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ABSTRACT 

Many interfacial chemical phenomena are governed in part by electrostatic interactions between 

polyelectrolytes and charged surfaces; these phenomena can influence the performance of 

biosensors, adsorption of natural polyelectrolytes (humic substances) on soils, and production of 

polyelectrolyte multi-layer films.  In order to understand electrostatic interactions that govern 

these phenomena, we have investigated the behavior of a model polyelectrolyte, 15 kbp 

fluorescently labeled plasmid DNA, near a polarized indium tin oxide (ITO) electrode surface.  

The interfacial population of DNA was monitored in situ by imaging individual molecules 

through the transparent electrode using total-internal-reflection fluorescence microscopy. At 

applied potentials of +0.8 V versus Ag/AgCl, the DNA interfacial population near the ITO 

surface can be increased by two orders of magnitude relative to bulk solution. The DNA 

molecules attracted to the interface do not adsorb to ITO, but rather, they remain mobile with a 

diffusion coefficient comparable to free solution.  Ionic strength strongly influences the 

sensitivity of the interfacial population to applied potential, where the increase in the interfacial 

population over a +300-mV change in potential varies from 20% in 30-mM ionic strength to over 

25-fold in 300-μM electrolyte.  The DNA accumulation with applied potential was interpreted 

using a simple Boltzmann model to predict average ion concentrations in the electrical double 

layer and the fraction of interfacial detection volume that is influenced by applied potential. 

A Gouy-Chapman model was also applied to the data to account for the dependence of the ion 

population on distance from the electrode surface, which indicates that the net charge on DNA 

responsible for interactions with the polarized surface is low, on the order of one excess electron. 

The results are consistent with a small fraction of the DNA plasmid being resident in the double-

layer and with counter-ions screening much of the DNA excess charge. 

 

*Corresponding author:  E-mail:  harrisj@chem.utah.edu   
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INTRODUCTION 

Interactions of charged surfaces with polyelectrolytes and charged particles are important 

in numerous fields, including environmental science (adsorption of humic substances to oxide 

surfaces),1-4 device fabrication (assembly of polyelectrolytes to produce thin films),5,6 and 

bioanalytical techniques (reactions of charged biomolecules at sensing surfaces).7-11  Interactions 

of polyelectrolytes with surfaces may include hydrophobic, steric, as well as electrostatic 

contributions;12 however, because polyelectrolytes can have thousands to millions of charged 

surface groups, electrostatic interactions with surfaces are expected to be significant.  A 

quantitative understanding of these electrostatic interactions will help describe the affinity of 

polyelectrolytes for charged interfaces13,14 or nonspecific interactions in bioanalytical 

techniques.15,16 

Significant insight into the potential-dependent behavior of polyelectrolytes in the 

electrical double-layer near a charged surface could be gained if they are imaged as individual 

molecules.  Total internal reflection fluorescence (TIRF) microscopy17 allows imaging of 

fluorescent molecules in a thin (≈150 nm thick) interfacial region near a glass surface illuminated 

by an evanescent wave from excitation radiation internally reflected at the glass-solution 

interface.  Single molecule fluorescence imaging is a powerful tool for measuring biophysical 

interactions at solid-liquid interfaces, such as biomolecule-ligand binding,18,19 biomolecule-

surface binding and interactions,20-22 and protein-protein interactions.23  Single-molecule imaging 

has several advantages over bulk techniques for probing chemistry at interfaces.  Single-

molecule techniques have low detection limits, 10-100 yoctomol,24,25 which are ideal for 

observing populations of dilute molecules (pM to nM) in the interfacial region, thus avoiding 

steric effects either in solution or on the surface.  Interfacial populations can be directly 

determined by counting molecules in images, where no intensity calibration is required.25  
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Interfacial diffusion can be directly determined on an individual molecule basis by tracking the 

positions of molecules versus time.26-29  Probing individual molecules also reveals sample 

heterogeneity that would be lost in bulk techniques which report an ensemble average of 

molecular behavior.30,31   

The imaging of individual, fluorescently labeled DNA molecules at liquid-solid 

interfaces was pioneered by Yeung, Porter, and co-workers who have investigated the interfacial 

behavior of DNA at self-assembled monolayers on gold,32,33 at bare glass,34,35 and at transparent 

carbon electrodes.36 At the carbon electrode surface, reversible increases in the interfacial DNA 

population could be observed under the influence a positive applied potential, showing the utility 

of this methodology to investigate interfacial electrolyte populations under potential control.  

Fluorescence experiments performed near thick (opaque) gold metal electrodes have successfully 

probed the influence of the electrical double-layer on the orientation and conformation of 

surface-tethered DNA.37,38   

In the present work, we build on these measurement concepts with a goal of quantifying 

DNA populations in the double-layer region in response to applied potential.  An indium-tin-

oxide (ITO) thin film sputter-coated onto glass provides a uniform and highly transparent 

electrode surface for control of the potential, while simultaneously allowing low-background 

imaging of individual labeled DNA molecules near the interface.  ITO has previously been used 

in bulk fluorescence measurements to investigate the effect of applied potential on streptavidin-

biotin interactions10 and the accumulation of individual labeled antibodies at a charged surface.24  

Using through-the-objective TIRF microscopy, we quantify the interfacial population of 

fluorescently labeled DNA at an ITO surface, in response to applied potential at varying 

electrolyte ionic strengths, by counting individual molecules in fluorescence images. This 

approach has several advantages relative to interfacial fluorescence intensity measurements.  
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First, the interfacial population of DNA molecules within the imaging area and evanescent wave 

depth can be determined directly without calibration so that the potential-dependent 

accumulation relative to the free-solution concentration can be modeled on an absolute not a 

relative basis.  Secondly, single-molecule counting provides proof that an increase in fluores-

cence is a result of increasing the DNA population and not potential-dependent changes in the 

intercalating dye content or quantum efficiency. Finally, single-molecule imaging allows the 

measurement of diffusion coefficients by tracking of individual molecules in order to investigate 

whether the DNA is adsorbed to the ITO surface. These results show that, while the interfacial 

DNA population grows with increasing positive applied potential, DNA molecules attracted to 

the interface remain mobile, with diffusion coefficients very similar to those measured in free 

solution.  The DNA accumulation with applied potential is first interpreted using a simple 

Boltzmann model to predict average ion concentrations in the electrical double layer and how the 

fraction of interfacial detection volume controlled by applied potential varies with ionic strength. 

