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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 fundamental
research on molecular structure, it is becoming an interesting alternative for sensor research. In addition to the usual sensor response, one of its
a r detection
m ion on the
m oteins and
b
©

K

1

s
o
g
y
p
o
b
r
m
f
o

F
t

ily
n-

cep-
may
ddi-

eptor
on
ting
tra-
tion

the
tech-
very
bulk
the
ele-
uc-
sent

0
d

dvantages is its sensitivity to molecular conformation. In turn, the binding of a drug onto a receptor may be monitored as for othe
ethods but in addition the evaluation of the structural response of the receptor to this binding is likely to bring invaluable informat
echanism of action of the drug. The present review focuses only on the ATR-mid IR spectroscopy with a special interest for pr
iological membranes.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Attenuated total reflection Fourier transform infrared
pectroscopy (ATR-FTIR) is one of the most powerful meth-
ds for recording infrared spectra of biological materials in
eneral, and of biological membranes in particular. It is fast,
ields a strong signal with only a few micrograms of sam-
le, and most importantly, it allows information about the
rientation of various parts of the molecules under study to
e evaluated in an oriented system[1]. While mid-infrared
adiation has been most used for fundamental research on
olecular structure, it is becoming an interesting alternative

or sensor research. In addition to the usual sensor response,
ne of its advantage is precisely its sensitivity to molecu-

Abbreviations:ATR, attenuated total reflection; AU, absorbance units;
TIR, Fourier transform infrared; IRE, internal reflection element; KRS-5,

hallium iodide and chloride; MCT, mercury cadmium telluride
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E-mail address:egoor@ulb.ac.be (E. Goormaghtigh).

lar conformation[2–5]. Protein conformation is also eas
investigated[6–10] and may be of major interest for the u
derstanding of the action of drugs on their protein re
tors. For instance, the binding of a drug onto a receptor
be monitored as with other detection methods but in a
tion the evaluation of the structural response of the rec
to this binding is likely to bring invaluable information
the mechanism of action of the drug. Another interes
feature of the IR detection is that it allows the concen
tions to be determined from the molar integrated extinc
coefficients.

One major challenge when using mid-IR radiation is
strong absorbance of water. To some extent, the ATR
nique alleviates the problem as the sensor is built on a
thin layer that is sensed by the evanescent field while the
of the solvent is not. Another challenge is the binding of
receptor molecules of interest to the internal reflection
ment (IRE). It must maintain the integrity of the protein str
ture and activity, and the modified surface must not pre
non-specific binding sites for the potential ligands.
039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2004.07.052
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The present review focuses only on the ATR-mid IR spec-
troscopy with a special interest for proteins and biological
membranes.

2. General principles

It is essential to understand the basic rules that govern
the absorption of the IR light at the reflecting interface of
the IRE. They have a profound impact on (1) the spectrum
intensity, (2) the band shape, (3) the intensity ratio between
bands located at different wavelengths, (4) the ratio between
the contributions of the bulk of the solvent and the sample, (5)
the quantitative evaluation of surface concentrations, (6) the
impact of polymer or metallic layers on the signal-to-noise
ratio. The reader is referred to Harrick and Fringeli[5,11]
and to our recent review on ATR-FTIR applied to the study
of biological membranes and proteins[1] for more details.

Various experimental set-ups of attenuated total reflection
spectroscopy have been designed, including fiber optics for
the study of proteins[12–15]. However, the most usual design
is still the trapezoidal plate. A schematic representation of an
ATR set-up appears inFig. 1. The infrared beam is directed
into a high refractive index medium which is transparent for
the IR radiation of interest. Above a critical angleθc which
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also exists in the rarer medium beyond the reflecting inter-
face. This so-called evanescent wave is characterized by its
amplitude which falls exponentially with the distance from
the interface according to

E = E0e−z/dp (2)

whereE0 is the time averaged electric field intensity at the
interface,E is the time averaged field intensity at a distance
z from the interface in the rarer medium anddp is the pene-
tration depth of the evanescent field. It is given by

dp = λ1

2π(sin2 θ − n2
21)

