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Abstract

Electrochemical aptamer-based (EAB) sensors encompass the only biosensor approach yet 

reported that is simultaneously: (1) independent of the chemical or enzymatic reactivity of its 

target, rendering it general; (2) continuous and real-time; and (3) selective enough to deploy in 
situ in the living body. Consistent with this, in vivo EAB sensors supporting the seconds-resolved, 

real-time measurement of multiple drugs and metabolites have been reported, suggesting the 

approach may prove of value in biomedical research and the diagnosis, treatment, and monitoring 

of disease. However, to apply these devices in long-duration animal models, much less in human 

patients, requires that they be free of any significant pathogen load. Thus motivated, here we 

have characterized the compatibility of EAB sensors with standard sterilization and high-level 

disinfection techniques. Doing so, we find that, while many lead to significant sensor degradation, 

treatment with CIDEX OPA (0.55% ortho-phthalaldehyde) leads to effective disinfection without 

causing any detectable loss in sensor performance.

Introduction

Electrochemical aptamer-based (EAB) sensors are a platform technology supporting 

continuous, real-time measurement of the local concentration of specific molecular targets.1 

Consisting of a redox reporter-modified DNA or RNA aptamer attached to an interrogating 

electrode via a self-assembled monolayer, EAB sensors employ the binding-induced folding 

of their aptamer to generate a change in electron transfer rate that is easily monitored using, 

for example, square wave voltammetry. This signaling mechanism renders EAB sensors; (1) 

independent of the chemical or enzymatic reactivity of their targets, and thus general; (2) 

single-step and rapidly reversible, thus enabling high-frequency (typically seconds-resolved) 

measurements; and (3) highly selective, thus suitable for deployment in situ in the living 

body. Consistent with this, EAB sensors have been shown to support real-time, seconds-

resolved measurements the plasma concentrations of multiple drugs and metabolites when 

placed intravenously in live rats.2,3 The value such real-time molecular measurements could 

bring not only to the biomedical research community, but also to clinical practice, suggests a 

compelling case for the use of EAB sensors in human health.
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Clinical applications require technologies that are both effective and safe (Figure 1). In 

the case of implantable devices, the efficient removal of pathogens is a critical element of 

safety. Likewise, animal welfare concerns require that devices placed in vivo in support 

of long-duration or “survival” studies (i.e., in which the animal is not sacrificed within 

hours of insertion of the device) be disinfected prior to their use.4,5 Unfortunately, however, 

sterilization and disinfection are often achieved via destruction of the genetic material of any 

pathogens present, which suggests that many treatment approaches may irreversibly damage 

the DNA aptamers that EAB sensors rely on. This said, viral6 and bacterial7 genomes are 

orders of magnitude longer than the few tens of bases length typical of aptamers, leading us 

to hypothesize that it might prove possible to achieve high level reduction of pathogen loads 

without unduly damaging EAB sensors. Given this, here we set out to identify protocols that 

effectively eliminate pathogens while leaving EAB sensor performance largely or entirely 

unaffected.

Results and Discussion

As our initial testbed for determining the extent to which various sterilization and 

disinfection approaches are compatible with EAB sensor operation, we employed a 

previously reported sensor against the antibiotic vancomycin.3,8 We selected this sensor 

because, at 45 bases, the DNA aptamer it employs is longer than those generally seen in 

EAB sensors, suggesting this sensor may be particularly susceptible to DNA damage. To 

evaluate the compatibility of sterilization and disinfection techniques with the function of 

this sensor, we employed three performance metrics. First, we compared the “signal gain” 

of treated (i.e., sterilized or disinfected) and control (untreated) sensors at the square-wave 

frequency where gain is largest. Gain, which is defined as the relative change in current 

between the absence of target and saturating target concentrations, provides a good a 

measure of sensor performance. Next, we measured any difference in the square wave 

peak current per unit area (referred to as “packing density”) of treated and matched control 

sensors, as this measure is sensitive to cleavage of the aptamer, loss of the thiol-on-gold 

self-assembled monolayer (SAM) that attaches the aptamer to the electrode, or loss or 

irreversible modification of the redox reporter. Of note, while they are weakly related (i.e., 

gain is a function of packing density9), these first two metrics can also change independently 

of one another. Finally, we compared the binding curves (e.g., the binding midpoints) of 

sterilized and unsterilized sensors, a measure that, when taken with gain, indicates whether 

or not the treatment has changed the aptamer’s target binding properties and thus altered 

the sensor’s calibration. For reference, we have previously observed3 that, when interrogated 

with a square-wave frequency of 60 Hz, untreated vancomycin sensors achieve gain of 

120(±3)% and exhibit binding mid-points (KD) of 27(±3) μM (here as elsewhere in-text of 

this paper, 95% confidence intervals derived from replicate devices are reported).

