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1 Executive Summary

This report outlines the design and operational framework for an mRNA vaccine manufacturing
facility, specifically targeting Mycobacterium tuberculosis (M. tuberculosis). The facility is
designed to produce 10 million doses of vaccine annually. The production process involves mRNA
synthesis, lipid nanoparticle (LNP) encapsulation, purification, and sterile filtration, ensuring high
product quality and regulatory compliance. The plant is estimated to operate for 20 years of
production with a cumulative cash flow after the 20 years of $196,047,136, with a total capital
investment of $3,818,134. The estimated internal rate of return of the designed facility is 105%,

thus, the design is highly profitable, while also combatting the global tuberculosis crisis.

Key Features:

e Production Capacity: The facility will produce 576 grams of mRNA encapsulated in lipid
nanoparticles annually to be sent to external fill-to-finish operations, sufficient for 10
million vaccine doses. This includes allowances for fill-to-finish losses and ensures
consistent supply to domestic and international markets.

e Target Markets: The vaccine is intended for healthcare workers and travelers in the U.S.,
as well as high-incidence regions such as Southeast Asia and Africa, which account for
70% of global TB cases.

e Batch Scheduling: The facility operates on a batch schedule of 24 annual runs, with each
batch producing 24 grams of mRNA. This ensures efficient utilization of resources while

meeting production targets.



e Process Outline:

e mRNA Synthesis: In vitro transcription (IVT) is employed to produce mRNA strands
using a T7 RNA polymerase system. A co-transcriptional capping process ensures high
efficiency and stability of the mRNA product.

e mRNA Purification: Sequential chromatography steps, affinity chromatography (AC)
and anion exchange chromatography (AEX), remove impurities to prepare for LNP
encapsulation.

e LNP Formation: The mRNA is encapsulated in lipid nanoparticles using a confined
impinging jet mixer (CIJM), providing protection against degradation and facilitating
cellular delivery.

e LNP Purification: Tangential flow filtration is used to remove excess lipids and
unencapsulated mRNA, as well as to swap the buffer to improve stability and allow for

cryo-preservation.

The facility adheres to stringent regulatory standards for Good Manufacturing Practices (GMP).
Processes are designed to meet FDA and WHO guidelines for vaccine production, ensuring safety,

efficacy, and environmental sustainability.

This facility represents a significant advancement in vaccine manufacturing technology. By
leveraging modular mRNA synthesis processes and scalable LNP encapsulation techniques, it
addresses the urgent need for an effective TB vaccine while maintaining flexibility for future

applications against other infectious diseases.



2 Introduction

2.1 Background and Motivation

Vaccines help prevent the spread of infectious diseases, consequently reducing the impact and risk
of outbreaks and lowering treatment costs. Traditional vaccines involve dead or attenuated
versions of bacteria, viruses, or toxins that serve as antigens, triggering an immune response to
prepare the body to recognize and fight the pathogen in the future. mRNA vaccines offer an
alternative to traditional vaccines, differing from traditional vaccines because they deliver mRNA
that instructs cells to produce specific antigens and trigger the immune response against the
produced antigens.! mRNA vaccines were proposed in 1988 by Robert Malone because of the
HIV/AIDS epidemic, which required a safe, long-term, and broad immune response. After decades
of work and research, the COVID-19 pandemic finally offered a chance for the mRNA vaccine to
make it to the market, as a quick solution was needed.? Pfizer (jointly with BioNTech) and
Moderna created the first approved mRNA vaccines in 2020, initiating the next generation of

vaccine technology.

mRNA vaccines offer high potency, safety, efficacy, capacity for rapid clinical development, and
potential for rapid, low-cost manufacturing® mRNA vaccines can be designed and synthesized in
weeks compared to traditional vaccine timelines of 10.71 years on average.? mRNA helps generate
antigens to trigger an immune response without needing to enter the nucleus of a cell.? Their
modular nature allows for flexible adaptation to different pathogens by altering the mRNA
sequence to the desired antigen.! Despite these advantages, mRNA vaccines also suffer many
barriers that require work as they grow in use and popularity. These include mRNA's low thermal
stability, complex delivery via lipid-based nanoparticles (LNPs), lack of standardization and public

acceptance, disease and genetic variability, and possible adverse reactions. !



Tuberculosis (TB) is an old disease that has been found in human skeletons for thousands of years.
It is caused by Mycobacterium tuberculosis, a bacillus that spreads when those sick with TB expel
bacteria into the air.* The disease typically affects the lungs (pulmonary TB) but can affect other
sites (extrapulmonary TB). There are more cases among adults than children and men than women.
The COVID-19 pandemic disrupted the TB service supply chain and global reduction strategies,
causing a rise in TB cases that reached a new high in 2023 at 10.8 million incident cases. The
Southeast Asia and Africa regions accounted for the most TB cases in 2023, at 45% and 24%,
respectively. India, Indonesia, China, the Philippines, and Pakistan are the top five countries with

the highest TB burden, accounting for a collective 56% of global 2023 cases.’

Of the 10.8 million cases, there were an estimated 1.25 million deaths from TB in 2023. TB is the
world's leading cause of death from a single infectious agent, reclaiming this title after COVID-
19. Without treatment, the death rate from TB is close to 50%; however, current treatments
recommended by WHO have around an 85% success rate.> This treatment involves a rigorous six-
month regimen of four drugs, though other types of TB (e.g., drug-resistant TB) require other

versions of this regimen and have lower success rates.

The only approved TB vaccine is the Bacillus Calmette-Guérin (BCG) vaccine. This vaccine
prevents severe forms of TB in infants but is ineffective for adolescents and adults.> BCG is
alternatively used as an intravesical immunotherapy treatment for early-stage bladder cancer.®
Since 2019, Merck, BCG’s sole U.S. producer and distributor, has placed the treatment under an
allocation system due to increased demand; therefore, minimal quantities have been used for TB
prevention in recent years (Merck, 2024).” BCG is thus insufficient, necessitating the development
of a robust TB vaccine. Currently, there are 15 unique TB vaccine candidates in clinical trials

(Figure 2.1-1).8 This includes an mRNA-based candidate, BNT164al/BNT164bl, created by



BioNTech in collaboration with the Bill and Melinda Gates Foundation.* The potential vaccine

has recently entered Phase II trials in Germany and South Africa.’

Phase | Phase lla Phase Ilb Phase lll
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Figure. 2.1-1. 2023 clinical trials pipeline for TB drugs. Adapted from Looney (2023).2

Our work intends to improve existing mRNA vaccine processes, address previously listed barriers,

and develop an effective TB vaccine for global use.

2.2 Market Size and Plant Capacity

Our tuberculosis mRNA vaccine is intended for new healthcare workers and travelers to Southeast
Asia when sold on the U.S. domestic market and will also be exported to Southeast Asia and Africa

to satisfy their need for an efficacious tuberculosis vaccine, as these regions account for



approximately 70% of global TB incidence.!® Therefore, to determine our production scale,

separate estimates for demand in these markets must be determined.

The CDC estimates that over 13 million people are living with latent tuberculosis in the U.S. with
most incidences caused by working in healthcare, nursing homes, and homeless shelters or
traveling to or from countries where TB is common.!! Since TB has never been routinely
vaccinated against in the U.S., we do not expect a widespread implementation of our product;
however, we plan for our product to become an industry standard requirement for healthcare
professionals and a standard recommendation for travel to high-incidence countries, specifically

within Southeast Asia, like the Philippines and Vietnam.

The U.S. Bureau of Labor Statistics estimates that there are approximately 1.9 million job
openings in the healthcare industry each year, and in 2023, only roughly 653,000 of them were
new openings.'>!3 The number of new job openings per year serves as a good metric for our
production as this quantity serves as an approximate indicator of new personnel entering the
healthcare industry thus making them ideal recipients of our vaccine. Therefore, we plan to
manufacture 653,000 doses each year to sell to new personnel entering the healthcare industry in

the U.S.

In 2019, an estimated 4.8 million people from the U.S. visited the ASEAN region, which consists
of Brunei Darussalam, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore,
Thailand, and Vietnam.'* It is unrealistic to assume that all travelers to Southeast Asia will choose
to vaccinate using our product, so we plan to manufacture enough to vaccinate 30% of travelers as
a conservative estimate; therefore, we plan to manufacture 1.6 million doses annually to meet this

demand. We selected 2019 as the most important year to base our production quantity off because



it represents travel that is unaffected by the COVID-19 pandemic; we expect travel to Southeast

Asia to eventually return to this level.

In 2023, 10.8 million people became infected with TB and fell ill globally, with 45% and 24% of
cases occurring in Southeast Asia and Africa, respectively.> We can assume that these cases were
preventable by efficacious vaccination, so we can estimate that 7.45 million doses per year as our

overall demand for Southeast Asia and Africa.

Combining the determined demands for new U.S. healthcare workers, U.S. travelers going to
Southeast Asia, and exports to Southeast Asia and Africa, we plan to produce 10 million doses of
our final mRNA vaccine annually. A single vial of our vaccine, as mentioned in the explanation
of the product section, will contain a dry weight of 48 pug of our mRNA product; therefore, to
produce 10 million doses, a total dry weight of 480 g of mRNA is needed, not including the
additional weight contributed by the lipid nanoparticle encapsulation. However, since our process
ends before fill-to-finish operations, we must increase our production quantity to account for filling
losses. We will use an estimated loss from the conversion of our product from multi-dose vials to
single-dose vials of 20%, which is a conservative estimate by industry professionals.'> To conclude,
to meet our outlined production demand and account for losses due to outsourcing the filling
operations for our product, we plan to produce 576 g of dry weight of our encapsulated mRNA

product in our facility each year.

Our final LNP-mRNA formulation will be stored at a concentration of 100 pg mRNA per mL of
buffer solution. This will be the same concentration used for vial filling. Based on this
concentration for our formulation, we will produce 5760 L of LNP-mRNA vaccine product each

year.
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To meet this production goal, 24 batches are scheduled throughout the course of each year, with
each batch producing 24 g of mRNA. The mRNA product for each batch will be suspended in 240
L of buffer to ensure a concentration of 100 pg per mL. The product for each batch will be
distributed equally into three 100 L sterile bags to be frozen down to -80°C for storage prior to

being shipped to fill-to finish operations.'¢
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3 Discussion

3.1 Process Flow Diagram

The LNP-mRNA vaccine manufacturing process contains several unit operations organized in a
batch schedule. The process is structured in four main blocks: mRNA synthesis, mRNA
purification, LNP-mRNA formation, and LNP-mRNA purification. A buffer preparation and
hold area, located on the second floor of the plant, supplies all buffers needed for the process to
operate. The following sections provide a design overview of each piece of equipment included

in the process flow diagram (Figure 3.1-1).
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Figure 3.1-1. Process flow diagram for the LNP-mRNA vaccine manufacturing platform.



3.2 Material Balance

As a means of measuring overall process efficiency, the step yield on mRNA is estimated for each
step and then the overall yield on mRNA at each point in the process is determined; this
information is available in Table 3.2-1. The details of how each step yield was determined are
provided in sections 3.3-5. Using the information in Table 3.2-1, the manufacturing process,
including both upstream and downstream operations, is expected to have a final yield on mRNA
of 38.0%, requiring that 63.20 g of target mRNA be produced per batch during mRNA synthesis

to achieve the final production target of 24.00 g of target mRNA exiting the facility per batch as

formulated product.

Table 3.2-1: Target mRNA yield table

Process SS(::lI()l Y(i)e‘l,(eir(il/i) Balrcll{lljiitzgng
(%) Step (g)

Transcription 80.0 80.0 63.20
Capping 95.0 76.0 50.56
Affinity Chromatography 80.0 60.8 48.03
Anion Exchange Chromatography 75.3 45.8 38.43
TFF/DF 100.0 45.8 28.94
Sterile Filtration 96.0 44.0 28.94
LNP Formation 90.0 39.6 27.78
Concentration TFF 100.0 39.6 25.00
TFF/DF 100.0 39.6 25.00
Sterile Filtration 96.0 38.0 25.00

Final Yield 38.0 24.00




3.3 In vitro Transcription
3.3.1 Reagents

3.3.1.1 Transcription

In vitro transcription (IVT) is a cell-free, flexible, and scalable method of mRNA synthesis. The
process uses a linearized DNA template containing the sequence of interest purchased from a
contracted organization, rather than produced on-site using gene-editing, E.coli and restriction
enzymes. A bacteriophage-derived RNA polymerase then builds the target RNA sequence from
the DNA strand with nucleoside triphosphates (NTPs) (Figure 3.3.1.1-1). Here, the T7 phage of
E. coli is used. The T7 RNA polymerase (RNAp) binds to a sequence on the DNA template
called the T7 promoter to catalyze RNA synthesis. T7 RNAp is highly specific for the T7
promoter sequence, ensuring that transcription begins at the correct site. The sequence of interest
is placed downstream of the promoter. The T7 system is known for its high transcription rate,

producing large amounts of RNA.!7

DNA template
(encodes mRNA sequence)

UTR ORF UTR  Poly(A) tai

SPTTTIT. - .

Ly .
C eee——

‘ AGCU mRNA transcript
\
RNA RNA NTPs
polymerase polymerase
promoter

Figure 3.3.1.1-1: In vitro transcription (adapted from ThermoFischer)?

mRNA consists ofa 5’ cap, coding sequence, untranslated region (UTR), and poly(A) tail (Figure
3.3.1.1-2). The 5’ cap is a modified guanine nucleotide added to the beginning of the mRNA
transcript shortly after transcription begins. This cap is crucial for stability and initiating translation.

The coding sequence contains instructions for synthesizing a protein, which, in the case of our
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designed process, aids in tuberculosis immune response, and is transcribed from the gene’s coding
region. The 5° and 3> UTRs are mRNA domains that control post-transcriptional gene regulation.
The poly(A) tail is a string of adenine nucleotides added to the 3’ end of the mRNA after

transcription. The tail plays an important role in stability and translation efficiency.'®

r

' " ” Coding sequence A[AIAIA I

A e

5 Cap 5 UTR 3’ UTR Poly(A) Tail
Figure 3.3.1.1-2: mRNA structure (adapted from LabClinics)*
The reagents involved in IVT include Tris-HCI buffer, template DNA strands, nucleotides, T7
RNAp, capping analog, Magnesium chloride, ribonuclease inhibitor, dithiothreitol, spermidine,
and pyrophosphatase. The Tris-HCI buffer and dithiothreitol (DTT) ensure an ideal environment
for the enzymes involved with the reaction, keeping an optimal acidic environment and preventing
oxidation. Equimolar amounts of nucleotides (ATP, GTP, YTP, CTP) are used, with pseudo
uridine (PTP) being used to decrease anti-RNA immune response and to prevent degradation.!®
Because T7 RNAp is magnesium-dependent, magnesium chloride is added as a source for the
enzyme. One of the byproducts of IVT is pyrophosphate, which is inclined to form a complex with
magnesium, causing precipitate to form in the reaction. For this, pyrophosphatase is added to break

down the pyrophosphate, preventing feedback inhibition and formation of magnesium-

pyrophosphate precipitation.?°

3.3.1.2 Co-transcriptional Capping

Capping the 5’ end of the mRNA is essential to prevent mRNA degradation prior to delivery to
the cell. The two methods usually used for the capping process are post-transcriptional capping
and co-transcriptional capping. In post-transcriptional capping, capping enzymes are added once

the mRNA is synthesized from the template DNA strand. Co-transcriptional capping is a “one pot”
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reaction, where the capping enzymes work simultaneously with RNA polymerase to add the cap
to the 5’ end while the strand is synthesized. Although post-transcriptional capping gives higher
yields, co-transcriptional capping is more cost-effective and is used in synthesizing the COVID-

19 mRNA vaccines.??

