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In the era of the advanced nanomaterials, use of nanoparticles has been highlighted
in biomedical research. However, the demonstration of DNA plasmid delivery with
nanoparticles for in vivo gene delivery experiments must be carefully tested due to
many possible issues, including toxicity. The purpose of the current study was to deliver
a Notch Intracellular Domain (NICD)-encoded plasmid via poly(lactic-co-glycolic acid)
(PLGA) nanoparticles and to investigate the toxic environmental side effects for an
in vivo experiment. In addition, we demonstrated the target delivery to the endothelium,
including the endocardial layer, which is challenging to manipulate gene expression for
cardiac functions due to the beating heart and rapid blood pumping. For this study, we
used a zebrafish animal model and exposed it to nanoparticles at varying concentrations
to observe for specific malformations over time for toxic effects of PLGA nanoparticles
as a delivery vehicle. Our nanoparticles caused significantly less malformations than the
positive control, ZnO nanoparticles. Additionally, the NICD plasmid was successfully
delivered by PLGA nanoparticles and significantly increased Notch signaling related
genes. Furthermore, our image based deep-learning analysis approach evaluated that
the antibody conjugated nanoparticles were successfully bound to the endocardium
to overexpress Notch related genes and improve cardiac function such as ejection
fraction, fractional shortening, and cardiac output. This research demonstrates that
PLGA nanoparticle-mediated target delivery to upregulate Notch related genes which
can be a potential therapeutic approach with minimum toxic effects.

Keywords: PLGA nanoparticles, toxicity, non-viral transfection, zebrafish, gene delivery, Notch signaling

INTRODUCTION

Since the early 2000s, more than 130 nanotechnology-based drug or delivery systems have been
in clinical or pre-clinical studies (Duan et al., 2013). There have been numerous successes with
differing delivery methods such as oral, local, topical, and intravenous delivery (Anselmo and
Mitragotri, 2016). In fact, each mode of delivery mentioned has at least one FDA approved
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nanoparticle drug or delivery system (Barenholz, 2012;
Cortajarena et al., 2014; Hua, 2015; Min et al., 2015). With
the boom in nanotechnology, there is a greater need for more
rigorous and meaningful pre-clinical studies using animal
models to demonstrate the drug delivery efficiency validation.

The zebrafish (Danio rerio) are gaining traction as high
throughput animal model that has easy maintenance and a
fast developmental stage compared to other vertebrate animal
models (Isogai et al., 2001; Bakkers, 2011). Additionally, many
genes in the cardiovascular system and development are highly
conserved between humans and zebrafish (Isogai et al., 2001;
High and Epstein, 2008; Peshkovsky et al., 2011; Lee et al.,
2016). Although the cardiac anatomical structure is significantly
different, having one atrium and one ventricle, zebrafish have
a similar electrophysiological signal and similar heart rate to
that of humans at 110–130 beats per minute (bpm) (Hull et al.,
2019). Alternatively, other small animal models, such as mouse,
rats, and rabbits, have higher heart rates (Milani-Nejad and
Janssen, 2014). Furthermore, by taking advantage of fluorescent
technique, transparent zebrafish during early development gains
leverage to study pharmacology, developmental biology, and
molecular biology. For example, Smith et al. demonstrated that
mutations in genes that were not previously related to congenital
heart defects, but were then evaluated in zebrafish, showed that all
10 of the previously unrelated genes affected the atrioventricular
canal, endothelial cushion, and valve malformations (Smith et al.,
2009; Bakkers, 2011). Additionally, there are many congenital
diseases that can be modeled in zebrafish to better understand
the basic concepts of the genetic mutation (Bakkers, 2011).

Zebrafish are also a great model to evaluate toxicity of
drugs or other treatments (Dai et al., 2014; Haque and Ward,
2018; Kumari et al., 2020; Elfawy et al., 2021; Verma et al.,
2021). In addition to the high fecundity and transparency, their
small size allows for multi-well assays to be easily used. As an
important approach to validate nanomedicine using zebrafish,
delivery through nanomaterial-based systems, such as PLGA
nanoparticles, has been shown to reduce the adverse effects as
well as to control the release of therapeutics by prolonging the
drug while circulating in cardiovascular system (Thorley et al.,
2014; Blanco et al., 2015; Chang et al., 2015; Messerschmidt et al.,
2021b). However, translation of nanomedicines into clinical use
is still a long-term challenge. Therefore, zebrafish are the first
suitable animal model to evaluate the therapeutic approach of
drugs and/or for testing toxicity to understand the molecular
events of drug efficacy including siRNA delivery to injured
zebrafish heart (Wang et al., 2019).

Even though there are numerous advantages to using zebrafish
as a toxicology model, there are also limitations. First, chemicals
or treatments are often dissolved into the fish media environment
to expose them (Hill et al., 2005; Hu et al., 2011; Teijeiro-Valiño
et al., 2017; Verma et al., 2021). The drawbacks to this method are
that the treatments are administered or uptaken by methods that
are not consistent with that of mammalian animal models (Cassar
et al., 2020; Verma et al., 2021). For example, treatments in the
liquid environment might be uptaken via the gills, oral route, or
diffusion through the chorion depending on development stage.
The differing exposure routes cannot be completely controlled

by environmental exposure (Cassar et al., 2020; Verma et al.,
2021). Additionally, drugs that degrade in water could expose
the developing embryos to the break-down products of the
intended treatment, rather than the treatment itself (Verma et al.,
2021). Additionally, treatments that are not water-soluble cannot
be easily administered in this manner, adding an additional
complication (Verma et al., 2021). However, zebrafish studies
have furthered in vivo toxicity experiments helped determine
possible dosages for mammals and higher-level animal studies.

Notch signaling is essential for proper development of the
heart, among other organs. However, it is also present in
cancers, which requires that Notch manipulation by highly
targeted in order to reduce potential side effects (Monticone
and Miele, 2021). Notch is a membrane-bound protein that
releases the Notch Intercellular Domain (NICD) once it is
activated. The selectivity of the Notch signal depends on the
concentrations of glycosyltransferases, and can alternate between
delta-like ligands (DLL) or jagged (Jag) ligands (D’Amato
et al., 2016). Additionally, Notch regulates cell signals between
the endocardium and myocardium for chamber development
(Chau et al., 2006; D’Amato et al., 2016). Without the cross
communication, the heart cannot develop correctly.

Many groups have altered the expression levels of Notch to
observe the effects. One group has forced Notch expression by
utilizing retroviruses in chicks. Once the NICD is overexpressed,
there was a reduction of cardiac myocyte markers (High and
Epstein, 2008). Because of this down regulation, there were
secondary effects that downregulated the vascular-endothelial
(VE)-cadherin, which cause morphological changes (High and
Epstein, 2008). Others have used knockdown techniques in
zebrafish to show that without Notch, there are cardiac
deformities (Milan et al., 2006; Bakkers, 2011). There are in depth
review articles about Notch signaling and cardiac development
(Chau et al., 2006; High and Epstein, 2008; Nemir and Pedrazzini,
2008; Niessen and Karsan, 2008; Bakkers, 2011; de la Pompa and
Epstein, 2012; D’Amato et al., 2016).

Poly(lactic-co-glycolic acid) (PLGA) has been widely used as
a biomedical material due to the cells ability to tolerate it and
its break down products, lactic and glycolic acid (Makadia and
Siegel, 2011). PLGA is popular as a drug carrier for proteins
(Golub et al., 2010; Allahyari and Mohit, 2016; Haji Mansor
et al., 2018), hydrophobic drugs (Shi et al., 2015; Allahyari and
Mohit, 2016; Khan et al., 2016; Malinovskaya et al., 2017; Madani
et al., 2018; Wilkosz et al., 2018; Lu et al., 2019; Choi et al.,
2020) and hydrophilic drugs (Dalpiaz et al., 2016). More recently,
PLGA has been used to carry genetic information to cells (Gvili
et al., 2007; Cun et al., 2011; Amreddy et al., 2017; Guan and
Rosenecker, 2017; Kalvanagh et al., 2019; Messerschmidt et al.,
2021a). The various payload types speak to the versatility of
PLGA and its’ ability to protect and deliver the contents to the
body. Additionally, PLGA can be functionalized to further target
specific cell lines (Kocbek et al., 2007; Fan et al., 2014; Shi et al.,
2015; Khang et al., 2020; Messerschmidt et al., 2021a).