We began our study with high-level chemical disinfectants, rationalizing that, due to the 

mild treatment conditions employed, this class of treatments would be the least damaging 

to EAB sensors. Specifically, such treatments often utilize temperatures below 60°C and 

ambient pressure, rendering them suitable for use with temperature- and moisture-sensitive 

medical devices, such as endoscopes.10,11 Conveniently, these chemical techniques are also 

compatible with manual bench top processing in the laboratory (which is not true for, for 
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example, gamma irradiation or ethylene oxide treatment). For each disinfectant we followed 

the manual processing protocols recommended by the Centers for Disease Control10,12 to 

treat the gold working electrode (see Methods).

EAB sensors are compatible with disinfection using ortho-phthalaldehyde (OPA), a 

commercially available aromatic dialdehyde disinfectant (known as CIDEX OPA) that 

is commonly employed for the high-level disinfection of heat-sensitive medical devices 

in hospital settings. OPA, like other aldehydes, is thought to kill pathogens via the 

crosslinking of cellular amines,13 and while OPA does not crosslink proteins as efficiently 

as glutaraldehyde, the aromatic component of OPA confers the ability to permeabilize 

pathogenic plasma membranes, promoting uptake of the compoud.13,14 This uptake is 

also thought to block spore germination,15 further contributing to the efficiency of OPA 

disinfection. Indeed, as a growing number of bacterial strains have become resistant to 

other reactive aldehydes, the use of CIDEX OPA as a high-level disinfectant has become 

commonplace.16 Consistent with OPA’s relatively mild chemical action, we observed 

negligible change in the sensor’s gain (Figure 2A), in packing density (Figure 2B), or in 

the target affinity (Figure 2C) after we treat aptamer modified gold working electrodes with 

this sterilant. This said, the working electrode is only one component of EAB sensors, 

which also include reference and working electrodes comprised of silver/silver chloride and 

platinum wires, respectively. When we performed the same CIDEX OPA disinfection on 

complete in vivo EAB sensors (i.e., a bundle including all three electrodes), we once again 

observe no significant change in sensor performance (Figure 2D).

CIDEX OPA treatment does not harm EAB sensor longevity. To see this, we challenged 

vancomycin-detecting sensors by interrogating them in target-free PBS 10 times per hour 

over the course of 15 h. We observe no significant degradation in either CIDEX-treated or 

control sensors over the course of these experiments (Figure 2E).

The compatibility of EAB sensors with CIDEX OPA disinfection appears to be general. 

To show this, we subjected working electrodes employing two other aptamers to such 

treatment, one employing a 38-base DNA aptamer for the detection of phenylalanine,17–19 

and a second employing a 26-base DNA aptamer for the detection of the aminoglycoside 

antibiotics2,20,21. Once again, both sensors survive CIDEX OPA treatment without suffering 

any statistically significant degradation (Figure 3).

The disinfection efficiency of the CIDEX OPA treatment we employed surpass Centers for 

Disease Control (CDC) requirements, which call for a six orders of magnitude reduction in 

bacterial load22,23. To see this, we incubated EAB sensors in 0.1 mL of media inoculated 

with 10,000 E. coli24 at 37°C for 24 h. Following this, we immersed these “contaminated” 

sensors in either CIDEX OPA or sterile phosphate-buffered saline (PBS) for 12 min at room 

temperature before moving the treated sensors into fresh, sterile media overnight at 37°C to 

regrow any remaining bacteria. Plating serial dilutions of this wash media and monitoring 

colony growth, we found that treatment by CIDEX OPA results in a reduction of bacteria 

by more than seven orders of magnitude relative to the PBS control (Figure 4), indicating 

high-level disinfection that exceeds the minimum requirements set by the CDC.
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Treatment with ethanol, a commonly used contact antiseptic, is also compatible with EAB 

sensor function. Specifically, we find that treatment by 70% ethanol does not significantly 

affect the vancomycin sensor’s performance (Figure 5). The CDC has not, however, cleared 

ethanol for clinical disinfection use due to its lack of sporicidal activity.25 Consistent with 

this, cultures of E. coli that have been plated from the wash media of EAB sensors treated by 

70% ethanol grew into dense, punctiform cultures (Figure S2).