1/2
(3)

whereλ1 =λ/n1 andn21 =n2/n1 [11]. The largerλ (or the
smallerθ), the larger the penetration depth.Fig. 2illustrates a
typical decay of the evanescent field intensity on the�m range
for total reflection in two different IREs. It is the presence
of the evanescent field which makes possible the interaction
between infrared light and the sample present on the surface
of the IRE, within approximately the penetration depth of
the field. An obvious conclusion that can be drawn is that the
sample has to be in close contact with the IRE. Furthermore,
the molecules from the bulk of the solvent are usually not
sensed at all because they are too diluted and too far away
from the reflecting interface. It is also apparent from Eq.
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epends on the refractive index of the internal reflection
ent (IRE),n1, and of external medium,n2,

c = sin−1 n21 (1)

(n21 =n2/n1) the light beam is completely reflected wh
t impinges on the surface of the IRE. Several internal
eflections occur within the IRE until the beam reaches
nd. It can be shown from Maxwell’s equations that supe
osition of incoming and reflected waves yields a stan
ave within the IRE established normal to the totally
ecting surface. Importantly, an electromagnetic disturb

ig. 1. Schematic representation of the a internal reflection element
nd of the light pathway. The Cartesian components of the electric fie
hown along theX, Y andZ axes. Two possible planes of polarization
he incident light are indicated byE// (polarization parallel to the inciden
lane) andE ⊥ (polarization perpendicular to the incidence plane).

ncident beam makes an angle( with respect to a normal to the IRE surfa
he edges of the IRE are bevelled so that the incident beam penetra

RE through a surface that is perpendicular to its propagation.
3) that band intensity will depend on the wavelength s
he penetration depth, and thereby the interaction with
ample, increases withλ.

The principles described above yield spectral feat
hich are specific to ATR spectroscopy. Two typical s
tions can be encountered.

.1. The case of thick films

The absorbance depends on the square of the dot

ct
∣∣E(∂µ̄/∂q)

∣∣2 whereµ is the transition dipole,q a norma
oordinate andE is the electric field amplitude in the rar
edium.E is a function ofzas described by Eq.(2). For any

ransition, it can be shown[11] that the absorbance is prop
ional to the so-called effective penetration depth define

e = n21

cosθ

∫ ∞

0
E2dz = n21E

2
0dp

2 cosθ
(4)

hereE is given by Eq.(2) anddp by Eq.(3). The reader i
eferred to Harrick[11] for the derivation of the expressi
f the electric field amplitude. Eq.(4) indicates that:

the effective depth of penetration is proportional to
wavelength throughdp. In turn, the absorbance is high
on the long wavelength side of the spectrum. The
between the intensity of two peaks is therefore diffe
from the ratio obtained by transmission spectroscopy
quite significant factor. As an example, the efficient th
nesses are 0.70�m and 4.84�m, respectively for germa
nium and KRS-5 IREs with the same geometry and a s
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Fig. 2. Schematic representation of the evanescent wave on a 52 mm× 2 mm (A) KRS-5 and (B) germanium IRE, at 45◦ incidence, 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 indexn2 = 1.44 at 1650 cm−1 (Fig. 2). For
a thick sample, spectra will be about seven-fold more in-
tense for the KRS-5 IRE. Before selecting KRS-5 or other
materials with lower refractive indices (seeTable 1), the
user must consider that the proximity of the critical angle
will be responsible for spectrum distortions with respect
to transmission spectra because of the marked influence
of the refractive index variation in the absorbance bands
[1]. Keeping away fromθc is the safe way to obtain spec-
tra closely resembling their transmission counterparts. In
addition, using KRS-5 is certainly a bad choice if the ad-
ditional penetration depth results only in an increase of the
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 short wavelength band side.

2.2. The case of thin films

In the case of a thin film, it is supposed that the film is thin
enough so that there is no significant change of the electric
amplitude in the evanescent wave over the film thickness.
Therefore, if the film thicknessd is small with respect to the
wavelength, Eq.(4) becomes

de = n21

cosθ

∫ d

0
E2dz = n21E

2
0

cosθ

×
(

−dp

2

)
(e−2d/dp − 1) ≈ n21E

2
0d

cosθ
(5)

In this case,

• the effective thickness does not depend on the wave-
length. In turn, band relative intensity is not distorted and

Table 1
Optical and physical properties of different IRE materials

Materials n1 θc (◦) in water Hardness (kg/mm2) Wavelength range Comments θ (◦) de (�m) dp (�m)

Ge 4.0 22 780 4000–830 Stable in water, in acids and alkalis
attacked by hot H2SO4

