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Abstract

The ability to perturb large ensembles of molecules from equilibrium led to major advances in
understanding reaction mechanisms in chemistry and biology. Here, we demonstrate the ability to
control, measure, and make use of rapid temperature changes of fluid volumes that are
commensurate with the size of single molecules. The method is based on attaching gold
nanoparticles to a single nanometer-scale pore formed by a protein ion channel. Visible laser light
incident on the nanoparticles causes a rapid and large increase of the adjacent solution
temperature, which is estimated from the change in the nanopore ionic conductance. The
temperature shift also affects the ability of individual molecules to enter into and interact with the
nanopore. This technique could significantly improve sensor systems and force measurements
based on single nanopores, thereby enabling a method for single molecule thermodynamics and
kinetics.
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Introduction

The equilibrium state of a chemical or biological system is determined by many physical
and chemical variables. Changes in one or more of these drives the system to a new steady
state and relaxation time measurements can provide information about its properties. Recent
work suggests that the behavior of molecules along the reaction pathway and the inter- and
intramolecular dynamics are best obtained using single molecule measurement

techniques 16. A less explored regime involves the isolation of the thermodynamic
perturbation (e.g., temperature, pressure, chemical binding) on a single molecule and the
subsequent observation of that same molecule. This represents the ultimate sensitivity in
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reaction measurements because it isolates the internal degrees of freedom of a single
molecule.

Over the last century, a variety of techniques were developed to measure reaction rates in
chemistry and biology. The most influential of these techniques relied on rapid mixing of
reactant solutions (e.g., continuous flow/quenched flow 7, and stopped-flow methods 8). In
the latter, solutions containing different molecular species are driven into a mixing chamber
within milliseconds, and the flow of reactants is abruptly stopped. The progress of the
reaction is then monitored by following either an optical property (e.g., absorption 9, circular
dichroism 19, and fluorescence emission 11), the NMR signature of a reactant 12, or
calorimetry 13, The stopped-flow method has been a seminal tool to probe enzyme activity
kinetics 14, protein folding 1°, proton pumping 16, polymerization 17, and drug

interactions 18, The technique was initially limited to reactions that proceed with relatively
slow time constants (t > 1 s) 1°. However, variations on techniques to deliver the reactants
in different ratios 29, and the ability to mix liquids together more rapidly promises to
enhance the method’s utility and increase its bandwidth 21,

Other techniques were developed to study more rapid chemical and polymer Kinetics. These
include microfluidic 22 and nanofluidic 23 mixing, and relaxation methods that rapidly
perturb a system from equilibrium by changes in pressure, or local chemical species
concentration induced by pulses of laser light 24, ionic current 25, electrostatic potential 26,
or mechanical force 27-29, The latter three methods allowed for kinetic analysis at the
molecular (nanometer) length scale.

In the late 1950s, a novel method to rapidly perturb the solution temperature (T-jump) 30
provided yet another means to measure what were considered at the time to be
“immeasurably fast” diffusion-controlled reactions 3L. In the early T-jump studies, the
discharge of capacitors rapidly heated relatively large volumes of solution in

microseconds 30:31, Rapid heating technology was brought to the nanosecond domain with
Q-switched lasers 32-34, and the temperature was estimated via a change in the optical
absorbance of a tracer molecule 3°. Infrared absorbing dyes 36 or thin metal films 37were
used to convert laser energy into heat over picosecond timescales , which enabled the study
of protein unfolding (e.g., RNaseA) 38 and folding (e.g., apomyoglobin) 39 or interfacial
electron transfer reactions 4041, More recently, an infrared laser (1445 nm) was used to
directly excite an OH-stretch mode in water, leading to increase the temperature of picoliter
volumes. 42

Most of these laser-based techniques require post processing (i.e., pump-probe, fluorescence
lifetime) to deduce the local temperature changes, which limits the ability to accurately
measure the solution temperature in real time. In addition, each pulse from a Q-switched
ultrafast laser represents an entire experiment, where the solution temperature initially
increases to a predefined value and then relaxes to room temperature. A major improvement
in the technique would expand the laser induced T-jump method to longer timescales in
which a complex temporal profile of the temperature could be precisely controlled. This
requires a much more localized heat source and the means to estimate the temperature of
exceptionally small fluid volumes. The capability demonstrated below represents a first step
towards this goal, and is achieved using a combination of gold nanoparticles and single
nanometer-scale pores.

The highly confined surface plasmon resonance effect 43-4% in gold nanoparticles enhances
the absorption of light by the particle, thereby increasing its temperature 44:46-49 essentially
instantaneously (i.e., ps to ns timescales) compared to heating water with an infrared laser
(us to ms timescales) 420, a property that has been used in many bio-related applications
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including imaging 484951 and cancer therapies 51-53. We show here that by attaching gold
nanoparticles to individual nanometer-scale pores, and optically exciting the plasmon mode
of the nanoparticles, the time dependence of the pore solution temperature can be controlled.
It follows that the temporal temperature profile can be sculpted and estimated, in real-time,
via the change in the nanopore ionic conductance. The temperature change is highly
localized near the pore, which allows the nanopore to probe the thermodynamic and kinetic
properties of single molecules.

