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ABSTRACT: Ionic liquid self-assembled monolayers (SAM)
were designed and applied for binding streptavidin, promoting
affinity biosensing and enzyme activity on gold surfaces of
sensors. The synthesis of 1-((+)-biotin)pentanamido)propyl)-
3-(12-mercaptododecyl)-imidazolium bromide, a biotinylated
ionic liquid (IL-biotin), which self-assembles on gold film,
afforded streptavidin sensing with surface plasmon resonance
(SPR). The IL-biotin-SAM efficiently formed a full streptavidin
monolayer. The synthesis of 1-(carboxymethyl)-3-(mercapto-
dodecyl)-imidazoliumbromide, a carboxylated IL (IL-COOH),
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was used to immobilize anti-IgG to create an affinity biosensor. The IL-COOH demonstrated efficient detection of IgG in the
nanomolar concentration range, similar to the alkylthiols SAM and PEG. In addition, the IL-COOH demonstrated low fouling in
crude serum, to a level equivalent to PEG. The IL-COOH was further modified with N,N’-bis (carboxymethyl)-L-lysine hydrate
to bind copper ions and then, chelate histidine-tagged biomolecules. Human dihydrofolate reductase (hDHFR) was chelated to
the modified IL-COOH. By monitoring enzyme activity in situ on the SPR sensor, it was revealed that the IL-COOH SAM
improved the activity of hDHFR by 24% in comparison to classical SAM. Thereby, IL-SAM has been synthesized and successfully
applied to three important biosensing schemes, demonstrating the advantages of this new class of monolayers.

elf-assembled monolayers (SAMs) are increasingly used for

biosensing to immobilize molecular recognition elements."
Indeed, the design of surfaces that bind an analyte target is
particularly important for biosensors and affinity chromatog-
raphy, while surfaces that resist nonspecific adsorption are
particularly important for coating implants and artificial
organs.” Optical and electrochemical biosensors are now widely
popular for a plethora of applications in environmental, food
safety, or biomedical applications.’~” Optical and electro-
chemical transducers often lack selectivity for specific analytes.
The immobilization of highly active molecular receptors on the
surface of the transducer, while minimizing nonspecific
response from the sample matrix, is thus a common challenge
to all biosensing technologies.

Ionic liquids (ILs) are generally defined as molten organic
salts with a melting point below 100 °C. Enhanced biocatalytic
transformations are a source of interest in bioanalytical sciences
for ILs.® For example, fluorescence bioassays can be performed
in ILs.” In addition, an extended potential window and
enhanced electron transfer are characteristic of ILs.'’ For
these reasons, the use of ILs in electrochemistry and for
electrochemical biosensing has grown in popularity in the past
decade."'™"* Specifically, composite materials based on metal
nanomaterials,'* graphene,"> graphite,'®'” carbon nano-
tubes,'87%3 polyrners.,24 chitosan,”® and sol— gels have
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demonstrated their utility in biosensors for hemoglobin,
myoglobin, catalase, glucose oxidase, and horseradish perox-
idase.'” While the excellent properties of ILs in electrochemical
sensing are widely demonstrated in the literature, there are few
examples of optical sensors exploiting the properties of IL
systems. The most prevalent example consists of using ILs in
gas-sensing schemes.”’ > Thus, the properties of ILs in optical
sensing schemes remain poorly understood.

Optical sensing technologies constitute a major research field
encompassing techniques that include surface plasmon
resonance (SPR), plasmonic techniques, fluorescence, vibra-
tional spectroscopies (Raman and infrared (IR)), and resonant
waveguides, among others. Optical sensing technologies rely on
fiber-optics, capillary waveguides, mlcrosystems, refractive index
sensing, and other spectroscopies.>> These sensing technologies
are based on active and functional surfaces. The modification of
these surfaces with molecular receptors is essential to impart
molecular selectivity to these techniques and requires
modification of the sensor’s surface with self-assembled
monolayers (SAMs). While the overwhelming majority of
surface chemistries are based on traditional organic compounds,
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there has been a recent interest in zwitterionic surfaces, because
of their ultralow fouling in crude serum and other
biofluids.>*3” Thus, the zwitterionic nature of ILs, and their
improved performance in biosensing, makes them ideal
candidates for novel high-performance surface chemistries.