A Gouy-Chapman model is also applied to the data to account for the distance dependence of the 

ion population from the electrode surface. Application of this model to the observed DNA 

interfacial populations indicates that the DNA within the double-layer exhibits a modest net 

charge on the order of a single excess electron.  The results are consistent with only a fraction of 

the DNA phosphate groups being resident in the double layer, where screening by counter-ions 

further reduces the net charge on the molecule.  
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EXPERIMENTAL SECTION 

Chemicals and Material.  The 14,876 base pair (bp) supercoiled plasmid, PTX21, (see 

Supporting Information) was generously provided by the Eric Jorgensen Lab (University of 

Utah).  Oxazole yellow dimer (YOYO-1) iodide DNA intercalating dye (1 mM solution in 

DMSO) was purchased from Invitrogen (Carlsbad, CA) and used as received.  All buffers and 

solutions were made using water distilled from a quartz still and purified with a Barnstead 

NANOpure II system (Boston, MA) to a solution resistivity of approximately 18 MΩ·cm.  

Indium tin oxide (ITO) sputter-coated 20 x 20 mm No. 1 glass coverslips (sheet resistivity of 15-

30 Ω/square) were purchased from SPi Supplies (West Chester, PA).  Buffers and supporting 

electrolyte solutions were made with ACS grade sodium phosphate monobasic monohydrate, 

sodium chloride, and sodium hydroxide from Mallinckrodt (Phillipsburg, NJ).  Spectroscopy 

grade Omnisolv methanol from EMD chemicals (Darmstadt, Germany) was used for cleaning 

ITO coverslips.  Conductive silver epoxy resin was purchased from VWR (West Chester, PA). 

DNA Solutions.  All solutions used for fluorescence imaging were prepared in sodium 

phosphate buffer adjusted to pH 8.0 with sodium hydroxide in addition to varying amounts of 

sodium chloride to control ionic strength. Stock solutions of the 14,876-bp plasmid DNA were 

prepared with 180 pM DNA, 160 nM YOYO-1 (DNA base pair-to-dye ratio of 15 to 1), 75 µM 

sodium chloride, and 75 µM sodium phosphate buffer.  The DNA-YOYO-1 stock solution was 

allowed to incubate at room temperature for approximately 4 h to allow the YOYO-1 fluorescent 

label to intercalate into the double-stranded DNA before being further diluted to concentrations 

of 5.3, 10.5, 21, and 42 pM in buffers of varying ionic strength.  The 10.5, 21, and 42 pM DNA 

solutions were all prepared in 75 µM phosphate buffer plus sodium chloride electrolyte at 

75 µM, 3 mM, or 30 mM, respectively.  The 5.3 pM DNA solution was prepared with low 

concentration electrolyte containing 2.3 µM phosphate buffer and 2.3 µM sodium chloride.  The 
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DNA concentration in solution was varied with ionic strength in order to manage the dynamic 

range of the molecular counting experiment.  At low ionic strengths, the large interfacial 

concentration increase with applied potential requires that one start at low concentrations to 

avoid exceeding the maximum number of molecules that can be counted in an image.  At higher 

ionic strengths, the increase in DNA population with applied potential is modest, and a higher 

starting concentration allows one to measure accurately the smaller relative change.       

Preparation of ITO Substrates.  ITO electrodes were prepared by first rinsing for 10 

min each in 18 MΩ·cm water and methanol.   The ITO coated side of the coverslip was then 

cleaned for 25 min in a UV ozone cleaner, Jelight Co. model 342.  Copper wire leads were 

attached to the edge of the ITO coated coverslip using conductive silver epoxy resin which was 

then placed in a 120 ºC oven overnight to allow the conductive paste to harden.  The slides with 

attached wire leads were then UV ozone cleaned again for 25 min and assembled into an 

electrochemical flow cell for imaging, shown in Figure 1.  This cell consists of the wired ITO 

coverslip as a bottom window, separated from a top glass plate by a silicone gasket.  The top has 

inlet and outlet ports that allow solution flow and access by a platinum counter electrode and a 

Cypress Systems (ESA, inc.) model EE009 Ag/AgCl reference electrode.  The flow cell is held 

together by threaded stainless-steel top and bottom plates whose interior is covered with Parafilm 

to prevent electrical shorts to ground.  A Pine model AFCBP1 3-electrode potentiostat was used 

to apply surface potentials. 

