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Abstract We have shown that the molecular confor-
mation of a protein at an interface can be probed
spatially using time-resolved evanescent wave-induced
fluorescence spectroscopic (TREWIFS) techniques.
Specifically, by varying the penetration depth of the
evanescent field, variable-angle TREWIFS, coupled
with variable-angle evanescent wave-induced time-re-
solved fluorescence anisotropy measurements, allow us
to monitor how fluorescence intensity and fluorescence
depolarization vary normal to an interface as a func-
tion of time after excitation. We have applied this
technique to the study of bovine serum albumin (BSA)
complexed noncovalently with the fluorophore 1-anili-
nonaphthalene-8-sulfonic acid. The fluorescence decay
varies as a function of the penetration depth of the
evanescent wave in a manner that indicates a gradient
of hydrophobicity through the adsorbed protein, nor-
mal to the interface. Restriction of the fluorescent
probe’s motion also occurs as a function of distance
normal to the interface. The results are consistent with
a model of partial protein denaturation: at the surface,
an adsorbed BSA molecule unfolds, thus optimizing
protein-silica interactions and the number of points of
attachment to the surface. Further away, normal to
the surface, the protein molecule maintains its coiled
structure.
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Introduction

The study of macromolecular interactions and dynamics
of adsorbed species at an interface is of great importance
to the understanding of a variety of phenomena in bio-
technology and biocompatibility (Cornelius and Brash
1999; Ratner 1989). In many biotechnological areas,
protein—receptor interactions at an interface are an issue.
In the area of biocompatibility, understanding protein
structural dynamics on surfaces, with a view to the
development of materials suitable for bodily implants, is
of primary interest since protein adhesion can have an
adverse affect on a wide range of biomedical devices and
prosthetics, in some cases leading to surface-induced
thrombosis (Ratner 1989). In both of these areas, the
surface activity of the protein, i.e. how the protein
interacts with the substrate, is central. Insight into this
can be gleaned from studies of the conformational
changes that a protein undergoes as a result of its
interaction with a substrate.

Despite the importance of protein surface activity to
many systems, little is known about surface-induced
protein conformational changes. As a consequence,
there has been increasing interest in the development of
powerful methodologies to enhance and extend surface
characterization to the molecular level. An attractive
way to probe interfacial phenomena is through the uti-
lization of total internal reflection-based spectroscopic
methods in which the penetrating evanescent field is used
to photo-excite an absorbing species placed within the
penetrating field (Harrick 1967). Such techniques can be
used at the interface between many phases (e.g. liquid/
solid, liquid/liquid, solid/solid, etc.).

The basic principles behind evanescent wave spec-
troscopy are illustrated schematically in Fig. 1. When
light transmitted in a medium of refractive index n,
encounters a medium of lower refractive index n,, two
processes can occur: when the angle of incidence is less
than the critical angle, 0., defined by Snell’s law as
0.=sin"'(ny/n;), refraction occurs. For angles of
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Fig. 1 Schematic representation of the total internal reflection
(TIR) principle and the resulting standing evanescent wave. A is the
penetration depth of the evanescent field (defined in text) which is
related to the angle of incidence of the excitation light, 6;, relative
to the normal. z is the distance away from the interface

incidence greater than 6, total internal reflection (TIR)
occurs. Maxwell’s equations of electromagnetic radia-
tion (Rumbles et al. 1991) predict that a small amount of
the light field penetrates the lower refractive index
medium in the form of a standing wave known as an
evanescent wave. The intensity profile within the eva-
nescent wave is related to the square of the E-field and
decays exponentially with distance, z, from the interface,
according to Eq. (1):

1(2) = Up(0) exp (_Xz) (1)

where Uy(0) (= E3) is the intensity of the light at the
interface, and the penetration depth, A, is defined as the
distance into medium 2 normal to the interface at which
the light intensity of the evanescent wave has decreased
to 1/e of its interface value. A is related to the wave-
length of the excitation radiation, A, the angle of inci-
dence, 6;, the refractive index of medium 1, n;, andthe
critical angle for the pair of media, 6., through Eq. (2):