Task-specific ionic liquids (TS-ILs) are a class of ILs that
bear a functional group designed to accomplish a chemical
function.®® IL-SAMs are a class of TS-ILs capable of binding to
surfaces. In one application of TS-ILs, they require the
introduction of a thiol on the alkyl chain of methylimidazolium
to form a SAM on gold films.***® ILs have also been used to
stabilize gold nanoparticles.*' While their properties remain
little studied, the imidazolium cation exhibited anion exchange
reactions, which was shown to control wettability of surfaces™’
and to form unexpected anion-exchange reactions with
carbonate ILs.* IL-SAMs undergo temperature-dependent
phase transitions when immobilized on gold films.** Hwang
et al. have studied the electrochemical properties of IL-SAMs in
a series of papers.**~*® Despite these advances in understanding
the properties of IL-SAMs, there are no reports of TS-ILs
bearing functionalities suited for biosensing.

Biotin—streptavidin interactions have been studied exten-
sively in the past decades.*’ ™" The interaction of streptavidin
and biotin have been well-characterized by a variety of methods,
and that interaction is now commonly used in biosensing
assays. Streptavidin binds to biotin with a very high dissociation
constant (Kj < 107 M). The multiple biotin binding sites of
streptavidin make it well-suited to construct biosensors based
on the strong affinity of these binding partners. Biosensors
based on the streptavidin/biotin pair have been applied to the
detection of antibiotics (e.g, chloramphenicol®®), viruses (e.g.,
hepatitis C>” and HIN1%®), and cancer (e.g, prostate cancer™’),
among some examples. The synthesis of an IL-biotin would
constitute an important model in biosciences.

It is generally known that chemical immobilization
techniques often reduce the activity of molecular receptors.
This decrease in activity of the receptor can be a serious
limitation in biosensing, because it may lead to a reduction in
sensitivity, as well as an increase of the limit of detection. These
chemical immobilization techniques can block some active sites
and sometime denature or alter the secondary structure of the
immobilized protein. As detailed above, IL solutions are well-
known to promote the activity of molecular receptors by
maintaining the native conformation of the protein/enzyme.
However, there is no study demonstrating the potential impact
of an IL-SAM on the activity of an immobilized molecular
receptor. In this paper, we present two important biosensing
models based on the immobilization of active moelcular
receptors on IL-SAMs. First, an affinity biosensor was based
on an IL bearing a carboxylic acid functionality to immobilize
anti-IgG selective to human IgG. Second, the IL modified with
a NTA-like surface chemistry was used to immobilize human
dihydrofolate reductase (hDHFR) to measure the influence of
IL-SAM on the activity of an immobilized enzyme. These
important examples of IL for biosensing demonstrate that the
incorporation of IL is a promising approach for the develop-
ment of improved surface chemistry.

B EXPERIMENTAL DETAILS

Synthesis of an lonic Liquid—Biotin (IL-Biotin). The
synthesis of a biotinylated ionic liquid (1-((+)-biotin)-
pentanamido)propyl)-3-(12-mercaptododecyl)-imidazolium
bromide, compound ; see the Supporting Information for

details) was carried out in six steps with an overall yield of 34%
(see Scheme SI1 in the Supporting Information). Compound 8
was collected as a highly viscous translucent oil. Unless
otherwise stated, all reactions were carried out under a nitrogen
atmosphere.

Synthesis of an lonic Liquid with a Carboxylic Acid.
The synthesis of 1-(carboxymethyl)-3-(mercaptododecyl)-
imidazoliumbromide, a carboxylated IL (IL-COOH, compound
11) was carried out in four steps from imidazole (see Scheme
SI2 in the Supporting Information for details). Compound 11
was obtained as a white solid with an overall yield of 29%.
Unless otherwise stated, all reactions were carried out under a
nitrogen atmosphere.

Contact Angle Measurements. The contact angles were
measured for all samples using water as the solvent. A droplet
of 30 uL of water was deposited on the IL-SAM. An image of
the droplet was acquired with a digital camera, and the contact
angles were measured from three independent samples using
the computer software Image J.

Preparation of the SPR Sensors with IL-Biotin. The
SPR sensors were manufactured on glass slides with dimensions
of 22 mm X 22 mm. The glass slides were cleaned in hot
piranha solution (70% H,50,:30% H,0,) for 90 min and
thoroughly cleaned with ultrapure water prior to the next step.
[Caution! Piranha solution is highly corrosive!] Then, the glass
slides were treated with a H,O:NH,OH:H,O, solution (5:1:1)
for 60 min in an ultrasonification bath and thoroughly cleaned
with ultrapure water prior to the next step. The SPR sensor was
created with the deposition of 1 nm of chromium and 50 nm of
gold on the clean glass slide by sputter coating (Cressington,
Model 308R).

