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ABSTRACT
Proteins in High Electric Fields

David M.W. Landry
Department of Electrical and Computer Engineering
Master of Science

Being able to control protein function directly and in real time is attractive. In this
thesis, I discuss controlling protein activity using alternating current electric fields on the
order of 1 MV/m. Since protein structures result in localized and/or protein-wide charge
gradients, it is expected that a sufficiently high electric field applied across a protein should
result in structural distortions which can temporarily alter or halt protein function. The
field is set to oscillate above the influences of the electrochemical double layer effects (1 kHz)
and below the level needed for hydrodynamic rotation of proteins (10 MHz). A device is
used to pass this field across a small volume of sample while allowing the solution to still be
observed. Through application of high electric fields, we are able to temporarily reduce the
activity of a bioluminescent luciferase reaction. Activity is inferred by measurement of the
intensity and wavelength of the light emitted by the luciferase reaction. As this process is
explored further, it could lead to the ability to electrically control protein function.

Keywords: proteins, molecular biophysics, biotechnology, electric fields
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Chapter 1

Introduction

Protein properties can be altered by changes in temperature, pH, cofactors, and other
chemicals. Electric fields have the potential to alter protein properties without affecting other
aspects of the reaction. This is particularly attractive for applications where other aspects
of the reaction cannot be modified, such as in vivo protein reactions.

Since all proteins are made up of a subset of amino acids, all of which are composed
primarily of hydrogen, carbon, nitrogen, and oxygen, protein behavior is determined more
by shape than elemental composition. Therefore, altering the shape of a protein alters the
properties of that protein. This paper examines the use of high electric fields to modify
protein properties.

Multiple authors have reported on the effects of high electric fields on proteins in
the context of other purposes, in particular for pulsed electric field (PEF) pasteurization
2, 3,4, 5,6, 7, 8. With PEF pasteurization, a high electric field is passed through a sample
of food. This field enlarges the pores in bacteria cell membrane, killing the cells and making
the food safe for consumption [9]. This paper, however, examines how applying high electric
fields nondestructively interfere with a luciferase reaction, thereby altering the amount of
light produced in the reaction.

Luciferase is an oxidative enzyme that combines with a substrate to produce light. A
common example of luciferase is firefly luciferase, used in conjunction with firefly luciferin
by fireflies to attract mates and prey. In fireflies, aided by luciferase, luciferin combines with
ATP and oxidizes, forming oxyluciferin in an excited state. Light is emitted as the electrons
move from an excited state to their ground state. The energy emitted is visible as a weak

glow that is red to yellow-green in color [1]. Commercially available luciferase works similarly



when combined with a luciferin or luciferin-like substrate, but the substrate is engineered to
emit light over a longer period of time.

The electromagnetic energy emitted by luciferase covers a couple hundred nanometer
spectrum in the visible light spectrum [10]. Increasing the temperature causes an increase
of brightness and shifts the center wavelength because of how temperature reactions [11].
Luciferase is a simple target to test the effect of high electric fields on proteins because of
its spectral properties and because it requires no external excitation to luminesce.

In this thesis, first background information is discussed, including why it is expected
that an electric field will interfere with protein function. Next, half-life and thermal proper-
ties of the particular luciferase and luciferase assay solution are examined. Finally, details of
the experiment are given, including die design and fabrication decisions, experimental setup,

and a discussion of the results.



Chapter 2

Background

In this chapter, I examine a simple model to give an estimate of the electric field
magnitude that might distort luciferase. I then examine how much heat, to first order, the
electric field is expected to generate when passing through a protein solution. Finally, I
examine the light emission characteristics of luciferase.

From the calculations in this chapter, I determine that using high electrical fields to
distort proteins seems reasonable to first order. However, exposing a protein solution to such
high electric fields could produce significant heating. Protein function, particularly that of
luciferase, is affected by temperature. As such, a heat sink with sufficient area is required to
ensure that changes in protein function happen as a result of interactions with the electric
field and not due to heating. Finally, it seems reasonable that luciferase should alter light
emission characteristics based on distortions in secondary or tertiary structure, and that this

can be used as a mechanism for reporting changes to protein shape.

2.1 Stretching Proteins

Proteins are composed of a linear chain of amino acid residues. The protein backbone
is composed of a linked series of carbon, nitrogen, and oxygen atoms [12]. Residues may
have a positive, negative, or neutral charge. How the charged residues are positioned creates
a charge gradient. Over the entire protein, these charges and their positions can result in an
overall dipole moment for the protein [13, 14]. Due to ionic species in the environment, this
dipole moment vector can fluctuate [13].

Charged residues affect the conformation of the protein and its orientation with re-
spect to other objects around it, such as cell membranes [15, 16]. As such, the location and

sequence of charged residues is commonly used in predicting protein topology [17, 18].



Since proteins have dipole moments, the dipole moment can interact with an electric
field. Given an electric field oscillating at the right frequency and intensity, that interaction
could result in a distortion of the normal protein conformation. Fluctuations in the dipole
moment due to environmental factors might result in similarly fluctuating conformation
distortions. Additionally, residues can produce charge gradients that do not follow the
symmetry of the protein and/or across multiple axes. When an electric field is applied, this
could result in deformations that do not follow the symmetry of the protein. Since protein

shape is linked to protein function, distortions in conformation are likely to affect function.

2.2 Heat Generation and Dissipation

The spectral brightness and hue of luciferase has a documented temperature depen-
dence [11]. Using an electric field to deform proteins implies passing an electric current
through the solution. As such, we must account for the generated heat.

Ions in a liquid contribute to the conductivity based on their mobility. The contribu-
tion of electrical conductivity for a given ion is n,z;eu;, where n; is the ion concentration, z;e
is the charge on the ion, and p; is the ion mobility [19]. We can look at the total electrical

conductivity as a sum of each type of ion and its respective mobility and concentration
o= 627%21‘/%- (2.1)
i

The power dissipated as heat, P, is a function of conductivity, o, electric field strength,

E, and volume, V'
P = E*Vo. (2.2)

Given that the conductivity of a protein solution is fairly high and that the electric field to
stretch a protein is on the order of 107, this implies significant heating caused by the electric
field. Since the spectral properties of luciferase are temperature dependent, how well the

experimental setup dissipates heat is important to discuss.



