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Abstract

We present an experimental method based on video microscopy to perform nanometer scale position detection of a micrometer bead in
the direction along the propagation of the detection light. Using the same bead for calibration and detection significantly improves the in
depth resolution in comparison to video microscopy methods from literature. This method is used together with an optical trap to measure
interaction potentials between a glass surface and colloids made of polystyrene or silica at different electrolyte concentrations. The results are
confirmed by an independent method where the optical trap is used in connection with a quadrant photodiode. Also, we present a maximum
likelihood analysis method which considerably improves the spatial resolution of interaction potentials by optimizing the underlying potential
function to fit all observed position distributions. The measured interaction potentials agree well with DLVO theory for small electrolyte
concentrations; however, for larger electrolyte concentrations the potentials differ qualitatively from both DLVO and Lifshitz theory.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction in [6-8] the axial position determination has been done by
using TIRM in conjunction with an optical trap. The use of

Optically trapped microspheres have proven successful TIRM constraints the geometry of the system; the bead must
as highly sensitive force-measuring transduggrg]. Typi- be close to the glass slide where the evanescent field enters
cally, distances which the microspheres move within the trap the sample which is typically the surface opposite of the sur-
are determined by single particle tracking routif@jsor by face where the trapping Iaser. light enters the sample. The
imaging the scattered light from the trapping laser or a sec- further away from the coverslip Wh_ere the Ias_er enters the
ond laser onto a quadrant photodiddk The single particle gample, the more severe the spherical aberrations of the op-
tracking and quadrant photodiode detection schemes havdica! trap[9-11} o
mostly proven successful in terms of an accurate determina-, BY Our video-based method, which utilizes only the CCD
tion of forces and distances in the plane orthogonal to the Mag€ of the bead, the position can be determined with

direction of propagation of the trapping laser light where a a resolution of 5 nm at any pOSitipn within the sample and
resolution of 710 pixel is not unusudB]. for beads of any size. In a setup including a trapping laser,

However, in some cases the position of a colloid in the di- thﬁ mettrk:o? alsot applle; CIO‘:;E tcl) th? fsurfacehof _thel sgmple
rection parallel to the propagation of the trapping laser light \tl'vonesreThg ?Sn ir Ir:zfsg rer‘rrTeth(e) de'gss'rr:'(l)g: tipthzrtm?oaose;ja-
is of interest, e.g., when measuring the interaction potential lons. princip u 'S siml prop

by Crocker and Grief5], but an important difference is that
between a bead and a surfég7]. In the cases reported we calibrate using the probing bead and therefore the spread

in the sizes of the beads in a typical sample does not influ-
" Corresponding author. Fax: +45 35325425, ence the precision of the method. This is probably the reason
E-mail addresspddershede@nbi.dk. Oddershede). why our resolution in the direction parallel to the propagat-
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ing laser light is 5 nm whereas the one state{bin(called the vacuum permittivity, angipeagandirgiassdenote the sur-
“in-depth resolution”) is 150 nm. Ifi12] a related method face potentials of the bead and the glass surface, respectively.
is proposed with a resolution of 5-10 nm. Since with the U is a measure of the van der Waals interaction and can be
video microscopy method the position of a reference object given by at least two different expressions of which one is
on the surface can be traced simultaneously, our method carthe Derjaguin’s approximatiofi6],

be used in cases where drift is a problem. In comparison to

the TIRM or quadrant photodiode-based detection schemes,U _ AR @)

our video method has the disadvantage of a slow sampling 6z’

rate, I'Tteddby the repe?tlﬁn f?ée of;he %CD czra]mdera. H?]W' _which is valid whenz « R. However,U can also be given
ever, the advantages of the video-based method are that | y a more exact result of the van der Waals interaction be-

can be used anywhere in the sample, it is possible to accountyeon o sphere and a surface which is also valid R
for drift of the surface, the absolute distance to the surface through the surface element integration method (SE).

is known at all times, its accuracy precedes that of previous
video-based methods (in the direction parallel to the light ATR R z
path), and |ts'|mplementat|0n is very S|mple. . Usei= E[_ + T1 2R + n<z n 2R>]'

We use this method to measure the interaction between
polystyrene or silica beads and a clean glass surface in A is the Hamaker constant and depends on the materials
solutions of various electrolyte concentrations. The glass— of the interacting bodies. The repulsive interaction between
polystyrene interactions are also measured by an indepenthe surfaces is highly dependent upon the electrolyte con-
dent method using only the forward scattered light from centration in the surrounding fluid through the parameter
the trapping laser light and a quadrant photodiode detector
as described ifi13]; this method gives similar results. The 23 piv?

. . i i -1

measurements from both the video microscopy method and« = o ki T m - 4)
the quadrant photodiode method are significantly improved weOtB
by a maximum-likelihood statistical analygis4], which is Here, p; is the density of theth ion andv; is the corre-
hereby for the first time applied to this type of data. At sponding valency. Inserting the relevant parameters for an
low electrolyte concentrations our results reproduce those of 1:1 electrolyte like NaCl yield a convenient expression for
DLVO theory; however, at larger electrolyte concentrations the Debye length,
we see an interaction profile which is qualitatively different

