International Journal of Pharmaceutics 606 (2021) 120884

e 4

ELSEVIER

International Journal of Pharmaceutics

Contents lists available at ScienceDirect

INTERNATIONAL JOURNAL OF

journal homepage: www.elsevier.com/locate/ijpharm

Simultaneous SPECT imaging with 123 and 121 - a practical approach to

Check for

updates

assessing a drug and its carrier at the same time with dual imaging

Zeynab Nosrati °, Pedro L. Esquinas b Cristina Rodriguez-Rodriguez ““, Thuy Tran 4
Anil Maharaj?, Katayoon Saatchi®, Urs O. Hifeli %

& Faculty of Pharmaceutical Sciences, University of British Columbia, 2405 Wesbrook Mall, Vancouver, British Columbia V6T 1Z3, Canada

b IBM Watson Hedlth Imaging, 6303 Airport Road, Mississauga, Ontario, L4V 1R8 Canada

¢ Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, British Columbia V6T 1Z1, Canada
4 Department of Pharmacy, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen 2100, Denmark

ARTICLE INFO

Dedicated to the loving memory of Prof. Anna
Celler - an astounding teacher, brilliant
researcher and our esteemed colleague. For her
lifetime dedication to medical physics.

Keywords:
123

1251

SPECT/CT
Pharmacokinetics
Biodistribution

Dual radionuclide imaging
In vivo preclinical studies
Dual-isotope imaging
multi-pinhole SPECT

ABSTRACT

Radiolabeling of a drug with radioactive iodine is a good method to determine its pharmacokinetics and bio-
distribution in vivo that only minimally alters its physicochemical properties. With dual labeling, using the two
radioactive iodine isotopes 1237 and 125I, two different drugs can be evaluated at the same time, or one can follow
both a drug and its drug delivery system using a single photon emission computed tomography (SPECT) imager.
One difficulty is that the two radioisotopes have overlapping gamma spectra. Our aim was therefore to develop a
technique that overcomes this problem and allows for quantitative analysis of the two radioisotopes present at
varied isotope ratios. For this purpose, we developed a simple method that included scatter and attenuation
corrections and fully compensated for 12°1/12°I crosstalk, and then tested it in phantom measurements. The
method was applied to the study of an orally administered lipid formulation for the delivery of fenofibrate in rats.
To directly compare a traditional study, where fenofibrate was determined in plasma samples to SPECT imaging
with 2%-labeled fenofibrate and '?°I-labeled triolein over 24 h, the drug concentrations were converted to
standardized uptake values (SUVs), an unusual unit for pharmaceutical scientists, but the standard unit for ra-
diologists. A generally good agreement between the traditional and the radioactive imaging method was found in
the pharmacokinetics and biodistribution results. Small differences are discussed in detail. Overall, SPECT im-
aging is an excellent method to pilot a new formulation with just a few animals, replaces blood sampling, and can
very quickly highlight potential administration problems, the excretion pathways and the kinetics. Furthermore,
dual labeling with the two radioisotopes 1231 and %1 clearly shows if a drug and its drug delivery system stay
together when traveling through the body, if slow drug release takes place, and where degradation/excretion of
the components occurs.

1. Introduction

valuable tool in drug discovery and development, ranging from pre-
clinical research to early clinical trials (Perkins and Frier, 2004). In

Preclinical imaging, which forms a translational bridge from cells to
animals to the clinical environment, plays an important role in
improving, accelerating and reducing cost in drug discovery and
development (Rudin and Weissleder, 2003; Vanderheyden, 2009). By
means of preclinical imaging, clinically relevant longitudinal studies can
be designed in a single animal and predict the clinical efficacy of new
drugs before moving to human testing (Willmann et al., 2008).

Single-photon emission computed tomography (SPECT), a sensitive
radionuclide-based imaging modality, has been extensively used as a
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preclinical studies, a small animal SPECT based camera, scaled down
from a clinical SPECT system, is a valuable tool for molecular imaging
and tracking radiolabeled drug molecules (Gomes et al., 2011). In this
way, the in vivo distribution, pharmacokinetics and targeting properties
of drugs, biologics, nanomedicines and innovative drug delivery systems
can be examined closely and quantitatively.

In modern drug delivery systems, the drug does not always behave
like the drug carrier, and observing their differences at the same time
might be enormously helpful to optimize the drug formulation and the
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drug delivery process. SPECT is a technique that allows for simultaneous
imaging of two (or more) radionuclides based on their distinct gamma
energies (Khalil, 2011). Once the drug and drug carrier have been
radiolabeled with two distinct radioisotopes, it is possible to investigate,
visualize and quantify their in vivo biodistribution and kinetics in par-
allel in a single animal. In preclinical studies, simultaneous dual-isotope
imaging offers many advantages over separately acquired data such as
reduction of the time for data acquisition and elimination of the
experimental and physiological inter-animal variations (Hijnen et al.,
2012; Tsuji et al., 1999). This technique has opened up new imaging
possibilities to trace two compounds of interest such as a specific ligand
and its nonspecific control ligand (Hijnen et al., 2012; Schmitt et al.,
2008), a drug and its carrier (Sonaje et al., 2010), a drug and its
analogue, antibody-drug conjugates (Ilovich et al., 2018) and important
blood-proteins like albumin and transferrin (Smith et al., 1992).

SPECT radionuclides used for radiolabeling are typically metals or
halogens emitting gamma energies between 30 and 300 keV, and half-
lives varying between hours to several days. To date, pairs of radionu-
clides used in dual isotope imaging include '2°1/°°™Tc (Hsieh et al.,
2010), 2°'T1/%°™Tc (Heo et al., 1994), '3'1/%°™Tc (Ceccarelli et al.,
2004), 1y /99mTe (Zhu et al., 2007), M, /57Ga (Esquinas et al., 2018)
and "'In/Y”’Lu (Hijnen et al., 2012). The appropriate choice of the
radionuclide allows tailoring the properties of the labeled compound to
the application. For example, radiolabelling of peptides and antibodies
require a radionuclide with relatively long half-life similar to their
elimination half-life. Attaching metal radionuclides such as °*™Tc, 111In
and %’Ga to small molecules, peptides and proteins, e.g., antibodies,
require the conjugation of DTPA, DOTA and NOTA, respectively. As
these chelators are relatively large this ligand tethering/coordination
could potentially change the biological activity of the altered com-
pounds, especially for small molecule drug modification. To minimize
the structural modification of radiolabeled compounds, radio-
halogenation techniques are sometimes considered (Sugiura et al., 2014;
Wilbur, 1992).

