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Abstract

Attenuated total reflection Fourier transform infrared spectroscopy is one of the most powerful methods for recording infrared spectra of
biological materials in general, and of biological membranes in particular. It is fast, yields a strong signal with only a few micrograms of
sample and recent ATR devices allow the recording of nanogram quantities. Importantly, it allows information about the orientation of various
parts of the molecules under study to be evaluated in an oriented system. While mid-infrared radiation has been most used for fundament
research on molecular structure, it is becoming an interesting alternative for sensor research. In addition to the usual sensor response, one of
advantages is its sensitivity to molecular conformation. In turn, the binding of a drug onto a receptor may be monitored as for other detection
methods but in addition the evaluation of the structural response of the receptor to this binding is likely to bring invaluable information on the
mechanism of action of the drug. The present review focuses only on the ATR-mid IR spectroscopy with a special interest for proteins and
biological membranes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lar conformation[2—5]. Protein conformation is also easily

investigated6—10] and may be of major interest for the un-

Attenuated total reflection Fourier transform infrared derstanding of the action of drugs on their protein recep-

spectroscopy (ATR-FTIR) is one of the most powerful meth- tors. For instance, the binding of a drug onto a receptor may
ods for recording infrared spectra of biological materials in be monitored as with other detection methods but in addi-
general, and of biological membranes in particular. It is fast, tion the evaluation of the structural response of the receptor
yields a strong signal with only a few micrograms of sam- to this binding is likely to bring invaluable information on
ple, and most importantly, it allows information about the the mechanism of action of the drug. Another interesting
orientation of various parts of the molecules under study to feature of the IR detection is that it allows the concentra-
be evaluated in an oriented syst¢hh While mid-infrared tions to be determined from the molar integrated extinction
radiation has been most used for fundamental research orcoefficients.
molecular structure, it is becoming an interesting alternative  One major challenge when using mid-IR radiation is the
for sensor research. In addition to the usual sensor responsestrong absorbance of water. To some extent, the ATR tech-
one of its advantage is precisely its sensitivity to molecu- nique alleviates the problem as the sensor is built on a very

thin layer that is sensed by the evanescent field while the bulk
- of the solvent is not. Another challenge is the binding of the

Abbreviations: ATR, attenuated total reflection; AU, absorbance units; receptor molecules of interest to the internal reflection ele-

FTIR, Fqurif-:‘r transform infrared; IRE, internal reﬂection elgment; KRS-5, ment (|RE). It must maintain the integrity ofthe protein struc-
thallium iodide and chloride; MCT, mercury cadmium telluride . -

ture and activity, and the modified surface must not present
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The present review focuses only on the ATR-mid IR spec- also exists in the rarer medium beyond the reflecting inter-
troscopy with a special interest for proteins and biological face. This so-called evanescent wave is characterized by its
membranes. amplitude which falls exponentially with the distance from

the interface according to

— —2/d
2. General principles E = Eoe "/ (2)

) ] ] whereEg is the time averaged electric field intensity at the
It is essential to understand the basic rules that governinierface E is the time averaged field intensity at a distance
the absorption of the IR light at the reflecting interface of ; fom the interface in the rarer medium adglis the pene-

the IRE. They have a profound impact on (1) the spectrum y4tjon depth of the evanescent field. It is given by
intensity, (2) the band shape, (3) the intensity ratio between

bands located at different wavelengths, (4) the ratio between ; _ Al 3)
the contributions of the bulk of the solvent and the sample, (5) 27(sin? 6 — ngl)l/z

the quantitative evaluation of surface concentrations, (6) the

impact of polymer or metallic layers on the signal-to-noise Whereii=A/n; andnz;=ny/ng [11]. The largeri (or the

ratio. The reader is referred to Harrick and Fring8li11] smaller), the larger the penetration depkhg. 2illustrates a
and to our recent review on ATR-FTIR applied to the study ftypicaldecay ofthe evanescentfield intensity oniherange

spectroscopy have been designed, including fiber optics forbetween infrared light and the sample present on the surface
the study of proteinil 2-15]. However, the most usual design  Of the IRE, within approximately the penetration depth of
is still the trapezoidal plate. A schematic representation of an the field. An obvious conclusion that can be drawniis that the
ATR set-up appears iRig. 1. The infrared beam is directed sample has to be in close contact with the IRE. Furthermore,
into a high refractive index medium which is transparent for the molecules from the bulk of the solvent are usually not

the IR radiation of interest. Above a critical angkewhich sensed at all because they are too diluted and too far away
depends on the refractive index of the internal reflection ele- from the reflecting interface. It is also apparent from Eq.
ment (IRE),n1, and of external mediunmy, (3) that band intensity will depend on the wavelength since

the penetration depth, and thereby the interaction with the
fc = sin"tnay 1) sample, increases with

The principles described above yield spectral features
which are specific to ATR spectroscopy. Two typical situ-
ations can be encountered.