(3)

from existing theories. 1o 0.304 nm (5)
We start by introducing some theoretical framework con- JINaCl

cerning surface—colloid interactions, and then the general

rinciple we use for probing the surface. The two experimen- . ) . -
princip P g P per liter. The van der Waals interaction originates from the

tal methods invoked, the video microscopy and the quadrant! ; : ) . : .
interaction between microscopic fluctuating dipoles which

photodiode based, are described. Then the maximum likeli- the DLVO th ot td to vield the total att
hood analysis of the measurements is described and finally,'n € eory are integrated to yie € total attrac-

the results are presented and compared to existing theories. lon. . . .
Two additional phenomena are included in the more com-

prehensive Lifshitz theory18,19} (1) The attraction falls

off with separation distance due to decorrelation of the inter-

acting dipoles. (2) The interactions are affected by screening
The interactions between two surfaces immersed in a lig- from the free counterions between the two surfaces. Accord-

uid comprise various forces of different origin. At separa- ing to the Lifshitz theory the functional form for the'van der

tions larger than-50 nm, the interactions are predominantly Waals interactiorp,; between two flat surfaces (s) is

electrostatic while at smaller separations van der Waals at- A(2)

tractions may become important too. These two types of ¢, (z) = — 5

interactions are combined in the DLVO theory. For low sur- 12mz

face potentials|y | < 25 mV, the electrostatic and van der Here, A is the Hamaker constant ands the separation dis-

Waals interactions between a sphere and an infinite flat sur-tance. The retardation and screening effects enter through

where [NaCl] refers to the electrolyte concentration in moles

2. Interactions between charged surfaces

(6)

face separated at a distangean be approximated §§5] the Hamaker constant which is a decaying functiorng of
e _ U 1 The Hamaker constant depends on the material properties
¢(2) =doe " —U. (1) through the dielectric functions of the interacting plates and

Here,«x 1 determines the length scale of the electrostatic in- the medium separating the two surfaces. Complete dielec-
teraction and is known as the Debye length. The constanttric functions for most materials are not determined, but
¢o is given bygo = 4 e, €0Vglass/beadR, WhereR denotes for polystyrene and glass we used the parameters reported
the radius of the bead,, is the permittivity of watergg is in [20].
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3. Principle of surface probing histograms into potential energy as explained in detail in
Sectionb.
To measure interaction potentials between a glass surface
and an optically trapped bead, time series of the position of
the bead were recorded at different distances between the4d. Materialsand methods
center of the trap and the surface. Typically, this distance was
decreased in steps of 50 nm between each time series, th&.1. Video microscopy method
steps being sufficiently small to obtain substantial overlap in

the positions of the bead betwee_n consecutive time series_. In the video microscopy method we basically utilize the
~ The forceF exerted by the optical trap on a bead at posi- fact that in bright-field microscopy the diffraction pattern
tion z is to a good approximation harmonic: from a bead changes as the bead moves from below to above
the focus. Below the focus, the outer radius of the diffraction
F(z) = —«1(z — z0), (7) . ) ) _
rings increase. Conversely, above the focus the diffraction
wherex; is the stiffness of the optical trap apglis the equi- rings become smaller and converge into a bright spot.

librium position of the optical trap which in the absence of Two such diffraction patterns are shown Fig. 2 The
external forces equals the mean position of the trapped beadbead to the left is stuck to the surface and is below the fo-
The distribution of the bead positions is Gaussian. Under the cus of the microscope, whereas the bead to the right is held
influence of an external forceey:, this distribution will be  above by the optical trap in a position nearly coinciding with
shifted. At the new equilibrium position of the beag, the the focus of the microscope. In order to get a measure of how
force exerted on the bead by the optical trap is equal in sizethis diffraction pattern changes with the axial position of the
but opposite to the force exerted by the surface interaction bead with respect to the focus of the microscope objective

on the bead: we calculate the second moment of this brightness distribu-
tion [5]:

Fext(zp) = 11 (zp — 20)- (8) [5]

This relation allows for a determination of the external force M, = Mi Z (24 jHIx+i,y+ ). (9)

acting on the bead by monitoring the shift in the position of
the peak of the histogram.

Fig. 1shows a series of histograms obtained from a num- Here.ro is chosen to be approximately the maximum radius
ber of time series of an optically trapped silica bead. Be- Of the diffraction patternMo =3 _;; ;2 j2_.2 1 (x + i,y + )
tween each histogram the trap positieg, was moved to- is the integrated intensity inside an area of radigsand
ward the glass surface in 50-nm steps. Far from the surface,! (x, y) is the intensity of the pixel positioned ét, y). The
where the interaction is negligible, the histograms are well unit of M5 is pixels’.
fitted by a Gaussian function yielding andzg. As the in-
teracting surface approaches the trapped bead, the peak of.1.1. Calibration
the histograms is shifted and the width of the histograms de- A bead stuck to the surface is moved in a controlled fash-
creases due to the presence of external forces. ion through the focus of the microscope objectivé, is

With this method all information obtained in each time calculated at each position of the surface. Consequently, a re-
series is utilized to produce one data point, giving the exter- lationship betwee, and the axial position of the bead can
nal force acting on the bead in the positign However, in be obtained. From averaging a number of such runs a calibra-
order to use the information stored in the time series more tion curve shown as a full line iRig. 3is obtained. All parts
efficiently, we also used Boltzmann statistics to invert the of the calibration curve which have a one-to-one relation be-
tweenM; and the axial position can in principle be used for
position determination. However, for practical reasons we
‘ use the approximately linear region only. The dashed line in
| Fig. 3is a linear fit to the region between the two horizontal
60 lines. This fit gives a constanigeo Which relates\f, to the
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Fig. 1. Histograms showing the position of the trapped bead as the opti- Fig. 2. Microscope picture containing both a bead stuck to the surface (left)
cal trap is moved in steps of 50 nm toward the surface. The abscissa is inand a bead (right) in the optical trap the position of which nearly coincides
relative, not absolute, units. with the focus of the microscope above the surface.
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Stage position um Fig. 4. Video method determinations of the position of a bead stuck to a

. ) - . surface which is moved in discrete steps of 50 nm. At each step, the typical
Fig. 3.M> as a function of position of the bead as the bead is moved through |, 0| of noise and drift is visible.

the focus of the microscope objective. The offset on the two axes is arbitrary.

