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ABSTRACT: Radiation therapy is used as a primary treat-
ment for inoperable tumors and in patients that cannot or will
not undergo surgery. Radioactive holmium-166 (**Ho) is a
viable candidate for use against skin cancer. Nonradioactive
holmium-165 (***Ho) iron garnet nanoparticles have been
incorporated into a bandage, which, after neutron-activation to
16Ho, can be applied to a tumor lesion. The '**Ho iron garnet
nanoparticles (***HolG) were synthesized and introduced into
polyacrylonitrile (PAN) polymer solutions. The polymer
solutions were then electrospun to produce flexible nonwoven
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bandages, which are stable to neutron-activation. The fiber mats were characterized using scanning electron microscopy,
transmission electron microscopy, powder X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric analysis
and inductively coupled plasma mass spectrometry. The bandages are stable after neutron-activation at a thermal neutron-flux of
approximately 3.5 X 10" neutrons/cm™s for at least 4 h and 100 °C. Different amounts of radioactivity can be produced by
changing the amount of the "**HoIG nanoparticles inside the bandage and the duration of neutron-activation, which is important
for different stages of skin cancer. Furthermore, the radioactive bandage can be easily manipulated to irradiate only the tumor site
by cutting the bandage into specific shapes and sizes that cover the tumor prior to neutron-activation. Thus, exposure of healthy
cells to high energy S-particles can be avoided. Moreover, there is no leakage of radioactive material after neutron activation,
which is critical for safe handling by healthcare professionals treating skin cancer patients.

KEYWORDS: cancer, radiotherapy, electrospinning, fibers, neutron-activation, skin cancer therapy, holmium-166

Bl INTRODUCTION

Cancer continues to gravely impact the health of society; thus,
different methods are being sought and implemented to more
efficiently and effectively combat this disease. Currently, it is
estimated that one in every five Americans will develop skin
cancer during their lifetime.' Chemo- and radiotherapy are
currently used in the clinic to treat and manage cancer. External
radiotherapy for skin cancer can be done using an electron
beam,” X-rays> or a neutron beam.* Brachytherapy is another
radiotherapeutic aé;»proach.5 In radiotherapy, the cancer cell’s
DNA is damaged;” once the cancer cells are damaged, they can
be eliminated from the body by the immune system.” We have
developed bandages that contain radionuclides that can be
applied externally on a patient’s skin lesion for selective
radiotherapy. Incorporating hazardous radionuclides in a carrier
can be a challenge; the process must be amenable to large
amounts of radioactivity and radionuclides with short half-lives.
Neutron-activation can overcome this limitation by using stable
isotopes such as holmium-165 (***Ho), which can be neutron-
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activated to holmium-166 (**Ho) after incorporation in a
carrier. The emission of high energy p-particles with a
maximum energy of 1.84 MeV and the relatively short half-
life of 26.8 h make '*Ho useful as a therapeutic radionuclide.®
In addition, '®*Ho emits y photons (6.6% photon yield), which
can be used for quantifying and imaging® *’Y-containing
TheraSphere can be neutron-activated to *°Y (half-life of 64.2
h) and has been used to treat liver metastasis.” Holmium-165 is
better than yttrium 89 because it has a short half-life and higher
photon emission than yttrium.

Radioactive bandages/patches/films have been reported with
various levels of success. Radiotherapeutic patches containing
the radionuclides Dy, 'Ho, 3?P, "**Re, '*Ir and *°Y coated
on the surface of a paper or a polyethylene film, have been
reported.’®™"* For example, Lee and co-workers prepared a
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Table 1. Composition of HolG Nanoparticles Dispersed Polymer Solutions and Electrospinning Parameters

