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ABSTRACT: Albumin is widely used in pharmaceutical applica-
tions to alter the pharmacokinetic profile, improve efficacy, or
decrease the toxicity of active compounds. Various drug delivery
systems using albumin have been reported, including micro-
particles. Macroaggregated albumin (MAA) is one of the more
common forms of albumin microparticles, which is predominately
used for lung perfusion imaging when labeled with radionuclide
technetium-99m (99mTc). These microparticles are formed by heat-
denaturing albumin in a bulk solution, making it very challenging to
control the size and dispersity of the preparations (coefficient of
variation, CV, ∼50%). In this work, we developed an integrated
microfluidics platform to create more tunable and precise MAA
particles, the so-called microfluidic-MAA (M2A2). The microfluidic chips, prepared using off-stoichiometry thiol-ene chemistry,
consist of a flow-focusing region followed by an extended and water-heated curing channel (85 °C). M2A2 particles with diameters
between 70 and 300 μm with CVs between 10 and 20% were reliably prepared by adjusting the flow rates of the dispersed and
continuous phases. To demonstrate the pharmaceutical utility of M2A2, particles were labeled with indium-111 (111In) and their
distribution was assessed in healthy mice using nuclear imaging. 111In-M2A2 behaved similarly to 99mTc-MAA, with lung uptake
predominately observed early on followed by clearance over time by the reticuloendothelial and renal systems. Our microfluidic chip
represents an elegant and controllable method to prepare albumin microparticles for biomedical applications.
KEYWORDS: lab-on-a-chip, microfluidics, macroaggregated albumin, SPECT/CT

■ INTRODUCTION

Albumin is the most common plasma protein that functions as a
carrier or solubilizing agent for endogenous compounds, such as
fatty acids, and helps to regulate the colloidal osmotic pressure of
the blood.1,2 Due to the low toxicity and immunogenicity of this
protein, along with its chemical versatility and robustness,
albumin has received considerable attention for use in
pharmaceutics in the past couple of decades.1,2

A wide variety of albumin-based systems have been reported,
with the most common being drug conjugates, fusion proteins,
and nanoparticles.1,2 These systems help to alter a drug’s
pharmacokinetic profile, improve efficacy, and mitigate adverse
effects.1,2 Pharmacokinetic changes typically include improved
blood circulation and targeting.1,2 The former is related to
albumin’s naturally long plasma half-life of 19 days; coupling a
drug, or coating, and preparing nanomaterials with this protein
often improves their half-life in turn.2 This has been
demonstrated for (i) small molecules like doxorubicin3 and
methotrexate,4 (ii) complex biologicals like factor IX5 and
interferon-α-2b,6,7 and (iii) various types of nanomaterials.8,9

Albumin-based targeting is due to interactions with receptors in
normal tissues (i.e., asialoglycoprotein receptor, ASGPR) and

malignant tissues (i.e., secreted protein acidic and rich in
cysteine, SPARC), along with enhanced permeation from leaky
vasculature in tumors and sites of inflammation.2 Nanoparticle
albumin-bound paclitaxel (nab-paclitaxel, Abraxane) is a good
example of how albumin-mediated pharmacokinetic changes
improve drug accumulation into tumors over traditional
formulations.10−12 Nab-paclitaxel further demonstrates how
replacing toxic excipients in a formulation, the solvent
Cremophor EL in this case, allows for the administration of
higher drug doses that in turn helps to improve efficacy.
Abraxane has subsequently become the cornerstone of many
cancer protocols in recent years and demonstrates the power of
albumin-based formulations.10−12

Albumin-based microparticles have also been prepared, and
they can be broadly divided into two groups based on how they

Received: March 1, 2021
Accepted: March 25, 2021

Articlepubs.acs.org/journal/abseba

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsbiomaterials.1c00284
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
T

R
E

C
H

T
 U

N
IV

 o
n 

M
ay

 1
7,

 2
02

1 
at

 2
3:

56
:0

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tullio+V.+F.+Esposito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helene+Stu%CC%88tz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristina+Rodri%CC%81guez-Rodri%CC%81guez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Bergamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lovelyn+Charles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reka+Geczy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reka+Geczy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+Blackadar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo%CC%88rg+P.+Kutter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katayoun+Saatchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Urs+O.+Ha%CC%88feli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.1c00284&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00284?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00284?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00284?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00284?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00284?fig=abs1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00284?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf


have been stabilizedchemically cross-linked or heat-dena-
tured particles.13,14 Particles prepared by the latter technique are
often referred to as macroaggregated albumin (MAA).13,14

Applications for MAA predominately include diagnostic
imaging and drug delivery. When labeled with the γ-emitting
radionuclide technetium-99m (99mTc), these particles are used
in clinical imaging procedures to assess perfusion, which is
important for the diagnosis of conditions like pulmonary
embolisms,15 and to assess the lung shunt fraction prior to the
treatment of liver tumors with β-emitting microspheres.16 The
principle behind 99mTc-MAA imaging is that the particles
become temporarily trapped and provide a radioactive signal in
the perfused vascular beds that they enter since the aggregates
are too large to pass through the capillaries.15,16 In a similar
fashion, drug-loaded albumin microparticles are designed to
become trapped and release their therapeutic payload within a
particular vascular bed; an example is intra-arterially adminis-
tered mitomycin-C loaded MAA for the treatment of advanced
liver cancer.17,18

Albumin-basedmicroparticles are traditionally prepared using
methods where particle size and size distribution are difficult to
control.13,14 For example, the MAA particles used for diagnostic
imaging are prepared by heating a bulk solution of albumin
under defined conditions, such as the stir rate and pH, to control
the particle size. The resulting preparations are rather
polydisperse, with particle diameters ranging from 10 to 90
μm (90% between 10 and 50 μm).19−21 Variability in the size
distribution of 99mTc-MAA particles is also known to exist
between batches, which unfortunately impacts the accuracy and
reproducibility of clinical imaging procedures.19 A high degree
of polydispersity is further observed with spray drying, another
common technique used to make (drug-loaded) albumin
microspheres.22−26