In contrast to CIDEX OPA or ethanol disinfection, EAB sensors are incompatible with 

treatment by the reactive bis-aldehyde glutaraldehyde. Specifically, although this compound, 

which works to reduce pathogenic loads through aminic crosslinking26, is not expected 

to react with nucleic acids at the 21°C temperature employed here27, treatment with 

2% glutaraldehyde nevertheless significantly degrades sensor performance. As a result of 

such treatment, for example, the gain of our vancomycin-detecting sensor (the relative 

change in signal upon binding 20 μM of target) is decreased by two thirds (Figure 6A) 

despite leaving the number of methylene blues on the sensor surface unchanged (Figure 

6B). Glutaraldehyde treatment likewise shifts the sensor’s binding curve to significantly 

higher target concentrations (Figure 6C). Given these observations, we speculate that 

glutaraldehyde treatment leads to DNA modification, such that many of the aptamers do 

not bind their target at all (reducing gain) and those that do bind do so with poorer affinity.

Treatment with disinfecting levels of hydrogen peroxide or sterilizing levels of peracetic 

acid (treatment conditions specified12 by the CDC) profoundly damage EAB sensors. 

Treatment with 7.5% hydrogen peroxide, for example, reduces the vancomycin sensor’s 

peak current by 94% and entirely eliminates the response to its target (Figure 7A). Treatment 

with 0.2% peracetic acid likewise leads to complete loss of the methylene blue peak and the 

appearance of an oxygen reduction peak at approximately −0.4 V. The latter indicates that 

oxygen is reaching the surface of the electrode, suggesting that the loss of methylene blue 

is due to loss of the self-assembled monolayer. This is perhaps not unexpected, given that 

peracetic acid is an even stronger oxidant than peroxide.28,29

Due to the ubiquity with which it is used for in-lab processing, we also explored the 

treatment of EAB sensors with steam sterilization. Perhaps unsurprisingly, this technique, 

which requires high temperatures, pressures, and long exposure times, significantly reduces 

EAB signaling currents (Figures 8, S3). However, under “wet” conditions, wherein we 

submerge the working electrode in PBS, steam sterilization does not alter other key 

aspects of their performance. Specifically, while the peak currents associated with sensors 

autoclaved at 121°C for 5 min while immersed in PBS are reduced significantly (Figure 

8B), their gain and target affinity remained largely unaffected (Figure 8C). This suggests 

that such sterilization could prove useful in applications for which reduced signaling 

current (and, with that, reduced signal-to-noise ratios) is acceptable. In contrast, sensors 

treated under dry autoclaving conditions (i.e., exposed directly to steam) no longer respond 

measurably to their target (Figure S3).
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Conclusions

EAB sensors are compatible with CIDEX OPA treatment sufficient to reduce bacterial 

loads by more than seven orders of magnitude, a level of disinfection that exceeds CDC 

guidelines for in vivo devices. Coupled with the generalizability of this disinfectant to other 

target-recognizing EAB sensors, this compatibility sets the stage for the use of EAB sensors 

in both long duration in vivo animal studies and, ultimately, in human patients. Ethanol, 

while compatible with EAB sensor functionality, does not meet the regulatory guidelines 

for disinfection of medical devices. In contrast, peroxide and peracetic acid treatments 

effectively destroy EAB signaling. Finally, while glutaraldehyde treatment and wet steam 

sterilization reduce functionality, EAB sensors nevertheless respond reproducibly to their 

targets after such treatments.

Experimental

Materials

As our primary testbed, we fabricated EAB sensors employing a 4-base truncation of a 

previously reported vancomycin-binding aptamer (5′-SS-(CH2)6- CGA GGG TAC CGC 

AAT AGT ACT TAT TGT TCG CCT ATT GTG GGT CGG-methylene blue-3′, IDT). 

In our additional studies of the utility of CIDEX OPA treatment, we employed sensors 

fabricated with previously reported aptamers binding phenylalanine (5′-CGA CCG CGT 

TTC CCA AGA AAG CAA GTA TTG GTT GGT CG-3′, Biosearch Technologies) 

and the aminoglycosides (5′-HO-(CH2)6-SS-(CH2)6-GGG ACT TGG TTT AGG TAA 

TGA GTC CC-O-CH2-CHCH2OH-(CH2)4-NH-CO-(CH2)2-methylene blue-3′, Biosearch 

Technologies).

