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(57) ABSTRACT

Systems and methods for controlling the temperature of small
volumes such as yoctoliter volumes, are described. The sys-
tems include one or more plasmonic nanostructures attached
at or near a nanopore. Upon excitation of the plasmonic
nanostructures, such as for example by exposure to laser light,
the nanoparticles are rapidly heated thereby causing a change
in the ionic conductance along the nanopore. The temperature
change is determined from the ionic conductance. These tem-
perature changes can be used to control rapid thermodynamic
changes in molecular analytes as they interact with the nan-

opore.
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SYSTEMS AND METHODS FOR
CONTROLLING TEMPERATURE OF SMALL
VOLUMES

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. provi-
sional application Ser. No. 61/722.817 filed on Nov. 6, 2012.

FIELD

[0002] The present subject matter relates to systems and
methods for controlling and/or measuring temperature of
small volumes such as for example, yoctoliter volumes. The
present subject matter also relates to methods for analyzing
polymers or other molecules.

BACKGROUND

[0003] The equilibrium state of a chemical or biological
system is determined by many physical and chemical vari-
ables. Changes in one or more of these variables drive the
system into a new steady state. Measurement of relaxation
times provides information about the underlying properties of
the system. The behavior of molecules along reaction path-
ways and the inter- and intra-molecular dynamics are best
obtained using single molecule measurement techniques. A
less explored regime involves isolation of the thermodynamic
perturbation (e.g., temperature, pressure, chemical binding)
on a single molecule and the subsequent observation of that
same molecule. This strategy represents the ultimate sensi-
tivity in reaction measurements because it isolates the internal
degrees of freedom of a single molecule.

[0004] Over the last century, a variety of techniques have
been developed to measure reaction rates in chemistry and
biology. The most influential of these techniques relies on
rapid mixing of reactant solutions (e.g., continuous flow/
quenched flow, and stop-flow methods). In the stopped flow
method, 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, circular dichroism, fluorescence
emission), the NMR signature of a reactant, or calorimetry.
The stopped flow method has proved to be a seminal tool to
probe the kinetics of enzyme activity, protein folding, proton
pumping, polymerization, and drug interactions. The stopped
flow method was initially limited to reactions with relatively
slow time constants (t>1 s). However, variations on tech-
niques to deliver the reactants in different ratios and the
ability to mix liquids together more rapidly promise to
enhance the utility of stopped flow methods and increase their
bandwidths.

[0005] Other techniques were developed to study more
rapid chemical and polymer kinetics. These include microf-
luidic and nanofluidic 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, ionic current, electrostatic potential, or
mechanical force. The latter three methods allow for kinetic
analysis at the nanometer length scale.

[0006] In the late 1950s, an ability to rapidly perturb solu-
tion temperature (T-jump) provided yet another means to
measure what were considered at the time to be “immeasur-
ably fast” diffusion-controlled reactions. Initial T-jump stud-

Mar. 6, 2014

ies discharged capacitors to rapidly heat relatively large vol-
umes of solution in microseconds. This technology was
brought to the nanosecond domain with Q-switched lasers,
and the temperature was estimated via a change in the optical
absorbance of a tracer molecule. Infrared absorbing dyes
were used to convert laser energy into heat over picosecond
timescales, which enabled the study of rapid protein unfold-
ing (e.g., RNaseA) and folding (e.g., apomyoglobin) or inter-
facial electron transfer reactions. Recently, an infrared laser
(1445 nm) was used to directly excite an OH-stretch mode in
water, leading to an increase in the temperature of picoliter
volumes.

[0007] Mostlaser-based techniques require post processing
(i.e., pump-probe, fluorescence lifetime) to deduce the local
temperature changes, which limits the ability to accurately
measure solution temperature in real time. In addition, each
pulse from a Q-switched ultrafast laser represents an entire
experiment, where the solution temperature Iinitially
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 an ability to measure the temperature of
exceptionally small fluid volumes.

SUMMARY

[0008] The difficulties and drawbacks associated with pre-
viously known practices are addressed in the present systems
and methods as follows.

[0009] Inone aspect, the present subject matter provides a
system for measuring temperature at a nanopore. The system
comprises a substrate defining a surface and at least one
nanopore. The system also comprises a plasmonic structure
disposed proximate the nanopore. The system also comprises
an ionic conducting solution which bathes the nanopore and
the plasmonic structure. The system also comprises a light
source capable of emitting light of sufficient intensity and
wavelength to excite the plasmonic structure. And, the system
also comprises an ionic current measuring assembly config-
ured to measure changes in ionic conductance proximate to
the nanopore upon excitation of the plasmonic structure
resulting from emission of light from the light source.
Changes in ionic conductance measured by the ionic current
measuring assembly are used to determine temperature or
temperature changes at the nanopore.

[0010] In yet another aspect, the present subject matter
provides a method for measuring temperature at a nanopore.
The method comprises providing a plasmonic structure. The
method also comprises affixing the plasmonic structure
proximate the nanopore. The method also comprises emitting
light of sufficient intensity and wavelength to excite the plas-
monic structure and induce a change in temperature. The
method also comprises measuring changes in ionic conduc-
tance proximate the nanopore. The changes in ionic conduc-
tance are used to determine temperature or temperature
changes at the nanopore.

[0011] In yet another aspect, the present subject matter
provides a method for analyzing polymers. The method com-
prises providing plasmonic nanostructures. The method also
comprises providing a surface containing a nanopore. The
method additionally comprises affixing the plasmonic nano-
structures proximate the nanopore. The method additionally
comprises disposing a polymer to be analyzed in the nanop-
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ore. The method additionally comprises emitting light of
sufficient intensity and wavelength to excite the plasmonic
nanostructures and induce a change in temperature within the
nanopore. And, the method also comprises analyzing the
polymer disposed in the nanopore by assessing of the change
in temperature within the nanopore.

[0012] And, in yet another aspect, the present subject mat-
ter provides a method for calculating the temperature of poly-
mers. The method comprises providing plasmonic nanostruc-
tures. The method also comprises providing a surface
containing a nanopore. The method additionally comprises
affixing the plasmonic nanostructures proximate the nanop-
ore. The method also comprises disposing a polymer to be
analyzed in the nanopore. The method also comprises emit-
ting light of sufficient intensity and wavelength to excite the
plasmonic nanostructures and induce a change in temperature
within the nanopore. And the method also comprises deter-
mining the temperature of the polymer disposed in the nan-
opore by use of the change in temperature within the nanop-
ore.

