The ACS Journal of Surfaces and Colloids

© Copyright 2008 .
American Chemical Society l

JANUARY 1, 2008
VOLUME 24, NUMBER 1

Letters

Total internal reflection microscopy (TIRMY is a highly
sensitive method of determining partielevall interactions with
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Total internal reflection microscopy (TIRM) is a method for the precise measurement of interaction potentials
between a spherical colloidal particle and a wall. The method is based on single-particle evanescent wave light
scattering. The well-established model used to interpret TIRM data is based on an exponential relation between
scattering intensity and particle wall distance. However, applying this model for a certain range of experimental
parameters leads to significant distortions of the measured potentials. Using a TIRM setup based on a two-wavelength
illumination technique, we were able to directly measure the intensity distance relation revealing deviations from an
exponential decay. The intensitgistance relations could be compared to scattering simulations taking into account
exact experimental parameters and multiple reflections between a particle and the wall. Converging simulation results
were independently obtained by the T-matrix method and the discrete sources method (DSM) and show excellent
agreement with experiments. Using the new scattering model for data evaluation, we could reconstruct the correct
potential shape for distorted interaction potentials as we demonstrate. The comparison of simulations to experiment
intrinsically yields a new method to determine absolute partialall distances, a highly desired quantity in TIRM
experiments.

Introduction principle in TIRM is to measure interaction potentials between
a substrate and a colloidal particle suspended in a liquid. This
is achieved by creating an evanescent field via the total internal

a force resolution in the 10 fN range. It has been successfully '€flection of an incident laser beam at the substréitpiid
applied to measure various types of interactions such as depletiodmerface- For total internal reflection, the illumination has to be

forces and electrostatic and magnetic interactfiofg.he basic
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undergoing Brownian motion in the liquid close to the interface

§ Moscow State University. depending on the partictevall distancez For a TIRM
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at an angle that is larger than the critical angle given by the
refractive indices of the substrate and liquid. The intensity of the
evanescent field decays exponentially into the solvent. A particle

scatters light out of the evanescent field with an intensity
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Ap =473 nm (blue) were coupled in the sample cell via a glass prism

/gm@ under the same anglte > 0. that is larger than the critical angle.

EE ] ,__':3_ Fiter Photon counter The evangsczlent.field was generated at the glasger interface.
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Sk Dichroitic Mirror the critical angle wa$. = 61.63. The deviation from the critical
angle 6. could be varied for both lasers simultaneously. The
penetration depths~1 of the resulting evanescent field intensities
were thus dependent only on the illumination wavelendths 4,
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Here n, isthe refractive index of the substrate, dnslthe wavelength

of the incident light in vacuum. For illumination and detection, the
polarization (p or s) of the laser light could be adjusted by means
of a*/, plate combined with a polarizing beamsplitter as the polarizer
and another polarizing beamsplitter as the analyzer. The polarization
has been adjusted for both lasers separately. To prevent lateral drift
of the probe patrticle, optical tweezers with a wavelength of 532 nm
were applied from abovk. A 50x microscope objective with a

. . . numerical aperture of 0.5 was used to observe the particle and to
recorded for 15 min. By creating a histogram of the measured ¢qject its scattering intensity. The particle was observed using a
intensities, one obtains probabilitied) that can be transformed  ccp camera, and the scattered light intensity was recorded using
into probabilitiegp(2). This transformation depends crucially on  two photomultiplier tubes (PMT) (Hamamatsu R928p) suited for
the intensity-distance relatioh(z). At thermal equilibrium, the single-photon counting, allowing high detection efficiency and low

Photomultiplier

Figure 1. Schematic drawing of the setup. Two evanescent fields
are created by separate lasers differing in their wavelengths. The
inset shows the basic mechanism of the two-wavelength TIRM
experiment.

probabilitiesp(z) can be related to the partietevall interaction noise. The output of the PMTs was recorded using an internally
potentialg(z) by the Boltzmann factop(z) = exp(—#(2)/ksT), timed photon counter (Stanford Research Systems, SR400) yielding
whereksT is the thermal energy. The standard evaluation of Synchronized detection and connected to a PC for data collection.
TIRM data involves applying a purely exponentlé) = Io An interference filter was placed in front of each PMT, ensuring

wavelength-sensitive detection without cross talk between the
detectors.
All measurements were performed using colloidal particles

that because of multiple reflections between a particle and thesuspenqled in water. The Debye screening length of the suspension
was varied by adding NaCl to the circuit connected to the sample

wall such an e_xponenth_al intenstylistance relation does not cell, and the concentration was monitored using a conductometer
hold for certain experimental parameters such as a large conp 720 Innolab). As particles, we used polystyrene (PS 1.36
penetration depth, a small partielesall distance, and s-polarized |, from Duke Scientfific, cat. no. 4013A, lot no. 28174; PS8
illumination!? In these cases, exact simulation results show from Duke Scientific, lot no. 23774, cat. no. 4293nd melamine
systematic deviations from exponential behavior appearing asbeads (1.3m from Microparticles, batch MF-COOH-S1343).
oscillations in intensity-distance relations. Experimentally, these

