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ABSTRACT

Radiation therapy is a common treatment modality employed in the treatment of cancer. High
energy photons have been the primary source of radiation but when administered, leave an exit
dose resulting in radiation damage to the adjacent healthy tissues. To overcome this, high energy
electrons are employed in cases of skin cancer to minimize radiation induced toxicity. Despite
these advances, measurement of delivered radiation remains a challenge due to limitations with
existing dosimeters including labor intensive fabrication, complex read-out techniques and post-
irradiation instability. To overcome these limitations, we have developed a novel colorimetric
plasmonic gel nanocomposite for the detection of therapeutic levels of radiation delivered in
electron beam therapy. The plasmonic nanocomposites consists of an agarose gel matrix
encapsulating precursor gold ions which are reduced to gold nanoparticles as a result of exposure
to high energy electrons. The formation of gold nanoparticles renders a change in color to the
agarose matrix, resulting in the formation of plasmonic gel nanocomposites. The intensity of the
color formed exhibits a linear relation with the delivered electron dose, which can be quantified
using absorbance spectroscopy. The plasmonic gel nanocomposites were able to detect doses
employed in fractionated electron therapy, including in an anthropomorphic phantoms used for
planning radiation treatments in the clinic. Furthermore, the use of glutathione as a quenching
agent facilitated qualitative and quantitative spatial mapping of the delivered dose. Our results
indicate that the ease of fabrication, simplicity of detection and quantification using absorbance
spectroscopy, determination of spatial dose profiles, and relatively low costs, make the plasmonic

gel nanocomposite technology attractive for detecting electron doses in the clinic.
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INTRODUCTION

Radiotherapy, including high energy photons (e.g. X-rays) is commonly used in the treatment of
cancer.!-2 However, when photons are delivered to a tumor site a large amount of exit dose outside
the target volume results in radiation-induced toxicity.> 4 To overcome this, high energy charged
particles (electrons) are employed in clinical radiotherapy (e.g. Skin cancer)’. The physical
characteristics of electrons result in a high surface dose and are often used to treat superficial
lesions.® Electron beams have an inherent property of depositing their maximum dose at the
required depth beyond which there is a sharp fall-off.” This radiation dose fall-off result in sparing
of healthy tissue from undesirable damage and warrants the use of electron beam radiotherapy over
high energy photons especially for skin malignancies.® Characteristics such as uniform dose
deposition, altering dose depth by mere change in beam energy and ease in treatment planning

make ionizing electrons a viable option for treatment of cancerous lesions.

Rapid advancements in radiation delivery have led to the use of higher radiation doses resulting in
shorter treatment times with similar cure rates.® ' However to ensure patient safety and treatment
efficacy during treatment, accurate measurement of the delivered dose is critical. Conventionally
used dosimeters include thermoluminescent dosimeters (TLDs), radiochromic films and
semiconductor diodes have significant drawbacks. Measurements using TLDs can be time
consuming and labor intensive, which makes their routine operation cumbersome!l.
Semiconductor diodes with their accurate readout are limited due to its dose rate dependence which
limits their frequent operation.!? Radiochromic films lack the ability to conform and adapt onto

patient specific anatomy, which makes them prone to positional instability and dose inconsistency
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with the delivered and predicted dose.!> '* In addition, the long times required for developing the
color is also a limitation. Thus, there is a need for new technologies that can detect doses in the

therapeutic window while addressing all the above challenges.