By combining Equation 2.2 with the equation for heat capacity, an expression for the

OAT

rate of temperature change, <5~ is derived as a function of volumetric heat capacity, Cp,

electric field, and conductivity,

Q = CLAT, (2.3)
0Q  , OAT
o =Chpg =PIV, (2.4)

OAT PV E%
o G Gy

(2.5)

where () is the volumetric heat flow.

The typical heat capacity of water is 4.2 MJ/(m?K). Since the heat capacity term is
much smaller than the squared electric field term, it is reasonable to assume that without
some sort of heat sink to conduct the heat away from the luciferase, heat generation would
likely be a major problem when dealing with high electric fields.

By making some assumptions about the conductivity of the protein solution and the
volume through which the electric field conducts, we can get a rough estimate of the power
dissipated through heat. We will assume a cylinder with a radius of 1.3 mm and a thickness
of 1 ym. A reasonable conductivity might be 1.5 S/m for a 0.15 M protein solution. We will
also assume the same strength electric field mentioned earlier (107 V/m). Given that enough

current is available from the voltage source, this will result in a heating of

P = (10" V/m)? x (7(1.3 mm)*(1 pm)) (1.5 S/m) (2.6)
— 800 W. (2.7)

This significant heat generation is balanced out by the high thermal conductivity of wa-
ter, 0.6 W/(mK) [20]. Silicon has a thermal conductivity of approximately 150 W/(m K).
Aluminum has a thermal conductivity on the order of 200 W/(m K). Given enough surface
area over an aluminum heat sink, the heat will quickly conduct from the water, through the

silicon substrate, to the heat sink.
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Figure 2.1: ATP activates the carboxylate group of luciferin to form luciferyl adenylate. The
luciferyl adenylate combines with oxygen to create a dioxetanone ring. The dioxetanone cleaves
releasing carbon dioxide and yielding oxyluciferin in an excited state. As the electrons drop to
a ground state, light emits from oxyluciferin (figure based on the structure published in [1]).

2.3 Light Emission

Since stretching proteins caused by an electric field will not persist after the electric

field is turned off, any measurements of the effects of the electric field must be taken while the



Luciferase spectrum, 10000ms integration time
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Figure 2.2: Intensity of the light emitted from luciferase as a function of wavelength recorded
with an Ocean Optics QE65-ABS Spectrometer without a slit (1 mm aperture).

sample is exposed to the field. The literature suggests that measuring the emitted wavelength
is a sound method for gaining insight into changes in the protein and its intermediate forms.

In 1996, Baldwin outlined the structure and light emission mechanism of firefly lu-
ciferase, pictured in Figure 2.1 [1]. As luciferin is exposed to ATP, the carboxylate group
is activated, yielding luciferyl adenylate. Luciferyl adenylate combines with ambient oxygen
yielding a dioxetanone ring. Dioxetanone decarboxylates to form an electronically excited
state of keto or enol form oxyluciferin. As the oxyluciferin returns to the ground state, it

emits visible light near ranging from yellow-green to red.



The emitted spectrum of luciferase! Figure 2.2 shows a peak intensity at 583 nm,
with the half-power spectrum ranging from 520 nm to 636 nm. The literature shows strains of
luciferase with different peak intensity wavelengths than Figure 2.2. One author reports how
beetle luciferase samples elicit light with a peak ranging from 546 nm to 593 nm, concluding
that the amino acid sequences of luciferases resulting in different ranges of light are 95% to
99% identical with each other [21]. It has been suggested that the tertiary structure alters
the wavelength of emissions [1]. The tertiary structure of a protein encapsulates how the
amino acids are ordered spatially. As such, a possible mechanism for reporting how high
electric fields stretch luciferase might be to monitor this spectral shift as a high electric field
is applied

It is also possible that distortions in secondary and tertiary structure could affect
available reaction sites. By making some reaction sites unavailable, the electric field would
slow the reaction rate and thus lower the intensity of emitted light.

Regardless of mechanism, it seems likely that a high electric field applied across a
luciferase solution should affect protein activity. Changes in protein activity should be visible

in the emitted light.

! The luciferase solution used is Promega’s QuantiLum recombinant luciferase combined with their ONE-
Glo luciferase assay system.



Chapter 3

Luciferase Characterization

Before testing how high electric fields would affect a luciferase solution, we decided it
was important to characterize the solution. The specific luciferase solution used is Promega’s
QuantiLum recombinant luciferase mixed with their ONE-Glo luciferase assay system, a
substrate containing the components necessary for the luciferase reaction (ATP, O,, Mg?*,
and luciferin).

Two sets of preliminary experiments were performed to help characterize the solution.
The first explored the half-life of the luciferase light output. This helped to understand
how long an experiment could run in order to ensure higher protein activity. The second
investigated how temperature changes affect the luciferase solution. Characterizing thermal
effects is particularly important so that thermal effects and electric field effects would not

be mistaken for each other.

3.1 Half-life

The luciferase reaction depends on depletable materials in the solution, such as ATP
and O,. This means the light emitted by the reaction decreases with time. This decrease
in light output follows an exponential decay. To better understand how long a luciferase
solution is useful, we ran tests to characterize the half-life of this luciferase enzyme.

For the experiment, we collected light with a spectrometer at an integration time
of 60 seconds. The device used is the silicon die described in Sections 4.1 and 4.2. The
microfluidic layer for this device was fabricated to allow for 40 pm thick cross-section of the
luciferase solution. By combining this thickness with a one minute long integration time,
the light output was high enough to be detectable above the noise floor for at least four or

five half-lives.
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Figure 3.1: First half-life test. Results are shown as intensity vs time at two wavelengths,
555 nm and 516.56 nm. The fitted exponential for 555 nm is 3960.1 + 2143 x ¢~ 0011585 - Qolying
for the half-life gives ¢,/ = 59.8 minutes. The fitted exponential is for 516.56 nm 4047.44 +
1046.8 x 0017388t " Solving for the half-life gives t1 /5 = 59.047 minutes.