Like other target therapeutic delivery systems, the delivery of
a nano-vehicle to the organ level in vivo remains a challenging
issue (Barenholz, 2012; Min et al., 2015; Anselmo and Mitragotri,
2016, 2019). In this study, we aimed to investigate the toxicity
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level of PLGA nanoparticles to developing zebrafish if there is
any as well as targeted delivery of Notch intracellular domain
(NICD) plasmid by conjugation of PLGA nanoparticles with
anti-Tie2+Tie1 antibody in order to upregulate the endothelial
Notch signaling pathway. Furthermore, we evaluated the various
types of environmental and physiological effects of PLGA
nanoparticles to developing zebrafish and quantify cardiac
functions by adopting deep-learning methods.

Herein, we consider it is essential to profile the binding
and uptake of nanoparticles into the cellular level. We
exposed zebrafish from 4to 96 hpf to varying concentrations
of nanoparticles. A commonly used positive control of ZnO
nanoparticles was utilized to determine the statistical relevance
of genetic malformations (Hu et al., 2011; Duan et al., 2013;
Teijeiro-Valiño et al., 2017). After a nanoparticle injection, the
cardiac mechanics were evaluated as well as the transcriptional
expression of Notch signaling related genes. Our data suggests
that the PLGA nanoparticles are safe for developing zebrafish,
as well as validates efficacy of the delivery vehicle by
successfully upregulating Notch pathway related genes in an
in vivo environment.

MATERIALS AND METHODS

Zebrafish Husbandry
The zebrafish used for this study was raised and maintained
in our zebrafish core facility under required regulations under
the University of Texas at Arlington and University of North
Texas Institutional Animal Care and Use Committee (IACUC)
protocols. Wild-type AB Zebrafish (Danio rerio) embryos were
collected after mating. To ensure a clear image, a medium
composed of 0.0025% phenylthiourea (PTU) was used to
suppress pigmentation at 20 h post-fertilization (hpf) (Lee et al.,
2013). Every 24 h, the E3 media (CaCl2.2H2O 0.33 mM, MgSO4
0.33 mM, NaCl 5 mM, KCl 0.17 mM, in 1 L of Milli-Q water) was
exchanged, and the unfertilized or dead embryos were removed.

Nanoparticle Preparation
TetO-FUW-NICD was a gift from Rudolf Jaenisch (Addgene
plasmid #61540) (Cassady et al., 2014). Poly(D, L-lactide-co-
glycolic acid) nanoparticles (PLGA, 50:50, 55–65 kDa, Akina Inc.,
West Lafayette, IN, United States) were fabricated by a standard
double emulsion method as previously described (Messerschmidt
et al., 2021b). In brief, 250 µg of plasmid was diluted in 5%
glucose solution to 200 µL which was then emulsified into
0.5 mL of 5% (w/v) PLGA solution in chloroform using a probe
sonicator at 40W energy output for 15 s to form a primary
water/oil emulsion. The primary emulsion was then emulsified
into 3 mL of 4% (w/v) PVA solution by sonication and later
dropped into 7.5 mL of 0.3% (w/v) PVA solution while stirring.
The final mixture was then stirred for 3 h at room temperature,
and particles were collected by centrifugation. Nanoparticles
were then lyophilized until completely dry before use. For a
control, empty nanoparticles were loaded with only 5% glucose,
no plasmid, following the same protocol as above.

Nanoparticle Dosage and Toxicity Study
To evaluate the environmental toxicity effect of PLGA
nanoparticles, zebrafish embryos were harvested at 4–5 hpf.
Then, empty PLGA nanoparticles at various concentrations
(2, 10, 25, 50 mg/mL) were suspend in E3 media mixed with
methylene blue. E3 media alone served as a control. 50 embryos
were placed in each petri dish with 25 mL of nanoparticle
suspension. At 24−, 48−, 72− and 96-h post treatment (hpf),
we performed a blind study to observe the hatching rate, survival
rate, and malformations of embryos at each developmental
stage after injection of different concentrations (n = 50). To
distinguish the dead embryos, methylene blue added to E3 media
and stained dead fish with a solid blue color while maintaining an
antifungal condition. Malformations were the following: chorion
with debris, delayed development, no movement at 24 h post
treatment, pericardial edema, yolk sac edema, bent trunk, and
tail malformations. At each time point, images were taken of each
embryo for analysis. For malformation analysis, four individuals
(high school volunteers) were asked to rank the malformations
on a scale from 0 to 2, where 0 is no malformation, 1 when the
malformation is present, and 2 the malformation is severe. All
traits were added together to show the overall malformation
score. A fish was considered “hatched” if it had completely
broken out of the chorion. The following equations were used
for hatching rate and survival rate:

Hatching Rate =
Number of Hatched Fish per Group
Total Number of Fish in Group

× 100%

Survival Rate =
Surviving Fish Per Group

Total Number of Fish in Group
× 100%

Zebrafish Injection
Zebrafish larvae were harvested at 48 hpf and incubated in
buffered 0.003% tricaine until larvae were sedated to ensure
proper anesthesia. The larvae were then placed in a 2% agarose E3
media mold laterally to visualize the heart and common cardinal
vein (CCV) (Cosentino et al., 2010; Smith et al., 2015). All
nanoparticles were at a concentration of 25 µg/mL in saline (0.9%
NaCl) and injected using a total volume of 5 nL. Doxycycline was
added to E3 media to induce translation of the TetO-FUW-NICD
plasmid at a final concentration of 2 µg/mL.

In vivo Bio-Distribution
Through the CCV of 48 hpf zebrafish larvae, we have
injected coumarin 6-loaded Anti-Tie2+Tie1 conjugated PLGA
nanoparticles suspended in saline. After 2 h, 10× images were
taken to observe the location of the nanoparticles if nanoparticles
were successfully targeted in vascular system. Videos at 10×
magnification (IX-73, Olympus, Tokyo, Japan) were also taken,
shown as representative stills, to depict nanoparticles in the
circulatory system (Supplementary Video 1).

Reverse Transcriptase Quantitative PCR
Zebrafish larvae were harvested at 48 hpf and injected into the
CCV with the following groups: saline (0.9% NaCl), or saline with
NICD-loaded Anti-Tie2+Tie1 conjugated PLGA nanoparticles.
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The stability of our plasmid loaded PLGA nanoparticles was
assessed prior to injections by measuring the size using Dynamic
Light Scattering (DLS) technique in both saline and complete cell
growth media with 10% serum. The nanoparticles were injected
with 25 µg/mL, based on the tested toxicity performed. After
12 h post injection (hpi) (at 2.5 days post fertilization = dpf
zebrafish), 24 hpi (at 3 dpf zebrafish) and 48 hpi (at 4 dpf
zebrafish), zebrafish were sacrificed with an overdose of tricaine.
The whole zebrafish was then homogenized by a homogenizer
(Bertin Instruments, Montigny-le-Bretonneux, France), and
RNA samples were isolated using Bio-Rad’s Aurum Total RNA
Mini Kits. cDNA was synthesized using Bio-Rad’s iScript cDNA
Synthesis kits. PCR was conducted in triplicate with the primers
described in Lee et al. (2016). In addition, to understand gene
expression level changes in the hearts, we have bred and setup
the same experiment as above. Then, the embryonic hearts were
isolated under a dissecting microscope, and RT-PCR was run as
previously described in Yang and Xu (2012).