30 1.92 0.73

45 0.74 0.40
60 0.39 0.31

S 00

Z 0

K 0

D 0

Z 0

O e desc evanescent
w olarized
b

i 3.4 26 1150 4000–15

nSe 2.4 39 120 4000–65

RS-5 2.4 39 40 4000–40

iamond 2.35 40 Very hard 4000–40

nS 2.2 43 355 4000–95

ther materials such as CdTe (n1 = 2.65, hardness = 45) are close to thos
ave have been calculated at a wavelength of 1650 cm−1 for a randomly p
romide/thallium iodide eutectic.
Stable in water, in acids and alkalis
attacked by HF and HNO3

30 4.32 1.17

45 1.17 0.51
60 0.59 0.38

Stable in water pH 5–9 45 5.29 1.22
60 1.86 0.67

Not very stable in water 45 5.29 1.22
60 1.86 0.67

Stable in water pH 1–14 45 6.17 1.35
60 2.03 1.69

Stable in water, not at acidic pH 45 12.65 2.34
60 2.75 0.82

ribed in the table. The values of the efficient penetration depth of the
light. The critical angle is calculated in water (n= 1.5). KRS-5 is a thallium
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absorption bands are no more broader on the long wave-
length side. Therefore, spectra of thin films closely resem-
ble their transmission counterparts;

• in the case of thin films, the effective thickness is propor-
tional tod;

• de can be less or much greater than the actual film thick-
ness, i.e. the absorbance is, in some conditions, much larger
than the absorbance of the same film measured by trans-
mission spectroscopy.

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 R is given by

R = 1 − αde (6)

where the absorption extinction coefficientα andde is the
effective penetration depth or the effective thickness of the
film, i.e. the thickness of the film which would yield the same
absorption by transmittance. ForN multiple reflections, the
reflectivity is given by

R = (1 − αde)
N ≈ 1 − Nαde (7)

w be
r tion.
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the sensitivity increase at small incidence angles, the aperture
A decreases, letting less light into the IRE

A = t cosθ (9)

A = 2t sinθ for θ < 45◦ (10)

Highly sensitive MCT detectors available can overcome
this problem to a certain extent

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 on the upper surface and 26 on the lower surface inFig. 3).
On the 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.

The penetration depth of the evanescent wave increases as
θ decreases as described by Eq.(3). When the index matching
is better between the sample and the IRE (n21 close to 1 but
not larger than sinθ), the penetration depth of the evanescent
wave increases (see Eq.(3)). Furthermore, the relative impor-
tance of the layers close to the IRE surface can be modulated
via the penetration depth. If a monomolecular film is to be
studied in an aqueous environment, the contribution of the
buffer with respect to this of the bilayer can be reduced by
r s
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a
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b
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s le (C
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e gets

F RE on th
o cent fie er side of the
I

hen αde 
 1, i.e., the measured “absorbance” will
oughlyN times the absorbance due to a single reflec
n turns, the geometric characteristics of the IRE stro
odulate the spectrum intensity. The parameters which
e considered are the lengthl and thicknesst of the IRE,

he incidence angleθ and the refractive indexn1. The num
erN of internal reflections is proportional to l and invers
roportional tot. It also increases asθ decreases accordi
o

= l

t
cotθ (8)

In turn, l, θ andt must be adjusted so thatN is an intege
nd odd for the geometry described inFig. 1. Counteractin

ig. 3. Schematic representation of the evanescent wave on KRS-5 I
f 1.3 mm. The grey density decreases as the intensity of the evanes

RE.
educing the penetration depth (e.g.Fig. 2). If thick sample
ust be studied, this penetration depth can be larger. T
re of course limits to both the incidence angle and n1 value
laced by the critical angle below which total reflection

ost (Eq.(1)).
Fig. 4 demonstrates the importance of setting a co

eometry for the IRE. InFig. 4a and b, the IRE is the sam
ut the incidence IR beam was open at 2 mm inFig. 4a and
mm inFig. 4b. It can be observed that for some incide
ngles a fraction of the beam is not reflected at a pos

hat allows it to quit the IRE (B panels). The film leng
ampled by the beam decreases with the incidence ang
anels) as does the number of internal reflections (E
ls) and the penetration depth (D panels). As the beam

a 52 mm× 1 mm and (B) 52 mm× 2 mm plate, at 45◦ incidence, for a beam wid
ld. For the clarity, the evanescent field if represented only on the upp
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wider, only a fraction of it is able to penetrate into the IRE
(A panels).

