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Abstract
Daniel J. Ball
INJECTABLE HYDROGELS THAT CAN MEASURE RADIATION AT BODY
TEMPERATURE
2022 - 2024
Advisor: Sebastian L. Vega, Ph.D.
Master of Science in Biomedical Engineering

Hydrogel-based radiation dosimeters are used to calibrate and validate radiation
delivered by linear accelerators used in radiotherapy. Fricke hydrogel-based dosimeters
with ferrous ion complexes oxidize when exposed to radiation, causing a measurable
optical density change via a color shift in a photometric reagent. Gelatin-based Fricke
hydrogels measure radiation but are unstable at body temperature, making noninvasive
dose measurement inside a patient impossible. This study reports the synthesis and
characterization of injectable hydrogels containing Fricke components that are stable at
body temperature. The effects of varying individual Fricke hydrogel components on the
sensitivity (measured by change in optical density) to radiation dose were systematically
studied. Injectable dosimeter hydrogels were prepared using xylenol orange (XO) in the
range of 0.05 to 0.5 mM, ferrous ammonium sulfate (Mohr’s salt) in the range of 0.1 to 1
mM, and sulfuric acid in the range of 0 to 100 mM. The minimum concentration of
Fricke components to create injectable dosimeter hydrogels that are sensitive to radiation
dose (0 to 40 Gy) at room and body temperature was found to be XO (0.2 mM), sulfuric
acid (25 mM) and Mohr’s salt (0.5 mM). To assess biocompatibility, human
mesenchymal stem cells (MSCs) were exposed to cylindrical Fricke-component
hydrogels, and MSCs co-cultured with self-forming optimized hydrogels remained highly

viable. Plans for a preclinical study using a rodent tumor model are underway, bringing

this technology one step closer to clinical practice.



Table of Contents

F N o] 3 ¢ ot TSP POV ROPROPR \
LSt OF FIGUIES ...t X
LSt OF TADIES ...ttt ettt b e X
Chapter ©1: INTrOAUCLION ........eeiviiiiiiieic e 1
1.1 Cancer: Statistics and Treatment...........c.cverveiriiieiieiinee s 1
1.2 Radiation Therapy Treatment ProCeSS.......ccoiuieiieiiiieiiiiiie e 5
1.3 Radiation DOSIMELIY .......coiiiiiiiiiiiiiic et 7
1.4 Fricke Hydrogel DOSIMELETS .........ccivviriiieiiiirisiiesiieie e 9
1.5 Injectable Hydrogels and Their Potential Use as Radiation Dosimeters ................ 13
1.6 Hypothesis and ATMS.........cocuiiiiiiiiieiieecseese e 14

Chapter 2: Synthesis and Characterization of Injectable Dosimeter Hydrogels at Room

TEMPETATUTE ... e 16
B0 B 0315 o Ta L To7 T ) APPSR 16
2.2 Materials and MethodsS ...........cccuvviiiiiiii e 17

2.2.1 Gelatin Hydrogel Dosimeter FOrmation ...........ccocoveiirenienieiene e 17
2.2.2 Injectable Dosimeter Hydrogel FOrmation ...........cocovierinineneienc s 17
2.2.3 Measuring Optical Density via SpectrophotOmetry .........ccocevvvereneienvnnnnnns 19
2.2.4 Irradiating Hydrogel Samples with LINAC ... 19
2.2.5 STALISTICS. ..ueeuveeite ettt bbb e 20

vi



Table of Contents (Continued)

2.3 RESUILS ANd DISCUSSION ....ievtrrreiiiieeeteiettttiisieesteeesstarsreessesesssareeesesessssrnrrereeeseenns 20

2.3.1 Xylenol Orange and Sulfuric Acid Characterization of a Protype Dosimeter:

LT U =TS oSSR 20
2.3.2 Sulfuric Acid Optimization at Room Temperature ...........cocceoeverenenenenennnns 23
2.3.3 Mohr’s Salt Optimization at Room Temperature.............cccoceerveiireereenennenn 29
2.3.4 HANor-HATet Hydrogel vs. Gelatin Hydrogel Dosimeters............cccccoevvenens 32
2.3.5 Miscellaneous Characterization of Optical Density Trends..........c.ccocevcvrvnnnns 34
B ) s Tod 18 5] 10§ T PSP 40

Chapter 3: Evaluating Change in HANor-HATet Hydrogel Optical Density as a Function

of Radiation at Body TemMPEerature ............ccccovoieiiiiiieniieee e 41
T B U3 (oY L 1o 1o ) o PRSPPI 41
3.2 Materials and MethodS .........oocuiiiiiiiiiiccci e 41

3.2.1 Injectable Dosimeter Hydrogel FOrmation ............ccoevirinieenenenc e 41
3.2.2 Measuring Optical Density via Spectrophotometry ..........ccoocevvreneiennnennnns 42
3.2.3 Irradiating Hydrogel Samples with LINAC ... 43
3.2.4 Body Temperature TeStiNG SELUP .......cccurieirieree e 43
325 CeIl CUIUIE ... bbb 44
312,60 STALISTICS. ...uveueeeeteite sttt bbb 45
3.3 Results and DISCUSSION.......cciiiuuiieeiiiiiieeciiire e s st e e s s e e e e sae e e e snnae e e e s snaneeeesnnneeeeans 45
3.3.1 HANor-HATet Hydrogel Dosimetry at Body Temperature..............ccccceveenene 45

vil



Table of Contents (Continued)

3.3.2 Sulfuric Acid Optimization at Body TeMPErature ..........cccccevvevveieeseerveseenns 49
3.3.3 Mohr’s Salt Optimization at Body Temperature ...........cccoccvevvvieniiieiniineininnns 50
3.3.4 HANor-HATet Hydrogel Dosimeter Biocompatibility...........cccccooevveinnnnne. 52
3.3.5 Radiation Patterning and Ferric lon Diffusion .........c..cccccvveviiiiciieiiccc e, 59
3.4 CONCIUSIONS ...vviiieiiiiie e e ettt e e e ettt e e e et e e e et e e e e st e e e e s ab e e e e e ssbaeeeesasnaeeeaasteeeeessrneeeanns 64
Chapter 4: Summary and Future DIr€Ctions ............cevirvireeiinienieneseseese e 65
4.1 ReSearch SUMMATY ........ccoiiiiiiiiiiicic e 65
4.2 FULUIE DITCCHIONS ... vveiiiiieiiieeciieesieeestee s te e s tte e st e e st e e st e e s ba e e s e e e snbeeesnbeeenneeeenes 65
4.2.1 HANor-HATet MRI CharaCterization............ccoceeeiineneeieeienese e 66
4.2.2 Rodent Tumor Models: Dosage Verification Utilizing HANor-HATet
101571011 (=] USRS 66
4.3 Concluding Remarks ...........cooviiiiiiiiiiiiic e 66
L {53 1 8 L1 S SUPRR 68

viil



List of Figures

Figure Page
Figure 1. Dosimeter Hydrogel Response to Radiation. ..........ccccevvvvviviiniiiienniie i, 10
Figure 2. Hydrogel Chemical Response to Radiation..........ccccccevviiiiiiinniiieniiie e, 12
Figure 3. Initial HANor-HATet Hydrogel Dosimeter Characterization Via the Modulation

of Xylenol Orange and Sulfuric ACId .........ccccovviiiiiiiiiii e 22
Figure 4. Broad Sulfuric Acid Optimization at Room Temperature. .............cccoervenvennne 24
Figure 5. Lower Range Sulfuric Acid Optimization at Room Temperature. .................... 27
Figure 6. Upper Range Sulfuric Acid OptimiZation. ...........cccovvriverieiiiiresieneeeseeseenns 28
Figure 7. Optimization of Mohr’s Salt at Room Temperature. ..........ccocoevverviiiniveneennns 30
Figure 8. Gelatin vs. HANor-HATet Hydrogel Dosimetry Sensitivity Comparison. ....... 32
Figure 9. Optical Density Factor EXperiment. ...........ccoocvoiviiiiiiciiicnccee e 36
Figure 10. Dosimeter Component Effect on HANor-HATet’s Optical Density................ 38
Figure 11. Humidifier for Body Temperature Study. ..........cccooviiiiiiiniiiieic e 46
Figure 12. HANor-HATet Hydrogel Dosimeter: Room vs. Body Temperature. .............. 47
Figure 13. Sulfuric Acid Optimization at Body Temperature. ............ccoccovvveniiiiiinnnenns 49
Figure 14. Mohr’s Salt Optimization at Body Temperature. ............c.ccoccvviveiiiiiiiinnnnnns 51
Figure 15. Cell VIability ASSAY. ....cccueiiiiiiiiiiieiiiie e 53
Figure 16. Evaluating HANor-HATet Hydrogel Dosimeter pH Over Time. .................... 56
Figure 17. Diffusion of Fricke Components Out of Irradiated Hydrogels. ..............c....... 58
Figure 18. Spatial Radiation Pattern Analysis. .......c.cccovviiiiiiiiiiiiicieeeceee 60
Figure 19. Fe3 + Diffusion Time Trial..........cccccooiiiiiiiiiiiiicieee e 63

X



Table

Table 1.

Table 2.

Table 3.

List of Tables

Page
List Xylenol Orange (XO) Solutions Used in Initial Optical Density
REAAOULS ...ttt 20
List of Hydrogel Components used in Initial Optical Density Readouts........... 21

Conditions used to Determine Cause of HANor-HATet Hydrogel Dosimeter
High Optical ADSOTDANCE .......coiviiiiiiiiiiie e 35



Chapter 1
Introduction
1.1 Cancer: Statistics and Treatment
Every year, there are more than 20 million new cases of cancer globally.
Statistically, there are over 9 million fatalities resulting from the disease every year.! At
the present time, common methods to treat cancer are as follows: chemotherapy, surgery,
hormone therapy, immunotherapy, and radiation therapy.? Therapies used for blood
cancers are chemotherapy, immunotherapy, radiation therapy, hormone therapy, and stem
cell transplant therapy.>* Therapies used for solid (tumor) cancers are mainly surgery,
chemotherapy, and radiation therapy.>® Chemotherapy is a drug treatment which utilizes
powerful chemicals to kill fast growing, cancerous cells in the body. It is the most
common treatment for cancer and is usually delivered in doses over a prescribed period.
However, despite being the most common, chemotherapy has rather unpleasant side
effects, including nausea, vomiting, diarrhea, hair loss, loss of appetite, fatigue, fever,
mouth sores, pain, constipation, and easy bruising. It can also have some long lasting and
irreversible side effects, including damage to lung tissue, heart problems, infertility,
kidney problems, nerve damage (peripheral neuropathy), and the risk of cancer
recurrence.” Chemotherapy can be used on its own to treat cancer depending on the
circumstances. This is known as curative chemotherapy. Chemotherapy may also be used
to make other forms of cancer treatment more effective. For instance, it can be applied to
a patient before radiotherapy (chemoradiation) or used before surgery (neo-adjuvant

chemotherapy). Alternatively, chemotherapy can be utilized to reduce the risk of cancer



returning after radiotherapy or surgery (adjuvant chemotherapy). If a cure is not possible,