Target Forward primer Reverse primer

zNICD GCAGGATCCACCATGGGTTGTG
GGGTGCTGCTGTCCCGCAAG

CTTGAATTCTTACTTAAATGCC
TCTGGAATGTGGGTG

zNotch1b CAGAGAGTGGAGGCACA
GTGCAATCC

GCCGTCCCATTCACACTC
TGCATT

zDLL4 CAAAGTGGGAAGCAGACA
GAGCTAAGG

CGGTCATCCCTGGGTG
TGCATT

zHes1 GAGAGGCTGCCAAGGTTTTT GTAATACGACTCACTATAGGGT
CAAATAAACTTCCCCAAAGGA

zHey1 AAACGTCGCAGAGGGATCAT CCTGTTTCTCAAAGGCGCTG

Cardiac Function Analysis From Bright
Field Image by Deep-Learning Network
Zebrafish larvae were harvested at 48 hpf and injected into
the CVV with the following groups: saline (0.9% NaCl), blank
PLGA nanoparticles in saline, NICD-loaded PLGA nanoparticles
in saline, and NICD-loaded Anti-Tie2+Tie1-conjugated PLGA
nanoparticles in saline. After 24 hpi (3 dpf), 48 hpi (4 dpf),
72 hpi (5 dpf), zebrafish were anesthetized with 0.003% tricaine
and placed in the 2% agarose E3 media mold laterally. The
heart was visualized and viewed on a microscope at 4×
magnification. Videos were taken in a bright field of the heart
for analysis of ejection fraction (EF), fractional shortening
(FS), end-systolic (ES) and end-diastolic (ED) volume by the
deep-learning framework Zebrafish Automatic Cardiovascular
Assessment Framework (ZACAF), which was recently developed
and validated (Naderi et al., 2021).

For segmentation, briefly, ZACAF utilizes a deep learning
model with a U-net architecture, which was designed for sematic
segmentation in biomedical imaging. The model was trained to
segment the ventricle in bright-field frames of a microscopic
video from a zebrafish. First, each frame of an input video will be
preprocessed with a sharpening filter to improve the edges and
with contrast limited adaptive histogram equalization (CLAHE),
which is used for improving the visibility level in each frame.
Second, the trained U-net segments the ventricle in all frames.

The output of the U-net is a binary black and white image
where the pixels detected as ventricle are black and rest of the
pixels are white. Counting the number of the black pixels will
result in the area of the ventricle. The maximum and minimum
measured areas of the ventricle in different frames show the ES
and ED stages, respectively. Having the measurement of ES and
ED frames, ejection fraction (EF), fractional shortening (FS), and
cardiac output (CO) were calculated. Heart rate from each fish
was manually counted from videos. The predicted ventricle is
assumed to be an ellipsoid. For quantification of EF, the following
formula (Yalcin et al., 2017) is used: EF% = (EDA−ESA)

EDA × 100%
(1); where the EDA and ESA are the area of the ventricle in ED
and ES, respectively. Since the frames are 2D images, we have
to estimate the ventricle volume to its area. For calculating FS,
measurements of the short axis in ES and ED frames are taken
(Naderi et al., 2021).

Statistical Methods
All statistics were evaluated in the statistical program R unless
otherwise noted. For the malformations, a one-way ANOVA
was conducted followed by a Tukey test at each time point (24,
48, 72, or 96 h). The cardiac mechanical performance measures
were evaluated for normality, equal variance, and subsequently
evaluated between the two groups using either parametric T-Test
or non-parametric Wilcoxon Ranked Sum Test. The survival test
was conducted using GraphPad Prism 9.2.0 (San Diego, CA,
United States). Bonferroni Correction was used to correct for
multiple comparisons. RT-PCR results were evaluated using a
one-way ANOVA per gene followed by a Tukey test. All p-values
lower than 0.05 were considered to be significant.

RESULTS

Nanoparticle Dosage and Toxicity Study
To test the environmental effects of PLGA nanoparticles
on developing zebrafish, we first exposed wild-type zebrafish
embryos to various concentrations of PLGA nanoparticles
suspended in E3 media from 2 to 50 µg/mL whereas ZnO
nanoparticles at 10 µg/mL served as a positive control (Hu
et al., 2011; Teijeiro-Valiño et al., 2017). ZnO nanoparticles
were chosen due to their popularity in inducing developmental
irregularities (Hu et al., 2011; Choi et al., 2016; Teijeiro-Valiño
et al., 2017). At 10 µg/mL, there are physical abnormalities that
can be seen with a stereoscope, allowing for easily identifiable
malformations. After 24 h, there was a significant difference in
hatching rate from the chorion between all nanoparticle exposed
groups and the ZnO nanoparticle exposed group (Figure 1A).
A low hatching rate of ZnO nanoparticle exposed group remained
until 96 hpf. On the other hand, at 24 h, all exposed PLGA
nanoparticle groups caused early hatching compared to the
only E3 treated group, which is no treatment (NT) of any
nanoparticles. Specifically, with the exposure of 25 and 50 µg/mL
concentrations of PLGA nanoparticles, zebrafish embryos were
hatched significantly earlier than NT at 48 hpf. However, as
treatment time prolonged, the hatching rate of all concentrations
of PLGA nanoparticles became insignificant to NT.
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FIGURE 1 | Hatching rates and survival rate for embryonic zebrafish toxicity study. Hatched to unhatched ratio (A) and survival rate (B) of non-treated fish to various
concentrations of empty PLGA nanoparticle suspension. *indicates a significant difference (p < 0.01). n = 50 fish per group.

Zebrafish viability was also evaluated every 24 h (Figure 1B).
The ZnO nanoparticles caused a significant decrease in survival
rates compared to all other groups. The ZnO particles had
less than 20% of the survival rate at 96 hpf. However,
zebrafish exposed to PLGA nanoparticles did not show significant
differences of viability compared to NT. Although the higher
nanoparticle concentrations, 25 and 50 µg/mL, have slightly
lower compared to NT at an earlier time (24 and 48 hpf), they
were not significant, and survival rate became similar to NT
at 96 hpf. Compared to the no treatment group, the PLGA
nanoparticles did not seem to cause a significant effect.

Various malformations were observed in the zebrafish
embryos over time including chorion debris, delayed
development, pericardial edema, yolk sac edema, bent trunk,
and tail malformations. Within the first 24 h, there was no
significant difference of PLGA nanoparticle treated groups
and NT. However, the positive control, ZnO nanoparticles,
caused significantly more chorion debris than the other groups
(Supplementary Figure 1A). The ZnO nanoparticles also caused
significantly more developmental delay at all developmental
stages, including death, compared to the other groups such as
PLGA nanoparticles (Supplementary Figure 1B). There was
also less significant pericardial edema and yolk sac edema in the
PLGA nanoparticle treated groups compared to control group,
ZnO (Supplementary Figures 2A,B). As well as testing other
developmental defects, the PLGA nanoparticle treatment did not
cause the malformation of bent trunk and tail formation while
the ZnO nanoparticles affect significant developmental defects
(Supplementary Figure 3). Therefore, the PLGA nanoparticles is
a safe nanomaterial in the aquatic developmental environment.

Bio-Distribution of PLGA Nanoparticles
Before in vivo experiment, we have characterized the properties
of PLGA nanoparticles and tested in vitro with HUVECs
(Messerschmidt et al., 2021b). In addition, there were no
significant changes in size of NICD plasmid loaded PLGA
nanoparticles over time in both saline and cell growth media
with serum proteins (Supplementary Figure 4). This shows

good stability of our NICD plasmid loaded PLGA NPs in saline
(to preparing NP suspensions for IV administration) and also
in the presence of serum proteins which mimics the in vivo
environment encountered by NPs after administration via IV
up to 96 h. To demonstrate the circulation of nanoparticles in
the zebrafish vascular system, coumarin-6 loaded nanoparticles
were injected and imaged with a fluorescent microscope. The
nanoparticles were easily observed as fast-moving particles
in the blood stream (Figure 2A). By 2 h, small clusters of
nanoparticles had been uptaken by the zebrafish (Figure 2B).
Rolling nanoparticles could be seen as long streaks on the
walls of vessels (Supplementary Video 1). Uptaken nanoparticles
were depicted as stationary fluorescent clusters (Figure 2B,
yellow arrows). The fluorescent nanoparticles could be seen
traveling down the tail via the dorsal aorta into the caudal
artery, into the caudal vein, and up the posterior cardinal
vein. Nanoparticles were also able to enter the capillaries and
travel into the deeper tissues (Figure 2C). As the blood velocity
slows down, nanoparticles also travel at a slower speed (1.6–
4.8 s). Once nanoparticles neared the posterior cardinal vein, the
nanoparticles’ speed increased.

