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therapeutic applications have largely not realized their clinical  syategy Formulations NP Eormulatinns F[::llf'fn::ﬁ::i;l:s
potential due to an overall inability to use in vitro results to A
predict NP performance in vivo. The avian embryo and ) 2 X @
associated chorioallantoic membrane (CAM) has emerged as 72— )
an in vivo preclinical model that bridges the gap between in vitro s ' Murine
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physiologically relevant conditions and providing a rapid,
accessible, economical, and more ethical means of qualifying nanoparticles for in vivo use. The CAM is highly vascularized
and mimics the diverging/converging vasculature of the liver, spleen, and lungs that serve as nanoparticle traps. Intravital
imaging of fluorescently labeled NPs injected into the CAM vasculature enables immediate assessment and quantification of
nano-bio interactions at the individual NP scale in any tissue of interest that is perfused with a microvasculature. In this
review, we highlight how utilization of the avian embryo and its CAM as a preclinical model can be used to understand NP
stability in blood and tissues, extravasation, biocompatibility, and NP distribution over time, thereby serving to identify a
subset of NPs with the requisite stability and performance to introduce into rodent models and enabling the development of
structure—property relationships and NP optimization without the sacrifice of large populations of mice or other rodents. We
then review how the chicken embryo and CAM model systems have been used to accelerate the development of NP delivery
and imaging agents by allowing direct visualization of targeted (active) and nontargeted (passive) NP binding, internalization,
and cargo delivery to individual cells (of relevance for the treatment of leukemia and metastatic cancer) and cellular ensembles
(e.g., cancer xenografts of interest for treatment or imaging of cancer tumors). We conclude by showcasing emerging
techniques for the utilization of the CAM in future nano-bio studies.

KEYWORDS: chick embryo, nanoparticle development, chorioallantoic membrane, nanoparticle bioavailability, drug development,
intravital imaging, structure—function analysis

INTRODUCTION: RATIONALE FOR AN INTERMEDIATE
PRECLINICAL MODEL FOR BIO-NANO RESEARCH

In 2018, MIRIBEL (minimum information reporting in bio-
nano experimental literature) standards were established to
stipulate how nanoparticles (NPs) intended for biomedical
applications are to be characterized and how their in vitro
interactions within any biological system are to be described
and evaluated in the literature.'” MIRIBEL defined a checklist
of specific components to be reported, divided into three
categories: material characterization, biological characteriza-
tion, and details of experimental protocols with the intention of
improving reproducibility, increasing quantitative comparisons
of bio-nano materials, and facilitating meta-analyses and in
silico modeling. In response to the publication of MIRIBEL in
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Nature Nanotechnology, the bio-nano research community was
invited to provide suggestions to further these guidelines.” We
advocated for an ex ovo model system to “bridge the gap”
between in vitro assessments of NPs stipulated by MIRIBEL
and in vivo rodent models. Our rationale was that, in spite of
many successful in vitro studies, nanoparticle delivery systems
have not achieved their anticipated potential in vivo or in the
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Figure 1. Developmental timeframe of the chick embryo (CE). Highlighted stages of CE development relevant to their usage in biomedical
research and NP formulation assessment. This is not an exhaustive list and contains biological events relevant to possible experimental

procedures.”*>* Images are adapted with permission from ref 24. Copyright 2014 Academic Press.

clinic. This deficiency has been documented in a recent meta-
analysis of 117 studies of nanoparticle delivery to solid tumors
conducted from 2005 to 2015, where it was concluded that a
median of 0.7% of the intravenously injected dose reached the
tumor and that this value had not improved over the course of

19627

10 years.” Lack of NP uptake into tumors via passive or active
targeting is the greatest current barrier in NP development.”
Reduced NP uptake is a consequence of processes such as NP
aggregation, rapid uptake by the mononuclear phagocyte
system (MPS), nonspecific binding, and renal clearance. These
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clearance mechanisms are not present in in vitro investigations.
Therefore, most studies to date have been evaluated almost
exclusively in costly, time-consuming, and in some cases,
unethical rodent models. Here it is noteworthy that more than
100 million rodents are believed to be used annually for
experiments in the U.S. alone.” Engineering NP physicochem-
ical parameters to overcome these instability mechanisms
requires an alternative preclinical model amenable to visual-
ization of NP interactions in vivo that is accessible, affordable,
and fast.” We proposed utilization of the chorioallantoic
membrane (CAM) of the chick/avian embryo as a rapid,
physiologically relevant, economical, and more ethical
preclinical model to evaluate nanoparticle stability and qualify
nanoparticles for in vivo use in mammals.”® Through optical
labeling of NPs, target cells, off-target cells, and tissues,
intravital imaging in the CAM provides the researcher
immediate visualization of NP pharmacokinetics and the
ability to successively overcome multiple physiological barriers
needed to achieve therapeutic efficacy or serve as imaging
agents: namely, (1) unwanted interactions with plasma
proteins and blood cells, (2) extravasation past the vascular
barrier, and (3) unwanted interstitial fluid interactions with
NPs prior to uptake into target cells. Furthermore, by
coinjection of labeled, target cells (healthy/disease phenotype)
or xenografting of tumors to the CAM, NP binding/targeting,
internalization, and drug release under physiologically relevant
conditions at the single-NP scale can be directly observed.
Understanding pharmacodynamics at the microscopic level of
the NP is critical in the determination of therapeutic eflicacy,
which depends on quantification of the percent administered
dose or number of NPs that arrive at the target cell/tumor and
the ensuing events of (1) NP uptake by various cells of the
tumor and its microenvironment (i.e., endothelial cells, tissue
macrophages, fibroblasts, fibrotic areas, etc.), (2) extent of
active (triggered) or passive release of the cargo by desorption
and/or NP degradation, and (3) successful NP trafficking to
the appropriate intracellular space (i.e., cytosol or nucleus). In
all cases it is important to apply the correct metric with respect
to the anticipated antitumor response (i.e, tumor volume
changes upon treatment with cytotoxic payloads, tumor
vascularity with antiangiogenic therapies, and tumor metabo-
lism via fluorodeoxyglucose-positron emission tomography
(FDG-PET)).

Hence, we describe in detail the chorioallantoic membrane
(CAM) of the avian embryo model, which allows a rapid
assessment of the key determinants of NP performance in an
economical, accessible tissue culture model. These models
facilitate rapid iterations on NP properties and can thereby
qualify candidate NPs for administration to rodents and
higher-order mammalian models.

CHARACTERISTICS OF THE AVIAN EMBRYO AND
CHORIOALLANTOIC MEMBRANE MODELS AND
THEIR USE IN BIOMEDICAL RESEARCH

Preclinical studies typically include both in vitro and in vivo
animal models. Animal models provide critical information
such as disease progression, therapeutic efficacy, off-target
events, and toxicity that is difficult to achieve with in vitro
models. While animal models provide critical information,
there is a drive to reduce animal use following the 3Rs concept
of reduction, replacement, and refinement.” As a result, a wide
number of tools have been developed to enable the evaluation
of complex interactions without the use of animal models,

including three-dimensional (3D) cell culture models such as
multicellular tumor spheroids and 3D scaffold cultures.”~"' 3D
culture systems can provide insight into cell—cell and cell—
matrix interactions and the effects of physiochemical gradients.
However, most of these systems do not mimic blood flow or
complex stroma. To address these limitations with the initial
3D systems, microfluidics has been added to 3D culture
systems and complex organ-on-a-chip systems have been
developed.'”™"° These complex systems are advancing rapidly
and continually developing more systems such as a micro-
engineered human blood—brain barrier platform and a
geometry-tunable artery system.'®'” While these systems are
continually developing and can provide critical insight into the
behavior of nanomaterials,"*~** they are often limited by the
absence of features such as blood/flow perfusion, vascular
infiltration, complexity of fabrication, and the inability in some
systems to readily retrieve the biological sample for further
analysis. Furthermore, these systems cannot readily mimic
different administration routes and provide limited information
on off-target effects, pharmacokinetics, toxicology, and in the
case of cancer therapeutics, changes in metastatic potential. In
these areas, the avian/chick embryo and its chorioallantoic
membrane can provide critical insight while still meeting the
goal of the 3Rs for animal use.

There are numerous benefits to the use of the embryonic
avian as a model system to bridge the in vitro to in vivo gap.
Most commonly used is theGallus gallus avian organism, or
domestic chicken, whose embryo when used in scientific
contexts is colloquially termed the chick embryo (CE). The
developmental timeline and body plan of the chick embryo is
well-characterized>** and graphically described in Figure 1.
CEs are easy to manipulate and amenable to a variety of
imaging techniques, allowing direct visualization of stability,
biocompatibility, circulation, delivery, degradation, and ther-
apeutic efficacy—key predictors of in vivo performance in
rodents and higher-order mammals. Furthermore, the CE
model is inexpensive, exhibits rapid growth compared to
mammalian model systems, can be handled and grown in most
laboratories rather than in animal facilities, and (up until 21
days) is viewed to be a 3D tissue culture model for the
purposes of garnering IUCAC (Institutional Animal Care and
Use Committee) approval. Together, these advantages make
the CE easier to handle, more rapid for analysis, and overall
less costly. Furthermore, the CE has a chorioallantoic
membrane (CAM) that is an easily accessible, highly vascular
tissue that is amenable to tumor xenografts (patient primary
cells or cell lines) and allows direct vascular injection and
intravital imaging. Due to these combined features, the
qualification/certification of nanoparticles (and more broadly
medicines) via testing in vivo within the CAM is predicted to
reduce the use and increase the success of rodent model
studies.

