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We describe the first example of immunoanalysis performed

within an ionic liquid with minimal deleterious effect; our

results bode well for the development of second-generation

biosensors, particularly in applications involving poorly water

soluble analytes including pesticides, phospholipids, and illicit

drugs.

The enzymatic reactions that support life often take place in an

essentially non-aqueous environment such as a phospholipid

bilayer or a crowded intracellular environment characterized by

steric exclusion (i.e., ‘‘macromolecular crowding’’) from inert

solutes which may comprise as much as 50% of the total volume.

Nonetheless, the unequivocal experimental demonstration that

many (if not most) enzymes will in fact perform perfectly well in

organic solvents with no macroscopic aqueous phase present was

nothing short of revolutionary in the field of biocatalysis.1,2

Sometimes far less than a monolayer of water remains bound to

the enzyme’s surface under these conditions. The ability to conduct

enzymatic reactions in non-aqueous or low water media was

clearly a significant step forward for transformations involving

substrates with poor water solubility. Other benefits include

reductions in or elimination of expensive water removal processes,

unwanted aqueous side reactions including hydrolysis, molecular

memory impediments, and microbial contamination. Better

activities, chemo-, regio-, or enantioselectivities, and operational

stabilities are frequently reported as well. Similar advantages have

been shown to extend to immunosensing within organic phases as

illustrated in work by Russell et al.3

The choice of solvent with a reduced water activity may take

several forms including neat organic solvents or mixtures, reverse

micellar systems, supercritical fluids, fluorous phases, and ionic

liquids. The latter have emerged as intriguing solvents for

enzymology or biorecognition given their unique properties such

as involatility, ionic conductivity, broad liquidus, and property

designability. Early examples of the application of ionic liquids

(ILs) toward biotransformation include a whole cell Rhodococcus

R312 catalyzed two phase biotransformation of 1,3-dicyanoben-

zene to 3-cyanobenzene;4 lipase-catalyzed kinetic resolution of

1-phenylethanol;5 formation of Z-aspartame using thermolysin;6

lipase-catalyzed alcoholysis, ammoniolysis and perhydrolysis

reactions;7 and the endoproteinase-catalyzed resolution of

homophenylalanine ethyl ester.8 Some advantages of using ILs

as solvents for enzymatic catalysis, beyond those cited above, are

increased mean molecular weights of polymer products, enhanced

solubility of polar substrates (e.g., carbohydrates),9 reduced

emissions, ease of recycling, and enzyme thermostabilization,10 to

name a few.

In addition, ILs have proven to be exceptional and versatile

solvents in a host of analytical and chemosensing strategies.11 On

the other hand, we are aware of no prior studies of their use as

assay solvents or co-additives in any type of immunochemical

application. We now report, for the first time, that the high-affinity

hapten recognition function of an antibody is preserved both in

free aqueous solution containing a large volume fraction of IL (up

to 10–75 vol%) and for antibodies immobilized on solid supports

and immersed in neat IL. Given the widespread interest in IL/

water co-solvent mixtures as reaction media for biocatalysis, we

focused our initial attention on the water-miscible prototypical IL

1-butyl-3-methylimidazolium tetrafluoroborate, [bmim][BF4]. In

this paper, we report on the equilibrium binding affinity of intact

polyclonal anti-BODIPY1 FL antibodies from rabbit (immuno-

globulin G (IgG) fraction; Invitrogen). This particular system was

selected because BODIPY FL is excitable in the visible spectral

region (‘‘FL’’ denotes fluorescein-like emission), has a quantum

yield close to unity, is very photostable, and can serve

simultaneously as the hapten and the fluorescent reporting unit,12

the characteristics of which change substantially as BODIPY FL

becomes specifically bound to anti-BODIPY FL.

Typical homogeneous fluorescence quenching immunoassay

(FQIA) results for this system, obtained in phosphate buffer (PB;

100 mM, pH 8.0), are shown in Fig. 1a. In this case, anti-

BODIPY/BODIPY association is accompanied by a red-shift from

510 to 519 nm and a significant degree of maximum quenching

(Qm # 87%) of the initial, unligated BODIPY fluorescence

intensity; i.e., Qm 5 1 2 (Fmin/F0) where F0 and Fmin are the total

integrated fluorescence intensities for identical analytical concen-

trations of free and antibody-bound BODIPY, respectively.

