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ABSTRACT: Conventional wisdom suggests that widely utilized self-assembled
alkylthiolate monolayers on gold are too unstable to last more than several days
when exposed to complex fluids such as raw serum at body temperature.
Demonstrated here is that these monolayers can not only last at least 1 week under
such harsh conditions but that significant applied value can be captured for
continuous electrochemical aptamer biosensors. Electrochemical aptamer bio-
sensors provide an ideal tool to investigate monolayer degradation, as aptamer
sensors require a tightly packed monolayer to preserve sensor signal vs background
current and readily reveal fouling by albumin and other solutes when operating in
biofluids. Week-long operation in serum at 37 °C is achieved by (1) increasing van der Waals interactions between adjacent
monolayer molecules to increase the activation energy required for desorption, (2) optimizing electrochemical measurement to
decrease both alkylthiolate oxidation and electric-field-induced desorption, and (3) mitigating fouling using protective zwitterionic
membranes and zwitterion-based blocking layers with antifouling properties. This work further proposes origins and mechanisms of
monolayer degradation in a logical stepwise manner that was previously unobservable over multiday time scales. Several of the
observed results are surprising, revealing that short-term improvements to sensor longevity (i.e., hours) actually increase sensor
degradation in the longer term (i.e., days). The results and underlying insights on mechanisms not only push forward fundamental
understanding of stability for self-assembled monolayers but also demonstrate an important milestone for continuous
electrochemical aptamer biosensors.
KEYWORDS: biosensors, self-assembled monolayers, biofouling, electrochemical aptamer sensors, desorption

One to two weeks of wearable continuous glucose
monitoring in dermal interstitial fluid for diabetes

management is a historical achievement in clinical diagnostics.
Unfortunately, glucose monitoring remains an isolated success
despite acute needs for continuous measure of many other
molecules across the field of human disease management such as
in cardiac, fertility, and therapeutic drug monitoring applica-
tions.1,2 The major limitation is that electrochemical glucose
sensors are enzymatic, thus limiting generalizability to other
analytes due to a modest number of oxidoreductase enzymes
that could oxidize/reduce analytes of interest. Unlike enzymatic
sensors, electrochemical aptamer sensors are affinity-based and
broadly generalizable by relying on large oligonucleotide
libraries of 1012 to 1015 possible aptamer sequences,3 which
can be further chemically modified to enhance binding
capabilities during selection for a specific target.4

There are now over a dozen examples of continuous in vivo
aptamer sensor monitoring at nanomolar to micromolar
concentration ranges.5−7 These early successes place aptamer
sensors within a very limited collection of continuous chemical
sensors that have been in vivo demonstrated for clinically
oriented applications, including ion-selective/ionophore sen-
sors and enzymatic biosensors.1 Unfortunately, aptamer sensor

longevity has remained a significant challenge for the clinical
adoption of aptamer sensors, especially when tested in
representative in vivo conditions.7

Electrochemical aptamer sensors conventionally use a mixed
monolayer of redox-tagged aptamers and alkylthiolate passivat-
ing molecules chemisorbed onto the surface of a gold electrode
(Figure 1a). These self-assembled monolayers have been shown
to rapidly degrade on gold electrodes in blood or serum at a body
temperature of 37 °C.8 The mechanisms of monolayer
degradation in complex biofluids have not been fully under-
stood, which has limited the ability to pursue specific approaches
to improve sensor longevity. Part of the challenge is that if there
are a plurality of mechanisms rapidly and simultaneously
degrading a sensor’s monolayer and its biorecognition element,
it becomes highly difficult to isolate and observe individual
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degradation mechanisms in a manner that is representative of
the end application in whole biofluid. A recent review by Shaver
and Arroyo-Curraś9 concluded that experimental conditions
such as elevated temperature, repeatedly applied voltages, and
protein-rich biofluids can have a detrimental effect on
monolayer integrity, limiting sensor operation to at most a few
hours. This mirrors a generally accepted opinion that widely
utilized self-assembled alkylthiolate monolayers on gold are too
unstable to last more than several days when repeatedly
electrochemically scanned and exposed to complex fluids such
as raw serum or blood at body temperature.
Herein, we demonstrate week-long operational stability of

electrochemical aptamer sensors in bovine serum at 37 °C
achieved by (1) increasing the van der Waals interaction
between adjacent monolayer molecules to increase the
activation energy required for desorption, (2) optimizing
electrochemical measurement to mitigate both alkylthiolate
oxidation and electric-field-induced desorption, and (3)
protecting the surface from fouling using either size-exclusion
membrane protection or zwitterion antifouling chemistry.
Electrochemical aptamer biosensors provide an ideal tool to
investigate monolayer degradation mechanisms, as aptamer

sensors require a tightly packed monolayer to preserve redox-tag
current versus background current and because aptamer sensors
readily reveal monolayer fouling by albumin and other solutes.
As a result, this work further presents the origins and solutions
for these degradation mechanisms in a logical stepwise manner
that was previously unobservable over multiday operation in
biofluids.
We first provide a brief overview of the leading mechanisms

speculated to cause monolayer degradation along with proposed
solutions to decrease the degradation rate, followed by
experimental results obtained in buffer and raw undiluted
serum at 4 and 37 °C. Several of the observed results are
surprising, revealing that short-term solutions to improving
sensor longevity over several hours may actually increase sensor
degradation during multiday operation. The results and
underlying insights on mechanisms not only push forward
fundamental understanding of stability for self-assembled
monolayer chemistry but also demonstrate an important
milestone for continuous electrochemical aptamer biosensors
and other biosensors that rely on molecular self-assembly on
gold substrates, such as immunosensors, peptide-based sensors,
and other electrochemical nucleic acid sensors.8