Recent advancements in molecular, nanoscale and nanocomposite systems can lead to new tools
for the detection of therapeutic levels of ionizing radiation.!> A silver nanoparticle dispersion
encapsulated in a sucrose acetate isobutyrate matrix was employed as a sensitive dosimeter to
detect therapeutic levels of ionizing radiation. However, this system relied on positron emission
tomography (PET) for quantification potentially hindering clinical translation due to the
requirement of a sophisticated equipment.'® A single-walled carbon nanotube — poly(olefin
sulfone) nanocomposite which underwent depolymerization under ionizing radiation was
investigated for radiation detection.!” Although the system facilitated real-time detection of
ionizing radiation, the dosimeter will need to be further optimized to detect therapeutic levels of
radiation.!” Quantum dot nanoparticles dispersed in polyvinyltoluene demonstrated excellent
scintillating properties under ionizing radiation but were unable to spatially resolve regions only
exposed to ionizing radiation'®. Despite these advances and their concomitant limitations, there is
a need to develop novel technologies that require minimal chemical processing and facilitate a

simple, quantifiable read-out for the detection of ionizing electrons used in clinical radiotherapy.

Gold nanoparticles possess unique optical and physiochemical properties and have found
application in diagnostics, imaging and drug delivery.!> 1922 Taking advantage of the plasmonic
properties of gold nanoparticles, we designed different formulations of colorimetric liquid sensors

which, upon exposure to ionizing radiation (photons), resulted in the formation of gold
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nanoparticles from its colorless precursor salt solution.?3->> The sensor was further modified to
facilitate easy handling and alleviate application concerns through formulation of the precursor
salt solution in a hydrogel matrix, resulting in the generation of plasmonic nanocomposites upon

exposure to ionizing radiation as an indicator of ionizing radiation.?6-28

In this study, we describe generation of gold nanoparticles within a hydrogel in response to
different doses of therapeutic ionizing electrons as a novel detection system. Formation of gold
nanoparticles results in a visible color change (e.g. maroon) of the nanocomposite from an initially
colorless hydrogel. The intensity of color increases with increasing amount of radiation and is used
to quantify the delivered dose. Finally, the ability of the plasmonic nanocomposites to capture
topographical dose profiles using a fixing agent post irradiation is reported. To the best of our
knowledge, the generation of plasmonic nanocomposites for electron beam dosimetry is the first

of its kind and has high potential for translation to clinical applications.

Materials and Methods

Materials. Molecular biology grade agarose, L-ascorbic acid (AA), dodoceyltrimethylammonium
bromide (C,TAB; >98%), Glutathione reduced (>98%), gold(Ill) chloride trihydrate
(HAuCly.3H,0) and myristyltrimethylammonium bromide (C,,TAB; >99%) were acquired from
Sigma-Aldrich. Cetyltrimethylammonium bromide (C,sTAB) was obtained from MP Chemicals.
Sodium dodecylsulfate (SDS) was obtained from Bio-Rad Laboratories and Tween 20 was

purchased from Fisher Scientific. All chemicals were employed in the study without further
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processing or purification. The solvent employed in the study was MilliQ water (Resistivity: 18.2

MQ.cm).

Generation of Plasmonic Gel Nanocomposites following Irradiation with Ionizing Electrons.
A 24 well plate was used as a mold in order to fabricate hydrogel disks with diameters of ~1.5 cm
and thickness of 3 mm. Briefly, 600 uL of a 50 mM stock solution of C,TAB (x =12, 14, 16) was
prepared and mixed with 30 uL of 10 mM HAuCl, in 1.7 mL microcentrifuge tubes. From this
mixture, 100 pL. was removed prior to the addition of heated 2% liquid agarose (500 puL). From
this mixture, 650 uL was removed and poured into the molds of the well plate and allowed to set
as gels prior to irradiation experiments. The gels were then incubated in 10 mM ascorbic acid
(650uL) for 10 minutes resulting in translucent hydrogels. The final concentration of HAuCly,

C«TAB and agarose were 0.25 mM, 25 mM, and 1% (w/v) respectively.

