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Abstract
To deal with the general problem of biomolecules specific binding analysis, we have applied the technique of difference
spectra to the SPR-enhanced Total internal reflection ellipsometry measurement. We suggest a three-step treatment of
the SPR background, that can easily be integrated with usual measurement routine. First, making use of the difference
spectrum in ellipsometric angle ∆, single peak footprints of the topmost layer are obtained that facilitate its sensitive
detection during the film growth. Subsequently, circumventing the need of explicit knowledge of the substrate properties,
the difference spectra peaks can be used for the end-point analysis of binding. Finally, tracking the binding effectivity
of the analyte we determine the injection speed and analyte concentration windows needed for successful monitoring
of the film growth. We demonstrate our approach on a comprehensive two-stage binding experiment involving two
biologically relevant molecules: the C-terminal domain of RNA polymerase II and CID of one of its transcription factors,
the Rtt103 protein.
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Introduction

Adsorption of a thin bio-molecular film on the substrate
produces small changes in the measured optical spectra.
In plasmonics,1 these changes can be highly enhanced
using substrates that exhibit surface plasmon resonance
(SPR). Combining SPR2 with spectroscopic ellipsometry3

in total internal reflection setting (TIRE) results in SPR-
TIRE,4 which surpasses conventional SPR techniques by
additional information on the reflection induced phase-shifts.
Contained in the ellipsometric angle ∆, this information is
responsible for the high sensitivity of SPR-TIRE.5 The usual
angle-scanned reflectance is also accessible in SPR-TIRE
measurement: it is related to the ellipsometric angle Ψ, albeit
it is customary to perform wavelength scan in ellipsometry.

In both SPR and SPR-TIRE, the contribution from the
film is highly enhanced by the resonance in a metallic layer
within the substrate. In consequence, both techniques must
cope with high sensitivity to substrate quality. When the
requirement of SPR is withdrawn, leaving only TIRE, non-
metallic substrates can be used6 and other measurement
modalities are available7,8 at the expense, however, of lower
sensitivity compared to SPR-TIRE (in correspondence with
usual practice, we will omit SPR- in further).
In Kretschmann configuration the TIRE substrate usually
consists of a wavefront coupling prism followed by the TIRE
chip (see Fig. 1), attached to the prism using an index-
matching immersion oil. The TIRE chip itself consists of
a (glass) slide with SPR-active metal layer and possible
additional self-assembled mono-layers (SAMs), intended to
facilitate immobilization of the host molecules. Although air

Figure 1. Schematic view of the TIRE experiment setup. The
host, immobilized to the TIRE chip, is accessed by the buffer
dispersed analyte. The TIRE chip is attached to a glass prism
using immersion oil; detail of the active surface including the
immobilization facilitating monolayers is shown.

ambient measurements are possible, a small-volume flow
cell is usually clamped to the substrate and flushed with
liquid buffer. Consequently, micro-fluidic setup can be used
to inject the analyte through the cell.
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Figure 2. Ellipsometric spectra from TIRE measurement
(upper panel) taken at the angle of incidence 70◦ with bare
TIRE chip (Ψ0, ∆0, solid lines) and after immobilization of CTD
(Ψ, ∆, broken lines) sample (ch8 1, see Tab. 1). Lower panels:
selection from dynamic monitoring of Ψ (at 701 nm) during
injection of the CTD (left); diamonds mark times when the full
spectra in the main plot were taken. The corresponding
difference spectrum ∆−∆0 (right) for these two times.

After submersion of the substrate in buffer, background
measurement is recorded revealing the characteristic
resonance structure. During the analyte injection induced
film growth over the substrate, the ellipsometric spectrum is
modified by small shift of the resonance structure and change
of its depth (cf. Fig. 2). The kinetics of these changes has
been studied, resulting in estimate of the binding constant
Kd from a TIRE experiment.9,10

As a rule, the model of the substrate is established first
with thicknesses fitted from the background measurement.
The acquired values are carried over to the sample
measurement, where only the parameters of the film are
fitted. The main problems in quantitative analysis of TIRE
experiments thus come from the imperfection (including
interfaces roughness and over-layers), and especially from
the metallic layer, needed to invoke the plasmonic resonance,
itself.