The IL-biotin SAMs were formed by contacting the SPR
sensor in a 2.5 mM ethanolic solution of 1-((+)-biotin)-
pentanamido )propyl)-3-(12-mercaptododecyl)-imidazolium for
a variable time between 3 s and 24 h. For monolayers using a
diluent, a 2.5 mM ethanolic solution of either 1-dodecanethiol,
cysteamine, 16-mercaptohexadecanoic acid, 11-mercaptounde-
canoic acid, or 11-mercaptoundecanol was reacted for 24 h with
the SPR sensor previously modified with IL-biotin. The SPR
sensor was thereafter ready for SPR analysis of streptavidin.
The IL-COOH SAM was formed overnight on a bare SPR
sensor from a 5 mM ethanolic solution of compound 11. The
SPR sensors were washed in ethanol and dried with nitrogen.
These SPR sensors were used as affinity sensors for IgG or for
enzyme immobilization of His-tag hDHFR.

SPR Instrumentation. Surface plasmon resonance (SPR)
experiments were performed on a custom-built instrument
based on a dove prism and multiwavelength configuration.>
The SPR sensors were put in optical contact with the prism
using a RI-matching fluids, and a custom flow cell was fitted on
the system to manage sample injection on the sensor. The
sensorgrams were obtained from a 1 Hz acquisition rate of the
p-polarized light, from which the dark spectrum was subtracted,
and normalized with a previously stored reference spectrum
consisting of the s-polarized light. Solutions were injected using
a 1-mL syringe and measurement were done under static flow
conditions. Data were collected with a portable spectrometer
(Photon Control, Burnaby, BC, Canada) and processed with
custom MatLab or Labview software, depending on the
experiments. Graphical representation and extraction of the
SPR data was also performed with these softwares.

Biosensor for Streptavidin. The interaction of biotin—
streptavidin is commonly used in the construction of SPR
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Scheme 1. On-Chip Synthesis of the N,N’-Bis-(carboxymethyl)-L-lysine IL-COOH SAM
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sensors. Thus, the interaction of native streptavidin from
Streptomyces avidinii was assessed on the IL-biotin monolayer
with high and low surface coverage of the IL-biotin. The SPR
sensor functionalized with the IL-biotin SAM was placed on the
SPR instrument. The sensor then was equilibrated with 1 mL of
pH 7.4 PBS for 5 min. Streptavidin binding (>13 U/mg) was
calibrated with solutions of increasing concentrations from 1
pM to 1 uM, in PBS. Each solution was injected (300 pL) and
reacted for 10 min before the next concentration was injected.
At the end of the calibration run, a final wash with 2 mL of PBS
was performed to measure the final baseline. The SPR shift was
measured as the difference between the SPR signal for the final
S s of the injection of a given concentration, and the SPR signal
of the initial baseline measurement in PBS. At least three
measurements were performed on independent sensors to
generate the average SPR response and standard deviation.
Affinity Biosensor for 1gG. The model biological system
was the antigoat immunoglobulin Gamma (anti-IgG) selective
to human-IgG. This common model affords comparison with
several other surface chemistries. Standard ethyl-
(dimethylaminopropyl)carbodiimide (EDC) coupled to N-
hydroxysuccinimide (NHS) chemistry was selected to immo-
bilize anti-IgG to the CI12-IL-COOH or C6-IL-COOH
(compounds 11 and 12). Every step was performed and
recorded online on the SPR instrument. The sensor was
hydrated for 2 min in ultrapure water by injecting 2 mL in the
SPR flow cell. Then, 500 uL of a 1:1 solution of 350 mM EDC
and 110 mM NHS activated the COOH group of IL-COOH
for 4 min. The SPR sensor was washed with 1 mL of pH 4.5
PBS for 2 min. Then, 300 uL of a 1.5 uM anti-IgG (MW = 150
kDa) solution in pH 4.5 PBS was reacted with the SPR sensor
for 15 min. The remaining NHS-activated sites were
deactivated with 1 mL of 1 M ethanolamine (pH 8.5) for S
min and washed with 1 mL of pH 7.4 PBS for 5 min. The
calibration curve for human IgG was constructed by successive
injections of 300 4L of human IgG (MW = 150 kDa) solutions
at concentrations between 1 nM and 1 yM. Each concentration
was reacted for 10 min and the SPR shift was measured as the
difference between the SPR signal for the final 10 s of the

injection of a given concentration, and the SPR signal of the
initial baseline measurement in PBS. Finally, the SPR sensor
was washed for 2 min with PBS. At least three measurements
were performed on independent sensors to generate the
average SPR response and standard deviation. The measure-
ments were repeated on SPR sensors functionalized with 3-
mercaptopropionic acid (3-MPA), 8-mercaptooctanoic acid (8-
MOA), 11-mercaptoundecanoic acid (11-MUA), 16-mercapto-
hexadecanoic acid (16-MHA), and HS-C11-EG4-COOH
(PEG).