A short discussion of immune mechanisms is needed, since
there are immunological reactions to foreign invaders such as
NPs and tumor xenografts in the CAM of CEs. There are
innate immune mechanisms and adaptive immune mecha-
nisms. Innate immunity within the CAM consists of three main
mechanisms: the bactericidal properties of various proteins in
the egg white’” and the abundance of lung surfactant that lines
the CAM exterior and traps foreign bodies before they
penetrate further into any cells in the CAM and macrophage
cells.** However, the first two innate mechanisms do not
influence NPs or tumor xenografts due to their external
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A.

Figure 2. Chicken embryo and chorioallantoic membrane (CAM) models for biomedical research. (A) In ovo chicken embryo model
showing an early stage post fertilization. Reprinted with permission from ref 31. Copyright 2020 Elsevier. (B) Ex ovo chicken embryo model
with visible CAM overlaying the embryo. Adapted with permission from ref 6. Copyright 2010 Nature Publishing Group. (C) The CAM
vascular network visualized by assembly of single photographic frames. Open arrows indicate major venous vessels, and filled arrows indicate
major arterial vessels.** (D—F) Scanning electron microscope (SEM) images of the CAM vessel network. The CAM is inverted in the SEM
preparations to allow clear visualization of the capillary plexus (*) both fed and drained from below by large vessels. Arrowheads signify
feeding arterioles into the CAM or departing venules from the CAM plexus into a larger artery or vein, respectively. Reprinted with
permission from ref 44. Copyright 2016 The American Physiological Society (APS).

location away from the embryo and the ability to directly
bypass these mechanisms through direct injection into the
CAM vasculature. Macrophage-like cells with phagocytic
activity are present within the yolk sac by days 2—4 and
present in the liver as early as day 12.°° By day 12, these cells
are functionally competent and can perform chemotaxis and
phagocytose material.”> These cells can phagocytose and
sequester nanoparticles and other foreign material. These
interactions can provide an early indication of nanomaterials
that might be rapidly cleared from circulation.

In terms of adaptive immunity, the chick embryo develops
various lymphoid organs such as the thymus and the bursa of
Fabricius, which are sites of lymphocyte antigen processing
needed for cell-mediated and antibody-mediated lymphocyte
development.*® Although these begin to form at days 3—18,
these organs do not generate enough cells to mount a response
against tumor xenografts. This is seen by the initial population
of cells within the bursa at days 8—14 and subsequent gene
arrangements for variable regions of any IgY immunoglobulin
occurring until days 15—20. Therefore, a humoral-based
adaptive immune response does not robustly occur until
after hatching (day 21).° In terms of cell-based adaptative
immune responses, there are macrophage-like cells in the yolk
sac that can release various cytokines such as IL-15, IL-8, IL-
12, and IL-18. However, lymphocytes (also termed gran-
ulocytes) do not begin to differentiate into their cytotoxic
phenotypes until day 15. These are mostly NK cells that are
not antigen-specific. Hence, the majority of lymphocyte subsets
that comprise any adaptive immune response do not arise until
after hatching (day 21).° These properties make the chick
embryo an excellent host for accommodating a wide variety of
mammalian cell types, including tumor cells. When they are
implanted into the CAM, these xenografts are readily
accessible for subsequent physical/pharmacological interven-
tions and longitudinal imaging.

To allow direct visualization of nanoparticle behavior over
time, the in ovo and ex ovo methods can both be used (Figure
2A,B). In the in ovo model, a window is cut into the shell of the
fertilized egg and then covered to prevent dehydration or
infection (Figure 2A). In the ex ovo model system, the embryo
is removed from the shell and grown in a covered dish. Each
method has advantages; the in ovo method increases survival
and facilitates the natural calcium exchange from the shell,**
while the ex ovo method allows greater access to the embryo,
increasing the applicable imaging modalities. Due the ability
to directly observe its development and rapid developmental
timeline, the CE has been invaluable historically for studies of
embryo and organ development, including neural, limb, and
cardiac development.””~** These same features make the CE a
common model for studying the adverse effects of drugs,
viruses, and compounds.*” For example, the CE has been used
to evaluate the teratology of thalidomide, the Zika virus, and
fetal alcohol syndrome disorders.””** Beyond developmental
studies, the CE model facilitates rapid assessment of drugs
delivered topically, vascularly, or directly into the body of the
embryo or into the yolk sac and amnion.”**” Analyses of drug
behavior include embryo mortality, egg/embryo weight,
developmental alterations, serum biomarkers, biodistribution
to organs, and histopathology of organs.36_38 The CE model
has also been used for studying infection and virulence of
bacteria and fungus.’®~* Infection and virulence were assessed
via embryonal death, a histological assessment of organs, a
reverse transcription-polymerase chain reaction (RT-PCR) for
alterations in chemokines and cytokines, and an enzyme-linked
immunoassay (ELISA) for antibody production.”~*"*

Within the CE, the chorioallantoic membrane (CAM) acts
as a convenient vascular model system for research. The CAM
acts as a respiratory organ for the developing embryo and is a
thin, transparent, and highly vascularized membrane composed
of the capillary plexus, veins, and arteries (Figure 2C—F). The
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CAM vasculature undergoes rapid angiogenesis during
development, making it a common model for vascular irritation
and angiogenesis."”* The vascular development of the CAM
takes place during the first 11 days, facilitating experimentation
on both rapidly developing vessels during the first 11 days and
on mature vessels day 12 and beyond. Due to this versatility,
the CAM allows a rapid review of potential antiangiogenic
molecules and drug combinations through visualization of their
effect on the CAM.*"~%° Recently, direct imaging has been
combined with quantification of vessel length and number of
junctions as a metric of vascular damage caused by
pharmacological intervention.”” While most studies observe
effects on CAM vessels after a period of time, the superficial
location of the CAM with respect to the embryo and its
thinness allow monitoring of therapeutic effects in real time by
intravital imaging.”" Due to the importance of angiogenesis in
wound healing and the accessibility of the model, the CAM has
been extensively used to assess the potential of therapeutics
and treatments for wound healing.”> For example, the CAM
was utilized to assess carbon monoxide releasing molecules,”
polyherbal formulations,”* photodynamic therapy with photo-
sensitizers,”>*® and photomodulation of angiogenesis for
wound healing.57

While cancer studies are not the only use of the CAM
model, the ready accessibility and ability to accommodate a
wide range of both normal and tumor xenografts makes the
CAM an attractive model.’®*” It is therefore worthwhile to
look at the tumor microenvironment within the CAM. The
CAM is multilayered, consisting of an ectoderm at the air
interface, a vascularized mesoderm, and an endoderm at the
interface with the allantoic sac.**®° The mesoderm consists of
an extracellular matrix (ECM), blood and lymphatic vessels,
and fibroblasts similar to mammalian tumor stroma.’® This
combination of features allows an evaluation of the interaction
of xenograft tumors with the stroma. The most well studied
tumor xenograft interaction in the CAM is angiogenesis and
tumor spread via blood vessels.”” For example, Epstein—Barr
virus (EBV) positive lymphoma cells have an increased ability
to disrupt the stroma and invade tissue, demonstrating spread
along blood vessels and lymphatics when compared to EBV-
negative lymphoma cells.”’ Beyond invasion and spread,
tumor-induced angiogenesis can also be monitored in the
CAM. Glioma cells induced angiogenesis and infiltration of
CAM vasculature into the tumor via vascular endothelial
growth factor receptor-2 (VEGFR-2) and recapitulation of the
molecular angiogenic switch found in human tumors.®>
Beyond cell line xenografts, patient-derived xenografts, which
contain human blood vessels, can be utilized. Individual
molecular markers of chicken- and human-derived blood
vessels can be used to differentiate the vessels that began in the
tumor tissue and those induced from the CAM.**

In addition to studying blood vessel interactions between
xenografts and the CAM, the presence of ECM facilitates
studies of stromal matrix interactions.”” The ECM of the CAM
mesoderm includes a variety of matrix proteins such as
fibronectin, laminin, collagen type I, and integrin avf;, which
mimics the physiological tumor microenvironment.”’ Both
cell-line- and patient-derived xenografts have demonstrated
invasive behavior into the CAM, allowing studies of invasion,
including comparison studies between tumor types and specific
tumor features.®' ~** For example, low-grade chondrosarcomas
were unable to invade while high-grade chondrosarcomas
showed extensive invasion mimicking the situation in

humans.®* Beyond simple invasion observations, molecular
interactions of tumor cells with the ECM can be studied in the
CAM. Xenografts in the CAM have been used to understand
the contributions of ECM-modifying proteins such as matrix
metalloproteinases (MMPs), urokinase plasminogen activator
(uPA), and uPA receptor (uPAR) in tumor invasion of the
ECM.>% One potential shortfall of the CAM system is that
avian cells present in the stroma do not recapitulate all features
of human tumor stromal cells, which has implications that vary
based on tumor type. For example, pancreatic stellate cells are
integral to the disease progression of pancreatic adenocarci-
noma and are not present in the CAM. One method around
this shortcoming is to cograft the tumor-associated cells with
tumor cells either from mixing cell cultures or using patient-
derived xenografts. In the case of pancreatic cancer, increased
tumor growth and invasion was observed when pancreatic
stellate cells were cografted with pancreatic cancer cell lines.®”
While the CAM recapitulates much of the tumor stroma, there
are some differences between avian and human cells and
proteins that require careful examination for each tumor type.