Similar spectral behavior was exhibited during anti-BODIPY/

BODIPY binding in the entire range of composition of

[bmim][BF4]/PB mixtures preceding an upper turbidity limit near

80 vol% IL. For instance, 50 vol% [bmim][BF4] in PB showed a

Qm value of y 77% and a 5-nm red shift to 518 nm at binding

saturation (Fig. S1, ESI{). In a control experiment, we confirmed

that when challenged with the non-target fluorophores rhodamine

6G (R6G) and Texas Red (TR), anti-BODIPY produced no

measurable quenching (Fig. S2). Taken together, our results

demonstrate that soluble anti-BODIPY antibodies do indeed

retain both their high binding affinity and recognition selectivity

when dissolved in PB containing up to 75% [bmim][BF4].

Moreover, the similar polarity experienced by the antibody-bound
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BODIPY ligand suggests that the hydrogen bond interactions

within the IgG combining site are not significantly perturbed by

the presence of IL. This is further supported by Fig. S3 which

shows that both the emission maximum and center-of-gravity

(COG) for BODIPY in 50 vol% [bmim][BF4] approach, at binding

saturation, their respective values in PB.

Determination of the equilibrium binding affinity (Kf) for this

system was permitted by following the net decrease in integrated

fluorescence intensity (F0 2 F) as a function of added anti-

BODIPY at fixed BODIPY concentration. The resulting FQIA

binding isotherms were then fitted using the following equation

describing bimolecular association

DF~
DFT

2A
AzBzKd{

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(AzBzKd)2{4AB

q

� �

where DF 5 F0 2 F, DFT 5 F0 2 Fmin 5 Qm?F0, Kd 5 Kf
21 (Kd is

the corresponding dissociation constant), and A and B are the total

concentrations of BODIPY and anti-BODIPY, respectively. For

all solution-phase studies, measurements at 25 uC were made

20 min after each antibody addition to ensure complete

equilibration. The results of this exercise, shown in Fig. 1b, clearly

indicate systematic shifts to lower binding affinity as the vol% of

[bmim][BF4] in PB increases. Of course, there is a clear analytical

advantage in that as Kf decreases the operational dynamic range

and the reversibility actually improve. The recovered Kf values are

collected in Fig. 2 with comparisons made to results in PB

containing the polar organic solvents MeCN, EtOH, and DMSO.

Despite an order of magnitude decrease in Kf relative to the value

for the native system in buffer solution, the average association

constant measured at 50% [bmim][BF4] (5.30 6 106 M21) remains

higher than that measured in any organic solvent studied at the

same volume fraction. In fact, the Kf value for 50% [bmim][BF4] is

over 103-fold higher than the value in 50% MeCN in which the

anti-BODIPY is almost completely inactivated (Figs. S4 and S5).

We were notably surprised to find that for an increase from 50 to

75 vol% [bmim][BF4], Kf nearly triples to 1.52 6 107 M21.

Encouraged as we were by this result, we were unfortunately

unable to reliably estimate binding constants for PB systems

containing much over 75% [bmim][BF4] due to the onset of

opalescence and, ultimately, sedimentation of PB salts. In order to

demonstrate antibody–hapten binding in 100% IL, we devised an

experiment employing an array of anti-BODIPY ‘‘capture’’

antibodies immobilized onto a (3-aminopropyl)diethoxymethyl

silane (APDEMS) self-assembled monolayer (SAM)§ pattern

generated on glass. Because it offers easy access to micron

resolution photo-patterning, we employed spatially-directed UV

illumination/aminolysis13 to surface template a pre-existing

APDEMS SAM," as summarized schematically in Fig. 3. After

Fig. 1 Progression in the steady-state emission profile for BODIPY FL

in PB resulting from 457-nm excitation as anti-BODIPY FL is added (a);

raw data were corrected for blank signal and volume changes. FQIA

binding isotherms for different vol% [bmim][BF4] in PB (b). The solid

curves are least squares fits to the data using eqn. (1) for A 5 66 nM.

Fig. 2 Recovered equilibrium binding constants (Kf) for anti-BODIPY/

BODIPY complexation in various solvent systems. Standard deviations of

triplicates in a single experiment are shown as error bars. The value for log

Kf is placed above each bar.

