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Abstract 

Background: 

There is a clinical need to develop lipid nanoparticles (LNPs) to deliver prenatal therapies to the 
developing fetus during pregnancy. The aim of these therapies is to restore normal fetal development 
and prevent irreversible conditions after birth. As a first step, LNPs need to be optimized for 
transplacental transport, safety, and transfection efficiency in fetal cells.  

Methods: 

We developed and characterized a library of LNPs of varying compositions and used machine 
learning (ML) models to delineate the determinants of LNPs size and zeta potential. Utilizing different 
in vitro placental models with the help of the Random Forest algorithm, we studied the features 
driving percentage LNPs transport and kinetics, using a dataset of 18 input features encompassing 
48 different transport experiments. We further evaluated the LNPs for safety and transfection 
efficiency in placental trophoblasts and fetal lung fibroblasts. Finally, we assessed toxicity of the 
LNPs in a tracheal occlusion fetal lung explant ex-vivo model. 

Results: 

LNPs showed little to no toxicity to fetal and placental cells. Immunoglobin G (IgG) orientation on the 
surface of LNPs, PEGylated lipids, and ionizable lipids had significant effects on placental transport. 
The Random Forest algorithm identified the top features driving LNPs placental transport percentage 
and kinetics; zeta potential emerged as one of the top driving features. Building on the ML model 
results, we developed new LNPs formulations to further optimize the transport leading to a 622% 
increase in transport.  To induce preferential siRNA transfection of fetal lungs, we further optimized 
cationic lipid percentage and the lipid-to-siRNA ratio. Studying LNPs in an integrated placental and 
fetal lung fibroblasts model showed a strong correlation between zeta potential and fetal lung 
transfection and ensured the integrity of the LNPs following transplacental transport. Finally, the 
optimized formulations appeared to be safe in ex vivo fetal lungs as indicated by insignificant 
changes in apoptosis (Caspase-3) and proliferation (Ki67) markers. 

Conclusion: 

We have optimized an LNPs formulation that is safe, with high transplacental transport and 
preferential transfection in fetal lung cells. Our research findings represent an important step toward 
establishing the safety and effectiveness of LNPs for gene delivery to the fetal organs. 
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Preface 

 

This thesis has been written in the grouped manuscript style (sandwich thesis). It includes submitted 
and published manuscripts. Amr Abostait is the first author on these manuscripts. He conducted 
and gathered most of the work presented in this MSc thesis. The first chapter of the thesis provides 
an introduction about the topic and highlights the gaps we attempted to address in chapter two and 
three. Chapter two represents a submitted manuscript that’s currently under review at the Journal of 
Controlled Release. While chapter three represents a published manuscript at the Molecular 
Pharmaceutics journal. Finally, the fourth chapter gives a conclusion and summary for what has 
been achieved in this work. The thesis follows the AMA (American Medical Association) citation style. 
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Chapter I: Introduction 

1.1 Fetal Gene Therapies 

Congenital diseases are a considerable challenge in maternal-fetal health and one of the leading 
causes of infant mortality and lifelong morbidity 1. Congenital diseases are characterized by 
phenotypic changes due to genetic mutations, chromosomal abnormalities, epigenetic changes, or 
environmental factors 2. Additionally, there have been promising advancements in Magnetic 
Resonance Imaging (MRI), ultrasonography, and genetic testing, which enable early diagnosis of 
congenital diseases 1,3. Therefore, early interference using prenatal gene therapies could revert the 
course of the disease and prevent irreversible damage 4. 

Besides the obvious benefit of early interference, prenatal gene therapies pose several advantages 
from the gene delivery perspective, such as the small fetus size, immunological immaturity, and 
abundant populations of stem cells 5. However, direct injection of nucleic acids could fail due to 
multiple biological factors, including the rapid degradation by extracellular DNAases and RNAases. 
Besides, nucleic acid molecules can't cross the plasma membrane and exit the endosomes to reach 
the site of action in the cytoplasm or the nucleus due to their large sizes and anionic charge 6. Also, 
the immunity issues arising from triggering the interaction with toll-like receptors (TLRs) that lead to 
cytokine release and inflammatory responses 7. So, gene delivery vehicles are required to offer 
shielding from degradation enzymes and the immune system while achieving tissue-specific delivery 
and endosomal escape. 

The current landscape of gene delivery vehicles is divided between viral and non-viral vectors 8. Viral 
vectors exhibit high efficiency in tissue-specific targeting and delivering nucleic acids to the 
cytoplasm or the nucleus. They have been optimized over millions of years by evolution. 
Retroviruses, Adenoviruses, Lentiviruses, and Adeno-associated viruses are the most common viral 
vectors. They mainly differ in the type and size of genetic cargo and the types of cells they can 
transfect 1,9. However, these viral vectors pose mutagenicity and immunogenicity risks, which make 
them more challenging for prenatal gene therapy 10. 

On the other hand, non-viral vectors such as polymeric or lipid nanoparticles (NPs) have lower risk 
and a reproducible and more scalable manufacturing process 6. Ullrich et al have shown the ability 
of polymeric nanoparticles to deliver micro-RNA to the fetal lung 11. Other studies have explored the 
potential of lipid nanoparticles in delivering messenger RNA (mRNA) to the fetal lung and liver 12,13. 

1.2 Lipid Nanoparticles 

Lipid nanoparticles (LNPs) have become the gold-standard for nucleic acids delivery, with four 
products already reaching the market and tens in different stages of clinical trials 14. Chronologically 
sorted by their FDA approval date, the four FDA-approved LNPs-based products are: Onpattro, Pfizer–
BioNTech COVID-19 vaccine, Moderna COVID‑19 vaccine, and Moderna respiratory syncytial virus 
(RSV) vaccine 15,16. The LNPs formulations are composed of four different classes of lipids: ionizable 
lipid, PEGylated lipid, helper lipid and cholesterol 17. These lipids could be of different types or molar 
percentages, which affect the LNPs physicochemical properties and biological behavior. 

The phospholipid is a class of lipids that’s composed of a polar head and non-polar tail (Figure 1A); 
the molecular structure of both has great influence on the properties of the lipid. For example, the 
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tail length and unsaturation greatly impact the phase transition temperature (Tm). Tm is the 
temperature at which the lipid changes from the ordered gel phase to the disordered liquid crystalline 
phase 18. As the lipid tail length increases, the hydrophobic interaction between the tails increases 
leading to higher Tm as shown when comparing DSPE to DPPE and in Figure (1B). On the other hand, 
the tail unsaturation leads to a kink in the structure that disrupt the assembly with neighbouring lipids 
and increase the distance between them (Figure 1A). And since the London dispersion forces that 
governs the interaction is inversely proportional to distance between the interacting lipid tails to the 
power of six (r6) 19, this leads to a huge decrease in Tm, as seen when comparing Tm DOPE (unsaturated 
lipid tail) to DSPE (saturated lipid tail) in Figure 1B. 

 

 

Figure 1: The Lipid Structure and Properties. (A) Schematic Structure of Phospholipid; showing the 
difference between saturated and unsaturated lipids. (B) Different lipid structures and their phase 
transition temperature; showing the effect of tail length and unsaturation. DPPE stands for 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine; DSPE stands for 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine; DOPE stands for 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine. Created 
with BioRender.com. 

The first and most fundamental class of lipids in the LNPs is the ionizable lipid which plays the major 
role in transfection by enhancing endosomal escape. Increasing endosomal escape is essential for 
successful nucleic acid therapeutics; either for efficient silencing using siRNA, or protein translation 
using mRNA. Ionizable lipids have a pKa in the range of 6-7, so their head group is neutral at 
physiological pH, but positively charged in the endosomal acidic pH 20,21.  Several concepts exist to 
explain the endosomal escape of LNPs including the concept of lipid polymorphism (Figure 2A). 

Amphiphilic molecules, such as phospholipids, can self-assemble into a variety of different 
structures upon dispersion in water. This behavior has been known as lipid polymorphism which has 
been explained by the “Molecular Shape” theory 22. As shown in Figure 2A, molecules with large 
headgroup area and small tail area have a cone geometry and tend to self-assemble into micelles. 
On the other hand, molecules with equal head and tail areas have a cylindrical geometry and prefer 
the bilayer assembly. Finally, the molecules with bigger tail area have an inverted cone geometry and 
assemble into inverted micelles or inverted hexagonal structures 23.  
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Endosomal escape derived by lipid polymorphism starts by lipids exchange between the LNPs and 
the endosomal membrane 24. Thereafter, the ionizable lipid will get positively charged at acidic 
endosomal pH, leading to stronger interaction with the negatively charged endosomal membrane 25. 
Finally, this interaction will change the geometry of the lipid leading to bilayer to Hexagonal (II) 
transition (Figure 2B). 

 

 

Figure 2: Lipid Polymorphism and Endosomal Escape. (A) Schematic of how the geometry of the lipid 
tail and head influence the assembly structure of the lipids. (B) Schematic of LNPs interaction with 
the endosomal membrane and how acidification drives the bilayer to hexagonal transition to achieve 
endosomal escape. Created with BioRender.com. 

On the other hand, earlier studies attributed the endosomal escape to the Proton Sponge Effect, 
which depends on the presence of weakly basic tertiary amines which when ionized, they increase 
the endosomal membrane potential resulting in higher chloride diffusion that raises the osmotic 
pressure and destroys the endosomal membrane 26,27. 

Adopting one of these hypotheses can influence the optimization steps in the study. Explaining 
endosomal escape through lipid polymorphism influenced subsequent studies to manipulate the 
transition temperatures by changing the tail branching and length 21,28,29. Increasing the branching or 
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decreasing length reduces the London Dispersion force between the hydrophobic tails and lowers 
the phase transition temperature (Tm) and the bilayer-to-H(II) transition temperature (TBH). While 
explaining endosomal escape through the concept of ions sponge have influenced some studies to 
increase the number of tertiary amine groups in the ionizable lipid structure 30,31. 

In addition to the ionizable lipids, PEGylated lipids are required to prevent the aggregation of LNPs as 
they form a hydrophilic steric sheath around LNPs 32. PEGylated lipids are amphiphiles consisting of 
a lipid conjugated to a polyethylene glycol (PEG) moiety. They therefore tend to accumulate at the 
interface between LNPs and the external aqueous phase 33. PEGylated lipids diminish the interaction 
of LNPs with each other, thus reducing LNPs aggregation and enhancing their colloidal stability. They 
also decrease the opsonization process and reduce LNPs interaction with the immune cells 34. The 
properties of the PEGylated lipids are also governed by the lipid head group charge and the tail length 
and unsaturation. Zhu et al have showed how the tail unsaturation leads to significant differences in 
PEG-lipid dissociation rate and in vitro uptake of the NPs 35. They found that DSPE-PEG, which has a 
saturated tail, has a dissociation half-life of 24.7 hours. While the DOPE-PEG has a dissociation half-
life of 2.1 hours, due to the tail unsaturation. 

Beside ionizable and PEGylated lipids, other structural helper lipids are incorporated in the LNPs to 
efficiently deliver nucleic acids. DSPC and cholesterol were found to promote the stability of nucleic-
acid complexes with ionizable lipids in neutral physiological pH enabling high encapsulation 
efficiency 36. Besides, helper lipids and cholesterol have been shown to affect the LNPs 
biodistribution. Zhang et al have found that changing the helper lipid affect the apolipoprotein E 
(ApoE) adsorption on LNPs that drives their hepatic delivery. Therefore, when they replaced DOPE 
with DSPC, the ApoE adsorption decreased leading to higher delivery to the spleen 37. Besides, Hatit 
et al have shown that the stereochemistry of hydroxycholesterols plays a role in the LNPs interaction 
with the phagocytic pathways. Therefore, testing LNPs with different hydroxycholesterol’s 
stereochemistry led to a big difference in mRNA delivery potency 38. 

Permanently charged lipids are a fifth lipid type that were recently being adopted in the composition 
of different LNPs. Dilliard et al showed that the charged lipids change the pKa of the LNPs, which 
leads to different protein adsorption and drive LNPs delivery to extrahepatic targets 39. Specifically, 
they showed that the incorporation of 50% DOTAP of the total lipid composition of LNPs resulted in 
preferential lung accumulation in comparison to a hepatic accumulation of control LNPs with 0% 
DOTAP. While the inclusion of the anionic lipid (1,2-dioleoyl-sn-glycero-3-phosphate, 18PA) with a 
percentage of 30% of the total lipid led to exclusive transfection at the spleen 40. Therefore, they 
called their approach selective organ targeting (SORT) LNPs. By applying SORT technology, we aim at 
studying the effect on LNPs interaction with the placenta and maximize the nucleic acid transfection 
to fetal cells compared to maternal cells. 

Although the Onpattro formulation was optimized for hepatic delivery, follow-up studies showed that 
manipulations in the helper lipids or charged lipid types or percentages have led to preferential 
transfection in the spleen, pancreas, or lung 37,41,42. Despite numerous efforts, achieving efficient 
non-liver targeting using LNPs following intramuscular or intravenous injection is still challenging. 
There have been different strategies to drive non-liver targeting, which focused mainly on LNPs 
composition manipulations or antibody-conjugated LNPs, as recently summarized 43.  
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1.3 Microfluidic Synthesis of Lipid Nanoparticles 

Historically, lipid-based nanoformulations have been routinely prepared by the thin-film hydration 
method or the ethanol injection method. These methods suffer many limitations; they involve many 
steps such as sonication, buffer exchange, extrusion or filtration. First, some of these steps should 
be done at the scale of milliliters at least, which makes it not economical at the development stage 
where you optimize different formulation compositions 44. Also, some of these formulation 
development steps are not easily scalable, so making it harder to manufacture it on a large scale 
after the optimization 45. 

Microfluidics enables the manipulation of fluids at the microscale; this allows controlled mixing of 
minute amounts of liquids, which gives control over the self-assembly process. This translates to a 
precise control over the size and size distribution (polydispersity index) of NPs. There are many 
parameters that affect the process; the design of the microfluidic device, the flow rates, and the 
concentration and composition of the lipids 45. Chip design plays a great role on the speed of 
nanoparticles formation, hence, affecting the size and size distribution. There are different designs; 
some of them are commonly used such as hydrodynamic focusing and chaotic micromixer 46, and 
other designs such as T-shaped mixer, Bi-furcating mixer, and Baffler mixer 47. 

In the microfluidic device, there’s a control on two flow rates, the aqueous phase flow rate which 
usually contain the nucleic acid and the ethanol (organic) flow rate which contains the lipid. The 
summation of these two flow rates is called the total flow rate (TFR), and the ratio between them is 
called the flow rate ratio (FRR). The self-assembly of LNPs is affected by the growth time which is 
affected by the TFR and FRR. The self-assembly of LNPs is also dependent on the nucleation time; 
the nucleation time is dependent on the concentration of the lipids 48. 

Synthesis of lipid nanoparticles by microfluidics poses many advantages over traditional methods. 
First, Scalability, the process is easily scalable by running multiple channels in parallel 49. Second, 
reproducibility, having precise control over the self-assembly process minimize batch-to-batch 
variations 50, which is essential for regulatory bodies' approvals. Another advantage of this controlled 
mixing is giving monodisperse nanoparticles 51, this could reduce the number of steps required for 
the manufacture of NPs with homogenous properties. Due to the ease of automation and the minute 
amounts of reagents needed, the microfluidic technique is suitable for high-throughput systems, 
where the tools of robotics and machine learning are utilized to synthesize and characterize many 
formulations. This makes the process of formulation development highly automated, making it more 
economically viable and less prone to human errors 52. Another merit that makes the technique 
economical is the high encapsulation efficiency 53, which saves a significant amount of the loaded 
cargo, that could be expensive like nucleic acids. 

1.4 Bioengineered Model for In vitro Evaluation: Organ-on-a-chip Models 54 

Microfluidics is a discipline of science that deals with flow and manipulation of small volumes of 
fluid down to picolitres or lower constrained in dimensions <1000 µm 55. When the dimensions in a 
fluidic system are downsized to the microscale, many of the impacts or phenomena that are 
observed on the macroscale are no longer valid. For example, gravitational forces become negligible 
in microscale and the surface tension dominates the gravity 56. Fluid flow in microfluidic channels 
therefore behaves differently in which viscous force (the force due to the friction between fluid layers) 
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over inertial force (the resistance to change the motion state; speed, direction) and a fully laminar 
flow prevails 57,58. These characteristics of the microfluidic devices allow the recapitulation of the 
different micro-cellular systems in the human body 59. Microfluidics offers many advantages 
including economic use of samples and reagents due to the small volumes of liquids involved, the 
ability to conduct experiments under a highly replicable conditions, the precise control over the flow, 
high surface-to-volume ratio that allows a fast and cost-effective heat and mass transfer, the high 
spatio-temporal resolution and high control of variables in the microenvironment such as 
concentration gradients of nutrients and chemicals, and the ability to integrate different feedback 
control elements (like sensors and cameras) 59,60.  

Microfluidic technology offers a powerful and advanced method to grow cells under dynamic flow of 
fluids, e.g., blood flow, simulating the in vivo environment 61. The flowing fluid exerts a tangential 
force, termed shear stress, on the cell surface impacting the cell phenotype and the cell-
nanoparticle interactions, e.g., cell uptake of nanoparticles and cell viability following exposure to 
nanoparticles 62-66.  

Advances in the development of cellular co-culture models, microengineering techniques, 3D 
bioprinting, and microfluidics have enabled the emergence of the organ-on-a-chip (OOC) 
technology. The OOC concept is based on loading a microfluidic chip with cell architecture to 
simulate specific organ or tissue microstructure. These devices can be fully tuned so that a variety of 
cells, matrices and other components can be included to better represent the complex physiology, 
structural organization, as well as the physical and biochemical environment of the organ.  Further, 
the dynamic flow of fluids through these chips simulates the dynamic physiological environment 
e.g., blood flow, in which the flowing fluid exerts a tangential force, termed shear stress, on the cell 
surface modulating the cell phenotype and the different cell responses and functions 61. The 
microfluidic OOC devices allow the communication between different cells, tissues, and 
biochemical environments through microchannels or porous membranes. Therefore, the design of 
the microfluidic devices plays a central role in the performance of the models 67.  

1.5 Bioengineered Models of the Placental Barrier 

Human placenta is a highly organized organ with a myriad of functions such as exchange of fluids, 
nutrients, oxygen, removal of waste products, and control of substances reaching the fetus 68. 
Human placenta is disc-shaped, and it is formed from maternal placenta (known as decidua) and 
fetal placenta, of which the outermost layer is the chorion. The chorion, where substrate exchange 
occurs, consists of trophoblast cells (cytotrophoblasts and the syncytiotrophoblasts) and fetal 
mesodermal cells. Further, the structure and thickness of the placental barrier varies along 
pregnancy 69. 

Substrate transfer across the placenta occurs by mechanisms such as passive diffusion, facilitated 
diffusion, active transport, and pinocytosis 70.  IgG antibodies can pass through the placenta through 
receptor-mediated endocytosis. Specifically, IgG antibodies pass from the mother to the fetus in 
utero through binding to the Fc neonatal receptors (FcRn) which are expressed on the maternal side 
of the placenta 71. Therefore, FcRn receptors are considered attractive targets to mediate 
transplacental delivery of nanoparticles; IgG conjugated chitosan NPs showed higher placental 
transport compared to bare NPs 72. 
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Different models have been used to study the transport across the placental barrier. The models vary 
in complexity, physiological relevance, and reproducibility. They range from the in-vitro static and 
organ-on-a-chip models to the in-vivo and human placenta perfusion models. Each poses certain 
advantages and suffers some limitations 54,73. Nanoparticle transport across the placental barrier has 
been assessed in static transwell models 72,74, organ-on-a-chip models 75, and human placenta 
perfusion models 76. Most studies focused on polymeric nanoparticles from the perspective of 
toxicological studies. While no data has been reported yet evaluating the placental transfer of LNPs 
with their conventional four component composition up to the best of our knowledge. Understanding 
nanoparticles' interactions with the placental barrier is of utmost clinical significance. Outlining the 
parameters affecting the NPs' transport to fetal circulation is essential to designing safe therapeutics 
for pregnant women. 

Rationale 

Despite the rapid advancements in LNPs as a gene delivery vehicle, LNPs interactions with the 
placental barrier are underexamined. Optimizing LNPs transplacental transport is an essential step 
in developing fetal gene therapies. LNPs are composed of different lipid types that lead to diverse 
properties and biological behavior, so there is a need to examine how manipulations in the LNPs 
composition affect the placental transport. Besides, the placenta poses a dynamic barrier as its 
structure and properties vary across the different stages of pregnancy. Therefore, it’s essential to 
study LNPs transport at different placental models. So, placental barrier variations are considered 
when developing fetal gene therapies.  

Studying the variations of LNPs composition and the placental model designs represent a multi-
hierarchal problem that’s hard to interpret using traditional linear mode. So, there’s a need for 
advanced analysis methods such as machine learning to draw more holistic conclusions. 

There has been progress in developing targeted LNPs that can achieve extrahepatic delivery in adults, 
but optimizing the LNPs composition for preferential transfection in fetal cells is still needed. 
Besides, there’s a need to study the effect of LNPs exposure on fetal organ development. It can 
ensure that targeted LNPs could be a safe vehicle for fetal gene therapies. 

