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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines

F.P. Polack et al. New England Journal of Medicine (2020).

Interdisciplinary Science Feat: RNA and LNPs
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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines

And Many Others!

F.P. Polack et al. New England Journal of Medicine (2020).
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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines

Can mRNA LNP tech revolutionize pharmaceuticals? Key bottleneck: materials for delivery

And Many Others!

F.P. Polack et al. New England Journal of Medicine (2020).

Interdisciplinary Science Feat: RNA and LNPs



https://mitchell-lab.seas.upenn.edu 5

Mitchell Lab: LNPs that Deliver Genes into Target Cells and 

Tissues In Vivo, Ex Vivo, In Utero

Lipid Nanoparticles

(LNPs)

Genetic 

Engineering of 

Immune Cells in 

Body

Cancer 

Immunotherapy

Delivery Technologies

Beyond Vaccines to 

Target:

• Immune cells 

• Stem cells

• Brain

• Heart

• Kidney

• Lung

• Liver Tumors

• Bone, bone marrow

• Fetus

• Placenta
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Mitchell Lab: LNP Toolbox for Nucleic Acid Delivery

Combinatorial Chemistry

Synthesize Ionizable Lipids 

and Polymers

Microfluidics for 

Controlled LNP 

Formulation

Molecular Barcoding and DOE 

for High-Throughput In Vivo 

Screening and Analysis

Accelerate the design and identification of LNPs for unlocking 

delivery to new cell and tissue types
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aqueous phase mRNA in a microfluidic device (Figure 1A). These excipients and their molar 

ratios were chosen based off of previously optimized LNP formulations for mRNA delivery, 

which generally utilized (i) DOPE as the phospholipid component, (ii) a decreased molar 

percentage of ionizable lipid, and (iii) increased concentrations of cholesterol and lipid-

PEG.[62,63] Given that alterations in the molar ratio of excipients impact the physicochemical 

properties and ultimately potent delivery of LNPs, the ratio of the components was held constant 

throughout these experiments.[62–64] 

 

Figure 1 

 

Figure 2. Structures of the alkyl chains (A) and amine cores (B) used to generate the ionizable lipid 

library, and a reaction scheme (C) of the Michael addition chemistry used to synthesize the ionizable 

lipids by reacting an excess of lipid tails with the amine cores.  
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LNPs for In Utero Therapy – Treating Disease Before Birth

Palanki, Pereanteau, Mitchell. Adv Drug Deliv Rev (2021)

Bill Peranteau (CHOP)

Can we use genome editing to 

edit out deadly mutations in 

utero before a baby is born?  
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LNPs for In Utero Therapy – Treating Disease Before Birth

Palanki, Pereanteau, Mitchell. Adv Drug Deliv Rev (2021)

Benefits of in utero delivery:

• Uptake into progenitor cells during rapid cell division

• Circumvents adverse immune responses due to the immature immune system

• Allows for treatment prior to the onset of irreversible pathology

Bill Peranteau (CHOP)

Can we use genome editing to 

edit out deadly mutations in 

utero before a baby is born?  
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In Utero CRISPR-Mediated Therapeutic Editing of 

Metabolic Genes

Rossidis, Musunuru, Peranteau et al. Nature Medicine (2018)

Adenoviral vectors transfect hepatocytes in 

utero on embryonic day 16 (E16)

• Hereditary tyrosinemia 1: results in mutated Fah 

gene, lethal liver failure upon birth

• Introducing nonsense mutation in Hpd gene in utero 

permanently knocks out gene function, rescues 

lethal liver failure

• In utero editing can potentially prevent death of 

newborns with deadly mutations
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In Utero CRISPR-Mediated Therapeutic Editing of 

Metabolic Genes

Rossidis, Musunuru, Peranteau et al. Nature Medicine (2018)

Adenoviral vectors transfect hepatocytes in 

utero on embryonic day 16 (E16)
Newborn mice exhibit editing of Pcsk9, 

reduced cholesterol levels
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gene, lethal liver failure upon birth
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lethal liver failure
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In Utero CRISPR-Mediated Therapeutic Editing of 

Metabolic Genes

Rossidis, Musunuru, Peranteau et al. Nature Medicine (2018)

Adenoviral vectors transfect hepatocytes in 

utero on embryonic day 16 (E16)
Newborn mice exhibit editing of Pcsk9, 

reduced cholesterol levels

Challenges:

• Base editing constructs are large (~5.1kb) cannot be delivered using AAVs (~4.7kb 

capacity)

• Adenoviral (Ad) vectors are used as POC

• Ad vectors are limited for clinical translation, due to potential adverse host 

immune responses, systemic toxicity



https://mitchell-lab.seas.upenn.edu 12

mRNA LNPs for Treating Disease Before Birth (In Utero)

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)