Overall, due to the ease of use and low cost, the CAM model
is being developed for many areas of biomedical science. As
described in the following sections, one of the most promising
areas of CAM development is the evaluation of nanoparticles
as delivery and imaging agents in oncology, where the CAM
system has been developed for a broad range of cancer types,”®
including patient-derived xenografts,69 and for studies in
cancer invasion and metastasis.”’ "~

USE OF THE CHORIOALLANTOIC MEMBRANE (CAM)
OF CHICK EMBRYOS TO ESTABLISH NANOPARTICLE
STABILITY AND QUALIFY NPS FOR IN VIVO USE

Nanoparticle stability, defined as prolonged circulation without
sequestration by the MPS system and nonspecific binding, is
paramount to therapeutic efficiency and to the success of
nanoparticle-based imaging and theranostics. For example, in
the case of cancer, NP accumulation in the tumor micro-
environment relies upon nanoparticle leakage through
fenestrations of the cancer vasculature according to the
enhanced permeability and retention (EPR) effect,””~”" NP
transcytosis,"”®' or targeted binding®”*’—in all cases NPs
must remain in circulation for sufficient periods of time to
passively or actively accumulate in the tumor. As noted above,
the failure of injected NPs to reach/locate solid tumors
remains the biggest obstacle to nanomedicine, and we contend
that this failing is due to the instability of NPs in vivo. In the
preponderance of nanomedicine studies, the stability of NPs is
assessed in vitro using a variety of characterization techniques:
dynamic light scattering (DLS) to determine the particle size
distribution and polydispersity index in solution, { potential to
determine particle charge in solution, transmission electron
microscopy (TEM) to directly visualize particle size and shape
following drying, and occasionally cryogenic electron micros-
copy (cryo-EM) to image NPs in the appropriate liquid
medium. Oftentimes NPs are considered stable if their particle
size remains constant over time in physiologically relevant
media characterized by high ionic strength, where the Debye
length approaches zero and electrostatic stabilization mecha-
nisms are inoperative. It should be noted, however, that
hundreds of such studies have been conducted in deionized
water, where electrostatic stabilization mechanisms are
dominant, and correspondingly the conclusion drawn may
not be valid in vivo. Further insight into stability has been
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gleaned from the meta-analysis of NP delivery efficiency cited
above, where the following trends were observed: (1)
inorganic materials (e.g., gold NPs or quantum dots) exhibit
a higher median delivery efficiency compared to organic
materials (e.g., liposomes or polymeric NPs), (2) particles with
hydrodynamic diameters <100 nm show a higher median
delivery efficiency (in terms of intratumoral fluorescence
intensity) than larger particles, and (3) the delivery efficiency
of nanoparticles exhibiting neutral { potentials, as defined from
—10 to 10 mV at pH 7.4, is higher than that of nanoparticles
with positive (>10 mV) or negative («10 mV) { potentials.’
However, size stability per se and trends of delivery efficiency
are indirect measures of stability that do not explicitly account
for the extents of NP aggregation, NP trapping in the liver,
spleen, and lung, rapid uptake by the components of an MPS
system, nonspecific binding, and renal clearance—mechanisms
inaccessible to in vitro investigations that directly inhibit
delivery to the tumor or target tissue.

The characteristics of the avian embryo and chorioallantoic
membrane models described above, in particular, the ability to
inject and image optically labeled NPs in circulation in a highly
vascularized living organism possessing an immune system
along with target diseased cells, xenograft tumors, etc., enable
the direct and immediate assessment of stability and NP half-
life. As an example, Movie 1 and Figures 3A,B show the
circulation of 150 nm diameter, fluorescent green labeled,
polyethylene glycol coated (PEGylated), mesoporous silica
nanoparticles (MSNPs) in the CAM vasculature for a period of
1 h after injection. Although the NPs exhibited stability for a
period of ~80 h in distilled H,O, phosphate buffered saline
(PBS), and cell culture media with and without added serum,
they show progressive aggregation within the capillaries of the
CAM over time that was substantially greater in the venous
network as opposed to the arterial network. The instability and
accumulation on the vessel walls could be mediated either by
circulating immune cells or by strong interaction with the cells
of the vasculature, both of which would necessarily reduce NP
delivery efficiency to a tumor. Although crucial to delivery
efficiency, traditional in vitro characterization methods provide
little insight regarding this “instability” mechanism, which is
immediately visualized in the CAM.

To reduce nonspecific binding and uptake by the immune
system and enhance NP biocompatibility, encapsulation of
NPs within supported lipid bilayers®™ or native cell
membranes® has proven to be highly effective. For the case
of PEGylated, zwitterionic-supported lipid bilayers, the near
neutrally charged hydrophilic surface provides hydration
stabilization and helps to prevent opsonization by immuno-
globulins, complement proteins, or receptors present on the
surface of macrophages, thereby reducing uptake by the MPS
or complement systems. As an example, Movie 2 and Figure
3C show the circulation of PEGylated, zwitterionic lipid bilayer
encapsulated MSNPs 30 min postinjection into the CAM.
Compared to their PEGylated MSNP counterparts (Figure
3A,B), lipid encapsulation confers greater stability, as is
immediately evident by the circulation behavior and avoidance
of uptake by the MPS system—features impossible to assess in
vitro. Native cell membranes are similarly zwitterionic,
providing hydration stabilization, and further contain markers
of self (e.g, CD47) that prevent uptake by macrophages.
Movie 3 and Figure 3D show the circulatory behavior of
human erythrocyte membrane encapsulated MSNPs in the
CAM within several minutes of injection. We observe the

PEG-PEI

Figure 3. Using intravital microscopy in the CAM to understand
nanoparticle behavior. (A, B) Screen captures from a video of 150
nm PEGylated MSNPs in the CAM vasculature over 60 min. The
artery is denoted with * and the vein with #. (A) Under 10 min,
the MSNPs remain in circulation. (B) By 60 min, the particles have
begun to accumulate on the vessel walls in the capillary plexus. (C)
MSNPs coated with a lipid bilayer circulating 30 min post-
injection. Inset: CryoTEM image of the MSNP with the lipid
bilayer highlighted with arrows. Adapted with permission from ref
84. Copyright 2016 American Chemical Society. (D) Human
erythrocyte membrane coated MSNPs arrest within the CAM
within minutes of injection. Images in (A)—(C) were adapted with
permission from ref 222. (E—H) Comparison of the vascular
interaction of size and charge-matched MSNPs in the CAM. MSNs
coated with PEG-PEI (orange) and PEG-NMe;* (green) were
imaged in the CAM 10 min postinjection. Images in (E)—(H)
adapted with permission from ref 86. Copyright 2016 American
Chemical Society. (E) Merged image, (F) PEG-PEI-coated MSNs
arrest on the vessel walls while (G) PEG-NMe>* coated MSNs
remain in circulation. (H) Magnification highlighting (arrow) the
arrest of PEG-PEI-coated MSNs on the endothelial cells.

MSNPs to be immediately and completely arrested/seques-
tered by chick embryo blood cells. Here the point is that the
CAM MPS system recognizes human red blood cell
encapsulated MSNPs as foreign and eliminates them from
circulation—thus demonstrating the effectiveness of the CAM
MPS and highlighting the utility of imaging in the CAM as a
means of evaluating NP stability.
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The ability to visualize in real time the behavior of NPs
within blood flow via intravital microscopy in the CAM can
further facilitate detailed comparisons between NPs for the
development of structure versus function relationships. For
example, S0 nm MSNPs coated with either polyethylene glycol
and polyethylenimine (PEG-PEI) or polyethylene glycol and a
quaternary ammonium silane (PEG-NMe;*) will have the
same average surface charge (+40 mV) and would be deemed
equivalent by most characterization methods. However, the
charge distribution and exposure of that charge on the NP
surface are very different due to the bulky nature of the PEI
molecule and the compact nature of the NMe;* molecule.*®
Injection of fluorescently labeled MSNPs with these two
surfaces demonstrated vastly different behaviors in the CAM
(Figure 3E—H). While the MSNP PEG-NMe;* particles
flowed freely within the vasculature, the MSNP PEG-PEI
particles interacted with the endothelial cells and arrested
along vessel walls."*’ This exploration of the behavior in the
CAM suggested that greater circulation was possible with the
MSNP PEG-NMe;" particles. When these particles were later
tested in mammalian systems, the MSNP PEG-PEI particles
were rapidly removed from circulation and accumulated in the
liver.”” In contrast, the MSNP PEG-NMe;" particles remained
distributed throughout the body, confirming the predicted
behavior gained from CAM studies.