[0013] As will be realized, the subject matter described
herein is capable of other and different embodiments and its
several details are capable of modifications in various
respects, all without departing from the claimed subject mat-
ter. Accordingly, the drawings and description are to be
regarded as illustrative and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a schematic illustration of a system for
controllably heating a nanopore or other small volume in
accordance with the present subject matter.

[0015] FIG. 2A shows conductance changes of a single
nanopore caused by laser excitation of gold nanoparticles.
[0016] FIG. 2B is a graph illustrating temperature change
as a function of applied laser power.

[0017] FIG. 2C is a graph of ionic current over time asso-
ciated with a nanopore as described herein.

[0018] FIG. 3 is a graph illustrating theoretical temperature
profiles adjacent to a nanopore with three tethered nanopar-
ticles.

[0019] FIG. 4A is a graph of ionic current for a single
nanopore over time at two different temperatures.

[0020] FIG. 4B is a histogram of relative current blockages
that shift to a lesser occluded state at elevated temperature.
[0021] FIG. 4C is a histogram of PEG residence times in a
nanopore shifting to shorter-lived status.

[0022] FIG. 5 illustrates representative conformations of
molecules in nanopores at different temperatures.

[0023] FIG. 6A is a representative image of gold nanopar-
ticle aggregates after immobilization to a nanopore when
both DNA-modified protein and DNA-modified Au are
present.

[0024] FIG. 6B is a representative image demonstrating
gold nanoparticle immobilization when no protein is immo-
bilized in the membrane.

[0025] FIG. 7A illustrates ionic current over time for a
negative control in which gold nanoparticles are not present,
and no temperature change was observed.

[0026] FIG. 7B illustrates ionic current and thus tempera-
ture changes occurring for a system with two nanopores with
attached gold nanoparticles.
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[0027] FIG. 7C illustrates ionic current changes and asso-
ciated temperature changes occurring for a system with a
single nanopore adjacent to an attached large gold nanopar-
ticle aggregate.

[0028] FIG. 7D illustrates ionic current for a system of a
single nanopore with attached gold nanoparticles.

[0029] FIG. 8 illustrates relative stability of the nanopore
ionic current over repeated temperature cycles.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0030] The ability to perturb large ensembles of molecules
from equilibrium led to major advances in understanding
reaction mechanisms in chemistry and biology. The present
subject matter enables precise control, measurement, and use
of rapid temperature changes of fluid volumes that are com-
mensurate with the size of single molecules. The methods of
the present subject matter are based at least in part, on the
coupling of plasmonic structures such as for example, metal-
lic nanoparticles or other nanostructures adjacent to a single
nanometer-scale protein ion channel or nanopore as referred
to herein. Visible laser light incident on the nanoparticles
causes a rapid and large increase of the solution temperature,
which is measured by the change in the nanopore ionic con-
ductance. The temperature shift affects the ability of indi-
vidual molecules to enter into and interact with the nanopore.
The present subject matter can significantly improve sensor
systems and force measurements based on single nanopores,
thereby enabling a method for single molecule thermody-
namics and single molecule kinetics.

[0031] The highly confined surface plasmon resonance
effect in gold nanoparticles enhances the absorption of light
by the particle, thereby increasing its temperature, essentially
instantaneously, i.e., ps to ns timescales, as compared to heat-
ing water with an infrared laser (us to ms timescales). This
property has been used in many bio-related applications
including imaging and cancer therapies. By attaching gold
nanoparticles to individual nanometer-scale pores, and opti-
cally exciting the nanoparticles, the time dependency of the
pore solution temperature can be controlled or “sculpted” and
measured directly, in real-time, via the change in the nanop-
ore ionic conductance. The temperature change is highly
localized near the pore, which allows the nanopore to probe
the thermodynamic properties of single molecules.

[0032] The feasibility of the present subject matter is dem-
onstrated by linking one or more gold nanoparticles (40 nm
diameter), via a DNA tether, to nanopores or protein ion
channels formed by the protein toxin Staphylococcus aureus
alpha hemolysin (¢HL) in a planar lipid bilayer membrane or
other biological layer as depicted in FIG. 1. Specifically, FIG.
1 is a schematic illustration of an approximate yoctoliter
volume heating and measurement system 10 in accordance
with the present subject matter. Forty nanometer diameter
gold nanoparticles 20 are attached to a single nanopore or
protein ion channel 30 formed by a genetically engineered
version of the pore-forming toxin aHL, via 30 base pair
duplex DNA. Tethers are depicted as 40. 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. The temperature increase is
determined from the change in the nanopore’s ionic conduc-
tance. FIG. 1 also illustrates typical clusters of gold nanopar-
ticles in the accompanying images. Statistical details are
described herein in conjunction with FIGS. 7A-7D. Rela-
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tively short (30-nucleotide) DNA polynucleotides with a thiol
group at the 5' end were bound to the nanoparticles. Comple-
mentary polynucleotides with a thiol group at the 3' end were
attached to a genetically engineered aHL with a single aspar-
agine (N) to cysteine point mutation at the amino-terminus
(N293C), which is located on the cap domain of the ion
channel. The duplex DNA separates each nanoparticle
approximately 10 nm from the N terminus of the protein, and
allows the attachment of up to three nanoparticles per chan-
nel, due to steric limitations. Although electrostatic repulsion
can affect the configuration of the tethered Au nanoparticles
in close proximity to each other, SEM imaging suggests this
does not appear to be problematic (see FIGS. 1 and 7A-7D).
[0033] The rapid temperature increases made by illuminat-
ing or specifically, exciting surface plasmons of the gold
nanoparticles with continuous wave 532 nm laser light, alters
the electrolyte viscosity and thus bulk conductivity. This is
deduced from the channel ionic conductance. That is, 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
Ac/o=AAT, where A=0.02° C.7* for initial temperatures of
about T,=21° C., and is essentially independent of the elec-
trolyte concentration. Because the aHL single channel con-
ductance increases in proportion to the bulk conductivity, the
oHL single channel conductance should increase in a like
manner with temperature.

