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Fetal treatment of congenital lung disease, such as cystic fibrosis, surfactant protein syndromes, and con-
genital diaphragmatic hernia, has been made possible by improvements in prenatal diagnostic and in-
terventional technology. Delivery of therapeutic agents to fetal lungs in nanoparticles improves cellular
uptake. The efficacy and safety of nanoparticle-based fetal lung therapy depends on targeting of neces-
sary cell populations. This study aimed to determine the relative distribution of nanoparticles of a variety
of compositions and sizes in the lungs of fetal mice delivered through intravenous and intra-amniotic
routes. Intravenous delivery of particles was more effective than intra-amniotic delivery for epithelial,
endothelial and hematopoietic cells in the fetal lung. The most effective targeting of lung tissue was with
250nm Poly-Amine-co-Ester (PACE) particles accumulating in 50% and 44% of epithelial and endothelial
cells. This study demonstrated that route of delivery and particle composition impacts relative cellular
uptake in fetal lung, which will inform future studies in particle-based fetal therapy.
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Statement of significance

Nanoparticle-based fetal lung therapy can be used to treat congenital lung diseases in utero, be-
fore permanent damage to the lungs occur after birth. Optimizing nanoparticle delivery to tar-
get specific cell populations can allow for more efficacious delivery of therapeutic agents. This
study determined the relative distribution of nanoparticles of a variety of compositions and
sizes delivered in utero through intravenous and intra-amniotic routes. Intravenous delivery of
particles was more effective than intra-amniotic delivery for targeting epithelial, endothelial
and hematopoietic cells in the fetal lung. This will inform future studies in particle-based fetal
therapy for congenital lung diseases.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Diagnosing hereditary and congenital lung disorders in-utero is

now possible due to advances in prenatal screening such as non-
invasive genetic testing and high-resolution ultrasound. Despite
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the availability of prenatal detection, there are no current in-utero
treatment options for such lung disorders. Conditions such as cys-
tic fibrosis (CF), surfactant protein syndromes, and congenital di-
aphragmatic hernia (CDH) remain significant sources of irreversible
neonatal and pediatric morbidity and mortality [1-4]. Advances in
gene therapy have led to increased interest in strategies such as
gene addition and CRISPR/Cas-based gene editing approaches to
treat monogenic lung disorders such as CF, alpha-1 antitrypsin de-
ficiency, and surfactant protein deficiencies [5,6]. Furthermore, ad-
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vances in the understanding of epigenetics and the role of microR-
NAs (miRNAs) as disease mediators in conditions such as CDH and
bronchopulmonary dysplasia has led to the investigation of miR-
NAs as therapeutic agents to promote lung growth in utero [7-10].

In-utero treatment via delivery of gene vectors, nucleic acids,
proteins, or other therapeutic agents is of clinical interest due to
favorable features of a fetal host. Most encouraging regarding fetal
treatment is the ability to alter and improve dysfunctional devel-
opment and halt irreversible damage that occurs before birth. In
contrast to post-natal gene therapy, fetal gene therapy also allows
for the induction of immune tolerance to transgene products. Ad-
ditionally, the small size of the fetus allows for the delivery of high
relative doses using minimal reagents [11,12].

Viral vectors have been studied in animal models for fetal ther-
apy, however their use is limited by safety concerns related to ad-
verse host and maternal immune responses and high rates of fe-
tal demise [13]. Polymeric nanoparticles (NPs) are promising ve-
hicles for the controlled delivery of a wide variety of therapeu-
tic agents since they can be non-toxic and have low side effects
[14-17]. We have previously demonstrated that intravenous (IV)
and intra-amniotic (IA) administration of degradable polymer NPs
containing peptide nucleic acids (PNAs) for gene editing is safe
without any adverse effects on survival, growth patterns or lev-
els of pro-inflammatory cytokines; and that fetal delivery resulted
in sustained phenotypic correction of a mouse model of human S-
thalassemia [18]. In these studies, we have also observed delivery
of the NPs to fetal lung tissue, suggesting an avenue by which ther-
apeutics can be effectively delivered to the lung for congenital pul-
monary diseases.

