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Abstract: Spatial Frequency Heterodyne Imaging (SFHI) is a novel x-ray
scatter imaging technique that utilizes nanoparticle contrast agents. The
enhanced sensitivity of this new technique relative to traditional absorption-
based x-ray radiography makes it promising for applications in biomedical
and materials imaging. Although previous studies on SFHI have utilized
only metal nanoparticle contrast agents, we show that nanomaterials with a
much lower electron density are also suitable. We prepared protein-based
“nanobubble” contrast agents that are comprised of protein cage
architectures filled with gas. Results show that these nanobubbles provide
contrast in SFHI comparable to that of gold nanoparticles of similar size.
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1. Introduction

Spatial Frequency Heterodyne Imaging (SFHI) is a novel x-ray imaging technique developed
in recent years that uses x-rays scattered by a sample to form an image [1-4]. SFHI is based
on a linear arrangement of x-ray source, tissue, and x-ray detector, much like that of a
conventional x-ray imaging apparatus. However, SFHI rests on a complete paradigm reversal
compared to conventional x-ray absorption-based radiology, in which scattered x-rays are
rejected to enhance the image contrast. Benefits of SFHI compared to absorption-based x-ray
imaging include its improved sensitivity and its ability to yield anisotropic information
regarding how the object being imaged scatters incident x-rays [5, 6].

The use of gold and iron oxide nanoparticle contrast agents has been proven to further
enhance the sensitivity of SFHI [3, 6]. Specifically, AuNPs have been utilized as SFHI
contrast agents for the imaging of human Hepatocellular Carcinoma, with results
demonstrating that SFHI is capable of distinguishing between cancer tissue labeled with
AuNPs and tissue that is unlabeled [6]. Until recently, this application of SFHI for biomedical
imaging was centered on the idea that the increased electron density of the metal nanoparticle
contrast agents (relative to typical biological tissues) was required to improve the visibility of
nanoparticle-targeted tissues in SFHI x-ray scatter images.

However, we have recently discovered that high electron density materials are not
necessary for providing contrast in SFHI. Rather, the only requirement for a x-ray scatter
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contrast agent to be used in biomedical imaging applications is an electron density that differs
from that of the biological tissues being studied. As such, a wide variety of different types of
nanoparticles including those with very low electron density should be suitable. To this end,
we present the development of a novel protein-based nanoparticle contrast agent comprised of
nano-sized protein cage architectures that are filled with perfluoropropane (C;Fg) gas. The
protein assemblies used to make these ‘“nanobubble” contrast agents are apoferritin
(approximately 12 nm outer diameter) [7] and a virus-like particle (VLP) derived from the
Salmonella typhimurium bacteriophage P22 capsid (approximately 60 nm outer diameter) [8—
11].

Protein cage structures such as those mentioned above have been studied for their
potential in materials synthesis [7, 12], catalysis [13, 14], drug and gene delivery [15, 16],
bio-imaging [17-19], cell targeting [20, 21], and vaccine development [11]. VLPs in
particular are promising, as they exist in a large range of sizes (tens to hundreds of
nanometers), have well-defined, monodisperse structures, can be purified in large quantities,
and can be easily modified both genetically and chemically [22-27]. Their flexibility has
facilitated the design of bionanomaterials with multiple functionalities via modification of the
inner and outer capsid surfaces. For example, previous studies have shown that VLPs can
both encapsulate various cargoes (including small molecules, polymers, enzymes,
nanoparticles, and nucleic acids) and be surface-modified with antibodies, peptides, and other
ligands [28]. It should therefore be possible to combine the imaging capabilities of the
nanobubble contrast agents proposed here with targeting and therapeutic functionalities.

Contrast agents based on protein cage architectures have previously been developed and
applied for bio-imaging. Examples include VLPs encapsulating fluorophores for fluorescence
imaging and VLPs encapsulating gadolinium or iron oxide compounds for magnetic
resonance imaging (MRI) [7, 17-19]. However, this study represents the first time such
structures have been applied as contrast agents in x-ray imaging.

The nanobubble formulation proposed here is similar to that used for the design of
contrast agents in ultrasound imaging. For example, Optison is an ultrasound contrast agent
consisting of an aqueous suspension of 4 pm diameter albumin shells filled with
perfluoropropane gas (C;Fg) [26]. Optison has been proven to work well as a contrast agent
for SFHI [5]; however, the size of the protein shells limits their possible in vivo applications.
Nano-sized protein-based contrast agents such as those described here would be much more
versatile and could be used for the in vivo targeting and imaging of individual cells.