Dr. Rachel Riley

NIH Postdoctoral Fellow, Penn BE

Now: Assistant Professor of BME, Rowan U

Dr. Bill Peranteau

Children’s Hospital of Philadelphia (CHOP)

Can we engineer mRNA 

LNPs to edit out deadly 

mutations in utero before a 

child is born?  
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mRNA LNPs for Treating Disease Before Birth (In Utero)

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)

Benefits of in utero delivery

• Uptake into progenitor cells during rapid cell division

• Immature immune system

• Circumvent adverse immune responses 

• Allows for treatment prior to the onset of irreversible pathology

Routes of administration

• Vitelline vein injection: liver, kidney, spleen, heart

• Intra-amniotic injection: lungs, GI system

• Intraventricular injection: CNS delivery
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mRNA LNPs for Treating Disease Before Birth (In Utero)

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)

Ionizable Lipid Combinatorial Library 

Alkyl tails:

Amine cores:
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High-Throughput Synthesis of Ionizable Lipid-Like 

Materials to Engineer LNPs

Billingsley, Singh, Ravikumar, June, Mitchell, Nano Letters, 2020

Billingsley, Hamilton, June, Mitchell, Nano Letters, 2021
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aqueous phase mRNA in a microfluidic device (Figure 1A). These excipients and their molar 

ratios were chosen based off of previously optimized LNP formulations for mRNA delivery, 

which generally utilized (i) DOPE as the phospholipid component, (ii) a decreased molar 

percentage of ionizable lipid, and (iii) increased concentrations of cholesterol and lipid-

PEG.[62,63] Given that alterations in the molar ratio of excipients impact the physicochemical 

properties and ultimately potent delivery of LNPs, the ratio of the components was held constant 

throughout these experiments.[62–64] 

 

Figure 1 

 

Figure 2. Structures of the alkyl chains (A) and amine cores (B) used to generate the ionizable lipid 

library, and a reaction scheme (C) of the Michael addition chemistry used to synthesize the ionizable 

lipids by reacting an excess of lipid tails with the amine cores.  

 

 

Synthesis of ionizable lipid-like biomaterials

• Facile Michael addition chemistry – high heat, stir

• Reactions done in absence of solvents, catalysts

• Eliminates need for chemical protection/deprotection steps

• Minimal purification, concentration

• Therefore → enables high-throughput synthesis
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 Generation of large libraries of materials

• Addition of amines with alkyl-acrylates or alkyl-acrylamides

• Lipid-like materials can be formed with 1-7 alkyl tails

• Structurally diverse

High-Throughput Synthesis of Ionizable Lipid-Like 

Materials to Engineer LNPs
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Microfluidics for Controlled LNP Formulation

S.J. Shepherd, Issadore, Mitchell et al, Nano Letters, 2021

Advantages

• Rapid (seconds) assembly and formulation of RNA and lipids into LNPs 

• Smaller (~60-90 nm), low PDI LNPs

• PDMS or silicon and glass-based devices

• Small and large-scale (> 1L/hr) production of LNPs

Sarah “Scaleup” Shepherd

Penn BE PhD Student
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mRNA LNPs for Treating Disease Before Birth (In Utero)

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)

Science Advances                                               Manuscript Template                                                                           Page 33 of 41 

 

 808 

 
Figure 3. LNP-mediated mRNA delivery to fetuses. (A) Schematic (left) and photograph (right) 

showing the vitelline vein injection in a mouse fetus. Photo Credit: Andrew Cheng, The Children’s 

Hospital of Philadelphia. (B) IVIS imaging showing luciferase expression in a representative dam (left) 

and within the exposed uterine horn (right). (C) IVIS images (left) and quantification (right) of luciferase 

signal in fetuses following surgical removal from dams. (D) IVIS images (left) and quantification (right) 

of luciferase signal from livers of fetuses injected with LNPs. Each fetus was injected via the vitelline 

vein, extracted, and imaged by IVIS 4 hours after injection. Quantifications are the normalized total flux 

calculated by dividing the luminescence from the area of interest by the background from each individual 

image. The normalized total flux was averaged across injected fetuses. *p<0.001 by 1-way ANOVA with 

posthoc Tukey-Kramer compared to all other treatment groups, unless indicated otherwise, and outliers 

were detected using Grubbs’ test and removed from analysis; minimum n=3/treatment group; error bars 

represent SEM. 
 