A A 1
4mni \/sin® 0; — sin’ 0,

TIR techniques can be extended to the fluorescence
domain: if the absorbing species is also fluorescent, the
evanescent field can induce fluorescence in the interfacial
region, the intensity, /r, of which is described by:

(2)

o

I / be(2)e(z)Us exp(— %) dz

0

(3)

where ¢y is the fluorescence quantum efficiency of the
fluorophore, ¢(z) is the fluorophore concentration profile
in the z direction, and Uy is the fluorescence intensity at
z=0.
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Evanescent wave-induced fluorescence spectroscopy
(EWIFS) (Rumbles et al. 1991) is a reasonably surface-
specific method, with increased sensitivity over trans-
mission-based techniques. This combination of the
evanescent wave principle with conventional fluores-
cence spectroscopy (Ausserre et al. 1986; Masuhara
et al. 1983) takes advantage of the inherent multidi-
mensionality and sensitivity of fluorescence-based
techniques. The process of emission yields information
that is intrinsically related to the nature of the flu-
orophore and its immediate microenvironment (Byrne
et al. 1998). EWIFS has been used to characterize the
interfacial properties of many species, ranging from
small dye molecules to macromolecules such as pro-
teins, polymers, enzymes, and DNA (de Mello et al.
1997; Liebmann et al. 1991; Parsons et al. 1992;
Watarai and Funaki 1996; Yao et al. 1998). The sur-
face specificity of the evanescent wave has also been
successfully used in many biosensing applications (de
Mello et al. 1997).

The incorporation of time resolution into EWIFS, i.e.
time-resolved evanescent wave-induced fluorescence
(TREWIFS), has the potential to resolve some of the
limitations of steady-state measurements since any
changes in the photophysical properties of the fluoro-
phore will be reflected in the fluorescence decay profile
(Rumbles et al. 1991). Furthermore, unlike steady-state
measurements in which the fluorescence quantum yield
of surface adsorbed species is often assumed to be equal
to that in the bulk solution (Ausserre et al. 1986),
TREWIFS has the capability to detect any variation of
fluorescence quantum yield as a function of distance
away from the interface (de Mello et al. 1995; Rumbles
et al. 1991). This can be done through varying the angle
of incidence of the excitation light in order to vary the
penetration depth, A, of the evanescent wave (see Eq. 2),
i.e. variable-angle TREWIFS. Thus, when monitoring a
fluorophore within an adsorbed layer, the time-resolved
fluorescence decay profiles, monitored as a function of
distance normal to the surface, enable depth profiling of
the adsorbed species.

Variable-angle TREWIFS can be further extended to
variable-angle time-resolved evanescent wave-induced
fluorescence anisotropy measurements (EW-TRAMS), a
technique well suited to the study of fluorescence
depolarizing processes whose dynamics occur on the
nanosecond and sub-nanosecond time scales, such as
chromophore/segmental rotation, energy migration, etc.
Through these measurements, it is, in principle, possible
to monitor the motion of macromolecular species as a
function of distance normal to an interface. For a species
in bulk solution, the fluorescence decay profile from a
fluorophore is monitored, following excitation with
vertically polarized light, through polarizers set parallel
and perpendicular to the polarization of the excitation
light, i.e. Iyv(f) and Iyp(?) respectively. The time-re-
solved fluorescence anisotropy function, r(7) (Eq. 4),
contains information on the motion of the fluorophores
on the time scale of the lifetime of the excited state:
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If the photo-excitation is achieved via a penetrating
evanescent field, it is possible to study chromophore
motion within the interfacial region, which can
provide information on the binding (through rota-
tional dynamics) of an adsorbate at an interface.
Furthermore, such binding can be monitored as a
function of distance from the interface simply by
varying the penetration depth, A, of the field by
changing the angle of incidence of the excitation light
relative to the interface, or the wavelength of the
excitation light, or the refractive index of one of the
media forming the interface (Eq. 2). There is vast
potential for TRAMS coupled with variable-angle
evanescent wave excitation to provide spatial infor-
mation on the fluorescence depolarizing processes near
an interface; however, to date this has been under-
exploited.

