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ABSTRACT:To Fa}ke full advantage o_f the reagent- and Iabel—frgf?ui d S N et frack-etch
sensing capabilities of electrochemical sensors, a frequent and Pt 2 A e mbrane
remaining challenge is interference and degradation of the sgpsorsfw " e ol “ S ° i
due to uncontrolled pH or salinity in the sample solution Otarget salinity * 2 . ! oil-filled ﬂ .
foulants from the sample solution. Here, we present an ofl2alyte — - OZ—/{,& /1 pores ‘T' 111
membrane sensor protection technique that allows for_the? N u H | |41
permeation of hydrophobic (lipophilic) analytes into a segled N dh l~ o
sensor compartment containing ideal salinity and pH conditipr]S ¢ buffer solution e “*~%, buffer solution .-’
while simultaneously blocking common hydrophilic interfergnts T e
(proteins, acids, bases, etc.) In this paper, we validate the cn-ﬁ 2 ZZ 22 oil
membrane sensor protection technique by demonstrating “cCon- X_ aptamer sensor membrane

tinuous cortisol detection via electrochemical aptamer-based

(EAB) sensors. The encapsulated EAB cortisol sensor exhibits a

5 min concentration-on rise time and maintains a measurement signal of at least 7 h even in the extreme condition of an a«
solution of pH 3.

KEYWORDS:electrochemical aptamer-based sensor, oil membrane, pH independent, anti-fouling

INTRODUCTION which would otherwise confound sensor respbhsaike
e@IQOd or buer solutions, pH and salinity changes can be
g%rticularly acute for comtous sensing in emergent
ﬁ;}plications such as sweat biomarkers of environmental
Pollution, in both of which pH and salinity can be highly
variable. Even in a well-bted biouid such as blood, there

g also some ranges of pH and spsaits such as MgCl

t produce maximum performance for enZymes

tamers] and therefore, local control of pH and salinity at
he sensor can be desirable.

Enzymatic sensors are most commonly deployed for both r
time" and point-of-care assays because of the ability to coupl
biochemical reaction to a change in redox state of a co-fac
(e.g., NADH and FADHZ2) that can be measured directly o
indirectly However, enzymatic sensors are particularl
sensitive to changes in pH and salinity, as they are compo
of amino acids. Enzymes, as well as other proteins,

inherently pH-sensitive because of their labile side-chaj
protonation sites and salinity-sensitive because of their char ith specic respect to biaiids, the majority of the most

functional groupsTherefore, any change in salinity and/or roblematic solutes are hydrophilic, including salts, acids,

PH must be accounted for W't.h regard to converting enzyma %ses, and larger molecules such as proteins, which must have a
activity to analyte concentration.

. - . . hydrophilic shell to maintain their water solubility. General-
Othe_r plosensors that UF'I'Ze b|orecogn|tlon elgmerals su izing the problematic solutes as hydrophilic presents a
fbrom dS"TEIAaIra conitralrntsi,n:/nﬂ?dén% elgf:t;ochernacal ?thamegi'gni cant opportunity for more robust sensing of hydrophobic
T?Zie s(enso)rssr?al Sgnsthehe' heb'n dY . ao??heaanalc?e t(?‘)‘gues%lutes since hydrophilic/hydrophobic selective protection
th i A ty ng : lm:[ltﬁib 't'y o b ould theoretically be added to sensors. Implementing such a
€ aptamer. 7p amers are known 1o be sensilive 1o bo drophilic’/lhydrophobiclter would provide protection even
salinity and pH/ thus impacting the sensor performance an

analyte response. Additionally, EAB sensors use an immGoi

lized methylene blue redox couple, which itself is highly pHreceived: July 28, 2021

sensitiva. Accepted: October 7, 2021
Up until recently, electrochemical sensor demonstrations

have been dominantly performed irebbuuids, sera, or blood

because thesaids are highly relevant testing standards. All of

these uids are well-bered regarding their pH and salinity,
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beyond the widely deployed size-selective protective mem- (a) oil membrane and sensor operation
branes such as those used for in vivo glucose’sehsansl

other EAB sensafsEurthermore, this membrane sholtkt biofluid Na* e traick-etch
out redox-active interfering agents such as the negatively o e @y oo, membrane
charged FAD/FADH2 and NAD+/NADH coenzymes. @ foulants 1 of

. .. targ o
N . o salinity SN
In response to this opportunity, we present here a novel na* ok, or o gavte

approach of oil-membrane sensor protection, which allows for I > a— : iI‘I“ [
the permeation of hydrophobic (lipophilic) analytes into a INFAT AR N :

sealed compartment containing the sensor in its ideal pH )i _ / / \_I \’\‘\ buffer solution
condition, while the same oil membrane simultaneously blocks 5839 o o buffer  fiemprane v ’
protein foulants and pH interferents (acids/bases). In this () no anaiytes (c) increased analytes
paper, we specilly validate an oil-membrane sensor _ _

: H : . . < redox peak < signal
protection technique by demonstrating continuous cortisol z z gain
detection via EAB sensors. The oil-membrane encapsulated ¢ e

. o . . . =1 =3 77 N2>
EAB cortisol sensor exh|p|ts a 5-min concentration-on rise  °© botenta V) ° )
time and a measurement signal over at least 7 h even under an herent
extremely acidic condition of pH 3. This paper presents both edox oot ~10" aptamers/cm?
the sophistication of oil-membrane physics and the resulting "¢ X &

. o T . ‘7 -« i 5 @ a @
design criteria. Limitations and proposed improvements of our DNA 7= ~
cgrrent approach an_d novel methods for rapidly opti_miz_ing the el analyte
oil-membrane technique for new analytes and applications are
also discussed. Figure 1.(a) The oil membrane allows the partitioning of