(n21=n2/ny) the light beam is completely reflected when
it impinges on the surface of the IRE. Several internal total
reflections occur within the IRE until the beam reaches the
end. It can be shown from Maxwell’s equations that superim-
position of incoming and reflected waves yields a standing
wave within the IRE established normal to the totally re-
flecting surface. Importantly, an electromagnetic disturbance

2.1. The case of thick films

The absorbance depends on the square of the dot prod-

uct |E(8;I/8q)|2 wherey is the transition dipoleg a normal
coordinate and is the electric field amplitude in the rarer
medium.E is a function ofzas described by E¢2). For any
transition, it can be showji 1] that the absorbance is propor-
tional to the so-called effective penetration depth defined as

E//

00 E2d
do= 121 | p2q, = MA50% 4)

|
|
|
|
I
|
|
~cost ) o 2 cos)

whereE is given by Eq(2) andd, by Eq.(3). The reader is
referred to Harricf11] for the derivation of the expression
/ of the electric field amplitude. E@4) indicates that:

£y

o the effective depth of penetration is proportional to the
Fig. 1. Schematic representation of the a internal reflection element (RE) ~ Wavelength througldl,. In turn, the absorbance is higher
and of the light pathway. The Cartesian components of the electric field are  on the long wavelength side of the spectrum. The ratio
shown along theX, Y andZ axes. Two possible planes of polarization of between the intensity of two peaks is therefore different
the incident light are indicated Wy// (polarization parallel to the incidence from the ratio obtained by transmission spectroscopy by a

plane) andE L (polarization perpendicular to the incidence plane). The . - g .
incident beam makes an angleith respect to a normal to the IRE surface. quite S|gn|f|cant factor. As an example, the efficient thick-

The edges of the IRE are bevelled so that the incident beam penetrates the N€sses are 0.70m and 4.84um, respectively for germa-
IRE through a surface that is perpendicular to its propagation. nium and KRS-5 IREs with the same geometry and a sam-
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Fig. 2. Schematic representation of the evanescent wave on a 522mmm (A) KRS-5 and (B) germanium IRE, at4#cidence, for a beam width of 3 mm.
The grey density decreases as the intensity of the evanescent field. For the clarity, the evanescent field if represented only on the upper side of the IRE.

ple refractive indexn, =1.44 at 1650 cm! (Fig. 2). For ~ 2.2. The case of thin films
a thick sample, spectra will be about seven-fold more in-
tense for the KRS-5 IRE. Before selecting KRS-5 or other  Inthe case of a thin film, itis supposed that the film is thin
materials with lower refractive indices (s@able 1), the enough so that there is no significant change of the electric
user must consider that the proximity of the critical angle amplitude in the evanescent wave over the film thickness.
will be responsible for spectrum distortions with respect Therefore, if the film thicknesdis small with respect to the
to transmission spectra because of the marked influencewavelength, Eq(4) becomes
of the refractive index variation in the absorbance bands " d non B2
[1]. Keeping away fron®. is the safe way to obtain spec- d, = 21 E%dz = f21%o
tra closely resembling their transmission counterparts. In cost/ o cosy
addition, using KRS-5 is certainly a bad choice if the ad- o\ . 2dd no1E2d

" ) ; . _% b _ 1) &
ditional penetration depth results only in an increase of the X ( 2 ) (e D~ CosO (5)
buffer contribution to the spectrum;
another important consequence of this is that band shape is
distorted in thick film ATR spectra, with more absorbance
on the long wavelength band side and less absorbance on the effective thickness does not depend on the wave-

In this case,

the short wavelength band side. length. In turn, band relative intensity is not distorted and
Table 1
Optical and physical properties of different IRE materials
Materials ng fc (°)inwater  Hardness (kg/mfh  Wavelengthrange ~ Comments 0(°)  de(wm)  dp(um)
Ge 4.0 22 780 4000-830 Stable in water, in acids and alkalis30 1.92 0.73
attacked by hot BSOy