Experimental Section

Modification of Au nanoparticles and N293C

Forty nm diameter Au nanoparticles were attached to a genetically engineered version of the
pore forming protein a-hemolysin, N293C, with high melting temperature DNA
oligonucleotides (T, ~ 120 °C). Ten pL of 3.4 mM disulfide-protected DNAL (5’-(5'-thiol)-
GCGGCGCTCGCGGGCGCTGCGGCGGCGGCG-3) and its complimentary strand DNA2
(5’-(5’-thiol)-CGCCGCCGCCGCAGCGCCCGCGAGCGCCGC-3) (Midland Certified
Reagent Company, Midland, TX) in TE buffer (10 mM tris, 1 mM EDTA at pH 8.25), was
mixed with 10 pL of 0.1 M dithiothreitol (DTT) and allowed to react at room temperature
for 30 min. The deprotected DNA was then dialyzed with a 2 kDa molecular weight cut-off
dialysis membrane (slide-a-lyzer mini Pierce/Thermo Scientific) into Milli-Q water
(Millipore). To attach DNAL to the pore-forming protein, 2 L of deprotected DNAL diluted
to ~300 pM with 3.4 mg/mL bovine serum albumen (Sigma-Aldrich) was added to 5 pL of
0.25 mg/mL (~78 1M) N293C. To attach DNAZ2 to the Au nanoparticles, 10 pL of DNA2
was added to 20 pL of unprotected Au nanoparticles (Naked Gold; Bioassay Works,
ljamsville, MD) (40 = 7) nm diameter with an optical density, OD = 15 (Figure SI 1A). The
DNA conjugated protein and Au were stored in the refrigerator and used within one week.

SEM experiments

To image nanoparticle clusters attached to N293C, a lipid bilayer membrane was tethered to
a gold electrode ®4°° (see S section for detailed methods). About 1 nM DNA-modified aHL
N293C was added to the solution, and allowed to form nanopores in the membrane for ~ 24
hours. The DNA-modified Au nanoparticles were subsequently injected into the solution
and allowed to react for < 1 min prior to vigorous rinsing with milli-Q water. The surfaces
were then removed from solution and dried with streaming N5, and loaded into the SEM
chamber for imaging.

Membrane formation and single nanopore capture

Planar lipid bilayer membranes were formed on a ca. 100 um diameter hole in 25 um thick
PTFE, following the method of Mueller and Rudin %6 using a prepaint mixture of 2 mg/mL
DPhyPC in pentane that was injected onto both sides of the hole and allowed to dry for ca.
10 min. The partition was then adhered to a glass-bottomed teflon holder, allowing
microscopic visualization of the membrane. Electrolyte solution (3M KCI, 10 mM TRIS, pH
7.2) was added to the upper well and a femtotip (Eppendorf North America, Long Island,
NY) was positioned with a micromanipulator in close proximity to the hole. Several pL of
lipid solution (5 mg/mL DPhyPC in hexadecane) was ejected from the tip onto the Teflon
surface, and a membrane was formed by dragging this solution across the hole with a small
fire-polished glass rod. A second femtotip containing the DNA-N293C solution was
positioned in close proximity to the membrane. After positioning, a small backing pressure
was applied to the femtotip (ca. 10 to 100 hPa) and a small transmembrane voltage was
applied (typically 20 mV) to monitor the formation of nanopores in the membrane. After the
insertion of ca. 100 to 1000 nanopores, the backing pressure was reduced to zero and the tip
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was removed from the solution. DNA-modified Au nanoporticles were injected at the
membrane surface in a similar fashion.

Finally, a ca. 1 pm diameter glass pipette silanized with Sigmacote (Sigma Aldrich)
containing a Ag/AgCl wire and matching electrolyte solution was brought into contact with
the membrane until a single protein nanopore was located in the tip. That action localizes the
nanopore to a well-defined location and allows near-diffraction-limited laser excitation of
the gold-modified nanopore. A 532 nm CW laser (Crystalaser, Reno, NV) operating at 300
mW was focused into the aperture of an acousto optic modulator (Crystal Technology, Palo
Alto, CA). The modulator has a 20 ns risetime and the intensity of the first Bragg diffracted
beam was modulated with a 15 MHz function generator (Agilent Technologies, Santa Clara,
CA). An adjustable iris selected the first Bragg diffracted beam and this beam was launched
into the back aperture of an inverted microscope (Axiovert 200, Zeiss). The beam was
focused onto the end of the pipette with a 40xobjective (EC Plan-Neofluar NA 0.9 Zeiss,
Thornwood, NY) to excite the plasmon mode of the nanoparticle and heat the surrounding
solution. Measurement of the pore ionic conductance was performed with an Axopatch
200B and Digidata 1440A (Molecular Devices, Sunnyvale, CA). Unless reported otherwise,
the ionic current data was sampled at 50 kHz with a 10 kHz low pass filter.

Results and Discussion

The feasibility of this approach is demonstrated by linking one or more gold nanoparticles
(40 nm diameter), via a DNA tether, to nanopores formed by the protein toxin
Saphylococcus aureus alpha hemolysin in a planar lipid bilayer membrane (Figure 1).
Relatively short (30-nucleotide) DNA polynucleotides with a thiol group at the 5" end were
bound to the nanoparticles. Complementary polynucleotides with a thiol group at the 3’ end
were attached to the genetically engineered aHL protein with a single asparagine (N) to
cysteine (C) point mutation at the amino-terminus (N293C) located on the cap domain of the
ion channel 7. The duplex DNA should separate each nanoparticle ca. 10 nm from the N
terminus of the protein, and allow the attachment of up to three nanoparticles per channel,
due to steric limitations. Although electrostatic repulsion can affect the configuration of the
tethered Au nanoparticles in close proximity to each another 58, SEM imaging suggests this
does not appear to be problematic (Figure 1 and Figure S1).

The rapid temperature jumps made by exciting surface plasmons of the gold nanoparticles
with continuous wave 532 nm laser light changes the adjacent electrolyte’s viscosity (and
thus bulk conductivity). Thus, the temperature in and near the nanopore can be estimated
from the channel ionic conductance. The relative change in the bulk conductivity is related
to the temperature change by Ao/o = A AT, where A = 0.02 °C~1 for initial temperatures Tp =
21 °C 59 and is essentially independent of the electrolyte concentration 9. Because the aHL
single channel conductance increases in proportion to the bulk conductivity®162, it too
should increase in a like manner with temperature.