The two approaches on the market for co-transcriptional capping are Anti-reverse cap analogs
(ARCA) and CleanCap. Anti-reverse cap analogs create a cap-0 structure during IVT, and the
process requires an additional enzyme, mRNA cap 2’-O-methyltransferase, added post IVT to
reach the final desired cap-1 structure. CleanCap can create a cap-1 structure in one step during
IVT. ARCA has a lower capping efficiency than CleanCap (50-80% vs >95%), but it is more cost-
effective.?> We chose to use CleanCap as our capping analog due to its high efficiency and because

the cost was manageable for our system.

3.3.1.3 DNAse Treatment

After IVT and co-transcriptional capping is complete, the remaining DNA template must be
digested to send the final mRNA product through purification. This is done through adding DNAse
and EDTA to the reactor post IVT, where DNAse is given time to digest the remaining DNA
template strand and then EDTA quenches DNAse activity and further stabilizes the mRNA for

purification.?’

3.3.2 IVT Kinetics

3.3.2.1 Reaction Equations: Initiation, Elongation, Inhibition and Termination

Transcription of mRNA from DNA is an enzymatically catalyzed polymerization reaction that
occurs in 3 primary steps: initiation, elongation and termination.?* For initiation to occur, both a

guanosine triphosphate (GTP) and a T7 RNA polymerase must form a complex with the promoter
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sequence of the linearized DNA template. Upon complexation, initiation can be completed, and

the polymerase is irreversibly bound to the template, modeled in Equations 3.3.2.1-(1-5).
Binding of GTP to the enzyme (E), followed by complexation with the promoter (D)
E+GTP 2 E-GTP (3.3.2.1-1)
E-GTP+D 2 E-GTP-D (3.3.2.1-2)
Binding of the enzyme (E) to the promoter (D) followed by complexation with GTP
E+D 2 E-D (3.3.2.1-3)
E-D+ GTP 2 E-D-GTP (3.3.2.1-4)

Irreversible complexation, where M, is the mRNA transcript of length 1

E-D-GTP - E-D-M, (3.3.2.1-5)

Elongation follows irreversible complexation, where the target mRNA sequence (My) is formed
through the binding of nucleotide triphosphates (NTPs) to the T7 polymerase and cleavage of
pyrophosphate molecules (PPi). Despite the simplicity of this reaction, there are many forms of
inhibition which slow conversion. Competitive inhibition occurs between various NTPs which,
randomly and reversibly, bind to the enzyme complex throughout transcription, slowing
conversion (Equation 3.1.2.1-6,7).2* Additionally, byproduct pyrophosphate (PPi) can bind with
the enzyme complex preventing the binding of the correct NTP additional complexation with two
magnesium ions causes precipitating out of the enzyme out of solution (Equations 3.1.2.1-(8-10)).
As T7 polymerase is a magnesium-dependent enzyme, assisting with the cleavage of the
phosphodiester bond (removal of PPi), the removal of magnesium ions from solution has severe

inhibitory effects.”” These inhibitory effects can be reduced and avoided in the presence of an
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inorganic phosphatase enzymes that hydrolyze PP1i into inorganic phosphate, prior to complexation

and precipitation with Mg.

E+NTP 2 E-NTP (3.3.2.1-6)
E-D+NTP 2 E-D-NTP (3.3.2.1-7)
E+PPi 2 E-PPi (3.3.2.1-8)

E-D + PPi & ED-PPi (3.3.2.1-9)
E'D-M; + PPi 2 E-D-M;-PPi (3.3.2.1-10)

*where M; is the mRNA transcript of length j

The final reaction step is termination, where the RN A polymerase reaches the end of the coding
region of DNA. Once reaching the target length (sequence length includes coding for the 3 poly-
A tail) the enzyme-DNA-mRNA complex disintegrates as described by Eq. 3.3.2.1-11, releasing
a completed mRNA strand (Mn), DNA template (D) and T7 polymerase (E) to create the next

strand.

EDM, »E+D+M, (3.3.2.1-11)

3.3.2.2 Michaelis-Menten Approximation

To estimate the conversion of NTPs to mRNA, Equations 3.3.2.1-(1-11) were simplified using the
Michaelis-Menten approximation (Equations 3.3.2.2-1&2). The Michaelis-Menten approximation
assumes the reversible binding of a substrate to an enzyme followed by an irreversible product

formation with the rate of product formation described in equation 3.3.2.2-2.

E+S 2 ES—>E+ P (3.3.2.2-1)
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V= d[P]_ VmaX[S] _ Vmax'
Cdt K HS] T Ky t[S]

(3.3.2.2-2)

Applying a similar approximation, we can simplify the initiation, elongation and termination steps
into two steps: the reversible binding of a nucleotide to the linearized pPDNA sequence and the
irreversible polymerization reaction that resulting in the cleaving of a pyrophosphatase.??’ As it’s
expected that the concentration of linearized pPDNA remain constant, we can re-write Vmax[S] as
Vmax’. Therefore, the expression for mRNA synthesis can be modeled using equation 3.3.2.2-3

which accounts for competition between nucleotides (NTPs).

d[P] — VmaX,
dt K _ Crrr K K Crrp
pryN Swnre (e Sarei ), Bwo L Ko (L g S
ZJ_I CNrp, j 211;11 Ky, NTp, i Co Carp Zli;}’ Ky, NTp i

However, we choose to make the simplifying assumption that all nucleotides are saturated due to
the limited amount of experimental data available on inhibition coefficients for each NTP (Ki, ntp,
i). This allows the elimination of the competition between NTPs term of the equation, simplifying

the equation to equation 3.3.2.2-3.

deRNA_ Vimax (3 3 2 2_4)
dat Kmarp Kmcrp | Kmcre Kmurp | Kmp( K{ T
, . , , D[, %G
1+ + + + 1+
Carp Cerp Cerp Curp Cp \" Cerp

The following differential equations (3.3.2.2-(5-8)) model the consumption of nucleotides
(assuming saturation), where n represents the number of bases per mRNA strand, and fnrp

represents the fraction of a specific NTP in the target mRNA sequence:

dC Vingxe "N "
2 = - max "1 are —  (3.3.2.2-5)
dt 1 + KM,ATP + KM,CTP + KM,GTP + KM,UTP + KM,D (1 + KG
CA TP CC TP CG TP CU TP CD CGTP
dc, |/
—TP— max ™" ferp : (3.3.2.2-6)
dt 1 + KM,ATP + KM,CTP + KM,GTP + KM,UTP + KM,D (1 + KG
CA TP CC TP CGTP CU TP CD CGTP
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dCerp _ Vinax " 1" ferp

_ (3.3.2.2-7)
dt 14+ Ky arp n Ky crp n Kurp + Kuure + Kw.p (1 + KCI;
Carp Cerp Corp Cyrp Co Corr
dCyrp _ Vinax " 1" furp (3.3.2.2-8)
dt - Ky arp + Ky crp n Kmcrp + Kmure + Kwu,p (1 + KCI? )
Carp Cerp Cerp Cyrp Cp Corp

Guanosine triphosphate (GTP), the initiating nucleotide, binds exceptionally strongly to the active
site of RNA polymerase, remaining bound even in low concentrations. This inhibits transcription
and limits access to enzymatic complex and promoter sequence, D. Additionally, pyrophosphate
(PP1) inhibition is accounted for with the addition of inorganic phosphatase for the hydrolyzation
of PPi, mitigating feedback inhibition.?#?® The erroneous consumption of NTPs from abortive
transcription is not explicitly modeled in equations 3.1.2.2-(4-7), but is incorporated in the final
yield assumption, where only 80% of the produced mRNA corresponds to the target sequence.
Guanosine triphosphate (GTP), the initiating nucleotide, binds exceptionally strongly to the active
site of RNA polymerase, remaining bound even in low concentrations, inhibiting transcription and
limiting access to enzymatic complex and promoter sequence, D. Additionally, pyrophosphate
(PP1) inhibition is accounted for with the addition of inorganic phosphatase for the hydrolyzation
of PPi, mitigating feedback inhibition.?*?® The erroneous consumption of NTPs from abortive
transcription is not explicitly modeled in equations 3.3.2.2-(4-7), but is incorporated in the final

yield assumption, where only 80% of the produced mRNA corresponds to the target sequence.

3.3.2.3 Fractional conversion and final mass concentrations

The simplified Michaelis-Menten-based kinetic model provides a useful framework for estimating
mRNA synthesis in an IVT reactor, however; its accuracy depends on assumptions regarding
enzyme kinetics, inhibition effects, and coefficient estimations.?® Transcription rates are highly
dependent on promoter concentration and identity, as well as batch-to-batch variability in RNA

polymerase, with results varying by several orders of magnitude across different studies.>*?® To
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establish reasonable estimates for reagent conversion and batch size requirements, representative
average parameters were selected for each coefficient, as shown in Table 3.1.2.3-1, are chosen to
estimate reagent conversion and requirements per batch. The simplified Michaelis-Menten-based
kinetic model provides a useful framework for estimating mRNA synthesis in an IVT reactor,
however; its accuracy depends on assumptions regarding enzyme kinetics, inhibition effects, and
coefficient estimations.?® Transcription rates are highly dependent on promoter concentration and
identity, as well as batch-to-batch variability in RNA polymerase, with results varying by several
orders of magnitude across different studies.?*?® To establish reasonable estimates for reagent
conversion and batch size requirements, representative average parameters were selected for each
coefficient, as shown in Table 3.3.2.3-1, are chosen to estimate reagent conversion and
requirements per batch. However, coefficient values varied widely across the field and need to be
experimentally determined for the optimization of this in vitro transcription process prior to

manufacturing.

Table 3.3.2.3-1: Estimated coefficients for Michaelis-Menten approximation of IVT kinetics

Parameter Definition Estimation
Vinax Maximum transcription rate for promoter 0.358 pM/min
sequence D
Michaelis-Menten constant for ATP (%2
Kwm, atp concentration of ATP required to reach 140.4 M

maximum transcription rate)

Michaelis-Menten constant for CTP (Y2

Kwm, ctp concentration of CTP required to reach 71.5 uM
maximum transcription rate)
Michaelis-Menten constant for GTP (' 165.5 uM
Kwm, crp concentration of GTP required to reach

maximum transcription rate)

Michaelis-Menten constant for yTP (%2
Kwm, utp concentration of yTP required to reach 101.5 uM
maximum transcription rate)
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Parameter Definition Estimation

Michaelis-Menten constant for promoter
Kwm.p (2 concentration of promoter sequence 0.22 uM
required to reach maximum transcription
rate (widely varying based on promoter))

Kd! Dissociation constant for initial GTP 0.025 pM
binding to the promoter region D
Cxrp.i (£0) Initial concentration of nucleotide (each 10 x 10° uM
NTP, i=ATP, CTP, GTP, yTP)
Cp Concentration of promoter (linearized 0.024 uM

pDNA, constant)

To solve equations 3.3.2.2-(3-7), estimating nucleotide conversion and final mRNA yield,
numerical integration techniques were implemented to model the time-dependent behavior of
nucleotide consumption and mRNA synthesis over the 6-hour reaction time to (designed to

optimize conversion and minimize unused nucleotides).

10 g pPDNA

.2 mL Tris buffer (correspondlng to

Starting with 10 mM concentrations of each nucleotide and

~0.024 uM pDNA) results in a final mRNA concentration of 9.4 uM (19.7 g/L) , as depicted in
Figures 3.3.2.3-1 and 3.3.2.3-2. The production of 9.4 uM mRNA corresponds to near-complete
nucleotide conversion, assuming equimolar nucleotide availability in the 4,250-nucleotide target

sequence.
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Figure 3.3.2.3-1: Production of mRNA over a 6-hour (360 min) reaction period.

This estimate is subject to variation due to factors such as final RNA nucleotide composition, target
sequence length, and promoter selection for the linearized plasmid DNA (pDNA). The time-
dependent production of mRNA over the 6-hour reaction is illustrated in Figure 3.3.2.3-1, while

nucleotide consumption trends are shown in Figure 3.3.2.3-2).
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Consumption of nucleotides over the 6-hour reaction period.

3.3.2.3-2:

Following transcription, deoxyribonuclease (DNAse) and EDTA are added to degrade the DNA

template and inactivate the enzymes, ensuring that undesired template strands and enzymes were

removed prior to further purification. The reagents and their respective quantities used during

IVT are listed in Table 3.3.2.3-2, where 1 U (unit) represents the amount of enzyme required to

catalyze the conversion of one micromole of substrate per minute under specified conditions.

As depicted in Figures 3.3.2.3-1 and 3.3.2.3-2, the production of 9.4 uM mRNA corresponds to

near-complete nucleotide conversion, assuming equimolar nucleotide availability in the 4,250-

nucleotide target sequence.
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Table 3.3.2.3-2: Mass balance for materials used during IVT.

Species IVT Reagents IVT Products
Tris-HCI (g) 20.8 20.8
MgCl: (g) 15.7 15.7
DTT (g) 5.1 5.1
Nucleotides (g) 64.12 0.01
Spermidine (g) 0.96 0.96
Pyrophosphatase (U) 3210 3210
DNA Template (mg) 160.5 0
RNAase inhibitor (U) 3210000 3210000
T7 Polymerase (U) 40125000 40125000
CleanCap capping agent (g) 14.71 14.67
DNAase (U) 160.5 160.5
EDTA (g) 4.8 4.8
mRNA product (g) 0 48.03
DNA oligonucleotides (g) 0 160.5
Immunogenic Impurities (g) 0 12.008

Of the total mRNA produced (19.7 g/L), the Michaelis-Menten model does not account for aborted
transcripts or double-stranded RNA byproducts. Based on experimental observations from similar
IVT systems, we estimate that 95% of the synthesized mRNA contains the CleanCap modification,
allowing for efficient separation during downstream processing. Of this fraction, approximately
80% corresponds to the correct target sequence, resulting in a final concentration of ~15 g/L of

capped, functional mRNA product.