Intravital microscopy in the CAM system has also been used
to evaluate biomimetic systems. The creation of artificial red
blood cells capable of mimicking the structure and mechanical
properties of biological red blood cells is difficult and requires
testing in a relevant system. The CAM vasculature allows a
direct observation of the behavior of red blood cell mimics in
pulsatile flow and the monitoring of any NP entrapment within
the capillary bed of the CAM. Intravital microscopy within the
CAM was used to demonstrate the creation of long circulating
and deformable red blood cell mimics capable of flow within
the larger vessels and deformation to move through the
capillary bed.**** Due to the low cost of the CAM, an
examination of individual steps throughout the process for
creation of red blood cell mimics could be performed and
compared for compatibility with blood vessels and capillaries
to refine the design. When the red blood cell mimics were later
tested in a mammalian system, the long circulation times found
in the CAM were confirmed.*”

THE CHICK EMBRYO AND CAM FOR ASSESSING
THERAPEUTIC EFFICACY AND IMAGING
PERFORMANCE OF NPS

Both the chick embryo and its CAM have been used to test the
behavior and biocompatibility of nanomaterials. While the
CAM is more commonly utilized, the embryos themselves can
be used for a variety of tests (Table 1). The most common test
is toxicity to the embryo itself, as assessed by embryo death or
low weight. Embryo toxicity has been studied with curcumin-
Au NPs,9O Ag NPs,91 Cu NPs,92 nanoparticular iron
complexes,”” superparamagnetic iron oxide NPs,”* periodic
mesoporous organosilica NPs (PMOs),”> Qdots (CdSe,
CdTe/ZnS and CdSe/ ZnS),% carbon NPs,°"”® liposomes
loaded with S-aminolevulinic acid and protoporphyrin IX,”
chitosan,'” and polylactic-co-glycolic acid (PLGA) NPs.'”" In
some cases, this basic analysis is coupled with more in-depth
studies, including the quantification of embryo defects or blood
and organ biochemical studies to increase the understanding of
the nanoparticle effects.”””*””'%* The ease of use and the low

Table 1. Nanomaterial Testing in the Avian Embryo

chick embryo nanoparticles ref

embryo survival, weight Au NPs 90

Ag NPs 91

Cu NPs 92

nanoparticular iron complexes 93

iron oxide NPs 94

silica NPs 95

Qdots 96

carbon NPs 98, 102

liposomes 99

polymeric NPs 100, 101
embryo defects liposomes 99
blood and organ biochemistry nanoparticular iron complexes 93

CoFe,0,, NiFe,0,, and 142

MnFe,04 NPs

carbon NPs 98, 102
molecular analysis of embryo  Cu NPs 92

carbon black NPs 103
visualization of delivery to silica NPs 95

embryo

lipid-based NPs 105, 106

polymeric NPs 107
chick aortic arch assay chitosan NPs 219
femur ossification TiO, NPs 104

cost of the CE system allow a direct comparison between
multiple groups of particles. For example, characterization of
the embryo such as body and organ weight and blood and liver
biochemistry was used to perform a detailed examination of
different carbon NPs, including diamond NPs, graphite NPs,
pristine graphene, small graphene oxide, large graphene oxide,
and reduced graphene oxide.”® This study demonstrated no
major adverse effects with carbon NPs regardless of the NP
type, thereby helping to qualify carbon NPs for in vivo use.

CEs are also amenable to tissue collection and analysis at the
completion of an experiment. This has led to the use of CEs
for quantification of mRNA from pectoral muscles exposed to
Cu NPs to gain an understanding of the effects on signaling
factors involving vascularization and exploration of Cu NPs as
a proangiogenic agent.”” In addition to therapeutic evaluations,
the CE system can be used to understand the effects of
nanomaterials on developing embryos. Chicken embryos were
exposed to carbon black NPs, and the mRNA levels of genes
associated with oxidative stress, inflammation, and apoptotic
pathways in the brain tissue were assessed.'”” The data
collected in this study demonstrated the potential for carbon
black NPs to increase inflammatory and apoptotic responses in
the embryonic brain.'”® The rapid development cycle of the
CE can also facilitate a rapid understanding of the effects of
nanomaterials on processes such as bone ossification and vessel
formation in the heart. CEs were exposed to TiO, NPs and
nanobelts, which are commonly used in food, cosmetics, and
water purification. Due to the rapid growth of the embryo,
femurs collected only 7 days post-exposure could be examined
for alteration in structure and the TiO, nanobelts showed a
significant reduction in porous structure in the femur.'"*

In addition to physical and molecular analyses, the small
sizes of CEs make them amenable to fluorescence imaging of
the embryo after direct or vascular injection of nanoparticles,
including PMO,” lipid nanoparticles (LNPs),"*>'% and
dextran poly lactic acid (PLA) NPs.'"”” Fluorescent imaging
of the organs using an in vivo imaging system (IVIS)
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Figure 4. Comparison of plasmid delivery by lipid nanoparticles (LNPa) with different helper lipids. LNPs loaded with a plasmid encoding
GFP were directly injected into the forelimb bud of chicken embryos. The efficacy of delivery of LNPs formulated with the helper lipids
DOPE (A, E), DOPC (B, F), DSPC (C, G), and SOPC (D, H) were compared using fluorescence microscopy of the intact embryo. The
DOPE-based LNPs were the most effective, and imaging thin sections of the embryo forelimb (I) showed delivery throughout the forelimb
and vascular infiltration leading to delivery to the heart (J). Reprinted with permission from ref 106. Copyright 2017 Elsevier.

demonstrated no accumulation of the doxorubicin-loaded
PMO particles in organs after vascular injection, which,
combined with the low overall toxicity of PMO delivery
agents, supports the use of PMO particles for cancer
therapeutics.”> CEs have also been used as a rapid method
to downselect LNP formulations for nucleic acid delivery
(Figure 4). LNPs were formulated with different helper lipids,
directly injected into the forelimb of the developing embryo,
and imaged the following day.'”® Observation of the intact
forelimbs highlights the influence the helper lipid has on the
efficacy of LNP delivery, where DOPE showed the most
widespread efficacy (Figure 4A,B). Sectioning the forelimb
showed that DOPE-based formulations were capable of
delivery of plasmids to both internal and surface tissues
(Figure 41). Sectioning of the heart showed incidental delivery
into the vasculature that was capable of affecting distal organs
(Figure 4J]), revealing the potential for vascular delivery of
nucleic acids with the DOPE-based LNP formulation.'*®
While the embryo has been used for a variety of studies,
most nanomaterial studies using CE systems focus on the
CAM due to the ready access to the vasculature and lack of
innervation, removing the need for anesthesia (Table 2). The
CAM membrane is historically used in the hen’s egg-
chorioallantoic membrane (HET-CAM) irritation test as an

alternative to rabbits for studying vascular irritation caused by
chemicals. The HET-CAM test has also been applied to a wide
variety of NPs, including 30 and 100 nm superparamagnetic
iron oxide NPs "% silica NPs,'” nanostructured lipid
carriers,"'°~""? solid lipid nanoparticles,'"*~"'* dendritic core
multishell nanotransporters,''* PLGA-based NPs,"'*~"'* poly-
caprolactone-based NPs,''”'*° poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) NPs,'*' poly(HEMA)-based NPs,'** NPs
made from plant polymers,' oil nanoemulsions,'** chitosan-
based nanosuspensions,*> and xyloglucan nanoaggregates.'*°
The ease of use of the HET-CAM test facilitated comparisons
of various polymer coatings on 100 nm superparamagnetic iron
oxide NPs.”* The CAM and associated embryo were utilized to
study the effects of polymer charge (neutral, negative, and
positive) and size of both free polymer and polymer applied as
an NP coating on hemorrhage, thrombosis, vascular lysis, and
embryo death after vascular injection. From these data it was
observed that noncharged polymer coated NPs showed only
minor thrombosis associated with the smaller blood vessels
over time, suggesting a response due to trapping based on
particle size. The anionic polymer coated NPs showed more
rapid thrombosis than the neutral particles and the polymer
with the highest molar mass showed vascular lysis at 24 h. By
comparison, the cationic polymer coated NP on injection
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Table 2. Nanomaterial Testing in the Chorioallantoic
Membrane (CAM)

CAM nanoparticles ref
HET-CAM assay for iron oxide NPs 94, 108
irritation
silica NPs 109
lipid-based NPs 110-113
polymeric NPs 116—123
dendritic core-multishell 114
nanotransporters
nanoemulsions and 124, 125
nanosuspensions
nanoaggregates 126
angiogenesis/ Au NPs 127-133
antiangiogenesis
Cu NPs 92, 134
TiO, NPs 104
ZnO NPs 135—-137
selenium NPs 138
Y,0; NPs 139
silica NPs 140, 141
CoFe,0,, NiFe,0,, and 142
MnFe,0, NPs
carbon Qdots 143
carbon NPs 97, 102, 144
liposomes, exosomes, micelles 131, 145—147
polymeric NPs 101, 148—154,
219
dendrimers 155—157
nanoemulsions and 158—160
nanosuspensions
hydroxyapatite NPs 161
blood vessel physical TiO, NPs 220
disruption
liposomes 162—169
polymeric NPs 170-172, 221
CAM tissue histology liposomes 162
lipid-based NPs 113
polymeric NPs 150
nanoemulsions and 158
nanosuspensions
microscopy in harvested Ag NPs 222
CAM
liposomes 223
polymeric NPs 221
Xenograft in CAM silica NPs 84, 95, 173,
174
tungsten carbide-cobalt NPs 175
liposomes 162, 176—178
polymeric NPs 179-181,203
molecular analysis of Au NPs 131
CAM
TiO, NPs 104
carbon Qdots 143
exosomes 131
intravital imaging virus-like particles 6, 182—184
Qdots 187
polystyrene nanospheres 185, 187
iron oxide NPs 188
silica NPs 84, 86

resulted in more severe adverse effects. All of the cationic NPs
resulted in thrombosis and embolic events, and the higher
molar mass polycationic polymer coatings resulted in
embryonal death. Interestingly, when the authors compared
their data in the CAM system to the in vitro assays, they found

that while in vitro assays alone were sufficient to predict the
hemotoxicity of polymers, they were insufficient to predict the
hemotoxicity profile for the nanoparticles.”® This work
highlights the utility of the CAM as an efficient alternative to
mammalian animal studies.