Whilst TRAMS methods are well established for
studying species in bulk solution, the situation is far
more complex following evanescent wave excitation of
interfacial species. Firstly, the intensity of emission
from an oriented dipole at a dielectric interface is
represented by a radial distribution function (Burg-
hardt and Thompson 1984; Hellen and Axelrod 1987),
as shown in Fig. 2 for dipoles oriented parallel or
perpendicular to a silica/water interface. Furthermore,
while propagating light can be polarized with respect
to two orientations, within the evanescent (standing)
wave, a component of the E-field exists in each of the
three directions. While the penetration depth, A, is
polarization independent (Edwards et al. 1989), the
energy density at z=0, E,, depends on the polarization
of the incident light. The expressions for E, for

(4)

silica (n,)

water (n,)

Fig. 2 Radial intensity distribution of emission dipoles parallel
(heavy solid line) and perpendicular (light solid line) to a silica/water
interface. n; and n, are the refractive indices of water and silica,
respectively

polarizations perpendicular, s, and parallel, p, to the
plane of incidence, are, respectively:

4 cos? 0
Ey(0;) = ——~ (5)
‘ (1 - ”%1)
4cos? 0;[2 sin® 0; — n2
E{(0;) = [ l (6)

4 2 2
(n%,cos20; + sin” 0; — nzl)

where 75, =sinf. = ny/n;.

Assuming that the interface is oriented vertically,
vertical excitation corresponds to s polarization and
horizontal excitation corresponds to p polarization.
When the evanescent wave is p polarized, it simulta-
neously excites dipoles oriented both parallel and
perpendicular to the interface (Harrick 1967). This
complicates anisotropy measurements of rotational
motion, since both emission dipole orientations are
detected simultaneously. In addition, the interface itself
is known to affect the emission polarization behaviour of
a fluorophore, as discussed elsewhere (Lukosz 1979;
Lukosz and Kunz 1977a, 1977b; Piasecki and Wirth
1994; Wirth and Burbage 1991). These effects can be
corrected for by detecting emission normal to the
interface with varied excitation polarization (Piasecki
and Wirth 1994; Wirth and Burbage 1991).

Duplicate experiments, in which s and p polarized
excitation light is used and all four permutations of the
excitation and emission polarization orientations (lyv,
Ivy, v, and Iyy) are collected can provide a great deal
of additional information. (Note that for /,, x corre-
sponds to the polarization of the excitation radiation and
y corresponds to the orientation of the emission polari-
zation.) Clearly, there is vast potential for TRAMS
coupled with variable-angle evanescent wave excitation
to provide spatial information on the fluorescence
depolarizing processes near an interface (Fukumura and
Hayashi 1990; Piasecki and Wirth 1994; Rumbles et al.
1994; Wirth 1993; Wirth and Burbage 1991).

In this paper we show that variable-angle TREWIFS
coupled with EW-TRAMS can be used to gain infor-
mation regarding the molecular conformation of a
protein at an interface. To illustrate this, we investigate
the rotational dynamics and molecular conformation of
bovine serum albumin (BSA) adsorbed from aqueous
solution onto a silica surface, in situ, and as a function
of distance normal to the solid/solution interface.
Additionally, we report preliminary results of the exci-
tation polarization dependence on the time-resolved
fluorescence anisotropy profiles. The time-resolved flu-
orescence decay and protein rotational dynamics
behaviour were probed using l-anilinonaphthalene-
8-sulfonic acid (ANS), which is a fluorescent probe
whose fluorescence decay kinetics depend on the probe’s
microenvironment such that, in a polar microenviron-
ment, the fluorescence is rapidly and efficiently
quenched. ANS associates with BSA non-covalently
by partitioning into hydrophobic pockets within the



protein’s tertiary structure, where the fluorescence decay
of the probe is long lived.