A 6 well plate was used as a mold for fabricating larger hydrogel disks with diameters of ~3.5 cm
and thickness of 3 mm. Briefly, 1.63mL of a 75 mM stock solution of C;4,TAB was prepared and
mixed with 81.6 uL of 10 mM HAuCl, in a 15 mL microcentrifuge tubes. From this mixture, 272
pL was removed prior to the addition of heated 2% liquid agarose (1.44 mL). This mixture (2.88
mL) was poured into well plates and allowed to set as gels prior to electron irradiation experiments.
The gels were then incubated in 10 mM ascorbic acid (2.88 ml) for 10 minutes resulting in
translucent hydrogels. The final concentrations of HAuCly, C;4,TAB and agarose were 0.25 mM,

37 mM, and 1% (w/v) respectively.
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Electron beam Irradiation. All experiments were conducted at the Banner-MD Anderson Cancer
Center in Gilbert, AZ using a Varian Truebeam linear accelerator radiation therapy system. The
energy and dose rate of the beam were set at 6 MeV and 600 MU/min unless otherwise mentioned.
A standard field size of 10 cm x 10 cm was maintained throughout the study. For spatial dose
deposition, only half the gel was placed in the irradiation field. Post irradiation, further analyses

was carried out at Arizona State University in Tempe, AZ (approximate travel time of 30 minutes).

Post-processing of Plasmonic Nanocomposites. Glutathione, a naturally occurring antioxidant
(reductant) was used as a post processing agent in order to quench the formation of gold
nanoparticles within agarose gels. Glutathione (25mM) was added from the top of the gel, 30
minutes post electron irradiation and the gel was incubated for 10 minutes. The volumes used for
incubation were 650 puL for gel nanocomposites with diameters of 1.5 cm and ~2.9 mL for gel
nanocomposites with diameters of 3.5 cm, respectively. The residual glutathione from the surface
of the plasmonic gel nanocomposites was discarded. Furthermore, the absorbance of the gels was

determined for quantification electron dose.

Absorbance Spectroscopy. Absorbance spectra for all samples were obtained using a BioTek
Synergy™ 2 plate reader. Absorbance values were measured from 300 nm to 990 nm with a step
size of 10 nm; MilliQ water was used as blank for all spectroscopy experiments. Absorbance values
at 990nm were subtracted from the absorbance values at all wavelengths in order to normalize the
absorbance spectra for further analyses. Although the change in color was observable 15 minutes
post irradiation, absorbance measurements were carried out two hours post irradiation because of

travel time between Banner M.D Anderson Cancer Center in Gilbert, AZ and Arizona State
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University in Tempe, AZ (approx. travel time 30 min). Absorbance values at a wavelength of 540
nm, which is typically the peak absorption wavelength for gold nanoparticles, were plotted as a
function of electron radiation dose in order to generate a calibration curve. The efficacy of gel
nanocomposite was evaluated by predicting for unknown test doses using the calibration curve and

which is used to determine unknown radiation doses.

Topographical Mapping of Plasmonic Nanocomposites. A 1536 well plate set up, with a grid
size of =®2mm x 2mm, in a BioTek Synergy™ 2 plate reader was employed to map the
topographical distribution of electron doses. Absorbance values at 540 nm and 990 nm were
measured at each individual grid along the entire gel surface, leading to a pixelated dose map of
the gel surface. The final absorbance was calculated by subtracting the absorbance values of water
and 990 nm wavelength from the absorbance value at 540 nm wavelength. The calibration curve
was used to predict the delivered dose to each cell of the grid corresponding to its topographical

dose map over the gel surface.

Transmission Electron Microscopy (TEM). Following electron irradiation, the plasmonic gel
nanocomposites were dissolved in 1,2-propanediol, a chaotropic agent, to facilitate removal of
excess agarose by gently heating at 80°C for 15 min.?° The resultaing liquefied hot mixture was
centrifuged at 4000 rpm for 10 mins and the supernatant, i.e. agarose-propane diol mixture, was
discarded carefully to isolate the pellet containing gold nanoparticles. The pellet was further
dispersed in deionized water. From this, gold nanoparticle samples for TEM imaging were
prepared by casting a drop of the resuspended pellet onto a carbon film placed on a TEM grid. The

samples were dried overnight in air. A CM200-FEG instrument operating at 200 kV in the LeRoy
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Eyring Center for Solid State Sciences at ASU was used for imaging of gold nanoparticles formed

in the gels following irradiation with ionizing electrons.