From an application perspective, the novel oil-membrargdrophobic analytes such as cortisol while blocking hydrophilic
approach presented here is important for numerousolutes such as proteins, salts, and acids/bases. (b) For the
applications, including those with hydrophobic analytes, sulgctrochemical aptamer-based (EAB) sensors used in this work, a
as orally administered drugs (hydrophobic by design for ggpld_ working electrode is functionalized with DNA aptamers
permeation), and steroid hormones (cortisol, testosteron[ﬁf”‘g'e”nact:dof‘"’t'rt]t‘e ztiarrggtogng(l);tzleWrg?gthﬁar?géasn:ﬁgsJr(z)lgir:]\?t?ot??he
estrogen,. melatonin, etc.). Impr_oved rc_)bustness to variable FS ox couple with the electrodé compared to (b) without the target
also sati®s an acute and immediate need for swealnsjyte resulting in a change in electrical current that correlates with
biosensing, where pH can vary sigmitly>*> On a the change in analyte concentration.
speculative level, as biosensing researchers look toward
implanted biosensors, having sensor protection even MRctrode using thiol-linkers. Opposite to its thiol end, the
robust than size-selective membranes could certainly Qﬁtamer is tagged with a methylene-blue redox refigrtes.
valuable, especially if the sensor is preserved in optienal buipy shows the functionalized working electrode inathe
conditions. In addition, oil-membrane protection may provggsition, where the redox couple is extended away from the
important as biosensing moves into areas that requiggd surface when the aptamer sits in its unfolded or partially
alternative uids with non-ideal pH and salinity, such as;nfoided state. Upon analyte binding, shoWigime t, the
environmental sensing or food proceé%ﬂv@.ny emerging  aptamer folds in on itself, changing the redox-couple distance
potent biotoxins are hydrophobic because of the need fgom the electrode surface. This activity alters the electron
rapidly permeate biological tissue and therefore are idq@dnsfer rate from the redox couple to the working electrode,
candidates for oil-membrane protectiobastly, oil-mem- resulting in a change in electrical current measured by square-
brane protection may also prove important because ma@kye voltammetry.
hydrophobic analytes in hitds tend to bind to transport  comparing the current before and after binding of the
proteins, such as alburtfithus greatly reducing the unbound znalyte, a signal gain can be calculated, which is proportional to
drug concentration for detection by electrochemical sensofge change in the target analyte concentration. Previous studies
Oil-membrane protection could allow for protein denaturatiofzye shown that pH and salinity have a substantial impact both
by using salts or pH outside the membrane barrier to releagg the binding anity between the analyte and aptamer and
the hydrophobic analytes such that they are increased &g the current generated by the pH-sensitive redox réporter.
measurable concentrations while still preserving the senggjy this reason, the EAB sensor is an excellent platform to test

environment. Simply, oil-membrane sensor protection has thg performance of an oil membrane for sensor protection.
potential to open up numerous biosensing applications that areaqding Oil-Membrane Protection onto the EAB

currently challenged or even unobtainable with electrochemiegl,sor. The oil-membrane encapsulation strat€gyure
Sensors. 1a) involves an oil-impregnated hydrophobic membrane that
provides a barrier between the sensing compartment and the
THEORETICAL BASIS AND DEVICE DESIGN test uids, thereby blocking interferents and improving sensor
EAB Sensor for Cortisol SensingThis manuscript relies performance. The oil membrane is designed to provide a
on an unpublished EAB sensor for cortisol to simply validat®nstant, stable hydrophobic barrier that allows the simulta-
the oil-membrane technique (cortisol aptamer provided byeous permeation of hydrophobic analytes, such as cortisol
Eccrine Systems Inc.) and is not intended to be about th@olecules, while maintaining ideal aqueous conditions at the
application of cortisol sensing. EAB sensors aitg-based  sensor side, such as salinity and pH.
biosensors that equilibrate their signal to the analyte Figure Zontains more detailed diagrams of the spaiti
concentratiof.For the EAB sensorBifure b,c), aptamers membrane protected EAB cortisol sensors used in this paper.
(oligonucleotides) are immobilized on a gold workingThis sensor uses a three-electrode system. Four working
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(a) device diagram oil membrane
r~

(b) picture of the device and its parts
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Figure 2.(a) Diagram of side/top view of the oil-membrane sealed EAB cortisol sensor. (b) Picture of the oil-membrane sealed EAB cortis
sensor and its parts both before and after assembly.

(a) Diagram of dynamic sequence of signal-on process (b) Diagram of dynamic sequence of signal-off process (c) Equivalent

” ot - . Na* —}_0“ circuit
2 —
1 or . » ® .o . r biofluid!
° ° o o
Analytes R D o | I
L4 biofluid % O biofluid
N % 1 e
° 1) ° ° .
oil e ® . @ e oil °
membrane 2 /°® ° ° e ° membrane 2/’
° ° A ) o ° membrane
' o 3; o ° ' | ? 3 [®
o L ]
@
. 4 ., . Y . r “buffer]
°\5 e y . ® solution
\ buffer solution 6. ° e e buffer solution | |
o L] o
6 ¢ L] L] ¢ e l_ — _I
L ] o
Py o ° O O
Iaptamer

electrode electrode

Figure 3.(a) During the concentration-on process, the hydrophobic analyte moleculsé$)tdithe interface between the oil membrane and

bio uid and (2) rapidly partitions into the oil (decrease in free energy). (3) The anafde tf the other end of the oil membrane, (4) more

slowly partitions out of oil with a lag time (increase in free energy), andiggs dilose to the sensor surface. (6) The analyte binds with the
aptamer. (b) The reverse process. (c) A simple circuit representation of the system is provided as an additional guide, and it should be noted t
is an approximation and not a theoretically equivalent model.