Figure 2A shows a typical single nanopore ionic current time series at three different laser
power levels. In each segment, the conductance steps are caused by cycling the laser beam
on and off at a frequency of 10 Hz with an acousto-optic modulator. Figure 2B illustrates the
linear increase in the nanopore temperature with the laser power, determined from the pore
conductance. The calculated temperature change is overlaid for one (pink) and three (gray)
nanoparticles attached to a nanopore. These data are suggestive of single particle
attachment, but uncertainty in the calculation does not rule out either two or three particles
bound to the channel. As expected, in the absence of gold nanoparticles, there was no laser-
induced increase in channel conductance (see Sl text and Figure S2 for this and other
controls). In the presence of the nanoparticles, the mean ionic current (Figure 2C) shows that
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there are at least two relaxations in this particular system. The time constant for the heating
and cooling phases of the experiment were determined by aligning and averaging multiple
T-jumps, and fitting the resultant data to a function that includes up to 3 series time
constants (see S text for details). With a 10 Hz switching frequency a steady-state can be
clearly observed within &~ 15 ms suggesting that the experiment is well controlled. Fitting
these data produces two observable time constants, one at the bandwidth of the amplifier
(0.1 ms) and a slower time constant of (1.16 + 0.05) ms for heating and (1.10 £ 0.02) ms for
the cooling (see Sl table S1 for the full fitting parameters). The rise time for the change in
temperature of the solution adjacent to a nanopore is t ~ 50 ns 63, The higher frequency
switching data (100 Hz Figure 2C inset) required a third time constant to produce a reliable
fit. With v held at the filter bandwidth (10 ps), additional time constants of (46.2 + 0.1) ps
and (348 + 1) os for the heating and (16.4 £ 0.1) ps and (307 = 1) ps for the cooling. While
the observed time constants are much longer than the actual time it takes to heat the volume
(ca. 50 ns), these results demonstrate the ability to directly observe, in real time, rapid
changes of the temperature in a single nanopore. These long (relative to the solution rise
time) relaxations are likely due to several nearly degenerate open states of the aHL
nanoporeb4.65, that may differ slightly from pore to pore, and do not impede the use of this
method with suitably designed or chosen nanopores.

To confirm that the temperature changes result from heating nanoparticles directly attached
to the nanopore, we calculate the temperature rise with one, two, or three gold nanoparticles
attached to the nanopore. The steady state heat equation, V2T+ « ~1q = 0 is used to calculate
the increase in the solvent temperature above ambient, where « is the thermal conductivity
of the surrounding fluid and g is the power density absorbed by the gold particles. Here,
convective and radiative heat transfer are ignored. Beginning with a single spherical
nanoparticle, the temperature change above ambient is calculated to be AT = Ppd/[4k(r+a)]
where Py is the power absorbed by the particle, r is the radial distance measured from the
surface of the nanoparticle, and a is the radius of the nanoparticle. In the Rayleigh limit, the
temperature increase at the surface of the particle is ATpartigle = (0.4 °C/mW) P (see S for
details), where P is the power incident on the nanoparticle. Using this result we extend the
analysis to the two and three particle cases by numerically solving the heat equation. For
multiple particles, the temperature profile is calculated in the plane parallel to the membrane
and defined by the centers of the particles (see Figure 1), approximately 10 nm above the cis
entrance of the nanopore. The profile of the calculated temperature increase above ambient
for one, two, or three attached particles and P = 49.7 mW is shown in Figure 3. For the one
particle case, the agreement between the estimated and calculated temperature is better than
5%. However, because of uncertainties in some of the measured parameters (see Figure 3
caption), the calculated temperature for two and three particles is also consistent with our
measurements. Moreover for two or more particles, the temperature gradient from the
particle surface is greatly reduced leading to an almost uniform temperature distribution
adjacent to the nanopore. The net increase in nanopore conductance in proportion to the
incident laser power is not due to smoothly-varying changes to the pore’s structure. The
latter is comprised of seven anti-parallel p-sheets®’ that are relatively stable over a wide
range of temperatures (—10 °C < T < 90 °C)62:65.66,

Controlling the temperature in the vicinity of the nanopore detector enables single molecule
thermodynamic and Kinetic measurements because the ability of any polymer to enter the
pore, and transport in it, should depend on the solution viscosity, and the polymer’s
thermodynamic properties. For example, an aHL nanopore can separate, with single
monomer resolution, poly(ethylene glycol), PEG 67:68, Specifically, individual PEGs that
enter the pore reduce the ionic conductance in proportion to their size 67:68 and the amount
of charge adsorbed to it 8. PEG is an ideal candidate molecule with which to test this
heating technique. It is currently the only polymer which has a detailed temperature-
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dependent physical model of the polymer inside the pore 8. Specifically, the residence time
of PEGs inside the pore is strongly dependent on the ionic strength of the electrolyte
solution 69-71, Weak chelation of cations by PEG plays a crucial role in this phenomenon®8.
As such, this low energy barrier interaction is sensitive to temperature changes. Thus, the
residence time of the PEG in the nanopore provides a continuous probe of the solution
temperature within the nanopore and thus provides a secondary verification of the nanopore
interior temperature independent of the open state current discussed earlier.