During radiohalogenation, the physicochemical and biological
properties of the original molecule change only in a minor way, as
typically (and ideally) either a hydrogen atom is replaced by a halogen,
or a non-radioactive halogen is replaced with a radioactive halogen,
such as '®F for PET or %I for SPECT. The chemistry of incorporating
radiohalogens into organic molecules has been well studied (Adam and
Wilbur, 2005; Sutherland, 2019), with fluorine chemistry seeing new
developments during the last few years (Liu et al., 2015; Pattison, 2019;
Szpera et al., 2019; Uhrig et al., 2019). For the labeling of bio-
pharmaceuticals, radioiodinations are simpler and thus preferred over
other radiohalogens and allow to quantitatively study pharmacokinetics
and biodistribution (Seevers and Counsell, 1982; Vaidyanathan and
Zalutsky, 2019).

An efficient radioiodination method adds a radioactive iodine to a
molecule without causing chemical and biological damage (Mock and
Zheng, 2006). Examples for straight-forward iodinations are isotope
exchange labeling, where a molecule with covalently bound stable
iodine atoms on an aromatic ring is exchanged with a radioactive iodine
atom, for example in the labeling of 2-[[3-(dimethylamino)propyl-meth-
ylamino]methyl]-4-(1230)iodanyl-6-methylphenol (123I-HIPDM); a
regional cerebral perfusion imaging agent (Lui et al., 1987). Peptides
and proteins containing amino acids with aryl substituents, such as
tyrosine residues (Schumacher and Tsomides, 2001) are good candi-
dates for the addition of radioiodine after oxidation by chloramine-T
(Lee et al., 1977), Iodobeads (Markwell, 1982) or lodogen™ (Michael
Conlon, 2002). Moreover, molecules such as fatty acids with carbon-
—carbon unsaturated bonds (commonly used in lipid based drug delivery
systems), can be easily radioiodinated at the site of the double bond
using either iodine monochloride or elemental radioiodine (Robinson
and Lee, 1975).

Several isotopes of iodine emit gamma rays and can thus be used to
detect biological, diagnostic, or pharmaceutical molecules in both
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preclinical in vitro measurements and in vivo diagnostic imaging. The
SPECT radioisotopes are 1231, 1251 and 1311, while a PET isotope %D is
also available (see Table S1 in the supplementary material (NuDat)).
Because of its high energy beta (up to 606 keV, 90.4%) and high-energy
gamma (364 keV, 83%) emissions, '°!1 is rarely used for imaging, as it
delivers relatively high doses to tissues such as the thyroid and bladder,
in addition to poor resolution in gamma camera images (Dewaraja et al.,
2000).

1231 and 2% have been widely used to study cellular dynamic
biochemical processes, understanding drug metabolism and action, as
well as establishing treatment strategies for these iodine isotopes indi-
vidually (Bailey, 1994; Caplan and Baniyash, 2002). The main advan-
tage for dual radiolabeling of organic compounds and simultaneous
SPECT imaging with '2%I and %I is their identical chemical properties.
A major problem from the physics imaging point of view, is that the
energy of x-ray photons of 1231 overlap with the energy of the main
gamma photons as well as the x-ray emissions of '2°I. Therefore, low-
energy x-ray photons of %I are indistinguishable from ?°I emissions
since the camera discriminates solely by energy (see Fig. 1). As aresult, a
naive measurement of 12°I activity in the presence of '2°I using SPECT
would result in an overestimation of the activity present in the imaging
object. In order to get accurate measurements of activity distribution of
1257 in the context of '231/12%T dual isotope SPECT, it is necessary to
develop a method to correct for the 2% signal present in the 2°I pho-
topeak (referred to as crosstalk).

To the best of our knowledge, the first attempt to address dual
isotope imaging of 12°I and 1251 SPECT was presented by Lee S. et al. (Lee
et al., 2015; Lee et al., 2013). In their study, the authors estimated the
fraction of 12%I photons detected in the '2°I photopeak window by means
of Monte-Carlo simulations of a mouse model under different experi-
mental conditions. Although Monte-Carlo simulations would allow us to
estimate correction factors for accurate activity quantification of '2°I in
dual-isotope SPECT, such an approach is not very practical due to the
complexity of Monte-Carlo methods to model the imaging system and
experimental conditions.

More recently, a practical method to estimate and correct for the
cross-talk signal of '2%I into the low-energy peak of 12°I was proposed by
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Fig. 1. Energy spectra of 12°I and 12°I acquired from the SPECT/PET/CT system
equipped with NaI(Tl) crystals and UHR-RM collimator. Main photopeak
windows (Wigokev and Wsgrey) are reported in dot pattern. According to the
background/scatter subtraction technique explained in Section 2.5, scatter
windows (W; lower window, W,: upper window) are shown in dense
line pattern.
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Tsartsalis et al. (Tsartsalis et al., 2018). In this work, the authors eval-
uated the feasibility of simultaneous 1231/12°I SPECT imaging of the rat
brain. However, the generalization of the proposed method into any
animal/human imaging is not guaranteed since the authors were not
able to perform corrections for photon attenuation or scatter, which
limits the applicability of their method to just a set of imaging conditions
identical to those used in their experiments.

In our study, we build on Tsartsalis’s practical approach for
imaging, sharing their philosophy, and address the major limitation of
this prior work. We propose a simple and practical method to compen-
sate for crosstalk in simultaneous 12°I/12°I SPECT imaging in a pre-
clinical setting based on fully quantitative SPECT imaging. A preclinical
imaging system was used to perform a series of phantom experiments
under multiple imaging conditions in order to estimate the accuracy of
the approach. Furthermore, to demonstrate the feasibility of the cross-
talk compensation method in an in vivo setting, we investigated in vivo
the passage of a lipid-based formulation (LBF) where a poorly water-
soluble drug molecule was solubilized in a lipid excipient to enhance
drug bioavailability. Fenofibrate was used as a highly lipophilic model
drug (log P = 5.24) (Kevadiya et al., 2019; Kim et al., 2013) labeled with
1231, and '®I-labeled triolein, the largest component of Soybean Oil, was
used as the exemplar lipid excipient and added to the formulation as a
tracer. Understanding the interplay between hydrophobic drugs and
their lipid excipients after administration might be helpful in choosing
the best LBF with enhanced aqueous solubility (Tran et al., 2020).

