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Escape-time electrometry is a recently developed experimental technique that offers the ability to mea-

sure the effective electrical charge of a single biomolecule in solution with sub-elementary charge

precision. The approach relies on measuring the average escape-time of a single charged macro-

molecule or molecular species transiently confined in an electrostatic fluidic trap. Comparing the

experiments with the predictions of a mean-field model of molecular electrostatics, we have found

that the measured effective charge even reports on molecular conformation, e.g., folded or disor-

dered state, and non-uniform charge distribution in disordered proteins or polyelectrolytes. Here we

demonstrate the ability to use the spectral dimension to distinguish minute differences in electrical

charge between individual molecules or molecular species in a single simultaneous measurement,

under identical experimental conditions. Using one spectral channel for referenced measurement, this

kind of photophysical distinguishability essentially eliminates the need for accurate knowledge of key

experimental parameters, otherwise obtained through intensive characterization of the experimental

setup. As examples, we demonstrate the ability to detect small differences (∼5%) in the length of

double-stranded DNA fragments as well as single amino acid exchange in an intrinsically disordered

protein, prothymosin α. Published by AIP Publishing. https://doi.org/10.1063/1.5008936

I. INTRODUCTION

Electrical charge is a fundamental property of biological

matter and plays a central role in the function and interaction

of biological molecules.1,2 For example, “supercharged” iso-

forms of evolutionarily conserved proteins are known to confer

extreme physiological capacities on certain species, presum-

ably owing to their enhanced stability to aggregation at high

concentration.3–5 It is also well known that the addition and

removal of small amounts of structural charge in the form

of phosphate groups or other post-translational modifications

modulate not only such basic phenomena as protein stability

but also sub-cellular localization or function and can regulate

macroscopic processes such as metabolism at the systemic lev-

els.6 A recent study demonstrated at the molecular level that

the addition of as few as two phosphate groups to a protein

induced a folding-unfolding transition and altered its bind-

ing affinity by orders of magnitude.7 Not surprisingly, several

disease states are correlated with altered phosphorylation of

proteins, e.g., disordered proteins such as tau and α-synuclein

involved in Alzheimer’s and Parkinson’s disease, and mul-

timeric proteins such as the stress-activated p53, implicated

both in ageing and cancer.8,9 Furthermore there is strong evi-

dence that molecular electrostatics plays a dominant role in

phase segregation processes mediated by charged disordered

proteins and nucleic acids in the cell.10,11 The ability to per-

form a direct, sensitive, high-resolution measurement of the

charge of a macromolecule in solution would thus have strong

a)Electronic mail: madhavi.krishnan@uzh.ch

implications from both a fundamental as well as a biomedical

perspective.

Contrary to the situation in vacuum, the electrical charge

of a macromolecule in solution is governed strongly by ther-

modynamic processes in the electrolyte that render both the-

oretical predictions and experimental measurements of the

quantity non-trivial. At the simplest level, a direct sum over

a macromolecule’s charged groups yields a qualitative esti-

mate of its formal structural electrical charge, at a given

solution pH,

qstr =

∑

i

zie

1 + 10zi(pH−pKi)
. (1)

Here i denotes each ionizable group, pK i is the negative loga-

rithm of its acid dissociation constant, zi = +1 or ☞1 indicates

the valence of charge of a basic or an acidic group, respectively,

and e is the elementary charge. In practice however, collective

interactions in a densely packed system of charges can dra-

matically modify the molecule’s effective charge in solution

via two separate phenomena, namely, charge regulation and

charge renormalization. The former concerns an alteration in

the charged state of an ionizable group in the context of the

molecular environment, while the latter deals with the highly

non-linear screening of molecular charge by counterions in

the surrounding electrolyte phase. Both phenomena generally

result in a reduced “effective” charge of an electrically charged

object and have each received extensive theoretical attention,

from polyelectrolytes and proteins to colloidal particles and

charged surfaces in solution.12–19

A variety of experimental approaches have been applied to

the problem of electrical charge measurement on a nanoscale

entity in the fluid phase. Electrokinetic methods that probe

0021-9606/2018/148(12)/123307/10/$30.00 148, 123307-1 Published by AIP Publishing.
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the electrical potential (ζ-potential) near the surface of an

object in an applied electric field yield qualitatively correct

results, but the measurement is not highly sensitive at the

quantitative level. This is due at least in part to the highly

non-linear and even non-monotonic response of a particle’s

electrical mobility to its charge.20 Along similar lines, capil-

lary electrophoresis can offer single-charge resolved detection

of weakly charged species, but the strong dependence of mobil-

ity on an a priori unknown drag coefficient renders direct

determination of charge on an unknown molecule difficult; in

some instances, chemically generated “charge ladders” of the

protein of interest circumvent this issue.21 Notwithstanding,

polarization fields and molecular deformation in an applied

field inherently limit the ability of the electrokinetic approach

to sensitively probe the charge of a macromolecule in solu-

tion.20 Moving out of the solution-phase, native electrospray-

ionization mass spectrometry can generate high resolution

charge spectra of a macromolecule of interest, but there is con-

siderable debate on whether and how the measured spectrum

relates to the charge of the molecule in solution, with measure-

ments often contradicting each other even at the qualitative

level.22,23

We recently demonstrated the ability to measure the effec-

tive charge of a single macromolecule in solution with sub-

elementary charge precision and in real time.24 The method

relied on our recently developed equilibrium thermodynamics-

based approach to trapping electrically charged matter in solu-

tion.25 Such a trap does not require externally applied fields,

but rather exploits the equilibrium repulsive electrostatic inter-

action between a charged object in solution and like-charged

confining parallel plates. Geometric tailoring of the parallel

plates results in a local interaction potential minimum that is

capable of confining an electrically charged molecule for long

periods.25,26

For an object confined in a potential well in the fluid phase,

the escape process is governed by overdamped diffusive cross-

ing of an energy barrier and is well described by Kramers’