Light output was collected for six to eight hours. The data was then analyzed and
curve fit using Igor Pro, a data analysis package by WaveMetrics, Inc. The results are shown
in Figures 3.1, 3.2, and 3.3. These figures show an exponential decay in light output over
time. The independent axis shows time in units of minutes. The dependent axis measures
intensity in arbitrary units.

With intensity decreasing due to the normal half-life, it is expected to see a simi-
lar decay across the entire waveform. As such, multiple points were picked and the decay
rate was calculated for each. The decay plot at two of these wavelengths is shown in Fig-
ures 3.1, 3.2, and 3.3. As expected, the values calculated for half-life vary by only a few min-
utes for different wavelengths measured during the same run. These small variations were

attributed to the fact that wavelengths further from the peak wavelength reach the noise

10



9000 — —— Intensity decay at 555.42nm

- - - Fitted exponential at 555.42nm
—— Intensity decay at 516.56nm

) 8000 - - - Fitted exponential at 516.56nm
S
o}
)
> 7000 —
2
3y
£ 6000 —
5000 —

0 100 200 300
Time (minutes)

Figure 3.2: Second half-life test. Results are shown as intensity vs time at two wavelengths,
555 nm and 516.56 nm. The fitted exponential for 555 nm is 4291.71 + 5274.11 x ~0-022429¢
Solving for the half-life gives ¢;,, = 30.9 minutes. The fitted exponential for 516.56 nm is
4209.17 + 2408 x 002104 " Solving for the half-life gives ¢1/5 = 32.94 minutes.

floor more quickly. Between runs, half-life measurements varied more, from a minimum of
of 30.9 minutes in the second run (Figure 3.2) to 59 minutes in the first run (Figure 3.1).
Vendor literature mentions that half-life length is affected by temperature [22]. Since each
run was performed without thermal control and on different days, it seems likely that the
variation in half-life was a result of variations in ambient temperature.

With this information, we were able to better plan how long we could reasonably
detect luminescence. In the experiments reported in Chapter 4, it helped us to isolate

changes that might have been caused by the electric field rather than normal decay.
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Figure 3.3: Third half-life test. Results are shown as intensity vs time at two wavelengths,
555 nm and 516.56 nm. The fitted exponential for 555 nm is 4058.34 + 2124.14 x ¢~0-015427¢,
Solving for the half-life gives 1/, = 44.93 minutes. The fitted exponential for 516.56 nm is
4209.6 + 790.101 x e~ 00176247 " Solving for the half-life gives ¢1 /5 = 39.33 minutes.

3.2 Thermal Effects

The intensity and hue of light emitted by luciferase has a documented temperature
dependence [11]. While the luciferase vendor provides a rough graph depicting intensity
changes with respect to temperature, they only provide three data points for this, and
they provide no information about how temperature affects the color [22]. Since electric
fields can produce thermal effects, it seemed prudent to properly characterize how different
temperatures might affect the emitted spectrum.

Unlike the other tests outlined in this document, this test was done on bulk luciferase
solutions (approximately 105 pL). The solution was poured into a thin aluminum vial which
in turn was floated in a water bath. The water bath is a Thermo Scientific Neslab RTE
10 Digital Plus. It is equipped with a heater and chiller and can have its setpoint adjusted

12
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Figure 3.4: Diagram of the setup for testing thermal effects on luciferase. An aluminum vial
is floated in a water bath and filled with approximately 105 pL of luciferase solution. A 1 mm
core optical fiber is slightly submerged in the solution and held in place. The temperature
setpoint of the water bath is ramped across a range of temperatures and the temperature and
light output are recorded.

between —25 °C to 150 °C! in increments of 0.01 °C with £0.01 °C stability. With the vial of
luciferase floated in the bath, the fiber was then centered in the vial, centered and slightly
submerged in the luciferase (see Figure 3.4 for a diagram).

In this configuration, we discovered through trial and error that the luciferase would
thermally denature above 39 °C. After confirming this, further experiments were confined
between 15°C and 39 °C. While tests were performed both ramping up from 15°C and
ramping down from 39 °C, the water bath’s slower cooling rate coupled with the decrease
in half-life at higher temperatures made ramping down less practical. As such, the results
shown in Figures 3.5, 3.6, and 3.7 are of experiments where we ramped up from 15 °C to
39 °C.

Figure 3.5 shows the expected thermal dependence of intensity. Starting at the cold

end, intensity increases as temperature increases until reaching the peak temperature. As

!To operate outside of ranges where pure water remains a liquid, something other than pure water must
be loaded into the bath.
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Figure 3.5: Average intensity is shown as a function of temperature for three runs. This
graph shows the temperature dependence of light intensity. Intensity increases with increas-
ing temperature until reaching the peak temperature. After this, intensity slowly drops as
temperature increases.

temperature rises past the peak temperature, intensity decreases. It is important to note that
the peak temperature shown in this graph does not match the peak temperature from vendor

literature [22]. This seems to be caused by the thermal mass of the solution, which is likely
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Figure 3.6: Graph of luciferase emission spectra at 25 °C and 39 °C. The peak and FWHM
wavelengths have shifted as the luciferase was heated from 25 °C to 39 °C. The peak wavelength
shifted 41 nm. The FWHM on the left side shifted 12.5 nm while the right side shifted 23.1 nm.

why the vendor only provides comparative data for three temperature points. Regardless,
the parabolic trend in the intensity matches the trend shown in vendor data.

As the solution temperature increases, there is a shift in peak and FWHM wave-
lengths. Figure 3.6 shows two luciferase emission spectra at 25°C and 39 °C. As the tem-
perature increases from 25 °C to 39 °C, the peak wavelength increases by 41 nm. The left
and right FWHM increase 12.5 nm and 23.1 nm respectively. This spectral shift is consistent
across the thermal tests that were run. On average, the peak wavelength shifts around 30 nm

or 40 nm.
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Figure 3.7: Peak wavelength as a function of temperature. Data is taken from the three
runs shown in Figure 3.5. This graph shows an inflection point near 30 °C. Below 30 °C,
peak wavelength gradually increases with temperature. Near 30 °C, the peak wavelength shifts
dramatically. This suggests that thermal effects may be discriminated from electric field effects
by watching for a shift in peak wavelength.