Microfluidics offers an attractive approach to prepare
microparticles in a more controlled fashion, as has been
demonstrated for many different types of materials.27 There
are several recent descriptions on how to make (drug-loaded)
albumin nanoparticles28−33 and microparticles34−36 with micro-
fluidic methods. The microparticles in these reports were
stabilized via chemical cross-linking, either by introducing a

fixative directly into the albumin-containing droplets formed
within the chip34 or off-chip in a stirred vessel.35,36 Heat has also
been reported to stabilize microparticles prepared on a
microfluidic device, albeit with proteins other than albumin.
For example, whey microparticles were cured off-chip within a
heated stirred vessel,37 while egg emulsion droplets were
“cooked” in situ using a heated capillary microfluidic system.38

To the best of our knowledge, a chip to prepare heat-denatured
MAA particles has yet to be reported.
In this manuscript, we prepare such a microfluidic device

using thiol-ene chemistry. The chip consists of an orifice to
generate albumin-containing droplets within an oil phase
followed by a long and heated channel to denature and
aggregate the protein into particles. We refer to these particles as
microfluidic-MAA, abbreviated as M2A2. Various sizes and
batches of M2A2 were prepared and characterized to show the
versatility and reliability of the platform. Finally, to demonstrate
one of many possible biomedical applications of M2A2, the
particles were radiolabeled with a long-lived γ emitter and used
to perform lung perfusion single-photon emission computed
tomography combined with X-ray computed tomography
(SPECT/CT) scans in healthy mice.

■ RESULTS AND DISCUSSION

Fabrication of Thiol-Ene Chips to Prepare M2A2
Particles. An integrated microfluidic chip consisting of a
flow-focusing region and an extended outlet channel was used to
prepare M2A2 particles [overview in Figure 1a]. The flow-
focusing region was designed to have a 100 μm wide, 50 μm
deep, and 135 μm long orifice that forms droplets in a dripping
regime.39−41 Droplets of the dispersed phase (DP), consisting of
3% w/v bovine serum albumin (BSA) in a mildly acidic
phosphate buffer, were formed within a continuous phase (CP)
of a mineral and silicone oil mixture [Figure 1b,c and Supporting
Information Video 1]. Following the orifice was a 1.2 m long and
1 mm wide channel used to heat-denature and aggregate the
BSA intoM2A2 particles. This was accomplished by housing the
chip within a metal sleeve percolated with water at 85 °C [the
experimental setup is shown in Figure S1]. Given the geometry
of our chip and the applied flow rates, each droplet spent

Figure 1. Microfluidics platform for M2A2 preparation. (a) Layout of the chip showing the inlets for the CP and DP connected to a flow-focusing
region highlighted with a gray dashed box; critical dimensions within the junction are shown in the enlarged insert. Following the flow-focusing region
is a 1.2 m long curing channel connected to an outlet. (b) Schematic of droplet formation at the orifice within the flow-focusing region. (c) Light
micrograph at 40×magnification of the chip preparingM2A2 in real time; the formation of droplets from the orifice is evident in the lower channel and
the droplets passing along a downstream segment of the heated channel are visible above.
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approximately 3 min within the heated environment. This is
significantly longer than the approximate 15−40 s, depending on
the flow rate, the egg emulsion particles spent within the heated
capillary setup of Liu et al.38 The time within the heated channel
of our chip was sufficiently long to fully cure the M2A2 particles
not only based on our own results but also on the reported time
of 1.5 ± 0.1 min for half-conversion of BSA into a denatured
state at 80 °C.42 Tests at lower temperatures, 60−70 °C, did not
sufficiently heat-cure and stabilize theM2A2 particles within our
setup.
The chips were prepared using thiol-ene chemistry, recently

reviewed for microfluidic applications by Sticker et al.43 Figure 2
provides an overview of the manufacturing process. Briefly,
thiol-ene chips were cast from poly(dimethylsiloxane) (PDMS)
negative molds using an off-stochiometric mixture of the thiol
monomer (pentaerythritol tetrakis(3-mercaptopropionate))
and triallyl monomer (1,3,5-triallyl-1,3,5-triazine-2,4,6-
(1H,3H,5H)-trione) and cured using UV light. In our
application, off-stoichiometric means an excess of the triallyl
monomer, which results in an excess of free allyl groups on the
channel surfaces to which thiol-containing groups can be bound,
as described previously.41,44 The allyl excess was used to coat the
channels with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) to
create a more hydrophobic surface. The water contact angle
increased from 79 to 154° with PFDT treatment; such a
modification is critical as a hydrophobic channel surface is
needed for the formation of water-in-oil droplets.39

Fabrication and coating of a chip take about 15 min and
represent a quicker, more cost-efficient, and tailored alternative
to other materials commonly used to prepare such devices, such
as glass.43 Further, the transparent nature of the chip allowed for
real-time observation using an inverted light microscope [Figure
1c], an indispensable property when optimizing droplet
formation and formulation parameters.

M2A2 Particle Size as a Function of Flow Rates. By
adjusting the flow rates, M2A2 particles with different diameters
could be obtained. At flow rates of 40 μL/min for the CP and 1
μL/min for the DP, particles with an average diameter of 72.0±
15.1 μm were obtained. When the flow rate of the DP was
increased, larger particles with a slightly narrower size
distribution were produced: 105.6 ± 14.7 μm at 2 μL/min
and 119.2± 12.5 μm at 3 μL/min. M2A2 particles from our chip
were consistently larger than 99mTc-MAA used in the clinic (32.7
± 17.8 μm) but significantly less polydisperse as determined
using an F-test (p < 0.05).21 Histograms of M2A2 prepared at
different flow rates and 99mTc-MAA are shown in Figure 3.
Corresponding light micrographs of M2A2 are shown in Figure
S2, and representative scanning electron microscopy (SEM)
images are in Figure S3.
Attempts were made to decrease the diameter of M2A2 by

adjusting the flow rate (increased CP or decreased DP) and
adjusting the viscosity of CP.45 Increasing the flow rate of CP
was not possible since our available instrumentation could not
reliably pump the viscous mineral and silicone oil mixture
beyond 40 μL/min. Increasing the proportion of less viscous
silicone oil in the CP allowed for higher flow rates but was
ultimately unsuccessful; although droplets were formed at the
orifice, they eventually coalesced since less stabilizing surfactant
(Span 80) could be dissolved in the CP. Attempts to reduce DP
below 1 μL/min were also unfruitful due to discontinuation of
the jet of particles from the orifice, leading to significant
increases in the polydispersity of the batch. Further refinements
in the composition and flow rates of CP and DP or to the
geometry of the chip (i.e., decreased DP inlet width or orifice
diameter) are required to prepare smaller particles.46,47