chemotherapy may be used to relieve cancer symptoms (palliative chemotherapy).®°

Surgery is another commonly used method for treating cancer. In fact, it is one of
the main treatments used providing that the circumstances for its use are met. This
method involves the physical removal of hard, cancerous tumors and is generally very
effective. It is most effective when the cancer is isolated to one area of the body. If the
cancer can be entirely removed through the removal of tumorous tissue, this is the
treatment that a patient would need. Generally, the earlier that the cancer is discovered,
the easier it is to remove. Tumors that are removed with surgery are carcinomas,
sarcomas, and melonomas.*%*2 Surgery can be performed as a sole curative measure for
cancer. This is typically done when the cancer is found in one part of the body and it is
likely that all of the cancer can be removed from the surgery alone.® It can also be
performed before chemotherapy and radiotherapy as a means to make it easier for those
treatments to attack a patient’s cancer.'>* Sometimes, surgery is performed after
chemotherapy and radiotherapy depending on the circumstances.'® During surgery, the
tumor itself along with some surrounding normal tissue is removed, which is known as
the clear margin. Although surgery is efficacious at times, it is very invasive and painful
to the patient receiving it, and it leads to complications including increased risk of

infection post-treatment.1®1/

Hormone therapy is a cancer treatment designed to slow or halt the growth of
cancers that rely on hormones to develop. In doing so, this treatment also reduces the risk
that the patient’s cancer will return. Hormone therapy is most used for breast cancer,

prostate cancer, and uterine cancer.*® It is almost always used in conjunction with another



treatment. It can be a neoadjuvant treatment for surgery, radiation therapy, or
chemotherapy. Hormone treatment can also be an adjuvant treatment as well.'° The
frequency at which this treatment is given depends on the type of cancer and the
circumstances. For prostate cancer, a medicine is given to a patient monthly in the form
of a shot that stops the patient from producing testosterone.?’ For breast cancer, patients
can receive hormone therapy daily through a pill or monthly through a shot depending on
the medicine they are given.?! Due to this treatment interfering with a patient’s ability to
produce hormones or with how their hormones behave in their own body, it can cause
undesirable side effects. The side effects generally depend on the patient’s gender and the
type of cancer that is being treated. They range from mood swings, breast size changes,

hot flashes, diarrhea, nausea, and fatigue.??

Immunotherapy is a cancer treatment which helps prime a patient’s immune
system to fight cancer. This is an emerging and exciting technology. Originally
discovered in the late 1800s by William Bradley Coley, this method of treatment wasn’t
widely recognized until 1967 when the existence of T-cells was discovered.?* CAR T-cell
therapy is mainly used clinically to treat blood cancers.?* The most recent CAR T-cell
therapy is for melanomas.?® Now, immunotherapy is a quickly developing treatment that
can effectively combat many types of cancer, including brain cancer, skin cancer, and
breast cancer.?®?% One type of immunotherapy available is T-cell transfer therapy, which
boosts the natural ability of a patient’s T-cells to fight cancer. This therapy works by
taking immune cells directly from a patient’s tumor, which are considered to be the most
active against their cancer and then modifying T-cells in the lab so that they are able to

recognize and combat the patient’s cancer. These modified T-cells are then expanded in



vitro and then put back into the patient’s body through an intravenous injection.
However, a drawback to this methodology is that the patient’s immune system, which has
been enhanced to fight against cancer, also acts against healthy cells and tissues, causing
undesirable side effects.?” Another disadvantage to immunotherapy is that CAR T-cell
therapy can cost upwards of $500,000, which is well out of the price range of most

patients.?®

Radiation therapy is another way to treat or manage the disease for many, though
this depends on the specific circumstance of each patient’s cancer. Some may even be
able to go into remission with this treatment.?® It works by using targeted radiation
beams, which hit a cancerous tumor from multiple angles in order to destroy it. Radiation
is often delivered through a linear accelerator (LINAC). These machines deliver high
doses of radiation to shrink and kill cancer. At low doses, radiation can be used for X-
rays to see inside a patient’s body. At high doses, radiation can kill cancer cells and slow
their growth, typically by damaging their DNA. When their genetic information is
irreparably damaged, they are unable to divide, and as a result, cancer cells eventually
die. These damaged cells are naturally removed from the body after dying. However,
radiation therapy does not kill cancer cells right away. This process usually takes days or
weeks to damage the DNA of cancer cells enough to kill them. Cancer cells will keep
dying for weeks or months after treatment ends.%-32 In terms of efficacy, non-
invasiveness, and minimal side effects, radiation therapy may be the most desirable

cancer treatment when available.



1.2 Radiation Therapy Treatment Process

After a cancer diagnosis, a CT (computed tomography) or MRI (magnetic
resonance imaging) scan from the patient is obtained to create a 3D map of the tumor
area and surrounding tissue. Following these scans, simulations can be performed. In this
process, the scans are then used by a team of radiation oncologists to create an in-silico
model for the treatment plan. The computer-based simulation of the radiation treatment
plan predicts, with high accuracy, the radiation beam path from a LINAC to deliver
adequate radiation dose to the tumor while minimizing the amount of radiation received
by cancer-free adjacent tissues. This can be visualized via a 3D heat map, where darker
colors generally represent areas that receive more radiation, and lighter colors generally
represent areas that receive less radiation. Although these models are highly accurate, it is
important to note that they are based on a computational simulation of a static CT or MRI
scan, and actual results may vary due to patient movement which includes breathing,

bowel filling, and passing gas.3*

After this is done, the treatment plan can begin, and the patient can start receiving
radiation. As previously mentioned, LINACSs deliver radiation to the patient during these
treatments, and they function by delivering external beams of radiation directly to the
tumor through image guided radiation therapy and intensity modulated radiation therapy.
Image guided radiation therapy (IGRT) is a method of cancer management that uses
imaging technology to monitor the treatment throughout the entire process. Using
adaptive radiation therapy (ART), an application of IGRT, doctors can adjust a patient’s
treatment plan mid-treatment to adapt to changes in the patient’s anatomy and tumor size,

allowing doctors to find the best approach for a given circumstance.3®



Intensity modulated radiation therapy (IMRT) is a type of conformal radiation
therapy. Conformal radiation therapy shapes the beams from a LINAC to closely fit the
area of the cancer. LINACs have devices called multi-leaf collimators, which are made
up of thin leaves of lead that can move independently while the LINAC moves around
the patient. They can form shapes that fit precisely around the treatment area.>’ IGRT can
guide IMRT, thus effectively combining the two therapies.® Beams of radiation from a
LINAC eventually destroy the tumor over many treatments.**3! Radiation is delivered to
a patient over multiple treatments because it would be dangerous to patient health to
receive a full treatment dose all at once. Instead, radiotherapy is delivered in fractions
over the course of several weeks. Fractions are small amounts of the total therapeutic
dose required to treat a patient’s cancer. A fraction is given to a patient on a scheduled
day and repeated over the course of many days to add up to the total dose of radiation.
Radiation is delivered in this manner because the patient receiving fractions of the total
radiation dosage as opposed to the whole dose at once allows time for non-cancerous

cells to repair themselves between treatments, reducing side effects.3940

Radiation treatment dosages and fractions are quantified in centigray (cGy) and
gray (Gy).*° 1 Gy is equivalent to 1 Joule/Kilogram.** A linear accelerator measures its
own radiation output using monitor units (MU), which are directly proportional to radiation
dose. A LINAC is normally calibrated such that 1000 MU equals 10 Gy under a specific
reference condition. Alternatively, radiation can be measured in monitor units (MU). A
standard radiation treatment performed over the course of many weeks usually delivers 45-
60 Gy to the patient.*? As a reference, a person receives roughly 0.33 mSv from sun

exposure every year on average.*® Milliseverts (mSv) is another metric used to measure



radiation. 1 mSv represents the average accumulated background radiation that a person
receives in a year from all sources in the United States, excluding radon. 1 mSv is the dose
produced by exposure to 1 milligray (mG) or 0.001 Gy of radiation.** 0.33 mSv converts
to 0.00033 Gy. This means that a patient receiving a 45 Gy radiation therapy treatment

would receive roughly 150,000 years of sun exposure.

However, once the patient receives radiation treatment via LINAC, it is not
possible to quantify the actual amount of radiation that the patient received and in what
areas the radiation was received. This can cause radiation therapy to do more harm than
benefit, over-irradiating patients and causing damage to surrounding tissues and
undesired side effects.*® It could also lead to under-irradiation, thus limiting the efficacy
of radiation therapy in treating the cancer. Ultimately, if the cancer is not fully treated
due to a lack of dosimetric verification, then the cancer could potentially come back and
the process of treating cancer through radiation therapy could become a cycle. In
summary, either a target area can receive too much radiation from the treatment, causing
unnecessary damage to surrounding tissue, or the target area can receive too little
radiation, potentially leading to a resurgence of the cancer and more radiation treatments
than necessary.*®4” An implantable dosimeter that can verify radiation delivered to the

body in 3D and real time would address the current limitations of radiation therapy.

1.3 Radiation Dosimetry

Radiation dosimetry is used to measure and quantify radiation. There are several
methods for dosimetric verification, all with their own advantages and disadvantages. A
dosimeter is an instrument used for measuring and monitoring exposure to radiation, such

as X-rays and gamma rays.*® Traditionally, they are small devices that can be worn on the



body to monitor the personal accumulated radiation dose received by an individual from
external sources.*® In modern times, dosimeters come in a variety of forms. Three
common dosimeters are Geiger counters, radiochromic films, and dosimeter

hydrogels.5%!

One of the most common and easy to use dosimetric verification devices is the
Geiger counter. A Geiger counter is a device that is frequently used as a safety measure
for doctors who deliver radiation to patients. Geiger counters work through the principle
of ionization, a process in which atoms gain or lose electrons and become electrically
charged. The greater the amount of ionization, the greater the amount of radiation that
there is at a particular point.>? A significant limitation of Geiger counters is that they can
only measure radiation at a single point in space (1D). Additionally, Geiger counters
cannot be implanted in a patient and can only detect radiation that is present at the
moment. Once the LINAC is switched off, the radiation stops, and since patients are not
radioactive after treatment, there is nothing for the device to detect. Overall Geiger
counters are a poor dosimeter to use for dosage verification on a cancer radiation therapy

patient.

Another commonly used dosimeter is a radiochromic film. These are two
dimensional films that provide dose measurements at high resolution. These films work
through modification of structural characteristics of their crystalline sensitive elements
when exposed to ionizing radiation.>® However, radiochromic films are limited in the
sense that they cannot be implanted and they only measure radiation in two dimensions.
This means that no depth dependence of radiation can be assessed. Overall, radiochromic

films are not ideal for dosage verification on cancer radiation therapy patients.



Hydrogel dosimetry is a tool that can be used to provide dosimetric measurements
at high accuracy and in three dimensions (3D). The “Fricke gel” dosimeter utilizes the
oxidation of ferrous ions into ferric ions upon exposure to radiation to function.>*>® At
present, these hydrogels are primarily used for LINAC calibration. For the purposes of
resolution-time-accuracy-precision (RTAP), a three-dimensional dosimeter must be able
to deliver a 3D dosimetric analysis of a treatment plan with 1 mm isotropic spatial
resolution, within 1 hour, with an accuracy of within 3% of the true value, with 1%
precision. Dosimeter hydrogels are the only dosimeters that have acceptable RTAP.
Therefore, by this metric, dosimeter hydrogels are the only true 3D dosimeters available
for radiotherapy calibrations.>® For this reason, some believe that dosimeter hydrogels are

the best available option for dosage verification on cancer radiation therapy patients.