Hypotheses 

We hypothesize that the composition of nucleic acid-loaded LNPs will induce nanoparticle transport 
across the placenta by changing the ionizable lipids, PEGylated lipids, or antibody orientation. 
Secondly, we hypothesize that changes in placental model design induce changes in LNPs transport. 
Besides, utilizing machine learning to analyze the LNP's placental transport can delineate the top 
factors affecting the transport and inform the formulation design. Furthermore, tuning the internal 
charge of the LNPs using permanently charged lipids or adjusting the lipids and nucleic acid ratios 
will direct the LNPs transfection into fetal lung cells. Finally, dynamic flow will induce cellular-level 
changes in the placenta and alter the nanoparticles interaction with the placental barrier. 
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1. Introduction 

Congenital fetal anomalies occur during pregnancy and are characterized by abnormal fetal organ 
development, which can result in perinatal mortality or severe lifelong morbidity 1. These anomalies 
complicate 3% to 6% of pregnancies and are one of the leading causes of infant mortality 77. 
Congenital diseases exhibit phenotypic changes due to genetic mutations, chromosomal 
abnormalities, epigenetic changes, or environmental factors 2. Many of these congenital diseases 
are attributed to genetic abnormalities that start at conception, and with advancements in prenatal 
diagnosis, early intervention to correct the course of the diseases during pregnancy could be 
possible 1,4,78. 

Since many congenital diseases have been categorized as monogenic, early in-utero intervention by 
replacing or silencing the gene of interest could restore or improve normal fetal development 1,79. For 
example, viral vectors have been adopted as a vehicle for gene therapies due to their targeting 
efficiency 9. However, their development is often limited by challenges such as manufacturing 
difficulties, high cost 80, and particularly high immunogenicity risks which could be more severe 
during prenatal development 81. In contrast, non-viral gene delivery systems based on polymer or 
lipid excipients are showing promise due to their low immunogenicity, ease of manufacturing, and 
reproducible physiochemical properties 82,83. These advantages make non-viral gene delivery 
systems a potentially safer alternative vehicle for these fetal gene therapies. 

Recent advancements in lipid excipients, particularly ionizable lipids, have established Lipid 
Nanoparticles (LNPs) as the safe and efficient vehicle for nucleic acid transfection. Compared to 
previous iterations of lipid-based formulations (e.g., liposomes), these LNPs have shown significant 
improvement in their efficiency in driving endosomal escape and higher encapsulation efficiency 84. 
Endosomal escape is essential for cytosol delivery and protein translation or silencing. Ionizable 
lipids enable the endosomal escape of LNPs as they get positively charged at endosomal pH which 
drives the bilayer to hexagonal transition 25,85. Patisiran, or OnpattroⓇ, was approved in 2018 as the 
first FDA-approved LNPs formulation for nucleic acid delivery. The formulation included D-lin-MC3-
DMA as the ionizable lipid, DSPC as the helper lipid, cholesterol, and DMG-PEG as the PEGylated 
lipid at molar percentages of 50, 10, 38.5, and 1.5, respectively 86,87. Since then, different studies and 
drug development programs have proposed similar formulations or excipients for other targets.  

To date there are no clinically approved nanoparticle formulations that can cross the placental 
barrier to achieve fetal targeting. Earlier, our team developed a novel fetal drug delivery approach by 
leveraging the natural transfer of passive immunity from the mother to the fetus through the FcRn 
receptors which transport immunoglobulin G (IgG). Similarly, IgG conjugated chitosan nanoparticles 
showed higher placental transport compared to bare nanoparticles 72.  

Few other studies showed an impact of the physicochemical properties of nanoparticles, including 
size and surface chemistry, on their transport efficiency across the placenta 76,88. Most of these 
studies focused on polymeric and inorganic nanoparticles from the perspective of toxicological 
studies. However, the limited data available are sometimes conflicting and may require further 
systematic studies for a more compressive validation. This is because many studies that focus on a 
single characteristic of nanoparticles may not provide accurate predictions for placental transport 
76,89,90. Therefore, studying multiple properties, such as material composition, surface charge and 



11 
 

modifications, and biological factors, could be more capable of modeling placental transport by 
establishing structure-activity relationships (SAR) 90. To date, a systematic approach to investigate 
the transport of LNPs across the placenta is lacking.   

In this work, we are adopting a multiparametric approach to develop the first predictive model on the 
transport of LNPs across the placenta. Given the complexity of the datasets when optimizing new 
formulations, linear (single cause−effect) models and other algebraic approaches will have difficulty 
discerning trends from the experimental dataset. On the other hand, machine learning (ML) as a 
data-driven approach has shown its effectiveness in tackling these challenges and demonstrates 
potential in the design of drug delivery systems 91,92. Modeling the relationship between LNPs design 
parameters and their transplacental transport metrics is critical to inform the development of 
optimized LNPs for nucleic acid delivery to the fetus for management of congenital anomalies.  

Aside from nanoparticle transport across the placenta, it is important to optimize the LNPs 
formulation to maximize nucleic acid transfection in fetal cells in order to increase the efficacy of the 
congenital therapy. The impact of LNPs exposure on fetal development should also be assessed. 
While the cargo delivered, such as siRNA or mRNA, could restore normal development and prevent 
permanent damage, the delivery vehicle itself could pose toxicity issues on fetal development 93. To 
this end, we present here a workflow based on in vitro and ex vivo experiments for initial screening of 
LNPs formulations for transplacental transport, viability and transfection efficiency using model 
placental trophoblast and fetal lung cells. Understanding all these parameters is the first step to 
designing safe and effective congenital therapies during pregnancy.  

 

2. Methods:   
2.1 Materials  
All the lipids were purchased from Avanti Polar, except D-lin MC3 DMA was purchased from 
MedChemExpress; all the lipids full name are included in Appendix 1. The transwell inserts with pore 
size 5 um were purchased from MilliporeSigma Canada (cat: CLS3421-48EA). All the centrifugal 
filters were purchased from Fisher Scientific (cat: UFC801024, UFC803024, 14558473). Alex Flour 
488 (AF488)-siRNA was purchased from Qiagen (cat: 1027292). FITC-labeled human IgG (cat: F9636 
), FITC-dextran (cat: FD10S), and TNS reagent (cat: T9792)  were purchased from MilliporeSigma 
Canada. Active Capase-3 antibody (cat: AF835) and iFlour 647-WGA (cat: 25559) were purchased 
from Cedarlane Labs. Primary rabbit ZO-1 antibody (cat: 40-2300) and goat anti rabbit-AF647 (cat: A-
21245) were purchased from Invitrogen. Primary rabbit fcRn antibody (cat: ab193148) was purchased 
from Abcam. Human placental BeWo b30 cells were provided by Dr. Tina Buerki-Thurnherr (EMPA, 
Switzerland). Human Umbilical Vein Endothelial Cells (HUVEC) was purchased from Lonza (cat: 
C2519A). Human fetal lung fibroblast (WI-38) was purchased from ATCC. ViaLight Plus Cell 
Proliferation and Cytotoxicity BioAssay Kit was purchased from Lonza (cat: LT07-221). 

2.2 Lipid Nanoparticles Synthesis   
Lipid nanoparticles were formed by hydrodynamic focusing using the 5-inlet microfluidic chip from 
Dolomite Microfluidics (Norwell, USA). Mixtures of different ionizable lipids, helper lipids, 
cholesterol, PEGylated lipids were mixed at different molar percentages, as outlined in Table S2. A 
Rhodamine-B labeled lipid was added to the lipid mixture at a 0.5 molar percentage to prepare 
fluorescent LNPs for tracking using fluorescence measurements and imaging. The final lipid mixture 
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was solubilized in ethanol at a concentration of 2 mg/ml. Using two programmable syringe pumps, 
the lipid was injected into the middle channel at a flow rate of 15 µl/min while MES buffer, pH6, 0.1 
M, was injected into the side channels at 75 µl/min, achieving a flow rate ratio of 5:1. Following the 
formation of LNPs, they were centrifuged three times at 2500 g for 12 minutes at 4 °C using Amicron 
centrifugal filters (10,000 Dalton) to remove ethanol. In each centrifugation round, the LNPs was 
redispersed in a 3 ml of 10 mM PBS, pH 7.4. 

To prepare siRNA-loaded LNPs to measure transfection efficiency, AF-488 labeled siRNA was 
introduced in the aqueous phase (10 mM citrate buffer at pH of 4). The concentration was adjusted 
to achieve a lipid: siRNA weight ratio of 40:1, 20:1, or 10:1; most formulations have a ratio of 40:1 
unless otherwise stated. Rhodamine-B lipid was not used for labelling siRNA-loaded LNPs. For 
centrifugation of siRNA-loaded LNPs, 30,000 Dalton filters were used at 1358 g for 10 minutes at 4 °C 
, and 3 ml of RNAse-free PBS was added in each centrifugation round. The supernatant was analyzed 
for fluorescence of unencapsulated siRNA to indirectly determine the encapsulation efficiency. 

We used EDC/NHS conjugation reaction to prepare IgG-coated LNPs, in which 3 ml of MES buffer, 
pH 6, 100 mM was added in each centrifugation round. 

2.3 IgG Surface Conjugation  
LNPs were conjugated with FITC-labelled IgG (labelled by the manufacturer) to use FITC 
fluorescence as a surrogate for IgG density following LNPs conjugation using a plate reader. IgG 
antibodies are supplied with 15 mM sodium azide for preservation, but this concentration can 
interfere with conjugation reactions. Therefore, prior to the conjugation reactions, IgG was filtered 
using 10,000 Dalton centrifugation filters at 1559 g for 10 minutes and were redispersed in 2 ml sterile 
PBS.  

Different functionalized DSPE-PEG lipids were included in the different formulations at 0.5 molar % 
to achieve IgG conjugation at different orientations. Each functional group requires different 
reactions for IgG surface conjugation, as detailed below. 

For LNPs prepared using DSPE-PEG-COOH, LNPs dispersed in 0.1 M MES buffer (pH=6) were reacted 
with EDC and sulfo-NHS at a (DSPE-PEG-COOH: EDC: sulfo-NHS) molar ratio of 1:10: 25 for 2 hours 
at room temperature with gentle shaking. Surface activated LNPs were centrifuged using 10,000 
Dalton filters to remove the excess EDC and sulfo-NHS and replace the MES buffer with PBS buffer. 
Within a few minutes, IgG was added to the activated LNPs. The formulation was gently shaken for 1 
hour at room temperature, then shaken overnight at 4 °C.  

For LNPs prepared using DSPE-PEG-NH2, we first reacted 40 µg of FITC-IgG dispersed in MES buffer 
with 16 µg of EDC and 24 µg of sulfo-NHS for 30 minutes at room temperature followed by 
centrifugation using 10,000 Dalton filters to remove excess EDC/NHS. Activated IgG was redispersed 
in PBS and mixed with LNPs while shaking for one hour at room temperature, then overnight at 4 °C . 

For LNPs prepared using DSPE-PEG-Maleimide, we first reacted 40 µg of FITC-IgG with 0.55 µg of 
Traut’s reagent in 2.5 mM EDTA solution for one hour at room temperature to convert the primary 
amine groups in the IgG to thiol groups. The antibody was filtered using 10,000 Dalton filters to 
remove excess Traut’s reagent. Finally, LNPs containing the maleimide groups were added to the 
treated IgG while shaking for 1 hour at 4 °C to form thiol-maleimide bonds. 
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To remove unbound FITC-IgG following any of these reactions, the LNPs formulations were 
centrifuged using 300,000 Dalton filters at 110 g for 10 minutes for four times and LNPs were 
dispersed in sterile PBS. The supernatant was collected in each step to measure the concentration 
of unbound IgG and indirectly calculate the IgG conjugation efficiency. 

2.4 Lipid Nanoparticles Physicochemical Characterization:  

We measured the size, size polydispersity index (PDI), and zeta potential of all prepared LNPs 
formulations using a Zetasizer Ultra (Malvern Polyanalytical), which depends on dynamic light 
scattering. For measurement, the LNPs samples were diluted in buffer (0.2 um filtered) to a 
concentration of 0.05 mg/ml; the buffer the LNPs were dispersed in can be found in Appendix 2. 

The number concentration of LNPs, number of particles per ml, was determined using ZetaView 
Nanoparticle Tracking Analysis (NTA, Particle Metrix GmbH, Germany). The measurement 
parameters were optimized to achieve the optimal mean intensity and number of particles per field 
of view. The pre-acquisition parameters were set as follows: Sensitivity = 70, Shutter = 100, frame 
rate = 30, and Resolution: Medium. The post-acquisition parameters were as follows: Minimum 
Brightness = 25, Min Area = 5, Max Area = 1000, and trace length = 15.  

2.5 Apparent pKa Measurement of Lipid Nanoparticles: 

The TNS binding assay was used to determine the apparent pKa of LNPs. Buffer salts with different 
pKa were mixed as follows: 10 mM sodium acetate, 10 mM MES, 10 mM HEPES, and 130 mM sodium 
chloride. The pH was adjusted with hydrochloric acid or sodium hydroxide to achieve a pH range of 
2.5 to 12, with an increment of 0.5. In each well of a black 96-well plate, a 100 µl buffer solution with 
different pH value was mixed with 3 µl of TNS reagent (0.1 mg/ml in water) and 5 µl of LNPs (0.5 
mg/ml). The plates were gently shaken for 10 minutes, and fluorescence was measured using a plate 
reader at excitation and emission wavelengths of 321 and 445 nm, respectively. GraphPad Prism was 
used to fit the fluorescence data to the sigmoidal best-fit function (using the four parameter logistic 
(4PL) regression model). 

2.6 IgG Surface Density and Conjugation Efficiency: 

Following FITC-IgG conjugation and centrifugation using 300,000 Dalton filters, the supernatant with 
the unbound FITC-IgG was collected and measured for fluorescence using a plate reader using 
excitation and emission wavelengths of 485 and 528 nm. The concentration of unbound IgG was 
calculated reference to a 10-point preconstructed calibration curve and the conjugated IgG 
concentration was calculated indirectly based on the difference from the total theoretical IgG 
concentration used in the conjugation reaction. From the conjugated concentration, the mass of IgG 
and the number of IgG in the sample was calculated, and relying on the NTA results, the number of 
antibodies per LNP (Equation 1) and the distance between antibodies on the LNP surface (Equation 
2) were calculated. 

  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑖𝑏𝑜𝑑𝑖𝑒𝑠 𝑝𝑒𝑟 𝐿𝑁𝑃 =
(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑖𝑒𝑠)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑁𝑃𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
    eq: 1 

 

𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑛𝑡𝑖𝑏𝑜𝑑𝑖𝑒𝑠 (𝑛𝑚)  = 𝜋 × √(
(𝐿𝑁𝑃 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟×10‾9)2

𝑛 𝑜𝑓 𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑖𝑒𝑠 𝑝𝑒𝑟 𝐿𝑁𝑃
) × 109 eq: 2  
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2.7 In Vitro Cell Culture Models:  
Each of human placental BeWo b30 trophoblast cells, Human Umbilical Vein Endothelial Cells 
(HUVEC) and human fetal lung fibroblast (WI-38) were cultured at a humidified atmosphere with 5% 
CO2 at 37 °C . Different culture media were used for the different cells. Ham’s F12 K Nutrient Mixture, 
Kaighn’s Mod supplemented with L-Glutamine, 10 % FBS and 1 % Penicillin-Streptomycin was used 
to culture BeWo cells. HUVEC cells were cultured using EBM™-2 Basal Medium supplemented with 
EGM™-2 SingleQuots™ Supplements (ATCC). WI-38 lung fibroblasts cells were cultured in EMEM 
supplemented with L-Glutamine and 10 % FBS. Near confluency, cells were sub-cultured using 0.5% 
trypsin−EDTA. For this work, we used passages 28-43, 5-9 and 19-22 for BeWo, HUVEC and WI-38, 
respectively. For transport experiments, cells were cultured on transwell membranes in 24-well 
plates as summarized in Figure 4. First, membranes were treated with fibronectin for 2 hours to 
promote the adherence of HUVEC cells on the bottom side (in EBM-2 media)  and then BeWo cells 
were cultured on the side facing the apical compartment (in F12K media). The seeding density and 
time were optimized to ensure both cells were forming a monolayer without overgrowth. The 
exposure time of forskolin was optimized to achieve syncytialization, as shown in Appendix 1.  

For the combined transport and transfection experiment (Figure 12), lung fibroblasts were 
additionally seeded on the bottom of the basolateral compartment (in EMEM media) at a seeding 
density of 30,000 cells per well before seeding the BeWo cells.  
 
2.8 Cell Viability Study:  
Cells were seeded in 96 well plates at a density of 10,000 cells per well for 24 hours before exposure 
to different concentrations of LNPs for another 24 hours. As a negative control (NC, 100% viability), 
some wells were treated with media only (no LNPs) for 24 hours. Positive controls (PC, 0% cell 
viability) were exposed to triton X-100 for 10 min. We conducted Calcein and Vialight assays, to 
measure cell viability under different conditions. Also, we conducted MTT assay (refer to Appendix 
1). For all of these assays percentage cell viability was calculated according to Equation 3. 

 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 % =
𝑆𝑖𝑔𝑛𝑎𝑙𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 − 𝑆𝑖𝑔𝑛𝑎𝑙PC

(𝑆𝑖𝑔𝑛𝑎𝑙NC – 𝑆𝑖𝑔𝑛𝑎𝑙PC)
   eq: 3  

 

2.8.1 Calcein assay:  

Following 24 hour cell exposure to LNPs, cells were washed with 1x DPBS, then incubated with 100 
µl of 1 uM Calcein in DSPS Solution for 30 minutes at 37 Celsius and 5% CO2. Then, the fluorescence 
was recorded using a plate reader with the green filter (ex485, em528). 

2.8.2 ViaLight assay:  

After 24 hours of exposure to LNPs, cells were treated with a 50 µl cell lysis reagent for 10 minutes at 
room temperature. A volume of 100 µl of the supernatant was then incubated with a 100 µl ATP 
monitoring reagent per well in black, clear bottom 96 well plate for 2 minutes in the dark before 
bioluminescence measurement using a plate reader. 
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2.9 Lipid Nanoparticle Transport Assays  
Prior to transport studies, barrier formation of the different placental models was checked 
quantitatively using a fluorescence transport assay using 10 kDa FITC-labeled dextran; 100 µl of 42 
µg/ml was added to the apical compartment. At different time intervals, 25 µl samples were 
withdrawn from the basolateral compartment at three time points, diluted suitably with fresh media 
and assayed using plate reader (excitation and emission wavelengths of 485 and 528 nm). Samples 
withdrawn were immediately replaced with an equal volume of fresh medium, which was accounted 
for in the transport percentage calculations. FITC-labelled dextran concentration reference to a 10-
point preconstructed calibration curve. 

LNPs transport experiments were conducted following the same seeding protocols and using freshly 
prepared LNPs within 24 – 48 hours of synthesis. A total volume of 100 µl dispersion of rhodamine-
labelled LNPs in culture media was added to the apical compartment, representing the maternal side 
of the placenta. At different time intervals up to 24 hours, 25 µl samples were withdrawn from the 
basolateral compartment (600 µl total), representing the transported LNPs to the fetal compartment. 
Samples withdrawn were immediately replaced with an equal volume of fresh medium. Withdrawn 
samples were diluted suitably, and analyzed for fluorescence in black 96 well plates at excitation and 
emission wavelengths of 560 nm and 600 nm, respectively, and the mass of transported LNPs was 
determined according to an 8-point standard curve generated for each formulation. Percentage 
transport was calculated by dividing the fetal side concentration by the equilibrium concentration. 
The equilibrium concentration was determined by dividing the total mass added to the maternal side 
by the total volume (the sum of the maternal side volume, 100 µl, and the fetal side volume, 600 µl). 

2.10 Transport Kinetics Models:   
2.10.1 Data Acquisition and Processing:  
Transport data for various LNPs were collated. This dataset included time-course concentration data 
which was subsequently utilized to analyze nanoparticle transport across cellular barriers. The data 
normalization was performed relative to the final equilibrium concentration (C∞), providing a 
standard framework for comparison across different nanoparticle formulations. 

2.10.2 Kinetic Model Implementation:  
A Logistic Growth Model was employed to characterize the transport of LNPs. The logistic growth 
model is used to describe saturation dynamics typical in biological transport processes, which are 
crucial for effective nanoparticle permeation through biological barriers, such as the placenta in this 
work. The logistic model is defined according to Equation 4. 

𝐶𝑡 =
𝐶∞

1+𝑒−𝑘(𝑡−𝑡𝑜)   eq: 4  

Where, Ct is the concentration of nanoparticles at time t, C∞ is the final equilibrium concentration, 
and k is the rate constant. Here, to represents the inflection point where the growth rate is maximal, 
effectively indicating the half-maximal concentration time. 

2.10.3 Parameter Estimation and Model Fitting:  
Custom Python scripts were developed to fit the model to the normalized concentration data. The 
scripts utilized non-linear curve fitting techniques with multiple initial guesses to ensure robust 
model fitting. Key parameters such as the rate constant (k), half-time (t1/2), and the inflection point 
(to) were extracted from the fits. 
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2.10.4 Apparent Permeability Calculation:  
Apparent permeability (p𝑎𝑝𝑝) was calculated to assess the efficiency of LNPs transport across the 
placental barrier. The formula used was: 

𝑃𝑎𝑝𝑝 =
𝑑𝑄

𝑑𝑡

1

𝐴 𝐶𝑜
   eq: 5  

Where 𝑑𝑄

𝑑𝑡
 is s the rate of mass transport, A is the effective surface area of the membrane, and C0 is 

the initial concentration in the donor compartment. p𝑎𝑝𝑝 is critical for understanding the transport 
characteristics of nanoparticles, including their interaction with the barrier and transport kinetics. 

2.10.5 Statistical Analysis and Visualization:  
Statistical measures such as root mean square error (RMSE) and the coefficient of determination (R2) 
were computed to validate the fit quality of the models.  
 