1231/1251

2. Methods

A VECTor/CT scanner (MILabs, Utrecht, The Netherlands), a pre-
clinical SPECT/PET/CT system equipped with NalI(Tl) crystals and
ultra-high resolution (UHR-RM) collimator (1 mm pinhole size, sub-
millimeter spatial resolution and > 700 cps/MBq sensitivity) was used in
the present study. Na'?%I was obtained from Nordion (Vancouver, BC,
Canada) and Na'?°I was obtained from American Radiolabeled Chem-
icals Inc. (St. Louis, MO, USA). A Biodex Atomlab 500 dose calibra-
tor was used to measure activity for each experimental design. AMIDE, a
Medical Image Data Examiner software (UCLA, CA, USA) was used for
image registration, visualization and analysis (Loening and Gambhir,
2003). In this section, the crosstalk correction method for dual isotope
1231 /1251 SPECT is described (Section 2.1) and a series of phantom ex-
periments performed to validate this approach (Section 2.2-2.4). Then,
the image reconstruction and data correction techniques are applied to
the SPECT data (Section 2.5). Finally, the in vivo experimental details are
introduced (Section 2.6).

2.1. Crosstalk correction in dual isotope 12°1/12°T SPECT

The normalized energy spectra of two point-sources of 12°I and 1251
(obtained with VECTor, a small animal SPECT/PET/CT system equipped
with Nal(T1) crystals (Goorden et al., 2013) and ultra-high resolution
(van der Have et al., 2009), referred to as UHR-RM, collimator) show
two photopeak windows, one at higher energies (160 keV) and the other
window far from the upper one in lower energy around 30 keV (Fig. 1).
The high energy window (144-176 keV) contributes to '2*I gamma
photons while 30 keV photopeak is the overlap of lower energy photons
and x-rays of both 2% and 12°1. To separate out the contribution of 123
and %1 in the overlapping area, a simple and straightforward method
useful for preclinical SPECT imaging is introduced here.

In a 12%1/12%] SPECT acquisition, the total number of detected pho-
tons (i.e., counts) in the low energy photopeak window centered around
27-30 keV (the peak of X-Ray emissions of both 1231 and 125I), Csp, is
given by:

Cso = Cso_izy + Cyp_isy + Cocarter (€H)

where C13I correspond to the counts from photons emitted by

(X-rays), C3o_12srcorrespond to the counts from photons emitted by

1231
1251
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(X-rays and gamma emission at 35 keV), and Ccatter are scatter photons
which could originate from both %I and I emissions scattering
within the object (e.g., a phantom or a small animal) and within the
imaging system (e.g., collimator).

In our approach, the acquired photopeak counts Cspare first recon-
structed with corrections for scatter and attenuation (see Section 2.5 for
details on the image reconstruction and data correction methods).
Subsequently, for activity quantification, a volume of interest (VOI)
within the reconstructed image (e.g., the target organ in an animal
study) is defined. The number of reconstructed counts R3g accumulated
within this VOI are the sum of both counts from %I and 2°1 emissions,
under the assumption of accurate scatter correction:

R30 = Ryp_123; + R3g_12s; (2)

The counts originating from the '2°I emissions in the low energy
photopeak could be estimated indirectly from the reconstructed counts
in the high-energy 160 keV photopeak as follows:

R30,1231 ~ leGO—m[ (3)

where k is an experimentally determined conversion factor, which
represents the ratio of counts between the 30 keV photopeak and the
160 keV photopeak of %I In an ideal SPECT system (with perfect
sensitivity and perfect energy resolution) with an image-reconstruction
method with perfect scatter and attenuation corrections, this ratio
should be equal to the ratio between the number of x-ray emissions and
the number of 160 keV photons emitted per disintegration of 123I. This
factor was measured under real conditions with three simple phantom
experiments (see Section 2.2).

Once the quantity R3p_123 is known, the total reconstructed counts in
the 30 keV photopeak which correspond to '2°I emissions can be
determined as:

Ryo_125; & Ryg — kRygo_123; C)]

Finally, the 2] activity within the VOI is obtained by the product of
the reconstructed counts Rsg_125; and the SPECT calibration factor for
1257 (CF1251), which can be determined experimentally with a point-
source scan (see Section 2.3 and 2.4). Fig. 2 summarizes the proposed
crosstalk correction method.

2.2. Determination of the 30 keV to 160 keV 2%I photopeak conversion
factor k

The conversion factor k was measured under different imaging
configurations taking into account physical factors such as photon
attenuation (Zaidi and Hasegawa, 2003) and scatter (Zaidi and Koral,
2004) encountered in imaging of small sized animals. The three refer-
ence conditions (RC7, RCy and RC3) consisted of a small vial filled with
activity in air (point-like source; 0.2 mL, 100 MBq/mL), a small vial
filled with activity placed in a large cylinder filled with non-radioactive
water (which mimics focalized concentration of tracer within soft tissue
in a small animal; 0.2 mL, 100 MBq/mL), and a large cylindrical syringe
filled uniformly with activity (which represents an extended distribution
of activity; 5 mL, 20 MBq/mL), respectively (Table S2 in the supple-
mentary material).

SPECT tomographic phantom images were reconstructed for high
energy (144-176 keV) and low energy (15-45 keV) spectrums of 12°I
and followed by scatter and attenuation correction. After segmentation
of the same VOI in both high energy and low energy reconstructed im-
ages, the number of reconstructed counts for high and low energy
photopeak windows were quantified by the mean activity value in the
VOl as Ry60 and Rgo, respectively. Factor k was determined from the ratio
of R3p and Rjeo. The degree of variation of factor k was presented
through coefficient of variation (CV%) calculation.



Z. Nosrati et al.

International Journal of Pharmaceutics 606 (2021) 120884

1. Reconstruct 121/!25] SPECT data for 160 keV
photopeak to calculate mean voxel value of Ryg9—123;

Multiply A
by CFiz3; 13t

Multiply by factor &

2. Reconstruct 1231/125] SPECT data for 30 keV

photopeak to calculate mean voxel value of R34 Al

Mean voxel value of R3g_1231

3. Calculate mean voxel value of Rzg_125;

Multiply A
by CFips; 1251

Fig. 2. Overview of the proposed crosstalk correction method in dual isotope 1231 /1251 SPECT. For more details on determination of CFi231 and CFiasysee section 2.3. A123; and

A5 are activity concentrations for 1231 and 1251, respectively.