theory in the regime W > 6kBT.24 Here the average time to

escape the potential well is given by

tesc = tr exp
W

kBT
, (2)

where tr is a time scale representing the position relaxation

time of the molecule, which in turn depends not only on geo-

metric features of the potential well but also on the molecule’s

diffusion coefficient, D = kBT /6πηrH. Here, rH is the hydrody-

namic radius of an equivalent sphere that experiences the same

frictional drag as the object of interest, and η is the viscosity

of the medium.27

Relying on this strong non-linear dependence, we con-

verted the measured average escape time of a trapped molecule

into a highly precise measurement of the barrier height, W.

We note that the barrier height in our case is in essence

the interaction free energy of the molecule with the confin-

ing parallel-plate slit relative to infinite separation.28,29 It is

also worth noting that this electrostatic interaction energy, W,

expressed as W = qeffψm + f, directly depends on qeff, the

molecule’s effective charge. qeff is in turn not only a function

of the molecule’s true structural charge but notably also of its

3D conformation.29 Here ψm is the electrical potential at the

midplane of the slit and f is a small contribution to the total

free energy from the finite out-of-plane thermal fluctuations of

the molecule.

Importantly, the high measurement precision offered by

the approach stems from the exponential dependence of the

measurand (the escape time, tesc) on the measurable (the mea-

sured effective charge of the molecule, qm), as reflected in

Eq. (2). Since escape times are exponentially distributed, the

fractional measurement uncertainty on tesc from a sample of N

statistically independent “hops” of a molecule is simply 1/
√

N .

Since qm ≃ ln
( tesc

tr

) kBT
ψm

, the corresponding fractional uncer-

tainty on qm is given by kBT
qmψm

1√
N

.24 Thus for N = 100, the

logarithmic dependence of qm on tesc implies ∼2% precision

in determining qm in a measurement time on the order of 10 s.

This level of measurement precision on the electrical charge

of an entity in solution is unprecedented.

Furthermore, the ability to perform the measurement on a

single molecule immediately raises the prospect of detecting

tiny differences between individual molecules in a heteroge-

neous distribution of molecular states arising from, e.g., differ-

ent phosphorylation patterns, mutations in charged residues,

or different conformational states. Thus the Escape-Time

Electrometry (ETe) approach offers tremendous scope for

detection and measurement of structural, conformational, and

compositional heterogeneity of macromolecules in solution,

e.g., folding intermediates, mutations in proteins, and post-

translational modifications such as phosphorylation, to name

a few.

Although a statistically limited experimental error of say

<5% on tesc implies a precision of <2% in charge deter-

mination in a single measurement, the accuracy in a single

measurement is not expected to be as high. This is because in

practice, under our experimental conditions, the experimental

uncertainty of ∼1 nm on the slit height results in an esti-

mated overall peak-to-peak single-measurement uncertainty

of 20% in charge determination.24 In our original demonstra-

tion, this device-related measurement uncertainty was reduced

to the level of 2%–6% by averaging over several indepen-

dent measurements.24 We did note however that a sequential

electrometry measurement on different molecular species in

a single device permitted us to address some of the variabil-

ity in experimental parameters and to thus approach statisti-

cally limited precision in a single measurement. Thereby, we

demonstrated the ability to distinguish between species carry-

ing very similar amounts of charge.24 Nonetheless, given the

high precision offered by the method, the prospect of attain-

ing both precision and accuracy in a single measurement on

different species or molecules in parallel would be highly

desirable.

Here we examine the possibility of a parallel electrometry

measurement on spectrally distinguishable molecules under

identical experimental conditions in a single experiment. If

one of the molecules in the measurement serves the function

of a “calibrator,” then the charge of the other spectrally dis-

tinct species—or single molecule—can be determined with

an accuracy approaching the statistically limited precision.

Alternatively, if absolute values of effective charge are not
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of interest, but the aim is rather to detect minute differences

between molecules, here again the parallel, spectrally distin-

guishable approach would eliminate all other potential sources

of variation and enable the attainment of measurement reso-

lution approaching the statistical limit. We demonstrate this

new measurement principle and approach using fluorescently

labeled nucleic acid fragments and an intrinsically disordered

protein, prothymosin α (ProTα).30,31

II. MATERIALS AND METHODS

A. Fluorescently labeled biomolecules

All DNA oligomers in our experiments were purchased

from either Microsynth AG (Switzerland) or IBA GmbH (Ger-

many) and carried two fluorescent labels, either ATTO 488 or

ATTO 532. The dyes were linked to the 5′ and 3′ termini

in the case of ssDNA and to both 5′ termini for the double-

stranded fragments. We also examine a 60bp dsDNA fragment

carrying a single ATTO 488 label on the 5′ end of a single

strand and a second identical dye an interior location of the

complementary strand [Fig. 3(a)]. In the latter case, the dye

was linked via an amino dT C6 modification to Thymine

30. A modified version of the intrinsically disordered pro-

tein, prothymosin α (ProTα),30,31 carrying a single amino acid

exchange E59K was produced using site directed mutagenesis

as previously described.24 Both ProTα species were labeled

with either ATTO 488 or ATTO 532 maleimide (ATTO-Tec,

Germany) at cysteine residues.