The dashed line is a linear fit to the part of the calibration curve between . . .
the two horizontal lines. which is subtracted from the measured motion in order to

eliminate possible drift of the sample. Then, the surface is
axial position of the beadyei: M2 = Cyigeozrel. The charac- moved by the piezoelectric stage in steps of 50 nm toward
teristic size of the Brownian motion of a bead in the trap is the trapped bead. At each step, the fluctuations of the bead
significantly smaller than the linear region of the calibration [N the trap are recorded for 30 s by the CCD camera.
curve. This method can be used to probe bead—surface inter- Aftér completing the probing procedure, the bead is at-

actions, even at large distances between bead and surface. tached to the surface to perform the calibration. Since the
To keep track of the center pixel between successive size of the beads varies with about 10% it is crucial to per-

frames we used a centroid tracking algorithm: form the calibration for the same bead as the one used in the
probing procedure. At moderate to high electrolyte concen-
Cx 1 i . . trations it is possible to attach the bead by forcing it to the
= 1 , —bg|. 10 . i
(cy> Mo Z ( >[ (ctiy+ ) —be] (10) surface with the optical trap. At low electrolyte concentra-

by <Irol tions, however, this was not possible. In order to calibrate at

The algorithm calculates a new center pixel only if the new |ow electrolyte concentrations, more electrolyte was added
center deviates more than 0.5 pixel in ther y direction to the chamber to enable attachment of the bead the sur-
from the previous center and is similar to the algorithm used face after the probing had ended. In all cases, the calibration

in [5]. A mask of size 2 x 2rq including the bead was used  curve is obtained by oscillating the stuck bead for 30 s with
to calculate the centroid center. To avoid any bias toward anan amplitude of 1.6 um and a period of 10 s.

artificial center the background intensityg() was subtracted

and the centroid was calculated from the absolute value of4.1.3. Resolution and noise

the resulting intensity distributiofb]. In order to test the resolution of the method the diffraction
The magpnification on the CCD camera is 50 /fmixel pattern of a bead stuck to a surface was recorded as the stage

which corresponds to approximately>3 the standard de-  was moved in discrete steps as showRim 4. At each step,

viation of a trapped bead in the focal plane. Therefore, the the standard deviation of the noise was approximately 5 nm

tracking algorithm typically assigns the same center pixel which we define as the resolution of our methodrig. 4the

for the trapped bead. More importantly, it accounts for sur- drift of a stuck bead, that is, the drift of the glass coverslip is

face drift and crosstalk among they, andz directions. To also visible. This drift is caused by various environmental

avoid artifacts an intensity threshold is used to skip unphys- disturbances such as temperature changes, mechanical vi-

ical values of the centroid procedure. brations, liquid evaporating, etc. While performing the mea-

surements we eliminate the effect of this drift by subtracting

4.1.2. Procedure the position of a stuck bead from the position of the probing
The axial trap stiffness is determined from the width of bead.

position histograms as shown Fig. 1 sufficiently far away There are a number of contributions to the noise of to the

to ignore proximity effects. The relation between the stan- signal: First, a readout noise is introduced in transforming
dard deviation of a Gaussian histogramand the trap stiff- the analog image from the CCD camera to digital form in
nessy;, iso?=kpT /k;. the computer, increasing approximately as the square root of
In order to probe the interaction between the trapped beadthe readout rate. Readout noise is minimized by electrical
and the surface of the perfusion chamber, the microscope ob-shielding of the equipment and by using a CCD camera with
jective and hence the optical trap is moved until the distance a low readout frequency. Secondly, thermally exited photons
between the coverslip and bead is around 1 um. Preferably,in the CCD device contribute to a dark current. The gain
in the field of view of the microscope there should be two is set to minimum thus suppressing any dark current. As
beads, one in the laser trap and the other stuck to the surthe temperature inside the CCD camera exceeds the ambient
face. The stuck bead is used as a reference, the motion ofaboratory temperature this can be a significant contribution
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0.5
to the noise. Furthermore, static noise is added from geo-

metrical distortions and dirt on the optics which we have 04 s
tried to minimize. Finally, shot noise is always present in )
photon-counting measurements as it is intrinsic to the photon 03

statistics. It can be reduced by increasing the exposure time g

of the camera but as this introduces correlation between the 02

frames it is not a good solution. During experiments all the
surrounding light was switched off to minimize stray light
from entering the CCD camera.