The coumarin-6 nanoparticles were also visible in the
zebrafish heart. The nanoparticles could be seen rolling along the
endocardium and the heartbeat (Figure 3 and Supplementary
Video 2). The observed nanoparticles were bound more tightly
to the endocardium, slowing their speed (3.0–5.0 s). However,
the unbound nanoparticles flew through the rest of the zebrafish
as fast as in vascular system due to rapid blood velocity and
motion of the cardiac wall. Therefore, for effective targeting, the
conjugation technique with antibodies would be more effective
(Messerschmidt et al., 2021b).

Upregulation of Notch by Injecting Notch
Intracellular Domain Plasmid Loaded
PLGA Nanoparticles
For effective targeting, we have conjugated the nanoparticles with
Tie2+Tie1 antibodies for endothelium targeting. Additionally,
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FIGURE 2 | Coumarin-6 Loaded Nanoparticles after Injection. (A) Coumarin-6 nanoparticles traveling in the caudal artery of the zebrafish tail. Red box is blown up
and shown as (B). White arrows show nanoparticles rolling along vessel walls. Yellow arrows indicate clusters of endocytosed nanoparticles. (C) Representative stills
showing nanoparticles traveling from the caudal artery (0.2–1.2 s), into the capillaries of the tail tissue (1.6–4.8 s) and entering the posterior caudal vein (6.6–7.4 s).
All scale bars represent 100 µm.

FIGURE 3 | Coumarin-6 Nanoparticles Rolling on Endocardium. Representative stills showing nanoparticles flowing through the cardiac chambers. Arrows indicate
injected nanoparticle. All scale bars represent 100 µm.

we loaded NICD plasmid to our PLGA nanoparticles to
upregulate Notch signaling for the zebrafish in vivo experiment.
From our previous work, we demonstrated that Tie2+Tie1
antibody conjugated PLGA nanoparticles successfully
upregulated Notch related genes within the in vitro flow
channel with HUVECs (Messerschmidt et al., 2021b). We also
optimized NICD loaded PLGA nanoparticle concentration, 5 nL
of 25 µg/mL, and injected at 48 hpf of zebrafish through the
CCV. NICD-loaded Anti-Tie2+Tie1-conjugated nanoparticles
were compared to saline injection group. Through whole-body
qRT-PCR, the NICD loaded nanoparticles had significantly
higher mRNA expression of Notch pathway related genes at
each time point compared to the saline injection (Figure 4A).

Additionally, mRNA expression peaked at 24 h post injection for
all genes observed. After 48 h, dll4 (Notch ligand) and Notch1
(Notch receptor) returned to insignificant levels while both
downstream Notch genes, hey1 and nrg1, continued to show
significantly higher expression after 48 h post injection compared
to saline. Lastly, NICD was significantly higher at 48 h with a
high standard deviation, implying that the nanoparticles were
still releasing NICD plasmids by the slow degradation depending
on PLGA nanoparticles’ molecular weight.

To evaluate whether PLGA nanoparticles can be delivery
vehicles to the heart, we redo the experiment with new
group of zebrafish. This time, we dissected zebrafish hearts
from each of the developmental stages after the nanoparticle
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FIGURE 4 | RT-PCR analysis after injecting intravenous NICD loaded nanoparticles. (A) Notch signaling components were all upregulated after injection of NICD
loaded nanoparticles until 24 h post injection. However, Notch ligand (dll4) and receptor (notch1b) were returned to control group (saline injection) level while
downstream components (nrg1 and hey1) remain high with NICD expression level. (B) Isolated zebrafish heart after injection showed higher expression levels of
Notch components to increase cardiac function. Interestingly, endocardial nrg1-myocardial erbb2 signaling components consistently increased up to 48 h post
injection. * indicates a significant difference (p < 0.01). n = 5.

injection to evaluate the expression levels of Notch related
genes. Previous injections of nanoparticles without Tie2+Tie1
antibodies conjugation were not taken effectively into the
endocardium due to dynamic motion and rapid blood pumping.
However, with conjugation of antibodies, nanoparticles were
uptaken into the endocardium and successfully upregulated
Notch related transcripts (Figure 4B). Similar to whole-body
analysis, dll4, notch1b, and NICD expression levels were the
highest at 24 h post injection. Interestingly, Notch downstream
signaling, endocardium nrg1-myocardium erbb2 shows the
further overexpression at 48 hpf, implicating increasing cardiac
mechanics by injecting our nanoparticles maintained.

Cardiac Mechanical Performance
To understand the impact of our NICD loaded nanoparticles
to cardiac mechanics, we introduced a deep learning algorithm
to evaluate the cardiac performance by analyzing bright images
from an inverted microscope (Yalcin et al., 2017; Figure 5A). As
training data, we have hand-segmented zebrafish ventricle as a
ground truth mask. After training our deep-learning network,
the dice loss coefficient plateaued at 0.18. Predictions of the
zebrafish heart shape after training was provided more accurate
segmentation by reducing inconsistency of inter-rater reliability
(Supplementary Figure 4A). Additionally, the Intersection of
Union (IoU) score of deep-learning network (ZACAF) reached
0.80 (Supplementary Figure 4B). The model can be qualitatively
compared to show that the model prediction is similar to the hand
segmented images (Naderi et al., 2021).

From the model, we analyzed the data with box and whiskers
to visualize all the data distribution from the deep-learning
algorithm. By measuring the end systolic area (ESA) and
end diastolic area (EDA) counting voxels, we were able to
calculate ejection fraction (EF), fractional shortening (FS), and

cardiac output (CO) by counting heart rate (Figures 5B–E). We
found the NICD plasmid incorporated PLGA with Tie2+Tie1
antibodies injected fish had a larger chamber volume size
than the saline injected fish, and its fractional shortening (FS),
ejection fraction (EF), cardiac output (CO) were also increased.
Although analysis of cardiac mechanics has an increasing trend
after injection of nanoparticles, there was no significant change
in heart rate. This data shows delivery of NICD plasmids
successfully upregulated downstream of Notch and improved the
cardiac functions by increasing contractile forces.

DISCUSSION

While PLGA is a commonly used biopolymer in medical
research as a drug delivery or therapeutic material, assessing
exposure effects in a dose-dependent manner in aquatic
conditions remains elusive. In this work, we demonstrated
PLGA nanoparticles are safe delivery vehicles for zebrafish.
In addition, we demonstrated PLGA nanoparticles can be an
effective plasmid delivery vehicle to upregulate gene expression
using the developing zebrafish model. From our previous in vitro
experiment (Messerschmidt et al., 2021b), we have optimized
the concentration of PLGA nanoparticles to the HUVEC cells
and efficacy of delivering NICD to upregulate the Notch
pathway. Using intravenous injection of PLGA nanoparticles
into zebrafish, we visualized rapid uptake and therapeutic effect
on Notch to improve cardiac functions by analysis with deep-
learning methods. Previously, PLGA nanoparticles have been
used as a safe material for therapeutic applications (Fenaroli et al.,
2014; Vibe et al., 2016). However, environmental effects remained
questionable to test if the exposure of PLGA polymer for long-
term, 3 days, is still harmless for developing conditions although
it is biodegradable material. Although there was only a significant
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FIGURE 5 | Representative Images of Model Output for analyzing cardiac functions. (A) Representative images of the image input (column 1), hand segmented
cardiac volume (column 2), and the model’s predicted cardiac volume after training the ZACAF network (column 3). (B,C) FS and EF comparisons demonstrated the
zebrafish heart contracts stronger after injecting NICD incorporated PLGA nanoparticles. (D) Injection of NICD loaded PLGA nanoparticles didn’t affect heart rate.
(E) Cardiac output of both control group and NICD loaded nanoparticles gradually increased as zebrafish heart matures. However, nanoparticles injected zebrafish
has higher number of cardiac output. * indicates a significant difference (p < 0.01). n = 250 zebrafish images per group.

difference of chorion hatching rate between NT and 50 µg/mL
of PLGA nanoparticle exposed groups, the trend of hatching
rate increased gradually causing minimal effects (Figure 1A).
Early dechorionated zebrafish exposed to a high concentration of
PLGA nanoparticles (50 µg/mL) shows insignificant difference
in pericardial edema and yolk sac edema, showing a severity level
of 0.3 out of 2, indicating that we could ignore this insignificant
level. However, an earlier study showed premature dechorionated
embryos could be vulnerable to environmental toxicity, such
as pesticides or drugs, resulting in teratological and behavioral
effects (Bodewein et al., 2016; Dach et al., 2019). Despite PLGA
nanoparticles are known to be a biodegradable and a safe material
that is harmless to developing zebrafish body, the secondary effect
of early dechorionization could cause zebrafish developmental
malformation if the concentration is more than 50 µg/mL.