electrodes share one common counter electrode and owdere the partition coeient (K) is de ned as the ratio of the
pseudo-reference electrode. Gold is used for the surface ofcalhcentrations at equilibrium of the analyte molecules in the
electrodes; however, only the working electrodes feature thi¢vs in the wateB is the diusion coecient for the analyte
EAB sensor functionalization with the aptamer and redar the oil, and is the thickness of the oil layequation lis
couple. After the EAB sensors are fabricated, a layer of Kapioformative to the oil-membrane design but can also be
polyimide Im is applied as a chemical and electrical insulatiomisleading. We wiltst discuss howq lis informative.

layer. Next, the oil membrane is sandwiched along its The permeability equatiorec( ) clearly shows that a
perimeter between two layers of adhesive @t to the thinner membrane and, therefore, thinner oil thickz)est (
Kapton/substrate. The placement of the oil membrane ontiicrease the membrane permeabtyRor this reason, we

the Kapton/substrate is performed while this device ighose 11 m thick polycarbonate track-etch membranes
submerged in a bath of len solution such that the tar instead of thicker hydrophobic membranes such as conven-
solution is sealed inside the device. Lastly, the edges of thetighal porous Teon Ims = 10s to 100s ofm). The oil
membrane are further sealed against the Kapton/substrate\bi¢ks into and remains in the track-etch membrane pores
applying marine epoxy to improve the robustness of the segbcause of its lower interfacial surface tension with the
Figure b shows a picture of a fully integrated device and itgolycarbonate than the water has with polycarbonate. The
individual components. A more detailed material list anfhembrane permeability equatien () also clearly reveals
fabrication process is included inNf&hodssection. that a high diusion coe cientD matters as well. The diion

~ Physics behind Oil-Membrane Operation and Result-  ¢oe cient of an analyte is dependent on the viscosity of the
ing Design. The permeability of the oil membranects  yid it is diusing through. Therefore, an important design
sensor response time and is tst design element we will glement for the oil is to have a low viscosityugn
discuss in detail. An oil membrane will slow down th@oe cient is inversely proportional to the viscosity of the
permeability (diusion) of analytes to the sensor according t0il'®). Consider an informative example related to the

eq 1 materials used here. The optimal track-etch membranes for
Kx D kam this work (se@able S)have an 11 m membrane thickness
pP= ﬁﬁ i and 15.7% porosity, which are equivalent to the analyte having
z S @ to di use through a uniform 7@n of oil (11 m/0.157).
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Table 1. Selected Oils that Were Initially Screened along with Their Relevant Properties

melting  LogK (water over viscosity at 25 vapor pressure at 25 solubility in double bonds
point (°C) octanol) °C (cP) °C (mmHg) water (mg/L)  carbor (in chain) structural family

tetradecane 6 8.19 2.13 0.0369 0.00033 14 0 saturated
hydrocarbon

castor oil 10to 12 17.72 650 <0.097 <0.001 57 3 trigyceride
mixture

1-decanol 6.67 4.57 12 0.00851 30 10 0 fatty alcohol

dioctyl ether 7.6 6.9 0.224 0.005 16 0 dialkyl ether

oleic acid 16.3 7.64 27.64 0.0000005 0.01 18 1 unsaturated fatty
acid

vitamin K1 20 10.9 31 1 polycyclic
aromatic ketone

mineral oil <0.1

dodecane 7t0 9 6.1 0.000015 <0.2 12 0 alkyl thiol

thiol
3 ogK is the logarithm of the ratio of molecule concentration of the oil in octanol and water at equifibrium.

Consider castor oil, with a viscosity about 730 times greatemter. For the concentration-on process, this oil-to-water lag
than that of water (s@eable Sp An 11 m thick castor oil ~ time is not a major concern for the device because the volume
membrane would then be equivalent to a 51,7 thick of the buer solution is small, which reduces the total amount
water diusion distance (11m/0.157 x 730). Alternatively, of analyte that must partition into the éusolution (short lag

using a low-viscosity oil, such as 1-decanol, the thick oil time). For the concentration-process, however, it is dult
membrane would have an equivalent thickness of only 945 for the analyte concentration in thedysolution to decrease
di usion distance through water ($able S quickly because the analyte concentration in the oil msiust

