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Abstract

Nanoaperture optical tweezers allow for trapping single proteins and detecting their

conformational changes without modifying the protein; i.e., being free from labels or

tethers. While past works have used laser heating as a way to vary the local temper-

ature, this does not allow for probing lower temperature values. Here we investigate

the lower temperature dynamics of individual Bovine Serum Albumin (BSA) proteins,

with the help of a custom peltier cooling stage. The BSA transitions between the

normal (N) and fast (F) states. The normal form of BSA has a maximum occupancy

at 21±1◦C, which is interpreted as its maximum stability point for the compact N

form with respect to the F form. In this way, it is possible to find the relative ther-

modynamic parameters of single proteins without requiring any modifications to the

intrinsic structure.

Introduction

Nanostructured metals allow for extreme sensitivity in sensing, even at the single protein

level.1–4 They also experience Ohmic losses that can be used to locally heat and sometimes

enhance the sensitivity of detection.1 While many works have focused on plasmonic particles,

and their heating capability,5–7 nanoapertures have the advantage of conducting heat away

due to the surrounding metal film. As a result, the heating is four orders of magnitude lower

so laser powers suitable for trapping can be used without experiencing damaging temperature

increases.8

Nanoaperture optical tweezers (NOTs) have been used to trap single proteins and other

nanoparticles.2,9–27 Several groups have investigated the thermal characteristics of NOTs,28–32

where values of the order of a degree Kelvin per milliWatt are typical. Recently, the laser

power variations have been used to change the local temperature in the trap and probe

the changes in protein structure.22,33 While this allows for exploring the temperature ranges

close to physiological temperatures and above, the approach has not been used to probe
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lower temperatures.

Here, we introduce a home-built cooling stage to the NOT trapping setup for accessing

lower temperature values. The cooling stage uses a phase change material to effectively

remove heat, and so it does not require moving fluids or fans that can affect the stability

of the setup. This is desirable because the NOT requires sensitive alignment of the focused

laser beam. Following our recent publication,33 here we study the dynamics of Bovine Serum

Albumin (BSA) at low temperatures, mapping out the transitions of the normal (N) state

to fast (F) state with variations in temperature. We find the maximum occupancy of the

N state and attribute this to the maximum stability of that state. The thermodynamics

properties of single proteins can be explored in this way.

Past work has investigated the stability of BSA as a function of temperature,34 following

the Gibbs-Helmholtz equation:35

∆G(T ) = ∆HvF (1− T/Tm)−∆Cp ((Tm − T ) + T ln (T/Tm)) (1)

where Tm is the unfolding temperature, ∆HvF and ∆Cp are the changes in van’t Hoff enthalpy

change and heat capacity change. This approach assumes a two-state transition, from folded

to unfolded.35 For BSA, it was found that the corresponding parameters are with Tm =

338.2K, ∆HvF = 31kcal/mol and ∆Cp = 1.0 kcal/(K mol).34 Using these parameters gives

a maximum stability at 36◦C. BSA, however, undergoes significant structural changes above

30◦C,36 and so the validity of the two-state model is questionable.

In our past work, the transition from F to the extended (E) state was found at higher

powers.33 Comparing the change in Gibbs free energy between those states (in that work

Supplementary Figure 6),33 we saw maxima at 38◦C and 39◦C for labeled and unlabeled

versions of BSA. Those values show reasonable agreement with the expected result from the

Helmholtz-Gibbs curve of 36◦C, while ignoring the N state. Here we investigate instead the

N to F transition and find the temperature at which the compact N state is most stable
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relative to the F state.

NOT at Low Temperatures

Figure 1 shows the experimental setup and nanofabricated double nanohole (DNH) samples.

