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Fluorescence of Adsorbed Protein Layers
. Quantitation of Total Internal Reflection Fluorescence
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A quantitative total internal reflection intrinsic fluorescence (TIRIF) method for determining the
adsorption of proteins at optically suitable solid/liquid interface is presented. Intrinsic protein fluorescence
is excited by evanescent part of the standing wave produced by total internal reflection. The TIRIF data
are quantified using as an internal standard the fluorescence from nonadsorbed proteins which are present
in the evanescent region. In order to account for the fraction of fluorescence excited by scattered light
which propagates through and beyond the volume sensed by the evanescent wave, a set of nonadsorbing
external standards has to be used. The combination of TIRIF and '**I-protein v-photon detection system
is described and applied to bovine serum albumin (BSA) and human immunoglobulin (IgG) adsorption
at silica/electrolyte interfaces. The difference between the results obtained with different adsorption de-
tection systems is discussed. An average fluorescence emission efficiency of adsorbed proteins can be
evaluated by combining TIRIF adsorption data with the independent in sifu quantitation of protein
adsorption. It was found that in some cases adsorbed proteins emit fluorescence with significantly lower

quantum yield. @ 1986 Academic Press, Inc.

INTRODUCTION

The concept of total internal reflection flu-
orescence (TIRF) at solid/liquid interfaces was
introduced by Hirschfeld (1). Although this
first use of TIRF was not applied to adsorbed
species but to bulk dissolved dye, the advan-
tage over the conventional fluorescence tech-
nique was demonstrated: fluorescence inten-
sity v8 concentration relation was linear up to
a concentration 100-fold higher due to the
shallow penetration of the evanescent wave.
Applications of TIRF include collection of
fluorescence from dansyl-bovine serum al-
bumin molecules by TIRF optics (2), TIRF-
based immunoassay for specific dye-labeled
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antibodies from the solution to an antigen
coated surface (3), and “virometer,” an optical
sensor for viruses treated with a fluorescent
probe bound to the virus nucleic acid (4, 5).

The applications of TIRF to the study of
interactions between surfaces and proteins
have been recently reviewed (6, 7). Two dif-
ferent routes to TIRF protein adsorption re-
sults are distinguished: in the first one the
emission from those protein amino acids
which intrinsically fluoresce upon excitation
in ultraviolet, like tryptophan and tyrosine, is
monitored; hence the name, total internal re-
flection intrinsic fluorescence (TIRIF), while
in the second approach the emission from an
extrinsic fluorophor covalently bound to the
protein, such as fluorescein or rhodamine, is
followed.

First approach parallels the protein solution
fluorescence studies and allows one to analyze
intrinsic protein fluorescence emission and
excitation spectra, and other fluorescence
phenomena. In principle, TIRIF can thus
provide an insight to the conformational
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changes in adsorbed proteins. It was shown
recently that with appropriate apparatus based
on total internal reflection, intrinsic fluores-
cence lifetimes of the adsorbed protein could
be determined (8). Intrinsic fluorescence was
also used in the TIRIF mode to study the ad-
sorption of insulin, a protein molecule with a
few tyrosine residues and no tryptophan in its
structure (9).

The extrinsic fluor approach is more suit-
able to competitive protein adsorption studies
and to protein adsorption kinetic studies, pro-
vided that the protein labeling by an extrinsic
fluor does not cause different protein adsorb-
ability. The uptake of fluorescein-labeled al-
bumin, ~-globulin, and fibrinogen onto sili-
cone rubber coated surfaces has been followed
as a function of time (10). The adsorption of
the same proteins was followed also as a func-
tion of flow rate of protein solution; it was
demonstrated that adsorption is diffusion-
limited (11). A combination of total internal
reflection with fluorescence photobleaching
recovery and fluorescence correlation spec-
troscopy was described and applied to the
study of protein surface diffusion and ex-
change rates (12, 15).

In all TIRF protein adsorption experiments
it is desirable to correlate the intensity of flu-
orescence with the excess protein concentra-
tion at the interface. The adsorbed layer is of-
ten in equilibrium with nonadsorbed protein
molecules which are also situated inside the
“evanescent volume” and contribute to overall
fluorescence. Various methods have been
proposed to calibrate TIRF data: (a) external
nonadsorbing standards were used (13, 14);
(b) some type of evanescent energy distribu-
tion calculation was preformed while solution
proteins in the evanescent region were used as
internal standards (14); and, (¢) protein surface
excess was measured independently (15).

However, inconsistent results often emerged
and TIRF was considered to be only semi-
quantitative. It will be shown here that TIRIF
can be made quantitative by using both ex-
ternal and internal fluorescence standards and
by appropriate accounting for the part of flu-
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orescence which is excited by scattered light
propagating through and beyond the region
sensed by the evanescent surface wave.

Quantitation Scheme of TIRIF

A full account of evanescent wave theory
has been presented elsewhere (6, 14, 16). Only
those parts pertinent to the present quantita-
tion scheme will be given here. The TIRIF
quantitation of protein adsorption is based on
the distribution of evanescent electromagnetic
radiation intensity beyond the reflecting solid/
liquid interface. The superposition of incident
and reflected waves in total internal reflection
forms a standing wave in the optically more
dense medium. The nature of the standing
wave is a function of both the optically more
dense medium (medium 1; here, a hydrophilic
amorphous silica) and the less optically dense
medium (medium 2; here, an aqueous protein
solution). The electric field amplitude right at
the interface in the denser medium has a non-
zero value in the case of two dielectrics. So-
lution of Maxwell’s wave equation for total
internal reflection shows the existence of a
surface wave which propagates along the in-
terface (17). Since the boundary conditions for
electromagnetic wave reflection do not allow
any discontinuity of the tangential field across
the interface, the electric field amplitude at the
interface in medium 2 will be equal to the
electric field amplitude at the interface in me-
dium 1. The electric field amplitude of the
evanescent wave, ES , will decay exponentially
with distance z normal to the interface in me-
dium 2;

$(2) = (EL/E)exp(—z/dy)
= (2 cos 0)/{[1 — (ma/n:)1"*}
X exp(—z/d,).
dy = N+ 1/[2m(n3sin’f; — n3)'?]

[1]
[2]
where E4° is electric field amplitude right at
the interface in less dense medium 2; E%’ is

electric field amplitude of incident, perpen-
diculary polarized light; n; and #, are refractive
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indices of the two media, 0, is the angle of
incidence of electromagnetic wave measured
from the interfacial normal, and d, is defined
as a distance from the interface where the
electric field amplitude decrease to ¢! of its
interfacial value. The parameter d, is often
called “depth of penetration of the evanescent
wave.” From the experimental point of view
it is important to recognize that [ES(2)]? is
proportional to the profile of electromagnetic
radiation intensity present in medium 2. Such
profile determines the “surface sensitivity” of
the particular evanescent wave.

In general, the observed fluorescence inten-
sity is proportional to the product of incident
light, and the probabilities of absorption and
emission. When the evanescent region is pop-
ulated with proteins, the fluorescence intensity
N is given by

a

357

N = 2.303ab L " SO MIE)

X e2)c(2)[EX(2)]* dz  [3]

where @ is quantum yield. The extinction
coefficient at excitation wavelengths ¢, the
protein congentration ¢, and the fraction of
total fluorescence emitted at wavelength \,
J(N\), are all given as a function of distance
from the interface. The constant ¢ accounts
for the fraction of total fluorescence collected
by the detector and b [ [E%(2)]® dz is a term
equivalent to the product of light path distance
and incident light intensity, d- I, in conven-
tional spectrofluorometry (this makes b
= Iony/2.303n,cos ;). If the adsorbed protein
layer has a thickness A, the ratio between the
observed fluorescence intensities of adsorbed
proteins N, and nonadsorbed proteins Nj, is
given by

2.303ab fD B NIL)EC dz

Equation [4] can be simplified by assuming
a step distribution of protein molecules in the
evanescent region; for 0 < z < A protein con-
centration ¢ equals T, and for A <z < d. ¢
equals ¢, (d is thickness of TIRIF cell). It can
be further assumed that €, f(A), and [E%(z)]
remain unchanged by the adsorption. Then

A
Pol'vor f [(EBLIER)e %Y dz
N, 0

G f [EL/E)e ] dz
&

(3]

Figure la shows a typical TIRIF data out-
put; introduction of protein into the TIRIF
cell causes an increase of fluorescence intensity
due to the protein adsorption. After a given
period of protein interfacial residence time,
nonadsorbed proteins in the cell are replaced
with buffer solution and an immediate de-
crease of fluorescence intensity follows. Both
N, and N, are thus experimentally accessible
and Eq. [5] can be used to calculate T',,. As

No 5 303ab L BN GIE G dz

[4]

a first approximation it can be assumed that
the emission probability does not change by
adsorption, i.e., that ®,/®, = 1. The thickness
of the adsorbed layer can be estimated from
protein molecular dimensions. The implica-
tion of these assumptions will be discussed
later.

Preliminary studies showed that the changes
in fluorescence intensity after protein solution
flush-out, N, varied considerably between re-
peated experiments, while N, remained rela-
tively constant. This indicated that beside the
excitation by evanescent surface wave there
was some other source of excitation which in-
duced the fluorescence from nonadsorbed
protein. It was found that the light scattered
by imperfections in optical components of the
TIRIF cell propagated through and beyond the
evanescent region. Nonadsorbed protein mol-
ecules in the whole volume of TIRIF cell were
excited by this scattered light and their fluo-
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F1G. 1. An illustration of TIRIF data output (a) com-
bined with the output of the parallel v-photon detection
(b) in a typical protein adsorption experiment. See text
for explanation of symbols used.

rescence contributed to overall N, signal. Dif-
ferent extent of scattering which varied from
one optical interface to the other caused non-
reproducible adsorption results. The same
propagating nature of the scattered excitation
light was used to correct N for its scatter-orig-
inated part. By increasing the concentration
of a particular nonadsorbing standard which
has the same fluorescence characteristics as the
protein used (they will be referred to as exter-
nal standard, subscripted by s), a condition
can be attained at which the incident intensity
of the propagated scattered excitation light is
completely attenuated in the TIRIF cell vol-
ume, i.e., where e, > 2. Since the fluores-
cence from the TIRIF cell is collected at the
front face, any further increase of either d or
¢, will not result in any further increase of flu-
orescence. The scatter-originated contribution
to overall fluorescence will remain constant.
On the contrary, fluorescence excited by the
evanescent surface wave will, in this case, still
increase linearly with increasing ¢, due to the
shallow penetration depth of the evanescent
wave. The contributions of scatter-originated
and evanescently excited fluorescence of non-
Journal of Colloid and Interface Science, Vol. 111, Mo. 2, June 1986
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adsorbing standards to overall fluorescence are
given in Fig. 2. At the higher ec, the scatter-
originated part becomes constant while the
evanescently excited part increases linearly
with concentration. The overall fluorescence
intensity is the sum of both parts and depends
on the thickness of TIRIF cell only at ec
< df2. The fluorescence excited by the eva-
nescent surface wave can be resolved from the
total fluorescence by translating the linear part
of total fluorescence vs ec curve along the y
axis until it passes through the origin. It rep-
resents the evanescent part of the total TIRIF
signal, while the rest is the contribution excited
by scattered propagating light. The ratio be-
tween the evanescent component NS and the
total fluorescence N'*' is unique for given ecd,
wavelength of excitation, and experimental
geometry. When the protein solution is in the
TIRIF cell, it will absorb both the evanescent
and the propagating excitation radiation in the
same relative proportions as the external stan-
dards do at the same ec. Here, eventual re-
scattering of propagating light by protein mol-
ecules in the TIRIF cell is neglected. Tt is also
assumed that the scattered propagating light
in the TIRIF cell does not produce a significant
fluorescence contribution from the adsorbed
protein layer, since the thickness of this layer
1s much smaller than the TIRIF cell thickness.

total
fluorescence

fluorescence

extited by
avanascant wava

exclied by scatter

ec (em™)

FIG. 2. Contributions of scatter-originated and evanes-
cent wave excited fluorescence of nonadsorbed molecules
to the total fluorescence collected from the TIRIF cell.
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The absorbed radiation will be then reemitted
as bulk protein fluorescence N} with an ap-
propriate quantum yield. The evanescent part
of N¥*, N§, which should be used in Eq. [5]
can be calculated as
N3 = N}J‘Jl % N{s:;"’}\"r.:rc‘t|ecd=consl- [6]
Note that N} is obtained in the presence
of the adsorbed layer of thickness A, while the
ratio N§/N'°tis determined using the external
standards in the absence of this layer. Due to

this difference, N§ has to be corrected by a
factor

f [(EL/EY)- e /] dz
0

|7 ey g az
A
or Eq. [5] has to be rewritten as

A
Bl [ (ED/ED d:
I o 0

b e | BB de

[7]

which simplifies to

N, &, 3
ol (8]
f\'b ‘I’g,(,‘pﬂ

where protein surface concentration I'; (mass/
area) equals ', = A - I',,. Although the thick-
ness of adsorbed protein layer is largely an un-
known, it can be shown that the calculated
amount of adsorbed protein I';, does not de-
pend critically on the choice of A, As long as
Aissmall, (1 — e */%) ~ 2A/d,,. Most protein
dimensions are of the right order of magnitude,
Furthermore, an average fluorescence quan-
tum yield of adsorbed proteins can be evalu-
ated by Eq. [8], provided that I';, is determined
by an independent method, preferably in situ.
Such information can provide an additional
insight into the conformational changes of the
adsorbed protein molecules.

EXPERIMENTAL
Materials

Fluorescence standard, 5-hydroxytrypto-
phan methyl ester hydrochloride (TrpOH),
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was purchased from Calbiochem. Human im-
munoglobulin (IgG), fraction II (No. 64-145-
1, lots 44 and 45) and bovine serum albumin
(BSA) (monomer standard protein powder,
No. 81-028, lot P341) were products of Miles
Laboratories. Carrier free (100 mCi/ml) '*°I
was purchased from New England Nuclear.
Proteins were labeled with '2°I using a modi-
fied chloramine-T method (18) and separation
procedure developed by Tuszinsky (19). La-
beled proteins were stored at 4°C and used
within 1 week. All solutions were made from
analytical grade reagents and low conductivity
water. All buffer solutions were tested for
presence of fluorescence impurities. Both BSA
and IgG were used without further purifica-
tion. Unlabeled protein solution was prepared
fresh prior to each experiment. Fluorescence
of labeled and unlabeled proteins in solution
was compared for evidence of *’I-induced
quenching, Protein stock solution concentra-
tion were determined using BSA and IgG ex-
tinction coefficients at 280 nm (epss = 0.667,
e = 1.38 liters-g'-cm™!, respectively).
Absorbances of internal and external standard
solutions were always determined at particular
excitation wavelengths prior to their use.

The hydrophilic amorphous silica micro-
scope slides (ESCO Products) served as the
adsorbing surfaces. Each surface for protein
adsorption were cleaned as described earlier
(20). The clean hydrophilic silica surface ex-
hibited complete wetting and absence of con-
tact angle hysteresis.

Methods

The TIRIF apparatus combined with -
photon detection system has been described
in details elsewhere (6, 21). The heart of this
system was the dovetail quartz prism coupled
with glycerol to the silica plate, as shown in
Fig. 3. A Silastic (Dow Corning) gasket, at least
0.5 mm thick, formed a TIRIF flow field. Sec-
ond silica plate with ports for solution injec-
tion was supported by a black-anodized alu-
minium support. The excitation source was a
150-W Xe high-pressure lamp. The excitation

Journal of Colloid and Interface Science, Val. 111, No. 2, June 1986
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FIG. 3. Design of the TIRIF cell combined with y-photon
detector. The protein flow field is indicated.

monochromator with scan controller (H10-
UV, Instrument, SA) was used to select the
appropriate excitation wavelengths. A digital
shutter, UV-polarizer and quartz optics deliv-
ered a perpendiculary polarized, collimated
beam of UV light normal to the one face of
the dovetail prism. Light impinged at the re-
flecting interface at the angle of 70°, exceeding
the critical angle for total internal reflection
at silica/water interface (0., = 64.7°). Fluo-
rescence was collected through the dovetail
prism at normal incidence to the interface, fo-
cused on the slit of the emission monochro-
mator (HR-640, Instrument SA, 300 gr/mm
grating), and detected by a photomultiplier
tube. Preamplified signals were counted by
Ortec photon-counting equipment and re-
corded both in analog and digital form.