To test this hypothesis, monodisperse PEG (n = 29, where n is the degree of polymerization)
was added to the trans side of the membrane, and the incident heating laser power was
cycled on and off at 10 Hz. Figure 4A shows the low and high conductance states of the
open channel for Tygom= (21 = 1) °C (blue) and T = (54 + 2) °C (red), respectively (the
temperature steps have been removed and the high and low temperature segment have been
concatenated for visual clarity), Previous work has shown that an increase in the applied
electrostatic potential increases the rate at which charged polymers enter the aHL

nanopore 687274 The jonic current time series (Figure 4A) shows that the rate at which the
PEGs enter the pore was greater at the elevated temperature (64 events/s and 24 events/s at T
=54 °Cand T,gom =21 °C , respectively). A representative single event from each
temperature state is shown to the left. In addition, both the degree to which the PEG
molecules blocked the pore conductance (Figure 4B), and their mean residence time in the
pore ((260 + 30) ps and (88 * 4) s, respectively, Figure 4C), were less at the elevated
temperature.

Curiously, the PEG capture rate increased by 2.7-fold while the nanopore conductance only
increased by 1.6 fold in the higher temperature state (Figure 4A). Thus, the enhanced
polymer capture rate cannot be described solely by the decrease in solution viscosity.
Another process or processes such as structural changes in the polymer or thermophoresis 7>
may contribute to this effect. Regardless of the source of the enhanced polymer capture rate,
the large temperature gradients present in these experiments should provide new means for
developing and characterizing the thermodynamic properties of these and other polymer
systems under as yet unexplored conditions.

Cations bound to PEG molecules in the pore 67:68 have a profound effect on both the degree
by which PEG reduces the pore conductance and the mean residence times for the polymers
in the pore 8. Specifically, they cause a greater current blockade depth than PEG volume
exclusion alone 88.76 and they markedly increase the polymer residence time in the pore 8.
Thus, the results in Figures 4B and 4C suggest that the increase in temperature decreases the
number of cations bound to the PEG in the nanopore. Based on previous experimental
results and a theoretical model for cation-PEG interactions 68, the residence time of PEG29
in 3M solution should be (203 £ 7) ps and (85 + 4) ps at the low and high temperatures used
here, which is consistent with the data in Figure 4. In contrast to the results shown here
(Figure 4), the magnitude of the current blockade predicted by the model is relatively
insensitive to the temperature. This change in conductance is likely due to a change in the
PEG conformation in the pore.

Nanopore-based sensors 77-7? are capable of detecting, identifying, and characterizing a
wide range of molecular species, including ions 8981 single-stranded RNA and DNA 8283,
double-stranded DNA 8487 synthetic polymers 67:68, proteins 8889, and proteins as they
transition from the folded to the unfolded state both chemically 9091 and thermally 92. These
results and the observation that single-stranded DNA and RNA can be driven
electrophoretically through single aHL nanopores 82 stimulated research efforts into
nanopores as single molecule sensors. Nanopores have been developed with a wide range of
different chemistries from naturally-occurring protein nanopores >7:89.93-95 or semiconductor
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based synthetic nanopores 8496-99, A useful property of nanopore detectors is that they are
ca. yoctoliter volume devices that can measure single molecule-induced ionic current
blockades at high signal-to-noise ratios. The ability to solely heat this volume could bring
single molecule T-jump methods to bear on nanopore-based analytical measurements and
provide a marked advance in the technology. Using diffraction limited laser focal spots,
which are considerably larger than nanopores (10716 L vs. 10723 L, respectively), is
problematic because they require high powers to initiate heating, comparable to the heating
reported herein, and could lead to a number of problems including the rupture of the
membrane supporting the nanopore.

One difficulty when heating samples with gold nanoparticles is accurately measuring the
temperature surrounding the optically excited nanoparticles. Previous methods for deducing
the temperature include measuring position fluctuations of an optically trapped gold
nanoparticle 46, observing phase transitions in a bilayer membrane 4849 or other matrix 190,
or monitoring intensity fluctuations in laser-induced fluorescence 101102 These optical
methods require post-processing of data, which limits the ability to rapidly observe
temperature changes and provide real-time estimates for, and control of the temperature. Our
approach is different because it is electrical and provides a measurement of the temperature
adjacent to the nanoparticle. This allows for thermometry over timescales set by the
integration time of the electrophysiology apparatus. More importantly, it only measures the
temperature of the solution within the ca. 10723 L volume defined by the nanopore, which is
the single molecule sensing region of interest.

Conclusion

By combining nanopore-based sensing with gold nanoparticle plasmon heating, we have
developed a new approach for studying the thermodynamics and kinetics at the single
molecule limit. One can easily imagine experiments where the properties of molecules are
modified, via changes in temperature, within the vicinity of the nanopore for purposes of
analysis and control. Such rapid changes would be impossible with standard heating
technology. The method reported here overcomes these limitations by isolating the heating
to a small volume (ca. yoctoliter) within a region of interest (nanopore sensor) for single
molecule sensing.

We have demonstrated the attachment of gold nanoparticles to single modified aHL
nanopores and that this system is both an effective single molecule heater and a nanometer-
scale thermometer. In addition, we have shown that the gold-modified nanopore can perform
single molecule sensing measurements with the temperature of the solution within the
vicinity of the nanopore as a new variable under rapid control. Because the kinetics of
reversibly heating such small volumes is extremely rapid (ca. 50 ns) 83 compared to the
residence times of polymers in single nanopores (ca. 1 ms) 87:68:82 the novel method can
clearly probe reversible equilibrium processes between different species and molecules that
can fully or partially enter the pore (Figure 4), which could provide additional control of
nanopore-based DNA sequencing-by-synthesis methods 193, It also has the potential to study
the kinetics of structural changes that occur in synthetic and biological polymers by the use
of complex temporal temperature profiles (Figure 5) and to identify or discriminate between
different molecules in solution, as has been demonstrated for the identification of gaseous
species using micro-hotplates 104-106_ For example, applying a complex temperature time
series (i.e. temperature sculpting) to the system should identify regimes of rapid or persistent
rapid structural dynamics in different segments of the polymer. In this way, a convergence
of single molecule kinetics and thermodynamics will reveal information about a polymer’s
identity, function, or both.