From the practical point of view, an important property of
the IRE is its hardness (Table 1). Indeed, it determines how
quickly the surface is going to be damaged. Since scattering
follows a law inλ−4, intensity losses at high wavenumbers
quickly become considerable.

4. Sensor building

One of the challenges encountered in the design of FTIR-
ATR-based sensors is the preparation of non-denaturating
matrices for the immobilization of enzymes or even cells. The
surface prepared should also prevent non-specific binding.
Several ways of surface modification have been investigated.

4.1. Physical adhesion

Among the different sample used to coat the IREs, bio-
logical membranes are among the most important. They are
usually difficult to handle, bear numerous proteins (20–30%
of the genome codes for membrane proteins) and are privi-
leged targets for drug research. The stability of physisorbed
membranes onto an IRE in an aqueous environment have

made this system attractive for the study of the partition of
molecules between the water phase and the membrane since
the eighties for investigations on peptides[16] or drugs[17].

4.2. Preparation of film by Langmuir–Blodgett transfer

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
obtained by transferring a monolayer spread at the air–water
interface by a cycle of dipping and withdrawal of the IRE
through the monolayer. The surface pressure of the mono-
layer is kept constant during the process by moving a barrier
on the surface. The barrier displacement allows to control
the amount of material transferred on the plate. The details
of the technique are described elsewhere[18,19]. This pro-
cedure allows the study of single mono- or bilayer or multi-
layers arrangements with a thoroughly covered surface. The
quality of coverage was found to depend on the head groups
of the first monolayer, with better results reported for phos-
phatidylethanolamine[20,21]. Practically speaking, only sin-
gle monolayers are easily obtained when working with phos-
pholipids. Single monolayers of DPPC transferred on a ger-
manium IRE at low pressure (20 mN/m) or high pressure
(40 mN/m) results, respectively in ordered and disordered

F
f
s

ig. 4. (a) Evolution as a function of the incidence angle (beam width 2 mm)
raction of the beam present inside that can quit the IRE (B), the sampled le
urface (seeFigs. 2 and 3) (E). (b) As for (A) but for a 3 mm beam width.
on a germanium IRE of: the fraction of the beam that really enter the IRE (A), the
ngth (C), the penetration depthdp (D) and the number of reflections on the lower
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Fig. 4. (b) (Continued).

states of the DPPC molecules similar to those observed in
liposomes below and above the phase transition. However,
when the number of layers transferred (z-type) is increased,
the ordered form is always found suggesting a rearrange-
ment of the layers so that a closer packing of the molecules is
obtained. Similar rearrangements of the DPPC molecules to
form islands of well-packed molecules in monolayers trans-
ferred at low pressure have been suggested by Okamura et al.
[22]. Other evidences of reorganization have been brought
by Fringeli et al.[23,24]. A recent attempt to map out the
potential artifacts of the film transfer[25] showed that the
speed of transfer has an effect on the final structure. At fast
transfer speed, the structure of the film molecules remains es-
sentially unchanged. At slower speeds, reorganization of the
film molecules occurred. Some practical aspects of the study
of monolayers by IR have been reviewed recently[26,27].
This system has been extensively used for the study of the in-
teraction of protein signal peptides with monolayer[28–30].
Pure peptidic monolayer have also been transferred success-
fully [31]

4.3. Adsorption from bulk phase method on
Langmuir–Blodgett films

Because the Langmuir Blodgett method is very efficient
t de-
p lipid

bilayer, the Langmuir–Blodgett technique is not suitable
for the study of most integral membrane proteins. Fringeli
(1989a) indicated an elegant method to overcome this limi-
tation. In a first step, a monolayer is transferred on the IRE
by the Langmuir–Blodgett technique. During withdrawal of
the plate at ca. 1 cm/min, surface pressure is kept constant
(40 mN/m). A monolayer is now present with the polar head
groups of the lipids facing the IRE and the hydrophobic hy-
drocarbon chains facing the surrounding medium. In a sec-
ond step, the monolayer-coated IRE is mounted in a liq-
uid cell which is flowed with a vesicle suspension at ca
1 mg/ml. Spontaneous adsorption occurs on the hydropho-
bic monolayer and a bilayer is formed. Depending on the
nature of the adsorbed second layer, the bilayer can be sym-
metric or asymmetric. The system designed by Fringeli et
al. [32] is very attractive because it allows to monitor spec-
troscopically the adsorption of any water soluble molecule
present in the buffer, to quantify its amount and to analyze
its structure and orientation with respect to the lipid bilayer.
It must be noted that while the first monolayer was made
out of DPPA in the original work of Fringeli, POPC was
found to be as efficient by Tamm and co-workers[33,34].
The experiment has been repeated in our laboratory (un-
published data) and was shown to quantitatively yield a
monolayer of DPPA and a bilayer after incubation with
P veral
h