parameters yield interaction potentials displaying distortions of Simulations

oscillatory shape if evaluated using an exponen{@ldepen- ) ) ] -

dence. Deviations from exponential behavior have also been The simulation methods used to calculate intensitistance
observed by McKee et al. for small partielsubstrate distancé3.  relations exactly as applied in this work (the T-matrix method
Using a new two-wavelength technique with TIRM, we andthediscrete sources method (DSM))are described elsewhere
experimentally verified the simulated intensitgtistance relation i full detail and have already been introduced in connection
calculated with two independent simulation methette T- with exact computations of intensitydistance relations for
matrix method and the discrete sources method (DSh)der TIRM.1114-16 The methods are based on exact solutions of the
the above-mentioned conditions. The technique requires the useelectromagnetic problem of the TIRM geometry. They differ in

of two separate illuminating lasers, with each of them creating the method of numerical calculation.

anindependent evanescent field of which one isused as areference In the T-matrix method, all fields are expanded into spherical
under safe parameters. Combining this technique with the newvector wave functions. The coefficients of the scattered field are
model, measured interaction potentials can be corrected withcomputed using surface integrals. In the discrete sources method,
respect to distortions, enabling TIRM measurements over awiderall fields are expanded into a set of fictitious sources, and the

exp(—£&2) relation whereE~1 is the same decay constant as the
penetration depth of the evanescent field intensity depending on
the angle of incidenc&!® However, we recently demonstrated

range of experimental parameters. coefficients are computed using a generalized point-matching
. scheme. To compute the scattering interaction between the particle
Experiment and the plane surface in the T-matrix method, a representation

In Figure 1, a schematic drawing of the experimental setup is of the fields as integrals over plane waves was used, whereas in
shown. Two laser beams with wavelengthg,of 658 nm (red) and DSM, Sommerfeld integrals are used to represent the Greens
funtion of the half space.
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For the experimental results presented here, the agreement

between the two independent simulation methods provided an
internal check of the consistency and convergence of both
methods.

Data Evaluation and Results

To verify the simulated intensitydistance relationd(2)
experimentally, one needs to extract this information from
experimental data. This was achieved by applying a new two-
color TIRM technique. This technique involves using one laser
as a reference to calculate from it the partieteall distance.
This laser is set to parameters where the exponehtiplis
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Figure 2. Intensity—distance curves for different penetration depths

applicable! The validity of the exponential model can be easily  for a PS 1.36:m particle in a 25Q:M NaCl solution determined

checked by obtaining interaction potentials in agreement with

by plottingl, versusz, (open symbols). In addition, simulation results

theoretical predictions (e.g. DLVO theory) and independent of for the discrete sources (lines) and the T-matrix (closed symbols)

(smaller) changes in penetration depth. In general, these
parameters will apply to p polarization and a smaller penetration
depth; therefore, thig, = 473 nm laser is chosen as the reference
providing information on the partictesubstrate distance. The
other one , = 658 nm) is set to parameters whé(® should

be tested. Typically, these will be a larger penetration depth and
s polarization because deviations from the exponential model
are expected in this regintié The synchronous measurement of
both scattering lasers yieldigt) andly(t) wherel, andly, are the
intensities of wavelengttis andiy, respectively. For the reference
laser withd, = 473 nm, one can invert thig(z,) relation

Tp(2b)
2

(2
(3

)
)

= Ipofo(2zp) = Ipoexp (—&p2p)
= & n(L) + & Mn (Inp)
N ——

20

The functional dependendégz,) of In(z,) is an exponential with

5;1 being the penetration depth of the evanescent field created
by Ay = 473 nm. For simultaneous measurements z, the
intensity of thel, = 658 nm laser can be written as

I(z) = r,Ofr(zr) = Ir,Ofr(Zb) (4)

Here,fi(z,) is the distance dependence of the intensity forithe

= 658 nm laser, which is not necessarily exponential and has
to be compared to simulation results. The only free parameters
arezp andl, o. For thel, = 658 nm laset, o is a proportionality
factor. The distance offseg is connected to the intensity of the

Ap =473 nm laser. (i.elp 0, See eq 3). Deviations are expected
to manifest themselves in a non-exponenti@,) compared to

an exponentiafy(z,).

Polystyrene 1.36ugm

methods are displayed.
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Figure 3. Intensity—distance curves at penetration depths{,-‘,b]f

=400 nm ¢,) and&g1 = 287.5 nm {p) determined by plotting;
Vs z, for (a) a PS 3tm particle in a 10«M NacCl solution and (b)
a melamine 1.3:m particle in a 25Q:M NacCl solution.

correctvalue fogyand thereby allow the determination of absolute
particle-wall distances. With a featureless exponential curve,
this would not be possible. For the smallest penetration depths,
almost no distortions could be identified, difg) is in agreement
with the exponential model even for s-polarized illumination.