1.4 Fricke Hydrogel Dosimeters

As discussed in the preceding section, hydrogel dosimetry is a tool that can be
used to calibrate linear accelerators used in the treatment of cancer patients. One of the
earliest hydrogel dosimeters is known as “Fricke gel,” which utilizes gelatin as its
primary base. These hydrogels were inspired by the work Hugo Fricke and Sterne Morse
in 1927, the former being whom the hydrogels were named after. Their studies later led
to the use of nuclear magnetic resonance (NMR) to measure radiation-induced chemical
changes while stabilizing the dose information via a gelatin matrix in the 1980s. While
these hydrogels were originally simple in nature, many commonly used “Fricke
components” or dosimeter components were later added to the hydrogel, creating what is

now modern-day hydrogel dosimetry.>’



These hydrogels generally utilize Ferrous ions (Fe?") in the form of Mohr’s Salt,
which turn into Ferric ions (Fe**) when irradiated, and sulfuric acid, which is used to
control the gel sensitivity. When a Fricke dosimeter hydrogel containing Xylenol Orange
is irradiated, it goes from a light orange color to a darker orange corresponding to the
amount of radiation that the hydrogel receives (Figure 1). Many studies have worked with
optical CT scanners or various spectrometry technologies to characterize various versions
of Fricke dosimeter hydrogels, and it is generally found that their peak absorbance light
wavelengths are 435 nm when they are unirradiated and 585 nm when they are

irradiated.54:°6:58-70

Irradiated Gel: Optical Density
Unirradiated Gel: No Optical .
Densi h Change Proportional to the
ensity Change Amount of Radiation Received

v

Gel is hit with radiation

Figure 1. Dosimeter Hydrogel Response to Radiation. A representation of the physical
change that Fricke xylenol orange dosimeter hydrogels undergo in exposure to radiation.
As hydrogels absorb radiation, they go from a light orange color to a darker orange

proportional to the amount of radiation they receive.

When a beam of radiation hits the hydrogel, it creates free radicals out of the

water within the now solid solution. Free radicals have at least one unpaired electron in

10



their outer shell, making them highly reactive. This state allows a free radical to oxidize
nearby ions. In this case, it oxidizes ferrous ions. This interaction is the entire basis in
which Fricke hydrogel dosimetry functions. However, we cannot optically measure the
change of ferrous to ferric ions without a visual agent such as xylenol orange. When
ferrous ions become ferric ions, they bind to structures of xylenol orange. It is important
to note that ferrous ions cannot bind to xylenol orange structures. When ferric ions bind
to structures of xylenol orange, it results in a chemical change that causes the structures
to go from a light orange color (435 nm) to a dark orange color (585 nm) (Figure 2).
However, free radicals will form on their own in an aqueous solution without exposure to
radiation. As a counter measure to this, sulfuric acid is commonly used as an antioxidant,
keeping ferrous ions stable until the hydrogel is exposed to radiation. This raises the
sensitivity of the dosimeter as it will lower the chance of false photometric

readings 54,56,58-70
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Figure 2. Hydrogel Chemical Response to Radiation. A representation of the chemical

change that Fricke xylenol orange dosimeter hydrogels undergo when exposed to

radiation. Dosimeter hydrogels pre-irradiation have Fe?* ions. These ions cannot bind to

Xylenol Orange. After the hydrogel receives radiation, Fe?* can be oxidized to Fe*",

which can bind to Xylenol Orange, inducing a color change.
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Seminal studies have determined that the following concentration ranges of these
components work best within gelatin-based hydrogels for measuring radiation: 0.4-1 mM
Mohr’s Salt, 25-50 mM sulfuric acid, and 0.15-0.2 mM Xylenol Orange. 5+°6:58-70 A
properly optimized gel can then be scanned with MRI. When a small part of the gel
becomes irradiated, this area will increase in magnetic resonance proportionally to the
amount of radiation that it receives.>**°8-70 The end-product is a 3-D reconstructed map
of the gel. It should display how much radiation each area of the gel received during

irradiation.*671

For a time, gelatin was the gold standard of gel dosimetry and there was interest
in being able to use such dosimeters to verify clinical radiation treatments of cancer
patients. However, while it was a popular subject of dosimetry research for many years, it
suffered from fast diffusion rates of ferric ions. For in vivo dosimetry, an additional
challenge is that gelatin gels do not remain solid at body temperature.%¢6>7274 |n fact,
while these hydrogels are quite efficient and accurate at measuring radiation, they cannot
be used clinically since they cannot function at body temperature. As a result, there have
been no animal studies conducted with dosimeter hydrogels. As old gelatin based “Fricke
gels” failed to evolve beyond in vitro studies, there is a need to incorporate Fricke

components to other hydrogel chemistries that are stable at body temperature.

1.5 Injectable Hydrogels and Their Potential Use as Radiation Dosimeters
Injectable hydrogels are systems that can go from a solution to a gel in situ after

injection. Injectable hydrogels usually have an activation method that causes physical or

chemical crosslinking to occur. These catalysts can include changes in external factors

such as temperature or pH.” There are many advantages of utilizing an injectable gel
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system: they are minimally invasive, they reduce scarring, decrease risk of infection, and

they are easy to deliver compared to traditional gels.’®"’

There is interest in developing an injectable hydrogel with the ability to measure
radiation. Hydrogels that utilize a click chemistry reaction between norbornene and
tetrazine macromers are of great interest to advancing hydrogel dosimetry. These
hydrogels form through a Diels-Alder reaction, where a polymer chain modified with
norbornene encounters a polymer chain modified with tetrazine. The resulting reaction
causes the various polymers to crosslink through an interaction between norbornene and
tetrazine moieties.”®® In practice, these hydrogels would turn from a solution into a gel
in just minutes. The hydrogels should also be able to remain solid at body temperature,

making them an ideal candidate for in vivo dosimetry.

1.6 Hypothesis and Aims

Currently, no studies have attempted to characterize the dosimetric properties or
capabilities of an injectable hydrogel loaded with dosimeter components that are stable at
body temperature. The hypothesis of this work is that a self-forming, injectable hydrogel
with dosimetric components will endow radiation oncologists with the ability to assess
radiation as it is being delivered inside patients while receiving magnetic resonance-
guided radiation treatment. To test this hypothesis, we developed an injectable hydrogel
system consisting of a hyaluronic acid (HA) backbone modified with either Norbornene
(Nor) or Tetrazine (Tet) moieties, loaded with Fricke components. These hydrogels are
stable at room and body temperature, and we evaluated the dosimetric capabilities of

these hydrogels, namely their sensitivity to radiation, assessed by a change in optical

14



density, and compared these novel hydrogels to traditional gelatin-based Fricke gel

dosimeters.
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Chapter 2
Synthesis and Characterization of Injectable Dosimeter Hydrogels at Room
Temperature
2.1 Introduction
To our knowledge, Diels-Alder norbornene-tetrazine click chemistry has not been

utilized towards developing injectable dosimeter hydrogels. Although the concentration
of Fricke dosimeter components in gelatin-based dosimeter gels has been well
documented and characterized,>*°%%8-"0 due to the novelty of this platform we sought to
study how systematically varying the concentrations of each Fricke component affect
dosimeter sensitivity. Sulfuric acid stabilizes and halts oxidation reactions of ferrous ions
in the absence of radiation, allowing for more accurate readings. Xylenol orange is a
chelating agent that allows us to determine the dose of radiation the dosimeter hydrogel
absorbed based on a color change that occurs when radiation oxidizes ferrous ions into
ferric ions. Mohr’s salt is the supply of ferrous ions, which are the most vital component
for radiation dosimetry. All components must be tested and optimized to perform at room
temperature. Once all aspects of the injectable dosimeter hydrogel have been optimized at
room temperature, it should be compared directly to the previous gold standard of
hydrogel dosimetry—gelatin-based Fricke hydrogels. Since gelatin Fricke hydrogels
were once the pinnacle of hydrogel dosimetry, the results of this comparison determine if

our injectable dosimeter hydrogel functions at an acceptable level.

16



2.2 Materials and Methods
2.2.1 Gelatin Hydrogel Dosimeter Formation

Gelatin dosimeters were always made at 2% w/v. To make this hydrogel, we
formed the Fricke solution and the gelatin solution, with no Fricke components,
separately. In doing so, a solution containing the final volume was predetermined, where
we put gelatin mix in a beaker and soaked it with 75% of the final volume. This beaker
was then placed on a stir plate heated to 40°C and the solution was mixed thoroughly
using a magnetic stir bar. The Fricke solution comprises 25% of the final volume of the
gelatin solution. The Fricke components present here must be four times greater than the
concentrations of the Fricke components planned for the final solution. When this is
added to the gelatin solution, the dilution is 4:1. The Fricke solution was made one
component at a time, and we vortexed the solution each time a new component was
added. Once the Fricke solution was complete and added to the gelatin solution, we
allowed the final solution to mix for 5 minutes before dispensing it to the proper storage
mold. We then placed the storage molds in a 4°C refrigerator until the solution had
completely gelled. This generally took from 30 minutes up to 2 hours depending on the
size of the batch you place in the storage molds of choice. Gelation time increases with

increasing hydrogel precursor batch size.

2.2.2 Injectable Dosimeter Hydrogel Formation

HANor-HATet dosimeters were always made at 2% wi/v. To make this hydrogel,
we needed to make two separate solutions: an HANor solution and an HATet solution.
To create the HANor, solution, we dissolved HANor (2% w/v) in MilliQ water inside a

small Eppendorf tube that was vortexed until the solution turned clear. It should be noted
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that the amount of MilliQ water used is the amount of solution volume left that isn’t
comprised of the Fricke components. This was always calculated beforehand. The
solution was then vortexed until the HANor macromer appeared to be completely
dissolved. Next, we added the Fricke dosimeter components. It should be noted that our
HANor solution is the only one that contained Fricke components. We added the Fricke
components one at a time, vortexing the solution each time a new component was added.
As a side note: we always recommend adding Mohr’s salt last so that the Xylenol Orange
doesn’t end up “browning” in the process. It is crucial that the Fricke components present
here be two times greater than the concentrations of Fricke components planned for the
final HANor-HATet solution. When the HANor is added to the HATet, the dilution of the
Fricke components is 2:1. However, it should be noted that this logic does not apply for
HANor and HATet macromers. When the two components are added together, we
consider them to be the same polymer. Therefore, if you add a solution that contains 2%
HANOor to a solution that contains 2% HATet, the final solution will be considered to
have 2% HANor-HATet w/v overall. Following this, we would make our HATet
solution. We would add an amount of the HATet macromer into a small Eppendorf
equivalent to 2% wi/v of the final HATet solution. We would then add an amount of
MilliQ water equivalent to the total solution volume of the HANor solution as these two
volumes should match. Following this step, we vortexed the solution until the HATet
appeared to completely dissolve. Lastly, we would add an amount of HANor to a separate
Eppendorf followed by adding an equivalent amount of HATet to that same Eppendorf to
initiate the mixing process via micropipette. It is important to note that once this was

done, we only had 5 minutes to mix the two solutions together via micropipette and then
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dispense it to a mold/container. After 5 minutes the HANor-HATet solution should have

solidified into a hydrogel.

