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Abstract: Meitner-Auger-electron emitters have a prom-
ising potential for targeted radionuclide therapy of cancer
because of their short range and the high linear energy
transfer of Meitner-Auger-electrons (MAE). One promising
MAE candidate is *"™8Hg with its half-life of 23.8 h and 64.1 h,
respectively, and high MAE vyield. Gold nanoparticles
(AuNPs) that are labelled with "™#Hg could be a helpful tool
for radiation treatment of glioblastoma multiforme when
infused into the surgical cavity after resection to prevent
recurrence. To produce such AuNPs, “"™¢Hg was embedded
into pristine AuNPs. Two different syntheses were tested
starting from irradiated gold containing trace amounts of
197mgHg When sodium citrate was used as reducing agent, no
197mgHg Jabelled AuNPs were formed, but with tannic acid,
197mgHg labeled AuNPs were produced. The method was
optimized by neutralizing the pH (pH = 7) of the Au/*"™8Hg
solution, which led to labelled AuNPs with a size of
12.3 + 2.0 nm as measured by transmission electron micro-
scopy. The labelled AuNPs had a concentration of 50 pg
(gold)/mL with an activity of 151 + 93 kBg/mL (*%Hg, time
corrected to the end of bombardment).
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1 Introduction

Due to their short range and high Linear Energy Transfer
(LET), Meitner-Auger-electrons (MAE) are a promising
candidate for targeted radionuclide therapy (TRT). High
doses can be delivered to a small tissue volume sparing the
surrounding healthy tissue [1]. One promising candidate for
TRT with MAE is '™8Hg. Both isomers can be produced
simultaneously by bombarding natural gold (100 % Au-197)
with protons, with maximum cross sections at 10 MeV
(*"®Hg) and 12 MeV (*"™Hg), respectively, making production
at a medical cyclotron possible [2]. Figure 1 illustrates the
decay of '7¥™Hg. ™Hg decays to ’Hg via internal con-
version (IC) or via electron capture (EC) to 197Au [3]. In this
process, on average 19.4 MAE are emitted per decay with an
average total energy of 7.6 keV [4]. *"®Hg decays via electron
capture to 197Au [3]. In this process, on average 23.2 MAE are
emitted with an average total energy of 7.4 keV [4]. It should
be noted that the internal transitions are highly converted
and so the intensities of gamma rays given are weak.

All these characteristics of "™¢Hg make it suitable
for TRT of cancers like glioblastoma multiforme (GBM),
which is one of the most common and deadliest brain can-
cers [5]. Due to its high infiltration of the brain on a cellular
level and efficient self-renewing abilities [6], patients
diagnosed with GBM have a mean survival of only
11.6 + 12.1 months [7]. One possible tool to combat recurrence
and to prolong the survival of patients could be the infusion
of ¥"™eHg labelled gold nanoparticles (AuNPs) into the sur-
gical cavity after tumor resection. Efforts employing AuNP
labelled with ""Lu show promising results [8].

AuNPs are already used in radiotherapy as radio-
sensitizers, because of their biocompatibility, size range,
absorption of X-rays, and coating options [9-11]. Their dis-
tribution in vivo is dependent on their size and shape range.
To synthesize monodisperse gold nanoparticles, a variety
of synthetic methods are well established. Spherical AuNPs
can be produced by reduction of gold ions. Size and shape of
the resulting nanoparticles are dependent on the solution
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composition and concentrations of the initial reagents,
choice of reducing agent, and pH [12].

Our goal was to produce *"™¢Hg labelled AuNPs, which
could be used for TRT. The average energy of the Auger
electrons are 7.4keV and 7.6 keV for 8Hg and *"™Hg,
respectively [13]. Estimating their range in gold via the
stopping power [14] results in a range of around 275 nm. It is
therefore important to create the AuNP as small as possible
to preserve the energy of the Auger electrons for the ther-
apeutic application. One possible production route to such
labelled AuNPs is the irradiation of AuNPs with protons in a
liquid-target setup, i.e. the irradiation of a suspension of
AuNPs. In previous work by our group, only low activities of
10.2 + 0.4 kBq (*’8Hg) and 10.4 + 0.9 kBq (*"™Hg) decay cor-
rected to end of bombardment (EOB) were produced. During
the irradiation, the AuNPs clustered together and resulted in
a change in their size and shape [13] and the development of
a liquid-target approach was not pursued further.

Alternatively, as described here the AuNPs were labeled
with the "™8Hg already present prior to their synthesis.
A solid gold target was irradiated, dissolved, and then AuNPs
were formed from the solution containing the trace amount
of ¥"™8Hg created during the bombardment of the initial
gold target.

