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Abstract This paper presents a simple method to extract
information about thin organic filmsfrom surface plasmon
resonance (SPR) spectra. From numerical simulations it
was found that ashift (ABgpr) Of an absorption peak in the
SPR spectrum was directly proportional to the product of
thethin organic film thickness and the refractiveindex dif-
ference between the thin organic film and a buffer soaking
the sample. It was also found that ABspr Was not sensitive
to the thin organic film support of agold film and a glass
cover dlip. Relationships between ABgpg and distributions
of macromol ecul e structures, inthethin organic filmswere
theoretically established. Formulae were derived for a
homemade SPR systemto cal culatelength, transversearea,
density and surface concentration of macromolecules in
the thin organic film. The validity of these treatments was
checked by precisely measuring the size of a single di-
stearoyl phosphatidylcholine moleculeon agol d-supported
phospholipidfilm; by quantitatively monitoring hybridiza-
tion of synthesized oligonucleotides strands based on a bi-
otin/avidin system; and by quantitatively detecting the
steric hindrance of rabbit C-reactive protein specifically
bound to phospholipid monolayers composed of synthe-
sized lipids.

Key words Surface plasmon resonance - Numerical
simulation - Supported film
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X. Caide - S.-F. Sui

The State Key Laboratory of Biomembrane

and Membrane Biotechnol ogy,

Department of Biological Science& Biotechnology,
Tsinghua University,

Beijing 100084, China

X. Caide (=)
Yunyang Medical College, Shiyan 442000, Hubei, P.R. China
e-mail: xiaocd@iname.com

tidylethanolamine - DPPEB A synthesized phospholipid
acting as a receptor for avidin (DPPE+NHSB — DPPEB) -
DSPC Distearoylphosphatidylcholine - DSBPC, DS6PC,
DP3PC Three synthesized phospholipids acting as recep-
tors for rCRP - NHSB N-Hydroxysuccinimidobiotin - PC
Phosphorylcholine - PE-sepharose 4B Sepharosewith phos-
phatidylethanolamine residues for rCRP purification -
r CRP Rabbit C-reactiveprotein - SPR Surface plasmon res-
onance

Introduction

The surface plasmon resonance (SPR) technique has been
widely used in recent years to quantitatively monitor li-
gand-receptor interactions in real time (Liedberg et al.
1995). Surface plasmons are el ectric charge density waves
that propagate along an interface between a metal and a
dielectric. A commonly used method to excite surfaceplas-
mons was initially suggested by Kretschmann (Raether
1989). In the Kretschmann configuration a prism is used
as a coupler between incident photons and surface plas-
mons in athin metal film (see Fig. 2 below). In the condi-
tion 8> 6., total light reflection would occur in the system.
If the incident light was in a p-polarized mode, then inci-
dent photons might excite surface plasmons at an incident
angle. This angle was called the resonance angle (OgpR).
Because there was energy transfer from incident photons
to surface plasmons in the resonance condition, the light
reflectivity (R) would decrease to almost zero at the reso-
nance angle. This optical phenomenon was called surface
plasmon resonance. A R versus 6 graph with a deep ab-
sorption peak caused by SPR was called a SPR spectrum.

Because there are multilayered optical mediain a SPR
system, relationships between SPR spectra and optical pa-
rameters are very complex. There is not a simple method
to solve SPR spectra. Empirical formulae (Stenberg et al.
1991) are usually used to extract sample information from
SPR spectra. One empirical formulafrom one SPR system
may not be suitable for another SPR system. Even in the
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same SPR system, some parameters cannot be controlled
exactly. The question of how aparameter, such asthe thick-
ness of agold film, affects the use of an empirical formula
is not known. Complex best-fitting methods (Salamon
et al. 1996) are sometimes used to consider the total effects
of all parameters. In this paper a general SPR numerical
simulation programwrittenin MathCAD plus6isused. This
program was applied to ahomemade SPR system. From nu-
merical simulationsit wasfound that a shift of the SPR res-
onance angle (AB<gpr) Was not sensitive to the sample sup-
ports (agold film and a glass cover dlip). A formularelat-
ing AB<pr and the surface concentration (o) of the samples
wastheoretically established. Other formul ae were derived
and used to measure molecular structures of phospholipid
films, monitor hybridization of oligonucleotides based on
abiotin-avidin system, and detect interactions of rabbit C-
reactive protein (rCRP) with phospholipid films.