For the metallic layer we used gold, whose thickness
for optimal performance (approx. 50 nm11) lies well above
the threshold of about 1.5 nm, when the layers already
exhibit bulk properties.12 On the other hand, the resonance
in water ambient is observed near 1.7 eV, ie. below the inter-
band transition threshold of gold. In this region, the Drude
contribution of free electrons is very sensitive to gold layer
quality (primarily the grain size and surface roughness13),
producing high spread in optical constants obtained from
measurement on different samples.

In addition, correlation between thickness and refractive
index of the measured film, see (6), cannot be suppressed

using broad spectral measurements, because in SPR
only narrow spectral range near the resonance provides
sufficient sensitivity. Hence, unless the thickness is measured
independently (eg. by inclusion of QCM14), it would be
desirable to avoid explicit fitting of the data.

For samples with high homogeneity, the preferred
technique for analysis of the layer growth might be the
virtual interface method.15 Having, however, in mind the
complications connected with the TIRE chip, as well as the
stochastic nature of biological layers, we will, instead, use
the fact that the forming film is thin and use Taylor expansion
to study the contribution caused by injection of the analyte
via difference spectra.

We demonstrate our procedure on a two-stage binding
experiment: first, we study immobilization of various
modifications of C-terminal domain (CTD) of RNA
Polymerase II (RNAPII), RNAPII-CTD. Subsequently, we
study binding of the CTD interacting domain (CID) of the
Rtt103 protein, Rtt103-CID, to the immobilized CTD.

Theory

Explicit fits of real-world layered structures from ellipsomet-
ric measurements will unavoidably be hindered by signifi-
cant correlation of the fitted parameters. On the other hand,
recording independently the background and sample spectra,
one can certainly combine them into a difference spectrum.
Constituting a discrete version of the derivative, the dif-
ference spectrum should emphasize the changes caused by
analyte injection, thus facilitating its detection.

Generic behavior of the difference spectra can be
demonstrated from the measured curves in Fig. 2.
Considering red-shifting of the resonance dip with analyte
injection, difference in Ψ will show a maximum Ψ̄max

followed by a minimum, while difference in ∆ will be
dominated by a single maximum ∆̄max. Close to the
resonance, the difference in Ψ will cross zero whereas
difference in ∆ will exhibit the maximum ∆̄max, cf. also
Fig. 6. As a result, if a single quantity should be used to
monitor the film growth, the best sensitivity is reached using
the values of the difference spectra maxima, especially ∆̄max

as supported also below.
Of course, prior to extracting any information from the

difference spectra it is necessary to study their properties and
justify the application of the subtraction. We will inspect the
difference spectra against their linear expansion: numerical
reliability of the difference spectra requires the error of such
an approximation to vanish for layers of neglibigle thickness.

For description of the light propagation through the
layered structures in question we use the matrix formalism.16

The electric amplitudes of transmitted (Et) and reflected
(Er) field are connected to the incident (Ei) one through the
propagation matrix P,[

Ei

Er

]
= P

[
Et

0

]
, (1)

where

P = (V0)−1(R1)−1 . . . (Rm)−1Vf . (2)
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Central to the matrix formalism is the inverse of the
propagation matrix Rj in the j-th layer,

R−1
j =

 cos θj − sin θj
ñj

−ñj sin θj cos θj

 , (3)

where θj is the phase shift acquired by propagation across
this layer. The definition of the effective index of refraction
ñj and interface matrices V is polarization dependent; for
complete notation see the Supplement.

As customary in SPR analysis, the media are listed from
the wavefront coupling prism (starting with index 0) through
the substrate up to the ambient (with index f) and the light
impacts from the ambient.

