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A transport system based on a quantum
dot-modified nanotracer is genetically and
developmentally stable in pregnant micef
Hye Jin Kim,$? Ji Sun Park,1? Se Won Yi,* Minyeon Go,” Hye-Ryun Kim,©

Su Jin Lee,? Jong Min Park,® Dong Hyun Cha,*® Sung Han Shim*®€ and
Keun-Hong Park

The use of nanoscale materials (NMs) could cause problems such as cytotoxicity, genomic aberration,
and effects on human health, but the impacts of NM exposure during pregnancy remain uncharacterized
in the context of clinical applications. It was sought to determine whether nanomaterials pass through the
maternal—fetal junction at any stage of pregnancy. Quantum dots (QDs) coated with heparinized Pluronic
127 nanogels and polyethyleneimine (PEI) were administered to pregnant mice. The biodistribution of
QDs, as well as their biological impacts on maternal and fetal health, was evaluated. Encapsulation of QDs
with a nanogel coating produces a petal-like nanotracer (PNt), which could serve as a nano-carrier of
genes or drugs. PNts were injected through the tail vein and accumulated in the liver, kidneys, and lungs.
QD accumulation in reproductive organs (uterus, placenta, and fetus) differed among phases of preg-
nancy. In phase | (7 days of pregnancy), the QDs did not accumulate in the placenta or fetus, but by phase
I (19 days) they had accumulated at high levels in both tissues. Karyotype analysis revealed that the PNt-
treated pups did not have genetic abnormalities when dams were treated at any phase of pregnancy. PNts
have the potential to serve as carriers of therapeutic agents for the treatment of the mother or fetus and
these results have a significant impact on the development and application of QD-based NPs in

rsc.li/biomaterials-science pregnancy.

1. Introduction

During pregnancy, problematic conditions may arise in the
mother, fetus, or both, requiring treatment to cure the dis-
orders or alleviate their symptoms. For example, the mother

“Laboratory of Nano-regenerative Medical Engineering, Department of Biomedical
Science, College of Life Science, CHA University, 618, CHA Biocomplex,
Sampyeong-Dong, Bundang-gu, Seongnam-si, 13488, Republic of Korea.

E-mail: pkh0410@cha.ac.kr

bLaboratory of Molecular Genetics, Department of Biomedical Science, College of Life
Science, CHA University, 629, CHA Biocomplex, Sampyeong-Dong, Bundang-gu,
Seongnam-si, 13488, Republic of Korea. E-mail: shshim@cha.ac.kr

‘Laboratory of Molecular Developmental Genetics, Department of Biomedical

Science, College of Life Science, CHA University, Seongnam, Republic of Korea
“Department of Obstetrics and Gynecology, CHA Gangnam Medical Center,

CHA University, Seoul, Republic of Korea. E-mail: chadh001@cha.ac.kr

“Fertility Center of CHA Gangnam Medical Center, CHA University, Seoul, Korea
tElectronic supplementary information (ESI) available: Size analysis of NPs
(TEM, and DLS), immunofluorescence image analysis, cellular uptake studies of
fluorescence-labeled PNt, evaluation of damage and apoptosis in the placenta
induced by PNt, and morphology, number, and weight of pups from pregnant
mouse injected with saline or PNt. See DOI: 10.1039/d0bm00311e

{These authors contributed equally to this work.

3392 | Biomater. Sci, 2020, 8, 3392-3403

may experience anemia, hypertension, diabetes, urinary tract
infections (UTIs), thromboembolic disorders, or infection by
various viruses (pneumonia, HIV, or hepatitis)." > In addition,
fetopathy can arise due to innate (genetic) or prenatal (virus,
drugs, or various chemicals from the mother) factors.””
Therefore, it is necessary to establish a system for curing dis-
eases in the mother and/or fetus without causing side effects
in either. Many highly effective drugs have been developed as
therapeutic agents for use in clinical applications.®™°
However, the short serum half-life and poor bioavailability of
many drugs delivered via oral or injected routes require fre-
quent administration.”™® Moreover, conventionally deli-
vered drugs cannot be selectively transported to target
cells."*'> Given these limitations, there is an urgent need for
carriers capable of efficiently transporting therapeutic agents
to their target tissues.