[0034] FIGS. 2A-2C illustrate control and measurement of
the temperature in and around a nanopore. FIG. 2A shows
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 or channel 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. FIG. 2B illustrates estimated tem-
perature change with the applied laser power. The lower
shaded region shows the calculated heating with standard
deviation (SD) error estimate for a single nanoparticle attach-
ment and the upper shaded region shows the three particle
heating calculation and error estimate. In FIG. 2C, 390 cur-
rent steps were aligned and averaged. A sigmoidal function
was fit to these data in series with an exponential function
(solid line) 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 (FIG. 2C inset). 3,000 current steps of two nanopores
were aligned and averaged to improve the signal to noise ratio
and a sigmoidal function in series with two exponential func-
tions (solid line) was fitted to this data to obtain three time
constants. 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.

[0035] Specifically, FIG. 2A shows a typical single nanop-
ore 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.

[0036] FIG. 2B illustrates the linear increase in the nanop-
ore temperature with the laser power, determined from the
pore conductance. The calculated temperature change is over-
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laid for one (lower shaded region) and three (upper shaded
region) nanoparticles attached to a nanopore. These data are
suggestive of a single particle attachment but uncertainty in
the calculation does not rule out either two or three particles
bound to the channel.

[0037] In the presence of the nanoparticles, the mean ionic
current in FIG. 2C shows that there are at least two relaxations
in this particular system. The time constant for the heating and
cooling phases of the investigation were determined by align-
ing and averaging multiple T-jumps, and fitting to the data a
function that includes up to 3 series time constants. With a 10
Hz switching frequency, a steady state can be clearly
observed within approximately 15 ms suggesting that the
investigation 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 cooling. The rise time
for the change in temperature of the solution adjacent to a
nanopore designated as T, is approximately 50 ns. The higher
frequency switching data (100 Hz FIG. 2C inset) required a
third time constant to produce a reliable fit. Witht, held at the
filter bandwidth (10 ps), additional time constants of (46.2+0.
1) us and (348+1) us for the heating and (16.4+0.1) us and
(307+1) us for the cooling are arrived at. While the observed
time constants are much longer than the actual time it takes to
heat the volume (approximately 50 ns), these results demon-
strate 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 nanopore,
that may differ slightly from pore to pore, and do not impede
the use of this method with suitably designed or chosen nan-
opores.

[0038] To confirm that the temperature changes result from
heating nanoparticles directly attached to the nanopore, the
temperature was calculated from the steady state heat equa-
tion with one, two, or three gold nanoparticles attached in the
vicinity of the nanopore. The steady state heat equation is
A’T+k~'q=0, and is used to calculate the increase in the
solvent temperature above ambient, where x is the thermal
conductivity of the surrounding fluid and q 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 ambi-
ent is calculated to be AT=P,, /[47K(r+a)] where P, is the
power absorbed by the particle, r is the radial distance mea-
sured 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 AT,,, ., (0.4°
C./mW)P, where P is the power incident on the nanoparticle.
Using this result, the analysis is extended 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 FIG. 1), approximately 10 nm above the cis
entrance of the nanopore. The profile of the calculated tem-
perature increase above ambient for one, two, or three
attached particles and P=49.7 mW is shown in FIG. 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, the
calculated temperature for two and three particles is also
consistent with the measurements. Moreover for two or more
particles, the temperature gradient from the particle surface is
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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
[-sheets that are relatively stable over a wide range of tem-
peratures (-10° C.<T<90° C.).

[0039] Specifically, FIG. 3 illustrates a theoretical tempera-
ture 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.
The illustration shows the top view of the nanopore superim-
posed upon the temperature profile above ambient, calculated
for the plane that connects the geometrical center of each
sphere. This plane is approximately 10 nm above the cis
entrance of the pore, see inset in FIG. 3. Temperature change
above ambient as a function of distance from the surface of a
nanoparticle assuming one (lower solid line), two (middle
short dash line) and three (upper long dash line) nanoparticles
attached to a pore. Due to spherical symmetry, the tempera-
ture 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 and three
particles is limited to the plane of the calculation described
above, and provides the upper limit of the expected tempera-
ture 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 excita-
tions, 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 approximately 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 esti-
mate number of particles attached for the experiments herein
(see insert in FIG. 3).

[0040] 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 within the pore, should depend
on the solution viscosity, and the polymer’s thermodynamic
properties. For example, an cHL nanopore can separate, with
single monomer resolution, poly(ethylene glycol), PEG. Spe-
cifically, individual PEGs that enter the pore reduce the ionic
conductance in proportion to the size of the polymer, and the
amount of charge adsorbed to the polymer. PEG is an ideal
candidate molecule with which to test this heating technique.
Itis currently the only polymer which has a detailed tempera-
ture-dependent physical model of the polymer inside the
pore. Specifically, the residence time of PEGs inside the pore
is strongly dependent on the ionic strength of the electrolyte
solution. Weak chelation of cations by PEG plays a crucial
role in this phenomenon. As such, this low energy barrier
interaction is sensitive to temperature changes. Thus, the
residence time of the PEG in the nanopore provides a con-
tinuous 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.

[0041] 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.

[0042] FIGS. 4A-4C illustrate effects of a temperature
jump on PEG-induced effects on the single nanopore conduc-
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tance. FIG. 4A shows ionic current time series for a single
nanopore at T=21° C. (lower line T,,,,) and T=54° C. (upper
line T,,,;,) 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 tempera-
ture. FIG. 4B is a histogram of relative current blockades that
shift to a lesser occluded state at elevated temperature. FIG.
4C is a histogram of the PEG residence times in the nanopore
shifting to shorter-lived states, as predicted. The transmem-
brane potential was 40 mV.

[0043] Specifically, FIG. 4A shows the low and high con-
ductance states of the open channel for conductance states at
T,,0m=(21£1)° C. (lowerline T, ) and T=(54%2)° C. (upper
line T,,.,), respectively (the temperature steps have been
removed and the high and low temperature segment have
been concatenated for visual clarity). The ionic current time
series (FIG. 4A) shows that the rate at which the PEGs enter
the pore was greater at the elevated temperature (64 event/s
and 24 event/s at T=54°C.andT,,,,=21° C., respectively). A
representative single event from each T state is shown to the
left. In addition, both the degree to which the PEG molecules
blocked the pore conductance (FIG. 4B), and their mean
residence times in the pore (260x+30) ps and (88x4) us,
respectively (FIG. 4C), were less at the elevated temperature.
At the higher temperature, PEG29 appears to have an addi-
tional characteristic relaxation time (approximately 0.7 ms).
Because the events related to the longer time constant are
Gaussian distributed, the transport mechanism causing those
blockades is most likely different than the mechanism asso-
ciated with the blockades with single exponential lifetime
distributions (i.e., simple first-order kinetics).