2. Materials and methods
2.1. Gold nanoparticles

Gold nanoparticles (AuNPs) of 10 nm and 50 nm diameter in citrate buffer were purchased
from British Biocell International (Cardiff, UK). Prior to x-ray imaging, AuNPs were
stabilized with a coating of thiol-functionalized polyethylene glycol (PEG). HS-PEG-COOH
(M, = 3000) was purchased from Sigma Aldrich (St. Louis, MO) and prepared at 100 uM in
ultrapure water. To 50 pg of as-purchased AuNPs in water, 140 pl of PEG (for 10 nm
AuNPs) or 28 pul of PEG (for 50 nm AuNPs) was added and stirred overnight at room
temperature. The chains of functionalized PEG attach to the surface of the AuNPs during this
mixing, replacing the citrate stabilizer due to the affinity of thiols for gold. Excess PEG was
removed by centrifugation, and the resulting PEG-coated AuNPs were resuspended in
ultrapure water.

2.2 Protein-based nanoparticles

Human heavy-chain ferritin (HFn) and the procapsid (PC) form of P22 were heterologously
expressed in E. coli BL21 (DE3) and purified as previously described [8, 29]. P22 scaffolding
protein was extracted to prepare the empty shell (ES) form of P22 VLP using a buffer (50mM
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sodium phosphate and 100 mM sodium chloride at pH 7.0) containing 0.5M of guanidine-
HCI followed by ultracentrifugation of the capsid [8] to pellet the capsid, which was
subsequently resuspended in the same buffer. This extraction process was repeated four times.
The expanded shell (Ex) form of the P22 VLP was prepared by heating the P22 procapsid at
65°C for 20 min [30].

Just prior to lyophilization, ferritin and P22 VLP (both ES and Ex forms) were dialyzed
against water and a buffer (2 mM sodium phosphate and 30 mM sodium chloride at pH 7.4),
respectively. One ml of each protein (2mg/ml) was aliquoted into a glass vial, quickly frozen
in a liquid nitrogen bath, and then lyophilized. The glass vials were sealed with a septum cap,
and subject to evacuation and back-filling with C;Fg gas (at 1atm) twice. While under C;Fg
gas atmosphere, 0.4 ml of water was added to each vial via a syringe through the septum to
reconstitute the lyophilized protein with gas trapped inside the protein cage.

2.3 Preparation of samples for X-ray imaging

For x-ray imaging, all samples were prepared in ultrapure water at concentrations of 1 mg
scattering material/ml: AuNP samples (2 total) contained 1 mg Au/ml and protein nanobubble
samples (9 total) contained 1 mg protein/ml. Samples were placed in a glass tube and held in
an aluminum holder alongside a control sample (a glass tube containing ultrapure water
alone). Three x-ray absorbance and three x-ray scatter images were taken of each sample.
Signals measured for the 11 samples were normalized relative to that measured for the water
control. Results given in the text are the average and standard deviation of normalized signals
measured over each set of three images.

2.4 Spatial Frequency Heterodyne Imaging

The x-ray imaging technique applied here, called Spatial Frequency Heterodyne Imaging [1—
6], uses x-rays scattered by the sample to form an image. The object being imaged deflects
incident x-rays from the primary beam direction, and this deflection can be detected by
placing a grid between the sample and the x-ray source (see Fig. 1).Without sample, the
image of the grid is sharp and is limited only by the resolution of the imaging system.
Introduction of the sample, however, yields scattered x-rays that cause a blurring of the grid
image. The extent of this blurring corresponds to the amount of x-rays that are scattered by
the sample, and is therefore a measure of nanoparticle concentration when such contrast
agents are utilized. The imaging theory is discussed elsewhere [4].

X-ray source . Sample
» )
Grid

Fig. 1. Schematic of the x-ray imaging setup.