Detection of Electron Dose in an Anthropomorphic Thorax Phantom using Plasmonic Gel
Nanocomposites. An anthropomorphic thorax phantom was positioned on a radiotherapy table
and aligned using guiding lasers as described in previous studies.’® The gel formulation was
positioned in the middle of a 10 cm x 10 cm radiation field in order to quantitatively detect the
delivered dose. A 1.3 cm tissue-equivalent bolus was placed on top of the plasmonic
nanocomposites in order to attain charge equilibrium near the surface of the anthropomorphic
phantom. The phantom was irradiated with an electron dose of 2.5 Gy following which the gel was
retrieved and evaluated for absorbance and associated electron dose as described in the previous

sections.

Image Acquisition. All images were acquired using a HPLaserJet 3390 scanner or an Apple
iPhone 7. Furthermore, images were cropped to the required size and no further editing or post

processing of the images was carried out.

Statistical Analyses. All experiments were performed in quintuples unless otherwise specified.

Data analyses for all independent experiments were performed using Microsoft Excel. Data

reported in the manuscript are represented as mean + one standard deviation.

Results and Discussion
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Electron beam therapy is frequently used for the treatment of superficial layers (epidermis and
dermis) of malignant skin lesions3!. Fractionated electron beam therapy involves delivering a
cumulative dose of 20-70 Gy in fractions of 1-2 Gy per session over a course of several weeks?2.
There is a need to ensure precise and accurate delivery of electron radiation to patients in order to
avoid overexposure, which can lead to physiological complications. Whole body exposure to 1 Gy
radiation results in gastrointestinal and neurovascular symptoms while focused 3 Gy skin dose are
likely to result in skin burns.’* Current devices used for dosimetry are complex to fabricate and
cumbersome to operate, which limits their routine clinical use. Thus, there is still a critical need
for the development of facile radiation detection devices that are robust, easy to fabricate and

operate, which will lead to improved patient safety during radiotherapy.

The principle behind radiation-induced generation of plasmonic gel nanocomposites is the
reduction of trivalent gold ions to monovalent gold ions and then to gold nanoparticles following
reduction by free radicals generated upon exposure to high energy electrons. It is
thermodynamically more favorable to reduce gold present in its monovalent state Au(l) to the
zerovalent state compared to the reduction of trivalent Au(III) to the monovalent state. However,
gold present in HAuCly, is in the trivalent state’* and thus, a room temperature reduction reaction

was carried out using ascorbic acid (Vitamin C) in order to bring the gold to a monovalent state.

High energy electrons employed in the study for irradiation can likely participate in both direct as
well as indirect (i.e. radiolysis-based) mechanisms of reduction of Au(I) to Au(0). Exposure to

ionizing radiation involves generation of reactive free radicals including hydrated electrons (e7),
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hydrogen free radicals (H) and hydroxyl free radicals (OH:) through the splitting of water
(radiolysis)®. Hydrated electrons (e,q) and hydrogen free radicals (H') promote reduction of
monovalent Au(l) ions to zerovalent Au(0) ions. Although OH:- is an oxidizing agent and can
impede nanoparticle formation through dissolution of Au(0), the presence of ascorbic acid (anti-

oxidant) potentially minimizes these unfavorable side reactions°.