Although we could not achieve production of smaller
particles, we were able to further increase the diameter of
M2A2 by adjusting the flow rates. For example, increasing the
DP flow rate to 5 μL/min and decreasing the CP flow rate to 20

Figure 2. Hydrophobic thiol-ene microfluidic chip fabrication. (a) Positive molds were prepared using micromachining of PMMA plates. (b) From
this, PDMSmolds were cast, allowing for easy removal and rapid fabrication of thiol-ene chips. (c) Within the PDMS negatives, 50% excess allyl thiol-
ene was cast and cured for <1 s (at λ = 365 nm,∼20mW/m2), which left the nonbonding side slightly tacky to promote assembly. The channel side and
nonchannel side were manually pressed together to form a complete microfluidic chip. (d) Upon assembly, the microfluidic chips were surface-
modified. The zoomed-in channel surface shows the excess allyls; this surface is hydrophilic with a water contact angle (WCA) of 79°. Upon
modification with 1H,1H,2H,2H-perfluorodecanethiol (PFDT), cured for 90 s at λ = 365 nm, a superhydrophobic surface with a WCA of 154° was
generated.
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μL/min could generate particles ∼300 μm in diameter.
Representative light micrographs are shown in Figure S4.

Batch-to-Batch and Chip-to-Chip Variability in M2A2
Particle Production.Multiple batches of M2A2 were prepared
with flow rates of 40 μL/min for CP and 1 μL/min for DP to
assess interday and chip-to-chip variability. To do this, two
different chips were fabricated and one batch per day was
prepared over 3 days from each chip. The size distributions for
each batch are provided in Figure S5. The first chip produced
batches with particle diameters of 64.0 ± 15.1, 74.2 ± 14.5, and
75.0± 11.4 μm. The second chip produced batches with particle
diameters of 65.5 ± 19.3, 69.9 ± 12.8, and 75.9 ± 18.2 μm. The
overall average particle diameters were 73.2± 13.5 μm and 69.4
± 17.9 μm for chip 1 and chip 2, respectively; no statistically
significant difference was found between the means (t-test, p >
0.05) or in the variance (F-test, p > 0.05) of the particles
obtained from these chips.
These results demonstrate that the fabrication process for the

M2A2 chip is reproducible, and when properly cleaned and
maintained, the chip can be used daily for about a workweek
with confidence. However, given the simple and inexpensive
production of these chips, they can easily be replaced if they
become clogged or otherwise unusable.

M2A2 Particle Stability. Although only heat-cured, the
particles were rather stable when stored in water at 4 °C. After 1
year of storage under these conditions,M2A2 particles, prepared
at flow rates of 40 μL/min CP and 3 μL/min DP, were observed
intact in light micrographs [Figure S6]. Some particle fragments,
visible in Figure S6, started to appear though after∼2 months of
storage, increasing with time.

Figure 3. Size distribution of M2A2 particles at different flow rates. The
diameter of M2A2 particles was measured in water using a light
microscope. With a constant CP flow rate (40 μL/min), particle size
increased as the DP flow rate was increased (1−3 μL/min). The size
distribution for clinical-grade 99mTc-MAA is shown for comparison
purposes (adapted from Takagi et al. originally published in J. Nuc.
Med. with permission from SNMMI21). Data is presented as a
histogram (5 μm bin width) fitted with a Gaussian curve (R > 0.97 for
all M2A2 particle sizes).

Figure 4. Preparation and characterization of 111In-M2A2. (a) Structural overview of 111In-DTPA−BSA incorporated within radiolabeled M2A2
particles. (b) ITLC analysis of free 111InCl3 and purified

111In-M2A2 particles. Free radiometal was successfully removed from the particles and a stable
chelate was formed. (c) SDS-PAGE analysis of BSA, non-heat-denatured DTPA−BSA, and DTPA−BSA incorporated into M2A2 and radiolabeled
with 111InCl3. The protein signal is shown in grayscale and the radioactive signal as a heatmap. The molecular weights of unmodified andmodified BSA
closely match. The protein and radioactive signals overlap for 111In-M2A2.
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The ζ-potential of the M2A2 particles in water at pH 7.5 was
−17.0 ± 3.3 mV [Figure S7]. When incubated in a biological
milieu, 50% v/v fetal bovine serum (FBS) in 1 × phosphate-
buffered saline (PBS) at pH 7.4, the particles showed no overt
signs of colloidal instability, such as aggregation.
Radiolabeling of M2A2 Particles. Although there are

many potential biomedical applications for heat-denatured
MAA microparticles, the most common use for this material
nowadays is in nuclear lung perfusions scans. Because of this, we
decided to radiolabel M2A2 and perform such scans as an
example biomedical application of our microparticles.
Traditionally, MAA particles are radiolabeled for imaging

using 99mTc, a γ-emitting isotope with a half-life of 6.02 h. The
relatively short half-life of 99mTc, however, makes longer-term
preclinical pharmacokinetic and biodistribution studies chal-
lenging. For this reason, M2A2 microparticles were instead
radiolabeled with indium-111 (111In), a γ-emitter with a half-life
of 67.2 h. To radiolabel the M2A2 particles with 111In, 5% of the
BSA in the DP was modified with the chelator diethylene-
triaminepentaacetic acid (DTPA). This was accomplished by
reacting an isothiocyanate-derivative of DTPA randomly to
primary amines on BSA, forming a stable thiourea bond between
the chelator and protein [illustrated in Figure 4a].48,49 The
coordinate stability complex for the 111In-DTPA chelate is
higher than any competing endogenous ligands for the
radiometal, such as transferrin,50 mitigating the potential for
leaching of free radiometal from the particles in vivo as is
commonly observed with 99mTc-MAA.51