[0044] The PEG capture rate increased by 2.7-fold while
the nanopore conductance only increased by 1.6 fold in the
higher temperature state (FIG. 4A). This enhanced capture
rate can not be described solely by the decrease in solution
viscosity. Another process or processes such as structural
changes in the polymer or thermophoretic attraction may
contribute to the enhanced capture rate. Regardless of the
source of the enhanced polymer capture rate, the large tem-
perature gradients present in these investigations should pro-
vide new means for developing and characterizing the ther-
modynamic properties of these and other polymer systems
under as yet unexplored conditions.

[0045] Cations bound to PEG molecules in the pore have a
profound eftect on both the degree by which PEG reduces the
pore conductance and the mean residence times for the poly-
mers in the pore. Specifically, such cations cause a greater
current blockade depth than PEG volume exclusion alone and
they markedly increase the polymer residence time in the
pore. Thus, the results in FIGS. 4B and 4C suggest that the
increase in temperature decreases the number of cations
bound to the PEG in the nanopore. Based on previously
performed investigations and a theoretical model for cation-
PEG interactions, the residence time of PEG29 in 3M solu-
tion should be (203+7) us and (85+4) us at the low and high
temperatures used here, which is consistent with the data in
FIGS. 4A-4C. In contrast to the results shown here (FIGS.
4A-4C), 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.

[0046] FIG. 5 illustrates potential use of rapid temperature-
jump kinetics for single molecule thermodynamic analysis.
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As illustrated in the top portion of FIG. 5, a polymer is drawn
in the nanopore adopting two (of many) conformations that
are affected by temperature. In this illustrative example, at
room temperature, the polymer strongly interacts with cat-
ions, forming a tightly coiled structure. At elevated tempera-
ture the binding is relaxed and the polymer forms a less
compact structure, as shown in the lower portion of FIG. 5.
The ability to rapidly change the temperature profile (magni-
tude, duration, etc.) while a polymer is in the nanopore could
help discriminate between subtly different molecules. Here,
an investigation is envisioned where the equilibrium structure
of a polymer is perturbed and measured with a well defined
but variable thermal history.

[0047] Nanopore-based sensors are capable of detecting,
identifying, and characterizing a wide range of molecular
species, including ions, single-stranded RNA and DNA,
double-stranded DNA, synthetic polymers, proteins, and pro-
teins as they transition from the folded to the unfolded state
both chemically and thermally. These results and the obser-
vation that single-stranded DNA and RNA can be driven
electrophoretically through single nanopores or protein ion
channels formed by oHL, 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 such as aHL, aerol-
ysin, maltoporin, protective antigen, a membrane adapted
phi29 motor protein or semiconductor based synthetic nan-
opores often formed in silicon nitride fabricated with either
focused ion beams, TEM, or SEM. A useful property of
nanopore detectors is that they are approximately yoctoliter
volume devices that can measure single molecule-induced
ionic current blockades with high signal-to-noise ratios. The
ability to heat only this volume could bring single molecule
T-jump methods to bear on nanopore-based analytical mea-
surements and provide a marked advance in the technology.
Using diffraction limited laser focal spots, which are consid-
erably larger than nanopores (107'° L vs. 107>* L, respec-
tively), is problematic since they require high powers to ini-
tiate heating, comparable to the heating reported herein, and
could lead to a number of problems including the rupture of
the membrane supporting a protein nanopore.

[0048] One difficulty when heating samples with gold
nanoparticles is accurately measuring the temperature sur-
rounding the optically excited nanoparticles. Previous meth-
ods for deducing the temperature include measuring position
fluctuations of an optically trapped gold nanoparticle, and
observing phase transitions in a bilayer membrane or other
matrix, or monitoring intensity fluctuations in laser-induced
fluorescence. These optical methods require post-processing
of data, which limits the ability to rapidly observe tempera-
ture changes and provide real-time estimates for, and control
of'the temperature. The methods of the present subject matter
are different because the methods are electrical in nature and
provide a direct measurement of the temperature adjacent to
the nanoparticle. This allows for thermometry over times-
cales set by the integration time of the electrophysiology
apparatus. More importantly, the methods of the present sub-
ject matter only measure the temperature of the solution
within the approximately 107>* L volume defined by the
nanopore, which is the single molecule sensing region of
interest.

[0049] By combining nanopore-based sensing with gold
nanoparticle plasmon heating, the present subject matter pro-
vides a new approach for studying the thermodynamics and
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kinetics at the single molecule limit. The present subject
matter includes methods and systems in which 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 stan-
dard heating technology. The methods of the present subject
matter and described herein overcome these limitations by
isolating the heating to a small volume (approximately yoc-
toliter) within a region of interest (nanopore sensor) for single
molecule sensing.

[0050] Attachment of gold nanoparticles to single modified
aHL nanopores and use of a system as both an effective single
molecule heater and a nanometer-scale thermometer has been
demonstrated. In addition, it has been shown that the gold-
modified nanopore can perform single molecule sensing mea-
surements 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 (approximately 50 ns) compared to the
residence times of polymers in single nanopores (approxi-
mately 1 ms), the methods of the present subject matter can
clearly probe reversible equilibrium processes between dif-
ferent species and molecules that enter the pore (FIGS.
4A-4C). The present subject matter 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 (FIG. 5) and to identify or discriminate
between different molecules in solution, as has been demon-
strated for the identification of gaseous species using micro-
hotplates. For example, applying a complex temperature time
series to the system should identify regimes of rapid or per-
sistent rapid structural dynamics in different segments of the
polymer. In this way, a convergence of single molecule kinet-
ics and thermodynamics will reveal information about a poly-
mer’s identity, function, or both. Additional details associated
with analyzing polymers at nanometer scale, are provided in
Reiner et al., “Theory for Polymer Analysis Using Nanopore-
Based Single-Molecule Mass Spectrometry,” PNAS, Jul. 6,
2010, v. 107, no. 27, p. 12080.