45 0.74 0.40

60 0.39 0.31
Si 34 26 1150 4000-1500 Stable in water, in acids and alkalis30 4.32 117

attacked by HF and HN®

45 1.17 0.51

60 0.59 0.38
ZnSe 2.4 39 120 4000-650 Stable in water pH 5-9 45 529 1.22

60 1.86 0.67
KRS-5 2.4 39 40 4000-400 Not very stable in water 45 529 1.22

60 1.86 0.67
Diamond 235 40 Very hard 4000-400 Stable in water pH 1-14 45 617 1.35

60 2.03 1.69
ZnS 2.2 43 355 4000-950 Stable in water, not at acidic pH 45 12.65 2.34

60 2.75 0.82

Other materials such as CdTe &2.65, hardness = 45) are close to those described in the table. The values of the efficient penetration depth of the evanescent
wave have been calculated at a wavelength of 1650'dr a randomly polarized light. The critical angle is calculated in water{r5). KRS-5 is a thallium
bromide/thallium iodide eutectic.
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absorption bands are no more broader on the long wave-the sensitivity increase at small incidence angles, the aperture
length side. Therefore, spectra of thin films closely resem- A decreases, letting less light into the IRE
ble their transmission counterparts;

e in the case of thin films, the effective thickness is propor- A = tC0sf 9)
tional tod,; .
e de can be less or much greater than the actual film thick- A = 2 Siné  foré < 45° (10)

ness, i.e.the absorbanceis, in some conditions, much larger Highl nsitive MCT detectors availabl n overcom
than the absorbance of the same film measured by trans—this %oglesri tf) a Sertain e;eer?to S avallable can overcome
mission spectroscopy. P

Fig. 3 demonstrates how the IRE thickness changes the
number of reflections. For the 1 mm thick IRE, almost the
entire area (94%) is sampled and 51 internal reflections occurs
(25 onthe upper surface and 26 on the lower surfaEejrs).
Onthe other hand, when an 2 mm thick IRE is used, only 45%
of the area is sampled and only 25 internal reflections occur.
It turns out that sensitivity can be increased by choosing the
appropriate IRE geometry.

3. Considerations on multiple reflections

Until now, we examined the case of a single internal re-
flection. For a single reflection with low absorption, the re-
flectivity Ris given by

R=1-—ade (6) The penetration depth of the evanescent wave increases as
6 decreases as described by 8). When the index matching
where the absorption extinction coefficientand de is the is better between the sample and the IRE @lose to 1 but

effective penetration depth or the effective thickness of the not larger than sif), the penetration depth of the evanescent
film, i.e. the thickness of the film which would yield the same ' wave increases (see E&)). Furthermore, the relative impor-
absorption by transmittance. Fhirmultiple reflections, the  tance of the layers close to the IRE surface can be modulated
reflectivity is given by via the penetration depth. If a monomolecular film is to be
N studied in an aqueous environment, the contribution of the
R=(1-ade)” ~ 1 - Nade (7) buffer with respect to this of the bilayer can be reduced by
when ade <« 1, i.e., the measured “absorbance” will be reducing the penetration depth (efgg. 2). If thick samples
roughly N times the absorbance due to a single reflection. must be studied, this penetration depth can be larger. There
In turns, the geometric characteristics of the IRE strongly are of course limits to both the incidence angle andaiue
modulate the spectrum intensity. The parameters which mustPlaced by the critical angle below which total reflection is
be considered are the lengttand thickness of the IRE, lost (Eq.(1)).
the incidence anglé and the refractive indem;. The num- Fig. 4 demonstrates the importance of setting a correct
berN of internal reflections is proportional to | and inversely geometry for the IRE. Ifrig. 4a and b, the IRE is the same
proportional tot. It also increases asdecreases according but the incidence IR beam was open at 2 mnrig. 4a and

to 3mm inFig. 4b. It can be observed that for some incidence
/ angles a fraction of the beam is not reflected at a position
N = - cotd (8) that allows it to quit the IRE (B panels). The film length
t