Enzymatic Biosensor. Several biosensors are based on the
immobilization of enzymes on surfaces. We recently demon-
strated the value of hDHFR in a biosensor assay for
methotrexate,’" where the enzyme was in solution. We also
previously adapted a method to monitor activity of histidine-
tagged (His-tagged) hDHFR by spectrophotometry, directly on
a SPR sensor placed in a 1-cm-path-length disposable plastic
cuvette.5®> Here, activity of His-tagged hDHFR was
monitored on the IL-SAM. Histidine-tagged hDHFR was
obtained as previously described® The SPR sensor was
fabricated on a 9 mm X 9 mm glass slide. After the deposition
of chromium and gold, the CI12-IL-COOH monolayer was
deposited as described above. The SAM then was activated with
a 1:1 solution of 350 mM EDC and 110 mM NHS for 10 min.
After the activation, the SPR sensors were rinsed and reacted
with N,N’-bis (carboxymethyl)-L-lysine hydrate (7.5 mg/mL)
for 2 h. Then, the monolayer was chelated with a copper sulfate
pentahydrate solution (25 mg/mL) for 2 h (see Scheme SI3 in
the Supporting Information). Finally, immediately before
measuring the activity of hDHFR, a His-tagged hDHFR
solution (50 pg/mL) was reacted on the SPR sensor for 15
min (Scheme 1).

The hDHEFR activity was monitored according to the
decrease in absorbance at 340 nm (Cary 100 Bio UV/vis
spectrophotometer, Varian Canada) of a 1 mL mixture of 100
uM dihydrofolate (DHF) and 100 M nicotinamide adenine
dinucleotidephosphate (NADPH) in Tris buffer (pH 8).
Substrates were quantified by spectrophotometry (€340 pm =
6200 M~ cm™! for NADPH and &, ., = 28 400 M~ cm™ for
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DHF). The SPR sensor modified with hDHFR then was
introduced into the cuvette and the absorbance was monitored
for 1 h. The decrease in absorbance indicated DHF (substrate)
conversion in the presence of NADPH (cofactor), catalyzed by
the hDHFR enzyme present on the IL-SAM surface.

B RESULTS AND DISCUSSION

Synthesis of TS-IL for Biosensing. The synthesis of task-
specific imidazolium salts was designed to obtain a nonconven-
tional IL containing, in its structure, a ligand that can strongly
and specifically bind a protein, when organized as a SAM on the
gold surface (see Schemes SI1 and SI2 in the Supporting
Information). The first family of TS-ILs prepared contains
appended biotin groups, which allow the TS-IL to act as a
recognition monolayer for streptavidin. Second, our attention
turned to examining the use of carboxylic acid-functionalized
ILs and their biomolecular stabilization properties.

Properties of IL-Biotin SAM. Steric interactions between
neighboring molecular receptors can alter their capacity to bind
the analyte. Receptors that are too close to each other may
prohibit binding to the analyte. Thus, the surface chemistry
must favor interaction between the analyte and the molecular
receptor, such that binding can occur unimpeded. This is
especially critical in the case of streptavidin—biotin interaction.
Biotin, which is a small molecule, must be sufficiently spaced
apart on the surface to permit interaction with streptavidin, a
larger molecule (see Scheme SI3 in the Supporting
Information). It was previously demonstrated that steric
interactions prevented streptavidin from binding to a
monolayer composed exclusively of biotin-modified SAM.®**°
Biotinylated SAM must be used in a mixed SAM on the surface
of the sensor to promote accessibility of the biotin groups and
prevent nonspecific adsorption.”® Binding kinetics of strepta-
vidin also change depending on the fraction of the surface
covered with a biotinylated SAM.*® Thus, the properties of the
IL-biotin must be investigated in binary SAMs.

