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ABSTRACT

The purpose of this investigation was to design and construct a coil that could be used to
selectively heat nanoparticles attached to “molecular beacons” or DNA loop/hairpin
structures. Testing was conducted to see if the heat would be sufficient to open the
molecular beacon by dehybridizing the dsDNA. This was accomplished by developing a
series of seven coils that were tested using a network analyzer and through scans
conducted on a fluorometer.

The initial design requirements for the coil were that it needed to heat the nanoparticle,
should be suitable for optical testing, and require a relatively small sample volume. At
the end of the design and testing period, however, a coil that met these requirements was
not successfully constructed, but two additional design requirements were developed.
Through temperature testing, it was realized that the primary heating of the solution was
occurring due to the coil being heated through the power. As a result, a coil that
eliminates this source of power dissipation needs to be developed through the use of an
air gap, water bath, or similar application, which can draw some of the heat away from
the solution. Secondly, in constructing the coils, each was wound tightly so that there
was a minimal gap between each loop. However, experiments showed that the proximity
effect on resistance could not be neglected. This provided information on future possible
designs. Therefore, the coil should be wound so that there is at least one wire’s width of
gap between each loop.

Thesis Supervisor: Kimberly Hamad-Schifferli
Title: Assistant Professor of Mechanical Engineering
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1.0 Introduction

The Hamad-Schifferli Group at MIT is working on developing a way to “demonstrate
remote electronic control over the hybridization behavior of DNA molecules, by
inductive coupling of a radio-frequency magnetic field to a metal nanocrystal covalently
linked to the DNA” [1]. They are currently using molecular beacons with an iron oxide
particle attached. When the particle is heated, the DNA molecular beacon changes
conformation from a stem and loop to an open configuration. This can be measured
through the use a fluorophore that linked to one of the beacon. When the particle is
unheated, the DNA is in a closed conformation and the fluorophore does not fluoresce.
However, when the particle is heated and the beacon opens, the fluorophore fluoresces

which can be measured.

This research has a number of implications. The heating of the particle and resulting
denaturation of the DNA is very localized. This research could be applied to a wide
range of applications that require the control of biological molecules such as a non-

invasive and less harsh treatment for cancer or through biological robots.

There are several concepts within this area of research that are currently unknown. For
example, little is understood about the heating mechanism of the particle. The heating of
the iron oxide particle is achieved through the use of the magnetic field generated by a
coil. An iron oxide particle has been chosen because they are known to heat in an
alternating magnetic field. They are also easy to obtain and can be used in high volume

fractions of approximately 10%.

Similarly, how to construct an apparatus to test for the heating of the particle is unknown.
The purpose of this investigation was to design and construct a coil that could be used to
selectively heat nanoparticles attached to molecular beacons or dsDNA, and to conduct

testing to see if the heat would be sufficient to open the molecular beacon or dehybridize
the dsDNA.



The primary design requirement for the coil is that it needs to be able to heat the iron
oxide particle. It is also desirable for the coil to fit inside the fluorometer required for
optical testing and that it should require a relatively small sample volume. Once a
successful coil has been developed, the laboratory group will be able to use it to probe

physical properties of biomolecules while being controlled by nanoparticle heating.



2.0 Theoretical Analysis

This section outlines some of the theoretical concepts and background used in developing

the appropriate coil.

2.1 Magnetic Fields

The magnetic field, B, is “the space outside a magnet” [2]. It is created by a moving
electric charge and exerts a force on any other moving electric charges or currents that
are present in the field [3]. Figure 1 shows the magnetic field of a permanent magnet.
The dotted lines are magnetic field lines; they represent the strength and direction of the
magnetic field. The magnetic flux, @, is “the entire group of magnetic field lines which
can be considered to flow outward from the north pole of a magnet” [2]. While the

magnetic field is a vector quantity, magnetic flux is a scalar quantity that equals

®, = jB-dA, (1)

where A is the area of the surface [3]. The magnetic flux density is “the number of

b

magnetic field lines...per unit area in a section perpendicular to the direction of the flux’

[2].
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Figure 1: Permanent magnet depicting the magnetic field, magnetic field lines, and the magnetic
field density

Using the Biot-Savart Law to find the magnetic field for a long straight wire yields:



_ Myl
2R’

2

where |1, is the permeability constant and equals 47 x 10”7 Tm/A, i is the current through
the long wire, and R is the radius [2, 3, 4, 5]. This equation demonstrates that the
magnetic field decreases with increasing distance from the wire. “Bending a straight
conductor in the form of a loop” results in “the magnetic field lines are [denser] inside the
loop. The total number of lines is the same as the straight conductor, but in the loop, the

lines are concentrated in a smaller space” [2]. Figure 2 demonstrates this effect.