Figure 1. Proposed mechanisms of monolayer degradation and solutions for reaching multiday stability for electrochemical aptamer sensors. (a)
Thermal desorption and/or desorption mediated by serum solutes can be partially mitigated by increasing alkylthiol chain length while (b)
electrochemical scanning can be optimized to reduce both electric-field-induced desorption and spontaneous monolayer oxidation. (c) Enzymatic
attack of aptamer probes is a concern that can largely be circumvented by utilizing non-native DNA chemistry. (d) While biofouling alters sensor
signaling properties, membrane protection and surface chemistry modifications can mitigate these detrimental changes and retain sensor performance
in multiday operation.
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■ RESULTS AND DISCUSSION
Overview of Proposed Mechanisms of Mixed Mono-

layer Degradation for Electrochemical Aptamer Sensors.
As illustrated in Figure 1, electrochemical aptamer sensors rely
on a redox-molecule-tagged aptamer with specific affinity-based
binding capability to an analyte. When affinity-based binding to
the analyte occurs, the aptamer undergoes a binding-induced
conformational change. As the aptamer geometry changes, the
redox tag’s availability for electron transfer with the electrode is
altered and therefore is measurable as a change in electro-
chemical current.7,10,11 There have been numerous mechanisms
proposed in recent literature regarding the degradation of
electrochemical aptamer sensors, especially when deployed in
complex media such as whole blood or raw undiluted serum.
Part of the limitations of these previous studies is that they did
not achieve multiday results with fully functioning aptamer
sensors and, if they did, there were a plurality of mechanisms
rapidly degrading the sensor. Given a plurality of degradation
mechanisms simultaneously occurring, it becomes highly
difficult to isolate and observe individual degradation mecha-
nisms and propose feasible solutions.
Before presenting the experimental results, a brief overview on

degradation mechanisms is introduced along with potential
solutions to mitigate specific degradation phenomena. The
following terms will be used consistently throughout the paper:
redox-tag current is the amplitude of the faradic redox-tag peak
current minus the background current amplitude outside the
redox peak in a given voltammetric scan; normalized redox-tag
current is the redox-tag current normalized to the first
measurement taken; background current is the voltammetric
current that would be measured if the aptamer molecules were
not distally tagged with a redox reporter including, for example,
capacitive currents and competing redox processes such as
oxygen reduction; adjusted current is the combined redox-tag
current and background current of a square-wave voltammo-
gram adjusted such that the minimum current is set to 0 A in the
presentation of the voltammogram such that voltammograms
can be plotted side by side and compared with greater ease; and
sensor response is the change in redox-tag current due to
binding of the target analyte to the aptamer, also known as signal
gain, which can either increase or decrease based on the aptamer
and the voltammetric time scale.12 We define these terms here
because simpler terms used in the past such as “sensor signal”
can be misleading based on our findings because, as will be seen
in the results, a strong redox-tag current does not always result in
a strong sensor response and therefore is not representative of a
“strong sensor signal”. Lastly, the term scanning as used herein
means performing a single complete square-wave voltammetric
(SWV) measurement.13

The overview of degradation mechanisms begins with Figure
1a, thermally driven monolayer desorption. We speculate and
observe at this time that there are two major factors that
determine the degree of thermal desorption: monolayer defects
and the degree of lateral van der Waals interactions between
neighboring monolayer molecules. The molecules residing on
the edges of large monolayer defects have reduced van derWaals
interactions with adjacent molecules and therefore require less
energy for desorption (Figure 1a1 energy plot).
On even using the best protocols for monolayer self-assembly,

defects are unavoidable and found at mismatched gold crystallite
domain boundaries and at large gold step edges. Recent
literature has shown that the roughness of the gold is resultingly

critical for monolayer stability, as smaller gold step edges force
smaller-sized monolayer defects compared to those on highly
smooth gold or even monocrystalline gold surfaces.14 However,
even with an appropriate gold roughness for minimizing
monolayer defect size (Figure 1a2), thermal desorption of the
monolayer still remains a significant challenge. Moving to body
temperature and/or complex biofluids further increases
desorption through increased thermal energy and/or the
presence of foulants that provide an “energetic bridge” to
reduce the single-step energy needed for desorption (Figure
1a3). As shown in Figure 1a4 and demonstrated later in our
experimental results , even small increases in van der Waals
interaction between adjacent monolayer molecules, achieved by
increasing alkylthiolate chain length, can greatly decrease
monolayer desorption by increasing the energy step required
for thermal desorption and/or desorption mediated by
monolayer solubilization via interaction with proteins and
other amphipathic molecules present in biofluids (Figure 1a4).
Next, the effects of electrochemical scanning on the