sampled by the beam decreases with the incidence angle (C
In turn,l, 6 andt must be adjusted so thistis an integer panels) as does the number of internal reflections (E pan-
and odd for the geometry describedHig. 1. Counteracting  els) and the penetration depth (D panels). As the beam gets
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Fig. 3. Schematic representation of the evanescent wave on KRS-5 IRE on a 52mmm and (B) 52 mnx 2 mm plate, at 45incidence, for a beam width
of 1.3 mm. The grey density decreases as the intensity of the evanescent field. For the clarity, the evanescent field if represented only on the upper side of the
IRE.
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wider, only a fraction of it is able to penetrate into the IRE made this system attractive for the study of the partition of
(A panels). molecules between the water phase and the membrane since
From the practical point of view, an important property of the eighties for investigations on peptid&s] or drugs[17].
the IRE is its hardness (Table 1). Indeed, it determines how
quickly the surface is going to be damaged. Since scattering4.2. Preparation of film by Langmuir—Blodgett transfer
follows a law inA~4, intensity losses at high wavenumbers
quickly become considerable. The Langmuir-Blodgett technique allows the structure of
a molecular assemblies of known structure to be maintained
for the infrared investigation. The assembly on the IRE is
4. Sensor building obtained by transferring a monolayer spread at the air—water
interface by a cycle of dipping and withdrawal of the IRE
One of the challenges encountered in the design of FTIR- through the monolayer. The surface pressure of the mono-
ATR-based sensors is the preparation of non-denaturatinglayer is kept constant during the process by moving a barrier
matrices for the immobilization of enzymes or even cells. The on the surface. The barrier displacement allows to control
surface prepared should also prevent non-specific binding.the amount of material transferred on the plate. The details
Several ways of surface modification have been investigated.of the technique are described elsewHé&19]. This pro-
cedure allows the study of single mono- or bilayer or multi-
4.1. Physical adhesion layers arrangements with a thoroughly covered surface. The
quality of coverage was found to depend on the head groups
Among the different sample used to coat the IREs, bio- of the first monolayer, with better results reported for phos-
logical membranes are among the most important. They arephatidylethanolaminf0,21]. Practically speaking, only sin-
usually difficult to handle, bear numerous proteins (20-30% gle monolayers are easily obtained when working with phos-
of the genome codes for membrane proteins) and are privi-pholipids. Single monolayers of DPPC transferred on a ger-
leged targets for drug research. The stability of physisorbed manium IRE at low pressure (20 mN/m) or high pressure
membranes onto an IRE in an aqueous environment have(40 mN/m) results, respectively in ordered and disordered
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Fig. 4. (a) Evolution as a function of the incidence angle (beam width 2 mm) on a germanium IRE of: the fraction of the beam that really enter the IRE (A), the

fraction of the beam present inside that can quit the IRE (B), the sampled length (C), the penetratialy @ptind the number of reflections on the lower
surface (se€igs. 2 and 3) (E). (b) As for (A) but for a 3 mm beam width.
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Fig. 4. (b) (Continuedl.

states of the DPPC molecules similar to those observed inbilayer, the Langmuir—Blodgett technique is not suitable
liposomes below and above the phase transition. However,for the study of most integral membrane proteins. Fringeli
when the number of layers transferred (z-type) is increased,(1989a) indicated an elegant method to overcome this limi-
the ordered form is always found suggesting a rearrange-tation. In a first step, a monolayer is transferred on the IRE
ment of the layers so that a closer packing of the molecules isby the Langmuir-Blodgett technique. During withdrawal of
obtained. Similar rearrangements of the DPPC molecules tothe plate at ca. 1 cm/min, surface pressure is kept constant
form islands of well-packed molecules in monolayers trans- (40 mN/m). A monolayer is now present with the polar head
ferred at low pressure have been suggested by Okamura et algroups of the lipids facing the IRE and the hydrophobic hy-
[22]. Other evidences of reorganization have been broughtdrocarbon chains facing the surrounding medium. In a sec-
by Fringeli et al.[23,24]. A recent attempt to map out the ond step, the monolayer-coated IRE is mounted in a lig-
potential artifacts of the film transf¢25] showed that the  uid cell which is flowed with a vesicle suspension at ca
speed of transfer has an effect on the final structure. At fast1 mg/ml. Spontaneous adsorption occurs on the hydropho-
transfer speed, the structure of the film molecules remains es-bic monolayer and a bilayer is formed. Depending on the
sentially unchanged. At slower speeds, reorganization of thenature of the adsorbed second layer, the bilayer can be sym-
film molecules occurred. Some practical aspects of the studymetric or asymmetric. The system designed by Fringeli et

of monolayers by IR have been reviewed recefidly,27]. al. [32] is very attractive because it allows to monitor spec-
This system has been extensively used for the study of the in-troscopically the adsorption of any water soluble molecule
teraction of protein signal peptides with monolaj28—30]. present in the buffer, to quantify its amount and to analyze
Pure peptidic monolayer have also been transferred successis structure and orientation with respect to the lipid bilayer.
fully [31] It must be noted that while the first monolayer was made
out of DPPA in the original work of Fringeli, POPC was