" 4

Figure 2: A circular loop of current and the resulting magnetic field.

2.2 Coil Theory

A solenoid is a useful way of generating a uniform magnetic field. “A solenoid is a long
wire wound in a close-packed helix and carrying a current i” [5]. Based on the
assumption that the solenoid is closely packed, each turn can be considered a planar
circular loop. An ideal solenoid has a length that is much longer than its diameter. An

illustration of the magnetic field of a solenoid is shown in Figure 3.
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Figure 3: Solenoid magnetic field.
To find the magnetic field due to a solenoid, Ampere’s Law is applied

({B-dsz,uoi, (3)

where ds is an increment of length [3, 5].

Figure 4: An idealized solenoid is shown in the bold lines with the magnetic field lines. The
rectangular Amperian loop abcd is shown with the dashed box.

Applying a rectangular path abcd to an ideal solenoid, see Figure 4, yields
b c d a
{B-ds=[B-ds+[B-ds+[B-ds+[B-ds 4)
a b c d
which can be simplified to

B = tyign 5)

which describes the magnetic field of a solenoid, where n is the number of turns per unit
length [3, 5].
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2.3 Helmholtz Coil

A Helmbholtz coil (Figure 5) is a special version of a coil that consists of “a parallel pair
of identical circular coils spaced one radius apart and wound so that the current flows

through both coils in the same direction” [4].

R
+—>

Figure 5: Helmbholtz Coil

This arrangement results in “an extremely uniform low frequency magnetic field between
and in the center of the coils” where “the strength of the magnetic field generated is
directly proportional to the number of turns in the coils and the current applied to them”
[4]. “The purpose of the arrangement is to obtain a magnetic field that is more nearly

uniform than that of a single coil without the use of a long solenoid” [4].
For a circular Helmholtz coil, the magnetic field is can be calculated from:
B=0.715 % , 4

where N is the number of turns of turns per coil, / is the coil current, and R is the radius

[4]. This equation can be used to determine the magnetic flux density using:

H = B ~8.99x107 ,u%, (5)

where H is the magnetic flux density and p is relative permeability.
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2.4 Molecular Beacon

Molecular beacons consist of a “single stranded oligonucleotide hybridization probes that
form a stem-and-loop structure” with a fluorophore covalently linked to one end and a
quencher covalently linked to the other end [6]. When molecular beacons are free in
solution they do not fluoresce because “the stem places the flurophore so close to the
nonfluorescent quencher that they transiently share electrons, eliminating the ability of
the fluorophore to fluoresce” [6]. However, “the loop contains a probe sequence that is
complementary to a target sequence” and when molecular beacons “hybridize to a nucleic
acid strand containing a target sequence they undergo a conformational change that
enables them to fluoresce” since the quencher is no longer located as close to the

fluorophore [6]. Figure 6 demonstrates both conformations of the molecular beacon.

e AR
!;{-

Figure 6: From left to right, the molecular beacon in its nonhybridized state with the fluorophore
and quencher close together eliminating the fluorophore’s ability to fluoresce; with the molecular
beacon encounters a target sequence and hybridizes it changes conformations which allows the
fluorophore to fluoresce [6].

The molecular beacon used in these experiments is:

5-GCGAGTTITTITTITTITTTIC TCGC-3".

Molecular beacons are widely used because of their ability to differentiate target
sequences down to a single nucleotide difference [6]. They are very specific and will
only bind and maintain a stable conformation if the target sequence is the perfect
complement to the loop. Here they are used not to detect if a particular sequence of DNA
is present, but rather as a temperature sensor. Increased temperature causes the molecular

beacon to open, increasing the fluorescence.
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2.5 Particle

A maghemite particle is attached to the molecular beacon, so that when the particle is
heated the molecular beacon goes into the open conformation enabling the fluorophore to
fluoresce, see Figure 7. The particle is an iron oxide particle (Fe;O4) purchased from
Ferrotech as EMG-507.