Nanomedicine, a field that combines nanotechnology and
medicine, seeks to increase the efficacy of therapeutic sub-
stances in target tissues.>'®'” During pregnancy, nano-carriers
could be used to transport drugs, peptides, or vaccines to the
mother or fetus."®>° Before these materials can be deployed in
the clinic, however, several issues must be resolved. First, it is
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necessary to determine the efficiency with which nano-carriers
can transport therapeutic agents to their targets, as well as the
bioavailability of these agents in the body. In the context of
pregnancy, the most important organ in this transport system
is the placenta.”’® Located at the maternal-fetal interface,
the placenta performs multiple functions throughout preg-
nancy: it structurally attaches the fetus to the uterine wall, pro-
vides oxygen and nutrients to the fetus, and removes fetal
waste products.”*® In addition, it determines and regulates
fetal exposure of xenobiotics, cytokines, hormones, or drugs.
Thus, the maternal-placental-fetal interaction plays an essen-
tial role in pregnancy. Because mice and humans have similar
placental transport mechanisms,***° mice have been used as a
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developmental model for understanding human pregnancy.
The mature placenta of mice, which is established by embryo-
nic day (E) 10.5, consists of three layers:**** the decidua, a
layer of trophoblasts, and the labyrinth, which facilitates the
exchange of materials between the maternal and fetal circula-
tion. As the development proceeds, the villi of fetal blood
vessels in the placenta branch densely to accommodate the
increased requirements of the growing fetus.*** Second, the
side effects of transported nanoparticles (NPs), in particular
their toxicity, must be determined. Developmental toxicity can
result in disorders of pregnancy, including abortion, spon-
taneous preterm birth, or preeclampsia, thereby indirectly
harming the offspring or inducing genetic aberration.>*>® To
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Scheme 1 Quantum dot (QD)-based nanoparticles composed of heparinized F127 gel and polyethylenimine (PEI), named petal-like nanotracers
(PNts), were injected to pregnant ICR mice on embryonic day (E)7, E11, and E19 via the tail vein. The PNt transport depended on the stage of placen-
tal blood vessel development. At E19 (the late phase of embryonic development), but not at E7 or E11, PNts were transported from maternal to fetal
blood vessels in the placenta. Pups from dams treated with PNts at all stages were genetically stable and exhibited no aberrations.
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date, the reproductive and developmental toxicities of NPs
have not been examined in detail. Such studies are necessary
to evaluate the safety of pharmaceutical drugs.

In this study, we examined the effects of quantum dot
(QD)-based nanoparticles in mice. Because QDs are toxic in-
organic nanoparticles, we used QDs conjugated with amine
groups, which were modified with heparin Pluronic F127 and
polyethyleneimine (PEI); based on their morphology, we refer
to the resultant particles as petal-like nanotracers (PNts). We
sought to determine the biodistribution and effects of PNts in
pregnant mice, especially in the placenta, following intrave-
nous injection of the particles at three different stages of preg-
nancy (E7, E11, and E19). To obtain clinically useful infor-
mation, we administered optimal doses of NPs.*”*® Using
Xenogen imaging and confocal laser microscopy, we deter-
mined the localization of PNts within the fetus and placenta at
each stage of placental development. To investigate nanotoxi-
city, we monitored the developmental and genomic effects
(genotoxicity) of PNts in the fetus, based on the number, mor-
phology, biological status, and karyotype of pups (Scheme 1).

2. Materials and methods

2.1. Fabrication of PNts

In the following order, 0.5 ml Qdot® 655 ITK amino (PEG)
QDs, 1 ml PEIL, and 20 pg pDNA were mixed with heparin
Pluronic F127 gel. Synthesis of heparin Pluronic F127 gel was
carried out as described previously.®”*® PNts were generated
by electrostatic interaction in a 2:1 mixture of heparin
Pluronic F127 gel and QDs.