o deposit a monolayer on the IRE but usually fails to
osit a second monolayer in order to form a phospho
OPC. The final assembly was stable over a period of se
ours.
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Insight into the mechanism of the deposition of the second
layer can be obtained using deuterated lipids. If the second
layer fuses with the existing layer, part of theν(C–H) band
intensities will be replaced byν(C–D). If the second layer is
adsorbed on top of the first one, intensity of theν(C–H) will
not decrease but theν(C–D) bands will appear superimposed
to the original spectrum.

The adsorption of a second bilayer on top of the first
one is possible in some conditions. Fringeli et al.[32]
demonstrated that membrane fragments enriched in Na+, K+-
ATPase isolated from rabbit kidney adsorb spontaneously to
a DPPA/POPC (POPC outside) bilayer. Even though firmly
adsorbed, these vesicles seem to remain essentially intact and
do not form a continuous bilayer.

4.4. Membrane multilayer stacks

Recently, it was found that in a number of situations lipid
films prepared by solvent evaporation (either organic or aque-
ous in the case of natural membranes) can be immersed in
bulk water without loss of materials. Originally, Ge IRE
were cleaned by immersion in concentrated chromic acid for
30 min. Such a treatment on germanium crystals yields a sur-
face on which purple membranes stick tightly for hours in the
presence of an aqueous environment, provided that a high
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[46,47]. In our hands, working in the presence of an aque-
ous solution (e.g. with a Circle® cell), even with very soluble
proteins, adsorption on IRE such as germanium and KRS-
5 always occurs. Adsorption from an aqueous phase on the
IRE is first irreversible, involving some degree of protein de-
naturation. Subsequent layers of adsorbed proteins can coat
the IRE in which the protein structure is usually maintained
[48,49]. Recently, a modelisation of the events occurring near
the GeO2 interface was obtained by molecular dynamics[50].
The process has been described in details by Oberg[51–53].
When the IRE is placed in contact with a protein solution, af-
ter some time three classes of protein can be distinguished. In
a first stage of the interaction, protein molecules that come in
contact with the IRE surface are free to associate in a manner
dictated by the chemical nature of both the IRE surface and
the protein. After they initially bind, protein molecules extent
their interaction with the surface which result in significant
disruption of secondary structure and changes in the amide I
band shape. This process is fast and present little dependence
on the bulk concentration. These adsorbed protein molecules
form the first class. They remain firmly bound to the IRE
after a buffer wash. The second stage begins when most of
the IRE surface is covered by adsorbed protein molecules.
Newly arrived protein molecules are prevented to form addi-
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r y by
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alt concentration is maintained[35]. Similar results wer
btained for the nicotinic acetylcholine receptor by Ba
inger and co-workers[36–41]. It was shown later that t
hromic acid treatment is not always necessary. In our
atory, Ge IRE are cleaned first with a basic lab deter
pH 11), then rinsed with distilled water and placed i
ethanol-containing vessel. The IRE is then transferre
chloroform-containing vessel with clean forceps, dried
laced in a plasma cleaner (100 W) for 5 min. Films of ga

ubulovesicles were obtained by drying an aqueous ve
uspension. Placed in a flow cell (1 ml/min) for 2 h, the+,
+-ATPase activity was recovered from the resuspended

42].
Even though the immersion of films in a flow cell c

e a very useful tool for the study of small conformatio
hanges in an aqueous environment, furthermore stud
efine the experimental conditions which govern the stab
f the membrane assembly are needed.

In ATR-FTIR experiments under buffer flow, a sensitiv
f at least one order of magnitude better than the clas

echniques can be reached, as previously demonstrat
ringeli et al.[32] for thin films, by Marrero and Rothschi

35] for thick purple membrane films, by Baenziger for th
cetylcholine receptor-containing films[43,44] and by our
elves for the gastric ATPase[45].