M2A2 particles were prepared with flow rates of 40 μL/min
CP and 1 μL/min DP to be radiolabeled for in vivo experiments.
These conditions allowed for themaking of the smallest particles
that could be reliably produced on our chip. Radiolabeling was
accomplished by incubating a known number of M2A2 particles
in water with 111InCl3 under mildly acidic conditions for 4 h at
room temperature. Radiochemical conversion (RCC), the
fraction of the added activity that binds to the particles, was
42.0 ± 24.7% (n = 5). After rinsing the particles with
ethylenediaminetetraacetic acid (EDTA) and water washes,
instant thin-layer chromatography (ITLC) analysis found that
there was consistently <5% free radiometal remaining [Figure
4b]. In the ITLC system used, free radiometal is chelated by
EDTA in the mobile phase and migrates to the top of the strip
(retention factor, Rf = 1), while albumin-bound radiometal
remains at the origin (Rf = 0).52 The final 111In-M2A2
suspension was of sufficiently high radiochemical purity
(RCP) to proceed in vivo.

111In-M2A2 was further characterized with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions [Figure 4c]. A predominant band was
observed between 50 and 75 kDa molecular weight markers,
which aligns with protein bands for unmodified BSA and
DTPA−BSA. This suggests that the DTPA−BSA protein chain
remains intact once incorporated into M2A2 particles. There
was a slight “smear” of high-molecular-weight components in
the 111In-M2A2 lane, however, representing incomplete
untangling of the aggregated particles before they were run on
the gel; more aggressive treatment of the particles with SDS or
reducing agent might have eliminated this. The protein signals
colocalized with the radioactive signal in the gel, adding
confidence in the stability of the M2A2 radiolabeling.
The morphology and size distribution of M2A2 after being

radiolabeled with 111In was also assessed using light microscopy.

As shown in Figure S8, the particles appear unchanged with an
average diameter of 69.3 ± 7.1 μm.

Lung Perfusion Imaging with 111In-M2A2 Particles. To
assess the behavior of 111In-M2A2 in vivo and emulate a lung
perfusion imaging procedure, approximately 12 000 particles
were injected intravenously (IV) as a bolus to a group of healthy
mice (n = 3). Each mouse was then scanned at set time points
over a 24 h period using SPECT/CT imaging. Representative
renderings are shown in Figure 5 and Supporting Information
Video 2. A quantitative volume-of-interest (VOI) analysis of the
SPECT data set, in standardized uptake value (SUV) units, is
shown in Figure 6.

Following intravenous injection, the 111In-M2A2 particles
passed through the animal’s heart and reached the lungs via the
pulmonary arteries within a fraction of a minute. Due to their
large size, 111In-M2A2 embolized the much smaller lung
capillaries with a diameter of ∼5 to 8 μm, and also the
arterioles.53−55 Significant lung uptake was observed in the
SPECT/CT renderings at the earliest scan time. The activity
concentration in the lung at 0.2 h was 28.1 ± 4.6 g/mL [Figure
6a]. The 111In-M2A2 particles were cleared from the lungs
according to two-phase decay kinetics, with an initial fast half-life
of 0.9 h followed by a slow half-life of 15.7 h. These values are in
line with the reported pulmonary half-life for 99mTc-MAA in
humans of 1.5−3 h.56
The clearance of 111In-M2A2 particles from the lung is likely

similar to that of 99mTc-MAA. Although the exact mechanism is
not fully understood in vivo, it is hypothesized to be a
combination of (i) mechanical breakdown due to shear forces
in the vasculature, (ii) enzymatic degradation of the protein
strands, and (iii) chemical mechanisms, such as the reduction of
intermolecular disulfide bridges formed between the protein
strands when heat-cured.56−59 The particle fragments, if smaller
than the capillary diameter, and protein fragments are then
carried away from the lungs via the circulation. When incubated

Figure 5. SPECT/CT renderings of IV 111In-M2A2. Representative
three-dimensional (3D) SPECT/CT renderings on the right half of the
figure and coronal SPECT/CT slices through the thoracic cavity in the
boxed inset on the left from a single animal over time. 111In-M2A2
particles were initially observed in the lungs and to a smaller extent in
the bladder at 0.2 h. At later time points, 111In-M2A2 decreased to
negligible levels in the lungs but could be found in large quantities
within the liver, spleen, and bladder. CT in grayscale, and SPECT in
blue tones. B, bladder; H, heart; L, lung; Li, liver; Sp, spleen.
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in fresh mouse plasma ex vivo, we observed slight degradation of
111In-DTPA−BSA chains over 24 h [Figure S9], suggesting a
minor role of enzymatic degradation in the clearance of M2A2
from the lungs. When M2A2 particles were incubated in
physiological levels of the reducing agent glutathione ex vivo,
there was no overt evidence of particle dissolution when
monitored using a live-cell imaging platform recording phase-
contrast confluence over time [Figure S10]. These results
suggest that the predominant mechanism of clearance for 111In-
M2A2 in the lungs is likely via mechanical means.
Once dislodged from the lung, the majority of 111In-M2A2

was cleared by the reticuloendothelial network, namely, the liver
and spleen [Figure 6b]. It is well documented that particulates
within the blood are taken up by phagocytic cells within these
organs.55,56,60−62 SUV values for the liver were 4.4± 0.8 g/mL at
0.2 h but increased to and remained between 11 and 13 g/mL for
all remaining time points. Spleen SUV values were relatively
constant at all time points around 8−10 g/mL.
Some of the BSA in 111In-M2A2 was cleaved into small

enough fragments to be filtered out by the renal system [Figure
6c]. Kidney concentrations were between 0.7 and 3.1 g/mL for

the scan series. Activity concentrations peaked within the urine
at 29.4± 6.2 g/mL at 1 h before falling to 2.8± 1.4 g/mL at 24 h.
Activity within the urinary bladder was visible in the SPECT/
CT renderings at early time points.
A small amount of activity could be detected in the blood at

early scan times, representing the particle and protein fragments
being cleared away from the lungs. Blood concentrations were
1.8± 0.7 g/mL at 0.2 h, falling to negligible levels by the 7 h scan
[Figure 6a].
The VOI analysis did not observe appreciable levels of uptake