All reagents were obtained commercially and used as received. 1X Phosphate Buffered 

Saline at pH 7.4 containing 2 mM magnesium chloride was used in sensor fabrication 

and subsequent characterization assays. We prepared this buffer using a stock of 20X 

Phosphate Buffered Saline (ChemCruz, SC-362299) and 1 M magnesium chloride (Boston 

BioProducts, BM-670). CIDEX OPA (Advanced Sterilization Products) was used as 

received (i.e., without dilution). Other chemical disinfectants were diluted to their working 

concentrations (Table 1) using high purity Milli-Q water (18.2 MΩ) from stocks of 30% 

hydrogen peroxide (Fisher Chemical, H325), 25% glutaraldehyde (Sigma-Aldrich, G6257), 

and 32% peracetic acid (Sigma-Aldrich, 269336).

Sensor Fabrication.

We prepared gold wire working electrodes as previously described.30,31 In brief, we soldered 

a length of 0.2 mm diameter gold wire to a gold-plated pin connector with 60/40 lead-

selenium solder. We encased the electrode by shrink-wrapping poly-tetrafluoroethylene 

insulation (Zeus, HS Sub-Lite-Wall) around the gold surface, leaving a 6.5 mm length of 

bare gold surface. The bare gold surface was then trimmed to 6 mm for aptamer deposition. 

The construct underwent electro-chemical cleaning prior to aptamer modification. For this, 

we cycled the working electrode in 0.5 M NaOH from −1 V to −1.8 V at a scan rate of 

1 V s−1 for 500 cycles to remove any contaminating organics. We next electrochemically 
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roughened the electrodes in 0.5 M H2SO4 to increase the surface area using a previously 

described procedure32 by stepping the potential between 0 and 2.2 V. By monitoring the 

gold oxide reduction peak in 0.05 M H2SO4 using cyclic voltammetry, we found the 

electroactive electrode area.

Following this, we modified the electrode with probe aptamer, as detailed. We thawed a 

stock solution of the aptamer (0.1 mM) from storage at −20°C. We reduced any present 

disulphide bonds using 6 mM tris(2-carboxyethyl) phosphine hydrochloride (Sigma Aldrich) 

for 1 h under dark conditions, then diluted the aptamer mixture to a concentration of 500 

nM in 1X PBS with 2 mM MgCl2. Immediately after roughening, we immersed the cleaned 

electrodes in the aptamer solution for 1 h for probe immobilization under dark conditions at 

room temperature. We further passivated the surface after aptamer deposition by immersion 

in 35 mM 6-mercapto-1-hexanol (Sigma Aldrich) suspended in 1X PBS for 10 to 12 h. For 

in vivo sensors, we prepared the gold working electrode as above and sintered silver/silver 

chloride reference electrodes as follows. A length of 0.2 mm silver wire was soldered to 

a gold-plated pin connector with 60/40 lead-selenium solder. We encased the electrode by 

shrink-wrapping insulation around the silver surface, leaving approximately 1 cm of bare 

silver wire. We then submerged the exposed surface to sodium hypochlorite (commercial 

laundry bleach) overnight, covered. These reference electrodes were then thoroughly rinsed 

with water and submerged in 1X PBS buffer for a minimum of 1 h prior to use.

Before subjecting our working electrodes to the treatment conditions under investigation, 

we first ensured they were working properly by collecting 50 scans of square-wave data at 

100 Hz using the parameters described above. Doing this, we confirmed that our methylene 

blue peak was (i) observable and (ii) not drifting significantly (the latter indicates poor SAM 

formation).

To determine aptamer packing density,32 we collected cyclic voltammograms between −0.1 

and −0.45 V at a scan rate of 0.1 V s−1 to reduce all methylene blue reporters present 

on the sensor surface. We integrate the area under the reductive curve and divide by scan 

rate to obtain the total charge associated with reporter-modified reporters, then convert this 

charge to moles of reporter present. We obtain packing density by dividing the number of 

methylene blue moieties by the electroactive surface area.

Electrochemical Interrogation.