2.3. Determination of '?°I and '2°I calibration factors for quantitative
studies

For quantitative studies via tomographic imaging, the gamma cam-
era calibration factor (CF) is a prerequisite to convert the activity count
map to the absolute activity or activity concentration of the imaged
object. For each specific isotope and imaging configuration (i.e., colli-
mator and energy window settings), a new CF needs to be calculated. For
each isotope at each RC, CFs were determined using the formula of Eq.
(5), where A is the activity of the source measured with a dose cali-
brator, V represents the voxel volume in the reconstructed image (in mL)
and Y R; represents the sum of voxel counts (arbitrary units) in a vol-
ume of interest (VOI) (Esquinas et al., 2017).

A
TVYR

In practice, CFs were measured by drawing a VOI around the activity
in the point-like source (RC; and RCy), while for the uniform syringe
(RC3), mean voxel values is measured in a uniform area in the middle of
the phantom to avoid border effects. AMIDE was used to draw and
analyze VOIs. Multiple RCs with known activity concentration were
used. For 2% isotope, the same activities and phantom geometries were
used as in section 2.2 while the %I calibration measurements were done
in configurations of RC; and RCg with 0.5 mL of a 37 MBq/mL activity
concentration, and 20 mL of 2.37 MBq/mL activity concentration,
respectively. Photopeak and scatter/background window settings used
to create 12°I projections were similar to 12%[ x-ray peak (15 — 45 keV).
Table S3 in the supplementary material summarizes energy window

CF 5)

MSP1

- Non-radioactive water
123|

125'

123| and 125|

setting for 1231 and 1%°1 used in CF,3; and CF;,5; calculations, crosstalk
correction and animal study.

2.4. Phantom study to assess accuracy of crosstalk correction method in
1231/1257 preclinical SPECT

Phantom studies were used for two purposes. First, to measure the
activity quantification accuracy of single 23 and single 12°I SPECT in
VECTor (i.e., to establish a baseline level of accuracy). Second, to
determine the accuracy of the proposed dual-isotope method in *2%1/121
dual isotope imaging (Section 2.1) and to understand its limitations.
Experiments were designed to recover absolute activities both in single
and dual isotopes imaging mode. For this purpose three simple multi-
source phantoms (MSP) were made by placing 0.2 mL 6-strip Polymer-
ase Chain Reaction (PCR) tubes (Fig. 3) inside a 20-mL plastic syringe
filled with water. MSP1, MSP2 and MSP3 were filled with different ac-
tivity concentrations (average volume 70 pL) of individual activities
(1231 or 1251) or mixtures thereof, and placed inside a 20-mL plastic sy-
ringe filled with water. Table S4 in the supplementary material sum-
marizes the range of activity concentrations used for this validation
study.

Validation of single 1231/12°I quantitative SPECT: SPECT images
of phantoms MSP1 and MSP2 were acquired followed by a CT scan for
attenuation correction, reconstructed and corrected using the same
settings as those used in calibration. Small spherical VOIs inside the vials
(V=278 rnm3) were manually drawn, and the average counts/voxel
calculated using AMIDE. Then, CFs (obtained from different RCs) were
used to convert the average counts/voxel for each phantom to their

MSP2

MSP3

Fig. 3. Phantom used for activity quantification measurements of single and dual isotopes. First, 6 PCR tubes filled with various '2°I activity concentrations (MSP1),
various 12°I activity concentrations (MSP2) and finally with 1231 /1251 mixtures at various ratios (MSP3). PCR tubes filled with radioactivity were placed inside a 20 mL

syringe filled with non-radioactive water. Created with BioRender.com.
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corresponding activity concentrations. The difference between the
known activity concentration (referred to as true value, measured with
dose-calibrator) and SPECT activity concentration (measured value) was
calculated for each individual vial within each phantom (MSP1 and
MSP2). The difference is presented as (+/-) percentage of the true value.

Validation crosstalk correction technique: The accuracy of
crosstalk correction was evaluated as a function of the 2% to 12°I con-
centration ratio. The MSP3 phantom contained mixtures of 231/12%]
radionuclides at 6 different ratios (approximately Aj231:A;25; of 3:1, 2:1,
1:1, 1:2, 1:7 and 1:14) (Table S4 in the supplementary material). To
recover the activity concentration corresponding to each isotope, the
technique introduced in Section 2.1 was used. SPECT images of phan-
toms MSP3 were reconstructed separately for 30 and 160 keV photo-
peaks windows and corrected for scatter and attenuation. After
measuring the average count-rate on the VOI drawn inside the vials
reconstructed for the 160 keV photopeak window (R160-1237)and multi-
plying by the factor k obtained from RC,, '2°I low energy x-ray
emissions(R3o_1237) were estimated. Then, R3o_123r was subtracted from
the average count-rate on the same VOI in the image reconstructed for
30 keV photopeak window (Rzp) to identify the contribution of 121
(R30-1251) to the total reconstructed counts in the low energy peak. The
difference between the known activity concentration of each isotope in
the mixture (true value) and their measured crosstalk corrected SPECT
activity concentration was calculated. The difference is presented as
(+/-) percentage of the theoretical value.

2.5. Image reconstruction and activity quantification

All SPECT images were acquired in list-mode and following each
SPECT acquisition a CT scan using a tube setting of 60 kV and 615 uA
was obtained. To generate SPECT images, the recorded counts in list-
mode were decay corrected and binned corresponding to the main
photopeaks of 123 and %I, 160 keV (20% width) and 30 keV (100%
width), respectively. SPECT images were reconstructed using a pixel-
ordered subset expectation maximization (POSEM) algorithm (Bran-
derhorst et al., 2010) using 16 subsets, 10 iterations and an isotropic 0.4
mm voxel grid with U-SPECT Rec2.5li software (MILabs). The CT pro-
jection data was reconstructed using SkyScan NRecon software
(Microphotonics, Allentown, PA, USA) to generate a 3D image with a
0.169 mm? voxel size. To correct for self-, high-energy and background
scatter within the photopeak window, triple energy window (TEW)
methods were used during the iterative reconstruction (Ogawa et al.,
1991). Two adjacent narrow sub-windows (10% width) were set on each
side of the photopeak. Reconstructed images were post-filtered with 1
mm FWHM Gaussian kernel to minimize the effect of noise.