0.1

0 100 200 300 400
Surface distance [nm]

4.2. Quadrant photodiode method
Fig. 5. Normalized diffusion constant as a function of distance to surface

for a 1.07 um polystyrene bead in 0.5 mM NaCl. The data points are based
When a bead is trapped by the optical tweezers the totalon time series recorded with the QPE.= 0.003 p\/nm. The solid line is

intensity of the forward scattered light carries information afit to the profile suggested by Brenii8]. The distance from the bead to
on the position of the trapped bead in the direction parallel to the surface and are the free parameters in the fit.
the propagation of the trapping laser lighi,22] Within a
few hundred nanometers around the focal point the intensity A typical time series consists of 32768 data points, sam-
of the forward scattered light is proportional to the position pled at a rate of 4 kHz (anti-alias filtered at 2 kHz). After
of the bead. By measuring this intensity with a photodiode, recording a time series, the distance between bead and sur-
sampling rates at mega Hertz and nanometer spatial resoluface is reduced by 30 nm by moving the piezo stage. We
tion can be obtained. discard data recorded within 1 s after moving the piezo to
eliminate transient effects.

4.2.1. Procedure

We calibrate the trap by analyzing the power spectrum of 4.2.2. Determination of absolute distance to coverslip
the positions of an optically trapped bead using the methods In the experiments conducted with the video methods, the
described in24]. From the calibration we obtain the trap position of a reference bead stuck on the surface can be ob-
stiffnessx;, and a conversion factofqpq, Which relates the  tained simultaneously with the position of the bead in the
light intensity detected by the photodiode to the spatial coor- trap and hence the exact distance to the surface is known
dinates of the trapped bead. Since it was found that the valueat all times. By the quadrant photodiode method, we can-
of Cqpd changes as the trap position is moved toward the not measure this directly. Instead, we determine the diffu-
surface it is important to calibrate as close to the coverslip sion constant in each time seriggl] and compare it to the
as possible, but still sufficiently far away to neglect surface theoretically expected diffusion profile which is distance de-
interactions. In the measurements presented here the opticgbendent close to a surfaf® 25]. Since our time resolution
tweezers have been calibrated at a distance4tfO nm from is much higher than the autocorrelation time it is possible
the surface. This procedure is rather different from the cal- to find the diffusion constant from a power spectral analy-
ibration of the trap stiffness in the video microscopy-based sis [24]. Fig. 5 shows the normalized local diffusion con-
method (see Sectio#.1) where the distance to the cover- stant,D/Dy, as a function of distance to the surfaggy is
slip typically is around 4 pm. As the distance between the the diffusion constant found by Stokes law in the limit far
surface and the bead is very small, the proximity of the sur- from the surface. We estimate the accuracy of this method
face substantially reduces the axial diffusion constant of the to be around 30 nm from those rare time series where the
bead[25]; an effect which must be taken into account in bead actually got stuck to the surface at some point during
the calibration procedure. We found that the trap stiffness, the measurement.
K, was constant for bead-surface separations at least up to
700 nm. A small change in the offset of the photodiode inten- 4.3. Focus shift
sity was found when the optical trap was closer than 700 nm
to the surface; this is taken into account in the analysis of the  Spherical aberrations stemming from a mismatch in the
data. refractive indices of the glass and water at the interface in

As previously showrj13], the sensitivity and the linear  the microscope sample shift the position of the focal point.
range of the position detection method can be controlled by At positions far from the surface the relation between the po-
a careful setting of the numerical aperture of the condenser,sition of the physical focus of the objective and the nominal
N Acong- The desired sensitivity is achieved only in a narrow focus is approximately linear: When the glass—water inter-
range of N Acong, from 0.8 to 0.9. WhenV Agnq falls out- face is moved\z, the actual focus movdsSAz in the same
side this region we observe periodic artifacts in the intensity direction, withFS being the constant of proportionality be-
signal, a phenomenon caused by multiple reflections of the tween the apparent focus and the actual focus. A similar con-
trapping laser by the bead and the nearby suiffaége cept holds for the positions of a trapped bead: Shifting the
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@ Detection system
.. H

.t
= L2{(tube lens)

surface by an amoumtz toward a trapped bead, the spher-
ical aberrations will cause the distance between the trapped
bead and the surface to be reduced only by

Dichfoic mirror

Diaphragm  —
Condenser _})
>
—>

I3

Sample —
Objective

Aetorus = (17 POAL (11) 8 I
Numerical calculations have determin&® to be around 7 ; \ g
Nd:YVO4 laser| LI A0 u

0.3 [9,10]. These numbers are, however, rather different 20x Beam exp. Microscope

from our direct experimental measurements: By moving a

stuck polystyrene bead in a controlled manner through the Fig. 6. Schematic of the setup. The quadrant photodiode is placed at the
focus of the laser beam, the response of the intensity of thePosition of “I?etgction system.” The video camera is hooked up to the mi-

forward scattered light can be used for the measurement of1OSCoPe objective.

FS. In this case, the change in scattering intengity,, is re-

lated to the change in bead position relative to the focal planefields consisting of the even and the odd pixel rows, respec-
of the objective A Zsocus On the other hand, the conversion tively. To avoid mixing the positions represented by the even
factor Cqpg, defined in Section.2.1, is also a measure of the  and the odd fields, respectively, only one of the fields were
magnitude of the change in scattering intensity upon move- used to find the position of the bead. To minimize corre-

ments of the bead. This conversion factor is obtained usinglation artifacts the exposure time of the camera was set to

the thermal fluctuations of the bead and does notinvBlse = = 2 ms. The power of the illuminating lamp was adjusted
Therefore, such that the intensity distribution approximately filled the 8

bit dynamical range of the frame grabber. The temperature
(12) was fairly constant at 295 2 K.