The most common use of the CAM in nanomaterials studies
is in the observation and quantification of the effect on
angiogenesis (Table 2). The CAM, with regard to assessing the
angiogenic or antiangiogenic properties of nanomaterials, has
been applied to Au NPs,'*’~'*’ peptide-conjugated Au
NPs,'307132 therapeutic conjugated Au NPs,'3* Cu NPs,”>'3*
TiO, NPs,'* ZnO NPs,"*™"%7 selenium NPs loaded in
chitosan/collagen scaffolds,"*® polycaprolactone scaffolds
loaded with Y,0; NPs,"*” therapeutic loaded mesoporous
silica NPs (MSNPs),"*” MSNPs in a collagen scaffold,"*!
magnetic metal-Fe,O, NPs,'** carbon Qdots,"** diamond
NPs,””102 graphite NPs,”10%1%*  multiwall carbon nano-
tubes,””'** graphene nanosheets,”” fullerenes,””'** lipo-
somes,'*'*®" chronic myeloid leukemia cell exosomes, >
inulin/vitamin E micelles,'” PLGA NPs,'°1*%!14% pra
NPs,'*° polysaccharide NPs,'*"!5% chitosan NPs,">*'** den-
drimers,>>7'%7 therapeutic nanoemulsions, **'°° and vincris-
tine-loaded hydroxyapatite NPs.'®" Angiogenic studies in the
CAM are done for two major reasons, the first being screening
of an unexpected or unwanted effect and the second being the
active use of the CAM to study therapeutic NPs with planned
angiogenic effects. Screening studies revealed dose-responsive
inhibition of blood vessel formation with green synthesized Au
NPs and ZnO NPs as well as diamond NPs and multiwalled
carbon nanotubes.””'*'** Blocking angiogenesis is a common
target for preventing cancer progression and metastasis. The
CAM system provides an easy and quantifiable method to
evaluate nanomaterials designed to inhibit angiogenesis. For
example, MSNPs targeted to the tumor vasculature using an
RGD peptide and loaded with the antiangiogenic drug NAMI-
A (imidazolium trans-imidazole dimethyl sulfoxide tetrachlor-
oruthenate) showed significant antiangiogenic activity that
exceeded the efficacy of the free drug and even blocked direct
angiogenesis stimulation via vascular endothelial growth factor
(VEGF) addition.'** The ability of nanoparticles to block pro-
angiogenic signals has also been demonstrated via the CAM
with Au NPs. Chronic myeloid leukemia (CML) progression is
commonly associated with increased angiogenesis in the bone
marrow mediated by exosomes released by the CML cells. The
ability of the CML exosomes to increase angiogenesis was
demonstrated in the CAM, and then the ability of Au NPs
functionalized with antiangiogenic peptides to block this
induced angiogenesis was shown.'”' After examining the
angiogenic and antiangiogenic effects of the exosomes and
peptide-Au NPs, the CAM tissue was harvested and molecular
analyses were performed to understand the effects on
expression of genes associated with angiogenesis. The
molecular analysis demonstrated the effect of both the CML
exosomes and peptide-Au NPs in modulating the expression of
VEGFR-1 to control angiogenesis."”' A complementary
molecular analysis of the CAM after angiogenesis studies has
also been done with TiO, NPs and carbon Qdots.'**'*
Histological assessment of the CAM can also be used to
supplement angiogenesis studies. These studies often look for
changes in or loss of blood vessels and alterations in thickness
or structure that indicate a larger effect beyond angio-

. 150,158
genesis.
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Due to the ability to rapidly and clearly visualize blood
vessels, the CAM has become a very common model for
studying nanoparticles for photodynamic therapy. The photo-
therapy of liposomes loaded with m-tetra(hydroxyphenyl)-
chlorin (mTHPC),'*>'% po?)hycenes,lﬂ’165 and benzopor-
phyrin derivative monoacid'**~'%’ have been visualized with
the CAM using both bright-field and fluorescence microscopy.
Beyond liposomes, PLGA and PLA polymeric NPs loaded with
porphyrins and TiO, NPs have been assessed for photo-
dynamic therapy potential using the CAM."”*~"”* For example,
liposomal mTHPC was injected iv. into the CAM and the
therapeutic efficacy of different intervals between liposome
injection and light activation was observed (Figure 5).'°% The

Before PDT 24 h post-PDT

Figure 5. CAM blood vessel response to liposomal mTHPC
photodynamic therapy. Liposomal mTHPC was injected i.v. into
the CAM and the illuminated with a 652 nm diode laser 15 min
(A—C), 1 h (D—-F) and 3 h (G-1I) after i.v. injection. Twenty-four
hours postillumination, 200 nm fluorescent polystyrene spheres
were i.v. injected to highlight the asculature (C, F, I). Reprinted
with permission from ref 162. Copyright 2014 Taylor & Francis
Ltd.

disruption of the blood vessels 24 h post-treatment was
visualized by light microscopy and by using fluorescent
microspheres to highlight the vasculature. The visualization
showed a dose-dependent disruption, while the fluorescent
imaging allowed detection of the loss of blood flow to regions
of the CAM by 200 nm polystyrene particle exclusion.'®” The
ability to rapidly access the response of blood vessels within 24
h of exposure also facilitates rapid comparisons between
formulations. A direct comparison of mTHPC formulations
with and without the addition of a PEGylated lipid using
vascular disruption in the CAM showed an increase in efficacy
by the inclusion of the PEGylated lipid."®> This same study
went on to compare the two formulations in xenograft tumors
in the CAM, highlighting another common use of the CAM
model.

The vascular nature of the CAM combined with the
immature immune system in the early stages of chick embryo
development makes the CAM an excellent model system for
xenograft studies. As discussed previously, the CAM allows
ready visualization of tumor growth and is applicable to a wide
variety of tumor systems. CAM xenografts have been applied
to PMO NPs in ovarian cancer,”* MSNPs in thyroid cancer

and leukemia,**'”®> MSNP-coated Au nanorods in fibrosarco-
ma,"’* tungsten carbide-cobalt NPs in lung cancer,'” lip-
osomes in breast cancer, ovarian cancer, and neuroblasto-
ma, **'7°"'7% and PLGA NPs in lung, thyroid, and renal
cancers.'””™"*" Xenografts on the CAM recruit blood vessels
(Figure 6A) and both the tumor and the blood vessels remain
visible. This makes the xenograft CAM models ideal for
studying both the effects of the NPs on the xenografts and the
effects of the NPs on xenograft-induced angiogenesis. Studies
of therapeutic nanoparticles on the xenograft itself often focus
on tumor volume or weight, which can be easily measured at
the end of the study. Studying tumor volume or weight with
PLGA NPs loaded with Tetrac has demonstrated control of
tumor growth in thyroid, lung, and renal cancer.'”’7'%! The
tumor growth control was then tested in mouse model
systems, and, as predicted by the response in the CAM
xenograft, tumor §rowth was limited by Tetrac-loaded PLGA
NP therapy.'”*™"**" In addition to direct measures of tumor
size, the CAM xenografts can be collected and studied using
histology and immunohistochemistry. Tumor extraction
followed by hematoxylin and eosin (H&E) staining demon-
strated tumor necrosis in breast cancer xenografts in response
to liposomal delivery of mTHPC followed by photodynamic
therapy compared to untreated tumors (Figure 6B,C)."*” In
addition to basic H&E staining, the CAM xenografts are
amenable to more complex immunohistochemistry techniques
to facilitate a more complete understanding of the effects of
nanomaterials on targeted tumors. The effects of dual-
therapeutic-loaded MSNPs on thyroid cancer xenografts was
studied in depth using standard H&E staining combined with
immunohistochemistry techniques.'”” The treated tumors
demonstrated a necrotic phenotype and reduced invasive
phenotype compared to treatment with empty MSNPs or the
free drug.'”” The ability to easily collect and study xenografts
using standard histology and immunofluorescence strengthens
the potential use of the CAM system by facilitating detailed
studies of tumor response to nanotherapeutics.