It also shows the home-built cooling stage, with details in the Methods section below. Briefly,

an 850 nm laser is focused on the DNH with a 100× oil immersion objective. The DNH was

adjacent to the protein sample in a microwell chamber, and the transmitted light through the

DNH was collected with another objective on the other side and detected using an avalanche

photodiode (APD). When trapping occurs, there is a substantial increase in the APD voltage

fluctuations due to the protein moving in the aperture and changing the transmission of

light via scattering. There are also steps in the transmission level as the protein transitions

between conformations. This was confirmed previously for BSA by forcing it into the E form

with reduced pH.2

Figure 1: a)Schematic of NOT setup: LP = linear polarizer, HWP = half waveplate, BE =
beam expander, CCD = charge coupled device, D = dichroic mirror, OI MO = oil immersion
microscope objective, L = lens, ODF = optical density filter, APD = avalanche photodiode)
SEM image of DNH. b) Schematic of cooling stage. A copper cylinder containing phase
change material (palm-parrafin wax) serves as heat sink to a three peltier stack, connected
to the top of the microscope slide sample with a copper bridging lip. c) SEM image of DNH
in gold film (scale bar is 400 nm). d) APD voltage measuring transmission through a DNH
at the instance of trapping at approximately 13 s.

Here, we use the cooling stage to lower the temperature to 14±2◦C at the position of the

DNH and wait for stabilization (details in Methods section), then turn on the laser power
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to 20 mW (as measured before the objective, with a transmission of 75% at 850 nm for the

objective) and reduce the power in steps of 2 mW, which corresponds to a local temperature

decrease of 1◦C considering the objective losses and laser heating.33 We did not simply change

the temperature of the stage because it resulted in changing the optical path length (e.g.,

through thermal changes to refractive index of the liquid in solution) and thereby required

realignment at each new set temperature. Therefore, we opted to vary the laser power to

heat locally and not require overall realignment of the setup for each temperature value.

Methods

Thermal Stage

The cooling stage was 3D-printed to be compatible with the ThorLabs “MAX3SLH-Microscopy

Slide Holder” in the optical tweezer kit, while adding a position for the thermal reservoir. The

stage was made of polyethylene terephthalate glycol to minimize thermal expansion. We used

a three peltier thermoelectric cooler stack connected electrically in parallel (TEC1-12704K10,

TECE-12704K10, CP2020405H), which were controlled using a temperature controller (ILX

Lightwave LDT-5910B). To serve as a heat sink, a copper cylinder with a vented brass cap

containing a palm and paraffin wax blend (Make Market) was held flush to the largest peltier

cooler. A copper connection bridged the smallest peltier cooler to the top of the sample (on

the glass side, not the gold side), and a thermistor (Amphenol Sensors, TH310J39G) was

glued at this interface for control feedback. Thermal grease was used between each element.

Additional temperature probes were placed on the bottom slide adjacent to the microwell to

obtain the temperature at the proximal and distal ends and thereby estimate the temperature

at the location of the DNH.
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Nanofabrication

Samples were prepared in a manner similar to our past approach.37,38 A glass microslide

(Fisherbrand 12-550C, 76×25.4×1.0 mm3 ) was cut into thirds by scribing with a diamond tip

and cleaving. The sample was cleaned with 99% ethanol and dried with nitrogen gas. Slides

were sonicated in ethanol for ten minutes, then rinsed with acetone, deionized water, and

ethanol with drying between each step. A solution of 1:100 of 300 nm diameter polystyrene

beads (Sigma-Aldrich, MFCD00131491 LB3) and 99% ethanol was distributed evenly on

the glass slides and left overnight to evaporate the ethanol to form a mask comprising the

beads in randomized formation, including dimers. The slides were plasma etched for 170 s

(Harrick PDC plasma cleaner) to control cusp size, then subject to sputtering of 7 nm

titanium followed by 70 nm gold (Mantis QUBE system). Beads were removed by adhesive

tape after ten minutes of sonication in ethanol. Samples were cleaned by rinsing with ethanol

and nitrogen gas drying, cut into quarters using a diamond scribe, then cleaned again. SEM

imaging (Hitachi S-4800) showed DNHs were on average 471 nm across and their cusp size

was 33±3 nm.