2 Materials and methods
2.1 Chemicals and consumables

All chemicals, including sodium citrate, sodium carbonate, tannic acid,
concentrated hydrochloric acid and concentrated nitric acid were
purchased from Sigma-Aldrich (Canada) and used without further

Figure 1: Decay chart of '’™9Hg. Data from [3].

purification. Consumables like Falcon tubes (15 and 50 mL), 1.5mL
Eppendorf caps, 3 mL syringes, nonbleeding pH paper (pH 4 to 10), and
syringe membrane filters of 0.45pm, 0.2 um and 0.02 pm were also
supplied by Sigma Aldrich. Water was used from a Milli-Q dispenser
with a conductivity of 18.2 MQ cm. at 25 °C The gold for the irradiation
was obtained from TRIUMF’s internal inventory of legacy supply.

2.2 Au irradiation

A solid gold target (thickness: about 0.13 mm) on a tantalum backing
(diameter: 28 mm, thickness: 1.0 mm) with an indent was manufactured.
For this purpose, the tantalum backing was prepared by grinding the
surface with sandpaper, heating with ammonium hexafluorosilicate,
and scratching with tweezers to increase the surface area for better
adhesion and to remove the surface oxidation layer. Around 250 mg of
flattened gold was then placed into the recess in the backing. At a
temperature of 1150 °C the gold was melted onto the backing. The target
was subsequently mounted onto a 13 MeV cyclotron at TRIUMF in a
dedicated solid target holder [15]. Irradiation with protons took place at
acurrent of 20 uA and an energy of 12.8 MeV on the target surface for 4 h.

2.3 Production of the AuNPs

After irradiation, target removal and transport to the radiochemistry
laboratory, the irradiated target was dissolved in few drops of aqua
regia. The solution was evaporated close to dryness. Concentrated HCl
was added and evaporated to remove the remaining nitric acid from the
aqua regia. (Caution: these acids are corrosive and should be handled
with care.) This step was repeated three times and the resulting tetra-
chloroauric (III) acid was dissolved in 37 mL water [16]. From this so-
lution, a small aliquot was taken (about 5 % of the combined activity of
197meHg) and AuNPs were produced using two different published
methods. Both of these methods were first tested with non-irradiated Au

targets, as well as by spiking Au with non-radioactive, natural Hg:
(A) Inthe method reported by Turkevich [17] 300 pL tetrachloroauric
(I11) acid (1 % w/w) was diluted in 30 mL boiling water, and 600 uL
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sodium citrate (1% w/w) was added. After boiling for 10 min, the
suspension was cooled to room temperature.

In the method by Hatschek [18] 400 pL tetrachloroauric (III) acid
(1% w/w) was dissolved in 45 mL water, and 2.5 mL of fresh tannic
acid solution (0.1 % w/w) was added in 0.5 mL increments while
continuously stirring the solution.

In a small deviation from method (B1), the acid solution was
neutralized with 10-15 drops of sodium carbonate (20 g/L) until
reaching pH = 7, before 2.5 mL of fresh tannic acid solution (0.1 %
w/w) was added in 0.5 mL steps while stirring this mixture.

(BD)

(B2

2.4 Characterization of the AuNPs

Centrifugation was used to separate AuNPs from the liquid solution with
a Sorvall Legend Micro 21R Centrifuge by Thermo Scientific for 1.5 mL
tubes (REF:75,002,446).

The purity of the Au in the AuNPs was measured via an Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) from Agilent Technologies
(Model No.:G3665A #100). The calibration was performed with a solution
of HgCl2.

The size and shape of the AuNPs was determined using a Trans-
mission Electron Microscope (TEM) (FEI Tecnai Osiris STEM). Sam-
ples were prepared for TEM analysis by drop-casting 5 uL of AuNP
solution onto individual TEM grids (Formvar/Carbon Supported Cop-
per Grids size 300 mesh, TEM-FCF300Cu from Sigma Aldrich). The grids
were dried overnight in a vacuum desiccator prior to analysis. After
confirming the shape of the AuNPs with the TEM, Dynamic Light
Scattering (DLS) was used to estimate the size of the spherical AuNPs
(Zetasizer Ultra Red Label, ZSU3305 from Malvern Pananalytical). The
Zetasizer Ultra Red Label DLS had a 10 mW He-Ne 632.8 nm laser.
Samples were diluted for DLS analysis with 18.2MQ-cm at 25°C
deionized water, then vortexed for 30s. Next, 1.0 mL of sample was
transferred into individual plastic semi-micro cuvettes (759,150 from
BrandTech Scientific, Inc.) and capped, then immediately analyzed.
The DLS measurements were collected using a non-invasive back-
scattering mode with a detection angle of 173° and at a constant tem-
perature of 25°C for all samples. Triplicate measurements were
performed for each sample.