Fluorescence Microscopy.  Dilute YOYO-1 labeled DNA solutions at an ITO interface 

were imaged with an Olympus iX71 inverted microscope that employs through-the-objective 

TIRF illumination described previously,25 with several modifications.  Briefly, 488-nm 

illumination from a Coherent Innova 90C argon ion laser is coupled into a polarization 

maintaining optical fiber (Thorlabs) and directed to the back of the microscope frame.  Light 
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emitted from the fiber is collected and collimated using a plano-convex lens and then passed 

through a 488 nm laser band-pass filter (Chroma).  The laser beam is then focused with another 

plano-convex lens onto the back focal plane of a 60x 1.45 N.A. oil immersion objective lens, 

creating a collimated beam emerging from the objective lens.  By translating the optical fiber tip 

horizontally relative to the objective lens optical axis, the angle of the beam emerging from the 

objective increased until total internal reflection was achieved at the glass-ITO-aqueous 

interface.  The ~200-nm thick ITO film is not expected to impact the ability to generate an 

evanescent wave at the ITO-aqueous interface according to calculations of the excitation 

radiation spatial intensity distribution versus incident angle for three-phase dielectric thin film 

structures.39  A total laser power of 1 mW was incident on the back of the objective lens, 

corresponding to approximately 13 Wcm-2 at the sample surface.  Before any potential-control 

and imaging experiments were conducted, the ITO surface was poised at 0.8 V versus Ag/AgCl 

and illuminated with 1 mW 488 nm laser radiation for 30 min to bleach any adsorbed fluorescent 

impurities.  Imaging was performed using an electron multiplying charge coupled device 

(EMCCD) camera (Andor iXonEM+ 897) using a 256 × 256 pixel region of the sensor (area 

a = 70 × 70 µm region at 60x magnification).  Videos were collected by imaging continuously 

for 140 s with 27.5 ms integration times (36.4 fps) in frame transfer mode with the electron 

multiplying gain set at 50x.  Before imaging experiments were conducted, ITO substrates were 

covered with blank phosphate buffer, poised at 0.8 V and illuminated with laser radiation for 30 

min to photobleach any fluorescent contamination on the surface.   

Image Analysis.  Image analysis was performed using custom programs written in the 

Matlab (Mathworks) software environment.  Fluorescently-labeled DNA molecules in each 

image were identified and counted using an algorithm described previously.25  Molecules in 

images were identified by locating regions having at least three adjacent pixels with intensity 
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higher than a detection intensity threshold, Ithold = nstd σbg + µbg, set at a number, nstd, of 

background standard deviations, σbg, higher than the mean background intensity, µbg.  Before 

analysis, the analog-to-digital unit (ADU) intensity was converted to photoelectron counts.  The 

conversion was made using a linear calibration fit to a plot of pixel intensity variance versus 

mean pixel intensity in ADU generated from flat, white-light images (see Supporting 

Information).40 

The detection intensity threshold establishes a depth into solution in the evanescent-wave 

illumination region that molecules can be detected.  The intensity from individual labeled 

plasmids varies from being indistinguishable from background, when they are far from the 

glass/solution interface, to some maximum fluorescence intensity from DNA molecules at their 

distance of closest approach to the surface.  The intensity-distance relationship diverges from a 

simple exponential decay function due to a small fraction of scattered light from the interface 

penetrating into solution, and the large size of the plasmids relative to the evanescent wave 

(~400-nm diameter DNA versus d ≈ 150-nm evanescent sampling depth,39 see Supporting 

Information).  Detection intensity thresholds were chosen to optimize bright molecules excited in 

the evanescent wave and minimize counts of molecules illuminated by scattered light far from 

the interface.  The process used to optimize the detection threshold intensity Ithold and its effects 

on the fitted parameters of the detected population are presented in Supporting Information.  The 

optimum detection threshold for videos acquired at different DNA concentrations varied slightly, 

from nstd = 5.1 to 6.7, depending on their signal-to-noise ratios.  At detection thresholds, nstd > 5, 

the false positive rate is expected to be negligible.25  Due to this high detection threshold and 

photobleaching prior observation, less than 0.03 spots per video frame were detected in blanks.  

Populations of counted DNA molecules in images, measured as a function of ionic 

strength and applied potential, were fit to Boltzmann and Guoy-Chapman models (see below), by 
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optimizing the parameters in the model by non-linear least squares.  Uncertainties in reported 

parameters were estimated using the bootstrap method,41 generated by adding randomized 

residuals to a best fit curve.  The residuals are inversely weighted by Poisson-distributed 

molecular shot noise, where the standard deviation, σN, of the number of detected molecules is 

given by the square root of the molecular count, (NDET)1/2.42  Standard deviations of each 

parameter were estimated by fitting a Gaussian distribution to a histogram of bootstrap-

determined parameter values.  The uncertainties in the reported parameters and error bars in the 

plots represent two standard deviations of the mean. 

Diffusion coefficients for DNA at the interface were determined by tracking the intensity 

center-of-mass of individual molecules with sub-pixel precision.  Because the size of the DNA 

molecule in solution is larger than the point spread function of the microscope (previously 

determined25) and because the DNA diffuses during an image acquisition, a method of 

determining the location of the molecule must account for the spatial distribution of DNA in the 

image and its motion during acquisition. The center-of-mass of the intensity distribution provides 

a good estimate of the molecule location because the measured intensity is proportional to the 

spatial distribution of molecular density averaged over the acquisition time. Single molecule 

trajectories were generated by identifying a molecule coordinate at the beginning of the video 

and searching for another molecule coordinate in the subsequent frame within a critical radius of 

1.3 µm of the initial coordinate.  This process was repeated using the new coordinate in the next 

video frame until no additional coordinates were located, indicating that the molecule had 

diffused out of the evanescent wave.   The critical radius of 1.3 µm is set to be equal to four 

times the root-mean-squared step size for DNA diffusing in free solution (see below).  Even if 

DNA diffusion at the interface is as fast as in free solution, this critical radius would capture 

99.95% of the steps in a trajectory based on a random walk model30 and provide an unbiased 
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estimate of the diffusion coefficient.   To reduce the probability of collecting spurious steps due 

to jumps between different molecules in an image that happen to be within the critical radius, 

only video frames with fewer than 40 counted molecules were used for tracking, typically the 

first 3 to 15 s of each accumulation.  For an image area, a = 4,900 µm2 (70 × 70 µm), and a 

critical area of 5.3 µm2 (1.3 µm critical radius), the probability of a molecule randomly 

appearing in the critical radius of another molecule from the previous frame is small, less than 

4.3%, which is determined from the ratio of the critical area to the total image area, multiplied by 

the total number of molecules in the image. 