Materials and methods

Instrumentation

The EWIFS apparatus was constructed in-house according to the
arrangement shown in Fig. 3 and based on the hemi-cylindricalprism
designs reported previously (de Mello et al. 1997; Hamai et al. 1995;
Rumbles et al. 1994; Toriumi and Yanagimachi 1994). This
arrangement is especially useful for depth profiling experiments since
this configuration leads to the incident and totally internally reflected
light entering and exiting the prism normal to the surface of the
cylindrical part of the prism, regardless of the angle of incidence
relative to the interfacial region. Details of our experimental rig have
been reported previously (Lensun et al. 2002).

The majority of the limited number of TREWIFS instruments
reported have principally used the time-correlated single-photon
counting (TCSPC) technique (Lakowicz 1991; O’Connor and

Fig. 3 Schematic
representation of the in-house
built EWIFS optical
arrangement, used for time-
resolved EWIFS and EW-
TRAMS

prism

rotation stage
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Phillips 1984), although frequency domain detection (Lundgren et al.
1994) and the use of an image intensifier/optical multichannel ana-
lyser system have also been used (Schneckenburger et al. 2000, 2001).
TCSPC is a widely used tool, with exceptional sensitivity, dynamic
range, and flexibility and is ideally suited to TREWIFS and hence
TCSPC was used here. The TREWIFS system used is summarized
schematically in Fig. 3 and described below. The excitation source is
a mode-locked titanium:sapphire laser (Coherent Mira 900F-Innova
400) operating at ~800 nm and a pulse repetition rate of 76 MHz.
The output of this laser was pulse picked to ~2 MHz using a TeO,
Bragg cell (Gooch & Housego) driven by synchronized electronics
(CAMAC model CD5000), and frequency doubled to ~400 nm. The
polarization of the excitation beam is changed manually using a silica
double-rhomb polarization rotator to allow polarization-dependent
emission decay profiles to be recorded for all permutations of exci-
tation and emission polarization pairs, i.e. Iyv(?), Iyvu(t), Iav(?), and
Iyn(?). The polarized beam was incident on the sample prism at an
angle of 69.0° relative to the detection axis, as shown in Fig. 3, and
focused loosely onto the interfacial region. The emission was imaged
with a wide-angle telephoto camera lens (Nikon) with a polarizer
(King) mounted in front. The emission, collected at a constant angle,
was passed through suitable filters and onto the slit of a 1/4-metre
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monochromator (CVI Digikrom CM110). The fluorescence was
detected by a microchannel plate photomultiplier (Eldy, St. Peters-
burg, Russia, model EM1-132) and recorded using conventional
TCSPC electronics described elsewhere (Ghiggino and Smith 1993).
Fluorescence decay data were collected to 20,000 counts at the
channel of maximum intensity.

For emission anisotropy measurements, the rotatable emission
polarization analyser was aligned at 0° and 90° relative to the
polarized excitation to measure fluorescence decays with polariza-
tion parallel, Iyy(7), and perpendicular, Iyy(?), to the excitation.
Data were transferred from the multichannel analyser (MCA) to a
computer, where subsequent analysis of the decays was performed
using non-linear least-squares iterative fitting (Smith et al. 1998). The
experimentally obtained Iyv(7) and Iyy(7) decays were used to gen-
erate the time-resolved anisotropy, r(f), function (Eq. 4). The
instrumental correction factor, G, which is usually included to take
into account the bias of the detector system (in particular due to the
monochromator) to the polarization, was not determined here, and
assumed to equal unity.

Materials and cleaning methods

Prior to each experiment, the hemi-cylindrical prism was cleaned by
washing in a warm ammonia/peroxide solution, as previously de-
scribed, then rinsed with MilliQ water.

All of the chemical reagents were used without any further
purification. The BSA and ANS were purchased from Sigma. The
solvent used was a 0.01 M acetate buffer solution, giving a pH of 5.
All experiments were carried out at room temperature (approx.
20 °C), following an equilibration time of approximately 3 h.