sample PAN (g) '®HolG nanoparticles (g)  volume of DMF (mL) rate (mL/h) voltage (kV) electrode separation distance (cm)
33% (w/w) "“HolG 1.0 0.5 10 0.05 14 6
50% (w/w) $SHolG 1.0 1.0 10 0.05 14 6
6Ho skin patch, which was successfully used to treat B EXPERIMENTAL SECTION
squamous-cell carcinoma (SCC) in mice and humans.'* Park Materials. Holmium(III) nitrate hexahydrate, sodium hydroxide,
et al. also reported a radioactive patch coated with '*Dy, '*Ho, ethylene glycol, polyacrylonitrile (Molecular weight: 150 000 mol/g)
32p, 1927r and *°Y metallic particles.lo The problem with surface were purchased from the Aldrich Chemical Co. Iron(III) nitrate
. . . . . hexahydrate was purchased from Acros Organics. Dimethylformamide
coating of radionuclides is the potential to flake off. . o
. . . . : (DMF) was purchased from Fisher Scientific. All reagents were used as
Radionuclides have also been incorporated into an adhesive received.
agent and then coated with a protective lamination to prevent Synthesis of HolG Nanoparticles. '*HolG nanoparticles were
flaking."® Embedding the radionuclides directly in the fibers of synthesized by modifying a reported procedure.”* Stoichiometric
bandages is an improvement over previously reported radio- mixtures (5:3) of 1 M iron(III) nitrate (S mL) and 1 M holmium(III)
active bandages/patches/films based on coatings. nitrate (3 mL) were mixed with ethylene glycol (21 mL) at room
. L . temperature with stirring. Then 6 M NaOH (10 mL) was added
Fibers containing nanoparticles can be prepared by a ) 168 ) o
hni In ) innine. Fib . dropwise to form the ““HolG nanoparticle precipitate. The product
technique known as electrospinning. Fibers containing nano- was centrifuged and washed with deionized water, then dried at 100
particles prepared via electrospinning can have a high surface/ °C overnight. The '“*HolG was annealed in air at 900 °C for 3 h.
volume ratio, good mechanical flexibility, surface functionality Electrospinning of Polyacrylonitrile Polymer Solutions with
and superior mechanical performance.’® Electrospinning is a '®*HolG Nanoparticles ('°*HolG/PAN). Polyacrylonitrile (PAN)
simple and effective method that uses electrostatic forces to (1.0 g) was dispersed in dif?seth}’lfOfmamide (DMF) (S mL), with
produce nanofibrous materials with diameters ranging from a gentle heating and stirring. "“HolG nanoparticles were dispersed in
. 17-19 DMF (S mL) and mixed with the PAN solution at room temperature
few nanometers to micrometers or greater. Electro- . . .
L It i d bedded fib hat h to prepare 33 and 50% w/w dispersions (Table 1). The PAN solutions
spinning f:an result In nanopartic e—.em edae ers that have containing 165HoIG nanoparticles were drawn into a 12 mL syringe
nano%)azrltlcles homogeneously dispersed throughout the equipped with a 20 gauge needle and electrospun on an aluminum foil
fiber.”>*' The thickness of the espun mats can be varied by substrate wrapped around a rotating drum. The electrospinning
controlling parameters such as spinning duration, polymer conditions are listed in Table 1.
ling p h P g d » polym dit 1‘-d:Tb11}ss 165 165
concentration, applied voltage, temperature and humidity.** Neutron Activation of ™HolG and ™HolG/PAN. Ié_IOIG
L ) . . nanoparticles (5 mg) and approximately 0.5 X 0.5 cm (6 mg) '“Ho-
The electrospinning method is attractive because of its low cost - o
d suitability for mass production containing polymer nanofibrous mats cut from both the 33% (w/w)
an sul‘a ty p T . ) and 50% (w/w) 165HoIG/PAN were neutron-activated in a 1 MW
In this paper, we report the preparation of a radiotherapeutic TRIGA Mark I nuclear reactor at the Texas A&M Nuclear Science
bandage containing '“Ho-containing garnet (***HoIG) nano- Center in a thermal neutron flux of approximately 3.5 X 10'