We have saved the oil/water partition aientK for the decrease, which is limited by the Hghkalue of the oil
last part of our discussion. Althoaeigiisuggests that a high (inherently a very high concentration of the analyte).
is advantageous, it is actually misleading. In a static case, whéerefore, the oil-to-water lag time as the analyte goes from
concentration gradients are held constant on both sides of ttiee oil back into the biaid can create a major bottleneck for
oil membrane and the analyte is constantigidg through a  the concentration-grocess because the oil has acquired such
membranegq 1states that the highest posdibig benecial. a high concentration of the analyte. This much slower
However, a very highcan be problematic in dynamic cases.concentration-o response time will be observable later in
An EAB sensor has to dynamically equilibrate to an oftethe experimental results.
changing analyte concentration in theudlp therefore, it is Although our discussion on the oil-membrane physics
more important to understand the spethpact of a higk remains focused on analyte transport, it adstsathe device
with rising or falling analyte concentrations on theifliside design for blocking foulants and interferéntill always have
of the oil membrané&igure 3llustrates the dynamic case for some nite value even for hydrophilic acids, bases, and salts (it
the concentration-on and -process; we will describe this in is never zero), anldepends on the charge state of the solute,
detail and then explain why a Higis problematic. which can further depend on the pH of the Wb (solute
When the cortisol concentration increases on theicbio ionization constants pKa and pKb). For example, a solute
side, the analyterst di uses to the interface between the might be found primarily in its charged state (98%) within a
bio uid and the oil membranEigure 3, 1). It then partitions  bio uid of a spect pH. The remaining 2% remains in an
into the oil Figure 3, 2) followed by its dision to the other  uncharged state and mayude through the protective oil-
end of the oil pore inside the membrargure &, 3). Due to membrane barrier. For this reason, it is important to
their hydrophobic nature, analytes such as cortisol energeticaliylerstand the ects of pH on analyte properties. Therefore,
prefer to remain in the oil (lower free enefdy),and as the experimental data will show, the oil membrane provides
additional retention time can occur as the analyte attempts #olimited protection over time.
leave the oil and partition into the water by the selfispré Lastly, the oil viscosity and oil partition coent K) are
3a, 4). Afterward, analytesudie closer to the sensor surface not the only relevant materials parameters for oil optimization
(Figure &, 5) and bind with the aptamer when the analytgTable ). For most sensor applications, the oil must remain
concentration nears the bindingny of the aptamef{gure liquid at room temperature while also having low vapor
3a, 6). As shown iRigure B, the entire process is reversible. pressure such that it is not rapidly lost during assembly or
A highK is problematic for two reasons. First, the oil carpotential dry storage. The solubility of the oil in water is also
become a huge sink for the analyte. Consievadue of critical because eventual oil loss into water could cause failure
10,000 using our 11m track-etch membrane with 15.7% in the oil-membrane protection of the sensor. A simple
porosity. With the concentration of the analyte in the oil beingxample calculation is as follows. Consider a device that is
10,000 times higher than that in the water, ¢hective brought into contact with 0.3 of bio uid per minute and a
volume of the oil in terms of analyte capacity is equivalent t@ensor and membrane area of 02 vdth the membrane
11 M x 0.157x10,000 = 17.27 cm of water. Cledfly, containing 0.0173L of oil. Assuming that all the oil that
cannot be too large for this reason. A second reason why a hagtuld partition into the water does so at any given time (an
K is problematic is the oil retention of the analyte (lower fre@nrealistic but instructive assumption), if the device were to
energy in the oil than in the water). A highean cause the operate continuously for 24 h without losing all the oil to the
oil to retain the analyte and induce an additional lag time dso uid, the water solubility of the oil would need to be less
the analyte attempts to leave the oil and partition back intthan 36 mg/L.
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(a) transwell process (b) ELISA result
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Figure 4.(a) Transwell setup steps for characterizing cortisol partitioning thremghtdiils. (b) ELISA results of cortisouding through
selected oils in the upper well solution after 2 h of incubation at room temperature.

EXPERIMENTS AND RESULTS (a) salt/pH diffusion across oil-membrane experiment setup

Initial Oil Screening Test.As noted in the Theoretical Basis and
Device Design section, oil choice is a critical element for the
successful realization of the oil-membrane technique. The nine
di erent oils listed iffable lare initially selected and tested. Initial
selection parameters are based on low water solubility and low vapol
pressure to ensure long-term oil integrity within the membrane pores. ‘ — T ——
In addition, oils with positive octanol/wakewvalues are favored : £ - ’
because of the hydrophobic nature of the test analyte (cortisol) while i 1
achieving a low permeability for hydrophilic interferents (pH and CO"%:
salinity). SeHe

To rapidly screen the oil candidates, a commercially available
transwell setup is modd to measure the concentration ofiskd
cortisol through transwell membranes witarelnt oilsFigure 4
shows a diagram of the experimental process. First, the bottom well i<(®)

lled with 235 L of 1x phosphate-bered saline (PBS) solution

Qil membrane

solution resistance changes

(0] 0,

with a cortisol concentration of 1M (Figure 4, 1 2). The 2 _180/2 K
traditional transwell membrane of the upper well is removed and g -20% \
replaced with a hydrophobic polycarbonate track-etch membrane ¢ -30% \\
used throughout this work (1in thick, 15.7% porosity, andrh § 40% -y No oil
diameter pore size). Each oil is applied to individual track-etch = :28‘,? \\ Ieéradec"’l”e
membrane, and the upper transwell is placed into the bottom wells & 70% b\ ot

. . . \ astor ol
(Figure 4, 3). Then, as shownFkigure 4, 4, the upper transwell is c -80% N

lled with 180 L of cortisol-freeXl PBS solution. The 96-well plate % 1—28://0 — e S
is then covered and incubated for 2 h at room temperature to allow o 6 60 120 180 240 300 360 420 480

the cortisol to diuse from the bottom well to the upper well through

the oil-soaked membrane. The solution in the upper well is collected ;) sjution pH changes

for analysisHigure 4, 5) using commercially available ELISA kits.
Figure & displays the ELISA cortisol concentration results

Time (minute)

0.0

obtained by derent oil membranes. The solution from the 1- > No i
decanol membrane sample contains the most contisa than § § 03 Yy T Tetradecane
the cortisol concentration of ethsecond-ranking tetradecane o \A\Xﬁ‘m\\ﬂ 1-decanol
membrane. The third-ranking membrane, castor oil, possesses les 3 1.0 TN Castor oil
than half of the cortisol concentration of the tetradecane membrane. S hen W

Castor oil is known to be an excellent oil for dissolving drugs and £ ' S g ¢

steroid hormoné%° and therefore likely possesses a verKliiagh
cortisol. Also, the high viscosity of the castor oil should slow the
di usion of the cortisol through the ailq(), leading to a lower

o 1 2 3 4 5 6 7 8 9 10 11 12

Time (hour
cortisol concentration for castor oil than that for the lower-viscosity 1- (hour)
deC?me?-O ] ) ) ) Figure 5.(a) Experiment setup for the salt/pH whion test with
Directly Testing Oils against pH, Salt, and Protein di erent oils. (b, c) Electrical resistance and chemical pH changes