.5. Protein adsorption

Adsorption of soluble proteins from an aqueous phase
lean IRE is linear with the bulk concentration up to a con
ration of 60 mg/ml and intensity of the major bands of p
ional contact with the IRE surface. These protein molec
emain in a native conformation and can be flushed awa
buffer flow. These protein molecules form a second c
he third class consists in proteins which remain in the
f the solution. Since the ATR-FTIR technique samples p
rentially the molecules close to the IRE surface, only cla
and 2 will contribute significantly to the spectrum. It w

hown by Oberg[51–53] that the contribution of the cla
, adsorbed, proteins could be reliably estimated and

racted from the experimental spectrum in order to yie
ative protein spectrum. Even though no sensor building
een attempted by this approach, it remains a tempting
ibility as it is particularly simple to prepare.

. Chemical modification of the IREs

.1. Silylation of the IRE

In 1979, Fringeli discovered that enzymatically ac
cetylcholinesterase can be covalently bound to aminos
oating on germanium IREs by means of carbodiimide[54]
fter silanization by aminopropyltriethoxysilane (1% in
ydrous toluene, 1–2 h, 100◦C). This procedure was studi

n more detains by Weigel and Kellner[55] but more recently
everal authors found it more efficient to deposit a first l
f SiO2. In a first step, the surface is covered with a thin la
f SiO2 by plasma-enhanced chemical vapor deposition.
urface is first exposed to a O2 plasma and heated to 300◦C to
emove all organic contaminants. The SiO2 film is deposited
rom a gaz atmosphere of SiH4 and N2O in the plasma ove
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Interestingly, the thickness of the layer can be monitored by
the absorbance of theνas(Si–O) at 1050 cm−1. Rigler et al.
[2] evaluated the evanescent electric field decay as a function
of the thickness of the SiO2 layer and showed that a 30 nm
thick film reduces the field intensity by less that 10%. Char-
acterization of the surface by contact angles indicates that Ge
is as good a substrate for silylation as quartz plates. Immedi-
ately after silylation, the silanol surface can be treated with a
molecule such as the mercaptopropyltrimethoxysilane, pro-
viding the user with a convenient –SH group for attaching
other molecules. Rigler et al.[2] suggested the binding of
NTA–maleimide. After chelation of Ni2+ ions, His-tagged
peptides or proteins can be reversibly attached. Recycling
is then best obtained by washing the sensor with imidazole.
The sensitivity is in the range of 10 pg/mm2, i.e. similar to
the plasmon resonance detection.

When the sensor is designed to work in aprotic sol-
vents, another approach is possible. Poston et al.[56], in-
stead of working with a flat surface, deposited a thin layer
of colloidal silica particles onto a ZnSe IRE. The result is
a high area substrate available for ATR-FTIR and a better
sensitivity. The film was deposited onto the IRE by with-
drawing the substrate from the sol. Upon drying, a net-
work of siloxane and hydrogen bonds hold the network in
place, leading to a porous SiO2 layer that is stable in con-
t by
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latter AuPd film has better wetting properties, which allows
the production of thinner metal layers, which in turn improved
the FTIR signal[2]. The advantage of this approach is that it
can be applied to Ge, Si or ZnSe IRE.

The effect of the Au thickness on the transmittance of the
IRE is large. The intensity of the sample was reported to be
10 times higher on a 2 nm Au film than on a 10 nm Au film.
This dramatic change was assigned to the strong absorbance
of Au [2]. On the other hand, the author realized that the
absorbance is in fact higher than expected. They concluded
that a surface enhancement of the absorbance due to the close
proximity of the Au is taking place in agreement with the
description made by Kellner et al.[58]. In this respect, no
difference could be observed between Ge or ZnSe. In spite of
the surface enhancement effect provided by Au, the signal to
noise ratio is twice as large when compared to the silanized
surface because of the lower optical throughput with Au-
coated surfaces[2].

5.2.1. Indirect protein binding to Au
The most widely used strategy is to bind a thiol on the

Au and keep another reactive group at the other end of the
molecule. This is classical chemistry and will not be de-
scribed here any further.
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c n or-
act with aprotic solvents. Once the film is deposited
ol–gel synthesis, it can be modified to produce the
ired chemical environment. In one interesting example
ol used for the fabrication of silica films was prepared
n acid-catalyzed copolymerization of a one-to-one mix
f tetraethylorthosilicate (TEOS) and ethyltrimethoxysil
ETES) in an ethanol/water medium. The molar ratio of
ol mixture components TEOS/ETES/H2O/EtOH/HCl was
.5:0.5:5.0:3.8:0.04. A thin film was formed on the silic
TR crystal by dipcoating in a nitrogen atmosphere. A
eating at 400◦C, porous silica films with good mechani
roperties and high surface areas. The surface was then

fied by octyltrichlorosilane and finally washed with tolue
fter treatment, the sensor may be used in an aqueous

onment[57]. Depending on the coating, the affinity for va
us organic molecules in solution in water can be modul