Acquired images can be analyzed by a procedure involving Fourier transformation. The
intensity modulations in an image taken of sample with a grid are proportional to the product
of the x-ray transmittances of the sample and of the grid. Thus, Fourier transformation of the
image converts this product into a convolution in the spatial frequency domain. The grid, a
periodic structure, produces a series of peaks in this convolution, and each peak is surrounded
by the spatial frequency spectrum of the sample. The areas surrounding all peaks in the
convolution therefore contain the same information regarding x-ray transmittance through the
sample. X-ray scatter does not influence the intensities around the central, zero-frequency
peak, but does influences the intensities around all other higher order peaks. Selecting an area
around the zero-order peak and an area around at least one other higher order peak and
Fourier back-transforming these areas results in two separate images. The image A, from the
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zero-order area contains only x-ray transmittance information. The image %, from the higher
order area contains both x-ray transmittance and x-ray scatter information. For normalization
purposes, an image is acquired without sample and processed following the same Fourier
procedure, resulting in one zero-order image g, and one higher-order image g, of the grid.
Subsequently, a normalized absorbance image and one or more normalized scatter images are
produced according to Eq. (1) and Eq. (2).

A=-log,, (h—OJ (1
&o

s =—log[—h‘ /ng @)
hy 1 g,

Thus, S consists exclusively of scattered x-rays because the transmittance component is
normalized out. By convention, the absorbance 4 is defined as the logarithm of the ratio of
the transmittances 4, and 4,. The scattered intensity S is the logarithm of the amount of
scattered radiation.

The numerical process by which x-ray absorbance and x-ray scatter images are produced
in SFHI is depicted in Fig. 2. The zero-order peak (blue box) in the convolution yields the
absorbance image A. The 1st order peaks (red and yellow boxes) in the convolution yield the
scatter images S. Note that the left 1st order peak (red box) contains radiation scattered only
in the horizontal direction; by convention we label this image the “1,0” scatter image after
processing. Similarly, the upper Ist order peak (yellow box) corresponds to scattering in the
vertical direction, and gives a “0,1” scatter image after processing. Thus, every x-ray image
taken yields three types of processed images; one corresponding to x-radiation absorbed by
the sample, one corresponding to x-radiation scattered horizontally by the sample, and one
corresponding to x-radiation scattered vertically by the sample. It should be noted that
although this technique is capable of giving anisotropic scattering information, both 1st order
x-ray images should measure identical scatter signals when isotropically-oriented
nanoparticles (such as the nanobubbles employed here) are used as SFHI contrast agents. The
only difference between the horizontal and vertical x-ray scatter images that can be seen is the
enhancement of the side interfaces of the glass tubes with air in the horizontal x-ray scatter
image (see Fig. 2). This effect is due to the anisotropic x-ray scattering at smooth material
interfaces.

The measurements were done with a microfocus X-ray tube (Trufocus Corp., model TFX-
3110EW) with a tungsten anode. The tube was operated at an electrical power of 16W, with a
maximum voltage of 80 kV. High voltages are used to reduce required exposure times; they
are also better suited for applications requiring large penetration depths. The distance between
the source and sample is 0.4 m, and the distance between the sample and detector is 1.2 m.
The grid used is a nickel wire mesh with a pitch of approximately 170 um and a wire
thickness of 66 pm. The grid was purchased from Small Parts, Inc. (Seattle, WA), and was
positioned between the x-ray source and the sample, directly in front of the sample. The
images were acquired with an x-ray CMOS detector (Rad-Icon Imaging, RadEye200 model).
The total exposure time for each image was 180 s. X-ray transmission through the grid for
this exposure time at the x-ray tube settings described above is approximately 80%.
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Original image; sample with grid

Air P22ES Water Tl T_I f‘-l

“1,0” X-ray scatterimage X-ray absorbance image “0,1” X-ray scatter image

ol LT

Fig. 2. X-ray scatter images are produced via numerical processing of an absorption-based x-
ray image. An image with grid and sample placed in the x-ray beam path (top left) gives a
convolution in the spatial frequency domain (top right) after Fourier transformation. Different
peaks in the spatial frequency spectrum (surrounded by colored boxes) contain different
information regarding how the sample scatters and absorbs incident x-radiation. The samples
shown in the original image are glass tubes containing the P22 ES nanobubble suspension
(middle) and water (right).

