothiol 

in terms of sensor signaling, shelf-life, and stability under repeated electrochemical 

interrogation (Figure 2a) [37]. Sensors using DNA immobilized via flexible trithiols 

retained 94% of their original signal after 50 scans of alternating current voltammetry. In 

contrast, sensors using monothiols only retained ~75%. Of note, these sensors still utilized 

6-mercapto-hexanol as the passivating thiol. It is possible that use of multidentate anchoring 

groups for both nucleic acid immobilization AND electrode passivation could further extend 

monolayer stability and sensor lifetime.

As an additional method for creating multidentate sensor interfaces, some thiol moieties can 

be crosslinked after surface deposition. This idea was first demonstrated by Crooks et al., in 

which they used ultraviolet light to crosslink diacetylenic thiols and form monolayers with 

superior resistance to electrochemically induced desorption [38]. A more recent study from 
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Levicky et al. used 1,11-bis-maleimidotriethyleneglycol (BM(PEG)3) to crosslink a surface-

deposited layer of poly(mercaptopropyl)methylsiloxane (PMPMS) on the electrode surface 

(Figure 2b) [39]. Unreacted maleimide groups from the BM(PEG)3 were then conjugated 

to thiol-functionalized oligonucleotides for sensor fabrication. By determining the extent 

of target strand hybridization before and after thermal treatments, the authors found that 

crosslinked sensors retained >90% hybridization capacity after 3 h at 90 °C, compared to 

undetectable hybridization for monothiol sensors. The retention of capture strands on the 

electrode surface likely arises due to the increased strength of multi-dentate interactions 

compared to monodentate. Similar trends were seen for other temperatures tested.

A final methodology for enhancing monolayer stability is to decrease its solubility. 

Hydrophobic thiols have long been known to impart higher monolayer packing density 

compared to hydrophilic thiols [40]. A recent study in our group leveraged this knowledge 

to create E-AB sensors that retained signal for more than 80 h (Figure 2c) [12]. 

Specifically, we exchanged the traditional 6-mercapto-hexanol for its methyl-terminated 

analog, hexanethiol. By tracking the voltametric current at −0.4 V versus Ag/AgCl 

(corresponding to the reduction of molecular oxygen on gold), we demonstrated that the 

hydrophobic monolayer remains on the electrode surface, enabling signal resolution the 

entire period. Of note, however, this strategy can only be applied in buffered solutions, as 

deployment of the hydrophobic surface in biological fluids leads to immediate fouling and 

loss of sensor signal.

Approaches to reduce nucleic acid-based sensor biofouling

Sensor fouling presents a major limitation for technologies deployed in protein-containing 

fluids, such as serum or whole blood [20]. This issue is especially pertinent when the 

application involves long-term sensing [22]. We highlight here three different methods for 

either mitigating sensor fouling or preventing fouling from affecting signaling: nanoporous 

gold [44], zwitterionic monolayers [22,23], and hydrogel coatings [18,45]. The specific 

use of any such strategy depends greatly on the sensor application, and we discuss their 

limitations.

One strategy to enable sensor signaling even in the presence of fouling is to use porous 

materials that exclude proteins and cells based on size. For example, Seker et al. employed 

nanoporous gold electrodes for the detection of nucleic acids in 10% fetal bovine serum 

(Figure 3a) [44]. While short oligonucleotides can diffuse into pores and hybridize with 

immobilized capture strands, proteins from the serum are restricted to the surface. Thus, 

they demonstrated only 10% signal suppression on planar Au electrodes in FBS, whereas 

full 40% signal suppression is maintained on unannealed nanoporous electrodes, and an 

intermediate 20% for annealed electrodes. The larger pores of annealed electrodes likely 

allow some proteins to block access of target oligos, diminishing the maximum signal 

suppression. One obvious limitation of this strategy is the target molecule size. While 

applicable to small molecule and short oligonucleotide detection, sensing of larger nucleic 

acids or protein targets requires alternative methods.
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A more general and versatile strategy to mitigate sensor fouling is to deploy zwitterionic 

thiols in the blocking monolayer. This idea was first explored by Whitesides et al., 

who demonstrated that zwitterionic monolayers resist the adsorption of proteins [46,47]. 

One recent example we highlight here involves the characterization of several charged 

thiols on the signaling and stability of E-AB sensors [23]. Specifically, Hui Li et al. 

compared monolayers of uncharged, singly charged, and zwitterionic thiols (Figure 3b). 

They evaluated the performance of E-ABs with each monolayer in terms of signaling, 

fouling resistance, and stability over 12 h in three different biological fluids, finding the 

phosphorylcholine (PC) monolayer most effective at mitigating protein adsorption. Although 

undoubtedly effective at reducing sensor fouling by protein adsorption, zwitterionic 

monolayers are still limited by the long-term stability issues described above [22]. As such, 

this strategy is only useful for short-term applications in biofluids.

