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Abstract

Innovations that improve sensitivity and reduce cost are of paramount importance in diagnostic
imaging. The novel x-ray imaging modality called Spatial Frequency Heterodyne Imaging (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: while scattered x-rays are carefully
rejected in absorption-based x-ray radiology to enhance the image contrast, SFHI forms images
exclusively from x-rays scattered by the tissue. In this study we use numerical processing to
produce x-ray scatter images of Hepatocellular Carcinoma (HCC) labeled with a nanoparticle
contrast agent. We subsequently compare the sensitivity of SFHI in this application to that of both
conventional x-ray imaging and Magnetic Resonance Imaging (MRI). Although SFHI is still in
the early stages of its development, our results show that the sensitivity of SFHI is an order of
magnitude greater than that of absorption-based x-ray imaging and approximately equal to that of
MRI. As x-ray imaging modalities typically have lower installation and service costs compared to
MRI, SFHI could become a cost effective alternative to MRI, particularly in areas of the world
with inadequate availability of MRI facilities.
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Introduction

In recent years, a variety of imaging techniques have been developed and investigated for
their ability to utilize nanoparticle contrast agents. Some of the combinations of materials
and modalities previously studied include superparamagnetic iron oxide nanoparticles
(SPIONSs) for Magnetic Resonance Imaging (Na et al., 2009, Stephen et al., 2011, Lee and
Hyeon, 2012), gold nanoparticles (AuNPs) for x-ray Computed Tomography (CT) (Hainfeld
et al., 2006, Kim et al., 2007, Popovtzer et al., 2008), and quantum dots for optical imaging
(Bentolila et al., 2004, Aswathy et al., 2010). In many cases, these nano-enhanced
techniques are applied in biomedical imaging for the detection and diagnosis of diseases
such as cancer (Rosen et al., 2012, Vollrath et al., 2013, Kim and Jon, 2012, Mukerjee et al.,
2012).

To improve cancer treatment and prognosis, innovations in diagnostic imaging that increase
sensitivity and reduce cost are a necessity. To this end we report on the development of a
novel x-ray imaging technique called Spatial Frequency Heterodyne Imaging (SFHI) that
utilizes nanoparticle contrast agents (Rand et al., 2011, Liu et al., 2011a, Wu et al., 2012).
SFHI forms an image using x-rays scattered by a sample via numerical processing, which
extracts the desired information that characterizes the imaged object (Liu et al., 2011a), and
the technique can be used for both biomedical and materials imaging applications (Rand et
al., 2011, Liu et al., 2011a, Wu et al., 2012, Wen et al., 2008, Wen et al., 2009, Stein et al.,
2010). Previous results have shown that SFHI can be used to distinguish AuNP-labeled liver
cancer tissue from tissue that is unlabeled, and these studies indicate that SFHI is more
sensitive to the contrast provided by nanoparticle probes than traditional absorption-based x-
ray imaging.(Rand et al., 2011) In the current report, we show that SFHI can also detect the
labeling of liver cancer tissue with SPIONs. Furthermore, comparisons with available
clinical imaging techniques suggest that the sensitivity of SFHI in this application
approaches that of MRI and surpasses that of absorption-based x-ray imaging.