monolayer (Figure 1b1) are reviewed, which can both diminish
and, as we show here for the first time for electrochemical
aptamer sensors, enhance monolayer stability. First, there have
been multiple recent demonstrations that show that more
gradual15 or reduced potential window scanning16,17 can reduce
electrical stress on the monolayer. Particularly, when operating
at negative potentials, the applied electric field can strain the
negatively charged phosphate backbone of the aptamer away
from the electrode surface.18,19 We additionally show here in the
experimental results that while operating at negative potentials
can accelerate monolayer desorption, the same cathodic
scanning also mitigates the oxidation of alkylthiolate molecules,
setting the stage for optimized scanning as shown in Figure 1b2.
While literature has demonstrated that attaching single
molecules to gold with multiple thiol groups reduces their
desorption due to thermal or electric field effects,20,21 we will not
test those methods herein because in most examples poorer
packing density of the resulting monolayer22,23 would increase
electrochemical background current due to higher capacitance
and increased oxygen reduction at the surface.
Another concern for biosensor longevity is chemical and

enzymatic attack of the biorecognition element itself (Figure
1c). In particular for aptamers, processes such as nuclease
cleavage, enzymatic methylation, and oxidation of the single-
stranded DNA can all potentially degrade the sensor redox-tag
current and the sensor response over time. We will not spend
time discussing enzymatic modification of aptamers in detail
here because it is largely aptamer dependent and resolvable, if
needed, by chemically modifying the aptamer24 or providing
membrane protection to block nucleases and other enzymes.25

Lastly, one of the major remaining concerns that extends
beyond just aptamer sensors is protein biofouling. Aptamer
sensors employing alkylthiolate monolayers on mechanically
polished gold typically exhibit a rapid initial 30−50% reduction
of redox-tag current due to biofouling when scanned in protein-
rich fluids such as serum.16 We speculate that this is due to
hydrophobic protein domains fouling at defect sites where the
inner hydrophobicity of the monolayer molecules is partially
exposed (Figure 1d1, left plot). Even more problematic, but not
previously discussed in the literature, is the reorganization of
biofouled protein molecules and the resulting protein
interactions with surface immobilized aptamer molecules over
multiple days. While these interactions may not significantly
impact redox-tag and background currents over multiple days,
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they can constrain the aptamers’ ability to move freely and
therefore prevent proper sensor response to changes in analyte
concentration (Figure 1d1, middle and right plots).
Fouling is resolvable for at minimummultiday operation if not

multiweek operation using size-selective membranes that pass
the analyte but not large foulants such as albumin (Figure 1d2).
However, this precludes quantification of proteins that have
similar size to large protein foulants since they will also be
excluded by protective membranes. Fouling is also potentially
resolvable using antifouling chemistry at the fluid-facing
terminus of monolayer molecules,26 albeit less proven in
practice for multiday operation.
There are numerous other factors that can degrade self-

assembled monolayers and aptamer sensors; however, they will
not be discussed here as the sensor preparation methods and
results described herein show that the aforementioned
mechanisms are the most dominant in pursuit of week-long
operation in a raw biofluid at body temperature. The
experimental results are organized in subsections, each of
which represent key insights produced in this work. The
subsections are organized in the following order:
(1) Extending alkylthiolate chain length increases monolayer

intermolecular forces and therefore improves monolayer
stability in buffer conditions (Figure 1a1,a2).

(2) Although short-term experiments suggest that foulants in
serum can further stabilize the monolayer, over multiple
days these foulants locally promote desorption, which can
also be resolved by increased alkylthiolate chain length
(Figure 1a2,a3).

(3) While short-term experiments suggest that minimizing
electrochemical scanning improves monolayer stability,
longer-term data reveal that for a monolayer stable in
terms of intermolecular forces, scanning actually further
improves monolayer stability by suppressing oxidation of
alkylthiolate molecules (Figure 1b).

(4) Fouling affects electron-transfer rates and has a significant
impact on freedom of mobility of the aptamer (Figure
1d).

Extending Alkylthiolate Chain Length Increases
Monolayer Intermolecular Forces and Therefore Im-
proves Monolayer Stability in Buffer Conditions (Figure
1a1,a2). Self-assembled monolayers of alkylthiolates on gold
substrates have been extensively studied due to their use in a
variety of applications spanning from biosensing and drug
delivery to nanotechnology and fundamental research on
electrochemical properties of adsorbed/immobilized
layers.8,27−29 Longer-chain alkylthiolates can inherently offer
more stability due to an increased number of points for van der
Waals interactions with neighboring molecules, thus resulting in
more orderly packed monolayers.30 However, longer-chain
monolayers pose a challenge for electrochemical aptamer
sensors which, as previously mentioned, rely on electron transfer
from a distally tagged redox reporter. Not only do longer

alkylthiolate chains increase the electron-tunneling distance
across the monolayer but, given that longer monolayers also
pack better,31,32 there are also less defects in the monolayer,
which are necessary to some degree to support efficient electron
transfer.14,33

Traditional electrochemical aptamer sensors predominantly
employ the hydroxyl-terminated alkylthiolate 6-mercapto-1-
hexanol (MCH) as the passivating blocking layer molecule to
backfill unoccupied gold atoms after aptamer immobilization.34

MCH has previously been demonstrated to be somewhat
sufficient for reducing nonspecific adsorption and mitigating
unwanted redox processes (e.g., oxygen reduction) while still
allowing for robust electron transfer and offering moderate
stability for multihour deployment.7,9