The y-photon detection system consisted of
Nal(TI) scintillation crystal (2.5-cm diameter,
1.25-cm thick) joined to the face of second
photomultiplier tube by a quartz light pipe,
all enclosed in a light-tight steel jacket (custom
designed, Bicron). A 2.5-cm-diameter sensing
window covered by thin aluminum foil was
situated directly behind the second silica plate
with a circular detecting area defined by a lead

Journal of Colloid and Interface Science, Vol. 111, No, 2, June 1986
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shield. The signal from the second photomul-
tiplier tube was preamplified and discrimi-
nated against a preset threshold before mul-
tiplexing with the TIRIF signal into the time-
shared Ortec photon counting unit.

Quantitation of Protein Adsorption by
v-Photon Detection

A schematic of the y-photon signals from
a protein adsorption experiment is given in
Fig. 1b. As in the case of TIRIF two distinct
signal levels can be distinguished: N} and
N7. Unlike TIRIF, y-photon detection is not
surface sensitive and detects y-photon emis-
sion from the whole TIRIF volume. In the
absence of preferential binding the detected
signal was proportional to the mass of protein
m in the sensing volume V (determined by
radius r of the lead shield aperture and thick-
ness of TIRIF cell, d):
N} =kmy: my=cV =cmr’d, [9]
[10]

and from N} and N} the adsorbed amount of
protein can be calculated as

T3 = (Nicd)/2ND).

=y % — 2
N} = km,, m,= T3 27r",

[11]

Experimental Protocols

In situ TIRIF gnd y-photon detected protein
adsorption. All experiments were done at room
temperature. For in sifu protein adsorption
experiments the TIRIF flow cell was primed
with buffer solution after necessary optical
alignments. Fluorescence emission was gen-
erated by exciting at 285 nm and collected at
335 nm (330 nm in the case of IgG adsorp-
tion). Slits of 16-nm half-bandwidth were used
both in excitation and in emission monochro-
mators. Background fluorescence and y-pho-
ton counts were taken and buffer solution was
replaced with the external standard (TrpOH)
solutions in increasing order of concentration.
The fluorescence intensity was recorded and
between each standard sample the buffer so-
lution was used to return the fluorescence sig-
nal to the background level. When both TIRIF
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and vy-photon detection measurements were
combined 3 ml of labeled protein solution
were injected, the TIRIF cell was sealed and
both signals were recorded. Adsorption was
allowed to proceed for 30 min. The fluores-
cence counting time was 1 s for single mea-
surements while the y-photon counting system
required at least 10 s of counting time. A digital
shutter was used to prevent overexposure of
adsorbed proteins to UV light, After 30 min,
20 ml of buffer solution was injected manually
into the TIRIF cell to remove nonadsorbed
proteins and both signals were recorded. The
procedure was then repeated by injecting the
next protein solution. An increasing order of
protein concentration was used. In this way a
step-adsorption experiment was performed as
opposed to single-shot adsorption experiments
where the clean silica surface was exposed only
once to each protein solution. At the end of
the adsorption experiment, a protein solution
of the highest concentration used was injected
into and flushed out of the TIRIF cell several
times to obtain a reliable internal standard
fluorescence signal.

Initial BSA adsorption kinetics were fol-
lowed only by TIRIF; the cell was primed by
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10 ml BSA solution at a flow rate of 16 ml/
min after which the flow was stopped and the
TIRIF cell sealed.

Ex situ protein adsorption on silica chips.
Parallel to the in situ measurement of protein
adsorption via the y-photon detection system,
similar ex situ measurements were performed
using smaller rectangular chips of silica (total
area of =~5 ¢m?) and a commercial y-photon
well counter. The experimental protocol sim-
ulated the in situ protocol, excluding the for-
mation of any air-adsorbed protein interface.
All ex situ and preferential binding experi-
ments were performed in a single-shot man-
ner. Details of ex situ measurements are given
elsewhere (21).

Results

Fluorescence of external TIRIF standard.
The fluorescence emission of TrpOH standard
solutions (phosphate buffer, 0.145 A NaCl,
pH 7.4) was centered at 340 nm. A typical
background-subtracted fluorescence of exter-
nal standards measured as a function of ec at
different TIRIF cell thicknesses is shown in
Fig. 4. The same silica plate was used while

12500
A
10000 }
o 7500 k
o
=
b
el
S soo0 | o4
5l
2500 | /,/
=3 /0
[
o F . ; , :
0 20 40 60 80
-1
ec¢ femi )

FI1G. 4. Background subtracted fluorescence of (TrpOH) as a function of ec. Excitation at 285 nm, emission
collected at 335 nm, TIRIF cell thickness: 4, 0.7 mm; #, 1.4 mm; W, 2.4 mm; 4, 2.4 mm <+ silica dust

mixed with optical matching fluid, glycerol.
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cell thickness was increased from 0.7 to 1.4
and 2.4 mm, respectively (lower three curves).
The upper curve was obtained with a 2.4-mm-
thick TIRIF cell gasket after the scattering of
the excitation light was greatly increased by
mixing the optical matching fluid with crushed
silica dust. In all four cases a linear increase
of fluorescence was found at high ec. As one
would expect, by reducing the cell thickness
the linear part appears at higher values of ec.
Before each protein adsorption experiment
similar TrpOH calibration plot was generated
for particular silica plate and cell gasket used.
These plots were used in the quantitation pro-
cedure as previously described.

BSA adsorption on hydrophilic silica. The
adsorption of BSA on hydrophilic silica from
0.01 M acetate buffer solutions of pH 4.8 and
4.0 was determined by the TIRIF and y-pho-
ton (in situ and ex situ) detection system. The
emission of BSA fluorescence is found to be
centered at 342 nm (solution) and at 333 nm
(adsorbed layer) at both pH. The fluorescence
intensity of the internal BSA standard solution
(0.5 mg/ml) was corrected for its scatter-orig-
inated part using the external (TrpOH) stan-
dard calibration plot determined in the begin-
ning of the experiment. The TIRIF adsorption
data were calculated using Eq. [8]. assuming
that ®,/®, = 1. The thickness of the BSA layer
was taken to be equal to 4 nm, The isotherms
of BSA adsorption are combined in Figs. 5
and 6. One adsorption isotherm (Fig. 5, dashed
ling) was calculated from raw TIRIF fluores-
cence data without the external standard cal-
ibration plot. Preferential binding of '*°I-BSA
molecules to the hydrophilic silica was not in-
vestigated.

Initial BSA adsorption kinetic from dilute
protein solutions (¢, = 0.0193 mg/ml at pH
48, and ¢, = 0.0259 mg/ml at pH 4.0, re-
spectively), was followed on clean hydrophilic
silica surfaces. At these low BSA concentra-
tions the fluorescence contribution from non-
adsorbed BSA was not significant. Moreover,
diffusion of BSA to the surface was slow
enough so that the process of the adsorption
was followed in real time with TIRIF resolu-

Journal of Colloid and Interface Science, Vol. 111, No. 2, June 1986
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FiG. 5. TIRIF- and '“I-BSA detected adsorption iso-
therms of BSA onto hydrophilic silica at room temperature,
0.01 M acetate buffer, pH 4.8. ¢, m, TIRIF; O, '*I-BSA
in situ step-adsorption mode; X, ex situ adsorption; *,
TIRIF, uncorrected for scattering.

tion of 1 s. The TIRIF adsorption kinetic data
are given in Fig. 7 as a function of (time)'/2.
The diffusion-limited adsorption data for two
BSA concentrations used (given as straight
lines in Fig. 7) were calculated from Eq. [12].
They were shifted along x axis to match the
start of the adsorption.

IgG adsorption on hydrophilic silica. Ad-
sorption of IgG was followed from phosphate
buffer solution (phosphate buffer, 0.145 M
NaCl, pH 7.2). Preferential binding of '*I-
IgG to hydrophilic silica surface was investi-
gated using IgG solutions of identical concen-
trations (0.18 mg/ml) which had different IgG
radioactivities. The in situ y-photon detection
system was used. The results indicated that no
preferential binding of '*’I-IgG has taken
place. The fluorescence emission of IgG in the
buffer solution was found to be centered at
340 nm. The adsorption of IgG on hydrophilic
silica was measured by TIRIF and vy-photon
detection (in and ex situ). The fluorescence of
the internal IgG standard solution (0.8 mg/
ml) was corrected for its scatter-originated part
using an external (TrpOH) standard calibra-
tion plots. Both single-shot and step-adsorp-
tion experiments were performed. The results
are summarized in Fig. 8. The TIRIF adsorp-
tion data have been calculated assuming that
®,/®, = 1. The thickness of the IgG layer was
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FiG. 6. TIRIF- and '""I-BSA detected adsorption iso-
therms of BSA onto hydrophilic silica at room temperature,
0.01 M acetate buffer, pH 4.0. ¢, m, A, TIRIF; A, '¥[-
BSA in situ step-adsorption mode; X, ex situ adsorption.

assumed to be equal to 10 nm which roughly
corresponds to the height of the “T*’-shaped
IeG molecule (22). Two TIRIF adsorption
isotherms coded 44 and 45 represent two dif-
ferent IgG lots, respectively. No significant dif-
ference in the adsorption of two IgG lots was
found in the case of vy-photon detected ad-
sorption. Initial adsorption kinetics of IgG
were not investigated.

Fluorescence emission efficiency of adsorbed
proteins. In order to analyze the influence of
adsorption on the fluorescence emission effi-
ciency of BSA and IgG, the ratio of protein

{mg/m?)

0.4k

Iy

o 12
time'2 (/%)

Fi1G. 7. Initial kinetics of BSA adsorption on hydrophilic
silica at room temperature, 0.01 M acetate buffer. The
straight lines represent diffusion limited rate of adsorption
calculated from Eq. [12] for ¢, = 0.0193 mg BSA/ml (pH
4.8) and 0.0259 mg BSA/ml (pH 4.0), respectively.
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F1G. 8. TIRIF- and '»’I-IgG detected adsorption iso-
therms of IgG onto hydrophilic silica at room temperature,
phosphate buffer, 0.145 M NaCl, pH 7.2. ¢, TIRIF, IgG
lot 45; o, m, TIRIF, 1gG lot 45; O, O, 'PI-1gG in situ step-
adsorption mode, lots 45 and 44, respectively; =, in situ
single-shot adsorption mode; X, ex sifi adsorption.

fluorescence quantum yields in the adsorbed
layer and in the solution, ®,/®;, was calcu-
lated. Equation [8] was used together with ex-
perimentally determined I'}. The ratio @,/®,
is given in Fig. 9 as a function of maximum
adsorption fraction, I'} /max I'}.

DISCUSSION

Most studies of protein adsorption by total
internal reflection methods have focused on

1i0r

0.8 L BSA, pH :3\\\_@
=}
=] 0.6 L BSA, pH 4.0
I

0.2 L 19G 44

o hﬂ\‘:,_—n

0.0 0.2 0.4 0.6 0.8 1.0
Y Y.
FIG. 9. The ratio of protein fluorescence quantum yields
in the adsorbed layer and in the solution, ®,/®;, given as

a function of maximum adsorption fraction (as determined
by v-photon detection system), I'y /max T3,
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the question: ~ow much protein is adsorbed at
a particular interface? To this end various
quantitation schemes were proposed (13-13,
20). More often than not, they agreed that
protein surface concentration had to be de-
termined independently. Consequently, total
internal reflection methods applied to protein
adsorption were considered to be semiquan-
titative at best; the final adsorbed amount was
determined by some independent method and
all intermediate adsorption values were de-
rived by scaling up or down measured fluo-
rescence or absorbance in the case of atten-
uated total reflection methods. Such an ap-
proach was particularly successful in TIRF
adsorption studies where proteins were labeled
with an extrinsic fluorophore (10-13, 15).

The use of the fluorescence emitted by non-
adsorbed proteins in solution as an internal
standard in TIRIF experiments was initially
proposed by Van Wagenen et al. (20). Later,
Rockhold et al. proposed both graphical and
numerical TIRIF quantitation schemes (14)
but failed to recognize importance of scattered
propagating excitation light. Present quanti-
tation scheme is based on a similar concept;
nonadsorbed proteins in the evanescent region
are used as an internal fluorescence standard.
However, in order to account fully for the ex-
tent of nonadsorbed bulk protein fluorescence
excited by propagating scattered light, a num-
ber of external fluorescence standards of rel-
atively large concentration range have to be
used. It is also necessary to use such external
standard whose excitation and emission char-
acteristics are similar to the protein under
study since the extent of scattering is related
to 1/A* of excitation wavelength. As an exter-
nal standard TrpOH was chosen; it has greater
solubility than other tryptophan derivatives
and its fluorescence emission is centered at 340
nm when excited at 285 nm.

The fluorescence from the standard solution
should be dependent both on the TIRIF cell
thickness and on the scattered light intensity
due to the propagating nature of scattered
light. Both effects were indeed found using so-
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lutions of TrpOH (Fig. 4). By increasing the
thickness of the TIRIF cell the fluorescence
intensity vs ec plots differed, but only at ec
< dJ2. This justifies the concept of calibration
plots in TIRIF protein adsorption. From the
experimental data at ec < d/2 it can be inferred
that the scattered light in the TIRIF cell trav-
eled a distance greater than the actual cell
thickness. This was due to the wide range of
angles at which the scattered light propagated
in the TIRIF cell as well as due to the possible
back-reflection from the second silica surface
and TIRIF cell support.

Any rescattering of the excitation light by
macromolecules in the TIRIF cell was ex-
amined by comparing the standard calibration
plots of tryptophan (Trp) and tryptophan-
labeled dextran (N-acetyl-tryptophanyl-dex-
tran, M,, = 70.000). No significant increase of
fluorescence was noticed; at given ec both Trp
and Trp-dextran derivates fluoresced accord-
Ing to their respective quantum yields.

The TIRIF data of BSA adsorption on hy-
drophilic silica at pH 4.8 and the in sifu and
ex situ measured '*I-BSA adsorption are of
the same order of magnitude (Fig. 5). If the
scatter-originated contribution to the fluores-
cence would be completely neglected, the
TIRIF adsorption would amount to much
lower values, as indicated by the adsorption
isotherm given in dashed line (Fig. 5). By ac-
counting for this part of the internal standard
fluorescence sets the fluorescence-detected
BSA adsorption is in reasonable agreement
with both in situ and ex situ measured '*°I-
BSA adsorption. However, the TIRIF adsorp-
tion experiments resulted in somewhat lower
I', which 1s particularly evident at higher BSA
concentration. Possible reasons for this differ-
ence which may originate in some experimen-
tal artifacts or from the assumptions used, have
to be considered in more detail.

Preferential binding of either '*’I-labeled or
nonlabeled-BSA was ruled out since it was not
detected in the case of BSA adsorption on a
variety of surfaces (23). The fluorescence of
2I-1abeled and nonlabeled BSA in solution
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was identical, with no evidence of '*’l-induced
quenching,

The BSA molecules in the adsorbed layer
may themself become scattering sources for
the evanescent surface wave, which would In-
duce a larger N;. Since the calibration plots
were generated with the external standards in
the absence of adsorbed layers, this effect will
result in smaller T',. Use of the external stan-
dards with the adsorbed protein layer in place
was not possible. The 285-nm excitation peak
intensity in the fluorescence emission spectra
which were taken prior to and after the BSA
adsorption was not significantly increased. The
question is whether this peak fully reflects the
extent of scattering in the TIRIF cell? No scat-
tering of the evanescent wave by adsorbed cells
at glass/water interface was detected (7). al-
though the scattering of the evanescent wave
is predicted and analyzed in clectromagnetic
theory (24).