SFHI is similar to other scattering-based x-ray imaging techniques found in the literature
that utilize incoherent x-ray sources. Wen et al. have used the technique to distinguish
materials that have identical x-ray absorption properties and to reveal bone structure and
density information in rats and pigs (Wen et al., 2008, Wen et al., 2009). Similarly, Pfeiffer
and coworkers have shown that conventional x-ray tube sources and absorption gratings
such as those described in this study can yield images based on small-angle x-ray scattering
that are different from and often complementary to absorption-based x-ray images (Pfieffer
et al., 2008). Others have applied similar types of scattering-based x-ray techniques in the
biomedical arena, for example investigating the x-ray scattering properties of breast cancer
tissue (Stampanoni et al., 2011, Endrizzi et al., 2014). However, much of the previous work
has focused on x-ray scattering by micron-sized structures (Yashiro et al., 2010). We believe
our group has demonstrated the first successful attempt at using sub-100 nm nanoparticles as
contrast agents in scattering-based x-ray imaging. Metal nanoparticles such as those used
here are very promising as x-ray scatter contrast agents due to their high electron density and
large surface area, their small size suitable for intravenous injection, and the ease with which
their surfaces can be modified for targeted delivery in vivo.
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The type of liver cancer studied here, Hepatocellular Carcinoma (HCC), is the most
common form of liver cancer in adults (EI-Sarag and Mason, 1999). According to the most
recent estimates by the American Cancer Society, over 700,000 people are diagnosed with
this disease each year worldwide, and over 600,000 of these cases result in death.
Interestingly, the incidence of HCC is highest in sub-Saharan Africa and Southeastern Asia
(Trevisani et al., 2008, O'Brien et al., 2004). SFHI consequently has a distinct advantage
over MRI for use in the diagnostic imaging of HCC in these areas of the world, as x-ray
imaging modalities are typically less expensive and more widely available than MRI (Huang
etal., 2012, Sistrom and McKay, 2005, Griebsch et al., 2006). Because the arrangement of
source, patient, and detector in SFHI is identical to that used for conventional x-ray imaging,
upgrading existing x-ray machines for SFHI service will be possible. With further
development, SFHI could therefore become a viable, low cost supplement or alternative to
techniques like MRI for biomedical imaging applications. Additionally, our discovery that
SPIONs can provide appreciable contrast in SFHI has implications for dual-modality
imaging: with the use of a single SPION probe, MRI and SFHI could be combined to offer a
technique with a synergistic advantage over either modality alone.

Materials and Methods

Gold nanoparticles (10 nm diameter) stabilized by citrate buffer were purchased from
British Biocell International (Cardiff, UK). Water-soluble iron oxide nanoparticles (10 nm
diameter) coated with poly(ethylene glycol) (PEG) were purchased from Ocean NanoTech
(Springdale, AR). Additionally, water-soluble iron oxide nanoparticles (10 nm and 40 nm
diameter) with an amphiphilic polymer coating containing carboxylic acid reactive groups
were purchased from Ocean NanoTech. We will refer to the above as-purchased
nanoparticles as AUNP-cit, SPION-PEG, and SPION-COQH, respectively. All other
chemicals were purchased from Sigma Aldrich (St. Louis, MO).

PEG coating of gold nanoparticles

For SFHI of gold nanoparticles suspended in water, the as-purchased AuNP-cit were
stabilized with a coating of functionalized polyethylene-glycol (PEG). HS-PEG-COOH (M,,
= 3000) was prepared at 100 UM in nanopure water. To 50 pg of AuNP-cit nanoparticles (10
nm diameter) in water, 140 uL of PEG was added and stirred overnight at room temperature.
The chains of functionalized PEG attach to the surface of the gold nanoparticles during this
mixing, replacing the citrate stabilizer due to the affinity of thiols for gold (Jokerst et al.,
2011, Brandenberger et al., 2010). Excess PEG was removed by centrifugation, and the
resulting AUNP-PEG nanoparticles were resuspended in nanopure water.

Polyelectrolyte coating of superparamagnetic iron oxide nanoparticles

To enhance the uptake of iron oxide nanoparticles by living cells, 10 nm and 40 nm SPIONs
were coated with the cationic polyelectrolyte poly(allylamine hydrochloride) (PAH). A
stock solution of PAH was prepared at 10 mg/mL in 1mM aqueous NaCl. Suspensions of
SPION-COOH nanoparticles were prepared in nanopure water at 50 pg Fe/mL. To 50 pg of
SPION-COOH, 50 pL PAH (for 10 nm nanoparticles) or 200 uL PAH (for 40 nm
nanoparticles) was added and mixed vigorously. After 30 min adsorption time, excess
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polymer in the supernatant was removed by centrifugation, and the resulting SPION-COOH-
PAH nanoparticles were resuspended in nanopure water.

A human hepatocellular carcinoma cell line (FOCUS) was obtained from the Wands Lab
(Brown University/Rhode Island Hospital, Providence, RI).(He et al., 1984) Cells were
maintained in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin and 1% L-glutamine. Cells were grown at 37°C in
an atmosphere of 5% CO».