A more ubiquitous method to reduce fouling is through the deposition of hydrogels or 

membranes on top of a sensor surface. This strategy can be applied to nearly any NBE 

sensor because of the ability to customize hydrogel composition, extent of crosslinking, 

and membrane thickness [48]. Hydrogels are stable over long periods, having even shown 

utility when deployed in vivo on E-AB sensors [18]. An additional benefit of hydrogel 

membranes is the ability to physically trap beneficial molecules during deposition. For 

example, Santose–Cancel and White entrapped an RNAse inhibitor in a collagen membrane 

to enable sensing with an RNA aptamer in undiluted serum (Figure 3c) [45]. Although 

sensor stability was only evaluated for 50 min, this approach could be used in conjunction 

with other strategies to extend the lifetime of NBEs.

Insights into sensor signal loss driving factors

In this final section, we highlight three manuscripts that provide insight into the driving 

factors of progressive sensor signal loss, both in buffered solutions and biological fluids. 

The first of these, authored by Shaver et al. [17], reports the functionalization of E-AB 

sensors with aptamers of either naturally occurring (and traditionally synthesized) D-DNA, 

or its nuclease-resistant enantiomer L-DNA (Figure 4a, left). In this work, they demonstrated 

that the nuclease resistance of L-DNA seen in other applications [49] translates to the NBE 

platform by tracking the peak current from cyclic voltammograms (CV) both before and 

after injection of an excess of nuclease into buffer (Figure 4a, center). The authors repeated 

the experiment in undiluted serum, where exposure to excess nuclease does not cause 

additional sensor signal loss (Figure 4a, right). These results indicate that NBE sensor signal 

loss is not driven by nuclease hydrolysis of surface immobilized nucleic acids, something 

previously speculated in the field. Additionally, the differences in first hour signal loss 

between nuclease-resistant sensors deployed in buffer versus serum (center vs right panels, 

red traces) suggests that multiple factors contribute to signal loss in biological fluids.

The second insight was reported by Pellitero et al. [30], who investigated the effects of 

CV versus SWV on the long-term stability of NBE sensor signal. Specifically, they first 

demonstrated that E-AB sensor binding to target can be accurately monitored via peak-to-

peak separation in CV (Figure 4b, left, center), as opposed to the more commonly used peak 

height in SWV. By then continuously interrogating sensors every 5 s for 72 h (Figure 4b, 
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right), they revealed that peak current (blue trace) and peak-to-peak separation (black trace) 

in CV retain >80% signal after 3 days, whereas peak current from SWV (red trace) falls 

to ~30% signal in the same period. However, if SWV is run only ten times in the same 

timeframe (green trace), sensors again retain >80% signal. These results indicate that both 

electrochemical method and measurement frequency play vital roles in the stability of NBE 

sensor signal, with the most common method of SWV driving rapid signal loss.

The third article providing insight on progressive NBE sensor signal loss comes from 

the Plaxco group [29]. They determined that when sensors are deployed in biological 

fluids, the initial exponential decrease in sensor signal is caused by fouling of the sensor 

interface, while the subsequent continuous linear decrease in signal is caused by monolayer 

desorption from the electrode surface (Figure 4c, left). This conclusion is in line with 

previous results highlighted in Figure 4a, where Shaver et al. [17] demonstrated linear signal 

loss in buffer and biphasic signal loss in biological fluids. Plaxco et al. also determined the 

parameters that drive monolayer desorption. Specifically, they isolated two driving factors: 

a) by continuously interrogating sensors for 7 h, pausing for 7 h, then resuming for 7 more 

hours, they revealed that signal output is the same just before and just after the pause (Figure 

4c, center). This result indicates that electrochemical interrogation is the major driving 

force for monolayer desorption, supporting work highlighted in Figure 4b [30]; and b) they 

also went a step further to determine that the potential window used during interrogation 

has a significant effect on signal stability (Figure 4c, right). Their results suggest that 

both oxidative and reductive desorption of thiols occurs on the NBE surface, and that the 

potential window should be minimized to reduce these effects. Of note, all experiments in 

this study ran SWV, so it’s possible that simultaneously minimizing potential windows while 

running CV could further enhance NBE signal stability.

The challenge of long-term stability for NBEs is a complex issue, especially when deployed 

in biological fluids. In this opinion, we highlighted some strategies that can be used to 

prolong monolayer stability, as well as minimize sensor fouling. We hope these examples 

serve as a guide for others looking to tailor their sensor interface for a specific application. 

