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O
ne day in June 1827, Robert Brown

peered through his microscope at a

sample of pollen. He reported,

“While examining the form of these parti-

cles immersed in water, I observed many of

them very evidently in motion.” At first

suspecting that the pollen was swimming,

he convinced himself otherwise through an

exhaustive search of other finely divided

objects, ranging from a piece of the Sphinx

to “the mucous coat interposed between

the skin and muscles of the haddock.” He

concluded that random motion was a fun-

damental property of all microscopically

divided matter immersed in water.1

The jiggling continues today, a conse-

quence of random collisions with thermally

agitated water molecules.2 Yet two recent

papers report bringing this motion under

control, at least for a single molecule for a

few seconds, through improvements to the

anti-Brownian electrokinetic (ABEL) trap.3,4

The idea is simple: onewatches the Brownian

motion of a particle using fluorescence

microscopy. Whichever way the particle

moves, one pushes back in the opposite

direction with electrokinetic forces. The key

to successful trapping is to perform this

feedback as quickly and accurately as pos-

sible, and it took several years to progress

from the initial concepts to the present

implementations.

ABEL traps now operate near the infor-

mation limits imposed by diffraction and

shot noise: photons only reach the detector

at a finite rate, and each photon carries

imperfect information about the location

of its source, due to diffractive blurring. The

recent generation of traps build on the work

of the Mabuchi lab5 to apply sophisticated

statistical filtering, implemented in real-time

digital hardware, to squeeze maximal infor-

mation from every detected photon. These

traps act upon this information with negligi-

ble delay. Wang andMoerner3 trapped short

fluorescently labeled DNA oligonucelotides,

and we recently trapped individual fluoro-

phores.4What now?How canwe apply these

traps to gain new insights into biomolecular

dynamics and interactions? What additional

improvements in instrumentation or con-

ceptual advances are needed to enable

new applications? In this Perspective, we

present a vision for the future of single-

molecule trapping in solution.

What Can We Learn from a Trapped Molecule?

The recent work by Wang and Moerner,

described in this issue of ACS Nano, hints at

how the ABEL trap can reveal previously

hidden aspects of molecular dynamics. Their

system uses the information encoded in the

series of photon arrival times and feedback

voltages to estimate, in real time, the diffu-

sion coefficient, D, and electrokinetic mobi-

lity, μ, of the particle in the trap. The diffusion

coefficient measures the strength of the ran-

dom jiggling, and depends inversely on the

hydrodynamic radius and the local viscosity.

Time-dependent changes in D could arise

from conformational transitions, binding

and unbindingwith other species in solution,

or changes in local viscosity. The electroki-

neticmobility reflects thehydrodynamicdrag

on the particle, but also its charge. Ionization

events or covalent modifications might sig-

nificantly alter μ. There is not currently any

ABEL traps now operate near

the information limits

imposed by diffraction and

shot noise.
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ABSTRACT It has recently become possible to trap individual fluorescent biomolecules in

aqueous solution by using real-time tracking and active feedback to suppress Brownian motion. We

propose areas of investigation in which anti-Brownian electrokinetic (ABEL) trapping of single

molecules is likely to lead to significant new insights into biomolecular dynamics.
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satisfactory method to measure

changes in D or μ on time scales

between milliseconds and minutes,

and the new generation of ABEL

traps opens this possibility.

A key advantage of the ABEL trap

over surface-immobilization techni-

ques is that the ABEL trap avoids

possibly perturbative interactions

with the surface. Thus, ABEL trap-

ping is well poised to study fragile

samples that might otherwise be

disrupted by surface interactions.

Processes associated with dynamic

changes in transport coefficients

are also uniquely suited to study

via the ABEL trap. We propose sev-

eral such examples (Table 1).

Protein Folding. The folding process

is exquisitely sensitive to weak intra-

molecular interactions, and unfolded

proteins expose sticky hydrophobic

residues. Studies of protein folding

in molecules bound to a surface are

fraught with confounding artifacts.