 

RESULTS AND DISCUSSION 

Counting DNA Populations near an ITO Interface.  The effect of applied potential on 

the interfacial population of YOYO-1 labeled 14,876-bp supercoiled plasmid DNA is illustrated 

by data in Figure 2a, which shows raw fluorescence images of DNA in pH 8.0 buffer in the 

evanescent excitation region near an ITO electrode surface, acquired ~120 s after applying 

potentials that vary between 0 and +0.9 V versus a Ag/AgCl reference electrode.  Under positive 

applied potential, the population of DNA at the interface increases dramatically, up to a factor of 

200 times the interfacial population observed at open circuit.  The potential response is fully 

reversible, and all DNA molecules remain mobile, as long as the applied potential remains below 

~1.4 V.  For example, when the potential is stepped from 0 V to 1.3 V and then back to 0 V, the 

population of molecules rises and then declines to its original value within ~5 seconds after the 

potential is switched back to 0 V (see movie in Supporting Information).   The mobility of the 

interfacial DNA (which is only slightly smaller than its diffusion in free solution, see below) and 

the immediate reversibility of the interfacial population are consistent with accumulation of 

DNA in the diffuse double layer and not adsorption to the ITO surface.  This behavior stands in 
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Stark contrast with the potential being stepped to higher than 1.4 V, where a significant 

population of DNA adsorbs irreversibly. Under these conditions (see Supporting Information), 

the DNA loses mobility and does not leave the interface upon reversal of the potential, both 

signatures of strong adsorption to the ITO surface. 

From fluorescence images like those in Figure 2(a), interfacial populations of YOYO-1 

labeled DNA were determined using an image analysis routine that requires molecular spots to 

exceed an intensity threshold in multiple adjacent pixels, to distinguish DNA spots from single-

pixel detector noise (see above).  Figure 2(b) shows DNA molecules detected in a representative 

image of 10.5 pM DNA solution in 0.28 mM ionic strength electrolyte at an applied potential of 

0.8 V.  The influence of any free YOYO-1 on these results was tested in a control experiment, 

where the dye was present at the same total concentration and no DNA was in solution.  The 

number of counted spots averaged 0.03 per frame, which is an equivalent background count rate 

as observed for ITO slides in a blank buffer solution (see above).  The small background count is 

negligible compared to the 20 to 300 molecules per frame (depending on potential) counted 

when DNA is present.  Thus, the molecular counts are dominated by DNA, which were 

determined 120 s after each potential step, averaging the molecule counts in the subsequent 500 

frames, or 13.8 s.  The average numbers of detected DNA molecules in the interface, NDET, are 

plotted versus applied potential in Figure 3(a-d), for ionic strengths of 8.4 µM, 0.28 mM, 3.2 

mM and 30 mM and bulk DNA concentrations of 5.3, 10.5, 21, and 42 pM, respectively.  These 

plots show the strong dependence of the interfacial population on applied potential, especially at 

low ionic strengths.   

Mobility of Interfacial DNA under Potential Control.  In order to interpret the 

interfacial populations of DNA versus applied potential, it is important to ascertain whether these 

molecules reside in solution, where a double-layer model might be employed for the population 
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analysis, or whether the molecules spend a significant fraction of time adsorbed to the electrode 

surface.  If the accumulation of DNA involves adsorption to the ITO surface, then the diffusion 

coefficient of DNA should decrease significantly with increasing positive potential.  By tracking 

the locations of individual molecules through a sequence of video frames, one can measure the 

diffusion coefficient of DNA at the ITO-solution interface and its dependence on applied 

potential.  The same video data used for counting DNA populations were further analyzed to 

determine the trajectories of individual molecules.  The center-of-mass of the intensity 

distribution of each molecular spot was tracked with sub-pixel (< 260-nm) resolution.  From the 

resulting trajectories, the mean square displacement, <Δr2> = <Δx2 + Δy2>, was determined and 

plotted versus elapsed time, t.  The resulting plots are linear (see Supporting Information) as 

expected from the Einstein equation in two dimensions: <Δr2> = 4Dt.  From the slopes of these 

plots, the interfacial diffusion coefficient of labeled DNA versus applied potential was 

determined at ionic strengths of 8.4 μM, 0.28 mM, and 3.2 mM and the results are plotted in 

Figure 4, and summarized in Table 1. 

For comparison, the diffusion coefficient of YOYO-1 labeled DNA diffusing in free 

solution was also measured using an epi-illumination fluorescence microscope focused 

approximately 10 µm beyond a glass coverslip in solution.  The details of the instrumentation 

and experiment are summarized in Supporting Information, along with plots of mean squared 

molecule displacement, <Δr2>, versus elapsed time, t, for the same supercoiled plasmid DNA at 

0.28 mM ionic strength.  From these results, the diffusion coefficient of the labeled DNA in free 

solution was determined to be D = 1.11 (± 0.03) × 10-8 cm2s-1.  This diffusion coefficient is 

somewhat lower than other estimates for DNA of similar molecule weight,29,43-45 possibly due to 

the lower ionic strength conditions and the intercalating fluorescent label reducing the 

supercoiling and compactness of the DNA.46 The hydrodynamic size of the DNA can be 
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expressed as an equivalent hard-sphere diameter in solution and estimated from the Stokes-

Einstein relationship, where the equivalent diameter is given by (𝑘𝑇/3πη𝐷) = 400 (± 10) nm, 

assuming a solution viscosity of pure water, η = 0.89 cP.  The validity of the tracking experiment 

in reporting hard-sphere sizes was verified by measuring the diffusion coefficients of several 

fluorescently labeled latex spheres of known diameter, and the results are found in Supporting 

Information. 