[0051] Generally, the present subject matter provides sys-
tems for measuring temperature at a nanopore. The systems
comprise a substrate that defines a first surface, and a biologi-
cal layer disposed on the first surface of the substrate. The
biological layer defines a second surface which typically also
constitutes an outer exposed surface. The biological layer
defines at least one nanopore. The systems also comprise a
plurality of metallic nanoparticles tethered to the second sur-
face of the biological layer. In certain embodiments, the
metallic nanoparticles include gold nanoparticles. Typically,
the nanoparticles have a size within a range of from about 10
nm to about 1,000 nm. At least a portion of the metallic
nanoparticles are disposed proximate the nanopore. In certain
embodiments, the metallic nanoparticles are tethered to the
biological layer by at least one oligomer. The oligomer can be
an oligonucleotide having from 10 to 500 repeating units, for
example. The systems also comprise a light source such as a
laser capable of generating light of sufficient intensity and
wavelength to excite the metallic nanoparticles. Typically, the
systems include an ionic conducting solution that bathes the
nanopore and plasmonic structure(s). Nonlimiting examples
of such conducting solutions include an electrolyte solution
and/or ionic liquid. The systems additionally comprise an
ionic current measuring system or assembly configured to
measure changes in ionic conductance proximate to the nan-
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opore. Upon excitation of the metallic nanoparticles resulting
from emission of light from the light source, changes in ionic
conductance measured by the ionic current measuring assem-
bly are used to determine temperature or temperature changes
at the nanopore.

[0052] The metallic nanoparticles of the present subject
matter can include one or more metals such as gold, silver,
platinum, palladium, ruthenium, rhodium, osmium, iridium,
or other metals such as copper. Alloys or combinations of
these and other metals are also contemplated. The present
subject matter also includes the use of various semi-conduc-
tive materials for the nanoparticles such as cadmium selenide,
cadmium telluride, zinc selenide, zinc telluride, cadmium
phosphide, cadmium arsenide, gallium selenide, aluminum
arsenide, and the like. The present subject matter also
includes the use of combinations of metals and combinations
of metals with non-metals.

[0053] The present subject matter includes nanoparticles
having a relatively wide range of sizes such as from about 10
nm to about 1,000 nm. In certain embodiments, the nanopar-
ticles have a size within a range of from about 25 nm to about
500 nm. In certain versions of the subject matter, the nano-
particles have a size of about 40 nm. However, it will be
appreciated that the present subject matter includes the use of
nanoparticles having sizes greater than or less than these
sizes. In addition, it is contemplated that combinations of
different sizes of nanoparticles may be used.

[0054] The nanoparticles of the present subject matter can
have any of a variety of shapes including spherical, oblate,
elongated, rod-shaped, wire-shaped, cubic, tetrahedral, octa-
hedral, or another regular or irregular shape. A combination
of' metal nanoparticles having different shapes can be used. It
is also contemplated that a wide array of forms for the nano-
particles may be used such as core-shell forms. In addition,
the subject matter includes the use of aggregates of nanopar-
ticles in nearly any form or combination.

[0055] The metallic nanoparticles can be attached or teth-
ered to a substrate and particularly a biological layer or lipid
layer on a substrate using a wide array of attachment provi-
sions. In certain embodiments, the nanoparticles are attached
using oligomers and particularly oligonucleotides having
from about 10 to about 500 or in certain versions about 100,
repeating units. In certain versions of the present subject
matter, an oligonucleotide having approximately 30 repeat-
ing units is useful. However, it will be appreciated that the
present subject matter includes other types of attachment
provisions and oligomers having a lesser number and/or a
greater number of repeating units.

[0056] The light source can be nearly any type of light
source that is capable of generating light of sufficient inten-
sity and wavelength to excite the plasmonic structure which
may be for example one or more metallic nanoparticles. Non-
limiting examples of light sources include lasers, incandes-
cent light sources, light emitting lodes, arc lamps, and com-
binations thereof.

[0057] Generally, the present subject matter also provides
various methods. In one aspect, the subject matter provides
methods for measuring temperature at a nanopore in a sub-
strate and particularly in a biological layer. The methods
comprise providing metallic nanoparticles. As previously
noted, the metallic nanoparticles typically include gold nano-
particles. The metallic nanoparticles generally have a size
within a range of from about 10 nm to about 1,000 nm. The
methods also comprise tethering the metallic nanoparticles to
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the biological layer proximate the nanopore. Tethering can be
performed by attaching the metallic nanoparticles to the bio-
logical layer using at least one oligomer. The oligomer can be
anoligonucleotide having from 10 to 500 repeating units. The
methods also comprise emitting light of sufficient intensity
and wavelength to excite the metallic nanoparticles and
induce a change in temperature. Emitting light can be per-
formed by use of a laser. The methods also comprise measur-
ing changes in ionic conductance proximate the nanopore.
The changes in ionic conductance are used to determine tem-
perature or temperature changes at the nanopore. In certain
embodiments of the methods during emitting of the light, the
light is absorbed at or near the surface plasmon resonance of
the nanoparticles and increases the temperature of the nano-
particles. Specifically, in certain embodiments the light is
absorbed at or near the surface plasmon resonance of plas-
monic structure and increases the temperature of the plas-
monic structure and the heat is conducted to an ionic conduct-
ing solution.

[0058] Inanother aspect, the subject matter provides meth-
ods for analyzing polymers. The methods comprise providing
metallic nanostructures, as described herein. The methods
also comprise providing a biological layer defining a nanop-
ore. The methods additionally comprise tethering the metallic
nanostructures to the biological layer proximate the nanop-
ore. The methods also comprise disposing a polymer to be
analyzed in the nanopore. And, the methods additionally
comprise emitting light of sufficient intensity and wavelength
such as for example by use of a laser, to excite the metallic
nanostructures and induce a change in temperature within the
nanopore. The change in temperature within the nanopore is
used in analyzing the polymer disposed in the nanopore. In
certain embodiments, the analyzing includes assessing at
least one of (i) physical changes to polymers, (ii) chemical
changes to polymers, (iii) thermodynamic properties of poly-
mers, and (iv) kinetic properties of polymers. In certain
embodiments, during the emitting of the light, the light is
absorbed at or near the surface plasmon resonance and
increases the temperature of the nanostructures.