To characterize at what temperatures the spectrum shifts, we plotted peak wavelength
as a function of temperature. Figure 3.7 shows the results. Peak wavelength generally
increases with temperature. An inflection point exists near 30 °C, causing the wavelength to
jump over 30 nm over a few degrees.

This consistent spectral shift gives a good mechanism for recognizing heating in lu-
ciferase. From room temperature, as little as a 10 °C increase in temperature results in a

dramatic shift in wavelength.
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Chapter 4

Experiment

In this chapter, I outline design consideration for the device used to test high electric
field effects on luciferase. I then discuss fabrication procedures. Following is a discussion of

the experiment design. Finally, results from the tested devices are presented and discussed.

4.1 Die Design

The device designed is a simple, two-layer die with an I'TO-coated glass cover slip
bonded on top. The first layer consists of three electrodes and traces to connect the electrodes
to the voltage supply. Each electrode, when coupled with the ITO above it, creates a site for
applying an electric field to luciferase. In order to maximize light collection, the electrode is
designed to be larger than the fiber which collects light. The fiber used to collect light has a
1 mm diameter core and is 1.3 mm in diameter with cladding. It has a numerical aperture of
0.22, or 12.7° (about 25° full angle) acceptance angle. To ensure that the light is collected
only from luciferase over the electrode, we designed the electrode to be a circle 1.3 mm in
diameter.

The second layer is the fluidic layer. It provides two sites for introducing or removing
fluid. These sites are connected by a channel. The channel is slightly larger than the
electrodes. The fabrication techniques discussed in the next section provide a channel for
the luciferase that has a cross-section of 1.5 mm by 20 pm. Because of the size of the channel,
capillary action draws solution introduced in either inlet through the channel and over the
electrodes. Omnce the fluid is pulled over the electrodes, we can test various strengths of
electric fields and collect light through the I'TO-coated glass cover slip.

Figure 4.1 shows the mask design used to implement the above design considerations.

A blue outline shows where the die is diced. A green outline shows where the ITO-coated glass
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Figure 4.1: Design for the luciferase die. This image outlines the aluminum electrodes in red.
The fluidic channel is outlined in dark yellow. An outline of where the ITO cover slip would
sit on the finished die is in green while a blue line shows the edge of the die. Dimensions are
given in black. The dashed, vertical line indicates the location of the cross-sectional diagram
shown in Figure 4.2. The dashed, horizontal line corresponds in the same way to Figure 4.3.

cover slip sits after the die is diced. The red outlines with hash marks denotes the aluminum
electrode layer and shows where aluminum will remain after fabrication is finished. The
dark yellow outlines with dots denotes the fluidic layer and represents openings in the fluid
layer to allow liquid to flow. Figures 4.2 and 4.3 show cross-sectional diagrams of the areas

through the electrode and through the channel.
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Figure 4.2: This is a cross-sectional diagram cut down the middle of an electrode It shows
the layers and their thicknesses as seen down the middle of an electrode. Figure 4.1 shows a
top-down view of the die. In the top-down view, the vertical dashed line indicates where this
diagram cuts through the die.

4.2 Die Fabrication

The die fabrication process starts with a clean silicon wafer. A thermal oxide layer
approximately 300 nm is grown to prevent conduction between the aluminum and silicon
layers. A layer of aluminum is then deposited using an electron-beam or thermal evaporator.
Photoresist (AZ3330) is put down and patterned with standard lithographic processes using
the mask shown in Figure 4.4. Photoresist then only remains over where we want to have
electrodes and metal traces. The wafer is next submerged in etchant to remove unwanted
aluminum. Once all the unneeded aluminum is removed and the etchant is rinsed off, the
photoresist is no longer needed and is removed. Figure 4.6 outlines this process graphically.

After patterning electrodes on the wafer, the wafer is diced into eight dies. The

remaining fabrication is done using die-level processes.
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Figure 4.3: This is a cross-sectional diagram cut down the length of the channel. It shows
the layers and their thicknesses as seen in the middle of the fluidic channel. Figure 4.1 shows
a top-down view of the die. In the top-down view, the horizontal dashed line indicates where
this diagram cuts through the die.

Fluidic layers are composed entirely of SU8-2025 (photoresist). As such, they are
simple, relatively quick to fabricate, and produce a repeatable thickness. Devices have been
fabricated reliably with 20 pm and 40 pm thick fluidic channels. Since a 20 pm thick channel
allows us to reach electric fields twice as strong as a 40 pm channel using the same voltage,
20 pm devices were ultimately used for the experiments outlined later in this chapter.

SU8-2025 is spun onto a die. A lithographic process is used to pattern the design
from Figure 4.5 onto the die. Once the pattern is transferred to the photoresist, the fluidic
layer is complete. A diagram of this process is shown in Figure 4.7.

In order to bond the ITO-coated cover slip to the die, we developed a process based
on the principle of photoresist reflow. When photoresist is heated, it plasticizes. In this
plasticized state, surface tension reshapes the structure, rounding edges and corners. Other

groups have applied this in fabricating rounded waveguides and microlenses [23, 24].
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Figure 4.4: Wafer-level mask design for the aluminum layer. This image shows the metal
layer from Figure 4.1 replicated eight times to maximize usage of a silicon wafer. Filled-in areas
represent where aluminum remains after etching to form electrodes and traces connecting to
electrodes.
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Figure 4.5: Wafer-level mask design for the fluidic layer. This image shows the fluidic layer
from Figure 4.1 replicated eight times to maximize usage of a silicon wafer. Filled in areas
represent where photoresist will be removed to form fluidic channels.
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Figure 4.6: Diagram of the process to fabricate the electrodes.
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Figure 4.7: Diagram of the process to fabricate the fluidic channel.
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Figure 4.8: Diagram showing how ITO is bonded to the fabricated die. The cover slip and
the die are pressed firmly together using a clamp. A piece of PDMS is placed between the cover
slip and the clamp to help prevent the glass from breaking. The PDMS also helps distribute
the pressure more evenly across the die, ensuring a consistent bond across the device.
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Figure 4.9: This diagram shows how the die is held in place for testing. A piece of PDMS
lays over top of the die to help seal the edges of the channel. To seal the PDMS to the die,
an acrylic holder presses firmly against the PDMS, held in place by two screws. The screws
pull against the aluminum block which the die is resting on. The aluminum block doubles
as a water-cooled heat sink to ensure that the luciferase solution stays at 22 °C. In order to
water-cool the heat sink, two holes were drilled laterally through the block. These drilled holes
were connected using pipe fittings and plastic hosing to the water bath described in Section 3.2.

adheres to the cover slip. After cooling and being removed from the clamp, this adhesion

forms a watertight seal, creating a channel through which luciferase can flow.