J Am Chem Soc. Author manuscript; available in PMC 2014 February 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reiner et al. Page 8

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Supported in part by a NRC/NIST-NIH Research Fellowship (AB), NIST-ARRA Senior Fellowship (JER), and
grants from the NIST Office of Law Enforcement Standards (JJK, JWFR, JER) and the NSF (DLB). We would like
to thank Les Kirkegaard at BioAssay Works for helpful discussions regarding the characteristics of the gold
nanoparticle, Arad Lajevardi-Khosh for sample preparation and SEM counting statistics, and Andras Vladar, Bin
Ming and Premsagar Kavuri for access to and assistance with SEM imaging.

References

(1). Neher E, Sakmann B. Nature. 1976; 260:799-802. [PubMed: 1083489]
(2). Ainavarapu RK, Brujic J, Huang HH, Wiita AP, Lu H, Li L, Walther KA, Carrion-Vazquez M, Li
H, Fernandez JM. Biophys. J. 2007; 92:225-233. [PubMed: 17028145]

(3). Ha T, Zhuang X, Kim H, Orr J, Williamson J, Chu S. Proc. Natl. Acad. Sci. U.S.A. 1999;
96:9077-9082. [PubMed: 10430898]

(4). Ha T, Ting A, Liang J, Caldwell W, Deniz A, Chemla D, Schultz P, Weiss S. Proc. Natl. Acad.
Sci. U.S.A. 1999; 96:893-898. [PubMed: 9927664]

(5). Weiss S. Nat. Struct. Biol. 2000; 7:724-729. [PubMed: 10966638]

(6). Schenter G, Lu H, Xie X. J. Phys. Chem. A. 1999; 103:10477-10488.
(7). Hartridge H, Roughton F. Proc. Royal Soc. Lond. A. 1923; 104:376-394.
(8). Chance B. J. Frankl. Inst. 1940; 229:613-640.

(9). Kustin, K., editor. Fast Reactions vol. 16 Methods in Enzymology. Academic Press, Inc; New
York: 1969.

(10). Bayley P, Anson M. Biopolymers. 1974; 13:401-405. [PubMed: 4820068]

(11). Lillo MP, Szpikowska BK, Mas MT, Sutin JD, Beechem JM. Biochemistry. 1997; 36:11273—
11281. [PubMed: 9287170]

(12). Green D, Lane J, Wing R. Appl. Spectrosc. 1987; 41:847-851.

(13). Thorneley RN, Ashby G, Howarth JV, Millar NC, Gutfreund H. Biochem. J. 1989; 264:657-661.
[PubMed: 2695063]

(14). Barman TE, Bellamy SRW, Gutfreund H, Halford SE, Lionne C. Cell. Mol. Life Sci. 2006;
63:2571-2583. [PubMed: 16952048]

(15). Kuwajima K, Yamaya H, Miwa S, Sugai S, Nagamura T. FEBS Lett. 1987; 221:115-118.
[PubMed: 3040467]

(16). Antonini G, Malatesta F, Sarti P, Brunori M. Proc. Natl. Acad. Sci. U.S.A. 1993; 90:5949-5953.
[PubMed: 8392182]

(17). Christianson MD, Tan EHP, Landis CR. J. Am. Chem. Soc. 2010; 132:11461-11463. [PubMed:
20672801]

(18). Gaikwad A, Gomezhens A, Perezbendito D. Anal. Chim. Acta. 1993; 280:129-135.

(19). Roughton, FJW.; Chance, B. Techniques of Organic Chemistry. Freiss, SL.; Lewis, ES.;
Weissherger, A., editors. Vol. Vol. 8. John Wiley and Sons; New York: 1963. p. 703-792.

(20). Harvey RA, Borcherd WO. Anal. Chem. 1972; 44:1926-1928. [PubMed: 22324628]

(21). Regenfuss P, Clegg RM, Fulwyler MJ, Barrantes FJ, Jovin TM. Rev. Sci. Instrum. 1985; 56:283.
(22). Suh K, Kim Y, Lee H. Adv. Mater. 2001; 13:1386-1389.

(23). Hong J, Edel JB, Demello AJ. Drug Discov. Today. 2009; 14:134-146. [PubMed: 18983933]
(24). Pines E, Huppert D. Chem. Phys. Lett. 1985; 116:295-301.

(25). Benz R, Lauger P, Janko K. Biochim. Biophys. Acta. 1976; 455:701-720. [PubMed: 999935]
(26). Stark G, Ketterer B, Benz R, Lauger P. Biophys. J. 1971; 11:981-994. [PubMed: 4332419]

(27). Kellermayer MS, Smith SB, Granzier HL, Bustamante C. Science. 1997; 276:1112-1116.
[PubMed: 9148805]

J Am Chem Soc. Author manuscript; available in PMC 2014 February 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reiner et al.

Page 9

(28). Schlierf M, Li H, Fernandez JM. Proc. Natl. Acad. Sci. U.S.A. 2004; 101:7299-7304. [PubMed:
15123816]

(29). Dudko OK, Mathe J, Meller A. Meth. Enzymol. 2010; 474:565-589. [PubMed: 20627171]
(30). Czerlinski G, Eigen M. Z. Elektrochem. 1959; 63:652—661.

(31). Eigen M. Nobel Lecture. 1967; 11:1963-1979.

(32). Hoffmann H, Yeager E, Steuhr J. Rev. Sci. Instrum. 1968; 39:649-653.

(33). Beitz J, Flynn G, Turner D, Sutin N. J. Am. Chem. Soc. 1970; 92:4130-4132.

(34). Turner D, Sutin N, Beitz J, Flynn G. J. Am. Chem. Soc. 1972; 94:1554-1559.

(35). Smith J, McCray J, Hibberd M, Goldman Y. Rev. Sci. Instrum. 1989; 60:231-236.