Fe304

Fe304
E— \
7\
F Q

Figure 7: Molecular beacon with maghemite particle attached; when the particle is heated the
molecular beacon opens as seen on the right

In addition, the iron oxide particles can be mixed in solution with the molecular beacon.

2.6 Fluorometer

The Spex FluoroMax-3 is a highly sensitive spectrofluorometer, which “excites [the
sample] with one color of light, then looks at the color that results when the light is re-
emitted” [7]. Changes in color and intensities can be used to determine molecular size,

atomic distances, or crystal structure.

The fluorometer has three primary scans that were used: emission scans, excitation scans,
and time scans. Emission scans and excitation scans are used to verify the wavelength
calibration of the sample. The excitation scan measures how much light is being

absorbed by the solution while the emission scan measures how much light is being

13



emitted by the solution. Typical emission and excitation plots for the solution used in

this experiment are shown in Figure 8.
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Figure 8: Plot showing data from an excitation and emission scan of rhodamin

For the sample used in this experiment, the emission wavelength is 581.5nm, and the

excitation wavelength is 556nm.
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3.0 Experimental Procedure
This section overviews the experimental apparatus and methods used in testing each coil
and ultimately, the heating of the particles.
3.1 Apparatus
The following sections describe the different components of the experimental apparatus.
3.1.1 Cuvette

A cuvette is a small vessel in which the solution is placed. Various cuvettes were
obtained and used in this experiment including quartz cuvettes and plastic cuvettes. The
most important requirement in selecting the cuvette used was that all four sides had to be

transparent so that the light could enter and leave at a right angle (see Figure 9).

— P OUT

IN

Figure 9: Schematic demonstrating light entering and exiting a cuvette

3.1.2 Fluorometer

The Spex FluoroMax-3 is a highly sensitive spectrofluorometer, which “excites [the
sample] with one color of light, then looks at the color that results when the light is re-
emitted” [7]. Changes in color and intensities can be used to determine molecular size,

atomic distances, or crystal structure.

The lab uses three attachments to test coils and samples in the fluorometer. These are the
basic platform, Fluoromax Peltier, and the Fiber Optics. Each attachment is used for a
subsection of scenarios. For example, the basic platform is for small holders, such as

cuvettes, that can be tested directly inside the fluorometer. The Fluoromax Peltier is used

15



for temperature-controlled situations, and the Fiber Optics option is used when the

solution and holder are too large to be tested inside the fluorometer.

The basic platform is a hardened steel platform that screws inside the fluorometer,
oriented so that the slits of the solution holder align with the light being emitted and
collected (Figure 10).

Metal
(original part)

Figure 10: Picture depicting the basic platform and its orientation for light emission and absorption
within the fluorometer

Wrapping the coil directly around the ABS holder or around the cuvette eliminated the
use of the larger coils and the need for the fiber optics attachment. Because the coil now
can be located inside the fluorometer, greater care had to be taken in ensuring that the
magnetic field was not being affected by the presence of metal. Therefore, a new ABS
basic platform was designed and constructed, which is shown in Figure 11, to replace the

original basic platform.
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Metal
(original part)

Figure 11: ABS version of the basic platform

While performing the scans, all openings to the fluorometer are sealed to prevent any

light from entering and altering the emission and excitation data.

3.1.3 Network Analyzer

An Agilent 8753S S-parameter Network Analyzer is used to test the coils in a frequency
range of 30kHz to 6GHz. At each frequency, the resistance can be determined using S11
measurements in which power is sent through the coil and then the reflected power is

measured.

3.2 Methods

For each coil, several tests were performed to ensure that the setup was working
correctly, that the coil was working, and to test whether the particle was being heated or
not. In order to do this, three scans were used on the fluorometer: emissions scan,

excitations scan, and time scans.

17



A time scan measures the fluorescence intensity over a period of time. At the start of a
time scan, the power is off for 1000 to 2000 seconds or until the sample measures at a
constant intensity for a few minutes. At this point, power is applied to the coil at a
certain frequency typically ranging from 500 kHz to 1GHz. During this time, for the
solution used, the intensity is expected to drop to a lower intensity. Power is typically
applied for 1500 to 2000 seconds and then turned off. The intensity measurements
should return to a value similar to the intensity before the power application over 2000

seconds.