The fate of NPs in adult animals can be modulated by alter-
ing factors such as their route of administration, size, charge, and
hydrophobicity [19]. Poly(lactic-co-glycolic) acid (PLGA) NPs have
been widely used to deliver therapeutic agents [20]. The size of
PLGA NPs can be altered, which has been demonstrated to af-
fect biodistribution in adult mice [21]. Another family of polymeric
delivery vehicles composed of poly(amine-co-esters) (PACEs) are
promising particularly for the delivery of nucleic acids, as they are
cationic, but have low toxicity, and can load nucleic acids at higher
efficiencies than NPs made of PLGA or other materials [22,23]. Cer-
tain surface modifications to NPs, such as with poly(ethylene gly-
col) (PEG), increase their hydrophilicity- reducing their interaction
with serum proteins and increasing the time spent in circulation
[24].

The effects of such parameters on tissue-specific accumulation
of NPs have been demonstrated in adult mice after IV injection,
however there have been no studies investigating how these pa-
rameters affect the biodistribution of NPs in fetal lung after in-
utero IV and IA injection [21,25-27]. In this study we sought to de-
termine the influence of some of these relevant features of NP de-
sign on their ability to reach specific cell populations in fetal lung
and thus determine the NP type and delivery method for targeting
the fetal lung.

2. Methods
2.1. Materials

Poly(D,L-lactide-co-glycolide); (Mw= 5-10 kDa, LA:GA = 50:50)
and poly(D,L-lactide)-b-poly(ethylene glycol)-carboxylic acid (PLA-
PEG) (Mw PLA 16 kDa, Mw PEG = 5 kDa) were pur-
chased from PolySciTech (West Lafayette, IN). Acetonitrile (ACN)
and dimethyl sulfoxide (DMSO) were purchased from ].T. Baker
(Phillipsburg, NJ). Poly(vinyl alcohol) (PVA) was purchased from
Sigma-Aldrich (St. Louis, MO). For PACE NPs, 15-pentadecalactone
(PDL, 98%), diethyl sebacate (DES, 98%), sebacic acid (SA, 98%),
N-methyldiethanolamine (MDEA, 99+%), polyethylene glycol (PEG,
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5000 MW), and diphenyl ether (99%), immobilized Candida Antarc-
tica lipase B (CALB) supported on Novozym 435, chloroform (HPLC
grade), chloroform-d (NMR grade), dichloromethane (HPLC grade,
99+%), hexanes (HPLC grade, 97+%), and methanol (98%) were pur-
chased from Sigma Aldrich (St. Louis, MO) and used as received.
The 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) dye was ob-
tained from Biotium (Fremont, CA).

2.2. Nanoparticle preparation

PLGA and PLA-PEG NPs containing DiO dye as a fluorescent
tracer were formulated using the NanoAssemblr Benchtop instru-
ment (Precision Nanosystems Inc.), as previously reported [21]. To
formulate 150 nm and 250 nm PLGA NPs, 20 mg and 25 mg of
polymer was each dissolved overnight in 1 mL of ACN, respectively.
To prepare 150 nm PLA-PEG NPs, 30 mg of polymer was dissolved
overnight in 1 mL of 75:25 DMSO:ACN [28]. DiO dye was encapsu-
lated in the NPs by adding 0.5% (wt/wt) of 10 mg/mL DiO in DMSO
to the polymer solution.