2.2.3 Measuring Optical Density via Spectrophotometry

In dosimetry, changes in the visible light spectrum of the gels are one way of
determining sensitivity to radiation. Dosimeters are loaded with Fe?* and Xylenol
Orange. When the gels are irradiated, it causes a reaction that oxidizes Fe?* to Fe*. When
this occurs, Fe3* ions bind to Xylenol Orange structures, which cause a change in optical
absorbance of a dosimeter gel. Normally, before there is a significant presence of Ferric
ions in the gel, the dosimeter usually has an absorbance peak around 430 nm. However,
after the gel is irradiated, there is an increase in optical absorbance at 585 nm
proportional to the amount of radiation that the gel receives. This consequently causes a

decrease in the optical peak observed at 430 nm.%’

Optical scanning was performed with a SpectraMax iD5. The machine is
connected to a laptop that contains the Softmax Pro software. For most studies, optical

absorbance was scanned between light wavelengths of 360 nm to 720 nm.

2.2.4 Irradiating Hydrogel Samples with LINAC

Hydrogel samples were contained in 96 well plates and irradiated from anywhere
between 0 MU to 4000 MU, which equates to approximately 0 Gy to 40 Gy, respectively.
All samples were irradiated with a LINAC on site at MD Anderson Cancer Center at
Cooper in Camden, New Jersey. The field size used was 20 cm by 20 cm due to the size

of the 96 well plates used to contain the hydrogel samples. The energy used was 15 MeV.
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2.2.5 Statistics

Statistical analysis was performed using GraphPad Prism (version 10.3.0,
GraphPad software, Inc., La Jolla, CA). All experiments were carried out in triplicate.
Analysis of variance (ANOVA) was performed followed by Tukey’s test for post-hoc
analysis. Differences among groups are stated as p < 0.05 (*), p <0.01 (**), p <0.001

(***), and (ns) when differences between groups are not statistically significant.

2.3 Results and Discussion
2.3.1 Xylenol Orange and Sulfuric Acid Characterization of a Protype Dosimeter:
Initial Testing

The first experiment we did was an attempt to optimize both Xylenol Orange and
sulfuric acid for the first use of the HANor-HATet hydrogel. While we had some
preliminary data on this, we decided to retest all parameters. The test parameters for these

initial studies are presented in Table 1 and Table 2.

Table 1

List Xylenol Orange (XO) Solutions Used in Initial Optical Density Readouts

Sample | XO Solution Concentration (mM)
A 0.5
B 0.2
C 0.15
D 0.1
E 0
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Table 2

List of Hydrogel Components used in Initial Optical Density Readouts

2 wt % Nor-Tet | XO (mM) | Acid (mM)

Mohr’s (mM)

GA 0.05 10

1

GB 0.05 25

GC 0.2 10

GD 0.2 25
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Figure 3. Initial HANor-HATet Hydrogel Dosimeter Characterization Via the Modulation
of Xylenol Orange and Sulfuric Acid. Optical Density Readings obtained through
spectrophotometric analysis. (a) Optical readouts of a well plate containing samples
before receiving 200 MU of radiation. (b) Optical readouts of a well plate containing
samples After 200 MU of radiation. (c) Optical readouts of a well plate containing
samples before receiving 4000 MU of radiation. (d) Optical readouts of a well plate
containing samples After 4000 MU of radiation. (e) Optical readouts of a well plate
containing samples before receiving 8000 MU of radiation. (f) Optical readouts of a well

plate containing samples After 8000 MU of radiation.

Although these initial tests did not go as planned, we learned that HANor-HATet
hydrogels containing higher concentrations of Xylenol Orange appeared to display higher
optical densities, which we surmised would lead to higher radiation sensitivities (Figure 3
a-f). As evident by the data, the optical density of the hydrogels decreases after being
irradiated. It was expected that after irradiation, the optical density of each sample would

increase proportionally with the amount of radiation received.

In hindsight, the reason that these experiments did not go as planned is most
likely due to the improper vortexing of HANor and HATet solutions before mixing and
gelling. As we understand at this point, sulfuric acid is a component used to stabilize a
dosimeter hydrogel, preventing the self-oxidation of any ferrous ions into ferric ions.
What happened in this case is that the sulfuric acid was not distributed properly within

the hydrogel, causing spontaneous and rapid self-oxidation of ferrous ions into ferric
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ions. This led to all Xylenol Orange in the solution being used up in an instant, and as a
result, no further ferric ion to Xylenol Orange bonding could occur, leading to a loss of
optical density over time. This is made further evident by the purple color that the

HANor-HATet hydrogels took on almost immediately. Although, this revelation would

not become clear until later testing.

2.3.2 Sulfuric Acid Optimization at Room Temperature

We next wanted to aim for a successful sample irradiation test. At this point we
felt confident with consistently using 0.2 mM Xylenol Orange and 1 mM Mohr’s salt for
all samples going forward. The aim of the next experiment was to evaluate the role of
sulfuric acid concentration on change in optical density. Again, we tested both aqueous

Fricke and HANor-HATet hydrogels.
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Figure 4. Broad Sulfuric Acid Optimization at Room Temperature. Optical density
readings obtained through spectrophotometric analysis. (a) Depicts the change in optical
density of the dosimeters after receiving no radiation. (b) Depicts the change in optical
density of the dosimeters after receiving 10 Gy of radiation. (c¢) Depicts the change in
optical density of the dosimeters after receiving 20 Gy of radiation. (d) Visual of a sample
plate that received 0 Gy of radiation. (e) Visual of a sample plate that received 10 Gy of

radiation. (f) Visual of a sample plate that received 20 Gy of radiation.

This experiment yielded successful results as the improper vortexing issue
previously discussed was discovered and corrected. As expected, with what we
understood about sulfuric acid at the time, the samples with 0 mM sulfuric acid lost
optical density after irradiation. The samples with 10 mM sulfuric acid had the highest
gain in optical density with every dose of radiation. The samples containing 25 mM and
50 mM sulfuric acid seemed to have similar gains in optical density across all doses of

radiation (Figure 4 a-c).

Upon first inspection, it appears that the samples containing 10 mM sulfuric acid
had the best sensitivity to radiation. However, this is not the case. Across both doses of
radiation, the 10 mM sulfuric acid samples have the same gain in optical density of
approximately 1 AU. Furthermore, unirradiated samples experience a large gain in
optical density, lending more credence to our thoughts that sulfuric acid is used to curb
self-oxidation of ferrous ions. In fact, the reason that the 0 mM sulfuric acid samples
probably ended up losing optical density after irradiation is because all Xylenol Orange

molecules were likely bonded to ferric ions instantly upon the addition of the Mohr’s salt.
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This would once again lead to the gradual decrease in optical density that was observed
across all doses of radiation that these samples received. However, samples that had 25
mM sulfuric acid and up had great sensitivity and an almost proportional response to the
dose they were given. It could be that at a minimum, the required amount of sulfuric acid
to prevent obstructive amounts of self-oxidation is 25 mM. This is generally a trend that

we have observed in many other studies regarding dosimeter hydrogels as well.>#6466.68.70

We wanted to test this further by looking at a smaller concentration range of
sulfuric acid: 10, 15, 20, and 25 mM. Our objective here was to examine if there was
some range between 10 mM and 25 mM sulfuric acid that would be suitable in curbing
the self-oxidation that we observed. We also wanted to add some longevity studies to see
how our hydrogels would maintain dosimetric properties over time, with or without

receiving doses of radiation.

From the data, it appears that the 10 mM sulfuric acid samples that were
unirradiated follow the same trend as previously reported: it reaches a maximum gain in
optical absorbance and then slowly starts to lose optical density over time. The 15 mM
samples had a small amount of self-oxidation without receiving radiation initially. Over
the course of 1 day these samples gained a considerable amount of optical density,
reaching almost 1 AU for samples that are unirradiated and 1.4 AU for samples that
receive 20 Gy. The 20 mM samples follow a somewhat similar trend, albeit one day
delayed. They start out with an identical radiation sensitivity curve immediately after
irradiation. At 10 Gy, they reach approximately 0.25 AU. At 20 Gy, they reach an optical
density of approximately 0.5 Gy. However, after 1 day following irradiation, all

unirradiated and irradiated samples gain approximately 0.3 AU optical density. For the 25
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mM sulfuric acid samples, they show a strong linear response to radiation. Furthermore,
these samples also have a significantly lower gain in optical density than the samples
containing the next lowest amount of sulfuric acid—215 mM. Out of all samples, the 25
mM sulfuric acid group seems to have the best maintained dosimetric properties (Figure

).
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Figure 5. Lower Range Sulfuric Acid Optimization at Room Temperature. Depicts the
change in optical density of the dosimeters after receiving 0 Gy, 10 Gy, and 20 Gy of
radiation for two timepoints. All timepoints are measured in terms of time after the
samples received radiation. All samples consist of 2% weight Nor-Tet, 1 mM Mohr’s Salt
and 0.2 mM Xylenol Orange. (a) Represents samples immediately after irradiation. (b)

Represents samples 1 day after irradiation.

Most of the trends seen in this data set are completely within the realm of
expectations based on previous experiments. It appears that when samples of any
concentration of sulfuric acid reach their peak gain in optical density, they then begin to
lose said optical density. The mechanisms as to why this occurs remain unknown at the
moment, but it cannot be denied that it is a consistent occurrence. Perhaps, this may be
caused by the diffusion of both Fe?* and Fe3* ions within the matrix, causing the
destruction of optical information, leading to a loss in optical density as a result.>

Though, that is just speculation at this juncture.

To continue studying the effects of sulfuric acid concentration on radiation
sensitivity in our HANor-HATet dosimeter hydrogels, a wider range of Sulfuric Acid
concentrations were tested. The concentrations tested are as follows: 25 mM, 50 mM, and
100 mM. This study only focused on the change in optical absorbance from before
irradiation to immediately after irradiation, and from before irradiation to 1 day after

irradiation.
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Figure 6. Upper Range Sulfuric Acid Optimization. Depicts the change in optical density
of the dosimeters after receiving 0 Gy, 5 Gy, 10 Gy, 20 Gy, and 40 Gy of radiation for
two timepoints. All timepoints are measured in terms of time after the samples received
radiation. All samples consist of 2% weight Nor-Tet, | mM Mohr’s Salt and 0.2 mM
Xylenol Orange. (a) Represents samples immediately after irradiation. (b) Represents

samples 1 day after irradiation.

The data shows that all three sample groups have an identical sensitivity to

radiation. All unirradiated samples have an optical density gain close to 0 AU
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immediately following irradiation. After receiving 5 Gy, all samples display an optical
density gain of approximately 0.15 AU. At 10 Gy, all samples display an optical density
gain of about 30. AU. After receiving 20 Gy, all samples seem to have gained 60 AU in
terms of optical density. Samples that received 40 Gy see an optical density change of
about 1.2 AU (Figure 6a). After 1 day, it seems that dosimetric properties are relatively
maintained across all groups. There were gains in optical density across all groups from

the previous day (Figure 6b).