2.11 - Machine Learning Modelling of Transport Percentage and Transport Kinetics:  
2.11.1 Dataset Correlation Analysis  
The pairwise correlation between all the descriptors (input features and the target) was analyzed. 
Specifically, the Pearson correlation coefficient was computed using pandas.DataFrame.corr. The 
results were visualized using a heatmap, where red color indicates a positive correlation and blue 
indicates a negative correlation. The strength of the correlation (i.e., the absolute value of Pearson 
correlation coefficient values) was indicated by the intensity of the color, with darker colors 
representing stronger correlations. 

2.11.2 ML Modeling  
Prior to modeling, the input features in the dataset were standardized using 
sklearn.preprocessing.StandardScaler. ML models were then developed using the scaled dataset to 
predict the target variables (i.e., transport percentage, transport kinetics, permeability, or half-time). 
A panel of models, including extreme gradient boosting (XGB), decision tree (DT), random forest (RF), 
support vector regressor (SVR), light gradient boosting machine (LightGBM), and linear model with 
least absolute shrinkage and selection operator regularization (Lasso), were developed for 
comparison. These models were initialized with their default hyperparameters from sklearn, xgboost, 
and lightgbm libraries. 

The models were trained and evaluated using a leave-one-out cross-validation method. The model 
performance was measured using four metrics to provide a comprehensive evaluation: mean 
absolute error (MAE), median absolute error (MedAE), root mean squared error (RMSE), and mean 
squared error (MSE). The model that performed the best across most of these metrics was identified 
as the best-performing model for further analysis. 

2.11.3 Model Interpretation and validation 

The best-performing model identified from the model evaluations was further analyzed to gain 
insights into the relationships between the features and the target. Specifically, the model was 
interpreted using Shapley Additive exPlanations (SHAP) analysis to rank the input features in terms 
of their importance to the prediction. The results were visualized using shap.summary_plot. 
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We then validated the ML model using external data not included in the training dataset. We relied 
on the top 5 features from SHAP analysis to design three new formulations that are expected to have 
low, moderate, and high transport across the placenta and then tested their transport at 24 hours. 

2.12 Machine Learning Modeling of Lipid Nanoparticles Size and Zeta Potential: 

First, the dataset correlation analysis was conducted using the same methodology in section 2.11.1. 

2.12.1. Machine Learning Modeling: 

To address the imbalance in the dataset, Random Over-Sampling was applied to ensure a more 
balanced distribution of feature values. This method involves duplicating instances from the minority 
class to increase their representation, thus augmenting the dataset and providing the model with 
more information on the minority class 94. Following the over-sampling, the dataset was modelled 
using the same methodology in section 2.11.2.  

2.12.2. Model Interpretation: 

First, feature importances were calculated for the best-performing models to identify the lipid type 
or process parameters contributing the most in the output prediction. After identifying the top 10 
features, SHAP was employed to understand the contribution of each input feature to the 
predictions.  

2.13 Cell Association study: 

We used immunostaining protocols for qualitatively investigating barrier function, confirming FcRn 
expression and for cell uptake of LNPs. Following the 24 hour transport study, cells were washed with 
1x PBS, fixed in 4% paraformaldehyde and washed three times in sterile PBS, permeabilized using 
0.1 % triton x-100 in PBS, and blocked using a mixture of 0.1% tween-20, 3% BSA, 3% serum, 0.75% 
glycine in PBS for 1 hour at room temperature. Cells were then incubated overnight at 4 °C with the 
primary antibody, either ZO-1 diluted 1 in 80 or FcRn diluted 1 in 100. After washing, cells were 
incubated with the secondary antibody, goat anti rabbit-AF647, diluted 1 in 400 for 40 minutes at 
room temperature. Finally, nuclei were DAPI stained and mounted with mounting media and covered 
with 1.5 mm coverslips and were imaged using a QUORUM SPINNING DISC Confocal system using 
a 63x Oil objective and an ORCA-Flash 4.0 V2 PLUS sCMOS camera.  The imaging parameters are 
summarized in Appendix 1. We used Z-stacks to calculate the sum of pixels due to LNPs associated 
with the cells in all optical slices following normalization to remove background signal 

2.14 Transfection Study: 

Cells were cultured in black 96-well plates till 50-60% confluency before exposure to LNPs 
encapsulating 1 picomole or 4 picomole of siRNA, to make a final concentration of 10 nM or 40 nM, 
respectively. For positive control (PC), cells were exposed to siRNA -Lipofectamine complexes 
prepared from 0.3 µl lipofectamine and 1 or 4 pmol of siRNA. Cells incubated with media only were 
used as a negative control (NC). After 24 hours of incubation, cells were washed with sterile 1x PBS 
to remove any unbound LNPs or siRNA, fixed in 4% PFA (methanol free) for 15 minutes, then washed 
with sterile 1xPBS 3 times. We used Alexa Fluor 647-labelled wheat germ agglutinin (WGA-647) for 
cell membrane staining. The staining protocol varied for the different cell lines. BeWo cells were 
incubated with 10 µg/ml WGA-647 in HBSS buffer for 10 minutes, then the nuclei were stained with 
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Hoechst (2 ug/ml in PBS) for 10 minutes. For lung fibroblasts, a solution of 5 µg/ml WGA-647 was 
incubated with the cells for 10 minutes followed by Hoechst at 2 µg/ml for 10 minutes.  

Cell Discoverer machine was used for the transfection experiments as it enables automated high 
throughput imaging, which enabled the screening of multiple formulations. The imaging parameters 
are summarized in Appendix 1. Transfection was calculated based on the mean intensity values from 
the image analysis. Transfection was presented as a percentage relative to lipofectamine (PC) 
according to Equation 6. 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑖𝑜𝑛 % =
(𝑀𝐼exp – 𝑀𝐼NC)

(𝑀𝐼PC−𝑀𝐼NC) 
                 eq: 6  

2.15 Ex-vivo Experiments: 

2.15.1 Rat Fetal Lung Explant Model:  

We followed a protocol established by our team to harvest the rat embryos on day 18 of pregnancy 
and dissected fetal lungs 95 . Guided by a surgical microscope, a volume of 10 µl of LNPs formulations 
was injected into the lung via the trachea using a special microinjection needle described here 96. 
Control lungs were injected with 10 µl of PBS each. The trachea was then tied off with a polypropylene 
surgical suture. The explants were placed on a 12-well plate with a membrane insert. The bottom of 
the insert was filled with DMEM/F12 media, containing: 8 mM L-glutamine, 100 mg/ mL primocin, 
1.0% FBS. The plates containing explants were left in the incubator for 24 hours at 37 °C with 5% 
CO2. Then, lungs were formalin fixed for 24 hours at 4 °C. Subsequently, lungs were dehydrated in a 
methanol gradient, cleared in xylene, and embedded in paraffin. 

2.15.2 Histological staining: 

Hematoxylin and Eosin (H&E) staining was performed to study the lung air space. The lung tissue was 
sectioned using a rotary microtome (Leica, Germany) to produce sections with 5 µm thickness. To 
ensure reproducibility, an autostainer machine (Leica, Germany) was used to automate the staining 
process following a pre-set program: Oven 65 °C (10 min), Xylene (3 min,2 min, 2 min), 100 % Alcohol 
(1 min, 1 min), 95% Alcohol (1 min), H2O wash (1.5 min),  Haematoxylin (2.5 min), H2O wash (1 min), 
DEFINE (acidic solution) (35 sec), H2O wash (1 min), blue buffer (slightly basic solution) (45 sec), H2O 
wash (1 min), 95% Alcohol (1 min), eosin (1 min), 100 % Alcohol (1 min, 1 min, 1 min), Xylene (2 min, 
2 min). Finally, the slides were mounted and covered with 1.5 mm coverslips. 

2.15.3 Immunostaining: 

We used immunostaining and immunofluorescence imaging to study the effect of LNPs on lung cells 
proliferation and apoptosis. Lung sections (5µm) were deparaffinizated using the autostainer using 
the following program: Oven 65 °C (10 min), Xylene (3 min,2 min, 2 min), 100 % Alcohol (1 min, 1 min), 
95% Alcohol (1 min), H2O wash (1.5 min). Then the slides were immersed in an antigen retrieval buffer 
(10 mM sodium citrate, pH 6, with 0.05 % tween-20) and placed in a pressure cooker at 100 °C  for 15 
minutes. Following antigen retrieval, the slides were incubated with blocking buffer (PBS with 0.1 % 
tween-20, 2 % bovine serum albumin, 3 % FBS) for 3 hours at room temperature. Sudan black 
solution (0.1 % in 70% ethanol) was added for 30 minutes to reduce autofluorescence. Active 
Caspase-3 and ki-67 were used as the primary antibodies for Apoptosis and proliferation, 
respectively. The primary antibody diluted in blocking buffer (diluted 1 in 200) was added to sections 
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and incubated overnight at 4 °C followed by washing 3 times with PBST (PBS with 0.1 % tween-20). 
Treated lung sections were exposed to the secondary antibody, goat anti rabbit-AF647 or donkey anti 
mouse-AF647 (diluted 1 in 200), for 3 hours at room temperature followed by washing 3 times with 
PBST. The nuclei were stained with DAPI (1 in 1000) for 3 minutes. After washing with PBST, PBS, and 
double distilled water, the sections were left to dry and were covered with flourmount G and 1.5 
coverslips (0.17 mm). The Axioscan slide scanner (ZEISS, Germany) was used to enable high 
throughput imaging of the lung tissue sections as it enables imaging of the whole section ensuring 
accurate analysis of the protein expression.  The imaging parameters are summarized in Appendix 1. 

2.15.4 Image Analysis 

Image analysis of the tissue sections was conducted using HALO software (Indica Labs, USA). To 
measure the airspace of the lung in the H&E-stained sections, we used the tissue classifier function 
that relies on Random Forest algorithms. We first annotated the total area to be analyzed and then 
calculated the percentage area of air space by dividing the air space area by the total analyzed area. 
For immunofluorescence staining experiments, we used two methods for image analysis which are 
positive pixel counting and the nuclear segmentation method. The region of interest in all analyses 
was DAPI positive (DAPI+) areas. First, a threshold intensity was determined based on negative 
control sections, which are treated with secondary antibody only, but were not exposed to the 
primary antibody. The pixels exceeding the threshold intensity were designated antibody positive 
(Antibody+). In the nuclear segmentation method, we counted the apoptotic or proliferating DAPI-
stained cells that are exceeding the threshold intensity for the antibody. Finally, percentage pixels 
and cells were calculated using Equations 7 and 8, respectively. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐/𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 =
𝑛𝑜 𝑜𝑓 𝐶𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑖𝑥𝑒𝑙𝑠 (𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑦+ & 𝐷𝐴𝑃𝐼+)

𝑛𝑜 𝑜𝑓 𝐷𝐴𝑃𝐼+  𝑝𝑖𝑥𝑒𝑙𝑠
 %   

 eq:  7  
       

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑎𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐/𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 =
𝑛𝑜 𝑜𝑓 𝐴𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐 𝑜𝑟 𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 (𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑦+  &   𝐷𝐴𝑃𝐼+)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 (𝐷𝐴𝑃𝐼+)
  %       

eq: 8  

2.16 Statistical Analysis 

Statistical analysis was conducted using GraphPad Prism version 8.0.1 and IBM SPSS software. To 
compare two groups, the unpaired t-test was used for groups with equal sizes. We used the unpaired 
t-test with Welch’s correction to compare groups that were not equal in size. For multiple groups 
comparison, one-way ANOVA or two-way ANOVA was conducted. First, normality checks and 
Levene’s test were carried out to ensure the assumption of normality was met. If a significant p value 
(p<0.05) was found, the test was followed by post hoc Tukey’s test. Significance levels were noted in 
the figures as follows: * for (p<0.05); ** for (p<0.01); *** for (p<.001). 
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3. Results and Discussions 

3.1 Lipid nanoparticle synthesis using microfluidics 

To gain a comprehensive understanding of the interactions of LNPs with the placental barrier, we 
used microfluidics to create a large library of LNPs (Figure 3A). This method allows for precise control 
over the mixing and formation of LNPs,  which in turn determines the final size and PDI of the particles 
17. The 5-inlet chip was used for the LNPs formulation, as it enabled the formation of monodisperse 
LNPs (PDI < 0.25). Our library of LNPs was created by varying the type and percentage of ionizable 
lipids, non-functionalized PEGylated lipids, functionalized PEGylated lipids (carboxylic acid or amine 
terminated lipids), and permanently charged lipids (Figure 3B). The developed LNPs exhibited a 
broad range of zeta potentials and sizes. The zeta potential varied from -39 to +46 mv, with a median 
of -5. The particle sizes ranged from 68 nm to 252 nm, with a median of 112 nm (Figure 3C). 
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Figure 3: Synthesis and characterization of lipid nanoparticles (LNPs), and machine learning 
modelling for size and zeta potential. (A) A schematic of LNPs synthesis using microfluidic mixing 
followed by IgG surface conjugation; Created with BioRender.com. (B) Overview of the different 
variables/features used to develop the LNPs library, including lipid classes and process parameters; 
Created with BioRender.com.  (C) Summary of the physicochemical properties of the LNPs library. 
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The aggregated feature importance of each input (variable) including lipid classes and process 
parameters in predicting the (D) LNPs size and (E) zeta potential by Random Forest (RF) machine 
learning model. Shapley Additive explanations (SHAP) showing the top 10 input features predicting 
(F) the size and (G) the zeta potential of the LNPs. 

Beside its ease of scalability, high reproducibility, and miniature scale, the microfluidic mixing 
process is easily programmable to achieve the high-throughput capabilities desirable in ML- driven 
studies 97. The LNPs prepared using this microfluidic system were then characterized and complied 
into a dataset for ML model development, aiming to better understand how the composition and 
process parameters influence the particle size and zeta potential. The resulting best-performing 
models were interpreted in terms of feature importance for predicting LNPs size (Figure 3D) and zeta 
potential (Figure 3E). Ionizable lipids, the number of conjugated antibodies, and the helper lipids 
have the highest effect on the size which confirm previous reports 36,98. Interestingly, fluid flow rates 
and the buffers employed had a minimal effect on the size and zeta potential. Collectively, our results 
show that lipid composition is the key determinant of the physicochemical properties of LNPs.  

Among the different lipid types, permanently charged lipids (or SORT lipids) had the highest effect on 
zeta potential (Figure 3G). A previous mechanistic study attributed the targeting mechanism of SORT 
lipids to their influence on pKa 39. However, our results show that SORT lipids are affecting zeta 
potential, which could be contributing to their different biodistribution. Functionalized PEGylated 
lipids, such as DSPE-PEG-COOH and DSPE-PEG-NH2, had the second highest effect on zeta 
potential, despite being used at a small molar percentage of 0.5%. Previous studies have used 
functionalized PEG to enable antibody or peptide conjugation to LNPs but did not take their effect on 
the physicochemical properties into consideration 99,100. In contrast, our results point out their high 
impact on zeta potential, which warrants careful consideration in future formulation studies. 

We used Shapley Additive Explanations (SHAP) to visualize the hierarchy of the significance of the 
different input feature values on the prediction of the output from the most important (at the top) to 
the least important (at the bottom) 101, as shown in Figures 3F and 3G . In these figures, the blue color 
represents low feature values, and the red color represents high feature values. In Figure 3F, where 
each lipid or feature was studied individually, a relatively high number of antibodies per LNP or high 
D-lin MC3 molar percentage contributes to a higher LNPs size. Conversely, high cholesterol molar 
percentages contributes to smaller size, as delineated in a previous study 36. Additionally, Figure 3G 
shows how the lipid molar percentage influences the net zeta potential, with high molar percentages 
of the permanently cationic lipid DOTAP increasing zeta potential, and higher percentages of D-lin 
MC3 and DSPE-PEG-COOH decreasing it.  

Collectively, the developed ML models for the size and zeta potential will benefit future formulations 
of LNPs by expediting their development stage to attain specific physicochemical parameters.  For 
instance, increasing the ionizable lipid D-lin MC3 molar percentage or conjugating the LNPs with 
antibodies could increase the size of the LNPs and decrease their zeta potential. 

3.2 Placental Model Development 

To evaluate this library of LNPs (a total of 51 transport experiments with 44 formulations), we 
developed placental transwell models that are ideal for high throughput screening of formulations 
and are highly reproducible 73. Aside from the various physicochemical parameters of the different 
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LNPs formulations, there are several variations in the placental barrier when choosing the number 
and types of cells included. We believe that these variations have partially contributed to the 
sometimes-conflicting results among the published data 102,103 . Some studies have used a model 
based on a monolayer of trophoblast cells to mimic the maternal side of the placenta 72,103,104, while 
others have additionally included endothelial cells as a surrogate of the fetal vessels 74,102,105. 
Moreover, some have chemically induced trophoblast syncytialization, aka trophoblast cells fusion, 
using forskolin to form multinucleated syncytiotrophoblasts 105. Therefore, we developed three 
different models to investigate the impact of endothelial cells and syncytialization on LNPs transport, 
as depicted in Figure 4. 
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Figure 4: Development of different placental models. (A) A schematic for cell seeding and other steps 
for the development of the different models; Created with BioRender.com. For each of these models, 
we characterized the barrier formation using ZO-1 tight junction staining, denoted in red and 
syncytialization in which the formation of multinucleated cells is annotated in yellow (B) Comparison 
of ZO-1 expression levels in the BeWo cells of the different models. (C) FITC-labelled dextran 
transport across the different placental models at different time intervals. (D) Staining of FcRn 
receptor (denoted in green) in BeWo cells. Refer to Appendix 1 for imaging parameters. 

First, cell seeding density and time were optimized to establish a confluent monolayer of BeWo cells, 
as increasing the seeding density or incubation time could lead to overgrowth and multilayer 
formation, thus hindering the functionality of the barrier 30. As shown in Figure 4A, ZO-1 tight junction 
staining confirmed the formation of the barrier. After treatment with forskolin, we observed a 
reduction in the number of nuclei per image field (Appendix 1) and an increase in their size. The 
formation of syncytia was also observed, as highlighted in yellow in Figure 4A. In addition, the 
intensity of tight junction staining decreased, as shown in Figure 4B. All these observations are 
hallmarks of syncytiotrophoblast formation as reported in previous studies 69,105. 

We then used a FITC-dextran transport assay to quantitatively evaluate the barrier function of the 
different models 72,74. The transport of 10 kDa FITC-tagged dextran was significantly lower in the BeWo 
model versus in the control experiment without cells and the transport increased gradually over 24 
hours to around 34% dextran transport (Figure 4C). Inclusion of a layer of endothelial cells decreased 
transport, which was also observed in previous studies 105, however, inclusion of endothelial cells 
showed no effect on 40 kDa dextran transport in a previous study by Aengenheister et al 74. Exposure 
of the BeWo & HUVEC model to forskolin led to a significant increase in dextran transport, which 
aligns with an earlier report showing an increase in dextran transport after syncytialization, due to 
the smaller thickness and higher permeability of the syncytiotrophoblast103. However, the impact of 
forskolin-induced trophoblast syncytialization is a contradictory topic. For instance, Wong et al. 
showed no effect of syncytialization  on 4kDa and 70kDa dextran transport 105, and Zhou et al. 
observed a decrease in dextran transport following syncytialization 102. These two studies used the 
same forskolin concentration of 50 uM as we did and the differences observed might be attributed to 
differences in seeding time, forskolin exposure duration, and dextran concentration. 

Finally, we characterized the models for FcRn receptor expression which plays a principal role in the 
transport of IgG antibodies from the mother to the fetus 106,107, which we are employing as a parameter 
to induce IgG transport in this study. Our immunostaining experiments confirmed the expression of 
the FcRn receptor in the trophoblast cells used, as shown in Figure 4D. Altogether, we validated the 
models for barrier function and FcRn receptor expression allowing us to conduct transport studies 
of LNPs using these models.  

3.3 Cell viability on exposure to LNPs 

Prior to conducting a thorough transport study, it was important to screen HUVEC and BeWo cells for 
cell viability after exposure to LNPs. First, interference between LNPs and the different assay 
reagents was checked, and no interference was detected. We then measured HUVEC and BeWo cell 
viability following 24 hour exposure to different concentrations of four LNPs formulations 
representing the diverse chemical compositions and significantly different in zeta potentials and pKa 
were measured. We used two assays, namely ViaLight and Calcein assays. The ViaLight 
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bioluminescent assay detects cellular ATP levels, while the Calcein AM fluorescent assay depends 
on endogenous esterase activity and plasma membrane integrity. Negative controls (normal media) 
and positive controls (triton-x 100 treated) were included in all the experiments, representing 100% 
and 0 % viability, respectively.  

 

 

Figure 5: Cell viability of different cells on exposure to LNPs for 24 hours using different viability 
assays. Data (n=6) are presented as mean ± SD and ns denotes non-significant difference. * (p<0.05); 
** (p<0.01); for (p<.001) denote different levels of statistical significance. Culture media and Triton X-
100 were used as negative and positive controls, respectively. (A) Viability of BeWo cells on exposure 
to different LNPs formulations using ViaLight Assay. (B) Viability of HUVEC cells using ViaLight assay. 
Viability of (C) HUVEC cells and (D) BeWo cells on exposure to different LNPs formulations using 
Calcein AM assay. (E) Viability of BeWo cells on exposure to LNPs with different molar percentage of 
DOTAP using Calcein AM assay. (F) Viability of fetal lung fibroblasts on exposure to LNPs with different 
molar percentage of DOTAP using Calcein AM assay. The formulation ID number is included between 
brackets in each figure. Please refer to Appendix 2 for the detailed description of the LNPs 
composition and the physicochemical characteristics of each formulation. 