B. Optical setup and electrometry measurements

In this work, we use free energy landscapes cre-

ated in parallel-plate SiO2 slits of typical nominal height,

2h = 70–90 nm, containing surface nanostructured indenta-

tions of diameter 600 nm [Fig. 1(b)] and depth 150 nm, as

previously described.24 A suspension of fluorescently labeled

DNA or protein in a buffer containing 1 mM Tris and

0.5-1.5 mM NaCl is introduced into the lattice at a concen-

tration of 10-50 pM by capillary flow.24 After a few minutes,

the flow is arrested and molecular motion in lattices of traps

is imaged under purely diffusive conditions by wide-field

FIG. 1. (a) Schematic representation of the optical setup used for a spectrally resolved single-molecule electrometry experiment. Wide-field fluorescence

microscopy employing temporally alternating excitation beams at 488 nm and 532 nm is used to image single macromolecules labeled with ATTO 488 and

ATTO 532 diffusing in a lattice of electrostatic fluidic traps. M: silver mirror, DM: dichroic mirror, L: lens, BP: bandpass filter, EMCCD: camera. (b) Representative

calculation of the free energy landscape, W (r) in the lattice of traps. 2h denotes the height of the parallel-plate slit, and the typical nanostructure diameter is

600 nm. (c) The fluorescence intensity of a Region of Interest (ROI) given by the dashed contour in (a), centered on a single trap, monitored in time in both

emission channels, clearly shows longer-lived trapped states for 60bp dsDNA-ATTO488 (blue) and shorter trapping times for 50bp dsDNA-ATTO532 (green)

(see the supplementary material). (d) Single-particle tracking trajectories of a representative single molecule of each species superimposed on a scanning electron

micrograph (SEM) of the underlying nanostructured surface. Scale bar is 1 µm. (e) Probability density distributions, P(∆t) = A
t exp(−∆t/t), of experimentally

recorded escape times ∆t, where A ≈ 1. The distributions are normalized such that Pn(∆t) =
P(∆t)

Pmax(∆t)
. (f) Measured average escape time, tesc, in a single

lattice over 2-3 molecules for each species (N ∼ 30), and calculated and measured values of effective charge, qc and qm, respectively, for 60bp-ATTO488

and 50bp-ATTO532. # denotes that qm for 60bp DNA has been set equal to qc, permitting a direct calibrated measurement for the other species (50bp DNA).

Measurement uncertainties are standard error of the mean (s.e.m.). Values indicated in parentheses for 50bp DNA include the measurement uncertainty on the

60bp DNA “calibration molecule.”
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fluorescence microscopy. We typically work with landscapes

created by a hexagonal lattice of approximately 40 traps

where the extent of each lattice is typically 15 µm × 15 µm.

In this work, we study molecules in 3-10 lattices for each

measurement.

We use optical excitation at 488 nm from a diode laser

(PhotonTec Berlin, Germany) and at 532 nm from a diode-

pumped solid-state (DPSS) laser (Pusch OptoTech GmbH,

Germany). We collect fluorescence emission in two spectral

bands—500-550 nm and 540-650 nm—using two temporally

alternating dichroic mirrors. The excitation wavelength alter-

nates synchronously with the corresponding emission filters

[Fig. 1(a)]. Images of molecular diffusion in the lattice are

acquired using a back-illuminated electron multiplying charge

coupled device (EMCCD) camera (iXon, Andor, Inc., United

Kingdom) with exposures of duration texp = 5–20 ms and sam-

pling time of 20-100 ms during a total observation time of

about 10 s per molecular trajectory. The depth of the wells,

W in this work, is typically 5 kBT, yielding trap residence

times of∼200 ms. Furthermore, in this work, the Debye length

κ−1 ≈ 0.3/
√

C = 10 nm and is the characteristic length scale

of screening of electric fields in an electrolyte containing

monovalent salt at a concentration C = 10☞3 mol/L.

III. RESULTS

A. Measurements on the same molecular species
labeled with different fluorescent dyes

A key goal of our electrometry approach is to be able

to routinely attain close to 1% measurement precision, and

corresponding resolution, in the measured effective charge

on two different molecular species, or even two individual

molecules of each species, in a single measurement. Spectral

splitting of the signal from the species under consideration

seems to offer a promising route to this end, as it offers

simultaneous measurement under virtually identical exper-

imental conditions—mainly, slit height, salt concentration,

and pH.