Overall, these results show that in the case of HANor-HATet, increasing the
concentration of sulfuric acid beyond 25 mM has no effect on either radiation sensitivity
or on maintaining dosimetric properties. Some studies suggest that an excess of sulfuric
acid decreases radiation sensitivity.>* Our long-term goal is to use this hydrogel in vivo,
and thus we want to use as low of a sulfuric acid concentration as possible. Since there is
no clear benefit in raising the sulfuric acid concentration past 25 mM, we choose 25 mM

as our optimized concentration for the HANor-HATet dosimeter.

2.3.3 Mohr’s Salt Optimization at Room Temperature

To further optimize the HANor-HATet dosimeter, a wider range of Mohr’s Salt
concentrations were tested. The concentrations tested are as follows: 0.1 mM, 0.5 mM,
0.75 mM, and 1 mM. This study only focused on the change in optical absorbance noted
from before irradiation to immediately after irradiation, and from before irradiation to 1

day after irradiation.
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Figure 7. Optimization of Mohr’s Salt at Room Temperature. (a) Represents HANor-
HATet samples containing 0.1 mM, 0.5 mM, 0.75 mM, and 1 mM Mohr’s salt. All groups
are kept at room temperature and read immediately after irradiation. (b) Represents
HANor-HATet samples containing 0.1 mM, 0.5 mM, 0.75 mM, and 1 mM Mohr’s salt.

All groups are kept at room temperature and read 1 day after irradiation.

Immediately following irradiation, all samples in exception to the 0.1 mM group
seem to have an identical sensitivity to radiation. In fact, the 0.1 mM group is hindered to
such a degree by the drop in Mohr’s salt, that it doesn’t gain optical density past
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approximately 0.3 AU. All other sample groups are not impacted by lower amounts of
Mohr’s salt. The 1 mM group does have one point lower than the other groups at 40 Gy;

however, this is not a significant difference (Figure 7a).

There is an observable trend that samples containing lower concentrations of
Mohr’s Salt seem to retain their dosimetric properties slightly better than those containing
higher concentrations. Although, this difference is not shown to be significant in these
conditions. For samples containing 0.1 mM, their sensitivity seems lower than samples
containing higher concentrations as their change in optical absorbance never seems to
reach above 0.2 AU for any dosage of radiation. Samples containing 0.5 mM Mohr’s salt
are generally able to reach the absorbance peak that samples with higher concentrations
can reach. At 0, 5, 10, 20, and 40 Gy, the change in optical absorbance respectively
measures as follows: 0.08, 0.2, 0.47, 1.02, and 1.53 AU. This configuration appears to be
the most optimal as increasing concentrations consistently correlate with higher changes
in optical absorbance, indicating higher rates of self-oxidation. Although, the differences
between the 0.5 mM group, the 0.75 mM and 1 mM groups are not very significant. The
largest difference in usable concentrations is between the 0.5 mM and 1 mM groups. At
0, 5, 10, 20, and 40 Gy, the change in optical absorbance respectively measures as

follows: 0.09, 0.28, 0.63, 1.15, and 1.68 AU (Figure 7b).

Overall, it seems that at the minimum, all HANor-HATet dosimeters must have a
Mohr’s concentration equivalent to or greater than 0.5 mM. Any lower concentration may
result in a loss of dose sensitivity, as supported by other works.®” Taking all data into

account, it was decided that 1 mM is optimal for now. This was primarily decided due to
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there being no discernible difference in the maintenance of dosimetric properties among

the 0.5 mM, 0.75 mM, and 1 mM groups 1 day following irradiation.

2.3.4 HANor-HATet Hydrogel vs. Gelatin Hydrogel Dosimeters

To compare both the HANor-HATet and the Fricke Gel dosimeter (Gelatin), both
gels were prepared at 2% w/v ratio, with 0.2 mM Xylenol Orange, 25 mM Sulfuric Acid,
and 1 mM Mohr’s Salt. Samples were prepared in 96 well plates, using 100 pL per well
and 230 pL of distilled water to top off the wells. All samples were then irradiated at

room temperature utilizing a LINAC machine and promptly scanned using a plate reader.

(a) (b)

0 Gy

Figure 8. Gelatin vs. HANor-HATet Hydrogel Dosimetry Sensitivity Comparison.
Demonstrates a comparison of dose sensitivity between gelatin Fricke and HANor-HATet

hydrogels. All hydrogels utilize concentrations of 0.2 mM Xylenol Orange, 25 mM
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sulfuric acid, and 1 mM Mohr’s salt. (a, b, ¢) Shows the sensitivity of the gelatin and
HANor-HATet gels, respectively, in terms of optical density measured between 360-720
nm. It was determined that reading at 585 nm is optimal for testing Fricke gel dose
sensitivity. (d) Directly compares the linear dose response of gelatin Fricke and HANor-

HATet hydrogels.

The HANor-HATet and Gelatin both displayed similar sensitivities to radiation.
Although, it appears that Gelatin is consistently more sensitive to radiation than HANor-
HATet by a small margin (p < 0.0001). At 0 Gy, it appears that both gels appear to have
the same change in optical density at 585 nm, meaning that their self-oxidation rate is
indiscernible from one another only after a few hours. This change in optical absorbance
is noted to be approximately 0.04 AU (Figure 8a). When irradiated with a dose of 20 Gy,
there is a small difference between the two samples, with Gelatin seeing a higher change
in optical absorbance, 1.01 AU, than HANor-HATet, 0.65 AU, at 585 nm (Figure 8b).
This trend continues when both gels are irradiated with 40 Gy. Gelatin sees a change in
optical absorbance of 1.7 AU while HANor-HATet sees a change of 1.2 AU (Figure 8c).
When the dose responses are plotted, they display a very strong linear response. It is also
demonstrated that Gelatin is more sensitive than the HANor-HATet, especially beyond a

dose of 10 Gy (Figure 8d).

Ultimately, the gelatin dosimeter being more sensitive to radiation than the
HANor-HATet dosimeter could be a matter of the gelatin having a more cohesive matrix
structure. HANor-HATet hydrogels have nitrogen bubbles form within their matrix upon

gelation. It is stated that most dosimeters need sufficient oxygen to function properly.5168
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It could be possible that the nitrogen evolution within the HANor-HATet dosimeter
which form the nitrogen bubbles purge the hydrogel of a significant amount of oxygen,
ultimately leading to it being a less sensitive dosimeter than the gelatin. However, data
still presents that the HANor-HATet dosimeter is still more than viable enough to use as
a dosimeter. While there is a significant difference between HANor-HATet and gelatin in
terms of radiation sensitivity, our data still suggests that the injectable is still more than
usable, especially when compared to gelatin dosimeters that have been nitrogenated.® It
is not the most ideal scenario, however, the HANor-HATet is still distinguishable enough

at different doses of radiation to be reliable as a dosimeter.

2.3.5 Miscellaneous Characterization of Optical Density Trends

Upon seeing that HANor-HATet dosimeters tended to be darker in appearance
than gelatin Fricke, leading to a higher starting optical density, we decided to investigate
what the cause of this could be. In this study, we wanted to investigate the impact of the
macromer/polymer alone on the optical density, the impact of implementing Xylenol
Orange into the hydrogels on optical density, and the impact of adding all Fricke
components into the hydrogels on optical density. In doing so, we tested 9 different
sample groups that are listed in Table 3. The concentrations of the Fricke components,
when they were utilized in the hydrogels, are as follows: 0.2 mM Xylenol Orange, 25

mM sulfuric acid, and 1 mM Mohr’s salt.
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Table 3

Conditions used to Determine Cause of HANor-HATet Hydrogel Dosimeter High Optical

Absorbance
HANor HANor w/XO HANor Dosimeter
HATet HATet w/XO HATet Dosimeter

HANor-HATet | HANor-HATet w/XO | HANor-HATet Dosimeter

Gelatin Gelatin w/XO Gelatin Dosimeter

Optical Densities Averages at 585 nm of Various Samples
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Figure 9. Optical Density Factor Experiment. A test to determine the factors behind the
HANor-HATet’s higher starting optical density over gelatin Fricke. (a) Picture visually
displaying the colors of the different groups of hydrogels. Table 3 can be used as a

reference to distinguish which groups are being displayed on the plate. (b) Displays the

optical densities of all sample groups.

The HANor samples have a relatively low starting optical density as it appears as
a clear, transparent liquid. Contrary to expectations, adding Xylenol Orange to the
HANor alone did not significantly raise its optical density. However, when all Fricke
components are added to the HANor solution, it jumps from approximately 0.05 AU to
0.275 AU. When analyzing the HATet solutions, which appear as a dark pink color
without any Fricke components, it has an optical density of approximately 0.275 AU,
which is very similar to the HANor with all Fricke components. Unlike the HANor
samples, the HATet samples gain significant optical density when Xylenol Orange is
added, increasing from approximately 0.3 AU to approximately 0.55 AU. However, when
all dosimeter components are added, its optical density drops down to approximately 0.4
AU. The HANor-HATet samples without any Fricke components start at approximately
0.3 AU, which is similar to HATet without any Fricke components. When Xylenol
Orange is added, the sample’s optical density equates to approximately 0.425 AU. After
all Fricke components are added to the HANor-HATet, sample optical density increases
to approximately 0.45 AU. The gelatin samples follow a similar trend as the HANor-
HATet samples, though with lower overall optical densities. The gelatin samples without

any Fricke components start at approximately 0.025 AU. Gelatin samples’ optical density
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increases to approximately 0.125 AU when Xylenol Orange is added and to

approximately 0.15 AU when all Fricke components are in the gelatin (Figure 9).

It appears that the HATet is the primary factor as to why the HANor-HAT et
dosimeters have such a high starting optical density compared to gelatin. Indicators of
such a conclusion are evident when comparing the HANor dosimeter samples to HA-Tet
and HANor-HATet samples without any Fricke components. HATet’s starting optical
density without any dosimeter components is almost identical to the HANor dosimeter.
Moreover, the HANor-HATet samples without any Fricke components seem to have a
similar optical density to the HATet samples without any Fricke components. By this
logic, we can conclude that the significant difference between the starting optical
densities of HANor-HATet dosimeters and gelatin Fricke is primarily caused by the
HATet. Since HANor is a colorless, clear liquid it does not contribute much to the overall
optical density that is common of the HANor-HATet dosimeter. However, since HATet
is a dark pink color, this is more than likely a major contributor to HANor-HATet’s
higher optical density compared to the gelatin Fricke. It appears that other factors may

still contribute to the injectable dosimeter’s higher optical density though.

Next, we commenced a more thorough study of the effects of dosimeter
components on the optical density of the HANor-HATet hydrogel. More specifically, this
study comprises of HANor-HATet hydrogels with Xylenol Orange in every sample
group. We already understand that Xylenol Orange is a contributing factor to the
increased optical density seen in hydrogel samples previously. We wanted to use it as a
reference in this experiment. We tested HANor-HATet groups with Xylenol Orange

alone, with Xylenol Orange and sulfuric acid, and with Xylenol Orange and Mohr’s salt.
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Figure 10. Dosimeter Component Effect on HANor-HATet’s Optical Density.
“Reference” refers to day 0. (a) A seven-day study performed on HANor-HATet
containing only Xylenol Orange. Optical density is measured at 585 nm. (b) A seven-day
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study performed on HANor-HATet containing both Xylenol Orange and sulfuric acid.
Optical density is measured at 585 nm. (c) A seven-day study performed on HANor-
HATet containing both Xylenol Orange and Mohr’s salt. Optical density is measured at

585 nm.