For PLGA NPs, the aqueous phase consisted of 1 mL of 2% PVA
and the NanoAssemblr flow rate was set at 8 mL/min. For PLA-
PEG NPs, the aqueous phase consisted of 1 mL of water and the
flow rate ran at 2 mL/min. To synthesize each batch of NPs, the
organic polymer/dye and aqueous phases were simultaneously in-
jected into the NanoAssemblr ports. NPs were collected in DI wa-
ter by centrifugation using Amicon Ultra-15 filters (100 K cutoff)
at 4,000 g at 4°C for 45 min three times. After the final wash, tre-
halose was added as a cryoprotectant at 100% (wt/wt) to PLGA NPs
before lyophilization. PLA-PEG NPs were resuspended in 1x PBS
and flash-frozen until use.

PACE synthesis and NP formulation have been described in de-
tail previously [23]. Here, we used PACE and PACE-PEG with 60%
PDL content. PACE NPs were formulated using a modified oil-in-
water (o/w) single-emulsion solvent evaporation technique, as de-
scribed previously [22,23]. Polymers were stored in airtight, sealed
vessels in a desiccator box at -80°C until needed. NPs were evalu-
ated by electron microscopy and dynamic light scattering. Charac-
teristics of NPs are displayed in Table 1.

2.3. In vivo NP administration

All procedures and experiments were performed in accordance
with the guidelines and policies of the Yale Animal Resource
Center (YARC) and approved by the Yale University Institutional
Animal Care and Use Committee (IACUC). Female C57BL/6 mice
were obtained from Charles River Laboratories. Time dated preg-
nant mice between 15-17 days post conception were anesthetized
with inhaled isoflurane (2% vol/vol for induction and maintenance).
Analgesia was provided with subcutaneous injection of either or
both of the following analgesics: 0.1mL Buprenorphine HCl (0.015
mg/mL) and 0.1 mL Meloxicam (0.1 mg/mL). The gravid uterus was
exposed through a midline laparotomy incision. Fluorescent NPs
were resuspended by vortex and water bath sonication in 1 x dPBS
to a concentration of 12mg/mL. IV injections were performed at
gestational day el5. A volume of 15ul of 12mg/mL NPs (~300
mg/kg) suspension was drawn up into a glass micropipette (tip
diameter ~50 um) and injected into the vitelline vein of each fe-
tus using a pneumatic microinjector (Narishige; Japan). IA injec-
tions were performed at e16 (310 mg/kg) and el17 (270 mg/kg),
as this marks the onset of regular fetal respirations [29]. A vol-
ume of 20 ul of 12mg/ml NP suspension was injected directly
into the amniotic cavity, in the space between the forelimbs and
hindlimbs of each fetus. In order to enhance respiratory drive, NPs
were resuspended in theophylline (0.8 mg/mL) in select experi-
ments [30,31]. Pregnant mice were sacrificed at 3 hours and 24
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Diameter, PDI and Zeta Potential of NP formulations.

NP Formulation Diameter (nm)

PDI (polydispersity index)

Zeta Potential

PLGA 150 160 + 4.8
PLGA 250 250 + 2.5
PLA - PEG 150 150 + 1.7
PACE 250 260 + 3.9
PACE - PEG 150 190 + 1.2

0.11 + 0.021 -207

0.16 + 0.015 -20°

0.31 + 0.027 -7+ 1°
0.14 + 0.019 +31 £ 05
0.24 + 0.017 +31 £ 03

4 Estimated from previous measured of nearly identical materials[21]
b Estimated from previous measured of nearly identical materials[56]

hours post-injection and fetuses were delivered by cesarean sec-
tion. The three-hour time point was chosen because previous in
vitro experiments have demonstrated that for the polymer types
examined, the majority of its NP contents are released within that
time frame. [18,23] All fetuses included in the analysis were con-
firmed to alive at the time of delivery by the present of fetal
movement.

