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15 ABSTRACT

Strongly confined environments (confined dimensions between 1-100 nm) represent unique

20 challenges and opportunities for understanding and manipulating molecular behavior due to the
22 significant effects of electric double layers, high surface-area to volume ratios, and other

24 phenomena at the nanoscale. Convex Lens-induced Confinement (CLiC) can be used to analyze
the dynamics of individual molecules or particles confined in a planar slit geometry with

29 continuously varying gap thickness. We describe an interferometry-based method for precise

31 measurement of the slit pore geometry. Specifically, this approach permitted accurate
characterization of separation distances as small as 5 nm, with 1 nm precision, without a priori
36 knowledge or assumptions about the contact geometry, as well as a greatly simplified

38 experimental setup that required only a lens, coverslip, and inverted microscope. The
interferometry-based measurement of gap height offered a distinct advantage over conventional
43 fluorescent dye-based methods; e.g., accurate interferometric height measurements were made at
45 low gap heights regardless of solution conditions, while the concentration of fluorescent dye was
47 significantly impacted by solution conditions such as ionic strength or pH. The accuracy of the

interferometric measurements was demonstrated by comparing the experimentally measured
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concentration of a charged fluorescent dye as a function of gap thickness with dye concentration
profiles calculated using Debye-Hiickel theory. Accurate characterization of nanoscale gap
thickness will enable researchers to study a variety of practical and biologically relevant systems

within the CLiC geometry.
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INTRODUCTION

Confined nanoscale geometries represent unique environments for studying the dynamics
of particles and macromolecules due to the significant effects of electric double layers between
charged surfaces, large surface area-to-volume ratios, and characteristic dimensions that are
similar in size to a variety of biomolecules and nanoparticles' 6. These properties have been
leveraged for a number of practical applications; recent advances in bioseparations’?,
biosensing!%-13, single molecule analysis'4"!7, and the understanding of solvent behavior within
interface-rich environments'® have been made possible by studying and manipulating molecular
behavior in nano-confinement. Producing and characterizing these highly confined

environments in an accessible way remains a key challenge for researchers!'®-23.

Convex Lens-induced Confinement (CLiC) has shown significant promise in addressing
this challenge. In their seminal publication on the method, Cohen and coworkers?* showed that a
wide range of gap heights (i.e., confined liquid film thickness) from several um down to the
nanoscale could be created by placing a convex lens in contact with a glass coverslip, which was
used to study the behavior of molecules in solution. The confinement of individual molecules
enabled longer tracking times and the observation of single molecules at higher analyte
concentrations (due to the reduced background fluorescence) when compared to other methods
such as total internal reflection fluorescence and confocal microscopy, as well as provided an
effective nanoslit geometry in which the behavior of particles at various gap heights could be
studied?*. These methods were extended by the Leslie lab, which demonstrated various
applications of the CLiC geometry through the determination of free energies of confinement?,
electric-field assisted free energies within confinement?®, and DNA hybridization events

(determined using Forster Resonance Energy Transfer or FRET)?’.
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Previous CLiC experiments focused mainly on dynamics within environments with
characteristic confinement dimensions in the range of several hundred nm to several um, where
the gap thickness was readily characterized with little ambiguity. In experiments that explored
smaller gap dimensions, measurements of gap size employed implicit assumptions about solution
conditions, which might not be appropriate at low ionic strengths, and a simplified view of the
contact mechanics between the lens and coverslip, which could significantly affect the gap
profile at small separation distances. While gap heights on the order of a hundred nanometers or
higher are relevant to many industrial and biological applications, there are many situations
where smaller gap heights are critically important. Many separations techniques, including
protein separation using ultrafiltration?®?°, as well as recent analytical methods such as
electrochemical correlation spectroscopy?? occur within environments that have confined
dimensions on the order of tens of nanometers. Within the evolving field of nanofluidics, there
remain unique challenges as well as opportunities associated with strongly confined molecular
transport (confined dimensions between 1-100 nm)3!. For example, Renaud and co-workers
found that protein diffusion within 50 nm channels was significantly impacted by the high
surface area-to-volume ratio of the channel, which increased the frequency of reversible surface
interactions, and was also impacted by electric double layer effects within the channel, which
substantially altered the effective volume available for diffusion?. Additionally, theoretical
studies where critical polyelectrolyte adsorption within confinement was simulated (using a
range of parameters pertinent to applications such as nucleic acid adsorption within viral capsids)
were performed at slit heights of approximately 10 nm, where the authors found non-monotonic
adsorption behavior as a function of ionic strength due to the interplay of electrostatic forces