AZ
qud—(l FS)AV’
which can be used to measuf& Using this method fora 4.5 Sample preparation

bead close to the surface we fouR8~ 0 for polystyrene

beads. To obtain physically acceptable interaction profiles  The silica colloids (with diameted = 0.97 um, Ad =

vyith a 1-1 relation between s_eparation distance and Poten-1109) and polystyrened(= 1.07 pm, Ad = £10%) were

tial, our measurements confirm that the vak® =0 is purchased from Bangs Laboratory Inc. The microspheres
appropriate even at bead-surface distances up to 400 NMyere washed in Millipore water and ultrasonicated to break
The reason for the discrepancy between our results and thagggiomerates. The beads in solution were flushed into a per-
of [9,10] could be that the values fd¥S given in [9,10] fusion chamber, the sides of which were thoroughly cleaned

are for systems where the absolute distance to the surfacg,y yjrasonication in 96% ethanol. The sides of the chamber
is larger than in our measurements, while in our experiment, were separated by vacuum grease.

the distance of interest is below 20% of the wavelength, ren-
dering geometrical optics type of arguments inadequate.

Silica beads have different optical properties and are more 5. Maximum likelihood method
heavy than the polystyrene beads. A similar measurement
shows thaFS~ 0.2 for silica beads at distances close to the
interface.

Altogether, the issue of how to treat spherical aberrations
near the interface still remains to be settled and is an obvious
subject for further investigations.

In this section it is explained how we utilize the data ob-
tained by the video microscopy and quadrant photodiode
methods to find the underlying potential of the interaction.
More precisely, we derive a maximume-likelihood estimate,
$(z), for the surface potentiah(z), by combining the infor-
mation of all histograms obtained at different trap-surface

4.4. Equipment distances.

The optical trap is based on a NdYY@aser with wave-
length 1064 nm and is implemented in an inverted micro-
scope with a quadrant photodiode detection schdd23].

The setup is shown ifig. 6. A laser power of 10—20 mW,
measured at the position of the sample, was used in all ex-
periments. Data were acquired using a National Instruments
card (PCI-MIO-16E-4). The sample was mounted on a three-
axis translational piezoelectric stage (Pl 731.20, Physik In-
strumente, Germany) with capacitative feedback control and
nanometer position resolution. The CCD camera is a Sony +Az/2 . B
XC-EIS0 with a repetition rate of 25 Hz. The CCD cam- P, (z € 1(2)|¢) = Je-azjz Ve (2) ~ ¢ () G2
era produces frames which are composed of two interlaced Jexp(—Vz,(2) — ¢(2) dz

5.1. Most probable surface potential

Let V,,(z) be the potential (in units ofzT") associated
with the force exerted by the optical trap centeregoatn a
bead at position, Eq.(7), i.e., V;,(z) = k: (z — z0)%/2kpT.
The probability,P;, (I (z)|¢), for observing the bead within
the intervall (z) = [z — Az/2, 7 + Az/2], given the external
surface potentiap, will be
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Here, ¢ (z) is defined in units okgT as well. By choos-
ing a regular and sufficiently small bin widthz, we obtain
Pz € 1(2)|9) = pz,(zl¢), where

exp(—Vz,(2) — ¢(2))
Z(9) '
In this expressionZ,,(¢) is the partition function obtained

by summing the Boltzmann weights over the discrete set of
z values given by the midpoints of the bins,

P (ZlP) = (13)

Zio($) =) exp(—Vip(2) — $(2).

For an uncorrelated time series of bead positi¢ng, the
accumulated histogramy (z), will be a member of the
multinomial[27] probability distributionP,,(N|¢),

N(z)
Poo(N1g) =n!] | —”“55'3,

)

wheren =) N(z) is the total number of counts.

For a series of measurements 1, ..., M with different
trap positions(zp);, each histogramy; (z) can be regarded
as an observation of the corresponding multinomial distri-
bution P;(N;|¢). Due to the mutual independence of the
measurements tHikelihood, L(1\7|¢), of observing the full
setN = (N1, ..., Ny) is simply given by a product of the
P;’s,

M
L(NIg) =[] Pi(Nilg).

i=1

(14)

Our objectlve is to find the maximum-likelihood (ML) po-
tential, ¢, given the observation¥’; i.e., we wish to max-
imize L(¢|N) with respect to the functiogp. From Bayes
theorem[27] we have

L(N|¢>)L(¢)
L(N)

L($IN) = (15)
whereL(¢) andL(Kl) are a priori probability distributions
for the potential and the observations, respectively. Here,
L(N) only enters as a normalization constant and can there-
fore be discarded. In the following, we will assume no prior
knowledge of the potentlal by setting(¢) = const. Con-
sequentIyL(¢>|N) x L(N|¢) so maximizing Eq(14) with
respect top will yield the desired estimate for the surface

potential. Equating, ) log L(N|¢) = 0 gives
M
N —1Ni(z
exp(—¢(z)) — - Zz_l - (2) ’ (16)
Y i1 i Zi(9)~exp(—Vi(2)
wheren; =} __ N;(z). The partition functions; must be es-

timated self consistently from E16). Expressed in terms
of the unitless free energieg; = —log(Z;), the partition
functions can be found by solving thd equations,j =
1,....M,
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Fig. 7. The estimated interaction potential between a polystyrene bead and a
glass surface in [NaCH: 0.1 mM using video microscopy. The square sym-
bols () are the result from a numerical integration of the measured surface
force according to E(8). The dotted curvesd| is the potential obtained by
applying the maximum-likelihood method to the same data set. The method
increases the spatial resolution by roughly one order of magnitude.