of the radiotracer in other organ systems. For example, activity
within the femur (long bone) peaked at only 0.48 ± 0.14 g/mL
at 2 h [Figure 6d]. Negligible levels of activity were found in the
muscle tissue [Figure 6d] and brain tissue [Figure 6e].
A whole-body VOI was also drawn over the animal to

determine the percent of the injected dose (% ID) remaining
within the body at each time point [Figure 6f]. Approximately
60% ID remained in the animals at the time of sacrifice at 24 h
postinjection.
The ex vivo biodistribution at 24 h [Figure 7 and Table S1]

confirmed the above findings from the SPECT data set. The

Figure 6. SPECT VOI analysis of IV 111In-M2A2. (a−e) VOI analysis of select organ systems. High levels of lung uptake were observed at the earliest
time following administration of 111In-M2A2, which gradually decreased over time. The particles were cleared predominately via the liver and spleen
and to a lesser degree renally (kidney and urine). Relatively low levels of activity were observed in the blood, muscle, brain, and bones. (f) Total body
retention of 111In-M2A2. Approximately 40% of the injected dose was eliminated by 24 h. Some error bars may not be visible behind plot symbols (n =
3).

Figure 7. Postsacrifice biodistribution of IV 111In-M2A2 as (a) % ID/organ and (b) % ID/g. After 24 h, 111In-M2A2 was predominately found within
the liver and spleen. The presence of activity in the kidney, urine, and feces suggests ongoing elimination of the radiotracer (n = 3).
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majority of radioactivity was observed in the liver at 39.8± 4.5%
ID/organ. Appreciable amounts of 111In-M2A2 were also
observed in the kidneys, bone, and spleen at 4.7 ± 0.1, 4.0 ±
0.9, and 3.0 ± 0.7% ID/organ, respectively. Only 0.9 ± 0.4% of
the injected dose remained in the lungs at the time of sacrifice.
The organs with the highest concentration of 111In-M2A2 were
the spleen, liver, kidneys, lungs, and bone at 53.0 ± 14.0, 34.0 ±
5.0, 11.6 ± 1.0, 5.3 ± 2.0, and 1.9 ± 0.1% ID/g, respectively.
Radioactivity was also observed in the urine (9.3 ± 3.0% ID/g)
and feces (2.6 ± 1.0% ID/g), suggesting that the 111In-M2A2
particles were still actively being eliminated at the time of
sacrifice.
The biomedical potential for M2A2 goes beyond that of an

imaging agent. Due to the efficient and temporary entrapment of
M2A2 in vascular beds, M2A2 could be useful for drug delivery
and as an embolic agent. Regarding the former, bulk-prepared
albumin microparticles have been loaded with antibiotics63−65

and chemotherapeutics17,18,66 among other drug types; these
formulations can be adapted to a chip-based approach to obtain
more monodisperse particles of the desired size and to minimize
drug loss (and cost) when formulating with precious
compounds. M2A2 would also be an ideal carrier for genetic
drugs, seeing how other temporary embolic agents like lipiodol67

and gelatin sponge particles68 have been shown to enhance gene
transfection of tumors and other sites.
MAA has been exploited as a temporary embolic agent for

diagnostic purposes, but this property could further be adapted
for therapeutic indications. Temporary embolic agents made of
different materials, such as gelatin sponge derivatives, are
currently used to treat conditions such as gastrointestinal
hemorrhages, and M2A2 could be adapted to do the same.69,70

The rate of recanalization for these agents is still much slower
than that we observed with M2A2: gelatin sponge slurry (few
days), gelatin sponge powder (2−4 weeks), gelatin sponge
pledgets (4−6 weeks), and microfibrillar collagen (8 weeks).70

The addition of a controlled cross-linking step can be used to
extend the recanalization time for M2A2 if desired. For example,
Willmott et al. increased the retention of albumin microparticles
within the lung vasculature from 0 to 43% at 2 day postinjection
by treating the particles with 1% glutaraldehyde for 1 h.66

Furthermore, unlike the current gelatin sponge and collagen
products, M2A2 particle diameter can be tailored to the vessel
size being occluded with a high degree of precision.70 A more
defined form of MAA, such as M2A2, indeed has many potential
uses.

■ CONCLUSIONS

Microfluidics is a promising alternative for the preparation of
MAA, with improved control on the microparticle diameter and
size distribution over bulk techniques. The thiol-ene chips used
to prepare M2A2 were inexpensive, easy to fabricate, and
permitted real-time observation of particle synthesis. Particles
with diameters between 70 and 300 μmcould be prepared with a
coefficient of variation (CV) between 10 and 20% and low day-
to-day and chip-to-chip variability. Although this manuscript
focused on BSA-based M2A2, the chip could be used with other
albumins as well. While particles less than 70 μm could not be
obtained with the current heated microfluidic chip, changes in
the geometry of the flow-focusing region (i.e., smaller channel
cross section, longer orifice) or reformulation of the CP may
generate smaller particles and will be investigated in future
studies.

Overall, MAA particles can be prepared in a more controllable
fashion with the aid of microfluidics, which helps to open the
door for further exploration of MAA for pharmaceutical and
biomedical applications.