Materials and methods
Materials

DSPC, DPPE, NHSB, avidin, biotin, sheep anti-human
CRP antibody serum and PE-sepharose 4B were purchased
from Sigma (St. Louis, Mo., USA). Two pairs of oligonu-
cleotides (Fig. 1) were kindly provided by Dr. Michael
Yang from the City University of Hong Kong. These oli-
gonucleotides were named bDNA1, DNA1c, bDNA2 and
DNAZ2c. Their molar masses were 6136, 6216, 6148 and
6202 g/mol, respectively. Three synthesized phospholip-
ids were provided by Prof. Qingzhong Zhou from the Col -
lege of Chemistry and Mol ecul ar Engineering, Peking Uni-
versity, China. These synthesized phospholipids were
named DS8PC, DS6PC and DP3PC, and their chemical
formulae are also shown in Fig. 1.

Phospholipid DPPEB was synthesized from DPPE and
NHSB (Liuetal. 1995). rtCRPwasisolated from whiterab-
bit sera by affinity chromatography on a PE-sepharose
4B column (Swanson and Mortensen 1990). The isolated
rCRP was verified by sheep anti-human CRP antibody
serum, and sodium dodecylsulfate polyacrylamide gel
electrophoresis. TherCRP concentration in the product so-
lution was 0.7 mg/ml, determined by ultraviolet adsorp-
tion at 280 nm. Tris-HCI (20 mm, pH 7.4) buffer was used
in all experiments. Avidin (molar mass 66000 g/mol) in
powder form was dissolved in the buffer to a concentra-
tion of 1.0 mg/ml. The synthesized oligonucleotides were
dissolved in the buffer to a concentration of 2.0 mg/ml.

Preparation of supported phospholipid monolayers

The phospholipid powder was dissolved in an organic so-
[ution (chloroform-methane, volume ratio 3:1). For sup-
ported monolayers with two kinds of phospholipids, two
kinds of lipid solutions were mixed in agiven molar ratio.
The mixture was then spread on awater surface of alLang-
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Biotin-CCATGTAAGCCTGCCTCGAG-3’ bDNA1
GGTACATTCGGACGGAGCTC-5’ DNAlc
Biotin-GCCTTAGATCTGGCTCTTGT-3’ bDNA2
CGGAATCTAGACCGAGAACA-5’ DNA2c

Fig. 1 Formulaeof four synthesized phospholipids(DPPEB, DSSPC,
DS6PC and DP3PC) and sequences of four synthesized oligonucleo-
tidesinglestrands(bDNA1, DNA1c,bDNA2and DNA2c). Inaphos-
pholipid monolayer a DPPEB serves as a receptor of avidin. The
other three synthesized lipidswerereceptorsof rabbit C-reactive pro-
tein. A biotin residue was linked to two of the oligonucleotide sin-
gle strands whose name begins with “b”. The names of other two
conjugating strands ended with “c”

muir-Blodgett trough. The lipid molecules automatically
formed amonolayer onthewater surface. Ten minutes|ater
the monolayer was compressed by a movable barrier to a
surface pressure of 45 mN/m.

This pressure value of the monolayer was held constant
by acomputer whilethe monolayer was horizontally trans-
ferred to agold film. The gold film was deposited on one
side of aglass cover slip. The cover slip with the gold film
was put in an oven at 120°C for 3 h; then at room temper-
ature the cover slip was held horizontally by a mechanical
arm over the Langmuir-Blodgett trough. The arm de-
scended to a position where the gold film on the cover dlip
could just make contact with the air/water interface of the
Langmuir-Blodgett trough. Ten minutes later the arm
raised the cover slip horizontally at a speed of 0.1 mm/s.
A few minutes later the cover slip was held by thearm in
the air. There was a process to check if there wasreally a
lipid monolayer transferred onto the gold film.

Before the monolayer transfer process, the cover slip
with the gold film was stuck by a drop of water onto the
base of the prism, as shown in Fig. 2. The SPR spectrum



of the gold film was measured at firstin air, then the cover
slip was taken away from the prism. After the water on the
glassside of thecover slip had evaporated, therewasalipid
monolayer transfer process as described above. The cover
slip was stuck on the base of the prism by water, and the
SPR spectrum was measured in air again. From the shifts
of the SPR spectra, it was easy to judge the existence of a
lipid monolayer on the gold film.