2.4. Fluorescence microscopy

Fetuses were fixed overnight in 4% paraformaldehyde (Electron
Microscopy Sciences; Hartfield, PA) at room temperature. The tis-
sues were next dehydrated in 20% sucrose for 24 hours and em-
bedded in Tissue-Tek Optimal Cutting Temperature (OCT) Com-
pound (Sakura, Torrance, CA). Frozen 15 pum-thick sections were
mounted on glass slides using VECTASHIELD Hardset Antifade
Mounting Medium with DAPI (Vector Laboratories, Burlingame,
California). Confocal imaging of the frozen sections was per-
formed on a Zeiss Axio Observer Z1 microscope (Oberkochen, Ger-
many). All images were processed using Zeiss Zen Pro software
(Oberkochen, Germany). Only fetal lungs were assessed.

2.5. Flow cytometry

Individual fetal lungs were harvested and homogenized in 2%
fetal bovine serum (FBS) in PBS using a 70 pum cell strainer. The
resulting single cell suspension was pelleted and resuspended in
2% FBS in PBS and incubated with a 1:1000 dilution of FcR Block-
ing reagent (Cat # 130-059-901, Miltenyi Biotec Inc., Auburn, CA)
for 30 minutes. Fetal lungs were subsequently stained for CD326
(EpCAM)-Super Bright 436 (Cat # 62-5791-82, Invitrogen, Carls-
bad, CA), CD31(PECAM-1)-APC (Cat# 17-0311-82, Invitrogen, Carls-
bad, CA), and CD45R(B220)-PE-Vio770 (Cat# 130-102-817, Miltenyi
Biotec Inc., Auburn, CA). Aliquots of lung cells were also stained
using SYTOX Orange Dead Cell Stain (Cat# S3486, Invitrogen, Carls-
bad, CA). Cells were immediately analyzed by flow cytometry (BD
LSRII 5-UV) and cell analysis was performed using Flow]Jo (Version
10.6.1, Ashland, OR). Cell populations were defined as follows: ep-
ithelial, CD326+CD31-CD45—; endothelial, CD326—CD31+CD45-;
hematopoietic lineage, CD31—-CD45+ as previously described (Sup-
plementary Figure 1) [32].

2.6. Statistical analysis

The mean percentage of cells with NPs for each cell type with
the associated standard deviation (+s.d.) were calculated. NP de-
livery routes were compared using one-way ANOVA, followed by
Dunnett’s post-hoc test for multiple comparisons or an unpaired
student’s t-test where appropriate. Sidak correction was used to
correct for multiple comparisons to decrease the chance of a Type
[ statistical error. Statistical analyses were carried out using Graph-
Pad Prism (Version 8.0, San Diego, CA) . A p-value of less than 0.05
was considered statistically significant. All reported n values repre-
sent individual fetuses. Minimum samples sizes were determined

348

using G*Power software (Version 3.1, Bonn, Germany) with the goal
of detecting a very large effect size.

We first sought to compare different methods NP delivery to
fetal lung at different gestational ages using 250nm PLGA NPs: we
compared IV injection at e15 (n=5) and IA injection at e16 (n=9)
and e17 (n=9). We then sought to compare the effect of size, PEGy-
lation and surface charge on NP delivery to fetal lung after e15 IV
injection by comparing different sized PLGA (150nm, n=7, 250nm
n=>5), PLA-PEG (n=3), PACE (n=5) and PACE-PEG (n=4) NPs. We
then examined the effects of size and PEGylation on delivery after
e16 IA injection (150nm PLGA n =3, 250nm PLGA n=9, PLA-PEG
n=3) and e17 IA injection (150nm PLGA n =8, 250nm PLGA n=9,
PLA-PEG n=4). Finally, we sought to optimize IA injection condi-
tions at e16 and el7 by comparing fetuses injected under stan-
dard experimental conditions (with narcotic analgesia and no theo-
phylline, e16 n=9, e17 n=9) and those injected under optimized
conditions (no narcotic analgesia, theophylline added, e16 n=11,
e17 n=9).