Experimental protocols

The spectroscopic absorption and emission of ANS and BSA-bound
ANS in bulk solution were characterized using a Varian Cary 50 Bio
steady-state absorption spectrometer and a Cary Eclipse fluorimeter,
respectively. Emission spectra were background subtracted and
corrected for detector and monochromator response. The excitation
wavelength was 385 nm and emission was scanned between 400 nm
and 600 nm. The excitation and emission bandwidths were set to
2.5 nm and the PMT voltage was set to 800. Steady-state measure-
ments were performed using ANS at a constant concentration of
1x107> M as a function of different BSA concentrations, varying
from 10 to 100 ppm.

For the TREWIFS and EW-TRAMS, solutions of ANS and
BSA (BSA concentration ~100 ppm) were prepared in buffered
solution (pH 5) and were allowed to be adsorbed from solution to
the silica surface for 3 h, after which it was assumed that adsorp-
tion was complete and that the fluorescence decay can be observed
with little variation.

TREWIFS experiments were carried out as a function of angle of
incidence to allow depth profiling of the protein via the probe’s flu-
orescence. Two sets of experimental conditions were used, referred to
astype A and type B. Type A measurements were performed on BSA-
ANS adsorbed from solution, maintaining equilibrium with BSA-
ANS in the bulk. A set of fluorescence decay profiles was obtained for
a variety of angles of incidence ranging from 69° to 89° with 4°
increments. Hence, the penetration depth ranged from 100 nm to
40 nm (Eq. 2). The type B measurements were performed after the
bulk solution of BSA-ANS had been replaced by thorough flushing
of the cell with acetate buffer solution to remove any non-adsorbed or
loosely adsorbed BSA. This procedure ensured that the silica surface
was always in contact with aqueous solution. Once the protein
solution was replaced with the buffer, emission decays were taken at
the angles of incidence specified above. The EW-TRAMS experiment
was carried out also as a function of penetration depth of the eva-
nescent wave.

To characterize the anisotropy of non-adsorbed BSA, TRAMS
were also performed in bulk solution with the sample solution
contained in a standard silica quartz cuvette and the emission

collected in the usual right-angle geometry. A full description of the
instrumentation used for the bulk measurements is given elsewhere
(Smith et al. 1998).

Results and discussion

It is well documented that neither unbound ANS nor
BSA alone fluoresce significantly in buffered aqueous
solution under the excitation and emission wavelengths
used here (Aexc~390 nm, A.,~490 nm). When no BSA is
present, no hydrophobic regions exist into which the
ANS can partition, and the emission of ANS is quen-
ched very efficiently. This can be easily resolved from the
intrinsic fluorescence of BSA, which fluoresces around
344 nm in bulk solution and ~333 nm in close proximity
to surfaces (Hlady and Andrade 1988), when following
direct excitation in the ultraviolet of the amino acids,
especially tryptophan.

When the fluorescence of BSA-bound ANS is mea-
sured, it is observed that as the concentration of BSA in
bulk solution is increased, the fluorescence quantum
yield of the ANS increases dramatically. This is a direct
result of the increase in the number of hydrophobic re-
gions per unit volume as more BSA is added to solution,
thus protecting the ANS from the fluorescence quench-
ing mechanism in aqueous environments. There is neg-
ligible spectral shift of the ANS emission profile upon
complexation with the protein or upon the adsorption of
the BSA-ANS complex to the silica surface.