Ionizable Lipid Combinatorial Library 

Alkyl tails:

Amine cores:
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mRNA LNPs for Treating Disease Before Birth (In Utero)
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Ionizable Lipid Combinatorial Library 

Alkyl tails:

Amine cores:

Identification of new LNPs for in utero mRNA 

delivery that outperform gold-standard LNPs
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mRNA LNPs Primarily Deliver to Fetal Liver

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)
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In Utero mRNA LNP Delivery to Fetal Lung and Intestine

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)
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Figure 4. LNP-mediated mRNA delivery to fetal intestines and lungs. (A) IVIS images (left) and 

quantification (right) of luciferase signal in the lungs. (B) IVIS images (left) and quantification (right) of 

luciferase signal in the intestines. Normalized total flux was averaged across injected fetuses. *p<0.05 by 

one-way ANOVA with posthoc Tukey-Kramer compared to all other treatment groups, unless indicated 

otherwise; minimum n=3 fetuses/treatment group; error bars represent SEM. 
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LNPs Deliver Erythropoietin mRNA In Utero as a Model 

Therapeutic

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)
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Figure 5. LNPs can deliver multiple mRNAs. (A) GFP expression in fetal livers 24 hours after injection 

with LNPs A-3.luc or B-4.luc with encapsulated GFP mRNA, free mRNA, or PBS. All tissue sections 

were imaged with a 400 ms exposure time. (B) EPO content in fetal livers at 4 hours (left) or 24 hours 

(right) post-injection of LNPs pA-3.luc or pB-4.luc with encapsulated EPO mRNA, or PBS. EPO 

concentrations were averaged across three fetuses per treatment group and analyzed by two-way ANOVA 

comparing mean EPO concentration amongst treatment groups; *p<0.02, **p<0.001; error bars represent 

SEM. 
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LNPs Well Tolerated by Fetus and Dam

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)
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LNPs Well Tolerated by Fetus and Dam

Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021)
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Intra-amniotic In Utero mRNA Delivery and Gene Editing

Rossidis, Peranteau et al. Nature Medicine (2021)

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)

Intra-amniotic mRNA LNP Delivery

Kelsey Swingle

Penn BE PhD Student

In Utero Gene Editing

Ongoing studies in 

neonatal and in utero 

gene editing of liver, 

lung, brain 
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Intra-amniotic In Utero mRNA Delivery

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)

Intra-amniotic 

Delivery

Kelsey 

Swingle

Penn BE PhD 

Student
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Intra-amniotic In Utero mRNA Delivery

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)

Amniotic Fluid 

LNP Injections

Intra-amniotic 

Delivery

Kelsey 

Swingle

Penn BE PhD 

Student

Advantages

• Clinically translatable route of delivery

• Minimally invasive, image guided

• Protein replacement and enzyme 

therapeutics

• LNP ingestion by fetus

• Access to lungs, stomach, GI tract
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Intra-amniotic In Utero mRNA Delivery

Ex Utero Amniotic Fluid LNP Stability

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)



https://mitchell-lab.seas.upenn.edu 30

Intra-amniotic In Utero mRNA Delivery

Ex Utero Amniotic Fluid LNP Stability

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)

LNPs More Stable in Amniotic Fluid than Serum
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Ex Utero Assay Identifies LNPs for In Utero mRNA Delivery

TEM of mRNA LNPs in Amniotic Fluid

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)
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Ex Utero Assay Identifies LNPs for In Utero mRNA Delivery
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LNP Base Editing of the Brain In Utero and in Neonates

Palanki, Peranteau, Mitchell et al. Submitted

Rohan Palanki

Penn BE MD PhD 

Student
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LNP Base Editing of the Brain In Utero and in Neonates

Palanki, Peranteau, Mitchell et al. Submitted

ICV mRNA LNP 

Delivery to Brain
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LNP Base Editing of the Brain In Utero and in Neonates

Palanki, Peranteau, Mitchell et al. Submitted

In Utero Base Editing in Brain 

Increased IDUA Enzyme Activity

ICV mRNA LNP 

Delivery to Brain
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LNP Base Editing of the Brain In Utero and in Neonates

Palanki, Peranteau, Mitchell et al. Submitted

In Utero Base Editing in Brain 

Increased IDUA Enzyme Activity

ICV mRNA LNP 

Delivery to Brain

In Utero mRNA LNP Brain 

Delivery in NHPs
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LNP Base Editing in Human Brain Tissue

Palanki, Peranteau, Mitchell et al. Submitted

mRNA/gRNA LNP Delivery to Human 

Brain Tissue
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LNP Base Editing in Human Brain Tissue

Palanki, Peranteau, Mitchell et al. Submitted

mRNA/gRNA LNP Delivery to Human 

Brain Tissue

LNP mRNA and Base Editing in 

Human Brain Tissue 
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Conclusions

• Many opportunities for mRNA LNP therapeutics for precision beyond 

vaccines, many will require new materials 

• LNPs can be engineered to deliver mRNA before birth (in utero)

• Intra-amniotic delivery: ex utero stability assays in pig, sheep, and 

human amniotic fluid identify new LNPs for intra-amniotic delivery

• Gene editing: ICV injections enable potent mRNA/gRNA LNP gene 

editing in brain

• Translation: mRNA delivery in utero in NHPs, gene editing in human 

tissue samples
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