3. Results

The three “nanobubble” contrast agents studied here were prepared from three different
protein cage architectures. The smallest nanobubble was prepared using apoferritin, a protein
cage with an outer diameter of approximately 12 nm and inner diameter of approximately 8§
nm [7, 23]. The larger nanobubbles were prepared using two distinct morphologies of a virus-
like particle (VLP) derived from the Salmonella typhimurium bacteriophage P22 capsid. This
VLP is a protein cage composed of 420 subunits of a 46.6 kDa coat protein that assemble into
an icosahedral capsid with the aid of a scaffolding protein [8—11]. The first VLP morphology
used here is the empty shell formulation of the VLP (P22 ES), in which the scaffolding
protein has been removed; the resulting protein cage has an outer diameter of approximately
58 nm and an inner diameter of approximately 48 nm. The second VLP morphology used is
the expanded shell formulation of the VLP (P22 EX), which is formed when gentle heating
causes the VLP to expand to a protein cage with an outer diameter of approximately 64 nm
and inner diameter of approximately 54 nm. To prepare the contrast agent, all three protein
cage architectures were lyophilized, filled with perfluoropropane gas (C;Fg) and resuspended
in water. The hydrophobic gas remains trapped within the protein cages for at least several
days and perhaps much longer. Further studies are needed to determine the long-term stability
of the contrast agents.

To analyze their ability to scatter x-rays, the three contrast agents were suspended in water
at a concentration of 1 mg protein/ml and imaged by SFHI. A sample containing water alone
was used as reference. Analysis of the images involved measuring the signals detected for the
nanobubble samples and normalizing them relative to the signal detected for the sample
containing only water. To compare the nanobubbles to contrast agents used previously in
SFHI, samples containing gold nanoparticles of comparable size were also prepared at 1 mg
Au/ml and imaged by SFHI. The contrast provided by the larger P22 nanobubbles was
compared to that of 50 nm AuNPs, while the contrast provided by the smaller ferritin
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nanobubbles was compared to that of 10 nm AuNPs. The subsequent signal enhancements
over water for both the nanobubbles and the AuNPs as measured from SFHI x-ray scatter
images are reported as percentages in Table 1. The results indicate that when nanobubbles
and AuNPs of similar sizes are prepared at equal concentrations by mass, they provide
comparable contrast in SFHI, showing 6-8% x-ray scatter signal enhancement over water
alone. The P22 EX nanobubbles are stronger x-ray scatterers than the P22 ES and ferritin
nanobubbles by a small but statistically significant amount. This effect is likely due to the
larger diameter of the P22 EX particles.

Table 1. X-Ray Scatter Signal Enhancements of Nanoparticle Contrast Agents

Sample X-ray Scatter Signal
Enhancement (%)

50 nm AuNP 82+04
10 nm AuNP 6.5+0.4
P22 ES 7.1+£0.2
Sonicated P22 ES 1.0£0.1
P22 ES shell 1.2+0.2
P22 Ex 7.5+0.1
Sonicated P22 Ex 1.6 £>0.1
P22 Ex shell 0.2+0.1
Ferritin 6.7+0.2
Sonicated Ferritin 0.0 +>0.1
Ferritin shell 1.8+0.2

To prove that the contrast provided by the nanobubbles is due to the reduced electron
density (relative to water) of the encapsulated gas, and not the scattering ability of the protein
shell itself, the nanobubble samples discussed above were sonicated for 1h. Sonication should
rupture the nanobubbles while leaving the elemental composition of the sample intact.
Sonication causes the signal enhancement of the sample to drop 88% on average, from
approximately 7% to less than 1% (see Table 1). Additionally, samples containing protein
cages that had not been filled with gas (but retained their approximate size and shape) were
suspended in water at 1 mg/ml and imaged by SFHI. The results show that these gasless
samples also did not provide appreciable contrast in the resulting x-ray scatter images,
showing an 84% drop on average relative to the gas-filled nanobubbles (see Table 1). The
data therefore suggest that only when the protein cages are intact and have encapsulated gas
do they scatter x-rays in quantities comparable to that of gold nanoparticles of a similar size
(see Fig. 3).
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SFHI of AuNPs vs. Protein-Based Nanobubbles
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Fig. 3. SFHI x-ray scatter signal enhancements over water for protein cage architectures and
gold nanoparticles of comparable size. Protein cages were imaged intact and filled with
perfluoropropane gas (nanobubble formulation, light blue bars); after sonication (yellow bars)
and intact but devoid of gas (red bars). Error bars represent one standard deviation of the mean.
The error bar for the x-ray scatter signal of the sonicated Ferritin nanobubble suspension is too
small to be seen relative to the size of the x-ray scatter signals of the AuNPs and inflated
nanobubbles.