For a convenient size estimate of the radioactive AuNPs, the solu-
tion was filtered through different size membrane filters with pore sizes
of 0.45 ym, 0.2 um and 0.02 um.

All radioactivity measurements were performed with a high purity
germanium (HPGe) radiation detector by Canberra (Model No.: 747),
calibrated to a 20 mL “Eu source. Samples were assayed around 70 h
after bombardment with a dead time of less than 3 %.

3 Results and discussion
3.1 AuNP production using method (A)

Method (A) was first tested with non-irradiated Au targets.
The amount of natural Hg added to the solution before
AuNP formation was 24 ppb. The resulting brown-red
solution was centrifuged, and the overlaying solution
(supernatant) without the AuNPs was measured via
ICP-MS. After the AuNP formation, the amount of Hg
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measured in the solution was 2.9 ppb, suggesting that Hg
was embedded in the AuNPs.

When tested using the radioactive solution of gold
containing *"™éHg, it was not possible to produce any AuNPs
using method (A). Even with doubling the amounts of the
sodium citrate reducing agent no stable nanoparticles could
be produced. One reason could be the presence of nitric acid
in the gold solution, remaining in small amounts from the
dissolution process. The presence of nitric acid prevents or
reverses the reduction of gold. During the evaporation step,
the solution is typically heated to complete dryness. But to
avoid radioactive contamination to our fume hood, in
method (A) the radioactive solution was only heated to just
before dryness, leaving small amounts of nitric acid in the
resulting gold solution as indicated by the pH value of the
solutions. The non-radioactive gold solution had a pH of 4
after evaporation, while the radioactive solution had a pH of
2. Method (A) was abandoned in this work as no radioactive
AuNPs were achieved.

3.2 AuNP production with method (B)

Method (B1) produced non-radioactive AuNPs as well. The
amount of natural Hg added to the solution before AuNP
formation was 16 ppb. After AuNP formation that resulted in
a violet-red solution color, the amount of Hg measured in the
solution without the AuNPs (i.e. supernatant resulting from
isolating the particles by centrifugation) was under the
detection limit, again suggesting that the Hg was embedded
into the AuNP.

With method (B1) it was possible to produce radioactive
AuNPs, with Hg embedded into the nanoparticles. The pro-
duced AuNPs were centrifuged, and the supernatant was
collected. The resulting AuNPs were rinsed with deionized
water and separated again by centrifugation. The radioac-
tivity in the three fractions collected (i.e. AuNP as solids,
initial supernatant, and wash solution) were each measured
via HPGe, see Figure 2. It is clear from the figure that the
majority of the radioactivity is embedded or at least firmly
attached in the AuNPs. Embedding of the radionuclide in the
nanoparticle matrix is important to prevent the "™¢Hg
from detaching from the AuNPs in the proposed in-vivo
application.

To assess the size of the nanoparticles shortly after
irradiation, the AuNPs were filtered with membrane filters
and the resulting solutions were measured with HPGe, see
Figure 3. Over 60 % of the radioactivity was captured within
the AuNPs that had a size greater than 200 nm but smaller
than 450 nm. As this variation in size is rather large, the
reaction conditions were adjusted to produce smaller
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Figure 2: Percentage of total radioactivity of "’™%Hg in the AUNPs [Method (B1)], in the supernatant solution, and in the water used to rinse the AuNPs.

nanoparticles. The diluted tetrachloroauric (III) acid was
neutralized before the production of the AuNPs [method
(B2)]. The resulting size distribution is shown in Figure 4.
The AuNPs smaller than 20 nm contained (96 + 7) % of the
activity, indicating that most of the AuNPs were smaller
than 20 nm. The total activity of the AuNPs in the diluted
solution was (151 + 93) kBg/mL (solution), decay-corrected to
end-of-bombardment (EOB). This is averaged over three
different productions. The highest amount achieved in a
single production, decay-corrected to EOB, was (4.7 + 0.5)
MBq/mg (gold) for ¥"®Hg, and (55.6 + 1.2) MBq/mg (gold) for
197mHg‘

To obtain a more detailed view of the size and shape of
the AuNPs, they were analyzed by TEM, such as the image in

120%
100%
80%
60%

40%

Activity [%]

20%

>450 nm

0%

-20%

200-450 nm

<200 nm

Figure 5, corresponding to non-radioactive AuNPs without
the addition of Hg. These nanoparticles have a spherical
shape and an average diameter of 12.2 + 3.2 nm determined
by measuring 118 nanoparticles, see Figure 5 for the corre-
sponding histogram for the size distribution.