The Xylenol Orange samples start at an optical density of approximately 0.5 AU
on the reference day, which is also known as day 0. The samples lose optical density
between the reference day and day 1, dropping to approximately 0.4 AU. From this point
on, the optical density drops slowly until it reaches approximately 0.3 AU on day 7
(Figure 10a). The Xylenol Orange and sulfuric acid samples begin with an optical density
of 0.4 and remain relatively stable over the course of the 7 days (Figure 10b). The
Xylenol Orange and Mohr’s salt samples begin at approximately 2.1 AU. By day 1, it
quickly lowers to approximately 1 AU and down to approximately 0.9 AU by the end of

7 days (Figure 10c).

As expected, samples containing only Xylenol Orange are relatively stable.
However, it is interesting to note that these samples see a small and steady decrease in
their optical densities over time. Perhaps Xylenol Orange once put into a hydrogel begins
to slowly lose optical density over time due to diffusion. Such a hypothesis will require
more testing though. Interestingly, samples with Xylenol Orange and sulfuric acid appear
to start at a lower optical density than samples with just Xylenol Orange and remain
stable for the entirety of the week. Ultimately, sulfuric acid does not contribute to the
higher optical density of the samples seen previously. The Xylenol Orange and Mohr’s

salt samples have a starting optical density of 2.1 AU, implying that the dosimeter has
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reached peak absorbance based off previous experiments. It quickly drops to
approximately 1 AU and continues to decline to 0.9 over the course of the week. Overall,
when comparing hydrogels without Fricke components and hydrogels with Fricke
components, it appears that the two contributing factors of a dosimeter hydrogel’s higher

optical density are Xylenol Orange and Mohr’s salt.

2.4 Conclusions

The aim this study set out to accomplish was to optimize dosimetry components
in HANor-HATet dosimeters. After extensive studies and experiments, we concluded that
at room temperature, the optimal concentrations of standard dosimetry components are as
follows: 0.2 mM Xylenol Orange, 25 mM sulfuric acid, and 1 mM Mohr’s salt. Of all
tested concentrations, these consistently gave us the radiation sensitivity for the HANor-
HATet hydrogels. Furthermore, HANor-HATet compares well to the previous gold
standard of hydrogel dosimetry, gelatin Fricke. While gelatin has better overall sensitivity
to radiation, it cannot be denied that much like gelatin Fricke, HANor-HATet dosimeters
have a very linear and very distinct dose response. Taken altogether, this makes HANor-

HATet a strong dosimeter that is ready for body temperature testing.
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Chapter 3
Evaluating Change in HANor-HATet Hydrogel Optical Density as a Function of
Radiation at Body Temperature
3.1 Introduction
In our last study, we did extensive work to characterize the HANor-HATet

hydrogel as a dosimeter and compared our formulations to gelatin Fricke. Now that we
have ensured that its dosimetric components are optimized, we want to test the HANor-
HATet dosimeter at body temperature. We first want to ensure that it maintains
dosimetric functionality at body temperature. If our hydrogel still proves to be functional
at these conditions, then we intend to evaluate its change in optical density as a function
of radiation at body temperature. If needed, we will investigate if further optimization of

dosimetry components for HANor-HATet is possible.

3.2 Materials and Methods
3.2.1 Injectable Dosimeter Hydrogel Formation

HANor-HATet dosimeters were always made at 2% w/v. To make this hydrogel,
we needed to make two separate solutions: an HANor solution and an HATet solution.
To create the HANor solution, we dissolved HANor (2% w/v) in MilliQ water inside a
small Eppendorf tube that was vortexed until the solution turned clear. It should be noted
that the amount of MilliQ water used is the amount of solution volume left that isn’t
comprised of the Fricke components. This was always calculated beforehand. The
solution was then vortexed until the HANor macromer appeared to be completely
dissolved. Next, we added the Fricke dosimeter components. It should be noted that our

HANor solution is the only one that contained Fricke components. We added the Fricke
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components one at a time, vortexing the solution each time a new component was added.
As a side note: we always recommend adding Mohr’s salt last so that the Xylenol Orange
doesn’t end up “browning” in the process. It is crucial that the Fricke components present
here be two times greater than the concentrations of Fricke components planned for the
final HANor-HATet solution. When the HANor is added to the HATet, the dilution of the
Fricke components is 2:1. However, it should be noted that this logic does not apply for
HANor and HATet macromers. When the two components are added together, we
consider them to be the same polymer. Therefore, if you add a solution that contains 2%
HANOor to a solution that contains 2% HATet, the final solution will be considered to
have 2% HANor-HATet w/v overall. Following this, we would make our HATet
solution. We would add an amount of the HATet macromer into a small Eppendorf
equivalent to 2% wi/v of the final HATet solution. We would then add an amount of
MilliQ water equivalent to the total solution volume of the HANor solution as these two
volumes should match. Following this step, we vortexed the solution until the HATet
appeared to completely dissolve. Lastly, we would add an amount of HANor to a separate
Eppendorf followed by adding an equivalent amount of HATet to that same Eppendorf to
initiate the mixing process via micropipette. It is important to note that once this was
done, we only had 5 minutes to mix the two solutions together via micropipette and then
dispense it to a mold/container. After 5 minutes the HANor-HATet solution should have

solidified into a hydrogel.

3.2.2 Measuring Optical Density via Spectrophotometry
In dosimetry, changes in the visible light spectrum of the gels are one way of

determining sensitivity to radiation. Dosimeters are loaded with Fe?* and Xylenol
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Orange. When the gels are irradiated, it causes a reaction that oxidizes Fe?* to Fe*. When
this occurs, Fe®* ions bind to Xylenol Orange structures, which cause a change in optical
absorbance of a dosimeter gel. Normally, before there is a significant presence of Ferric
ions in the gel, the dosimeter usually has an absorbance peak around 430 nm. However,
after the gel is irradiated, there is an increase in optical absorbance at 585 nm
proportional to the amount of radiation that the gel receives. This consequently causes a

decrease in the optical peak observed at 430 nm.%’

Optical scanning was performed with a SpectraMax iD5. The machine is
connected to a laptop that contains the Softmax Pro software. For most studies, optical

absorbance was scanned between light wavelengths of 360 nm to 720 nm.

3.2.3 Irradiating Hydrogel Samples with LINAC

Hydrogel samples were contained in 96 well plates and irradiated from anywhere
between 0 MU to 4000 MU, which equates to approximately 0 Gy to 40 Gy, respectively.
All samples were irradiated with a LINAC on site at Cooper University Hospital in
Camden New Jersey. The field size used was 20 cm by 20 cm due to the size of the 96

well plates used to contain the hydrogel samples. The energy used was 15 MeV.

3.2.4 Body Temperature Testing Setup

All samples irradiated at body temperature were first wrapped in foil and placed
in a humidifier. The humidifier was made by placing soaked paper towels in a large
Tupperware container and sealing it with the lid. This humidifier was then placed in a

warm room (37°C) before being irradiated.
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3.2.5 Cell Culture

To evaluate biocompatibility of HANor-HATet hydrogels, these hydrogels, with
varying concentrations of dosimeter components, were cultured in the presence of
mammalian cells. Human mesenchymal stem cells (MSCs) were expanded on tissue
culture plastic plates, and once cells reached 80-90% confluency, they were passaged,
counted, and seeded on wells of a 24-well plate (5,000 cell/cm?) in MSC culture medium
(aMEM, 10% fetal bovine serum, 1% penicillin/streptomycin). MSCs were then exposed
to HANor-HATet hydrogels using tissue culture plate inserts. HANor-HATet hydrogels
were made using 8 mm diameter rubber molds and then promptly placed into an insert
which would make direct contact with the MSC medium. MSCs were cultured in the
presence of HANor-HATet hydrogels over the course of 7 days. Viability was evaluated
at 1 day, 3 days, and 7 days after cells were initially cultured by measuring metabolic
activity using an alamarBlue assay per manufacturer instructions. Using a micropipette,
MSC culture medium was carefully removed from each well and replaced with 1 mL
10% alamarBlue in MSC culture medium. After replacement, the hydrogels were placed
back into their appropriate wells. Well plates were incubated for four hours and before
reading, the hydrogels were removed and placed in sterile PBS. The plates were read at a
fluorescence wavelength of 570-610 nm.8! After reading the plates, the alamarBlue
medium was replaced with MSC culture medium, and the hydrogels were placed back in

their original wells. The plates were then incubated until the next time point.

The standard curve used to correspond fluorescence with the number of live cells
was developed by culturing a known number of cells into different wells. The number of

cells used in each well was as follows: 0 cells, 5,000 cells, 10,000 cells, 15,000 cells, and
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20,000 cells. When fluorescence of the wells was measured to develop the standard

curve, each well contained alamarBlue in MSC culture medium.

3.2.6 Statistics

Statistical analysis was performed using GraphPad Prism (version 10.3.0,
GraphPad software, Inc., La Jolla, CA). Most experiments were carried out in triplicate.
AlamarBlue experiments were carried out in sample sizes of n=9. Analysis of variance
(ANOVA) was performed followed by Tukey’s test for post-hoc analysis. Differences
among groups are stated as p < 0.05 (*), p <0.01 (**), p <0.001 (***), and (ns) when

differences between groups are not statistically significant.

3.3 Results and Discussion
3.3.1 HANor-HATet Hydrogel Dosimetry at Body Temperature

To test the room temperature samples of HANor-HATet gels, the same procedure
was used as mentioned for the previous test. For body temperature samples of HANor-
HATet, all gels were made at room temperature, followed by being stored in a makeshift
humidifier inside of a warm room for at least 30 minutes (Figure 113, b, & c). All
samples were irradiated by a LINAC machine and scanned using a plate reader. The
concentrations for the dosimeter components used are as follows: 0.2 mM Xylenol

Orange, 25 mM sulfuric acid, and 1 mM Mohr’s salt.
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Figure 11. Humidifier for Body Temperature Study. A visual of the humidifier used in the
body temperature experiments. All samples irradiated at body temperature were first
wrapped in foil, placed in the humidifier with soaked paper towels, then placed in a warm

room (37°C) before being irradiated. (a) Tupperware container with 96-well plates inside.
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(b) 96-well plates are wrapped in foil and surrounded by wet paper towels. (c) A lid is

placed on the Tupperware container, making it a humidifier.
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Figure 12. HANor-HATet Hydrogel Dosimeter: Room vs. Body Temperature. (a) Data for

HANor-HATet hydrogels stored and irradiated at room temperature over the course of
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one week. (b) Data for HANor-HATet hydrogels stored and irradiated at body

temperature over the course of one week.

The room temperature samples showed similar results to previous experiments on
the day of irradiation at all doses: 0 Gy, 5 Gy, 10 Gy, 20 Gy, and 40 Gy. The unirradiated
samples seem to gain almost no optical density in the time between formation and sample
irradiation. Further consistency can be observed with the samples irradiated with 40 Gy
as, with the experiments prior to this, they only gained approximately 1.2 AU of optical

density. (Figure 12a).