Permeability. Before testing the integrated devices, the top thregyer time. The same test setup as in (a) is used. Extreme cases of pH
performing oils (1-decanol, tetradecane, and castor oil) are testedy gnd 150 mM/O mM salt were used.

directly against a high salt solution and extreme acidic solution. A U-

boat setup is employed to measure salsidn from one ber

solution compartment to another separated by an oil membrane

(Figure @). For the salt dusion test, a 10 mL ber solution used for the pH dusion test. For this test, a 10 mL solution at pH 3
containing 150 mM NacCl is placed in the right (control) chamber ands placed in the control (right) chamber and 10 mL of DI water is
10 mL of distilled (DI) water is placed in the left (monitored) placed in the monitor (left) chamber. The pH value of the monitored
chamber. The two chambers are separated by an oil-impregnasadution is measured in 60 s increments using an Orion Star benchtop
membrane secured by two rubber washers. The electrical resistange-bfeter (Thermo Fisher Scientinc., Waltham, MA), as shown in

the solution is measured in 60 s increments using a CHI 600Eigure 8. Test results with highly alkaline solution are not presented
potentiostat, as shownHigure B. A similar setup (sé&ethod} is here since our initial focus is on the application of oil membrane in
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bio uids such as sweat and saliva whose pH ranges from 4.5 (a) signal gain of cortisol aptamer at different pH

7533132 8

As shown ifrigure B,c, castor oil shows the best performance in 0% pH85 i pH75: pH65 pH5.5 0.00 X
terms of blocking interfering species, tetradecane the second, andt < 40% oo e e | -0.05 g
1-decanol the least. The castor-oil-saturated membrane maintains (5 30% 10 H'\,f);/g /g 040 =
pH within half a unit change over 12 h. Within 8 h, the tetradecane w ° T Cortispl 0 IM -y
saturated membrane can maintain pH changes within one un % 20% ; ' C°rt'sff' 015 %
However, 1-decanol fails to maintain the pH within two unit change ¢ ‘ S
after 10 h. Although it is expected that acids and bases mig@t di g 10% 020 =
through an oil, surprisingly, simple salts such as Na# thirough & 0% 025 3
as well under our extreme initial test conditions (150 mM/0 mM). ¢ 2
This becomes less surprising when considering that the octanol/wa  -10% -0.30 ~

LogK for Cl is 0.06 and that for Na+ i9.77 (low but adequate to 0 S5 10 15 20 25 30 35
Time (minute)

permit di usion through the oil). Fortunately, for the cortisol aptamer

shows that a higher salt concentration increases the signal curr
magnitude and to some level increases the absolute signal gain on
target concentration. In the future, we speculate that by choosii
and/or blending derent oils, we can likely further increase the
resistance of the oil membrane to salusitn, and in real
applications, the salinity eliences can easily be designed to be
smaller across the membrane (not our extreme case of 150 mM
mM). Furthermore, as we will discuss in the next sections, devic
were demonstrated as stable with very high salt conditions in tl
sensor buer solution (38 bu er, Figure Spand as stable with
continuous salt mitigatiofigure §. Lastly, to corrm that the oil
membrane ectively blocks protein interferents, we tested oil-
membrane protection and exposed it to serum for Sigure SB
and observed a fairly stable sensor operation in terms of electr
transfer at the working electrode but some fouling likely due to sm:
hydrophobic solutes in the serum (small changes in electroc
impedance). With the results Fefures 4and 5, tetradecane, 1-
decanol, and castor oil are advanced to the next phase
experimentation with integrated aptamer sensors for cortisol.
Initial Sensor Tests as Control ExperimentsThe sensors are ?
rst characterized directly for theets of pH on sensor response to Potential / V
aid in the interpretation of EAB sensor data. To initiadlythe
optimal pH environment for the spectortisol-binding aptamer Figure 6.(a) EAB cortisol sensor in the solution with/without
used in this paper, a three-electrode system is tested: an aptansertisol from pH 8.5 to 5.5. Sensor signal gain (solid lines) and redox
functionalized gold disk electrode, a Pt wire counter electrode, ang¢@uple peak position (dotted line). (b, c) Signal changes of EAB
Ag/AgCl reference electrode. The sensor system is tested for 5 mirci@rtisol sensor using a U-boat sefigufe ) with and without the
each solution with and without cortisolto measure the on/o oil membrane while testing in a M cortisol solution at pH = 3 for
signal performance. The pH of the sensor solution is varied from phours.
8.5 to 5.5. The activity of methylene blue is demonstrated by the
signal gain as a function of time pre- and post-cortisol exposurelnitially, on the basis of the results in the previous sections, the
(Figure @). The highest signal gain is observed at pH 7.5. As thehree best-performing oils (1-decanol, castor oil, and tetradecane) are
solution becomes more acidic, the signal gain decreases, and the refi@xsen for the fully integrated device tests. However, tetradecane is
peak shifts toward a more positive potential. As an additional contigbt compatible with the epoxy used to assemble the sensor, nor does
experiment to further reveal the negative impact of pH and thig remain stably wetted in the membrane pores (the interfacial tension
positive impact of oil-membrane protection, another U-boat test setiging potentially too large with respect to the polycarbonate). As a
in a similar manner feigure @ is implemented but using a cortisol result,Figure 7only presents the data for castor oil and 1-decanol.