To address the effect of the top-most layer in the system,
the propagation matrix of the substrate can be factorized as
P = BVf , where

B = V−1
0 R−1

1 . . .R−1
l ≡

(
a b
c d

)
; (4)

to distinguish the polarization we will use subscripts s and
p. Subsequently, a TIRE chip submersed in an ambient with
refractive index nf produces the substrate-related reflectivity
ratio ρ0 = r0p/r0s where the reflectivities

r0p = (dpnf + cp cosφf)/(bpnf + ap cosφf)

r0s = (cs + dsnf cosφf)/(as + bsnf cosφf)
(5)

are reached using (1) and (4) with φf being the angle-to-
normal of light transmitted into ambient. The reflectivity
ratio decouples into substrate-related ellipsometric angles
through ρ0 = tan Ψ0 · exp(i∆0).
A thin layer of thickness t and refractive index n (with
the light transmitted into this layer at angle φ) can be
approximately described by the matrix (R−1)thin ≡ S, with

S ≈

 1 − i

ñ

2π

λ
nt cosφ

−iñ
2π

λ
nt cosφ 1

 , (6)

where we have used the lowest-order Taylor expansion
in t/λ. Adding this layer on the substrate, the overall
propagation matrix becomes BSVf , producing the sample-
related ellipsometric angles Ψ and ∆. Typical behavior of a
BK7/Au/water system is shown in Fig. 3; in all simulations,
optical constants of gold from17 were used.

Combining substrate and sample measurements, one can
find their difference

Ψ−Ψ0 ≈ 2πIm

{
A

A0
− E

E0

}
|ρ0|

1 + |ρ0|2
t

λ

∆−∆0 ≈ −2πRe

{
A

A0
− E

E0

}
t

λ
,

(7)

where

A = (dpn
2 cosφf + cpnf cos2 φ)(as + bsnf cosφf)+

+(bsn
2 cos2 φ+ asnf cosφf)(dpnf + cp cosφf)

E = (bpn
2 cosφf + apnf cos2 φ)(cs + dsnf cosφf)+

+(dsn
2 cos2 φ+ csnf cosφf)(bpnf + ap cosφf)

(8)
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Figure 3. Simulation of the spectral dependence at AOI 70◦

(wavelength runs along the curves) of complex reflectance ratio
ρ0 for Au over BK7 system in water ambient (top) with different
thicknesses of gold layer (as noted in the legend). Bottom
panels: spectral dependence of Ψ0 and ∆0, as calculated from
ρ0; note the different behavior of ∆ when ρ0 encircles the origin
(emphasized by a cross) and when it doesn’t.

and we have, for convenience, used factorization of ρ0

different from the physical one in eq. (5). Namely, we have
put ρ0 = A0/E0, where

A0 = (dpnf + cp cosφf)(as + bsnf cosφf)

E0 = (bpnf + ap cosφf)(cs + dsnf cosφf).
(9)

For details on derivation of eqs. (6) and (7) see the
Supplement.

Equation (7) can be viewed as ellipsometric counterpart
to classical SPR reflectivity formulas18 and used for direct
simulation of the difference ellipsometric spectra. As long as
the layers in question are much thinner than the wavelength
of light, formulas (7) should provide reasonable description
of the growing film contribution: they can even be used turn
by turn for step-wise deposition or describe non-compact
layers using effective medium approach (for importance of
this fact see also Fig. 10).
The linear approximation will fail in regions where the
first-order coefficients approach zero and higher-order terms
become prominent, as will commonly happen close to the
resonance, cf. Fig. 4. This effect, dominant especially in
numerical simulations with fixed parameters, will be less
important in real measurement due to the smearing effect of
the spread in angle of incidence and/or wavelength.

To this end, we have performed a multi-parametric
simulation of the approximation error, whose results are
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Figure 4. Comparison of numerically simulated difference
spectra (solid lines) and prediction by formulas (7) (broken
lines). The film was 1 nm of n = 1.4 material over 47 nm of Au
over BK7 substrate, with AOI 70◦. Left panels: Ψ − Ψ0, right
panels: ∆ − ∆0. The bottom panels show explicitly the
approximation error. Note the different vertical ranges in the
panels.
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Figure 5. Multi-parametric simulation of difference spectra
stability. Dependence of the linear approximation error in
Ψ − Ψ0 on substrate resonance depth and thickness of the
growing layer is given for several values of beam divergence
and overlayer with n = 1.4; wavelength smearing was set to
∆λ = 4 nm.