In developing the experiment, three levels of success were established. The first level
was to ascertain that the setup worked correctly, which would be done through an
emission scan. If the emission scan showed the correct shape and approximate emission
wavelength, then the setup was working correctly. The second level was to develop a
working coil, which would be tested through the use of a time scan. Finally, the last level

of success was to determine whether or not the particle was being heated.

18



4.0 Results

More than seven coils were constructed in an effort to fulfill all the desired design

requirements. This section outlines each coil and where it failed and succeeded.

4.1 Existing Coil

The existing coil that the lab was using to test the particles with some level of success
was a solenoid constructed from 30 gauge copper wire wrapped around 1.5” diameter
plastic tubing. The solenoid as 1.25” long and the ends were combined into a feed that

was attached to the power supply. Figure 12 illustrates the existing coil.

gt

Figure 12: Existing coil

The existing coil accomplished several things. It heated the particles and it could be
measured on the network analyzer. However, it failed in the fact that it had to be tested

outside the fluorometer due to its size.

4.2 MT1: Helmholtz Coil

The first coil constructed was a Helmholtz coil. It was constructed by wrapping 30 gauge

copper wire around a 1.76” outer diameter Delrin tube (Figure 13). The two coils were

19



each 1.25” in length and spaced apart 0.86” inches with a slot milled in the center to
allow for easy insertion and retrieval of the sample cuvette. The ends were combined

into a feed that was attached to the power supply.

o
Figure 13: Picture of MT1

The coil was tested using the network analyzer in order to determine an appropriate

frequency range and the corresponding resistances (see Figure 14).

20
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Figure 14: Graphical network analyzer data for MT1

From the data from the network analyzer, the resistance was found at a range of

frequencies, see Table 1.
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Table 1: Frequency and resistance data for MT1

Frequency | Resistance (ohms)
500 kHz 58.6
1 MHz 220

2 MHz 32100

10 MHz 516
100 MHz 304
500 MHz 647
1GHz 23.5

Due to the size of the coil, the coil could not be tested within the fluorometer, but was
tested through the use of the fiber optics attachment of the fluorometer. An emission
scan confirmed that the setup was working. A time scan was run at various frequencies

without any success.

There are several reasons why this coil did not work. The biggest problem was that the
coil was too large resulting in low field strength. Also, the construction of MT1 required
a great deal of wire, which as the length of wire increases in the coil, the resistance
increases. Therefore, a smaller coil that could fit inside of the fluorometer, used less

wire, and had a lower resistance needed to be designed.

4.3 MT2

This design was adapted so that the coil would be wrapped around the ABS holder, which
would reduce the size of the coil and the amount of wire used in winding the coil. It
would also allow the coil and solution to sit inside the fluorometer using the redesigned

basic platform instead of outside the fluorometer.
The holder was constructed from black Delrin and primarily machined using a mill. The

coil was wrapped using 22 gauge wire spaced to allow the necessary slots for the light

absorption and emission, as shown in Figure 15.
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Figure 15: Picture of MT2

The coil was tested using the network analyzer (see Figure 16).
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Figure 16: Graphical network analyzer data for MT2
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From the data from the network analyzer, the resistance was found at a range of

frequencies, see Table 2.

Table 2: Frequency and resistance data for MT2

Frequency | Resistance (ohms)
500 kHz 3.78
1 MHz 7.28
2 MHz 19.3
10 MHz 1460
100 MHz 185
500 MHz 54.2
1GHz 21.5

These resistances are lower than those obtained from MT1 by a factor of more than 10.
Due to the smaller size of the coil, it could be tested directly inside the fluorometer with
the new ABS platform. Therefore, both of the initial issues with MT1 were resolved with
MT?2.

An emission scan confirmed that the setup was working correctly. A time scan was run
at 1 GHz and also at 1 MHz (see Figure 17). It was expected that the intensity drop for 1
GHz would be much larger than the intensity drop for 1 MHz.
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Figure 17: Time scan plot for MT2 at 1GHz and 1 MHz

The coil appeared to be working correctly as evidenced by the intensity decrease when
the field is ON. When the power was off, the intensity leveled off around 73 kcps and
when the power at 1GHz was turned on, the intensity dropped to about 61 kcps. When
the power was turned off, the intensity returned to about 73 kcps and when the power was
turned on at 1 MHz, the intensity interestingly also leveled off around 73 kcps. The
difference in power did not appear to affect intensity. However, it could not be

ascertained that it was the particle being heated and not the water or glass cuvette.