Generally, monolayers of neutral phospholipids with
longer chains could be easily transferred to the gold film.
In fact it was easy to know if there was a lipid monolayer
on the gold film just by visual inspection. After the hori-
zontal transfer process, if athin water layer could be seen
on the gold film, then there was no problem for the lipid
monolayer transfer. Usually awater drop could not spread
over the gold film.

The cover dlip with the gold film and lipid monolayer
was removed from the prism, and held in the air. After wa-
ter on the cover evaporated, the cover slip was stuck to the
prism base by adrop of index matching oil. A chamber was
installed in the SPR system, and the chamber was filled
with buffer. The quality of the monolayer on the gold film
could also be checked by ellipsometry.

The optical layout of a homemade SPR system

The optical layout of the homemade SPR system is shown
inFig. 2. A cover dlip, agold film and a sample layer con-
stituted a sensitive chip. The chip was stuck to the base of
the prism by anindex matching oil. An*“QO” ring and a Tef-
lon chunk were pressed against the sensitive chip, forming
a 200 ul chamber. There were two channels in the Teflon
chunk for pumping arequired sampleliquid into the cham-
ber.

+ A =670nm
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Cover mi=1.56 Yy di=2#10° nm
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=

zZ

Sample n3=1.50

Buffer ns=1.331

Fig. 2 An optical layout of a homemade SPR system. Parameters
of each optical medium are marked. The dashed line represents a
p-polarized light beam emitted from a laser diode fixed on one side
of agoniometer. Vectors x, y and z represent axes of a coordinate in
the optical system. A PC/XT computer was used to control the gon-
iometer and record the SPR spectra
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In the SPR system shown in Fig. 2 there are five opti-
cal media: the prism, the glass cover slip, thegold film, the
sample and the buffer. Their optical refractive indexes are
represented by elements of the matrix n=[ng, ny, ..., n,]".
The quantitative value of each element is marked inside
the figure. The prism was made from a piece of ZF7 glass.
Its refractive index at a given A was calculated according
to the formula n=1.758+16640/A2. The refractive index
of the microscope glass cover was 1.56. The refractive in-
dex of the gold film at a given A was obtained from the
following formula:

n=(30.3723- 0.065272 A) + j (17.1691 - 0.0468757 A + 3.48485x107° A?) .

Thisformulawasderived from datain Raether (1989). The
buffer refractive index was chosen as 1.331 for water at
room temperature. Optical media thicknesses were repre-
sented by elements of the matrix d=[dy, d;, d, d3, d,]".
Only d,, d, and d; were used in the numerical simulations.

The optical system was built on an X-ray diffraction
goniometer. A coordinate of the optical system was con-
structed by the vectors x, y and zin Fig. 2. A lader diode
(Hitachi, HL671G) was fixed on one side of the goniom-
eter. A laser beam wasreflected from the base of the prism
to asilicon photocell which wasinstalled on alarge rotat-
able plate of the goniometer. The prism wasinstalled on a
small rotatabl e plate of thegoniometer. Thetwo plateswere
coaxial. The variable ¢ represented an angle between the
x axis and the laser beam from the diode. The small plate
rotated around axis 'y at a speed of d¢/dt=0.500°/s, and
thelarger platerotated at double speedtotrack thereflected
light. Reflected light intensity signals were amplified to
0-5V, converted to digital form and recorded in aPC/XT
computer. In the homemade SPR system, ¢ wasadirectly
measured parameter. Values of the incident angle 8 were
derived from the formula

— o : Dl H o _ D
6 =45 +arcsmBEsm(45 ¢)E.

In the condition 35° < ¢ <60° thetwo angle parameters had
aperfect linear relationship, d8/d6=-0.550. The measure-
ment accuracy of parameter ¢ in the homemade SPR
system was 0.001°.