Second possible reason for the adsorption
isotherm difference may be due to the different
refractive indices of the protein solution and
the adsorbed protein layer. There is little doubt
that such difference exists; a 30% BSA solution
has a refractive index of 1.41 at 285 nm (25),
as compared with the dilute protein solution
where the refractive index was taken to be
equal to that of buffer solution (7, = 1.353).
The quantitation scheme used here does not
recognize the adsorbed proteins as a separate
optical layer. The influence of an increased
refractive index of adsorbed protein layer on
electromagnetic energy distribution in the
evanescent region is, however, smaller than
intuitively expected. Due to the continuity re-
quirement of the electric field amplitudes at
the interface, any increase of £ in the part
of evanescent region occupied by adsorbed
protein will be followed by an increased ES
outside the adsorbed layer. Hence, the ratio of
integrals in Eq. [5] will not significantly change
in value. For example, an increase of refractive
index of the adsorbed layer from 1.353 (s, of
aqueous phase) to 1.496 (n, of silica) will
change the ratio of integrated evanescent in-

365

tensities by a factor 0of 0.95. This would result
as 5% higher adsorption! Hence, these two ef-
fects just compensate each other.

The most probable reason for the adsorp-
tion isotherm differences is a decreased fluo-
rescence quantum yield of the adsorbed BSA
molecules. Namely, the adsorption of protein
at the interface may result in fluorescence sur-
face quenching and shorter fluorescence life-
times. It is also expected that a degree of pro-
tein unfolding at the interface could decrease
the fluorescence emission efficiency.

The difference between two types of BSA
adsorption isotherms is much larger at pH 4.0
(Fig. 6). Repeated TIRIF experiments on dif-
terent silica plates showed excellent reproduc-
ibility of the adsorption results (Fig. 6). Yet,
the BSA surface concentration detected by -
photon detection was almost 3 times larger
even when the scatter-originated fluorescence
contribution was taken into account. No ev-
idence of significantly increased scattering by
the adsorbed BSA layer at pH 4.0, as compared
with pH 4.8, was found. Also, no increase of
refractive index of adsorbed BSA layer could
possibly account for this large difference in the
adsorption. Hence, the difference is largely
determined by a decreased fluorescence effi-
ciency of the adsorbed BSA molecules at the
interface,

It is plausible that at its isoelectric point
(pHiep 4.8) BSA molecule does not experience
the same conformational changes during the
adsorption as it does when the adsorption is
carried out from the more acidic solutions.
The decrease of BSA quantum yield in acidic
solution in which BSA molecule undergoes so-
called “N-F transition” is well documented
(26). However, this decrease has already been
taken into the account in the present quanti-
tation scheme by using BSA solution of pH
4.0 as the internal standard. At pH 4.0 BSA
molecules are positively charged, while silica
surface carries the negative charges. The at-
traction forces between opposite charges can
contribute to BSA unfolding, if any, at the in-
terface; this may induce a decreased fluores-
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cence efficiency. Recently, similar conclusion
has been reached from the TIRIF lifetime
measurements of intrinsic BSA fluorescence
from the adsorbed layer (8). The fluorescence
lifetimes of adsorbed BSA molecules were
found to be shorter than the lifetimes in so-
lution.

The initial kinetics of BSA adsorption sup-
ports the conclusion about decreased fluores-
cence quantum yields. At pH 4.8 there is a
good agreement between the initial TIRIF ad-
sorption vs (time)'/? data and the adsorption
data calculated from the diffusion-limited rate
of arrival of BSA molecules to the surface (Fig.
7). The latter rate, often called “*diffusion-lim-
ited rate of adsorption,” was calculated using
(23)

dT, = 2¢,(D/x)'? dt'? [12]

where D is BSA diffusion coefficient (7 X 1077
em? sec™!) (27). The coincidence between the
initial TIRIF adsorption data and the calcu-
lated diffusion-limited adsorption indicates
that at the beginning of the adsorption, ®,/®,
= 1. In the case of BSA adsorption at pH 4.0
the diffusion-limited adsorption exceeded
TIRIF adsorption data. Similar difference be-
tween the experimental adsorption data and
the diffusion-limited adsorption was found in
BSA adsorption on glass and negatively
charged polystyrene surfaces, It was explained
by an energy barrier of adsorption (23).
Namely, not all BSA molecules diffusing to
the surface are “ready” to become adsorbed;
only those with enough energy needed to
overcome the adsorption energy barrier will
“stick™ to the surface,

Imitial adsorption kinetics could not be fol-
lowed with the in situ y-photon detection sys-
tem. This was due to low time resolution and
relatively high bulk BSA contribution to over-
all y-signal even at low BSA concentration,
The following analysis could be done; TIRIF-
detected adsorption at pH 4.0 was propor-
tionally increased using as a reference point
the final surface concentration of '*’I-BSA,
'y, at the same ¢,. In this way TIRIF adsorp-
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tion data were corrected for the quantum yield
decrease. They were compared with calculated
diffusion-limited adsorption rate. The latter
was still exceeding the experimental rate by a
factor of 0.3. Such an adsorption rate decrease
by a factor of ¢ ** would be due to an ad-
sorption energy barrier 4 of 1.2kT units.

Interestingly, initial BSA adsorption at pH
4.0 reveals that the first contact between the
protein and the silica surface immediately re-
sults in decreased fluorescence emission effi-
ciency. It indicates that some conformational
changes are taking place at very short inter-
facial residence times and at very low surface
coverages. The picture is different at pH 4.8;
the TIRIF adsorption data deviate from the
diffusion limited adsorption data only at T,
> 0.4 mg m 2. This may also be due to the
Iimitation of Eq. [12] which is derived using
the assumption that the surface acts as a pro-
tein sink. When there is more protein accom-
modated on the surface, however, less chance
a new diffusing BSA molecule has to find an
unoccupied adsorption site and adsorption
slows down.

Possible conformational changes due to the
adsorption are best illustrated by the ratio of
protein fluorescence quantum yields in the
adsorbed layer and in the solution, ®,/®;,
which is given in Fig. 9. It amounted to an
average of 0.9 at pH 4.8 and to 0.5 at pH 4.0,
respectively, as measured at the half maximum
adsorption (at I'}/max I'y = 0.5). Unfortu-
nately, there is no direct relation between a
degree of conformational BSA change and de-
creased fluorescence efficiency. The intrinsic
fluorophors in proteins report their environ-
ment seen at the time of the emission. The
BSA fluorescence 1s largely determined by two
tryptophan residues although the energy
available to their emission can be transferred
to them from several tyrosines residues along
the polypeptide chain. Overall photophysical
“sensitivity” of BSA fluorophors to the con-
formational alterations in various parts of BSA
molecule is not yet known. Before this infor-
mation is available, a decrease of ®,/®; at pH
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4.0 may only serve as an indication that ad-
sorbed BSA is conformationally changed.

The situation is even less clear in the case
of IgG adsorption, Different isotherms of IgG
adsorption on hydrophilic silica from phos-
phate buffer were determined depending on
the method of detection used; TIRIF-detected
adsorption depended on the particular IgG lot
used, while '>’I-IgG-detected adsorption was
almost independent on IgG lot used but it was
an order of magnitude larger (Fig. 8). No dif-
ference between the fluorescence quantum
yields of two different IgG lots could be de-
tected in solution. Preferential adsorption of
125]_labeled or unlabeled IgG on hydrophilic
silica was excluded. Also, there was no evi-
dence of '#l-induced quenching of IgG fluo-
rescence in the solution. It may be concluded
that the labeling of IgG was not the cause of
difference between the TIRIF and '**I-labeled
IgG adsorption isotherms.

The extent of scattering due to IgG mole-
cules at the interface was considerably larger
than in the case of BSA; the excitation peak
maximum increased approx 30% for both lots.
Increased intensity of scattered excitation light
was also evident in the fluorescence of non-
adsorbed IgG molecules in TIRIF cell. It was
compared with TrpOH standards at given ec.
The ratio of TrpOH/nonadsorbed TgG fluo-
rescence intensities decreased as the surface
concentration of IgG increased in the step-ad-
sorption experiments. The fluorescence quan-
tum yield of nonadsorbed IgG molecules in
the TIRIF cell should not depend on the ad-
sorption. Since the depletion of IgG was ex-
cluded an alternative explanation was that the
intensity of excitation light increased due to
the adsorption. Such an increase was estimated
to amount up to 45%; it would decrease TIRIF
adsorption results in the same proportions.

Two other factors may also influence the
TIRIF-detected adsorption; a larger thickness
of the adsorbed IgG layer and/or an increase
of its refractive index. The influence of ad-
sorbed layer thickness can be estimated: at
constant T, an increase of A from 10 to 20
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nm alone would increase calculated adsorp-
tion by 10%. Similar result would be found if
the difference between the refractive indices
was taken into the account. Again, all these
effects compensate each other. Therefore, such
a large difference between two types of the ad-
sorption results may only originate in signifi-
cantly decreased fluorescence efficiency of IgG
molecules in the adsorbed state.

Not all tryptophan side chains contribute
equally to IgG fluorescence; predominant
contributors are tryptophans in hypervariable
region (28). Because of that, ligand-binding to
IgG often results in a decrease of fluorescence.
In the present case IgG fluorescence may be
quenched upon the binding to the surface. The
surface-induced fluorescence quenching is
currently studied by TIRIF using monoclonal
IgG antibodies. The intrinsic IgG fluorescence
1s found to be a sensitive indication of subtle
changes in this protein upon binding to various
surfaces (29). An increased interest in TIRF-
based immunosensors warrants further re-
search in this area (29-31).

Difference between the two types of IgG ad-
sorption detection is also reflected in the ratio
of protein fluorescence quantum yields, &,/
®;, given in Fig. 9. The fluorescence efficiency
of adsorbed IgG has apparently decreased by
a factor of 3 and 10 for lots 45 and 44, re-
spectively. Both IgG lots were heterogenous
populations of proteins commonly defined as
fraction II. It is therefore possible that an IgG
subpopulation with a higher affinity toward
silica surface is also characterized with a
smaller quantum yield of fluorescence.

Tt has to be noted that decreased fluores-
cence quantum yield of adsorbed proteins also
reflects some possible changes of adsorption
parameters, particularly of e, which were as-
sumed not to change upon the adsorption. The
extents of change of ¢ are unknown. One
would, however, expect that in the case of
multitryptophan proteins such as IgG, the
changes of ¢ due to the adsorption would be
too small to account for observed difference.

Figure 9 shows that ®,/®, decreases as
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I'y /max I'} increases. Possible reasons for this
were already discussed: (a) an increase of scat-
tering due to the formation of an adsorbed
layer at the interface; (b) the adsorbed protein
layer may become physically different, i.e.,
thicker and optically more dense as the ad-
sorption proceeds; and also (c¢) lateral inter-
actions may also play an important role in
determining the fluorescence emission effi-
ciency of adsorbed proteins.

The optical changes of adsorbed protein
layer were recently confirmed by ellipsometric
measurements (32, 33).

CONCLUSION

It has been shown that total internal reflec-
tion fluorescence applied to protein adsorption
can be quantitated using two types of stan-
dards; with external standards one can account
for the fluorescence of internal standards ex-
cited by nonevanescent scattered radiation
propagating beyond the depth of evanescent
wave penetration. We believe that this quan-
titation scheme is neither restricted to intrinsic
protein fluorescence nor to the TIRIF method
in particular. It can be applied to adsorption
studies which generally use evanescent surface
wave. Combined with an independent quan-
titation of protein adsorption, quantitative
TIRIF also allows an average fluorescence
emission efficiency of adsorbed proteins to be
calculated. To do so in situ '**I y-photon de-
tection system was developed. The adsorption
of two model proteins, BSA and IgG, were
measured simultaneously by both TIRIF and
23] y-photon detection. The results showed
that the assumption of a constant fluorescence
quantum yield of proteins in the adsorbed
layer and in the bulk solution should be used
with caution. While for BSA at iep relatively
small difference between the quantum yields
was determined, much larger difference seen
at IgG adsorption, and in the case of BSA ad-
sorption at pH 4.0, could only be explained
by a greatly diminished fluorescence efficiency.

Journal of Colloid and Interface Science, Vol. 111, No, 2, June 1986

HLADY, REINECKE, AND ANDRADE

ACKNOWLEDGMENTS

Discussions with P. Suci, W. M. Reichert, and R, A,
Van Wagenen are gratefully acknowledged. The assistance
from H. Chuang with protein iodination is appreciated.
One of us (V.H.) acknowledges with appreciation a Ful-
bright Program Grant awarded for academic year §3/84.
Part of this work was supported by financial help from a
University of Utah Faculty Rescarch Grant and NIH Grant
HL 18519.

REFERENCES

1. Hirschfeld, T., Canad. Spectrosc. 10, 128 (1965).

2. Harrick, N. J., and Loeb, G. L., Anal. Chem. 45, 687
(1975).

3. Kronick, M. N., and Little, W. A., J. Immmunol. Meth.
8, 235 (1975).

4. Hirschfeld, T., and Block, M. J., Opt. Eng. 16, 406
(1977).

5. Hirschfeld, T., Block, M. I., and Mueller, W., J. His-
tochem. Cytochem. 25, 719 (1977).

6. Hlady, V., Van Wagenen, R. A., and Andrade, J. D,
in “Surface and Interfacial Aspects of Biomedical
Polymers, Vol. 2. Protein Adsorption™ (J. D. An-
drade, Ed.), Chap. 2. Plenum, New York, 1985.

7. Axelrod. D., Burghardt, T. P., and Thompson, N. L.,
Ann. Rev. Biophys. Bioeng. 13, 247 (1984).

8. Rainbow, M. R., Atherton, S., and Eberhard, R. C.,
J. Biomed. Mater. Res., submitted, 1985.

9. Iwamoto, G. K., Van Wagenen, R. A, and Andrade,
1. D.. J. Colloid Interface Sci. 86, 581 (1984).

10. Watkins, R. W., and Robertson, C. R., J. Biomed.
Mater. Res. 11, 915 (1977).

11. Lok, B. K., Cheng, Y.-L., and Robertson, C. R., J.
Colloid Interface Sci. 91, 104 (1983).

12. Thompson, N. L., and Axelrod, D., Biophys. .J. 43,
103 (1983).

13. Lok, B. K., Cheng, Y.-L., and Robertson, C. R., /.
Colloid Interface Sci. 91, 87 (1983).

14. Rockhold, S. A., Quinn, R. D., Van Wagenen, R. A.,
Andrade, J. D., and Reichert, W. M., J. Elec-
troanal. Chem. 150, 261 (1983).

15. Burghardt, T. P., and Axelrod, D., Biophys. J. 33, 455
(1981).

16. Hansen, W. N., Advan. Electrochem. Electrochem.
Eng. 9, 1(1973).

17. Born, M., and Wolf, E., “Principles of Optics,” 5th
ed., Pergamon, New York, 1975.

I18. Chuang, H. Y. K., King, W. F., and Mason, R. G.,
J. Lab. Clin. Med. 92, 483 (1978).

19. Tuszynski, G. P., Knight, L., Piperno, J. R., and
Walsh, P. N., Anal. Biochem. 106, 118 (1980).

20. Van Wagenen, R. A., Rockhold, S. A., and Andrade,
1. D., Advan. Chem. Ser. 199, 351 (1982).

21. Reinecke, D. R., M.Sc. thesis, Univ. of Utah, 1985.



22.

23.

24,

25.

26.

27.

28.

INTERNAL REFLECTION

Bagchi, P., and Birnbaum, 8. M., J. Colloid Interface
Sci. 83, 460 (1981).

Van Dulm, P., and Norde, W., J. Colloid Interface
Sci. 91, 248 (1983).

Chew, H., Wang, D.-S., and Kerker, M., 4ppl. Opt.
18, 2679 (1979).

Andersen, M., and Painter, L. R., Biopolymer 13, 1261
(1974).

Sogami, M., Itoh, K. B., and Nemoto, Y., Biochim.
Biophys. Acta 393, 446 (1973).

Keller, K, H., Canales, E. R., and Yum, S. L., J. Phys.
Chem. 75, 379 (1971).

Schreiber, A. D., Strosberg, A. D, and Pecht, L, Im-
munochemistry 15, 207 (1978).

29

30

31

FLUORESCENCE 569

. Lin, J-N., Hlady, V., Reichert, W. M., and Andrade,
J. D., to be published.

. Newby, K., Andrade, J. D., Benner, R. E., and Reich-
ert, W. M., J. Colloid Interfuce Sci. 111, 000 (1986).