3. Results

3.1. IV injection delivers NPs to fetal lung more efficiently than IA
injection

We compared the efficiency of dye (DiO)-loaded 250nm PLGA
NP delivery to fetal lung after intravenous (IV) injection at e15 via
the vitelline vein to intra-amniotic (IA) injection at el6 and el7.
The vitelline vein (accessed for IV injections) involutes after e15,
which is at the end of the pseudoglandular stage of fetal lung de-
velopment, making IV injection impractical after this time point.
In humans, the pseudoglandular stage ends at approximately 17
weeks of gestation, where therapeutic delivery of agents to the
fetus is possible. Fluorescent NPs were delivered by IA injections
at e16 and el17, based on our prior results demonstrating no up-
take in the lung before e16 as there is minimal breathing in the
fetal mouse before this time [18]. Flow cytometry (Supplemen-
tary Figure 1) was used to determine the biodistribution of differ-
ent NPs to epithelial, endothelial, and hematopoietic lineage cells
(Fig. 1A, Supplementary Table 1). For all statistical analyses, e16 IV
injections were used as controls (Fig. 1A). Flow cytometric analysis
demonstrated that e15 IV injection delivered PLGA NPs most effi-
ciently to all cell types; NP uptake was observed in 8%(P=<0.0001)
of all cells, 26%(P<0.0001) of epithelial cells, 11%(P<0.0001) of en-
dothelial cells and 38% (P=0.0003) of hematopoietic lineage cells.
Lower uptake was noted in lung cells following e16 IA injection,
with NPs in 0.5% of all cells, 0.6% of epithelial cells, endothe-
lial cells (0.2%) and hematopoietic cells (2%). Low but improved
uptake was noted in lung cells following e17 IA injection with
3%(P=0.0511) of all cells noted to have NPs in epithelial cells (7%,
P=0.0214) endothelial cells (2%, P=0.0412) and hematopoietic cells
(15%, P=0.0146).

Delivery of NPs to lung tissue was further assessed qualita-
tively via confocal microscopy (Fig. 1 B,C,D). By microscopy, IV in-
jection (Fig. 1B) resulted in diffuse uptake in lung tissue while IA
injection resulted in NP deposition in the luminal surface of the
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Fig. 1. A) IV injection results in greater fetal lung uptake of PLGA NPs than IA injection. Bar graph showing the percent of DiO positive epithelial, endothelial and hematopoi-
etic lineage cells after e15 IV, e16 1A and e17 IA injection based on flow cytometry, control e16 IA, *, p<0.05, ****, p< 0.0001 (1-way ANOVA. Error bars represent S.D.) n=5-9
B-D) Immunofluorescence images (40x) of fetal lungs after 250 nm PLGA NP delivery via B) e15 IV injection, C) e16 IA injection and D) e17 IA injection. Scale bar on images

represents 50m.

lung (Fig. 1C&D). There was no fluorescence observed in uninjected
lungs at e15, 16 or 17 (Supplementary Figure 2).

3.2. NP size, polymer type and surface modification affect NP delivery
to the lung

To determine the effect of size, PEGylation and surface charge
on NP delivery to fetal lung, DiO-loaded PLGA (150nm and 250nm),
PLA-PEG (150nm), PACE (250nm) and PACE-PEG (150nm). NPs were
delivered via IV injection to fetal mice at e15. Flow cytometry was
used to determine whether there was a difference in the biodis-
tribution of different NP types to total cells (Fig. 2A) (Supplemen-
tary Tables 2-4). These findings were also assessed qualitatively via
confocal microscopy (Fig. 2B-F).

Two different sizes of PLGA (150nm and 250nm) were com-
pared (Supplementary Table 2). For this analysis 150nm PLGA 150
was considered a control. Larger size NPs were delivered to less
cells overall (8% vs 28%, P=0.0101, Fig. 3A), less epithelial cells
(26% vs 40%, P=0.0480, Fig. 3B), less endothelial cells (11% vs 22%,
P=0.0177, Fig. 3C) and more hematopoietic lineage cells (38% vs
28%, P=0.0303, Fig. 3D).