■ EXPERIMENTAL SECTION
Reagents. A kit to prepare PDMS, consisting of SYLGARD 184

silicone elastomer and a curing agent, was purchased from Dow
Corning (Midland, MI). Pentaerythritol tetrakis(3-mercaptopropio-
nate), 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H ,3H ,5H)-trione,
1H,1H,2H,2H-perfluorodecanethiol (PFDT), Span 80, mineral oil
(14.2−17.2 cSt at 40 °C), and silicone oil (5 cSt at 25 °C) were
purchased fromMilliporeSigma (Burlington, MA). Luricin TPO-L was
obtained from BASF (Ludwigshafen, Germany) and Irgacure 184 from
IGM Resins (Waalwijk, The Netherlands). BSA free of immunoglo-
bulin and proteases was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA). S-2-(4-isothiocyanatobenzyl)-dieth-
ylenetriaminepentaacetic acid (p-SCN-Bn-DTPA) was obtained from
Macrocyclics (Plano, TX) and 111InCl3 in 0.05 N HCl from BWXT
Isotope Technology Group (Vancouver, BC, Canada). Electron
microscopy-grade glutaraldehyde (25% w/v) was obtained from
Polysciences (Warrington, PA). All reagents used to cast, run, and
stain SDS-PAGE gels were obtained from Bio-Rad Laboratories
(Hercules, CA). Fetal bovine serum (FBS, qualified, Canadian origin),
1 × phosphate-buffered saline (PBS) pH 7.4, and concentrated stock
solutions of penicillin and streptomycin were obtained from Thermo
Fisher Scientific (Waltham, MA). Ringer’s lactate and dextrose
solutions were obtained from Baxter Canada (Mississauga, ON,
Canada) and isoflurane from Fresenius Kabi Canada (Toronto, ON,
Canada). All other reagents and solvents, unless otherwise stated, were
purchased from MilliporeSigma or Thermo Fisher Scientific and used
as received without further purification. Type 1 ultrapure water from an
in-house Milli-Q Integral 10 filtration system (MilliporeSigma) was
used in all experiments.

Ethics Statement and Animals. All experiments involving
animals were performed in accordance with the Canadian Council on
Animal Care (CCAC) under an approved protocol (A16-0150) by the
Animal Care Committee (ACC) of the University of British Columbia
(UBC).

Healthy female C57Bl/6 mice (Strain code 027) with a weight
between 25 and 30 g were obtained from Charles River Laboratories
(Wilmington, MA). The animals were housed in a controlled
environment (22 °C, 12 h day/night cycle) with unrestricted access
to food and water and were acclimatized to the facility for a minimum of
1 week before use.

Preparation and Coating of Thiol-Ene Flow-Focusing Chips.
Methods described previously were used to fabricate thiol-ene flow-
focusing chips.41,44 First, PDMS negatives of the chip were molded and
cured at 60 °C overnight from milled poly(methyl methacrylate)
(PMMA) positive master plates. The PDMS negatives were then filled
with a mixture consisting of pentaerythritol tetrakis(3-mercaptopropi-
onate) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione, with
the allyl monomer at 50% molar excess, and 0.5% w/w Luricin TPO-L.
Polymerization was initiated by exposing the molds to UV light (20
mW/cm2, 365 nm) for 0.9 s. The two halves of the chip were
immediately removed from the PDMS negatives and, while still slightly
tacky, aligned on top of each other and pressed together to form a
complete chip.

The chips were coated using a solution consisting of 4.5% v/v PFDT
and 1.5% w/v Irgacure 184 photoinitiator in methanol. Briefly, the
channels of the chip were filled with the aforementioned solution and
exposed to UV light (20 mW/cm2, 365 nm) for 90 s before being
washed with methanol and dried with nitrogen gas. The procedure was
repeated three times to obtain a properly coated superhydrophobic
surface.

Contact angles were assessed by placing a 5 μL drop of water on top
of PFDT-coated and uncoated thiol-ene slabs. A digital picture was
taken of each and analyzed using ImageJ software (NIH; Rockville,
MD).
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Preparation of DTPA-Modified BSA. BSA (41 mg, 0.6 μmol) was
dissolved in 1 mL of 0.1 M NaHCO3 at pH 8. An excess of p-SCN-Bn-
DTPA (1.1 mg, 1.7 μmol) was added to the protein solution and lightly
vortexed until dissolved. The reaction was then allowed to proceed at
room temperature for 6 h with mild agitation. The excess chelator was
removed using an Amicon Ultra 0.5 mL centrifugal filter with a 50 kDa
molecular weight cutoff (MWCO) membrane (MilliporeSigma) and
successive water washes. The DTPA−BSA was then resuspended in
water and lyophilized in aliquots using a FreeZone 2.5 L freeze dryer
(Labconco; Kansas City, MO). Aliquots were stored at −20 °C and
used within a 12 month window.
Preparation of M2A2 Particles. The thiol-ene flow-focusing chip

was connected to gas-tight glass syringes (Hamilton) using poly-
(tetrafluoroethylene) (PTFE) tubing, PDMS O-rings, and a Top
Interface four-way 4mm connector (Dolomite; Royston, U.K.). Two of
the syringes were loaded with CP, while a single syringe was loaded with
the DP. The CP consisted of an equal volume of mineral oil and silicone
oil supplemented with 6% v/v Span 80. The DP consisted of 2.85% w/v
BSA and 0.15% w/v DTPA−BSA in 0.5 M phosphate buffer at pH 5.5.
All solutions were filtered before use; the CP was passed through a 15
μmpolyester mesh filter (Repligen;Waltham,MA) and theDP through
a 0.45 μm PTFE syringe filter (MilliporeSigma).
The CP and DP were pumped onto the microfluidic chip at room

temperature using Fusion 200 syringe pumps (Chemyx; Stafford, Tx).
The flow rates of the CP and DP were adjusted between 20 and 40 μL/
min and 1−5 μL/min, respectively, to obtain differently sized droplets.
To denature the BSA within the droplets and form M2A2 particles, the
chip was housed within a custommetal sleeve perfused with water at 85
°C. The denatured BSA microspheres were collected from the outlet
tube into a 15mL polypropylene centrifuge tube. The chip was run for 1
h to obtain a batch of particles.
The collected particles were allowed to settle in the centrifuge tube

for 30 min before carefully decanting the above layer of oil. The
particles were then washed thrice with toluene (2 mL first wash, 0.5 mL
afterward) to further remove the oil; M2A2 condensed into a dense
pellet upon exposure to toluene so no centrifugation was required to
isolate the particles during this step. After the third toluene wash, the
vial was left open in a fume hood for 1 h at room temperature to allow
the solvent to evaporate off. The particles were then washed thrice with
1 mL of water, centrifuging at 200 g for 5 min to pellet the particles
between washes. Each batch of particles was resuspended in 1 mL of
water and stored at 4 °C until use, typically within 1 week.
Radiolabeling of M2A2 Particles.M2A2 particles prepared with