To study protein folding in the ABEL

trap, one needs a means to initiate

the folding/unfolding transition re-

versibly. Photoinduced electron

transfer6 or temperature jump7 ex-

periments are one option, and

photogenerated surfactants are

another.8 Alternatively, one could

go to partially denaturing condi-

tions, and study the equilibrium

fluctuations between folded and

unfolded states.9,10

One also needs a readout of the

folding stateof theprotein. This read-

out could come from any combina-

tion of time-dependent changes in

the transport coefficients (D and μ),

or by more conventional single-

molecule spectroscopies, suchasfluo-

rescence resonance energy transfer

(FRET) or excited state lifetime anal-

ysis. Ultimately, one would like to

study protein folding in the context

of chaperonins, to understand how

the process functions in a cell. Initial

steps toward that goal have already

been taken by the Moerner lab.11

Phosphorylation. Addition and

removal of phosphate groups from

proteins plays a key role in intracellu-

lar signaling,12 and misregulation

of phosphorylation is often

associated with cancer. Owing to

its medical relevance, many techni-

ques have been developed for mea-

suring ensemble-averaged phos-

phorylation in cells and in purified

proteins. Single-molecule mea-

surements might provide deeper

mechanistic understanding of how

and when phosphorylation hap-

pens, yet there are currently no

single-molecule techniques that

are sensitive to this process. Ide-

ally, one would like an assay cap-

able of probing a wide range of

kinases and substrates, including

both wild-type isoforms and onco-

genic mutants, in the presence or

absence of known and putative

kinase inhibitors.

The negative charge associated

with a phosphate measurably alters

the electrophoretic mobility of some

protein targets of phosphorylation.13

The trappingoffluorescently labeled

protein in the presence of unlabeled

kinases may reveal the dynamics

of the elementary steps of kinase

binding, reaction, and unbinding,

through their effects on D and μ. To

study these processes under quasi-

static conditions, one should include

phosphatases in the solution to re-

verse the process. In a few cases,

phosphorylation induces conforma-

tional changes in the substrate that

are large enough to be detected by

A key advantage of the

ABEL trap over

surface-immobilization

techniques is that the

ABEL trap avoids

possibly perturbative

interactions with the

surface.

TABLE 1. Free-Solution Processes Amenable to Study in the ABEL Trapa

a In each case, several spectroscopic techniques may be used to follow the dynamics. EFRET, FRET efficiency; D, diffusion coefficient; μ, electrophoretic mobility; θ, polarization

anisotropy; τFL, excited state fluorescence lifetime.
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FRET, in which case that too could be

used as a readout.

Transient Binding. Many techni-

ques have been developed to mea-

sure intermolecular interactions,

including pull-down assays, yeast

two-hybrid screens, electrophoretic

mobility shift, surface plasmon reso-

nance, and optical techniques

based on FRET or colocalization.

However, there is a lack of techni-

ques for quantifying weak and/or

transient interactions.

Binding of a small fluorescently

labeledmolecule to a larger unlabeled

molecule may measurably alter the

mobility and diffusion coefficient of

the labeled molecule. These changes

are undetectable in surface-immobi-

lized molecules. The ABEL trap is well

suited to the study of binding of

proteins to fluorescently labeled nu-

cleic acids, for instance. We recently

demonstrated this principle by study-

ing the binding of RecA to DNA.4

Similar strategies could be used to

study binding of an enzyme to a

fluorescently labeled substrate, or

weak protein�protein interactions.