2.2. Characterization of PNts

The hydrodynamic diameter of PNts was measured with a
Zetasizer Nano ZS instrument (Malvern Incorporated, Malvern,
UK). NPs were dispersed in de-ionized water, and 20 measure-
ments were made. The morphology and distribution of PNts
was visualized by TEM (H-7600, Hitachi, Tokyo, Japan) and
AFM (NanoWizard II, JPK Instruments, Berlin, Germany). The
samples were coated onto carbon film on 200 mesh copper
grids (Electron Microscopy Science, Hatfield, PA, USA), dried
overnight at room temperature, and visualized by TEM
(ARM200F, JEOL, Tokyo, Japan).

2.3. Tracking PNts after IV injection (in vivo imaging)

To detect PNt QDs, in vivo imaging was performed using an
IVIS Imaging System 200 (Xenogen, Perkin Elmer, Santa Clara,
CA, USA) equipped with a Cy5.5 filter (excitation wavelength,
640 nm; emission wavelength, 695-770 nm).

To prepare a PNt, first, QD-encapsulating heparinized self-
assembled nanogels (1:0.5) were prepared by dissolving
10 mg of heparinpluronic nanogels (10 mg ml™") in 1 ml of de-
ionized water, adding 0.5 mL of QDs, and stirring. After that,
QD-encapsulating heparinized nanogels were coated with 1 ml
PEL 10 pl of the PNt thus prepared was added to 100 pl of
saline and then dispersed and injected. Pregnant ICR mice
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(E7, E11, and E19; n = 3 each; Orient-Bio, Seongnam, Korea)
were injected with PNts in PBS via the tail vein and sacrificed
1 hour later; organs including liver, kidneys, and reproductive
organs (uterus, placenta, and fetus) were excised for analysis.

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of CHA
University and the experiments were approved by Institutional
Animal Care and Use Committee (IACUC) of CHA. To trace
PNts, the organs were monitored using a Xenogen imaging
system.

2.4. Histological and immunofluorescence analysis

Excised organs were fixed with 4% paraformaldehyde (PFA)
overnight, washed with PBS three times for 5 min each, and
dehydrated with 10% sucrose overnight. Dehydrated organs
were embedded in an optimal cutting temperature (OCT) com-
pound (TISSUE-TEK 4583, Sakura Finetek Inc., Torrance, CA,
USA) and sliced into sections (10 um thick) using a cryotome
(HM 525; Thermo Fisher Scientific, Waltham, MA, USA). After
hydration, the sections were fixed and stained with hematoxy-
lin (HHS16, Sigma Aldrich, St Louis, MO, USA) and eosin
(HT110116, Sigma Aldrich) according to a standard protocol.

The fixed sections were permeabilized with 0.1% Triton
X-100. After incubation with 1% BSA for 1 h, anti-Ki67
(sc23900, Santa Cruz Biotechnology, Dallas, TX, USA) and anti-
caspase-3 (ab44976, Abcam) antibodies were added, and the
samples were incubated overnight. After washing, secondary
antibodies conjugated with Alexa Fluor 488 (1:1000 dilution)
and Alexa Fluor 555 (1:1000 dilution) were applied for 0.5 h,
followed by DAPI staining for 10 min. The sections were
mounted in mounting solution (Dako Cytomation) and visual-
ized by confocal fluorescence microscopy (LSM 880 META,
Zeiss, Germany).

2.5. Western blotting analysis

For analysis of placental proteins, the tissue was homogenized
in radioimmunoprecipitation (RIPA) buffer, and the lysates
(30 pg) were separated on 8-10% SDS-PAGE gels and blotted
onto membranes. The blots were incubated with primary anti-
bodies and HRP-conjugated secondary antibodies (Bio-Rad,
Hercules, CA, USA). The signals were detected on films using
enhanced chemiluminescence (Amersham Pharmacia; GE
Healthcare, Pittsburgh, PA, USA).