flow rates of 40 μL/min CP and 1 μL/min DP were radiolabeled.
Approximately 55 MBq of 111InCl3 in 0.05 N HCl (48 GBq/mL) was
added to a vial containing 65 000M2A2 particles in 0.1mL of water; the
pH of the supernatant was between 4 and 5 when assessed using pH
paper (Micro Essential Laboratory; Brooklyn, NY). The reaction was
allowed to proceed at room temperature for 4 h with mild agitation. A
small amount of EDTA (1 μL, 10 mM) was then added to scavenge any
free radiometal to facilitate its removal. Unbound 111In was removed by
washing the particles thrice with 80 μL of water; centrifugation at 400g
for 5 min was used to pellet the particles between washes.
Radiochemical conversion (RCC) was determined by measuring the

activity added to the particles and activity remaining after the wash steps
using a CRC-55tR dose calibrator (Capintec; Florham Park, NJ).
Radiochemical purity (RCP) of final 111In-M2A2 preparation was
assessed using an ITLC system consisting of a Tec-Control 150-771
strip (BioDex; Shirley, NY) and a 10 mM EDTA in 0.9% w/v NaCl
mobile phase. The radioactive signal on the ITLCs was measured and
analyzed using Cyclone Phosphorimager and Optiquant software from
Packard Instruments (Downers Grove, IL). OriginPro 2020 (Origin-
Lab; Northampton, MA) was used to digitize the ITLC traces. Data is
presented as radiochromatographs.

111In-M2A2 particles were left in a small volume (∼100 μL) of water
at 4 °C until use, typically an 8−12 h window.
Characterization of M2A2 and 111In-M2A2 Particles. The size

distribution of M2A2 and 111In-M2A2 particles was assessed using light
microscopy. A drop of particles in water was placed onto a glass slide
(Ted Pella; Redding, CA), covered with a glass coverslip (Ted Pella)

and micrographs at 40X were taken using an AE30 inverted microscope
outfitted with a Moticam 3.0 camera (Motic Instruments Inc.;
Richmond, BC, Canada). The diameter of the particles was measured
using Image-Pro Plus software (Media Cybernetics; Rockville, MD). A
minimum of 100 particles were assessed per batch, apart from 111In-
M2A2, where only ∼20 particles were assessed. Representative
micrographs and histograms are presented.

M2A2 particles were also imaged using scanning electron
microscopy (SEM). To minimize shrinkage of the particles under
vacuum, they were first fixed in 4% glutaraldehyde in water with gentle
end-over-end mixing for 24 h. The particles were then loaded dropwise
onto imaging stubs covered with electrically conductive carbon-based
adhesive disc (Ted Pella) and allowed to air-dry overnight in a laminar
flow hood. Under reduced pressure (<5 Pa), the dried samples were
sputter-coated with a 10 nm layer of iridium (Heraeus; Hanau,
Germany) using a Leica MED 020 coater (Leica; Wetzlar, Germany).
The size and surface morphology of the samples were then assessed
using a SU3500 microscope (Hitachi; Tokyo, Japan) at 1.5 kV.
Representative micrographs are presented.

The molecular weight of the DTPA−BSA, before and after
incorporation into M2A2 particles and radiolabeling, was assessed
using reducing SDS-PAGE.71 Briefly, gels with a 12% w/v resolving
phase and 4% w/v stack were cast using well-established protocols.
Protein samples (5 μL, 1−1.5 mg/mL) were diluted with an equal
volume of 2× Laemmli buffer containing 10% v/v 2-mercaptoethanol.
The samples were then heated at 90 °C for 5 min and loaded onto the
gel, along with a 10−250 kDa molecular weight ladder for reference.
The gels were run using a Mini-PROTEAN Tetra Cell and PowerPac
HV power supply from Bio-Rad Laboratories. Protein bands were
visualized using Coomassie stain, documented using near-infrared
fluorescence at 700 nm with an Odyssey CLx Imager (LI-COR
Biosciences; Lincoln, NE) and analyzed with Image Studio software
(LI-COR Biosciences). The radioactive signal in the gels was
documented and integrated using phosphorimaging as previously
described. Representative gel images of the protein signal and
corresponding radioactive trace are presented.

The ζ-potential of the particles was measured using laser-Doppler
electrophoresis in a ZetaSizer ZS outfitted with a 633 nm laser and 173°
backscatter optics (Malvern Panalytical; Malvern, U.K.). A sample of
M2A2 particles was diluted in water and adjusted to pH values of 3, 4.5,
6, 7.5, and 9 with small amounts of 1 M HCl or 1 M NaOH. The
samples were then loaded into DTS1070-folded capillary zeta cells
(Malvern Panalytical), and a triplicate measurement was recorded at
room temperature. The data was analyzed using DTS version 7.11
software accompanying the instrument (Malvern Panalytical) and is
presented as a plot of ζ-potential vs pH.

Stability Studies of M2A2 and 111In-M2A2 Particles. The
enzymatic susceptibility of the 111In-DTPA−BSA chains within the
particles was assessed by incubating the protein in plasma and using
SDS-PAGE to monitor for shifts in the molecular weight over time.
Briefly, DTPA−BSA (2 mg) was dissolved in in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (0.1 mL, 0.1 M, pH 7)
and an aliquot of 111InCl3 in 0.05 M HCl (13 MBq, 13 GBq/mL) was
added. The radiolabeling reaction was allowed to proceed for 1 h at
room temperature with mild agitation. Unbound radiometal was
removed using an Amicon Ultra 0.5 mL centrifugal filter with a 30 kDa
MWCOmembrane (MilliporeSigma) and three successive washes with
400 μL of 1× PBS according to the manufacturer’s instructions. After
recovering the 111In-DTPA−BSA in a small amount of 1× PBS, it was
diluted to a concentration of 1 mg/mL in 0.25 mL of 50% v/v mouse
plasma in 1 × PBS supplemented with 100 U/mL penicillin and
streptomycin. Freshly collected mouse plasma was used here, as
opposed to frozen or lyophilized plasma from a commercial vendor, to
best preserve the function of plasma enzymes. Plasma was obtained by
centrifuging heparinized blood collected via cardiac puncture of mice
under a surgical plane of isoflurane anesthesia at 1200 g for 5 min and
removing the supernatant. The 111In-DTPA−BSA in diluted plasma
was then incubated at 37 °Cover 24 h, with aliquots removed at set time
points and stored at −20 °C. Afterward, the samples were thawed,
mixed with nonreducing Laemmli buffer, and heated at 95 °C for 3 min.
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The samples were then run on gels containing a 12% w/v resolving
phase, documented, and phosphorimaged as described above. Data is
presented as representative images of the protein signal and digitized
traces of the radioactive signal within each lane of the gel.
A live-cell imaging platform was used to assess dissolution of M2A2