4.3. Adsorption from bulk phase method on found to be as efficient by Tamm and co-work§s,34].
Langmuir—Blodgett films The experiment has been repeated in our laboratory (un-

published data) and was shown to quantitatively yield a
Because the Langmuir Blodgett method is very efficient monolayer of DPPA and a bilayer after incubation with
to deposit a monolayer on the IRE but usually fails to de- POPC. The final assembly was stable over a period of several
posit a second monolayer in order to form a phospholipid hours.
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Insight into the mechanism of the deposition of the second teins is proportional to the amount adsorbed up tQ@/2n?
layer can be obtained using deuterated lipids. If the second[46,47]. In our hands, working in the presence of an aque-
layer fuses with the existing layer, part of th¢C—H) band  ous solution (e.g. with a Circfecell), even with very soluble
intensities will be replaced by(C-D). If the second layeris  proteins, adsorption on IRE such as germanium and KRS-

adsorbed on top of the first one, intensity of tf€—H) will 5 always occurs. Adsorption from an aqueous phase on the
not decrease but th¢C—D) bands will appear superimposed  |RE is first irreversible, involving some degree of protein de-
to the original spectrum. naturation. Subsequent layers of adsorbed proteins can coat
The adsorption of a second bilayer on top of the first the IRE in which the protein structure is usually maintained
one is possible in some conditions. Fringeli et [#2] [48,49]. Recently, a modelisation of the events occurring near
demonstrated that membrane fragments enrichedTmNa the GeQ interface was obtained by molecular dynanﬁﬁjﬂ

ATPase isolated from rabbit kidney adsorb spontaneously to The process has been described in details by Obéare53].
a DPPA/POPC (POPC outside) bilayer. Even though firmly wWhen the IRE is placed in contact with a protein solution, af-
adsorbed, these vesicles seem to remain essentially intact anger some time three classes of protein can be distinguished. In

do not form a continuous bilayer. afirst stage of the interaction, protein molecules that come in
. contact with the IRE surface are free to associate in a manner
4.4. Membrane multilayer stacks dictated by the chemical nature of both the IRE surface and

the protein. After they initially bind, protein molecules extent

Recently, it was found that in a number of situations lipid  their interaction with the surface which result in significant
films prepared by solvent evaporation (either organic or aque-disruption of secondary structure and changes in the amide |
ous in the case of natural membranes) can be immersed irband shape. This process is fast and present little dependence
bulk water without loss of materials. Originally, Ge IRE on the bulk concentration. These adsorbed protein molecules
were cleaned by immersion in concentrated chromic acid for form the first class. They remain firmly bound to the IRE
30 min. Such a treatment on germanium crystals yields a sur-after a buffer wash. The second stage begins when most of
face on which purple membranes stick tightly for hoursinthe the IRE surface is covered by adsorbed protein molecules.
presence of an aqueous environment, provided that a highNewly arrived protein molecules are prevented to form addi-
salt concentration is maintaind@5]. Similar results were  tional contact with the IRE surface. These protein molecules
obtained for the nicotinic acetylcholine receptor by Baen- remain in a native conformation and can be flushed away by
zinger and co-workerf36—41]. It was shown later that the 3 buffer flow. These protein molecules form a second class.
chromic acid treatment is not always necessary. In our labo- The third class consists in proteins which remain in the bulk
ratory, Ge IRE are cleaned first with a basic lab detergent of the solution. Since the ATR-FTIR technique samples pref-
(pH 11), then rinsed with distilled water and placed in a erentially the molecules close to the IRE surface, only classes
methanol-containing vessel. The IRE is then transferred to 1 and 2 will contribute significantly to the spectrum. It was
a chloroform-containing vessel with clean forceps, dried and shown by Oberd51-53] that the contribution of the class
placed in a plasma cleaner (100 W) for 5 min. Films of gastric 1, adsorbed, proteins could be reliably estimated and sub-
tubulovesicles were obtained by drying an aqueous vesicletracted from the experimental spectrum in order to yield a
suspension. Placed in a flow cell (1 ml/min) for 2h, th& H  native protein spectrum. Even though no sensor building has
K*-ATPase activity was recovered from the resuspended film peen attempted by this approach, it remains a tempting pos-
[42]. sibility as it is particularly simple to prepare.