The biodistribution of PEGylated particles was investigated us-
ing 150nm PLA-PEG and 150nm PACE-PEG (Supplementary Table
3). For this analysis 150nm PLGA 150 was considered a control.
There was no significant difference in NP delivery of either PE-
Gylated particle to the total lung (Fig. 3E). PLA-PEG was delivered
to less epithelial cells (40% vs 19%, P=0.0448, Fig. 3F). Endothelial
cells had increased uptake of both particle types: PLA-PEG (37%
vs 22%, P=0.0041, Fig. 3G) and PACE-PEG (35% vs 22%, P=0.0072,
Fig. 3G). There was no significant difference in PEGylated NP up-
take in hematopoietic lineage cells (Fig. 3H).

Differences in the biodistribution of two particles with different
surface charges (250nm PLGA and 250nm PACE) were also com-
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pared after IV injection at e15 (Supplementary Table 4). For this
analysis 150nm PLGA 150 was considered a control. PACE was de-
livered more efficiently to all cells (37% vs 8%, P=0.0079, Fig. 3I),
epithelial cells (50% vs 26, P=0.0079, Fig. 3]) and endothelial cells
(44% vs 11%, P=0.0177, Fig. 3K). There was no statistically differ-
ence in NP delivery to hematopoietic cells.

To determine the which polymer size and type was delivered
most efficiently to the fetal lung after IA injection, DiO-loaded
PLGA and PLA-PEG NPs were delivered via IA injection at el16
(150nm PLGA, 250nm PLGA, 150nm PLA-PEG) and el17 (150nm
PLGA, 250nm PLGA, PLA-PEG). At each gestational day, fetuses in-
jected with 150nm PLGA particles were considered controls. For
e17 1A injection, 250nm PLGA NPs were delivered more efficiently
to endothelial cells (2% vs 0.3%, P=0.0301, Fig. 4A and B). No other
statistically significant differences in NP delivery were noted.

3.3. Theophylline and narcotic exposure do not change the efficiency
of IA injection

Given the low delivery efficiency of NP delivery following IA in-
jections, we sought to optimize fetal respirations to improve NP
delivery. IA injections at e16 and e17 were performed using 250
nm PLGA NPs reconstituted with theophylline, which has been
demonstrated to improve the delivery of other vehicles to fetal
lung after IA injection [31]. Analgesia was provided with meloxi-
cam only without the addition of opioid which could act as a res-
piratory suppressant. Thus there were two experimental groups
at each gestational age - fetuses injected under standard exper-
imental conditions (with narcotic analgesia and no theophylline)
and those injected under optimized conditions (no narcotic anal-
gesia, theophylline added). At each gestational day, fetuses injected
under standard conditions were considered controls for statistical
analysis. NP delivery was quantified as above using flow cytome-
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Fig. 2. Polymer type, size and surface modification impact NP delivery to lung after e15 IV injection. A) Bar graph showing the percent of DiO positive total cells after e15
IV injection. 250nm NPs were considered controls. *, p< 0.05, ***, p<0.001,****, p< 0.0001(1-way ANOVA. Error bars represent S.D.) n=3-9B) Immunofluorescence images
(40x) of fetal lungs after e15 IV injection of 150 nm PLGA NPs C) 250 nm PLGA NPs D) 150 nm PLA-PEG NPs E) 250 nm PACE NPs F) 150 nm PACE-PEG NPs. Scale bar on

images represents 50m.

try. Compared to standard injections with 250 nm PLGA NPs under
standard conditions, the addition of theophylline and removal of
maternal narcotic exposure did not improve IA NP delivery at e16
for any cell types (Fig. 4C). Addition of theophylline and withhold-
ing narcotics during e17 injection did not improve uptake in ep-
ithelial or endothelial cells, however it did lead to an improvement
in delivery of NPs to hematopoietic cells (15% to 34%, p=0.0325)
(Fig. 4D).