particles incorporated in polyacrylonitrile (PAN) fibers via neutrons/cm”s for 0.5, 1.0, 2.0 or 4.0 h. Radioactivities were
T - i 165 i determined by quantifying the photons emitted using a gamma
electrospinning. The as-synthesized "“HolG nanoparticles Y quantitying the p; g 2 8
were dispersed in PAN polymer solutions and electrospun on spectt;o:ineter. The radioactivities directly after neutron-activation are
. . L . reported.
aluminum foil substrates resulting in free-standing nonwoven Characterization. X-ray diffraction patterns were collected on a
ﬁbleér mats. Rigaku Ultima IV X-ray diffractometer using Cu Ka radiation. The
*HolG is a member of the isostructural garnet family and its morphology of the synthesized "*HolG nanoparticles and electrospun
general formula is Z;X,Y;0,,, where the Z cations occupy the fibers were analyzed using scanning electron microscopy (SEM) and
dodecahedral sites, the X cations occupy the octahedral sites transmission electron microscopy (TEM). SEM analysis of Au/Pd
and the Y cations occupy tetrahedral sites in the crystal coated samples were carried out using a Zeiss-LEO model 1530 SEM.
- . L \23 TEM analysis was performed on JEOL 2100 analytical TEM with an
structure, as shown in Figure S1 (Supporting Information).” In lerati ) ¢ K . ‘ infrared
35 ies the dodecahedral sit d accelerating voltage of 200 kV. Fourier transform infrared spectros-
the3+case of HolG, Ho™ occupies the dodecahedr ; §1 e.s any copy (FTIR) analysis of 'HolG nanoparticles and bandages were
Fe’™ occupies both the octahedral and tetrahedral sites in the carried out using a Nicolet 380 spectrometer equipped with an
structure. attenuated total reflectance (ATR) attachment. Thermogravimetric
Neutron-activation of the 165Ho—containing bandages in a analysis (TGA) was performed using TA Instruments SDT Q600.
nuclear reactor resulted in radioactive bandages form the 166Ho Inductively coupled plasn}g-mass spectrorlréetry (ICP-MS) was
d 166 s . performed to determine the '“Ho content in '*HoIG using NexION
product. The "**Ho-containing bandages were prepared with . s .
diff ¢ ¢ f radioactivity by varvine the neutron- 300D from PerkinElmer. y-Radiation of neutron activated samples was
lirerent amounts ot ra ty by varying measured using a Canberra Industries HPGe GC3518 instrument.
activation irradiation time and the amount of garnet nano-
particles inside the fibers. The distinct advantage of this B RESULTS AND DISCUSSION
rad%otherap eut%c bandage compared with t_he convenggnal %5HolG Nanoparticles. Figure 1 shows the PXRD patterns
radlother'apeutlc patches, ﬁlm_s a'nd bandages is that the "*Ho for the as-synthesized 6SH0IG nanoparticles. The phase
nanoparticles are embedded inside the fibers of th'e b-andage. matches well with Fe;Ho,0,, (JCPDS 00-023-0282). The
The polymer fibers are also stable after neutron-aﬁwatlon ata crystallite sizes were calculated from the PXRD line broadening
thezrmal neutron-flux of approximately 3.5 X 10'° neutrons/ of the 420 reflection using the Scherrer equation, Dyy = kA/B
cm®™s for at least 4 h and 100 °C. There is no leakage of cos 0, where D, is the icle size i ki
il particle size in nm, k is a constant
radioactive material after activation, which is critical for safe (shape factor) with a value of 0.9, B is the width of half-
handling by healthcare professionals treating skin cancer maximum and / is the wavelength of the X-rays. The Dy, value
patients. of '“HolG is about 52 nm.
22251 dx.doi.org/10.1021/am506045k | ACS Appl. Mater. Interfaces 2014, 6, 22250—22256
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Figure 1. PXRD pattern of (a) "*HolG powder and (b) Fe;Ho,0,;
JCPDS 00-023-0282.