In an electrometry measurement using two spectrally dis-

tinct labels however, a central interest concerns the contribu-

tions of the dye molecules themselves to the total molecular

charge. Most water-soluble fluorescent dyes used to label

biomolecules carry some amount of net charge (typically

1-2e), either positive or negative. In previous work, we pre-

sented measurements of the effective charge of ProTα, labeled

with spectrally comparable fluorescent dyes carrying different

net charge.24 Our measurements did in fact reveal net charge

values for molecules labeled with Cy3B and Alexa 546 that

were different from those labeled with ATTO 532, showing that

the measurement is sensitive to the charge state of the label. An

ideal spectrally referenced measurement would involve the use

of spectrally distinguishable dye species that alter the charge of

the molecule of interest in a quantitatively identical fashion,

if they do so at all. In this work, we focus on two fluores-

cent dye labels ATTO 488 and ATTO 532 whose structures

are shown in Fig. 2(a). We chose ATTO 488 and ATTO 532

as they are chemically very similar and are both expected to

carry a net charge of ☞1e, over a wide pH range. They also

offer excellent brightness and the required photostability for

our measurement.32,33

In order to examine the contribution of spectrally distinct

dye molecules to the measurement, we performed parallel ETe

measurements as described in Sec. II. We find that the vari-

ation in slit height, 2h, from one lattice of traps to the next

is reflected in the measured time scales and corresponding

effective charges of both species are measured in parallel. To

further motivate this point, we present dual color ETe data

in experiments where the slits are etched by two different

methods: a solution phase wet-etch process using Hydroflu-

oric (HF) acid and a gas-phase reactive-ion etch (RIE). The

former is known to result in large variations of slit height from

one lattice of traps to the next (he ∼ 2–3 nm), while RIE—

our method of choice, in general—yields uniform slit heights,

albeit with an expected nominal rms uncertainty, he, of around

1 nm.

First, we studied two species of 10 base ssDNA molecules,

each labeled at both ends with either ATTO 488 or ATTO 532

in slits fabricated using RIE. We find that parallel spectrally

resolved electrometry on both species agrees within the sta-

tistically expected precision [Fig. 2(b)] and the variations in

the measured average escape time from one lattice to the next

are mainly statistically limited, as expected. We find that the

uncalibrated values of measured charge for both species, q∗m,

inferred from averaging over N ∼ 200 escape events recorded

in each spectral channel over all lattices, reveal no measurable

difference in charge between the two species (<0.2e), in keep-

ing with the statistical expectation. This suggests that the two

dye species affect the total electrical charge of the molecule in

an identical fashion [Fig. 2(c)].

We then studied two species of 60bp dsDNA molecules,

each labeled at both 5′ ends with either ATTO 488 or ATTO

532, in a device where the slits were fabricated using etch-

ing in HF. Here large correlated variations in the measured

escape time scale from one lattice to the next for both mea-

sured species reflect common measurement conditions, most

likely the local slit height, 2h [Figs. 2(d) and 2(e)]. This results

in a broad distribution of inferred uncalibrated charge values,

q∗m [Fig. 2(e)]. Using the effective charge of 60bp dsDNA

labeled with ATTO 532, known both from a calculation as

well as measurements under the same experimental conditions

in previous work, we infer the “true” local slit height in each

lattice. This permits a calibrated measurement of the charge

of the blue-labeled species (qm). Figure 2(e) displays both the

uncalibrated and spectrally calibrated measured values for the

ATTO 488 labeled species. Not only is the mean calibrated

value significantly different from the direct measurement but

importantly the distribution of measured values is also signif-

icantly narrower. These observations exemplify how spectral

referencing eliminates a significant source of uncertainty in a

single measurement and ultimately enables both accurate and

precise measurements on a single molecule [Fig. 2(f)]. We note

however that these ensemble-averaged measurements reveal a

slightly lower measured charge for the 60bp-ATTO488 species

as compared to the ATTO 532 labeled counterpart. This may

be due to either residual measurement noise from the large slit

height variation that has not averaged out or more likely the

presence of a few weakly charged molecules (possibly a small
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FIG. 2. (a) Schematic representations of end-labeled nucleic acid molecules, and the chemical structures of the dyes ATTO 488 and ATTO 532, indicating the

expected charged state of the ionizable groups under our measurement conditions (light blue and light red). (b) Values of tesc for 10 base ssDNA labeled with

two different dyes, measured in several lattices of traps in the same experiment, normalized by the average measured value of the ATTO 532 labeled species,

〈tesc,g〉 (green). The dashed line indicates the average tesc for both species in each lattice. Indicated in parentheses are the locations of the ATTO labels for

each molecular species. Histograms of tesc for each species (right panel) show nearly statistically limited measurement precision (orange curve) in both cases.

The blue and green gaussian curves indicate average and standard deviations for each species. (c) The table displays measured tesc for 10 base ssDNA labeled

with either ATTO 488 or 532, averaged over the measurements on 8 lattices (N ∼ 200) shown in panel (b). Also indicated are the calculated and measured

(uncalibrated) effective charge values, qc and q∗m, respectively. The values of q∗m are in remarkable mutual agreement, suggesting that the two dyes most likely

affect the overall effective charge of the molecule in a quantitatively identical fashion. Measurement uncertainties are s.e.m. (d) Values of tesc for 60bp dsDNA

labeled with two different dyes measured in several independent lattices of traps in slits fabricated using HF etching, normalized by the average value of the