. Sutherland, R. M., Dihne, C., Place, I. F., and Rin-
gose, A. R., J. Immunol. Meth. 74, 253 (1984).

. Cuypers, P. A., Corsel, J. W., Janssen, M. P., Kop,
J. M. M., Hermens, W. Th., and Hemker, H. C.,
J. Biol. Chem. 258, 2426 (1983).

. Cuypers, P. A., Corsel, J. W., Janssen, M. P., Kop,
J. M. M., Hermens, W. Th., and Hemker, H. C.,
in “Surfactants in Solution™ (K. L. Mittal and B.
Lindman, Eds.), Vol. 2, p. 1301. Plenum, New
York, 1984.

Jowrnal af Colloid and Interface Science, Vol. 111, No. 2, June 1986



/G;M- gDc@cfhe

D. V. Turner and L. Brandt, Bicchemistry, 7 {1968) 3381,

L. Stryer, J. Mol. Biol., 13 (1965} 482.

P. Van Dulm and W. Norde, J. Colloid Interface Sci., 9 1 (1983) 248.
S. D. Dowling and W. R. Seitz, Anal. Chem., 57 (1985) B05.

LAST Coplf
3 o "4y pEICG E

Colloids and Surfaces, 26 (198%) 185-190 185
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

HYDROPHOBICITY GRADIENT ON SILICA SURFACES: A STUDY USING TOTAL
INTERNAL REFLECTION FLUORESCENCE SPECTROSCOPY

V. HLADY*, C. GOLANDER and J. D. ANDRADE
Center for Biopolymers at Interfaces, University of Utah, Salt Lake City, Utah 84112, USA
and *"Ruder BoZkovic" Institute, POB 1016, 41000, Zagreb, Croatia, Yugoslavia

(Received 22 February 1988; accepted in final form 21 April 1988)

ABSTRACT

A silica surface with hydrophobicity gradient was characterized using total internal
reflection fluorescence spectroscopy and ANS, 1-anilinonaphthalene-8-sulfonate, as a
surface probe. The probe responded to the hydrophobicity gradient of the surface.
Strong enhancement of ANS fluorescence was found at the hydrophabic side of the
gradient and no fluorescence enhancement at the hydrophilic side. Similar results were
obtained with ANS binding to bovine serum albumin adsorbed on the gradient surface.

INTRODUCTION

Detailed analysis of surface-induced changes of an adsorbed protein requires a set
of well-characterized surfaces, each having a constant chemical composition. A large
number of time-consuming experiments, by which each surface is prepared and
characterized, was often needed. It was shown recently that surfaces with a
hydrophobicity gradient can be prepared (1). An example is the dichlorodimethylsilane
(DDS)-modified, hydrophilic silicon dioxide surface, which carries an excess of methyl
groups at one side of the sample, making it hydrophobic, while the other side has arn
excess of hydroxyl groups, making it hydrophilic. Such a surface was shown to be an
excellent tool in the analysis of surface-induced changes of adsorbed protein amount
(1,2).

It is the purpose of this study to demonstrate that total internal reflection
fluorescence (TIRF) spectroscopy can be used to characterize the hydrophobicity of
gradient silica surfaces. In our previous work the TIRF method was used in protein
adsorption studies exclusively with non-gradient silica surfaces (3,4). Here, we report on
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1e characterization of a hydrophobicity gradient on a DDS-modified silica surface with
-anilinonaphthalene-8-sulfonate, (ANS).

- XPERIMENTAL

All chemicals used were of analytical grade. BSA, a monomer standard protein
owder (Miles) and ANS, bis-ANS free (Molecular Probes), were used as received.
heir solution concentration was determined using respective extinction coefficients (5).
he TIRF method and apparatus’have been described elsewhere (4,6). The silica
urface with the hydrophobicity gradient was prepared using the procedure of Elwing et
1. {1). A full account of silica surface gradient characterization will be published (J.D
ndrade et al. in preparation). Selective illumination of the silica/buffer interface was
chieved with a 325 nm cw laser beam (Lexonic). The TIRF cell was set zn a
ricrometer-driven stage which allowed movements perpendicular to th= optical axis of
1e emission monochromator. While the excitation and emission optical light-paths were
ept constant these lateral movements brought different positions along the gradient into
1e excitation and emission light-path cross-section (Fig. 1). The distance between lateral

TO EMISSION
MONOCHROMATOR

= QUARTZPRISM

EXGITATION
BEAM
SILICA
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igure 1. Schematics of TIRF cell with lateral scanning resolution.

neasurement positions was 1 mm; fluorescence was measured from the area which was
.5 mm wide. In this study the hydrophobic gradient was checked with the capillary rise
1ethod (1); the midpoint of the gradient was placed approximately at the median position
t the TIRF cell stage. Fluorescence was measured at 470 nm using 8 nm slit halfwidths.
he TIRF cell was filled with working solutions in the following order: 1) buffer, 2) ANS
clution, 3) buffer, 4) BSA solution, 5) buffer, 6) ANS solution 7) buffer. Solutions of AN
nd BSA were prepared in a buffer (0.07 mol/l phosphate, pH 5.3). BSA was allowed to
dsorb for 1 hour from 1 mg/ml solution after which non-adsorbed BSA was flushed-out
iith the buffer solution and ANS solution was injected again (steps 5 and 6).
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RESULTS AND DISCUSSION

Fluorescence intensities measured along the hydrophobicity gradient are shown in
Fig. 2. The hydrophebicity of the surface is decreasing with the increase in position
number. Three sets of data are given:
a) - fluorescence of buffer solution ,
b) - fluorescence of 4.96+10-5 mol/l ANS solution, and
c) - fluorescence of 4.96+10-5 mol/l ANS solution added to the irreversibly adsorbed BSA
layer.
Fluorescence from the buffer solution was constant along the gradient (a, Fig 2). This
background signal was due to the flucrescence of the quartz prism which has a broad

4000 7
(=]
5 [ ]
o 3000 A g
|

j -I. c) adsorbed BSA + ANS solution
® 2000 *%s, “ma S
g ee .....-.. EEm
S " -
S 1000 - '...‘ o b) ANS solution
D | LI ET Tt § Ahte1-F .
S a) buffer solution
= O b T X T ¥ 1

0 10 20 30

position #, mm
Figure 2. Fluorescence intensity at 470 nm measured along the hydrophobicity gradient.

maximum at 390 nm. Once the buffer solution was replaced with the ANS solution, the
fluorescence increased on the hydrophobic side of gradient, while at the hydrophilic side
it was similar to the buffer background. It is known that in water ANS does not fluoresce
(7.8). Its fluorescence is sensitive to the polarity of its environments: a decrease in
polarity of the ANS environment leads to both an increase in the fluorescence quantum
yield and a blue-shifted fluorescence maximum (9). Hence, it seems that the interfacial
ANS fluorescence originated from adsorbed ANS molecules which interacted with a
non-polar enviranment on the hydrophobicity gradient surface. ANS molecules were
excited by the evanescent surface wave which was created by total internal reflection of
a 325 nm laser beam at the silica/solution interface (3). By replacing the ANS solution
with the buffer the fluorescence returned to the background signal level indicating that
the interaction between the surface and ANS is reversible. Absence of ANS fluorescence
enhancement at hydrophilic silica surfaces has been observed before {3). An
explanation is thatthe hydrophobic DDS gradient on silica surface used here is also an
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ctric charge gradient. Negatively charged hydrophilic side of gradient surface
ctrostatically repels the ANS anion away from the surface. Consequently its
orescence Is excited by the less intense evanescent surface wave and strongly
enched by the surrounding water molecules.

In this study the layer of BSA was adsorbed at the gradient surface. The BSA
ncentration of 1 mg/ml ensured that the plateau of the adsorption isotherm is reached
1 mg/m2in the case of hydrophilic silica at pH 4.8) (4). Non-adsorbed protein
slecules were removed by buffer flush-out and only irreversibly adsorbed BSA was left
the surface. The fluorescence of irreversibly adsorbed BSA layer in the absence of
IS did not differ from the buffer background fluorescence. Once the ANS solution was
acted into the TIRF cell a further enhancement of ANS fluorescence was found; the
me ANS concentration (4.96 « 10-5 mol/l) showed larger fluorescence in the presence
adsorbed BSA (c, Fig 2). The fluorescence intensity profile was similar to that obtained
the absence of adsorbed BSA layer (b, Fig. 2) with one exception due to the adsorbed
ytein: the hydrophilic side of the gradient showed a much larger fluorescence than in
> absence of BSA. Fig. 3 shows the background-subtracted and smoothed
orescence emission spectra taken at each side of the gradient (position#5 and #20).
e fluorescence maximum of the quartz prism served as an internal normalization
indard in the subtraction of spectra. A difference in ANS emission maxima was found:
the hydrophobic side of gradient the ANS fluorescence maximum was at 465 nm.

iti BSA+AN
2000 - position #5, BSA+ANS

S position #5, ANS

®

© 1000

w

o

o

=

position #20, BSA+ANS

0 T T " T
400 450 500
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qure 3. Background subtracted and smoothed fluorescence emission spectra at two
sitions along the hydrophobicity gradient.

the case of DDS-modified chromatographic silica particles, fluorescence of adsorbed
IS indicated a more polar environment; the emission maximum was found at 470 nm
1). This difference probably arises from different silanization procedures. Due to the
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very low signal at the hydrophilic side of the gradient, no information about the maximum
could be obtained. Spectra taken in the middle of similar gradients (not shown here)
showed maxima at 465 nm. The ANS interactions along the gradient did not cause a red
shift in fluorescence emission due to the overall polarity increase. This indicates that
there is one predominant mode of the ANS-hydrophobic surface interaction. The present
results were inconclusive with respect to the molecular distribution of methyl groups on
the gradient surface.

In the presence of adsorbed BSA the emission maxima wavelengths at the
hydrophobic and hydrophilic sides of the gradient were found to be equal at 470 nm.
This maximum position was also found earlier for BSA-bound ANS at a hydrophilic silica
surface (3). No changes in emission wavelengths indicated that the polarity of ANS
binding sites was not changed by adsorption onto surfaces of different hydrophobicity. In
the favorable case, if the ANS-adsorbed BSA binding affinity remains unchanged along
the gradient, ANS fluorescence could be used as a quantitative measure of BSA
adsorption. A higher BSA adsorption onte the DDS-modified glass surface than onto
unmodified glass is known from literature (10). Whether the same holds for DDS
hydrophobicity gradient on silica needs to confirmed by independent BSA adsorption
measurements.

In conclusion, TIRF spectroscopy can be used to characterize surfaces with a
hydrophobicity gradient by direct spectroscopic characterization with a fluorescence
probe, like 1-anilinonaphthalene-8-sulfonate.
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ABSTRACT

Total internal reflection Muorescence ( TIRI") speclroscopy was used Lo analyse the conforma-
tional changes of bovine serum albumin (BSA) upon adsorplion to silica surfaces. The intrinsic
fluorescence emitied by BSA tryplophans and the fluorescence of BSA-bound ligand 1-anilino-
naphthalene-8-sulfonale (ANS) were analysed prior Lo-and afler the removal of nonadsorbed
protein. [t was found that the irreversibly adsorbed BSA emits a blue-shifted intrinsic fluorescence
{11 nm) and that the surface-adsorbed BSA-bound ANS fluorescence emission is red-shifted (12
nm). Tt was concluded that the conformational change in adsorbed BSA involves the whole BSA
molecule: tryplophans become exposed to a less polar environment while the binding site polarity
is increased. The conformation of irreversibly adsorbed BSA is not similar Lo the unfolded con-
formation of heat-denatured BSA. The red-edge excitation of adsorbed BSA-bound ANS indi-
cates n slower spectral relaxation in the adsorbed protein as compared with the protein in solution.
The fluorescence inlensity contributions from irreversibly adsorbed species (BSA withand with-
out bound ANS) supgest some changes in either ANS-BSA binding alfinity and/or ANS fluores-
cence enhancement.

INTRODUCTION

The adsorption of proteins at solid/liquid interfaces remains a subject of
considerable interest [1,2]. The applications of protein adsorption can be found
1 different areas such as biotechnology, biosensing, food processing and drug-
release pharmaceutics. In the field of biomedical engineering protein adsorp-
tion from body fluids is a major concern [1,3]. Protein-surlace interactions
play important roles in material blood-compatibility, soft contact lenses, and
bacterial adhesion on prosthetic devices. Protein contact with artificially-made
surfaces is considered to determine the biocompatibility and in vivo applica-
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tions [4]. The adsorption of protein onto a surface is thought to induce con-
formational alterations in protein structure which produces biochemical
interactions which are often undesirable. Due to the complexity of protein
structure these conformational alterations remain the most elusive part of the
adsorption process [5-8]. Are these changes large? Do they involve the protein
tertiary structure or are they restricted to protein secondary structure? Pro-
teins in solution are highly dynamic entities sampling constantly through a
number of conformations, a characteristic which often makes particular pro-
tein function possible. Can adsorption of protein onto a surface constrain these
dynamic [uctuations and thus change the protein’s average conformation?

At the present time, different spectroscopic methods can be applied to pro-
tein adsorption at solid/liquid interfaces by using total internal reflection op-
tics, In the case of two optically different phases (i.e. silica/aqueous solution)
this optical effect produces an evanescent electromagnetic field in the optically
less dense phase (aqueous solution). A total internal reflection counterpart of
fluoresence spectroscopy, called TIRF (Total Internal Reflection Fluores-
cence), is becoming increasingly applied to biologically important processes at
interfaces [1,4,9].

In this study the intrinsic fluorescence emission characteristics of silica-
adsorbed bovine serum albumin (BSA), obtained by using TIRF, will be com-
pared with BSA fluorescence emission from bulk solution. Furthermore, the
fluorescence emission of the albumin-bound 1-anilinonaphthalene-8-sulfo-
nate (ANS} will be used to probe binding sites changes in BSA upon its ad-
sorption at silica surfaces. Intrinsic protein fluorescence is known to be sensitive
Lo alterations in protein conformation [ 10,11 ]. ANS exhibits a large difference
in this spectral characteristics depending on the local polarity of its environ-
ment [12]. By comparing the intrinsic BSA fluorescence with the fluorescence
of BSA-bound ANS the conformational alterations of BSA upon adsorption
will be correlated. In addition, red-edge excitation of the BSA-bound ANS in
solution and at the interface is used Lo gain information about the relaxational
changes of the ANS microenvironment upon BSA adsorption.

MATERIALS AND METHODS

Bovine serum albumin (monomer standard protein powder) was purchased
from Miles Laboratories. 1-Anilinonaphthalene-8-sulfonate (bis-ANS free)
was a product of Molecular Probes (Junction City, Oregon). All other chem-
icals were of analytical grade. Only freshly prepared solutions were used. The
fluorescence emission spectra of adsorbed species were taken by a custom-built
TIRF apparatus described previously [7,9]. The new TIRF cell is comprised
of a truncated quartz hemicylinder (Harrick) coupled with a fused silica rec-
Langular [luorescence cell equipped with flow lines (Fig. 1). [n this way one of
the fluorescence cell inner surfaces was used as the adsorbing surface. The
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Fig. 1. Schematic illustration of TIRT cell geometry.

selective illumination of this interface was achieved by totally reflecting inci-
dent ultraviolet light (285 nm). Fluorescence emission was collected 'nor.mal
to the interface through the quartz hemicylinder. The TIRF cell set-up is given
schematically in Fig. 1. Prior to each experiment all inner surfaces ol'l,he' I'IRF
cell were rigorously cleaned according to the established pr-ocedure [1;6]. All
experiments were carried out at room temperature (approximately ?,0 C). :
The experimental procedures were as follows: the T!RE cell was primed with
abuffer (0.01 M acetate, pH 5.0) and background emission was recorded. The
buffer was replaced with buffered BSA solution which was allowed to contact
the silica surface for one hour. At that time a second [luorescence specl.rL'lm
was recorded. Nonadsorbed protein was than slowly flushed out of the cell with
40 ml of buffer solution (about 10 times the volume of the TIRT cell) under
conditions which excluded the formation of a silica-air interface. Once the
protein solution was replaced with the buffer, final emission sp,acl;r'a were take‘n.
All spectra were recorded with 8 nm slit halfwidths in the excitation a}nd emis-
sion monochromators. The incident light was pe‘rpenclicular’y polzu:med with
respect to the incident plane; no polarizer was used in the emission light path.
Spectra were not corrected for spectral sensitivity (_)f the TIRF instrument. In
the experiments where ANS was used, the experimental procedur(? was the
same but all solutions contained 1:10-% M ANS. The red-edge excitation of
the BSA-ANS complex in the solution was performed by use of front face ge-
ometry (cans=510"%M, cpsa=0.1 mg ml~ 1) and at the s_lllcafa.queous solu-
tion interface by using TIRF. Vertical polarizers (perpenr}lcu_]ar in the case of
TIRF geometry) and 4 nm slit halfwidths were used in excitation and EInISSI‘i:m
light paths. The incident light wavelength varied from 350 to 420 nim. The
emission maxima were found after background fluorescence subtraction.