A YEANi(2)
Fi(H= XZ: YoicaniexplVi(x) = Vi@ + fi — fj)
=1, 17)
Wheref (f1,..., fm). Equations(16) and (17)are re-

formulations of the generalized multihistogram which were
derived in the context of Monte Carlo sampling [i4].
Since an arbitrary constant can be added tofalvithout
affecting the solution, the estimated surface potenfials
determined up to an additive constant only. This zero mode
is easily removed by choosing a reference value, for instance
$(00) =0 A

A convenient and fast approach for calculatinigs first
to find the solution to Eq(17) using the globally convergent
Newton—Rapson schenj8] with the explicit expression
for the HessianH;, = 9 F; /dfx,

Hjp =8 Fj —nexp(fj + f)

M
» [Z Z,':lNi(Z) 2:|.
(> niexp(f; — Vi(2)))

Note thatH jx = Hyjni/n;, so onlyM (M + 1)/2 elements

of the Hessian need to be calculated. The change of vari-
ables,Z; — f; in Egs.(17) and (18)s necessary to ensure
numerical stability of the Newton—Rapson algorithm. From

the solutionf, to Eq.(17)one obtains the most probable po-
tential, simply by substituting; = exp(— f;) into Eq.(16).

In Fig. 7 we illustrate the power of the maximum-
likelihood method as outlined in this section. The square
symbols represent the surface energy obtained from a nu-
merical integration of E8) using the procedure outlined in
Section3 for a polystyrene bead ifiNaCl] = 0.1 mM. Solv-
ing Egs.(16) and (17)for the same data yields the energy
profile represented by the dot symbols. By this procedure,
the spatial resolution is improved by roughly one order of
magnitude.

(18)
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5.2. Effect of positional uncertainties of the optical trap typical values for this ratio are of the ordetl0~2, thus en-

suring the applicability of Eq(16) and (17) Though we
The derivation outlined above is based on the assumptionhave no direct estimate efr, in the quadrant photodiode

that the distance(zp);, between the surface and the center method, we are quite confident that condition E2{l) is

of the trap is kept constant during the recording of each of satisfied here as well, due to the similarities of the two ex-

the histogramsy;. In practice,(zp); will be subject to small perimental setups.

fluctuations, drift, etc. It is important to analyze under which

conditions these uncertainties can be neglected. The simplesb.3. Effect of a finite shutter time

way of accounting for them is to convolve the probabilities

in Eq. (13) with an a priori probability,Pr, (zo), for the trap An important experimental assumption underlying the

to attain the center valugy at some instance during mea- measurement of the positional distribution of the bead is that

surement. The probability,5; (z), of observing the position  the shutter time is sufficiently small compared to the au-

z of the bead during measuremeémill then be given by tocorrelation time of the fluctuations. The effect of a finite
shutter time can be estimated by assuming that the effec-
pi(zl¢) = exp(_¢(z))<w> i (19) tive potential is approximately harmoni¥y,(z) + ¢ (z) =
Zo@®) g (1/2)(k;/ kpT)(z — 7)%, wherek, is the total trap stiffness

and 7 is the average bead position (we neglect a possible
offset to the potential which plays no role for the following
discussion). Diffusion in a harmonic potential is described
by the Einstein—Ornstein—Uhlenbeck theory, yielding the au-
tocorrelation time,r = kgT/k; D, where D is the diffu-
sion constan{24]. For this process, the average position,
(z(z0)) as, Of @ bead initially located afy and measured over

where <q>Tiézzo Pr,(z0)q(z0) for a zo-dependent quan-
tity g. Let (zo); be the most probable trap position in mea-
surementi, and replace thep-dependent term in Eq19)
with g(z,z0) for notational convenienceg(z,zo) =
exp(—V,,(2))/Z,y(¢). Assuming Pr, to be symmetric
around(zp); we get from a Taylor expansion

) 192¢(z, 20) a time window ofAt, is[29]
(@)1 (2) =2 (2, (Z(a),»)jui"”ai2 oR -,
20 ok <z(zo)>At =z + (z0 — 2) eXp(— At /7).
Whereg% =((z0— (20)1)%)7, is the variance of t_he trap po-  Consequently, the probability,(z) for observing the av-
sition during the measurementThe second derivative @ erage positiort in a measurement with the shutter time,

can be expressed in terms of the varianr;é, of the bead reads
position in afixedtrap potential centered &fp);. Straight-

-1
forward calculation gives par(2) = po(zo) (d(z;zzo;)m)
2 2 B
M — g(z, (Z_O)i) (L) 012 _ exp(At/t) exp(— (z —2)? exp(ZAt/r)) (22)
925 o) ksT A 2mog 205 '
2
X [(M) _ 1}_ (20) where pg is the true probability distribution of the bead (as-
oi sumed to be approximately Gaussian) ape= \/kpT /k; is

the standard deviation. The expression for; shows that
the measured histogram is also a Gaussian distribution with
a reduced standard deviation,

Here, (z)(z); = )_. zpi(z|¢) is the average position of the
bead in a trap fixed at center positiqto);, and o” =
(@) — (Z>%z’o>,- is the variance of the position of the
bead. Fluctuations in the positions of the trap during a mea- o5, = ogexp(—At /7). (23)
surementi can be neglected ip; (z|p) ~ p;(z|p), i.e., if
02g(z, 20)/0z5|07 < g(z, (Z0)i) for typical values ofz.
Since thez-dependent term in the last bracket of Eg0)
is of order((1), one obtains the condition