Nanoscale Physics. The ABEL

trap is essentially an implementa-

tion of a Maxwell's Demon,14 in

that its interaction with a molecule

is conditional on the random ther-

mal motion of that molecule. The

connection between entropy and

the information contained in posi-

tion measurements is subtle and

the subject of much study. Recent

experiments with the ABEL trap

have begun to probe this topic

experimentally.15 Other research-

ers have used ABEL-like traps to

study and to control inorganic na-

noparticles. Demonstrations in-

clude placement of quantum dots

for experiments in quantum

optics,16 and measurements of the

angle-dependent scattering spec-

trum of gold nanoparticles.17

The ABEL trap may enable fun-

damental studies of electrokinetics

in confined geometries, an impor-

tant topic for future nanofluidic sys-

tems. For instance, one can ask: Is

the mobility of a simple particle

really constant, or does it fluctuate

rapidly due to fluctuations in the

ionic atmosphere around it or tran-

sient interactions with the surface?

When an electric field is applied,

does a particle respond instanta-

neously, or does the motion take

some time to develop? How do

mobility and diffusion coefficient

depend on the depth of the sample

cell, the details of the surface chem-

istry, and the ionic composition of

the medium? While some of these

questions could, in principle, be an-

swered in bulk measurements, the

ABEL trap enables highly precise

measurements in the absence of

broadening due to heterogeneity in

particle size, shape, or composition.

Limitations of the ABEL Trap. The

ABEL trap is not a panacea for the

challenges of single-molecule spec-

troscopy. Several factors constrain

the choice of systems to study:

Low concentrations of the fluore-

scently labeled species, typically a

few picomolar, are needed to avoid

multiple molecules entering the

trapping region simultaneously and

confusing the tracking system. Thus

the ABEL trap is not suited to study-

ing intermolecular processes in

which both species are fluorescent.

Low conductivity buffer is im-

portant when trapping very small

objects (less than 10 nm hydrody-

namic diameter). Small objects re-

quire large electrokinetic velocities,

and hence large feedback voltages,

to achieve stable confinement.

These conditions lead to heating

and deleterious electrochemical by-

products if the buffer is too conduc-

tive. Buffer conditions must be

optimized for each system.

A bright, photostable fluoro-

phore is essential to achieving high

photon count rates and accurate

feedback. The requirements on

brightness and photostability be-

comemore stringent as the trapped

particle gets smaller. Brief blinks

may interrupt the feedback for en-

ough time for the particle to exit the

trap. Trapping of the smallest mole-

cules has only been demonstrated

with far-red fluorophores. Trapping

using light in other parts of the

spectrum, or GFP homologues,

will require additional technical

development.

Prevention of sticking is a chal-

lenge in some ABEL trap experi-

ments. Although the molecule is

not bound to the surface, fused

silica or glass walls constrain the

molecule to a thin film, ∼800 nm

deep. The molecule collides with

the confining surfaces hundreds of

times per second; without proper

consideration of surface chemistry,

the molecule may stick.

How Can the ABEL Trap Be Improved?

The ABEL trap will be most use-

ful when additional spectroscopic

modalities are layered on top of

the optics used for trapping. Then,

one could apply the repertoire

of single-molecule spectroscopic

techniques to the trappedmolecule

or complex. We expect the next

generation of ABEL traps to include

the following techniques.

FRET. Energy transfer provides a

sensitive probe of separation be-

tween a donor and acceptor fluoro-

phore. To implement FRET anal-

ysis, one would use two spectrally

distinct detectors; photons from

both would be used for tracking

and feedback, while the two chan-

nels would be considered sepa-

rately for measurements of time-

dependent FRET. We expect FRET

to be most useful for intramolecular

distance measurements, for exam-

ple, of protein folding or conforma-

tional transitions, or of assembly

and folding of DNA nanostructures.

Polarization and Lifetime Anal-

ysis. Photons carry information

The ABEL trap will be

most useful when

additional

spectroscopic

modalities are layered

on top of the optics

used for trapping.

P
E
R
S
P
E
C
T
IV
E



COHEN AND FIELDS VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

D

about their source in their polariza-

tion and precise arrival time at the

detector. Polarization indicates the

orientation of the transition dipole

in the emitter at the moment of

emission. For small objects, one

may use polarization anisotropy to

estimate the molecular tumbling

time, which depends sensitively on

the hydrodynamic radius (t � r3),

while for larger objects the polariza-

tion fluctuations directly yield this

information. Excited-state lifetime

may be probed by illumination with

a high-repetition-rate pulsed laser.