4. Discussion

Fetal NP-mediated delivery of therapeutic agents to the de-
veloping lung is a promising strategy for the treatment of con-
genital lung disease. Gene editing technologies, such as PNA and
CRISPR/Cas9, are potential avenues for the treatment of monogenic
pulmonary disease, such as CF and surfactant protein deficiencies
[6,33]. Furthermore, due to their pleotropic nature and ability to
alter entire biologic pathways, miRNA therapeutics have emerged
as a promising treatment for conditions mediated largely by epige-
netics, such as pulmonary hypoplasia associated with CDH [7,8,34].
Polymeric NPs are safe and promising vehicles for the delivery of
such therapeutics. The ability to optimize NPs and target specific
tissues makes NP-mediated delivery even more promising [35].

IA injection has been described previously for the delivery of
viral vectors in studies examining the in-utero treatment of cystic
fibrosis and inherited surfactant protein syndromes [6,36]. In addi-
tion to being technically easier, in theory IA delivery has the added
advantage of more specific targeting of fetal lung epithelial cells,
which are of interest in these conditions. More specific targeting
of the fetal lung epithelium. Given that vectors delivered via IA in-
jection contact the airway epithelium first, we hypothesized that
there would be relatively high NP uptake in uptake in epithelial
cells. However, we observed that IV injection led to better delivery
of NPs to all cell types, including epithelial cells, compared with
IA injection. We did observe that IA NP delivery improved with
more advanced gestational age, when fetal breathing movements
are more pronounced.
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In an effort to optimize and specifically deliver NPs to fetal lung
cells, we tested the effects of three parameters on the IV biodistri-
bution of NPs to fetal lung: size, surface modification, and com-
position. To examine the effect of size, we compared large and
small PLGA particles (150 nm vs. 250 nm). Previous studies have
demonstrated that NP size effects accumulation in various tissues
[25,26,37]. After IV administration in adult mice, when compared
with larger NPs, small NPs (~120 nm) were delivered more ef-
ficiently to lung, bone marrow, specific alveolar cell populations,
and hematopoietic stem and progenitor cells [21]. In our study,
we found that smaller NPs (150 nm PLGA) accumulated more ef-
ficiently fetal lungs than larger NPs (250 nm PLGA). Smaller NPs
were found in a greater percentage of epithelial and endothelial
lung cells, but were found in a lower percentage of hematopoietic
lineage cells. It has been previously demonstrated that increasing
NP size can lead to greater uptake by macrophages, limiting the
NPs’ therapeutic potential [38]. In fetal mice, alveolar macrophages
begin to differentiate at e18 [39]. However primitive macrophages
originating from the fetal liver a present in the lung beginning
at e12, thus the that increased uptake of larger nanoparticles by
hematopoietic lineage cells may represent phagocytosis by these
primitive macrophages [40].

A second parameter tested was the effect of surface modifica-
tions (PEGylation) of NPs. PEGylation of NPs improves solubility
and dispersion, increases the duration of NP circulation, neutral-
izes NP charge, and enhances NP diffusion [41-43]. These manipu-
lations can allow NPs to stay in circulation longer and avoid first-
pass uptake by the liver and phagocytosis by local macrophages
[44]. In our analysis, which was performed 3 hours after injection,
PLA-PEG and PACE-PEG NPs entered endothelial cells to a greater
extent than 150 nm PLGA NPs, and PLA-PEG was delivered less ef-
fectively to epithelial cells. A similar effect was also demonstrated
in adult mice, where PEGylated nanocarriers were delivered more
effectively to pulmonary endothelial cells and less effectively to
pulmonary epithelial cells [45]. This could be a target in variants
of congenital heart disease where pulmonary hypertension is ex-
pected to be a significant contributor to morbidity and mortality.
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Finally, we tested the distribution of PACE NPs that were de-
livered more efficiently than 250 nm PLGA to both epithelial cells
by two-fold and endothelial cells by nearly four-fold. Of note, PACE
particles are more positively charged and have improved loading
capacities for certain therapeutic agents such, as nucleic acids. The
positive charge of these polymeric NPs interacts favorably with the
negatively charged phospholipid cell membrane, facilitating cellu-
lar uptake [46]. PACE's improved targeting of both epithelial and
endothelial cells makes it ideal for use in conditions like CDH,
where both pulmonary hypoplasia and pulmonary hypertension
contribute substantially to disease morbidity and mortality.