As a delivery vehicle to upregulate specific genes, we
loaded NICD plasmid into the PLGA nanoparticle and injected
through zebrafish CCV with microinjections to demonstrate
bio-distribution and efficacy of upregulation of Notch pathway
molecules. As early as 12 h post injection, there was a significant
increase in hey1, notch1b, NICD and nrg1 genes. At 24 h, all
genes were significantly upregulated. The intense upregulation
of notch1b and its related genes could be due to the burst
release of plasmid shown in our previous work (Messerschmidt
et al., 2021b). The similarities between this work and previous
ones indicate that our model drug and release profiles from
Messerschmidt et al. (2021b) are effective in predicting the
outcomes in vivo (Messerschmidt et al., 2021b). Additionally,
the western blot and RT-PCR results from our previous in vitro
data are mirrored in the upregulation of the same genes in the
zebrafish model (Messerschmidt et al., 2021b). However, after
24 hpf, dll4 and notch1b returned to insignificant level similar
to saline injection (Figure 4A). There are two possible reasons.
First, the amount of time for the feedback loop to return to the

normal level by homeostasis occurs to lower expression levels
in healthy zebrafish (Lin and Amir, 2018). At the cellular level,
receptor activity that elicits up-regulation of gene expression
by negative feedback mechanisms is commonly found (Lin
and Amir, 2018). Second, while nanoparticles circulate in the
blood stream, renal filtration or opsonization by mononuclear
phagocyte system (MPS) might clear the injected nanoparticles
(Alexis et al., 2008; Longmire et al., 2008). In fact, the size
of the nanoparticles matter during circulation. Therapeutic
nanoparticles are in 20–200 nm size to avoid the filtration
system by kidney in human (Ernsting et al., 2013; Wu et al.,
2018). However, the small size of zebrafish embryos may be
more sensitive to nanoparticles with the size of ∼200 nm
(Messerschmidt et al., 2021b). Interestingly, once nanoparticles
were uptaken and released NICD, downstream genes remained
expressed after 48 h post injection (96 hpf). Furthermore,
downstream genes of the Notch pathway were successfully
expressed in zebrafish, as well as exhibited the phenotype
for functional improvement (Lee et al., 2018). Our work
demonstrated that erbb2 in myocardium was over-expressed by
upregulated endocardial Notch and increased cardiac functions
(Figures 4B, 5). Although increased hemodynamic force due
to higher viscosity by injecting nanoparticles could be a factor
for increased Notch signaling since Notch is mechanosensitive,
Lee et al. showed that increased particle number would not
be significant enough to upregulate Notch (Lee et al., 2018).
Therefore, upregulation of Notch signaling in our study is by
NICD gene delivery with PLGA nanoparticles.

CONCLUSION

In conclusion, we have shown that PLGA nanoparticles less than
50 µg/mL do not have significant effect on the physical conditions

Frontiers in Physiology | www.frontiersin.org 8 February 2022 | Volume 13 | Article 819767

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-819767 February 17, 2022 Time: 16:41 # 9

Messerschmidt et al. Efficacy of NICD Plasmid-Loaded Nanoparticles

of zebrafish when zebrafish were exposed to PLGA nanoparticles
environmentally. Although the high concentration nanoparticles
induced a rapid hatching, this does not affect the survival rates
of the zebrafish during developmental stage. Additionally, after
successful intravenous injections of the targeting nanoparticles
with Tie2+Tie1 antibodies, we were able to demonstrate that
the treatment significantly upregulated Notch signaling pathways
as well as improving the cardiac functions. The nanoparticles
were successfully uptaken after rolling on the endothelial lining
and endocardium by interacting with the Tie1 or Tie2 proteins
expressed on those cells. Therefore, the PLGA nanoparticles are a
useful therapeutic plasmid delivery vehicle for zebrafish research,
as well as safe for future cardiovascular studies.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Texas at Arlington and University of North Texas.

AUTHOR CONTRIBUTIONS

VM and FB: in vivo experiment and analysis. VM and UC:
nanoparticle fabrication, characterization, and optimization. VM
and AN: deep-learning analysis for cardiac function. VM, UC,

and SL-S: nanoparticle stability. HC and JL: deep-learning
supervision. KN and JL: nanoparticle preparation supervision.
EM and JL: supervision of in vivo analysis of zebrafish after
injection of nanoparticles.

FUNDING

This research supported from the National Institutes of Health
(NIH) training award, T32 HL134613 (KN) for VL. In addition,
the American Heart Association 18CDA34110150 (JL) and NSF
1936519 (JL) are the main supporters for this research. This work
was also partly supported by NIH R15 HL156076 (KN).

ACKNOWLEDGMENTS

We appreciate the four high school student volunteers who
participated in this summer research opportunity. They
participated in the blind study to evaluate the severity of zebrafish
development defects. Hailey Chuong is a senior at Mansfield High
School in Mansfield, TX. Will Ellgren is a senior at Flower Mound
High School in Flower Mound, TX; Ashley Chuong is a senior at
Martin High School in Arlington, TX; and Joonho Lee is a senior
at Plano West High School in Plano, TX.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2022.819767/full#supplementary-material

REFERENCES
Alexis, F., Pridgen, E., Molnar, L. K., and Farokhzad, O. C. (2008). Factors affecting

the clearance and biodistribution of polymeric nanoparticles. Mol. Pharm. 5,
505–515. doi: 10.1021/mp800051m

Allahyari, M., and Mohit, E. (2016). Peptide/protein vaccine delivery system
based on PLGA particles. Hum. Vacc. Immunother. 12, 806–828. doi: 10.1080/
21645515.2015.1102804

Amreddy, N., Babu, A., Muralidharan, R., Munshi, A., and Ramesh, R. (2017).
Polymeric nanoparticle-mediated gene delivery for lung cancer treatment. Top.
Curr. Chem. (Cham) 375, 35. doi: 10.1007/s41061-017-0128-5

Anselmo, A. C., and Mitragotri, S. (2016). Nanoparticles in the clinic. Bioeng.
Transl. Med. 1, 10–29.

Anselmo, A. C., and Mitragotri, S. (2019). Nanoparticles in the clinic: an update.
Bioeng. Transl. Med. 4:e10143.

Bakkers, J. (2011). Zebrafish as a model to study cardiac development and human
cardiac disease. Cardiovasc. Res. 91, 279–288. doi: 10.1093/cvr/cvr098

Barenholz, Y. (2012). Doxil(R)–the first FDA-approved nano-drug: lessons learned.
J. Control. Release 160, 117–134. doi: 10.1016/j.jconrel.2012.03.020

Blanco, E., Shen, H., and Ferrari, M. (2015). Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat. Biotechnol. 33, 941–951.
doi: 10.1038/nbt.3330

Bodewein, L., Schmelter, F., Di Fiore, S., Hollert, H., Fischer, R., and Fenske,
M. (2016). Differences in toxicity of anionic and cationic PAMAM and PPI
dendrimers in zebrafish embryos and cancer cell lines.Toxicol. Appl. Pharmacol.
305, 83–92. doi: 10.1016/j.taap.2016.06.008

Cassady, J. P., D’Alessio, A. C., Sarkar, S., Dani, V. S., Fan, Z. P., Ganz, K., et al.
(2014). Direct lineage conversion of adult mouse liver cells and B lymphocytes
to neural stem cells. Stem Cell Rep. 3, 948–956. doi: 10.1016/j.stemcr.2014.1
0.001

Cassar, S., Adatto, I., Freeman, J. L., Gamse, J. T., Iturria, I., Lawrence, C., et al.
(2020). Use of zebrafish in drug discovery toxicology. Chem. Res. Toxicol. 33,
95–118. doi: 10.1021/acs.chemrestox.9b00335