Theory

A numerical simulation program written in MathCAD
plus6 isavailable from the author. In the program, R(6, A,
n, d) isareflectivity function of the SPR system. Thisfunc-
tion was defined according to Fresnel’s formulae. From
this function, SPR spectrafor a given set of A, n, d could
be obtained. Another function 8_spr (A, n, d) in the pro-
gram was defined to find a root of the equation dR (A, 6,
d, n)/d6=0; aroot of the equation was O5pg . Because the
derivative dR (A, 6, d, n)/d@ would change sign around
Ospr, the program was designed to check the sign and mag-
nitude of the derivative from an initial angle 6,(6,>06.)
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inastep AB until [dR (A, 6, d, n)/dO|<¢&. The parameter £
was a calculation error tolerance for determining Ogpg . IN
the beginning the program searched O4p in aforward di-
rection if dR(A, 6, d, n)/d6<0, and vice versa. From an
angle where the derivative changed sign, the program
would search Ogpg in a reverse direction with a smaller
step.

From the simulations it was found that for d°R (A, 6, d,
n)/d62>30 around Bgpr (Units in degrees) in the home-
made SPR system, acal culation error for determining Ogpg
would be smaller than 0.001° in the condition £=0.03. This
root searching process was only suitable for SPR spectra
inthe condition d, =0. In this condition, SPR spectrawere
smooth, and the equation dR(A, 6, d, n)/d6=0 had a
single root by the incident angle around a SPR absorption
peak.

A glass cover slip was used as a support for the gold
film. Because the refractive index of the cover slip was
lower than the refractive index of the prism, light beams
reflected from the prism/cover slip interface and the cover
slip/gold interface had a phase difference:

5=4n%jn12—n§sin26.

As the incident angle 6 would change in an angle scan
process for SPR spectra, o would fluctuate between 0 and
2 1. A noise-light interference signal would combine with
the SPR spectra. The noise frequency was

f=m G ngsin26  de
180 A n2 -nZsin?6 dt

From a Fourier transform it was found that the noise fre-
quency was as large as 30 times the frequency of a SPR
spectrum. In the homemade SPR system the noise fre-
quency was about 7 Hz. Because the interference noise
could be filtered out by software and/or hardware, the ef-
fect of the cover slip was ignored in the numerical simu-
lationsfor Ogpr . Higher refractive index prisms should be
used to suppress the noise.

From the parameters marked in Fig. 2 (except d;=0), a
family of Ogpg Versus d4 curves was obtained by numeri-
cal simulations, and these are shown in Fig. 3. The sample
refractive index values are marked on the figure. These
curves were very similar to current-voltage curves of a
bipolar transistor. In each of the curves one could distin-
guishthreeregions: asaturated region (d;>400 nm), anon-
linear region (10 nm<d;<400 nm) and a linear region
(d3<10 nm). In most cases the SPR system for biological
applications worked in the linear region. In the linear re-
gion, asshown in theinset of Fig. 3, ashift of a SPR spec-
trum peak (ABgpr) Was directly proportional to the prod-
uct of the sample film thickness and the refractive index
difference between the sample and the buffer soaking the
sample:

ABgpr=0.571x(ng—n,) % d3 (D)

n,=1.524
67 =150
n,=1.48
63
—~ n,=1.46}
o
‘—é 60 ny=1.44
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n;=1.48
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Ng=1.44
54
51 e e ERRR
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Fig. 3 Numerical simulationresultsabout resonanceangle 65 and
sample thickness d; for five given sample optical refractive index-
es. Other optical parameters for numerical simulations are shown in
Fig. 2, except the glass cover thickness d; was set to zero. The inset
inthefigureisazoom of alinear region of the curves. In thisregion,
ABgpr Was directly proportional to the product of the sample film
thickness and the refractiveindex difference between the sample and
a buffer containing the sample

From numerical simulationsit wasfound that the appli-
cation of Eg. (1) could be extended to the conditions:
40 nm<d, <90 nm, d3<10 nm, 1.330<n3<1.52 and n,=
1.331+0.001. Inthese conditions an average and astandard
deviation of theratio ABgpr/((N3—n,) % d3) were 0.571 and
9.64x 1073, respectively. The condition 40 nm<d,<90 nm
meant that gold films with thickness between 40 nm and
90 nm gave the same results for ABgpg . Although there
was no limit to the gold film thickness, a gold film of
50 nm thickness was the best for producing a SPR spec-
trum with the deepest absorption peak. A deep and sharp
absorption peak gave higher accuracy for determining the
value 8k . Equation (1) may be widely used for monitor-
ing biological samplesin water environments, because re-
fractive indexes of biological samples are usually below
1.52, their thickness is less than 10 nm, while the refrac-
tiveindexes of most buffer solutionsis 1.331 at room tem-
perature.