summarized in Fig. 5. As the figure confirms, when
wavelength smearing due to monochromator (we have
chosen ∆λ = 4 nm) and beam divergence due to focusing
optics are considered in simulation, the approximation errors
stay at acceptable levels.
Plots of the type of Fig. 5 provide a quick check of
the difference spectra reliability, based on user accessible
parameters: depth of substrate resonance dip (available
from background measurement), growing layer thickness
(related to analyte size) and beam divergence (depending
on focusation used). In our experience, the error of order
10-15% is acceptable, especially due to low coverage of
the substrate observed in the measurements. Above this
threshold, the error becomes comparable with uncertainty
produced due to the noise in measured signals, and the

conclusions inferred from the difference spectra may become
unrealistic.

Measurement and results
In our previous work we reported on TIRE measurement of
5′-AGCT-3′ oligomer unspecific binding to HSA attached
over the Au surface of the SPR chip,19 which resulted in
estimation of the spectral dependence of optical constants of
the protein used, and on in situ monitoring of the specific
binding between EGRF protein and EGRF aptamer.20 The
binding constant between EGFR and its aptamers is reported
in the nanomolar range.21 We now report on substantially
weaker specific binding experiment using RNAPII-CTD and
Rtt103-CID: we immobilize various modifications of short
(E2) and long (E213 and E513) repeats of CTD over two-
step prepared SAMs and, subsequently, we study the binding
of the Rtt103-CID to the immobilized CTD (for details on
the samples and chemistry see Appendix).

Transcription by RNAPII is tightly coupled to majority
of pre-mRNA processing steps. The CTD forms a flexible
tail of RNAPII and serves as a binding platform for
various co-transcriptional processing factors. There are only
few structures available for processing factors bound to
the modified CTD, for example.22 Structure determination
of these complexes is challenging because of the weak
and ultra-weak protein-protein interactions (Kd ≥ 10−4 M)
involved. This weak interactions are undetectable by most
biochemical methods, but SPR techniques seem to constitute
a feasible alternative.10

TIRE spectra. Ellipsometric angles Ψ, ∆ were recorded
during the binding experiment at room temperature with
Woollam M2000 multi-channel ellipsometer in the spectral
range 400–1600 nm using auto-retarder. The ellipsometer
arms were set to AOI 70◦ and (semi)half cylinder prism
was used with focusation probes. The TIRE liquid transport
system consisted of a liquid cell with three separate channels
with the volume of 80 µl each, a 2.5 ml degasser to
remove residual gas in the liquid, and a syringe pump
to control the liquid flow rate. At the beginning of each
measurement, buffer was injected to rinse the selected
channel for several minutes at 100 µl/min. Altogether, 13
independent channels across 5 different TIRE chips were
used during measurements, as summarized in Tabs. 1,2.

In the first experiment, injection of 500 µl of the diluted
CTD peptides took place at the nominal flow speed of
100 µl/min for 25 minutes, covering transport of the sample
towards the cell, the intrinsic injection and final rinsing
of the cell with buffer. Having reached an equilibrium, a
full spectroscopic measurement (300 analyzer revolutions)
was taken. Second, similar experiment took place keeping
the flow speed of 100 µl/min for the first 3 minutes to
transport the sample towards the cell only, followed directly
by the intrinsic injection at 20 µl/min until minute 25 of the
injection.
Finally, directly following the 20 µl/min CTD immobiliza-
tion, 200 µl of diluted Rtt103-CID were injected in a rising
concentration sequence at 50 µl/min, followed always by
slow rinsing by buffer at the same flow speed (cf. Fig.
9). After the final sample (at nominal concentration of the
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Figure 6. Difference spectra in Ψ (left panel) and ∆ (right
panel), for flow speed 20 µl/min (cf. Tab. 1); dark to light: ch6 to
ch8, solid to dotted: 1 to 3 (see also Tab. 2). The spectra from
different substrates were aligned relative to wavelength of
resonance (in Ψ0) to isolate the contribution from different
concentration of CTD. Note the different vertical scale in the
panels.
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Figure 7. Binding effectivity in Ψ (left panel) and ∆ (right
panel) for 20µl/min (diamonds, solid line for fit) and 100µl/min
(triangles, dashed line for fit); cf. Tabs. 1, 2. The outliers (open
symbols) were excluded from fits.