The lifetime provides informa-

tion on the local rigidity of the en-

vironment around the chromo-

phore, and on nonradiative decay

pathways.

Rapid Mixing and Sample Intro-

duction. A key challenge in current

implementations of the ABEL trap is

the ∼30 min required for sample

introduction. This delay limits stud-

ies to quasi-static processes, or to

processes that can be triggered by a

laser flash. Ideally, one would like

to change buffer conditions or to

introduce additional components

whilemaintaining a singlemolecule

in the trap. One could then probe

dynamic responses to changing

conditions. One can also envision

an ABEL trap as an analytical com-

ponent on the end of a sample

preparation and fractionation appa-

ratus, just as ion traps are used in

mass spectrometry. One might like

to analyzemolecules directly from a

cell, or coming off amicrofabricated

capillary electrophoresis channel.

These applications will require de-

signs that integrate the ABEL trap

sample cell with other micro- and

nanofluidic components.

The Future of Single-Molecule Studies

in Nanostructures. The ABEL trap is

just one of several technologies un-

der development to facilitate stud-

ies on single molecules in free

solution.18 Significant information

can be obtained by confining mol-

ecules between parallel walls,19 or in

thin capillaries,20 lipid vesicles,21 nano-

fabricated zero-mode waveguides,22

or water-in-oil hydrosomes.23 These

devices achieve confinement through

purely mechanical means, with the

attendant decrease in complexity re-

lative to the ABEL trap, but also a loss

of high-resolution electrokinetic data.

There are still many unexplored

options at the nexus of nanofabrica-

tion and single-molecule biophysics

that will enable increased insight

into the dynamics and interactions

of biological molecules. In his trea-

tise Theory of Heat, Maxwell wrote,

“If we conceive a being whose fa-

culties are so sharpened that he can

follow every molecule in its course,

such a being... would be able to do

what is at present impossible to

us.”14 In the coming years, we ex-

pect many more reports of experi-

mentsMaxwell would have thought

impossible.

Acknowledgment. This work was sup-
ported by National Science Foundation
(NSF) Grant CHE-0910824.

REFERENCES AND NOTES

1. Brown, R. A Brief Account of Micro-
scopical Observations Made in the
Months of June, July and August
1827 on the Particles Contained in
the Pollen of Plants. Philos. Mag.
1828, 4, 161–173.

2. Einstein, A. On the Movement of
Small Particles Suspended in Sta-
tionary Liquids Required by the Mo-
lecular-Kinetic Theory of Heat.
Annal. Phys. 1905, 17, 549–560.

3. Wang, Q.; Moerner, W. E. An Adap-
tive Anti-Brownian Electrokinetic
(ABEL) Trap with Real-Time Informa-
tion on Single-Molecule Diffusivity
and Mobility. ACS Nano 2011, DOI:
10.1021/ nn2014968.

4. Fields, A. P.; Cohen, A. E. Electroki-
netic Trapping at the One Nan-
ometer Limit. Proc. Natl. Acad. Sci.
U.S.A. 2011, 108, DOI: 10.1073/
pnas.1103554108.

5. Berglund, A. J.; McHale, K.; Mabuchi,
H. Feedback Localization of Freely
Diffusing Fluorescent Particles Near
the Optical Shot-Noise Limit. Opt.
Lett. 2007, 32, 145–147.

6. Pascher, T.; Chesick, J. P.; Winkler,
J. R.; Gray, H. B. Protein Folding
Triggered by Electron Transfer.
Science 1996, 271, 1558.

7. Gruebele, M.; Sabelko, J.; Ballew, R.;
Ervin, J. Laser Temperature Jump
Induced Protein Refolding. Acc.
Chem. Res. 1998, 31, 699–707.