3.3.3 Reactor Specifications

3.3.3.1 Reactor Information

The IVT reactor we will be using is the Broadley James 5 L, 316L stainless steel bioreactor with
a working volume range of 1.5-3.75 L, ideal for our 3.3 L working volume. The system includes
pH and temperature sensors to maintain the process within a pH range of 7.5-8.0 and at a

temperature of 37°C. The vessel, made of borosilicate glass, has an inner height of 254 mm and
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inner diameter of 160 mm. A silicone heating blanket keeps the reactor at 37°C, with the jacket
utilizing 9.4 W (see section 3.7.1.1). The impeller will be a scoping marine-style impeller from
Chemglass Life Sciences. It has a diameter of 59 mm and will operate at 105 rpm for a total power
output of 11.4 mW (equation 3.3.3.1).

105 rpm
60

kg

3
P =Kmn3D%p = 3( ) (0.059 m)> (994 ﬁ) =11.4mWw (3.3.3.1)

3.3.3.2 IVT Procedure
According to methods developed by Whitley et al. and Guo et al., the IVT reaction begins by

combining the ingredients for the transcription buffer in the reactor and heating the mixture to
37°C using the heating jacket. Once the mixture reaches 37°C, an enzyme mixture is added. The
transcription buffer and enzyme mixture are incubated and mixed for 6 hours. After this, DNase is
added, and the mixture is incubated and mixed for an additional 2 hours. Finally, EDTA is added,
and the mixture is incubated and mixed for 15 minutes. The entire process is carried out at 37°C,

with a pH range of 7.5-8.0, and an impeller speed of 105 rpm. 2%%°

The following ingredients are listed as final concentrations and are based off values from national
and international studies on optimizing yield, these values are also summarized above in Table
3.3.2.3-2.282% The transcription buffer consists of 40 mM Tris-HCI, 50 mM MgCl,, 10 mM
dithiothreitol (DTT), 2 mM spermidine, 0.001 U/uL pyrophosphatase, and 10 mM NTPs
(including ATP, GTP, CTP, and WTP). Nuclease-free water is added to bring the total working
volume to 3.3 L. The enzyme mixture contains 50 ng/uL linearized DNA template, 1 U/uL RNase
inhibitor, 12.5 U/uL T7 polymerase, and excess 4 mM CleanCap. After the incubation and mixing
steps, 1 U of DNase per mg of linearized DNA template is added, followed by the addition of 5

mM EDTA, as outlined above.?*2-3!
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3.4 LNP Formation

3.4.1 Selection of Drug Delivery Vehicle

For an mRNA vaccine to be effective, the mRNA molecules must overcome both extracellular and
intracellular obstacles to produce proteins of interest. Extracellularly, mRNA needs to evade
nuclease degradation in physiological fluids. Post administration, the formulation must clear the
innate immune response from monocytes. Intracellularly, mRNA must reach the target cell and
enter the cell through endocytosis. Once inside the cell, the mRNA must perform endosomal

escape to reach the cytoplasm, allowing protein translation to take place.*

Because of the threat of immune response and degradation, mRNA vaccines require a delivery
vehicle to ensure safety, stability, and release into the cytoplasm. There are multiple delivery
methods that have been tested in mRNA vaccines, which include direct injection of mRNA,
conjugation with polymers or peptides, transfection of dendritic cells, and lipid nanoparticle

entrapment.’?

Direct injection of mRNA involves dissolving mRNA into a buffer and injecting straight into the
body. Naked-mRNA-based vaccines have been tested in clinical trials but experience limited
efficacy due to mRNA degradation. Peptide and polymer-based adjuvants have also been tested in
clinical trials. The peptide adjuvant Protamine has been tested extensively with mRNA; however,
results showed Protamine to be an ineffective adjuvant as the mRNA was poorly translated within
the cells. Polymer-based adjuvants have shown promising results, but questions about toxicity and
biodegradability hinder their further development as delivery vehicles. Transfection of dendritic
cells involves electroporation of dendritic cells to disrupt the cell membrane and allow intracellular

mRNA delivery. Issues such as cost, efficacy, and scalability make the technology unfeasible for
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an industrial vaccine process. Other methods, such as cationic nano-emulsion and use of virus-like

particles, show promise in preclinical trials, but have not been fully developed and tested.*

Lipid nanoparticle (LNP) encapsulation has shown its success as an mRNA delivery vehicle, seen
in Moderna’s mRNA-1273 and Pfizer’s BNT162b COVID-19 vaccines. LNPs are the ideal
delivery method for mRNA vaccines, because they protect mRNA from both intracellular and
extracellular obstacles. They are biocompatible and lack a sufficient foreign body response,
degrade in the body into nontoxic counterparts, entrap mRNA efficiently, and allow for cell uptake

and endosomal escape into the cytoplasm.?’

The benchmark formulation for LNPs contributes to the stability and efficacy of mRNA delivery
and involve cationic lipids, ionizable lipids, phospholipids, cholesterol, and polyethylene glycol
(PEQG) lipids. The positive charges of the cationic lipids interact with the mRNA in encapsulation
and stimulate an innate immune response within the body. lonizable lipids are pH-sensitive, which
prevents interactions in the neutral environment surrounding blood cells and promotes endosomal
escape in the lower pH of endosomes. Phospholipids, specifically phosphatidylcholine, have been
shown to stabilize nanoparticle structure. Cholesterol stabilizes the nanoparticle by adding rigidity
to the membrane. PEG-lipids decrease particle aggregation due to their size, having a large effect

on overall particle size.??

3.4.2 Mechanics of Lipid Nanoparticle Formation
The mRNA-LNP drug substance is created by mixing an aqueous phase containing purified mRNA

with an organic phase containing lipids under controlled conditions. Electrostatic interactions
between the anionic mRNA and ionizable lipids, along with hydrophobic interactions between

lipid groups, enable the encapsulation of mRNA through self-assembly.>3¢ This nanoprecipitation
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process is highly dependent on rapid and homogeneous mixing of the two streams, impacting key

LNP parameters such as size distribution and mRNA encapsulation efficiency.?’

LNP size and mRNA encapsulation efficiency (EE) are primarily regulated by the flow rates, ratio
of lipids, and stream ratios. Uniform mixing of streams ensures consistent distribution of particle
sizes and high encapsulation efficiencies.’® Conversely, inadequate mixing can lead to large
disparities in particle size and larger losses of mRNA. Thus, the mixing process plays a critical

role in vaccine functionality and efficacy.

LNP size, referring to particle diameter, plays a significant role in mRNA delivery, biodistribution,
and efficacy, with varying sizes optimal for different therapeutic targets. Small, uniform LNPs
with diameters between 80-120 nm are ideal for effective cellular uptake and minimizing off-target
side effects following intramuscular injection.® Precise size and properties of LNPs are achieved
through careful control of stream flow rates and the composition of the lipid-containing, organic
stream. Higher flow rates and faster mixing speeds result in smaller, more uniform particle size by
encouraging nanoprecipitation and minimizing lipid aggregation.3**® Consistent flow rates and

lipid ratios allow for repeatable LNP size and performance, critical for vaccine products.

The lipid composition is selected to balance stability and delivery efficiency (controlled release of
mRNA). Ionizable lipids, such as DLin-MC3-DMA (MC3), play a crucial role by providing an
environment-dependent cationic charge (determined by pKa), which can electrostatically interact
with the anionic mRNA for encapsulation. These lipids neutralize with pH changes, stabilizing the
LNP and preventing aggregation. During endocytosis (absorbance into the cytoplasm), the low pH
of the endosomes (~5) induces protonation, destabilizing the endosome membrane and facilitating
the release of mRNA into the cytoplasm. Phospholipids, like DSPC, enhance cellular uptake by

stabilizing the LNP structure. Cholesterol improves membrane fluidity and permeability while
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enhancing structural stability by tightly packing between other lipid components. PEGylated lipids,
such as DMG-PEGao00, provide hydrophilic tails that protrude from the LNP surface, preventing
aggregation, and rapid clearance by the kidneys and reducing protein adsorption. 3 These
components are combined in a benchmark molar ratio of 50:10:38.5:1.5 for ionizable lipid,
phospholipid, cholesterol, and PEGylated lipid, respectively .#*> This formulation has been shown
to be effective for mRNA encapsulation and release with each LNP encapsulating between two

and three mRNA strands.*?

In addition to LNP size, encapsulation efficiency (EE) is a key parameter as optimization
minimizes loss of target mRNA strands, increasing process throughput and cost-effectiveness. EE
is the percentage of mRNA encapsulated within LNPs relative to the total mRNA initial present in
the formulation and can be determined by attaching a fluorescent compound to the mRNA and
measuring the absorbance.* Typical EE values exceed 85%, with efficiency largely influenced by
the nitrogen-to-phosphate (N/P) ratio, which reflects the molar ratio of ionizable lipid to mRNA.
Optimal N/P ratios typically range from 3-8, balancing the electrostatic interactions necessary for
encapsulation while minimizing excess lipid.*® However, due to the unknown sequence and

molecular weight and charge of the target mRNA, optimization of this value is not possible.

To ensure high EE, a higher ratio of 60:1 (w/w) for ionizable lipid to mRNA is required. This high
ratio maximizes encapsulation efficiency by providing an excess of ionizable lipids to complex
with the mRNA. * While increasing the lipid-to-mRNA ratio enhances EE, it also raises the
likelihood of forming empty LNPs. However, empty LNPs have been shown to act as adjuvants
and not greatly impact vaccine safety, making this approach justifiable.*> Despite the high ratio of
ionizable lipids to mRNA, a conservative estimate for EE (90%) allows for determination of
upstream product requirements. This estimate balances the need for high yield with the variability

associated with mRNA sequence characteristics and process conditions.
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As previously stated, LNP encapsulation of mRNA requires controlled mixing to achieve desired
properties, which can be accomplished through two main methods: turbulent jet mixing and

microfluidic mixing (Figure 3.3.2-1).%7

Microfluidic Mixers Turbulent Jet Mixers
1
- —
T-Junction Coaxial
Turbulent Jet Mixer
l
Baffle Mixer —_ -
Confined
Impinging Jet Mixer
Staggered D oo -
J 1

Herringbone

=

1 —»_—,J
s, |
T4
Figure 3.4.2-1. Various geometries of microfluidic and turbulent mixers. Adapted from Nguyen
(2023).46

Bifurcating
Mixer

Microfluidic mixing employs microscale chips with channels that direct, mix, or separate fluids
using continuous laminar flow. Mixing occurs through diffusion between adjoining streams, and
the small scale of microfluidics allows for precise control but requires low sample volumes,
typically in the microliter (uL) range.?® Various geometries of microfluidic mixers exist as seen in
the first column of Figure 3.3.2-1, some inducing turbulence or featuring longer channels for
enhanced mixing. However, due to their low throughput, these systems are primarily used in

research and development rather than large-scale commercial production.®’

In contrast, turbulent jet mixing occurs when liquids collide at high velocities, generating intense

turbulence and shear forces at the impingement point (point of collision). This collision creates
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eddies and vortices that result in chaotic interactions, producing homogeneous solutions. Turbulent
mixing is characterized by its speed and ability to achieve uniform nanoparticle size through rapid
fluid interactions. Different geometries, such as impinging jet and multi-inlet vortex, are used to

introduce collisions at various speeds and positions, enhancing mixing efficiency.?”3%47

One effective approach to turbulent mixing is the use of a confined impinging jet mixer (CIJM),
which involves two input streams that collide at high velocity in a mixing chamber. As shown on
the second column in Figure 3.4.2-1, CIJMs offer several advantages over other turbulent and
microfluidic mixers. Their mixing chambers are typically around half a centimeter in diameter,
about ten times larger than those used in microfluidic systems, making CIJMs easily scalable. They
enable continuous operation, high throughputs and are widely researched for flash
nanoprecipitation uses (unlike multi-inlet vortex mixers), enhancing scalability for large-scale
manufacturing. Unlike other high-shear mixers, which can cause mRNA degradation due to heat,
CIJMs rapidly dissipate heat through fast mixing and precise temperature controls. Additionally,
CIJMs allow for fine-tuning of input stream flow rates, shear forces, and mixing conditions,
providing flexibility in manipulating LNP size and encapsulation efficiency.?” These advantages

make CIJMs the ideal choice for our LNP-mRNA encapsulation process.
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3.4.3 Confined Impinging Jet Mixer: Theory

Confined impinging jet mixers (CIJMs) are specialized turbulent mixing devices designed for
nanoprecipitation. In a CIJM, two streams (solvent and anti-solvent) collide at high velocities in a
confined mixing chamber, as diagramed in Figure 3.4.3-1, resulting in turbulent fluid regimes that

ensure uniform mixing.
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Figure 3.4.3-1. Simplified design of a confined impinging jet mixer.

CIJMs are effective for producing LNPs through a process known as flash nanoprecipitation,
where mixing induces supersaturation, leading to nucleation and controlled particle growth.3744
This process is highly dependent on maintaining a Damkdhler number (Da) << 1, ensuring that the
mixing time is significantly shorter than the combined times for nucleation and particle growth

(Equation 3.4.3-1).

Da = Vmix (3.43-1)

Tnucleation and aggregation

Maintaining a constant Da number, less than 1, throughout scale-up allows for repeatable results.
However, the calculation of aggregation and nucleation times require detailed kinetic information

about LNP formation—considering factors like supersaturation, nucleation theory, and particle
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diffusivity—that require experimentation, proprietary knowledge, and computational simulations

around micromixing and mesomixing, which is beyond the scope of this work.

Another method for achieving desired mixing levels is maintaining flow rates within a range of
critical Re numbers, such as 10,000-100,000 as summarized by Devos et al. in 2025, which ensures
nanoparticles of a diameter ~100 nm.*® The Reynolds number is calculated in Equation 3.4.3-2 as

the summation of the Reynold’s numbers of the colliding streams.

n
. " v_ - d.
Re = ZM (3.43-2)
= 25}

where

p; = density of stream 1

v; = linear velocity of stream 1

d; = nozzle diameter of jet i

W; = viscosity of stream i

High Reynolds numbers enable rapid and homogeneous mixing that results in uniform

nanoparticle size. As illustrated in Figure 3.4.3-2, smaller LNPs are produced at higher Reynolds

numbers, emphasizing the importance of maintaining flow values within this range.
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Figure 3.4.3-2. LNP hydrodynamic diameter versus Reynolds number. Adapted from
Subraveti et al.’s work (2024).

Proper design of a CIJM relies on balancing the input jets to ensure that the impingement point
(Figure 3.4.2-1), where the flows collide, is centered within the mixing chamber. An off-center
impingement point can cause uneven mixing, and potential clogging of the jets.*’ The location of
the impingement point depends on the fluid properties—namely viscosity, density, and flow rate—
and can be adjusted by altering nozzle diameters and stream velocities. Three methods are
commonly used to estimate the impingement point: the elastic analogue model, which
approximates jets as springs that balance forces at the impingement point; the jets kinetic energy
model, which considers the kinetic energy of each stream at the point of collision; and the jets
momentum model, which balances the momentum of the colliding streams.*** The momentum
model is particularly effective for fluids with differing viscosities like 90% EtOH (v/v) and 50 mM
acetate buffer.*® Balancing stream momentum using jets momentum model, results in Equation

3.4.3-3 where 15 is the ratio of the streams moment, p is the fluid density, v is the flow velocity, d
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is the nozzle diameter, and D is the mixing chamber diameter (stream 1 is the more viscous

solution).*

P2 R61 dz 8D + Reldl p] 'V%'dl
/— 2= , wherer, = 3.4.3-3
pl TS R62 d1 8D + Rezdz where rs pz-V%-dz ( )

Using the relationship between parameters described in Equation 3.4.3-2 ensures that the jets

collide symmetrically, maximizing mixing efficiency and minimizing the risk of clogging.