4.4 MT4, MTS5, MT6: A comparison in coil length

The next three coils were designed to measure the effects of varying the length of the
coil. The Delrin holder was eliminated in these coils, so that the coil was wrapped
directly around the cuvette containing the solution. Plastic cuvettes with approximately
%" sides were used and each coil was wrapped with 22 gauge wire, starting at the same

position to ensure that the same amount of light could reach the sample. MT4 was

25



wound with 1” wire; MTS was wound with ¥5” of wire, and MT6 was wound with %4”

wire (see Figure 18).

Figure 18: Picture of MT4, MTS, MT6

Network analyzer data was collected for each of the coils, as seen in Figures 19 to 21.
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Figure 19: Network analyzer data for MT4
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Figure 20: Network analyzer data for MT5
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Figure 21: Network analyzer data for MT6

From the data from the network analyzer, the resistance was found at a range of

frequencies, see Table 3.
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Table 3. Comparison of the frequency and resistance data for MT4, MT5, and MT6

Frequency Resistance
MT4 | MT5 | MT6
500kHz | 2.87 | 1.39 | 0.84
I1MHz | 517|229 125
2MHz | 139 | 521|259
10 MHz | 2950 | 141 | 149
100 MHz | 366 | 56.4 | 79.7
500 MHz | 33.1 | 16.0 | 104
1 GHz 313 | 98.6 | 56.9

The network analyzer data confirmed the fact that as the length of the coil decreases, the

resistance decreases at all frequencies probed (see Table 3).

For each of the coils, an emission scan was conducted to confirm that the setup was
working correctly. MT4 and MT5 had successful emission scans, but MT6 did not.
After several attempts, it was concluded that the coil of MT6 was too small. The light
was not only entering through the desired slot at the bottom but also from above the coil.

A possible solution to this, might be to black out the plastic above the coil.

Time scans were run at | MHz and also at 1 GHz for MT 4 (see Figure 22) and MT 5
(see Figure 23).
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Figure 22: Time scan of MT4 at 1 MHz and 1 GHz
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Figure 23: Time scan of MT5 at 1 MHz and 1 GHz
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The intensity of the solution depends on the concentration and therefore varies across
each time scan as the solution is refreshed at the start. For MT4, during the application of
1 MHz of power and 1 GHz of power, the intensity drop was the same at 4.5 kcps. There
was a difference in intensity drop between MT4 and MT5, which makes sense given that
the intensity is related to the resistance. MT5 had an intensity drop of 500 cps with the
application of 1 MHz of power, and an intensity drop of 2.5 kcps with the application of

1 GHz of power.

4.5 MT7

The final coil iteration was developed in an effort to understand exactly what was being
heated. In particular, to investigate whether a different material cuvette affected the
heating at all. Therefore, MT7 (see Figure 24) was constructed to be very similar to MT4
with the exception that a glass cuvette was used of the same approximate size instead of a

plastic cuvette.

Figure 24: Picture of MT7

Network analyzer data was collected for each of the coils, as seen in Figure 25.
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Figure 25: Network analyzer data for MT7

From the data from the network analyzer, the resistance was found at a range of

frequencies, see Table 4.
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Table 4. Frequency and resistance data for MT7

Frequency | Resistance (ohms)
500 kHz 58.6
1 MHz 220

2 MHz 32100

10 MHz 516
100 MHz 304
500 MHz 647
1GHz 23.5

There is very little difference between the resistances of MT4 and MT7 which each had a

17 coil wrapped around different material cuvettes.

An emission scan confirmed that the setup was working correctly and a time scan was

run at 1 GHz and also at 1 MHz (see Figure 26)
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Figure 26: Time scan plot for MT7 at 1 GHz and 1 MHz
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For 1 MHz, there was an intensity drop of 13 kcps while for 1 GHz, there was an
intensity drop of 14 kcps. These values are much higher than MT4’s values of 4.5 kcps
for both 1 MHz and 1 GHz, which lead to the conclusion that the material of the cuvette

affects the experiment substantially.