123|-Fenofibrate

123 Z

125|-Triolein

o
SAAASANANA
/\/\/\/\=/\/\/\/\r°\/\z°

0 o 125 125

International Journal of Pharmaceutics 606 (2021) 120884
2.6. Animal study

The LBF was prepared with radioactive '2I-Fenofibrate as the lipo-
philic model drug and '?°I -labeled triolein in soybean oil as the excip-
ient (or drug delivery system), as shown in Fig. 4 and described in more
detail previously (Tran et al., 2020). An imaging study was performed in
three male Sprague-Dawley rats (Charles River, Canada) weighing 335
+ 18 g (average + SD) in accordance with the Animal Care Committee of
the University of British Columbia under the approved protocol Al6-
0150. The sex and age of the animals was kept the same as the earlier
performed traditional pharmacokinetic rat study to which all results
were compared (Tran et al., 2020). The group size was 3, instead of 5 in
the traditional study, to allow for the chosen imaging time points. Rats
were gavaged with 0.4 + 0.02 mL of LBF containing ?*I-Fenofibrate
(28.19 + 2.06 MBq) and '2°I-Triolein (8.14 + 0.4 MBq). Under iso-
flurane anaesthesia (5% for induction, 1-3% during scanning), the an-
imals were imaged 30 min, 5, 9.5 and 24 h later by SPECT including a CT
scan for anatomical information and photon attenuation correction to
obtain fully quantitative images.

To obtain the pharmacokinetic profiles of '2*I-Fenofibrate and 12°I-
Triolein, AMIDE software was used to to generate 3D maximum in-
tensity projection (MIP) renderings and draw spherical VOIs (3 mm in
diameter) inside organs of interest using the registered CT images to
determine the time activity pattern per target organ. The delineated
organs were stomach, intestine, heart and liver.

1231 activity distribution was determined in the reconstructed images
from the 160 keV photopeak window. To estimate '2°I activity distri-
bution, factor k obtained from RC3 was used to correct for the cross-
counts in the lower energy window, as described in Section 2.4.
Finally, the 2°I and '2°I mean activity in each VOI (counts/pixel) were
multiplied by their corresponding CFs (obtained from RCs) to calculate
the activity concentration in each organ (MBq/mL). Results were
expressed as standardized uptake values (SUVmean, Eq. (6)) by
normalizing the organ concentrations with the individual animal’s body
weight and administered dose according to the following equation:

Concentration in volume of interest [MBg/mL]
Injected dose [MBgq|

x Body weight [g] (6)

SUV [g/mL] =

All SPECT images were decay-corrected to the time of administra-
tion. Rats were euthanized for ex vivo quantification of the bio-
distribution after the final imaging time point, and the radioactivity in
the organs was determined by y-counting. Selected organs were
removed and transferred into a pre-weighed counting tube. The amount
of 2% and %] in each sample was measured simultaneously using
130-190 keV and 15-75 keV windows, respectively, in a calibrated

Fig. 4. Schematics of (A) lipid-based formulation (LBF) prepared with radioactive 12%I-Fenofibrate as the lipophilic model drug and '**I-labeled triolein in soybean
oil as the excipient. (B) Rats are gavaged with the lipid formulation, followed by simultaneous dual-isotope SPECT imaging with the VECTor imager at 30 min, 5 h,

9.5 h, and 24 h thereafter. Created with BioRender.com.
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gamma counter (Packard Cobra II 5010 Auto-gamma counter, Perkin
Elmer, Waltham, MA, USA). Standard sources of 12 and 12°1 isotopes
with known activities were used to find the crosstalk correction factor
between both isotopes in the 15-75 keV window to determine the cor-
rect 125 counts.

Pharmacokinetic parameters for both the traditional and the SPECT-
based studies were estimated based on a 1-compartment model (i.e.,
central compartment) with first-order absorption and linear clearance
using NONMEM v7.4.1 (ICON Plc, Dublin, Ireland). Models were fit
using a naive pooled approach based on non-linear minimization of a
maximum likelihood error function. One data point from the ?3[-
Fenofibrate SPECT imaging was censored in the analysis due to the
presence of a relatively high initial concentration during the absorption
phase that was discordant from observed values in other preclinical
specimens.

To compare the results from the radioactive imaging studies to the
previously performed traditional PK study of H-labeled fenofibrate in
rats (Tran et al., 2020), the plasma concentrations (ug/mL) were
transformed into SUVs (g/mL) according to the following formula:

Plasma concentration [ug/mlL)
Injected dose [ug]

SUV [g/mL] = x Body weight [g] )

To account for differential partitioning of fenofibrate in plasma
versus whole blood, the latter of which represents the analyzed matrix in
SPECT imaging studies, plasma derived SUVs were multiplied by a factor
of (1 — hematocrit). A hematocrit of 0.3961 was used for all calculations
(Probst et al., 2006). The denoted conversion assumes fenofibrate par-
titioning into red-blood cells is limited owing to its high degree (>99%)
of plasma protein binding (Chapman, 1987; Desager et al., 1982).

3. Results and discussion

Tracing two radiopharmaceuticals quantitatively in vivo by SPECT
imaging requires that the gamma-emitting radioisotopes have distinct
energy emission spectra, so that both can be accurately identified over
time. For the two radioisotopes 2°I and '?°I with overlapping energy
spectra at lower energies, dual SPECT imaging is not straightforward.
Here we present a simple method for dual isotope SPECT quantification
for mixtures of 12%I and !2°I that can be used with any preclinical SPECT
imager and would, as shown here, be especially advantageous for the
investigation of the fate of small drugs and their drug delivery system.

3.1. Crosstalk correction in dual isotope 1231/1%°] SPECT

The present crosstalk correction method mainly relies on quantita-
tive reconstruction of SPECT data as well as scatter and attenuation
corrections to calculate the 30 keV to 160 keV 1231 photopeak conversion
factor k and distinguish the contribution of each isotope in the over-
lapping peaks of the lower energy spectra. To investigate how factor k
changes as a result of variabilities in scatter and attenuation, various
phantom configurations were applied. They consisted of a small plastic
vial filled with activity placed in air (RC;) or inside a large cylinder filled
with non-radioactive water (RC). Mimicking the pre-clinical conditions
encountered in animal studies, a large cylinder with no inserts was used,
uniformly filled with activity (RC3) to assess the practicality of the
scanner to image an extended volume source.