Even though the immersion of films in a flow cell can
be a very useful tool for the study of small conformational
changes in an aqueous environment, furthermore studies td. Chemical modification of the IREs
define the experimental conditions which govern the stability
of the membrane assembly are needed. 5.1. Silylation of the IRE

In ATR-FTIR experiments under buffer flow, a sensitivity
of at least one order of magnitude better than the classical In 1979, Fringeli discovered that enzymatically active
techniques can be reached, as previously demonstrated bycetylcholinesterase can be covalently bound to aminosilane
Fringeli et al.[32] for thin films, by Marrero and Rothschild  coating on germanium IREs by means of carbodiinjisig
[35] for thick purple membrane films, by Baenziger for thick after silanization by aminopropyltriethoxysilane (1% in an-
acetylcholine receptor-containing filnig3,44] and by our- hydrous toluene, 1-2 h, 10C). This procedure was studied

selves for the gastric ATPa§45]. in more detains by Weigel and Kellngg5] but more recently,
several authors found it more efficient to deposit a first layer
4.5. Protein adsorption of SiOy. In a first step, the surface is covered with a thin layer

of SiO, by plasma-enhanced chemical vapor deposition. The
Adsorption of soluble proteins from an aqueous phase on asurface is first exposed to @ Plasma and heated to 300 to
clean IRE is linear with the bulk concentration up to a concen- remove all organic contaminants. The Sifdm is deposited
tration of 60 mg/ml and intensity of the major bands of pro- from a gaz atmosphere of Sjitdnd NoO in the plasma oven.
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Interestingly, the thickness of the layer can be monitored by latter AuPd film has better wetting properties, which allows
the absorbance of theSi-0) at 1050 cm?. Rigler et al. the production of thinner metal layers, which in turnimproved
[2] evaluated the evanescent electric field decay as a functionthe FTIR signa[2]. The advantage of this approach is that it

of the thickness of the SiJayer and showed that a 30nm can be applied to Ge, Si or ZnSe IRE.

thick film reduces the field intensity by less that 10%. Char-  The effect of the Au thickness on the transmittance of the
acterization of the surface by contact angles indicates that GelRE is large. The intensity of the sample was reported to be
is as good a substrate for silylation as quartz plates. Immedi- 10 times higher on a 2 nm Au film than on a 10 nm Au film.
ately after silylation, the silanol surface can be treated with a This dramatic change was assigned to the strong absorbance
molecule such as the mercaptopropyltrimethoxysilane, pro- of Au [2]. On the other hand, the author realized that the
viding the user with a convenient —SH group for attaching absorbance is in fact higher than expected. They concluded
other molecules. Rigler et g2] suggested the binding of  that a surface enhancement of the absorbance due to the close
NTA-maleimide. After chelation of Nf ions, His-tagged  proximity of the Au is taking place in agreement with the
peptides or proteins can be reversibly attached. Recyclingdescription made by Kellner et db8]. In this respect, no

is then best obtained by washing the sensor with imidazole. difference could be observed between Ge or ZnSe. In spite of
The sensitivity is in the range of 10 pg/mni.e. similar to the surface enhancement effect provided by Au, the signal to

the plasmon resonance detection. noise ratio is twice as large when compared to the silanized
When the sensor is designed to work in aprotic sol- surface because of the lower optical throughput with Au-
vents, another approach is possible. Poston g66l, in- coated surfaceg].

stead of working with a flat surface, deposited a thin layer

of colloidal silica particles onto a ZnSe IRE. The result is 5.2.1. Indirect protein binding to Au

a high area substrate available for ATR-FTIR and a better  The most widely used strategy is to bind a thiol on the

sensitivity. The film was deposited onto the IRE by with- Au and keep another reactive group at the other end of the

drawing the substrate from the sol. Upon drying, a net- molecule. This is classical chemistry and will not be de-

work of siloxane and hydrogen bonds hold the network in scribed here any further.

place, leading to a porous SiQayer that is stable in con-

tact with aprotic solvents. Once the film is deposited by 5.2.2. Direct protein binding to Au

sol-gel synthesis, it can be modified to produce the de- In atleast one example, a mutant of OmpF with a cystein

sired chemical environment. In one interesting example, the introduced on a short periplasmic turn, has been shown to

sol used for the fabrication of silica films was prepared by bind directly to gold and create a high density protein mono-

an acid-catalyzed copolymerization of a one-to-one mixture layer by self-assembly from the detergent solution. The pro-

of tetraethylorthosilicate (TEOS) and ethyltrimethoxysilane tein retains its capability to bind the receptor-binding domain

(ETES) in an ethanol/water medium. The molar ratio of the (R domain) of colicin N59].

sol mixture components TEOS/ETESBVEtOH/HCI was

0.5:0.5:5.0:3.8:0.04. A thin film was formed on the silicon 5.2.3. Thiolipid binding to Au