Chang, E. H., Harford, J. B., Eaton, M. A., Boisseau, P. M., Dube, A., Hayeshi, R.,
et al. (2015). Nanomedicine: past, present and future – A global perspective.
Biochem. Biophys. Res. Commun. 468, 511–517. doi: 10.1016/j.bbrc.2015.10.136

Chau, M. D. L., Tuft, R., Fogarty, K., and Bao, Z.-Z. (2006). Notch signaling
plays a key role in cardiac cell differentiation. Mech. Dev. 123, 626–640. doi:
10.1016/j.mod.2006.06.003

Choi, J. S., Kim, R. O., Yoon, S., and Kim, W. K. (2016). Developmental toxicity
of zinc oxide nanoparticles to zebrafish (Danio rerio): a transcriptomic analysis.
PLoS One 11:e0160763. doi: 10.1371/journal.pone.0160763

Choi, Y., Yoon, H. Y., Kim, J., Yang, S., Lee, J., Choi, J. W., et al. (2020).
Doxorubicin-loaded PLGA nanoparticles for cancer therapy: molecular weight
effect of PLGA in doxorubicin release for controlling immunogenic cell death.
Pharmaceutics 12:1165. doi: 10.3390/pharmaceutics12121165

Cortajarena, A. L., Ortega, D., Ocampo, S. M., Gonzalez-Garcia, A., Couleaud,
P., Miranda, R., et al. (2014). Engineering iron oxide nanoparticles for clinical
settings. Nanobiomedicine (Rij) 1:2. doi: 10.5772/58841

Cosentino, C. C., Roman, B. L., Drummond, I. A., and Hukriede, N. A. (2010).
Intravenous microinjections of zebrafish larvae to study acute kidney injury.
J. Vis. Exp. 42:e2079. doi: 10.3791/2079

Frontiers in Physiology | www.frontiersin.org 9 February 2022 | Volume 13 | Article 819767

https://www.frontiersin.org/articles/10.3389/fphys.2022.819767/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.819767/full#supplementary-material
https://doi.org/10.1021/mp800051m
https://doi.org/10.1080/21645515.2015.1102804
https://doi.org/10.1080/21645515.2015.1102804
https://doi.org/10.1007/s41061-017-0128-5
https://doi.org/10.1093/cvr/cvr098
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1016/j.taap.2016.06.008
https://doi.org/10.1016/j.stemcr.2014.10.001
https://doi.org/10.1016/j.stemcr.2014.10.001
https://doi.org/10.1021/acs.chemrestox.9b00335
https://doi.org/10.1016/j.bbrc.2015.10.136
https://doi.org/10.1016/j.mod.2006.06.003
https://doi.org/10.1016/j.mod.2006.06.003
https://doi.org/10.1371/journal.pone.0160763
https://doi.org/10.3390/pharmaceutics12121165
https://doi.org/10.5772/58841
https://doi.org/10.3791/2079
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-819767 February 17, 2022 Time: 16:41 # 10

Messerschmidt et al. Efficacy of NICD Plasmid-Loaded Nanoparticles

Cun, D., Jensen, D. K., Maltesen, M. J., Bunker, M., Whiteside, P., Scurr, D., et al.
(2011). High loading efficiency and sustained release of siRNA encapsulated
PLGA nanoparticles; Quality by design optimization and characterization. Eur.
J. Pharm. Biopharm. 77, 26–35. doi: 10.1016/j.ejpb.2010.11.008

D’Amato, G., Luxán, G., and de la Pompa, J. L. (2016). Notch signalling in
ventricular chamber development and cardiomyopathy. FEBS J. 283, 4223–
4237. doi: 10.1111/febs.13773

Dach, K., Yaghoobi, B., Schmuck, M. R., Carty, D. R., Morales, K. M., and Lein,
P. J. (2019). Teratological and behavioral screening of the national toxicology
program 91-compound library in zebrafish (Danio rerio). Toxicol. Sci. 167,
77–91. doi: 10.1093/toxsci/kfy266

Dai, Y. J., Jia, Y. F., Chen, N., Bian, W. P., Li, Q. K., Ma, Y. B., et al. (2014).
Zebrafish as a model system to study toxicology. Environ. Toxicol. Chem. 33,
11–17. doi: 10.1002/etc.2406

Dalpiaz, A., Sacchetti, F., Baldisserotto, A., Pavan, B., Maretti, E., Iannuccelli,
V., et al. (2016). Application of the “in-oil nanoprecipitation” method in the
encapsulation of hydrophillic drugs in PLGA nanoparticles. J. Drug Deliv. Sci.
Technol. 32, 283–290.

de la Pompa, J. L., and Epstein, J. A. (2012). Coordinating tissue interactions:
notch signaling in cardiac development and disease. Dev. Cell 22, 244–254.
doi: 10.1016/j.devcel.2012.01.014

Duan, J., Yu, Y., Li, Y., Yu, Y., and Sun, Z. (2013). Cardiovascular toxicity
evaluation of silica nanoparticles in endothelial cells and zebrafish model.
Biomaterials 34, 5853–5862. doi: 10.1016/j.biomaterials.2013.04.032

Elfawy, H. A., Anupriya, S., Mohanty, S., Patel, P., Ghosal, S., Panda, P. K., et al.
(2021). Molecular toxicity of Benzo(a)pyrene mediated by elicited oxidative
stress infer skeletal deformities and apoptosis in embryonic zebrafish. Sci. Total
Environ. 789:147989. doi: 10.1016/j.scitotenv.2021.147989

Ernsting, M. J., Murakami, M., Roy, A., and Li, S. D. (2013). Factors
controlling the pharmacokinetics, biodistribution and intratumoral penetration
of nanoparticles. J. Control. Release 172, 782–794. doi: 10.1016/j.jconrel.2013.
09.013

Fan, T., Chen, C., Guo, H., Xu, J., Zhang, J., Zhu, X., et al. (2014). Design and
evaluation of solid lipid nanoparticles modified with peptide ligand for oral
delivery of protein drugs. Eur. J. Pharm. Biopharm. 88, 518–528. doi: 10.1016/j.
ejpb.2014.06.011

Fenaroli, F., Westmoreland, D., Benjaminsen, J., Kolstad, T., Skjeldal, F. M., Meijer,
A. H., et al. (2014). Nanoparticles as drug delivery system against tuberculosis in
zebrafish embryos: direct visualization and treatment. ACS Nano 8, 7014–7026.
doi: 10.1021/nn5019126

Golub, J. S., Kim, Y. T., Duvall, C. L., Bellamkonda, R. V., Gupta, D., Lin, A. S., et al.
(2010). Sustained VEGF delivery via PLGA nanoparticles promotes vascular
growth. Am. J. Physiol. Heart Circ. Physiol. 298, H1959–H1965. doi: 10.1152/
ajpheart.00199.2009

Guan, S., and Rosenecker, J. (2017). Nanotechnologies in delivery of mRNA
therapeutics using nonviral vector-based delivery systems. Gene Ther. 24,
133–143. doi: 10.1038/gt.2017.5

Gvili, K., Benny, O., Danino, D., and Machluf, M. (2007). Poly(D,L-lactide-co-
glycolide acid) nanoparticles for DNA delivery: waiving preparation complexity
and increasing efficiency. Biopolymers 85, 379–391. doi: 10.1002/bip.
20697

Haji Mansor, M., Najberg, M., Contini, A., Alvarez-Lorenzo, C., Garcion, E.,
Jerome, C., et al. (2018). Development of a non-toxic and non-denaturing
formulation process for encapsulation of SDF-1alpha into PLGA/PEG-PLGA
nanoparticles to achieve sustained release. Eur. J. Pharm. Biopharm. 125, 38–50.
doi: 10.1016/j.ejpb.2017.12.020

Haque, E., and Ward, A. C. (2018). Zebrafish as a model to evaluate nanoparticle
toxicity. Nanomaterials (Basel) 8:561. doi: 10.3390/nano8070561

High, F. A., and Epstein, J. A. (2008). The multifaceted role of Notch in cardiac
development and disease. Nat. Rev. 9, 49–61. doi: 10.1038/nrg2279

Hill, A. J., Teraoka, H., Heideman, W., and Peterson, R. E. (2005). Zebrafish as
a model vertebrate for investigating chemical toxicity. Toxicol. Sci. 86, 6–19.
doi: 10.1093/toxsci/kfi110