Longer alkylthiolate monolayers (i.e., 11 methylene groups)
have been attempted in the past for electrochemical aptamer
sensors in efforts to improve stability.26,34 However, issues with
impeded electron transfer have largely precluded practical
application as slower electron-transfer rates decrease redox-tag
current and can alter frequency response such that dual-
frequency approaches to drift-corrected5 and calibration-free35

operation may not be plausible. Additionally, in the context of
desorption, the biocompatibility of these longer-chain alkylth-
iolates must be considered for multiday operation in implantable
applications, given that some longer-chain alkylthiols are
reported to cause acute toxicity upon ingestion according to
safety data sheets. However, given that the surface coverage of
typical electrodes is about picomoles (Table S1), minute
concentrations are likely to be experienced with gradual
desorption of sensor lifetime.
Therefore, there is a trade-off that must be considered

between the stability that should theoretically be achieved by
longer alkylthiolates and the resulting decrease in electro-
chemical aptamer biosensor performance (i.e., diminished
redox-tag current and altered response to target). Furthermore,
to the best of our knowledge, there are no literature reports that
assess the multiday stability of electrochemical aptamer sensors
employing longer-chain alkylthiolates as part of mixed
monolayers with thiolated aptamers in undiluted biofluids at
body temperature.
Empirically, we have observed that electrochemical aptamer

sensors employing MCH passivation layers are quite stable
when testing at refrigerated (∼4 °C) or room temperatures
(∼20 °C) in buffer conditions (Figure 1a). This is also
corroborated in the literature, where sensors stored at room
temperature survived > 7 days in solution.20,36 However,
changing the testing environment to body temperature (∼37
°C) leads to more rapid degradation, consistent with the
literature on temperature-programmed desorption for pure
alkylthiolate monolayers on gold.30,37 Table 1 illustrates how
simply increasing alkylthiolate length by two methylene groups
from MCH to 8-mercapto-1-octanol (MCO) can result in
desorption rates at 37 °C similar to MCH desorption rates at
room temperature based on the Arrhenius equation

Table 1. Increasing Alkylthiolate Chain Length by Two Methylene Groups Theoretically Results in Desorption Rates at Body
Temperature Similar to Those Seen with MCH at Room Temperature

increasing from room (20 °C) to body temperature (37 °C) increasing alkylthiolate chain length by two methylene groups
from MCH (∼288 kJ/mola) to MCO (∼306 kJ/mol)

=
T

T
E310 K

293 K
1.06

RT
6%body

room

a =
E

E
E306 kJ/mol

288 kJ/mol
1.06

RT
6%a,MCO

a,MCH

a

aTheoretical Ea values obtained from density functional theory calculations.38
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=k A e E( )/RTa

where k is the rate of desorption, A is a pre-exponential factor
specific to the reaction, Ea is the activation energy required for
desorption, R is the universal gas constant, and T is temperature
in Kelvin.
Based on this analysis, we prepared electrochemical aptamer

sensors for the antibiotic vancomycin39 with MCO blocking
layers in efforts to compare their relative stability to those

prepared with traditional MCH blocking layers. As anticipated,
MCO-based sensors had reduced initial methylene blue currents
compared to those with MCH due to the increased barrier for
electron transfer (Figure S1). This is also reflected in the
electron-transfer rate constants for MCH- and MCO-based
sensors (i.e., 33 and 18 s−1, respectively) as determined by the
Laviron formalism (Table S1).40 Furthermore, these values,
along with measures of capacitance and DNA surface density,
are consistent with a previous report comparing MCH and

Figure 2. Electrochemical aptamer sensors with MCO passivation layers are more stable than those with MCH when repeatedly scanned with a
periodicity of every 30 s in PBS at 37 °C. (a) MCH sensors suffered ∼50% more signal loss over 7 days compared to MCO sensors and (b) accrued a
significantlymore drastic degradation in voltammogram quality. (c) Sensors repeatedly scanned at 4 °C for 7 days showed significantly less degradation
for those with MCH while similar preservation of voltammogram quality was seen for those with MCO. All SWVs were recorded at 300 Hz. Shaded
areas on all curves represent standard deviations (n = 4).
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MCO for electrochemical DNA sensor applications under high-
temperature hybridization.41 Of note in the present work, the
thiolated linker on the DNA, which is typically matched to the
length of MCH, was kept constant despite the mismatch
between the number of methylene groups (i.e., eight vs six)
present in MCO and the linker moieties. While this could
potentially introduce disruptions in the packing of MCO
molecules around the aptamer probes due to steric hinderance
from the first 5′ phosphate, reductive desorption of the mixed
monolayer for both MCH and MCO sensors reveals a
statistically insignificant difference in overall surface loading
(Table S1).
Furthermore, these reductive desorption voltammograms

(Figure S1) demonstrate the larger energetic barrier required for
MCO desorption compared to MCH, with the difference in the
overpotential of ∼30 mV between the two groups consistent
with prior literature.31 With regard to desorption in multiday
operation, the experimental results directly support our
hypothesis via the Arrhenius equation that the monolayer
stability of MCO should be far superior to MCH at body
temperature. Figure 2a,b shows the results for electrochemical
aptamer sensors for vancomycin fabricated with either MCH or
MCO passivation layers repeatedly scanned for over 1 week in
target-free phosphate-buffered saline (PBS) at body temper-
ature (i.e., 37 °C). Here and in subsequently presented data,
repeated scanning refers to consecutive SWV scans conducted
approximately every 30 s with a square-wave frequency of 300
Hz.
Consistent with theoretical assumptions, MCO-fabricated