TREWIFS measurements in variable-angle mode
have the capacity to yield information on the confor-
mation of a protein at an interface. To illustrate this,
TREWIFS measurements were recorded from the silica-
adsorbed BSA-ANS complex as a function of excitation
angle relative to the interface (and hence penetration
depth), as previously reported (Lensun et al. 2002). The
TREWIFS results are shown in Fig. 4 (Lexe =400 nm,
Aem™ 470 nm). In type A measurements, the fluorescence
decay profiles were measured from the surface-adsorbed
BSA-ANS complex adsorbed from buffered bulk solu-
tion. At the highest angle of incidence employed, the
depth of the penetration (i.e. A=40 nm) will still be
longer than the thickness of the interfacial region.
Therefore, in these measurements, the fluorescence
intensity will not only have a contribution from the
surface region, but will also contain a significant pro-
portion of emission from any free BSA-ANS complex
remaining in bulk solution (referred to as “bulk” in
Fig. 4). In type B measurements, however, non-ad-
sorbed and any reversibly adsorbed protein was slowly
flushed out of the cell. Even though the evanescent field
penetrates beyond the interfacial region, the bulk buffer
solution will not contribute to the fluorescence intensity.
Hence, in type B measurements, the fluorescence decays
comprise solely the signal from the surface-adsorbed
form of the BSA-ANS complex (referred to as “‘surface”
in Fig. 4). The decay profiles were significantly different
to those of the bulk solution and these decays were
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Fig. 4 Time-resolved
fluorescence decay curves of the
BSA-ANS complex as a
function of penetration depth,
A, of the evanescent wave

normal to the interface. Two 8000
data sets are presented,

corresponding to type A and to

type B experimental protocols,

as described in Materials and
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intervals, within each data set
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reproducible over several hours, indicating that the
remaining BSA is, indeed, irreversibly adsorbed.

It is difficult and often misleading to assign any phys-
ical significance to the individual components of a multi-
exponential fit to the fluorescence decay. Instead, we
compare the relative total emission quantum yield of each
of the decay profiles. Differences between the fluorescence
quantum yield of BSA-ANS in the bulk solution and that
of BSA-ANS near the surface are clearly observed by a
significant shortening of the fluorescence decay curves
recorded at shallower penetration depths as compared
with those recorded from the bulk solution. The decay
curves collected under type B conditions show that the
fluorescence decay is most rapid when the penetration
depth, A, is smallest. This implies that ANS within the
adsorbed layer experiences a more polar microenviron-
ment the closer the ANS is to the silica surface.

Assuming that k., the radiative deactivation rate
coefficient, is independent of environment, then Eq. (3)
above can be rewritten as:

o

L=k / w(2)e(2) Uy exp(—%)dz
0

suggesting that a distribution of decay times might be a
more appropriate model for interpreting the fluorescence
decay profiles, rather than a sum of a discrete number of
exponential terms. This was not attempted in this work,
but we are currently working on a method by which a
fluorescence decay profile can be fitted to a distribution
of decay times so as to gain more detailed quantitative
information on how the macromolecular conformation
varies with distance from the interface. We plan to
present some of this work in a future publication.

(7)
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The change in fluorescence decay observed as a
function of incident angle under the “bulk” (type A)
conditions is attributed to the contributions in quantum
yield variation from the surface-adsorbed species
inherent in the decays of the bulk.

