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A therapeutic methodology was developed based on the large
X-ray absorption cross-section of gold nanoparticles at high
photon energies (81 keV). Experimental results showed that
the amounts of the relaxed circular supercoiled DNA (scDNA)
for gold nanoparticle-bound scDNA were more than doubled
compared to that for free scDNA under otherwise identical
radiation conditions.

Nanostructures have seen in an increasing number of applications
in which fine-tuned properties of nanomaterials are discovered and
employed. In the area of X-ray therapy, several novel methods
have been reported. For example, directly injected gold nanopar-
ticles have been used to treat cancer in mice.! Atomic nanogene-
rators and nanocomposites have also been developed.>® In this
report, potential applications of nanoparticles based on their X-ray
photodynamic properties in X-ray radiation therapy are explored.

The cytotoxicity of ionizing radiation has been used for cancer
treatment for decades.*> A major source of toxicity is believed to
originate from secondary species such as Auger electrons and
radicals in aqueous solutions after X-ray absorption.® The Auger
electrons can either interact with water molecules, a major
constituent of the cell, to produce radicals that eventually react
with and break the backbone of DNA or cleave base pairs from
DNA;"® or these electron can effectively cause single- and double-
strand breaks (SSB and DSB) in DNA through direct interactions,
as demonstrated using externally injected low-energy electrons.” It
has been theoretically shown that these Auger electrons are
effective within only 5-10 nm in physiological conditions.'® Even
with all these potentials, X-rays alone are an ineffective modality
because they lack the selectivity toward killing only malignant cells.

We have developed a new method, which takes advantage of the
large absorption cross-sections of high energy X-rays by
nanoparticles of heavy elements. Because these nanoparticles can
potentially be targeted to tumor sites via bioconjugation,''™'* the
combined specificity and cytotoxicity enabled by the necessity of
the presence of both nanoparticles and delivery of radiation makes
this method a potentially important therapeutic and diagnostic
tool.

In our approach, gold nanoparticles were used to enhance X-ray
absorption. Trimethylammonium (TMA) C, functionalized gold
nanoparticles (TMA,AuNP, n denotes the number of TMA
ligands on a nanoparticle) were synthesized (Electronic
Supplementary Informationt).”>'7 These positively charged
ligands helped nanoparticles bind to DNA, which was supercoiled

T Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b5/b503425f/
*tguo@ucdavis.edu

DNA (scDNA) (¢X174, Form I, Invitrogen, Carlsbad, CA).
When SSB occurred to scDNA, it became circular DNA (Form
II), both appeared as a single band in gel electrophoresis.
Experimental details are given in the ESI.

Fig. 1 shows a TEM image of the TMA,AuNP (left panel) and
the size distribution (right panel). The average size of 5 nm was
slightly larger than that made using the established procedure.
Atomic force microscope (AFM) inspections showed a similar size
distribution, peaked at 5 nm. These nanoparticles were used in all
measurements described below.

Fig. 2 shows results of gel electrophoresis experiments designed
to probe the interactions and mobility of scDNA and
TMA,AuNP. Details of the lane preparation are given in the
ESIF. TMA, AuNP were added into wells 2A, 3A, 5A, and 6A,
and scDNA samples were added into wells 1A, 2A, 4B, 5B, and
6B. Wells 1B, 2B, 3B, and 4A were left empty.

Since TMA,AuNP (n # 0) are positively charged and scDNA
are negatively charged in 1 x TBE buffer, they moved in opposite
directions in the gel, as shown in Fig. 2. TMA, AuNP were visible
as the stains spread to the right hand side of wells 2A, 3A, 5A, and
6A, indicating a distribution in the numbers of the TMA ligands
on AuNP.
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Fig. 1 Gold nanoparticles examined with TEM (left panel). The size
distribution is shown in the right panel. The scale bar is 10 nm.

AuNP (6A)

Fig. 2 Two agarose gels (0.8%) of TMAnAuNP and scDNA. The
distances between the two columns of wells were different for lanes 1-5
and lane 6. Lanes are labelled as mA (left column) or mB, where m is the
lane number 1 through 6. The polarity of the gels is shown with the +
and — signs.
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The migration of the scDNA in the wells of the right column in
Fig. 2 was impeded by the presence of TMA,AuNP travelling in
the opposite direction in the same lanes. An example is given
in lane 5, which shows that the scDNA was stopped well short of
the normal distance travelled by the scDNA alone, as in lanes 1
and 4. In lane 6, the distance between the two wells was increased,
and the scDNA travelled further than that in lane 5. An extreme
case is shown in lane 2, in which the scDNA did not move out of
the well 2A when it was mixed with TMA,AuNP at a high
nanoparticle-to-DNA ratio (~1000:1). In this case, the AuNP
stain was still visible to the right of the well because of the large
quantity used. The decreased mobility of the scDNA in the gel can
be explained by the interactions of highly charged TMA,AuNP
with the scDNA.