sensors exhibited superior stability during 7 days of operation
(∼40% redox-tag current loss) compared to MCH sensors
(∼80% redox-tag current loss) with the quality of the square-
wave voltammograms well preserved after multiple days of
scanning (Figure 2b). After ∼3 days, MCH sensor voltammo-
grams showed background current contributions due to oxygen
reduction at −0.5 V that exceeded the redox-tag current,
indicating excessive desorption of the passivation layer. Beyond
day 3, the quality of MCH sensor voltammograms became
progressively worse as the redox-tag current decreased
exponentially to approximately 20% of its initial value. Such
excessive loss of redox-tag current is likely due to aptamer
desorption, which becomes even more energetically favorable
after the desorption of surrounding MCH molecules. In
comparison, the MCO sensors only exhibited a slight increase
in background current due to oxygen reduction, suggesting that
the MCO monolayer remained largely intact.
To further illustrate the strong temperature dependence of

monolayer degradation, we repeated the same electrochemical
aptamer sensor testing with MCH and MCO passivation layers
in buffer conditions at a low temperature of 4 °C, which based on
the Arrhenius equation should theoretically result in monolayer
desorption rates ∼106 times slower than those at 37 °C. Figure
2c shows the voltammogram results of MCH- and MCO-
fabricated sensors repeatedly scanned for 7 days at 4 °C in PBS.
Repeated scanning still resulted in significant loss of redox-tag
current as expected and previously reported, where excessive
scanning is suspected to desorb the monolayer over time.16

However, MCH sensors lost significantly less current at 4 °C
(Figure S2) compared to sensors tested at 37 °C (i.e., ∼35% vs
∼85% respectively), and voltammograms show that oxygen
reduction increased only slightly over 7 days (Figure 2c),
indicating that the passivating monolayer was well-preserved at
this temperature. Surprisingly, at 4 °C, MCH and MCO sensors

lost similar amounts of redox-tag current (∼35 and ∼40%
respectively, Figure S2), suggesting that these losses were largely
due to electric-field-induced desorption of aptamer upon
repeated scanning since thermal desorption of the monolayer
at this temperature should be negligible.

Although Short-Term Experiments Suggest That
Foulants in Serum Can Further Stabilize the Monolayer,
Over Multiple Days These Foulants Locally Promote
Desorption, Which Can Also Be Resolved by Increased
Alkylthiolate Chain Length (Figure 1a2,a3).While electro-
chemical aptamer sensors have been shown to operate in
complex biofluid media, such as blood and serum, demon-
strations have previously been limited to several hours and
longer-term studies for more than 24 h have been limited to
more hydrophobic monolayers, such as those employing 1-
hexanethiol, which are shown to exhibit superior electro-
chemical stability but foul much more severely.34 It is known
that biofouling of the electrode surface by large solutes such as
albumin can alter sensor performance and electron-transfer
kinetics.16,35 Typically, for aptamer sensors with hydroxyl-
terminated alkylthiolates such as MCH or MCO, a rapid
exponential loss of sensor redox-tag current (∼30 to 50%) is
seen within the first 3 h, followed by a period of slow and more
linearly stable current loss for several hours thereafter.7,9,16 It has
also been shown that the foulants in serum driving this loss in
current are passivating unoccupied sites on the gold surface, thus
flattening the baseline in the range of the potentials where
otherwise oxygen reduction would be pronounced.42 The results
here show that while foulants may initially passivate larger
defects in the monolayer, over multiple days the biofouled layer
actually caused desorption of the monolayer at a faster rate
compared to experiments performed in PBS.
Figure 3a,b shows the results of electrochemical aptamer

sensors for vancomycin with MCH and MCO passivation layers
repeatedly scanned in target-free serum at 37 °C for over 1 week.
The data in Figure 3 not only show the expected early-stage
foulant passivation of monolayer defects within the first few
hours but also show that after 24 h, monolayer desorption for
MCH sensors actually accelerated compared to those tested in
PBS. This is evident by the excessive increase in sensor
background currents such that redox-tag currents became
virtually indistinguishable by day 3 (Figure 3b). We speculate
this is largely due to foulants creating an energetic bridge
between the surface-bound and solubilized states for monolayer
molecules (Figure 1a3). For example, adjacent foulant and
alkylthiolate molecules could interact through attractive
intermolecular interactions that in turn may energetically favor
desorption compared to desorption in buffer conditions.
MCO sensors on the other hand provided much more stable

redox-tag currents and voltammograms over 7 days with only
modest increases in oxygen reduction currents (Figure 3b).
Similar to how adding twomethylene groups to passivation layer
molecules (i.e., MCO vs MCH) creates a larger energy barrier
for thermal desorption in PBS (Table 1 and Figure 2), increased
intermolecular forces between neighboring MCO molecules
also makes it more difficult for foulants to act as an energetic
bridge for MCO desorption in serum (Figure 1a4). However,
once MCO sensor background currents began to increase
around day 7, sensor degradation rapidly accelerated and soon
resulted in voltammograms with indistinguishable redox-tag
currents.
An important difference between observations in PBS and

serum at 37 °C is that the redox-tag currents eventually
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increased for both the MCH and MCO sensors at 37 °C in
serum (Figure 3a), whereas in PBS at 37 °C (Figure 2a) the
redox-tag currents monotonically decreased with time. While
MCH sensors showed a sharp rise in their measured redox-tag
currents after the first 12 h (Figure 3a), this apparent increase
was likely due to degraded monolayers better facilitating the
parasitic oxygen reduction reaction, thus contributing to the
total current measured near the potential of the methylene blue
peak. However, large increases in oxygen reduction were also
observed in buffer conditions as a result of sensors’ degradation