We performed all electrochemical interrogation of our electrodes on a CH Instrument 

Multipotentiostat CHI1040C (Austin, TX). We used a three-electrode setup to collect 

measurements in which our sensors served as the working electrode, a silver/silver chloride 

aqueous electrode in saturated KCl (CH Instruments) served as the reference electrode, and 

a platinum wire (CH Instruments) completed the cell as the counter electrode. To interrogate 

our electrochemical cell, we applied a square-wave potential of 25 mV amplitude between 

−0.1 V and −0.45 V. We collected data at several square-wave frequencies over the range 

5 Hz and 1 kHz but show here only the data associated with the frequency at which the 

sensor’s signal gain is highest. For vancomycin, phenylalanine, and aminoglycosides sensors 

in PBS, these frequencies are 60 Hz, 120 Hz, and 300 Hz, respectively. All measurements 

were conducted at room temperature.
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Sterilization and Disinfection Treatments.

We applied sterilizing and disinfecting treatments to EAB sensors as follows. We manually 

processed chemical treatments per the conditions indicated (Table 1). For steam sterilization, 

we used a Tomy ES-315 autoclave (San Diego, CA). After treatment, we submerged 

electrodes in water for 5 min, then in PBS for 5 min, and finally in the measurement cell 

containing PBS for 30 min. We then electrochemically interrogated the sensors again.

Determining treatment efficiency.

We determined the treatment efficiency of the CIDEX OPA and ethanol treatment. To do so, 

we placed EAB sensors in 0.1 mL of sterile growth media (Difco SOB Media) inoculated 

with 10,000 bacterial cells (E. coli BL21) for 24 h at 37°C and with 200 rpm shaking. We 

then subjected these “contaminated” sensors to either the treatment under investigation or 

incubated them in sterile PBS under the equivalent conditions. We then moved the treated 

sensors to fresh, sterile media for an overnight “wash” and regrowth at 37°C and 250 rpm. 

We then plated serial dilutions of this overnight liquid culture at a volume of 0.25 mL on 

agar plates (1% NaCl, 1% tryptone, 0.5% yeast extract, and 1.5% agar). We monitored these 

plates for colony growth after overnight incubation at 37°C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was funded by NIH grant R01AI145206.

We thank Dr. Kaylyn K. Leung and Lisa Fetter for technical insights in the fabrication and testing of in vivo probes.

References

(1). Xiao Y; Lubin AA; Heeger AJ; Plaxco KW Label-Free Electronic Detection of Thrombin in Blood 
Serum by Using an Aptamer-Based Sensor. Angew. Chem. Int. Ed. 2005, 44 (34), 5456–5459. 
doi: 10.1002/anie.200500989.

(2). Arroyo-Currás N; Somerson J; Vieira PA; Ploense KL; Kippin TE; Plaxco KW Real-Time 
Measurement of Small Molecules Directly in Awake, Ambulatory Animals. Proc. Natl. Acad. 
Sci. 2017, 114 (4), 645–650. doi: 10.1073/pnas.1613458114. [PubMed: 28069939] 

(3). Dauphin-Ducharme P; Yang K; Arroyo-Currás N; Ploense KL; Zhang Y; Gerson J; Kurnik M; 
Kippin TE; Stojanovic MN; Plaxco KW Electrochemical Aptamer-Based Sensors for Improved 
Therapeutic Drug Monitoring and High-Precision, Feedback-Controlled Drug Delivery. ACS 
Sens. 2019, 4 (10), 2832–2837. doi: 10.1021/acssensors.9b01616. [PubMed: 31556293] 

(4). Bernal J; Baldwin M; Gleason T; Kuhlman S; Moore G; Talcott M Guidelines for Rodent Survival 
Surgery. J. Invest. Surg. 2009, 22 (6), 445–451. doi: 10.3109/08941930903396412. [PubMed: 
20001815] 

(5). Guide for the Care and Use of Laboratory Animals, 8th ed.; National Research Council 
(U.S.), Institute for Laboratory Animal Research (U.S.), National Academies Press (U.S.), Eds.; 
National Academies Press: Washington, D.C, 2011.