4.3 Experimental Setup

To help create repeatable experimental results, we built a test fixture to hold the
device. Figure 4.9 shows a diagram of the test fixture. The die sits on top of an aluminum
block. This aluminum piece doubles as a water cooled heat sink. Two holes were drilled
laterally through the block. Pipe fittings and plastic tubing connect these holes to the
water bath mentioned Section 3.2. This setup allows us to maintain the temperature of the
luciferase solution at 22 °C.

Additionally, the entire test harness is housed in a humidity chamber. It is not
uncommon for the ambient relative humidity in the laboratory to be under 30%. To ensure
the sample does not dry out, testing is done inside a humidity chamber where the relative

humidity is maintained at 70% to 80%.

25



Inlet/outlet for fluid sample

Guides for
optical fiber

Acrylic

Holder

<+«— PDMS

Photoresist ~— J——————ﬁ—F— Cover Slip

7N A A Oxide

Fluidic Channel

Electrodes

Figure 4.10: This diagram shows a longitudinal cross-sectional view of Figure 4.9 centered
on the fluidic channel. In particular, this demonstrates how PDMS helps seal the inlets and
outlets of the channel, allowing fluid to be more easily introduced. It also illustrates holes in
the acrylic holder and PDMS which help align the optical fiber over the electrodes.
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Figure 4.11: This photo shows the device in its test harness. From closer to the viewer to
further away is the acrylic top piece, PDMS, die, and aluminum block. The block is connected
to a water bath by four connectors, two on the left and two on the right. Water conditioned
to 22 °C constantly flows through these connectors and the die to maintain the temperature of
the aluminum block.

Above the die, a clear piece of PDMS is used to seal the fluidic layer’s inlets to prevent
solution from flowing over the top of the cover slip. A clear piece of acrylic sits on top of
the PDMS. The acrylic is pressed towards the die using screws or bolts screwed into the
aluminum block. Pushing the acrylic against the die seals the PDMS against the die. This
setup allows us to keep the solution in the channel and at a consistent temperature.

It is also important to account for how light would be collected from the device and
how fluid would be introduced into the device. Figure 4.10 demonstrates how these problems
were solved. It shows a cross-section through the device and test harness cut longitudinally

along the fluidic channel.
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To allow fluid to be introduced into the device, the acrylic and PDMS pieces have
two holes drilled, exposing the device’s inlet. The pressure of the PDMS against the die,
coupled with capillary action, helps guide solution down through the channel.

Above each electrode, a smaller hole is drilled through the acrylic and PDMS layers.
These holes are approximately 1.3 mm, the width of the optical fiber used to guide light to
the spectrometer. Having such a close fit gives the added benefit of aligning the fiber over
the electrode. As long as the holes in the acrylic and PDMS are lined up correctly over the
electrodes, when the fiber is threaded through the holes to butt up against the I'TO cover
slip, it will point directly at the electrode.

Figure 4.11 shows a photo of a die in the test harness. Missing from this image are the
clips connecting the device’s electrodes to the function generator. Screws on the far left and
right of the acrylic piece press the PDMS against the die to seal the solution in the channel.
Moving toward the center of the photo, two large holes allow liquid to be introduced from
either side. Three small holes above the three electrodes provide three points to test per die.
Four fittings in the left and right corners show where the aluminum block connects to the
water bath.

After a die is loaded into the test harness, the luciferase and luciferase assay system
are removed from the freezer and thawed at room temperature. The assay system is ONE-
Glo, sold by Promega, which consists of a luciferase substrate and a buffer. The luciferase
is a 1.437 mg/mL luciferase solution in a 1X Phosphate-buffered saline with 1 mg/mL bovin
serum albumin. Mixing 5 uli of the luciferase with 100 pLi of the assay system produces the
bioluminescent reaction. The luminescent solution is then introduced into the inlet using
a micropipette. Inserting 15 uL to 20 nL of the luminescent solution is usually more than
sufficient.

Figure 4.12 shows a photo from the same perspective as Figure 4.11. In this photo,
luciferase solution has been introduced into one of the inlets and the lights have been turned
off. The bright green circle on the left shows where the solution was introduced into the
chip. Looking closely at the other inlet shows that it is glowing a very faint green. Since no
solution was introduced into the right inlet, this indicates that capillary action has drawn

the solution through the fluid channel to the other side of the die.
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Figure 4.12: This photo was taken by the same camera and from the same position as
Figure 4.11. The image was taken with a long integration time. The large green glowing circle
on the left is the die’s inlet filled with luciferase solution. Looking closely in a straight line to
the right of this, there is a fainter green glow. This indicates that capillary action has drawn
the solution through the channel to the outlet on the other side of the die.

After the die is put into the test harness, the electrical connections are made in order
to enable and disable the electric field. A function generator is attached to the ITO cover
slip and an electrode. Figure 4.13 shows the equivalent circuit, accounting for impedance of
the solution and parasitic capacitance of the system.

Figure 4.14 shows the graph of an impedance scan of one of the devices loaded with
luciferase solution. From impedance scans such as this one, we decided to operate the
function generator at 100 kHz. This frequency was selected in order to operate just above
the region dominated by the double layer capacitance. In the tests run so far, the function
generator is usually set to 100 kHz with a voltage between 8 Vpp and 10 Vpp.