The adsorption of BSA onto silica has been investi-
gated in detail previously by EWIFS methods using the
intrinsic fluorescence of BSA (Rainbow et al. 1987) and a
variety of fluorescence probes, including ANS (Burghardt
and Axelrod 1983; Crystall et al. 1993; Fukumura and
Hayashi 1990; Hlady and Andrade 1988, 1989; Suci and
Hlady 1990). The behaviour of ANS itself near interfaces
has also been investigated (Bessho et al. 1997; Hlady et al.
1988). The work to date has indicated that, upon
adsorption to silica, BSA undergoes some degree of con-
formational change (Burghardt and Axelrod 1983;
Rainbow et al. 1987). Hlady and colleagues (Hlady and
Andrade 1988, 1989; Suci and Hlady 1990) have presented
data that indicate the presence of some sort of surface
aggregates at high BSA surface concentrations, in agree-
ment with the existence of two-dimensional aggregates of
adsorbed BSA concluded by others. These authors also
interpret a change in the distance between energy donors
and acceptors as being due to conformational changes
(partial unfolding of adsorbed BSA) upon adsorption
(Hlady and Andrade 1989). Fukumura and Hayashi
(1990) also reported that BSA undergoes conformational
change upon adsorption to a silica surface. In addition,
Hlady and Andrade (1988) reported that the conforma-
tion change involves the tryptophan group of BSA
becoming embedded further within more hydrophobic
regions of the coil, while the ANS probe groups experience
amore polar environment (hence fluorescence quenching)
through increased exposure to more hydrophilic regions.
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Our time-resolved fluorescence decay results, that
illustrate a hydrophobicity gradient in the adsorbed
layer normal to the surface, are also consistent with the
existence of a conformational change of BSA upon
adsorption to the silica interface. We provide here the
additional information regarding the dependence of the
fluorescence decay on penetration depth of the evanes-
cent field, A. This allows the conformation of the ad-
sorbed protein to be resolved spatially, normal to the
surface. The observed decrease in fluorescence quantum
efficiency at small A may be explained by the BSA
unfolding, thus exposing bound ANS groups to a more
polar environment than that experienced by the BSA-
ANS complex in bulk solution. It appears that BSA
unfolds to the greatest extent at the silica surface so as to
optimize its interaction with silica, since, further away
from the silica surface (as A increases), there is a cor-
responding increase in fluorescence decay time. This
indicates that, further away from the silica surface, an
adsorbed BSA molecule is increasingly more coiled and
so retains increasingly more hydrophobic sites where
ANS resides.

The difficulties in analysing fluorescence decay pro-
files of fluorophores near surfaces are well documented
and, until further work in this area definitively solves this
problem, the value of fluorescence decays per se may be
limited. Nonetheless, it is clear that time-resolved
measurements are more informative than steady-state
measurements alone. Fluorescence anisotropy measure-
ments, while also suffering from drawbacks such as
poorer signal quality and complexity of analysis, have
the potential to provide additional qualitative and
quantitative information on dynamic processes that can
contribute to a loss of emission polarization, including
energy transfer, migration, and fluorophore/segmental
rotation motion. Evanescently induced TRAMS
(EW-TRAMS) should aid in identifying whether the

changes observed in the fluorescence decay profiles of
BSA-ANS as a function of penetration depth are in fact
related to partial denaturation of the protein upon
adsorption, thus exposing the ANS to more aqueous
environments.

EW-TRAMS measurements on the surface-adsorbed
BSA-ANS complex were conducted as a function of
penetration depth, under the type B conditions discussed
above. The resulting time-resolved fluorescence anisot-
ropy profiles from these experiments are shown in
Fig. 5. It is clear from these data that as the depth of
penetration of the evanescent wave is reduced, the flu-
orescence anisotropy decays far more slowly than is the
case in bulk solution. This indicates that as the protein
adsorbs onto the surface, the motion of the parts of the
protein to which the ANS is bound are more restricted,
as might be expected. This suggests that not only is the
BSA coil as a whole undergoing restricted rotation, but
also the more rapid segmental motion of the ANS-
bound segments of the protein is severely hindered. This
corroborates the interpretation of the EWIFS data,
discussed above. The shortening of the fluorescence de-
cay profiles observed (Fig. 4) does not appear to be the
result of a simple opening up of the BSA coil confor-
mation on adsorption, since this might be expected to
increase the time-scale of the motion of the individual
ANS-bound BSA segments, rather than decrease it as
observed. One mechanism by which these observations
may be explained is an unravelling of the BSA coil at the
silica surface, leading to an increase in the number of
points of attachment. Any ANS bound to portions of
the BSA that experience this uncoiling and adsorption to
the surface will consequently exhibit restricted rotation
due to the inhibited coil and chain segment motion. This
restriction of the chromophore motion supports the
findings discussed above relating to the TREWIFS
measurements.
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It is well known that fluorescence anisotropy decays
can become very complex to analyse even for relatively
simple systems (Smith et al. 1998), and often the quality
of the data does not justify the use of complex analysis
functions. As discussed above, fluorescence anisotropy
measurements are further complicated under EWIFS
conditions (Rumbles et al. 1994). In light of these
complications, in this work, the time-dependent fluo-
rescence anisotropy decays have not been analysed
analytically, but rather qualitatively at this stage. An-
other possible complication arises if the adsorbed species
is not isotropic, as discussed above and illustrated in
Fig. 2. Certain adsorbed species might exhibit spatial
alignment relative to the surface leading to anisotropy of
the absorption and emission dipole moments (Wirth
1993; Wirth and Burbage 1991). Assuming a vertically
oriented interface (e.g. Fig. 3), by using both s and p
polarized evanescent wave excitation (as discussed
above), rotational motion can be investigated in two
planes, i.e. in and out of the plane of the interface.