ATTO 532 labeled species (green). Histograms of tesc for each species (right) reveal a measurement uncertainty that is larger than the expected statistically

limited precision (orange) in both cases. However the mean values for each species averaged over all lattices in both (b) and (d) are in good agreement. While

the cross-relation coefficient, ρ, is high in (d) indicating strongly correlated variation in measurement due to the variation in slit height, ρ is lower in (b) where

the lattice-to-lattice measurement variation is mostly statistically limited. (e) Uncalibrated charge measurements, q∗m, on 60bp-ATTO488, inferred from about

5 to 10 molecules per lattice, using the nominal measured slit height, 2h (gray histogram). Calibrated measured values, qm, obtained by fixing the charge of

the simultaneously measured 60bp-ATTO532 to the calculated value, qc = ☞43.4e (blue histogram). The distribution of measured qm (blue gaussian curve) is

much narrower that q∗m (dashed gray curve). (f) The table presents uncalibrated directly measured effective charge values, q∗m in 6 lattices, averaged over 5-10

molecules per lattice, and the corresponding values obtained upon calibration, qm. Measurement uncertainties are s.e.m.

fraction of unannealed ssDNA) in the 60bp-ATTO488 sample,

as will be discussed later.

B. Exploring the effect of dye position: Probing
local molecular electrostatics

For a hypothetical molecule carrying identical ionizable

groups on its surface, interaction among the solvent-exposed

groups leads to a local non-zero surface electrical potential,

ψs. Since the chemical potential of the protons is constant

throughout the system, the non-zero potential in the vicinity

of the groups results in a local pH, different from that in the

bulk. In fact the greater the magnitude of electrical poten-

tial at the charged groups, the stronger the departure of their

degree of ionization, α, from that in isolation, as given by

Eq. (3),16,34

α =
1

1 + 10zi(pH−pK) exp (zieψs/kBT )
. (3)

This behavior essentially embodies the phenomenon termed

“charge regulation.” Equation (3) can be generalized to any

local potential, ψ, and can therefore be used to describe

the behavior of more complex charge distributions and local

environments, including a low-dielectric, non-solvent-exposed

milieu representing the interior of folded molecules.29

Previous studies have discussed the effect of “supramolec-

ular pKa shift” according to which the photophysics and/or

charged state of organic dye molecules is altered by the dielec-

tric environment of neighbouring molecules in the host matrix

or the local electrostatic environment due to molecule to which

the dyes are chemically conjugated. In fact studies on the

fluorescein dye have shown that conjugation to ssDNA and

dsDNA molecules shifts the dye pKa up by ∼0.5 as well as

alters the charged state of the fluorophore.35 In fluorescein,

the phenolic group (pKa = 6.5) dissociates to form a dianion

which is responsible for intense fluorescence at neutral pH

under excitation at 490 nm. Conjugation to a strongly nega-

tively charged polyelectrolyte molecule such as DNA creates
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a lower pH in the local environment of the dye moiety as

compared to the bulk, which shifts its pKa to an apparently

higher value, affecting the dye’s photophysics. The pKa shift of

conjugated fluorescein is thus taken to be indicative of the local

environment and has even been used to spatially map the local

electrostatic potential in RNA molecules.36,37

Assuming the linker introduces approximately 1 nm dis-

tance between the nucleic acid and the dye, the electrostatic

potential at the end-labeled dye molecule under our measure-

ment conditions is ψ ∼ ☞75 mV (3kBT /e) [Fig. 3(a)]. Since

the dyes are highly acidic (pKa ∼ 3) and the measurement

pH = 8.8, Eq. (3) suggests that the charged state of each end-

coupled ATTO dye molecule is not different from its value

in free solution. Therefore each dye molecule is expected to

add a net structural charge of ☞1e to the derivatized molecule

[Fig. 2(a)]. However the renormalized charge contribution of

each dye attached to the molecule could be as low as around

☞0.5e. Indeed our measurements on end-labeled molecules

have convincingly demonstrated that the two labels ATTO 488

and ATTO 532 affect the total charge of the molecule in an

identical fashion and thus probably have the same ionization

behavior. We further address the possibility that local electro-

static effects at the interior of the macromolecule may alter

the protonation/deprotonation equilibria of the dye molecule

and therefore its charge. If this indeed were the case, the mea-

surement would have to potentially contend with a spurious

label-placement dependent contribution to the measured total

charge of the molecule.

Figure 3(a) displays the local electrostatic environment of

a dye molecule conjugated to an end and an interior location

FIG. 3. (a) Schematic representation of two species of

60bp dsDNA molecules, one labeled with ATTO 532

at both 5′ ends and the other labeled with ATTO 488

at the 5′ end and an internal location (T-30). Calcu-

lated electrostatic potential distribution, ψ(r), around a

60bp dsDNA molecule under our experimental condi-

tions. Gray squares indicate expected approximate loca-

tions of the dye molecule relative to the dsDNA fragment,

assuming the length of the linker attaching the dye to

the molecule is ∼1 nm. (b) Normalized probability dis-

tributions, Pn(∆t), of measured trap times, ∆t, for the

two species. (c) The measurements agree within the sta-

tistical uncertainty suggesting that dye location has no

influence on the measured effective charge. Measurement

uncertainties are s.e.m.
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of a dsDNA fragment. The calculation suggests a difference in

electrical potential of around 100 mV between the bulk solu-

tion and the interior site of dye attachment. Although these

values of local electrical potential (75 and 100 mV) imply

pKa shifts of 1.3 units and 1.7 units, respectively, the effect

on the charged state of the ATTO dyes is not expected to

be significant, especially at our relatively high measurement

pH ∼ 8.