Finally, the optical fiber is inserted into the test harness. The optical fiber collects
light and guides it to a spectrometer, the Ocean Optics QE6500. With the aperture used,
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Figure 4.13: This is a schematic the equivalent circuit of the die with the function generator
attached and luciferase solution introduced into the die. Parasitic capacitance is represented
by Cp. The capacitance and resistance of the solution are represented by Cs and Rs. Finally,
Vg is the AC voltage produced by the function generator.
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Figure 4.14: This is an impedance scan of a die loaded with luciferase solution. The scan
swept from 40 Hz to 10 MHz. In this scan, the double layer capacitance region extends until
approximately 100 kHz. The region where the solution is purely resistive extends from there
up to a couple megahertz.
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Figure 4.15: This graph shows how the wavelength of the luciferase emission does not shift
when a high electric field is applied. The red line shows a spectrum taken before the electric
field is applied. The blue line is a spectrum with the electric field applied. The green line is a
spectrum shortly after the electric field is removed. Sample numbers in the legend correspond
with the x-axis of Figure 4.17.

this spectrometer gives us a resolution of approximately 15 nm. Appendix A gives further
details on the resolutions available with this device and the tradeoff between light collection

and resolution.

4.4 Results

Figure 4.15 shows the spectra of three samples taken from a time series. In this
series, the electric field is off, then on, then off again. The intensity of the spectrum drops
noticeably when the field is enabled. When the field is disabled again, the field increases in
intensity to nearly the original level. The discrepancy between the two “off” states can be

attributed to the half-life of the solution.
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Something of note in Figure 4.15 is that when the field is enabled, the peak wave-
length does not shift. From Figures 3.6 and 3.7, we see that increasing the temperature of
the luciferase solution causes a shift in wavelength, particularly the peak wavelength. Since
Figure 4.15 did not show any shift in wavelength, it appears assume that some other mech-
anism is at work. Also notable is that the intensity decreases. Since the aluminum block is
held at 22 °C, Figure 3.5 indicates that an increase in temperature in temperature should
increase the intensity instead of the observed decrease.

In order to better observe what is happening as the electric field is applied and
removed, it is helpful to look at average intensity. For the graphs of average intensity, an
average is taken of the intensities between 477 nm and 709 nm for each sample!. After taking
these averages, we are left with a time series of average intensities. Plotting this series makes
it simpler to follow how the electric field affects the intensity of the luciferase solution.

Figure 4.16 shows a plot of average intensities from an early experiment. In this
experiment, a high electric field is applied and removed by manually enabling and disabling
the output of a function generator. The function generator was set to create a 100 kHz sine
wave at 10 Vpp. It was later discovered that it is also important to measure the actual
voltage across the die, as small differences in the device create enough of an impedance
mismatch to noticeably affect the field’s magnitude.

Examining this graph shows that when the electric field is turned on, the average
intensity falls sharply and remains at this lower level until the field is turned off. When
the field is turned off, the average intensity increases again. In this graph, both the higher
intensity (function generator off) and the lower intensity (function generator on) seem to
follow the half-life curve.

After reliably reproducing the results in Figure 4.16, we automated control of the
function generator to produce consistent on/off periods. Figure 4.17 shows the data from
one of these experiments. The function generator is set to 9 Vpp at 100 kHz. The voltage

across the die, measured by oscilloscope, is 15.02 Vpp, giving an electric field strength of

IThis range of wavelengths was chosen because it encompasses the entire spectrum emitted by the lu-
ciferase solution.
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Figure 4.16: This graph shows how the electric field affects the average intensity of the light
emitted by the luciferase solution. Each time the field is enabled, the intensity drops. When
the field is disabled, the intensity increases. Note how the decay in intensity when the field is
off and on follows the half-life decay expected from experiments in Section 3.1. In this test, the
function generator creating the electric field is set to a sine wave with 10 Vpp at 100 kHz. The
die being tested has a gap of 20 pm. An oscilloscope was not used to check the actual voltage
across the die during this test.

approximately 0.75 MV/m. Each period consists of 5 “on” and 5 “off” samples. Each
sample is taken with a spectrometer set to have a 20 second integration time.

Like the early results, enabling the electric field drops the intensity and subsequently
disabling the field increases the intensity. The “off” samples follow the expected half-life
decay. The “on” samples do not seem to be following the half-life decay seen with the “on”
samples in Figure 4.16. However, these “on” samples pull the intensity within three standard

deviations of the noise floor. As such, the lack of an obvious exponential decay with the “on”
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Figure 4.17: This graph shows how the electric field affects the average intensity of the light
emitted by the luciferase solution. Each time the field is enabled, the intensity drops. When
the field is disabled, the intensity increases. Note how the decay in intensity when the field
is off follows the half-life decay expected from experiments in Section 3.1. In this test, the
function generator creating the electric field is set to a sine wave with 9 Vpp at 100 kHz. The
die being tested has a gap of 20 pm. The voltage across the die was measured at 15.02 Vpp
using an oscilloscope. This gives an electric field of approximately 0.75 MV.

samples may indicate that the spectrometer is not correctly detecting light levels so close to
the noise floor. Regardless, we are consistently able to reproduce this drop in intensity by

applying a high electric field across luciferase.
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Chapter 5

Conclusion

This repeatable ability to affect emitted light intensity by applying an electric field
is promising. The fact that it is not accompanied by a shift in wavelength suggests that the
effect is not a product of heating. Additionally, the intensity decreases when the electric
field is applied. The heat sink attached to the device is held at 22 °C. If the electric field
increased the temperature of the luciferase, this should result in an increase of intensity.
Since the intensity instead decreased, this suggests that the shift in intensity had another
cause. We believe that this drop in intensity represents a decreased luciferase activity due
to topological distortions caused by the electric field.

While it seems plausible that this decrease in activity could be caused by the electric
field distorting the secondary and/or tertiary structures of the protein, further work is needed
to ensure that this is the case. One avenue that could validate this is to model the chemical
reaction to see how the reaction mechanism is altered when a high electric field is applied
and to see how this results in a decrease in luminescence.

It would also be useful to test the device using a range of electric field strengths. In
one test not shown, a graph of the average intensity seemed to indicate that there is threshold
to the electric field strength below which luciferase activity is unaffected. Characterizing at
what field strength this affect begins would provide useful information. Additionally, it could
help verify any modeling results.