Moreover, with the discussion of NBE sensor signal loss driving factors, we hope to 

motivate the field toward designing innovative methods of overcoming progressive signal 

loss. Hopefully, NBE sensor operational life can be extended to last for days, thus enabling 

the development of continuous molecular monitors.
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Figure 1. Degradation of the NBE sensor interface.
Using E-AB sensors as an example, we highlight (a) the passive desorption of short chain 

thiols and thiol-modified aptamers from the gold surface; (b) the simultaneous desorption 

of thiols and fouling by proteins when sensors are exposed to biological fluids; and (c) the 

overlap between the reduction of methylene blue and the reduction of molecular oxygen on a 

gold electrode.
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Figure 2. Thiol-based strategies to prolong monolayer stability.
(a) Plaxco et al. compared rigid and flexible trithiol anchoring groups to the most used 

monothiol nucleic acid modification for immobilization on the electrode surface. In doing 

so, they demonstrated greater signal retention upon repetitive interrogation of sensors with 

the flexible trithiol. (b) Levickey et al. crosslinked a film of PMPMS with BM(PEG)3 

to create a multidentate monolayer. After further conjugating ferrocenyl formylglycine-

modified (FcFG) DNA strands, they demonstrated superior thermal stability during exposure 

of sensors to a range of temperatures. Percentages at the end of each trace correspond 

to the hybridization efficiency after thermal treatment, a measure to control for thermal 

degradation of FcFG. (c) Shaver et al. replaced the commonly used 6-mercapto-hexanol 

(MCH) with hexanethiol (HxSH) to demonstrate that hydrophobic monolayers remain on an 

electrode surface for days. They reveal this by tracking the contribution of oxygen reduction 

to the voltametric current at −0.4 V vs Ag/AgCl, an indicator of monolayer coverage on the 

electrode surface. Panels were adapted with permission from references 36 (copyright 2009), 

39 (copyright 2012), and 12 (copyright 2020), American Chemical Society.
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Figure 3. Approaches to reduce nucleic acid-based sensor biofouling.
(a) Seker et al. created nanoporous Au electrodes for the detection of short oligonucleotides. 

Since proteins are restricted from entering the small, unannealed pores, this strategy 

enabled full signal suppression (compared to buffer) in 10% fetal bovine serum. 

When they annealed the Au to form larger pores, some proteins were able to block 

access of target oligos, diminishing the maximum signal suppression. (b) Hui Li 

et al. evaluated the effect of uncharged (mercaptohexanol/MCH, oligoethyleneglycol/

OEG), singly charged (trimethyl ammonium chloride/AC, sulfopropylmethacrylate/SP), and 

zwitterionic (phosphorylcholine/PC, dimethylammonio propane sulfonate/AP) monolayers 

on the signal sensitivity, anti-fouling capability, and signal stability over time. (c) Santos–

Cancel and White entrapped an RNAse inhibitor in collagen membranes of three different 

densities to enable signaling via RNA aptamer in undiluted serum. Panels were adapted with 

permission from references 44 (copyright 2015), 23 (copyright 2021), and 45 (copyright 

2017), American Chemical Society.
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Figure 4. Insights into sensor signal loss driving factors.
(a) Shaver et al. functionalized E-AB sensors with either D-DNA or its nuclease-resistant 

enantiomer L-DNA (left). After demonstrating that the L-DNA sensors maintained signaling 

upon exposure to an excess of nuclease in buffer (center), they deployed sensors in undiluted 

serum to reveal a lack of signal stability difference between D- and L-DNA sensors in 

biological fluids (right). (b) Pellitero et al. demonstrated that E-AB sensor target binding 

can be accurately tracked via peak-to-peak separation (ΔEp) in CV (left), with signaling 

similar to sensors interrogated via SWV (center). This method presents a benefit over the 

traditionally used SWV because interrogation every 5 s by CV enables retention of >80% 

signal after 72 h, as opposed to ~30% signal retention with SWV every 5 s, or limiting 

SWV to just 10 single points to match the >80% signal retention (right). (c) Plaxco et al. 

revealed competing mechanisms of sensor interface fouling and monolayer desorption on the 

signal loss of NBE sensors in biological fluids (left). They also demonstrated that monolayer 

desorption is: (center) caused by electrochemical interrogation; and (right) dependent on the 

potential window used. Panels were adapted with permission from references 17 (copyright 

2021), 30 (copyright 2021), and 29 (copyright 2021), American Chemical Society.

Shaver and Arroyo-Currás Page 14

Curr Opin Electrochem. Author manuscript; available in PMC 2022 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Thiol-based strategies to prolong monolayer stability
	Approaches to reduce nucleic acid-based sensor biofouling
	Insights into sensor signal loss driving factors
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