available Rtt103-CID), a full spectroscopic measurement
was taken. Changes of the optical properties near the metal
surface during each binding step were monitored at selected
wavelengths (16 wavelengths between 701-796 nm, 10 ana-
lyzer revolutions each) near the SPR resonance using the
real-time modality of the Woollam system (WVase 3.774).

Prior to recording any data, the reproducibility and SAM
control measurements were successfully passed.

CTD immobilization. In each experiment, the background
(Ψ0 and ∆0, with buffer in the cell only) was recorded,
which allows to form the difference spectra Ψ̄ ≡ Ψ−Ψ0 and
∆̄ ≡ ∆−∆0 (cf. Fig. 6 for flow speed 20 µl/min) after the
analyte injection. Consequently, we extract the peak values
Ψ̄max and ∆̄max from the difference spectra and plot them

Table 1. CTD immobilization, for flow 100 µl/min.

code peptide concentration [µM ] Ψ̄max [◦] ∆̄max [◦]

ch4 1 E2 AB 333 1.60 6.39
ch4 3 E2 C 293 0.34 0.56
ch5 1 E2 AC 450 0.81 2.95
ch5 2 E2 BC 550 0.87 3.20
ch5 3 E2 AD 388 1.03 4.11

Table 2. CTD immobilization, for flow 20 µl/min.

code peptide concentration [µM ] Ψ̄max [◦] ∆̄max [◦]

ch6 1 E2 C 352 1.34 5.51
ch6 2 E2 CD 440 2.85 12.43
ch6 3 E213fl 192 2.48 11.66
ch7 1 E2 C 352 1.35 4.02
ch7 2 E2 AB 400 1.26 4.06
ch7 3 E2 490 2.58 9.32
ch8 1 E513fl 280 3.15 10.62
ch8 2 E2 CD 440 1.16 4.31

Table 3. Sigmoid fitting of CTD immobilization.

flow [µl/min] A [◦] Q B [µM −1] M [mM]

Ψ̄max : 20 3.03 1.46 0.425 17.2
100 0.91 0.10 1.421 16.3

∆̄max : 20 10.67 1.98 0.464 17.2
100 3.42 6.09 2.224 14.3

against the number of available residues in each experiment;
we define the latter as the concentration of the given injection
times the number of amino acids per peptide at the given
injection speed (cf. Fig. 7). The construction of the available
residues respects the fact that optical response (i.e. refractive
index) change due to the growing film is proportional to the
overall amount of material deposited.

Using the data from full spectroscopic measurements, both
100 µl/min and 20 µl/min immobilizations are summarized
in Tabs. 1 and 2, respectively, together with the extracted
maxima:
To link the dependence of ellipsometric response obtained
in Fig. 7 to the available residues, we use for fitting of the
both ellipsometric angles difference maxima a (sub)family of
generalized sigmoids with the lower asymptote fixed to zero
(ie Ψ̄max = ∆̄max = 0 at no binding). The generic form for
such a sigmoid reads

σ(x) =
A

1 +Qe−B(x−M)
, (10)

where x stands for the amount of available residua in our
case, A has the meaning of asymptotic response to the added
layer and M is the concentration with highest derivative of
response change. The results of the fits are summarized in
Tab. 3:
CID binding. To demonstrate the utility of the suggested
treatment we have monitored the second stage of our binding
experiment using the dynamic spectrum only. Usually, the
best sensitivity wavelengths for Ψ and ∆ are unknown in
advance, so the binding is monitored on several wavelengths
near the background plasmon resonance. Such data (in our
case the wavelengths in the range 701-796 nm, with 6 nm
step) are, however, already sufficient to locate Ψ̄max and
∆̄max. The results of the analysis are summarized in Tab. 4:
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Table 4. Rtt103 binding over E2C (ch7 1) at 50 µl/min.

code concentration [µM] Ψ̄max [◦] ∆̄max [◦]

1/8 44 1.20 4.94
1/4 88 1.23 3.91
1/2 175 1.43 5.83
1/1 350 1.80 6.21
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Figure 8. Binding results analysis of Rtt103 at 50 µl/min (cf.
Tab. 4). The lines are guide to the eye (with outliers in open
symbols).