Cellular uptake of polyelectrolyte-coated iron oxide nanoparticles

FOCUS cells were grown to near confluency in T75 tissue culture flasks. Prior to incubation
with SPIONs, the medium was removed, and cells were washed with serum-free EMEM.
SPION-COOH-PAH nanoparticle suspensions containing either 50 pg or 100 pg of iron
were added to the flasks along with 5 mL serum-free EMEM, resulting in incubation
solutions that were 10 and 20 ppm in iron, respectively. Cells were incubated with the
SPIONs for 5h at 37°C in an atmosphere of 5% CO,. After incubation, the cell culture
medium and remaining free nanoparticles were removed, and cells were detached from
flasks using trypsin-EDTA. Trypsinized cells were collected by centrifugation and washed
with PBS. Cells were fixed using 4% formaldehyde and washed again with PBS.

Preparation of iron oxide samples in gel for imaging

Agarose gel was prepared at 2.5% by weight by dissolving 250 mg agar in 10 mL PBS at 80
°C for 20 min. 160 pL of gel was mixed with 840 L of the sample to be imaged (either
SPION-PEG nanoparticles suspended in water, or cells containing SPION-COOH-PAH
nanoparticles suspended in PBS), giving samples of approximately 1 mL total volume.
Samples were allowed to set for 24h before imaging.

Spatial Frequency Heterodyne Imaging (SFHI)

The x-ray imaging technique applied here, called Spatial Frequency Heterodyne Imaging,
(Wen et al., 2008, Wen et al., 2009, Stein et al., 2010, Rand et al., 2011, Liu et al., 2011a,
Wu et al., 2012) uses x-rays scattered by the sample to form an image. The sample’s
deflection of incident x-rays from the primary beam direction is detected by placing a grid
between the sample and the x-ray detector (see Figure 1).Without sample, the image of the
grid shows intensity modulations limited only by the resolution of the imaging system. X-
rays scattered by the sample 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. The imaging theory is discussed elsewhere.(Wu et
al., 2012)

Acquired images can be analyzed by a procedure involving Fourier transformation. The
image intensity modulations 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 (see Figure 2). The grid, a periodic
structure, produces a series of peaks in this convolution, and each peak is surrounded by the

Phys Med Biol. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rand et al.

Page 5

spatial frequency spectrum of the sample. The areas surrounding all peaks 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 hg from the zero-order area contains only x-
ray transmittance information. The image hy 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 gg and one higher-order image gy of the grid. Subsequently, a
normalized absorbance image and one or more normalized scatter images are produced
according to Equation 1 and Equation 2.

hg)
A= —1 —
0g10 (90 (€]

_ hs /e
5= 1Og(%/s)o) @

Thus, Sconsists exclusively of scattered x-rays because the transmittance component is
normalized out. By convention, the absorbance A is defined as the logarithm of the ratio of
the transmittances hg and hy. The scattered intensity Sis the logarithm of the amount of
scattered radiation. Use of the logarithm in Equations 1 and 2 yields values that are linearly
related to sample thickness.

The image processing concept is schematically depicted in Figure 2. The zero-order peak
(blue box) in the convolution yields the absorbance image A. The 1%t order peaks (red and
yellow boxes) in the convolution yield the scatter images S Note that the left 15t 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 15t 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 15t order x-ray images should measure
identical scatter signals when isotropically-oriented nanoparticles are used as SFHI contrast
agents.

X-ray 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 an anode voltage of 80 kV. Such a high voltage is used to reduce required exposure
times; it is 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. The grid
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was approximately 5 cm long and 5 cm wide with a wire thickness of 66 um; it 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) with a pixel size of 98 pm. The
total exposure time for each image was 180 s. Mean signal enhancements relative to a
control sample were taken from regions measured in three separate x-ray images Errors were
calculated by taking the standard deviation of the mean from these regions over all three
images. The regions chosen in each image for analysis included the central 80% of the vial
to avoid x-ray absorbance or scatter by the vial edges. All samples for x-ray and MR
imaging were prepared in Eppendorf tubes with a diameter and thickness of approximately 1
cm.