We have demonstrated previously that after IV injection, NPs
accumulate most abundantly in the fetal liver, and were also de-
tected in brain, heart, gut and kidneys in addition to fetal lung.
After IA injections, NPs were delivered to the gut in as well as
the lung [18]. NP accumulation was not seen in the maternal cir-
culation or maternal liver. We have also observed that nanoparti-
cles are present in the placenta after IV injection. The potential for
off-target effects after these delivery methods makes direct intra-
tracheal injection a seemingly ideal method for NP delivery. How-
ever, in humans as well as large and small animal models, this is
not feasible until the canalicular phase of lung development [47-
49]. We felt that targeting lungs at el5 through 17, during the
pseudoglandular phase of lung development, when branching mor-
phogenesis is occurring, would maximize any potential therapeutic
effects.

A major limitation of IA delivery is that it requires the pres-
ence of fetal breathing movements for delivery to the lung. Pre-
vious studies have demonstrated that fetal breathing movements
carry an adenoviral vector to fetal lungs [31]. However, IA deliv-
ery of NPs resulted in low levels of uptake in fetal lung and this
was not improved by NP modification or pharmacologic augmen-
tation. Theophylline has been demonstrated to improve delivery of
adenoviral vectors to fetal lung; our data did not reproduce this
effect for NPs, since an improvement in the delivery of NPs after
theophylline exposure was only observed for hematopoietic cells
at e17 [31]. We did not further characterize the hematopoietic lin-
eage cells but presume they are resident white blood cells and
macrophages in the tissue [39,40]. Another possible explanation for
the poor cellular uptake of NPs in cells after IA injection is alter-
ation to the physicochemical properties of the NP due to the pro-
tein corona formed after injection into the amniotic fluid, which is
an area that warrants further investigation [50]. In the future, NPs
can be delivered via fetal intra-tracheal injection in large animal
models or humans which may deliver NPs more efficiently to the
desired cell types.

For translation to clinical medicine, both delivery techniques
would require either direct entry into the amniotic cavity or ultra-
sound guided umbilical artery injection, both of which come with
a small but no insignificant risk of fetal loss. However, IA and IV
injection minimize maternal risks, as there is no detectible NPs in
maternal circulation or the liver after using either delivery meth-
ods. In addition, fetal IV injection results in more efficient delivery
of therapeutic agents to the fetus, as a smaller amount of agents
are needed, and the agents to not need to be transported transpla-
centally.

All polymers studied here have low toxicity and are biodegrad-
able [23,51]. PLGA is the most well studied degradable polymer
and is capable of sustained release, making it a popular candi-
date for therapeutic use [52,53]. PACE, while positively charged,
has a low cationic density (to minimize toxicity), with high effi-
ciency for nucleic acid encapsulation [16,22,54]. This study exam-
ined the biodistribution of NPs loaded with fluorescent dye, rather
than therapeutic agents. Though the addition of therapeutic agents
can alter the parameters studied in this article, namely surface
charge and size, these can be measured and accounted for [55].
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In conclusion, NPs can be delivered to fetal lung tissue follow-
ing both IA and IV injection, with IV delivery being more robust
but IA having the potential for more specificity to lung tissue [18].
We have demonstrated that PACE NPs target epithelial and en-
dothelial cells better than PLGA and PLA-PEG NPs. Our hope is that
optimization of uptake by the vital tissue of the fetal lung will al-
low correction of these tissues for devastating diseases that impair
normal lung growth and function.
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