(enhanced by overlapping electric double layers) and entropic penalties®3. Here, we present
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methods to extend the measurement of the confined CLiC gap thickness down to these smaller
nanoscale dimensions in order to more accurately measure molecular and particle dynamics at

the sub-100 nm scale.

Here, we enhanced the capabilities of the CLiC method by accurately characterizing gap
heights down to 5 nm using an interferometric method that was not influenced by variations in
ionic strength and did not require the addition of other reagents, such as fluorescent dye.
Moreover, this allowed us to implement a simple and experimentally accessible realization of the
CLiC geometry, which did not require the use of counterweighted lens holders or additional
mechanical fixtures. In order to validate the accuracy of the interferometrically measured height
profile, experimental measurements of fluorescent dye concentration profiles (vs. gap height)
were made at various values of ionic strength and compared to theoretical predictions based on

the Poisson-Boltzmann equation.

EXPERIMENTAL

Imaging System & Lens/Coverslip Setup

Two lasers were used for the experiments: a 488 nm wavelength Ar-ion laser (Melles
Griot) was used for interferometry measurements and a 561 nm wavelength laser (Coherent) was
used to excite fluorescent dye. Details about the imaging system setup are described on page S-2
of the Electronic Supporting Information (ESI). The experimental setup for the lens and
coverslip was the same for both interferometric gap height characterization and fluorescent dye
images. Specifically, approximately 35 uL of solution was pipetted onto a clean coverslip resting

on the microscope stage, and a lens was carefully placed immediately onto the liquid on the
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coverslip, convex side down, using tweezers. A description of the cleaning process used for the

lens and coverslip can be found on page S-3 of the ESI.

Interferometry-Based Height Profile Measurement

Interference patterns were analyzed using custom Matlab software. A full description of
the image analysis and height determination is provided on pages S-4 through S-7 of the ESI.
Briefly, the center of the contact region of the interference pattern was determined by finding the
centroid of the first interference ring. Radially averaged intensities were then calculated as a
function of distance from the center, which were used as inputs for the height calculations. The
heights were determined numerically using a multilayer-matrix method3* which describes the
propagation of light through stratified media using optical transfer matrices. Specifically, the
theoretical transmissivity was calculated as a function of the gap height using a previously
described software algorithm?3. The theoretical and experimentally measured (radially averaged)
intensities were rescaled such that a value of 0 represented the intensity in the contact patch, and
a value of 1 represented the intensity of the first interference peak (determined for experimental
data as the maximum of the intensity data, smoothed using a Savitzky-Golay filter). The gap
height was then computationally determined as the height that minimized the difference between

the theoretical and experimental transmissivities (for a complete description, please see the ESI).

Measurement of the Height Profile Using Fluorescent Dyes

Alexa Fluor 555 dye (Invitrogen, Cat No. 20009) was added at a concentration of 8 uM
to aqueous solutions of varying ionic strength that were prepared using sodium chloride (Acros
Organics) dissolved in ultrapure water. Images of the bulk dye solution within the CLiC

geometry were analyzed in Matlab. In order to calculate height profiles from dye images, dye
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intensities were converted to height using a proportionality constant based on the intensity of the
dye at the radial location of the first interference fringe, where the gap height was known

accurately (see ESI Table S-1 for proportionality constant values).

Dye Concentration Profile Measurement

Experimental measurements of dye concentration as a function of height were obtained
from images of the dye solution within the CLiC geometry. For a detailed description of the
analysis, see pages S-9 through S-11 of the ESI. Briefly, the center of the contact region in the
dye image was determined by fitting the intensity values within the image to a second order two-
dimensional polynomial, and radially averaged intensities were then calculated as a function of
distance from the center of the contact region. Dye intensity profiles were then converted to
concentration using a proportionality constant that was found by fitting the intensity profile at
gap sizes with fully developed electrical double layers (defined as heights greater than six Debye

lengths).