Cell viability was relatively high for all tested formulations ranging from 72% to 100% or more. The 
increased mean viability of cells after 24 hour LNPs exposure could be due to cell proliferation over 
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time in the presence of phospholipids and cholesterol naturally present in cell membranes of 
mammalian cells, as shown in Figures 5C, 5D, and 5F 108,109. This result could also be explained by 
the hormesis effect; which implies a biphasic dose-response where low dose can lead to beneficial 
effect while the high dose can be toxic 110. No significant difference in cell viability was observed for 
all tested LNPs, except in HUVEC cells exposed to LNPs formulation F3 (D-lin + 50 % DOTAP) at a 
concentration of 500,000 particles per cell concentration. In this case, the mean cell viability was 
72% when analyzed using ViaLight assay, but there was no significant difference compared to the 
negative control when analyzed using Calcein AM assay as shown in Figure 5B and 5C, respectively. 
Transport experiments included only LNPs concentrations in the safe (non-toxic) range. 

Cell viability assays were also needed to determine the concentration range for LNPs formulations 
used for siRNA transfection assays included in our study. Formulations with different molar ratios of 
cationic lipid DOTAP were tested at different concentrations on BeWo Cells and lung fibroblasts, as 
shown in Figures 5E and 5F. The concentrations tested were 0.08, 0.31, and 2.75 ng per cell. The F6 
formulation (with 10 % DOTAP) showed significant toxicity to BeWo cells and lung fibroblasts as 
shown in Figure 5E and 5F, but only at the extremely high concentrations of 2.75 ng per cell. 
Nanoformulations containing permanently cationic lipids were previously shown to induce cell 
toxicity at high concentrations, as they destabilize the cell membrane and inhibit the Na+/K+ pumps 
111,112. Therefore, 0.08 and 0.31 ng per cell concentration were selected for the next transfection 
experiments following the transport study; considering a lipid to siRNA mass ratio of 40, these 
concentrations would translate to siRNA concentrations of 10 nM and 40 nM per well (0.35 mm2). 

3.4 Formulation composition and placental barrier design affects LNPs transport.  

We then conducted an extensive transport study for the different formulations using the BeWo only 
model unless otherwise indicated; the BeWo & HUVEC and the syncytialization models were 
investigated with several formulations. In all of the conducted experiments, the percentages 
transport were normalized relative to a corresponding control LNPs formulation tested at the same 
time. This control formulation has D-lin MC3 as the ionizable lipid, DSPC as the helper lipid, 
cholesterol, DSPE-PEG2000 as the PEGylated lipid, DSPE-PEG-COOH as the functionalized PEGylated 
lipid, and DOPE-Liss Rhod at molar percentages of 49.75, 9.95, 38.3, 1, 0.5, and 0.5 respectively. 

IgG functionalization was the first parameter to test as our team has published that IgG conjugated 
chitosan nanoparticles can leverage the neonatal FcRn receptor to increase transport across the 
placental barrier 72. The crystallizable fragment Fc fragment of IgG induces the transplacental 
transport via binding with the FcRn receptor in the placental barrier 113. On the contrary, another study 
by Gruber et al.  showed that incubating polystyrene nanoparticles with IgG did not improve placental 
transport 114. Therefore, it was necessary to test IgG functionalization as a mechanism for fetal 
delivery using LNPs as the gold standard for nucleic acid delivery, and to optimize the IgG-conjugated 
LNPs formulation to induce the highest LNPs transport across the placenta. The different results in 
transport of IgG treated nanoparticles could be related to the different orientation of the surface IgG, 
in addition to the different physicochemical parameters of the nanoparticles in both studies.  

Therefore, we decided to test how the orientation of IgG attached to the surface of LNPs plays a role 
in dictating the transport of LNPs across the placental barrier. We hypothesized that high binding to 
the FcRn receptor is facilitated when many surface IgG have their Fc portion remain free, non-
substituted and directed toward the outer part of the conjugated protein to interact with the receptor. 
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To this end, we prepared different LNPs incorporating 0.5 molar percentage of functionalized PEG-
lipids with various terminal functional groups, namely carboxylic acid, amine, and Maleimide, and 
used different reactions to conjugate IgG to the LNPs with different dominant IgG orientations. As 
shown in Figure 6A, the formulations with DSPE-PEG-COOH and DSPE-PEG-Maleimide showed a 
significant increase in transport when conjugated with IgG. Since these formulations react with the 
available primary amines at the end of the Fab portion or the 20 lysine residues available across the 
IgG chain 115-118, this can reduce the steric hindrance near the Fc portion, resulting in more availability 
for the interaction with the FcRn receptor. However, the formulations with DSPE-PEG-NH2 react with 
the carboxylic acid groups in the Fc portion 119, leading to steric hindrance that could reduce the 
interaction with the FcRn receptor. Surprisingly, these formulations showed a significant decrease in 
transport by 25 % when conjugated with IgG relative to control unconjugated LNPs. This could be 
attributed to the different physicochemical properties of these LNPs versus controls.   
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Figure 6: The effect of LNPs formulation composition on LNPs placental transport. (A) The structure 
of Immunoglobin G (IgG) antibody and the effect of IgG orientation on the placental transport of 
different IgG-conjugated LNPs versus unconjugated LNPs; Created with BioRender.com. (B) The 
effect of EDC/NHS activation on LNPs transport.  (C) The effect of IgG labelling on placental transport. 
(D) The effect of PEGylated lipid tail unsaturation on transport. (E) The effect of PEGylated lipid end-
functional group on transport. (F) The effect of molar percentage of the PEGylated lipid. (G) The effect 
of ionizable lipid on transport. (H) The effect of LNPs apparent pKa on transport. To normalize 
transport results along our study, we divided the percentage transport of every studied formulation 
by the percentage transport of a control LNPs formulation that was used across all the experiments. 
The formulation ID for LNPs is included between brackets in each figure. Please refer to Appendix 2 
for the detailed description of the LNPs composition and the physicochemical characteristics of 
each formulation. Data are presented as mean ± SD and ns denotes non-significant difference. * 
(p<0.05); ** (p<0.01); for (p<.001) denote different levels of statistical significance. 

For formulations containing DSPE-PEG-COOH, the carboxylic acid groups were activated by EDC 
and sulfo-NHS to form an intermediate NHS ester before IgG conjugation. Although this NHS ester is 
stable for a short time at physiological pH 120, we wanted to test if potentially free esters not 
functionalized with IgG have any contribution to the transport results. So, we compared the transport 
of EDC/NHS-activated LNPs to that of control LNPs. We observed no effect on transport, as shown 
in Figure 6B. Further, previous studies have pointed out that antibody labeling can affect the antigen-
binding specificity 121; the fluorescent IgG has around three FITC molecules per one IgG according to 
the manufacturer’s information. We, however, observed no significant difference in percentage 
transport of LNPs conjugated with FITC-labelled IgG when compared with LNPs conjugated with 
unlabeled IgG, as shown in Figure 6C. 

We then investigated the impact of type and percentage of PEGylated lipids as they are key 
components of LNPs and are included in all FDA-approved LNPs 122, but their type and percentage 
are usually varied between formulations. Also, the impact of PEGylated lipids on the 
physicochemical parameters of nanoparticles, their transfection efficiency, cellular uptake of 
nanoparticles, and their pharmacokinetics have been established 35. However, the impact of the type 
and percentage of PEGylated lipid remains to be investigated in regards to LNPs transport across the 
placenta. 

The PEGylated lipid consists of three main components: the lipid tail, PEG chain, and the PEG-end-
functional group. The PEGylated lipid characteristics are influenced by the length and saturation of 
the hydrophobic tail. Both have a critical effect on the packing of the lipids and the phase transition 
temperature. As the phase transition temperature decreases, the PEGylated lipid dissociation from 
the formulation, or dePEGylation, increases 35,123. We therefore compared the transplacental 
transport of LNPs with two different PEGylated lipids, DSPE-PEG and DOPE-PEG. Both have the same 
head group and tail length but differ in the degree of tail unsaturation (Figure 6D). Interestingly, 
introducing unsaturation, two double bonds, in the lipid tail for DOPE-PEG led to a significant 
increase in the transport of the LNPs by 75%. This could be interpreted by the faster dissociation of 
DOPE-PEG from the LNPs leading to higher chances for permeation and transport. 

Despite being used in a small percentage in our LNPs formulations, the PEGylated lipid-end 
functional group had a major impact on LNPs’ transport. Replacing 0.5 % DSPE-PEG-COOH with 
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0.5% DSPE-PEG-NH2 in our LNPs formulation has led to a significant increase in LNPs transport by 
51 %, as shown in Figure 6E. This is most likely due to the increase in zeta potential from -13.1 to +6.6, 
respectively. 

We also investigated the impact of PEGylated lipid percentage on LNPs transplacental transport. In 
Figure 6F, two formulations with the same components but different PEGylated lipid percentages 
were tested, and the increase in the PEGylated lipid percentage from 1.5 % to 4.5 % led to a 
significant reduction in transplacental transport. This could be due to lower cellular uptake, as 
observed in our cell association study in Figure 10B, or decreased permeation through the tight 
junctions. An increase in PEGylated lipid percentage has also been shown by others to decrease 
mRNA transfection 124. 

Ionizable lipids are the major component of an LNPs formulation, usually constituting a molar 
percentage ranging from 40-50 % per LNP. Ionizable lipids play an essential role in the endosomal 
escape of LNPs 25 and changing the type of the ionizable lipids can alters the physicochemical 
properties of LNPs, such as zeta potential and pKa, impacting LNPs transfection efficiency, toxicity 
and biodistribution 21. As shown in Figure 6G, replacing the D-lin MC3 ionizable lipid with DODAP led 
to a significant increase in transport by 67 %. This could be attributed to the difference in zeta 
potential and/or pKa, since incorporation of DODAP instead of D-lin MC3 in LNPs formulation has 
increased the zeta potential and pKa from -14.4 to +7.8 mv and 6.26 to 6.84, respectively. 

Incorporating permanently charged lipids in LNPs, or selective organ targeting technology (SORT), 
led to promising results for extrahepatic delivery. Specifically, adding 50% DOTAP or 30 % 18:1 PA to 
the standard formulation of Onpattro resulted in preferential accumulation in the lung or spleen, 
respectively 40. This change in biodistribution was attributed to the difference in the pKa of the LNPs 
39. However, in our study, LNPs with various pKa values, 4.1, 6.3 and 11, showed no significant 
differences in transplacental transport, as shown in Figure 6H. 

Aside from the composition of LNPs formulations, we investigated the impact of different parameters 
related to the cell model used, namely cell seeding density, IgG concentration in the culture medium 
and trophoblast syncytialization. 

Optimizing the seeding density is an essential step for barrier formation to ensure the formation of a 
confluent monolayer 30. For example, a seeding density of 1 million cells per cm2 showed multilayer 
formation, while 30 thousand cells per cm2 had few gaps after 3 days. The 100,000 cells per cm 
square is a typical seeding density in placental barrier formation studies 105. When one LNPs 
formulation was assessed at the different seeding densities, it showed a significantly lower transport 
percentage at the high seeding density, as shown in Figure 7A. This decreased transport most likely 
results from  the trapping of the nanoparticles at the tight junctions, which is an expected behavior 
for tightly packed cells 125. 
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Figure 7: The placental barrier design features affect LNPs transport at 24 hours. (A) The effect of 
BeWo cells seeding density on LNPs transport. (B) The effect of the percentage of fetal bovine serum 
(FBS) in the culture media on placental transport. (C) The transport of different LNP formulations 
across the different placental models. To normalize transport results in our study, we divided the 
percentage transport of every studied formulation by the percentage transport of a control LNPs 
formulation that was used across all the experiments. The formulation ID for LNPs is included 
between brackets in each figure. Please refer to Appendix 2 for a detailed description of the 
composition and characterization of each formulation. 

We previously demonstrated the importance of the media IgG concentration when targeting FcRn 
receptor to induce transplacental transport, as the free IgG can compete with the IgG-conjugated 
nanoparticles 72. Since the fetal bovine serum (FBS) contains a high percentage of IgG, we studied 
LNPs transport in the control media (F12K containing 10% FBS) and a growth media containing only 
bovine serum albumin (F12K with 0% FBS). Surprisingly, control LNPs showed higher placental 
transport in the case of (0 % FBS), compared to (10% FBS), as shown in Figure 7B; it could be due to 
the significant reduction in tight junction formation, as indicated by ZO-1 expression in Appendix 1. 
Besides, this difference in transport could be attributed to the different protein corona that can form 



32 
 

on LNPs in the two medias, as suggested by Gruber et al 114. IgG conjugation further increased LNPs 
transport (p < 0.01) compared to control LNPs.  

The fusion of placental trophoblast cells leads to the formation of the syncytiotrophoblast consisting 
of an interconnected cytoplasm containing multiple nuclei. Syncytialization is critical for a 
successful pregnancy, as it enables the interchange of substances between the mother and fetus, 
without transplacental passage through the intercellular junctions, in addition to other placental 
functions 126. The effect of syncytialization on the transplacental transport of nanoparticles is still 
understudied. This represents a knowledge gap in how the nanoparticles interact with the placenta 
at the different stages of pregnancy. We tested different LNPs formulations in three placental 
models, as shown in Figure 7C. Syncytialization has resulted in a significant increase in the transport 
for all the LNPs formulations compared to the BeWo & HUVEC model. Besides, the difference in 
transport between the different LNPs formulations was reduced on induction of syncytialization. For 
instance, the optimized LNPs formulation F42 showed 126% higher transport when compared to the 
control formulation (F40) in the syncytialized model. This contrasts with 1200 % and 1500 % increase 
in transport when using the BeWo & HUVEC and BeWo only models, respectively. This indicates an 
overall increase in permeability regardless of the composition of the LNPs. Combining the results of 
the FITC-dextran transport in Figure 4D and transport of the LNPs in Figure 7C indicates that the effect 
is size-independent. Dextran has an average molecular weight of 10,000 daltons, while the LNPs are 
millions of daltons. Our results contradict a previous study reporting the effect of syncytialization on 
transport to be size-dependent; Kouthouridis et al have shown statistically significant increase in 
4kDa dextran transport following syncytialization, while the increase in 65 kDa dextran transport was 
not statistically significant 103. Besides, they attributed the transport increase to the smaller 
thickness and increased permeability of the syncytiotrophoblast layer compared to trophoblast cells 
103. However, we didn’t observe a decrease in the thickness of the BeWo layer after syncytialization, 
as shown in Appendix 1. Additionally, we’re suggesting that what drives higher placental transport, in 
the case of syncytialization, is the increase in cellular permeability or cellular uptake. As we observed 
higher LNPs uptake into the BeWo and HUVEC cells, as shown in our LNPs association study in 
Figures 10I and 10H, respectively. 

In summary, our comprehensive transport studies highlight the multifaceted factors influencing 
transport of LNPs across the placental barrier, including the impact of IgG functionalization, 
PEGylated lipid characteristics, ionizable lipids, and cell model variations. Our findings indicate that 
both the composition of LNPs and the conditions of the placental model significantly affect transport 
efficiency. However, our studies could not answer what features of the LNPs and cell model were 
most important for transplacental transport. For example, is LNPs composition more predictive than 
IgG functionalization or any of the other studied features?  To this end, we used machine learning to 
investigate the impact of these LNPs features on their transplacental transport.  

3.5 Machine Learning Modeling for Placental Transport and Transport Kinetics of Lipid 
Nanoparticles 

As mentioned earlier, ML models show promise in analyzing the dataset to provide valuable insights, 
which can guide the design of future experiments. In this study, the ML approach was employed as a 
means of analyzing the key attributes to LNPs transport. ML models were trained on an experimental 
dataset with 189 data points, each representing 3 to 5 replicates, including 18 characteristic input 
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features describing the transplacental transport. The overarching goal of these ML experiments was 
to address the multidimensional nature of LNPs transport that cannot be retrieved by single factor 
experiments.  

First, we refined the dataset to remove any transport experiments with missing inputs or remove 
highly dependent features. The refined dataset included 48 distinct transport experiments with 18 
input features; the used dataset is attached in Appendix 3. A selection of ML models was trained on 
this refined dataset using the leave-one-out cross-validation technique, which ensures 
comprehensive data utilization, a valuable approach for such relatively small datasets. The models' 
accuracy was evaluated according to four metrics: MAE, MedAE, RMSE, and MSE, as shown in 
Appendix 1. The model, achieving the lowest error in most of these metrics, was chosen for further 
analysis. The Random Forest (RF) model showed the highest accuracy (lowest error) for predicting 
the studied outputs: 24H transport percentage, t-half and k-value, as detailed in Appendix 1.  

Shapley Additive Explanations (SHAP) was used to rank the feature importance from top (highest) to 
bottom (lowest). The color represents the input feature value; if the feature values are continuous, 
the blue color represents low values, while red represents high values. However, if the input feature 
has categorical values, as in the case with the ionizable lipid type or the PEG-end functional group, 
the color is assigned as detailed in Figure 8E. The accuracy and reliability of the ranking diminish as 
you move down in the figure. Therefore, our discussion is focused on the top features in each graph 
to avoid over-interpretation.  
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Figure 8: Machine Learning Modelling for Percentage Transplacental Transport at 24h and Transport 
Kinetics. (A) Schematic describing the dataset and the employed machine learning algorithms used 
for modelling; Created with BioRender.com. (B) SHAP figure ranking the predictors of the percentage 
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transport at 24 hours, using Random Forest (RF) model. (C) SHAP figure ranking the predictors of the 
transport constant, k-value, of the logistic growth kinetics model, using RF model. (D) SHAP figure 
ranking the predictors for the t-half of the logistic growth kinetics model, using the RF model. 

We initially used percentage transport at 24 hours as the output for one of the ML models since it was 
consistent timepoint across all the transport experiments. The mean value for the 24-hour time 
points in the dataset was 26%. Interestingly, the zeta potential of LNPs was found to be the most 
critical feature in predicting the total transport percentage, as shown in Figure 8B. This means that, 
in the context of this study, high zeta potential is one of the key attributes for high placental transport, 
while low zeta potential is a predictor for low transport. These observations align with the literature, 
which reports positively charged NPs tend to interact with the negatively charged cellular membrane, 
tight junctions, or serum proteins, which could play a role in the transport process 127. Previous 
studies that assessed two or three formulations with distinct zeta potential have found no effect from 
surface charge on transplacental transport of other types of nanoparticles 76,128. However, our ML 
model that is based on a dataset which includes several formulations covering a wide range of zeta 
potentials, has provided validated conclusions and suggests the Zeta potential in future NPs 
transport studies needs to be carefully considered. Based on our machine learning models 
illustrated in Figure 3E, the lipids that most significantly influence zeta potential are, in order: 
permanently charged lipids, functionalized PEGylated lipids, and ionizable lipids.  

Another important feature for percentage transport at 24 hour was LNPs size, with bigger sizes 
leading to increased transport and smaller sizes leading to decreased transport. This contradicts 
previous studies that showed the opposite correlation 88. We think our conclusion here can’t be 
generalized to other NPs, but it is specific to our dataset. In our dataset, LNPs with bigger sizes are 
IgG-conjugated LNPs, while LNPs with high PEGylated lipid percentage have smaller sizes. Also as 
shown in Figure 3F, the number of IgG antibodies per LNP was the most critical contributor to LNPs 
size, and the size increased with a higher number of antibodies per LNP. Finally, the number of LNPs 
per cell and the mass of LNPs per cell emerged as the second and fourth predictors for transport, 
respectively. This finding should be considered in dose choices for future studies developing fetal 
gene therapies or toxicological studies assessing environmental exposure to nanoparticles.  

Additionally, we presented the transport data as the average apparent permeability, as described in 
the methods. This dataset was modeled for this output and is shown in Appendix 1. Since the average 
apparent permeability calculations considered earlier time points, not just at 24 hours, the top 
predictors in both models were similar but appeared in a different order. LNPs size was shown as the 
best predictor for permeability while the zeta potential of LNPs was shown to be the second most 
influential feature. 

To better understand the transport process, we studied the kinetics of transport of LNPs by tracking 
them at several time points up to 24 hours. The transport data fit the best to the logistic growth model, 
which showed lower errors (higher R2) compared to other tested kinetics models. From the refined 
transport dataset, 44 experiments followed the logistic growth model enabling us to calculate the k 
and t-half. The parameter k stands for the rate constant of transport, while t-half represents the time, 
in hours, to reach half of the maximum concentration. Also, t-half stands for the inflection point 
where the growth rate is maximal. The ML models were trained on these transport kinetics 
parameters; the k-values and t-half values serving as the outputs.  
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SHAP figures were created for k and t-half, as shown in Figures 8C and 8D, respectively. From the 
logistic growth model equation (eq: 4), the k values were inversely proportional to the t-half values. 
Therefore, the impact of an input feature can have an opposite effect on these two outputs. The LNPs 
size and zeta potential were among the top five predictors in both models, suggesting their 
predominant effect on transport kinetics.  

Interestingly, the molar percentage of the PEGylated lipids appeared as one of the important features 
for predicting t-half (Figure 8D). As the molar percentage of the PEGylated lipids increases, the time 
required to reach half of the maximum concentration also increases. This new finding emphasizes 
the critical role of the dePEGylation step to facilitate transport across the placental barrier.  