Table 1
Crosstalk correction factors k determined
in the different phantom setups.

k factor
RC; 0.721
RC, 0.735
RC3 0.850
CV% 9.1%
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The differences in k factors of the different phantom geometries were
minor (Table 1). For example, it was k = 0.721 for RC;, with almost no
scatter and attenuation, compared to the point source RCy which was
k = 0.735 located inside a syringe filled with water as the attenuating
media. For an extended volume source where a plastic syringe was filled
homogenously with '2°I, a slightly higher ratio (k= 0.850) was
measured as the result of scattering of higher energy photons which
ended up in higher counts in the lower energy window (Table 1). The
coefficient of variation of less than 10% in k values shows the applica-
bility of the utilized SPECT imager in correction for scatter and atten-
uation and confirms it as a feasible technique to correct for overlapping
spectra in 12%1/12%I dual isotope preclinical studies.

It is worth comparing our experimental determination of k with that
of Tsartsalis et al., 2018 (referred to as « factor in their manuscript). In
this prior work, the authors measured a k factor equal to 0.58 using
phantom experiments, while it was approximately equal to 0.34 in in
vivo measurements of a rat brain. The lower value obtained in Tsartsa-
lis’s phantom experiment compared to ours could be explained by the
fact that their proposed method did not utilize corrections for attenua-
tion (nor scatter). In such a scenario, photons emitted at approximately
30 keV from 2% will be attenuated much more than those emitted at
160 keV, resulting in an under-estimation of the low-energy peak signal
compared to our approach, which takes photon attenuation into ac-
count. Their scenario might also explain why the authors measured a
much smaller factor in the in vivo study, where attenuation of low-
energy photons is expected to be greater than in the phantom.

3.2. Determination of *23I and I calibration factors for quantitative
studies

To determine scanner calibration factors for each specific isotope,
various imaging conditions were evaluated (RC;, RC; and RC3). SPECT
data were reconstructed for main photopeaks of 1231 (160 keV) and
single photopeak of 12571 (30 keV), respectively. The reconstructed im-
ages were attenuation/scatter corrected to compensate for these
degrading physical effects. In total, 5 calibration factors were deter-
mined (for 2 radioisotopes and 3 reference configurations) and their
values are reported in Table 2. Because the probability of scattering
inside the point source is quite small, CF obtained from point source in
air (RC;) was considered to be the most accurate CF value. CFs obtained
from RCy and RCs for 2% and '2°1 agreed within 4.1% and 0.3% of the
reference CF value, respectively.

3.3. Phantom experiments

Validation of single 12%1/12°I quantitative SPECT: To compare the
performance and accuracy of our SPECT/CT preclinical imager in
translating reconstructed and corrected count maps of '23I and 2°1
isotopes into absolute activity and activity concentration maps, SPECT/
CT images of phantoms MSP1 and MSP2 with known activity concen-
trations were acquired, reconstructed and corrected. Fig. 5 illustrates the
comparisons of the measured activity concentration values obtained by
each calibration factor for isotopes of 12°I and '2°I, respectively.

The three CFi6o(kev) calibration factors (determined from RC;, RCy
and RC3) could recover the activity concentration of *23I in MSP1 ge-
ometry within a range of —15.5% to —3.3% of their true value. The
largest difference from the phantom values was —15.5% for 100.83

Table 2
CFs obtained from phantom studies using different reference configurations.

1231 1251

CF160(kev) (MBq/mL) CF30(kev) (MBg/mL)
RC; 688.4 516.7
RCy 691.9 NA
RC3 642.4 518.8
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MBq/mL recovered by CFigokev) Obtained from RCs. Data are summa-
rized in the supplementary Tables S5 and S6.

Validation crosstalk correction technique: The MSP3 phantom
was used to test and validate the crosstalk correction technique in
differentiating the activities belonging to each isotope. Six combinations
of known activity concentration of '2°I and 2°I were used with
approximate activity ratios (AjasrAigsp) of 3:1, 2:1, 1:1, 1:2, 1:7 and
1:14. The activity concentration was recovered for each isotope of each
mixture and later was compared to their true activity concentrations.
The crosstalk correction technique provided recovery of activity con-
centrations for '2%I in the mixture as well similar to those obtained in the
single 12%I SPECT experiment. In all cases, 12°I activity concentrations in
mixtures of 122I/25] were measured within + 10% of the expected value
(Fig. 6A and 6B). Furthermore, recovered 1231 4o 1251 activity ratios were
within + 7% of the actual concentration ratios (Fig. 6C). The result of
the experimental measurements is shown in Table S7 in the supple-
mentary material.

3.4. Invivo study

The dual-isotope protocol was tested in anin vivo experiment by
studying the biodistribution and bioavailability of the poorly water-
soluble drug fenofibrate delivered in a lipid-based formulation (LBF).
For the study, three rats were administered by oral gavage with the LBF
consisting of the '2*I-labeled highly lipophilic model drug 2*I-Fenofi-
brate (Kevadiya et al., 2019; Kim et al., 2013) in a lipid soy bean oil base
that contained also the '2°I-labeled excipient triolein, which is one of the
lipid components of the oil. To study the oral bioavailability of both the
drug and the excipient with quantitative 12°I/'2°1 SPECT imaging, the
technique described in Section 2.1 for the phantom studies was used. To
separate the activity distribution of 2% and 2°I from simultaneously
acquired data, the contribution of 2°I to the 2°I emission window was
calculated and subtracted within AMIDE, as explained in Fig. 2.

A representative rat from this experiment and the temporal behav-
iors of the two radiotracers and their characteristic movements through
the gastrointestinal tract and through other organs over 24 h after oral
gavage are shown in Fig. 7. The dual-labeled LBF was directly deposited
into the stomach as a homogenous mixture. The reconstructed activity
was digitally colored blue for 123 and yellow for 21, resulting in an

123]-Fenofibrate (Drug)

30
-
£
= 15
a |
=
. 5. &M
0.5h 5h

CT (Hounsfield uni
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overall green color. While most of the mixture is still in the stomach after
half an hour, a small amount has entered the small intestine, still
homogenously mixed, as shown by the green color. Five hours later,
there is still a significant green amount of LBF in the stomach which
points to a homogeneous LBF mix. Further down the gastrointestinal
tract, most of the lipid (in yellow) has now been absorbed, while some of
the fenofibrate (in blue) is moving deeper into the intestinal tract.
Fenofibrate thus seems to be absorbed significantly slower than the oil
base.