X-ray absorbance signal enhancements due to the presence of nanoparticles in each sample
were calculated by normalizing the absorbance signal A for each sample by that of a control
sample containing no nanoparticles (see Equation 3). Similarly, the x-ray scatter signal
enhancements due to the presence of nanoparticles in each sample were calculated by
normalizing the x-ray scatter signal S of the sample by that of a control containing no
nanoparticles (see Equation 4).

As ample

®

A enhancement=— A
control

S sample

©

S enhancement™= g
control

Magnetic Resonance Imaging (MRI)

MRI data were acquired using a Siemens Tim Trio scanner with main field strength of 3
Tesla. The body volume resonator was used for transmission while a 32 element volume
array was used for signal receive. Vials were arranged horizontally within the receiver array.
Samples were at room temperature at the time of scanning. Following acquisitions of scout
images for tomographic plane selection, spin echo image data sets were obtained with a
repetition time of 3000 ms, echo times of 10-180 ms in 10 ms steps, and a slice thickness of
3 mm. In-plane resolution was 0.56 mm. T, maps were computed by use of a three
parameter (equilibrium magnetization, T, and offset) nonlinear least squares curve fit of
signal intensity vs echo time for the spin echo signal equation on a pixel basis using Matlab
scripts (MathWorks, Natick, MA). Mean T, values (and standard deviations) were taken
from the region representing the center 80% of the imaged vial cross-sections. There were
approximately 100 pixels in each region of interest.

Determination of iron content in cell pellets

The amount of iron taken up by FOCUS cells during incubation was determined by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES). Samples were
prepared for ICP-AES analysis by digesting iron and organics with aqua regia followed by
dilution in 2% nitric acid.
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Results

Comparison of AUNPs and SPIONs as X-ray Contrast Agents

X-ray absorbance images and SFHI x-ray scatter images were taken of gold and iron oxide
nanoparticles of comparable sizes. 10 nm SPIONs coated with polyethylene glycol (type:
SPION-PEG) were prepared in hanopure water at concentrations ranging from 250-1000
ppm iron concentration. 10 nm citrate-stabilized AuNPs (type: AuNP-cit) were coated with
PEG via ligand exchange of PEG for citrate. The resulting suspensions of AUNP-PEG were
then prepared in nanopure water at concentrations ranging from 250-1000 ppm gold
concentration.

X-ray images were taken of these AUNP-PEG and SPION-PEG suspensions and analyzed.
Analysis involved measuring the signals detected for the nanoparticle samples and
normalizing them relative to the signal detected for a control containing only nanopure
water. The subsequent signal enhancements over water for both the x-ray absorbance images
and the SFHI x-ray scatter images are given as percentages in Table 1. X-ray scatter signal
enhancements over water for the AUNP-PEG and SPION-PEG suspensions overlap over the
range of metal concentrations studied, with signal enhancements ranging from 4.6% to
12.0% for AUNP-PEG and 6.1% to 9.7% for SPION-PEG. X-ray scatter signal
enhancements are also larger than x-ray absorbance signal enhancements by approximately a
factor of 10.

Comparison of SFHI and MRI Using SPION Samples

SFHI x-ray scatter images and MR images were taken of iron oxide nanoparticles of varying
sizes. 10 nm and 40 nm SPION-PEG were prepared in agarose gel at concentrations ranging
from 0-100 ppm iron concentration. T, relaxation times were measured from the acquired
MR images and are given in Table 2. Calculated relaxivities for the 10 nm SPION-PEG and
40 nm SPION-PEG are 58.21 s~ ImM™1 and 21.21 s~ImM 1 respectively. After MR
imaging, the 10 and 40 nm SPION-PEG samples were also imaged by SFHI. In the image
analysis, x-ray scatter signals detected for the nanoparticle samples were normalized relative
to the signal detected for a control containing the gel alone. The normalized x-ray scatter
signal enhancements are given as percentages in Table 2. The larger 40 nm SPIONs scatter
x-rays slightly more than the 10 nm SPIONSs.