particles under reducing conditions. Briefly, M2A2 particles (40 μL/
min CP and 3 μL/min DP) were suspended in 1 × PBS containing
between 0 and 5 mM glutathione and transferred to a 96-well tissue
culture plate (Corning; Corning, NY). The plate was then placed into
an Incucyte ZOOM live-cell imager (Essen Bioscience; Ann Arbor, MI)
housed within a 37 °C humidified cell incubator with a 5% CO2

atmosphere. Phase-contrast micrographs were collected every 3 h for a
period of 36 h. Using imaging processing tools on ZOOM 2016a
software accompanying the instrument, the confluence of the particles
on the bottom of each well was then calculated. Samples were measured
in triplicate. Data is presented as representative micrographs and a plot
of phase-contrast confluence over time.
The Incucyte ZOOM platform was also used to record phase-

contrast micrographs of M2A2 particles (40 μL/min CP and 3 μL/min
DP) after storage in water at 4 °C for 1 year. Micrographs were also
recorded for M2A2 particles (40 μL/min CP and 3 μL/min DP)
suspended in 50% v/v FBS in 1 × PBS supplemented with 100 U of
penicillin and streptomycin over a 24 h period to monitor for signs of
colloidal instability in biological media.
SPECT/CT Imaging. 111In-M2A2 was diluted with 5% dextrose to a

concentration of∼120 000 particles/mL (∼33 MBq/mL) the morning
of the animal study. Just prior to administration, a 100 μL dose of the
diluted particles was drawn into a 29G syringe (Becton Dickinson;
Franklin Lakes, NJ) for each mouse. The syringe was measured in a
BioDex Atomlab 500 dose calibrator before and after administration to
determine the injected dose.
Mice were anesthetized using isoflurane (5% in oxygen for induction

and 1.5−2% in oxygen for maintenance) and received a 0.5 mL
subcutaneous injection of Ringer’s lactated solution for hydration prior
to administration of the radiotracer (and each subsequent scan). The
dose of 111In-M2A2 was injected as a bolus intravenously via the tail
vein. The mice were then immediately scanned in list mode under
isoflurane anesthesia (1.5−2% in oxygen) on a VECTor/CT
multimodal preclinical scanner outfitted with an extra-ultrahigh-
sensitivity (XUHS) mouse pinhole collimator from MILabs (Houten,
The Netherlands).72,73 A CT scan was acquired following the SPECT
acquisition (1 frame, 180 projections over 360°) using a tube setting of
55 kV and 615 μA. Animals were recovered with heat support before
being returned to their cage. Each animal was scanned a total of 5 times
over a period of 24 h, as summarized in Table S2.
The CT projection data was reconstructed using SkyScan NRecon

software (Microphotonics; Allentown, PA) to generate a three-
dimensional (3D) image with a 0.169 mm3 voxel size. SPECT data
was reconstructed using a pixel-ordered subset expectation max-
imization (POSEM) algorithm using 16 subsets, 6 iterations, and an
isotropic 0.4 mm voxel grid with U-SPECT Rec2.5li software. The 171
keV photopeak of 111In with a 20% energy window width was used for
the reconstruction. The SPECT files were decay-corrected, and after
CT registration, attenuation correction was applied.
AMIDE software (UCLA; Los Angeles, CA)74 was used to overlay

the SPECT and CT files and generate fused 3D maximum intensity
projection (MIP) renderings and videos. The same software was also
used to perform a volume-of-interest (VOI) analysis on the SPECT
data set to determine the concentration of 111In-M2A2 in various
organs and total activity remaining in the animal. Spherical VOIs with a
diameter of 1 mm were drawn in the left ventricle of the heart
(representing the blood pool), lungs, liver, kidneys, urinary bladder, and
lung along with a rectangular VOI around the entire animal. A
calibration factor obtained by scanning a source with a known
concentration of 111In was used to convert scanner units (counts/pixel)
to units of radioactivity (MBq/mL). Data from the VOI analysis is
reported as either (1) percentage of the injected dose (%ID) remaining
or (2) standardized uptake values according to the SUV formula (eq 1)
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Biodistributions. Following the final SPECT/CT scan at 24 h
postinjection, the animals were sacrificed by CO2 asphyxiation without
being recovered from isoflurane anesthesia. The cardiac puncture was
promptly performed to collect a blood sample, and then, the organs of
interest were harvested. The samples were weighed, and the amount of
radioactivity within them was measured using a Cobra γ counter
(Packard Instruments) recording counts per minute (cpm) of photons
between 140 and 200 keV. A calibration factor was applied to convert
cpm values into units of radioactivity (MBq) and decay-corrected to the
time of injection for analysis. Data is reported as the percentage of the
injected dose per gram (% ID/g) and per organ (% ID/organ); for
organ systems that could not be fully removed for counting (blood,
muscle, bone), the %ID/organ value was adjusted based on
standardized organ weights for age- and sex-matched mice.75,76

Graphing and Statistical Analysis. Quantitative data are
presented as mean ± 1 standard deviation unless otherwise stated.
Data were graphed and fitted using Prism 8 software (GraphPad; San
Diego). Statistical analyses (t-test, F-test) were performed using Prism
8 or OriginPro 2020.

ChemBioDraw Ultra version 13 (PerkinElmer; Waltham, MA) was
used to draw chemical structures. Illustrator 2019 (Adobe; San Jose,
CA) was used to prepare figures, and Premier Pro Plus (Adobe) was
used to assemble the AMIDE renderings into the Supporting
Information videos.
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