3.4.4 Confined Impinging Jet Mixer: Final Design Specifications
The final design of the confined impinging jet mixer (CIJM) was developed to optimize mRNA

encapsulation in LNPs while maintaining consistent particle size and high throughput. Several
general design rules guided the selection of chamber diameter (D), chamber height, nozzle height,
and exit pipe diameter, all of which were determined based on the diameters of the input nozzles
(Figure 3.3.4-1).3740 The final design of the confined impinging jet mixer (CIJM) was developed
to optimize mRNA encapsulation in LNPs while maintaining consistent particle size and high
throughput. Several general design rules guided the selection of chamber diameter (D), chamber
height, nozzle height, and exit pipe diameter, all of which were determined based on the diameters

of the input nozzles (Figure 3.4.4-1).3740
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Figure 3.4.4-1. General design characteristics for confined impinging jet mixers used
for flash nanoprecipitation.

This ensures the establishment of steady turbulent flow following diameter changes at the nozzle
inlets and mixer outlet. The confinement volume of the mixing chamber was optimized to promote
homogeneous mixing, minimizing recirculation zones and ensuring uniform nanoprecipitation.
Free impinging jet mixers, which lack an enclosed chamber, were avoided due to their inefficiency

in pharmaceutical applications. Symmetrical mixers were chosen due to their simplified design
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and demonstrated effectiveness in achieving uniform LNP size distributions, as supported by

previous experimental studies.>

The specifications for temperatures and mass concentrations of lipids and mRNA were selected to
achieve the necessary supersaturation conditions for LNP, maximize mRNA encapsulation
efficiency and stabilized inlet streams. Lipid concentrations were calculated to remain just below
saturation levels when entering the mixing chamber. Heating the mixture to 60°C ensures complete
solubilization while maximizing the degree of supersaturation upon contact with the colder
aqueous mRNA stream which is stored at 4°C for stabilization purposes.’®*! This supersaturation
initiates rapid nucleation and controlled nanoprecipitation. The lipid mixture, described in Table
3.4.4-1, maintains the benchmark molar ratio of ionizable lipid, phospholipid, cholesterol, and

PEGylated lipid at 50:10:38.5:1.5, with total lipid concentrations of 130 mmol/L and 76.3 mg/mL.

Table 3.4.4-1. Inlet concentration of lipids in 90% EtOH (v/v)

Molar Molar Mass Saturation
Lipid Lipid Type o Concentration | Concentration | Concentration
° (mmol/L) (mg/mL) (mg/mL)
DLin-MC3- Ionizable 50 65 41.7 195
DMA (MC3)
DSPC Phospholipid 10 13 10.3 12.5
Cholesterol Steroid 38.5 50.05 19.4 20
DMG- PEGylated 1.5 1.95 4.9 125
PEG2000
Total 100 130 76.3 —

The identified ionizable lipid (DLin-MC3-DMA) concentration was the key to determining the
mRNA stream's mass concentration to achieve a 60:1 weight ratio, optimizing the encapsulation
efficiency. The molar mass of the mRNA sequence was estimated to be similar to that of Pfizer’s
COVID-19 vaccine (~4250 nucleotides)’! with equal amounts of each nucleotide present, resulting

in a final concentration of 0.70 mg/mL.
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Specific chamber dimensions, as shown in Figure 3.4.4-2, were chosen for a symmetric CIJM

based on designs from established flash nanoprecipitation studies.*’

D=4.8mm
0.70 mg/mL mRNA in 50 mM /—\ 76 mg/mL lipids in 90%
Acetate buffer (pH 5.0) 3.9 mm EtOH (v/v) @ 60°C
@ 4°C (supersat’d solution)
1 mm ] _— b + 1 mm
19 m/s, 0.9 L/min 22 m/s, 1.0 L/min
5.8 mm

8 mm 8 mm

25 mm

2 mm

1.9 L/min

Figure 3.4.4-2. Confined impinging jet mixer dimensions.

The identification of chamber dimensions left two design process variables: the inlet velocities of
the lipid and mRNA streams. The velocity of the lipid stream was selected to contribute
approximately half of the desired Reynolds number within the critical range of 10,000 to 100,000,
ensuring turbulent flow and rapid mixing. The target volumetric flow rate of 1.9 L/min was
selected to align with the capabilities of commercial CIJM systems, such as those manufactured

by KNAUER, from which the mixers will likely be purchased. Aspen Plus simulations were used
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to estimate the density and viscosity of the solutions at operating temperatures. Although the
simulation did not account for the effects of lipid and mRNA solutes on viscosity, we assumed the
estimates were sufficient to perform a momentum balance to ensure an impinging point at the
center of the mixing chamber (Equation 3.4.3-3). These calculations resulted in final inlet velocity
of the aqueous mRNA solution of 19 m/s and a total Reynolds number of ~42,000 expected to

produce a uniform LNP size between 80-120 nm.

To meet the production target of 25 g of encapsulated mRNA per batch, the required amount of
mRNA to be processed through the CIJM is calculated by accounting for unencapsulated mRNA
the encapsulation efficiency. Assuming a conservative EE estimate of 90%, approximately 27.78

g of mRNA is needed to produce 25 g of encapsulated product, obtained equation 3.4.4-1.

mRNA per batch target  25¢g

Required mRNA throughput = . —— =
cquired m TOUBIPYL = i capsulation efficiency  0.90

=27.78 g (3.4.4-1)

With the mRNA concentration set at 0.70 mg/mL and the inlet volumetric flow rate of 0.90 L/h,

the time to process 27.78 g of mRNA is calculated using equation 3.4.4-2.

_ required mRNA _ 27,780 mg
~ Volumetric flow rate x mass concentration 900 mL/min X 0.70 mg/mL

= 44.1 min (3.4.4-2)

The length of this process, approximately 45 min, ensures that batch production demands are met

in an efficient and practical manner from a workflow standpoint.

3.4.5 Dilution of CIJM Effluent
The goal of diluting the LNP-mRNA solution leaving the impinging jet mixer is to reduce the

ethanol concentration to 5% w/v. An ethanol concentration of 5% w/v has been shown to

sufficiently limit the degradation of LNPs following formation.4:41-52
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Sodium acetate buffer at a concentration of 0.287% w/v is fed from tank T-502 to tank T-401 to
dilute the LNP-mRNA mixture. The volume of sodium acetate buffer needed for sufficient dilution
is determined by calculating the mass of ethanol leaving the impinging jet mixing operation. Using

equation 3.2.5-1, 84,780 g of EtOH leaves the impinging jet mixer.

Mgton = PetonVEton (3.4.5-1)

where
PEton = 789 g/L@ 25°C

Vion = 39.69L (Volume of EtOH in T-302)

Knowing the mass of ethanol in tank T-402 that must be diluted the final tank volume is calculated
using equations 3.4.5-2 and 3.4.5-3. From here, it is seen that 543 L of sodium acetate buffer must
be added to tank T-402 to dilute the ethanol concentration to 5% w/v. This volume of sodium

acetate buffer is added at once following completion of impinging jet mixing.

MEgioy

Vf,tank = (34‘5-2)

Cf,EtOH
Vadaaea = Vi tank — Vitank (3.4.5-3)
where
Cteron = 5% w/v
Vitank = 84 L
The final concentration of each species in tank T-401 following dilution is calculated using the

new tank volume and is summarized in Table 3.4.5-1.

Table 3.4.5-1. Summary of batch characteristics following dilution phase of LNP purification

Parameter Before After
Tank Volume (L) 84 626
Cmrna (% wW/v) 0.0332 0.0039
Ckron (Y0 W/v) 37.4 5.00
Craoac (% wW/v) 0.136 0.267

42



3.5 Purification Processes

3.5.1 Chromatography
Following the IVT and capping reactions, the target mRNA must be purified to remove any

impurities from the solution prior to LNP encapsulation. To effectively remove all impurities from
the solution, two sequential chromatography steps are employed: affinity chromatography (AC)
and anion exchange chromatography (AEX). Both chromatography steps are operated in bind-and-

elute mode, a diagram for which is depicted in Figure 3.5.1-1.

Sample load Wash Elution

Protein of
interest

Affinity tag <
B y_

Mixture of proteins ) °°L =
Oe (] ' Wash Buffer

Elution Buffer
® e c%e® % &°
Resin — - & o® &, o® : ®$
] css . ) o ® o ‘s’
C

L : —> om é: _>°‘*30_>'3‘

e ol 3 s o s®

*"% o g, v, ® %,

’ 00)00? o‘ 00 0 ‘

: ©
Unwanted proteins &

flow through — & @ 9 ¢ —Purified target
protein for analysis

Figure 3.5.1-1 Diagram of affinity chromatography process operated in bind-and-elute mode.
Adapted from QYAOBIO (2025).%3

When a chromatography column is operated in bind-and-elute mode, a mixture of proteins
containing the target protein and any other impurities, like oligonucleotides in the case of IVT
products, is loaded into the column, where the target protein binds to the resin. A wash buffer then
run through the column, causing species not bound to the resin to flow through the column and be

discarded as waste, while the target molecules remains bound. Then, an elution buffer that disrupts
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the binding of the target protein to the resin is passed through the column, eluting anything left

bound to the resin and collected as product.

The first of the two chromatography steps, AC, removes any uncapped species, like reaction
enzymes, oligonucleotides, and any uncapped mRNA from the IVT mixture; this is explained in
further detail in section 3.5.1.1. However, immunogenic impurities, like double-stranded RNA
(dsRNA), hairpin RNA, RNA-DNA hybrids, which resemble the structure of the target mRNA
will bind to the affinity resin and elute with the target mRNA due to also being capped, therefore,
the second chromatography step, AEX, is a necessary polishing step, the details for which are in

section 3.5.1.2.

3.5.1.1 Affinity Chromatography

The resin selected for the AC process is the CIMmultus® Oligo DT resin by Sartorious. The
functional ligands of this resin are deoxythymidine (DT) nucleotides, which form a stable hybrid
with the terminal poly-adenine sequence, also known as the poly(A) tail, of the target mRNA under
high ionic strength conditions, which is controlled by the salt concentration in the buffer. (Sartorius,
2022). The poly(a) tail that is important for this process is added to the mRNA transcripts during
the co-transcriptional capping step of the IVT reaction and is used biologically to prevent
enzymatic degradation in the cytoplasm once delivered to patients. As the capping reaction that

polyadenylates the target mRNA will also provide a poly(A) to any off-target RNA species, like
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Figure 3.5.1.1-1 Schematic for binding of
mRNA to Oligo DT resin at high and low salt
The AC process is operated in 5 five steps: conditions. Adapted from Sartorius (2022).

equilibration, loading, binding, washing, and

elution. During the equilibration phase, a high salt concentration is passed through the column to
prepare the resin for binding with the mRNA in the IVT mixture. During the loading phase, the
IVT mixture with added salt is passed into the column, where any species with a poly(A) tail will
begin to bind to the resin. During the binding phase, a large volume of high salt concentration
buffer is passed through the column, which strengthens the binding between the resin and species

with poly(A) tails, while any other impurities—including enzymes, oligonucleotides, DNA

templates, incomplete mRNA transcripts, uncapped mRNA, etc. —will elute out of the column.
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Though the output buffers from the elution steps are discarded as waste here, it is possible to purify
remaining reaction enzymes for continued use, however, this is outside the scope of this facility.
After binding, in the washing phase, a buffer of reduced salt concentration is passed through the
column to reduce any non-specifically bound contaminants that may have remained in the column
at high-salt concentrations.> During the elution phase, a low-salt concentration buffer is used to
free the mRNA from the column and pass any species with a poly(A) tail out of the column; the
solution collected during the elution phase is passed into a hold tank so it can be prepared for the
next chromatography step. All steps in the chromatography process are carried out at a pH of 7.0.

The exact compositions of all buffers in this process are available in Table 3.5.1.1-1.

Table 3.5.1.1-1 AC buffer compositions

Equilibration Buffer 50 mM Na-phosphate, 250 mM NaCl, 2 mM EDTA
Loading Buffer IVT mix, 50 mM Na-phosphate, 1M NaCl
Binding Buffer 50 mM Na-phosphate, 250 mM NaCl, 2 mM EDTA
Wash Buffer 50 mM Na-phosphate, 2 mM EDTA
Elution Buffer 10 mM Tris

A representative chromatogram for this process is depicted in Figure 3.5.1.1-2.
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Figure 3.5.1.1-2. Example chromatogram for AC process. Adapted from Mencin et al. (2022).%¢

Rather than use a single manually packed column, the affinity chromatography unit is designed to
operate using numerous CIMmultus™ Oligo dT18 8000 mL monolithic columns in parallel, which
is the largest commercially available pre-packed column of this resin type. To determine the resin
volume necessary to purify the 48.03 g of mRNA per batch from the IVT process, Equation
3.5.1.1-1 was used, with an estimated binding capacity of 2 g/L, which was found experimentally

by BIA Separations.>

m
Ve = ’;’2’“ (3.5.1.1-1)

where

Vi = Resin volume (L)

mrya = Mass of mRNA entering column per batch (g)

BC=mRNA binding capacity (%)

From this calculation, 24.02 L of resin are necessary, so the AC process is designed to use four

8000 mL monoliths operated in parallel, rather than operating three columns at their maximum

47



binding capacity. Thus, the total resin volume is higher than necessary (32 L), and the process can

bind up to 64 g of mRNA per batch, if necessary.

The design operating flow rate for all steps of the affinity chromatography process is 0.5 CV/min.
To verify this flow rate is acceptable, Darcy’s Law (Equation 3.5.1.1-2) is used to calculate a 5.35
bar pressure drop for each column, which is below the maximum operating pressure of 7 bar for

the monoliths used in the process; therefore, our operating flow rate is acceptable.

vulL
AP = % (3.5.1.1-2)

where

AP = Pressure drop (Pa)

p = Fluid viscosity (Pa-s)

v = Superficial velocity (m/s)
L = Column length (m)

k = Column permeability (m?)

The fluid viscosity is assumed to be constant and equivalent to water, which is the main component
of all process buffer solutions, at ambient temperature (0.001 Pa s) to remain consistent with the
assumptions made during the design for the LNP formation process. The column permeability is
assumed to be 1.00E-12 m?2, which is a conservative estimate for monolithic columns. It is
important to note that the true values for these parameters must be determined experimentally,
which must be done once the plant is fully built. Therefore, the realistic pressure drop may be
greater than the calculated pressure drop if column permeability is lower than estimated or the
fluid viscosity is higher than estimated. In this case, the operating flow rate would need to be
reduced to ensure the pressure drop is less than the maximum operating pressure drop of 7 bar.