TEM images of the as synthesized 1HoIG nanoparticles are
shown in Figure 2. The nanoparticles generally exhibited a

Figure 2. (a) TEM (b) HRTEM images of as-synthesized 165HoIG
nanoparticle.

rounded irregular shaped morphology. The length of '*HolG
is 55 nm and the width is 28 nm. The interplanar distance of
!SHolIG is 0.28 nm (Figure 2 (b), which corresponds to the
(420) plane is d = 0.278 nm in Figure 1. Using ICP-MS, the
1$SHoIG was determined to contain 55.6% (w/w) Holmium.

Electrospinning of PAN Containing HolG Nano-
particles. Figure S2 (Supporting Information) shows the
digital image of the electrospun fiber mat with 33% (w/w)
'HoIG loading. SEM images of the electrospun fiber mats
with different '®HolG nanoparticle loadings are shown in
Figure 3a-1,a-2.

As shown in the histogram, 90% of fibers are below 300 nm.
The average diameters of nanofibers are 174 + 56 nm and 208
+ 54 nm when the '“HolG loadings were 33% and 50% (w/
w). The increase in the fiber diameter with increasing '*HolG
content may reflect the size of the garnet nanoparticles as well
as agglomeration.”***

The TEM images of the electrospun PAN fiber with 33%
(w/w) of HolG nanoparticles is shown in Figure 4. Figure 4a-2
shows the 420 lattice planes of the '®HolG nanoparticles that
are inside the PAN fibers with the d spacing value of 0.28 nm.
This confirms the presence of '®HolG nanoparticles inside
nanofibers.

Figure S3 (Supporting Information) shows the comparison
of the FTIR spectra of 1HoIG powder, pure PAN and
electrospun !“HoIG/PAN fibers. Peaks around 548 and 584

~! (Figure S3c, Supporting Information) are due to the
metal—oxygen vibrations of '*HolG.”® FTIR spectrum of PAN
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Figure 3. SEM images and fiber diameter distributions of (a-1, b-1)
33% (w/w) HolG loaded- and (a-2, b-2) 50% (w/w) HolG loaded-
electrospun fiber mats (using 30 images).

Figure 4. (a), (a-1) TEM (a-2) HRTEM images of electrospun 33%
(w/w) 1650IG/PAN fiber.

composite with '®HoIG particles (Figure S3b, Supporting
Information) shows a blue shift as compared to the FTIR
spectrum of '®HolG. The slight shifts in the Fe—O bond of
magnetic particles have been reported for magnetlc nano-
particles encapsulated in polyacrylonitrile,”’” wrapped with
polyethylene glycol and polyvmyl pyrrolidone®® and coated
with 3-aminopropyltriethoxysilane.”® This is due to the polymer
binding to the nanoparticles and some physical interaction on

dx.doi.org/10.1021/am506045k | ACS Appl. Mater. Interfaces 2014, 6, 22250—22256
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the surface of magnetic nanoparticles.”® Therefore, similar
explanation can be used for the blue shift of metal—oxygen
vibration in '®HoIG/PAN spectrum. There is a good
interaction between radioactive nuclides and PAN inside the
fibers and radioactive nanoparticles will not leach from the
bandage. To verify this, radiotherapeutic bandages (before and
after neutron activation) were soaked in simulated body fluid
(SBF) and DI water for 4 and 8 h and samples from SBF and
water were analyzed using TEM to check whether there is any
loss of the embedded nanoparticles from the PAN fibers. There
were no free nanoparticles detected in the samples. These
results confirm that radioactive particles do not leach out from
the radiotherapeutic bandage. The XRD patterns of the
electrospun fibers with 33% (w/w) loading of HolG nano-
particles shown in Figure S4 (Supporting Information) further
confirm the presence of "*HolG nanoparticles in nanofibers.

Neutron-Activation of '®*HolG Nanoparticles and
'%>HolG/PAN Bandages. '*HolG and rectangles of
15Ho0IG/PAN were neutron-activated for 0.5, 1, 2 and 4 h.
Radioactivities of 56.8, 330.7, 833.8 and 1633.6 uCi/mg were
obtained for '**HolG nanoparticles, after approximately 0.5, 1,
2 and 4 h neutron-activation, respectively. From these data, we
can calculate that '®*HolG nanoparticles contain 57.8 + 26.2%
(w/w) %Ho, which corroborates the ICP-MS data.