but did not contribute to a similar increase in measured redox-
tag current over 7 days (Figure 2). The reason for this
discrepancy has yet to be elucidated and will be the subject of
future work.
Contrary to the results obtained at 37 °C, these degradative

processes were largely impeded at 4 °C, resulting in much more
stable redox-tag currents and lower oxygen reduction currents
after multiday operation (Figure 3c).
Also of interest, the initial ∼30 to 50% exponential loss in

redox-tag current typically seen at 37 °C over the first ∼3 h

Figure 3. Biofouling in undiluted bovine serum accelerates degradation of both MCH- and MCO-fabricated sensors after multiple days of repeated
scanning (i.e., ca. every 30 s) at 37 °C. (a) MCO sensor currents were more stable compared to MCH sensors and (b) maintained quality
voltammograms with discernable redox peaks over 7 days. (c) Repeated scanning at 4 °C resulted in significantly more stable redox-tag currents for
both MCH and MCO sensors. All SWVs were recorded at 300 Hz. Shaded areas on all curves represent standard deviations (n = 4).

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c02403
ACS Sens. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acssensors.2c02403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02403?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02403?fig=fig3&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c02403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure S3) occurs more slowly over ∼24 h at the lower
temperature of 4 °C. Furthermore, the first 12 h at 37 °C and the
first several days at 4 °C both reveal the “exponential” and
subsequent “linear” phases of degradation previously described
in the literature,16 as data from sensors tested at both
temperatures closely mirror one other and differ only in the
time scales over which the aforementioned phases occur (see
Supporting Figure S3). This observation demonstrates the
energetic dependence governing biofouling kinetics as dictated

by the rate of protein unfolding and rearrangement. This is
further illustrated by the finding that the rate of fouling is
somewhat dependent on the periodicity of electrochemical
scanning (Figure S4), a process that locally imparts energy and
likely drives rearrangement of the biofouled layer.

Although Short-Term Experiments Suggest That
Minimizing Electrochemical Scanning Improves Mono-
layer Stability, Longer-Term Data Reveal That for a
Monolayer Stable in Terms of Intermolecular Forces,

Figure 4. Elevated temperatures lead to excessive passivation layer desorption when sensors are only scanned once a day. (a)MCO sensors maintained
fairly constant redox-tag currents over 7 days, while MCH sensors were practically unreadable after day 2. (b) MCH sensors underwent rapid
degradation, evident by excessive background currents after only 2 days in buffer conditions at 37 °C. MCO sensors suffered less overall degradation
but showed background currents comparable to redox-tag currents after 3 days in buffer at 37 °C. (c) Sensors interrogated at 4 °C in buffer conditions
did not experience the same degradation seen at 37 °C and lost minimal current over 7 days. All SWVs were collected at 300Hz. Shaded areas and error
bars represent standard deviations (n = 4).
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Scanning Actually Further ImprovesMonolayer Stability
by Suppressing Oxidation of Alkylthiolate Molecules
(Figure 1b). Several papers have assessed the impact of
electrochemical scanning on the degradation of aptamer
sensors9 and have shown that loss of sensor redox-tag current
is dependent upon the number of scans performed and the width
of the potential window used for interrogation.15−17 To assess
the effects of electrochemical scanning in light of the thermal
effects discussed in the previous sections, we additionally tested
MCH and MCO sensors by performing scanning only once a
day at either 4 or 37 °C. Tests were performed in both PBS
(Figure 4) and serum (Figure S5) with a surprising and similar
conclusion for both media: longer-term data over multiple days
show that more frequent scanning is preferred as it can actually
help further stabilize the monolayer. To illustrate this improved
stability, we compared the voltammograms obtained by
repeated scanning in PBS at 37 °C (Figure 2b) with those
recorded once a day (Figure 4a). MCH sensors scanned once a
day underwent rapid degradation such that they were
unreadable after just 2 days. While the MCO sensors were
able to survive for 7 days (Figure 4a,b), background currents
increased significantly more than those repeatedly scanned in
the same conditions (Figure 2b).
We speculate that the applied negative potentials used during

scanning suppress the oxidation of neighboring passivating
alkylthiolates to disulfide dimers and therefore can reduce
desorption of the monolayer by keeping surface-bonded
passivation molecules in their reduced thiolate form. The
dimerization of thiols has previously been observed in thermal
desorption spectroscopy experiments with self-assembled
monolayers on gold, where disulfide homodimers of alkylth-
iolate molecules were detected as the primary species desorbing
from tested gold substrates .43,44 Furthermore, gold has been
shown to serve as a catalyst for the oxidation of thiols to
disulfides in the presence of oxygen.45 At elevated temperatures,
this dimerization process is accelerated and leads to a more rapid
loss of passivating molecules. This results in the formation of
unoccupied sites on the gold surface available for accessory
redox processes, such as oxygen reduction, leading to excessive
background currents.
With repeated scanning in reductionmode from−0.1 to− 0.5