2.6. Isolation of neonatal fibroblasts

Embryos dissected from their dams at E7, E11, or E19 were cut
into pieces with 0.05% collagenase IV solution (Invitrogen Life
Technologies) and incubated in a shaking incubator for 1 h at
37 °C. The solution was filtered through a nylon cell strainer
with 100 pm pore size (Corning Incorporated, Corning, NY,
USA) and washed twice with Dulbecco’s PBS (DPBS). The resul-
tant cells were re-suspended in DMEM with high glucose
(Hyclone) supplemented with 20% fetal bovine serum (FBS;
Invitrogen Life Technologies) and 1% penicillin-streptomycin
(Invitrogen Life Technologies), and then seeded into a 100 mm
dish.

This journal is © The Royal Society of Chemistry 2020
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2.7. Membrane staining

The sections were stained with the lipophilic tracer 3,3'-dioc-
taecyloxacarbocyanine perchlorate (DIO, Sigma, St Louis, MO,
USA) and DAPI for 3 min each, and then visualized by confocal
fluorescence microscopy.

2.8. FACS analysis

Fibroblasts isolated from each pup were detached with trypsin/
EDTA buffer (Invitrogen Life Technologies) and centrifuged at
1300 rpm for 3 min. The cells were washed twice with DPBS
and suspended with 0.1% BSA. The resultant suspension was
analyzed using a Guava EasyCyte System (Guava Technologies,
Hayward, CA, USA); a total of 10000 cells were analyzed to
detect PNts.

2.9. Karyotyping

Karyotype analysis via G-banding was performed according to
standard procedures. In brief, the cells were treated with
KaryoMAX Colcemid Solution (Thermo Fisher Scientific) for
3 h, incubated with a hypotonic solution for 30 min, harvested
by scraping, and centrifuged. Cell suspension in fixation
buffer (3 : 1, methanol : acetic acid) was spread on the prepared
slides, washed with 50% nitric acid, and kept in cold distilled
water. Chromosomes were stained with Giemsa for 15 min,
and a minimum of 20 banded metaphase cells were imaged
and analyzed per group.

2.10. Statistical analysis

Data represent the means of at least three independent experi-
ments + SD. Statistical analyses were performed using the two-
tailed Student’s ¢-test; differences were considered to be sig-
nificant at p < 0.05, and p-values are shown in figures as
needed.

3. Results and discussion

3.1 Synthesis and characterization of petal-like nanotracers
(PNts)

Fig. 1A shows a brief illustration of the flow of PNt tracking.
PNts are composed of QD, PEI, and heparinized Pluronic 127
nanogel. The morphology and size (almost 20 nm) of the QDs
are shown in Fig. S1.f The morphology and distribution of
PNts were observed by transmission electron microscopy
(TEM), which depicts flower-shaped nanoparticles composed
of petals in a single layer (Fig. S1Bt{ and Fig. 1B). The pres-
ence of the components of PNt, cadmium (Cd) in the QDs
and sulfur (S) in the heparinized gel, were confirmed by
elemental mapping by energy-dispersive X-ray spectroscopy
(EDS) (Fig. 1B). The diameter of each PNt was 171 nm on
average, and the material was monodisperse, as determined
by DLS (Fig. 1C). The fluorescence intensity of QDs in
complex with heparinized gel was similar to that of QDs
alone, indicating that the QDs could be effectively detected
by Xenogen (Fig. 1D). After exposure of NH @ QD and PNts to
MSCs for 6 hours, survival was observed by varying the

This journal is © The Royal Society of Chemistry 2020
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culture time. As a result of CCK-8 analysis of hMSCs, the cells
were viable for all the time (Fig. S2t). In addition, PNts were
slightly more stable in the hMSCs than NH @ QD for all the
time.

PNts were intravenously injected into pregnant mice on
embryonic day 19 (E19). After 1 h, the organs (liver, kidneys,
ovaries, uterus, placenta, and fetus) were harvested and
detected using a Xenogen imaging system (Fig. 1E). In
addition, the organs were sectioned and visualized by confocal
laser microscopy (Fig. S3T). After manipulating physico-
chemical properties (i.e., size, morphology, and surface chem-
istry) to make the PNts suitable for safe tracing in the body, we
applied them in mice.