Current / 1e-5A

Potential / V
(c) unprotected sensor in cortisol solution at pH 3
46 |- - —— - -

Current / 1e-5A

EAB sensor to monitor sensor functionality. The monitor siigel is First, we will discuss the device concentration-on response time
with 10 mL of synthetic sweat solution (SSS) at pH 7.5 withoushown inFigure 7 As discussed in the Theoretical Basis and Device
cortisol, while the control side Ied with SSS containing a 10 Design section, the cortisoludiion time through the membrane and

cortisol concentration at pH 3. Castor oil is used as the oil in the oihe resulting device on/dag time should be ected by botk and
membrane. As shownFigure 6, the sensor with the oil-membrane viscosity. We do not have established information or experiment data
protection responds to cortisol by an increase in redox-couple peak the K value of castor and 1-decanol in relation to cortisol.
current, and the redox-couple peak position (potential) remains stalt@wever, we can proportionally estimate them on the basis of the
over time. Conversely, the same experiment but without oil in thieogK(octanol/water) value of castor oil, 1-decanol, and cortisol.
membrane (watetled) shows inFigure 6 that the signal gain  Castor oil has a higher LogK(octanol/water) value, which makes it
response decreases and the redox peak rapidly shifts in potential. Withre hydrophobic. The LogK(octanol/water) of 1-decanol is lower
these promising results in hand, the next set of experiments pursbes closer to the LogK(octanol/water) value of cortisol than that of
the testing of fully integrated devices. castor oil, which means that cortisol is more likely to easslg th

Fully Integrated Device Tests.For the remainder of experi- and out of 1-decanol as opposed to castor oil that may sequester
ments, fully integrated devices are tested using components previouslyisol within the oil membrane. At the same time, castor @il is 50
illustrated irFigure 2SSS at pH 7.5 is again used as the solution omore viscous than 1-decarall{le ). The expected slower response
the sensor side of the oil membrane. Forbilbeuid side of the oil time for castor-oil-membrane sealed sensoreia® inFigure 7
membrane, the bulk solution is varied in pH (pH 3 or 7.5) andwhere it takes more than 30 min for the signal to reach 90% of its
cortisol content (0 or 10M). plateau to a 10M cortisol change for the concentration-on process,
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(a) castor oil membrane sealed EAB cortisol sensor

Device 1 Device 2
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40% { i P i )
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(b) 1-decanol membrane sealed EAB cortisol sensor Device 1 Device 2
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Figure 7.Response of EAB cortisol sensors (two tests per data set) with oil membranes fabricated with (a) castor oil and (b) 1-decanol. The pl
contain both the sensor signal gain (solid line) and the redox peak position (dashed énentitedting environments.

Figure 8.(a) Diagram of side/top view of the oil-membrane sealed EAB cortisol sensor etitteadyuvoir. (b) Improved performance on signal
gain (solid line) and peak position (dashed line) from 1-decanol membrane protected EAB cortisol sensors with the aediteseofarbu
when diusing dierent sample solutions over the oil membrane.

while it takes less than 5 min for the 1-decanol-membrane sealed response is speculated to be due to retention in the oil, as
sensor. discussed in the Theoretical Basis and Device Design section. It

Next,_ we discuss the device cpncentratlcmaponse time. As should be noted that we also test a well-stirred approach for the
shown inFigure 7 for both castor oil and 1-decanol, the response to

decreasing cortisol concentration is much slower and arguatm? U_'d that ShOl_Jld increase th_?us_hlon-promotlng concentration
unmeasurable compared to the declining signal as a result of @@dient at the oil membrane/hiad interface; however, we do not
gradual sensor degradation over time. At this time, the absence ofsae any improvements in the concentratidime.
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Lastly, to corrm that each test uses an oil membrane with highgiven that a constartw of bio uid approach is usedrigure &nd
integrity (no leaks) and to test the ability of the oil membrane tdbecause the ber reservoir is constantly removing cortisol. Although
protect against pH, ounal step in the experiments-igure 7s to the approach iRigure 8s unoptimized in this work, the addition of a
place the device in a solution of pH 3 and no cortisol content. A pH Bu er reservoir is an elegant and simple solution to observed
solution is an extreme testing environméaiyond what is needed challenges in both ber capacity and concentrationresponse
for pH variability in most biaids but has been tested here to time. Thinner 3 m membranes with uniform porosity are also
quickly reveal any failure of the oil-membrane protection. As shownattempted, which increase the oil/water interfacel®y (Figure
Figure 7only small changes in the redox peak position are observed).
for the castor-oil-membrane sealed sensor; in contrast, for the 1-
decanol-membrane sealed sensor, the signal gain starts to decreas
while the redox peak position simultaneously shifts toward a more “CONCLUSIONS
positive potential after 40 min. According to the results from the didk this work, we demonstrate thecacy of an oil-membrane
sensor test, this s_hift in redox_p_otential indicates that the sensiggnsor protection approach, including its design and operation
solution is becoming more acidic. In other words, charged pHgjth cortisol analyte in both the presence and absence of
ICnor?t(;?r::ill’rl]g 1’11(;);%;%'3'3 Iﬁreel pg‘l:tg'?g"ﬂtg lg‘é/‘;ﬁgetgi dOUiSTgéﬂbra”ﬁwterferents. Although the cortisol aptamer sensor results can

g ' y y 8 highly variable from sensor-to-sensor in terms of signal gain,

compared to castor oil. One last observation based on the data f oil b . . dal
Figure 7s that, for the castor oil test group, the redox peak does ndf'€ € €Cts of oll-membrane protection are consistent and clear

shift toward a more positive potential, but there is a slow gradugfross all the gures. Furthermore, the cortisol sensor
negative potential shift. It is speculated that this could be due teariability can be corrected for using kinetiereintial

castor oil having a slight water solubility and high moleculameasurement techniqte¥’ The results demonstrate the
heterogeneity. As a result, the hydrophobic tails of castor oil coulshsic feasibility of the oil-membrane approach for sensor
result in fouling the surface of the gold electrodes. This would res@iotection and do so over time scales (>3 h) and response
in greater electrical resistance and, therefore, greater potentialijig,e (1s to 10s of minutes) that are relevant for both point-of-
generate the redox peak. care and continuous biosensing applications. We propose that