V (vs Ag/AgCl), excess electrons are made available to the
monolayer during each scan, which could potentially suppress
oxidation of neighboring alkylthiolates to disulfides and thus
reduce the rate of monolayer desorption. Given that reductive
desorption of alkylthiolates has been shown to begin beyond
−0.7 V (vs Ag/AgCl),31,38 it is unlikely that repeated scanning
within this potential window can induce excessive desorption of
passivating molecules. We conclude that under the test
conditions presented here, and potentially in most other
aptamer sensor experiments, thermal desorption of passivating
moieties via oxidation to disulfides is a major driving factor of
monolayer degradation and can be partially mitigated via
repetitive operation in reduction mode and/or by increasing
alkylthiolate length. Longer alkylthiolates (e.g., MCO vs MCH)
are less susceptible to oxidation to disulfides since the oxidation
process first requires overcoming van der Waals interactions
with neighboring molecules such that the disulfide can form and
then diffuse from the electrode surface.
However, a balance in scanning periodicity is needed, because

as previously discussed and shown in Figures 2 and 3, the electric
field generated during scanning can also drive desorption of
aptamer molecules due to straining of the negatively charged

DNA backbone away from the electrode surface.18,19 When the
same once-a-day scanning tests were performed at 4 °C in PBS,
redox-tag currents for both MCH and MCO sensors were fairly
constant and only decreased by ∼10% over 7 days, indicating
that less frequent scanning resulted in less aptamer desorption.
Additionally, the excessive increase in background current
observed at 37 °C in PBS was not observed for either MCH or
MCO sensors scanned once a day at 4 °C (Figure S5), further
supporting the conclusion that thermally induced alkylthiolate
oxidation is largely driving monolayer desorption at elevated
temperatures.
The trade-off between increased scanning periodicity for

alkylthiolate layer preservation in light of thermal effects and
reduced scanning for aptamer preservation is summarized in
Table 2. It has recently been shown by our group that partial

scanning (Figure 1b2) about the redox peak can reduce the
electrochemical stress on the sensor while still providing a robust
redox current for determining sensor response to analyte,17

which therefore may provide even greater longevity results than
the unoptimized results demonstrated herein.

Fouling Affects Electron-Transfer Rates and Has a
Significant Impact on Freedom of Mobility of The
Aptamer (Figure 1d). While MCO-passivated sensors are
more resistant to monolayer desorption in multiday operation
and maintain a more stable redox-tag current relative to MCH
sensors (Figure 3), both MCH- and MCO-based sensors suffer
from a severe loss in sensor response (i.e., sensitivity) to
vancomycin molecules after only 3 days of repeated scanning in
serum at 37 °C (Figure 5a,b). Titration curves were obtained on
day 0 and day 3 with the most sensitive “signal-on” and “signal-
off” SWV frequencies12 based on the frequency response curves
measured for each batch of sensors (Figure S7). These curves
were used to construct the “kinetic differential measurement”
(KDM) response, which is routinely used in aptamer sensors to
enhance gain and correct for signal drift over time.5 The data
were then fit to a Hill−Langmuir binding model for
quantification of apparent binding affinity (KD,app).

46

Sensor response to vancomycin was similar for both MCH
and MCO sensors on day 0 (Figure 5a,b), indicating that the
additional methylene groups and mismatch between the
aptamer linker and passivation layer length are largely
inconsequential to initial sensor response. However, maximum
sensor responses were reduced from ∼200 to ∼75% for MCH
sensors after 3 days of repeated scanning, whereas those for
MCO sensors decreased more moderately from ∼180% for
freshly prepared sensors to ∼120% at day 3. Additionally, the
apparent affinity drastically decreased for both sensors over this
timeframe. This large reduction in sensor performance was not

Table 2. Summary of the Trade-Offs between Infrequent
(Once Daily) and Frequent (Every 30 s) Scanning at 4 and 37
°C in PBS (Figure 4) or Serum (Supporting Figure 6)

4 °C 37 °C
scanning once a
day

√ low thermal
desorption

× excessive thermal desorption

√ no electric field
desorption

√ no electric field desorption of
aptamer

repeated scans
every 30 s

√ negligible thermal
desorption

√ less oxidation = slow desorption

- mild electric field
desorption

- mild electric field desorption
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seen in sensors repeatedly scanned in PBS at 37 °C, as titration
curves after 7 days showed virtually no loss in maximum sensor
response for both sensor and only modest shifts in apparent
affinity (Figure S6).
These results further suggests that over multiple days,

rearrangement of the biofouled layer can hinder the physical
mobility of aptamer molecules and prevent conformational
change in the presence of analyte. With more aptamer molecules
being incapable of bringing their redox reporter closer to the

electrode surface, while still contributing to the redox-tag
current measured in analyte-free serum, a higher concentration
is needed to drive a higher proportion of the unrestrained
aptamer population toward the bound state. Of note, MCO
sensors still showed appreciable sensor response after 7 days of
continuous scanning in serum at 37 °C, albeit with further
reductions in sensor response and affinity (see Supporting
Figure S7).