(36). Chen S, Lee I, Tolbert W, Wen X, DLott D. J. Phys. Chem. 1992; 96:7178-7186.

(37). Feldberg, SW.; Newton, MD.; Smalley, JF. Electroanalytical Chemistry: A Series of Advances.
Bard, AJ.; Rubinstein, 1., editors. Vol. Vol. 22. Marcel Dekker, Inc; New York: 2004. p. 101-180.

(38). Phillips C, Mizutani Y, Hochstrasser R. Proc. Natl. Acad. Sci. U.S.A. 1995; 92:7292-7296.
[PubMed: 7638183]

(39). Ballew RM, Sabelko J, Gruebele M. Proc. Natl. Acad. Sci. U.S.A. 1996; 93:5759-5764.
[PubMed: 8650166]

(40). Sikes HD, Smalley J, Dudek S, Cook A, Newton M, Chidsey C, Feldberg SW. Science. 2001;
291:1519-1523. [PubMed: 11222852]

(41). Smalley J, Sachs S, Chidsey C, Dudek S, Sikes HD, Creager S, Yu C, Feldberg SW, Newton M.
J. Am. Chem. Soc. 2004; 126:14620-14630. [PubMed: 15521782]

(42). Holmstrom ED, Nesbitt DJ. J. Phys. Chem. Lett. 2010; 1:2264-2268. [PubMed: 21814589]
(43). Knoll W. Annu. Rev. Phys. Chem. 1998; 49:569-638. [PubMed: 15012436]
(44). Coronado EA, Encina ER, Stefani FD. Nanoscale. 2011; 3:4042. [PubMed: 21931921]

(45). Halas NJ, Lal S, Chang W-S, Link S, Nordlander P. Chem. Rev. 2011; 111:3913-3961.
[PubMed: 21542636]

(46). Seol Y, Carpenter AE, Perkins TT. Opt. Lett. 2006; 31:2429-2431. [PubMed: 16880845]

(47). Jain PK, Huang X, El-Sayed IH, El-Sayed MA. Acc. Chem. Res. 2008; 41:1578-1586. [PubMed:
18447366]

(48). Urban AS, Fedoruk M, Horton MR, Rédler JO, Stefani FD, Feldmann J. Nano Lett. 2009;
9:2903-2908. [PubMed: 19719109]

(49). Bendix PM, Reihani SNS, Oddershede LB. ACS Nano. 2010; 4:2256-2262. [PubMed:
20369898]

(50). Smeets RMM, Keyser UF, Wu MY, Dekker NH, Dekker C. Phys. Rev. Lett. 2006; 97:088101.
[PubMed: 17026338]

(51). Huang X, El-Sayed IH, Qian W, El-Sayed MA. J. Am. Chem. Soc. 2006; 128:2115-2120.
[PubMed: 16464114]

(52). Hirsch LR, Stafford RJ, Bankson JA, Sershen SR, Rivera B, Price RE, Hazle JD, Halas NJ, West
JL. Proc. Natl. Acad. Sci. U.S.A. 2003; 100:13549-13554. [PubMed: 14597719]

(53). Day ES, Morton JG, West JL. J. Biomech. Eng. 2009; 131:074001. [PubMed: 19640133]

(54). He L, Robertson JWF, Li J, Karcher I, Schiller S, Knoll W, Naumann RLC. Langmuir. 2005;
21:11666-11672. [PubMed: 16316098]

(55). McGillivray DJ, Valincius G, Heinrich F, Robertson JWF, Vanderah DJ, Febo-Ayala W, Ignatjev
I, Losche M, Kasianowicz JJ. Biophys. J. 2009; 96:1547-1553. [PubMed: 19217871]

(56). Mueller P, Rudin DO, Tien HT, Wescott WC. J. Phys. Chem. 1963; 67:534-535.

(57). Song L, Hobaugh M, Shustak C, Cheley S, Bayley H, Gouaux J. Science. 1996; 274:1859-1866.
[PubMed: 8943190]

(58). Zhang J, Liu Y, Ke Y, Yan H. Nano Lett. 2006; 6:248-251. [PubMed: 16464044]

(59). Wu Y, Koch W, Pratt K. J. Res. NIST. 1991; 96:191-201.

(60). Cruz RDC, Martins RJ, Cardoso M. J. E. de M. Barcia OE. J. Solution Chem. 2009; 38:957-981.
(61). Menestrina G. J. Membr. Biol. 1986; 90:177-190. [PubMed: 2425095]

(62). Kang X-F, Gu L-Q, Cheley S, Bayley H. Angew. Chem. Int. Ed. 2005; 44:1495-1499.

J Am Chem Soc. Author manuscript; available in PMC 2014 February 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reiner et al.

Page 10

(63). Sassaroli E, Li KCP, O’Neill BE. Phys. Med. Biol. 2009; 54:5541-5560. [PubMed: 19717888]

(64). Krasilnikov OV, Merzlyak PG, Yuldasheva LN, Capistrano MF. Eur. Biophys. J. 2005; 34:997—
1006. [PubMed: 16021445]

(65). Robertson JWF, Kasianowicz JJ, Reiner JE. J. Phys.-Condens. Mat. 2010; 22:454108.

(66). Lathrop DK, Ervin EN, Barrall GA, Keehan MG, Kawano R, Krupka MA, White HS, Hibbs AH.
J. Am. Chem. Soc. 2010; 132:1878-1885. [PubMed: 20099878]

(67). Robertson JWF, Rodrigues CG, Stanford VM, Rubinson KA, Krasilnikov OV, Kasianowicz JJ.
Proc. Natl. Acad. Sci. U.S.A. 2007; 104:8207-8211. [PubMed: 17494764]

(68). Reiner JE, Kasianowicz JJ, Nablo BJ, Robertson JWF. Proc. Natl. Acad. Sci. U.S.A. 2010;
107:12080-12085. [PubMed: 20566890]

(69). Bezrukov SM, Vodyanoy I, Brutyan R, Kasianowicz JJ. Macromolecules. 1996; 29:8517-8522.