The superficial velocity used in Equation 3.5.1.1-2 is found using Equation 3.5.1.1-3.
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Vv
n(5)

(3.5.1.1-3)

where

u = Superficial velocity (m/s)
v = Operating flow rate (CV/s)
V. = Column volume (m?)

D, = Column Diameter (m)

The volumes of buffer and time required for each step of the AC, as well as the overall processing

time (62 minutes) and the total buffer volumes used per batch are displayed in Table 3.5.1.1-2.

Table 3.5.1.1-2 Chromatographic procedure for AC process

Process Ste Column reT:l?ree d Volume of Buffer per Total Volume per
P | Volumes qu Column (L) Batch (L)
(min)

Equilibriation 10 20 80 320
Sample 1 2 8 32
loading
Binding 8 16 64 256

Washing 4 8 32 128
Elution 8 16 64 256
Total 62 Total Volume: 992

Time:

The number of column volumes and buffer compositions used for each step align with the mRNA
purification experiment performed by BIA Separations using an equivalent monolith.>> These
parameters were chosen to be equivalent to ensure that the mRNA yield found during this
experiment (80%) would be the most accurate estimate for the AC process yield as possible.
Therefore, the 48.03 g of mRNA entering the AC step from IVT is expected to be reduced to 38.43

g leaving the process in the product solution.
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The material balance around the AC process is displayed in Table 3.5.1.1-3.

Table 3.5.1.1-3 Material balance for AC

Inflows Outflows

Species IVT Products | AC Buffer Addition| AC Waste | AC Products
Tris-HCI (g) 20.8 403.5 20.8 403.5
MgCl2 (g) 15.7 0.0 15.7 0.0
DTT (g) 5.1 0.0 5.1 0.0
Nucleotides (g) 0.0 0.0 0.0 0.0
Spermidine (g) 1.0 0.0 1.0 0.0
Pyrophosphatase (U) 3210.0 0.0 3210.0 0.0
RNAase Inhbitor (U) 3210000.0 0.0 3210000.0 0.0
T7 Polymerase (U) 40125000.0 0.0 40125000.0 0.0
Capping Agent (g) 14.7 0.0 14.7 0.0
DNAase (U) 160.5 0.0 160.5 0.0
EDTA (g) 4.8 411.5 416.3 0.0
mRNA Product (g) 48.0 0.0 9.6 38.4
DNA Oligonucleotides (g) 160.5 0.0 160.5 0.0
Immunogenic Impurities (g) 12.0 0.0 0.0 12.0
Na-Phosphate (g) 0.0 5817.9 5817.9 0.0
NaCl (g) 0.0 8785.5 8785.5 0.0
Arginine (g) 0.0 0.0 0.0 0.0
Sodium Acetate (g) 0.0 0.0 0.0 0.0
Volume (L) 3.2 988.8 736.0 256.0
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3.5.1.2 Anion Exchange Chromatography

Following AC, the product solution contains mRNA-associated impurities, also called
immunogenic impurities, like double stranded RNA, hairpin RNA, and RNA-DNA hybrids, that
bound and eluted alongside the target mRNA. It is necessary to remove these immunogenic
impurities, as they are commonly recognized by the body’s innate immune system as a pathogen
associated molecular pattern, thus triggering an immune response that can lead to inflammation
and toxicity.>” Anion exchange chromatography for the purification of mRNA from immunogenic
impurities exploits the differences in the charge densities of the species resulting from the varying
structures of their negatively charged phosphate backbone, visualized in Figure 3.5.1.2-1, which

interact reversibly with the positively charged resin.

l O m. strande Bulge Internal loop (if i = j, symmetric Hairpin
yment (dsRN/ \» internal loop; if i # j, asymmetric  (stem-loop)
internal loop)

% il

T\ guu ction Pseudoknot Kissing hairpins
yaxial stack)

Figure 3.5.1.2-1 Structures of possible mRNA-related impurities. Adapted from Tian et al.
(2004).38

During the AEX process, a salt gradient is applied to the column, where ions in the buffer compete
with the negatively charged RNA species for binding to the positively charged resin. Molecules
with weaker interactions, such as single-stranded RN A, elute first at lower salt concentrations. As
the ionic strength increases, molecules with higher charge densities and stronger binding, such as

double-stranded RNA (dsRNA) or RNA-DNA hybrids, are sequentially displaced and eluted. This
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selective elution ensures that mRNA and its immunogenic impurities are separated based on their

binding affinities, enabling efficient purification of target mRNA.

The AEX process uses Eshumo Q, which is a strong anion exchange resin by Sigma Aldrich.
Eshmuno Q was selected since it has been determined to be effective at purifying mRNA from
mRNA-associated impurities in an experiment performed by Millipore Sigma. This experiment
found an optimal elution profile using Eshmuno Q resin that led to a 100% reduction in dSRNA
and an mRNA yield of 75.3%; thus, the buffer compositions, buffer volumes, and elution profile
for the AEX process are designed to be equivalent to this experiment to achieve comparable

results.>® The buffer compositions for AEX are displayed in Table 3.5.1.2-1.

Table 3.5.1.2-1 Buffer compositions for AEX

Al 50 mM Tris, 150 mM NaCl, pH 8.0
A2 50 mM Tris, 0.5M Arginine, pH 9.0
B1 50 mM Tris, .5 M Arginine, 2 M NaCl, pH 11.0

The AEX process will be operated in 8 steps: equilibration, loading, two washes, and four elution
steps. To begin with, the column is equilibrated with a low-salt concentration buffer (Buffer A1)
to prepare the column to bind with the RNA species. In the loading phase, the 256 L of solution
from AC are passed through the column, where any RNA species will bind to the strong anion
exchange resin. The first wash is performed using low-salt concentration buffer (Buffer A1) to
wash away loosely bound impurities. The second wash uses another low-salt concentration buffer
(Buffer A2), this time containing arginine, which serves to further remove non-specifically bound
contaminants and stabilize the mRNA during the chromatographic process.>” The four-step elution
process in the AEX procedure uses a stepwise increase in salt concentration to selectively elute
RNA species based on their binding strength to the positively charged resin. In Elution 1, a buffer
with moderate salt concentration (40% Buffer B1) begins to release weakly bound impurities, such

as small RNA fragments or loosely associated contaminants. Elution 2 increases the salt
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concentration (70% Buffer B1), which displaces moderately bound species, including some
structured RNA impurities like hairpin RNAs. Elution 3 (90% Buffer B1) targets strongly bound
species, such as mRNA with its high charge density and larger size, ensuring its efficient recovery.
Finally, Elution 4 (100% Buffer B1) ensures complete removal of any remaining tightly bound

material, including residual impurities.

As the chromatographic procedure outlined by Millipore Sigma does not specify exactly which
RNA species elute during each elution step, the AEX process is designed such that all elution
buffer is collected as a conservative estimate. The exact range that must be collected to only
capture the target mRNA will be found through experimental testing once the facility is
constructed. The ideal capture range will be determined by analyzing the chromatogram for the
mRNA spike, which is represented by the sharp blue peak observed in Millipore Sigma’s

experiment in Figure 3.5.1.2-2.
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Figure 3.5.1.2-2. Chromatogram for mRNA purification from mRNA-related impurities using a
4-step elution profile. Adapted from Millipore Sigma (2024).°
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Figure 3.5.1.2-2 suggests that most of the target mRNA will elute during the first elution step;
however, to avoid making any downstream collection tanks too small, the entire volume of all four

elution steps is assumed to be the collection range for AEX.

The minimum reported binding capacity for mRNA in AEX studies is 10 g/L; therefore, this value
will serve as a conservative estimate of the binding capacity for mRNA on the Eshmuno Q resin.
Thus, the necessary resin volume to capture the 38.43 g of mRNA from AC is 3.84 L, which is
found using Equation 3.3.1.1-1. Due to the small resin volume, AEX can be accomplished using a

single pilot scale manually packed column, the specifications for which are in Table 3.5.1.2-2.

Table 3.5.1.2-2 AEX column specifications

Column Selection Cytiva Axichrom
Maximum Bed Height (mm) 300
Inner Diameter (mm) 140
Volume (L) 4.62
Maximum Operating Pressure (bar) 6

The design operating flow rate for the AEX is 0.3 CV/min (1.39 L/min). To verify this operating
flow rate is allowable for the AEX process, Darcy’s Law (Equation 3.5.1.1-2) is used to calculate
the pressure drop across the column. Like AC, the fluid viscosity is assumed to be equivalent to
water at ambient temperature to align with the assumptions made during LNP formation design.
Also, the column permeability is assumed to be 1.00E-12 m?, as this serves as a conservative
estimate for manually packed columns. The superficial velocity for the AEX process is 0.0015 m/s,
which is found using Equation 3.5.1.1-3. Using these values, the estimated pressure drop across
the AEX column is 4.50 bar, which is below the maximum operating pressure of the column (6

bar); the design operating flow rate is acceptable.

As mentioned in Section 3.5.1.1, the values for column permeability and fluid viscosity must be

determined experimentally once the facility is complete. The operating flow rate may need to be
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reduced in the case that the column permeability is lower than estimated or the fluid viscosity is

significantly higher than estimated.

The chromatographic procedure for AEX is available in Table 3.5.1.2-3. As mentioned earlier in
this section, the number of column volumes for each process step was chosen to align with the
experiment performed by Millipore Sigma, with the only major difference occurring in the
lengthened loading phase.’ The column volumes required for the loading phase are determined
by the volume of solution collected during AC (256 L) and the design operating flow rate for AEX

(1.39 L/min). The total time required for all steps of the AEX process is 334.8 minutes.

Table 3.5.1.2-3 Chromatographic procedure for AEX

Process Step Column Volumes | Time Required (min)
Equillibriation 5 16.7
Loading 55.4 184.8
Wash 1 5 16.7
Wash 2 5 16.7
Elution 1 (40% B1) 7.5 25.0
Elution 2 (70% B1) 7.5 25.0
Elution 3 (90% B1) 7.5 25.0
Elution 4 (100% B1) 7.5 25.0

Total Time: 334.8

The material balance for the AEX process is displayed in Table 3.5.1.2-4

Table 3.5.1.2-4 Material balance for AEX.

Inflows Outflows
AC AFX Buffer
Species Products Addition AEX waste | AEX Product
Tris-HCI (g) 403.5 36549 2066.6 1091.7
mRNA Product (g) 384 0.0 0.5 289
Immunogenic Impurities (g) 12.0 0.0 12.0 0.0
NaCl (g) 0.0 150973 2648.9 12448 4
Argimine (g) 0.0 110616 2011.2 90504
Volume (L) 256.0 207.8 3253 1385
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3.5.2 Tangential Flow Filtration

Tangential flow filtration (TFF) is a purification process in which fluid is continuously flowed past
a filter, allowing the permeate to be discarded while retaining larger particles in the retentate. For
this process, the desired product is contained in the retentate. Unlike traditional filtration methods,

tangential flow prevents filter clogging by sweeping particles off the filter surface.

This process operates in two distinct modes: concentration and diafiltration.®® In concentration
mode, no buffer is added to the system, and the permeate is sent to waste, effectively reducing the
batch volume. In contrast, diafiltration involves the continuous addition of buffer to the TFF

system at the same rate as the permeate removal, allowing for efficient buffer exchanges.

Tangential flow filtration plays a critical role in the purification of both mRNA and lipid
nanoparticles in this process, ensuring the removal of impurities while maintaining the integrity of
the final product.

3.5.2.1 Concentration

Concentration is utilized at two stages in the LNP-mRNA production process. During mRNA
purification, it is applied after chromatography to achieve the batch volume required for the
impinging jet mixer. In LNP purification, concentration is used to reduce the batch volume,
ensuring the mRNA reaches the target concentration of 0.01% w/v in the final formulation. When
designing each concentration system, it is important to determine the batch time required to
complete the concentration process and quantify the material lost as waste. These calculations are

nearly identical for both mRNA and LNP concentration and are described below.

A key parameter in TFF systems is the rejection coefficient (). The rejection coefficient describes
what fraction of a species is retained by the membrane. A rejection coefficient of 1 indicates the
species is completely retained while a rejection coefficient of 0 means the species passes straight

through the membrane. A T-Series Cassette with a Delta regenerated cellulose membrane using a
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MWCO of 100kDa is used to perform each TFF in this process.®!2 A MWCO of 100kDa was
selected, as both LNPs and mRNA tend to be significantly over this size threshold and will not be
lost through the filter as a result.®*-%> Therefore, the rejection coefficients for this TFF process is

assumed to be 1 for the LNPs and mRNA and 0 for all other species.

Filter size for each of the TFF steps was 200 -
—s— Delta membrane

determined based on the volume of fluid T 150_}}}{}5 —*= Hydrosart membrane

2 }
handled. The LNP TFF system processes 5 $ iﬁ{;ﬁ!{}{

Y P E 100 B,

a lot more fluid than the mRNA TFF E .."-\__x - _

5 501 - w200
system, resulting in selected filter areas of

0 T T T T 1
2.5m? and 0.5m?, respectively (Table 0 10 20 30 40 50
Time (min)

3.5.2.1-1). Permeate flux through the Figure 3.5.2.1-1. Permeate flux over time during

filter was estimated based on a study by concentration at 20 bar TMP and feed flowrate of
450LHM
Cytiva Life Sciences using the T-Series

Cassette with a 100kDA Delta RC membrane.®! Both mRNA and LNP concentration run at
constant trans-membrane pressure (TMP) of 20 bar and feed flowrate of 450 LHM allowing for
permeate flowrate and crossflow flowrate to be determined from Figure 3.5.2.1-1. Crossflow
flowrate is calculated by subtracting the feed flowrate by the permeate flowrate.

Table 3.5.2.1-1. Operating conditions during concentration

mRNA LNP
Parameter . .

Concentration | Concentration
Filter Area (m?) 0.5 2.5
TMP (psi) 20 20
Feed Flowrate (L/h) 225 1125
Permeate Flowrate (L/h) 60 300
Crossflow Flowrate (L/h) 165 825
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To find the time required to complete each concentration, a concentration factor is first calculated
based on the initial volume in the tank and the desired final volume (equation 3.5.2.1-1). Final

product concentration and yield can then be determined using equations 3.5.2.1-2 and 3.5.2.1-3.

V.
CF = (3.5.2.1-1)

Vs
Cf,product = Ci,product(CF)(r (3.5.2.1-2)
Yield = (CF)G_l (3.5.2.1-3)

where
V, = Initial Tank Volume (L)

V¢ = Final Tank Volume (L)
Cr = Final Product Concentration (% w/v)

C; = Initial Product Concentration (% w/v)
o = Rejection Coefficient

Processing time is calculated based on the filter area, average permeate flux, and concentration
factor of the process (equation 3.5.2.1-4). Filter size specifications differ between mRNA and LNP
concentration as mentioned previously in Table 3.5.2.1-1.