ATR crystal by dipcoating in a nitrogen atmosphere. After Reconstitution of solubilized vesicles (44 mM CHAPS)

heating at 400C, porous silica films with good mechanical in the presence of a mixture containing a thiolipid, choles-

properties and high surface areas. The surface was then modterol and soybean lecithin (0.1:0.1:0.8, w:w:w, respectively)

ified by octyltrichlorosilane and finally washed with toluene. can be achieved by dialyzing away the CHABS]. Nico-

After treatment, the sensor may be used in an aqueous envitinic acetylcholine receptor membranes reconstituted with

ronmen{57]. Depending on the coating, the affinity for vari- thiolipids were immobilized on Au-coated ZnSe IRES. It was

ous organic molecules in solution in water can be modulated. found that approximately 65% of the receptors present their
ligand-binding site towards the lumen of the flow cell and that

5.2. Au coating of the surface atleast 85% of these receptors are structurally intact. The con-
formation of the receptor in tethered membranes was investi-

The Ge IRE is coated with a 2-10 nm thick film of Au gated with Fourier transform infrared spectroscopy and found

on one face by thermal evaporation at a pressure belowto be practically identical to that of receptors reconstituted

5x 10~ mbar[2]. It is necessary to deposit a first layer of in lipid vesicles. The affinity of small receptor ligands was

Cr (0.5-1.0nm) in order to obtain sufficient adhesion of the determined in a competition assay against a monoclonal an-

Au film and to produce a continuous film of Au. Failure to tibody directed against the ligand-binding site which yielded

proceed in that way results in the formation of isolated Au dissociation constants in agreement with radioligand binding

particle. The space left free between the particles forms non-assay$60].

specific binding sites for the proteins and makes the sensor

virtually useless. Instead of depositing a Cr layer, the sur- 5.3. Supported membranes on soft polymer cushions

face can be silanized with mercaptopropyltrimethoxysilane

(MTS). Alternatively, the coating can be performed with an It is most useful to be able to prepare a layer that is bio-

AuPd alloy by thermal evaporation without Cr or MTS. The compatible between the solid support and the solution in or-
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der to prevent unspecific adsorption. Sackmann and Tanakecompared individually with predictions obtained from the
[61] distinguish three methods for the preparation of sta- slopes of absorbance/concentration curves for the three ana-
ble polymer-membrane composite films: (1) chemical graft- lytes.

ing of a natural polymer such as dextran or hyaluronic acid

Murphy et al.[68] used Teflon AF2400, a highly amor-

and subsequent deposition of a lipid bilayer; (2) deposition phous and robust polymer for the enrichment membrane and
of membranes whose lipid head groups have been modi-various environmentally significant chlorinated hydrocarbon

fied (lipopolymers), (3) deposition of soft hydrophilic or hy-

and alcohol species selected as analytes. Analyses were per-

drophobic multilayers of rod-like molecules. In most cases, formed on aqueous solutions running in continuous flow con-

the linkage is obtained for alkyl silanes (Si, S)r alkyl

figuration. Diffusion coefficients, calculated through regres-

mercaptanes (gold) carrying functional groups, which can be sion of experimental data with simulated Fickian diffusion
covalently coupled to the polymers. Electrochemical depo- curves, were employed as the primary indicator of diffusion
sition of ultrathin films can be obtained at the anode when behavior. Penetrant size and shape were both demonstrated
the polymer (e.g. polyethyleneglycol) is coupled to phenol to exhibit a substantial impact upon diffusion behavior. In an-
derivatives which can be polymerized at the anode surfaceother example, the diffusion of drugs through a 0.3 mm thick
[61]. Even though no experiment with germanium have been silicone membrane was investiga{é®]. In such a case, the
reported, our experience with germanium indicates that its diffusion process is relevant of the penetration of the drug
conductivity is probably high enough to perform the poly- through natural barriers such as skin.

merization.

6.1. Spectral processing

6. Trapping organic molecules in polymers films

In general, the sensor will have different channels, one of

them being used as a reference. Even in that situation, three

One particular application of ATR-FTIR in the field of
sensors is found in the use of ATR IRE coated with polymers

problems remain:

for the analysis of environmentally significant organic com- 1. Water vapor content may vary in the sample compart-

pounds, including chlorinated hydrocardé2—65]and pes-
ticides[66,67]. This procedure is highly sensitive as the poly-
mers concentrates the organic molecules in agreement with
a partition coefficient that favors the polymers and shields
the IR evanescent wave from the water as soon at the film

thickness reaches ca. 3-5 times the penetration depth. Fur-

thermore, the diffusion rate of the organic molecules through
the polymer can be monitored. As fast scanning is available
(ms), the kinetic of the binding diffusion rates could be eval-
uated.