RESULTS

The fluoresence emission spectra of BSA adsorbed onto silica surface [rom
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Fig. 2. I*"luqroscuncc emission spectra for the adsorption of 0.1 mg ml~' BSA solution (in 0.01 M
acetate bufler, pH 5.0). See text for explanation of speclra.

a’cetate buffer, without and with bound ANS, are given in Figs 2 and 3, respec-
tively. Only the emission spectra from the experiments obtained with 0.1 mg
ml~' BSA are given. The spectra obtained with 0.05 and 1.0 mg ml~' BSA
showed essentially the same features. Each figure displays: (a) background
{luorescence emission spectrum from the buffer-filled TIRF cell, marked buff
(Fig. 3 also displays an additional spectrum obtained after the 1-10~° M ANS

fluorescence intensity

wavelenglh /nm

Fig. .‘, The fluorecence emission spectra for the adsorption of 0.1 mg mi~' BSA-+1-10-" M ANS
solution (in 0.01 M acetate buffer, pH 5.0). See text for explanation of spectra.

a6a

solution in acetate buffer was injected into the clean TIRF cell, marked buff/
dye), (b) fluorescence spectrum recorded after 1 h of protein-surface contact
prior to the buffer flush-out, marked tot for total, (¢) fluorescence spectrum
taken approximately 10 min after the initiation of the solution protein flush-
out, marked sur for surface, and (d) spectra given in dashed lines, marked
bulk and ads obtained as difference between tot and sur, and sur and buff (in
Fig. 3 buff-dye ) spectra, respectively.

Intrinsic BSA fluorescence

The fluorescence spectra taken aflter 1 h contact between silica surface and
BSA solution showed the intrinsic BSA fluorescence centered at 342 nm (lot,
Tig. 2). After the nonadsorbed BSA has been removed from the cell the inten-
sity of fluorescence decreased by 75% leaving a blue-shifted emission from
irreversibly adsorbed BSA (sur, Fig. 2). The spectra ads and bulk show the
contributions from irreversibly adsorbed BSA and BSA removed in the course
of the flush-out process, respectively. Although there may be some loosely ad-
sorbed BSA which was removed during the flush-out process, it is very likely
that the spectrum bulk is largely due to nonadsorbed BSA. Its fluorescence
emission is centered at 344 nm as is typical for BSA dissolved in aqueous so-
Jution. The emission maxima of fluorescence spectrum ads emitted by irre-
versibly adsorbed BSA is centered at 333 nm.

Albumin-bound ANS fluorescence

Figure 3 shows the emission spectra of BSA-bound ANS during the adsorp-
tion at silica surface. The background spectra buff and buff-dye coincided. The
small difference in the region between 470 and 530 nm is probably contributed
by free ANS molecules in solution which are exposed to the strong evanescent
surface field. It is known that water is an excellent collisional quencher of ANS
fluorescence [12]. No enhancement of ANS fluorescence, due to its contact
with the negatively charged hydrophilic silica surface, was found as in the case
of ANS interaction with hydrocarbon silane-modified silica surfaces [14].

The fluorescence spectra taken after 1 h contact between the silica surface
and BSA with bound ANS showed two distinct regions: a shallow maximum
in the ultraviolet (at~330 nm) and a large peak in the visible part of the
spectrum (at 468 nm) (tot, Fig. 3). The residual BSA fluorescence in the
ultraviolet is very weak compared with the fluorescence of BSA-bound ANS
in the visible. After the nonadsorbed material has been removed from the cell
and replaced with the dye-buffer solution the fluorescence decreased in the
visible region by ~ 10%, displaying a red-shifted emission from the irreversibly
adsorbed BSA-ANS complex (sur, Fig. 3). Weak fluorescence in the ultravi-
olet remained unchanged by the flush-out. The subtracted spectra ads and bulk
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Fig. 4. The excitation red shifts for BSA-bound ANS in the buffer solution and at the silica/elec-
Lrolyle interface.

in Fig. 3 show contributions from irreversibly adsorbed BSA-ANS and BSA-
ANS molecules removed in the course of the flush-out process, respectively.
Bmission from the irreversibly adsorbed protein is centered at 474 nm as com-
pared with the bulk contribution maximum found at 454 nm.

Emission maxima of BSA-bound ANS observed at various excitation wave-
lengths are shown in Fig. 4. The maxima in ANS fluorescence from the BSA-
ANS complex in the solution shift from 462 to 468 nm as the excitation wave-
length is increased from 350 to 420 nm. Upon BSA adsorption onto the silica
surface, the ANS emission maxima emitted from the irreversibly adsorbed BSA-
ANS complex shifts from 474 to 485 nm in the same excitation range.

DISCUSSION

A comparison of the spectra obtained by using BSA without and with bound
ANS (Figs 2 and 3) and BSA-ANS red-edge excitation data (Fig. 4) shows:
(a) different fluorescence spectral characteristics of BSA and BSA-bound ANS
upon adsorption. (b) different fluorescence red-edge shifts of BSA-bound ANS
upon adsorption, and (c) different {luorescence intensity ratios between the
contributions from removed versus adsorbed protein in the case of intrinsic
BSA fluorescence and BSA-bound ANS fluorescence, respectively.

These differences will be discussed in the same order.

Spectral characteristics

The emission maxima of BSA fluorescence spectrum bulk (Fig. 2) was found
al 344 nm as typical for BSA in solution, while the spectrum ads emitted by
irreversibly adsorbed BSA was centered at 333 nm. These spectral character-
istics of bulk and ads spectra are similar to the typical class Il protein {luores-
cence emission (with maximumn at 340-342 nm and a band width of 53-55 nm})
{rom tryptophan surface residues surrounded by bonded water dipoles with low
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mobility and to the class I emission (with maximum at 330-332 nm and a band
width of 48-50 nm) from tryptophan residues in a nonpolar environment, re-
spectively [10]. Consequently, the emission maxima change of — 11 nm in Fig.
9 is an evidence of some conformational changes in BSA molecules upon the
adsorption. Adsorption onto a hydrophilic silica surface causes the BSA mol-
ecules to “hide” their tryptophans in the nonpolar pocket opposite to heat-
denatured BSA in solution, where the fluorescence maximum shifts {0 150 nm
upon disruption of the secondary and tertiary structure. Thus the protein al
the interface is far from being completely unfolded. Conformational changes
of silica-adsorbed BSA, which involve the environments of BSA tryptophans,
were deduced from a decrease in BSA fluorescence guantum yield [7] and [rom
shorter fluorescence lifetimes [8]. It is quite possible that the blue-shifted
emission found in this study and the latter two effects are interconnected.
Often, the longer-lived fluorescence is found on the red side of emission, as in
human serum albumin [15,16]. If the silica surface alfects primarily longer-
Jived fluorescence it may effectively shift the emission towards shorter wave-
length and decrease the quantum yield. The fluorescence of BSA is emitted by
two tryptophans situated in positions 134 and 212 in the polypeptide chain in
subdomains 1-C and 2-AB, respectively. Their exposure to solvent was a topic
of controversy. On the basis of fluorescence quenching it was concluded that
one tryptophan is within 1.4 nm from the BSA surface while the other is at the
center of the BSA interior [17]. However, other authors concluded that both
tryptophans are at the BSA surface but have only limited contact with the
solvent [18]. In other proteins with two tryptophans, like 3-phosphoglycerate
kinase, their spectral contributions and lifetimes have been separated and as-
signed to a particular residue [19]. In the case of BSA such information was
not available so that the possibility of long-wave tryptophan emission being
quenched upon adsorption remains hypothetical. The possible changes due to
energy transfer from tyrosine residues to tryptophans upon BSA adsorplion
was ruled out since the blue-shifted fluorescence of the adsorbed BSA was also
found at excitation wavelength of 295 nm [9].

The emission of adsorbed BSA-bound ANS showed a red-shift of +12 nm
(Fig. 4)*. In the terms of polarity change this is equivalent to a change of
solvent polarity from butanol to ethanol [12]. The red-shift of bound-ANS
emission is in contrast to the blue-shifted intrinsic emission from the two BSA
tryptophans (Fig. 3). Different spectral shift directions indicate different local
conformational changes taking place in the close vicinity of the tryptophans
and the bound ANS molecules, respectively. At the concentrations used here
(0.1 mg ml~! BSA, 1.10~° M ANS), the bulk solution BSA-ANS complex

*As compared with the 454 nm bulk contribution maximum in Fig. 3 the maximum of BSA-ANS
complex in the solution was found to be at 462 nm (excited with 285 nm) which was taken as a
more reliable value in agreement with the literature [21].
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contribution to the fluorescence from the adsorbed layer because the thickness
of the adsorbed layer is negligible compared with the thickness of the TIRF
cell.

It was found that the contribution [rom intrinsic fluorescence emitted by
irreversibly adsorbed protein is only a small fraction (0.25) of the bulk con-
tribution (Fig. 2), while the fluorescence intensity of the adsorbed protein/dye
complex exceeds the bulk contribution almost by factor of 4 (Fig. 3). This
brings the intensity ratio between the fluorescence contributions from re-
moved versus adsorbed species to a range from 4 (intrinsic BSA fluorescence)
t0 0.27 (bound-ANS fluorescence ). Different extent of parasitic scattering can
provide only a partial explanation for this difference (i.e. more scattered light
will increase the contribution to the bulk spectra but will not influence the ads
spectra). No rigorous quantitation of scatter has been performed in this study.
In 0.1 mg ml~' BSA solution, the free ANS concentration will decrease by
some 50% due to its binding to BSA. In this case, by putting the adsorbed BSA
(which is only a tiny fraction of total BSA) in contact with a new 1:10=5 M
ANS solution in buffer will induce more ANS binding to the adsorbed BSA.
Although this can also account for a part of the fluorescence ratio mismatch,

the experiments done with smaller BSA concentration showed a similar effect.-

Assuming that the binding of ANS to the BSA does not increase the adsorbed
amount of BSA there are several possible explanations for the ratio mismatch:
(1) affinity for ANS increases upon BSA adsorption leading to the additional
ANS binding to the adsorbed BSA; and/or (2} more than four bound ANS
molecules become strongly fluorescent upon BSA adsorption, (3) adsorbed
BSA fluorescence quantum yield has been overestimated. Which of these pos-
sible effects is responsible for the different fluorescence intensity ratio remains
to be determined by future quantitative ANS-adsorbed BSA binding
experiments.

CONCLUSION

The adsorption of BSA onto the hydrophilic silica surface produces confor-
mational changes in the protein molecule as evidenced from a blue-shifted
intrinsic emission of adsorbed BSA and red-shifted emission of BSA-bound
fluorescent probe ANS. Different spectral shifts indicate that different con-
formational alterations are taking place in the close vicinity of tryptophans
and bound ANS molecules upon the adsorption. While the microenvironment
of the two BSA tryptophans becomes less polar, the ANS fluorophore emission
indicates an increase in their binding site polarity. Less efficient quenching of
tryptophan fluorescence by bound ANS also indicates conformational altera-
tions. It is concluded that the conformational changes caused by the irrever-
sible adsorption of BSA onto hydrophilic silica surface involve the whole BSA
molecule. These conformational changes are not similar to the unfolding of the
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BSA polypeptide chain caused by heating. The red-edge excitation indicates a
slower spectral relaxation of the ANS binding site portions of irreversible ad-
sorbed BSA. Possibly, the constrained dynamics is experienced by the whole
adsorbed protein due to the influence of the adsorption forces. The fluores-
cence intensity contribution from adsorbed species (BSA versus BSA-ANS)
suggest some changes in either binding affinity and/or ANS fluorescence
enhancement.
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ARSTRACT

“I'hie Lotal internal reflection intrinsic fluorescence (TIRIF) meLhod was applied Lo the study of
adsorption of intact human tipoproteins. High (HDL) and low (LDI.) density lipoproleins were
adsorbed separately on two model surfaces: hydrophilic and hydrophubic silica. The adsorplion
ol the twao lipaproleins on Lhe Lwo surfnces was dilferent. The lipoprolein adsorption on the hy-
drophilic surface can be deserilied quantitatively using the transport-limited adsorplion model
and nssuming that the lipoprotein fMuorescence quantum yield decrease upon adsorption is con-
stunt. The latler was caused hy Lhe interactions between the exposed lipoprotein tryptaphanyl
residues and the surface. The Nuorescence emission maximum shilt supported this conclusion.
The hydrophabic silica surface induced different and probably larger changes in lipoprotein con-
formation Lhin the hydrophilicsilica surfnce. In the case of H DL adsorplion onto Lhe hydrophobic
silica surlace the adsorption maximum and Lhe subsequent adsorplion decrease found in the mid-
course of the adsorption indicale preferential surface aceunmulation of the HDL apo A-11 protein.

INTRODUCTION

Plasma lipoproteins are lipid-protein complexes responsible for the trans-
port of water-insoluble lipids in the circulation. T'he presently accepted struc-
ture ol these complex aggregales pictures them as an apolar core surrounded
by polar and amphiphilic components [1-3]. Triglycerides and cholesterol es-
Lers are the major components ol the lipophilic core, while free cholesterol,
phospholipids, and proteins (known as apolipoproteins) provide a barrier be-
tween Lhe aqueous medium and the hydrophohic region [3,4]. Two of the main
classes of lipoproteins, low densily lipoprotein (LDL) and high densily lipo-
protein (11DL), have heen implicated in alherogenesis. HDL has heen found
(o play a proteclive role while LDL, as the major vehicle for the transport of
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plasma cholesterol in man (5], is thought to contribute to atherosclerotic plaque
formation [G].

Lipoproteins can form deposits on man-made surfaces [7-11]. HDL adsorbs
preferentially from plasma onto polyviny! chloride and polystyrene surfaces;
its adsorption causes lower adsorption of albumin, fibrinogen and immuno-
globulin from plasma [7]. Adsorption of LDL produced less inhibition of other
plasma prolein adsorplion in comparison to HDL [8]. "**I-labeled LDL binds
with high alfinity to glass beads at physiologic pH and ionic strength [9,10].
1251_1, DL, adsorption is lower on silicone-treated glass than on untreated glass
[9]. It was shown (hat ***I-LDL adsorplion on glass is not in (luenced greatly
with temperalure |11]. Biomer (a commercial polyetherurethane) and
poly (dimethylsiloxane) adsorh less LLDL than glass at 256°C; however, at
47°C the situation is reversed [11]. Apo A-ll, one of the two major apolipo-
proteins in HDL, is lost [rom a solulion of intact HDL upon contact with the
surface ol hydrophobic glass beads [12].