_No—V
AUy gvg

(3.5.2.1-4)

where

t = Batch Time (hrs)

A = Membrane Area (m?)

Uy avg = Average Filtrate Flux (L/ m? /hr)

Throughout the concentration process, the solution is assumed to be well mixed. Considering this
and the fact that the rejection coefficients for the buffer components and all other non-product
components are assumed to be 0, the concentration of each of these components in the permeate

stream is equivalent to that in the retentate stream. The mass of each species sent to waste is
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determined by multiplying the amount of filtrate generated by the concentration of each species in

solution (Equation 3.5.2.1-5).

Myw = VrittrateCx (3.5.2.1-5)
where
m,, = Mass of Species x Sent to Waste (g)
Viiterate = Volume of Filtrate Generated (L)

C, = Concentration of Species x (g/L)

The workflow described above is used to calculate the processing time and waste characteristics
for both mRNA and LNP concentration. In mRNA concentration, mRNA product from IVT is
retained in the system while buffer salts from chromatography flow through the membrane. In
LNP concentration, the LNP-encapsulated mRNA is retained in the system while ethanol and
acetic acid flow through the membrane. Both processes aim to reduce the batch volume to obtain

the mRNA concentration necessary for later in the process or the final product (Table 3.5.2.1-2).

Table 3.5.2.1-2. Summary of batch characteristics following concentration

Parameter mRNA LNP
Concentration | Concentration
Initial Tank Volume (L) 138.54 620
Final Tank Volume (L) 39.69 240
Initial Cmrna (%W/V) 0.0209 0.00399
Final Cmrna (YoW/v) 0.0729 0.0104
Processing Time (hr) 1.65 1.29

Waste generated during each concentration process is calculated from equation 3.5.2.1-5 and

summarized in the table below. Water accounts for the volume of each stream.

Table 3.5.2.1-3. Summary of waste characteristics following concentration

59



Species mRNA LNP

Concentration | Concentration
Volume (L) 98.86 386.2
Tris-HCI (g) 779 0
Sodium Acetate (g) 0 1223
Sodium Chloride (g) 8883 0
Arginine (g) 6458 0
Ethanol (g) 0 19312

3.5.2.2 Diafiltration

Following each concentration step, diafiltration is used to replace the buffer the product is
suspended in. After mRNA concentration, the buffer is exchanged to 50mM sodium acetate to
bring the solution to a pH of 5 necessary for lipid nanoparticle formation. Two diafiltration steps
follow LNP concentration. The first diafiltration replaces the remaining ethanol in solution with
35mM sodium acetate buffer. The second diafiltration replaces the sodium acetate buffer with the
final formation buffer consisting of tris buffer and sucrose. This two-step diafiltration approach
for lipid nanoparticles has been shown to provide improve LNP storage stability, decrease the

amount of empty LNPs, and enhance transfection efficiency.5¢

During each diafiltration, buffer is continuously added to the tank throughout the process at the
same rate permeate leaves the filter (Qp = Qp). As a result, the batch volume remains constant
while the product is retained by the membrane, and smaller molecules, including the buffer
components, are removed through the permeate and sent to waste. The same T-Series Cassette
with a Delta regenerated cellulose membrane with a MWCO of 100kDa used in concentration is
used to perform each diafiltration.®-%? Like with concentration, the rejection coefficients (o) for

this TFF process will be assumed to be 1 for the LNP-mRNA and 0 for all other species.
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LNP and mRNA purification each have their own

>

350
TFF skid that performs both concentration and  _ 300 %/’ 5
oka "
= 250
diafiltration. As a result, the membrane area used in =~ % 540-
£ 1501 <
cach diafiltration remains the same as used in g | —— 25LMM
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Figure 3.5.2.2-1. Permeate flux during
diafiltration as a function of TMP and
feed rate for (A) mRNA (B) LNPs.>

flux through the membrane can be estimated (Figure

3.5.2.2-1)."  Once permeate flux for each
diafiltration system is calculated, crossflow flowrate
and processing time for the process can be determined. Similar to mRNA and LNP concentration,
calculating processing time and waste stream characteristics is nearly identical for both mRNA

and LNP diafiltration and is described below.

Table 3.5.2.2-1. Operating conditions during diafiltration

Parameter mRNA NaOAc | LNP NaOAc LNP F.F.
Diafiltration Diafiltration Diafiltration
Filter Area (m?) 0.5 2.5 2.5
TMP (psi) 10 20 20
Feed Flowrate (L/h) 450 1050 1050
Permeate Flowrate (L/h) 100 375 375
Crossflow Flowrate (L/h) 125 675 675

For each diafiltration process, yield is calculated based on reducing the concentration of a specific

species to a desired level (Equation 3.5.2.2-1). For mRNA 50mM NaOAc diafiltration, yield is set
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to 0.01 to ensure a sufficient volume of sodium acetate buffer is added to the process. During the
first LNP diafiltration, yield of ethanol is based on reducing the final concentration of ethanol in
solution drops to 0.5% w/v in compliance with FDA guidelines.%” For the second LNP diafiltration,
a solution containing tris buffer and sucrose is added to the tank until the concentration of sodium

acetate buffer drops to 0.04% w/v, consistent with AstraZeneca formulations.®

Yield = h (3.5.2.2-1)
Cix

where

Cs = Final Concentration of Species x (% w/v)

C;x = Initial Concentration of Species x (% w/v)

Once the yield for each diafiltration process is determined, the volume of buffer that must be added

to the system can be calculated (Equation 3.5.2.2-2). When considering the initial tank volume,

this enables the number of diavolumes used in the diafiltration to be determined (Equation 3.5.2.2-
3).
Vp = =V, In(yield) (3.5.2.2-2)
Diavolumes = % (3.5.2.2-3)

0
where

Vp=Diafiltration Volume (L)

V, = Initial Tank Volume (L)

Based on the volume of buffer added, the total time to complete each diafiltration is found by
considering the membrane area and permeate flux (Equation 3.5.2.2-4). As stated earlier,
membrane specifications differ between mRNA and LNP diafiltration and are summarized in
Table 3.5.2.2-1.

Vb

t=—"—
A- Up,avg

(3.5.2.2-4)
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The final concentration of each species in solution following diafiltration can be found through a
material balance with the resulting equations shown below. Equation 3.5.2.2-5 models the
concentration of a species following a diafiltration if it is contained in the buffer added to the
system. Equation 3.5.2.2-6 calculates the final concentration of each species assuming they are not

present in the buffer added.

_ Cx,feed Cx,feed VD
Cry = ) + (Cyo — a-o 0))exp (—70(1 —0)) (3.5.2.2-5)
Vb
Cy = Cx0 €Xp A (1-o0) (3.5.2.2-6)
0

where

Cy,s = Final Concentration of Species x (g/L)
Cyo = Starting Concentration of Species x (g/L)
Cyx.reea = Feed Concentration of Species x (g/L)
Vp = Diafiltration Volume (L)

Vy = Initial Tank Volume (L)

The composition of the waste generated throughout each diafiltration is calculated through the
material balance depicted in equation 3.5.2.2-7.

mx,w = Vth,O + VDCfeed - VxCx,f (3522-7)

where

m,, = Mass of Species x Sent to Waste (g)

V, = Tank Volume (L)

V, = Diafiltration Volume (L)

C,o = Starting Concentration of Species x (g/L)
Cyr = Final Concentration of Species x (g/L)

Cy.reca = Feed Concentration of Species x (g/L)
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The workflow described above is used to calculate the processing time and waste characteristics
for both mRNA and LNP diafiltrations. Product concentration remains constant throughout
diafiltration due to a constant batch volume and rejection coefficient of 1 for LNPs and mRNA. A
breakdown of how the concentrations of non-product species change because of each diafiltration

is depicted in Table 3.5.2.2-2.

Table 3.5.2.2-2. Summary of batch characteristics following diafiltration

mRNA NaOAc LNP NaOAc LNP F.F.
Parameter Diafiltration Diafiltration Diafiltration
Before After Before After Before After

Tank Volume (L) 39.69 39.69 240 240 240 240
Crris (YoW/v) 0.778 0.008 0 0 0 0.129
Craoac (YoW/v) 0 0.406 0.317 0.290 0.290 0.04
Cract (Yow/v) 8.99 0.089 0 0 0 0
Carginine (%W/v) 6.53 0.065 0 0 0 0
Crron (%w/v) 0 0 5 0.5 0.5 0.069
Processing Time (hr) 1.83 1.47 1.27

Waste generated during each diafiltration process is calculated from equation 3.5.2.2-7 and

summarized in the Table 3.5.2.2-3. Water accounts for the volume of each stream.

Table 3.5.2.2-3. Summary of waste characteristics throughout diafiltration

Species mRNA NaOAc | LNP NaOAc LNP FE.F.
Diafiltration Diafiltration Diafiltration
Volume (L) 182.8 552.6 475.4
Tris-HCI (g) 309.6 0 402.7
Sodium Acetate (g) 580.7 1650 599.9
Sodium Chloride (g) 3530 0 0
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Arginine (g) 2567 0 0
Ethanol (g) 0 10800 1034
Sucrose (g) 0 0 13426
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3.5.3 Sterile Filtration

Sterile filtration is designed to ensure that the mRNA product is free from microorganisms and
other contaminants. Two sterile filtration steps are incorporated into the process: the first occurs
at the end of mRNA purification, and the second takes place at the end of LNP purification.
Following mRNA sterile filtration, bioburden reduction is achieved, though the product is not
claimed to be completely sterile. This bioburden reduction helps maintain mRNA stability by
removing potential contaminants that could degrade the mRNA.% After the final LNP sterile

filtration, the product is considered sterile, ensuring compliance with federal regulations.”®

A Sartopore 2 XLG filter (0.2 um pore size) is used to perform both mRNA and LNP sterile
filtrations. Due to the large size of mMRNA-LNPs, there are typically significant product loss issues
associated with the usage of industry-standard, 0.22 um sterile filters; however, a study performed
by Messerian et al. found that the Sartopore 2 XLG filter (0.2 um pore size) can be used to
effectively sterile filter mRNA-LNPs at reasonable transmembrane pressure drops (TMP) with
high yields (> 96%).”! The final sterile filtration unit, F-402, is designed to operate using Sartopore
2 XL@G cartridges with a control loop to maintain constant TMP to replicate the results observed
by Messerian et al. The sterile filtration unit for mRNA, F-202, operates under the same conditions

as F-402.
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Figure 3.5.3-1 displays that filtration of mRNA-
LNPs using the Sartopore 2 XLG leads to
significant filter fouling behavior, as filtrate flux
decreases sharply and resistance increases sharply
as volumetric throughput increases. To overcome
this issue, the sterile filtration process is operated
at the highest constant TMP studied by Messerian
et al. (20 psi) to increase the volumetric throughput
at which significant fouling behavior occurs, and
numerous filters of large filtration area (1.6 m?) are
used to reduce the necessary volumetric throughput

per filter.

240 L of mRNA-LNP solution passes through the
F-402 per batch, therefore, if a single filter with 1.6

2

m- filtration area were used, then the total

volumetric throughput would be 150 L/m?, greatly
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Figure 3.5.3-1. Filtrate flux (upper panel)
and resistance (lower panel) as a function of
the volumetric throughput during constant
pressure filtration using Sartopore 2 XLG
capsules at constant TMPs of 2, 8, 14, and 20
psi. Adapted from Messerian et al. (2022).

exceeding the volumetric throughput at which the filter flux drops aggressively when operated at

a constant TMP of 20 psi, as seen in Figure 3.5.3-1. Instead, F-402 uses 3 filters operated in parallel

to reduce the total volumetric throughput per filter to 50 L/m?, reducing the fouling behavior and

allowing for an approximation of the time-average filtrate flux (6250 LHM) as the region from 0

to 50 L/m? in the upper panel of Figure 3.5.3-1 is approximately linear.

As for mRNA sterile filtration through F-202, only 39.69 L of mRNA solution pass through each

batch. Due to the smaller filtrate volume than LNP sterile filtration, only 1 filter is used operating

with a volumetric throughput of 25L/m?. Average filtrate flux through this filter is approximated
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to be 7500 LMH (Figure 3.5.3-1). The data selected from Figure 3.5.3-1 used to calculate the

average filtrate flux for each sterile filtration process is depicted in Table 3.5.3-1.

Table 3.5.3-1. Calculation of time-average filtrate flux using linear approximation

Volumetric Filtrate Flux (LMH)
Throughput (L/m?) mRNA Sterile Filtration LNP Sterile Filtration
0 10000 10000
25 5000 -
50 - 2500
Average: 7500 6250

The processing time for each sterile filtration is calculated based on the filtrate volume, filtrate

flowrate, and number of filter cartridges used (Equation 3.5.3-1).

tprocessing = V/Ur(A*n) (3.5.3-1)
where
torocessing = Processing Time (s)
V' = Total Filtrate Volume (L)
Ur = Filtrate Flux (L/m?/s)
A = Effective Filtration Area per Filter (m?)

n = Number of Filters Cartridges

The mRNA yield of both sterile filtrations is conservatively estimated to be 96% based on the
minimum yield observed by Messerian et al.?! Using this yield value and Equation 3.5.3-2, the

mass of mRNA remaining in the sterile filters can be determined (Table 3.5.3-2).

Mmrnain * (% yield) = Mupgryaour (3.5.3-2)
where
mmrN4,in = The mass of mRNA entering sterile filter (g)
MmmrN4,0uc = The mass of mRNA leaving sterile filter (g)

Table 3.5.3-2. Mass balance of mRNA surrounding sterile filtration
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Parameter mRNA Sterile LNP Sterile
Filtration Filtration
Yield (%) 96 96
Input mRNA (g) 28.94 25
Output mRNA (g) 27.78 24
mRNA lost in filter (g) | 1.16 1

The stream balance around each sterile filter is summarized in Table 3.5.3-3, with the only
difference in the streams occurring in the reduction of mRNA concentration due to the mass of

mRNA remaining in the filter cartridges each batch.

Table 3.5.3-3. Stream balance around sterile filters

mRNA Sterile LNP Sterile
Parameter Filtration Filtration
Entering | Leaving | Entering | Leaving

Volume (L) 39.69 39.69 240 240
Cmrna (%oW/v) 0.0729 0.07 0.0104 0.0100
Crris (%wW/v) 0.008 0.008 0.129 0.129
Craoac (YoW/v) 0.406 0.406 0.04 0.04
Cnact (Yow/v) 0.089 0.089 0 0
CArginine (YoW/v) 0.065 0.065 0 0
Crton (%ow/v) 0 0 0.069 0.069
Csucrose (YoW/Vv) 0 0 4.310 4.310
Processing Time (s) 11.9 28.8

The maximum allowable front pressure (MAFP) for the sterile filtration process is a critical
parameter to determine the pumping requirements to push the fluid through each filter. Using
Equation 3.5.3-3, the MAFP for each sterile filter is 3.4 bar, which is the maximum pressure at
which the pump needs to be capable of delivering the mRNA-LNP solution to the filter. During
processing, a lesser, variable front-pressure is used with a control loop to maintain the constant

TMP of 1.4 bar.