The highest derivative of the sensitivity to Rtt103 injection
appears for selected injection speed around 100 µM protein
concentration.

As a supplementary result we provide an estimate of the
binding constant of Rtt103/CTD interaction.

The equilibrium conditions of the reaction H + G↔ C
are characterized by the reaction dissociation constant Kd.
We will denote concentration by square bracket, in particular
we use [ ]0 and [ ]∞ for initial and equilibrium values,
respectively. Then, in case of 1:1 binding the concentrations
constraint reads [C](t) + [H](t) = [H]0, because every
produced molecule of the product C depletes the initial host
abundance [H]0. If, in addition, the concentration of analyte
G is kept constant, [G](t) ≡ [G]0 (eg. using a flow cell
such as in a TIRE experiment), the change of the product
concentration in the course of time is expected in the form

[C](t)− [C]∞ =
(
[C]0 − [C]∞

)
e−αt, (11)

where

[C]∞ =
[H]0[G]0

[G]0 + Kd
(12)

is the asymptotic concentration of the product and

α = −[G]0kon + koff , (13)

where Kd = koff/kon.
Since the exponent αt is dimensionless, it is preferable
to fit the binding constant from α. To perform such
fit, time-dependence of any observable is sufficient and
the (often cumbersome) relationship between concentration
and the measured quantity need not be studied. We will
use a simplified version of this approach to process the

Table 5. Evaluation of Rtt103 binding constant to E2 C peptide
(ch7 1).

code [C]0 [µM ] [C]∞ [µM ] α [min−1] Kd [µM ]

1/8 24.60 26.80 0.271 681
1/4 24.03 25.94 0.288 1506
1/2 23.63 25.29 0.304 1823
1/1 22.91 24.53 0.330
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Figure 9. Kinetic study of Rtt103-CID binding over E2 C
peptide (ch7 1) using maximum sensitivity wavelength in Ψ.
First part (dark) of the curve maps E2 C immobilization, the four
Rtt103-CID binding steps follow (light) with fits of the
association phase depicted (orange); see Tab. 5 for details. At
marked instants, full spectra were taken and the resulting
difference spectra in ∆ are given in the insets together with
highlighting ∆̄max, where encountered.

measured data plotted in Fig. 9; the non-covalent character
of the studied protein-protein interaction is evident. Taking
two successive injections of the analyte with comparable
concentrations [G]1 and [G]2, the dissociation constant can
be considered constant and estimated from (13) as

Kd=̇
α1[G]2 − α2[G]1

α2 − α1
. (14)

The results of the Rtt103-CID binding fits (11) and resulting
values of Kd using (14) are summarized in Tab. 5.

Discussion

Difference spectra. When monitoring the growing layer, the
SPR dip can happen to move across the selected wavelength,
accompanied by a minimum in p-polarized reflectivity (and,
hence, in Ψ). Combining the sample and reference channel,
the analyte dependent zero-crossing point of the difference
SPR spectrum can be calibrated with high precision.23

In ellipsometry, the SPR dip crossing is in addition
accompanied by a steep jump in ∆. Unavailable in
conventional SPR measurements, the jump in ∆ brings
even higher sensitivity when quantitatively characterizing
the growing film.24 Indeed, Tab. 3 confirms that using the
information on ∆, about 3-4 times weaker concentrations
of analyte can be detected than using Ψ. Of course, higher
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absolute response does not guarantee higher sensitivity –
one must take into account the noise level. For rotating
analyzer measurements with auto-retarder the uncertainty
in the Fourier coefficients propagates to absolute error in
∆ about twice larger than in Ψ. In our measurements,
the net increase in ∆̄ is higher than this factor (cf. Fig.
6), confirming the higher sensitivity of this ellipsometric
angle to the growing film. Using rotating compensator the
situation becomes more complicated, but the results of error
propagation are similar.25 Under favorable conditions, the
net improvement of sensitivity coming from using ∆ is
reported to reach an order of magnitude.26