In the SPR system, biological samples a usually con-
centrated in alayer with a thickness less than 10 nm, and
sampl e mol ecul es might no compact to form ahomol ogous
film. The sample surface concentration (o) was a better
parameter than sample index n; and sample thickness d;.
A variable C was used asthe sample volume concentration
in the sample layer. By multiplying C to both sides of
Eg. (1), aformulafor o and ABgpr Was derived (noticing
that c=Cxds):

1 C
0.571 N3 — Ny

For protein samplestheratio of C/(n;—n,) was between
5and 7. If theratio was chosen as 5.71, then asimple for-
mula was obtained. This formulawas first represented by

)

Bspr -



Stenberg et al. (1991) by using radiolabelled proteins;
0=10 ABpy, - 3

If amolar mass (M) of asample molecule wasgivenin
aunit of g/mol, then aformulafor a sample molecule num-
ber (N) per square millimeter in the sample film was de-
rived, and formula for a sample molecule transverse sec-
tion area (S) in aunit of A% was obtained:

N = 6.023 x10% AHTSPR : 4)
1 M

S=——_ . 5

60.23 ABspr ©)

Results and discussion
M easuring supported phospholipid films

Phospholipid films transferred from a Langmuir-Blodgett
trough onto a solid surface are called supported films.
Gold-supported phospholipid films were studied at first,
because they were the basis of macromolecule assembly
experiments. As the components of a phospholipid mono-
layer on an air/water interface of a Langmuir-Blodgett
trough could be precisely controlled, the supported film
could be used asamodel to study lipid-protein interactions
and macromol ecular assemblies. A SPR spectrum of abase
gold film in the buffer is shown in the inset of Fig. 4 by
the curve marked with “1”. When curve 1 was measured,
the SPR system was set in a mode to automatically meas-
urethe shift of the resonance angles. After 1100 sthe mea-
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Fig. 4 Relationships between ABg-g and time before and after a
DSPC monolayer was transferred onto a gold film. The shift of the
SPR spectrum resonance angle caused by a DSPC monolayer was
0.270°. The inset shows a SPR spectrum about a bare gold film
(curve 1) and a SPR spectrum about the same gold film withaDSPC
monolayer (curve 2)
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surement was paused. A DSPC monolayer was horizon-
tally transferred onto the same gold film, and the mea-
surementswerecontinued. The DSPC monolayer onthegold
film caused changes in the SPR spectrum: the resonance
angle shift was 0.270° (Fig. 4). After 2400 s, another SPR
spectrum was measured (curve 2 in the inset of
Fig. 4).

The molar mass of the DSPC was 790 g/mol. By ellip-
sometry it was found that the refractive index of the DSPC
film was 1.45. From Eqg. (1) and Eqg. (5), the thickness
of the DSPC film was found to be 3.98 nm and the area
occupied by a DSPC polar group at the lipid/water inter-
face was found to be 48 A2, From a book (Chapman and
Wallach 1973) it was found that a polar head of DPPC
occupied 48 A? in a lipid/water interface by X-ray dif-
fraction, and the thickness of a DPPC film in water was
3.65nm from Langmuir-Blodgett technique. As the
length of one pair of CH., was 0.25 nm (Chapman 1968),
the thickness of one DSPC film should be 4.15 nm. The
above SPR measurements agreed well with these experi-
mental results.

Monitoring oligonucleotide hybridizations in real time

Analysis of DNA and DNA-protein complexes are essen-
tial in clinical diagnostics, and in the pharmaceutical in-
dustry (Sheila 1993). Traditional methods to immobilize
DNA on solid surfaces are often based on adsorption or
covalent bonds, which aredifficultto control. Inthe present
work biotin-labelled single strands of oligonucleotides
were immobilized on a biotin/avidin system, and hybrid-
ization of oligonucleotidestrandswasobservedinreal time
by the homemade SPR system.