Stronger Bu er to Improve pH Protection. With 1-decanol as b - h B gis th f d
the highest-performing oil in terms of a fast concentration-on time bH?e uer-reservoir approac fgure 8is the preferre

also with reduced protection to pH, a simple solution to improve pHiPProach for continuous biosensing given its ability to allow
protection is next explored. Simply, the solution on the sensor sidelf® Sensor to respond to both increases and decreases in
more strongly bered. We enhance the bu capacity of our SSS  cortisol concentration, as well as to providering of the

sensor solution by adding PBS powder toah concentration of  sensor for prolonged periods. Although only cortisol is
either x PBS or 38 PBS. Results showrFilgure Sare the SSS/  demonstrated in this work, a rapid oil optimization can be
1x PBS solution and SSSt3BBS solution on the sensor side of the implemented for each new analyte, as was shBigaria 4

oil membrane. A higher & capacity notably increases the devicep,ithermore, although not explored here, we speculate that
longevity for both beer conditions compared to no additionakbu future work V\’IOU|d focus on two or three oil :systems with vastly

The redox peak position of the sensor with théuler capacity . L o
holds for 140 min when exposed to an acidic environment and 45’(5 erent hydrophobicity but that are miscible and therefore

min for the sensor with thex3Bu er capacity. Importantly, the lag Can be mixed to provide an idedbr any particular analyte
time for cortisol dusing through the oil membrane remains betweer@nd application.

5 and 7 min. A doubled signal gain is observed from the sensor with

the 3% bu er capacity. However, with our hand-fabricated sensors, NMETHODS

we regularly see variations between the sensors in their signal gain. At ) ] )

33< bu er capacity, the NaCl concentration is about 4.6 M, Materials. Al oils, reagents, and cortisol solution were purchased

supporting our earlier claim that our EAB cortisol sensor operaté®m Sigma-Aldrich (St. Louis, MO). The 96 transwell plate was
robustly even in high-salt conditions. purchased from Sigma-Aldrich (St. Louis, MO). The polycarbonate

An Additional Bu er Reservoir Resolves Concentration-O track-etch membrane with arh diameter pore size was obtained
Challenges and Bu ering Capacity. Our nal redesign of the from Sterlitech Corporation (Kent, WA). The cortisol aptamer
device pursued in this work is arguably the most compelling from &elution and synthetic sweat solution were obtained from Eccrine
application perspective, as it resolves both the longevity concernsSgtems, Inc. (Cincinnati, OH). The titration curve for the cortisol
the sensor system as well as the concentrati@sonse-time  aptamer is provided Figure S7The cortisol aptamer, like other
challenges both discussed theoretically and shown experimentallgrimall molecule aptamers, does not require regeneration (inherently
previous sections. As showRiiure 8a buer reservoir containing  fast on and oresponse times). Samples of adhesive materials Crystal-
1x PBS is added with a dsion-limited connection to the sensor clear Gorilla Tape, Kapton polyimide double-sided tape, and marine

solution side of the oil membraneFlgure 8 a constantow of epoxy were purchased from Amazon (Seattle, CA). The acrylic was
bio uid is also provided for thest time in this work. The addition of purchased from McMaster-Carr (Princeton, NJ).
the bu er reservoir has two purposes. First, ther beservoir is able Sensor Functionalization. The gold planar electrodes were

to constantly duse in the additional ber to mitigate any change in  manufactured using a Temescal FC-1800 E-Beam Evaporator from
pH due to the biauid. This simply requires that the éureservoir Ferrotec (CA, USA). Ti (40 nm thick) was deposited on the glass
pathway for the additional lau is less resistant to theudiion of the slide as an adhesion promoting layer prior to the 200 nm gold layer. A
bu er than the diusion of acids and bases through the oil membrandayer of Kapton polyimidém, laser cut to size (geometric design
pathway (this is easily achievable). Second, tke teservoir shown inFigure 3, was applied on top of the glass substrate.
provides another dision pathway to continuously remove the For cleaning, the electrode array was connected to a CHI E600
analyte, theoretically resulting in a faster concentratiesponse. electrochemical analyzer through 5252 SOIC clips from Pomona
The experimental results showRrigure &ully support this expected Electronics (CA, USA). Each foot was connected to an individual
behavior. By adding the leareservoir, the concentratiorpoocess working channel. A Pt wire electrode and a Ag/AgCl electrode were
is greatly quickened: the concentratiofifee is reduced to 10 min  wired as a common counter electrode and common reference
at 90% of signal oFurthermore, there appears to be no limitation onelectrode, respectively, shared by six channels. The electrode array
the bu er capacity even in the highly challenging test at pH 3 for thevas immersed in a 0.5 M3®, solution. Cyclic voltammetry was