By applying the procedure described above, one can compareThe experimental results are in excellent agreement with the

the results from the two consistent simulation methods with

experimental data for different penetration depths. Figure 2 shows

the results for a polystyrene particle with a diameter of 186

in a 250uM NacCl solution and penetration depths&qii1 of 500,

300, and 151 nm fok, (corresponding t@b_l = 359, 216, and
109 nm forly,). Results span a range of aboutdrb in separation
distance. For a direct comparison of experiment and simulation
results, experimental data have been shifted along #xés by
Zpandrescaled as mentioned above Withzy andl, pare chosen

by varying both values until the best overlap between simulations
and experiment is achieved. The oscillations ofl{agrelations

are a strong criterion for choosing the correct values. The
deviations from exponential behavior are obvious, especially for

the larger penetration depths in both experiment and simulations.

In fact, these deviations are especially useful for determining the

simulation results of both the T-matrix and DSM methods.

Polystyrene 3um

To further verify the ability of the simulation method to give
accurate predictions dfz), we have varied the particle size
while keeping the refractive index constant.

For polystyrene beads with a diameter ofi®, we applied
the same evaluation as described above, and again there is an
excellent agreement between experiment and T-matrix as well
as DSM. In Figure 3a, thg?2) relation for a PS @m bead is
shown at a 10@M NaCl concentration. Thé, = 658 nm laser
was s polarized with a penetration depth gﬂ‘l = 400 nm
whereas thel, = 473 nm laser was p polarized with a
corresponding penetration depth gﬁl = 287.5 nm.
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Figure 4. PS 1.36um particle atgfl = 400 nm penetration depth
and with 25QuM NaCl concentration under s-polarized illumination
and detection. (a) Intensitydistance relations obtained experimen-
tally and via both simulation methods. (b) By applying the simulation
results to obtain distances corresponding to intensity valugg of
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obtained by evaluating data &f = 658 nm “falsely” under the
assumption of an exponentiglk). The open squares in Figure
4b show the correct potential obtained by evaluating data from
A, the reference wavelength, with parameters where an expo-
nential 1(2) is appropriate (p poIarization;-];1 = 287.5 nm).
Using thel(2) relation obtained by simulations zaalue can be
assigned to each measured intensitylofand the interaction
potential can be correctly calculated from a histogram of particle
wall distances. As a result, one obtains the new interaction
potential for both simulation methods separately (solid lines).
Thereby, remarkable agreement between the “correct” potential
(squares) and the “corrected” potential (lines) is achieved. The
distortions in the interaction potential have been removed upon
applying the correct(2) relation.

Conclusions

We have extended the TIRM method with simultaneous two-
wavelength illumination and detection. This allows us to testand
verify calculated intensitydistance relations for TIRM mea-
surements for different experimental conditions. Our experi-
mental results agree perfectly with simulation results from DSM
as well as the T-matrix method. By using the results for the
intensity—distance relation, correct interaction potentials could
be obtained even for extreme parameters where the simple

one obtains the corrected potentials. For comparison, the potentialexponentia| model would fail. Thus, we have demonstrated that

before correction is displayed as open circl§§1(= 287.5 nm)
under p polarization.

Melamine 1.3um

T-matrix and DSM simulations are a powerful tool for the detailed
analysis of evanescent light scattering data. This might pave the
way for TIRM measurements with surfaces of high reflectivity
or at larger penetration depths where deviations from the

To test the new scattering model for another parameter, we exponential scattering model due to multiple reflections between
evaluated measurements for melamine particles with a similar a particle and the wall become increasingly important. In addition,

diameter to that of PS 1.36m in Figure 2 but with a different
refractive indexve = 1.68 and compared them to the calculation

the comparison of simulated and measurég relations
intrinsically yields an extremely sensitive check of the correct

results obtained for both methods. For a melamine particle with value ofz, the absolute partictewall distance. Experimentalists

a diameter of 1.3m in a 250uM NacCl solution, the results for

using TIRM should be aware of the high sensitivity @ relation

I(2) are displayed in Figure 3b. Experimental data was obtained and the derived interaction potentials with respect to the

by simultaneously illuminating with &, 658 nm laser
(penetration deptl&r_l = 400 nm and s polarization) andig

= 473 nm laser (penetration depﬂg’1 = 287.5 nm and p
polarization). By varying the refractive index, the results of
experiment and simulations agree well.

Correcting Potentials

After the simulation results are experimentally verified, one
can apply the simulatdd) relation to evaluate the experimental
data correctly. We compare for a PS 1.3 particle the
evaluation of interaction potentials obtained with simulated and
simple exponentidl(z) relations under s-polarized illumination
with a large penetration depth b,‘fl =400 nm ford, = 658 nm.
Figure 4a shows th&(2) relation displaying deviations from

polarization and penetration depth of the evanescent field.
P-polarized illumination is to be preferred, but as demonstrated,
s-polarized illumination, even with a large penetration depth,
can be understood and handled adequately, yielding correct
interaction potentials. The simulation results enable a systematic
study of 1(2) relations with varying different experimental
parameters. This will lead to predictions for the applicability
range of the exponential model.
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