(6). Mahmoudabadi G; Phillips R A Comprehensive and Quantitative Exploration of Thousands of 
Viral Genomes. eLife 2018, 7, e31955. doi: 10.7554/eLife.31955. [PubMed: 29624169] 

Chung et al. Page 7

ECS Sens Plus. Author manuscript; available in PMC 2023 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(7). Junier I; Frémont P; Rivoire O Universal and Idiosyncratic Characteristic Lengths in Bacterial 
Genomes. Phys. Biol. 2018, 15 (3), 035001. doi: 10.1088/1478-3975/aab4ac. [PubMed: 
29512518] 

(8). Yang K-A; Pei R; Stojanovic MN In Vitro Selection and Amplification Protocols for Isolation 
of Aptameric Sensors for Small Molecules. Methods San Diego Calif 2016, 106, 58–65. doi: 
10.1016/j.ymeth.2016.04.032. [PubMed: 27155227] 

(9). White RJ; Phares N; Lubin AA; Xiao Y; Plaxco KW Optimization of Electrochemical Aptamer-
Based Sensors via Optimization of Probe Packing Density and Surface Chemistry. Langmuir 
2008, 24 (18), 10513–10518. doi: 10.1021/la800801v. [PubMed: 18690727] 

(10). Rutala WA; Weber DJ Disinfection of Endoscopes: Review of New Chemical Sterilants 
Used for High-Level Disinfection. Infect. Control Hosp. Epidemiol. 1999, 20 (1), 69–76. doi: 
10.1086/501544. [PubMed: 9927274] 

(11). Rutala WA; Kanamori H; Sickbert-Bennett EE; Weber DJ What’s New in Reprocessing 
Endoscopes: Are We Going to Ensure “the Needs of the Patient Come First” by Shifting 
from Disinfection to Sterilization? Am. J. Infect. Control 2019, 47, A62–A66. doi: 10.1016/
j.ajic.2019.01.017.

(12). Table 4 | Disinfection & Sterilization Guidelines | Guidelines Library | Infection Control 
| CDC https://www.cdc.gov/infectioncontrol/guidelines/disinfection/tables/table4.html (accessed 
2021-11-18).

(13). Walsh SE; Maillard J-Y; Simons C; Russell AD Studies on the Mechanisms of the Antibacterial 
Action of Ortho-Phthalaldehyde. J. Appl. Microbiol. 1999, 87 (5), 702–710. doi: 10.1046/
j.1365-2672.1999.00913.x. [PubMed: 10594711] 

(14). Simões M; Simões LC; Cleto S; Machado I; Pereira MO; Vieira MJ Antimicrobial Mechanisms 
of Ortho -Phthalaldehyde Action. J. Basic Microbiol. 2007, 47 (3), 230–242. doi: 10.1002/
jobm.200610280. [PubMed: 17518416] 

(15). Cabrera-Martinez R-M; Setlow B; Setlow P Studies on the Mechanisms of the Sporicidal 
Action of Ortho-Phthalaldehyde. J. Appl. Microbiol. 2002, 92 (4), 675–680. doi: 10.1046/
j.1365-2672.2002.01572.x. [PubMed: 11966908] 

(16). De Groote MA; Gibbs S; de Moura VCN; Burgess W; Richardson K; Kasperbauer S; 
Madinger N; Jackson M Analysis of a Panel of Rapidly Growing Mycobacteria for Resistance 
to Aldehyde-Based Disinfectants. Am. J. Infect. Control 2014, 42 (8), 932–934. doi: 10.1016/
j.ajic.2014.05.014. [PubMed: 25087149] 

(17). Cheung KM; Yang K-A; Nakatsuka N; Zhao C; Ye M; Jung ME; Yang H; Weiss PS; Stojanović 
MN; Andrews AM Phenylalanine Monitoring via Aptamer-Field-Effect Transistor Sensors. ACS 
Sens. 2019, 4 (12), 3308–3317. doi: 10.1021/acssensors.9b01963. [PubMed: 31631652] 

(18). Idili A; Parolo C; Ortega G; Plaxco KW Calibration-Free Measurement of Phenylalanine 
Levels in the Blood Using an Electrochemical Aptamer-Based Sensor Suitable for Point-of-Care 
Applications. ACS Sens. 2019, 4 (12), 3227–3233. doi: 10.1021/acssensors.9b01703. [PubMed: 
31789505] 

(19). Idili A; Gerson J; Kippin T; Plaxco KW Seconds-Resolved, In Situ Measurements of Plasma 
Phenylalanine Disposition Kinetics in Living Rats. Anal. Chem. 2021, 93 (8), 4023–4032. doi: 
10.1021/acs.analchem.0c05024. [PubMed: 33594890] 