To investigate the impact of mercury inside the AuNPs
on their shape and size, AuNPs spiked with 16 ppb non-
radioactive mercury were also imaged, see Figure 6. Several
spherical AuNPs are visible with an average size of
10.5 + 2.2 nm determined by measuring 253 different nano-
particles. This demonstrates that the addition of Hg to the
solution before the formation of AuNPs does not change
the shape or significantly affect the overall size of the
nanoparticles.

Figure 3: Percentage of total radioactivity of
¥'™9Hg in the AUNP as a function of size
[Method (B1)].
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Figure 4: Percentage of the total activity of "™

9Hg found in the AuNPs [Method (B2)] collected
in the fractions of the solution after filtration

<20 nm through specific filters.

25

20
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10+

0
200 nm

0 % 2345 é 7 8 91011121314151617 181920

diameter (nm)

Figure 5: (Left) TEM image of mercury-free AuNPs [Method (B2)], and (right) the corresponding histogram of particle diameters. Several spherical AuUNPs
were visible with an average size of 12.2 + 3.2 nm as assessed from 118 independent measurements.

The AuNPs labelled with radioactive mercury were
stored for 2 months and subsequently measured by TEM., see
Figure 7. The storage ensures that the Hg-197 has decayed,
since the TEM did not accept radioactive samples. Several
spherical AuNPs with a size of 12.3 + 2.0 nm determined by
measuring 489 different nanoparticles are visible. Again,
the addition of radioactive Hg does not significantly change
the shape or size of the nanoparticles. This result is consis-
tent with our filtration and HPGe measurements.

All three batches of AuNPs (mercury-free, non-
radioactive mercury spiked and '*"™eHg labelled) were
also measured by DLS methods, see Figure 8. The peaks

of all three measurement are close to 20 nm, which
corresponds with the results observed in the TEM im-
ages. This size difference between the TEM images and the
DLSresults is attributed to the hydrodynamic diameter that
results from the particles suspended in solution, which
creates a large diameter measured by DLS. The peaks at
around 300 nm are most likely suspended aggregates or
flocculates of AuNPs. The consistent size indicates the Hg
had little effect on particle size, but the results also indi-
cated that the AuNPs formed by incorporation of the
radioactive Hg were relatively stable over a period of at
least 2 months.
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Figure 6: (Left) TEM image of mercury-spiked AuNPs [Method (B2)], and (right) the corresponding histogram of their diameters. Several spherical AuNPs
were visible with an average size of 10.5 + 2.2 nm as assessed from 253 independent measurements.
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Figure 7: (Left) TEM image of mercury-labelled AuNPs [Method (B2)], and (right) the corresponding histogram of their diameters. Several spherical
AuNPs were visible with an average size of 12.3 + 2.0 nm as determined from 489 independent measurements.
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4 Conclusions

Our goal was to produce AuNPs that are labelled with
197mEHe and can be used in a medical application to treat
glioblastomas. For this application, small gold nanoparticles
with a narrow size-distribution were needed to reduce a
large range of mobility in tissue. The results show that such
AuNPs can be produced with tannic acid as a reducing agent.
The resulting radioactive AuNPs had a size of 12.3 + 2.0 nm
according to results of TEM analyses and 15 + 2 nm according
to DLS measurements. The total activity of 151 + 93kBq
(time corrected to EOB) was measured for the embedded Hg
with a loading efficiency of 96 + 7 % in the AuNPs with
diameter smaller than 20nm. This method has many
advantages. First of all, it is fast, which is important when
taking the half-life of ’™8Hg into account (23.8 h for “""Hg
and 64.14 h for 8Hg). The synthesis is also easy to perform
as no complicated methods are needed. The AuNPs that are
labelled with '*”™8Hg on their surfaces after their production
have a risk of dislodging from the nanoparticles and
releasing “™¢Hg into solution. The nanoparticles in this
project have demonstrated that the “"™eHg is likely
embedded within the AuNPs and are not attached loosely to
the surface of the AuNPs. Further work will evaluate the
longer-term stability of the labelled AuNPs and will assess
their performance for cytotoxicity in vitro and in vivo.
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