Fig. 3 Schematic illustration of SAM photolithographic patterning via

masked exposure to light from a mercury lamp (step 1) and subsequent

antibody coupling to fabricate immunosurfaces (steps 2–4). Lower left:

Representative epifluorescence microscopy image showing spatially

selective BODIPY binding in neat [bmim][Tf2N]. Scale bar represents

25 mm. See ESI for full details.

(1)
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coupling antibodies to the SAM pattern using reductive

amination,I the anti-BODIPY bioarrays were immersed in

[bmim][X] (X 5 BF4
2, Tf2N

2, TfO2, or PF6
2), each 100 nM in

the BODIPY FL hapten, and incubated for 1.5 h at 37 uC
followed by gentle rinsing with a laminar flow of pure IL to

remove any loosely adsorbed tracer. For all four ILs investigated,

the resulting fluorescence images showed high contrast and

excellent uniformity (Fig. 3, inset). Importantly, no binding was

observed when the IgG immunosurfaces were exposed to R6G or

TR demonstrating that the arrays of immobilized antibodies

maintained their biological integrity and high specificity in pure IL,

suffering only minor activity losses (Kf . 106 M21). In fact, anti-

BODIPY IgG/BODIPY binding in neat [bmim][X] results in

patterns that are equally uniform and stable as those measured in

PB (Fig. S6), with a conservative estimate of the specific/

nonspecific ratio of y 50. Given that ‘‘free’’ fluorescent hapten

is universally much more emissive than the IgG-bound form in

FQIA, the fact that ILs give reduced non-specific binding/sorption

(in unpatterned regions) is an important and completely

unanticipated advantage of ILs as immuno-solvents.

The underlying reasons for the slightly lowered affinity remain

speculative but possible factors include reversible antibody

conformational changes stemming from alterations in hydration

level, Coulombic forces, or local dipolarity; or low-affinity binding

of IL components to the antibody surface. Yet another option,

given the inherent and distinctive segmental flexibility of the IgG

molecule,12,14 is a matrix effect associated with dampened protein

dynamics arising from solvent ordering and the relatively high

viscosity of the IL and its mixtures with PB. The reduced mobility

within [bmim][BF4]-rich aqueous mixtures is reflected in the

precipitous drop in the fluorescence correlation spectroscopy

(FCS)-determined diffusion coefficient (Dt) measured for

BODIPY FL from 305 mm2 s21 in PB to just 22 mm2 s21 in

75 vol% [bmim][BF4]. For comparison, the mean Dt was only ca.

1.5 to 2.0 mm2 s21 for similarly sized fluorescent probes in

anhydrous [bmim][PF6].
15 Corroborative evidence in support of

this notion is further provided by the sharp recovery in Kf to the

anticipated level as the [bmim][BF4] system is diluted with PB. It

has been shown previously that antibody–hapten binding3 and

enzyme specificity16 and reactivity17 in non-aqueous systems

are related to the hydrophobicity of the organic solvent. It is

then worth noting that the ET(30) value drops steadily from

62.8 kcal mol21 for PB to 55.7 kcal mol21 for 75% [bmim][BF4].

The observed behavior may be partially attributable to reduced

hydrophilicity, however, we note that ET(30) 5 52.4 and

45.4 kcal mol21 for neat EtOH and MeCN/DMSO, respectively.

In any case, it is important to realize that the measured

binding affinities reported here are fully adequate for practical

immunoassay.12,18,19

In conclusion, this report demonstrates that free antibody

binding affinity can be almost completely retained for a significant

volume fraction of [bmim][BF4] dissolved within PB as well as for

supported antibodies subjected to pure IL as solvent. It also

provides the sole example of bioreceptor action within an IL to

date. These results hold compelling possibilities for advancing

biosensors targeting a range of analyte species including tradition-

ally difficult lipophilic targets of key importance in pharmacology,

petrochemistry, food science, environmental monitoring, and

homeland defense.19
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refer to them as SAMs as they share several of the traits of ‘‘true’’ self-
assembled monolayers.
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I Complete experimental protocols for SAM formation, photo-patterning,
and bioconjugation are provided in the ESI.
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