It is critical for the '**HolG/PAN bandage to emit radiation
uniformly during therapy; thus, four rectangular pieces were cut
from a 33% 'HoIlG/PAN in four different locations (Figure
SSa, Supporting Information) and neutron-activated for 0.5 h.
The same was done for the 50% HolG/PAN bandage (Figure
SSb, Supporting Information). After neutron-activation, the
radioactivities were measured and ®Ho content determined;
17.1 + 0.7% and 22.7 + 1.9% of '“*Ho was contained in
electrospun fibers with 33% (w/w) HolG and 50% (w/w)
HolG, respectively (Figure SS, Supporting Information). This
is consistent with a uniform dispersion of '“HolG throughout
the bandage after electrospinning, as well as efficient loading of
HolG into the bandage.

Radioactivities of 48.1, 101.1, 479.2 and 650.3 xCi/mg were
produced for 33% HolG/PAN, and 63.7, 163.3, 300.0 and
854.7 uCi/mg for 50% HolG/PAN, after 0.5, 1, 2 and 4 h
neutron-activation, respectively. Thus, radioactivities of 6.420 X
10%, 1.675 X 10% 1.917 x 10* and 2.016 X 10* Ci/cm? were
produced for 33% HolG/PAN bandages, and 1.411 X 10°,
6.532 X 10% 4.501 x 10° and 2.607 X 10* uCi/cm?® were
produced for 50% HoIG/PAN bandages.

Radioactivity can be calculated using the following formula:

A =nfs(1 — e T)e™

where A is the radioactivity produced (Bq/mg, which is 2.7 X
1071 Ci/mg), n is the number of atoms per mg, f is neutron
flux density (n/cm?>s), s is the thermal neutron capture cross
section (cm?), A is the decay constant (0.693/t,,,), T is the
irradiation time and t the is decay time. Here, nfs is a constant,
and immediately after neutron-activation, ¢ is 0. Thus, A should
be proportional to 1 — ™7,

We here plot radioactivity (A) in uCi/mg against 1 — e~
(Figure S). Least-squares linear fits give R* values of 0.93, 0.96
and 0.98 for the 33 and 50% HolG/PAN and HolG data sets,
respectively. A *’P radioactive patch, '®*Re-labeled nitro-
cellulose paper and '®Ho patch have been reported with
radioactivities of 37 MBq/cm?* (1000 x«Ci/cm?), 74 MBq/cm?
(2000 puCi/cm?) and 4—6 mCi for a film 1 cm in diameter

T
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Figure S. Radioactivity of HolG nanoparticles, 33% and 50% (w/w)
HolG bandages plotted against (1 — ™),

(955—1432 puCi/cm?), respectively."**'* ®°Y ethylene glycol
methacrylate phosphate patches have also been developed for
brachytherapy applications, with a radioactivity of 185 MBgq/
cm? (5000 uCi/cm?).*! The radioactivities obtained for our
!HoIG-containing radioactive bandages are comparable to
these values, and, thus, therapeutic activities can be achieved.
Furthermore, due to the demonstrated stability upon neutron-
activation, the HoIG/PAN bandage can be irradiated for longer
times, resulting in higher radioactivities.

Total doses of 35 to 70 Gy are used in radiation therapy.'”
Previously, a holmium 166 skin patch was reported.'” In this
case, the patch was made by sticking the holmium nanoparticles
on an adhesive tape and then coated by a polyethylene
microfilm. 5 mm size patches were tested on mice with
chemically induced skin tumors (22.2—72.15 MBq (0.6—1.95
mCi)) and human patients with squamous cell carcinoma
(273.8—999 MBq (74—27 mCi))."> After the radioactive patch
was applied on the tumor surface, the tumors decreased in size
for squamous cell carcinoma. The total absorbed radiation dose
in each tumor was estimated to be 50 Gy for the human and
42—45 Gy for the animal.'> Thus, 6750 xCi/cm® might be
considered the minimum radioactivity needed for human
patients. A therapeutic effect is expected for the HoIlG/PAN
bandages because the radioactivity is comparable to the
previously reported radioactive patch.