(20). Rowe AA; Miller EA; Plaxco KW Reagentless Measurement of Aminoglycoside Antibiotics in 
Blood Serum via an Electrochemical, Ribonucleic Acid Aptamer-Based Biosensor. Anal. Chem. 
2010, 82 (17), 7090–7095. doi: 10.1021/ac101491d. [PubMed: 20687587] 

(21). Ferguson BS; Hoggarth DA; Maliniak D; Ploense K; White RJ; Woodward N; Hsieh K; Bonham 
AJ; Eisenstein M; Kippin T; Plaxco KW; Soh HT Real-Time, Aptamer-Based Tracking of 
Circulating Therapeutic Agents in Living Animals. Sci. Transl. Med. 2013, 5 (213), 213ra165. 
doi: 10.1126/scitranslmed.3007095.

(22). Rutala WA; Weber DJ Clinical Effectiveness of Low-Temperature Sterilization Technologies. 
Infect. Control Hosp. Epidemiol. 1998, 19 (10), 798–804. doi: 10.2307/30141431. [PubMed: 
9801294] 

(23). Rutala WA Guideline for Disinfection and Sterilization in Healthcare Facilities, 2008. 2008, 163.

Chung et al. Page 8

ECS Sens Plus. Author manuscript; available in PMC 2023 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/infectioncontrol/guidelines/disinfection/tables/table4.html


(24). Chan-Myers H; McAlister D; Antonoplos P Natural Bioburden Levels Detected on Rigid 
Lumened Medical Devices before and after Cleaning. Am. J. Infect. Control 1997, 25 (6), 471–
476. doi: 10.1016/s0196-6553(97)90070-5. [PubMed: 9437486] 

(25). Chemical Disinfectants | Disinfection & Sterilization Guidelines | Guidelines 
Library | Infection Control | CDC https://www.cdc.gov/infectioncontrol/guidelines/disinfection/
disinfection-methods/chemical.html (accessed 2021-09-06).

(26). Gorman SP; Scott EM; Russell AD Antimicrobial Activity, Uses and Mechanism 
of Action of Glutaraldehyde. J. Appl. Bacteriol. 1980, 48 (2), 161–190. doi: 10.1111/
j.1365-2672.1980.tb01217.x. [PubMed: 6780502] 

(27). Hopwood D The Reactions of Glutaraldehyde with Nucleic Acids. Histochem. J. 1975, 7 (3), 
267–276. doi: 10.1007/BF01003595. [PubMed: 805108] 

(28). Tutumi M; Imamura K; Hatano S; Watanabe T Antimicrobial Action of Peracetic Acid. 
Food Hyg. Saf. Sci. Shokuhin Eiseigaku Zasshi 1973, 14 (5), 443–447. doi: 10.3358/
shokueishi.14.443.

(29). Kitis M Disinfection of Wastewater with Peracetic Acid: A Review. Environ. Int. 2004, 30 (1), 
47–55. doi: 10.1016/S0160-4120(03)00147-8. [PubMed: 14664864] 

(30). Xiao Y; Lai RY; Plaxco KW Preparation of Electrode-Immobilized, Redox-Modified 
Oligonucleotides for Electrochemical DNA and Aptamer-Based Sensing. Nat. Protoc. 2007, 2 
(11), 2875–2880. doi: 10.1038/nprot.2007.413. [PubMed: 18007622] 

(31). Downs AM; Gerson J; Ploense KL; Plaxco KW; Dauphin-Ducharme P Subsecond-Resolved 
Molecular Measurements Using Electrochemical Phase Interrogation of Aptamer-Based Sensors. 
Anal. Chem. 2020. doi: 10.1021/acs.analchem.0c03109.

(32). Arroyo-Currás N; Scida K; Ploense KL; Kippin TE; Plaxco KW High Surface Area 
Electrodes Generated via Electrochemical Roughening Improve the Signaling of Electrochemical 
Aptamer-Based Biosensors. Anal. Chem. 2017, 89 (22), 12185–12191. doi: 10.1021/
acs.analchem.7b02830. [PubMed: 29076341] 

Chung et al. Page 9

ECS Sens Plus. Author manuscript; available in PMC 2023 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/infectioncontrol/guidelines/disinfection/disinfection-methods/chemical.html
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/disinfection-methods/chemical.html