.2. Au coating of the surface

The Ge IRE is coated with a 2–10 nm thick film of
n one face by thermal evaporation at a pressure b
× 10−6 mbar[2]. It is necessary to deposit a first layer
r (0.5–1.0 nm) in order to obtain sufficient adhesion of
u film and to produce a continuous film of Au. Failure
roceed in that way results in the formation of isolated
article. The space left free between the particles forms
pecific binding sites for the proteins and makes the se
irtually useless. Instead of depositing a Cr layer, the
ace can be silanized with mercaptopropyltrimethoxysi
MTS). Alternatively, the coating can be performed with
uPd alloy by thermal evaporation without Cr or MTS. T
-

.2.2. Direct protein binding to Au
In at least one example, a mutant of OmpF with a cys

ntroduced on a short periplasmic turn, has been show
ind directly to gold and create a high density protein mo

ayer by self-assembly from the detergent solution. The
ein retains its capability to bind the receptor-binding dom
R domain) of colicin N[59].

.2.3. Thiolipid binding to Au
Reconstitution of solubilized vesicles (44 mM CHAP

n the presence of a mixture containing a thiolipid, cho
erol and soybean lecithin (0.1:0.1:0.8, w:w:w, respectiv
an be achieved by dialyzing away the CHAPS[60]. Nico-
inic acetylcholine receptor membranes reconstituted
hiolipids were immobilized on Au-coated ZnSe IREs. It w
ound that approximately 65% of the receptors present
igand-binding site towards the lumen of the flow cell and
t least 85% of these receptors are structurally intact. The

ormation of the receptor in tethered membranes was inv
ated with Fourier transform infrared spectroscopy and fo

o be practically identical to that of receptors reconstitu
n lipid vesicles. The affinity of small receptor ligands w
etermined in a competition assay against a monoclona

ibody directed against the ligand-binding site which yiel
issociation constants in agreement with radioligand bin
ssays[60].

.3. Supported membranes on soft polymer cushions

It is most useful to be able to prepare a layer that is
ompatible between the solid support and the solution i
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der to prevent unspecific adsorption. Sackmann and Tanaka
[61] distinguish three methods for the preparation of sta-
ble polymer-membrane composite films: (1) chemical graft-
ing of a natural polymer such as dextran or hyaluronic acid
and subsequent deposition of a lipid bilayer; (2) deposition
of membranes whose lipid head groups have been modi-
fied (lipopolymers), (3) deposition of soft hydrophilic or hy-
drophobic multilayers of rod-like molecules. In most cases,
the linkage is obtained for alkyl silanes (Si, SiO2) or alkyl
mercaptanes (gold) carrying functional groups, which can be
covalently coupled to the polymers. Electrochemical depo-
sition of ultrathin films can be obtained at the anode when
the polymer (e.g. polyethyleneglycol) is coupled to phenol
derivatives which can be polymerized at the anode surface
[61]. Even though no experiment with germanium have been
reported, our experience with germanium indicates that its
conductivity is probably high enough to perform the poly-
merization.

6. Trapping organic molecules in polymers films

One particular application of ATR-FTIR in the field of
sensors is found in the use of ATR IRE coated with polymers
for the analysis of environmentally significant organic com-
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compared individually with predictions obtained from the
slopes of absorbance/concentration curves for the three ana-
lytes.

Murphy et al.[68] used Teflon AF2400, a highly amor-
phous and robust polymer for the enrichment membrane and
various environmentally significant chlorinated hydrocarbon
and alcohol species selected as analytes. Analyses were per-
formed on aqueous solutions running in continuous flow con-
figuration. Diffusion coefficients, calculated through regres-
sion of experimental data with simulated Fickian diffusion
curves, were employed as the primary indicator of diffusion
behavior. Penetrant size and shape were both demonstrated
to exhibit a substantial impact upon diffusion behavior. In an-
other example, the diffusion of drugs through a 0.3 mm thick
silicone membrane was investigated[69]. In such a case, the
diffusion process is relevant of the penetration of the drug
through natural barriers such as skin.