(70). Bezrukov SM, Krasilnikov OV, Yuldasheva LN, Berezhkovskii AM, Rodrigues CG. Biophys. J.
2004; 87:3162-3171. [PubMed: 15507690]

(71). Rodrigues CG, Machado DC, Chevtchenko SF, Krasilnikov OV. Biophys. J. 2008; 95:5186-
5192. [PubMed: 18805926]

(72). Henrickson S, Misakian M, Robertson B, Kasianowicz JJ. Phys. Rev. Lett. 2000; 85:3057-3060.
[PubMed: 11006002]

(73). Ambjornsson T, Apell SP, Konkoli Z, Di Marzio EA, Kasianowicz JJ. J. Chem. Phys. 2002;
117:4063-4073.

(74). Muthukumar M. J. Chem. Phys. 2010; 132:195101. [PubMed: 20499989]
(75). Chan J, Popov J, Kolisnek-Kehl S, Leaist D. J. Solution Chem. 2003; 32:197-214.

(76). Kasianowicz, JJ.; Reiner, JE.; Robertson, JWF.; Henrickson, SE.; Rodrigues, C.; Krasilnikov,
OV. Detecting and Characterizing Individual Molecules with Single Nanopores. Gracheva, M.,
editor. Springer Verlag; New York: 2012. p. 3-20.

(77). Henriquez R, Ito T, Sun L, Crooks RM. Analyst. 2004; 129:478-482. [PubMed: 15222315]

(78). Kasianowicz JJ, Robertson JWF, Chan ER, Reiner JE, Stanford VM. Annu. Rev. Anal. Chem.
2008; 1:737-766.

(79). Reiner JE, Balijepalli A, Robertson JWF, Campbell J, Suehle J, Kasianowicz JJ. Chem. Rev.
2012; 112:6431-6451.

(80). Bezrukov S, Kasianowicz JJ. Phys. Rev. Lett. 1993; 70:2352-2355. [PubMed: 10053539]
(81). Kasianowicz JJ, Bezrukov SM. Biophys. J. 1995; 69:94-105. [PubMed: 7545444]

(82). Kasianowicz JJ, Brandin E, Branton D, Deamer DW. Proc. Natl. Acad. Sci. U.S.A. 1996;
93:13770-13773. [PubMed: 8943010]

(83). Mathe J, Aksimentiev A, Nelson DR, Schulten K, Meller A. Proc. Natl. Acad. Sci. U.S.A. 2005;
102:12377-12382. [PubMed: 16113083]

(84). Li J, Stein D, McMullan C, Branton D, Aziz M, Golovchenko JA. Nature. 2001; 412:166-1609.
[PubMed: 11449268]

(85). Merchant CA, Healy K, Wanunu M, Ray V, Peterman N, Bartel J, Fischbein MD, Venta K, Luo
Z, Johnson ATC, Drndic M. Nano Lett. 2010; 10:2915-2921. [PubMed: 20698604]

(86). Schneider GF, Kowalczyk SW, Calado VE, Pandraud G, Zandbergen HW, Vandersypen LMK,
Dekker C. Nano Lett. 2010; 10:3163-3167. [PubMed: 20608744]

(87). Garaj S, Hubbard W, Reina A, Kong J, Branton D, Golovchenko JA. Nature. 2010; 467:190—
U73. [PubMed: 20720538]

(88). Kasianowicz JJ, Henrickson S, Weetall H, Robertson B. Anal. Chem. 2001; 73:2268-2272.
[PubMed: 11393851]

(89). Halverson KM, Panchal RG, Nguyen TL, Gussio R, Little SF, Misakian M, Bavari S,
Kasianowicz JJ. J. Biol. Chem. 2005; 280:34056-34062. [PubMed: 16087661]

(90). Oukhaled G, Mathe J, Biance A-L, Bacri L, Betton J-M, Lairez D, Pelta J, Auvray L. Phys. Rev.
Lett. 2007; 98:15-101.

(91). Fologea D, Ledden B, McNabb DS, Li J. Appl. Phys. Lett. 2007; 91:053901.

(92). Payet L, Martinho M, Pastoriza-Gallego M, Betton J-M, Auvray L, Pelta J, Mathe J. Anal. Chem.
2012; 84:4071-4076. [PubMed: 22486207]

J Am Chem Soc. Author manuscript; available in PMC 2014 February 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reiner et al.

Page 11

(93). Stefureac R, Long Y-T, Kraatz H-B, Howard P, Lee JS. Biochemistry. 2006; 45:9172-9179.
[PubMed: 16866363]

(94). Kullman L, Winterhalter M, Bezrukov SM. Biophys. J. 2002; 82:803-812. [PubMed: 11806922]

(95). Wendell D, Jing P, Geng J, Subramaniam V, Lee TJ, Montemagno C, Guo P. Nat. Nanotech.
2009; 4:765-772.

(96). Marshall MM, Yang J, Hall AR. Scanning. 2012; 34:101-106. [PubMed: 22331671]

(97). Storm AJ, Chen JH, Ling XS, Zandbergen HW, Dekker C. Nat. Mater. 2003; 2:537-540.
[PubMed: 12858166]

(98). Kim MJ, Wanunu M, Bell DC, Meller A. Adv. Mater. 2006; 18:3149-3153.