Figure 1. 
Both in vivo clinical applications and long-duration (i.e., survival) animal model studies 

will require the high-level disinfection of EAB sensors prior to use. Here we explore the 

extent to which EAB function is compatible with many commonly employed disinfection 

and sterilization approaches.
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Figure 2. 
EAB sensors survive treatment with the disinfectant CIDEX OPA without any detectable 

degradation of their performance. (A) As shown, for example, both CIDEX OPA-treated 

and untreated control sensors exhibit similar signal gain (i.e., respond similarly to the 

addition of 20 μM vancomycin). Note, to remove fabrication variability and ease comparison 

we normalized all peaks to the peak heights seen in the absence of target in this and 

the following figures. (B) Treatment with CIDEX OPA does not affect the density with 

which methylene-blue-modified aptamers are packed on the surface of the sensor, indicating 
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that treatment does not damage the aptamer, the self-assembled monolayer, or the redox 

reporter. (The difference in packing density— the number of aptamers per unit area— 

between the control and CIDEX OPA-treated sensors arises due to fabrication variability 

in these handmade devices.) (C) Titration with the sensor’s target, vancomycin, likewise 

shows that treatment with CIDEX OPA does not alter sensor performance. (D) Complete in 
vivo sensors, which are comprised of a gold-wire EAB sensor, an Ag/AgCl quasi-reference, 

and a platinum wire counter electrode, are similarly unaffected by CIDEX OPA treatment. 

The “error bars” shown in panels C and D and in the following figures reflect standard 

deviations derived from multiple (three to six), independently fabricated sensors. In contrast, 

the confidence intervals noted for the dissociation constants in this and the following figures 

reflect 95% confidence intervals derived from the same, independently fabricated sensors. 

(E) CIDEX OPA treatment likewise does not harm sensor stability; shown are the responses 

of untreated and CIDEX-treated vancomycin sensors when interrogated 10 times per hour. 

The minor fluctuations seen reflect changes in room temperature over the course of this 15 h 

experiment.
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Figure 3. 
The compatibility of CIDEX OPA disinfection with EAB sensor function extends to (A) 

phenylalanine-detecting and (B) aminoglycoside antibiotic-detecting EAB sensors.
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Figure 4. 
CIDEX OPA treatment achieves CDC-mandated levels of disinfection, which require a 

reduction in pathogenic load of at least six orders of magnitude22,23. (A) Specifically, while 

E. coli growth is present in plated cultures originating from control-treated wash media at 

dilutions from 103 to 109, we observe no detectable bacterial growth in the cultures from 

CIDEX OPA-treated wash media (for the complete dilution series, see Figure S1). (B) E. 
coli growth challenge exhibits a decrease in the number of colony-forming units (CFU) 

per milliliter from 4 × 108 to fewer than 40 after CIDEX OPA treatment, demonstrating a 

reduction in bacterial load of at least seven orders of magnitude.
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Figure 5. 
(A) EAB sensor function is compatible with sterilization by ethanol; we observe no 

significant difference in the gain of sensors treated in 70% ethanol for 10 min relative to 

the performance of untreated controls. (B) Likewise, ethanol treatment does not significantly 

affect aptamer packing density or (C) target affinity. Unfortunately, however, ethanol is not 

an effective disinfectant (Figure S2).
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Figure 6. 
Treatment with 2% glutaraldehyde significantly degrades EAB sensor gain. (B) It does 

not, however, significantly affect aptamer packing density. (C) Along with reducing gain, 

glutaraldehyde treatment also reduces the sensor’s affinity for its target.
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Figure 7. 
Treatment with either (A) 7.5% hydrogen peroxide or (B) 0.2% peracetic acid, two 

commonly employed disinfectants, gravely damages EAB sensors.
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Figure 8. 
Autoclaving an EAB sensor emersed in PBS (A) does not significantly alter its gain. (B) It 

does, however, reduce the amount of signal-generating aptamer on the electrode surface by a 

factor of six. (C) Wet autoclaving likewise does not alter the sensor’s affinity for its target.
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Table 1.

Sterilizing and disinfecting techniques and conditions

Technique Treatment Parameters

OPA, 0.55% (CIDEX OPA) 12 min at 20 to 25 °C

Ethanol, 70% 30 min at 20 to 25 °C

Glutaraldehyde, 2.0% 90 min at 21 °C

Hydrogen peroxide, 7.5% 30 min at 20 to 25 °C

Peracetic acid, 0.2% 12 min at 55 °C

Steam sterilization 5 min at 121 °C
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