Using the quadrant photodiode method the autocorrelation
time, r, is found to be approximately between 4 and 15 ms
in the probing regime. The fact that the diffusion is signifi-
cantly decreased (s€ég. 5) close to the interface where the

5 kpT \? effective trap stiffness increases ensures thaven close
or, < ( ) (21) to the interface is still within this interval. However, to stay

somewhat away from the interface, in the analysis we only

As an upper estimate foa‘l.2 one may simply use the ob- include data where the interactions are beled2 k5T
served variance of histograi;. Since we always observe The shutter timeAr = 2 ms, used in the video microscopy
thato; increases with increasing distance from the surface, method is not negligible compared to Therefore, we need
we can take the worst case by using the variance of the dis-to include the effect of the associated truncation of the mea-
tribution measured at a distance where the surface potentiakured distributions as written in E{23) when finding the
effectively is zerop? = kpT/k;. Here, we obtain the con-  interaction potentialsp(z). The measured variance is a con-
dition, (o7, /07)2 < 1. In the video microscopy method, the volution of the true fluctuations and the experimental noise

K1Oj
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Fig. 8. Interaction potentials for a 0.97-um silica bead and a glass coverslip
at different electrolyte concentrations measured by the video microscopy 0 100 200 300 0 100 200 300
method. The full lines are fits to the electrostatic term in @g.with ¢g Surface Distance [nm] Surface Distance [nm]
andk as fitting parameters to the data.

Fig. 9. Measured surface potentials for a 1.07-um polystyrene bead and a
glass coverslip at different electrolyte concentrations. The full lines in (A)
oy Which is extracted from a histogram of a bead stuck to the and (B) show fits of the electrostatic part of Efj) with ¢g and« as fit-
surface. Therefore, in order to account for this truncation, we ting parameters to the data. Symbdals:0 M; 0, 0.1 mM; v, 0.2 mM; and
use Eq.(23) and the assumption that the effective potential *: 0->MM. (A+ C) Video microscopy method. (# D) Quadrant photodi-

. . . - - - ode method. The dashed lines in (C) and (D) show the Lifshitz theory. The
1S apprOX|mater harmonic and ml‘”tlply all the time series dash-dotted lines in (C) and (D) are fits of E)) using the surface element

measured by the video method with the faetgfoa,, where integration,Usg, for the attractive part witlpg, «, andA as fitting para-
o is found from Eq(23) asop = /th _ cr]% exp(Ar/T). meters. The full lines in (C) and (D) are also fits of &) to data but using

the Derjaguin’s approximatiori/p, for the attractive part.

6. Interaction potentials the coverglass; however, the concentration of ions does not
appear to increase with time.

Using the methods described in the preceding sections Fig. 9 shows the interaction potentials between a 1.07-
we find interaction potentials between polystyrene or silica um polystyrene bead and a glass surface at [NaOl}-
beads and glass surfaces at different electrolyte concentra0.5 mM. Fits of DLVO theory, Eq(1), to data are shown
tions.Fig. 8shows the interaction potentials between a 0.97- as full lines inFig. 9 and representative values obtained for
pm silica bead and a glass surface at [NaCl] concentrationsthe Debye lengths ~1 are listed inTable 1 In the case of
of ~0-0.5 mM. At all concentrations the data fit nicely to 0.1 and 0.2 mM electrolyte concentrations we cannot say
the electrostatic term of the DLVO theory, Ed); the fits if the discrepancy between the experimentally obtained De-
are shown as full lines ifrig. 8 The van der Waals attrac- bye lengths and the predictions from DLVO theory arises
tions are too weak to be visible in the interaction potential. from experimental uncertainties or because the theory is in-
The values obtained for the Debye lengthst are shown sufficient. However, as the Debye lengths deviate only a few
in Table 1and are in good agreement with predictions of nanometers from the result predicted by the theory, the inter-
Eq. (4). action between the polystyrene beads and the glass surface

In pure water the ionization of the water itself gives at[NaCl]~0-0.2 mM seems to be well described by DLVO
«~12 960 nm. The interaction potentials measured for both theory.
the silica and the polystyrene beads at [Na€lp mM DLVO theory predicts the existence of a secondary min-
are consistent with Debye lengths substantially smaller thanimum in the potential energy where the attractive van der
960 nm which indicates the presencel(—> M) of ions Waals force is balanced by the electrostatic repulsion. How-
from impurities in the suspension, a pollution which in prac- ever, at electrolyte concentrations up to 0.2 mM, this min-
tice is difficult to avoid. This presence of10~°> M elec- imum cannot be resolved by our methods. Only in mea-
trolytes might be due to the outgassing of sodium ions from surements with polystyrene beads and electrolyte concen-

Table 1

Comparison of the Debye length; 1 experimentally obtained by the two different methods to the values predicted by DLVO theory

Electrolyte (NaCl) concentration ~0M 0.1 mM 0.2mM 0.5mM 1.0mM
Polystyrene (video microscopy) 51 nm 32nm 22 nm 18 nm

Polystyrene (quadrant photodiode) 55 nm 43 nm 26 nm 11 nm

Silica (video microscopy) 61 nm 28 nm 19 nm 14 nm 11 nm
DLVO predictions 960 nm 30.4 nm 21.5nm 13.6 nm 9.6 nm