Reduction of trivalent gold ions to monovalent gold ions was carried out in the presence of three
distinct surfactants, i.e. cationic, anionic and non-ionic surfactants, to investigate the stability of
the monovalent gold ions. Addition of ascorbic acid in presence of sodium dodecylsulfate (anionic)
and Tween-20 (non-ionic surfactant), resulted in the development of a pink/purple color and a
characteristic peak between 500 nm and 600 nm in the UV-visible region of the absorption
spectrum suggesting spontaneous formation of gold nanoparticles (Figure 1). However, in
presence of the cationic surfactant, a color change was not seen and no characteristic peak was
seen in the UV-visible region of the light absorption spectrum, which suggests the lack of
spontaneous gold nanoparticle formation (Figure 1). The formation of this colorless solution is
indicative of formation and persistence of Au(I) ions in the mixtrure3’. We hypothesize that the
favorable electrostatic interaction between the negatively charged tetrachloroaurate ions and
positively charged cationic surfactant molecules leads to enhanced shielding of Au(III) to ascorbic
acid thereby inhibiting spontaneous gold nanoparticle formation. Based on these observations, we

employed cationic surfactants for our subsequent irradiation studies.

In order to further facilitate easy handling and mitigate concerns during clinical translation, the

molecular components that make the detection system, namely gold salt, cationic surfactant and
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ascorbic acid, were loaded in an agarose hydrogel matrix. Agarose gel formulations have received
attention as controlled drug release platforms and as scaffolds for regenerative tissues due to their
low toxicity®®. Agarose was chosen as the hydrogel matrix for our plasmonic gel nanocomposite
sensor based on its biocompatibility, ease in modulation of mechanical properties, and simplicity

in fabrication of the hydrogel3®.

Plasmonic gel nanocomposites with diameters = 1.5cm and thicknesses = 3mm were fabricated
with three different cationic surfactants (CyTAB) with varying chain lengths (x = 12, 14 and 16)
and their response to therapeutic levels of high-energy electrons irradiation (0-5 Gy) were
determined. In all cases, exposure to high energy electrons (0-5 Gy) rendered a maroon color to
the hydrogel due to the formation of gold nanoparticles while the non-irradiated control remained
colorless (Figure 2). Exposure of the detection gels to increasing levels of high energy electrons
resulted in a direct increase in the number of reducing species, which, in turn, led to a higher
probability of reduction of Au(I) to Au(0) ions. Further nucleation and growth of Au(0) results in
the formation of gold nanoparticles imparting the characteristic color (maroon) to the hydrogel.

This was manifested as an increase in the intensity of color.

The change in color from colorless to maroon for C;,TAB-, C;4;TAB- and C;sTAB-loaded,
hydrogels was observed ~5, ~10, and ~15 minutes post irradiation, which indicates that varying
the chain length of the surfactant affects the sensitivity of the plasmonic nanocomposites to high
energy electrons. Specifically, for a fixed radiation dose of 3 Gy decreasing the chain length of the
cationic surfactant resulted in an increase in absorbance from 0.01 to 0.13 in the developed color

in the plasmonic gel nanocomposite. The color formation in the plasmonic gel nanocomposites
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was further quantified using absorbance spectroscopy two-hour post irradiation (Figure 3). A
characteristic spectral peak between 500 and 600 nm, with a peak absorbance at 540 nm, indicative
of gold nanoparticle formation® in the gel, was used to quantify the color formed. The absorbance
at 540nm increased with increasing dose of high-energy electrons, which corroborates the

observed increase in color intensity (Figure 3D).

At the concentrations employed in the study (final concentration ~25 mM), all cationic surfactants
employed in the study form micelles.** Gold nanoparticle growth is governed by the frequency of
collisions between AuBr,” bound cationic micelles and with zerovalent Au(0) ions generated
following radiolysis by high-energy electrons; nanoparticles formed in the gel are stabilized by the
cationic surfactant in the plasmonic nanocomposites.*!> 4> We hypothesize that decreasing chain
length results in increasing diffusion coefficients of the micelles.*® This increased mobility could
potentially result in an increased frequency of collisions between AuBr,- bound cationic micelles
and radiation-generated Au(0) ions, which results in higher yields of gold nanoparticles with
decreasing order of cationic chain length. Transmission electron microscopy (Figure 4) illustrates
a relatively non-homogenous distribution of gold nanoparticle sizes and shapes formed upon
irradiaton with high-energy electrons; an average particle size = 54 £ 17nm was seen upon
irradiation with a 4 Gy dose. Although C,TAB- and C;sTAB-containing hydrogels were also
capable of nanoparticle formation, C;4,TAB was employed for all further experiments due to its

linear response between 0 and 5 Gy.