It is also important to note that SFHI is much more sensitive to the contrast provided by
the nanobubble contrast agents than conventional x-ray imaging. Absorption-based x-ray
images were also taken of the three nanobubble contrast agents, and their signal
enhancements relative to water are given as percentages in Table 2. When x-ray absorbance
images are compared to x-ray scatter images, we find that the x-ray scatter signal
enhancements over water are greater than X-ray absorbance signal enhancements by an
average factor of approximately 60.

Table 2. Comparison of X-ray Absorbance and Scatter Signal Enhancements

Sample X-ray Absorbance Signal X-ray Scatter Signal
Enhancement (%) Enhancement (%)

P22 ES 0.14 £<0.01 7.1+£0.2

P22 Ex 0.09 £<0.01 7.5+0.1

Ferritin 0.15+£<0.01 6.6+0.2

4. Discussion
4.1 Nanobubble preparation and imaging

The nanobubble x-ray contrast agents prepared here are the first of their kind. Results indicate
that the contrast provided by this novel bionanomaterial in SFHI is comparable to that
provided by AuNPs. We can therefore reasonably expect that results obtained in the past
using AuNP contrast agents in SFHI (for example, the differentiation of nanoparticle-labeled
and unlabeled liver cancer tissue) [6] should be possible with nanobubbles as well. As such,
the proposed nanobubbles contrast agents could have applications in diagnostic imaging and
monitoring cancer growth.

It should also be possible to combine the biomedical imaging function of the nanobubbles
with other properties due to the flexibility of VLPs, as it is possible to modify both the inner
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and outer surfaces of these capsids. For example, VLPs have been targeted to specific cells
including melanoma cells and lymphocytes by attaching antibodies and peptides to their outer
surface [20]. They have also been used for the delivery of chemotherapeutic agents such as
the anticancer drug doxorubicin [15] and photodynamic agents like singlet oxygen [21], both
of which were encapsulated inside the protein cage.

Toxicity and immune response are issues that need to be addressed before clinical
application. However, these issues could be dealt with in part by modifying the outer surfaces
of VLPs with polyethylene glycol (PEG), which has been shown to reduce bioactivity and
increase the circulation time of nanoparticles in the bloodstream [31]. Furthermore, VLPs are
biocompatible and biodegradable, and they are considered non-infections and non-hazardous
in humans [27]. The fact that VLPs can be broken down in the body is important for their
clinical application as contrast agents; this is especially true relative to AuNPs, which are
nontoxic but can only be cleared from the body when they are smaller than approximately 5
nm in diameter [32, 33]. VLPs can also be purified in large quantities relatively
inexpensively, which could make them cost-effective alternatives to the metal nanoparticle
contrast agents used for SFHI in the past [23, 24].

One important fact to note is that the nanobubbles and gold nanoparticles scatter x-rays in
comparable amounts when prepared at the same concentration by mass (in this study, 1 mg
scattering material/ml H,O). As gold nanoparticles are much denser than their nanobubble
counterparts, however, an equal mass of gold and protein translates to a large discrepancy in
the number of particles in the solution (see Table 3). We can therefore conclude that each
individual AuNP scatters x-rays 10 to 20 times stronger than each individual protein-based
nanobubble.

Table 3. Particle Number Densities in Contrast Agent Samples

Sample (1 mg/ml) Concentration by number
(particles/ml)
50 nm AuNP 7.9x 10"
10 nm AuNP 9.9x 10"
P22 ES nanobubble 3.1x 10"
P22 Ex nanobubble 3.1x 10"
Ferritin nanobubble 1.3x 10"

By mass, however, the nanobubbles prepared here appear to be just as effective as AuNPs
when used as contrast agents in SFHI. Furthermore, we have shown that this scattering power
derives not from the protein cage itself, but from the filling of the protein cage with gas. Our
study has therefore proven that materials with both high and low electron density are capable
of providing contrast in x-ray scatter imaging. This discovery improves the versatility of the
novel x-ray imaging technique, as is it not specific any particular material for contrast, and
when applied in vivo could utilize protein-based nanoparticles that may be more
biocompatible than the metal nanoparticles used in the past. Furthermore, the enhanced
sensitivity of SFHI relative to conventional absorption-based x-ray imaging is especially
pronounced when VLPs are used as contrast agents; x-ray scatter signal enhancements over
water are more than an order of magnitude greater than x-ray absorbance signal
enhancements. Further tests and development of the nanobubble contrast agents (with
modification of the inner and outer surfaces of the protein cages) could enable targeted
diagnostic imaging and therapy.
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