Acha et al.[64] described the continuous on-line moni-
toring of a dechlorination process by a novel attenuated to-
tal reflection-Fourier transform infrared (ATR-FTIR) sensor.
This optical sensor was developed to measure non-invasively
parts-per-million (ppm) concentrations of trichloroethylene
(TCE), tetrachloroethylene (PCE), and carbon tetrachloride
(CT) in the aqueous effluent of a fixed-bed dechlorinating
bioreactor, without any prior sample preparation. The sen-
sor was based on an ATR internal reflection element (IRE)
coated with an extracting hydrophobic polymer, which pre-

vented water molecules from interacting with the infrared 2.

(IR) radiation. The selective diffusion of chlorinated com-
pound molecules from aqueous solution into the polymer
made possible their detection by the IR beam. With the ex-

clusion of water the detection limits were lowered, and mea- 3.

surements in the low ppm level became possible. The best
extracting polymer was polyisobutylene (PIB) film, which
afforded a detection limit of 2, 3, and 2.5 ppm for TCE, PCE,
and CT, respectively. Values of the enrichment factors be-
tween the polymer coating and the water matrix of these
chloro-organics were determined experimentally and were

ment between the recording of the sample and of the ref-
erence. This is usually insignificant but when working
with monomolecular films, the intensity changes can be as
low asp AU and vapor contribution might require correc-
tion. Separation of atmospheric water contribution from
protein bands is in principle simple because of the huge
difference of intrinsic bandwidth. However, when spectra
are recorded at 4 or even 8 ¢ part of this advantage is
lost. Working at reasonably high resolution provides the
spectroscopist with a good test to differentiate the contri-
bution of the condensed phase from the contribution of
the atmospheric D bands as demonstrated ear]iéd].

The correct subtraction coefficient could be defined within
1.4% for 0.5 cmv ! resolution spectra but only within 60%
for 4 cm! resolution spectrfr0]. CO, absorbance may
also vary in the course of an experiment but the,€tn-
tribution is present only in the 2400-2300tHregion

of the spectrum, a frequency domain with no absorbance
from the biological molecules. In turn, absorbance from
CO; is never a problem.

In the course of hours, baseline shit may occur. This is
generally not a problem as a linear baseline is gener-
ally fitted between several points of the spectrum and
subtracted.

Binding of any molecule on the sensor surface also im-
plies a displacement of some other molecules, most often
water. This displacement results in a negative contribution
assigned to the removal of some water from the evanescent
field. This effect is difficult to correct as the displaced wa-
ter is largely bound water characterized by an IR spectrum
different from the bulk water.
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4. The method is very sensitive to swelling and shrinking of frared (FTIR) spectra of the 5-hydroxytryptamine (serotonin)
the layers attached to the IRE as this produces a signifi- receptor (5-HT3R) and the nicotinic acetylcholine receptor
cant displacement of the bound materials alongzthgis (nAChR) were obtained by microscope FTIR spectroscopy
(Fig. 1). Inturn, the overall intensity of the contribution of using micrometer-sized, fully hydrated protein films. Be-
the layer molecules to the film varies. We found that the cause this novel procedure requires only nanogram quanti-
problem is largely alleviate if care is taken to maintain a ties of membrane proteins, which is four to five orders of
constant ionic strength in the course of the measurements. magnitude less than the amount of protein typically used for

5. Signal-to-noise level is in general excellent in infrared conventional FTIR spectroscopy, it opens the possibility to
spectroscopy. In a recent pagéf], Scheirlinckx et al. access the structure and dynamics of many important mam-
showed that for a single IR difference spectrum, the mean malian receptor proteirj80]. On the other hand, a methodol-
standard deviation over 2800—2200chregion reached  ogy for the deposition of extremely small volumes (attoliters
7.4x 1076 A.U. A mean spectrum of 10 difference spec- (10~181)) has been designed by Stamou e{&L].
tra had a typical standard deviation of X006 A.U.
over the same region. This improvement was expected
as noise decreases as the square root of the number of\cknowledgments
experiments. In this case, the measurements are so repro-
ducible that it becomes possible to visualize a conforma-
tional change affecting less than six residues in a large
glycosylated and membrane-embedded protein. This re-
alistic situation takes into account the film stability, the
ionic strength effects and the effect of the ligands on the
spectrum of water.
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