In order to experimentally probe the influence of local

electrostatics on the charged state of the dye label, we com-

pared the measured effective charge of two species of double-

labeled dsDNA molecules. One species of dsDNA carries

a single dye label at each end of the molecule, while the

other carries a single label at one end and a second label

at an interior location. If the comparatively large negative

local electrical potential at the interior site were to influ-

ence the ionization equilibria of the dye molecule strongly

enough to alter its net charge, this would be an important

consideration in an electrometry measurement that seeks to

measure differences of ∼1e between molecules or molecular

species.

Our spectrally split parallel electrometry measurement

on the two molecular species, which differ only in the loca-

tion of a single, otherwise effectively identical dye molecule

[Fig. 3(a)], reveals no measurable difference in effective charge

[Figs. 3(b) and 3(c)]. The reported effective charges of both

species of 60bp dsDNA molecules are based on measure-

ments where the number of hops N = 160. We expect 3%

measurement resolution under these conditions, which places

the expected measurable charge difference between the two

spectrally distinguishable species at ∼1.3e.

We further point out that the midplane electrical poten-

tial, ψm, in this experiment was small by design, resulting

in a smaller value of tesc for 60 bp dsDNA compared to

the measurements in Figs. 1(e), 1(f), and 2(d)–2(f). Under

these conditions, any spurious weakly charged species in

solution (as discussed later) would be very unlikely to con-

tribute a detectable trapped state to the ensemble measure-

ment. Our observations thus strongly suggest that the location

of the label does not measurably influence the total effec-

tive charge of the molecule. This confirms that the charge of

both ATTO 488 and ATTO 532 is unaffected by the highly

FIG. 4. (a) Histograms of spectrally resolved single-

molecule measurements on 56bp-ATTO532 and 60bp-

ATTO488. Measurements are reported for individual

molecules with N ∼ 20 hops per molecule, resulting in a

typical uncertainty of ∼2e per measurement on an indi-

vidual molecule. Solid lines depict gaussian distributions

of mean and standard deviation corresponding to the mea-

sured dominant fraction of each sample. We also detect

the presence of a low abundance weakly charged and

weakly emitting species (gray bars). Typical images for

molecules in the two fractions are presented in each case

for 60bp-ATTO488. Red circles denote the occupied trap.

Scale bar is 1 µm. (b) Typical intensity profiles for the

stably trapped, bright and highly charged species (solid

line) and the weakly trapped, poorly emitting, low abun-

dance species (dashed line). Bars represent average ROI

intensities over all frames where the molecules register

as trapped. The combination of weak emission and short-

lived trapping suggests that the low abundance species

represents a small excess of unannealed single-labeled

ssDNA fragments in solution. (c) 20% native polyacry-

lamide gel electrophoresis of 5bp DNA ladder (lane 1),

56bp-ATTO532 (lane 2), 50bp-ATTO532 (lane 3), and

60bp-ATTO488 (lane 4) reveal the presence of a rapidly

migrating species of low abundance in the 56 bp sam-

ple. Molecules in lanes 2-4 display lower mobility than

the corresponding fragments in lane 1, likely due to the

presence of the dye labels. (d) qm values of both species,

obtained by setting the charge of the dominant fraction of

60bp-ATTO488 to qc =☞43.4e. The measurements reveal

a difference of about 2e between the species, in excel-

lent agreement with the theoretical expectation. Reported

errors are s.e.m. over 11 single-molecule measurements

per species.
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negative local electrical potential due to the strongly charged

macromolecule.

The insensitivity of these ATTO dyes to local electro-

statics is likely the result of their highly acidic sulfonate

groups (pKa << pH, generally). This key feature in combina-

tion with their excellent brightness and photostability renders

these ATTO dyes excellent labels for spectrally referenced

fluorescence-based electrometry measurements.

C. Measuring small differences of charge
in biomolecules

Finally we explore the prospect of using spectrally

resolved single-molecule electrometry in order to detect small

differences of charge (∼5%) in biomolecules such as nucleic

acids and proteins.

Parallel electrometry measurements on 50bp dsDNA-

ATTO532 and 60bp dsDNA-ATTO488 reveal a factor 4 dif-

ference in tesc for a modest difference in effective charge of

∼12% [Figs. 1(e) and 1(f)]. This suggests that a measurement

uncertainty on tesc of ∼10%, corresponding to N = 100 hops,

should place a charge resolution of ∼5% well within reach.

We therefore performed parallel ETe on 56bp dsDNA-

ATTO532 and 60bp dsDNA-ATTO488, which are expected to

differ in effective charge by 2e. The histogram in Fig. 4(a)

displays the results of ∼10 single molecule measurements

that on average yield a difference in electrical charge close

to the theoretically expected value. Note that in these mea-

surements, we fix the charge of one species to the theoretical

value. As before, this permits us to minimize the uncer-

tainty on the remaining system parameters, thereby enabling

both accurate and precise measurements on the unknown

molecule.