The polystyrene leads stuck to the surface at concentrations larger than 0.5 mM.
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trations of 0.5 mM and larger the minimum in potential en- zero far away from the surface where the interaction energy
ergy was resolved. At electrolyte concentrations of 0.5 mM should be zero. Therefore, we have chosen to keep the zero
there consistently and reproducibly is a transition in the po- energy fixed.
tential energy landscape: For experiments which all, within ~ The dashed line ifFigs. 9C and 90s the full Lifshitz
experimental errors, had similar sizes of beads and [NaCl] theory (Eq(6)) which includes screening and retardation ef-
0.5 mM the interaction potentials look rather different; some fects. Lifshitz theory makes the attraction fall off too fast in
display a minimum and others do not. Typical interaction comparison to our measurements.
potentials at this concentration are showirigs. 9C (video In the experiments with silica beads we do not see the
method) andD (quadrant photodiode method). In these fig- minimum in the interaction potentials, even at high elec-
ures, minima in the interaction potentials due to the van trolyte concentrations. The zeta potential of silica beads has
der Waals attraction between the probe and the surface aredbeen measured to be higher than that of the polystyrene
evident at~100 nm from the surface. The depth of these beadq33]. Therefore, the surface potential is higher and the
minima are 1.0-1.55T. electrostatic repulsion increased as seen from the prefactor
Also, the energy landscape appears to change rapidlyin Eq. (1) and the minimum is not observed at these elec-
with respect to salt concentration; if the concentration of trolyte concentrations.
NaCl was slightly higher than 0.5 mM, the trapped beads  Qualitative discrepancies between theory and experi-
would escape and jump to the glass surface before the meaments have been documented for polystyrene—surface in-
surement could be completed, consistent with the findings teractions in the literature. For example[2@] where larger
of [30]. In some rare cases we were able to perform mea- polystyrene beads were used (6 um) the attraction was found
surements with [NaCH= 0.7 mM, these results being qual-  to fall off faster than predicted by Lifshitz theory. This is in
itatively similar to the measurements shownFfigs. 9C  contrast to our measurements where the interaction falls off
and 9D For a silica—glass system the charge on silica sur- slower than predicted by Lifshitz. I{80], at an electrolyte
faces is known to depend strongly on electrolyte concen- concentration around 0.5 mM, a discrepancy from DLVO
tration and pH[31]; something similar could be true for a  was found for particles larger than in our measurements and
polystyrene—glass system. it was proposed that the discrepancy could be due to the bead

In FIgS 9C and 9the measured interaction potentials attaching to the surface through a Sing]e po|ysty|'ene p0|y_
at 0.5 mM NacCl are compared to existing theories. The full mer.

lines show least-square fits to the data of Eqg, with the
attractive part/ substituted by the Derjaguin’s approxima-
tion Up. The dash-dotted lines show fits of K@) using the
surface element integration methddsg, as the attractive
part of the potential. In both cases, the Hamaker constant,
and¢o are used as fitting parameters and values obtained for
«~1 using the SEI method are given Table 1 Only data
points for distances smaller than 100 nm are included in the
fit. Using Usg, for the attractive part in Eq1) gives a better

fit to the data than usin@p. In fact, Eq.(3) has been ap-
plied before with success to a similar system, but with 10 um
particles[32]. From the fit usingUsg;, the Hamaker con-
stant is found to be.4 x 10~2° J for the video method and
1.5 x 1029 J for the quadrant photodiode method, which
compares very well to the value of4lx 10-2° J given in

7. Summary

We have presented a novel method to determine the
axial position of a bead with respect to the focus plane
of a microscope objective based on its apparent diffrac-
tion pattern. The most important difference between our
method and those described in literature is that we use the
same bead for probing and calibration purposes which sig-
nificantly improves the resolution in the direction paral-
lel to the optical light path, which we find to be approx-
imately 5 nm. This method is especially robust with re-
spect to drift of the sample and can be used at any sizes

. of colloids placed anywhere within a sample. We used this
Ref.[15] for the Hamaker constant for polystyrene beads in . . . .
[15] Polysty method along with an optical trap to probe the interactions

water without added electrolytes. Despite the agreement be-b . | ¢ d beads of polvst i
tween the experiment and theory for the Hamaker constant. etween glass surfaces and beads of polystyrene or Sil-

and Debye lenghts there is a qualitative difference between 2 in different electrolyte concentrations. The results were
the data and the fitted curves and, in fact, this difference checked by an independent experimental method based on

becomes more pronounced if the fits are extended out to? quadrant photodiode detection scheme. Applying a novel
2 ~ 300 nm. In particular, DLVO theory predicts a larger maximum-likelihood method we obtain very detailed in-
range of van der Waals attraction than observed. If the Zerofprmation about Fhe undgrlying interaction potential. Our
energy is not held fixed at zero for infinite separations, but is fmdmgs are consistent ;/Vlthhplr_]VC)l theolry for low salt con-
allowed to vary as a fitting parameter, then the fitting routine C€ntrations. However, for high electrolyte concentrations,
gives a result which qualitatively shows the same, namely a qualltatwely d|ffe_rept behawpr is seen which is not ex-
that we observe a more short-range attraction than predictecplamed bY any existing th_e_0r|e§. The methods presen_ted
by DLVO theory. Also, allowing the zero energy to vary are also ideal for determining interactions between bio-

causes it to take unphysical values of seviegdl away from :coglcal specimen such as bacteria or yeast cells and sur-
aces.
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