Previous studies of disorders that arise during pregnancy
have concentrated on improving the efficacy and delivery
efficiency of drugs while decreasing their side effects in the
body.®*°** Treatments for mothers are focused on develop-
ing agents that are delivered efficiently to the intended
organs without crossing the placenta to the fetus; on the
other hand, drugs for the offspring are focused on efficient
transport to the fetus without persistence in maternal
compartments.*>**** Recently, NPs have been investigated as
a means of efficiently and safely delivering drugs during preg-
nancy. Specifically, multiple studies have been performed
using liposomes composed of phospholipid bilayers, which
have been approved by the Food and Drug Administration
and are already used to treat a wide range of diseases, includ-
ing cancers and infections. These include liposomes conju-
gated to oxytocin receptor antibodies and loaded with tocoly-
tic drugs (indomethacin, nifedipine, salbutamol, and
rolipram),*>*” or decorated with tumor-homing sequences
(CGKRK and iRGD; binding to the surface of mouse placenta)
to target the placenta.*® In addition, other NPs using poly(gly-
cidyl methacrylate)(PGMA),*® dendrimers,’**" silver NpPs,”>>*
silica,”® or quantum dots*’**°®>” have been used to deliver
therapeutic agents to pregnant mice. By manipulating the
properties of NPs (size, surface charge, surface functional-
ities, etc.), it is possible to adjust the loading, release, and tar-
geting of drugs, as well as to regulate whether they cross the
placenta during pregnancy.

3.2 Assessment of PNt biodistribution in organs from
pregnant mice

Before tracking PNts in vivo, we traced them in vitro by con-
focal laser microscopy. In these experiments, PNts were inter-
nalized into human mesenchymal stem cells (hMSCs) and
then detected after 4 hours by membrane staining (Fig. S47).
Almost all hMSCs took up PNts around the nucleus. To quanti-
tatively assess PNt biodistribution in mice at three different
stages of pregnancy (E7, E11, and E19), the organs (liver,
kidneys, and reproductive organs: uterus, placenta, and fetus)
were collected 1 h later and monitored by Xenogen imaging
(Fig. 2A). Using the Cy5 filter (excitation, 610 nm; emission,
655 nm), PNts were detected at high levels in lungs, liver, and
kidneys. By contrast, PNts were observed in reproductive
organs (uterus, placenta, and fetus) only at E19, but not at E7

Biomater. Sci,, 2020, 8, 3392-3403 | 3395
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Fig. 1 Fabrication and characterization of petal-like nanotracers (PNts). Heparinized F127 gel, quantum dots (QDs), and polyethyleneimine (PEI)
electrostatically interacted in that temporal order, yielding petal-like nanotracers (PNts), which were intravenously injected into pregnant mice (A).
The morphology and distribution of PNts were visualized by transmission electron microscopy (TEM). Elemental mapping detected cadmium (Cd) in
the QDs and sulfur (S) in the heparinized F127 gel (B). The sizes of PNts were measured by dynamic light scattering (DLS) (C). QD fluorescence was
detected using a Xenogen system, making it possible to trace the PNts (D). The biodistribution of PNts in organs including liver, kidneys, ovaries,

uterus, placenta, and fetus were detected by Xenogen (E).

or E11 (Fig. 2B). To observe the distribution of PNts in relation
to nuclei, the tissue samples were fixed, sectioned, counter-
stained with DAPI, and then subjected to confocal imaging
(Fig. 2C). As in Fig. 2B, PNts were detected in the liver and
kidneys regardless of stage, but in reproductive organs only
at E19.

Recently, we developed modified QD-based nano-
particles (QD-NPs, named sunflower-type nanogels) with an
appropriate size and surface functionalities to exhibit
mono-dispersity and effective gene delivery®® without intro-
ducing genetic problems in vitro. In this study, we demon-
strated that modified QD-NPs called petal-like nanotracers
(PNts) can cross the mouse placenta and distribute into
the fetus during specific phases of development (E7, E11,

3396 | Biomater. Sci,, 2020, 8, 3392-3403

or E19) without introducing developmental or genomic
aberrations.