6.1. Spectral processing

In general, the sensor will have different channels, one of
them being used as a reference. Even in that situation, three
problems remain:

1. Water vapor content may vary in the sample compart-
ref-
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scent
wa-
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ounds, including chlorinated hydrocarbon[62–65]and pes
icides[66,67]. This procedure is highly sensitive as the p
ers concentrates the organic molecules in agreemen
partition coefficient that favors the polymers and shi

he IR evanescent wave from the water as soon at the
hickness reaches ca. 3–5 times the penetration depth
hermore, the diffusion rate of the organic molecules thro
he polymer can be monitored. As fast scanning is avai
ms), the kinetic of the binding diffusion rates could be e
ated.

Acha et al.[64] described the continuous on-line mo
oring of a dechlorination process by a novel attenuate
al reflection-Fourier transform infrared (ATR-FTIR) sen
his optical sensor was developed to measure non-invas
arts-per-million (ppm) concentrations of trichloroethyl
TCE), tetrachloroethylene (PCE), and carbon tetrachlo
CT) in the aqueous effluent of a fixed-bed dechlorina
ioreactor, without any prior sample preparation. The
or was based on an ATR internal reflection element (
oated with an extracting hydrophobic polymer, which
ented water molecules from interacting with the infra
IR) radiation. The selective diffusion of chlorinated co
ound molecules from aqueous solution into the poly
ade possible their detection by the IR beam. With the

lusion of water the detection limits were lowered, and m
urements in the low ppm level became possible. The
xtracting polymer was polyisobutylene (PIB) film, wh
fforded a detection limit of 2, 3, and 2.5 ppm for TCE, P
nd CT, respectively. Values of the enrichment factors

ween the polymer coating and the water matrix of th
hloro-organics were determined experimentally and
ment between the recording of the sample and of the
erence. This is usually insignificant but when work
with monomolecular films, the intensity changes can b
low as�AU and vapor contribution might require corre
tion. Separation of atmospheric water contribution f
protein bands is in principle simple because of the h
difference of intrinsic bandwidth. However, when spe
are recorded at 4 or even 8 cm−1, part of this advantage
lost. Working at reasonably high resolution provides
spectroscopist with a good test to differentiate the co
bution of the condensed phase from the contributio
the atmospheric H2O bands as demonstrated earlier[70].
The correct subtraction coefficient could be defined w
1.4% for 0.5 cm−1 resolution spectra but only within 60
for 4 cm−1 resolution spectra[70]. CO2 absorbance ma
also vary in the course of an experiment but the CO2 con-
tribution is present only in the 2400–2300 cm−1 region
of the spectrum, a frequency domain with no absorb
from the biological molecules. In turn, absorbance f
CO2 is never a problem.

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

. Binding of any molecule on the sensor surface also
plies a displacement of some other molecules, most
water. This displacement results in a negative contribu
assigned to the removal of some water from the evane
field. This effect is difficult to correct as the displaced
ter is largely bound water characterized by an IR spec
different from the bulk water.
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4. The method is very sensitive to swelling and shrinking of
the layers attached to the IRE as this produces a signifi-
cant displacement of the bound materials along thez-axis
(Fig. 1). In turn, the overall intensity of the contribution of
the layer molecules to the film varies. We found that the
problem is largely alleviate if care is taken to maintain a
constant ionic strength in the course of the measurements.

5. Signal-to-noise level is in general excellent in infrared
spectroscopy. In a recent paper[71], Scheirlinckx et al.
showed that for a single IR difference spectrum, the mean
standard deviation over 2800–2200 cm−1 region reached
7.4× 10−6 A.U. A mean spectrum of 10 difference spec-
tra had a typical standard deviation of 2.0× 10−6 A.U.
over the same region. This improvement was expected
as noise decreases as the square root of the number of
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.

7. Future prospects
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frared (FTIR) spectra of the 5-hydroxytryptamine (serotonin)
receptor (5-HT3R) and the nicotinic acetylcholine receptor
(nAChR) were obtained by microscope FTIR spectroscopy
using micrometer-sized, fully hydrated protein films. Be-
cause this novel procedure requires only nanogram quanti-
ties of membrane proteins, which is four to five orders of
magnitude less than the amount of protein typically used for
conventional FTIR spectroscopy, it opens the possibility to
access the structure and dynamics of many important mam-
malian receptor proteins[80]. On the other hand, a methodol-
ogy for the deposition of extremely small volumes (attoliters
(10−18 l)) has been designed by Stamou et al.[81].
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