 Diffusion coefficients of labeled DNA in the evanescent wave region near the electrode 

surface are plotted in Figure 4 as a function of applied potential, and the results are summarized 

for each ionic strength in Table 1.  A slight increase in D is observed with increasing electrolyte 

ionic strength, which is likely due to compaction of the DNA random coil as electrostatic 

repulsion between phosphate groups is screened by excess electrolyte.47 Comparing behavior at 

the same ionic strength (0.28 mM), the diffusion coefficient of DNA in the interfacial region is D 

= 0.88 (± 0.03) × 10-8 cm2s-1; this result is only 20% smaller than the diffusion coefficient 

measured in free solution under the same conditions, 1.11 (± 0.03) × 10-8 cm2s-1.  We conclude, 

therefore, that DNA in the evanescent wave remains nearly as mobile as in free solution, with 

only occasional contact with the electrode surface. Furthermore, as shown by the results in 

Figure 4, there is no trend in the diffusion coefficient with applied potential, matching behavior 

previously reported for DNA near optically transparent carbon electrodes.36  This result indicates 

that DNA plasmids are not deformed sufficiently by moderate fields to denature and adsorb to 

the ITO surface, even with applied potentials as high as 0.9 V where the diffusion coefficient can 

be measured.  At potentials above 0.9 V, the interfacial DNA population densities become too 

high for tracking of individual molecules; however, the molecular spots remain mobile even at 

potentials has high as 1.3 V, as shown in video in Supporting Information.   
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Boltzmann Model for the Response of Interfacial DNA Populations to Applied 

Potential.  Because applied potentials between 0.7 and 1.3 V greatly increase the interfacial 

population of DNA, while having no significant influence on diffusion near the interface, the 

data suggest that the DNA remains in solution and accumulates in the electrical double layer 

formed at the polarized ITO-aqueous interface.  The negatively charged DNA gathers at the 

interface because of electrostatic attraction to the positive electrode potential, while lateral 

diffusion, parallel to the electrode surface, is unaffected by applied potential because there is no 

potential gradient in the interfacial plane.  A simple Boltzmann model was developed to account 

for the potential-dependent accumulation of DNA in the electrical double layer at the ITO 

interface.   

The model begins with Gouy-Chapman theory, which describes the electrical potential 

and ion concentration in the diffuse double layer.  The Gouy-Chapman potential profile, φ(x), in 

the low potential limit decays exponentially into solution from the electrode surface, x:48,49  

 φ(𝑥) = φ0e−κ𝑥     (1) 

The dimensions of the electrical double layer are conveniently described by the Debye length, 

κ-1, the decay constant of the potential profile.  The Debye length for a 1:1 electrolyte is a 

function of the bulk ion concentration, C0, the ion charge, z, the elementary charge, e, the 

electrical permittivity of a vacuum, ε0, the relative permittivity, ε, Boltzmann’s constant, k, and 

the solution temperature, T, given by:  

  κ−1 = (
εε0𝑘𝑇

2𝐶0𝑧2𝑒2)
1

2⁄

     (2) 

The spatial profile of the number density of ions in the double layer, n(x), depends on the local 

potential, φ(x), and the number density of ions in bulk solution far from the surface, n0: 
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  𝑛(𝑥) = 𝑛0e−
𝑧𝑒φ(𝑥)

𝑘𝑇      (3) 

Because the DNA plasmids investigated are polyanions, they are expected to exhibit 

electrostatic Boltzmann accumulation near a charged interface.  The potential profile of the 

electrical double layer for real systems at large applied potentials arises from complex ion 

distributions50 and even changes in solvent structure.51  We simplify this model by defining an 

average concentration of DNA within the double layer, <nD>, where the effect of the applied 

electrical potential, φ, on the population is captured in a Boltzmann parameter, β, describing the 

sensitivity of the population to changes in applied potential: 

  〈𝑛D〉 = 𝑛0e−β φ     (4) 

where β captures the fall-off in potential over the region of the double layer sampled by DNA; 

for a population of ions at the electrode surface (x = 0), the upper bound to the parameter is β ≤ 

Ze/kT, where Z is the net charge (see Equation 3). 

 To represent the total number of DNA molecules imaged within the double-layer region, 

we multiply <nD> by the Debye length κ-1 and the area of an image frame, a, and obtain 

expressions for the DNA population imaged within the double-layer under applied potential, 

ND = κ-1 a <nD>, where the DNA population within the double-layer at zero surface potential 

(zero net charge) is 𝑁D
0 = κ-1  a n0: 

  𝑁D = 𝑁D
0e−β φ     (5) 

Because the evanescent wave penetration depth, d = 150 nm, is larger than the Debye 

lengths (2 to 100 nm) for the ionic strengths used, not all detected molecules are expected to be 

under potential control.  For this reason, ND only describes the DNA population in the double 

layer region.  The DNA population in the absence of an interfacial potential in the entire 
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evanescent wave detection volume is 𝑁E
0 = d a n0, so that the DNA population outside the double 

layer (unaffected by applied potential) but inside the evanescent wave detection volume is 𝑁E
0 – 

𝑁D
0.  The total DNA population predicted within the evanescent wave detection volume by this 

Boltzmann model, NB, is the sum of ND and 𝑁E
0 – 𝑁D

0: 

 𝑁B = (𝑁E
0 − 𝑁D

0) + 𝑁D
0e−βφ     (6) 

The interfacial DNA population is governed by the electrical potential at the distance of 

closest approach for ions at the electrode surface.  This distance, the outer Helmholtz plane 

(OHP), represents the thickness of an adsorbed layer of water and ions.  The potential term from 

Equation 6 must be modified to include the potential applied by the potentiostat, E, and an offset, 

the threshold OHP potential, φOHP
0 , representing the potential required to generate zero net 

charge at the OHP.  The threshold OHP potential is similar to the potential of zero charge (φPZC); 

φPZC is the potential required to neutralize all charge on the electrode side of the interface, while 

φOHP
0  is the potential which neutralizes charge on the solution side of the interface.  When 

E = φPZC the potential in the electrical double layer is not zero, due to excess charge from 

specifically adsorbed ions and charged groups on the ITO surface.  Additional applied potential, 

E = φOHP
0 , is required to neutralize this excess surface charge so that the net potential accessible 

to ions in solution is proportional to (E - φOHP
0 ).  The OHP potential, however, is not exactly 

equal to (E - φOHP
0 ), because of the potential drop across the Stern layer.  This potential drop is 

captured by the empirical Boltzmann sensitivity parameter, β. 