Hu, Y.-L., Qi, W., Han, F., Shao, J.-Z., and Gao, J.-Q. (2011). Toxicity evaluation
of biodegradable chitosan nanoparticles using a zebrafish embryo model. Int. J.
Nanomed. 6, 3351–3359. doi: 10.2147/IJN.S25853

Hua, S. (2015). Lipid-based nano-delivery systems for skin delivery of drugs and
bioactives. Front. Pharmacol. 6:219. doi: 10.3389/fphar.2015.00219

Hull, C. M., Genge, C. E., Hobbs, Y., Rayani, K., Lin, E., Gunawan, M., et al.
(2019). Investigating the utility of adult zebrafish ex vivo whole hearts to
pharmacologically screen hERG channel activator compounds. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 317, R921–R931. doi: 10.1152/ajpregu.00190.2019

Isogai, S., Horiguchi, M., and Weinstein, B. M. (2001). The vascular anatomy of the
developing zebrafish: an atlas of embryonic and early larval development. Dev.
Biol. 230, 278–301. doi: 10.1006/dbio.2000.9995

Kalvanagh, P. A., Ebtekar, M., Kokhaei, P., and Soleimanjahi, H. (2019).
Preparation and characterization of PLGA nanoparticles containng plasmid
DNA encoding HUman IFN-lambda-1/IL-29. Iran. J. Pharm. Res. 18, 156–167.

Khan, I., Gothwal, A., Sharma, A. K., Kesharwani, P., Gupta, L., Iyer, A. K.,
et al. (2016). PLGA nanoparticles and their versatile role in anticancer
drug delivery. Crit. Rev. Ther. Drug Carrier Syst. 33, 159–193. doi: 10.1615/
CritRevTherDrugCarrierSyst.2016015273

Khang, M. K., Kuriakose, A. E., Nguyen, T., Co, C. M., Zhou, J., Truong,
T. T. D., et al. (2020). Enhanced endothelial cell delivery for repairing injured
endothelium via pretargeting approach and bioorthogonal chemistry. ACS
Biomater. Sci. Eng. 6, 6831–6841. doi: 10.1021/acsbiomaterials.0c00957

Kocbek, P., Obermajer, N., Cegnar, M., Kos, J., and Kristl, J. (2007). Targeting
cancer cells using PLGA nanoparticles surface modified with monoclonal
antibody. J. Control. Release 120, 18–26. doi: 10.1016/j.jconrel.2007.03.012

Kumari, S., Kumari, P., Panda, P. K., Patel, P., Jha, E., Mallick, M. A., et al. (2020).
Biocompatible biogenic silver nanoparticles interact with caspases on an atomic
level to elicit apoptosis. Nanomedicine 15, 2119–2132. doi: 10.2217/nnm-2020-
0138

Lee, J., Fei, P., Packard, R. R. S., Kang, H., Xu, H., Baek, K. I., et al. (2016).
4-dimensional light-sheet microscopy to elucidate shear stress modulation of
cardiac trabeculation. J. Clin. Invest. 126, 1679–1690.

Lee, J., Moghadam, M. E., Kung, E., Cao, H., Beebe, T., Miller, Y., et al. (2013).
Moving domain computational fluid dynamics to interface with an embryonic
model of cardiac morphogenesis. PLoS One 8:e72924. doi: 10.1371/journal.
pone.0072924

Lee, J., Vedula, V., Baek, K. I., Chen, J., Hsu, J. J., Ding, Y., et al. (2018). Spatial and
temporal variations in hemodynamic forces initiate cardiac trabeculation. JCI
Insight 3:e96672. doi: 10.1172/jci.insight.96672

Lin, J., and Amir, A. (2018). Homeostasis of protein and mRNA concentrations in
growing cells. Nat. Commun. 9:4496. doi: 10.1038/s41467-018-06714-z

Longmire, M., Choyke, P. L., and Kobayashi, H. (2008). Clearance properties
of nano-sized particles and molecules as imaging agents: considerations and
caveats. Nanomedicine (Lond.) 3, 703–717. doi: 10.2217/17435889.3.5.703

Lu, B., Lv, X., and Le, Y. (2019). Chitosan-modified PLGA nanoparticles
for control-released drug delivery. Polymers (Basel) 11, 304. doi: 10.3390/
polym11020304

Madani, F., Esnaashari, S. S., Mujokoro, B., Dorkoosh, F., Khosravani, M., and
Adabi, M. (2018). Investigation of effective parameters on size of paclitaxel
loaded PLGA nanoparticles. Adv. Pharm. Bull. 8, 77–84. doi: 10.15171/apb.
2018.010

Makadia, H. K., and Siegel, S. J. (2011). Poly lactic-co-glycolic acid (PLGA) as
biodegradable controlled drug delivery carrier. Polymers (Basel) 3, 1377–1397.
doi: 10.3390/polym3031377

Malinovskaya, Y., Melnikov, P., Baklaushev, V., Gabashvili, A., Osipova, N.,
Mantrov, S., et al. (2017). Delivery of doxorubicin-loaded PLGA nanoparticles
into U87 human glioblastoma cells. Int. J. Pharm. 524, 77–90. doi: 10.1016/j.
ijpharm.2017.03.049

Messerschmidt, V. L., Chintapula, U., Kuriakose, A. E., Laboy, S., Truong, T. T. D.,
Kydd, L. A., et al. (2021a). Notch intracellular domain plasmid delivery
via Poly(Lactic-Co-Glycolic Acid) nanoparticles to upregulate notch pathway
molecules. Front. Cardiovasc. Med. 8:707897. doi: 10.3389/fcvm.2021.707897

Messerschmidt, V. L., Kuriakose, A. E., Chintapula, U., Laboy, S., Truong, T. T. D.,
Kydd, L. A., et al. (2021b). Notch intracellular domain plasmid delivery
via Poly(lactic-co-glycolic acid) nanoparticles to upregulate notch signaling.
bioRxiv [Preprint]. 2021.04.16.440241.

Milan, D. J., Giokas, A. C., Serluca, F. C., Peterson, R. T., and MacRae, C. A.
(2006). Notch1b and neuregulin are required for specification of central cardiac
conduction tissue. Development 133, 1125–1132. doi: 10.1242/dev.02279

Milani-Nejad, N., and Janssen, P. M. (2014). Small and large animal models in
cardiac contraction research: advantages and disadvantages. Pharmacol. Ther.
141, 235–249. doi: 10.1016/j.pharmthera.2013.10.007

Frontiers in Physiology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 819767

https://doi.org/10.1016/j.ejpb.2010.11.008
https://doi.org/10.1111/febs.13773
https://doi.org/10.1093/toxsci/kfy266
https://doi.org/10.1002/etc.2406
https://doi.org/10.1016/j.devcel.2012.01.014
https://doi.org/10.1016/j.biomaterials.2013.04.032
https://doi.org/10.1016/j.scitotenv.2021.147989
https://doi.org/10.1016/j.jconrel.2013.09.013
https://doi.org/10.1016/j.jconrel.2013.09.013
https://doi.org/10.1016/j.ejpb.2014.06.011
https://doi.org/10.1016/j.ejpb.2014.06.011
https://doi.org/10.1021/nn5019126
https://doi.org/10.1152/ajpheart.00199.2009
https://doi.org/10.1152/ajpheart.00199.2009
https://doi.org/10.1038/gt.2017.5
https://doi.org/10.1002/bip.20697
https://doi.org/10.1002/bip.20697
https://doi.org/10.1016/j.ejpb.2017.12.020
https://doi.org/10.3390/nano8070561
https://doi.org/10.1038/nrg2279
https://doi.org/10.1093/toxsci/kfi110
https://doi.org/10.2147/IJN.S25853
https://doi.org/10.3389/fphar.2015.00219
https://doi.org/10.1152/ajpregu.00190.2019
https://doi.org/10.1006/dbio.2000.9995
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2016015273
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2016015273
https://doi.org/10.1021/acsbiomaterials.0c00957
https://doi.org/10.1016/j.jconrel.2007.03.012
https://doi.org/10.2217/nnm-2020-0138
https://doi.org/10.2217/nnm-2020-0138
https://doi.org/10.1371/journal.pone.0072924
https://doi.org/10.1371/journal.pone.0072924
https://doi.org/10.1172/jci.insight.96672
https://doi.org/10.1038/s41467-018-06714-z
https://doi.org/10.2217/17435889.3.5.703
https://doi.org/10.3390/polym11020304
https://doi.org/10.3390/polym11020304
https://doi.org/10.15171/apb.2018.010
https://doi.org/10.15171/apb.2018.010
https://doi.org/10.3390/polym3031377
https://doi.org/10.1016/j.ijpharm.2017.03.049
https://doi.org/10.1016/j.ijpharm.2017.03.049
https://doi.org/10.3389/fcvm.2021.707897
https://doi.org/10.1242/dev.02279
https://doi.org/10.1016/j.pharmthera.2013.10.007
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-819767 February 17, 2022 Time: 16:41 # 11

Messerschmidt et al. Efficacy of NICD Plasmid-Loaded Nanoparticles

Min, Y., Caster, J. M., Eblan, M. J., and Wang, A. Z. (2015). Clinical translation of
nanomedicine. Chem. Rev. 115, 11147–11190.