Comparison of SFHI, MRl and X-ray Absorbance Imaging Using SPION+HCC samples

X-ray absorbance images, SFHI x-ray scatter images, and MR images were taken of samples
containing HCC cells labeled with iron oxide nanoparticles. The cell line used is a human
hepatocellular carcinoma line called the FOCUS cell line (He et al., 1984). For these studies
invitro, 10 nm and 40 nm SPIONs with an amphiphilic polymer coating containing
carboxylic acid reactive groups (type: SPION-COOH) were coated with a layer of
poly(acrylic acid) (PAH) to make them more biocompatible. The addition of PAH to the
nanoparticle surface to form SPION-COOH-PAH increases the zeta potential of the
nanoparticles and their cellular uptake in vitro (see Table 3).
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For preparation of the biological samples to be used for imaging, 10 nm and 40 nm SPION-
COOH-PAH were incubated with 3 x 106 HCC cells at either 10 ppm or 20 ppm for 5h at
37°C. After incubation, excess nanoparticles were washed away, and the cells containing
nanoparticles were collected and fixed in formaldehyde. Fixed cells were then set in agarose
gel for imaging. MR images were taken of these biological samples (see Figure 3) and T,
relaxation times were measured (see Table 4). X-ray absorbance and SFHI x-ray scatter
images were also taken of the biological samples; a sample SFHI x-ray scatter image of
FOCUS cells incubated with 10 nm SPION-COOH-PAH at 20 ppm iron concentration is
shown in Figure 4. Image analysis involved measuring the signals detected for samples
containing SPION-labeled HCC cells and normalizing them by the signal detected for a
control containing unlabeled HCC cells. The normalized signal enhancements are given as
percentages in Table 4. After imaging was completed, iron content in the HCC cells was
measured by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) (see
Table 4).

Discussion

One major benefit of SFHI is its versatility, as the technique is not specific to any one
material for contrast. The only requirement for a SFHI 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 could be
used to provide contrast in SFHI x-ray scatter images. While we have had success in the past
using AuNPs,(Rand et al., 2011) we show here that SPIONs are also suitable for use as
contrast agents in SFHI. These metal nanoparticles scatter x-rays more than biological
tissues due to their higher electron densities and their large surface areas. X-rays are
scattered by electrons and at material interfaces where they encounter a change in index of
refraction. Nanoparticles (and metal nanoparticles in particular) are therefore especially
promising as x-ray scatter contrast agents.

To determine the feasibility of using SPIONSs as contrast agents for SFHI, the ability of 10
nm gold and iron oxide nanoparticles to scatter x-rays was compared. Our results indicate
that the contrast provided by SPIONs in SFHI is comparable to that provided by AuNPs, as
scatter signal enhancements for both types of nanoparticles overlap over the same range of
metal concentrations. Interestingly, although the x-ray scattering properties of the AuUNP-
PEG and SPION-PEG are similar, the SPION-PEG are weaker x-ray absorbers than their
AUNP counterparts. Relative to their absorbing power, therefore, SPION-PEG are actually
stronger x-ray scatterers than AUNP-PEG. Overall, SPIONs seem to be as effective as
AUNPs at providing contrast in SFHI. We can therefore reasonably expect that results
obtained in the past using AUNP contrast agents (for example, the differentiation of
nanoparticle-labeled and unlabeled liver cancer tissue with SFHI) (Rand et al., 2011) should
be possible with SPIONs as well.

The gold and iron oxide nanoparticles were also studied for their potential as contrast agents
in absorption-based x-ray imaging. The results show that SFHI is a much more sensitive
technique than conventional x-ray imaging, as X-ray scatter signal enhancements are an
order of magnitude larger than their absorbance counterparts. While gold nanoparticles have
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been used in the past to provide contrast in absorption-based x-ray imaging, the mass of gold
required to provide appreciable contrast was often very large (Kim et al., 2007, Popovtzer et
al., 2008, Hainfeld et al., 2006, Hainfeld et al., 2004). Our results suggest that the enhanced
sensitivity of SFHI could make nanoparticle-enhanced x-ray imaging more feasible, as it
should require a much lower dose of contrast agent.