EXAMPLES
Materials and Methods

Modification of Au Nanoparticles and N293C

[0059] 40 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 (30-mers) with a T,, of approximately 120°
C. 10 uL. of 3.4 mM disulfide-protected DNA1 (5'-(5'-thiol)-
GCGGCGCTCGCGGGCGCTGCGGCGGCGGCG-3") and
its complimentary strand DNA2 (5'-(5'-thiol)-CGCCGC-
CGCCGCAGCGCCCGCGAGCGCCGC-3") (Midland Cer-
tified Reagent Company, Midland, Tex.) in TE buffer (10 mM
tris, 1 mM EDTA atpH 8.25), was mixed with 10 ul. 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, 100 uL. internal volume from Pierce/Thermo
Scientific) into Milli-Q water (Millipore). To attach DNA1 to
the pore forming protein N293C, 5 ul. of 0.25 mg/mL (ap-
proximately 78 pM) N293C was added to 2 uL. of deprotected
DNAL diluted to approximately 300 uM with 3.4 mg/mL
bovine serum albumen (Sigma-Aldrich). To attach DNA2 to
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40 nm Au nanoparticles, 10 ul. of DNA2 was added to 20 pl.
of unprotected Au nanoparticles (Naked Gold, Bioassay
Works, [jamsville, Md.) (40+7) nm diameter with an optical
density, OD=15, see FIG. 6A. The DNA conjugated protein
and Au were stored in a refrigerator and used within one
week.

[0060] Additional details for forming planar lipid bilayer
membranes on substrates of PTFE are provided in Mueller et
al., J. Physical Chem, 1963, 67, 534-535.

SEM Investigations

[0061] To image nanoparticle clusters attached to N293C, a
lipid bilayer membrane was tethered to a gold electrode as
described herein. About 1 nM DNA-modified aHL N293C
was added to the solution, and allowed to form nanopores in
the membrane for approximately 24 hours. The DNA-modi-
fied Au nanoparticles were subsequently injected into the
solution and allowed to react for less than 1 min prior to
vigorous rinsing with Milli-Q water. The surfaces were then
removed from solution and dried with streaming N,, and
loaded into the SEM chamber for imaging.

Member Formation, Single
Measuring lonic Current

[0062] Planar lipid bilayer membranes were formed on an
approximately 100 pm diameter hole formed in 25 um thick
PTFE. A prepaint mixture of 2 mg/ml, DPhyPC in pentane
was injected onto both sides of the hole and allowed to dry for
approximately 10 minutes. The partition was then adhered
onto a glass bottom Teflon holder. This allowed optical access
and microscopic visualization of the membrane, e.g., a short
working distance of approximately 100 um between the top of
the coverslip and the 100 pm hole. Electrolyte solution (3M
KCl, 10 mM TRIS, pH 7.2) was added to the upper well and
a femtotip (Eppendorf North America, Long Island, N.Y)
was positioned with a micromanipulator in close proximity to
the hole. A few pL of lipid solution (5 mg/ml. DPhyPC;
hexadecane) was ejected from the tip onto the Teflon surface.
A membrane was formed by dragging this solution across the
hole with a small fire-polished glass rod. Specifically, a glass
rod with a ball at the end was used to paint the lipid mixture
over the hole. After several seconds the lipid thinned and
formed a bilayer, which was verified both optically and
through a capacitance measurement. A second femtotip con-
taining the DNA-N293C solution was positioned in close
proximity to the membrane. After positioning, a small back-
ing pressure was applied to the femtotip (approximately
50-100 hPa) and a small transmembrane voltage was applied
(typically 20 mV) to monitor the formation of nanopores into
the membrane. After the insertion of about 100 to 1,000
nanopores, the backing pressure was reduced to zero and the
tip was removed from the solution. DNA-modified Au nano-
particles were injected at the membrane surface in a similar
fashion.

[0063] Finally, approximately 1 um 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 nanop-
ore or ion channel was located within the inner tip. This
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, Nev.)
operating at 300 mW was focused into the aperture of an

Nanopore Capture, and
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acousto optic modulator (Crystal Technology, Palo Alto,
Calif.). 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,
Calif.). 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 40x objective (EC
Plan-Neofluar NA 0.9 Zeiss, Thornwood, N.Y.) 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 (Mo-
lecular Devices, Sunnyvale, Calif.). Unless reported other-
wise, the ionic current data was sampled at 50 kHz with a 10
kHz low pass filter.

[0064] Additional details associated with measuring ionic
conductance along a nanopore are provided in Robertson et
al., “Single-Molecule Mass Spectrometry in Solution Using a
Solitary Nanopore,” PNAS, May 15, 2007, v. 104, no. 20, p.
8207.

Temperature Calculation

[0065] The temperature of each particle was calculated
from the absorbed power P, =I,M_.,.., where I, =(P/mtw>)(1+
(zMmw?)?) ! is the intensity of the laser beam where P is the
laser power incident on the particle, w,=(3+0.75) um is the
beam waist, A=532 nm is the laser wavelength and z is the
axial distance of the particle from the focal plane. The Ray-
leigh absorption cross section is given by n,, . =~(6 n,tV/A)
Im(&,-€, /&, +2€,,) for a sphere of volume V=47 (a*-2ad+
2(1-exp(—(a/5))8*), skin depth 8=11 nm at 532 nm wave-
length and radius a=20 nm. The complex dielectric constant
of the gold nanoparticles for 532 nm light is &, =(-4.7+2.3 1)
and the water surrounding the particle is characterized by an
electric permittivity € =1.77 and index of refraction n =1.
33. These parameters and equations give rise to the tempera-
ture of the particle described herein.