8. Lee, C. T., Jr.; Smith, K. A.; Hatton, T. A.
Photocontrol of Protein Folding: The
Interaction of Photosensitive Surfac-
tants with Bovine Serum Albumin.
Biochemistry 2005, 44, 524–536.

9. Junker, J. P.; Ziegler, F.; Rief, M. Li-
gand-Dependent Equilibrium Fluc-
tuations of Single Calmodulin Mole-
cules. Science 2009, 323, 633.

10. Michalet, X.; Weiss, S.; Jäger, M. Sin-
gle-Molecule Fluorescence Studies
of Protein Folding and Conforma-
tional Dynamics. Chem. Rev. 2006,
106, 1785–1813.

11. Jiang, Y.; Wang, Q.; Cohen, A. E.; Dou-
glas, N.; Frydman, J.; Moerner, W. E.
Hardware-Based Anti-Brownian Elec-
trokinetic Trap (ABEL Trap) for Single
Molecules: Control Loop Simulations
and Application to ATP Binding Stoi-
chiometry in Multi-Subunit Enzymes.
Proc. SPIE 2008, 7038, 1–12.

12. Olive, D. M. Quantitative Methods for
the Analysis of Protein Phosphoryla-
tion in Drug Development. Expert
Rev. Proteomics 2004, 1, 327–341.

13. Cohen, C. B.; Chin-Dixon, E.; Jeong,
S.; Nikiforov, T. T. A Microchip-Based
Enzyme Assay for Protein Kinase A.
Anal. Biochem. 1999, 273, 89–97.

14. Maxwell, J. C. Theory of Heat; Long-
mans Green and Co.: New York,
1872.

15. Jun, Y.; Bechhoefer, J. Experimental
Study of Memory Erasure in a Dou-
ble-Well Potential. Bull. Am. Phys.
Soc. 2011, 56, D13.00010.

16. Ropp, C.; Cummins, Z.; Probst, R.;
Qin, S.; Fourkas, J. T.; Shapiro, B.;
Waks, E. Positioning and Immobili-
zation of Individual Quantum Dots
with Nanoscale Precision. Nano Lett.
2010, 10, 4673–4679.

17. Cang, H.; Montiel, D.; Xu, C. S.; Yang,
H. Observation of Spectral Anisotro-
py of Gold Nanoparticles. J. Chem.
Phys. 2008, 129, 044503.

18. Cohen, A. E.; Fields, A. P.; Hou, J. H.;
Leslie, S. R.; Shon,M. J. In Honor ofW.
E. Moerner: Confining Molecules for
Single-Molecule Spectroscopy. Isr. J.
Chem. 2009, 49, 275–282.

19. Leslie, S. R.; Fields, A. P.; Cohen, A. E.
Convex Lens-Induced Confinement
for Imaging Single Molecules. Anal.
Chem. 2010, 82, 6224–6229.

20. Kinoshita,M.; Kamagata, K.;Maeda, A.;
Goto, Y.; Komatsuzaki, T.; Takahashi, S.
Development of a Technique for the
Investigation of Folding Dynamics of
Single Proteins for Extended Time
Periods. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 10453.

21. Okumus, B.; Arslan, S.; Fengler, S. M.;
Myong, S.; Ha, T. Single Molecule
Nanocontainers Made Porous Using
a Bacterial Toxin. J. Am. Chem. Soc.
2009, 131, 14844.

22. Levene, M. J.; Korlach, J.; Turner,
S. W.; Foquet, M.; Craighead, H. G.;
Webb, W. W. Zero-Mode Wave-
guides for Single-Molecule Analysis
at High Concentrations. Science
2003, 299, 682.

23. Chiu, D. T.; Lorenz, R. M.; Jeffries,
G. D. M. Droplets for Ultrasmall-Vo-
lume Analysis. Anal. Chem. 2009, 81,
5111–5118.

P
E
R
S
P
E
C
T
IV
E