These modifications to the average potential term lead to Equation 7, which describes the 

detected interfacial DNA population in the evanescent wave region as a function of applied 

potential: 



17 

 𝑁B = (𝑁E
0 − 𝑁D

0) + 𝑁D
0e−β(𝐸−φOHP

0 )    (7) 

Using a non-linear least-squares parameter search, NB from Equation 8 was fit to the measured 

DNA population, NDET, to estimate values for 𝑁E
0, 𝑁D

0, β and φOHP
0 , and the results are plotted in 

Figure 3(a-d), with fitted parameters listed in Table 1. The relative DNA population excess in the 

double layer, can be determined from [NDET – (𝑁E
0 – 𝑁D

0)]/ 𝑁D
0.  These results are summarized in 

Figure 3(e) and fit to the Boltzmann factor from Equation 7, exp [–β (E – φOHP
0 )]. The results 

demonstrate the sensitivity of DNA accumulation to ionic strength, where at lower ionic 

strengths, the double-layer extends further into solution, the DNA population experiences greater 

attraction to the interface at positive applied potentials.   

The sensitivity of the DNA population to applied potential is captured by the Boltzmann 

potential parameter, β in V-1, the values of which are listed in Table 1 and plotted verses the 

Debye length, κ-1 in nm, in Figure 5.  As shown by the results, the parameter β varies 

significantly with electrolyte concentration and Debye length.  For large κ-1 at lower ionic 

strengths, the DNA population exhibits a greater increase with applied potential than for short κ-1 

because the double layer can influence a larger fraction of the DNA molecular volume and 

counter-ion screening should be less significant. For all Debye lengths, β is less than 38.9 V-1 in 

magnitude, the sensitivity expected for a monovalent ion experiencing the full applied potential 

at the ITO surface.  The results are consistent with DNA exhibiting a small net charge and 

experiencing only a small fraction of the applied potential.   

As the Debye length increases, not only should the potential sensitivity increase as 

discussed above, but the fraction of DNA molecules in the evanescent wave detection region that 

are also within the double layer should also rise.  To test this hypothesis, the ratio 𝑁D
0/𝑁E

0, the 

fraction of detected molecules that experience the applied potential, was plotted versus the 
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Debye length, and the results are shown in Figure 6.  The increasing trend in 𝑁D
0/𝑁E

0 with κ-1 is a 

result of the double-layer region encompassing a larger fraction of the evanescent-wave detection 

volume.  Extrapolation of the roughly linear trend in 𝑁D
0/𝑁E

0 to unity, suggests an evanescent 

wave sampling depth of ~220 nm, somewhat larger than the evanescent-wave depth of ~150 nm 

predicted from the refractive indices of glass and solution and the angle of incidence.39 The 

evanescent-wave sampling depth can also be estimated by determining the distance into solution 

required to supply 𝑁E
0

 molecules to a 70-µm × 70-µm image area at a given DNA concentration.  

The average sampling depth estimated from the fitted values of 𝑁E
0 at four DNA concentrations 

is d = 410 ± 260 nm (95% confidence).  While this result is significantly larger than the 

evanescent-wave depth of ~150 nm expected from the angle of incidence,39 the result includes 

the expected value within its large uncertainty bounds.  Anomalously high numbers of YOYO-1 

labeled DNA diffusing near silica surfaces have also been reported by He et al.,35 and those 

results corresponded to sampling depths between 500 to 800 nm, or 3 to 6 times greater than the 

evanescent wave depth of 140 nm.   These elevated molecule counts were attributed to diffusion 

of DNA into and out of the evanescent-wave region during the 257-ms image integration times 

and confirmed with random-walk simulations.  This phenomenon should have less impact on the 

present experiments because the integration times were only 26 ms, which reduces the distance 

over which DNA can diffuse during the acquisition of an image by a factor of (1/10)1/2 or 0.32.  

Excess molecular population at the interface may also arise simply from the large size of the 

DNA molecules.  The hard-sphere equivalent diameter of the DNA determined from its solution 

diffusion coefficient is 400 nm (see Supporting Information), and it is highly labeled.  Therefore, 

it is possible for DNA with a center of mass hundreds of nanometers away from the surface to 

have labeled base pairs inside the evanescent-wave region.  Because of the size of DNA and its 

possible diffusion within the observation time, the population of DNA, 𝑁E
0, sampled within the 



19 

evanescent-wave region will likely include molecules whose center-of-mass distances from the 

ITO surface exceed 150 nm.  In future work, it would useful to employ prism-based TIRF for 

excitation35 so that the angle of incidence and evanescent-wave depth could be varied to further 

characterize the distance dependence of the interfacial DNA population. 

The final parameter of the DNA accumulation fit to equation 4 is the threshold OHP 

potential, φOHP
0 , which increases from 0.59 V to 0.80 V for 8.4 µM to 30 mM ionic strengths 

respectively, as listed in Table 1. The relatively high positive φOHP
0  for these ITO surfaces in 

contact with pH 8.0 buffer indicates that there is net negative charge on the surface that must be 

overwhelmed with a positive applied potential before DNA begins to accumulate.  This result is 

consistent with negative zeta potentials observed for aqueous ITO colloids at pH higher than 

their isoelectric pH of 5 to 6.52,53  The increasing trend in φOHP
0  may be a result of increasing 

chloride ion adsorption to the electrode surface at high electrolyte concentrations requiring 

higher applied potential to overcome the additional negative surface charge. 