The data in Fig. 4(a) show that while the two sam-

ples are dominated by a species with a long-lived trapped

state, the measurement also detects a second, low-abundance

species with very rapid escape dynamics. This “fast fraction”

also has a much lower optical intensity than the dominant

fraction and we find that its effective charge is very close to

our previous measurements on doubly labeled 60 base ssDNA

(qm = ☞26.7± 1.9e). Thus we believe that the species rep-

resents a sparse population of singly labeled unannealed

ssDNA also present in solution. Gel electrophoresis data

indeed confirm the presence of a closely migrating species

of slightly higher mobility in the 56bp dsDNA sample

[Fig. 4(c)].

Interestingly, examining the measurements on isolated

molecules—as opposed to an analysis of pooled single-

molecule signals—is key not only to being able to detect small

differences between species in different channels but also ulti-

mately to distinguishing different molecular species or states

in a given spectral channel.

It is worthwhile to note here that the spatial dimen-

sion in the experiment enters the measurement in a subtle

way, permitting a chain of nearest neighbor hops in the lat-

tice to be assigned to a distinct molecule. Pooling the mea-

sured ∆t on individual single molecules and extracting an

average value for the measurand would wash out small dif-

ferences between similar species and make it hard, if not

impossible, to glean the underlying charge distribution from

the escape time measurement. Indeed an ensemble-level mea-

surement of this kind on the two species reveals statistically

indistinguishable time scales, tesc,60bp = 530 ± 20 ms and

tesc,56bp = 550 ± 15 ms. Thus we report a preliminary real-

ization of “charge spectrometry” on an ensemble of single

molecules in solution.

FIG. 5. (a) Histograms of escape times measured for two species of the disordered protein ProTα, where the ATTO 488 labeled species carries a single amino

acid exchange denoted by E59K [residue highlighted in red (E) and blue (K)]. The histograms represent N ≃ 60 events for each species. The blue labeled

species clearly reveals a value of tesc measurably smaller than that of its unmodified counterpart. Control measurements of ProTα-E59K, labeled with either

ATTO 488 or ATTO 532, reveal no measurable difference in molecular effective charge (top panel). (b) Measured tesc from (a), converted to qm, setting

q∗
m,ATTO532

= qc = ☞31e, reveal good agreement with theoretical expectations. Measurement uncertainties are s.e.m. (c) Values of tesc for each species measured

in three lattices of traps in the same experiment, normalized by the average value of the ATTO 532 labeled species (green). ProTα mutant E59K displays a

systematically lower tesc even at the level of the single lattice. (d) Histograms of measured qm values over 6 lattices, sampled by 2-3 molecules each. Gaussian

curves indicate mean and standard deviation for each dataset.
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Finally, we demonstrate the detection of single amino

acid exchange in the acidic intrinsically disordered protein

ProTα. ProTα is a disordered polypeptide 128 amino acids

in length, with a nominal net structural charge of ☞46e. Most

of this charge is contained within a C-terminal stretch of 31

amino acids. Previously we have performed sequential elec-

trometry measurements of ProTα and a mutant version, E59K,

which contains a single Glutamate(E) residue replaced by a

Lysine(K).24 Both species were labeled with the same fluores-

cent dye, ATTO 532, and the measurement revealed a clear

separation of escape time scales with a ratio of a factor 2, cor-

responding to a difference in charge, ∆qm = 3e, between the

species.

We performed spectrally referenced measurements on

ATTO 488-labeled ProTα-E59K and ATTO 532-labeled

ProTα. Measuring the two species in parallel we collected

N ≃ 60 hops on ∼5 molecules and determine the charge of

each species. We find an average difference in effective charge

of ∆qm = 2.6 ± 1.5e between the two species, which is in

reasonable agreement with the theoretically expected value of

∆qc = 1.4e [Fig. 5].

IV. CONCLUSIONS

We have demonstrated the ability to perform spec-

trally referenced high-precision measurements of the effec-

tive charge of single biological macromolecules in solution.

Spectral calibration of the electrometry measurement is a key

development that enables facile, direct measurements that are

both accurate and precise.

Although the parameters that quantitatively influence the

experiment are considered well known by direct measure-

ment, the residual uncertainty in a key quantity, such as the

slit height, has a non-negligible effect on the measurement

accuracy. For example, spatial variations of the slit height

of the order of about 1 nm, which can occur over a dis-

tance of ∼50 µm, imply that unless the local height in the

vicinity of a single molecule is accurately known, a single

direct measurement under our current experimental condi-

tions could carry an inaccuracy of 20%–30%. The inaccuracy

would increase for experiments performed at higher salt con-

centrations where the ratio
he

κ−1 is even larger. While white

light interferometry is capable of delivering direct measure-

ments of gap heights and can even achieve sub-Angstrom

precision on this measure, the accuracy is not expected to be

better that about 1 nm. Thus we use a molecule of known

charge and size, and spectral characteristics distinct from the

molecule of interest, in order to calibrate the entire measure-

ment. This eliminates the need for averaging over multiple real-

izations in order to obtain an accurate result24 and could also

potentially entirely obviate more demanding forms of setup

characterization.

Future experiments will seek to simultaneously measure

a large number of single molecules in parallel in order to

characterize the spectrum of stable conformational or charged

states populated by an ensemble of putatively identical macro-

molecules in solution. Since the current time resolution of

the charge measurement is around 100 ms, the approach

will accurately probe molecular conformations that are

stable over this observation timeframe. Tracking a molecule’s

transport in the lattice for a long enough total observation

time will also permit real time monitoring of slow struc-

tural changes that occur on time scales of around 100 ms or

longer.