In principle, monitoring anisotropy following exci-
tation by both s (vertically) and p (horizontally) polar-
ized incident light yields information relating to motion
of fluorophores with emission dipoles oriented both in
and out of the plane of the interface (Piasecki and Wirth
1994; Wirth and Burbage 1991), i.e. molecular motion in
two orthogonal planes can be identified, as illustrated
schematically in Fig. 6.

The definitions of anisotropy are based on intensity
ratios of a number of combinations of polarization
(Wirth and Burbage 1991):

Iyv — Iyy

Bulk : rpux = 8
! Tk = v — 2hym ®)
L, — 1,
In — plane : ry = 2—2= 9)
Ly, + I,
L, —Y(I,+1
Out — of — plane : }’gzm (10)

Ly, + 1, + Iy

Preliminary results from excitation polarization-
dependent time-resolved fluorescence anisotropy mea-
surements for the BSA-ANS system with a penetration

Fig. 6 Schematic diagram of
the in- and out-of-plane
rotations of an emission dipole
at an interface
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depth of ~64 nm are presented in Fig. 7. There is a
clear difference between the decay of the anisotropy
profiles corresponding to the in- and out-of-plane
motion (Egs. 9 and 10, respectively) of the fluoro-
phore. The decay of the fluorescence anisotropy is
related to the rate of reorientation of the emission
dipoles. The data shown clearly indicate that motion is
more rapid in the plane of the interface than orthog-
onal to it. This represents, to our knowledge, the first
example of an excitation polarization-dependent time-
resolved fluorescence anisotropy measurement and
illustrates the potential of this approach to spatially
resolving two-dimensional motion of fluorophores near
an interface.

Conclusions

We have shown that variable-angle, time-resolved, eva-
nescent wave-induced fluorescence decay measurements
and EW-TRAMS can be applied to the study of
adsorption-induced protein denaturation and that
TREWIFS and EW-TRAMS are able to monitor pro-
tein molecular conformational changes normal to the
surface. Specifically, we have successfully studied the
extent to which BSA denatures upon adsorption at a
silica surface, using ANS as a fluorescent probe. When
adsorbed, BSA adopts a more “open” structure through
which it exposes the BSA-ANS binding sites to a slightly
more hydrophilic environment (including the silica sur-
face). The shortening of the fluorescence decay as the
emission closer to the interface is probed (Fig. 4) is most
likely due to a slight decrease in hydrophobicity expe-
rienced by the ANS as the protein denatures. The vari-
ation of fluorescence quantum yield with distance from
the interface suggests a hydrophobicity gradient experi-
enced by the ANS in the region of the interface. The
EW-TRAMS show an increase in the overall time-scale
of the motion of the protein segments to which the ANS
is bound as the emission is probed from closer to the
interface. The results are consistent with a model of
partial protein denaturation: at the surface, an adsorbed
BSA molecule unfolds, thus optimizing protein-silica
interactions and the number of points of attachment to
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Fig. 7 Excitation polarization-
dependent, time-resolved
fluorescence anisotropy decay
profiles recorded for BSA-ANS
adsorbed onto silica,
illustrating differences in the
rate of in- and out-of-plane
motion. The penetration depth
is ~64 nm

0.15

0.1

0.05

mt)

0.1

-0.15

the surface. Further away, normal to the surface, the
protein molecule maintains its coiled structure.
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