The SPR resonance structure dominates both reflectivity
and ellipsometric spectra. In conventional SPR second
derivative can be used to numerically enhance the sensitivity
of the measurement through SPR dip narrowing,27 the
ellipsometric data allow, however, for more efficient
processing using the difference spectra peaks. Together
with the fact that ∆−∆0 attains its maximum near the
resonance, ∆̄max can be favored for the use as a single-
value description of growing layer. Analyzing reliability of
Ψ−Ψ0 and ∆−∆0 we have shown that realistic conditions
of the experiment must be followed in numerical simulations
when approaching the perfect resonance. Our findings are in
agreement with the reported fact that in SPR measurements,
large errors can cause small consequences.28

Binding effectivity curves. Despite testing various con-
structs and concentrations (cf. Tabs. 1, 2) of CTD to immo-
bilize, Ψ̄max and ∆̄max in Fig. 7 align strikingly along
sigmoidal curves, even compared to individual difference
spectra in Fig. 6, which yet show no organization themselves.
This suggests that one can use the concept of available
residues to estimate the windows of concentration and flow
speed needed for a generic TIRE binding experiment to
provide usable results.

Our treatment starts from the asymptotic value A (cf. Tab.
3), which poses the lower bound cmin on the detectable
concentration. As Fig. 7 suggests, the flow speed must be
adjusted so that cmin falls into the noise-limited resolving
power of the equipment (of course, particular values of A
depend on the cell geometry).

Subsequently, the value of M appoints the concentration
of analyte, at which the measurement response is steepest.
Although M is often used also as an estimate of Kd,
the discrepancy between M in Fig. 8 and direct fitting
of the exponentials in Fig. 9 confirms that ellipsometric
response to the concentration of the analyte is nonlinear.
According to expectation, in agreement with NMR data for
(unphosphorylated) CTD29 is the directly fitted value of Kd

in Tab. 5. Further, monitoring of M (e.g. in Tab. 3) can be
used to restrict the mass-transfer limitation.30 This is highly
desirable since once the binding curves flatten, the available
remedies (increasing flow speed and/or decreasing analyte
concentration) contradict sensitive detection.

Practical benefits. Although measurement of full spectra
during injection is impractical, a dozen wavelengths can
be dynamically monitored without need to interrupt the
injection. In the CID binding phase of our experiment we
have demonstrated that such dynamical scans are completely

sufficient to construct the binding effectivity curves (see
Fig. 9). Since several wavelengths around the background
resonance are usually monitored anyway, the advanced
analysis that we suggest here can readily be incorporated into
current measurement practice. Actually, as the data already
exist in many cases, the binding effectivity can be analyzed
even retrospectively.

Also, usually there is an obstacle in comparison of
spectra taken at different substrates, where the resonance
positions unavoidably disagree. With difference spectra this
can be corrected in a natural way: using the wavelength
relative to background resonance frequency (cf. Fig. 6)
the difference spectra from different substrates become
conveniently aligned.

Conclusions
We have successfully demonstrated that in SPR-enhanced
spectroscopic ellipsometry one can avoid the need of
explicit knowledge on the SPR substrate when working with
difference spectra of the ellipsometric angles. The basic
advantage of the difference spectra resides in obtaining
single peak footprint of the forming layer, which facilitates
its robust and sensitive detection. For low concentrations, the
difference spectrum in ∆ is clearly to be favored. Finally,
aligning properly the horizontal axis, the difference spectra
from different chips can be aligned in a natural way. A
good quantitative measure of difference spectra reliability
is the error of their linear approximation (7) or, when quick
reference suffices, Fig. 5.