Due to the one-pass circulation time for blood in the
mouse, the pregnant mice were sacrificed within 1 hour after
PNt injection to observe the biodistribution of the NPs
throughout the body. Xenogen imaging and confocal laser
microscopy revealed that the capability of PNts to cross
the placenta was influenced by embryonic and placental
development.

3.3 Assessment of PNt biodistribution in reproductive organs

We confirmed the biodistribution of reproductive organs,
including uterus and placenta, and fetus using Xenogen. This
analysis showed that the PNt was present in the uterus at

This journal is © The Royal Society of Chemistry 2020
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were dissected for analysis. The organs were visualized by Xenogen imaging (A). The imaging results demonstrate that PNts were delivered to the
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DAPI to detect nuclei, and subjected to confocal laser microscopy to detect PNts (C).
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Fig. 3 Biodistribution of PNts in reproductive organs of pregnant mice. Reproductive organs, including the uterus, placenta, and fetus, were dis-
sected from pregnant mice on E7, E11, and E19 (n = 3 each), and PNts were detected by Xenogen imaging (A). After that, the organs were fixed, de-

hydrated, and sectioned for H&E staining and confocal laser microscopy (B).

E11, and was subsequently transported to the placenta and
fetus at E19 (Fig. 3A). To confirm that the organ structure was
normal, the organs were fixed, sectioned, and stained with
hematoxylin and eosin. We also observed the organ sections
by confocal laser microscopy; this method confirmed the
presence of PNts in the uterus at E11, and in the uterus, pla-
centa, and fetus at E19 (Fig. 3B). These results indicate that
PNts were transported into the fetus to a greater extent as
development progressed.

3398 | Biomater. Sci,, 2020, 8, 3392-3403

3.4 Assessing the development of the placenta as a function
of the phase of pregnancy, and determination of organ
damage after PNt injection

To assess fetal development and damage to reproductive
tissue, placentas were dissected from pregnant mice at E7,
E11, and E19, and analyzed (Fig. 4A). The image of the pla-
centa in Fig. 4B and immunofluorescence staining for CD31
(a blood vessel marker, Fig. S51) showed that organ size and

This journal is © The Royal Society of Chemistry 2020
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(D) and immunofluorescence analysis (E) of a proliferation marker (Ki67) and an apoptotic marker (caspase-3) revealed no dramatic apoptosis in the
placenta at any developmental stage.
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that cultured fibroblasts did not contain residual PNts (E). Karyotyping of primary cultured fibroblasts derived from one pup from each group
revealed that PNts do not induce genomic instability (F).
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vascularization increased as development progressed.
Placental development is illustrated by the development of
labyrinth, as revealed by H&E staining (Fig. 4C). Western blot-
ting analysis (Fig. 4D) confirmed that Ki67 (a proliferation
marker) was present in the placenta, and caspase-3 (an apopto-
sis marker) was absent, at all phases of pregnancy. Double
immunofluorescence revealed positive staining for Ki67 and
caspase-3 (Fig. 4E). When pregnant mice at E19 were injected
with saline, QDs, or PNts, caspase-3 was not detected in all pla-
centa (Fig. S67).

The mature placenta of the mouse, which forms at E10.5,
consists of three layers: the labyrinth, spongiotrophoblast, and
maternal decidua. The labyrinth, the inner compartment of
the placenta, contains the villi where nutrients and oxygen
pass from the maternal to the fetal side during development.*?
The villi begin to form at E8.5 from allantois with thickening
of the labyrinth for creating the space in the labyrinth of the
interactions between maternal and fetal blood. The placenta
has multifaceted functions, serving as a barrier to passage of
nutrients and small molecules (including drugs and vaccines)
between the mother and fetus.®” In this study, the PNts
crossed the placenta starting at the middle phase of embryonic
development (E11) and were detectable in the fetus in the late
phase (E19), at a time when the villi structure in the labyrinth
was highly developed. By contrast, in the early phase (E7),
when the structure was less developed, the PNts migrated only
to the uterus. In the middle phase (E11), when the structures
had assumed their mature form but were less vascularized
than in the late phase (E19), PNts were transported to the pla-
centa, but not to the fetus. PNt-treated placentas were not
damaged, as shown by double immunofluorescence staining
for Ki67 and caspase-3.