bio uid. It should be noted that the concentration-on process iapplied to a 1 V/s scan rate from O to 1.6 V to electrochemically clean
slowed to about 10 min for 90% signal on. This is not unexpectatie surface of the electrode. The surface was rinsed with DI water and
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dried under an air gun. This was followed, pta@ma cleaning for 2 ASSOCIATED CONTENT
min. ) .
A 400 nM cortisol aptamer solution was drop casted onto the Supporting Information .
surface of working electrodes and allowed to incubate in the dark fbhe Supporting Information is available free of charge at
an hour. The cortisol aptamer was obtained from Eccrine Systerhé{ps://pubs.acs.org/doi/10.1021/acsami.1c14175
Inc. (Cincinnati, OH). The remaining solution was shakexfter
incubation. Then a 5 mM mercaptohexanol (MCH) solution from L . . :
Sigma-Aldrich (St. Louis, MO) was used to further passivate the alent diusion distance calculation for castor oil an_d 1-
surface of the working, counter, and reference electrodes. The decanol soaked membrane; sensor responserantdi
functionalized electrodes were stored in a dry hood for 2 h and  Salinity levels; 1-decanol membrane sealed sensor with
protected from the light. When this process was completed, the 1% and 3% bu er capacity response for 10 h; picture of
surface was rinsed with DI water to get rid of the extra MCH. the experiment setup for the device connected with a
The gold rod electrode was purchased from CH Instruments, Inc. bu er reservoir; 1-decanol membrane sealed sensor
(Austin, TX). The cleaning and functionalization process were the response with dérent ow rates; additional tests for 1-

Polycarbonate track-etch membrane properties; equiv-

same as those of the planar electrodes. decanol membrane sealed sensor; cortisol aptamer
Integration for the Device without a Bu er Reservoir.The titration curve in PBS and in serum; and sensor
oil-membrane device showrrigure 2ncludes four subassemblies: performance in PBS with 1-decanol oil-membrane

the sensor substrate, the top adhesive assembly, the bottom adhesive protection against serum over 12BR)
assembly, and the membrane. The membrane wag tiu thbx 2
mm operation window. The bottom adhesive component was
composed of a layer of Crystal-clear Gorilla Tape and a layer of AUTHOR INFORMATION
Kapton polyimide double-sided tape. The top adhesive was a layer _of .
Kapton polyimide double-sided tape attached to a 1.25 mm thidkOrresponding Author . o
acrylic. Both adhesive components were laser cut into 4 r2én Jason Heikenfeld Novel Devices Lab, University of
rectangle with a 1% 2 mm open window. And the polycarbonate Cincinnati, Cincinnati, Ohio 45221, United States;
track-etch membrane was placed between the two adhesives with both @ orcid.org/0000-0001-5778-83E8nail:heikenjc@
sides facing the Kapton polyimide double-sided tape. ucmail.uc.edu
For assembly, west placed the functionalized sensor into a 100
mm diameter petri disHled with the PBS solution. With the oil- Authors
membrane and bottom- and top-adhesive assemblies all attached toYuchan Yuan Novel Devices Lab, University of Cincinnati,
each other, we then placed them onto the sensor electrode array. Cincinnati, Ohio 45221, United States
Once assembled, the device was removed from the solution, we drieladeleine DeBrosseNovel Devices Lab, University of
the extra solution on its outside, and the device was quickly sealed Cincinnati, Cincinnati, Ohio 45221, United States; 711
with the Brampton marine epoxy from Brampton Technology Ltd.  Hyman Performance Wing, Air Force Research Laboratory,
(CT, USA) along the perimeter of the device. After 3Q min and once Wright-Patterson AFB, Ohio 45433, United States
the epoxy was cured, the sensor was ready for testing. Michael Brothers 711 Human Performance Wing, Air Force
Integration for the Device with a Bu er Reservoir.In Figure Research Laboratory, Wright-Patterson AFB, Ohio 45433
8, the sensor electrode array was connected to 5252 SOIC clips from United States: orcid o’rg/OOOO-OOO2-8239-239'9 !
Pomona Electronics (CA, USA) and placgdA 10 cm diameter Steve Kim 711 Human Performance Wing, Air Force

tri dish waslled with X PBS soluti d placed right next to th . X
Pl CISh Was'ec Wi SOUTION SNt p acetl I neXt 10 The Research Laboratory, Wright-Patterson AFB, Ohio 45433,

sensor as a ber reservoir. A 5 mm wide L-shape cutout of a single ; ] :
layer of Kimtech Science Kimwipes Delicate Task Wipe was fully United Stateg; orcid.org/0000-0002-9519-077X

saturated with the PBS solution. One 5 mm long leg of the L-shape Alexandra SeredaPMI R&D, Philip Morris Products SA,
Kimwipes tissue was applied onto the sensor. The other leg was 2000 Neuchel, Switzerland )

connected to the bar reservoir. A layer of polycarbonate track-etch Nikolai V. Ivanov PMI R&D, Philip Morris Products SA,
membrane saturated with oil was applied on top of the Kimwipes 2000 Neuchel, Switzerland

tissue. A 5 mm wide strip was cut out from a single layer of Kimtech Saber Hussain 711 Human Performance Wing, Air Force
Science Kimwipes Delicate Task Wipe, wetted with tke bu Research Laboratory, Wright-Patterson AFB, Ohio 45433,
solution, and applied on top to pass the sample solution from a United States

syringe pump over the oil membrane to a waste pump. The sam%mplete contact information is available at:

solution was pumped at @/min. A 5x 5x 3 mm acrylic block was " .
then placed on top of the strip as a weight to hold all the |ayeljgttps.//pubs.acs.org/lO.1021/acsam|.1cl4175

compressed against each other. A labeled photograph of this device is o
provided with the online supplementary material for this articléuthor Contributions
(Figure SB The manuscript was written and edited through contributions
Data Generation and Analysis.During the test, the sensor was of all authors. All authors have given approval tontie
connected to a CHI E600 (CH Instruments, Inc., Austin, TX)version of the manuscript.
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