Utilizing the CAM xenograft model, PGLA NPs loaded with
Tetrac and doxorubicin-loaded liposomes targeted to neo-
vasculature have been demonstrated to reduce xenograft
vascularization.”””"”®'8! In contrast, tungsten carbide-cobalt
NPs induced xenograft angiogenesis, an important finding in
understanding the toxic properties of these mixed-metal
NPs.'”> The CAM xenograft system can also be utilized for
evaluation of highly complex, multimodal nanoparticles. For
example, MSNPs containing gold nanorods functionalized with
the photosensitizer indocyanine green (ICG), loaded with
antivascular therapeutics (doxycycline and fosbretabulin), and
then coated with PEG targeted to the tumor endothelium via
an RGD-containing peptide were evaluated in a CAM
xenograft model.””* These complex nanoparticles combine
three treatment modalities, release of vascular disrupting
antiangiogenic drugs via activation by near-infrared (NIR)
light to create localized hyperthermia, photothermal therapy
through the Au nanorods, and generation of reactive oxygen
species through the photosensitizer ICG. CAM fibrosarcoma
xenografts with and without NPs were exposed to NIR light
and demonstrated vascular disruption mediated by the NPs.'”*
Similar to the results comparing xenograft response in the
CAM to mammalian models, a demonstration of vascular
disruption in the CAM xenograft models predicted therapeutic
response in mammalian in vivo systems. For example,
doxorubicin liposomes targeted to the tumor neovasculature
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Figure 6. Xenografts in the CAM for nanomaterial studies. (A) Xenografts recruit blood vessels when they are implanted in the CAM. Both
the xenograft and the blood vessels can be visualized, allowing a rapid study of the effects of therapeutic nanomaterials targeted to both the
tumor and the associated vasculature. (B, C) Tumors can be retrieved from the CAM and studied using common histology techniques such
as H&E staining. Untreated breast cancer xenografts show rapid cell proliferation, while tumors treated with liposomes and photodynamic
therapy show extensive necrosis. Images in (B) and (C) were reprinted with permission from ref 162. Copyright 2014 Taylor & Francis Ltd.
(D, E) Intravital imaging of fluorescently labeled CPMV-based viral nanoparticles which allow direct visualization of the vasculature both
immediately (E) and 24 h postinjection (D). (F, G) Intravital imaging can reveal tumor neovascularization. Fibrosarcoma xenograft
(magenta) with endothelium labeled with fluoresceine lectin (green) with (G) and without (F) CPMV-based NPs to visualize tumor
neovascularization. Images in (A) and (D)—(G) were adapted with permission from ref 6. Copyright 2010 Nature Publishing Group.

which demonstrated vascular disruption to xenograft-induced
blood vessels in the CAM resulted in increased survival versus
free drug and nontargeted liposomes.'””'”® Together these
studies highlight the utility of the CAM xenograft model for
studying nanoparticle therapies. The CAM xenograft system
can facilitate increased screening of therapeutic NPs more
rapidly at a much lower cost than corresponding mouse
models.

The thinness and transparency of the CAM also facilitates
intravital imaging, which allows direct observations of
interactions within the blood vessels using fluorescence
microscopy.’ The direct observation of the system can include
the blood vessels and capillary bed, the blood flow, and
individual cells injected into the vascular system. Direct
observation of the blood vessels and capillary bed can be
enhanced by the inclusion of nanomaterials such as cow pea
mosaic virus (CPMV) based NPs, which interact with
endothelial cells (Figure 6D,E).° The interactions of the
CPMV-based NPs is strong enough that both long-term (~24
h) and rapid visualization can be performed within the living
CAM using these NPs.® Furthermore, the bright signal from
these fluorescently labeled CPMV-based NPs can be used to
visualize neovasculature in xenograft models more easily than
with traditional staining methods (Figure 6F ,G).° The CPMV-
based NPs can also be further modified to directly target the
neovasculature through the presentation of a peptide on the
NP surface targeted to a protein, epidermal growth factor-like
domain 7, which is expressed only on endothelial cells
undergoing active remodeling.'® In addition to labeling
vasculature, the CPMV-based NPs demonstrate uptake in

xenografts, allowing visualization of xenografts directly using
intravital microscopy.lg‘z’184 Fluorescent nanoparticles can also
be used to enhance the visualization of blood flow within the
vessels as well as allow direct visualization of NPs in
flow."*>™"'%” High-speed imaging of the flow of fluorescent
NPs within the vessels can be used to facilitate modeling
studies of blood flow and of nanoparticles within blood
ﬂow.185,186

Direct observation of fluorescent NPs within the CAM
vasculature increases an understanding of the effects of
nanomaterial design choices and environmental factors on
NP behavior within biological systems. Superparamagnetic
iron oxide nanoparticles (SPIONs) have been proposed as
magnetic imaging agents but can be affected by external
magnetic fields. Intravital microscopy of fluorescently labeled
starch-coated SPIONs demonstrated steady flow within the
CAM vasculature in the absence of a magnetic field.'®® When a
magnetic field was added, agglomeration and reduced velocity
of flow were readily apparent. When the field was removed,
there was a partial dissolution of the agglomeration.
Interestingly, when the particles were examined in a micro-
fluidic channel, the agglomerates dissolved entirely,188 high-
lighting the need to use biological systems to understand the
behavior of nanomaterials for biomedical uses.

Intravital microscopy in the CAM can also be used to
understand the interactions of cancer cells with the vasculature,
such as cancer cell extravasation, a major step in the
development of metastasis. Single cells can be imaged and
their behavior quantified after injection into the CAM. These
direct observations can provide additional insight into the
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Figure 7. Intravital microscopy showing binding and cargo delivery by antibody-targeted lipid-coated MSNPs to leukemia cells. Leukemia
cells were injected into the CAM vasculature and imaged 4 h (A—C) and 16 h post injection (D—F). Fluorescence microscopy showed that
the leukemia cells (blue) within the vasculature (lectin vascular stain, lavender) were bound by lipid-coated MSNPs (red) loaded with cell
impermeant cargo (YO-PRO-1, green) at 4 h postinjection. By 16 h postinjection, the membrane impermeant cargo has been released from
the lipid-coated MSNP within the leukemia cell. Adapted with permission from ref 84.

importance of expressed proteins and the effects of drugs on
this important process.””"’® Similarly, the effects of nano-
particles on cancer cells can be directly observed within the
CAM. The CAM system was first used to demonstrate the
ability of lipid-coated MSNPs (LC-MSNP) with antibody
targeting to remain in circulation.” Following confirmation
that the nanoparticles would remain in circulation, the ability
to bind to leukemia cells within the blood was assessed.
Leukemia cells were injected into the CAM vasculature
followed by injection of fluorescently labeled antibody targeted
LC-MSNPs. The targeted LC-MSNPs were able to bind to
intravascular cancer cells amidst pulsatile flow and accumulated
on the surface of the leukemia cells over time. The addition of
a fluorescent cargo to the lipid-coated antibody-targeted
MSNPs allowed the observation of binding 4 h postinjection
and direct delivery of the fluorescent cargo to the leukemia cell
16 h postinjection (Figure 7).**

While the use of intravital imaging in the CAM has been
primarily utilized for understanding cancer cell and tumor
behavior, there is great potential to use this modality to
develop nanomaterials for cancer therapeutics. Intravital
imaging has been utilized at a single-cell scale to monitor
tumor cell extravasation in three dimensions and at a micro-
metastasis scale to monitor tumor cell spread over time (Figure
8A,B).711E190 Although these studies often focused on
understanding the mechanisms of these processes, these
methodologies could be readily translated to the development
of nanomaterial therapeutics aimed at reducing metastatic
spread. Further, the ability to examine the effects on individual
cells can facilitate the development of targeted therapies to the
proteins and mechanisms engaged in tumor cell migration.
Since the CAM model allows direct cell visualization and
vascular injection of chemicals, cancer model cells that can be

induced chemically to express fluorescent proteins in response
to stimulation can be utilized (Figure 8C).""" In the CAM,
chemically induced expression of E-cadherin could be
monitored in real time in extravasated tumor cells and
correlated with cell morphology.'”" While this study focused
on E-cadherin, a number of model cancer cell lines have been
developed for mechanistic studies and most if not all of them
could be applied to studies within the CAM. The ability to
rapidly translate cell models into the CAM and perform
detailed visual analysis in response to nanotherapeutics has the
potential to accelerate the development of nanoparticle-based
cancer therapies.

A major area of development for nanomaterials is the
development of imaging agents, for both research and clinical
diagnostics, and combined therapeutic and diagnostic materials
(theranostic agents)."”” In this arena, the chick embryo and its
CAM are highly applicable. While optical imaging has limited
applications in the clinic for most disease states,'”” optical
imaging using fluorescent cells or particles in small animals is a
major method in understanding cancer cell behavior and
therapeutic development. In the CE, the ability to visualize
small metastases of fluorescent melanoma cells to the liver
(Figure 8D) and lun%s has been demonstrated using a
common in vivo IVIS.”' In these studies, melanoma cells
expressing fluorescent proteins as markers as well as proteins of
interest were vascularly injected. The fluorescent labels allowed
quantification of the effect the proteins of interest have on the
metastatic potential of the melanoma cells.”" While this study
was focused on the importance of the expression of different
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Figure 8. Intravital and fluorescence-based imaging in the CAM, xenografts, and avian embryo. (A) Intravital imaging of single melanoma
cells (yellow) extravasating in the CAM capillary network (green). (B) Monitoring the spread of GFP-labeled epidermoid carcinoma
micrometastases through the CAM over time. Adapted with permission from ref 189. Copyright 2011 Journal of Visualized Experiments. (C)
Monitoring the real-time expression of conditionally expressed E-cadherin (green) in extravasated (yellow) breast cancer cells in response to
chemical induction. Images in (C) were reproduced with permission under a Creative Commons CC-BY license from ref 191. (D) Optical
imaging of fluorescent metastatic melanoma cells in the liver of the avian embryos S days post vascular injection. Images in (A) and (D) were
reprinted in part with permission under a Creative Commons CC-BY license from ref 71. (E) Phase contrast and optical imaging of FITC-
labeled PMO nanoparticles accumulated in the tumor 3 days post vascular injection. Images in (E) were reproduced with permission under a

Creative Commons CC-BY license from ref 95.

proteins, fluorescent cancer cells could also be used to study
the therapeutic efficacy of nanoparticles in treating or
preventing metastases in the CAM.