Another interesting result from the k model (Figure 8C) is that the number of particles per cell was 
the most important feature for predicting the rate constant of transport, while the mass of LNPs per 
cell had little to no effect. Even though both represent the dose of LNPs, the number of particles was 
more predictive of the biological effects. It demonstrated the importance of reporting the dose of 
nanoparticles doses as a number concentration. Ouyang et al. have similarly reported the 
significance of the absolute number concentration of nanoparticles to achieve targeting, 
demonstrating that a minimum threshold of one trillion nanoparticles per mouse is required to 
enhance non-liver targeting 129. With the increasing adoption of counting techniques, such as the 
Nanoparticle Tracking Analysis (NTA), we anticipate broader adoption among researchers to 
consistently report the absolute number concentration of nanoparticles in their dosages. This 
practice will significantly improve future studies on the interaction of nanoparticles with the placenta 
and other biological barriers by providing accurate and precise number concentration data of 
nanoparticles. 

To validate the effects of these features on LNPs transport, we developed new formulations informed 
by SHAP analysis. These formulations were purposefully designed to vary across the different levels 
of the most important features for predicting LNPs transport at 24 hours, namely the zeta potential, 
number of LNPs per cell, LNPs size, mass of LNPs per cell, and PEGylated lipid end-functional group. 
Specifically, as shown in Figure 9A, F49 represented the unoptimized formulation, F50 was 
moderately optimized by manipulating three features, while F51 was highly optimized by 
manipulating the five features. We observed a compelling result where combining these features 
resulted in a synergistic effect on facilitating the transplacental transport of LNPs. As shown in Figure 
9B, the moderately optimized F50 led to a 129 % increase in transport. Remarkably, the highly 
optimized F51 resulted in a 622% increase in LNPs transport across the placenta. To improve our 
understanding of this synergistic effect, we studied the cellular association of LNPs with the 
placental barrier. We observed a statistically significant increase in cellular association of LNPs by 
23 times and 44 times for F50 and F51, respectively, as shown in Figure 9C. This suggests that the 
transport process of these optimized LNPs could be mediated by an initial step of placental uptake. 
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Figure 9: Machine Learning Modelling Validation. (A) Description and results of the three 
formulations that were designed to validate the top five influential features on percentage transport 
at 24 hours. (B) The 24 hours transport percentage for the three formulations. (C) The association of 
LNPs with BeWo cells for the three formulations. The formulations IDs are included in each figure. 
Please refer to Appendix 2 for the detailed description of the LNPs formulation compositions and the 
physicochemical characteristics of each formulation. 

In conclusion, our comprehensive approach combining ML with experimental validation has 
provided deep insights into the complex dynamics of LNPs transport across the placental barrier. 
This integrated approach revealed distinctions between interpretations derived from the ML 
approach in Figure 8 and conclusions drawn from the traditional single-cause effect testing 
approach followed in Figure 6 and Figure 7. Using ML, we identified critical predictors such as zeta 
potential, LNPs size, and specific lipid compositions. We have not only refined our understanding of 
transport kinetics but also highlighted new strategies to optimize LNPs formulations. 
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3.6 Cellular Association of LNPs: 

To fully understand the transport dynamics of LNPs across the placental barrier, we conducted a 
comprehensive cell association study. While measuring transport alone defines LNPs crossing the 
placenta, it does not account for the complex interactions between LNPs and placental cells. By 
quantifying cellular association, encompassing both uptake and adhesion to cells, we can better 
interpret transport results and identify the underlying mechanisms driving LNPs behavior. We used 
confocal imaging to measure cell uptake of LNPs following 24 hours transport and Z-stacks were 
quantified for fluorescence intensity. The sum of the mean fluorescence intensity of each slice was 
used for comparing the different experiments. 

Aligned with transport results (Figure 6), PEGylated lipid tail saturation and PEGylated lipid 
percentage were determinants of cellular association, where higher cellular association of LNPs 
were observed for DOPE-PEG versus DSPE-PEG containing LNPs (Figure 10A). Also, as we increased 
the molar percentage of DSPE-PEG a significant decrease in cellular association was observed. 
Therefore, faster dePEGylation (or PEGylated lipid dissociation) could be a crucial step for cellular 
association of LNPs (Figure 10B). These transport and cellular uptake studies on the effect of 
PEGylated lipid on LNPs behavior corroborate previous studies assessing nanoparticle uptake and 
biodistribution 35,130. The same was observed for the features, ionizable lipid type and IgG 
conjugation, however the difference in cellular association was not statistically significant (Figure 
10C-E). Overall, these data suggest that cell uptake for these LNPs could be a prerequisite for 
successful transport across the placental barrier. The lack of significance in cellular assocaition 
could be due to the sensitivity limitations of image analysis based on fluorescence intensity, as we 
reported earlier 131,132. Another method that compares the number of fluorescent voxels, outlined in 
Appendix 1, could provide more information.  
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Figure 10: Cellular association of LNPs with BeWo and HUVEC cells. The effect of (A) PEGylated lipid 
tail unsaturation, (B) molar percentage of the PEGylated lipid, (C) the ionizable lipid, (D) the 
PEGylated lipid end-functional group, (E-F) IgG conjugation, (G) percentage FBS concentration in 
culture media on LNPs association with BeWo cells. Association of different LNPs formulations with 
(H) HUVEC and (I) BeWo cells in the different placental models.  (J) Representative images for cellular 
association of different LNPs with BeWo cells. Please refer to Appendix 2 for the detailed description 
of the LNPs composition and the physicochemical characteristics of each formulation. 

Interestingly, the cellular association results further strengthen our hypothesis regarding the 
increased cell permeability upon induction of syncytialization by forskolin. Specifically, a significant 
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increase in LNPs association to both placental and endothelial cells was observed following 
induction of syncytialization, as seen in Figures 10I and 10H. This aligns with the concomitant 
increase in transport observed in Figure 7C.  

On the contrary, varying the PEGylated lipid end-functional group did not result in significant changes 
in cellular association of LNPs. This is despite the difference in transport observed between the LNPs 
with DSPE-PEG-COOH and DSPE-PEG-NH2. Also, we observed a reduction in cellular uptake of IgG-
conjugated LNPs in IgG-deprived media (0 % FBS), as shown in Figure 10G, despite the high 
percentage transport of this formulation (Figure 7B). The underlying mechanisms for these 
observations remain unclear and warrant further investigation. One suggestion is that the end-
functional group and IgG concentration in the media played a critical role in transport but were not 
required for initial cellular association.  

In conclusion, understanding the cellular association of LNPs provides valuable insights into their 
transport behavior across the placental barrier and highlights the complex interplay of lipid 
composition and cellular interactions. 

3.7 siRNA-loaded LNPs Transfection in Placental and Fetal Cells 

To build on the findings from our transport study, we initiated an in vitro transfection study to further 
optimize LNPs formulations for RNA delivery to human fetal lung fibroblasts. The goal was to develop 
siRNA-loaded LNPs formulations that preferentially transfect fetal lung cells while minimizing 
transfection in off-target placental or endothelial cells.  

Previously, LNPs were optimized to achieve mRNA transfection in the placental cells,31,133 or in fetal 
lung cells through intraamniotic injection, vitelline vein injection, or intracerebroventricular injection 
4,13. However, developing an LNPs formulation that preferentially transfects fetal lung cells over 
placental or endothelial cells requires further optimization. 

First, when we tested the high placental transport formulations, that included two or three of these 
lipids: DODAP, DOPE-PEG, and DSPE-PEG-NH2, they showed a slight increase in transfection. 
However, the overall efficiency was comparable to free siRNA using lipofactamine, as shown in Figure 
11A. Therefore, we conducted several optimizations to improve relative transfection efficiency in 
fetal lung fibroblast cells to placental cells and endothelial cells 
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Figure 11: Transfection of siRNA-loaded LNPs in placental and fetal cells is derived by cationic lipids, 
PEGylated lipids, and lipid to siRNA ratio. (A) Transfection of high-transport formulations that do not 
include DOTAP in their lipid composition. (B) The effect of DOTAP molar percentage on percentage 
transfection. (C) Effect of lipid to siRNA mass ratio on percentage transfection. (D) Optimizing 
formulations for high transport and high transfection by testing different compositions with lipids 
identified for increasing the transport. (E) The placental transport and lung fibroblasts transfection 
results combined; each dot represents LNPs with the same lipid composition but with 2 IDs: the first 
one is unloaded LNPs used for the transport experiment and the second one is siRNA-loaded LNPs 
tested for transfection. The dashed lines represent the median of the output and divide the 
performance of the formulations into 4 quadrants: Q1 is low transport & high transfection, Q2 is low 
transport & low transfection, Q3 is high transport & high transfection, and Q4 is high transport & low 
transfection. Please refer to Appendix 2 for the detailed description of the LNPs composition and the 
physicochemical characteristics of each formulation. Transfection results are reported as a 
percentage relative to the positive control (which is transfection by Lipofectamine). Data (n=6) are 
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presented as mean ± SD and ns denotes non-significant difference. * (p<0.05); ** (p<0.01); for 
(p<.001) denote different levels of statistical significance. 

First, we tested different LNPs to siRNA mass ratios. A mass ratio of 40 (formulation 65) showed 
significant transfection in lung cells compared to placental cells, while a mass ratio of 10 
(formulation 63) showed no differences, as shown in Figure 11C. Therefore, the ratio of 40 was utilized 
for all subsequent formulations. This confirms previous studies that showed that increasing the N/P 
ratio (the ratio between lipid and RNA) results in preferential transfection of the lung cells 134. 

To further increase the transfection percentage in lung cells, LNPs with different molar percentages 
of DOTAP were tested. Recent studies have shown that permanent cationic lipids, such as DOTAP, 
can increase mRNA transfection into lung cells as they raise the LNPs pKa above 7 39. As shown in 
Figure 11B, DOTAP molar percentages of 10 and 30 achieved the highest transfection percentage in 
fetal lung cells. However, increasing the DOTAP percentage beyond this resulted in a reduction in the 
number of viable cells. Therefore, 10 % DOTAP was included in subsequent formulations to achieve 
high transfection while keeping high molar percentages of the other lipids driving transport  

Following determination of the optimal DOTAP molar percentage of 10 and the optimal LNPs to siRNA 
mass ratio of 40, we tested the impact of other lipid components shown to drive high placental 
transport, on transfection efficiency. Similar to the transport results, replacing DSPE-PEG-COOH 
with DSPE-PEG-NH2, or replacing DSPE-PEG with DOPE-PEG resulted in a significant increase in 
transfection, mainly due to the increase in zeta potential or more rapid de-PEGylation 35, respectively 
(Figure 11D). However, contrary to the transport results, replacing D-lin-MC3 with DODAP led to a 
significant reduction in transfection. Therefore, the lipids driving high placental transport are not 
necessarily the same ones leading to high fetal cell transfection. So, a balance between both is 
required. It should be also noted that these transfection experiments were conducted at a dose of 4 
picomole siRNA per well (0.35 mm2). To investigate the impact of siRNA dose on transfection 
efficiency, we tested a smaller dose of one  picomole of siRNA per well (Appendix 1). Similar 
transfection results were obtained indicating that the behavior of LNPs can be dose-independent. 

The ten LNPs formulations tested separately for placental transport and fetal lung transfection were 
plotted based on their measured 24-hour transport and transfection results (Figure 11F). The median 
for the two outputs (transport and transfection) was graphed dividing the overall output of the LNPs 
formulations into four quadrants, Q1 (high transfection and low transport), Q2 (low transfection and 
low transport). Q3 (high transfection and high transport) and Q4 (low transfection and high transport). 
Among the different formulations, F68 composed of (DOTAP, D-lin MC3, cholesterol, DSPC, DOPE-
PEG, and DSPE-PEG-NH2) were shown to efficiently cross the placental barrier and to transfect fetal 
lung cells. 

3.8 Combined Transport-Transfection Study 

Formulations representing the different quadrants (Q1, Q2, Q3 and Q4 - Figure 11F) were tested in a 
combined transport and transfection placental model shown in Figure 12A. This model ensures that 
LNPs are intact and capable of transfecting fetal lung cells after passing through the placental barrier. 
A similar high-throughput set-up to test the LNPs integrity was utilized in a previous study modeling 
the blood-brain barrier 30. 
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Figure 12: Combined Transport-Transfection Model. (A) A Schematic for the combined model with 
BeWo cells seeded on the transwell membrane in the apical compartment and fetal lung fibroblasts 
on the bottom of the basolateral compartment; Created with BioRender.com. (B) siRNA transfection 
in BeWo cells and lung fibroblasts using the combined model. (C) The formulations represented by 
their transport and lung fibroblast transfection results combined; the dashed lines represent the 
median of the two outputs. (D) The relationship between zeta potential and lung fibroblasts 
transfection in the combined model. (E) Representative image for siRNA transfection into lung 
fibroblasts using the combined model by formulation no 68. Please refer to Appendix 2 for the 
detailed description of the LNPs composition and the physicochemical characteristics of each 
formulation. 
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All of the tested LNPs formulations included 10% DOTAP, shown to induce high transfection 
efficiency (Figure 11B-D) in addition to the lipid composition of LNPs formulations with high transport 
features.  Among these tested formulations, LNPs containing D-lin MC3 showed significantly higher 
fetal lung fibroblast transfection compared to the ones containing DODAP (Figure 12B). This could 
be explained by the high correlation (R2=0.95) that was found between zeta potential and fetal lung 
fibroblast transfection in the combined model (Figure 12D). Figure 12E shows transfected fetal lung 
fibroblasts using Formulation 68, which has achieved the synergy between high transport and 
transfection efficiencies (Figure 12C) and has the highest zeta potential. 

3.9 Ex vivo Screening of Lipid Nanoparticle Safety on Fetal Lungs  

Previous studies targeting the placenta showed no fetal exposure to the nanoparticles and no effect 
on fetal outcome 31,135. However, a recent study showed that even if there was no direct fetal 
exposure, nanoparticles still pose a risk for fetal development as they can disrupt the placental 
secretome 136. In addition, recent efforts for fetal gene therapies have recommended direct injection 
to the fetus through the amniotic sac or the fetal vitelline vein, which leads to NP exposure in the 
different fetal organs, such as the lungs or liver 12,13.  

Abnormal lung development as observed in Congenital Diaphragmatic Hernia (CDH) is one of the 
deadliest fetal anomalies 78. Thus, targeting the abnormal lungs with a specific genetic modality 
could offer cures for deadly diseases 78. Therefore, it is essential to investigate the toxicity of different 
LNPs compositions on lung development to guide future studies on targeted fetal gene therapies. 
Hence, in this study, a fetal lung explant model was used to assess the outcomes from direct 
exposure to different LNPs of varying composition, as outlined in Figure 13.  

 

Figure 13: Ex vivo testing of the safety of LNPs in fetal lung explants. (A) The lung explant LNPs testing 
workflow;Created with BioRender.com. (B) Representative images for Hematoxylin and Eosin (H&E) 
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staining after 24 hours exposure to different LNPs; the black box in each image outlines the zoomed-
in part. HALO classifier shows what represents the airspaces (in green) and the lung tissue (in red). 
(C) The lung air space after 24 hours exposure to different LNPs. Please refer to Appendix 2 for the 
detailed description of the LNPs composition and the physicochemical characteristics of each 
formulation. 

Evaluating the air spaces of the lung has been used as a surrogate marker to study  normal lung 
development and compare it to diseased states 95. In the current study, the Autostainer, Slide 
Scanner, and HALO analysis have been used to automate the workflow of histological studies, as 
shown in Figure 13. Image analysis of H&E stained sections showed no effect on the lung airspace 
composition in the different LNPs groups compared to the control group, as shown in Figure 13C.  

Apoptosis is considered a mark of normal lung development 95. However, excessive exposure to 
nanoparticles could lead to higher apoptosis.  

Since Caspase-3 and Caspase-9 are considered central regulators of apoptosis 137, their abundance 
were evaluated as surrogate marker of the apoptosis. Previous studies showed that cationic lipids' 
headgroups structure could induce cytotoxic behavior through a caspase-dependent mitochondrial 
intrinsic pathway 138. Following 24 hours of exposure to different LNPs, there was no significant 
difference in Active Caspase-3 abundance between the different LNPs formulations and the control 
group, as shown in Figure 14C. The analysis was performed using the positive pixel counting and 
nuclear segmentation methods available in HALO software, as shown in Figures 14A and 14B.   
 

 

Figure 14: Immunofluorescence staining for apoptosis in the fetal lung explant. (A) Active-caspase-
3 staining signal of the different LNPs groups using the positive pixel counting analysis method, by 
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dividing the colocalized signal over the DAPI+ signal. (B) Active-caspase-3 staining signal of the 
different LNPs groups using the nuclear segmentation method to count apoptotic cells. (C) 
Representative images of the active capase-3 staining; black boxes outline the zoomed-In part; 
Positive pixel counting images display the pixels that exceed the minimum threshold (in yellow); the 
nuclear segmentation images show the apoptotic cells (in purple). 

In addition, fetal lung proliferation is highly active at this stage of development. Ki-67 abundance, 
which marks proliferative cells, was not affected by the exposure to different LNPs (Figure 15).  
 

 

Figure 15: Immunofluorescence staining for Proliferation in the fetal lung explant. (A) ki-67 staining 
signal of the different LNPs groups using the positive pixel counting analysis method, by dividing the 
colocalized signal over the DAPI+ signal. (B) ki-67 staining signal of the different LNPs groups using 
the nuclear segmentation method to count proliferative cells. (C) Representative images of the ki-67 
staining; black boxes outline the zoomed-In part; Positive pixel counting images display the pixels 
that exceed the minimum threshold (in yellow); the nuclear segmentation images show the 
proliferative cells (in green). We observed non-specific interaction from the ki-67 antibody, signal 
outside the nucleus; this could be due to the low specificity of the antibody used. However, the 
analysis depended on antibody signal colocalized with the nucleus. 

These findings support the feasibility of exploring LNPs for targeted fetal gene therapies aimed at 
addressing lethal fetal anomalies, such as Congenital Diaphragmatic Hernia, while emphasizing the 
importance of continued safety assessments in future studies. 
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4. Conclusion 

In this work, we developed a library of diverse LNPs by varying the types and ratios of the different 
lipid classes. Using this library, we took two approaches to study the placental transport of LNPs: 
statistical analysis and machine learning. Statistical analysis has identified key parameters 
influencing the transport, such as the antibody conjugation mechanism and the PEGylated lipid's 
percentage, tail saturation, and end-functional group. However, the ML model identified more 
properties driving the transport, such as the zeta potential, size, and concentration. Relying on the 
ML model results, we further optimized the LNPs formulation to include properties and compositions 
that induce transport. We were able to purposely design formulations that had low, medium, or high 
placental transport. These results are of significance for future studies aiming at developing LNPs 
formulation targeting maternal organs (requiring low placental transport) or fetal organs (requiring 
high transplacental transport). 

However, a limitation of our developed ML models is their reliance on a relatively small dataset, 
derived from a single study, compared to larger datasets encompassing multiple studies. We are 
sharing our dataset (Appendix 3). So that additional data points from future studies can be 
incorporated, particularly considering the ongoing development of new lipids and other 
nanocarriers. This will accelerate the development of validated LNPs properties and transport 
results, thus fostering collaboration and advancing research on NP interactions with the placenta. 

Combining the transport and cellular association studies has depicted the importance of the 
placental model structure and the dePEGylation step in influencing the uptake and transport of 
LNPs. Besides, the transfection studies have confirmed the importance of cationic lipids and N/P 
ratio in the preferential transfection of lung cells. Studying the LNPs in the combined transport and 
transfection model has shown that LNPs could bypass the placental barrier and transfect fetal cells, 
which could be a potential route to reach fetal organs. However, this could also raise concerns about 
environmental exposure to different NPs during pregnancy. 

Finally, our ex vivo results suggest the safety of LNPs during fetal organ development that enable their 
use as a safe gene delivery vehicle during pregnancy. However, our in vitro viability studies raise 
concerns about incorporating high concentrations of permanently cationic lipids, which have been 
followed in different studies targeting the lung. Future studies should focus on the development of 
other safe ionizable lipids that can target the fetal lung and other fetal organs. 
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ABSTRACT 

The placenta is a dynamic and complex organ that plays an essential role in the health and 
development of the fetus. Placental disorders can affect the health of both the mother and the fetus. 
There is currently an unmet clinical need to develop nanoparticle-based therapies to target and treat 
placental disorders. However, little is known about the interaction of nanoparticles (NPs) with the 
human placenta under biomimetic conditions. Specifically, the impact of shear stress exerted on the 
trophoblasts (placental epithelial cells) by the maternal blood flow, the gradual fusion of the 
trophoblasts along the gestation period (syncytialization), and the impact of microvilli formation on 
the cell uptake of NPs is not known. To this end, we designed dynamic placenta-on-a-chip models 
using BeWo cells to recapitulate the micro-physiological environment, and we induced different 
degrees of syncytialization via chemical induction with forskolin. We characterized the degree of 
syncytialization quantitatively by measuring beta human chorionic gonadotropin (β-hCG) secretion, 
as well as qualitatively by immunostaining the tight junction protein, ZO-1, and counter nuclear 
staining. We also characterized microvilli formation under static and dynamic conditions via F-actin 
staining. We used these models to measure the cell uptake of chondroitin sulfate A binding protein 
(CSA) conjugated and control liposomes using confocal microscopy, followed by image analysis. 
Interestingly, exposure of the cells to a dynamic flow of media intrinsically induced syncytialization 
and microvilli formation compared to static controls. Under dynamic conditions, BeWo cells 
produced more β-hCG in conditions that increased the cell exposure time to forskolin (p < 0.005). 
Our cell uptake results clearly show a combined effect of the exerted shear stress and forskolin 
treatment on the cell uptake of liposomes as uptake increased in forskolin exposed conditions (p < 
0.05). Overall, the difference in the extent of cell uptake of liposomes among the different conditions 
clearly displays a need for the development of dynamic models of the placenta that consider the 
changes in the placental cell phenotype along the gestation period, including syncytialization, 
microvilli formation, as well as expression of different transport and uptake receptors. Knowledge 
generated from this work will inform future research aiming at developing drug delivery systems 
targeting the placenta. 
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1. Introduction 

The placenta is a highly specialized transient biological barrier separating the maternal organs and 
the fetus. It plays a key role in the development of pregnancy. Placental disorders are associated with 
several pregnancy complications including preeclampsia and fetal growth restriction. There is 
therefore a substantial clinical need for the development of targeted carriers to deliver therapies to 
the placenta and minimize any potential side effects of the encapsulated drug that could 
compromise the health of the mother and the fetus.139-141 Nanotechnology applications in medicine 
(called nanomedicine), have introduced the use of nanoparticles (NPs) as carriers for drug targeting, 
therefore avoiding off-target drug accumulation. Although this concept of nanomedicine has been 
applied clinically for more than two decades,142 prenatal nanomedicine is still in its infancy.  