MAFP = MABP + TMP (3.5.3-3)

where

MAFP = Maximum allowable front pressure (bar)
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MABP = Maximum allowable back pressure for the filter cartridges (bar)

*2 bar for the Sartopore 2 XLG 1.6 m? cartridges

TMP = Constant transmembrane pressure drop (bar),

* 1.4 bar (20 psi)

A summative table for the process parameters of each sterile filter is displayed in Table 3.5.3-4.

Table 3.5.3-2. Sterile filtration filter specifications and operating parameters

Parameter mRNA Sterile LNP Sterile
Filtration Filtration
Filter Cartridge Sartopore 2 XLG | Sartopore 2 XLG
Cartridge Filtration Area (m?) | 1.6 1.6
Pore Size (um) 0.2 0.2
Number of Filters 1 3
Constant Operating TMP (bar) | 1.4 1.4
Batch Volume (L) 39.69 240
Processing Time (s) 11.9 28.8
Maximum Front Pressure (bar) | 3.4 3.4
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3.6 Cleaning

3.6.1 CIP/SIP
Each storage tank in the LNP-mRNA

process undergoes a clean-in-place (CIP)
cycle to remove residues from processing. A
CIP skid, consisting of two tanks and two
pumps, is utilized to complete the CIP cycle
for each tank (Figure 3.6.1-1). Each storage
tank is equipped with a fixed CIP spray ball
to ensure the entire tank interior is cleaning

throughout the process.”

The CIP process consists of three phases: a

pre-rinse, a caustic wash, and a final rinse. Each phase utilizes a wash volume equivalent to 10%

WFI T-601 T-602 T-601 T-602
WFI Caustic CIP CIP

Wash Wash Supply Return

Tank  Tank Pump Pump

% C ‘ «——From Frocess
I I P-602

Detergent
T-602 Addition

T-601

I,

QJ — % To Process

* P-a01
Waste

Figure 3.6.1-1. PFD of CIP skid

of the tank’s total capacity.’”® During the pre-rinse and final rinse phases, tank T-601 is filled with

the required wash volume of WFI at 60°C, which is then circulated through the tank being cleaned.
In the caustic wash phase, a 1% v/v solution of alkaline CIP detergent in WFI at the same

temperature is prepared in tank T-602 and circulated through the cleaning route.”* Throughout

each cleaning phase, a flow velocity of 1.5 m/s is maintained to ensure turbulent conditions,

maximizing cleaning effectiveness.”” The wash volume for each phase circulates through the

cleaning path 5 times, consistent with industry rule of thumb.”® Since the exact length of piping

associated with each tank is unknown, the minimum CIP duration is roughly estimated based on

the total wash volume that must be cycled through the tank, assuming an average flow rate of 160

L/min. A time buffer is added when scheduling cleaning to account for drain and fill times.
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t="— (3.6.1-1)

where
t = CIP Duration (min)
V' = Total Wash Volume of the 3 CIP Phases (L)

Q = 160 L/min (flow rate approximated based on 2 in pipe and 1.5 m/s flow velocity)

Following each CIP cycle, a sterilization or steam-in-place (SIP) process is conducted to ensure
tank sterility. During SIP, the tank is filled with clean steam at 1.5 bar and 121°C.7” Once steam
has fully filled the tank, a sterilization time of 40 minutes is maintained. To account for filling
times, the total SIP cycle is assumed to last approximately one hour. As with the CIP process, the
exact piping length associated with each tank is unknown. Therefore, it is assumed that the amount
of steam required for each SIP cycle is equal to the tank volume. A summary of the CIP and SIP

cycle attributes for each tank is provided in Table 3.6.1-1.
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Table 3.6.2.1-1. CIP and SIP process parameters

Tank | CIP Wash Detergent WFI Clean Total
Tank | Volume Volume Used (L) Used Steam Cleaning
(L) (L) (L) Used (L) | Time (min)
T-101 68 6.8 0.07 20.33 68 60.64
T-201 322 32.2 0.32 96.28 322 63.01
T-202 144 14.4 0.14 43.06 144 61.35
T-301 68 6.8 0.07 20.33 68 60.64
T-302 68 6.8 0.07 20.33 68 60.64
T-401 627 62.7 0.63 | 187.47 627 65.86
T-501 322 32.2 0.32 96.28 322 63.01
T-502 6056 605.6 6.06 | 1810.74 6056 116.59
T-503 1552 155.2 1.55 | 464.05 1552 74.50
T-504 2801 280.1 2.80 | 837.50 2801 86.17
T-505 3066 306.6 3.07 | 916.73 3066 88.65
T-506 227 22.7 0.23 67.87 227 62.12
T-507 1173 117.3 1.17 | 350.73 1173 70.96
T-508 227 22.7 0.23 67.87 227 62.12
T-509 1987 198.7 1.99 | 594.11 1987 78.57
T-510 397 39.7 0.40 | 118.70 397 63.71
T-511 6056 605.6 6.06 | 1810.74 6056 116.59
T-512 6056 605.6 6.06 | 1810.74 6056 116.59
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3.6.2 IVT Reactor Cleaning Protocol
The 5 L IVT bioreactor from the mRNA synthesis step requires a similar CIP cycle to that of the

storage tanks (Section 3.6.1) to ensure the residual material is removed from the reactor. The same
CIP skid is used (Figure 3.6.1-1), showing tank T-601 for WFI and T-602 for alkaline detergent,

as well as pumps P-601/602.

The CIP process consists of three phases: a pre-rinse, caustic wash, and final rinse. Each phase
uses a wash volume equal to the reactor’s maximum working volume of 3.75 L.”® During the two
rinsing stages, WFI from tank T-601 is circulated through the reactor at 60 °C. During the caustic
wash stage, a 1% v/v solution of alkaline CIP detergent in WFI at 60 °C is prepared in tank T-602
and circulates through the reactor. Throughout each cleaning phase, a turbulent flow rate is
maintained, and the wash volume circulates through the cleaning path five times.” A static spray
ball is employed within the reactor to simplify the CIP process, spraying at a flow rate of 18 L/min,
calculated by multiplying the reactor circumference by 11.4.8%3! The minimum CIP time is
estimated based on the total wash volume cycled through the reactor, assuming a turbulence-
inducing flow rate of 7.5 L/min based on the size of the reactor and its associated piping.’® A time
buffer is added to account for drain and fill times. The total time for the CIP process of the reactor

is 40 minutes (Equation 3.5.1-1, Q = 7.5 L/min).

Following each CIP cycle, an SIP process is conducted to sterilize the reactor. During SIP, the
reactor is filled with clean steam at 1.5 bar and 121 °C.%? The amount of steam needed is estimated
to be equal to the maximum working volume of the reactor, 3.75 L. Standard protocols recommend
this step for 40 minutes. The total SIP cycle is approximated to be 60 minutes to account for filling

times.
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3.6.3 Chromatography Column Cleaning Protocol
At the end of each batch, both chromatography units undergo individual cleaning protocols. The

AC unit, C-201, is cleaned using a 4-step process, each requiring 10 column volumes. The order
of fluids being passed into the top of C-201 during the cleaning process are WFI, 0.5 M NaOH,
WEFI, equilibration buffer, taking a total time of 80 minutes to complete. The AEX unit, C-202, is
cleaned using a 2-step process, consisting of 5 column volumes of 0.5 M NaOH, then 15 column

volumes of buffer Al; this process takes a total time of 67 minutes.
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3.6.4 Impinging Jet Mixer Cleaning Protocol
The confined impinging jet mixer (CIJM) in the LNP-mRNA process undergoes a similar CIP

cycle to that of the storage tanks (Section 3.6.1) to remove residual material from processing.
The same CIP skid (Figure 3.6.1-1), consisting of tanks T-601 and T-602 for WFI and alkaline
detergent respectively and pipes P-601/602, is used to perform the CIP cycle. Due to the small
internal volume of the mixing chamber, the CIP procedure includes a filling phase to ensure

complete wetting of the mixer before continuous flow begins.

The CIP process consists of the same three phases: a pre-rinse, caustic wash, and final rinse.
Each phase uses a wash volume equal to the mixing chamber internal volume + 10% of the

associated piping to ensure the chamber is fully wetted.

Each phase begins with a filling phase, during which the outlet valve of the CIJM remains closed
while the chamber is filled with cleaning solution (WFI or 1% v/v solution of alkaline CIP
detergent at 60 °C). Once the chamber is filled, the dwell phase begins. The cleaning solution
remains in the mixing chamber for a brief period (typically 30-60 seconds) ensuring that any

residual product is properly broken down before flushing.

After the dwell time, the continuous flushing is initiated. The outlet valve opens, allowing the
cleaning solution to flow through the mixer and surrounding piping at a velocity of 1.5 m/s.>® To
ensure complete cleaning, the wash volume for each phase circulates through the cleaning path
five times, consistent with industry best practices.®® Since the internal volume of the CIJM and
associated piping is small (estimated to be less than 1 mL), the total CIP duration is estimated to

take a maximum of 30 minutes, included fill and drain times.
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3.7 Ancillary Equipment
3.7.1 Heat Exchangers

3.7.1.1 Maintaining Constant Temperature for IVT Reactor (R-101)

Maintaining a stable reactor temperature is essential for optimizing enzyme activity and ensuring
efficient mRNA synthesis during the in vitro transcription (IVT) process. To sustain a constant
temperature of 37°C throughout both the 6-hour reaction period and 2.25-hour DNase/EDTA
treatment, a standard 110 VAC silicon heating jacket will be used. This heating method ensures
uniform heat distribution, preventing temperature fluctuations that could negatively impact

transcription yield and enzyme stability.

To confirm that a standard 110 VAC jacket can provide the necessary thermal energy, assuming a
current of 15-20 amps, a maximum heat loss from the reactor was estimated under conservative
conditions. Conservative assumptions included no external insulation (insulation of the jacket
itself was not incorporated) and a natural convection coefficient of ~50 W/m?-K (estimated based
on air flow rates for proper filtration in facility); the system was further simplified by assuming
unidirectional flow of heat.®’” Additionally, the reactor vessel, made of borosilicate glass (pyrex)

was estimated to have a thickness of 6.5 mm with a thermal conductivity of 1.4 W/m-K.

The heat dissipation (Q) was calculated by combining equations for conductive and convective
heat transfer, under steady state assumptions with uniform internal reactor wall temperature.
Convective heat loss from the reactor’s outer surface was estimated using Eq. 3.7.1.1-1, while
conductive heat transfer through the borosilicate wall was determined by Eq. 3.7.1.1-2. Given that
the inner and outer surface areas of the reactor are approximately equal, the surface area was
estimated using the surface area of liquid in contact with the reactor vessel walls, assuming no heat

is lost through the reactor headspace.

Q=A(T, - T)) 3.7.1.1-1
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where

A, =outer surface area of the reactor (m?)

w
m2-K

h= natural convective heat transfer coefficient=50

T,=outer reactor wall temperature (K)

T,=air temperature (K)

Ak
Q= e (T5-Ty)
where

A,=inner surface area of the reactor (m?)

Y
k= thermal conductivity of borosilicate glass=1.4 X

T;=inner reactor wall temperature (K)

A =glass thickness (m)

A ~A; = nrl +2nr*H
where

r;=reactor inner radius (m)

H = height of fluid in reactor (m
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Solving these equations with the appropriate reactor dimensions, visualized in Figure 3.7.1.1-1,
the maximum heat loss was determined to be 9.4 W. Given the jacket’s expected voltage of 120 V
and a current between 15-20 amps, which provides 1800-2400 W, it is expected to provide
sufficient thermal energy to maintain a stable 37°C reaction environment throughout the IVT

process, ensuring optimal enzyme performance and mRNA synthesis.

Ta = 37°C
370C T1 = 250C
h
Q >
' 160 mm
k

- .

N
’ 160 mm i_.

6.5 mm

Figure 3.7.1.1-1. IVT bioreactor temperature diagram
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3.7.1.2 E-301 Warming Ethanol/Lipid mixture

To ensure the solubility of supersaturated lipids in EtOH and promote uniform lipid nanoparticle
(LNP) formation, the EtOH-lipid mixture is heated from 25°C to 60°C before rapid
nanoprecipitation occurs upon mixing with a 4°C aqueous mRNA solution. This heating process
will be achieved using low-pressure steam (1.5 barg) in a countercurrent, single-pass, shell-and-
tube heat exchanger constructed from pharmaceutical-grade stainless steel (316L). The use of a
shell-and-tube design enables efficient heat transfer while maintaining sterility required for

regulatory compliance.

The required heating duty, 1.552 kW, was determined using Aspen Plus V14, under the assumption
that the EtOH-lipid mixture has the properties of pure ethanol. While literature suggests that
increased lipid content—such as the presence of glycerol in wine®®*—affects viscosity and therefore
density, and heat capacity, the lack of numerical correlations means that experimental validation
will be necessary for improved accuracy. Heat transfer calculations were performed using the log
mean temperature difference method (Eq. 3.7.1.2-1&2) to determine the necessary surface area of
the exchanger, and mass flow rate calculations (Eq. 3.7.1.2-3) were conducted to estimate steam

consumption.

3.7.1.2-1
In (TH,in B TC,out)

TH,out - TC,in
where

Ty, in= Temperature of hotter fluid entering heat exchanger (K)
Ty, out = Temperature of hotter fluid exiting heat exchanger (K)
Tc, in=Temperature of colder fluid entering heat exchanger (K)

Tc, ou=Temperature of colder fluid exiting heat exchanger (K)

Q=A-U-AT,y, 3.7.1.2-2
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where
A = surface area of heat transfer (m?)

U = Universal heat transfer coefficient = 850 %{ (heuristic from Peters, et al.?%)

AT; v = Log mean temperature (Eq. 3.4.1.2-1)
Q = Heat exchanged between fluids (W)

) Q
m = 3.7.1.2-3
AHcond
where
m = Mass flow rate of steam (%)
AH_,,q=Heat of condensation (k%)
2.5 bar Sat.d Steam
127.4°C
2.6 kg/h
Lipids in EtOH Lipids in EtOH
25°C —— E-301 —> 60 °C
46.8 kg/h 46.8 kg/h
Condensate
127.4°C
2.6 kg/h

Figure 3.7.1.2-1. Diagram for heat exchanger E-301, used to heat EtOH-lipid stream entering
CIlM

Based on this analysis, the necessary surface area was estimated to be 218 cm? with a steam flow
rate of 2.56 kg/hr. The calculated temperature profiles and flow rates are visually represented in

Figure 3.7.1.2-1, illustrating the exchange of heat between the steam and ethanol-lipid mixture.
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3.7.1.3 E-302 Cooling LNP-mRNA solution

To ensure the stability of LNPs prior to filtration, the solution must be cooled back to room
temperature (25°C) after formation. This cooling process will be achieved using a countercurrent,
single-pass, shell-and-tube heat exchanger constructed from pharmaceutical-grade stainless steel
(316L). The coolant used is a 30% v/v mixture of refrigerated ethylene glycol and water, which

maintains temperature differences across streams sufficient for efficient heat removal.