Furthermore, because the arrangement of source, patient, and detector in SFHI is identical to
that used for conventional x-ray imaging, the process to upgrade existing x-ray machines for
SFHI service will be straightforward. The modifications made to conventional x-ray
machines will not affect their ability to provide absorption-based images and, as such, it will
be possible to deliver both x-ray absorbance and x-ray scatter images using a single x-ray
apparatus. Tests of SFHI in a clinical setting are currently underway using a GE 100a XRI
projection x-ray source at Massachusetts General Hospital. This equipment (typically used
for chest radiography) has a spot size of 300 um and x-ray energies of approximately 70keV.
SFHI of a variety of samples was successful on this machine with exposure times of only
12.5 ms, indicating the potential for application of SFHI in vivo in human patients..

The ability of SPIONs to provide contrast in SFHI is an important discovery because it
allows us to benchmark the novel x-ray imaging technique with the established and
ubiquitous MRI. To directly compare the sensitivities of MRI and SFHI, the measured T»
relaxation times given in Table 2 were converted to r, relaxation rates, where r, = 1/T».
Figure 5 shows how the signals measured in both MRI and SFHI change with increasing
iron concentration; both r, and x-ray scatter signal enhancement increase steadily as iron
concentration rises. However, this change in signal relative to the change in iron
concentration is much larger for MRI than for SFHI, suggesting that MRI benefits from
enhanced sensitivity over SFHI. Interestingly, while the smaller 10 nm SPION-PEG appears
to be a better T, contrast agent in the MR images (i.e., 10 nm SPION-PEG has a larger
calculated relaxivity than 40 nm SPION-PEG), the larger 40 nm SPION-PEG provides more
contrast in images taken by SFHI.

To examine the potential for using SPIONs in biomedical SFHI applications, and to see how
SFHI compares to MRI and conventional x-ray imaging in a biomedical setting, we prepared
biological samples containing liver cancer cells labeled with SPIONs. SPIONs of varying
sizes were coated with a layer of polyelectrolyte and incubated with HCC cells. Previous
studies have shown that weak polyelectrolyte coatings make surfaces more cytophylic
(Mendelsohn et al., 2003) and can increase the cellular uptake of nanoparticles in vitro
(Rand et al., 2011) and in vivo (Brandenberger et al., 2010). Here, we use the cationic PAH
as a coating on top of the as-purchased SPION-COOH. The negative charge on the surface
of the SPION-COOH coupled with the positive charge of the PAH allows for layer-by-layer
adsorption of PAH onto the 10 nm and 40 nm SPIONSs. The resulting positively-charged
nanoparticles were taken up into the HCC cells during the 5h incubation period.

When cells are incubated with untargeted, cytophylic nanoparticles like the polyelectrolyte-
coated SPIONSs used here, passive uptake of the nanoparticles causes them to agglomerate
inside the cell, often within vesicles a few hundred nm in diameter (Brandenberger et al.,
2010, Walkey et al., 2012, Bartneck et al., 2010). The cells also clump together after
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incubation with the nanoparticles, as the heavier iron-loaded cells become more compact
when they are spun down during washing steps, and the cell pellets become harder to break
apart. This clumping effect appears to significantly reduce the T, relaxation effect of the
SPIONs. Compared to the samples containing only SPIONS in gel (Table 2), the T,
relaxation times of the biological samples (Table 4) are much longer. On the contrary,
aggregation of the nanoparticles within the HCC cells seems to lead to better contrast in
SFHI: the maximum signal enhancement seen for these biological samples (Table 4) is
almost double that seen for the samples containing SPION in gel alone (Table 2). The
reduced effect of the contrast agent in MRI coupled with the enhanced effect of the contrast
agent SFHI causes the sensitivities of the two techniques to converge in this application.

Table 5 shows the change in measured signal for each biological sample due to nanoparticle
content (relative to that measured for HCC cells alone) as seen in x-ray absorbance imaging,
SFHI, and MRI. The values for MRI were calculated from the T, relaxation times given in
Table 4. To compare the three imaging modalities, the relative sensitivities of the techniques
were calculated by taking the ratio of the signal enhancements shown at the left of Table 5.
When the three techniques are compared using HCC cells loaded with nanoparticle contrast
agents, we find that SFHI is more sensitive than traditional x-ray imaging by an average
factor of 16, while MRI is more sensitive than SFHI by an average factor of 4. Sensitivities
of SFHI and MR start to converge especially when 40 nm SPIONs are used as contrast
agents, as the larger nanoparticles provide higher contrast than smaller nanoparticles in
SFHI, but lower contrast than smaller nanoparticles in MRI. Specifically, for imaging of
HCC cells incubated with 40 nm SPIONSs at 10 ppm, MRI is more sensitive than SFHI by a
factor of just 1.9. As SFHI is a technique that has only been developed in recent years, we
believe that a relative sensitivity within a factor of 2 of the more sophisticated MRI suggests
significant promise for further improvements in SFHI performance.