Optical imaging of vascular particle delivery has also been
tested in the CAM using fluorescein isothiocyanate (FITC)
labeled PMO NPs.”” Lung cancer xenografts were established
on the CAM, and after xenograft establishment, the labeled
PMO NPs were injected into the vasculature. Three days
postinjection the tumors and organs were harvested and
optically imaged (Figure 8E).”> The optical imaging
demonstrated significant accumulation of the PMO NPs in
the tumor and negligible accumulation in other organs,
supporting the use of PMO NPs for tumor-targeted
therapeutic delivery. While the studies to date of the chick
embryo and CAM for optical imaging have been limited, they
demonstrate the potential to utilize the CAM and chick
embryo as a rapid way to accelerate nanoparticle development
using this common imaging tool. Beyond the optical imaging
component for therapeutic development, the chick embryo and
CAM are amenable to a wide range of other imaging tools.

One of the clear advantages to the CAM system is the ability
to visualize both the xenograft and the associated vasculature
without the need for surgery to expose the tumor. This also
makes the CAM xenograft model system ideal for technologies
that monitor vascular perfusion in real time, such as laser-
speckle perfusion imaging (LSPI; Figure 9A)."”* This imaging
modality records dynamic blood flow in real time and can
reveal tumor hypoxia and angiogenic vessel growth induced by
the xenograft. LSPI was used to gain insight into the response
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of glioblastoma xenografts to antiangiogenic and lactate uptake
inhibitors in the CAM.'”® Antiangiogenic treatments in clinical
trials have not led to the expected increase in survival and cure
for cancer patients and have demonstrated increased metastasis
in animal models. One rationale for this has been that
antiangiogenic therapies lead to increased tumor hypoxia,
which can increase the aggressiveness of the cancer cells. LSPI
combined with xenografts on the CAM revealed that
antiangiogenic therapy led to a decrease in active angiogenesis,
demonstrated by not only a reduced density of vessels around
the tumor but also an increase in hypoxia within the
xenograft.193 When a second treatment was added, a lactate
uptake blocker, active angiogenesis was reduced without the
increase in tumor hypoxia seen with antiangiogenic treatment
alone. Further, dual treatment reduced the spread of tumor
cells out from the xenograft.'”> While this research focused on
drug therapies, this same methodology could be applied to
nanomaterials designed to alter angiogenesis or target tumor
neovasculature. Furthermore, the easy accessibility of the CAM
xenograft models combined with LSPI would allow rapid
assessment of the combination of nanotherapeutics with drugs
to enhance the effect. Similarly to optical imaging techniques,
LSPI combined with xenografts in the CAM provides a rapid
way to screen and select promising nanomaterial-based
therapeutics.

Xenografts in the CAM have also been studied using
ultrasonography. Due to the nondestructive nature of ultra-
sound measurements, repetitive sonography can be used to
monitor tumor growth and vascularization.'”* Xenograft size
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Figure 9. Intravital and fluorescence-based imaging in the CAM, xenografts. and avian embryo. (A) Quantification of tumor perfusion using
laser-speckle perfusion imaging (LSPI). Glioblastoma xenografts were imaged without treatment (upper left), treatment with antiangiogenic
therapy (upper right), lactate uptake blocker (lower left), or a combination of both therapies. Reprinted with permission under a Creative
Commons CC-BY license from ref 193. (B) Ultrasound monitoring of xenograft growth in the CAM. Adapted with permission under a
Creative Commons CC-BY license from ref 194. (C) Conventional vascular imaging using ultrasound (left) and optimized ultrasound
microvessel imaging (right). Images in (C) were adapted with permission from refs 227 and 228. Copyright 2022 C. Jeffrey Brinker. (D)
MRI imaging of chick embryo for development of MRI contrast agents. The liver is highlighted as the region of interest (green), and the
background is chosen outside of the egg. Reprinted with permission under a Creative Commons CC-BY license from ref 202. (E) SPECT/
CT images of chick embryo and mice after injection of [**"Tc]-DMSA contrast. Arrows highlight the kidneys, demonstrating matching
bioaccumulation in chick embryo and mice. Adapted with permission from ref 207. Copyright 2015 Elsevier. (F—H) PET/CT images of the
CE and CAM. (F) Two-dimensional coregistered PET and CT images of avian embryo and glioblastoma (arrow) after '*F-FDG injection.
(G) Visual comparison of the photographed avian embryo with glioblastoma xenograft and PET/CT image at the level of the CAM. (H) 3D
overlay of PET and CT images of '*F-FDG uptake in the embryo and glioblastoma xenograft on the CAM (arrow). Images in (F)—(H) were
reprinted with permission from ref 208. Copyright 2013 Journal of Nuclear Medicine.

can be easily measured using ultrasound on the CAM surface
(Figure 9B)."”* Tumor growth measurements can be
complemented by studies of tumor vascularization using
duplex ultrasonography, which looks at the blood flow and
vessel structure.'”* Vascular blood flow within CAM xenografts
has been evaluated using standard ultrasound Doppler imaging
and ultrasound-based microvessel imaging (Figure 9C).'”
Standard ultrasound vasculature imaging has low sensitivity to
vessels with slow blood flow, which is common in tumor
vasculature. To increase the resolution of microvessels within

the xenograft, ultrasound microvessel imaging (UMI) was used
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to resolve blood flow throughout the xenograft in the CAM
(Figure 9C).'?>**”?** The use of UMI was able to differentiate
the response of xenograft microvasculature to treatment with
antiangiogenic agents and to reveal the development of
'%% Ultrasonography is
nondestructive to the chick embryos and the CAM, facilitating

avascular regions within the xenograft.

longitudinal studies for time-resolved response to therapies in
both tumor size and vascularization. There is a wide range of
nanotherapeutics under development for ultrasound-assisted
therapy and imaging,'*°~'*® and the CAM xenograft models in
conjunction with standard ultrasound, duplex ultrasonography,
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and UMI imaging could accelerate the development of these
imaging and therapy agents.

Magnetic resonance imaging (MRI) has also been applied to
avian embryos and CAM xenograft models. MRI imaging can
be used to visualize xenografts grown on the CAM and the
embryo itself with the use of anesthesia and cooling to facilitate
imaging the living embryo.'”” Furthermore, detailed studies of
the development of sgeciﬁc organs of interest, such as the brain
or eyes, are possible.”””*°" Due to the ability to resolve organs
in the living embryos, the chick embryo has been proposed as a
model for initial evaluation of contrast agents for MRL*’” The
region of interest, such as the liver, can be selected and
compared to a background region outside the egg (Figure 9D)
to evaluate promising contrast agents.”’> The chick embryo
was utilized to study the effect of dose on contrast
enhancement in the liver and umbilical vein and biodistribu-
tion of contrast over 40 h postinjection. MRI can also be
applied to CAM xenografts and used to evaluate the contrast
potential of nanoparticle contrast agents. The distribution of
gadolinium tetraazacyclododecanetetraacetic acid (Gd-DOTA)
conjugated micelles were compared to standard Gd-DOTA in
xenografts in the CAM, demonstrating an increased signal to
noise ratio with the micelles.””> MRI combined with CAM
xenografts has also been used to evaluate the localization of a
protein-/polymer-based nanoscale theranostic for triple-neg-
ative breast cancer. This nanoscale theranostic is composed of
albumin and PEG loaded with doxorubicin and labeled with
DOTA-Gd to act as an MRI contrast agent.””’ The resulting
particles are ~100 nm in size and were shown to preferentially
accumulate in the xenograft tumors implanted within the CAM
overtime.””

Another interesting use of MRI is the tracking of cells
labeled with MRI visible nano- and microparticles over time.
SPION-labeled melanoma cells were injected in the neural
tube of a chick embryo, and the migration of the cells along the
neural crest pathways was followed for 16 days post-
injection.””* Other cell types beyond tumor cells can also be
tracked in this manner and mesenchymal stem cells labeled
with iron oxide nano-/microparticles implanted in the avian
embryo brain were readily trackable by MRL>" Interestingly,
this study also labeled the mesenchymal stem cells with a
fluorescent protein called TdTomato, which allowed coregis-
tration of the location of live cells expressing TdTomato via
optical imaging with the MRI scans of the theranostic particles,
confirming the retention of the particles within the living
cells.>” While these studies focused on the behavior of cells in
the neural tube and brain, CAM xenografts created with cells
prelabeled with Gd-based nanoparticles were clearly visible by
MRI.>% Together, these studies suggest that MRI could
facilitate tracking of labeled tumor cells migrating from a
xenograft on the CAM.

Finally, the chick embryo and its CAM can also be imaged
via computed tomography (CT), positron emission tomog-
raphy (PET), and single photon emission computed
tomography (SPECT). The chick embryo has been proposed
as an alternate to mouse models for the evaluation of
radiopharmaceuticals and was evaluated in a head to head
comparison between the two model systems using SPECT/CT
imaging (Figure 9E).””” The comparisons included biodis-
tribution and clearance of multiple radiotracers, including
those with expected accumulation in thyroid, bone, and
kidneys. For example, the accumulation of [**"Tc]-DMSA was
in the kidneys in both avian embryos and mice (Figure 9E)

and 'I" accumulated in the thyroid in both species.””” The
data presented in the study supported the use of the chick
embryo as a cost-effective equivalent for radiotracer develop-
ment and studies using SPECT/CT, which could also be
applied to nanoparticle-based radio tracers. PET and PET/CT
imaging has also been demonstrated in chilled or anesthetized
avian embryos.'”” PET/CT imaging using '*F-FDG demon-
strated significant uptake in a glioblastoma xenograft on the
CAM (Figure 9F—H) as well as a 3D image of the entire chick
embryo.”” These studies support the use of the chick embryo
and its CAM for the development of nanoimaging agents and
nanotheranostics.