RESULTS & DISCUSSION

Interferometric Height Profile Measurement

The height profile of the lens as a function of distance from the center of the contact
region is shown in Figure 1. We assume that the initial, relatively noisy region near the center
of the contact region corresponded to the upper bound of the radius of contact between the lens
and the coverslip. Since both the lens and coverslip were considered linear elastic materials
(fused silica and borosilicate glass, respectively) they were expected to deform when the lens
was placed on the coverslip due to the applied load. This produced a circular region of contact

whose dimensions could be theoretically calculated and compared to experimental
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measurements; in our case, Hertzian assumptions were made in order to estimate the contact
region since the surfaces were not molecularly smooth and had some degree of roughness®. At

the Hertzian limit, the radius of the contact region could be determined using the relationship3®:

,|3FR
AE”

(1)

Where a represented the radius of the contact region, F' represented the loading force, R
represented the radius of the lens, and E£* represented the reduced modulus of the glass surfaces.
Parameters that were used for the equation are described on page S-12 of the ESI. The
theoretical contact region radius, a, was approximately 15 um, which was in reasonable
agreement with the measured radius of the contact region. The contribution of coverslip flexure
to the contact region did not appear to have a significant effect on the contact radius, as
evidenced by the good agreement of the measured contact radius and theoretical Hertzian contact
radius (which assumes an elastic half-space). Outside of the contact region, height
measurements down to approximately 5 nm were determined to have uncertainties of
approximately 1 nm, as indicated by the confidence intervals on the height profile. We noted that
there was a significantly higher degree of noise within the profile at heights that corresponded to
the first interference fringe (approximately 92 nm) when compared to the rest of the height
profile. This was due to the fact that the variation of height with intensity followed an inverse
cosine function 37, which has its steepest slopes at the peak and trough of the interference fringes,

such that small fluctuations in the intensity caused large errors in the height calculation.
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Figure 1. Height profile of the gap between lens and coverslip as a function of distance from
the center of the contact region (black line). Red lines represent 95% confidence intervals. Inset,

upper left: Multiple field-of-view interference pattern used to determine the height profile. Inset,
lower right: diagram illustrating the CLiC geometry.

Interferometric Height Comparison with Dye Height Profile Measurements

While interferometry-based measurements of the height profile were previously used for
gap heights greater than or equal to the height corresponding to the first interference fringe (due
to the formation of Newton’s rings3®), they were not employed to measure smaller CLiC gap
heights. In fact, the most common approach to measure the height for these smaller gap
thicknesses (i.e. smaller than the thickness associated with the first interference fringe) required
the penetration of fluorescent dye into the gap, where emission intensity was measured as a
function of radial position®*23-3%41, This method was most accurate in the limit where dye
molecules had negligible interactions with the confining surfaces (such as electrostatic
interactions) as well as minimal adsorption at these interfaces. Assuming these criteria were met,

the intensity at a given pixel would be proportional to the height at that point?>*. However, ionic
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strength could significantly affect the electrostatic interactions between dyes and the surfaces
confining them, particularly when the gap height was on the order of the Debye length in
solution 4. Moreover, surface adsorption could also potentially skew such interpretations. We
measured the intensity of a negatively charged fluorescent dye molecule within the gap between
the lens and coverslip (both of which were also negatively charged) under conditions where a
significant degree of electrostatic dye exclusion was observed. As shown in Figure 2A-C, the
penetration of dye molecules near the lens/coverslip contact region was significantly affected by
electrostatic effects—as shown by the shrinking of the dark excluded region—as the electrostatic
repulsion between the surface and the dye molecules was increasingly screened by higher
concentrations of sodium counter-ions. These qualitative differences were reflected in the
apparent height profiles calculated from the intensity measurements (see Figure 2D). Clearly,
the apparent height profiles measured using dye intensities required significant corrections in
order to account for the repulsive interactions that reduced dye concentration at these small gap

heights.
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Figure 2. Images of fluorescent dye near the
lens/coverslip contact region for (A) 1 mM,
(B) 5mM, and (C) 25 mM NaCl. A color scale
bar is presented in the upper right corner that
defines the normalized intensity range of the
images. (D) Comparison of apparent height
profiles calculated using the traditional dye-
1 intensity method at various salt concentrations
1 with the height profile measured using the
] interferometric approach.
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38 As the salt concentration was increased the profiles systematically approached the