Furthermore, Table 5 also shows that although MRI is more sensitive than SFHI, it also has
a larger error. If we calculate at the size of the standard deviation in each measurement
relative to the change in signal measured, we find that the error in MRI is almost twice as
large as that in SFHI: for SFHI, the standard deviation is on average 2.7% of the total signal
enhancement measured, while for MRI, the standard deviation is on average 5.0% of the
total signal enhancement measured. The uncertainty in MRI relative to SFHI was calculated
by taking the ratio of the sizes of the standard deviations in each technique; these relative
uncertainties are shown for each sample in Table 5. Although MRI is on average four times
more sensitive than SFHI, it is also on average twice as uncertain. We take this into account
by calculating a final image enhancement parameter where the relative sensitivity of MRI is
normalized by its relative uncertainty. When the size of the technique uncertainty is
accounted for, we find that SFHI is approximately equal to MRI in terms of image quality.

Conclusion

Images taken of SPIONS alone by SFHI and MRI show that the change in measured signal
with changing iron concentration is much larger for MRI than for SFHI. However, when the
nanoparticles begin to clump together inside cells (as they would in many diagnostic
imaging applications), the image quality of SFHI is comparable to that of MRI. In fact, the
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sensitivity of SFHI seems to be improved when used for biomedical imaging applications
relative to pure materials applications. For a technique in the earliest stages of development,
we believe SFHI shows significant promise. With further development, the sensitivity of
SFHI could be improved to eventually match or overcome that of MRI.

Although a powerful technique, MRI suffers disadvantages in the high cost of its operation,
maintenance, and materials, in its limited availability, and in the fact that its use requires
highly trained personnel (Huang et al., 2012, Griebsch et al., 2006). On the other hand, x-ray
techniques similar to SFHI have the benefit of being much cheaper and more widely
available (Lee and Chen, 2009). Specifically, x-ray imaging applications such as
mammography for examining breast cancer (Griebsch et al., 2006, Moore et al., 2009), CT
for guided bone biopsies (Alanen et al., 2004), and CT for the diagnosis of hepatocellular
carcinoma (Arguedas et al., 2003) have been shown to be more cost-effective than MRI.
With improved sensitivity, SFHI could therefore be a viable and cost-effective alternative to
MRI for many biomedical imaging applications, including the early diagnosis of HCC using
nano-labels. It is feasible that SFHI could be implemented in underdeveloped areas of the
world where HCC is common but MRI facilities are somewhat rare.

A valid comparison between x-ray imaging techniques and MRI must make note of the fact
that MRI delivers no ionizing radiation to the patient. As such, the radiation dose delivered
to the tissue being imaged is an important piece of information in a study benchmarking
SFHI with MRI. The radiation dose delivered to the HCC cells imaged here is 1.05 Sv.
However, this dose would be significantly reduced when shorter exposure times and clinical
X-ray sources operating at a higher power are used. Furthermore, the radiation dose
delivered to the tissues in SFHI is reduced relative to conventional x-ray imaging, as
placement of the absorption grid between the x-ray source and sample in SFHI decreases the
amount of radiation that reaches the patient.