In previous work (Liu 1995) it had been demonstrated
that the specific binding of avidin molecules to supported
monolayers containing DPPEB was obviously dependent
on the molar ratio of DPPEB to DPPE. Theratio 1:12 was
found to be optimal for the monolayer with the mixed
lipids to specifically bind avidin molecules. For this rea-
son, supported films composed of DPPEB and DPPE in a
molar ratio of 1:12 were prepared for the sensitive chips.
Avidin liquid (10 pl, 1.0 mg/ml) was injected into the
chamber containing 150 pl buffer. In 60 min the adsorp-
tion of avidin onthe chip became saturated. Then the cham-
ber was washed to remove free avidin molecules, and
140 pl of buffer wereinjected inside the chamber again. It
was found that ABgpr=0.253°.

Biotin-labelled oligonucleotide bDNA2 liquid (10 pl,
2.0 mg/ml) was added to the chamber; 120 min later the
chamber was washed with buffer, then 130 pl buffer was
added insidethat chamber. It wasfound that ABgpg =0.050°.
DNAZ2c liquid (10 pl, 2.0 mg/ml) was injected into the
chamber. After the adsorption was saturated, the chamber
was washed and filled with buffer again. Now the shift of
resonance was ABgpr =0.044°. The specific hybridization
between bDNA2 and DNA2c was confirmed by cross hy-
bridization of bDNA2 with bDNA1 and DNA1c. No sig-
nificant change of Ogpr Was observed when bDNA1 or
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Fig. 5 Relationships between ABgpg and time in the course of the
following processes: avidin binding to a DPPEB/DPPE monolayer
transferred onto agold film; bDNA2 binding to avidin film; DNA2c
hybridizing with bDNA2. In the end the total resonance angle shift
was 0.253°+0.050° +0.043° (experimental details in the text). The
inset is adrawing of the macromolecular assembly on the gold film

DNA1cwasaddedinsidethechamber toreact with bDNA2
immobilized on the avidin film.

From the values of ABgpr and the molar masses of the
samples, experimental results were obtained (Fig. 5).
There were 2.464x10'%/mm? avidin molecules binding to
the DPPEB/DPPE film, there were 4.898x10%/mm?
bDNAZ2 strips binding to avidin film and there were
4.176x10*%mm? DNA2c strips hybridized with bDNA2.
Theratiosof these numberswere 1.0/1.988/1.695. Because
on each side of an avidin molecule there were two biotin
binding sites, the ratios meant that almost each avidin
moleculebound withtwo bDNA2 strands, and nearly every
bDNAZ2 strand hybridized with a DNA2c strand. From a
two-dimensional crystal structure of avidin (Qin 1995),
every squaremillimeter of an avidintwo-dimensional crys-
tal film should contain 2.6x10%° avidin molecules. From
these data it was easy to conclude that avidin molecules
are rather orderly assembled on the chip in the above ex-
periments.

Detecting rCRP and phospholipid film interactions

C-reactive protein (CRP) is a major acute phase reactant
in most mammalian species(Tillet and Francis 1930). CRP
molecules from all species display a property of Ca?*-de-
pendent binding to PC. A rCRP molecule is composed of
fiveidentical subunits arranged as a cyclic pentamer with
PC binding sites on one side. Although a PC group isapo-
lar head of a mgjor lipid in cell membranes, CRP mole-
cules only bind to necrotic cells and invading microbes
(Volanakis and Wirtz 1979). The binding complexes in-
itiate a classic C pathway, influencing the activities of
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Fig. 6 Specificinteractionsof rabbit C-reactiveprotein (rCRP) with
different molar ratios for the DS8PC/DSPC monolayer. On the
monolayer of molar ratio 1:12 there was a maximum adsorption,
ABgpr = 0.193°. Theinset isadrawing of two rCRP molecules spe-
cificaly binding to a DS8PC/DSPC monolayer transferred onto a
gold film

platelets and lymphocytes. The recognition and binding
mechanism of CRP with its substrates is not clear. Using
three synthesized lipids with longer polar heads and the
SPR technique, information about steric hindrance be-
tween rCRP and phospholipid monolayers was obtained.