Monticone, G., and Miele, L. (2021). “Notch pathway: a journey from notching
phenotypes to cancer immunotherapy,” in Notch Signaling in Embryology and
Cancer: Notch Signaling in Cancer, eds J. Reichrath and S. Reichrath (Cham:
Springer International Publishing), 201–222. doi: 10.1007/978-3-030-5503
1-8_13

Naderi, A. M., Bu, H., Su, J., Huang, M. H., Vo, K., Trigo Torres, R. S., et al.
(2021). Deep learning-based framework for cardiac function assessment in
embryonic zebrafish from heart beating videos. Comput. Biol. Med. 135:104565.
doi: 10.1016/j.compbiomed.2021.104565

Nemir, M., and Pedrazzini, T. (2008). Functional role of notch signaling in the
developing and postnatal heart. J. Mol. Cell. Cardiol. 45, 495–504. doi: 10.1016/
j.yjmcc.2008.02.273

Niessen, K., and Karsan, A. (2008). Notch signaling in cardiac development. Circ.
Res. 102, 1169–1181. doi: 10.1161/circresaha.108.174318

Peshkovsky, C., Totong, R., and Yelon, D. (2011). Dependence of cardiac
trabeculation on neuregulin signaling and blood flow in zebrafish. Dev. Dyn.
240, 446–456. doi: 10.1002/dvdy.22526

Shi, Y., Zhou, M., Zhang, J., and Lu, W. (2015). Preparation and cellular targeting
study of VEGF-conjugated PLGA Nanoparticles. J. Microencapsul. 32, 699–704.
doi: 10.3109/02652048.2015.1035683

Smith, K. A., Joziasse, I. C., Chocron, S., van Dinther, M., Guryev, V., Verhoeven,
M. C., et al. (2009). Dominant-negative ALK2 allele associates with congenital
heart defects. Circulation 119, 3062–3069. doi: 10.1161/CIRCULATIONAHA.
108.843714

Smith, S. J., Horstick, E. J., Davidson, A. E., and Dowling, J. (2015). Analysis
of zebrafish larvae skeletal muscle integrity with evans blue dye. J. Vis. Exp.
105:53183. doi: 10.3791/53183

Teijeiro-Valiño, C., Yebra-Pimentel, E., Guerra Varela, J., Csaba, N., Alonso,
M. J., and Sánchez, L. (2017). Assessment of the permeability and toxicity of
polymeric nanocapsules using the zebrafish model. NanoMedicine 12, 2069–
2082. doi: 10.2217/nnm-2017-0078

Thorley, A. J., Ruenraroengsak, P., Potter, T. E., and Tetley, T. D. (2014). Critical
determinants of uptake and translocation of nanoparticles by the human
pulmonary alveolar epithelium. ACS Nano 8, 11778–11789. doi: 10.1021/
nn505399e

Verma, S. K., Nandi, A., Sinha, A., Patel, P., Jha, E., Mohanty, S., et al. (2021).
Zebrafish (Danio rerio) as an ecotoxicological model for Nanomaterial induced
toxicity profiling. Precis. Nanomed. 4, 750–781.

Vibe, C. B., Fenaroli, F., Pires, D., Wilson, S. R., Bogoeva, V., Kalluru,
R., et al. (2016). Thioridazine in PLGA nanoparticles reduces toxicity
and improves rifampicin therapy against mycobacterial infection in
zebrafish. Nanotoxicology 10, 680–688. doi: 10.3109/17435390.2015.110
7146

Wang, F., Wang, X., Gao, L., Meng, L. Y., Xie, J. M., Xiong, J. W., et al. (2019).
Nanoparticle-mediated delivery of siRNA into zebrafish heart: a cell-level
investigation on the biodistribution and gene silencing effects. Nanoscale 11,
18052–18064. doi: 10.1039/c9nr05758g

Wilkosz, N., Lazarski, G., Kovacik, L., Gargas, P., Nowakowska, M., Jamroz,
D., et al. (2018). Molecular insight into drug-loading capacity of PEG-PLGA
nanoparticles for itraconazole. J. Phys. Chem. B 122, 7080–7090. doi: 10.1021/
acs.jpcb.8b03742

Wu, W., Luo, L., Wang, Y., Wu, Q., Dai, H. B., Li, J. S., et al. (2018). Endogenous
pH-responsive nanoparticles with programmable size changes for targeted
tumor therapy and imaging applications. Theranostics 8, 3038–3058. doi: 10.
7150/thno.23459

Yalcin, H. C., Amindari, A., Butcher, J. T., Althani, A., and Yacoub, M. (2017).
Heart function and hemodynamic analysis for zebrafish embryos. Dev. Dyn.
246, 868–880. doi: 10.1002/dvdy.24497

Yang, J., and Xu, X. (2012). Immunostaining of dissected zebrafish embryonic
heart. J. Vis. Exp. 59:e3510. doi: 10.3791/3510

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Messerschmidt, Chintapula, Bonetesta, Laboy-Segarra, Naderi,
Nguyen, Cao, Mager and Lee. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 11 February 2022 | Volume 13 | Article 819767

https://doi.org/10.1007/978-3-030-55031-8_13
https://doi.org/10.1007/978-3-030-55031-8_13
https://doi.org/10.1016/j.compbiomed.2021.104565
https://doi.org/10.1016/j.yjmcc.2008.02.273
https://doi.org/10.1016/j.yjmcc.2008.02.273
https://doi.org/10.1161/circresaha.108.174318
https://doi.org/10.1002/dvdy.22526
https://doi.org/10.3109/02652048.2015.1035683
https://doi.org/10.1161/CIRCULATIONAHA.108.843714
https://doi.org/10.1161/CIRCULATIONAHA.108.843714
https://doi.org/10.3791/53183
https://doi.org/10.2217/nnm-2017-0078
https://doi.org/10.1021/nn505399e
https://doi.org/10.1021/nn505399e
https://doi.org/10.3109/17435390.2015.1107146
https://doi.org/10.3109/17435390.2015.1107146
https://doi.org/10.1039/c9nr05758g
https://doi.org/10.1021/acs.jpcb.8b03742
https://doi.org/10.1021/acs.jpcb.8b03742
https://doi.org/10.7150/thno.23459
https://doi.org/10.7150/thno.23459
https://doi.org/10.1002/dvdy.24497
https://doi.org/10.3791/3510
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	In vivo Evaluation of Non-viral NICD Plasmid-Loaded PLGA Nanoparticles in Developing Zebrafish to Improve Cardiac Functions
	Introduction
	Materials and Methods
	Zebrafish Husbandry
	Nanoparticle Preparation
	Nanoparticle Dosage and Toxicity Study
	Zebrafish Injection
	In vivo Bio-Distribution
	Reverse Transcriptase Quantitative PCR
	Cardiac Function Analysis From Bright Field Image by Deep-Learning Network
	Statistical Methods

	Results
	Nanoparticle Dosage and Toxicity Study
	Bio-Distribution of PLGA Nanoparticles
	Upregulation of Notch by Injecting Notch Intracellular Domain Plasmid Loaded PLGA Nanoparticles
	Cardiac Mechanical Performance

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