40 interferometric profile, consistent with expectations as the electrostatic repulsion of dye

42 molecules was increasingly screened, which permitted better penetration of the dye, and resulted
in improved height characterization. However, this limited the utility of dye-intensity gap

47 thickness characterization to high ionic strength conditions. Moreover, as the ionic strength was
49 increased, it was common to observe additional intensity artifacts due to increased surface

adsorption.
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Experimental Measurement Comparison with Theoretical Predictions

In order to validate the accuracy of the interferometry-based height measurements, the
concentration of dye as a function of height was experimentally determined and compared to
theoretical predictions based on the Poisson-Boltzmann equation. The theoretical model was
based on the work done by Renaud and co-workers studying dye diffusion in glass
nanochannels®*?, where a Boltzmann distribution was used to describe the equilibrium
concentration of various ions in solution as a function of electric potential (assumed to vary only

in the direction normal to the glass surfaces):

(@)
Ci(2) = Cpyexpl — %} @)

Where C; represented the concentration of a particular ion at a distance z from the surface, Cp;
represented the bulk concentration of the ion, ¢ represented the charge of the ion, w(z)
represented the electric potential at a distance z from the surface, kp represented the Boltzmann
constant, and 7 represented the temperature. The expression for the electric potential was
derived using the Debye-Hiickel approximation®, a linearized form of the Poisson-Boltzmann

equation appropriate under these conditions, which leads to the following analytical expression:

¢ cosh [(; — z)//lpl
P(o) = ; G)

cosh (Z_)LD)

where { represented the zeta potential of the surface, 4 represented the gap height, z represented

the distance from the surface, and 4, represented the Debye length of the solution. The
parameters used to calculate the electric potential, such as the zeta potential and Debye length,

are described on pages S-13 and S-14 of the ESI. The average predicted concentration of dye for

Page 12 of 20
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a given gap height was calculated by integrating the theoretical concentration over the entire

height of the slit, and dividing by the slit height.

In order to compare the theoretical calculations directly to experimental data,
measurements of the intensity as a function of height were converted to concentration (see pages
S-9 through S-11 of the ESI). Comparisons between theoretical calculations and experimental
results are shown in Figure 3. Overall, good agreement was found between the experimental
data and theoretical predictions, confirming that the height measurements from the
interferometry-based approach were accurate. Importantly, the concentration of dye at all levels
of ionic strength tested were significantly different from the bulk concentration over a large
range of heights at the nanoscale. Within this region, the penetration of dye was strongly
impacted by electrostatic forces, illustrating both the unique phenomena that occur at this length
scale as well as the need for a method that could measure gap heights without being affected by

solution conditions such as ionic strength.

o 25 mM NaCl
7 5 mM NaCl
o 1 mM NaCl

Dye Concentration (uM)

Height {(nm)

Figure 3. Dye concentration plotted as a function of gap height for various salt concentrations.
Experimental measurements are represented by open circles (©) and theoretical predictions are
represented by red lines. Confidence intervals were smaller than the symbols representing the
experimental data. Data was cut off at 5 nm due to greater uncertainty at low intensities.
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CLiC Method Comparison and Current System Limitations