(99). Prabhu AS, Freedman KJ, Robertson JWF, Nikolov Z, Kasianowicz JJ, Kim MJ.
Nanotechnology. 2011; 22:425302. [PubMed: 21937789]

(100). Govorov AO, Richardson HH. Nano Today. 2007; 2:30-38.
(101). Jo W, Lee JH, Kim MJ. J. Nanopart. Res. 2012; 14:699.
(102). Carlson MT, Khan A, Richardson HH. Nano Lett. 2011; 11:1061-1069. [PubMed: 21306114]

(103). Kumar S, Tao C, Chien M, Hellner B, Balijepalli A, Robertson JWF, Li Z, Russo JJ, Reiner JE,
Kasianowicz JJ, Ju J. Sci Rep. 2012; 2:684. [PubMed: 23002425]

(104). Cavicchi R, Suehle J, Kreider K, Gaitan M, Chaparala P. IEEE Electron Dev. Lett. 1995;
16:286-288.

(105). Kunt T, McAvoy T, Cavicchi R, Semancik S. Sensor Actuat. B. 1998; 53:24-43.
(106). Meier DC, Raman B, Semancik S. Annu. Rev. Anal. Chem. 2009; 2:463-484.

J Am Chem Soc. Author manuscript; available in PMC 2014 February 27.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Reiner et al.

Page 12

Cis

Figure 1.

Schematic illustration of the ca. yoctoliter volume heating and measurement system. Forty
nanometer diameter gold nanoparticles are attached to a single nanopore formed by a
genetically engineered version of aHL protein toxin via 30 base pair duplex DNA.
Continuous wave green laser light (532 nm) incident on the nanoparticles is strongly
absorbed at or near the surface plasmon resonance, and raises their temperature 46, The
temperature increase is estimated from the measured change in the nanopore ionic
conductance. (Right) SEM images of typical Au clusters. Statistical details of the SEM
experiments are in Figure S1 and in the Sl text.
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Figure2.

Control and measurement of the temperature in and around the nanopore. (A) Conductance
changes of a single nanopore caused by laser excitation of 40 nm diameter gold
nanoparticles. The applied voltage was 40 mV and the on/off chopping frequency is 10 Hz.
The detection bandwidth and sampling frequency are 10 kHz and 50 kHz respectively. For
the highest power setting a second nanopore with an identical conductance appeared, and the
current from that part of the data was divided by two. The slow variation in conductance in
the heated states is likely caused by the movement of the system in the laser beam profile.
(B) Estimated temperature change with the applied laser power. The pink shaded region
shows the calculated heating with on SD error estimate for a single nanoparticle attachment
and the grey shaded region shows the three particle heating calculation and error estimate
(see text). (C) 390 currents steps were aligned and averaged. These data were fit a sigmoidal
function in series with an exponential function (red solid line, see Sl for details) to yield two
time constants. The excitation power was 147.5 mW and the ionic current was sampled at 50
kHz after filtering the data with a 10 kHz 4-pole low pass Bessel filter (inset). 3,000 current
steps of two nanopores were aligned and averaged to improve the signal to noise ratio and
then fit to three time constants from a sigmoidal function in series with two exponential
functions (red solid line). The excitation power was 180 mW, and the ionic current was
sampled at 250 kHz after filtering the data with a 100 kHz 4-pole low pass Bessel filter.
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Figure 3.

Theoretical temperature profile adjacent to a single aHL nanopore with three tethered 40 nm
diameter gold nanoparticles, irradiated with 49.7 mW of 532 nm wavelength continuous
wave laser light. Temperature change above ambient as a function of distance from the
surface of a nanoparticle assuming one (red), two (blue), or three (black) nanoparticles
attached to a pore. Due to spherical symmetry, the temperature estimate for a single particle
is a function of the radial distance from the surface of the particle to the entrance of the pore.
The temperature change estimate for two or three particles is limited to the plane of the
calculation described in the text, and provides the upper limit of the expected temperature in
the pore. The estimated temperature changes at the cis mouth of the pore for a single Au
particle is 13.8 °C, 41.1 °C and 54.3 °C for 49.7 mW, 147.5 mW and 195 mW excitation,
respectively and 20.6 °C, 61.4 °C and 81.5 °C for the same excitation power range for three
Au particles. The uncertainty of this calculation is ca. 58% based on the uncertainty of 25 %
for the focal spot size, 10 % for the particle size and 7 % for the beam power, precluding an
estimate of the number of particles attached for the experiments herein. (Inset) The
illustration shows the top view of the nanopore superimposed upon the temperature profile
above ambient for three attached gold particles, calculated for the plane that connects the
geometrical center of each particle. This plane is ca. 10 nm above the cis entrance of the
pore.
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Figure4.

Effect of a temperature jump on PEG-induced effects on the single nanopore conductance.
(A) lonic current time series for a single nanopore at T = 21 °C (blue) and T = 54 °C (red)
illustrating the transient PEG-induced decreases in nanopore conductance. A typical current
blockade for each temperature state is shown (left). The pore conductance and PEG capture
rate (events/sec) are greater at elevated temperature. (B) The histogram of relative current
blockades shift to a lesser occluded state at elevated temperature. (C) The histogram of the
PEG residence times in the nanopore shifts to shorter-lived states, as predicted by theory 68.
The transmembrane potential was 40 mV.
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room

Figure5.

The potential use of rapid temperature-jump kinetics for single molecule thermodynamic
analysis. (Top) A polymer is drawn in the nanopore adopting two (of many) conformations
that are affected by temperature. In this illustrative example, the polymer interacts with
cations, forming a tightly coiled structure. At elevated temperature the binding is relaxed
and the polymer forms a less compact structure. (Bottom) The ability to rapidly change the
temperature profile (magnitude, duration, etc.) while a polymer is in the nanopore could help
discriminate between subtly different molecules. Here, an experiment is envisioned where
the equilibrium structure of a polymer is perturbed and measured with a well-defined but
variable thermal history.
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