BSA Sample Preparation

9.4 µL of a 10 mg/mL suspension of BSA (Sigma-Aldrich, MWGF70-1KT) in 10 µM PBS

was added to a microwell created by placing an 0.1 mm thick image spacer (Grace BioLabs,

GBL-654008-100EA) onto a glass slide-0 (Globe Scientific Inc., 1419-10). The solution was

sealed with the DNH sample with the gold-face down.

Temperature Controlled Trapping

Prior to trapping, we measured the temperature at the copper plate 1 mm of glass away from

the gold film (8◦C) and at the cover slip at the proximal and distal ends (average 15.5◦C).

Based on these values, we estimate that the temperature at the center of the sample where
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the DNH was located was 14±1◦C. Based on our previous work,33 the laser increased the local

temperature by 0.6◦C/mW at the sample, and the power was measured before the objective

and a power loss of 25% at the 850 nm wavelength was taken from the specification sheet.

We waited 14 minutes to allow the temperature to stabilize. The laser was then turned

on and aligned to the DNH of the sample. The 850 nm laser (Eagleyard dfb-0852-00050-

BFY02-0002) was collimated and passed through a linear polarizer and half waveplate then

expanded before entering a 100× oil immersion microscope objective (1.25 NA, Nikon CFI E

Plan Achromat 100× Oil). Once through the DNH, light was collected by a 10× microscope

objective (0.25NA, Olympus Plan N 10×/0.25 Fn22) then measured using an APD (Thor-

labs, APD110A) and digitized with a data acquisition module (Advantech, USB-4711A).

The DNH was visualized using a camera to assist in alignment. Once the protein trapped

(seen by a jump in the APD voltage and increased noise), the signal was observed for 16 mins

and the laser current was reduced by 10 mA intervals while the temperature was maintained

to within ±0.3◦C by the controller.

Results and Discussion

Figure 2 shows the transitions between the N and F states observed in the time-series of

the APD voltage for different temperatures. The N state is more compact and shows less

scattering (lower APD voltage) than the F state (higher APD voltage).33 We also ran ex-

periments at higher temperatures and saw the E state; however, we do not report on that

here since it was covered in our previous work.33 The data was acquired at 10 kS/s, and a

simple 100 point average was used to reduce noise. The time-series data was binned by the

normalized voltage, with 50 bins over the range covering both N and F states. The binning

was carried out over a 10 second window and was done on the 100 point averaged data. The

total time for the data presented was 19.5 minutes; however, we repeated the experiment

at 6 different set-point temperatures, three at lower temperature values, where the range of
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temperatures overlapped with the presented data and showed the same behavior.

Figure 2 also shows the corresponding probability density functions extracted from the

time series data, with a double Gaussian fit (measuring the changes in the transmission

intensity with conformational changes of BSA). From the area under each Gaussian (AN , AF ),

the time spent in each state was found. In our past work, we corrected the probability density

by deconvolution to account for translational and other fluctuations.33 This was required to

accurately represent the energy landscape; however, here we are interested in the relative

occupancy of each state and so the simple Gaussian fitting procedure is suitable. Once the

Gaussian fits were found, we added the mean values to the time series plots as horizontal

dashed lines to show clearly the high and low voltage states.

Figure 3 shows the natural logarithm of the ratio between the time spent in each state.

This is described by transition state theory with the Arrhenius equation:

AF

AN

∝ e
−∆GNF

kBT (2)

where AF,N is the area (time) of states N and F, ∆GNF is the change in the Gibbs free

energy when transitioning between these states, kB is the Boltzmann constant and T is the

temperature. Using this Arrhenius dependence, the natural logarithm of the ratio of areas

gives the change in Gibbs free energy when transitioning between the N and F conformations,

in units of kBT (and to within a constant offset). A maximum is seen for 21±1◦C. We

interpret this as the maximum stability point for the N state with respect to the F state.