Additionally, the discovery that SPIONs are suitable for use as contrast agents in SFHI
could be an important step in the development of a potential dual-modality imaging
technique combining SFHI and MRI. Multi-modal imaging has become popular in recent
years, as different imaging techniques can often be complementary rather than competitive.
Examples include combinations of Positron Emission Tomography and MRI (PET-MRI),
PET and Computed Tomography (PET-CT), MRI and ultrasound imaging (US), and MRI
and CT (Cheon and Lee, 2008, Lee and Chen, 2009, Jennings and Long, 2009, Huang et al.,
2012). Combining multiple techniques is a potentially powerful strategy for improving
image quality and diminishing the disadvantages that limit individual techniques. However,
most nanoprobes developed for multi-modality imaging require multiple parts for increased
functionality, often leading to additional synthetic steps and costs (Cheng et al., 2012).
Examples include SPIONSs that are coated with gold for US/MRI/electron microscopy (Jin et
al., 2010), US microbubbles that are filled with SPIONs for dual US/MRI (Liu et al.,
2011b), and AuNPs that are attached to Gadolinium chelates for dual CT/MRI (Alric et al.,
2008). However, we have shown here that unmodified SPIONs can act as nanoprobes for
both SFHI and MRI. A simple nanoprobe that is effective in multiple imaging modalities
and doesn’t require many different components could be beneficial in terms of reducing cost
and expediting the imaging process.
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Figure 1.
Schematic of the x-ray imaging setup.
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"1,0" X-ray scatter image X-ray absorbance image

Figure 2.
Fourier transformation of 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). Different peaks in the
spatial frequency spectrum (surrounded by colored boxes) contain different information
regarding how the sample scatters and absorbs incident x-radiation.
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Figure 3.
MR images of HCC cells containing no iron (a), 10 nm SPION-COOH-PAH (b and ¢), and

40 nm SPION-COOH-PAH (d and e). The cells were incubated with iron oxide
nanoparticles at 10 ppm iron concentration (b and d) or 20 ppm iron concentration (c and €).
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Figure 4.
SFHI x-ray scatter image of FOCUS cells incubated with 10 nm SPION-COOH-PAH at 20

ppm (left) and FOCUS cells without SPIONSs (right).
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R Values and X-Ray Scatter Signal Enhancements for
10 mm and 40 nm SPION-FPEG
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Figure 5.
Comparison of the change in relaxivity of 10 nm and 40 nm SPIONs in MRI (dashed lines,

left y-axis) with the change in signal enhancement of 10 nm and 40 nm SPIONs in SFHI
(dotted and solid lines, right y-axis).
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Signal enhancements over water for 10 nm AuNP-PEG and 10 nm SPION-PEG as measured from SFHI x-ray

scatter and x-ray absorbance images.

Table 1

[metal] | x-ray absorbance signal enhancement (%) x-ray scatter signal enhancement (%0)
(ppm) 10 nm AuNP-PEG 10 nm SPION-PEG | 10 nm AuNP-PEG | 10 nm SPION-PEG
250 0.7 +£0.03 0.5+0.01 46+0.23 6.1 +<0.01
500 0.7+0.01 0.6 +0.01 8.0+ 0.47 7.6 £0.65
750 0.9+<0.01 0.6 £<0.01 9.1+<0.01 7.9+0.63
1000 1.0+0.01 0.6 +0.01 12.0 £0.02 9.7+0.24
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T, relaxation times and x-ray scatter signal enhancements of 10 nm and 40 nm SPION-PEG.

Table 2

[Fe] T, relaxation time (ms) x-ray scatter signal enhancement (%0)
(ppm) 10 nm SPION-PEG | 40 nm SPION-PEG | 10 nm SPION-PEG | 40 nm SPION-PEG
0 491 +£61.3 491 +61.3 N/A N/A
5 55+21 196 + 15.6 0.7+0.75 1.6 +£0.40
10 37+34 123 +31.6 1.9+0.08 3.0+0.44
20 22+43 78+18 3.0+0.50 5.9+0.48
50 15+8.2 39+ 8.8 8.2+0.28 9.5+0.29
100 <10 25+6.3 10.3+0.61 12.2+0.10
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Table 3
Zeta potential and cellular uptake of 10 nm and 40 nm SPIONs before and after coating with poly(acrylic
acid).
10 nm 40 nm
SPION- SPION- SPION- SPION-
COOH | COOH-PAH | COOH | COOH-PAH
zeta potential (mV) -42+3.1 54+18 -272+15 38+29
mass of Fe taken up by 3 x 108 FOCUS cells (ug) | 2.0 +0.06 34.4+3.97 8.4+0.19 38.2+1.47
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