The data confirms that the HANor-HATet dosimeter will function at body
temperature. Not only this, but the body temperature samples showed significantly higher
sensitivity to radiation than room temperature samples, particularly with samples that
received 20 Gy or higher. For reference, when comparing samples irradiated at 40 Gy
between both groups, p = 0.0037. Furthermore, the data displays a strong correlation
coefficient of 0.9912, suggesting that it remains a strong and reliable dosimeter (Figure

12b).

The HANor-HATet dosimeter being more sensitive to radiation at body
temperature could be due to chemical reactions occurring faster at higher temperatures. It
is well documented that increasing temperature increases reaction rates, and therefore, it
is reasonable to correlate the increase from room to body temperature with the increase in
sensitivity to radiation.®? In fact, the increase in sensitivity in the HANor-HATet

dosimeter makes it more comparable to the gelatin dosimeter, which is only useful at
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room temperature. However, this change in sensitivity prompted us to re-evaluate
whether we were still using the optimal concentrations of dosimetric components for

HANor-HATet dosimeters.

3.3.2 Sulfuric Acid Optimization at Body Temperature

To see if HANor-HATet was optimized at body temperature, the following
concentrations of sulfuric acid were tested: 10 mM, 25 mM, 50 mM, and 100 mM. This
study only focused on the change in optical absorbance from before irradiation to
immediately after irradiation. Samples were irradiated at 0 Gy, 5 Gy, 10 Gy, 20 Gy, and

40 Gy.

Body Temperature Sulfuric Acid Optimization (0 hours)

@25 mM

1 l o 50 mM

100 mM

Figure 13. Sulfuric Acid Optimization at Body Temperature. Represents HANor-HATet
samples containing 25 mM, 50 mM, and 100 mM sulfuric acid. All groups are kept at

body temperature and scanned immediately after irradiation.
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From the data, it appears that samples containing 25 mM seemed to follow a
similar trend as in previous body temperature experiments. At 0 Gy, the 25 mM had no
increase in optical density. On average, 25 mM samples irradiated with 5 Gy had a
change in optical absorbance of just below 0.25 AU. The 25 mM samples irradiated with
10 Gy had an average gain in optical absorbance just under 0.5 AU. All 25 mM samples
irradiated with 20 Gy had a gain of just short of 1 AU in optical density on average.
Lastly, 25 mM samples irradiated with 40 Gy reached a change in optical absorbance of
1.6 AU just after irradiation. The 50 mM and 100 mM samples behaved the same, having

overall less sensitivity to radiation than the 25 mM samples (Figure 13).

It seems that after 25 mM, increasing sulfuric acid concentration does not
significantly increase sensitivity. In fact, it appears to hinder dosimetric sensitivity. For
the comparison between 25 mM and 50 mM at 40 Gy, p = 0.0017. For the comparison
between 25 mM and 100 mM at 40 Gy, p = 0.0006. From what is understood, it should
be the case where increasing the concentration of sulfuric acid decreases the sensitivity of
the dose response.® It should be noted that further characterization should be performed

with MRI to verify the effects of increasing sulfuric acid.

3.3.3 Mohr’s Salt Optimization at Body Temperature

To further optimize the HANor-HATet dosimeter, a wider range of Mohr’s Salt
concentrations were tested. The concentrations tested are as follows: 0.1 mM, 0.5 mM,
0.75 mM, and 1 mM. This study only focused on the change in optical absorbance noted
from before irradiation to immediately after irradiation. The dosages used to irradiate the

samples are as follows: 0 Gy, 5 Gy, 10 Gy, 20 Gy, and 40 Gy.
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Figure 14. Mohr’s Salt Optimization at Body Temperature. Represents HANor-HATet
samples containing 0.1 mM, 0.5 mM, 0.75 mM, and 1 mM Mohr’s salt. All groups are

kept at body temperature.

At body temperature, the 0.1 mM samples follow a similar trend in optical
absorbance gains compared to the room temperature results. Samples containing 0.5 mM
seem to have almost identical sensitivities to radiation. At 0, 5, 10, 20, and 40 Gy, the
approximate change in optical absorbance respectively measures as follows: 0, 0.2, 0.35,
0.7, and 1.4 AU. The only outlier is at 20 Gy where the sample groups seem to have
slightly different gains in optical density. Other than this, their sensitivity curve to

radiation remains uniformly the same for every dose the hydrogel was given (Figure 14).

Overall, it seems that lowering the Mohr’s salt concentration does not impact
sensitivity to radiation as long as it’s not lowered past a certain threshold.®” However, this
needs further testing via MRI verification. In most cases, our hydrogels cannot gain

optical density over 1.8 AU. This is due to Xylenol Orange being needed for optical
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verification. Studies indicate that Xylenol Orange can only be used with a maximum
concentration of 0.2 mM. After this, dosimeter hydrogels will start losing sensitivity to
radiation.®* The literature does not clarify why this happens, however, the fact remains
that using 0.2 mM Xylenol Orange is a limiting factor when 1 mM of Mohr’s salt is
present. However, hydrogel verification through MRI does not have this limitation as
Xylenol Orange is not a necessary component for this dose verification process.*66354 |t
is therefore possible that the HANor-HATet dosimeters have a higher sensitivity peak
than what is observed here with the optical data, which will need to be evaluated via MRI

characterization of our hydrogel.

3.3.4 HANor-HATet Hydrogel Dosimeter Biocompatibility

A culture of 10,000 cells were used to test the viability of the HANor-HATet
dosimeter. Cultures were seeded in 24-well plates and exposed 100 pL cylindrical
HANor-HATet dosimeter hydrogels using Transwell plates. Utilizing a plate reader,
fluorescence was used to determine a standard curve that could be used to estimate the
number of cells present in the culture based on metabolic activity. Fluorescence is read at
an excitation wavelength of 570 nm and emission wavelength of 610 nm. AlamarBlue is
used as an agent to determine the metabolic activity of the culture in this experiment.
Sulfuric acid and Xylenol Orange were modulated in separate test groups. The sulfuric
acid groups utilized in this study were as follows: 25 mM, 50 mM, and 100 mM. These
groups used concentrations of 1 mM Mohr’s Salt and 0.2 mM Xylenol Orange. The
Xylenol Orange groups utilized in this study were as follows: 0.05 mM, 0.2 mM, and 0.5
mM. These groups used concentrations of 1 mM Mohr’s Salt and 25 mM Sulfuric Acid.

A blank gel group containing no dosimeter components, and a group not exposed to any
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HANor-HATet hydrogels were utilized as controls. All groups utilized a sample size of
n=3. When the fluorescence of the samples was measured, the supernatant of each well
was taken and distributed into 3 wells of a 96-well plate, giving a total sample size of n=9
when the fluorescence of each sample group was measured. All samples were read after

1, 3, and 7 days in culture.
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Figure 15. Cell Viability Assay. (a) Number of cells recorded on days 1, 3, and 7 for
sulfuric acid groups. (b) Number of cells recorded on days 1, 3, and 7 for Xylenol Orange

groups.
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The control groups present a metric comparison for all other test groups. For the
“Blank Gel” group, the number of cells grew to approximately 15,029 cells on day 1,
80,172 cells on day 3, and 155,747 cells on day 7. For the “No Gel” group, the number of
cells grew to approximately 15,603 cells on day 1, 102,586 cells on day 3, and 163,506

cells on day 7.

For the sulfuric acid groups, the 10 mM, 25 mM, and 50 mM samples showed
great promise of viability. The 10 mM sample culture grew to approximately 11,867 cells
on day 1, 89,655 cells on day 3, and 93,678 cells on day 7. The 25 mM sample culture
grew to approximately 11,867 cells on day 1, 86,782 cells on day 3, and 94,828 cells on
day 7. The 50 mM sample culture grew to 11,983 cells on day 1, 86,207 cells on day 3,
and 124,128 cells on day 7. The 100 mM sample culture grew to 9,856 cells on day 1,

59,195 cells on day 3, and 63,793 cells on day 7 (Figure 15a).

Every group of the xylenol orange modulated samples demonstrated great
viability. The 0.05 mM sample culture grew to approximately 13,305 cells on day 1,
90,230 cells on day 3, and 105,747 cells on day 7. The 0.2 mM sample culture grew to
approximately 12,931 cells on day 1, 91,954 cells on day 3, and 106,897 cells on day 7.
The 0.5 mM sample culture grew to approximately 15,718 cells on day 1, 104,310 cells

on day 3, and 125,575 cells on day 7 (Figure 15b).

There is a small difference between the control groups and the 10-50 mM sulfuric
acid groups in terms of the number of cells in the culture on day 7. It should be noted that
the p-value when comparing the group containing 25 mM of sulfuric acid, our optimal
concentration, and the blank gel group is 0.0039, indicating a significant difference

between the two groups. However, significant cell growth is observed in all sulfuric acid
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groups. Even with the 200 mM sulfuric acid group, there is still a significant amount of
cell growth within the culture by day 7. Although, due to the reduced number of cells by
day 7, we wouldn’t want to use 100 mM sulfuric acid during in vivo studies. This study
also satisfies any concern that Xylenol Orange or Mohr’s salt has any impact on cell
viability. With this information, our team feels optimistic about taking the next steps in
preparing for in vivo animal studies. In future studies, we plan to test our hydrogel’s
viability further through subcutaneous injections. Viability will be determined based off
local inflammation and systemic cytotoxicity. It should be noted that no current animal

studies utilizing an injectable dosimeter hydrogel exist as of now.

To investigate how the presence of sulfuric acid within our HANor-HATet
dosimeter hydrogels affects local acidity, we conducted a pH test of the hydrogels over
the course of 7 days. The hydrogels consisted of samples containing 0.2 mM Xylenol
Orange, | mM Mohr’s salt, and four different concentrations of sulfuric acid: 0 mM, 25
mM, 50 mM, and 100 mM. Hydrogels were made at quantities of 100 uL and topped

with 1.5 mL of MilliQ water. The experiment was conducted with pH strips.
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Figure 16. Evaluating HANor-HATet Hydrogel Dosimeter pH Over Time. HANor-HATet
hydrogels containing 0.2 mM Xylenol Orange, | mM Mohr’s salt, and varying
concentrations of sulfuric acid: 0 mM, 25 mM, 50 mM, and 100 mM. The pH of the

samples was measured over the course of 7 days using simple pH strips.

The 0 mM group started at a neutral pH of 7, dropped to 6, staying at this level for
the duration of the experiment. The 25 mM group started at a slightly acidic pH of 6,
dropping to 3 and remaining at that level for the next 6 days. The 50 mM group started at
an acidic pH of 4, dropped to 2 by the next day, and remained in such a state for the
entirety of the experiment. The 100 mM samples, on average, started at a very acidic pH
of 2.33, dropping to an average of 1.33 the next day, then dropping to a highly acidic pH

of 1 for rest of the study (Figure 16).