Clinical radiotherapy involves radiation field sizes larger than 1 cm?.* Consequently, we

fabricated larger gel detectors (= 3.5 cm diameter and = 3 mm thickness) in order to adopt the
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detection technology to larger field sizes. Topographical detection of irradiated electron doses can
facilitate mapping over large surface areas of tissues including skin. We therefore irradiated one
half of the gel detector with an electron dose of 3Gy. A change in color was indeed observed only
in that half, but a “bleed-over” of color to non-irradiated regions was observed over a period of
time. (Figure 5A); this leads to a loss in topographical information of the dose. This is likely
because radiation-generated gold nanoparticles in the irradiated regions act as seeds for unreacted
AuBr; ions in the non-irradiated regions, facilitating further generation of gold nanoparticles. The
formation of further gold nanoparticles, in turn would result in the observed “bleed-over”
phenomena leading to a loss in topographical dose information. We recently demonstrated that the
use of a quenching agent that arrests the formation of gold nanoparticles helps retain topographical
dose information®®. We reasoned that treatment with glutathione, which is a thiol-containing
tripeptide would complex/react with unreacted AuBr,” ions and preserve spatial dose
information®. Incubation with glutathione for 10 minutes (30 minutes post radiation) led to
complete arrest of the “bleed-over” phenomena, which allowed the plasmonic gel nanocomposite

to accurately report a topographical map of the electron irradiation profile.

The dose at different locations on the gel map were quantified using a calibration curve for
absorbance at 540 nm plotted against delivered dose (Figure 5B and 5C); the absorbance response
saturated beyond 5 Gy. A linear response with a curve-fit equation of y=0.03x (y is the absorbance
at 540 nm and x is the dose in Gy) was observed between 0-5 Gy, although the calibration is strictly
applicable only between 2-5 Gy. Three unknown pilot doses were employed to verify the efficacy
of the plasmonic nanocomposites (Table 1). The predictions had very low error for prediction of

unknown doses between 2-5 Gy but had a larger error outside this range, as anticipated from the

Page 14 of 34



Page 15 of 34

Journal of Materials Chemistry B

response seen with the plasmonic gel nanocomposites. These results demonstrate the ability of the
electron irradiation induced plasmonic gel nanocomposites to predict delivered doses that are

commonly used in fractionated radiotherapy (2-5 Gy).

The ability of the plasmonic nanocomposites for detecting spatial distribution of electrons was
evaluated by irradiating half of the plasmonic nanocomposites with 3 Gy (Figure 6A). Upon
completion of the irradiation, a visual appearance of color was observed in the irradiated region,
and the non-irradiated region remains colorless. Glutathione was added 30 minutes post-irradiation
in order to preserve the spatial dose profile. The absorbance at 540nm was measured at finite grids
of =<2mm x 2mm along the diameter of the plasmonic gel nanocomposites and these values were
used to determine the electronn dose delivered at every location using the calibration in Figure
5C. Figure 6B shows that the dose predicted from the calibration (predicted) along the diameter
of the plasmonic nanocomposites was in agreement with the actual delivered dose. Taken together,
these results indicate the potential of the plasmonic gel nanocomposites to qualitatively and

quantitatively detect electron doses in clinical radiotherapy.