While the relative solution concentration of each molecule
loosely controls the surface concentration of binary self-
assembled monolayers, the exact composition will differ from
the concentration in solution.’*®” The surface concentration
depends on the rate of deposition, the chain length, and on the
tail group of the molecule.”® A pure solution of the IL-biotin
was reacted for different times to control the fraction of IL-
biotin present on a surface. The unreacted sites were capped
with 1-dodecanethiol for 24 h to create a full monolayer, in
order to expose the biotin group above the monolayer.”" The
surface coverage was estimated at different IL-biotin reaction
times by applying a linear model between the SPR shift of the
pure 1-dodecanethiol (¢ = 0 s) and pure IL-biotin (t = 24 h). As
expected, the IL-biotin rapidly reacts with the surface to cover
~40% of the surface (see Figure 1). Then, the reaction
proceeds slowly as previously observed for other SAM on
gold.”® This two-step adsorption process corresponds to the
rapid adsorption (within a few minutes) of other organic thiols,
which precedes a slower step that lasts a few hours to attain a
full monolayer.”® While the surface coverage reaches 80%—90%
within a few minutes for several organic thiols,”® the IL-biotin
reaches a more modest plateau at 40% surface coverage, which
can be attributed to the bulkier IL-biotin tail group than that of
a classical alkanethiol SAM.

As previously reported by Nelson et al,>" the tail group of
the diluent monolayer also influences nonspecific adsorption of
streptavidin on the surface of the sensor. Nonspecific
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Figure 1. Surface coverage of the IL-biotin with 1-dodecanethiol, as
measured by SPR.

interactions of analytes or interferents with a sensor can
cause false positive responses or erroneous interpretation of
data. Specifically, sensing technologies measuring bulk proper-
ties of analytes (such as mass or refractive index) are especially
susceptible to interference from nonspecific adsorption. Hence,
there has been a significant effort in understanding and
preventing nonspecific interactions on sensors.”" Nonspecific
interactions of streptavidin can occur on surfaces, increasing the
desorption rate of streptavidin®> and on surfaces, providing
poor resistance to nonsg)eciﬁc protein adsorption, such as
methyl-terminated SAM.*

To evaluate nonspecific streptavidin adsorption on the SPR
sensors, different alkanethiols with a shorter chain length than
the IL-biotin were investigated to minimize nonspecific
interactions of streptavidin to the SPR sensor. Methyl- (1-
dodecanethiol), amino- (cysteamine), acid- (11-mercaptounde-
canoic and 16-mercaptohexadecanoic acid), and alcohol-
terminated (11-mercaptoundecanol) SAMs were exposed to
100 nM streptavidin to assess nonspecific interaction. As
expected, 1-dodecanethiol led to significant nonspecific
adsorption of streptavidin (181 ng/cm?* see Table 1). The

Table 1. Nonspecific Adsorption of 100 nM Streptavidin on
Different Alkanethiols

monolayer Aldgpr (nm) I'ysp (ng/cm?)
1-dodecanethiol 5.6 + 04 181
cysteamine 0.6 +£ 0.4 19
11-mercaptoundecanol 0.11 + 0.0 3.5
11-MUA 0.18 + 0.10 5.8
16-MHA 04 + 0.3 13

nonspecific adsorption of streptavidin was on the same order of
magnitude as specific adsorption of streptavidin using the IL-
biotin, prohibiting the use of this molecule in a binary SAM for
biosensing. SAM with polar tail groups significantly reduced
nonspecific adsorption to 3.5—19 ng/cmz, with the alcohol-
terminated SAM performing best (see Table 1), which is in
agreement with previous results on alkane SAM in other
biofouling studies.”” Hence, a binary monolayer of the IL-biotin
and 11-mercaptoundecanol was selected for the streptavidin
binding assays.

Calibration curves for streptavidin were constructed with two
different reaction times for the IL-biotin, to compare the
influence of the surface concentration of the biotin groups on
streptavidin binding (see Figure 2). Reaction times of S min
and 24 h were selected for the IL-biotin SAM formation to
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Figure 2. (Left) Adsorption isotherm for the streptavidin biosensor based on the IL-biotin. (Right) Calibration curves for the IL-biotin modified
sensor. The sensor was reacted for S min (blue squares) and 24 h (black circles).