Effective DNA Charge Responsible for Ion Accumulation in the Electrical Double-

Layer.  The simple Boltzmann model of Equation 7 describes both the DNA potential sensitivity 

and fraction of DNA under potential control as averages over the Debye length.  While spatial 

averaging captures the average population behavior with applied potential, it neglects the 

distance dependence of ion build-up in the diffuse double-layer.  To estimate the effective DNA 

charge responsible for the observed population, a model is needed that accounts for the potential 

distribution in the double layer and integrates ion concentrations as they vary with distance from 

the ITO surface. From a double-layer model, one can directly compare DNA accumulation to the 

predicted electrolyte ion accumulation and thus estimate the net electrical charge on DNA.   

We employ a simple Gouy-Chapman model to describe ionic strength dependence of 

DNA accumulation in the double-layer: DNA concentration is modeled by numerically 
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integrating the Boltzmann distribution for the ion concentration profile from the ITO surface to 

the evanescent-wave depth of 150 nm.  The ion profile, adapted from Equation 3, is integrated 

and multiplied by the image area to provide an expression for the total number of molecules 

predicted by the Gouy-Chapman model, NGC: 

𝑁GC = 𝑎 ∫ 𝑛0e
−𝑍𝑒φ(𝑥)

𝑘𝑇 𝑑𝑥
𝑑

0
     (9) 

The potential distribution, φ(x), is approximated with an exponential decay function, 

Equation 1, using decay constants, κ, calculated from Equation 2 for each ionic strength.  

Potential at the interface, φ0, is defined as E  φOHP
0 , where values for φOHP

0 were taken from fits 

of the data to Equation 7: 

φ(𝑥) = (𝐸 − φOHP
0 )𝑒−κ𝑥     (10) 

DNA net charge, Z, is the only parameter optimized in a fit of NGC to the experimental 

DNA accumulation curves, NDET, normalized to 𝑁E
0, where values for 𝑁E

0 were also taken from 

fits of the data to Equation 7.  As shown in Figure 7, the model fits the data quite well with, 

DNA net charges that vary between Z = −0.8 and −0.6 for low to high ionic strengths.  

Fortunately, these results are not very sensitive to the sampling depth, d, which governs both 𝑁E
0 

and the integration of charge in the double layer.  If d is increased from the expected evanescent 

wave depth of 150 nm to the experimental result of 410 nm (determined from 𝑁E
0 results, see 

above), the DNA net charge increases by only 20%, ranging from Z = −0.96 to −0.79 for low to 

high ionic strengths, respectively. 

Estimates of the effective charge of DNA vary in the literature, ranging from 0.06 

electron equivalents per base measured for DNA in an agarose gel stretched under 

electrophoresis conditions,54 to 0.08 − 0.6 electron equivalents per base measured in capillary 
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zone electrophoresis.55,56 Both of these observations predict significant charge on large 

oligonucleotides. The static double-layer accumulation measurements in the present work have 

several key differences compared with electrophoresis experiments.  First, while the DNA 

contains thousands of charged phosphate groups, the molecule is large relative to the Debye 

length, so that only a small fraction of a DNA molecular volume (for example, 0.05% or 7 

phosphate groups based on a uniform spherical model of DNA at 3.2-mM ionic strength) resides 

in the double-layer.  The phosphate charges that manage to penetrate the double-layer, however, 

must still be largely screened by counter-ions to exhibit such a small (fractional) net charge. The 

screening in this static accumulation experiment differs from electrophoresis, where in the latter 

case counter-ions in the diffuse layer around polyelectrolytes are sheared away as they migrate in 

the opposite direction due to their opposite charge.  The zeta potential, which determines the 

magnitude of the electrophoretic mobility, is the potential at the “slip plane” where counter-ions 

are sheared away.  The slip, or shear, plane is thought to be slightly beyond a stagnant water 

layer several angstroms thick adsorbed to the outer Helmholtz plane.  At ionic strengths below 

100 mM, this shear plane is within the diffuse double-layer, and the surface charge on the 

polyelectrolyte is screened primarily by adsorbed ions in the Stern layer.  In the present, static 

double-layer accumulation experiment, there is no electrophoresis and no shearing of counter-

ions.  The counter-ions in the diffuse layer are still present as a DNA molecule approaches the 

surface, and they significantly screen the DNA surface charge. Additional screening is 

contributed by the cationic YOYO-1 dye label; however, based on the 1:15 dye-to-DNA base-

pair stoichiometry (see above), the dye label is neutralizing no more than 13% of the charge on 

the sugar-phosphate backbone.  

A detailed description of interacting double-layers in the absence of shear or flow is 

provided by Derjaguin and Landau, Verwey and Overbeek (DLVO) theory,57,58 which has been 
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applied to the case of hard spheres approaching a charged interface.59  Bhattacharjee et al. 

calculate the potential profile for small particles of radius comparable to κ-1 and surface electrical 

potential of 25 mV approaching a charged interface of the same potential.  Maximum interaction 

potentials for particles close to the charged interface are only a few kT, indicating that most of 

the total charge is screened by counter-ions.  An exact DLVO description of polyelectrolytes 

such as DNA is difficult because these molecules have no definite surface boundary or charge 

density, but the results of this theory for simple spherical colloids are entirely consistent with the 

DNA accumulation results. 