Overall, the results of this study were not exactly desirable. Most samples, other
than the control group with a sulfuric acid concentration of 0 mM, had a pH of 3 or below
following the initial day that the hydrogels were formed and submerged in MilliQ water.
This is not ideal for us as at best, that’s equivalent to the pH of lemon juice. At worst our
pH reached a level of 1, which is equivalent to stomach acid. However, this is not entirely
discouraging due to the conditions that the study had to be run under. As a basic
principle, the components within the dosimeter hydrogels will diffuse out of the gel when
submerged in water (Figure 17). This happens due to the principle of diffusion, where the
concentration of a solute within a solution will distribute itself evenly within said
solution. This general idea applies to hydrogels, which are 98% water, when they are

submerged within MilliQ water. Due to the length of the pH strips, we had to submerge
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the hydrogels in 1.5 mL of MilliQ water to ensure that the strips were able to take proper
pH measurements. Due to material constraints, we could not just increase the amount of
hydrogel used either. Therefore, the ratio of hydrogel to MilliQ water is 1:15. That being
stated, instead of a slow and gradual diffusion that might happen in an in vivo
environment with a lower ratio of hydrogel to water, a rapid expulsion of all Fricke
components occurred to equally distribute the solutes, making the pH of the surrounding
water much more acidic than it should be initially. If the ratio was lower, we speculate
that the pH of the surrounding water would overall be less acidic. Furthermore, we are
still not very concerned by these findings due to the results of the cell viability assay

discussed previously.

57



Figure 17. Diffusion of Fricke Components Out of Irradiated Hydrogels. Demonstrates
the impact of diffusion on irradiated dosimeter hydrogels. The top half of the plate
consists of hydrogels that had water taken out of the hydrogel wells (columns 1 & 2) and

placed into the wells on the right (columns 3 & 4, 5 & 6, etc.). This process was done
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every 2 days until the hydrogel wells lost all color. The bottom half of the plate consists
of hydrogels that didn’t have their water replaced (columns 1 & 2) and wells containing

only MilliQ water (columns 3-12).

The results of the dosimeter hydrogels being placed in water without any solutes
were observed in a prior study (Figure 17). In this study, we used hydrogels that were
placed in two groups: one that had its water changed every few days, and one that didn’t
have its water changed at all. As demonstrated, the hydrogels that had their water
changed every few days completely lost all color by the end of the study, indicating that
all Fricke components had diffused out of the hydrogel (1 week). The hydrogels that
didn’t have their water changed retained their original color and optical density as Fricke
components stopped diffusing out of the hydrogels due to equilibrium being reached.
Ultimately, this shows that if the ratio of hydrogel to water is more even, then the entirety
of the sulfuric acid component will not leak out into the surrounding liquid, lowering the

pH of said liquid.

3.3.5 Radiation Patterning and Ferric lon Diffusion

One of the most important functions of a dosimeter hydrogel is to be able to
accurately represent how much radiation a certain area is receiving. To this end, we
formed dosimeter hydrogels in 100 mm cell culture dishes and utilized a LINAC to etch
our lab’s Vega Lab “VL” logo. Hydrogels were formed at 2% wi/v and utilized 0.2 mM

X0, 25 mM sulfuric acid, and 1 mM Mohr’s Salt. In this sense, we compare the logo
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results of the Gelatin dosimeter to the HANor-HATet dosimeter at room temperature.

Logo results for the HANor-HATet at body temperature are also shown.

(@)

(b)

100 mm

Figure 18. Spatial Radiation Pattern Analysis. A test performed to examine the ability of
a dosimeter hydrogel to represent the radiation it is given spatially. To demonstrate this,
our lab logo “VL” is etched into hydrogels. (a) A “before” and “after” snapshot of the

gelatin dosimeter receiving patterned radiation. The “V” is given 30 Gy and the “L” is
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given 15 Gy. (b) A “before” and ““after” snapshot of the HANor-HATet dosimeter

receiving patterned radiation. The “V” is given 40 Gy and the “L” is given 20 Gy.

The Gelatin dosimeter shows great spatiotemporal ability in the mapping of
radiation doses. The “V” and “L” were formed into the Gelatin using 30 Gy and 15 Gy
respectively. It is clearly demonstrated that the Gelatin holds the shape of our lab’s logo
very well, having sharp, well-defined edges (Figure 18a). The HANor-HATet dosimeter
shows relatively good spatiotemporal ability in the mapping of radiation doses. However,
it should be noted that the Gelatin dosimeter provided a much clearer and sharper image
at room temperature in comparison. The “V”” and “L” were formed into the HANor-
HATet using 40 Gy and 20 Gy respectively. Despite receiving a higher dosage, the logo
isn’t quite as dark in color or refined in shape as it is for the Gelatin dosimeter. (Figure

18b).

Overall, it’s not surprising that the gelatin dosimeter ended up holding the shape
of the logo better than the HANor-HATet dosimeter. As previously mentioned, the
gelatin appeared to be more sensitive than the HANor-HATet dosimeter possibly due to
the nitrogen bubbles present in the latter.5! However, it is worth mentioning that we
hypothesize the HANor-HATet irradiated at body temperature will perform significantly
better than the samples irradiated at room temperature, leading to a better logo resolution.
This is largely due to our earlier results with HANor-HATet irradiated at body

temperature.

One major issue with dosimeter hydrogels is the quick rate of diffusion of Fe**

ions, often leading to the destruction of spatial radiation information.%871.727483 Eqr this
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reason, we conducted a time trial after the previously discussed radiation patterning
experiment to determine how prevalent the issue is in HANor-HATet. The trial lasted for

approximately 24 hours after the samples were initially irradiated.

1 hour & 1 hour & 1 hour &
Before After 1 hour 15 minutes 30 minutes 45 minutes

2 hours 3 hours 4 hours 5 hours 6 hours 24 hours

1 hour & 1 hour & 1 hour &
Before After 1 hour 15 minutes 30 minutes 45 minutes

2 hours 3 hours 4 hours S hours 6 hours 24 hours
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Figure 19. Fe3* Diffusion Time Trial. (a) The gelatin Fricke hydrogel from the spatial
radiation patterning experiment observed over the course of 24 hours. (b) The HANor-
HATet hydrogel from the spatial radiation patterning experiment observed over the

course of 24 hours.

The data demonstrates a quick loss of spatial information over the course of the
24 hours. The irradiated area of the gelatin becomes noticeably more unclear in resolution
just 1 hour after irradiation. After 2 hours it becomes increasingly uncanny from its
original “VL” image until it becomes an unrecognizable purple blob by 24 after
irradiation (Figure 19a). The HANor-HATet’s resolution suffers more so than the gelatin.
It does start to “blur” just 1 hour after irradiation, however, it also begins to lose its
purple color, making the irradiated area become more undistinguishable from the
surrounding unirradiated hydrogel. From 2 hours after irradiation and onwards, the image
etched into the hydrogel becomes blurrier and loses its purple color until it almost

disappears 24 hours post irradiation (Figure 19b).

Unfortunately, it becomes clear that the quick diffusion of Fe* ions after
irradiation remains an issue for the development of dosimeter hydrogels. However, this
issue can be circumvented providing that the hydrogels are scanned as quickly as possible
following irradiation. This should be made even more possible considering recent
advances in technology. There have been recent developments in radiation therapy that
allowed the creation of a magnetic resonance imaging LINAC system. Previously
impossible with existing technology, it is now possible to take MRIs and irradiate a

patient on the same machine. This system would theoretically allow for a radiation
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treatment plan to be delivered and then immediately verified via MRI providing that a

functional dosimeter hydrogel could be successfully injected to the site of treatment.3

3.4 Conclusions

In this study we aimed to evaluate the change in optical density as a function of
radiation therapy at body temperature and further optimize dosimeter components of the
HANor-HATet hydrogel at such conditions. Ultimately, it was discovered that not only
will HANor-HATet function at body temperature, but it will also be overall more
sensitive to radiation than it is at room temperature. It was also discovered that the
optimal concentrations of dosimeter components used for the HANor-HATet dosimeter at
room temperature are still optimal at body temperature: 0.2 mM Xylenol Orange, 25 mM

sulfuric acid, and 1 mM Mohr’s salt.
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Chapter 4
Summary and Future Directions
4.1 Research Summary
We presented a thorough characterization of the HANor-HATet dosimeter
hydrogel using spectrophotometric methods. It was determined that 0.2 mM Xylenol
Orange is optimal for the HANor-HATet dosimeter. It was found that at a minimum,
HANor-HATet dosimeters need a sulfuric acid concentration of 25 mM to properly
function. Moreover, this same concentration is optimal for dosimetry in HANor-HATet
hydrogels. It was discovered that Mohr’s salt must be at a concentration of at least 0.5
mM for HANor-HATet to be functional as a dosimeter. The optimal concentration of
Mohr’s salt was found to be | mM. When compared to the gelatin dosimeter, we found
that the HANor-HATet’s sensitivity is slightly lower. However, it displays a strong,
distinct, and linear dose response, much like gelatin dosimeters. Spectral analysis also
displayed that our hydrogel is not only functional at body temperature, but also more
sensitive to radiation than it is at room temperature. The optimal concentrations for
dosimeter components in HANor-HATet dosimeters at room temperature remain the

optimal concentrations for HANor-HATet dosimeters at body temperature.

4.2 Future Directions

| was able to complete the most crucial aspects of the hydrogel study in my time
here, including a thorough optical characterization of the HANor-HATet dosimeter, a
comparison of the HANor-HATet dosimeter to the gelatin Fricke, and a biocompatibility
study. However, there are other crucial studies that must be done in the future to enable a

pathway to clinical trials, which are summarized in the next sections.
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4.2.1 HANor-HATet MRI Characterization

One major study that should be conducted is the characterization of the HANor-
HATet dosimeter using MRI. We have discovered many properties of our dosimeter
hydrogel through optical studies, however, any in-vivo testing will need to scan the
hydrogels using MRI. It must be confirmed that the linear dose response of the hydrogels
we saw during optical testing carries over in principle to MRI testing. Moreover, it might
make an interesting study to test the maximum sensitivity and longevity of the HANor-
HATet once the primary inhibitor on longevity, the Xylenol Orange, is no longer needed
to scan the hydrogels. Most importantly, characterizing our hydrogel with MRI will allow

us to scan a three-dimensional snapshot of the radiation that it has absorbed.

4.2.2 Rodent Tumor Models: Dosage Verification Utilizing HANor-HATet Dosimeters
Following a complete characterization of the HANor-HATet hydrogels via MR,
animal studies should be the next immediate goal. After basic viability is tested through
the subcutaneous injections of our injectable dosimeter hydrogels in deceased mice, a
basic radiation experiment should follow. Injecting our hydrogel into deceased mice
following the creation of a radiation treatment plan, the mice should be irradiated to

certain dosages at a chosen target site, followed by dosage verification via MRI.

4.3 Concluding Remarks

In this thesis, an injectable radiation dosimeter that can function at body
temperature was developed using HANor-HATet as base matrix for dosimeter
components. Through the optimization of these components, HANor-HATet proved to be
a strong dosimeter that compares well to gelatin dosimeters, the previous gold standard of

hydrogel dosimetry. This dosimeter was able to work at body temperature and gained
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optical density as a function of radiation. This is a pivotal step as no dosimeter hydrogel
has ever functioned at body temperature. Hopefully, this can potentially lead to an
injectable hydrogel dosimeter that can be used clinically to validate the dosage of

radiation that cancer radiation therapy patients receive in the treatment of hard tumors.
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