Control Investigations

[0066] To estimate the stoichiometry of the gold nanopar-
ticles bound to single pores, and demonstrate the selective
binding of gold nanoparticles to the mutated protein nanop-
ores, a scanning electron microscopy (SEM) investigation
was performed. Because the SEM operates in a high vacuum
environment, a robust tethered bilayer membrane (tBLM)
was prepared as the support for the protein-nanoparticle
assembly. The essence of the tBLM is a self-assembled
monolayer of synthetic lipid with a thiolated poly(ethylene
glycol) spacer HC18 (Z 20-(Z-octadec-9-enyloxy)-3,6,9,12,
15,18,22-heptaoxatetracont-31-ene-1-thiol) diluted with
p-mercaptoethanol, formed from a solution of 0.06 mM
HC18/0.14 mM p-mercaptoethanol in ethanol. A bilayer was
formed on this surface through the process of rapid solvent
exchange. 20 pL. of 10 mg/ml. diphytanoylphosphocholine
(DPhyPC) in ethanol was added to a dry monolayer surface
and after 2 min, the solvent was exchanged with Milli-Q
water (10 mL in approximately 1 min). This process results in
a lipid bilayer supported on an approximately 3 nm thick
polymer cushion which is amenable for aHL pore formation.
200 uLlL of about 1 nM DNA modified N293C cHL inapH 5.5
buffer of 0.1 M KCl; and 10 mM Na(CH;COO) was allowed
to form nanopores for approximately 24 hr. DNA modified
Au nanoparticles were injected into the solution well and
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immediately purged from solution by washing the surface
with 10 mL of Milli-Q water. The modified surfaces were then
dried with compressed air and transferred into the SEM for
imaging. FIGS. 6A-6B display a collection of images from
single particles through large aggregates suggesting that
assembly of nanoparticles is not limited by electrostatic
repulsion under the conditions described herein. A total of 32,
approximately 100 pm? images (FIG. 6A) were collected
resulting in 419 single particles, 219 double particles, 110
triple particles (57 clustered around a central point) and 299
larger aggregates (having more than 3 particles). A control
sample in which DNA-modified Au was exposed to a mem-
brane with no protein nanopores and vigorously washed from
the cell showed no sign of Au nanoparticles, which suggests
that a large fraction of the Au in the images was bound
specifically to protein that was in the tBLM (FIG. 6B). Sev-
eral controls verified that the changes in the channel conduc-
tance resulted from the heating of gold nanoparticles attached
to the ion channel. These investigations illustrate the advan-
tage of directly attaching the heating source to the ion channel
and show that in the absence of direct attachment, tempera-
ture jumps reported by the nanopore are still possible (albeit
with less reproducibility).

[0067] FIGS. 7A-7D show results from control experi-
ments. FIG. 7A illustrates (approximately 205 mW 40x
objective) a single N293C ion channel with no gold present
and which was not heated by the laser. FIG. 7A illustrates the
results of a negative control in which there are no gold nano-
particles present in the system. Specifically, the laser beam
itself is not sufficient to cause the temperature increase. FIG.
7B shows two ion channels with 40 nm gold nanoparticles
attached through a 10 nm DNA linker (data reproduced from
FIG. 2A) at 197.4 mW, 40x objective, 10 Hz. FIG. 7C illus-
trates a single ion channel adjacent to a large gold nanopar-
ticle aggregate anchored to the membrane with a thio-lipid at
14 mW, 10x objective, 50 Hz. FIG. 7D illustrates a single
wt-oHL in a membrane with 40 nm Au nanoparticles specifi-
cally adsorbed to the membrane through a thio-lipid illumi-
nated with 180 mW, 40x objective, 20 Hz.

[0068] Two positive controls were performed. Samples
were prepared by first forming a monolayer of 20-tetra-decy-
loxy-3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol
(WC14) on 40 nm Au nanoparticles. This monolayer essen-
tially coats the nanoparticle with a lipid-monolayer which
when injected from solution in the presence of a lipid bilayer
allows the Au to specifically adsorb to the membrane. Using
the high temperature data reproduced from FIG. 2A as a
visual control in FIG. 7B, the heating observed by illuminat-
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membrane, and the distance between the heat source and the
ion channel varied over the course of the investigation. When
a lower density of Au is added to the membrane (FIG. 7D),
there is little to no observable heating from isolated nanopar-
ticles. This suggests that in the absence of any aggregation of
Au nanoparticles, there is essentially no added heating due to
Au that is not directly attached to the protein.

[0069] FIG. 8illustrates that the nanopore ionic current was
stable over many repeated temperature cycles. The applied
potential was 40 mV and the laser illumination was cycled on
and off at 100 Hz.

Fitting Time Constants

[0070] Theobserved time constants for these investigations
were estimated as a series of 2 time constants for the low
frequency data and 3 time constants for the high frequency
data. In each case, the fastest time constant was considered a
sigmoidal function with T equal to the bandwidth of the
Bessel filter. The equation used was as follows:

Alfm = qf =5 +(1 —exp(—%))+(1 —exp(—T—ts)) +b

1+ exp(— [T—l)

where Alg,, is the temperature dependent current, c. is a
scaling constant, t is the time from the temperature step, d is
abandwidth-limited delay, T,,T, and T, are time constants and
b is a linear offset. To reduce the uncertainty and provide an
estimate of the error temperature, steps were averaged prior to
fitting to the equation. For the low frequency data 3 sets 0o£ 130
steps were fit and for the high frequency data 6 sets of 500
steps were fit. Error bars are the standard deviation of the
estimated fit parameters. Estimated time constants using low
and high frequency sampling are set forth below in Tables 1
and 2:

TABLE 1

Estimated Time Constant from a Single
Channel with Low Frequency Sampling:
50 kHz Sampled Data/10 kHz Filtered

a o T, T
p=1o (pA) p = 1o (ms) p = 1o (ms) p = 1o (ms)
Up 48.3£0.3 0.51 £0.02 0.1+4/-0.0 1.16 £ 0.05
Down -48.0 £0.1 0.41 £0.07 0.1+4/-0.0 1.10 £ 0.02
TABLE 2

Estimated Time Constant from a Single Channel with High Freguency Sampling:

250 kHz Sampled Data/100 kHz Filtered

a o T, T T3
p=1o (pA) p = 1o (ms) p = 1o (ms) p= 1o (ms) p = 1o (ms)
Up 45 =1 0.055£0.001 0.01+/-0.0 0.046+0.001 0.348 +0.008
Down -44 +1 0.025£0.001 0.01+/-0.0 0.016+0.001 0.307 £0.005

ing a large cluster of Au is shown in FIG. 7C (likely aggre-
gated Au nanoparticles anchored to the membrane through
WC14) and rivals the temperature changes reported herein,
but with less stability in the high temperature state. It is likely
that the aHL occasionally diffused near Au clusters in the

Residence Time Estimation

[0071] To calculate the expected residence time of the
PEG29 molecules in the nanopore, a model was used for PEG
interactions with both the pore and cations. The following
values were used for the parameters in the model: k;T-
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om=25.4 meV, a*=1.23, b*=1.15, s*=0.229, s"F9=0.129,
AG,=-52.0 meV, £=7.07 Vs/m, x=4.81 and AG_=1.03 meV
modified from the original fit in 4M KCl in. Wherek;T,,,,, 1s
the thermal energy at room temperature, a* and b* are effec-
tive diffusion coefficients given by a*=(D,%+D_%/)/D, and
b*=D_ /D, where D% is the effective diffusion parameter in
the PEG occupied region of the pore for cations (+) and
anions (-) and Dy, is the diffusion coefficient for all ions in the
unoccupied pore, s* is a correction factor for the electroos-
motic force to the electrical force on a single cation, s”*“ is a
correction factor for the electroosmotic force to the electrical
force on the entire PEG molecule, AG, is the free energy of
PEG-cation binding inside the pore, £ is the hydrodynamic
drag term, x is the mean number of monomers bound to a
single cation and AG, is the free energy of confinement of
polymer in the pore. While the model’s fitting parameters
might depend on the cation concentration, that possibility is
ignored here and the KCI concentration was set to 3M and the
temperature (k;T) was adjusted accordingly. Nevertheless,
this model reasonably explains the qualitative trend in the
observed residence time as a function of solution tempera-
ture.