In this study we compare the adsorption of human HDL and LDL on hydro-
philic and hydrophobic silica surfaces, respectively. Particular altention is di-
recled Lowards the initial stage of adsorption. The analysis of the initial part
ol protein adsorplion poses practical problems, as the analylical methods for
deteetion of surface protein often disturb the adsorption process. A surface-
sensilive spectroscopic method like total internal reflection fluorescence
(‘''IRF) [13] is suilable for the study of prolein adsorplion. In the present
adsorplion study we chose Lo follow the intrinsic protein fluorescence (hence,
the name of the method: total internal reflectionintrinsic fluorescence
['TIRIF]). A general quantilalion method for the TIRIF protein adsorption
experiments, which gives the amount ol adsorbed prolein, is available [14,15].
lowever, Lhe method does not account for eventual fluorescence quantum yield
change upon adsorption. The TIRIF-measured protein surface concentration
will be idenlical Lo aclual protein surface concentration only if the {luorescence
quantum yield remains unchanged. This is an apparent disadvantage of the
TIRIE method as compared Lo the straightforward determination of the amount
ol ndsorbed protein. However, it should be noted that intrinsic protein fluo-
rescence is a sensitive probe for examining protein conformation. Therefore,
any difference between the TIRIF-measured adsorbed amount and aclual ad-
sorbed amount, which can be determined by other methods, is a measure of
protein conformational change which talkes place upon adsorption |15]. Es-
sentially the same conclusions can be derived [rom the difference belween the
TIRIF-mensured initial adsorption rate and the initial adsorption rate as pre-
dicted by appropriale model caleulations. The latter approach is used in this
work: the initial lipoprotein adsorption rate onto two Lypes ol surfaces is com-
pared with the initial adsorption rate predicted by the transport-limited case
ol a convection /dilfusion prolein adsorption model [16]. On the basis of this
comparison Lhe lipoprotein conformalion on the two surlaces is inferred,

(®

EXPERIMENTAL
Mauaterials

5-Hydroxytryptophan methyl ester hydrochloride (TrpOH, Calbiochem) was
used as an external [luorescence standard. Lipoproleins were isolated by se-
quential flotation [17,18] with the density adjustled to 1.030-1.063 g ml~! for
LDL and 1.063-1.230 g ml~* for HDL, respectively. Protein content of the
lipoprotein fractions was determined by the Lowry method modified to reduce
interfering lipid cloudiness [19]. All lipoprotein concentrations were recalcu-
laled from the protein content into mass of intact lipoprotein per volume or
per surface area assuming 20% apoprotein in L.DL and 50% apoprolein in HDL,
respectively |3]. Hydrophilic silicaslides were prepared as described elsewhere
[20]. Silanized hydrophobic surfaces were prepared by immersion of clean sil-
ica slides in a [reshly prepared dry toluene sclution containing 10% dimethyl-
dichlorosilane (DDS) for 10 min. Surfaces were then rinsed three limes in
ethanol followed by a distilled water rinse and a {inal ethanol rinse. Alter drying
in air, DDS slides were cured for 3 hours at 80°C under nitrogen. All surfaces
were used within 48 hours.

Methods

A typical TIRIT data profile is shown in Fig. 1: the introduction of protein
solution into the TIRIF cell causes an increase of {luorescence intensity due
to protein adsorption. After a given period ol protein interfacial residence Lime,
the protein solution of concentration ¢, is replaced with the bulfer solution.
An immediate decrease of [uorescence intensily follows because the nonad-
sorbed proleins present in the volume penetrated by the evanescent surlace
wave are {lushed out of the cell. Thus, in principle, both the [luorescence in-
tensity emitted from adsorbed proteins, N, and from nonadsorhed proteins in
the volume penetrated by the evanescent surface wave, N, (the subscripts a
and b denole the adsorbed state and the bulk solution slate, respeclively) are

protein injection bulter flush

1.

lime

luorescence

£

Fig. 1. Typieal TIRIF data oulput in a lipoprotein adsorplion experiment. The Nuorescence was
excited at 280 nm and eollected at 335 nm. Sce text for explanation of symbuols used.



174

experimenlally accessible. Both parameters can be used to (ind the volume
concentration of prolein, A, in Lhe adsorbed layer of Lthickness .:

NNy = (Aafe,) (F/E) - (1—e=2) (1)

where I''s are respective protein {luorescence quantum yields and d,, is the
depth ol penetration of Lthe evanescent wave [14,15]. The unknown thickness
ol the adsorbed layer, ., can he estimaled from protein molecular dimensions.
The protein surface concentration, A (mass/area) equals A,,-, and does not
depend eritically on the choice of 4, as long as 4 is small, since for small 4,
(1—e~2"%) =2 [A/d,. The experimenlal parameter c,/N,, can be used as an
internal Muorescence standard so that the TIRIF-measured adsorption, A+ (I,/
1,,), (in mass per area unils) equals:

A (P /1) = (e, /Ny) N, - {d,/2) X (2)

Although the rellection in TIRIF experiments is total, there is always a frac-
tion of excitation light generated by scallering [rom imperfeclions in the op-
tical components of the TIRII cell. This light propagates through the TIRIF
cell far beyend the interface and excites the {luorescence {rom protein mole-
cules oulside Lhe evanescent wave volume. Experimentally, (luorescence is ob-
served from Lhe whole depth of the TIRIF cell so that the “scaller”-excited
luorescence conlributes mainly to measured N, due to Lhe fact that
A A<, b (b is the thickness of the [low cell). In this work the “scalter”-
exciled contribution te N, was accounted (or by using a series ol external stan-
dards in situ prior to the protein adsorption experiment, as described previ-
ausly [156].

Experimental adsorption procedure

The lipoprolein adsorption experiments were performed using a custom-
built. TIRIF apparatus and TIRIF flow cell described elsewhere [14,15]. An
elliptical TIRIF flow chamber was used (0.05X2x 7 cm). All TIRIF experi-
ments were carried out at room temperature, approximately 18°C. Adsorplion
was followed {rom phosphale buffers; either from 0.06 M phosphate buffer
(PPBS, 0.05 M phosphate, 0.145 M NaCl, pH 7.4) or from Dulbecco phosphate
buller (DPBS, 0.056 M phosphate, 0.147 M NaCl, 0.90 mM CaCl,, 0.88 mM
MgCly, 2.7 mM KCI, pH 7.4). Fluorescence was excited at 280 nm and collected
al 335 nm from a 2 mm by 8 mm area situated in the middle of the [low cell.
The hall-bandwidth of the monochromators was 16 nm.

Adsurplion was followed in a “single-shot” manner, i.e. each surface was
exposed Lo a lipoprotein solution only once. Before any contact between the
lipoprotein and the surface took place, a range of TrpOH solutions was se-
quentially injected into the TIRIE {low cell and the {luorescence intensity was
measured. The calibration plots thus generaled for each surface provided nee-
essary normalization dala for the adsorption resulls. A typical calibration plot

\
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is shown in Iig. 2 (upper panel). After the cell had been washed with buffer
and fluorescence had returned to its background level, a lipoprotein sample
was injected into the TIRIF cell at a flow rate of approximately 0.5 ml min—"
and allowed to adsorb under constant (low conditions. After 30 minutes of
adsorption, N, was determined by flushing outl nonadsorbed material from the
TIRIF cell with 20 ml of buffer {within 10 s) and the fluorescence emission
maximum was localed. The parameter N,, was corrected for its “scaller”-ex-
cited part* (Fig. 2). In the same TIRIF cell the ratio between the “scalier”-
excited and the evanescent wave-exciled fluorescence is equal at given solution
absorbances ol internal and external standards [15]. A- (F,/F,) was then cal-
culated [rom Eqn (2). Although repeated adsorption experiments often showed
different levels of {luorescence signals, this quantitation procedure resulted in
reproducible adsorption values.

calibration plot wilh
exlernal standards

/‘/r’

scaller

fluarescence

N

evangscenl

£o
absorbance

internal stigndard
of absorbakce cc'

scaller
__} evimescenl
/ @E*

adsorplion time

fiuorescence

Fig. 2. Procedure used in the quantitation of TIRIF data: a calibration plot generated with external
s‘landurd:?- (upper panel); TIRIF adsorplion data {lower panel) including an internal standard: a
!lpoprutemst:lutmn flush-out (magnified). The internal standard s the absorbance, ¢¢’, which
is also indicaled in Lhe upper panel.

*Each calibration plot also contains information about the relative efficiency of illumination of
the interface by the evanescent surface wave and collection of the fuorescence from the interface

so-called overall TIRII sensitivity. The latLer can be estimated from the slope of Lhe straighi Iine'
nnn.led “evanescenl” in Fig. 2. Generally, overall TIRIF sensitivily was found Lo be dupnn(}uul on
various experimental paramelers such as optical alignment of the TIRIF cell, the particular silica
plate used, and UV-lamp output.
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RESULTS

The course of lipoprotein adsorption with time is summarized in Figs 3 and
4. The time zero of the adsorption kinelics was defined as th(. mom‘ent.w‘hf:nl
the flow of lipoprotein solution into the 'I‘IIRIF ce!l was ln_ltmt.ed. tlhe mhtia
flaL part corresponds to Lthe time needed lor t_he lmthl_‘oLem rs.?h_zlilﬁc‘nﬁ to ulvlv
through the connecting tubing Lo Lhe obse.rvatlon spot in the ‘l 1R : ow cell.
When the lipoprotein solution reaches this SPO‘:’., the f;dsarptlorl ln.at,mn!e.s';\p-
parent; the increase in the adsorbed amcn.mL is las'l.er in Lhe case (.)I. the].m_.,&er
Iipul'u-utuiu concenlrations. In the case of adsorption on hydrophilic silica the
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Fig. 4. (right) TIRIF-mensured adsorption kinetics, A (F./1) versus H]l}{!, of Hl)l: onto hyilf;:—.
1||:>Hi: silien from 'S (o) and from DPBS (L), and onto hydrophilic silica from PPBS (e). The
oumbers indicate the location of the fluorescence spectra maximum.
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increase is followed by a leveling-off of the adsorption curve. The initial lipo-
protein adsorplion from DPBS buller (Figs 3b and 4b) fully coincided with
the adsorption from PBS. The lipoprotein adsorptlion kinelics onto hydropho-
bic silica showed different characteristics: the adsorption {rom 0.06 mg ml~'
HDL solution showed a flat maximum after 13 minutes of adsorplion time
while Lhe adsorption from 0.3 and 0.6 mg ml™! HDL solution passed through
a maximum in the 5th and 2nd minute of adsorption time, respectively (Iig.
4¢). The LDL adsorption on the hydrophobic silica showed a [lat maximumn
only al ¢y 3, = 1.5 mgml =" (5th minute) (Fig. 3¢). The maxima of (luorescence
emission where available are indicated in IFigs 3 and 4. The corresponding val-
ues measured in the bulk PBS solution were 337 nm (LDL) and 339 nm (HDL),
respectively.

The highest 30-minute TIRIF-measured lipoprotein adsorplion values,
A-(F,/F,), are given in Table 1. The TIRIF-measured adsorption of LD ex-
ceeded the adsorplion of HDL on both surfaces and from both hulfers by a
factor of two. Table 1 also gives the adsorbed mass of LDL and HDL monolayer
adsorption calculated on the basis of their respective molecular dimensions.

Tigures 5 and 6 give a magnified view of initial lipoprolein adsorption (rom
the solution of 0.075 mg ml~' LDL and 0.03 mg ml~" HDL, respectively. The
same figures also show the lipoprotein adsorplion, A;, as a function of time (in
straight lines) as predicted by the transport-limited case ol a convection/dif-
fusion model [16]:

dA(/dt=(I"(4/3)) ' 9~ (6q/b*wID)'"* De,, (3)

where dA/d¢t is the protein flux to the surface, I is the gamma function, q is
the experimental volumetric flow rate, b is the thickness of the TIRIT flow cell

TABLE 1

The highest 30-minute TIRIF-measured lipoprotein adsorption values, A+ (F,/F,). The numbers
given in parenthesis refer Lo the equivalent mass of apolipoprotein; all values are given in jig cin™*
unils. Monolayer adsorption refers to the mass of lipoprotein molecules which ean be packed in
one layer on the unit surface. Monolayer adsorption was caleulaled from the lipoprolein averape
molecular weights (M.W. 15, =2.5-10% M.W.;5,,=2.0-10%), the lipoprotein cadii (ry;, =11 nm,
ruo,=+4.5 nm) [3,25] assuming that the surface packing elliciency is 0.7

PRS nerps
Hydrophilic silica LDL 0.56(0.11) 0.49(0.08)
HDL 0.25(0.12) 0.24(0.12)
DDS silica LDL 0.31(0.06) -
HDL 0.14(0.07) =
Monolayer LDL 0.76G{0.15)
adsorplion HDL 0.36(0.18)
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Fig. 5. {left) TIRIF-measured initial lipoprotein adsorption kinetics from 0.075 mg ml~' LDL
solution ou the hydrophilic and hydrophebicsilica surfaces {Qand DDS, respectively ). The model
L.DL adsorption is given by straight lines. The arrows indicate the completion of the development
of o steady-state LDL concentration boundary layer.

Fig. 6. (right) TIRIF-meusured initial lipoprotein adsorption kinetics from 0.03 mg ml~' HDL
solution on the hydrophilic and hydrophobic silica surfaces {Qund DDS, respectively). The model
HDL adsorplion is given by straight lines. The arrows indicale the completion of the development
ol o steady-state HDL concentration boundary layer,

(b=0.05 cm), w is the width of the cell (w=2 em), [ is the distance {rom the
entrance of the flow chamber Lo the slit-like observation spot ({=3.6cm) and
D is the lipoprotein diffusion coelficient (Dypr.=18:10"" em® s~ b
Dy.=4.7-10"" cin® s='). The small dilferences in the A; versus time slopes
are due o differences between the experimental flow rates. Actual rates (in
em? min=') were as follows: 0.48 (HDL/Q), 0.57 (HDL/DDS and LDL/DDS),
0.46 (LDL/Q). Experimental adsorption data in Figs 5 and 6 are time-shifted
to mateh the first apparent adsorption with the time zero. The time needed for
development of a steady-state lipoprotein concentration houndary layer al. the
interface [16] is indicated by the arrows in [Migs 5 and 6.

DISCUSSION

In this work the quantitative TIRIF method was applied Lo the study of
lipoprotein adsorplion onto two model surfaces. Lipoproteins [luoresce in the
ultraviolel due to the presence of tyrosine and tryptophan amino acids in their
structure. Tryptophan is the most efficient protein [luorophor and ils emission
is dependent on the polarity of its environment. A change in protein {luores-
cence characteristics is, therefore, a sensitive measure ol protein conforma-
tional change which involves a tryptophanyl residue(s) environment. In this
discussion we will compare the initial TIRIF-measured adsorption rate of li-
poproleins with the adsorption rates calculated by the appropriate model [16)
and assume that the experimental and the model adsorption differ as a result
of the change in Lhe [luorescence quantum yield. Together with the analysis of
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fluorescence emission maxima, such a comparison will indicate the extent of
lipoprotein conformational change on each of the two model surfaces.

Figures 3 and 4 show that as the lipoprotein solution concentration is in-
creased, the initial adsorption rate is higher. Also, at higher lipoprotein solu-
Lion concentrations the adsorption levels off earlier. In the case of hydrophobic
silica the adsorption kinelics curves sometimes display a maximum after which
the adsorption decreases.

Figures 5 and 6 show thal the initial adsorption rate increases gradually as
the steady-stale concentration boundary layer develops*. Two dilferent char-
acteristics of initial adsorption can be recognized:

(a) In the case of hydrophilic silica; alter the steady-state concentralion
boundary layer is completely formed (indicated by the arrows in Figs 5 and 6)
Lhe experimental adsorption curves are linear with time, as predicted [16].

{b) I[n the case of hydrophobic silica; the linear parts are not well-resolved
and the TIRIF-measured adsorption starts to level off even before the steady-
state Lransport condilions are reached.

Hydrophilic silica su:fdce

The experimental adsorption rates [rom 0.075 mg ml~' LDL and 0.03 mg
ml~! HDL PBS solutions (as determined from the slope of the linear parls of
the experimental adsorption curves in Figs 5 and 6) amount to 0.75 and 0.63
of Lhe respective adsorption rates caleulated by Eqn (3). In the case of adsorp-
tion from 0.15 mg ml~' LDL and 0.06 mg ml~' HDL PBS solutions (data not
shown here) the same comparison gives the similar results. We conclude that
because of the contact with the hydrophilie silica surface the lipoprotein lTuo-
rescence quantum yield has decreased by approximately 26% (LDL) and 37%
(HDL), respectively. Lipoprotein quenching experimenls in solution have
shown that the tryptophany! residues in lipoproteins are more embedded in
the hydrophobic core in LDL than in HDL [21]. Flence, less overall quenching
of LDL (as compared with HDL) can be expected upon contact with the sur-
face. The lipoprotein fluorescence quantum yield decrease is further supported
by the experimentally determined lipoprotein adsorption maxima which were
measured alter 30 minules of adsorption (Table 1). They amount to (0.74 (LLDL
from PBS) and 0.69 (HDL from PBS) of the respective monolayer adsorption
values. If the corrected quantum yield, i.e. F,/F,=0.75 (LDL), F,/F},=0.63
(HDL), is used in Egn (2) to calculate lipoprotein adsorption, the initial ad-
sorption rales determined by TIRIF experiments {both from PBS and DPPI3S

* Another possible cause for the gradual inerease may be Lhe elliptical shape of the T1RIF chamber,
in which case there would be an initial concentration delay at the upper and lower side of the slit-
like observation spol resulting in a lower overall adsorption. No allowances were made for this
effect.