SUPPLEMENTARY MATERIAL

See supplementary material for an example of spectrally

resolved single-molecule electrometry measurement of 60bp-

ATTO488 and 50bp-ATTO532.
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and the University of Zürich. We thank Franziska Zosel and

Ben Schuler for the generous gift of fluorescently labeled

ProTα. Nanofabrication was carried out at the FIRST Center

for Micro- and Nanoscience, ETH Zürich.

1M. F. Perutz, “Electrostatic effects in proteins,” Science 201, 1187–1191

(1978).
2A. Wada and H. Nakamura, “Nature of the charge distribution in proteins,”

Nature 293, 757–758 (1981).
3D. B. Thompson, J. J. Cronican, and D. R. Liu, “Engineering and identifying

supercharged proteins for macromolecule delivery into mammalian cells,”

Methods Enzymol. 503, 293–319 (2012).
4M. S. Lawrence, K. J. Phillips, and D. R. Liu, “Supercharging proteins can

impart unusual resilience,” J. Am. Chem. Soc. 129, 10110–10112 (2007).
5S. Mirceta, “Evolution of mammalian diving capacity traced by myoglobin

net surface charge,” Science 340, 1234192 (2013).
6S. C. L. Kamerlin, P. K. Sharma, R. B. Prasad, and A. Warshel, “Why nature

really chose phosphate,” Q. Rev. Biophys. 46, 1–132 (2013).
7A. Bah, R. M. Vernon, Z. Siddiqui, M. Krzeminski, R. Muhandiram,

C. Zhao, N. Sonenberg, L. E. Kay, and J. D. Forman-Kay, “Folding of an

intrinsically disordered protein by phosphorylation as a regulatory switch,”

Nature 519, 106–109 (2015).
8A. M. Bode and Z. G. Dong, “Post-translational modification of p53 in

tumorigenesis,” Nat. Rev. Cancer 4, 793–805 (2004).
9L. Martin, X. Latypova, and F. Terro, “Post-translational modifications of

tau protein: Implications for Alzheimer’s disease,” Neurochem. Int. 58,

458–471 (2011).
10J. T. G. Overbeek and M. J. Voorn, “Phase separation in polyelectrolyte

solutions. Theory of complex coacervation,” J. Cell. Comp. Physiol. 49,

7–26 (1957).
11W. M. Aumiller and C. D. Keating, “Phosphorylation-mediated

RNA/peptide complex coacervation as a model for intracellular liquid

organelles,” Nat. Chem. 8, 129–137 (2016).
12G. S. Manning, “Limiting laws and counterion condensation in polyelec-

trolyte solutions. I. colligative properties,” J. Chem. Phys. 51, 924–933

(1969).
13G. S. Manning, “Molecular theory of polyelectrolyte solutions with appli-

cations to electrostatic properties of polynucleotides,” Q. Rev. Biophys. 11,

179–246 (1978).
14G. S. Manning, “Electrostatic free energies of spheres, cylinders, and

planes in counterion condensation theory with some applications,” Macro-

molecules 40, 8071–8081 (2007).
15R. R. Netz and H. Orland, “Variational charge renormalization in charged

systems,” Eur. Phys. J. E 11, 301–311 (2003).
16B. W. Ninham and V. A. Parsegian, “Electrostatic potential between sur-

faces bearing ionizable groups in ionic equilibrium with physiologic saline

solution,” J. Theor. Biol. 31, 405–428 (1971).
17S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales, P. Pincus, and D. Hone,

“Charge renormalization, osmotic-pressure, and bulk modulus of colloidal

crystals: Theory,” J. Chem. Phys. 80, 5776–5781 (1984).
18M. Aubouy, E. Trizac, and L. Bocquet, “Effective charge versus bare charge:

An analytical estimate for colloids in the infinite dilution limit,” J. Phys. A:

Math. Gen. 36, 5835–5840 (2003).



123307-10 F. Ruggeri and M. Krishnan J. Chem. Phys. 148, 123307 (2018)

19M. Lund and B. Jönsson, “Charge regulation in biomolecular solution,”

Q. Rev. Biophys. 46, 265–281 (2013).
20R. W. O’Brien and L. R. White, “Electrophoretic mobility of a spherical

colloidal particle,” J. Chem. Soc., Faraday Trans. 2 74, 1607–1626 (1978).
21J. M. Gao, M. Mammen, and G. M. Whitesides, “Evaluating electrostatic

contributions to binding with the use of protein charge ladders,” Science

272, 535–537 (1996).
22I. Gitlin, J. D. Carbeck, and G. M. Whitesides, “Why are proteins charged?

Networks of charge-charge interactions in proteins measured by charge lad-

ders and capillary electrophoresis,” Angew. Chem., Int. Ed. 45, 3022–3060

(2006).
23J. D. Carbeck, J. C. Severs, J. Gao, Q. Wu, R. D. Smith, and G. M. White-

sides, “Correlation between the charge of proteins in solution and in the

gas phase investigated by protein charge ladders, capillary electrophore-

sis, and electrospray ionization mass spectrometry,” J. Phys. Chem. B 102,

10596–10601 (1998).
24F. Ruggeri, F. Zosel, N. Mutter, M. Różycka, M. Wojtas, A. Ożyhar,
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