Using RNAPII-CTD of various length and concentration,
we have for the immobilization stage of a TIRE experiment
reliably quantified the influence of channel flow speed. The
obtained binding effectivity curves can be used in scheduling
a generic TIRE experiment. For the binding stage of the
experiment we have successfully confirmed the ability of the
SPR -TIRE setup to detect the weak (Kd ≈ 10−3 M) protein-
protein interaction of the CTD and Rtt103-CID.

The advantage of the suggested treatment resides in the
fact that it can be easily incorporated into current day
measurement practice.
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Appendix
We use the PVD deposited Au on Cr wetted BK7 glass
chips, with the nominal Au layer thickness of 40 nm. During
measurement, the chip was coupled to the half-cylinder
shaped BK7 prism using index matching oil (nd = 1.51) to
minimize the light losses and distortion. Each TIRE chip
contains three independent channels, and each channel was
used for a single measurement without reuse.

Prior to measurements, the chips were washed in ethanol
and SAM1 was incubated for 18 hours by complete
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submersion of the chip in 1 mM ethanol solution of 6-amino-
1-hexanethiol (purchased from Sigma-Aldrich). Directly
after incubation of SAM1, the chip was washed with ethanol
and then with DI water and placed into a humid chamber
for one hour to incubate SAM2 from droplet of 4% grade II
glutaraldehyde water solution (Sigma-Aldrich) covering the
gold area of the surface. Directly after incubation, the chip
was washed in DI water, placed into the TIRE cell and
flushed with buffer. The final glutaraldehyde layer is well
suited to interact with various amino groups of CTD.31

To cross check the results, we have used two groups of
self-synthesized CTD: four heptapeptide repeats (E2 XY, see
below) and thirteen heptapeptide repeats (E213fl and E513fl,
see below).

The first group of peptides has been based on
the E2 structure, a FLAG-tagged four repeats (labelled
according to N-terminus–ABCD–C-terminus) of the CTD
motive, YSPTSPS, in overall length of 49 residues, E2
= SPEFTCSPS (YSPTSPS)4 YAAADYKDDDDK. The
peptides E2 XY available in this experiment were modified
during production through exchanging the second serine
with glutamate (S2 →E) in various combinations of modified
repeat X and Y: (unmodified) E2 (2.45 mM), E2 C
(1.76 mM), E2 CD (2.2 mM), E2 AB (2.0 mM).

The second group of peptides has been based on
E13 structure, a FLAG-tagged thirteen repeats of the
CTD motive, in overall length of 117 residues, E13
= SPEFTCSPTEPS (YSPTSPS)13 YSPAAADYKDDDDK.
The available peptides E213fl (0.96 mM) and E513fl
(lyofilized from 200 µl of 0.7 mM solution) were modified
(S→E) on all second and all fifth serines, respectively.

All available CTD peptides stock solutions were in ITC
buffer (35 mM KH2PO4, 100 mM KCl, 1 mM BME, pH 6.8).
Prior to measurement, all stock solutions were diluted approx
1:4 (100 µl of peptide stock solution in 400 µl of ITC buffer).
The measured E513fl solution was obtained by dissolving
all the available amount of the peptide in 500 µl of the
ITC buffer. The resulting concentrations of peptides used in
measurement are summarized in Tabs. 1, 2.
The 142 residues long CTD interacting domain, CID, of
the Rtt103 protein, Rtt103-CID, 350 µM in ITC buffer, was
used in the binding experiment. The actual concentrations
used in the experiment were full stock concentration (design.
1/1) and its twofold step dilutions 1/2, 1/4 and 1/8. For
information on structure of the Rtt103-CID domain see Fig.
10 and29.

The conventional estimate on sizes of all molecules
involved in our experiment indicates that the resulting
(mono)layers over the TIRE chip are very thin: about 1
nm for each of the SAMs (from bond lengths), at most
20 nm for E2 and 40 nm for E213 and E513 modifications
(in unstructured form); the size of Rtt103-CID is about
3x4x5 nm3 (from alpha helix pitch). All the sizes are well
below the visible light wavelength.
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