180

buller) will coincide with the model calculated by Eqn (8). Note, that the
experimental and the model adsorplion rate do not match heyond the initial
stage of the adsorption process. This is because Ign (3), when applied to the
adsorption process, implies that the surface acts as a protein sink, which is
validdonly in the early adsorption times. The corrected quantum yields will also
make an exact mateh belween the lipoprotein adsorption plateaus (measured
from PBS) and the monolayer adsorption, The same is valid in the case of
1111, adsorption from DIPBS. Only in the case of LDL adsorplion from DPBS
bulfer will the lipoprotein adsorption plaleau be lower then the monolayer
adsorption. Apparently, divalent ions from DPBS only influence the fully
formed LDL adsorption layer and not the initial LDL surface deposition.

The Nuorescence emission maximum of LDL shifts from 337 (solution) Lo
334 nm (hydrophilic silica), which indicates that the majority of the trypto-
phany! residues emil [rom a less polar environment (Fig. 3a, b). Apparently,
the emission from the LDL tryplophany! residues buried in the hydrophobic
DL, core is not influenced by the adsorption and only the exposed trypto-
phany! residues are quenched. The net resullis 25% less MMuorescence intensily
with the emission shifled toward the shorter wavelenglhs; an indication that
conformational change is nol too large and involves only the outer parts of the
LDL molecule. A combination of decreased {luorescence quantum yield and
blue-shifted Muorescence of adsorbed protein is not uncommon [22]. Since the
[IDL (ryplophany] residues are less buried in the hydrophobic core than in Lhe
case of LDL, the HDL adsorption should lead to somewhat larger but uniform
quenching of the whole HDL Muorophore population. Indeed, this is found
experimentally {(Fig. 4a, b): the (luorescence efficiency decrease by 37% and
the HDL emission maxima increase slightly, or do not change signilicantly,
upon adsorption on the hydrophilic surlace.

Hydrophobie silica surface

The TIRIF-mensured adsorplion of LDL and HDL on the hydrophobic sil-
ici surface is more complex Lo interpret. ‘The adsorption kinetics curves display
maxima (Figs 3¢ and 4c), which are more pronounced in the case of higher
HIDL concenlrations. Also, the initial adsorption data do not show well-re-
solved linear parts. The initial rates are well below the model calculations (Ifigs
5 and 61, It can be seen that the (luorescence quantum yield decrease is not
constant during the early ndserption period. Adsorplion of lipoproleins on hy-
drophobic surface may proceed via hydrophobic interactions. They are known
{o be involved in many protein-surface interactions [23] and could cause a
larger lipoprotein conformational change. The apolipoprotein amphipathic he-
lix, for example, is oriented with ils hydrophilic face towards the solution and
with its hydrophobic face towards Lhe lipid core [24]. Interactions with the
hydrophobic surface may reorient the helix and smear the lipoprotein aggre-
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gale over the surface. In Lhis case Lhe lipoprotein molecule will oceupy a larger
area and overall adsorption will be lower.

There is some evidence of a possible change in the composition ol adsorbed
HDL. The maximum found in Lhe case of HDL adsorptlion and the subsequent
adsorplion decrease (Fig. 4¢) suggest a preferential accumulation of some less
fluorescent HDL component on the surface. It is known that one of the DL
apolipoproteins, apo A-I1, is lost from a solution intact HDL upon contact with
the surface ol hydrophobic glass beads. T'he remaining lipoprotein particles in
the solution had a higher molecular mass and a smaller density than the intact
HDL [12]. Apo A-1[ has no tryplophans in its polypeptide chain [3]. Hence,
it will not be detected by methods based on intrinsic protein {luorescence.
However, its preferential aceumulation on the surlace will be indirectly “seen”
by the TIRIF method as an adsorption decrease (Fig. 4¢). The prelerential apo
A-IT adsorption should be dependent on ils solulion concentration, i.e. on the
HDL concentration in solution. This is, indeed, lound: in the case ol the lowest
HDL concentration no maximum is reached and the adsorption is still increas-
ing alter 30 minutes. Al higher HDYL concentration the maximum does hecome
apparent and in the case of the highest I1DL concentrations Lhe adsorption
decrease [ollowing the maximum is at its largest (Fig. de). The (luorescence
maximum ol adsorbed HDIL decreases with increasing HDL solution concen-
tration: from 339 (bulk solution) to 338, 336 and 335 nm in the case ol adsor)-
tion from 0.03, 0.06 and 0.3 mg ml~' HDL solutions, respectively (TFig. 4c).
With respect to the uniformly exposed HDL tryptophanyl residues il appears
thal the residues hecome less exposed to polar surroundings as the surface apo
A-Il concentration increases.

The position of the LDL fluorescence maximum (337 nm) is nol sensitive
to the hydrophobic surface adsorption (Iig. 3¢}, because the majority of tryp-
tophanyl LDL residues are buried. The exception is in the case where LDL. is
adsorbed from the solution of 1.5 mg m! ="' LLDL.: the fluorescence is red-shilted
(342 nim) and, moreover, a [lat maximum is found al the 5th minute ol ad-
sorplion time (Fig. 3¢).

The quantitation of TIRIF protein adsorption allows only for o change in
[luorescence elficiency and assumes thal the same species are presenl in the
bulk solution and at the interface. Any changes in the adsorbed lipoprotein
composition will result in an error in the TIRIF quantitation. T'herefore, the
lipoprolein adsorption measured by TIRIF on hydrophobie silica may difler
from the actual adsorption more than in the case of the adsorption on hydro-
philie silica. The larger dilference also indicates that the hydrophobic surface
leads Lo much larger changes of lipoprolein conformalion/aggregation. T'his
indication is not without importance in the future design ol blood-contacting
malterials. A detailed analysis of lipoprolein interactions with surlaces requires
additional in-situ measurements ol Lhe adsorbed layer composilion and o
knowledge of the adsorbed lipoprotein fluorescence lifetime.
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CONCLUSIONS

The total internal reflection intrinsic [luorescence (TIRIF) method was ap-
plied to the study of the adsorption of human lipoproteins. These are large
macromolecular aggregates, in which only one part, the apolipoprotein con-
tains (luorophores, High and low density lipoprotein fractions of human serum
were adsorbed separalely on two model surfaces: hydrophilic and hydrophobie
silica. The adsorption of two lipoproteins on the two surfaces is different. The
initial lipoprotein adsorption on the hydrophilic surface can be quantilatively
described with the transport-limited adsorption model assuming a constant
decrease of the lipoprolein fluorescence quantum yield by 25% (LDL) and
37% (1DL,). The comparison between the lipoprotein adsorption plateau and
the ealeulated monolayer adsorption, and the fluorescence emission maximum
shifts, support the quantum yield decrease. The latter is caused by the inter-
actions between the exposed lipoprolein tryptophanyl residues and the sur-
(ace. The hydrophebic silica surface induces diflerent and probably larger
changes in lipoprotein conformation and, in the case of HDL, also in lipopro-
tein composition. The HDL adsorption maximum and the subsequent adsorp-
tion decrease found in the mid-course of the adsorption are indicative of
prelerential surface accumulation ol the {luorescence-“invisible” HDL apo A-
1 protein.
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ABSTRACT

A novel fluorescence titration method was applied to the qualitative study of conformational
characteristics of a surface-adsorbed bovine serum albumin (BSA) layer. The probe, 1-anilino-
naphthalene-8-sulfonate (ANS), was used as a fluorescent ligand. The selective excitation of a
bound dye in the adsorbed protein layer was achieved using the evanescent surface wave created
by total internal reflection at the solid/liquid interface. The same protein/ligand pair dissolved
in the bulk solution was used as a reference. The apparent affinity of the ligand towards the
surface-adsorbed protein is lower as compared with the dissolved protein. The results of the so-
lution and the surface titration experiments were quantitatively compared after the titration re-
sults were normalized with respect to the intrinsic BSA fluorescence in the absence of the ligand.
It was found that the protein adsorption leads to fluorescence enhancement of those bound ANS
molecules which are otherwise nonfluorescent when bound to BSA in the solution. It is shown
that ANS molecules, which are bound to the outer binding sites on the protein surface, can serve
as a probe of protein-protein and protein-surface contacts in the adsorbed layer.

INTRODUCTION

The adsorption of proteins at solid/liquid interfaces attracts considerable
interest [1,2]. In the field of biomedical engineering protein adsorption from
body fluids onto surfaces remains a major concern [1,3]. Interactions between
proteins and man-made surfaces are particularly important in the field of ma-
terial-blood compatibility [4]. It is generally accepted that adsorption onto a
solid surface can induce a conformational change of the protein and, conse-
quently, an undesirable biological response may be started. The conforma-
tional change of a protein during adsorption is the most elusive part of the
adsorption process because the structure of adsorbed protein cannot be deter-
mined directly. Consequently, the extent of the conformational change of a
protein is often inferred by indirect methods. Physico-chemical events at in-

*To whom correspondence should be addressed.

0166-6622/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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terfaces, like adsorption, can be studied by different spectroscopic techniques
using total internal reflection (TIR) [1,5,6]. A TIR counterpart of fluores-
cence spectroscopy, called total internal reflection fluorescence (TIRF), is a
particularly suitable technique for the study of protein adsorption [1,4,7].

Many methods of fluorescence spectroscopy are successfully applied to the
study of proteins in solution and in membranes [8,9]. A typical example is a
fluorescence titration method which is often used to determine the number of
fluorescent protein-bound ligands and the respective binding constants. In this
paper a new TIRF titration method is applied to the study of ligand binding to
protein which is adsorbed at the solid/liquid interface. The binding affinity of
an adsorbed protein for a particular ligand may not be the same as the corre-
sponding affinity in the bulk solution. In such a case, changes of binding affin-
ity and number of ligands bound to the adsorbed protein might be used to
examine the conformational protein change using the solution environment as
a reference. In a preceding publication the fluorescence emission spectra of
adsorbed bovine serum albumin (BSA) and BSA-bound 1-anilinonaphthal-
ene-8-sulfonate (ANS) were obtained using the TIRF method [10]. It was
found that the change of BSA conformation as a result of adsorption involves
the microenvironment of tryptophan residues, as well as the ANS binding sites,
respectively. Here, we extend the previous study by titrating irreversibly ad-
sorbed BSA with ANS. The fluorescence quantum yield of ANS in aqueous
solutions is very low but increases strongly upon binding to a hydrophobic
binding site [11-14 ]. This characteristic of ANS is particularly suitable for the
TIRF titration of surface-adsorbed protein since no fluorescence contribution
from the dissolved ANS molecules is to be expected. The binding of ANS to
BSA in solution can be quantitated by measuring the fluorescence of fully bound
ANS in the presence of an excess of BSA. It has been found that eight to ten
molecules of ANS can bind to one BSA molecule but that binding to a limited
number df inner, more hydrophobic binding sites leads to the enhancement of
ANS fluorescence [15].

MATERIALS AND METHODS

BSA (monomer standard protein powder, Miles Laboratories) and ANS (bis-
ANS free, Molecular Probes) were used without further purification. Other
chemicals were analytical grade. Only freshly prepared solutions were used.
Acetate buffer solutions (0.01 M acetate, pH 5.0) were used throughout the
experiments. The concentrations of ANS and BSA stock solutions were deter-
mined from the solution absorbances and the respective extinction coefficients
(BSA;4.4-10°M ~'cm ' at279nm, ANS;6.3-10° M ~'cm~'at 350 nm [15]).
The fluorescence titration experiments were performed using the custom-built
TIRF apparatus described earlier [7,16]. In this study a TIRF cell was made
of a quartz hemi-cylinder which was optically coupled with a rectangular flu-
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orescence cell made of fused silica [10]. The cell was closed with a stopper
which had two flow lines for removing and adding solution from and to the
cell. One of the inner surfaces of the fluorescence cell was used as the adsorbing
surface [10]. The adsorbed molecules were selectively excited with an evanes-
cent surface wave which was created by a totally reflected ultraviolet light
beam at the cell wall/solution interface. 4 nm excitation halfwidths and 16 nm
emission halfwidths were used in the case of surface titrations (8 nm half-
widths in the case of the solution titration ). The incident light was perpendic-
ularly polarized with respect to the plane of incidence. No polarizer was used
in the emission light path. Fluorescence emission was collected normal to the
interface through the quartz hemi-cylinder. All experiments were done at room
temperature.

The experimental procedure was as follows: all inner surfaces of the TIRF
cell were rigorously cleaned prior to each experiment [17]. The TIRF cell was
primed with BSA buffer solution which was left to contact the inner cell sur-
faces for one hour. Three different BSA concentrations were used: 7-107,
1.4-10~° and 1.4-10~° M, respectively. Nonadsorbed BSA was flushed out of
the cell with 40 ml of buffer solution without allowing air to enter the cell.
Following the flush-out, the interface was illuminated by the evanescent sur-
face wave (4.,=360 nm), the ANS concentration in the cell was increased by
sequential injection of ANS solution and the fluorescence was recorded
(Lem=470 nm). After each addition a 15 min equilibration was allowed while,
at the same time, the incident light was blocked by a shutter in order to prevent
overexposure of the bound dye. The surface cleanliness was a major factor
influencing eventual displacement of adsorbed BSA by ANS. When clean sur-
faces were used no displacement of BSA was detected in the range of ANS
concentrations used. The titrations were also checked for reversibility; as a
rule, very small or no titration hysteresis was detected when the ANS sample
was not contaminated with impurities. Preliminary experiments showed that
some impurity in the ANS sample caused a strong hysteresis of the titration
curve. In such a case the probe bound to adsorbed BSA fluoresced with a red-
shifted emission maximum, Aem=495 nm, as compared with the pure ANS
sample (bulk solution BSA-ANS 1__=465 nm, adsorbed BSA-ANS 1,,.=475
nm, respectively [10]), and the TIRF excitation spectra was similar to the
spectra of BSA-bound ANS dimer, 1,1’ -bi (4-anilino )naphthalene-5,5'-disul-
fonic acid (bis-ANS) (4., =405 nm with a shoulder at 370 nm [18]). Bis-ANS
is known to have a much stronger affinity towards BSA than ANS [18].

The blank titration experiments without protein showed no enhancement
of ANS fluorescence due to its binding at the silica /buffer interface. The sur-
face concentrations of irreversibly adsorbed BSA were determined by using
I'**-labeled BSA in separate experiments [7]. The fluorescence emission ef-
ficiency of adsorbed BSA (relative to the fluorescence quantum yield of BSA
in the bulk solution) was determined by quantitative TIRF experiments in
which a 5-hydroxytryptophan methyl ester solution was used as an external
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fluorescence standard [7]. Titration of BSA with ANS in the bulk solution
was performed using a front face geometry and the same fluorescence appa-
ratus as the one used in TIRF titrations (4,,=360 nm, A,,=470 nm). The
binding of ANS to the BSA molecule in the bulk solution was quantitated by
measuring the fluorescence of fully bound ANS in the presence of an excess of
BSA (1.4:10~* M) [14]. A similar procedure was not applied to the surface
titration of adsorbed BSA since the BSA surface concentration could not be
increased at will. In order to circumvent this experimental difficulty and to
compare the surface and the solution titration results, a second set of titration
experiments was performed using the intrinsic fluorescence of BSA as a nor-
malization factor. The intrinsic fluorescence of BSA was measured (1, =285
nm, A.,=340nm) in the absence of ANS, after which the titration experiment
was executed by exciting at 285 nm with emission monitored at A,,, =475 nm.
The same procedure was also applied to the titration of BSA in the bulk solu-
tion. The surface and the solution titration results were both normalized with
respect to the intrinsic BSA fluorescence measured in the absence of the ligand
so that both sets of results could be compared with each other.