Previous measurements of very small gap heights in CLiC systems did not explicitly
account for contact mechanics between the glass coverslip and lens, which lead to a contact area
(“patch”) as opposed to a single point of contact, as frequently assumed. Assumptions related to
the contact mechanics between the lens and coverslip can have a significant effect on the
calculated height profile below the first interference fringe. In previous studies, dye intensity
measurements used to determine the height profile included the entire region around the contact
point and assumed non-zero height, rather than accounting for a contact region using a constant
average intensity and zero gap height. As described above, we found that deformations due to
contact mechanics had a particularly large influence in the small gap thickness regime. Even if
counterweights were used to reduce the load due to the effective weight of the lens, a significant
contact region is expected to form due to the residual weight, in addition to other attractive
forces including capillary interactions and van der Waals forces. For example, if a
counterweight was used to offset approximately 90% of the weight of the lens, as in previous
work?4, this would still result in a contact region with a radius of at least 7 um, assuming
common literature values for the elastic moduli and Poisson ratios of the coverslip and lens, but
ignoring additional loading due to other attractive interactions. While the effect of the contact
region becomes unimportant at large radial distances, where the gap height is large, it
significantly influences the accuracy of the profile in the small gap thickness regime. This may
explain apparent discrepancies previously reported between the actual molecular dimensions and
those inferred from dye intensity measurements, where molecular diameters inferred from
exclusion at small gap height consistently overestimated their known sizes?*. Notably, some

recent CLiC implementations attempted to account for contact area phenomena*’. Experiments

Page 14 of 20
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that focus on phenomena involving nanoscale gaps will benefit greatly from an accurate and
independent measurement of gap thickness, that does not require ad hoc assumptions about dye

penetration.

The methods reported here provided significantly improved accuracy of CLiC height
profiles, particularly in the nanoscale regime. CLiC has been effectively leveraged for single
molecule studies that investigated the effects of confinement on relatively large molecules at
scales ranging between about a hundred nanometers to several microns. By improving height
profile measurements below the first interference fringe, confined dimensions relevant to smaller
molecules can now also be performed with better precision using CLiC. Moreover, this
approach enabled a greatly simplified experimental setup, that did not require complex or custom
mechanical components, such as frictionless counterweights. Here, we demonstrated that
experiments could readily probe the behavior of molecules with nanoscale gaps using only a
lens, coverslip, and a conventional inverted microscope. By eliminating the need for free dye in
solution for height estimation, potentially unwanted interactions between the fluorescent probe
and the analyte of interest were avoided and the range of wavelengths available for probe
excitation was expanded (a useful feature for experiments where multiple dyes may be required,
such as FRET). In future studies, the interferometric approach will allow a broader range of
systems to be studied with in situ measurements of the height profile. Additionally, by using the
multilayer-matrix-method, extension to confining surfaces modified with additional

independently characterized films will be possible.

We also note some limitations to our approach; if flow is required or solution exchange
is needed, the current experimental setup may not be sufficient, and previous CLiC

implementations should be considered?”-3%4043, It is worth noting that hybrid approaches can
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also be performed, where an interferometry-based approach for height measurements near the
contact region can be combined with a complex, high-throughput CLiC system. For CLiC
experiments where patterned surfaces may be necessary*!, an interferometric approach may be
difficult to implement. However, there have been a number of experiments where the CLiC
geometry alone provided a suitable environment for studying the dynamics of large molecules as
a function of confinement?*2344, An extension of these types of experiments to smaller gap
thickness will enable the study of molecular behavior at varying degrees of confinement that are
relevant to a wide range of applications, including protein separation methods?%2°,

polyelectrolyte adsorption at biointerfaces®, and single-molecule sensors*®.

CONCLUSIONS

An accurate method for measuring confined molecular dynamics at the nanoscale was
developed based on confinement between a convex lens and a planar fused silica wafer. The
accuracy of the method was validated through the agreement of experimental results with
predictions from the linearized Poisson-Boltzmann equation, where negatively charged dye
molecules were increasingly excluded from negatively charged gaps as the ionic strength was
decreased. Using interferometry, rather than free fluorescent dyes in solution, gap heights as
small as 5 nm were consistently measured with nm precision, regardless of the strength of
interactions (e.g. electrostatic forces, surface affinity) within the confined environment,
extending the range of heights that can be used to study single-molecule behavior in
confinement. Another key advantage of the system was its experimental simplicity. The method
described here will provide an easily accessible nanoscale system for researchers studying

confined molecular dynamics.
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Interferometry-based measurement of gap height in convex lens-induced confinement
significantly improves accuracy at sub-100 nm gap thickness.
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