cover ~40% of the sensor with IL-biotin, or form a full
monolayer of the IL-biotin, respectively. The consecutive
injections of increasing concentrations of streptavidin clearly
demonstrate the affinity of streptavidin for the IL-biotin (Figure
2, left). Modeling the response of the calibration curve with a
Langmuir isotherm reveals that the dissociation constant (Kj)
remained within error for both reaction times of the IL-biotin.
Indeed, a surface prepared by reacting the IL-biotin for S min
led to a K4 value of 89 nM, similar to the K value observed for
the full IL-biotin monolayer (98 nM). The value of K is within
the previously reported range of 107''—107® M for other
biotinylated SAMs on SPR sensors.*”**”> The fluidic cell has a
volume of ~50 uL, which equals to 3 X 10'* molecules in the
fluidic cell at a streptavidin concentration of 100 nM, explaining
that the K value observed is in the upper range of the reported
values. The surface coverage of streptavidin was estimated from
the maximum SPR shift for the calibration curve at a reaction
time of S min. At saturation, streptavidin covers 1.1 X 10'
molecules/cm?, corresponding to an average area of 93 nm” per
molecule. Stre6ptavidin has a unit cell of 9.84 nm X 9.84 nm X
12.58 nm,*>*® which corresponds to a footprint of 97 nm?,
indicating that the IL-biotin leads to a full monolayer of
streptavidin. Thus, the IL-biotin favors effective binding of
streptavidin.

Affinity Biosensors with IL-COOH. The simplest and
most common model for affinity biosensing involves the
measurement of IgG with anti-IgG immobilized to the SPR
sensor. The different SAMs were formed on the SPR sensor by
reacting them overnight. The contact angle measurement of
C6-IL-COOH (compound 12; 36° + 2°) and C12-IL-COOH
(compound 11; 40° + 3°) revealed that the surfaces are
relatively hydrophilic. In comparison, the contact angle of 1-
(12-mercaptododecyl)-3-methyl-imidazolium carbonate
(MDMI-HCO;) was 42°—44°, very similar to those obtained
here for the IL-COOHs. The different SAMs were identically
activated with EDC-NHS to immobilize goat anti-IgG, followed
by deactivation of the remaining NHS esters with ethanol-
amine. This standard procedure allows comparison between the
IL-COOH monolayers and the alkylthiol and PEG surfaces.

Anti-IgG bound to the different surfaces to varying degrees
of immobilization between 0.71 nm to 5.4 nm of SPR shift,
corresponding to 20—153 ng/cm” (see Table 2). C6-IL-COOH
and C12-IL-COOH bound anti-IgG at 76 and 105 ng/cm?
respectively. The PEGylated surface led to the lowest surface

Table 2. Affinity Biosensors for IgG with Various Alkyl-, IL-,
and PEG-SAMs

monolayer  Adyirg (nm)  Aly, (nm) Kp (nM)  activity (%)
3-MPA 54+ 03 34 +0.1 100 + 3 64 + 4
8-MOA 3.6 + 04 34 +02 200 + 12 96 + 10
11-MUA 32+ 06 28 +£0.2 200 + 12 88 + 14
16-MHA 4.1 + 0.4 2.87 + 0.09 200 + 7 70 + 7
IL-C6 2.7 +£09 32+0.1 200 + 6 120 + 23
IL-C12 3.7+ 0.8 4.0 + 0.2 582 + 24 109 + 16
PEG 0.71 + 0.01 12 £ 0.1 667 + 57 165 + 6

concentration of anti-IgG of all surfaces tested, while no specific
trend was observed for the alkylthiol and IL-COOH surfaces
(see Table 2). The calibration curves for the alkylthiols and the
IL-COOH nearly overlapped (see Figure 3), with a SPR
response of nearly 3 nm at saturation. The PEGylated surface
did not perform as well as these other surfaces with a maximum
response of ~1 nm, but with a significantly lower surface
concentration of anti-IgG. The Ky values extracted from these
calibration curves were on the order of (1.0—6.7) X 1077 M,
with the lowest ones for the alkylthiol SAM and IL-COOH.
The K, values reported here are very similar to those observed
for 3-MPA-HHHDD—OH (2.6 X 1077 M"*) and those for 11-
MUA monolayers ((0.54—6.2) X 1077 M).”® PEG did not fare
well, in comparison to the other SAM; it had the highest K4
value, although it was only marginally higher than most surfaces
reported here. Detection limits were in the single-digit
nanomolar range for all surface chemistries. The specificity of
detection was confirmed by immobilizing rabbit antichicken
IgY to the C12-I-COOH monolayer. The calibration curve
showed no response from concentrations of 1, 10, and 100 nM
and a small, albeit measurable, response from 1000 nM IgG
(see Figure 3). The response of the largest concentration is
about an order of magnitude smaller than the specific response
from the anti-IgG antibodies.