Our current knowledge of the interaction between NPs and the human placenta under conditions 
simulating the physiological environment of a pregnant woman is rudimentary, especially in two 
aspects: the effect of the syncytialization (fusion) of the placental epithelial cells as pregnancy 
proceeds, and the effect of the dynamic environment due to blood circulation. 

The placenta is a dynamic biological barrier which undergoes several changes in structure, as 
pregnancy progresses.143 The placenta is made up of multiple layers. In the outermost layer, 
interacting with the maternal blood flow, is the presence of trophoblastic cells that undergo 
syncytialization.144 In this process, the trophoblastic cells fuse together to form a multinucleated 
cellular barrier.145 The conversion from the mononucleated cytotrophoblasts to the syncytial state 
results in alterations of the trophoblast phenotype over time which upregulates the production of 
placental hormones such as human chorionic gonadotropin (β-hCG) and is therefore integral to the 
hormonal function of the placenta.146 When syncytialization is impaired, adverse reactions can occur 
downstream, such as premature births, developmental defects, and even preeclampsia.144 
Therefore, to understand how NPs interact with the placenta, we must first investigate how cellular 
uptake of NPs is affected by syncytialization, an overlooked parameter in studies focusing on in vitro 
NP placental interactions.  

A major set-back in developing prenatal nanomedicine is the difficulty to mimic the dynamic 
physiological environment of human pregnancy. The use of in vivo models is associated with 
monetary and ethical costs. Furthermore, tests conducted on animal models have little bio-
relevance to human pregnancy as there are considerable variations in the placentation, duration of 
pregnancy, and the physiological changes occurring during pregnancy.141 Additionally, traditional 
static in vitro models do not consider physiological dynamism. Among current models, ex vivo 
human placental models are the closest to replicate the physiological system as they involve the 
usage of the actual human placenta for the studies. However, viable placental explants are scarce, 
complex to set-up and cannot be sustained for extended periods and are thus not suitable for long-
term exposure studies.147  

Organ-on-a-chip technologies mitigate the demerits of current in vitro, in vivo and ex vivo models and 
improve upon their benefits while utilizing minimal resources.148 This technology is based on the 
principle of microfluidics which is the manipulation of fluids in small volumes like droplets and 
channels with at least one dimension in the microscale.149 Most fluids behave differently in the 
microscale, where the capillary forces and viscous forces dominate.150 This is similar to the dynamic 
micro-cellular systems within our body. Connecting the organ-on-a-chip to a flow of biological fluids 
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has shown to be effective in replicating the physiological system.149-152 Placenta-on-a-chip 
technology therefore offers a powerful replicable tool to recapitulate the microstructure of human 
placenta and the dynamic environment. Its use for NP screening is in the nascent stages;75 and was 
not used for the evaluation of liposomes, one of the most successful clinically approved 
nanocarriers.142,153-155 

The objective of this study is to use this placenta-on-a-chip technology to develop a mechanistic 
understanding of the interaction of targeted PEGylated liposomal nanocarriers that are surface 
functionalized with placental CSA binding peptide (CSA, EDVKDINFDTKEKFLAGCLIVSFHEGKC) with 
the placental trophoblasts (BeWo b30) under dynamic conditions and following the chemical 
induction of syncytialization versus control experiments. Syncytialization of BeWo cells is commonly 
induced using forskolin which activates the protein kinase A pathway within the trophoblast cells, 
initiating syncytialization.156  

 

2. Materials and Methods  

2.1. Materials 

Human placental BeWo b30 cells were kindly provided by Dr. Tina Bürki (EMPA, Switzerland) with 
permission of Prof. A. Schwartz. (Washington University in St. Louis, USA). Microfluidic chips, iBidi µ-
Slide I 0.2, were purchased from iBidi™ (USA). All lipids, including, 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), cholesterol, 1,2-disearoyl-sn-glycero-3- phosphoethanolamine-N-
[carboxy(polyethyleneglycol)-2000] (DSPE-PEG(2000)-COOH) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine labelled PE) were 
purchased from Avanti Polar Lipids (Birmingham, USA). Placental CSA binding peptide (CSA, 
EDVKDINFDTKEKFLAGCLIVSFHEGKC), bicinchoninic acid (BCA) assay and human hCG-beta ELISA 
kit, 3000 MWCO Amicon Ultra-15 Centrifugal filters, DPBS, Triton X-100, Tween 20, goat serum, 
glycine, BSA, ZO-1 monoclonal antibody, goat anti-rabbit Alexa Fluor 488, Alexa Fluor 488-conjugated 
phalloidin, DAPI, Fluoromount-G reagent, paraformaldehyde (made from 16% Methanol free 
Formaldehyde with 1x PBS), Ham's F-12K culture medium and supplements, 100 nm polystyrene 
particles as well as micro cover slips, culture plates and MWCO 3000 Ultra-15 Centrifugal filters were 
all purchased from Thermofisher (Massachusetts, USA). ViaLight™ Plus Cell Proliferation and 
Cytotoxicity BioAssay Kit was purchased from Lonza (Switzerland). EDC (N-(3-
dimethylaminopropyl)-Nˊ-ethylcarbodiimide hydrochloride and NHS (N-hydroxysuccinimide) were 
purchased from Alfa Aesar (Tewksbury, USA). 300,000 MWCO Centrisart tubes were purchased from 
Sartorius (Goettingen, Germany). Gelatin and forskolin were purchased from Sigma-Aldrich 
(Oakville, Canada). Dulbecco's phosphate-buffered saline (DPBS) was purchased from Corning 
(New York, USA). Vectashield mounting medium was purchased from Vector Laboratories 
(Burlingame, USA). All other reagents, solvents, and buffers were purchased from Fisher Scientific 
(Canada) and were used directly with analytical grade. Ultrapure water for the cell experiment was 
obtained from a Millipore Milli-Q purification system.  
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2.2. Synthesis and characterization of CSA-conjugated liposomes 
2.2.1. Microfluidic synthesis of rhodamine labelled PEGylated DOPC liposomes 

Liposomes were synthesized using the Dolomite 5-Input Chip (Dolomite Microfluidics, Norwell, 
USA), connected to two programmable syringe pumps (KD Scientific, USA). To prepare the lipid 
solution, DOPC, cholesterol, DSPE-PEG(2000)-COOH, and rhodamine-labelled PE were solubilized 
in ethanol at a molar ratio of 57.5:37:5:0.5, respectively for a total concentration of 8.14 mg/mL. PBS, 
0.1 M, was injected into two side channels intersecting with a center channel to which the lipid 
solution was injected. The flow rate ratio (FRR), defined as the ratio of volumetric flow rate of aqueous 
phase to that of lipid phase, was 12:1 and the total flow rate (TFR) was 50 uL/min. Those parameters 
were decided on after trying different FRR and TFR to give the desired range and distribution of size, 
these values are reported in Appendix 4. The liposome dispersion was centrifuged using 3000 MWCO 
Centrisart centrifugal tubes at 3700 rpm for 20 min at 4 °C, then diluted in PBS buffer to the original 
volume. This was repeated 3 times to remove remaining ethanol content. 

 

2.2.2. Surface functionalization of liposomes with placental CSA binding peptide 

Liposomes were surface functionalized with CSA using EDC/NHS chemistry following previously 
reported protocols.108,140  First, the carboxylic groups on the liposomes were activated by the 
crosslinking agent (EDC/NHS) in PBS buffer. Briefly, a volume of 0.6 mL liposomes was incubated 
with 0.3 mg of EDC and 0.45 mg of NHS with gentle shaking for 6 hours at room temperature in the 
dark, as shown in Figure C. Liposomes were then centrifuged using 3000 MWCO Centrisart 
centrifugal tubes at 3700 rpm for 30 minutes at 4 °C to remove excess reagent followed by three 
successive washing steps. The total volume was then completed to 0.6 mL with PBS. Finally, CSA 
peptide was added at a 1: 1 molar ratio to the carboxylic acid groups present on the surface of the 
liposome and the coating process was continued overnight at room temperature in the dark with 
gentle shaking. This was followed by centrifugation and further washing steps with a 300,000 MWCO 
Centrisart centrifugal filter to remove unbound peptide.  
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Figure 16: The detailed synthesis process for liposomes using the microfluidic technique.  A Dolomite 
5 input chip used for liposome synthesis. Liposomes were synthesized using the Dolomite 5 input 
chip. DOPC, cholesterol, DSPE-PEG(2000)-COOH, and rhodamine-labelled PE were solubilized in 
ethanol and introduced to the center channel of the 5-input chip while PBS (0.01 M) was injected into 
the two side channels. These solutions then intersect at the chip junction, creating a laminar stream. 
As the ethanol moves through the outlet tube, the stream grows thin until the lipid solution is 
supersaturated, and liposomes form due to hydrophobic interactions when exposed to the PBS 
solution. The width of the laminar stream, rate of synthesis, and liposome characteristics are 
determined by the FRR, and TFR. B Liposome structure formed from a lipid solution of DOPC, 
cholesterol, DSPE-PEG(2000)-COOH, and rhodamine-labelled PE. C Surface functionalization of 
control liposomes using EDC/NHS chemistry for amide conjugation to CSA-bp. Briefly, the carboxylic 
acid groups of the PEGylated lipid DSPE-PEG(2000)-COOH were activated by EDC and NHS in PBS 
buffer through gentle shaking. Then, EDC and NHS were removed through centrifugal filtration before 
the CSA binding peptide was added. The conjugation process was then allowed to continue overnight 
under constant shaking, after which unbound peptide was removed through centrifugal filtration. 

 

2.2.3. Characterization of liposomes  

Liposomes were characterized for mean diameter, polydispersity index (PDI) and zeta potential using 
a ZetaPALS machine (Brookhaven Instruments, Holtsville, USA) before and after covalent peptide 
attachment. Measurements were performed in triplicates. 

The size distribution of liposomes was also determined with a complementary technique, ZetaView® 
Nanoparticle Tracking Analysis (NTA, Particle Metrix GmbH, Germany) using an embedded laser of 
40 mW at 520 nm and a CMOS camera. This technique was also used to determine the concentration 
of liposomes (number of particles per mL). First, standard polystyrene particles with a known average 
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size of 100 nm were used to calibrate the instrument prior to sample readings. Automated quality 
control measurements including, but not limited to, cell quality check, instrument alignment, and 
focus were also performed prior to the use of the ZetaView for sample measurements. Samples were 
diluted in PBS to a final volume of 1 mL and were injected in the measurement cell. Liposomal 
dilutions for accurate measurements were found by pre-testing the ideal particle per frame value 
(150–200 particles/frame). For each measurement, three cycles were performed, scanning 11 
positions each, and capturing 30 frames per position. For each measurement, the instrument pre-
acquisition parameters were set to a sensitivity of 85, a shutter of 50, and a temperature of 22°C. The 
captured videos were analyzed by the ZetaView Software with specific analysis parameters: 
Maximum area: 1000, Minimum area: 10, Minimum brightness: 20, Trace length: 10, Framerate: 30. 
The number of completed tracks in NTA measurements was always greater than the proposed 
minimum of 1000 in order to minimize data skewing based on single large particles.157 After the 
automated analysis of all 11 positions and the removal of any outlier positions, the mean, median, 
and mode (indicated as diameter) sizes, as well as the PDI, and the number concentration were 
calculated by the optimized machine software. 

Conjugation of CSA to the surface of the liposomes was quantified using a BCA assay kit, in 
accordance with the manufacturer's instructions. This assay is suitable to measure peptides 
covalently bound to liposome surfaces.108 Briefly, a calibration curve was constructed using a series 
of known concentrations of the CSA binding peptide within a concentration range of 33 – 800 µg/mL 
(Appendix 4). Samples were measured against blank solutions containing unconjugated liposomes 
to remove lipid interference.  

2.3. Cell culture 

BeWo b30 cells were cultured in Ham's F-12K medium supplemented with 10% fetal calf serum, 1% 
L-Glutamine and 1% penicillin–streptomycin–neomycin and were incubated in a humidified 
atmosphere with 5% CO2 at 37 °C. On confluency, cells were sub-cultured through the addition of a 
0.5% trypsin-EDTA treatment (approx. 0.2-0.5 million cells per T-75 flask).  

2.4. Static cell experiments 

Cells were cultured on gelatin pre-treated glass micro coverslips on the bottom of 24-well culture 
plates at a density of ~ 5x106 cells/mL. Once the cells reached 90% confluency, cells were treated 
with 50 uM forskolin for up to 72 hours. Cells not exposed to forskolin were used as controls. Media 
was replaced every day; harvested medium at 24, 48, and 72 hours was stored at -80 °C for further 
analysis of β-hCG concentration over time to determine the rate of syncytialization. At the end of the 
experiment, cells were fixed with 4% paraformaldehyde (PFA), rinsed with 1x DPBS three times, then 
stored submerged in DPBS until further immunostaining. 

 

 

 

 

 



56 
 

2.5. Dynamic Placenta-on-a-chip model 

Cells were cultured at a density of 5x106 cells/mL in a gelatin-treated microfluidic channel, iBidi µ-
Slide I 0.4 (iBidi™, Germany); with a channel height of 450 µm, a channel length of 50 mm, a width of 5 
mm, and growth area of 2.5 cm2. On confluency, the chips were connected to a closed loop of re-
circulating medium at a flow rate of 22.89 uL/min to achieve a shear stress value of 0.025 dyne/cm2 
within the chip. This value of shear stress was chosen based on previous reporting, stating that the 
estimated average value for shear stress in the intervillous space can be between 0.001-0.1 
dyne/cm2.158,159 As shown in Figure , the organ-on-a-chip chamber is open at both ends with an inlet 
and outlet that can be connected to a dynamic media circulating system. The chip’s gelatin treated 
chamber enables the cells to adhere to the floor of the chamber, which allows the media to move 
over the cells. This dynamic flow of media mimics similar shear stress environments that the cells 
experience in vivo, allowing for a more accurate look into the physiological characteristics of the cells 
than static models.  

Fluid flow was managed with a piezoelectric pressure controller (model OB1 Mk3, Elveflow). The 
equipment was tethered to a dedicated software (ESI, Microfluidic Software and SDK, Elveflow) and 
coupled to a flow sensor that allows for control over the flow rates applied, up to a maximum of 80 
µL/min (Figure ). The flow of media within the chip and tubing system is controlled via the ESI 
software. Cells were either exposed to forskolin under dynamic conditions at a concentration of 50 
uM or used as controls (only exposed to culture media). At 24, 48, and 72 hours, media was harvested 
and was replaced with a fresh media. Harvested media was stored at -80 °C for further analysis of β-
hCG concentration. At the end of the experiments, cells were fixed with 4% PFA and rinsed with 1x 
DPBS followed by immunostaining.  

Additional experiments were performed to observe the presence of microvilli on the cells surface. In 
these experiments, a similar dynamic set up running at 0.014 dyne/cm2 was used to compare the 
presence of microvilli formation on the cell surface in dynamic versus static conditions.  
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Figure 17: A Flow circuit used in the dynamic placenta-on-a-chip experiments. Fluid flows from the 
media reservoir to the collection reservoir through the induction of air pressure controlled by an air 
pump connected to the OB1 pressure controller (Elveflow). The fluid flows through a series of valves 
that can be switched on or off through the MUX wire system to adjust the flow circuit and allow for 
recirculation. The sequential opening and closing of these valves, as encoded by the software 
settings, is important to always maintain unidirectional through the chip. The flow sensor reacts to 
the movement of cell culture media through the system and relays a signal to the OB1 pressure 
controller to adjust the flow to maintain a stable flow rate of media. B Placenta-on-a-chip 
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architecture compared to placental anatomy within the placental cotyledon showing the similarity in 
maternal syncytiotrophoblast cell layers. 

 

2.6. Quantitation of β-HCG secretion by the placental cells 

Harvested media samples collected from the static and dynamic experiments were allowed to thaw 
and were tested to measure the concentration of β-hCG using a human hCG-beta ELISA kit 
(Thermofisher). Due to the large volumetric difference between the static and dynamic samples, 
each sample was regulated to a final volume of 1 mL which was used in the final human hCG-beta 
ELISA kit. Static samples were diluted to 1 mL using fresh media, while dynamic samples were 
concentrated to 1 mL using Amicon Ultra-15 Centrifugal filters, MWCO 3000. 

Samples were analyzed in accordance with the manufacturer's instructions. Briefly, the samples 
were added to a human hCG-beta antibody coated well and allowed to incubate for 2.5 hours at room 
temperature. The wells were then washed with the wash buffer and a human hCG-beta biotin 
conjugate was introduced for 1 hour. After further washing, streptavidin-HRP was added for 45 
minutes, washed, and a TMB substrate (3,3',5,5'-Tetramethylbenzidine) was added and was allowed 
to incubate for 30 minutes in the dark before adding the stop solution. A plate reader was then used 
to measure fluorescence at a wavelength of 450 nm. Then, by comparing the relative absorbance 
values to a standard concentration curve using diluted standard solutions provided by the 
manufacturer, the concentration of β-hCG in each sample was determined with an average recovery 
range of 94%.  

 

2.7. Characterization of trophoblast syncytialization and microvilli formation via 
immunofluorescence  

To characterize trophoblast syncytialization, fixed and washed cells were incubated with a blocking 
buffer (1X PBS/5% Bovine serum albumin (BSA)/0.3% Triton™ X-100) for 60 minutes. We used 
immunostaining to detect the expression and localization of the cytoplasmic scaffolding protein ZO-
1.160 Briefly, the cell monolayer was exposed to a secondary blocking solution containing 3% BSA, 
3% goat serum, and 7.51 mg/mL glycine (0.1 M) in PBST (PBS with 0.1% Tween 20) for 1 hour. We then 
added ZO-1 monoclonal antibody for 1 hour at a 1/100 dilution, followed by washing three times by 
PBST. The cells were then exposed to goat anti-rabbit Alexa Fluor 488 at a concentration of 5 µg/mL 
in 1% BSA for 1 hour at room temperature. The cells were rinsed again in PBST before the addition of 
DAPI (1/1000) for 3 minutes, followed by washing. Finally, cells were mounted using Fluoromount-G 
mounting liquid and Vectashield for static and dynamic experiments, respectively. Samples were 
stored at 4 °C until further visualization by confocal microscopy. 

Additional experiments were conducted to stain for actin using Alexa Fluor-488-conjugated 
phalloidin to observe the presence of microvilli on the cell surface. A similar protocol was used as 
above. Briefly, the specimen was blocked with blocking buffer for 1 h before introducing the 
fluorochrome conjugated primary antibody. The cells were then allowed to incubate for 1 h before 
counter staining the cell nucleus with DAPI. 
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2.8. Cell viability assay 

Cell viability was measured using a ViaLight™ Plus Cell Proliferation and Cytotoxicity BioAssay Kit 
(Lonza, Switzerland). Briefly, BeWo cells were seeded into a 96 well plate at a density of 50,000 cells 
per well. On confluency, cells were exposed to either of  unconjugated control liposomes or CSA-
conjugated liposomes at a series of concentrations of 5x106 –5x108 particle/mL, equivalent to 10 – 
1000 liposomes/cell, for 24 hours. Negative control conditions (100 % cell viability) were allowed to 
incubate with only cell media, free of any liposomes. Positive controls (0 % cell viability) were 
exposed to triton X-100 for 30 minutes. Following exposure time, cells were introduced to a cell lysis 
reagent for 10 minutes before the supernatant was removed and added to a black, glass bottom 96 
well plate used for reading bioluminescence in the plate reader. Then, all samples were introduced 
to an ATP monitoring reagent for 2 minutes. Bioluminescence was then measured using a BioTek 
Synergy H1 Plate Reader (Agilent Technologies, Canada). Percentage cell viability was calculated 
based on five replicates as follows: 

 

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐹𝑒𝑥𝑝−𝐹𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐹𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐹𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100  Equation 1 

 

2.9. Liposomal cell uptake study 

Cells cultured in static and dynamic set-ups and at different experimental conditions were exposed 
to control and CSA-conjugated liposomes at a concentration of 1.25x109 particles/mL at 37°C, 5% 
CO2 for 8 h. For the static experiments, we exposed the cell models to liposomes following exposure 
to forskolin for 48 and 72 h versus appropriate control cell models not exposed to forskolin. We then 
compared the results from the 48 h static conditions (forskolin treated and control static models) to 
48 h dynamic experiments (forskolin treated and control dynamic models). 

Following incubation, cells were washed three times with 1x DPBS to remove any unbound NPs and 
were fixed with 4% PFA. Cells were stained with ZO-1 and DAPI to allow for visualization of the tight 
junctions and cell nuclei, respectively. Imaging slides or chips were protected from light and stored 
at 4 °C until imaging by confocal imaging. 