Natural lipid DSPC and a synthesized lipid were mixed
in a given molar ratio. After the mixed monolayer was
transferred to a gold film, the sensitive chip was installed
in the SPR system. The sample chamber wasthen installed
and filled with 150 pl buffer containing 2 mm EDTA. Af-
ter rCRP (2 pl, 0.7 mg/ml) was injected into the chamber,
no change of O5pr Wasobserved. Becauseone EDTA mole-
cule binds with one calcium ion, 50 pl buffer containing
10 mm CaCl, was added to the chamber. 855 increased
only when DS8PC mol ecul es were present inside the sen-
sitive chips. The change of 655 Was dependent on the mo-
lar ratios of DS8PC and DSPC in the supported monolay-
ers (Fig. 6). After 60 min the adsorption of rCRP on a
DS8PC/DSPC monolayer became saturated. After 10 pl
buffer containing 20 mm PC was added to the chamber,
Ospr quickly decreased almost to the position before the
CaCl, was added. If the rCRP liquid was first incubated
with PC, then the rCRP could not react with monolayers
containing DS8PC. Asthe reaction of rCRP with DS8PC/
DSPC monolayers was dependent on Ca?*, and the reac-
tion could beinhibited by PC, theinteractionsin the above
experiments were specific.

A molecule of DS8PC in the monolayer acts as arecep-
tor for rCRP molecule. The more DSPC molecules were
mixed with DS8PC in amonolayer, the more lateral space
was occupied by apolar head of aDS8PC, and more rCRP
molecules could bind to the monolayer. At the molar ratio
1:12, the DSBPC/DSPC monolayer had maximum adsorp-



tion to rCRP (A8gpz=0.193°). A rCRP molar mass is
1.2x10° g/mol. From Eq. (5) it was obtained that the av-
erage transverse area of one rCRP molecule on the mono-
layer surfacewas 10 400 A2, From el ectron microscope ob-
servations the diameter of one rCRP molecule was found
to beabout 100 A. Therefore asquare areaof one observed
rCRP molecule agreed with the above SPR experimental
result. This meant that the DS8PC/DSPC monolayer with
amolar ratio of 1:12 could be covered by rCRP molecules
almost completely. If the ratio of DSBPC/DSPC was
smaller than 1: 12, receptors in the monolayer becomerel-
atively fewer, so that the amount of rCRP binding to the
monolayer decreased.

The recent publication of ahuman CRP X-ray structure
(Shrive et al. 1996) indicated that a PC binding site in a
CRP subunit was in a pocket. In the above experiments,
DP3PC/DSPC and DS6PC/DSPC monolayers could not
react with rCRP. Flexible polar heads of DS8PC molecules
in a DS8PC/DSPC monolayer might protrude far enough
to reach PC binding sites of rCRP molecules. From the
chemical formulae of DS8PC and DSPC, the depth of aPC
binding pocket in a rCRP molecule was presumed to be
about 10 A.

Conclusions

A SPR system is just like an optical amplifier. While an
organic film was assembling on a gold film, a shift of a
SPR spectrum resonance angle was directly proportional
to the product of the thin organic film thickness and there-
fractiveindex difference between the thin organic film and
the buffer containing the sample. It was also found that
AB<pr Was not sensitive to the sample support of a gold
film and a glass cover slip. From AB¢pr and the derived
formulae, a sample molecule length, transverse area, sur-
face concentration and surface density could be quantita-
tively evaluated. From these data, the interactions of pro-
tein and phospholipid and the hybridization of oligonu-
cleotides could be quantitatively monitored in real time.
In order to obtain the sample layer thickness from
Eqg. (1), theindex difference between a sample and a buf-
fer contai ning the sample must be known. Theformulawas
only suitable for layers in which sample molecules com-
pacted tightly, because the refractive indexes of this kind
of biological layer can be obtained from other sources. In
order to obtain asampl e surface concentration from Eq. (2),
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theratio of the sample volume concentration to the refrac-
tive index difference between the sample and the buffer
soaking the sampl e should also be known. Because the ra-
tio for protein samplesisamost constant, Egs. (3)—(5) for
o, N and Scould be widely used for protein samplesin the
homemade SPR system. They might also be suitable for
phospholipid monolayer and oligonucleotides strands.
From the program used, the same kind of formulae for o,
N and Scould also be obtained for any SPR system with a
different optical layout.
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