The fraction of functional anti-IgG immobilized on the SPR
sensor reveals whether the antibody is properly positioned on
the SPR sensor to bind analytes. This parameter can be
estimated from the SPR shift for anti-IgG and the maximum
SPR shift obtained from the Langmuir modeling of the
calibration curves. If all antibodies are functional when surface-
bound, the SPR shift at saturation for IgG should be equal to
the shift of the anti-IgG immobilization, because they have
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Figure 3. Calibration curves for the detection of IgG with various alkanethiol SAM (left) and IL-SAM or PEG (right).

Table 3. Activity of hDHFR Immobilized on Different Surface Chemistries

monolayer density of hDHFR (X 10" molecules/cm?)
IL-COOH 5.8
3-MPA-LHDLHD-OH 3.9
16-MHA 4.6
PEG 7.7

activity (pmol/min) ratio (mol/mol hDHFR min™")

25+9 2.1

11+7 14
18.7 £ 3.3 1.7
53 +23 0.34

similar molecular weights. Otherwise, the number of molecules
per square centimeter must be estimated for the antibody and
the antigen to calculate the percentage of functional anti-IgG.
The alkylthiol monolayers displayed the lowest binding activity,
with results ranging from 64% to 96%, which is in a(greement to
our previously reported range for alkylthiol SAM.” IL-COOH
and PEG fared better, at 109% and 120% of functionally bound
antibodies for the IL-COOH and 165% for PEG (see Table 2).
Results surpassing 100% signify that these monolayers promote
divalent binding of IgG to the antibody, thus improving the
apparent activity.

Nonspecific adsorption constitutes one of the major hurdles
to overcome in SPR sensing.71 As a nonspecific technique, SPR
heavily relies on the selectivity of the surface chemistry and of
the molecular receptor to quantitate analytes in crude biofluids.
Because of the tendency of surfaces to bind a monolayer of
protein when in the presence of crude biofluids,”> the
quantification of analytes in crude biofluids relies on the
capacity to limit nonspecific adsorption of proteins contained in
crude biofluids such as serum. Thus, crude serum containing
~70 mg/mL of proteins was injected on the C12-IL-COOH
monolayer. The nonspecific interactions were measured at 99
ng/cm?, a value similar to PEGylated surfaces under identical
conditions.”” For comparison, alkanethiol monolayers did
significantly worse, with ~250—400 ng/cm® of protein
adsorption in crude serum.”® Nonspecific binding of crude
serum was 45 ng/ cm? with a biosensors functionalized with
anti-IgG. Hence, detection of IgG spiked in bovine serum
performed at 100 nM, which resulted in a shift of 1.1 + 0.3 nm,
which is significantly larger than the background signal of
serum at 0.6 *+ 0.1 nm, demonstrating the possibility of
detecting proteins in crude serum with the C12-IL-COOH
monolayer. The analytical performance of the IL-COOH
clearly matches or surpasses that of PEG in a comparative
study based on affinity biosensing.

Enzymatic Biosensors. Enzyme-based biosensors have
revolutionized glucose monitoring.”” They have been adapted

to numerous detection schemes, mainly electrochemical®® and
optical®" ILs may promote enzyme activity, and biosensors
have been developed with enzymes fixed on composite surfaces
of conducting materials and ILs. Intuitively, one may wonder at
the performance of a biosensor based on an enzyme
immobilized on an IL-SAM.

Human dihydrofolate reductase (hDHFR) is the target of the
widely administered chemotherapy drug, methotrexate (MTX).
By binding strongly at the active site of hDHFR, MTX inhibits
the conversion of dihydrofolate to tetrahydrofolate, which is
essential for DNA synthesis and, thus, cellular proliferation.
Our group has recently demonstrated that this enzyme
functions in a biosensing scheme for quantification of MTX
from clinical samples of patients undergoing chemotherapy.®’
Furthermore, the activity of the free hDHFR is maintained or
slightly increased in solutions containing up to 10% 1-butyl-3-
methylimidazolium with tetrafluoroborate as the counteranion
(data not shown; manuscript in preparation). Finally, hDHFR
can be immobilized in an active form by way of a His-tag, on
gold surfaces modified with a nitrilotriacetic acid (NTA)-like
monolayer.' Hence, hDHFR is a well-suited model for an
enzymatic biosensor based on an IL-SAM.