3.5 Identification of residual PNt and chromosomal stability
in pups after injection

To evaluate the safety of PNts, pups from dams injected with
saline or PNts at each embryonic stage were randomly selected
and analyzed to assess whether they had developed normally
(Fig. 5A). First, we identified the morphology, number, and
weight of pups in each group (Fig. 5B). Pups of saline- and
PNt-injected dams were born in similar numbers (E7, E11, and
E19; 16, 15, and 16 on average), did not exhibit morphological
abnormalities, and had similar body weights (saline- vs. PNt-
injected mice at E7, E11, and E19; 1.54 g vs. 1.62 g, 1.52 g vs.
1.45 g, and 1.42 g vs. 1.36 ). Overall, pups from dams treated
with saline or QDs at E7, E11, or E19 did not differ signifi-
cantly in terms of morphology, number, and weight (Fig. S77).
To confirm genetic stability, fibroblast isolated f QD-encapsu-
lating heparinized self-assembled nanogels (1:0.5) were pre-
pared by dissolving 10 mg of heparinpluronic nanogels (10 mg
ml™") in 1 ml of de-ionized water, adding 0.5 mL of QDs, and
stirring.

To prepare sunflower-type nanogels, QD-encapsulating
heparinized nanogels were coated with 1 ml PEIL. From pups in
each group were cultured (Fig. 5C). Confocal imaging (Fig. 5D)
and FACS analysis (Fig. 5E) revealed that pup-derived fibro-
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blasts did not contain PNts, and karyotyping indicated that all
chromosomes were normal (Fig. 5F).

In this study, the embryonic days in mice are E7, E11, E19 +1
day, corresponding to the early, middle, and late stages of
human pregnancy. Since many drugs pass through the placenta
and pass to the fetus, the selection and use of safe drugs during
pregnancy is important. PNts show that the placenta is not deli-
vered to the fetus in the incomplete state (E7), so it can be used
to treat diseases of pregnant mice. However, PNts can be deli-
vered to the fetus in E19 (late pregnancy) due to the develop-
ment of the placenta, so it is preferable to administer the lowest
dose of the dose range to minimize drug exposure to the fetus.

Collectively, these results suggest that it would be possible
to regulate the final destination (organs) of injected nano-
particles bearing drugs, peptides, or genes by regulating the
time when the NPs are introduced into the pregnant mouse.
The nano-based delivery system may consider drug treatment
of nanoparticles to be suitable for the number of weeks of
pregnancy. Furthermore, we confirmed that pups from dams
injected with PNts were normal, as reflected by their number,
weight, and karyotype. As shown in Fig. 5 and Fig. S7,7 PNts
did not cause the offspring to have genetic aberrations or bio-
logical disorders. Thus, modified QD-NPs, which can be trans-
ported into the fetus, do not affect the status of the fetus or
parturition even though they persist in the mother’s organs.
Taken together, our findings suggest that QD-based nano-
particles could be safely applied to pregnant individuals. By
optimizing the conditions for administration of PNts, it
should be possible to deliver genes or drugs selectively to
mothers and their fetuses.

4. Conclusion

We analyzed the biodistribution of modified QD-based NPs
(PNts) following intravenous injection into pregnant mice in the
early, middle, and late phase of embryonic development. The
results revealed that transport of these particles to the offspring
depended on the placental stage of development. In the late
phase of pregnancy, when the placenta contains highly
branched blood vessels, PNts were transported to the fetus, but
caused no abnormality in the number, appearance, or karyotype
of the offspring. On the basis of these observations, we antici-
pate that PNts have the potential to serve as carriers of thera-
peutic agents for the treatment of the mother or fetus. Taken
together, these findings have important implications for the
development and application of QD-based NPs in pregnancy.
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