At the next time point at 9.5 h, there is still a significant amount of
homogenous drug/lipid mix in the stomach (in green), in a “stuck” po-
sition. Some of the 1®I-triolein is leaving the stomach, while it becomes
even clearer that further into the intestinal tract, only fenofibrate is still
present and waiting to be absorbed (or excreted). Once the triolein has
been absorbed, some of it is metabolized. During this process, radioac-
tive jodine is released into the blood stream in the form of free %I,
which is immediately extracted with high efficiency by the thyroid. This
is clearly visible at the 5 and 9.5 h time points as a strongly colored
yellow thyroid. Only at the 24 h time point, however, can some %I
uptake be clearly seen in the thyroid that comes from the fenofibrate
radiolabel. Together with the already present 121, the color of the thy-
roid now appears green.

The SPECT dual imaging clearly shows a high concentration of a
homogenous drug and lipid mix in the stomach, even 24 h after oral
gavage. No activity is visible in the intestines at that time point. This was
a very curious and unexpected result. Only after sacrificing the animals
and analyzing the stomach content did we find out that the LBF was
mixed together with sawdust and clumped into a ball. Rats are
coprophagous and eat their feces and bedding materials, which in this
case was fine wooden shavings, especially when they are hungry. In our
experiment, the rats were fasted overnight, as a non-empty stomach
influences the uptake of fenofibrate. However, similar experiments
should in the future be done with no edible bedding material present in
the cages. Further feeding optimizations, for example the use of liquid
diets, could be investigated according to Jeffrey et al. (Jeffrey et al.,
1987).

The volume of interest (VOI) analysis of the different organs
confirmed the optical SPECT/CT description of the uptake and distri-
bution of the drug and the lipid excipient in a quantitative way (Fig. 8).

125]-Triolein (Lipid Excipient)

o

\ 7.5

9.5h 24h

Jw/bgin

-1000

Fig. 7. Three-dimensional (3D) volume-rendered SPECT/CT images of radiolabeled drug (in blue) and radiolabeled lipids (in yellow) distributed in rats at 30 min, 5
h, 9.5 h, and 24 h after oral administration of the '?I-triolein spiked soybean oil mixed in with the drug '?*I-Fenofibrate. Regions where both radiolabels overlap

appear green.
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In the stomach, both radioisotopes showed a similarly rapid clearance
rate during the first 5 h which slowed down considerably from 9.5 — 24
h post administration. In all organs, the radiolabeled lipid appeared
significantly faster and at higher concentrations (p less than 0.001) than
the radiolabeled drug (Fig. 8).

According to Fig. 9, there was a good correlation between the data
from the SPECT images and the ex vivo data, indicating that crosstalk
compensation can provide substantial correction in distinguishing

isotopes in simultaneously acquired data. The only organ that did not
agree well was the small intestine, which was likely due to different
sampling. In the SPECT analysis, we are forced to analyze the intestine
including its content, due to resolution limitations, while the bio-
distribution study can cleanly separate the activity in the intestinal wall
from the content activity. Unfortunately, we did not separately analyze
the contents, which should be done in the future.
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Fig. 9. Organ distribution of 1231 fenofibrate (radiolabeled drug) and 1251_triolein (radiolabeled lipid excipient) (A) based on SPECT/CT image analysis at 24 h and
(B) measured in the gamma counter at 25 h after oral administration. Data is expressed as a percentage of the injected dose per organ and presented as the mean + SD

(N = 3). *Explained in detail in the text.
3.5. Comparison of in vivo SPECT imaging to traditional PK study

To understand the true value of a new or not commonly applied
method, it is important to compare it to the current gold standard and
discuss advantages, limitations and points that might not be important
in the traditional method. In this part, we are trying therefore to
compare the pharmacokinetics derived from SPECT imaging with the
classic drug sampling method in plasma. Both data sets were analyzed
using a 1-compartment model with first-order absorption and linear
clearance.

A first step before comparing traditional vs. SPECT PK is to make sure
that the same organs/tissues are looked at, converted to congruent units,
while also considering the sampling matrix as exactly as possible. For
example, to directly compare the traditional fenofibrate plasma con-
centrations in pg/mL (Fig. 10A) to the most often used standardized
uptake values (SUVs) in nuclear imaging, we first had to estimate the
drug concentration in whole blood using an organism specific hemato-
crit value. Further, it had to be verified that the drug would not partition
into the red blood cells (or consider what percentage would do that), as
the degree of drug partitioning into the red blood cells would influence
computed blood-specific PK parameter estimates. Thereafter, it was
possible to convert the drug concentrations of the non-radioactive drug
directly into SUVs with the help of equation (7) (Fig. 10B). As expected,
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the converted SUV-time profile produced identical estimates for Tpax,
absorption half-life and elimination half-life compared to the traditional
PK analysis (Table 3). Due to the change in concentration unit, the ab-
solute values of AUC, Cpax clearance and volume of distribution,
however, are different.

After converting traditional PK parameters to SUV-based parameters,
a comparison of the plasma study to the SPECT imaging study was
directly possible, see columns 3 and 4 in Table 3. While the absorption
half-life and the Tp.x were similar, the elimination half-lives were
discordant. The estimated elimination half-life from the SPECT imaging
study was ~ 3.8x longer compared to the traditional PK study. In
contrast, estimated apparent clearance values were similar between the
two studies. Apparent clearance represents the proportionality constant
relating administered dose to drug exposure. As such, following appli-
cation of similar dosages, congruent exposure values (AUCq.ijnf) were
observed in the SPECT imaging and traditional PK studies. An expla-
nation for the noted disparity in PK parameters between studies might
be that measuring plasma concentrations is a very exact science, within
a few percent, while the imaging of the moving heart, with its largest
concentration of blood in the body, as a stand-in for blood concentra-
tions suffers from resolution limitations, movement artefacts that for
example lower the actual concentration due to having heart muscle
tissue in the analysis window for part of the analysis time. Overall, this
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Fig. 10. Comparison of observed data to model predictions for the (A) plasma pharmacokinetic (PK) study, and (B) the SPECT imaging study. In addition, subplot B

includes a comparison to SUVs derived from the plasma PK study.
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reduced the apparent fenofibrate concentration measured by SPECT by a
factor of 2.5.