FUTURE APPLICATIONS OF THE CHICK EMBRYO IN
NANO-BIO STUDIES

Pursuits of screening candidate NPs can be enhanced in the
future by the use of transgenic chick embryos.”” One key
example is the use of the Roslin GFP chicken line, wherein
each nucleated cell overexpresses GFP protein.”' This line
could be used to visualize and quantitate the uptake of
fluorescently labeled particles in the red—NIR emission range
by any cell within the chick embryo. There is a TdTomato
version of this line if the NPs being produced can only be
labeled with green emission fluorophores.”"' For specific
uptake by the nascent immune cells within the embryo, the
CSFIR-eGFP and CSF1R-mApple reporter transgenic chicken
lines”'” enable studies of NP uptake by immune cells, which
would help predict immunogenicity of the same NPs in rodent
models.

If screening of NPs in chick embryos requires loss of
function or gain of function models, the iCaspase9 surrogate
line can be used to form genetically altered chicken lines.*'”
This is a laborious technique, since it requires microinjection
of the vector into isolated blood cells, followed by an
expansion of clones. These clones are then injected along
with a chemical that enables recombination into iCaspase9
host embryos. However, the results are strong because 100% of
all offspring are genetically altered. The application of this
might be the development of mature immune cells that would
enable more native studies of NP bioactivity in vivo. Another
approach is the DDX4 KO chicken line, which has a
transcription activator-like effector nuclease (TALEN) ex-
pression cassette for customized genetic manipulation.”"*
However, the major limitation with these genetic manipulation
approaches is that there is no guarantee that transgenesis will
occur early in development, as these have only been proven to
be effective in adult chickens.

Another emerging tool is 3D printing of holding containers
for ex ovo chick embryos. There are some 3D-printed materials
that enable use of air-breathable plastics so that the CAM can
be manipulated for imaging. These would enable easier whole-
body imaging such as PET, MRI, and CT imaging.
Customizable platforms for imaging of the CAM are very
important for achieving high-resolution visualization of NP
versus cellular interactions. For instance, we developed a
“chick-ubator” which fixes a glass coverslip onto the surface of
the CAM, thus immobilizing the tissue and enabling
immersion objective based microscopy (Figure 1E in ref S
and Figure 3E in ref 76). The chick-ubator facilitates the high-
resolution imaging of cancer cell metastasis (Figure 9A), NPs
in the vasculature (Figure 4), and NP interactions with target
cells (Figure 8).
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Table 3. Comparison of CAM versus Other Models for Nano-Bio Studies

Human Chick Embryo] 2D culture 3D culture Mlccrz::)usldlc Zebrafish Mice Rats Primates
GCost $55% $ $ $-$% $-5% $5 $$-5%% $5-$5% $5%9%
Ease Difficult Easy Easy Medium Medium Easy Medium Medium Difficult
Need for REB Yes No No No No No No No No
Grthobopic Tamor Yes No Yes Yes Yes Yes
Formation
B Yes Yes Yes Yes Yes
ormation
Wetastasls Yes Yes No No No Yes Yes Yes Yes
Formation
Pharmacodynamics Yes Yes No No No Yes Yes Yes Yes
Pharmacokinetics Yes Yes No No No Yes Yes Yes Yes
Serum Half-Life Yes Yes Yes Yes Yes No Yes Yes Yes
Interaction with 8 :
Stiomicl Cails in vitro Yes Yes Yes Yes Yes Yes Yes Yes
E"“E’“"f’" yith in vitro Yes Yes Yes Yes Yes Yes Yes Yes
ndothelial Cells
Intravital Imaging Yes Yes Yes Yes Yes Yes
|M'C'.°5°°p'c in vitro Yes Yes Yes Yes Yes Yes Yes Yes
maging of NP
Humen p'.“.’smh’g'c Yes Yes Yes Yes Yes No Yes Yes Yes
Conditions

Moving forward, a means of reliably and easily micro-
injecting NPs and other chemicals intravenously is desperately
needed. The technique of intravenous injection (as described
in refs 6 and 76) requires significant training and is critical for
nano-bio studies with the CAM. This is more straightforward
with rodent models, due to the ubiquity of tail vein injection.
However, learning to do both techniques requires the same
amount of training and effort. In order to increase the utility of
chick embryos for nano-bio studies, devices that enable
microinjection will need to be developed. Ideally, this would
be coupled to surface of the CAM and induce minimal blood
coagulation, similar to implantable vascular ports used in
mammalian models. This would enable longitudinal studies
wherein NPs/chemicals are released into the circulation at
various time points.

While the CE and CAM have many uses in evaluating NPs
for biomedical use and there are many improvements currently
underway in this model, there are some unknowns and
limitations as well. Some of these limitations have to do with
the model itself; due to the nature of the CE model, the studies
must be relatively short term compared to rodent models.
Although the effects of many drugs and nanotherapeutics can
be observed in the 2—3-week time frame allowed by the CE
and CAM, studies focused on long-term effects and acquired
resistance will require modification, such as preconditioning
the cells to acquire resistance before grafting, to utilize the CE
model. As the embryo is also developing over time, studies that
focus on specific organs or the immune system will require
testing and validation to determine if there is a preferred time
frame in development for the study or if this model system is
appropriate at all. Additionally, the CE is an avian model; thus,
there are differences in proteins and organs from humans. This
could be critical if a specific interaction is targeted, such as an
antibody or enzyme expressed in the ECM, vasculature, or
target organ. For example, the use of a human erythrocyte
membrane to encapsulate MSNPs resulted in rapid sequestra-
tion by chick embryo blood cells in the CAM (Movie 3 and
Figure 3D). This interaction is likely mediated by a mismatch
between human and avian proteins and highlights the potential
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for mismatch to affect NP behavior. In the case of the ECM
and vasculature present in the stroma, some of the proteome
has been mapped; therefore, a verification of the target
presence may be possible.”"> Additionally, if a particular cell
type not present in the CAM is needed in tumor stroma,
cografting stromal cells with tumor cells can be a potential
solution.®’

An area specific to NP interaction where differences between
mammalian and avian proteins could present an issue is the
development of a “protein corona” around the NP. In any
physiological environment, proteins adsorb to the surface of
NPs. This protein corona changes over time and can have
profound effects on pharmacokinetics, tissue accumulation,
and toxicity of nanomaterials.”'®*'” The protein corona has
had only limited studied in avian systems. Interactions between
TiO, NPs and CE albumin demonstrated protein adsorption
to the NP surface forming a protein corona.”'® A more relevant
study has also been performed with vascular exposure.
Recovery of LC-MSNP from the CAM vasculature after
circulating for 30 min showed an increase in size of 9%, with
further increases in size with additional circulation time of up
to 23% at 240 min.** This size increase demonstrates the
presence of a protein corona that can change over time in
CAM vasculature. While these studies have confirmed that
protein coronas are formed when NPs interact with the CE
and CAM, no study has yet looked at the composition of the
protein corona and if it is representative of the protein corona
that forms in mammalian models or humans.

Overall, the chick embryo and its CAM offer a multitude of
opportunities for studying nano-bio interactions in vivo while
foregoing the major costs associated with rodent models and
minimizing rodent euthanasia (Table 3). While mouse models
when used to study NP interactions with vessels offer
invaluable spatial information, they can be costly and
underpowered.”***** Although the CAM is a seldom used
model, the qualities and advantages provided should make the
CAM an attractive model for pharmacokinetic and pharmaco-
dynamic studies. This preclinical model can provide rapid
screening of NP behavior under physiologically relevant
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Figure 10. Role of the chick embryo (CE) model for bridging experimental efforts toward clinical modeling of NPs. (A) The CE can be a
cost-effective, humane, and rapid means of evaluating many NP candidates prior to experimentation in rodent models. (B) The CE can also
be used to optimize the dose for a lead candidate NP that already has a known antitumor effect. The CE offers the ability to perform
longitudinal imaging of NP distribution at a low cost for various NP concentrations. After optimization, the determined dose can then be
applied in rodent models to confirm therapeutic potential. Image of culture plate adapted with permission under a Creative Commons CC-

BY license from ref 226. Copyright 2020 TOGO.

conditions, becoming a rapid, accessible, economical, and more
ethical means of qualifying nanoparticles serving as a bridge
between in vitro assessments and rodent in vivo studies. As
shown in Figure 10, the CAM can act as an intermediate
preclinical model that would assist investigators in their NP
nomination strategy as they reduce their NP candidate pool to
a smaller pool for in vivo analysis in rodent models (Figure
10A). It can also be used to optimize dosing of a lead
candidate NP that has initial promise in terms of antitumor
efficacy. When the CE is used in this way, dosing of NP across
a large range of concentrations can be performed at a low cost.
Moreover, extensive longitudinal analyses can be performed
within the first 12 h of dose administration (Figure 10B).
When an optimal dose is determined, it can then be applied in
rodent models again to confirm the same antitumor effect.
With these capabilities offered by the chick embryo, we
envision its use to become more widespread as nano-bio
studies become increasingly fraught with cost, visualization,
and ethical issues.
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