A third area that would be useful to explore is how the frequency of the electric
field affects this process. It is expected that this process will only work between 1 kHz and
10 MHz, but that leaves a wide range of possible frequencies.

Further exploration of this phenomena will help us understand how high electric fields

can interfere with protein function. As our understanding of the relationship between the
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two increases, it seems likely that, using existing rDNA processes, it should be possible to
design and produce proteins which can be switched using electric fields. In this way, protein

functions could be targeted to activate at a particular location and time.
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Appendix A

Spectral Resolution vs Light Collection in Diffraction Grating Op-
tical Spectrometers

A.1 Introduction

Optical spectrometers are used to map the distribution of wavelengths in the UV,
visible, and NIR ranges. They are commonly used to measure absorbance, transmission,
and emission characteristics.

This paper discusses the physical optics behind diffraction grating spectrometers in
an attempt to explain the trade-off between spectral resolution and light collection. In
research that uses nonstandard collection apertures, this understanding may help with in-
terpreting how an observed spectrum relates to the actual spectrum of the source. This may
be particularly applicable when working in low-light settings.

A.2 Diffraction and Spectrometry

Spectrometers require a dispersive element to separate wavelengths into a measurable
spectrum. Prisms and diffraction gratings can both act as dispersive elements, but commer-
cial spectrometers tend to make use of diffraction gratings. Figure A.1 shows a diagram of
a diffraction grating dispersing light.

A simple spectrometer is shown in Figure A.2. Light from the source enters through
a slit. It is then collimated before reaching the diffraction grating. The diffraction grating
is angled so one of the diffraction orders covers an optical sensor.

0>

0,

[NNENENENER

Diffraction
Grating

Figure A.1: Light incident on a diffraction grating is diffracted at different angles, dependent
on wavelength.
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Figure A.2: Diagram of the optical components in a diffraction grating spectrometer.

Light incident on a diffraction grating is dispersed into multiple orders. The equations
that follow show the relationship between order number, m, wavelength, A, groove separation,
d, and the angles of light incident on the grating, 6;, and dispersed by the grating, 6,,[25]

mA = d (sinf,, + sinb;), (A.1)

0,, = arcsin (%)\ — sin 92-) . (A.2)

By rearranging Equation A.1 in terms of the angle of the diffracted ray, we see that
higher diffraction orders result in greater dispersion while the zeroth order produces no
dispersion. This increase in dispersion comes at the cost of decreased intensity.

A.3 Spectral Resolution vs. Optical Power

In general, an increase in spectral resolution results in a decrease in photon collection
and vice versa. This section examines that trade-off by examining spectral resolution and
optical power under ideal circumstances and then by demonstrating this trade-off experi-
mentally.

A.3.1 Spectral Resolution

In this context, spectral resolution is a measure of how well the spectrometer is able
to distinguish between two adjacent wavelengths. It is convenient to measure resolution in
terms of A\, the limit of resolution, the difference between two wavelengths of equal intensity
that can be distinguished [26]. Commercially available spectrometers typically have spectral
resolutions on the order of 1 nm or 0.1 nm with high resolution spectrometers on the order
of 0.01 nm.

Before discussing how components of a spectrometer contribute to the spectrometer
resolution, it is important to note that the signal observed is a function of the spectrometer
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resolution and the source spectrum. More precisely, the observed spectrum is a convolution
of the source spectrum and the resolution of the spectrometer [27]

Sobserved()\) = Ssource(A) * Rspectral()\)- (As)

If the source spectrum is much more narrow than the resolution, the observed spectrum
becomes a measure of the resolution of the spectrometer (centered on the source spectrum)

Ssource()\) < Rspectral()\)y (A4)
Sobserved(/\) ~ Rspectral(/\)~ (A5)

Similarly, if the spectrometer resolution is significantly finer than the linewidth of the source,
the spectrum observed is approximately the spectrum of the signal

Ssource()\) > Rspectral()\)a (AG)
Sobserved(/\) ~ Ssource(/\)' (A7)

Therefore, as might be expected, the resolution of the spectrometer should be significantly
finer than the features in the source spectrum.

Three components that significantly affect the resolution of a spectrometer are the
resolving power of the diffraction grating, the width and number of pixels in the optical
sensor, and the width of the entrance slit. Starting with resolving power, we will examine
the effect of each component on spectral resolution.

Resolving power is a measure of how well a grating separates adjacent wavelengths
[27, 26]. Mathematically, this can be expressed as

A
R=-""— A.8
AA Y ( )
where A is the central wavelength and A\ is the limit of resolution.
The resolving power for an ideal, planar grating is

R=|mN]|, (A.9)

where N is the number of illuminated grooves and m is the diffraction order [26].
Solving Equation A.1 for the diffraction order, m, and substituting it in to Equa-
tion A.9 gives

R ‘Nd (sin 6y, + sin ;) ’ (A10)

A

where 6; is the angle of incidence and 6, is the diffraction angle of a given diffraction order.
Assuming a uniform groove spacing, d, we can replace Nd with the width of the grating,
Wy, we have

(A.11)

R ’ Wy (sin (97;: + sin 6;) .
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(a) 100 pm core fiber attached to a 10 pm slit.
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(b) 100 pm core fiber without slit (1000 pm aper-
ture at the spectrometer).

Figure A.3: Comparison of a 100 pm fiber with and without a slit collecting light from a red
laser pointer. Without the slit, the spectral resolution becomes slightly coarser.

Finally, since |sin 6,,, + sin ;| must be less than 2, the maximum resolving power for an ideal,
planar grating can be given as a function of width and wavelength

2Wy

Rmax -
A

(A.12)
Equating this derived maximum resolving power with Equation A.8, we can find the
lower bound of the limit of resolution

)\2

AN = —.
2Wy

(A.13)

The next limiting factor to consider is the width and number of pixels in the optical
sensor. Assuming an infinitesimally thin beam incident on the diffraction grating, the res-
olution will be limited by the dispersion of the grating and the pixel width and number of
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(a) 1000 pm core fiber attached to a 10 pm slit.
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(b) 1000 pm core fiber without slit (1000 pm
aperture at the spectrometer).