2.10. Confocal laser scanning microscopy 

2.10.1. Microscopy 

Confocal laser scanning microscopy was performed using Zeiss LSM700 Spectral Confocal 
Microscope. Images were recorded with a 40x or 63x water immersion objective using the 
manufacturer’s ZEN black imaging software. Wavelengths of 488 nm, 408 nm and 555 nm were used 
for excitation of ZO-1 and actin, DAPI-labelled nuclei, and rhodamine-labeled liposomes, 
respectively. Z-stacks were captured at 1 µm steps. A minimum of three images were taken from 
various positions within each chamber or chip in each condition to ensure the images were 
representative of the entirety of the sample.  
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2.10.2. Image analysis 

Orthogonal views were used to define the liposome signals present within the cells. Additionally, 3D 
models were generated from z-stack images for confirmation as shown in Figure . Z-stack layers were 
then analyzed using the freeware ImageJ/Fiji (National Institutes of Health) to quantify mean 
fluorescence intensity due to NP signals within a defined region of interest (ROI) bound by the ZO-1 
stain. Briefly, Z-stack images (using the 40x objective) were overlaid with summed intensities of the 
signal pixels. ROI was defined in the ZO-1 channel to select the regions inside the cells, this was then 
overlaid onto the rhodamine labelled liposome channel image to quantify the mean fluorescence 
intensity within the defined ROI. For all intensity measurements, image brightness and contrast were 
not changed. 

3. Results 

3.1. Physicochemical Characteristics of liposomes 

Liposomes were used as model particles to study the effect of syncytialization and the dynamic 
environment on cell uptake of NPs. Reproducible monodispersed rhodamine-labelled PEGylated 
phospholipid liposomes were prepared through microfluidic techniques using a Dolomite 5-input 
chip. Prepared liposomes had a hydrodynamic diameter of ~50 nm, a PDI less than 0.2 (Table 1), and 
were found stable in terms of colloidal properties for at least 7 days before a 10% change in diameter 
or PDI was observed. Liposomes were successfully functionalized with CSA without any observed 
aggregation. As expected, the average hydrodynamic diameter of liposomes increased to 93.7 nm 
following peptide conjugation. These sizes were confirmed using a nanoparticle tracking analyzer; 
the hydrodynamic diameters were about 49 nm and 94 nm for control and CSA-conjugated 
liposomes, respectively. The observed increase in the hydrodynamic diameter of the liposomes post-
conjugation may be due to several factors. Throughout the process of conjugation, the liposomes 
undergo centrifugal filtration to remove any waste or unbound peptide. It is estimated that in this 
filtration, debris may be cleared of the solution - such as unbound peptide, free floating lipids, or 
other particulate - resulting in an increase to the average size of particles in the solution. 
Furthermore, the conjugation process alone will inevitably increase the size of the liposomes as we 
are adding CSA-bp to the PEGylated tale of the lipid DSPE-PEG(2000)-COOH. The zeta potential also 
decreased from -11.48 ± 4.36 mV, for control non-conjugated liposomes, to -25.5 ± 2.81 mV for CSA-
conjugated liposomes. This change in zeta potential with peptide coating indicates higher stability 
due to steric hindrance by the peptide coat.108 The concentrations of the prepared liposomes were 
(1.7x1012 ± 1.8x1011) and (1.2x1012 ± 8.5x1010) particles/mL for control and CSA-conjugated 
liposomes, respectively, as determined by nanoparticle tracking analysis. Finally, the CSA 
conjugation efficiency was quantified as 13% using a BCA assay compared to a preconstructed CSA 
calibration curve in the presence of control liposomes to correct for lipid interference. Conjugation 
was further verified using FTIR. The FITR spectrum showed a peak shift from 3310 to 3324 nm-1. This 
indicates a decrease in the carboxylic acid groups and an increase in secondary amide groups. This 
confirms the conjugation reaction where an amine group of the CSA peptide reacted with a 
carboxylic acid group on the liposomal surface to give a secondary amide group. 
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Table 1: Size (hydrodynamic diameter) and size distribution (PDI) of prepared liposomes. Values are 
presented as mean(n=10) ± standard error, in addition to statistical comparison of results*. 

Condition Hydrodynamic 
diameter, nm 

PDI 

Control liposomes in PBS after synthesis 48.8 ± 0.5 0.19 ± 0.01 

Control liposomes in PBS after filtration to remove Ethanol 49.3 ± 0.3 0.19 ± 0.01 

Activated liposomes after removal of excess crosslinking 
reagents 

57.4 ± 0.3 0.17 ± 0.01 

CSA-conjugated liposomes after removal of unbound peptide 93.7 ± 1.2 0.25 ± 0.01 

*Using the IBM SPSS program, a one-way ANOVA was conducted to compare how the size and PDI of 
NPs changed during the different steps of synthesis and conjugation. Normality checks and Levene’s 
test were carried out and the assumptions were met. There was a highly significant difference in the 
size [F(3,36) = 768.7, p < 0.001] amongst the different steps, and a significant difference in the PDI 
[F(3,36)=10.236, p<0.001]. Post hoc comparisons using the Tukey’s test was also carried out. The 
filtration step to remove ethanol did not change the size (P>0.05) or PDI (P>0.05). Activation by 
EDC/NHS increased the size by a mean difference of 8.93 ±1.09 and with a significance level 
(p<0.001), however, the PDI did not change significantly (p>0.05). CSA conjugation and final filtration 
step increased the size by a mean difference of 36.24nm ±1.09 (p<0.001) and PDI by 0.076 ±-0.014 
(p<0.001) compared to activated liposomes. 

 

3.2. Induction of trophoblast syncytialization 

We measured the extent of syncytialization, as indicated by β-hCG production under static 
conditions following induction by forskolin.161 These results were then compared to syncytialization 
and β-hCG production under dynamic conditions to determine if the presence of shear stress affects 
the rate or process of syncytialization. As shown in Figure A, no significant changes (p > 0.05) in β-
hCG production were observed under static conditions after exposure to forskolin for 24, 48, and 72 
h relative to control cells not exposed to forskolin (only culture media).  

Interestingly, trophoblasts exposed to dynamic conditions underwent a higher extent of 
syncytialization and secreted significantly (p < 0.0001) higher β-hCG concentration, compared to 
their static counterparts (Figure A). Contrary to the static experiments, the extent of β-hCG and 
syncytialization increased gradually over time under dynamic conditions. In conditions with a 24 h 
cell incubation time with forskolin under dynamic conditions, no significant difference (p > 0.05) was 
observed in β-hCG secretion as compared to dynamic control. However, at longer exposure times 
(48 and 72 h), forskolin treatment resulted in a significantly higher production of β-hCG relative to 
dynamic controls. For instance, increasing the cell exposure time to forskolin from 24 to 72 h resulted 
in a more than two times increase in β-hCG secretion. Comparing the different dynamic conditions, 
the effect of chemical induction by forskolin versus control cells was found to be highly significant (p 
< 0.0005) while the effect of cell exposure time to forskolin was found to be significant (p < 0.005).  
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Tight junctions consist of transmembrane proteins such as the cytoplasmic scaffolding protein ZO-
1 (zonula occluden-1) that regulate the cell-cell adhesion and contribute to the epithelial barrier 
function.160 Trophoblast cell fusion was shown to be associated with lower ZO-1 expression.162 
Therefore, we used immunostaining followed by confocal imaging to detect the expression of ZO-1 
and to confirm syncytialization qualitatively. Representative images in Figure B show the lower 
intensity of Alexa Fluor 488 tagged ZO-1 following syncytialization. The fusion of mononucleated 
trophoblasts into multinucleated cells was also evident from our confocal experiments following 
DAPI staining of the nuclei (Figure B). We additionally compared trophoblast microvilli under dynamic 
and static conditions by staining the actin cytoskeleton (Figure C). Dense fine hair-like microvillous 
projections were observed to cover the whole surface of the BeWo cells under dynamic condition but 
were less expressed under static conditions and were limited to the cell boundaries. 

  

 

Figure 18: Studying the extent of syncytialization under different conditions.  A Beta-HCG production 
over time with and without chemical induction by forskolin under static and dynamic conditions. Data 
is represented as mean ± standard deviation (n = 3). B BeWo cells cultured under different static and 
dynamic conditions; DAPI-stained nuclei and Alexa Fluor 488-labelled ZO-1 are denoted in blue and 
green, respectively. The process and advancement of syncytialization under various conditions led 
to decreased expression of the tight junction ZO-1 and the higher occurrence of multinucleated 
versus mononucleated cells. C Microvilli formation under static and dynamic conditions as shown 
by actin staining of the cytoskeleton denoted in green. Microvilli are more expressed (high intensity of 
the Alexa Fluor-labelled actin) along the whole cell surface under dynamic conditions versus limited 
expression at the cell boundaries when cultured under static conditions. 
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3.3. Cell viability study 

Prior to tracking liposome uptake into placental cells at different biomimetic conditions, it was 
important to determine the concentration range for both types of liposomes, control and CSA-
conjugated, that is safe to use without imposing toxicity on the cultured cells. Furthermore, as the 
CSA-conjugated liposomes are intentionally engineered to target the placental cells, it was 
important to ensure that this functionalization is not causing any cytotoxic effect. Figure A shows the 
viability of BeWo b30 cells after incubation with unconjugated as well as CSA-conjugated liposomes 
at a series of concentrations within a range of 5x106 to 5x108 particles/mL, as determined by 
nanoparticle tracking analysis. These concentrations were equivalent to liposome: cell ratios ranging 
from 10 to 1000 particles/cell. No significant difference (p > 0.05) in cell viability was observed for 
unconjugated liposomes or CSA-conjugated liposomes compared to non-treated control cells, 
indicating the safety of CSA-conjugated liposomes on the placental cells. 

3.4. Cell uptake study 

After careful characterization of the NPs and the cell models, and confirmation of the 
biocompatibility of liposomes, we wanted to respond to the main goal of the paper which was 
investigating how the dynamic condition and the different degrees of trophoblast syncytialization 
could affect cell uptake of control and CSA-conjugated liposomes. Cell uptake of fluorescent NPs 
was investigated using confocal microscopy followed by image analysis. Representative images can 
be found in Figure B. The z-stacks were analyzed for the intensity of signals due to NPs within the 
region of interest (inside the cells guided by the ZO-1 staining). 

First, we investigated the uptake of control and CSA-conjugated liposomes into BeWo cells following 
NP exposure for 8 h under static conditions. Prior to NP exposure, cells were treated with forskolin 
for 48 h (termed the 48 h condition) or 72 h (termed the 72 h condition). Control cell models not 
treated with forskolin were used for comparison. On analysing the confocal images, we observed an 
increase in cell uptake of both control and CSA-conjugated NPs at different extents following cell 
exposure to forskolin, as compared to controls of the same condition (Figure D). The increase in cell 
uptake of CSA-conjugated liposomes following forskolin exposure versus control was statistically 
significant (p < 0.05) for the 48 h condition. In the 72 h condition, a significant increase in cell uptake 
of control liposomes following exposure to forskolin was observed. When comparing across the 
different conditions, CSA-conjugated liposomes were taken up by the cells to a higher extent when 
compared to control liposomes in all conditions except for the 72 h forskolin condition. However, for 
the latter condition, the difference in cell uptake was not statistically significant.  

We then explored the impact of the dynamic condition on the cell uptake of NPs following forskolin 
treatment for 48 h versus static and non-forskolin treated control cell models. For all experimental 
conditions, exposing the cells to a dynamic flow of NPs resulted in higher cell uptake according to 
the results found through image analysis (Figure E). Furthermore, CSA-conjugated liposomes 
displayed higher values of uptake compared to control liposomes in the dynamic conditions without 
forskolin induction. Interestingly, forskolin exposure resulted in higher cell uptake of control and 
CSA-conjugated liposomes as compared to the static conditions. However, under dynamic 
conditions, no significant differences were observed between cell uptake of control and CSA-
conjugated liposomes following chemical induction of syncytialization by forskolin. We then 
investigated the correlation between syncytialization, denoted by measured β-HCG concentration, 
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and cell uptake of liposomes from image analysis results. Though the correlation is not linear, we 
could observe a general increase in the cellular uptake of NPs with syncytialization (Figure F). 

 

 

Figure 19: The cell viability and uptake studies after introduction of liposomes under different 
conditions. A. Viability of BeWo b30 cells following cell exposure to control (unconjugated) and CSA-
conjugated liposomes at different exposure concentrations for 24h, as determined using a ViaLight™ 
Plus Cell Proliferation and Cytotoxicity BioAssay Kit (Lonza, Switzerland). Triton X-100 was used as 
positive control. Data is presented as mean ± SD calculated from nine experimental replicates (n = 
9); ns denotes non-significant difference. B. Representative images of cell uptake of control and CSA-
Conjugated nanoparticles (rhodamine-labelled, denoted in red) following 8 h exposure under static 
conditions; Alexa Fluor-labelled ZO-1 and DAPI-stained nuclei are denoted in the figures in green and 
blue, respectively (n ≥ 6). Prior to cell uptake experiments, cells are either treated with forskolin for 
48 or 72 h or used as controls (not exposed to forskolin). Both the overlaid image and image from the 
nanoparticle channel are presented for each image. C. Cell uptake of both liposomes (red) after 8 h 
exposure under dynamic conditions Alexa Fluor-labelled ZO-1 and DAPI-stained nuclei are denoted 
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in the figures in green and blue, respectively (n ≥ 6). Cells are similarly treated with forskolin for 48 h 
or not treated prior to the uptake experiments. The results of image analysis of confocal images under 
static and dynamic conditions are presented in (D) and (E). Finally, the correlation between the extent 
of syncytialization, indicated by the mean concentration of secreted β-HCG, and cell uptake of both 
liposomes, indicated by the intensity of red signals within the ROI per image field of a Z-stack was 
graphed (F).  
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Figure 20: Confocal microscope images to check the cell uptake and localization of the NPs. 
Orthogonal views of 3D confocal stacks  in both static and dynamic conditions (by ZEISS ZEN 3.5 
(blue edition).; A CSA-conjugated NPs. B CSA-conjugated NPs + Forskolin. C 3D image (by Imaris 
Viewer 9.9.1) illustrates the NP’s presence inside the cells after washing the nanoparticles. Image 
slices showing NPs present on the surface will be excluded from uptake calculations. The cell nuclei 
are labelled in the blue color, tight junctions in the green color, and NPs shown in red color.  

4. Discussion 

When placental abnormalities occur, this can have dire effects on both fetus development and the 
health of the mother.163 However, treating placental diseases presents unique clinical challenges 
since they are difficult to manage without imposing side effects on the fetus and the mother. That is 
why there is a demand within the pharmaceutical research field to develop nanocarriers that can 
target the placental cells and minimize any potential side effects of the encapsulated drug that could 
compromise the health of the mother and the fetus. For example, there are several nucleic acid-
based therapies that are currently being studied in an effort to target placental diseases such as 
preeclampsia.164 However, these therapies are challenged by rapid degradation, interactions with toll 
like receptors (TLRs) leading to cytokine release and inflammatory responses, a lack of tissue 
selectivity, and rapid clearance from the blood by the kidneys. Therefore, encapsulating these 
therapies in nano formulations will lead to the development of safer and more effective therapies.45 
However, there is little research studying the cellular uptake of NPs after the syncytialization of 
trophoblastic placental cells, a natural phenomenon occurring as pregnancy progresses.165 Further, 
the mechanical stimulation of the placental cells by the friction generated from flow, aka shear 
stress, is integral to placental development and function.166,167 This is an emerging concept, and little 
is known about how the shear stress due to blood flow contributes to the response of placental cells 
to those targeted nanocarriers.  

The purpose of this study was therefore to investigate the cellular uptake of CSA-conjugated 
liposomes before and after syncytialization under static and shear stress conditions. A mechanistic 
understanding of the impact of these physiological factors on the placental cell uptake of targeted 
nanocarriers is an important first step in developing nanocarriers to deliver therapies to the placenta 
throughout pregnancy. Several spectroscopic and imaging techniques are available to characterize 
cell association of NPs (a summed value of adhesion and uptake). However, measurement of cell 
uptake of NPs poses technical limitations to most of these techniques. For instance, flow cytometry 
is a highly sensitive technique that can quantitate fluorescent signals due to NPs associated with a 
single cell. However, flow cytometry cannot distinguish between signals inside the cells (cell uptake 
of NPs) and outside signals due to NPs adhering to the cell membrane (membrane-adhered NPs).168 
On the other hand, confocal imaging is the most widely used method for determining cell uptake of 
NPs by providing 3D location of NPs relative to a fluorescently-labelled cell membrane. However, it 
has a low throughput and only provides qualitative data (x-y-z images). To circumvent the former 
limitation, confocal imaging is usually followed by rigorous image analysis to provide quantitative 
data for comparing the different experimental conditions.108,131,168 

PEGylated liposomes were chosen for this study based on their reported safety and effectiveness as 
drug delivery systems.169 For our study, reproducible monodispersed liposomes were chosen as they 
produced reliable, uniform results which ensured that the various experimental conditions of 



67 
 

syncytialization and shear stress were the only parameters that varied between the different 
experiments. Furthermore, liposomes also provided us with the ability to perform surface 
functionalization in an effective manner. We therefore relied on microfluidic lab-on-a-chip 
technologies for the reproducible preparation of liposomes and the precise control over the size and 
PDI. The microfluidic hydrodynamic focusing technique developed by Jahn et al. relies on the use of 
microfluidic chips with cross flow geometry.170 A stream of organic solution of amphipathic lipids is 
forced into the inner channel at a controlled flow rate. The lipid stream is intersected and sheathed 
with two lateral streams of aqueous solution flowing at a faster rate as shown in Figure A. Thus, the 
lipid-containing stream is hydrodynamically focused into a narrow sheet. During this process, the 
diffusion of alcohol into the aqueous phase, and vice-versa, triggers self-assembly of liposomes 
whose size controlled by the flow rate ratio of the two phases and the total flow rate. Liposomes 
between 50-200 nm are reported to be within the optimal range for drug delivery and to experience a 
longer half-life prior to detection by the immune system, therefore a size of 50 nm prior to CSA 
conjugation was preferred.171,172 Furthermore, microfluidic synthesis allows for high NP yield.45 Fine 
control on the different NP parameters has a huge impact on successful translation of targeted 
nanocarriers.173 Cholesterol in the bilayer was incorporated as a membrane stabilizer increasing the 
glass transition temperature.  

To target the placental cells, we used CSA to decorate the liposomes.140 This was achieved in a two-
step functionalization process. First, the carboxylic groups on the surface of the liposomes 
containing (DSPE-PEG(2000)-COOH) were activated with EDC/NHS mixture. In the second step, the 
liposomes react with the N-terminus of CSA leaving the C-terminus of the adhesion molecule free 
for the interaction with CSA receptors that are present on the surface of trophoblastic placental cells 
such as BeWo b30.140,174 Additionally, due to the incorporation of rhodamine labelled PE within the 
surface of the liposome, we can track NP uptake. 

To simulate conditions of shear stress and syncytialization in the lab, we have developed a “placenta-
on-a-chip” model with a recirculating culture media, set to precise flow rates which corresponds to 
shear stress values within the physiological range (Figure ). Additionally, forskolin was added to the 
culture media to trigger syncytialization following earlier reports.161 The process of syncytialization 
upregulates the release of human chorionic gonadotropin (β-hCG) as forskolin activates the protein 
kinase A pathway within the syncytiotrophoblasts.175 This is because β-hCG is a heterodimeric 
protein that is partially produced through the multinucleated trophoblast cell products of 
syncytialization.175  Therefore, to measure the extent of syncytialization quantitatively, we measured 
the concentration of secreted β-hCG in cell media at different time intervals (Figure A). Quantitative 
measurements of β-hCG secretions were further confirmed qualitatively through imaging using 
confocal microscopy (Figure B). Over a 72-hour period, we only observed significant increase in the 
extent of syncytialization under dynamic conditions. It should be noted however, that cell treatment 
with forskolin under static conditions did not result in significant change in β-hCG secretion, within 
the sensitivity limit of the assay. This implies that the dynamic placenta-on-a-chip models mimic the 
micro-physiological conditions required for syncytialization to occur to a certain extent without the 
need for chemical induction.  As expected, the extent of syncytialization in the dynamic condition 
was further increased following chemical induction and with longer exposure time to forskolin. This 
increase in syncytialization may indicate a more latent stage of placental barrier syncytialization 
which could influence cellular uptake in the dynamic conditions.  
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To date, the impact of trophoblast syncytialization on placental uptake of NPs is not known. Our cell 
uptake results under static conditions show a contribution of cell exposure to forskolin as well as the 
time of exposure in the cell uptake results (Figure B). For instance, we observed an increase in cell 
uptake of liposomes after exposure to forskolin for 48 h and 72 h, compared to those not exposed to 
forskolin. Additionally, as evident from our dynamic cell uptake experiments, higher cell uptake of 
both control and CSA-conjugated liposomes was observed under dynamic conditions (Figure C). 
This could be partially justified by the different degrees in syncytialization in which exposing the cells 
to dynamic conditions resulted in significantly higher degree of syncytialization and β-hCG secretion 
(Figure A). This is unexpected if we consider the findings from Moore et al.176 They observed an 
increase in barrier function, as measured by electric cell-substrate impedance sensing, through 
syncytialization. They attributed this to the formation of extracellular matrix which projects from the 
apical side of syncytiotrophoblasts into the lumen of the maternal side of the placenta. However, the 
placental barrier function is the outcome of different factors which influence the permeability of the 
barrier and uptake into the placental cells. For instance, Liu et al. reported that the cell seeding 
density, incubation period, and forskolin treatment all act to affect permeability across a monolayer 
of BeWo cells.177 Using a static in vitro model, they observed an enhanced passage of the 
polyunsaturated essential fatty acid linoleic acid across a BeWo monolayer on treatment with 
forskolin.177 Further, trophoblast syncytialization was recently shown to be associated with higher 
levels of macropinocytosis promoting the uptake of fluid phase-derived molecules.178 While these 
prior works did not investigate placental cell uptake of NPs following syncytialization specifically, 
their findings affirm our hypothesis that the various states of BeWo cells throughout forskolin 
induction and natural syncytialization can influence membrane transporters and the extent of 
cellular uptake of NPs. Insights from these earlier studies support our findings that little change in 
placental cell permeability can occur within the first 3 days of exposure to forskolin and further 
measurements over multiple time periods need to be performed to gain greater insight into the effect 
of syncytialization on cell uptake over time. As suggested by Liu et al., it could be that over time, the 
weaker cells begin to be sloughed off revealing a more permeable monolayer beneath.177 This is even 
more likely when the dynamic environment is considered in the in vitro model as the shear stress 
generated by the moving media may act to remove weakened cells or to weaken the cell membrane, 
resulting in enhanced cell permeability and consequently higher cell uptake of NPs. However, Liu et 
al. findings also suggest that while forskolin is known to increase neutral amino acid carriers along 
the BeWo cell surface, it could also be the case that forskolin and/or cell differentiation due to 
syncytialization could upregulate the presence of other transporters. This hypothesis is supported by 
the expression of several transport and receptor proteins on the surface of syncytiotrophoblasts.179 
Altogether, our findings imply that the longer gestation period associated with more syncytialization 
could result in higher cell uptake of NPs. Future studies are required to investigate the mechanism of 
cell uptake of NPs with broad range of physicochemical parameters, e.g., size, composition, and 
surface charge. This will guide the selection of the appropriate NP formulations for the treatment of 
placental diseases at the different stages of pregnancy. 