Radiotherapy involves the use of a wide range of dose rates for the effective treatment of tumors*®.
We next irradiated the gel detectors with different dose rates with a final dose of 3 Gy (Figure 7)
in order to investigate the effect of dose rates on detection performance. No significant differences
were observed in the absorbance response of the different gels, which indicates that the plasmonic
gel nanocomposite system is independent to the rate of the electron dose delivered. This may be
anticipated because nanoparticle growth is dependent on the final concentration of Au(0) species

required for nucleation and growth processes which is independent of rate of reducing species
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generation (dose rate) and only dependent on concentration of reducing species (final dose

delivered).

We further investigated the efficacy of the gel detector system for predicting electron doses
delivered to an anthropomorphic thorax phantom (Figure 8). The gel detector system were kept
on top of the “skin” of the phantom in the center of the radiation field and irradiated with 2.5 Gy.
Absorbance analysis of the plasmonic gel nanocomposite formed indicated a dose of 2.55 £ 0.02
Gy, which is in close agreement to the delivered dose. The percentage error, approximately 2%, is
similar to existing dosimeters which have an uncertainty less than 10%.47 The distinct visual color
change, coupled with a simple quantitative measurement (absorbance) indicates the translational

potential of this approach for detecting clinically relevant doses of high-energy electrons.

CONCLUSIONS

To our knowledge, this is the first colorimetric plasmonic nanocomposite for the detection and
prediction of radiation dose delivered in electron beam radiotherapy. The plasmonic
nanocomposites displayed a robust linear calibration between therapeutically relevant radiation
dose range (2-5 Gy) using a simple detection method (absorbance spectroscopy). The plasmonic
nanocomposites were able to predict the radiation dose administered to anthropomorphic thorax
phantoms and demonstrated dose rate independence for detecting clinically relevant doses. We
demonstrated the capability of the plasmonic nanocomposites to qualitatively and quantitatively
distinguish regions exposed to radiation and not exposed to radiation. The current system possesses

several advantages including the simplicity of detection, rapid response (a few minutes) and low
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cost. It is likely that the sensitivity and range of this system may be further improved with design
of novel catinic surfactants and templating agents. The use of a biocompatible hydrogel can
facilitate patient-specific dosimetry depending on the patient anatomy. We anticipate that the
plasmonic nanocomposite system has high potential for translation in clinical electron beam

therapy.
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Figure 1. Absorbance spectra and digital images illustrating the presence and absence of
spontaneous gold nanoparticle formation with three distinctly charged surfactants. Both anionic
and non-ionic surfactants display spontaneous nanoparticle formation in <2 min. as indicated by
the presence of a spectral peak between 500-600 nm; no such peak is observed in the presence of
cationic surfactant. The inset shows the presence of pink and purple-colored dispersions indicative
of formation of gold nanoparticles in presence of anionic and non-ionic surfactants. A colorless
solution is seen in case of the cationic surfactant, which indicates absence of gold nanoparticles.
The surfactants used are C;TAB (cationic), SDS (anionic) and Tween 20 (non-ionic) at a
concentration of 20 mM. The final gold and ascorbic acid concentrations were 0.2 mM and 4 mM
respectively. Image Credit: Karthik Pushpavanam, Arizona State University.
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Figure 2. Image of plasmonic gel nanocomposites formed following exposure to different electron
doses (Gy) and 25 mM C,,TAB (top), C;4TAB (middle) and C;,TAB (bottom) cationic surfactants.
All agarose-based gels contain 0.2 mM HAuCl,, which were subsequently incubated with 10 mM
ascorbic acid for 10 mins. All images were taken 2 hours post irradiation with ionizing electrons.
glutathione was not added added to the gels post irradiation in this study. Image Credit: Karthik
Pushpavanam, Arizona State University.
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Figure 3. Absorbance spectra of plasmonic nanocomposites following exposure to different doses
(Gy) and 25 mM (A) C,,TAB, (B) C;4TAB and (C) C,TAB cationic surfactants. All agarose-
based gels contain 0.2 mM HAuCl,, which were subsequently incubated with 10 mM ascorbic acid
for 10 minutes. Appearance of the characteristic peak between 500-600 nm is indicative of gold
nanoparticle formation. (D) Plot of peak absorbance at 540 nm as a function of radiation dose for
C1,TAB (blue circles), C;4TAB (orange diamonds) and C,TAB (green squares). In all cases, the
absorbance of the plasmonic gel nanocomposites were measured 2 hours post irradiation with
electrons.
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Figure 4. Transmission Electron Microscopy (TEM) micrographs of gold nanoparticles formed
with gels containing C4,TAB as the cationic surfactant and irradiated with a 4 Gy electron beam
dose. (Left) Low magnification image depicting the presence of gold nanoparticles in the dried
hydrogel. (Right) High magnification image of the highlighted region (dashed red box). Image
Credit: Karthik Pushpavanam, Arizona State University.
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Figure 5. (A) Images of the plasmonic gel nanocomposites irradiated with electrons (3 Gy) and
further incubated with (right) or without (left) 25 mM glutathione for 10 minutes; glutathione was
added 30 minutes post-irradiation. Topographical dose profile is maintained upon incubation with
glutathione. (B) Images of plasmonic gel nanocomposites irradiated with different doses of
electrons. (C) Absorbance of C;4TAB-containing plasmonic gel nanocomposites at 540 nm as a