Figure 6 shows the TGA curve of '*HolG containing
electrospun polymer nanofibrous mat (33% (w/w)).

The 'Ho/PAN fiber nanocomposite is thermally stable
until the temperature reaches 292 °C. A sharp weight loss
around 290 °C is mainly due to the formation of the ring
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Figure 6. (a) TGA (b) DTA curve of HolG/PAN bandage.
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Figure 7. SEM images and fiber diameter distributions of 33% (w/w) HolG loaded bandages before (e-1) and after neutron activated for (a) (e-2),

0.5 h; (b) (e-3), 1.0 b; (c) (e-4), 2.0 h; (d) (e-5), 4.0 h (using 25 images).

compounds from the CN groups.”> This process is
accompanied by degradative loss of H, NH, and HCN.*
Internal y heating of the samples inside the nuclear reactor
raises the temperature of the samples. TGA study shows that
!HoIG/PAN bandages are thermally stable up to 290 °C;
consistent with the radiotherapeutic 165 6IG/PAN bandages
being stable after neutron-activation.

In Figure S6 (Supporting Information), the bandages are
shown before and after neutron-activation; the macroscopic
appearance of the material looks similar before and after
neutron-activation. However, the SEM images of neutron
activated fibers shown in Figures 7 and S7 (Supporting
Information) show an increase in diameter. The average
diameter of nanofibers are 302 + 79, 320 + 94, 323 + 94 and
353 + 79 nm (Figure 7) when the HolG loadings (w/w) are
33% and 317 + 86, 339 + 70, 358 + 84 and 360 + 88 nm
(Figure S7, Supporting Information) when the HolG loadings
(w/w) are 50% for 0.5, 1.0, 2.0 and 4.0 h neutron activated
bandages, respectively. Thus, there is an increase in the fiber
diameter of neutron activated bandages compared to the non-
neutron activated bandages (Figures 7e and S7e, Supporting
Information).

There have been a few reports of the effect of neutron
irradiation on carbon—carbon composites and dimension
changes in carbon fibers.**** Carbon fibers made of
polyacrylonitryle (PAN) demonstrated in a carbon matrix
anisotropic size deformation upon neutron irradiation:
shrinkage along the fiber axis and swelling in the perpendicular
direction.***® A control experiment was conducted by heating
the electropun PAN fibers and 33% HolG/PAN bandages at
different temperatures. These fiber mats were prepared using
the same conditions as listed in Table 1. Figure 8 shows the
SEM images of the heated 33% HoIG/PAN bandages at
different temperatures. The average diameter of fibers are 174

10 200 20 400
Fiber diameter (nm)

500

Figure 8. SEM images and fiber diameter distributions of 33% (w/w)
HolG loaded bandages before heated (d-1) and after heated at (a) (d-
2), 100 °C; (b) (d-3), 150 °C; (c) (d-4), 200 °C.

+ 56, 214 + 47, 264 + 72 and 291 + 58 nm for nonheated
fibers and 100 °C, 150 and 200 °C heated fibers, respectively.

Figure S8 (Supporting Information) shows the SEM images
of heated fibers of PAN bandages without HolG at different
temperatures and the average fiber diameter of fibers are 114 +
29, 245 + 97, 332 + 92 and 349 + 87 nm for nonheated fibers
and 100 °C, 150 and 200 °C heated fibers, respectively. There
is an increase in the fiber diameter of PAN and 33% HolG/
PAN fibers due to the heat treatments. Because the HolG is not
responsible for the increase, residual solvent may be the cause.
TGA of the 33% HolG/PAN (Figure 6) and PAN (Figure S9,
Supporting Information) bandages show an initial 2% weight
lost around 100 °C due to the removal of residual solvent.
Thus, the HolG/PAN fibers must be heated to at least 100 °C
during neutron activation.

dx.doi.org/10.1021/am506045k | ACS Appl. Mater. Interfaces 2014, 6, 22250—22256
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This study demonstrates '“Ho containing bandages with
different amounts of radioactivity can be prepared by varying
the neutron-activation time and the amount of neutron-
activatable nuclide incorporated. Preparing and handling large
amounts of hazardous, highly radioactive materials with short
half-lives can be cumbersome and, thus, is here avoided using
neutron-activatable '*Ho.