RESULTS AND DISCUSSION

Table 1 shows the surface concentration of irreversibly adsorbed BSA at the
silica/buffer interface and the fluorescence emission efficiency of adsorbed BSA
(relative to the quantum yield of BSA in the bulk solution) as determined by
measuring the adsorption of I'*°-]abeled BSA in combination with the quan-
titative TIRF experiments [7]. It was found that the increase of solution BSA

TABLE 1

Comparison of the surface and solution parameters which are relevant to the fluorescence titration
of BSA with ANS. The silica surface BSA concentration as determined by I'*-labeled BSA ad-
sorption from the 7-10=",1.4-10~°%and 1.4- 10~ M BSA solutions, respectively [7]. The adsorbed
BSA fluorescence efficiency relative to the fluorescence quantum yield of BSA in the bulk solution
as calculated from the surface BSA concentrations and the quantitative TIRF adsorption mea-
surements [7]. The apparent dissociation constant (in pK, ;= —log K, ) determined from Fig. 1
as [ANS] at half of maximum fluorescence intensity

Silica surface Solution
BSA concentration (mg m=—2) 1.32 164 2.1 3-107% (M)
Adsorbed BSA fluorescence efficiency (relative to 084 0.78 0.74 1.0

BSA in the bulk solution)

Apparent dissociation constant (in pK,s= —log K, ;) 50 5.0 445 5.8
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concentration leads to a higher amount of adsorbed BSA, which, nevertheless
fluoresces with a lower fluorescence efficiency.

Figure 1 shows the results of the first set of the fluorescence titration exper-
iments in which 4., was 360 nm and no normalization with respect to the in-
trinsic BSA fluorescence was used. The comparison between the binding curves
shows that the apparent dissociation constants of ANS from BSA, K5, (de-
fined as [ANS] at the half of maximum fluorescence intensity), were larger
for the surface-adsorbed BSA than for the dissolved protein. The values of
pPKys, (pKos= —log Ky5) (Table 1) indicate that the binding of ANS to sur-
face-adsorbed BSA is weaker as compared with the binding of the same ligand
to BSA in solution.

Quantitative fluorescence titration of dissolved BSA with ANS showed that
approximately four molecules of ANS bind to one BSA molecule in the solu-
tion. The number of bound ANS molecules (n=3.6) and the dissociation con-
stant (pK,;=5.8), were in good agreement with the literature [14,19]. The
quantitative ANS titration of adsorbed BSA could not be performed using the
same methodology which was employed in the solution studies since the sur-
face BSA concentration was fixed by the BSA adsorption isotherm [7]. Be-
cause of that, the second set of titration experiments was designed in such a
way that allowed the comparison between the solution and the surface titration
results, i.e. by using. 2.,=285 nm and the normalization of measured ANS
fluorescence with respect to the intrinsic BSA fluorescence. The intrinsic flu-
orescence of the adsorbed BSA, which was used as a normalization factor, was
corrected for its decreased fluorescence efficiency (see Table 1). The compar-
ison between the surface and solution titration results is given in Fig. 2 showing
the normalized fluorescence as a function of free ANS concentration. It was
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Fig. 1. The fluorescence intensity change upon the surface and the solution titrations of BSA with
ANS as a function of ANS concentration in solution. The BSA concentration in the solution,
[BSA]=3-10"° M, the surface BSA concentrations at the interface as indicated (in mg m~=2).
The fluorescence intensity maximum was set to unity for all titration experiments. A,, =360 nm,
Aem=470 nm.
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Fig. 2. The fluorescence intensity change upon the surface and the solution titrations of BSA with
ANS as a function of ANS concentration in solution. The BSA concentration in the solution,
[BSA]=3-10"° M, the surface BSA concentrations at the interface as indicated (in mg m—32).
The fluorescence intensity was normalized with respect to the intrinsic fluorescence of BSA at
340 nm in the absence of ANS. 1,,=285nm, 1,, =475 nm.

assumed throughout the TIRF titration experiments that the total ANS con-
centrations in the TIRF cell equal the free ANS concentrations in the system.
This assumption was only invalid at conditions not encountered in this work;
at extremely low ANS concentration and at very high BSA surface concentra-
tion*. The normalized fluorescence intensity at the saturation binding of ANS
by the solution BSA was scaled to match the number of bound ANS molecules
per one BSA molecule, i.e. to 3.6, and, correspondingly the normalized fluores-
cence intensity of the surface titration was scaled by the same factor.

Several features in Fig. 2 which present the greatest interest are: (a) when
[ANS] <1-10~° M, the adsorbed BSA-bound ANS complex showed less flu-
orescence at a given ANS concentration than in the case of ANS molecules
bound to the dissolved BSA, (b) when [ANS]>1-10~° M, the fluorescence of
the adsorbed BSA-bound ANS complex was still increasing with increasing
ANS concentration while at the same ANS concentrations the fluorescence of
ANS-BSA complex in the solution reached a plateau which indicated the sat-
uration of approximately four ANS binding sites in BSA, and (c) binding of
ANS to the three different surface-adsorbed BSA layers are shown to be almost
coincident at lower ANS solution concentrations but different at higher ligand
concentrations.

In addition, a common isoemissive point was found at 416 nm in the case of
the titration of solution BSA and at 406 nm in the case of the adsorbed BSA
(2.1 mgm~? at [ANS] <7-10~° M), respectively (data not shown here). The

*The volume of the TIRF cell was approx. 8.5 cm?® with 15 cm? surface available to BSA adsorption.
In the case that n=4 and [ANS]=1-10"° M, the total concentration of ANS is depleted by 0.4%
by 1.65 mg m~? adsorbed BSA. The free ANS concentration would be 9.96-10-5 M.
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existence of the isoemissivity indicates that the bound ANS molecules flu-
oresce with the same quantum yields as discussed earlier [14].

According to the present results (Fig. 2) the affinity of adsorbed BSA to-
wards the first ANS molecules has decreased. It is assumed that the affinity
decrease is due to a conformational change of the ANS binding sites in the
adsorbed protein. This conformational change was inferred from the red-shift
of fluorescence emission of adsorbed BSA—ANS complex [10]. As the free ANS
concentration increases beyond the value of the saturation of ANS /BSA bind-
ing sites in solution, i.e. at [ANS] > 1-10=° M, the TIRF titration showed that
additional ANS molecules bind to the adsorbed protein and that their fluores-
cence is enhanced. It has been found previously that eight to ten ANS mole-
cules bind to one BSA molecule at 1-10~2 M> [ANS]>1-10—* M [20 ]. How-
ever, only four of the bound ANS molecules become strongly fluorescent upon
binding to BSA in the solution while the other bound ANS molecules are “dark”
emitters. It was suggested that the latter population of ANS molecules binds
to the outer binding sites at the protein surface [20]. There, the bound ANS
molecules are exposed to quenching by water molecules which act as a colli-
sional quencher with a Stern—Volmer constant of 5 M~ [15]. The binding of
ANS to BSA is shown schematically in Fig. 3. The present results show that
the supramolecular organization of BSA molecules in the adsorbed layer effec-
tively shields these outer site-bound ANS molecules from the quenching by
water. The actual position of outer-site bound ANS molecules with respect to
the surface of silica remains uncertain. It is uncertain whether the ANS mol-
ecules are shielded by two neighboring BSA molecules at the interface without
contacting the solid surface (Fig. 3b), or are they sandwiched between the
adsorbed BSA and the surface itself (Fig. 3¢c), or possibly both (Fig. 3d)? The
first alternative alone (Fig. 3b) would imply that the BSA molecules at all
three surface concentrations studied here are adsorbed in the form of densely
populated protein “islands” on the silica surface which allow for a large num-
ber of lateral protein—protein contacts. It should be noted that the normaliza-
tion of the surface fluorescence intensity with respect to the intrinsic BSA
fluorescence is, effectively, also a normalization with respect to the amount of
adsorbed protein. In this case the second alternative, i.e. that additional ANS
molecules bind only between the protein and the surface (Fig. 3c), should bring
to a full coincidence of the binding curves which should be independent on the
BSA surface concentration. Such coincidence is found at [ANS] <4-10°> M
for the two BSA surface concentrations; 1.32 and 2.1 mg m > (Fig. 2), respec-
tively. The binding curve obtained at the BSA surface concentration of 1.64
mg m ~* differed slightly from the other two by showing a comparatively higher
fluorescence intensity in the intermediate ANS concentration range. This
probably reflects a low reproducibility of the supramolecular organization of
BSA molecules in the adsorbed layer on the silica surface and cautions against
oversimplification of the physical picture of an adsorbed protein layer. As shown
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Fig. 3. Schematics of ANS binding to the dissolved and adsorbed BSA molecules at medium-to-
high ANS solution concentrations: (a) only four ANS molecules emit fluorescence upon binding
to the inner BSA binding sites in the solution (black circles), all other ANS molecules are bound
to the outer binding sites at the BSA surface and their fluorescence is quenched by water (white
circles), (b) lateral protein-protein contacts between the adsorbed protein molecules shield the
ANS molecules bound to the outer protein binding sites from collisional water quenching, (c)
adsorbed protein-surface contacts shield the ANS molecules bound to the outer protein binding
sites from collisional water quenching, and (d) both the lateral protein-protein contacts and the
adsorbed protein-surface contacts shield the outer site-bound ANS molecules.

in Fig. 2 the surface titration results become dependent on BSA surface con-
centration only at higher ANS concentration. The increase of fluorescence
intensity followed the increase of the BSA surface concentrations at
[ANS]>1-10"* M. Although the fluorescence quantum yield of bound ANS
is not constant at these conditions as indicated by the lack of isoemissivity,
this trend indicates the existence of ANS binding sites between the lateral
BSA-BSA contacts and suggests that at higher BSA surface concentrations
the protein molecules are organized in some sort of surface aggregates. The
existence of two-dimensional aggregates of adsorbed BSA has been found by
others [21]. Because the observed BSA layer was not in contact with protein
in solution, any conclusion about the organization of the adsorbed layer may
not be pertinent to a physical picture of the same layer during the adsorption
process. Some artifacts can be also due to the extensive flush-out of nonad-
sorbed BSA from the TIRF cell which might cause desorption of less tightly
adsorbed protein from the surface.
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The excitation at 285 nm in the titration experiments caused an intrinsic
BSA fluorescence emission which decreased as an increased number of ANS
molecules was bound to the protein. This is due to the radiationless fluores-
cence energy heterotransfer from BSA tryptophan residues to bound ANS li-
gands. A necessary condition for this energy mechanism to be operative is ex-
tensive overlap between the emission band of the donor and the absorption
band of the acceptor [8]. This condition is met by the ANS molecules bound
to BSA: the ANS absorption band (™**1,,,=360 nm) overlaps with the emis-
sion band of intrinsic protein fluorescence which is centered at 4.,,=342 nm
in the case of solution BSA, and at 4., =335 nm in the case of surface-adsorbed
BSA, respectively. The 285 nm excitation will excite tyrosinyl BSA residues
as well. In order to avoid seeing a contribution from tyrosine fluorescence emis-
sion, the intrinsic BSA fluorescence emission decrease was monitored at 365
nm. Figure 4 shows the fractional decrease of intrinsic BSA fluorescence due
to the ANS binding; the quenching of dissolved BSA and surface-adsorbed
BSA fluorescence was quite different. In order to achieve the same quenching
effect in the case of adsorbed BSA the concentration of ANS in solution needed
to be increased almost 10-fold. Part of this effect is certainly due to the differ-
ent spectral overlaps between the ANS absorption band and the BSA emission
in the solution and at the surface, respectively. The characteristic distance for
energy transfer between tryptophanyl BSA residues and bound ANS ligands
in solution, R, .,iution), €quals 2.9 nm, as calculated from spectroscopic data
according to the Forster mechanism of energy transfer [22]. The value of
R, (surfacey =2.7 nm was estimated from R, .,i0n) DY applying corrections for a
different spectral overlap due to blue-shifted BSA fluorescence [10] and a 25%
decrease in the fluorescence quantum yield of the adsorbed BSA [7]. The same
average orientation of donor-acceptor pair in the solution and at the silica
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Fig. 4. The intrinsic BSA fluorescence intensity change upon the surface and the solution titra-
tions of BSA with ANS as a function of ANS concentration in solution. The BSA concentration
in the solution, [BSA]=3-10"% M, the surface BSA concentrations at the interface as indicted
(inmgm ~*). 1, =285 nm, A, =365 nm.
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surface, and no change of the absorption spectrum of ANS when bound to
adsorbed BSA were assumed, respectively. The average distance between do-
nor and acceptor can be calculated from:

E=R(/(RS+r°)

where E equals 1—F/F, [8]. When the first ANS ligand binds to dissolved
BSA, ie. at [ANS]=9-10"" M (indicated by “sol” in Fig. 2), the average
distance, r(.uion), calculated from F/F,=0.4 (indicated by “sol” in Fig. 4),
was found to be 2.7 nm. For the binding of the first ANS ligand to the surface
adsorbed protein the ANS concentration has to be increased to approximately
[ANS]=2.5-10"° M (indicated by “sur” in Fig. 2). In this case the F/F, pa-
rameter amounted to approximately 0.7 (indicated by “sur” in Fig. 4) and the
average distance was calculated to be, r(urtace) =3.0 nm. As a rule, similar cal-
culations performed at different levels of ANS fluorescence intensity always
resulted in a r(s1uiion) <T(surface)- Lhis increase in distance between the donors
and acceptors can be interpreted as due to conformational changes in BSA
upon adsorption. Assuming that the four inner binding sites of BSA are occu-
pied first in the surface titration as in the case of the solution titration, the
present results point to the partial unfolding of adsorbed BSA; the average
ANS binding site(s) distance from emitting tryptophan residue(s) has in-
creased by 10% due to the adsorption of BSA.

Throughout this study the steady-state protein-ligand fluorescence was used
in the analysis of particular characteristics of the adsorbed protein/dye layer.
A more informative study of the adsorbed protein-ligand dynamics can be made
by measuring the fluorescence lifetimes of BSA tryptophan residues and ANS
ligands as a function of ANS binding. Such a study of adsorbed BSA-bound
ANS fluorescence lifetime has been initiated at the Utah laboratory. The first
results indicate that the overall ANS lifetime decreases at high ANS concen-
trations, possibly reflecting an increased fluorescence contribution from ANS
molecules bound in the outer protein binding sites (P. Suci and V. Hlady,
unpublished results).

CONCLUSIONS

It was found that the apparent binding affinity of surface-adsorbed BSA
towards the ANS ligand is lower as compared with the solution protein (Fig. 1
and Table 1). However, only when properly corrected and normalized with
respect to intrinsic protein fluorescence, the respective results of the protein
fluorescence titrations in the solution and at the solid/liquid interface could
be compared in a quantitative way (Fig. 2). This comparison revealed that at
higher ANS concentrations the number of BSA-bound ANS ligands, as de-
tected via their enhanced fluorescence, was considerably larger in the case of
adsorbed protein than in the case of dissolved protein. In the latter case only

S

P
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the four ANS molecules which bind to the inner BSA binding sites could be
detected by fluorescence. According to the present results, the ANS molecules
bound to the outer binding sites on protein surface were “dark” emitters in the
solution but were effectively shielded from the quenching by water molecules
in the case when the protein was adsorbed at the interface. The fact that this
ligand population is bound on the protein surface can be used for a qualitative
analysis of supramolecular organization in the adsorbed protein layer. The
other difference between the protein-ligand interactions in the solution and
at the solid/liquid interface was the weaker quenching of adsorbed BSA in-
trinsic fluorescence by the bound ANS ligands. The energy transfer calcula-
tions showed an increased distance between BSA tryptophan residues and
bound ANS at the interface.

In conclusion, the new TIRF titration method showed a potential for the
study of the conformational change of adsorbed proteins. The present availa-
bility of various fluorescent probes, by which one can probe many different
properties of adsorbed proteins, warrants further use of this technique.
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