Page 25 of 34

Journal of Materials Chemistry B

function of radiation dose (0-7 Gy). The linear range in the therapeutic window of the plasmonic
gel nanocomposites (2-5 Gy) is indicated. (Inset) Calibration curve for C;4,TAB using absorbance
at 540 nm as a function of radiation dose between 0 and 5 Gy. The plasmonic nanocomposites
contain 0.2 mM HAuCly, 37 mM C4,TAB, 1% (w/v) agarose and are incubated with 10 mM
ascorbic acid for 10 minutes prior to irradiation. At 30 min post irradiation, the plasmonic gel
nanocomposites formed were further incubated with glutathione (25 mM) for 10 minutes. All
images were taken 2 hours post irradiation. Image Credit for 6A: Sahil Inamdar, Arizona State
University. Image Credit for 6B: Karthik Pushpavanam, Arizona State University.
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Figure 6. (A) Image depicting the colorimetric response of the plasmonic gel nanocomposites
formed in response to a 3 Gy electron dose. The appearance of a maroon color indicates the
capability of the plasmonic gel nanocomposites to qualitatively distinguish the irradiated and the
non-irradiated regions. (B) Dose fall off-profiles comparing the delivered dose (blue triangles)
with the predicted dose (orange circles) indicates the efficacy of the plasmonic gel nanocomposites
to quantitatively determine the topographical dose profile / map. Please see Experimental section
for details on dose quantification. Image Credit: Karthik Pushpavanam, Arizona State University.
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Figure 7. Absorbance at 540nm as a function of dose rate. Three different dose rates - 100, 600
and 1000 Monitor Units/minute - were employed in the study. No significant differences in
absorbance or the observed color were observed, which indicates dose rate independence of the
gel detection system. One-way ANOV A with a = 0.05 was performed and no statistical
significance between all three groups was observed. Image Credit: Karthik Pushpavanam,
Arizona State University.
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Figure 8. (Left) Setup depicting the anthropomorphic thorax phantom and (Right) Image of the
plasmonic nanocomposite after exposure to 2.5 Gy. The plasmonic nanocomposite predicts a
radiation dose of 2.55 + 0.02Gy. Image Credit: Karthik Pushpavanam, Arizona State University.
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Delivered Predicted Error %
Dose Dose
(Gy) (Gy)
1.5 1.23+0.21 18
2.8 2.85+0.29 1.8
45 40+0.24 11

Table 1. Table indicating the efficacy of the plasmonic gel nanocomposites for predicting the
dose delivered. Error percentages are lower in 2-5 Gy range for which the calibration is valid,
compared to the dose outside this dose range.
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