The mechanistic pathways of cancer cell death due to the
radiation therapy has been widely reported and involves the
penetration of f-energy through skin tumors and direct/
indirect effects of radiation.>” Direct effect radiation can directly
interact with cellular DNA and cause damage DNA in the
cancer cells.’” The indirect DNA damage caused by the free
radicals is derived from the ionization or excitation of the water
component of the cancer cells.”” The f-energy of '“Ho should
be sufficient to damage DNA in cancer cells just beneath the
outermost layer of the epidermis, and it is expected that the
stratum corneum will protect any normal skin surrounding the
tumor lesion from radiation damage. Thus, this approach could
help patients achieve optimized cosmetic and/or functional
outcomes without the use of specialized instrumentation or
facilities. It is envisioned that a lead wrap could be placed
around the bandage during treatment while sitting in a
physician’s office.

The next stage of this research is to optimize the
radiotherapeutic bandages using human squamous cell
carcinoma (SCC) cell lines and evaluate the efficacy of the
radiotherapeutic bandages in a human SCC xenograft mouse
model. This follows the approach of other research groups
studying radioactive paper, films and adhesive tapes with
radionuclide coatings on the surface in clinical and animal
trials.'*~"> We here developed a novel bandage that should be
more safe to handle in clinical settings. Additionally, tthe
radiotherapeutic activity can be altered as desired. It is
anticipated that therapeutic comparable to previous human
and animal studies can be easily obtained by changing the size
of the bandage and the neutron activation time.

B CONCLUSIONS

Novel radiotherapeutic bandages were successfully prepared for
the first time via electrospinning, a simple and economic
approach that uses electrostatic forces to produce nanofibrous
materials. Specifically, '®*Ho-containing nanoparticles were
homogeneously incorporated into electrospun polymer nano-
fibrous mats, and then made radioactive via neutron-activation,
ie, '“Ho to 'Ho. The bandages are stable after neutron-
activation at a thermal neutron-flux of approximately 3.5 X 10**
neutrons/cm>s for at least 4 h and 100 °C. The bandage was
shown to be quite pliable; thus, it can conform to a cancer site
and treat a specific covered area without leaching the
nanoparticles. Different amounts of radioactivity can be
produced by changing the amount of 'HolG nanoparticles
inside the bandage and the duration of neutron-activation. Also,
the radioactive bandage can easily be manipulated to irradiate
only the lesion site, via cutting to specific shapes and sizes prior
to neutron-activation. In this way, the possibility of death of
normal cells can be avoided. Moreover, multiple sites can be
treated simultaneously using these radioactive bandages. A
further advantage of this work is that it can be easily scaled-up
and could be rapidly moved to the clinic.
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Crystal structure (cubic, Ia3d) of garnet calculated using the
crystallographic data in ref 23, Digital image of 33% (w/w)
HoIG/PAN electrospun fiber mat; FTIR spectra of PAN,
“HoIG/PAN fiber and '*HolG powder; PXRD pattern of
HoIG powder and electrospun fibers with 33% (w/w)
' HoIG; diagrams showing homogeneity of 33% (w/w) '*Ho-
containing electrospun polymer nanofibrous mats; 33% (w/w)
1Ho-containing electrospun PAN mats before (control) and
after neutron-activation for 0.5, 1.0, 2.0 and 4.0 h in a thermal
neutron flux of approximately 3.5 X 10> n/cm*s in a 1 MW
nuclear reactor; SEM images and fiber diameter distributions of
50% (w/w) HolG-loaded bandages before and after neutron-
activation for 0.5, 1.0, 2.0 and 4.0 h (using 25 images), SEM
images and fiber diameter distributions of PAN bandages
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