While previous works have studied the process or rate of syncytialization under static conditions or 
dynamic conditions, no studies have compared how the difference in static or dynamic 
syncytialization impacts NP uptake. While understanding NP uptake under static conditions gives us 
a look into cell mechanisms and uptake rates, these values give little information about the dynamic 
microphysiological environment of the placenta. Higher cell uptake of liposomes under dynamic 
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conditions could be further justified by the dense microvilli formation on the cell surface under 
dynamic conditions versus static conditions (Figure C). Microvilli formation is essential for efficient 
transport, uptake of nutrients, and waste removal as they increase the overall surface area of the cell. 
This may allow for more cell surface area exposed to the NPs resulting in more cell uptake. Our results 
showing shear stress stimulated microvilli formation along the surface of placental cells are 
confirmed by Blundell et al. as they also displayed higher levels of microvilli formation under dynamic 
conditions.161 These microvillous areas also contain a wide array of receptor proteins which can 
influence cell uptake as they also observed higher values of glucose transfer in dynamic conditions 
at rates that closely match the ex vivo conditions.160  

CSA targeting liposomes were chosen based on a previous investigation from Zhang et al.140 In this, 
they discussed the presence of CSA receptors on trophoblastic cells and the ability for CSA-
conjugated NPs to bind to these receptors on placental trophoblasts and be internalized after 30 
minutes of exposure. Our results also show higher mean values of cell uptake for the CSA-conjugated 
liposomes in several comparable static conditions except for the 72 h forskolin condition. Similar 
results were observed in dynamic conditions not including forskolin induction. CSA-conjugated NPs 
in these former conditions displayed higher rates of cell uptake and internalization compared to 
control samples (Figure D). However, the combined effect of dynamic environment and 
syncytialization were shown to outweigh the effect of surface functionalization of the liposomes 
evident from non-significant differences in cell uptake between control and CSA-conjugated 
liposomes under dynamic conditions (Figure E). This might suggest that the engineered CSA-
conjugated liposomes are suited for earlier stages of pregnancy and further optimization is required 
for later stages of pregnancy. This result, as well as the results found in the 72 h conditions, may agree 
with previous research as it has been suggested that chondroitin sulfate proteoglycans, like CSA, are 
expressed at higher levels at the end of the first semester or beginning of the second semester.180 
Further, the different outcomes between the static and dynamic conditions highlight the need for 
dynamic biomimetic placenta-on-a-chip models in evaluating NPs since the traditional static 
models clearly do not reflect the complex dynamism of the placenta.108 We therefore submit that 
future studies should use dynamic models for screening of the different the surface-functionalized 
NP formulations before proceeding with preclinical studies. These models should consider 
trophoblast syncytialization since there is a clear impact of syncytialization on cellular uptake of NPs 
(Figure F).  

Another confounding factor that may have contributed to the results of cell uptake of CSA-
conjugated versus control NPs is the difference in surface charge; zeta potential decreased from 
11.48 ± 4.36 (slight positive charge) to -25.5 ± 2.81 mV (negative charge) for control liposomes and 
CSA-conjugated liposomes, respectively. Positively charged NPs were shown earlier to favor higher 
adhesion with the negatively-charged cell membranes resulting in higher internalization compared 
to neutral and negatively-charged NPs.181 However, surface charge was recently shown as not a key 
factor to steer placental uptake and transport of titanium dioxide NPs. The conflicting results in the 
NP-placenta literature on the effect of surface charge on interaction of NPs with the placenta 
warrants future mechanistic studies using NPs with different physicochemical parameters under 
biomimetic conditions, including trophoblast syncytialization.141  
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5. Conclusion  

Using the placental secretion of β-hCG as a key hallmark of trophoblast syncytialization,182 we could 
show that the syncytialization of BeWo cells was intrinsically induced under dynamic conditions. The 
extent of syncytialization of BeWo cells further increased on exposure to forskolin and significantly 
increases on increasing the time of exposure to forskolin. Therefore, it can be concluded that 
placental trophoblast syncytialization is dependent on these three factors: shear forces, chemical 
induction, and the exposure time to the chemical inducer. Interestingly, we were able to show the 
impact of syncytialization and the extent of cell fusion on cell uptake of liposomes. Extrapolating 
these results to in vivo scenarios could imply that liposomes interact differently with the placenta at 
the different stages of pregnancy which is likely due to the difference in expression of transport and 
uptake receptors at the different trimesters. Future studies are required to develop a more 
mechanistic understanding of cell uptake of NPs along the gestation period. Proteomic studies 
together with immunostaining experiments would also be beneficial to identify harnessed receptors 
in cell uptake of NPs. This also includes a systemic approach of investigating different NPs with 
different physicochemical parameters (including NP type, size, shape, and surface charge) and 
peptide conjugation for a more global view on cell uptake of engineered NPs. Importantly, our study 
submits that creating dynamic models of the placenta that consider dynamic changes of the barrier 
along pregnancy is necessary to allow for a biomimetic resemblance of how the placenta will interact 
with NPs in vivo. The results of these experiments will accurately guide tailoring the engineered 
properties of NPs for predictable targeted efficiencies along the human gestation period.  Our work 
will also assist future attempts in understanding drug targeting and drug delivery mechanisms to the 
placenta to treat placental-related diseases. 
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Chapter 4: Conclusion and Outlook 

 
LNPs have achieved widespread adoption as a safe nucleic-acid delivery vehicle, which propounds 
its potential in targeted fetal gene therapies. Microfluidic synthesis has enabled the formation of a 
monodisperse reproducible library of LNPs with high encapsulation efficiency. Varying the lipid types 
and molar percentages enabled the formation of LNPs with diverse physiochemical properties. Using 
machine learning algorithms to model the LNPs colloidal properties (size and zeta potential), the lipid 
composition and antibody conjugation, showed the highest impact. Whereas the process 
parameters, such as the synthesis and storage buffers or the synthesis flow rates showed little to no 
effect. 

The placental barrier is a unique dynamic biological barrier, as its structure and function change 
significantly during the different stages of pregnancy. We developed different models to capture 
those varying stages. The first model utilized placental cells only, the second model included fetal 
endothelial cells in addition to placental cells, and the third model captured the syncytialization 
process chemically induced by forskolin. The barrier structure and functionality were confirmed 
using immunofluorescence and dextran transport assays. 

The different LNPs with ionizable lipids showed no toxicity on the placental and fetal cells, even at 
very high concentrations. However, LNPs including permanently cationic lipids showed toxicity at 
high concentrations of LNPs. Further, LNPs showed no effect on fetal development when tested in 
an ex-vivo lung explant model. This was proven by the normal lung airspace and the normal apoptosis 
and proliferation levels. This suggests the potential safety of LNPs for fetal gene therapies, especially 
for targeting the lung, as the case in congenital diaphragmatic hernia (CDH).   

We then conducted a thorough LNPs transplacental transport study. Several parameters related to 
the composition of LNPs showed significant impact on placental transport such as the antibody 
orientation, the PEGylated lipid type, and the ionizable lipid. Whereas some parameters showed no 
effect on transport, such as the LNPs pKa. In addition, the placental model design which reflects the 
structure of the placenta at the varying stages of pregnancy played a role. The model parameters that 
exhibited significant effects are the trophoblast syncytialization, fetal endothelial cells, cell seeding 
density, and the fetal bovine serum concentration. On the other hand, machine learning algorithms 
that model hundreds of transport datapoints together revealed the importance of more general 
predictors such as the LNPs size, zeta potential, and concentrations. 

The siRNA transfection studies showed the significant role of permanent cationic lipids and lpids to 
the siRNA mass ratio in driving preferential transfection in lung cells. This confirms previous 
knowledge about the importance of the N/P ratio in lung targeting. Our combined transport and 
transfection model revealed the potential of LNPs in transfecting fetal cells after bypassing the 
placental barrier, implying they have passed intact to fetal circulation. Besides, maximizing nucleic 
acid transfection in fetal cells relative to placental cells is crucial to develop safe therapeutics for 
congenital diseases, increasing the chance to restore normal fetal development before irreversible 
damage. 
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Altogether, this research represents an important step towards establishing the safety and efficacy 
of LNPs delivery to fetal cells, which propounds LNPs transplacental transport as a new route for 
targeting deadly congenital diseases. We also believe our approach could inspire future work on 
integrating machine learning models and high throughput characterization techniques in the 
preclinical development of nanomedicines. 

The placenta-on-a-chip model poses several phenotypes of human placenta like microvilli that cover 
the entire cell surface of most trophoblasts. Also, the model mimics the syncytialization process 
happening in the human placenta by showing progressive intercellular fusion of cytotrophoblasts 
that formed a multinucleated barrier termed the syncytiotrophoblast. Since the dynamic flow 
increased NPs uptake in trophoblast cells, we believe it’s important to study LNPs transplacental 
transport in the dynamic placenta-on-a-chip model. The dynamic forces on the LNPs combined with 
the dynamic forces-induced changes in the placental barrier could lead to differences in LNPs 
uptake, transport percentage and kinetics. 
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Appendix 1: Chapter 2 Supplementary Tables and Figures 

 

Table S2:  Full name and source for the lipids used in making the lipid nanoparticles. 

Lipid 
Abbreviations 

Full Name Vendor 

D-lin MC3 DMA (6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 4-
(dimethylamino)butanoate 

Med Chem 
EXPRESS 

DODAP 1,2-dioleoyl-3-dimethylammonium-propane  Avanti Polar 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine Avanti Polar 

Cholesterol Cholesterol (plant-derived) Avanti Polar 

DSPE-PEG2000 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) 

Avanti Polar 

DOPE-PEG2000 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) 

Avanti Polar 

DMG-PEG2000 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 

Avanti Polar 

DSPE-PEG2000-
COOH 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000] (sodium salt) 

Avanti Polar 

DSPE-PEG2000-
NH2 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (ammonium salt) 

Avanti Polar 

DSPE-PEG2000-
Malimide 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (ammonium salt) 

Avanti Polar 

DOTAP (cationic) 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) Avanti Polar 

18:1 PA  1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt) Avanti Polar 

DOPE- 
Rhodamine B 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) 

Avanti Polar 

DSPE- Cy7 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(Cyanine 7) 

Avanti Polar 
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Table S2: Microscopy imaging for the in-vitro and ex-vivo experiments; image acquisition 
parameters and image display parameters. 

Imaging 
Machine 

Experiment  Imaging Parameters Image Display 
Parameters 

 ZO-1 staining  
(Figure 4) 

Lenses: 63x (oil) 
DAPI: laser power= 70,  
exposure time= 200 ms 

ZO-1 (AF647): laser power= 80 , 
exposure time= 200 ms 

Maximum Intensity 
projection. 

BeWo Layer: 

DAPI: Min= 30 
Max= 1400 

ZO-1: Min= 600 
Max= 3000 

HUVEC Layer: 
DAPI: Min=200 

Max= 700 

ZO-1: Min= 500 
Max= 2000 

Spinning Disk 
Confocal 

Microscope  
(Quorum 

technologies, 
Canada) 

FcRn staining 
(Figure 4) 

Lenses: 63x (oil) 

DAPI: laser power= 70,  
exposure time= 200 ms 

FcRn (AF647): laser power= 80 , 
exposure time= 200 ms 

Maximum Intensity 
projection. 

DAPI: Min= 30 
Max= 1500 

fcRn: Min= 700 
Max= 6000 

 LNPs cellular 
association 
(Figure 10) 

Lenses: 63x (oil) 
DAPI: laser power= 70,  
exposure time= 200 ms 

Rhodamine-B:  
laser power= 60, 

exposure time= 100 ms 

ZO-1 (AF647): laser power= 80, 
exposure time= 200 ms 

Maximum Intensity 
projection. 

DAPI: Min= 200 
Max= 2500 

Rhodamine-B: Min= 100 
Max= 500 

ZO-1: Min= 1500 
Max= 4000 

Cell 
Discoverer- 7 

(ZEISS, 
Germany) 

siRNA 
Transfection 
(Figure 12) 

Lenses: 20x(0.95) and 1X 

Hoechst: intensity= 20% 
exposure time= 30 ms 

siRNA-AF488: intensity=50%, 
exposure time= 150 ms 

 

Hoechst: Min= 0  
Max= 12000 

siRNA-AF488: Min= 50 
Max= 2800 
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WGA-AF647: intensity= 50%, 
exposure time= 35 ms 

WGA-AF647: Min= 100 
Max= 5500 

Axioscan 
Microscope 

Slide Scanner 
(ZEISS, 

Germany) 

H&E 
(Figure 13) 

Apoptosis 
(Figure 14) 

Proliferation 
(Figure 15) 

Lenses: 20X NA 0.8 
DAPI: exposure time= 1 ms 
Active Caspase-3) AF647): 

exposure time= 125 ms 
ki-67 (AF647): exposure time=100 

ms 

 

 

 

 

 

Figure S1: Placental Models Development. (A) Tight Junction expression after different time exposure 
to 50uM of forskolin, analyzed by immunostaining of ZO-1 antibody on BeWo cells. (B) Effect of fetal 
bovine serum concentration on the media on tight junction expression on BeWo cells. (C) Thickness 
of the BeWo layer in the different placental models. (D) Number of Nuclei per image field in the 
different placental model using ImageJ analysis. 
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Supplementary Methods for MTT Viability Assay: 

After 24 hours of exposure to different concentrations of LNPs, media was removed, and cells were 
washed twice with sterile 1x DPBS. Then, 100 ul media with 10 ul MTT was added for each well and 
incubated for 2 hours at 37º Celsius. Then, the media was removed gently and 100 ul of DMSO was 
added to each well. The plates were shaken gently for 5 minutes to solubilize the crystals in DMSO. 
Finally, the absorbance was measured on a plate reader at wavelength of 570 nm. 

 

 

 

Figure S2: MTT Viability Assay for Different concentrations of LNPs on BeWo cells. (A) LNPs 
concentration reported as ng per cell. (B) LNPs concentration reported as particles per cell. 
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Figure S3: Summary for Input Features with Continuous Values in the Transport Dataset 
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Figure S4: Shapley Additive Explanation (SHAP) of Machine  Learning Modelling for Average Apparent 
Permeability using Random Forest (RF) algorithm.  
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Figure S5: Heat Map for the Correlation between Features in the different Output Datasets. (A) 24 
Hours transport percentage dataset. (B) Average apparent permeability dataset. (C) Logistic growth 
model K-values dataset. (D) Logistic growth model T-half dataset. 
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Figure S6: Error Values for the Different Machine Learning Models on the Different Output Datasets. 
(A) Logistic growth model T-half. (B) Logistic growth model K-values dataset. (C) 24 Hours transport 
percentage dataset. (D) Average apparent permeability dataset. The model with lowest error value is 
shown in red while other models are shown in blue. 

 

 

Figure S7: siRNA-LNPs Transfection using a low dose of 1 pmole of siRNA per well. (A) Testing the 
effect of different lipid compositions on transfection. (B) Effect of lipid to siRNA mass ratio on 
transfection. 
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Figure S8: LNPs cellular association using imaris software analysis to compare the number of voxels. 
(A) The effect of PEGylated lipid tail unsaturation on LNPs association with BeWo cells. (B) The effect 
of PEGylated lipid molar percentage on LNPs association with BeWo cells. (C) The effect of ionizable 
lipid on LNPs association with BeWo cells. (D) The effect of PEGylated lipid end-functional group on 
LNPs association with BeWo cells. (E-F) The effect of IgG conjugation on LNPs association with BeWo 
cells. (G) The effect of growth media FBS percentage on LNPs association with BeWo cells. (H) 
Different formulations association with HUVEC cells in the different placental models. (I) Different 
formulations association with BeWo cells in the different placental models.  Refer to Appendix 2 for 
the detailed composition and characterization of each formulation. 
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Appendix 2: LNPs Formulations and Characterization Dataset 
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Appendix 3: LNPs Placental Transport Dataset 
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Appendix 4: Chapter 3 Supplementary Tables and Figures 

 

1. Microfluidic Synthesis Optimization 

Total Flow Rate (TFR) and Flow Rate Ratio (FRR) were optimized to produce liposome sizes of the 
desired size range, while maintaining a low (<0.2) polydispersity index (PDI). The TFR and FRR of 
liposome formation with their corresponding size and PDI are reported in the tables below. 

Supplementary Table 3: Flow Rate Ratio and Total Flow Rate for Preliminary Synthesis Conditions 

Run 

 

Flow Rate 
Ratio 

Total Flow Rate 
(µL/min) 

Diameter 
(nm) 

PDI Zeta Potential 
(mV) 

1 16:1 30 44.3 ± 0.3* 0.197 ± 0.013 -4.76 ± 1.09 

2 16:1 40 37.0 ± 0.4 0.123 ± 0.022 5.32 ± 3.65 

3 16:1 50 40.3 ± 0.3 0.155 ± 0.025 6.42 ± 5.77 

4 12:1 30 41.7 ± 0.9 0.143 ± 0.022 -6.62 ± 4.12 

5 12:1 40 38.3 ± 0.4 O.143 ± 0.024 1.64 ± 1.31 

6 12:1 50 41.0 ± 0.4 0.098 ± 0.030 -11.01 ± 2.57 

*Mean ± Standard Error 

 

2. Measuring CSA-bp Conjugation Efficiency 

BCA Assay sensitivity to CSA peptide was measured by measuring different concentrations of CSA 
and comparing their measured value to the known value. These results are shown in Supplementary 
Figure 9 below. Assay sensitivity was found to be 64% and follows the equation:  

 

(CSA Concentration measured by assay) = 0.6406mL*(the actual value of concentration)-3.5103 
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Figure S9: BCA assay sensitivity to CSA. Known concentrations of CSA peptide were measured by 
BCA assay and the measured values(y-axis) are plotted against the Real Value(x-axis).  

 

3. Cell Viability using Calcein-AM Cell Permeant Dye 

Cell viability was measured using calcein-AM cell permeant dye. Briefly, BeWo cells were seeded into 
a 96 well plate at a density of 50,000 cells per well. Once confluent, cells were exposed to either of  
unconjugated control liposomes or CSA-conjugated liposomes at a series of concentrations of 5x106 
–5x1010 particle/mL, equivalent to 10 – 100,000 liposomes/cell, for 15 hours. Negative control 
conditions (100 % cell viability) were allowed to incubate with only cell media, free of any liposomes. 
Positive controls (0 % cell viability) were exposed to triton X-100 for 30 minutes. Following exposure 
time, cells were washed with DPBS to remove any unbound liposomes before cells incubation with 
2 uM of the Calcein-AM dye for 30 minutes. Fluorescence was measured using a BioTek Synergy H1 
Plate Reader (Agilent Technologies, Canada) at excitation and emission wavelengths of 494 and 517 
nm, respectively. Percentage cell viability was calculated based on five replicates. 

Supplementary Figure 3 shows the viability of BeWo b30 cells after incubation with unconjugated as 
well as CSA-conjugated liposomes at a series of concentrations within a range of 5x106 to 5x1010 
particles/mL, as determined by nanoparticle tracking analysis. These concentrations were 
equivalent to liposome: cell ratios ranging from 10 to 100,000 particles/cell. No significant difference 
(p > 0.05) in cell viability was observed for unconjugated liposomes or CSA-conjugated liposomes 
compared to non-treated control cells, indicating the safety of CSA-conjugated liposomes on the 
placental cells. 
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Figure S10: Viability of BeWo b30 cells following cell exposure to control (unconjugated) and CSA-
conjugated liposomes at different exposure concentrations for 15h, as determined using calcein-AM 
cell permeant dye. Triton X-100 was used as positive control. Data is presented as mean ± SD 
calculated from three experimental replicates; ns denotes non-significant differences. 
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