Using the ratio of the distance traversed by the majority of
TMA, AuNP to that by the fastest moving TMA, AuNP in lane 6,
the upper limit of the number of TMA ligands on majority of the
AuNP was estimated to be only 10% of the number of TMA
ligands on the fastest moving AuNP. Assuming that there were
300 thiol ligands covering 900 surface Au atoms in a 5 nm
nanoparticle, and with nearly 100 of those thiols being TMA
ligands (the rest being dodecanethiol ligands), average AuNP had
only ~10-15 TMA ligands on them.

Fig. 3 shows the gel electrophoresis results of radiation tests.
scDNA and scDNA-TMA,AuNP complexes were pipetted into
the lanes of the gels. The lane assignments and running conditions
are given in the ESIt. Fig. 3a shows the results of radiation tests,
using samples of ~100:1 TMA,AuNP-to-scDNA ratio. The
scDNA occupied the spots further down the lanes, trailed by the
relaxed scDNA.

After radiation, the amounts of the relaxed sScDNA for sScDNA—
TMA, AuNP mixtures increased. For example, both samples in
lanes 3 and 9 in the inserts of Fig. 3a had the same radiation time
of 2 minutes: In lane 9 almost half the scDNA were in the relaxed
or circular form, whereas less than 25% of the scDNA were in this
form in lane 3.

A lineout plot of the results of another gel is shown in Fig. 3b.
The samples were prepared similarly to those used in Fig. 3a. As
shown, there was little additional relaxation (~ 5%) caused by the
presence of TMA, AulNP (top panel in Fig. 3b). In contrast, the
extent of the relaxation was almost the same for scDNA exposed
for 4 min of radiation (dashed line) and for scDNA-TMA, AuNP
exposed for 2 min (solid line).

Three pairs of 6-set scDNA and 6-set sScDNA-TMA, AuNP
samples were studied with radiation. Each pair of samples were
identically prepared and irradiated, whereas the experimental
conditions for different pairs varied slightly (ESIt). Fig. 4a shows
the results of these radiation tests on the three pairs of free ScDNA
(empty symbols) and TMAAuNP-bound scDNA (corresponding
solid symbols) samples. Depending on the experimental condi-
tions, the percentage of the relaxed scDNA varied, although there
were always more relaxed scDNA for radiated scDNA-
TMA, AuNP samples within each pair.

The maximum enhancement was observed between 0.5 and 2 Gy
of radiation for the scDNA used here. The relative enhancement
ratio, which is the ratio of the percentage of the relaxed DNA in
the AuNP-bound scDNA to that of the relaxed DNA in free
scDNA in each of the pair samples, is plotted in Fig. 4b. The ratios
were calculated after corrections of relaxation prior to radiation.
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Fig. 3 (a) Results from the E-gels from the radiation testing. The lengths
of the radiation (minutes) are shown under the bands in the gel. The
AuNP-to-scDNA ratio was ~ 100 : 1. Magnified bands of lanes 3 and 9
are shown. The ladders are in lane 6. (b) The lineout plots of another gel.
The samples were prepared similarly to those in (a). Vertical lines are
drawn for visual alignment of the bands.

The maximum enhancement was of the order of ~200% (three
times that of the free sSsDNA) and occurred between 0.5 and 2 Gy
of radiation dosage. The average enhancement factor was ~2.1 at
1 Gy. As high as 8 times enhancement at 0.5 Gy was observed (not
shown). Further optimization is underway.

One can estimate the maximum theoretical enhancement factor
by comparing the X-ray absorption cross-sections for the gold
nanoparticles and water at 81 keV. Assuming that a scDNA
occupies a 1.5 nm diameter cylinder, 500 nm long, and is
surrounded by a 12 nm diameter cylinder of water, a distance
over which Auger electrons or hydroxyl radicals are effective, the
X-ray absorption cross-section for this amount of water
surrounding the scDNA is 0.18 (cm® g !, mass absorption
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Fig. 4 Statistics of the gels on the radiation tests. The percentage of the relaxed form is plotted in (a). sScDNA (empty symbols) and AuNP-scDNA
(corresponding solid symbols) are shown. (b) The relative enhancement ratios as a function of radiation dosage for three sets of samples.

coefficient at 82 keV) x 1 glem® x (6 x 107> x © x 500 x
1077 = 1.0 x 107"7 em® The absorption cross-section for one
hundred 5 nm gold nanoparticles (each contains ~3300 Au
atoms) decorated with the scDNA is 7.9 (cm® g ') x 196 amu x
900 (number of surface atoms) x 100 (number of gold
nanoparticles) x 1.6 x 1072 (g amu™!) = 22 x 1071¢ cm?.!®
Since only half of the Auger electrons escaped from the AuNP face
the scDNA, the effective absorption is half the value shown above.
Therefore, 100 AuNP next to the scDNA are about 11 times as
efficient as the 1.8 millions of water molecules around the scDNA.
The observed low value may be caused by the variations in the
interactions between AuNP and scDNA.!? It may also be caused
by the thiol ligands (an analogue to cysteamine) that may fall off
the AuNP and become radical scavengers.® It could also be caused
by the continuum X-rays (10-100 keV) used in the experiments
rather than monochromatic X-ray source at just above 81 keV
used in the estimation given above.?’ Correcting these factors may
further improve the potency of AuNP in cancer treatment,
especially when the method is combined with other techniques
such as protein drugs and polymer-based delivery vehicles.”'=
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