[0072] The present subject matter includes a wide array of
variant aspects. For example, the nanopores can be biologi-
cally derived protein nanopores. The nanopores can be fabri-
cated in a solid substrate. The nanopores can be fabricated
using known semiconductor processing methods. Solid-state
nanopores can be fabricated in many different materials
including semiconductors, for example silicon nitride, dia-
mond, etc; or insulators such as quartz or other glasses.
[0073] As previously noted, the plasmonic structures can
be in an array of different forms and configurations. For
example, the plasmonic structures can include one or more
nanoparticles and particularly metallic nanoparticles and spe-
cifically gold nanoparticles. The metallic nanoparticles can
be directly attached to the nanopore or can be attached proxi-
mate the nanopore. The plasmonic structure can include
deposited structured films. Various techniques can be used to
attach the metallic nanoparticles such as by using known
“click chemistry” or any other chemical attachment method.
[0074] Many other benefits will no doubt become apparent
from future application and development of this technology.
[0075] All patents, published applications, and articles
noted herein are hereby incorporated by reference in their
entirety.

[0076] As described herein, the present subject matter
solves many problems associated with previous strategies,
systems and/or devices. However, it will be appreciated that
various changes in the details, materials and arrangements of
components, which have been herein described and illus-
trated in order to explain the nature of the present subject
matter, may be made by those skilled in the art without depart-
ing from the principle and scope of the claimed subject mat-
ter, as expressed in the appended claims.

What is claimed is:
1. A system for measuring temperature at a nanopore, the
system comprising:

a substrate defining a surface and at least one nanopore;

a plasmonic structure disposed proximate the nanopore;

an ionic conducting solution which bathes the nanopore
and the plasmonic structure;

a light source capable of emitting light of sufficient inten-
sity and wavelength to excite the plasmonic structure;
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an ionic current measuring assembly configured to mea-
sure changes in ionic conductance proximate to the nan-
opore;

whereby upon excitation of the plasmonic structure result-

ing from emission oflight from the light source, changes
in ionic conductance measured by the ionic current mea-
suring assembly are used to determine temperature or
temperature changes at the nanopore.

2. The system of claim 1 where the substrate includes a
biological layer disposed on the surface of the substrate, the
biological layer defining a second surface and at least one
nanopore, and the plasmonic structure including one or more
metallic nanoparticles tethered to the second surface of the
biological layer.

3. The system of claim 2 wherein the nanoparticles have a
size within a range of from about 10 nm to about 1,000 nm.

4. The system of claim 2 wherein the metallic nanoparticles
are tethered to the biological layer by at least one oligomer.

5. The system of claim 4 wherein the oligomer is an oligo-
nucleotide having from 10 to 500 repeating units.

6. The system of claim 1 wherein the light source is
selected from the group consisting of a laser, an incandescent
light source, a light emitting diode, and an arc lamp.

7. The system of claim 1 wherein the ionic conducting
solution is an electrolyte solution.

8. The system of claim 1 wherein the ionic conducting
solution is an ionic liquid.

9. A method for measuring temperature at a nanopore, the
method comprising:

providing a plasmonic structure;

affixing the plasmonic structure proximate the nanopore;

emitting light of sufficient intensity and wavelength to

excite the plasmonic structure and induce a change in
temperature;

measuring changes in ionic conductance proximate the

nanopore;

whereby the changes in ionic conductance are used to

determine temperature or temperature changes at the
nanopore.

10. The method of claim 9 wherein during emitting of the
light, the light is absorbed at or near the surface plasmon
resonance of the plasmonic structure and increases the tem-
perature of the plasmonic structure and the heat is conducted
to the ionic conducting solution.

11. The method of claim 9 wherein the plasmonic struc-
tures include metallic nanoparticles.

12. The method of claim 11 wherein the metallic nanopar-
ticles have a size within a range of from about 10 nm to about
1,000 nm.

13. The method of claim 9 wherein the emitting light is
performed using a light source selected from the group con-
sisting of a laser, an incandescent light source, a light emitting
diode, and an arc lamp.

14. The method of claim 9 wherein the plasmonic structure
includes metallic nanoparticles and the nanopore is defined in
abiological layer, wherein affixing is performed by attaching
the metallic nanoparticles to the biological layer using at least
one oligomer.

15. The method of claim 14 wherein the oligomer is an
oligonucleotide having from 10 to 500 repeating units.

16. A method for analyzing polymers comprising:

providing plasmonic nanostructures;

providing a surface containing a nanopore;
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affixing the plasmonic nanostructures proximate the nan-

opore;

disposing a polymer to be analyzed in the nanopore;

emitting light of sufficient intensity and wavelength to

excite the plasmonic nanostructures and induce a change
in temperature within the nanopore;

analyzing the polymer disposed in the nanopore by use of

the change in temperature within the nanopore.

17. The method of claim 16 wherein the analyzing includes
assessing at least one of (i) physical changes to polymers, (ii)
chemical changes to polymers, (iii) thermodynamic proper-
ties of polymers, and (iv) kinetic properties of polymers.

18. The method of claim 16 wherein during the emitting of
the light, the light is absorbed at or near the surface plasmon
resonance and increases the temperature of the nanostruc-
tures.

19. The method of claim 16 wherein the analyzing includes
estimating at least one of (i) absorbance of emitted light by
nanostructures, (ii) excitation of surface plasmons in nano-
structures due to absorption of light, (iii) change in tempera-
ture of nanostructures due to excitation of surface plasmons
by light, and (iv) estimation of the change in temperature in
the vicinity of the nanostructure, including at the nanopore
and polymers.
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