Past circular dichroism measurements suggested that there is a transition at around 30◦C

(in 5◦C steps), where they interpreted the data as α helix contributions being replaced with β

sheet contributions.36 This 30◦C value is neither comparable to the 21◦C maximum stability

of the N with respect to F forms, or the 36◦C maximum stability expected from Gibbs-

Helmoltz theory, or the 39◦C maximum stability of the E with respect to F state found from

our past work.33 We do note that above 25◦C, we have observed that the E form starts to
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Figure 2: a) APD voltage measuring transmission through aperture with BSA trapped and
corresponding PDFs at (a,b) 18±1◦C, (c,d) 19±1◦C, (e,f) 20±1◦C, (g,h) 21±1◦C, (i, j)
22±1◦C, (k,l) 23±1◦C. The N and F levels are indicated by dashed horizontal lines taken
from mean of Gaussian fits. The voltages were normalized to allow comparison at different
temperatures by dividing through by the voltage of the N-state level (0.4089 V, 0.5045 V,
0.5735 V, 0.6981 V, 0.8134 V, and 0.9037 V for 19±1◦C, 20±1◦C, 21±1◦C, 22±1◦C, and
23±1◦C). f) Shows schematic of conformations of BSA as inset.
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Figure 3: Natural logarithm of ratio of time in each state for N and F states of BSA
for different temperatures. A maximum is found at 21 ± 1◦C, which is interpreted as the
maximum stability temperature for the compact N form. The error bar in the temperature
was from the measured fluctuations at the thermistor and the error bar in the vertical axis
was from uncertainties found by the Gaussian fitting procedure.

appear, so we believe their finding is showing the onset of the E state. A recent work has

explored this further with changes in pH and indeed showed that when the E form appeared,

β-rich spectra were seen.39

While it is tempting to suggest that the maximum of Fig. 3 is the absolute maximum

stability temperature, the picture is more complicated since there are different conformations.

The stability found here is relative to other states. The absolute stability would require

knowing the Gibbs free energy of each state, not only the relative values. The Gibbs-

Helmholtz model compares folded to unfolded proteins in a two state system, and it is not

clear how that can be applied to the many stable conformations that are present in BSA at

different temperatures. Clearly there is room to develop models to better understand this

behavior. If we could obtain the absolute Gibbs free energy, more insight into the dynamics

of BSA would be possible. For example, the Gibbs free energy has been related to the Soret

coefficient for thermophoretic diffusion, where:40

S =
1

kBT

dG

dT
(3)
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Based on that theory, where the Soret coefficient transitions from negative (thermophilic) to

positive (thermophobic), there should be a maximum in the Gibbs free energy. By measuring

the Soret coefficient as a function of temperature it may be possible to extract the maximum

stability point. The thermophoretic contribution to trapping has been explored with NOTs

by changing the surfactant;18 however, it is difficult to extract the absolute thermophoretic

contribution with that approach since both the trap stiffness and laser heating (linked to

thermophoretic force) depend on the laser power.

Conclusions

In summary, we have investigated the low temperature stability of BSA by adding a thermal

stage. With this temperature control, the NOT setup able to trap single unmodified proteins

in solution and observe their conformational changes in real time. We found a maximum

in the N state stability with respect to the F state, occurring at 21◦C. The thermal stage

used phase transition materials to effectively remove heat while not requiring liquid cooling

or fans that could introduce vibrations to the setup. The natural function of proteins often

involves conformational changes and by introducing a thermal cooling stage into our setup,

we have enabled the study of proteins and their interactions in the range where proteins are

typically maximally stable.41 In the future, this may be applied to the study the affect of

temperature on protein interactions with small molecules,42 changes in environment22 and

the impact of mutation on the conformational stability.43
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