4.6 Temperature Probe

In addition to the three scans performed on each of the coils, MT4 was tested using a
temperature probe in an effort to understand what was being heated. Two time scans at a
frequency of 100 MHz were performed with the temperature probe. In the first time
scan, the probe was placed in the solution (see Figure 27a) and in the second time scan,

the probe was placed on the coil (see Figure 27b).

(@ (b)
Figure 27: (a) Setup with the temperature probe placed in the solution and (b) setup with the

temperature probe placed on the coil.

For the first time scan, the probe was placed in the solution (roughly 25.7°C). When the
time scan began, but with the power still off, the temperature rose to 34.1°C. Once the
power was turned on, the temperature of the solution rose to 57.2°C and when the power

was turned off, the temperature dropped steadily to 29.2°C.

For the second time scan, the probe was placed on the coil, which was 29.1°C at the start

of the scan, and remained at that temperature during the scan with the power off. When
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the power was turned on, instantly the temperature rose to 57.7°C and remained constant

until the power was turned off when it quickly dropped.

In order to further test the temperature, each coil was retested by running time scans with
a temperature probe placed in the solution and again with the temperature probe placed
on the coil for the same two frequencies for 1 MHz and 1 GHz. Every minute during the
scan, the temperature was recorded. When the temperature probe was placed on the coil
during the time scan, the outcome was always the same. When the power was off, the
temperature was around 28°C, instantly when the power was turned on the temperature
would rise to about 59°C, and when the power was turned off, it would quickly return to

the original temperature.

The data from the temperature probe in the solution were a little more interesting. Each

coil demonstrated a similar trend as shown in Figure 28.
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Figure 28: Temperature of solution during time scan of MT2
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The temperature of each of the coils throughout the time scans is summarized in Table 5.

Table 5. Temperature of the coils during time scans, where the temperature listed in the OFF
columns represents the temperature at the start of the time scan and the temperature listed in the

ON column represents the maximum temperature achieved during the time when the power was

applied.
Temperature (°C)
OFF [ON @ | MHz | OFF | ON @ 1 GHz
MT2 | 29.1 56.4 30.6 58.7
MT4 | 27.8 48.4 29.0 57.6
MT5 | 27.9 29.8 28.0 44 .4
MT7 | 28.5 504 30.2 61.4

In each case, the temperature at 1 GHz was higher than the temperature at 1Mz.

4.7 Summary of Coils

A comparison and summary of the coils developed during this investigation are

summarized in Table 6.
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Table 6. Comparison of coils constructed

MT1 MT2 MT4 MTS5S MT6 MT7
Description | Helmholz 1.95” 17 coil ¥2” coil Y4 coil 1” coil
Coil coil wrapped wrapped wrapped | wrapped
wrapped around around around around
around plastic plastic plastic glass
Delrin cuvette cuvette cuvette cuvette
holder
Coil 1.76” 0.71” 0.66” 0.66” 0.66” 0.69”
Diameter
Length of 33 15.7 7.83’ 3.92° 16.3°
Wire Used
Resistance
@ 1 MHz 220 7.28 5.17 229 1.25 5.05
(ohms)
Resistance
@ 1 GHz 235 21.5 313 98.6 56.9 89.5
(ohms)
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5.0 Conclusions

The initial design requirements for the coil were foremost that it needed to heat the
nanoparticle, that it should sit inside the fluorometer, and that it would require a relatively
small sample volume. However, at the end of the design and testing period, a coil that
met these requirements was not successfully constructed, but two additional design

requirements were developed.

Through temperature testing it was realized that the primary heating of the solution was
occurring due to the coil being heated through the power. As a result a coil that
eliminates this source of power dissipation needs to be developed through the use of an
air gap, water bath, or similar application, which can draw some of the heat away from
the solution. Further research needs to be conducted to explain why there is little or no
difference in intensity drop with applications of different frequencies, but the maximum

temperature during the time the power is on varies.

The second design requirement deals with the winding of the coil. In constructing the
coils, each was wound tightly so that there was minimal gap between each loop but as a
result the proximity effect cannot be neglected. As a result, the coil should be wound so
that there is at least one wire’s width of gap between each loop. Finally future designs
should also have a small coil radius since the strength of the magnetic field is inversely

proportional to the radius.
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