Using the imaging-based method, we were additionally able to
determine the PK parameters of one of the carrier matrix components,
1257 Triolein. Doing that in the same animals that were used to deter-
mine the drug 1231 Fenofibrate PK, at the same time, is beneficial and
immediately gives a visual expression of where the two components
reside at different time points. What for example became immediately
clear is that a large proportion of the gavaged drug and drug carrier were
unabsorbed from the gastrointestinal tract. This was not clear from the
initial conventional PK data, where only plasma concentration-time
data was available following administration of drug via an oral gavage
(Tran et al., 2020). Of note, such study designs lack a capacity to inform
if the extent of gastrointestinal absorption is complete. Doing a pilot
imaging study in just a few animals, maybe even just one animal, would
immediately have pinpointed that the formulation became trapped in
the stomach, something that might not happen in other animal species
or later in humans.

A direct comparison of the SPECT imaging data of drug and carrier
shows that the lipid carrier reaches the blood compartment faster and is
also cleared from blood faster (Fig. 11). The PK analysis confirms these
findings (Table 3) with an absorption half-life of 1.31 h vs. 0.31 h and an
elimination half-life of 22.41 h vs. 14.57 h for '?*I-Fenofibrate vs. 12°I-
Triolein, respectively.

There are several limitations to our study. First, it was not ideal that
the traditional PK study was done at a separate time and in a different
lab than the imaging study. A second limitation was that the bioavail-
ability determinations were compromised by the binding of the formu-
lation to saw dust in the rats’ stomach. This, however, was an important
finding, which would have been missed without SPECT imaging, and
which will make us alter future studies. A third limitation has to do with
the fact that it might be easier to apply the system in less challenging
systems than the oral gavage one in this study. For example, analyzing
an intravenously injected drug delivery system ideally in a situation
where the drug concentrations are at the same time measured in plasma
or in whole blood samples from the same animals that are being imaged
might yield closer agreement of the data.

Finally, another general limitation of radioactive SPECT imaging is
that the stability of the imaging agent in biological fluids needs to be
known before starting the study. Even before synthesizing a compound it
is possible to determine if radioiodination of a compound is viable based
on some general radioiodine stability principles. Cavina et al. have
published an excellent article where it becomes apparent what com-
pounds might be useful for imaging with radioactive iodine, and which
ones are not (Cavina et al., 2017). Unfortunately, SPECT images do not
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Fig. 11. Comparison between ***I-Fenofibrate and **I-Triolein SUV observa-
tions (symbols) with model predictions (lines) from the SPECT imaging study.
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Table 3
PK parameters of the drug fenofibrate and the lipid excipient triolein in soy bean
oil following oral administration. The data are presented as the mean.

Pharmacokinetic Fenofibrate Fenofibrate 123, 125
Parameter Plasma Plasma Fenofibrate Triolein
Sampling Sampling SUV SPECT SPECT
Imaging SUV Imaging
Suv
[N =5] [N =5] [N =3] [N =3]
Ty 2 absorption 2.08 2.08 1.13 0.31
(Y]
CL/F (mL/h) 10.00 16.6 17.1 34.1
Vg/F (mL) 86.40 143 553 717
Ty > elimination 5.99 5.99 22.41 14.57
(h)
Tmax (h) 4.87 4.87 5.14 1.77
Crmax,plasma (U8/ 77.33
mL)
Crmax,suv (g/mL) - 1.33 0.52 0.43
AUCo.24h,plasma 1061.61
(ug x h/mL)
AUCo.24n,suv (8 18.28 9.77 6.62
x h/mL)
AUCo.inf,plasma 1173.20
(ug x h/mL)
AUCq.in,suv (g % 20.19 19.60 9.83
h/mL)

SUV, Standardized uptake value; Cpax, model predicted plasma maximum
concentration or SUV; Tp,ay, model predicted time of plasma maximum con-
centration or SUV; Ty /5, model-estimated half-life; AUCy.24p, model predicted
area under the concentration—time or SUV-time curve between 0 (time of dose
administration) and 24 h; AUCy.inr, model predicted area under the concen-
tration-time or SUV-time curve between 0 (time of dose administration) and
infinity; V4/F, model predicted apparent volume of distribution; and CL/F,
model predicted apparent clearance.

tell if we are imaging the original radiolabeled drug, a metabolite, or the
radioisotope that has been released from the radiopharmaceutical. In
our study, the release of the radioactive iodine from the drug or lipid is
clearly visible, as its high affinity to the thyroid makes it show up there
once released. Both fenofibrate and triolein are not known to accumu-
late in the thyroid, and activity in that organ thus does not represent
their true biodistribution. In general, the appearance of a radioactive
metabolite will result often in a prolonged half-life.

4. Conclusion

Herein, a practical method to perform quantitative 12%/12°1 dual-
isotope SPECT imaging for pre-clinical imaging research was proposed
and validated. Because of the low energy windows used, a low-energy
collimator is optimal for good image quality and quantitative ana-
lyses. As the low-energy gamma energy of '2°1 is at the same location as
the main x-ray energies of %I, it is necessary to first determine the
activity of the 123 with the help of its 160 keV peak, then calculate the
activity under the low-energy peak by multiplying its activity with the
calibration factor for '2%I, and then finally subtract the found counts
from the measured low energy counts, which after multiplying with the
1251 calibration factor, yields the true activity of 12°I in the mix. Our
phantom studies demonstrated that activity quantification errors below
15% were obtained with mixtures of *2*1:12%] from 1:20 to 20:1.

The feasibility of quantitative 123/*25I dual-isotope SPECT imaging
was then demonstrated in an animal study that described the fate of the
drug fenofibrate after oral application. It could be clearly shown that the
drug and the drug delivery system do not follow the same kinetics,
which is an important finding in the development of an optimized drug
delivery system for a specific drug. Furthermore, while the general
shape of the PK curve is similar between SPECT imaging and more
traditional plasma measurements, which also means that the resulting
Cmax and Tpax agree, one must be aware of the differences. For example,
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while the drug is traditionally analyzed in plasma, the measuring of the
drug concentration in the heart is done in full blood, and thus at least a
factor of (1 - hematocrit) smaller. This factor is important to calculate
and compare the SUVs from the traditional and SPECT methods.
Overall, SPECT imaging of dual-labeled drug delivery systems is an
excellent method for the piloting of new formulations. This approach
might be especially useful for the evaluation of modern nanomedicines,
e.g., drug filled liposomes, folate-targeted macromolecules, or lipid
particles delivering RNA for vaccines and other personalized medicines.
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