Figure A.4: Comparison of a 1000 pm fiber with and without a slit collecting light from a
red laser pointer. Without the slit, the spectral resolution is much coarser.

pixels on the optical sensor

AN grating

AN pixel.min = .
pixel,min n X Wp

(A.14)

Here Algating is the spectral range of the grating, n is the number of pixels, and W, is the
width of a single pixel.

Assuming that the beam incident on the diffraction grating has a beamwidth equal
to the width of the entrance slit, Wi, it follows that the pixel resolution of a spectrometer
can be expressed as

A/\grating

A)\ixe:
pixel n x W,

x Wi. (A.15)
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Figure A.5: A 100 pm core with and without the 10 nm slit (without slit, the entrance aperture
is 1000 pm). The light source is a commercial overhead fluorescent light. This demonstrates
how the slit dramatically decreases the number of photons collected by the spectrometer.

A.3.2 Optical Power

The intensity of light diffracted off a grating decreases with higher diffraction orders.
The exact intensity illuminating the optical sensor is dependent on the properties of the
grating and which order is measured. However, it is safe to assume the upper limit of
intensity is the intensity that passes through the entrance slit, I,. Assuming the source is

able to evenly illuminate a spot much larger than the entrance slit, I, will not change with
slit width.

The optical power incident on the sensor therefore has an upper limit of
P=1I,xA, (A.16)

where A is the area of the entrance slit. It follows that optical power increases linearly with
slit area.

A.3.3 Experimental Results

Two experiments were performed to examine how spectral resolution and observed
power depend on aperture size. In both, data was gathered using an Ocean Optics QE6500.
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Table A.1: Vendor provided resolution compared with measured resolution at different
aperture sizes.

‘ Vendor Provided ‘ Experimental

10 pm 1.58 nm 2nm
100 pm 3.38 nm 3.8 nm
1000 pm None given 15.3 nm

To test resolution, light from a red laser was coupled into the spectrometer through
three different aperture sizes. Aperture size was varied by using or not using an entrance slit
(10 pm aperture with the slit, 1000 pm aperture without) and by switching between 100 pm
core fiber and 1000 pm core fiber. The laser used was a Wilcom F6230A VFL with the
following vendor specifications:

e Center wavelength — 650 + 20 nm
e Output power — 0.4 mW to 1 mW
e Spectral width — under 5 nm.

The results can be seen in Figures A.3 and A.4. These figures show intensity!' the
spectrum of a red laser pointer using various aperture sizes (W;). The graphs have the
following aperture widths:

e W, =10pm (Figures A.3a and A .4a)
o W, =100 pm (Figure A.3b)
o W, =1000 pm (Figure A.4Db).

As expected, an increase in the aperture size increases the FWHM linewidth increases.

For convenience, vendor provided resolutions for a given aperture are compared to
the experimental results in Table A.1.

To test photon collection, light from a commercial, fluorescent light fixture coupled
into the spectrometer. Figure A.5 demonstrates the difference in intensity between a 10 pm
aperture and a 100 pm aperture. This figure shows intensity (in photon counts) as a function
of wavelength. The 10 pm reduces the photon count by 75% compared to the 100 pm aper-
ture. Comparing this decrease in intensity with the potential resolution gain is an excellent
example of the trade-off between spectral resolution and light collection.

A.4 Conclusion

Understanding the limitations of data-collection hardware helps both with interpret-
ing data and designing future experiments. With spectroscopy, understanding the relation-
ship between spectral resolution and light collection can be especially useful in designing

Untensity is normalized by noise to give SNR.

46



experiments. For example, when analyzing the spectrum of a low-light source, understand-
ing this trade-off and Equation A.3 helps the researcher decide which aperture size is nec-
essary to collect accurate data on the source. Similarly, when analyzing a source with a
narrow linewidth, the researcher could do a back-of-the-envelope calculation to approximate
how much optical power, and whether the experiment is feasible. By understanding these
limitations, the researcher can improve the number of experiments yielding useful data.
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Appendix B

Fabrication Processes

B.1

1.
2.
3.

9.

Photolithography for Patterning Electrodes
Dehydration bake at 150 °C for 5 minutes.

Dispense about 2 or 3 drops of HMDS on the wafer.
Spin at 4000 rpm for 30 s and then ramp up to 6000 rpm for 2 s.
Dispense AZ3330 on the wafer.

Spin at 4000 rpm for 30 s and then ramp up to 6000 rpm for 2 s.

. Bake at 90 °C for 1 min.

Expose for 10 s with a 50 pm alignment gap using the south aligner.
Develop in 300MIF developer for 60 s.

Hard Bake at 110 °C for 1 min.

This process should give a photoresist height of approximately 3 pm.

B.2

1.
2.

3.

Etching Electrodes

Heat the aluminum etchant to 50 °C.

Place the wafer in a Teflon wafer holder.

Place the teflon wafer holder into the aluminum etchant.
Etch for approximately 50 s.

Rinse with DI water for 30 s on both sides.

Dry with N, gas.

Rinse with IPA and acetone to remove the photoresist.
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B.3

1.
2.

8.
9.

Fluid Channel Fabrication
Dehydration bake at 150 °C for 5 minutes.

Plasma descum at 100 W for 30 s.
Dispense HMDS and SU8-2025.

Spin at 500 rpm for 6 s, and then at 4000 rpm for 30 s and then ramp up to 6000 rpm
for 2s.

Bake at 65 °C for 3 minutes.

Bake at 95 °C for 5 minutes.

. Expose for 30 s, with a 130 pm alignment gap using the south aligner.

Bake at 95 °C for 5 minutes.

Develop in SU8 developer for 80 s.

The photoresist should be approximately 20 pm tall. When the slide is attached, this will
give us a 20 pm deep channel.

B.4

1.
2.

3.

Attach ITO Cover Slip
Place a ITO slide on the sample.

Put the sample in the aluminum clamp.

Place a piece of aluminum foil and PDMS on top of the slide!.
Tighten the clamp.

Bake at 225 °C for 5 minutes.

Test the channel surface to ensure that it is hydrophobic.

'The PDMS helps distribute the pressure more evenly. The aluminum foil helps in removing the PDMS
afterwards.
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