The CI12-IL-COOH and other monolayers (3-MPA-
LHDLHD-OH, 16-MHA, and PEG) were activated with
EDC-NHS to couple N,N’-bis (carboxymethyl)-L-lysine
hydrate on the surface. These NTA-type monolayers bound
Cu ions to chelate His-tagged hDHFR (see Scheme SI3 in the
Supporting Information). The monolayers were formed on 9
mm X 9 mm, gold-coated coverslips, such that they could be
inserted into spectrophotometry cuvettes. The SPR response
during chelation of hDHFR to the surface provided a measure
of the surface density on each SAM (see Table 3). hDHFR
immobilization ranged from 3.9 X 10'* molecules/cm? to 7.7 X
10" molecules/cm® The activity of the enzyme then was
measured by monitoring the decrease in absorbance at 340 nm,
similar to an assay for f-lactamase activity reported by Xu et
al.> Here, the activity was quantified according to the decrease
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in absorbance of the products (tetrahydrofolate and NADP*),
relative to the reactants (dihydrofolate and NADPH). The
activity of the free hDHFR (not immobilized) was monitored
as a positive control. A negative control consisting of the same
reactants in the absence of the SPR sensor was subtracted from
the data.

Activity of hDHFR was observed on each surface tested. The
highest activity was observed for C12-IL-COOH at 25 + 9
pmol/min, which is significantly greater than that for 16-MHA,
3-MPA-LHDLHD—-OH, or PEG, which exhibited activities of
15.7 + 3.3, 11 + 7, and 5.3 + 2.3 pmol/min, respectively (see
Table 3). In comparison to the activity of 125 ng of free
hDHFR in solution (630 + 140 pmol/min), the surface-bound
hDHEFR was significantly less active. Lower activity is expected
for an immobilized enzyme, because of slower hemispherical
diffusion, and also, a possible loss of activity is observed, as a
result of immobilization, or a lesser concentration of enzyme on
the surface than in solution. Normalizing the activity with the
surface concentration of hDHFR immobilized on the sensor
assessed the relative performance of the different surfaces. The
sensor with C12-IL-COOH resulted in a relative activity of 2.1
mol of dihydrofolate converted per mol of hDHFR, per minute
(see Table 3). This relative activity for the IL-COOH is at least
24% greater than those observed on other surfaces. To date,
enzyme activity had only been demonstrated with composite
materials using electrochemical biosensors. To the best of our
knowledge, the improved activity of hDHFR constitutes the
first report of enhanced activity of an IL-SAM-immobilized
enzyme. The IL-SAMs are clearly suited for biosensing with
enhanced analytical properties.

B CONCLUSIONS

Ionic liquid (IL) self-asembled monolayers based on long-chain
alkyl imidazolium were synthesized with either biotin or
carboxylic acid groups. 1-((((+)-biotin) pentanamido)propyl)-
3-(12-mercaptododecyl)-imidazolium (IL-biotin) was synthe-
sized with an overall yield of 34%. Mixed monolayers of the IL-
biotin and 11l-mercaptoundecanol reduced the nonspecific
adsorption of streptavidin. Hence, a SPR sensor with
dissociation constants of Ky = 89 and 98 nM for streptavidin
resulted from the formation of the IL-biotin SAM. The
relatively lower Ky was due to the low-volume fluidic cell of the
SPR sensor, limiting the number of molecules available to bind
the surface. Nonetheless, a full monolayer of streptavidin was
formed on the SPR sensor, demonstrating the efficacy of the
IL-biotin monolayer to construct a streptavidin-based bio-
sensor. Typically, a diluent molecule must be used with
biotinylated-SAM to effectively bind streptavidin, which was
not necessary for the IL-biotin. 1-(Carboxymethyl)-3-(mercap-
tododecyl)-imidazolium bromide was synthesized with an
overall yield of 29%. The IL-COOHs were suited for affinity
biosensing, as demonstrated with IgG sensing. The Ky value
observed was in good agreement with those reported in the
literature and the analytical parameters were either similar or
exceeded those of PEG. Nonspecific interaction of crude serum
was equivalent to PEG, demonstrating the potential of the IL-
COOH monolayer for biosensing in crude biofluids. Lastly, the
IL-COOH was derived into a NTA-like surface, which was
employed to immobilize hDHFR to create an enzyme
biosensor. The sensor based on the IL-COOH showed higher
enzyme activity than the other surface investigated, demon-
strating the enhanced sensitivity of the IL-COOH-modified
sensor. The results presented in this report clearly show the

potential and advantages of using IL-SAM and lay the
groundwork to create a novel class of monolayers for
biosensing on gold surfaces.
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