Summary. Using single-molecule fluorescence microscopy techniques, we have 

measured the effects of applied potential and electrolyte ionic strength on the interfacial 

population and diffusional behavior of DNA.  Fluorescently labeled DNA plasmids were imaged 

near a transparent indium tin oxide electrode surface while interfacial electrical potential was 

varied between 0 and 1.0 V.  For potential steps greater than ~0.5 V versus Ag/AgCl, DNA 

populations increase exponentially with applied potential, and this accumulation process is 

reversible.  Diffusion at the interface was investigated by tracking single-molecule trajectories at 

the interface, and no potential dependence was observed.  Interfacial diffusion coefficients were 

comparable to bulk diffusion coefficients, indicating that the DNA does not significantly adsorb 

to the surface as it accumulates at the interface.  At high applied potentials, we hypothesize that 

the DNA gathers at the interface due to attractive electrostatic interactions with the electrical 

double layer.  Plots of interfacial DNA population versus potential were fit by a Boltzmann 

model with parameters for the fraction of the DNA population under potential influence, the 

outer Helmholtz plane zero potential, and the potential sensitivity of the DNA potential response.  

As ionic strength is decreased, the corresponding increase in the double-layer thickness increased 

both the fraction of observed DNA molecules under potential control, and the sensitivity of the 
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population to applied potential. A Gouy-Chapman model of ion accumulation in the double-layer 

accounted for the spatial distribution of potential away from the electrode surface and was 

integrated to estimate the number DNA molecules within the evanescent detection volume based 

on their net charge; the results suggest that DNA molecules in the double-layer exhibit a low net 

charge, between 0.6 and 0.8 electron equivalents. While there is significant charge associated 

with the phosphate-sugar backbone (~30,000 electron equivalents), only a small fraction of the 

DNA volume can reside within the double-layer region, and what is present is largely screened 

by counter-ions.  The large DNA plasmid, therefore, interacts only weakly with the applied 

potential and remains nearly as mobile as in free solution based on its lateral diffusion behavior.   

The present results indicate that variation in surface potential can strongly influence 

interfacial populations of DNA in the double layer without leading to irreversible adsorption to 

the electrode surface. These results could impact the response of DNA sensors that use applied 

potentials to electrochemically control binding and denaturation (melting) in DNA sensor 

applications.60,61 Application of moderate positive potentials could attract higher concentrations 

of target single-stranded DNA into the double-layer relative to bulk solution, leading to faster 

association rates from the higher local concentrations in the interface. Based on the results shown 

in Figures 5 and 6, attraction of DNA to the interface should only be significant at lower ionic 

strength conditions and correspondingly longer Debye lengths, where the potential profile can 

reach further into solution.  Most DNA hybridization experiments, however, are carried out at 

higher ionic strengths (>100 mM) in order to avoid electrostatic repulsion between ssDNA 

strands that would inhibit hybridization.62  Under these conditions, the potential-dependent build-

up of an interfacial population would be relatively small; see Figure 3(d).  In applications to 

other polyelectrolytes under lower ionic strength conditions (protein biosensors, adsorption of 

humic substances, layer-by-layer polyelectrolyte deposition), the influence of surface potential 
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either electrically controlled or influenced by specifically adsorbed ions could play an important 

role in governing local interfacial concentrations of polyelectrolytes in the double layer.  

Supporting Information.  This information includes a diagram of the PTX21 plasmid, 

the intensity conversion to photoelectrons, determination of interfacial and free-solution DNA 

diffusion coefficients with a comparison to size standards, setting intensity thresholds for single-

molecule detection, and DNA accumulation movies. This material is available free of charge via 

the Internet at http://pubs.acs.org.  
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FIGURE CAPTIONS 

Figure 1.  Sample flow cell assembled into microscope stage holder with through-the-objective 

TIRF illumination. 

Figure 2.  a) Sample images of 10.5 pM DNA, 0.28 mM ionic strength solution over ITO, 

acquired ~120 s after indicated potential step versus Ag\AgCl ref. electrode.  b) Molecules 

located by counting algorithm in 0.8 V sample image; scale bar is 10 μm. 

Figure 3.  Average DNA molecule counts in the 70 μm x 70 μm  image area after potential step 

with Poisson-Boltzmann fit using equation 4 (solid line) for ionic strengths of (a) 8.5 µM (black 

squares), (b) 0.28 mM (red circles), (c) 3.2 mM (blue triangles), and (d) 30 mM (green 

diamonds) with bulk solution DNA concentrations of 5.3, 10.5, 21, and 42 pM, respectively.  

(e) The relative population excess in the double layer, [NDET – (𝑁E
0 – 𝑁D

0 )]/𝑁D
0 (points)  is 

compared to the Boltzmann factor, exp[– β(E – φOHP
0 )] (lines). 

Figure 4.  DNA diffusion coefficients, D, plotted versus applied potential for 8.4 µM (black 

squares), 0.28 mM (red circles), and 3.2 mM (blue triangles) ionic strengths.  The dashed line is 

the measured bulk solution DNA diffusion coefficient.  Error bars are two standard deviations of 

the mean. 

Figure 5.  Boltzmann potential sensitivity parameter, − β, from the fit of data in Figure 3 to 

Equation 7, plotted versus Debye length , κ-1.   

Figure 6.  Fraction of DNA population in the evanescent detection volume influenced by the 

double-layer region, 𝑁D
0 / 𝑁E

0  from fit of the data in Figure 3 to Equation 7, plotted versus Debye 

length, κ-1.    

Figure 7.  DNA concentration factor, NDET/𝑁E
0 , plotted versus applied potential for 8.4 µM 

(black squares), 0.28 mM (red circles), 3.2 mM (blue triangles), and 30 mM (green triangles) 

electrolyte ionic strengths.  Solid lines are models of Gouy-Chapman double-layer ion 

concentration integrated through the evanescent detection region (150 nm from surface) fit to 

NDET/𝑁E
0 with net DNA charge in electron equivalents of Z = −0.79, −0.79, −0.70, and −0.61, 

respectively. 
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