Figure 5. Fouling in serum severely impacts signal gain in response to analyte and is solvable by antifouling strategies such as membrane protection. (a)
MCH sensors repeatedly scanned for 3 days in bovine serum at 37 °C suffered drastic losses in sensor response to vancomycin. (b) MCO sensors
responded similarly to MCH sensors on day 0 and suffered less severe but significant losses of sensor responses after 3 days. (c) Hydrogel protection
reduced sensor response for MCH sensors but preserved initial response over 3 days while (d) protected MCO sensors maintained their sensor
response both initially and over 3 days. Error bars represent standard deviations (n = 4).
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Fouling also strongly affects the optimal frequency at which
the highest response can be obtained. The maximally responsive
signal-on frequency for both MCH- and MCO-based sensors
determined at day 0 was 300 Hz. After 3 days, the maximally
responsive signal-on frequency shifted to 750Hz forMCHwhile
it remained at 300 Hz for the MCO sensors.
These shifts demonstrate that biofouling alters electron-

transfer kinetics on the electrode surface, either in the analyte-
bound or in the unbound states for aptamer molecules, which is
consistent with results seen in the literature where the frequency
of maximum electron transfer for the unbound aptamer is shown
to shift during the initial 2−3 h exponential fouling phase.16

Over multiple days, desorption of passivation molecules allows
for replacement with foulants, a process that occurs much more
rapidly onMCH sensors than onMCO sensors, thus resulting in
the shifts in maximally responsive frequency seen in Supporting
Figure S7.
There is also both a strong temperature dependence and

scanning periodicity dependence on both fouling-induced loss
in sensor response and shifts in frequency response. Over 7 days
of testing,MCH sensors repeatedly scanned at 4 °Conly showed
a decrease from a maximum response of ∼200 to ∼175%,
whereas MCO-based sensors showed virtually no loss in
maximum sensor response (Figure S8). These results further
support our previous conclusion that fouling is largely
temperature dependent, which includes the subsequent
rearrangement that can hinder aptamer mobility and sensor
response to analyte. Regarding a dependence on the frequency
of scanning, sensors scanned once a day in serum at 4 °C
suffered greater reductions in their maximum sensor response
compared to those repeatedly scanned at 4 °C (see Supporting
Figure S8). These results further suggest a dependence for
biofouling on how often scanning is performed, likely due to
electric field perturbation and reorganization of the biofouled
layer, consistent with our previous data (Figure S4) and
discussion in this paper.
We further demonstrate here that fouling-induced loss of

sensor response is preventable via robust membrane protection
or via a monolayer with a terminal moiety that has stronger
antifouling properties than the simple hydroxyl group at the end
of MCH or MCO. First, the impact of hydrogel membrane
protection was assessed on multiday sensor response in serum at
37 °C. We note that for these results a roughened gold surface
was used (see the Methods section in Supporting Information)
to promote adhesion of a zwitterionic polybetaine hydrogel to
the electrode surface given that the hydrogel was unable to
adhere to smooth gold surfaces.
While application of the hydrogel to our sensors drastically

reduced the initial maximum response for MCH sensors (Figure
5c), the response of the MCO-based sensors was virtually
unchanged (Figure 5d) compared to sensors without hydrogel
(Figure 5b), although there was a considerable shift in apparent
affinity. While the source of this large initial decrease in
maximum response forMCH sensors is unknown, it is suspected
that a higher degree of disorder for MCH monolayers makes
them more susceptible to surface changes induced by the
hydrogel. This is consistent with the larger reduction in sensor
performance seen due to biofouling for MCH sensors compared
to MCO sensors (Figure 5a,b). More importantly, both
hydrogel-protected MCH and MCO sensors were able to
largely maintain their initial maximum sensor responses from
day 0 to day 3, although there was a notable reduction in
apparent affinity seen in both cases (Figure 5c,d). These results

indicate that the protection was largely successful in mitigating
fouling that leads to the drastic reduction in sensor performance
seen in unprotected sensors
Second, fouling can be partially reduced using antifouling

chemistries, such as those previously demonstrated using a
zwitterionic phosphatidylcholine-terminated passivating mono-
layer.26 We initially sought to test this phosphatidylcholine-
terminated monolayer with the vancomycin aptamer used
throughout this work but were unable to generate sensors with
appreciable response to vancomycin. We therefore utilized
previously reported aptamer sequences targeting cortisol47 and
L-phenylalanine,48 with which the phosphatidylcholine-termi-
nated passivation layer resulted in significant improvement in
maintaining sensor response with repeated scanning in serum at
37 °C as compared to MCH (Figure S9). The hydrogel
protection and antifouling monolayer strategies utilized here are
unoptimized and are reported to simply demonstrate that
fouling-induced loss in sensor response can be prevented over
multiday time scales and, therefore, we expect can perform for at
least 1 week or more under optimized conditions.

■ CONCLUSIONS
Collectively, these insights support the framework discussed in
Figure 1 on degradation mechanisms for electrochemical
aptamer sensors and for applications based on self-assembled
alkylthiolate monolayers in general. By simply increasing
passivating alkylthiolate chain length by two methylene groups,
sensors demonstrated superior stability in multiday operation
with further improvement in sensor performance realized by
robust hydrogel protection. The results reported herein also
challenge conventional wisdom regarding self-assembled
monolayer stability on gold surfaces and shed important light
on several previous conclusions that were only accurate over
shorter-term operation of just a few hours.
As a result, it appears promising that soon aptamer sensors will

be able to operate in vivo for at least 1 week at body temperature.
Optimization of gold roughness, electrochemical interrogation,
passivation layer length, surface chemistry, and aptamer linker
length will serve beneficial to further improving sensor
performance in such conditions. Additionally, future work will
be needed to evaluate the overall biocompatibility of these
systems complete with optimized surface chemistry and
membrane coatings.
Based on these results and progress made in the field over the

past few years, we expect that 2-week longevity mirroring
commercial continuous glucose meters is a fully capturable
reality for the field of electrochemical aptamer biosensors.
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