The required heat removal rate was determined using Aspen Plus, which calculated the heat duty
to be 58.7 W. The analysis assumed that the LNP-mRNA solution had the same physical properties
as an acetate buffer-ethanol mixture, without considering potential solubility effects of lipids or
mRNA. The coolant inlet temperature was set to 10°C, and a mass flow rate of 56 kg/hr was used
to ensure sufficient cooling capacity. Using the ELEC-NRTL property method, Aspen Plus
estimated that the coolant mixture exits the exchanger at 20°C, maintaining a ~10°C temperature
difference. Equation 3.7.1.2-1&2 were used to determine the required surface area to be 164 cm?,
which is within a feasible range for heat exchanger. A detailed diagram illustrating the heat

exchanger setup, including flow rates and temperature values, is provided in Figure 3.7.1.3-1.
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30% Ethylene Glycol (v/v)

10°C
56 kg/h
LNPs in buffer/EtOH LNPs in buffer/EtOH
mixture mixture
— E-302 —
30.5°C 25°C
100.4 kg/h 100.4 kg/h
30% Ethylene
Glycol (viv)
20°C
56 kg/h
Figure 3.7.1.3-1. Diagram for heat exchanger E-302, used to cool LNP-mRNA stream
leaving CIJM

By maintaining an appropriate coolant flow rate and temperature difference, this design ensures
that the LNP-mRNA solution is rapidly cooled to a stable temperature, preventing particle

aggregation or degradation before filtration.

3.7.1.4 E-303 Cooling purified mRNA solution

To ensure proper mixing and separation of phases during LNP formation, the aqueous mRNA
solution leaving purification block must be cooled to 4°C. This cooling process will be achieved
using a countercurrent, double pipe heat exchanger constructed from pharmaceutical-grade
stainless steel (316L) with a chiller. The coolant used is a 30% v/v mixture of refrigerated ethylene
glycol and water, which maintains temperature differences across streams sufficient for efficient

heat removal.

The required heat removal rate was determined using Aspen Plus, which calculated the heat duty

to be 1.3 kW. The analysis assumed that the mRNA solution had the same physical properties as
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an acetate buffer-ethanol mixture, without considering potential effects of the mRNA. The coolant
inlet temperature was set to -5°C, and a mass flow rate of 63 kg/hr was used to ensure sufficient
cooling capacity. Using the ELEC-NRTL property method, Aspen Plus estimated that the coolant
mixture exits the heat exchanger at 15°C, maintaining a ~10°C temperature difference. Equation
3.7.1.2-1&2 were used to determine the required surface area to be 0.483 m?, which is within a
feasible range for heat exchanger. A detailed diagram illustrating the heat exchanger setup,

including flow rates and temperature values, is provided in Figure 3.7.1.4-1.

30% Ethylene Glycol (v/v)

-5°C
63 kg/h
mRNA in acetate mMRNA in acetate
buffer > E_303 , buffer
25°C 4°C
53.6 kg/h 3.6 kg/h

30% Ethylene Glycol
(VIv)
14.97 °C
63 kg/h

Figure 3.7.1.4-1. Diagram for heat exchanger E-303, used to cool mRNA stream entering CIJM

By maintaining an appropriate coolant flow rate and temperature difference, this design ensures
that the mRNA solution is rapidly cooled to the proper temperature, preventing particle

aggregation or degradation before filtration.
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3.7.2 Pumps

Multiple pumps are required throughout the LNP-mRNA manufacturing process to facilitate
fluid movement. Two primary types of pumps are utilized: centrifugal pumps and peristaltic
pumps. Centrifugal pumps are employed in the TFF and CIP skids, while peristaltic pumps are
used to transfer process fluid between batch operations. Each pump in the process has a spare
available in the event of a mechanical failure. Since the buffer tanks are located on the second
floor of the plant, gravity naturally drives buffer flow to the process, eliminating the need for

additional pumps. The flowrate is regulated by flow control valves to ensure proper delivery.
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3.7.2.1 TFF Pumps
Each of the two TFF skids is equipped with a centrifugal pump that drives each phase of the TFF

process. These pumps must be appropriately sized to meet the flow rate and differential pressure
requirements for concentration, diafiltration, and sterile filtration. The hydraulic power needed for
each pump is estimated based on the flow rate and differential pressure of the process step
(Equation 3.7.2.1-1). The differential pressure is calculated as the sum of frictional losses and the
actual pressure difference between the source and destination (Equation 3.7.2.1-2). Gravity head
is excluded from this calculation because the elevation change in the TFF process is negligible.
The actual pressure difference between the pump source and destination during each TFF phase is
determined based on the TMP of the filter. Frictional losses are estimated at 0.5 atm within the

pipes, with an additional 0.5 atm loss through the control valve.

P = QAP (3.7.2.1-1)
AP = actual pressure dif ference + frictional losses + gravity head (3.7.2.1-2)
where
P = Hydraulic Power (W)
Q = Volumetric Flowrate (m3/s)

AP = Differential Pressure (Pa)

The pumps for each of the TFF skids were sized to meet the hydraulic power requirements of the
most demanding process step, which is sterile filtration for both the mRNA and LNP TFF
processes. A control valve is employed to regulate the pump's output flow rate during the
concentration and diafiltration steps. A pump efficiency of 70% was assumed when determining
the required power output. Capital costs of a API-610 horizontal centrifugal pump was estimated
based on the required pump capacity factor using Figure 12-20 from Plant Design and Economics

for Chemical Engineers.?* Operating costs for each pump is estimated by multiplying the power
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consumption of each pump, assuming 90% electrical driver efficiency, by the duration the pump

operates. A summary of the pump attributes for the TFF skids is presented in Table 3.7.2.1-1.

Table 3.7.2.1-1. Attributes of TFF pumps

Output Differential | Hydraulic Energy
Pump ID Operation Flowrate Pressure Power Consumed*
(L/h) (atm) (kW) (kWh)
P-202 Concentration 225 3.361 0.021 0.056
P-202 Diafiltration 225 2.680 0.017 0.049
P-202 Sterile Filtration 4688 4.356 0.575 0.003
P-401 Concentration 1125 3.361 0.106 0.218
P-401 Diafiltration 1 1050 3.361 0.099 0.232
P-401 Diafiltration 2 1050 3.361 0.099 0.200
P-401 Sterile Filtration 3906 4.356 0.479 0.006
*per batch
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3.7.2.2 CIP Pumps
The CIP skid is equipped with two API-610 horizontal centrifugal pumps, each operating at 70%

efficiency with a 90% efficient electrical driver. The CIP supply pump, P-601, delivers the
cleaning solution into the tank via a spray ball, while the CIP return pump, P-602, removes the
cleaning solution and returns it to the CIP skid. The hydraulic power required for each pump is
estimated using the same method as for the TFF skid (Equation 3.7.2.1-1). The actual pressure
difference for the CIP supply pump is determined based on a 25 psi pressure at the spray balls?®,
while the CIP return pump is assumed to have no pressure difference between its source and
destination. Frictional losses are estimated at 0.5 atm within the pipes, with an additional 0.5 atm
loss through the control valve. For the CIP supply pump, the maximum possible gravity head is
estimated based on the 5 m height needed to reach tanks on the second floor of the plant, while
gravity head is neglected for the CIP return pump. The operating time of both pumps per batch is
estimated by summing the CIP cleaning times for all tanks. This results in a conservative energy
consumption calculation, as buffer tanks do not require CIP after every batch. A summary of the

CIP pump attributes is provided in Table 3.7.2.2-1.

Table 3.7.2.1-1. Attributes of CIP pumps

Output Differential | Hydraulic | Energy
Pump ID | Flowrate Pressure Power Consumed*
(L/h) (atm) (kW) (kWh)
P-601 9600 3.183 0.860 7.507
P-602 9600 1.000 0.270 2.358
*per batch
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3.7.2.3 Impinging Jet Mixer Pumps

Impinging jet mixing achieves efficient and rapid mixing through the collision of two high-velocity
jet streams within a confined mixing zone. This requires pumps capable of generating high

pressures to reach the necessary flow rates. In this system, three pumps are utilized to maintain

flow control and stability, as summarized in Table 3.7.2.3-1.

Table 3.7.2.3-1. Attributes of CIJM pumps

Pump Output Hydraulic Energy
Pump ID Operation Tvoe Flowrate Power Consumed
yp (L/h) (kW) (KWh)*
P-301 R-301 inlet Rotary 61 0.320 0.24
(aqueous) piston
P-302 R-301 inlet Rotary 54 0.320 0.24
(organic) piston
P-303 R-301 outlet Peristaltic 115 .010 .0075
micropump
*per batch

Rotary piston pumps (P-301 & P-302) are responsible for driving the inlet streams of lipids and
mRNA solutions into the confined impinging jet mixer (CIJM). These pumps must generate
sufficient pressure to accelerate the fluids to velocities of 22 m/s and 19 m/s, respectively, through
the narrow mixing nozzles. Pumps supplied by KNAUER can deliver up to 320 W of power and
generate a differential pressure of up to 95 bar, although the expected operational power
requirement and operating pressures are significantly lower. To optimize performance and
longevity, the pumps are ideally run at approximately 80% of their capacity, ensuring a buffer for
energy requirements to accommodate any variations in flow resistance or process scaling needs.
The exact differential pressure required is unknown due to the unknown diameter changes within

the nozzles of the CIJM jets.
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The outlet pump (P-303) will be a
peristaltic = pump  responsible  for
transferring the newly formed mRNA-
LNP mixture through a heat exchanger,
cooling it to room temperature, before
moving it to a holding tank for dilution.
The suitability of a peristaltic pump was
determined through an estimation of
pressure drop (~0.7 bar) within the
mixing chamber using a correlation

with Reynolds number, as defined by

pressure drop in the mixing zone 4p /bar
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Figure 3.7.2.3-1. Pressure drop across the mixing chamber

as a function of Reynolds number for mixing.

Metzer and Kind (Figure 3.7.2.3-1).3¢ Additional pressure drops from friction in the piping, control

valves, and heat exchangers were estimated to be approximately 1.5 atm (1.52 bar). Both the total

pressure drop (2.2 bar) and required volumetric flow rate (1.9 L/min) indicate a peristaltic pump

with DW10-1 pump head and Tygon tubing (ID:1/16”, OD: 3/16”, thickness: 1/16” tubing) is

sufficient.®” The pump, using under 10 W, will be sufficient for maintaining stable product flow

and transfer.
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3.7.2.4 Peristaltic Transfer Pumps
Three peristaltic pumps are used in this process: P-101, P-102, and P-201. P-101 pumps the IVT

mix from R-101 to T-101. P-102 pumps the IVT mix from T-101 to the top of the AC colums, C-
201, during the sample loading step. P-201 pumps the AC product solution held in T-201 to the
top of the AEX column, C-202, during the sample loading step. Peristaltic pumps were chosen for
these processes as they offer the ability to operate at precise flow rates, which is necessary for

maintaining the chromatographic procedures of both columns.

The differential pressure and hydraulic power for all peristaltic pumps are calculated using
equations 3.7.2.1-2 and 3.7.2.1-1, respectively. Gravity head is neglected for each pump as the
elevation change for each operation is negligible. The pressure loss for each pump is assumed to
be 0.5 atm to account for frictional loss within the process tubing. The actual pressure difference
for P-102 and P-201 are assumed to be equivalent to the calculated pressure drops across the AC
and AEX columns, respectively. The actual pressure difference for P-101 is neglected as R-101
and T-101 are both held at atmospheric pressure. The flow rate, differential pressure, and power

requirements for each peristaltic pump are available in Table 3.7.2.4-1.

Table 3.7.2.4-1. Attributes of peristaltic pumps

Flow Differential | Hydraulic Energy
Pump ID Operation Rate Pressure Power Consumed*
(L/h) (atm) (kW) (kWh)
P-101 IVT Mix Transfer | 240.00 0.50 0.014 4.52E-05
P-102 AC Loading 240.00 5.78 0.156 5.21E-03
P-201 AEX Loading 83.16 4.94 0.012 3.56E-02
*per batch

P-101, P-102, and P-103 are all VSH-A600, variable speed peristaltic pumps with A603 pump
heads.®® This pump type was selected due to its maximum flowrate (4700 mL/min) being suitable
for all involved processes. Each will be operated using 3/8” bore PharMed® BPT tubing, the

tubing intended for use with the VSH-A600 pump.®® Despite being autoclavable, the entire length
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of tubing used in peristaltic processes will be replaced between batches as to not risk aseptic
containment. Operating costs for each pump are estimated by multiplying the power consumption

of each pump, assuming 90% electrical driver efficiency, by the duration the pump operates.
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3.7.3 Agitation and Storage Tanks

Storage tanks in the LNP-mRNA manufacturing process serve two primary purposes: holding
process fluid between batch operations and storing the buffers used throughout the process. Tank
sizing was determined by first calculating the volume each tank must hold for a single batch. Tanks
designated for process fluids are sized to accommodate one batch, while buffer hold tanks are sized
for eight batches, approximately two weeks of processing (Equation 3.7.3-1). For CIP tanks, sizing
was based on the largest possible wash volume when cleaning. To prevent overfilling, a 20% buffer
was added when determining the actual tank volume to purchase (Equation 3.7.3-2). Once the
desired tank volume was established, tank dimensions were selected from the INDCO product
catalog.”® The storage tanks are constructed from grade 304 stainless steel, ensuring compliance

with federal regulations.”!

Viotat = Vbatch (3.7.3-1)
Vaesirea = %/ (3.7.3-2)
where
Vyaten = Tank volume needed for single batch (L)
n = Number of batches tank holds (1 for process storage tanks, 8 for buffer tanks)
Viotar = Maximum volume each tank needs to hold (L)
p = 0.8 = Proportion of tank filled

Viesirea = Desired tank volume to purchase (L)

Nearly all storage tanks are equipped with a hydrofoil impeller to generate axial flow, ensuring
that buffers and process fluid are evenly suspended.”? Additionally, four vertical baffles are
installed in each tank to enhance mixing. The specifications for the impeller and baffles are based
on heuristics from Plant Design and Economics for Chemical Engineers.®* The impeller diameter
is set to one-third of the tank width, while each baffle measures one-tenth of the tank width. The

tip speed of each impeller is assumed to be 0.04 m/s, which is used to calculate the agitation rate
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in RPM (Equation 3.7.3-3). The power required to operate each impeller is estimated at 0.1 kW/m?>.
Using this power requirement, the energy consumption per batch can be calculated based on the
duration the impeller operates (Equation 3.7.3-4). For tanks holding process fluid, the impeller is
assumed to run continuously when the tank is full to maintain a well-mixed solution. For buffer
tanks, the impeller is assumed to run for one hour before the buffer is needed in the process to
ensure thorough mixing. To maintain a conservative estimate, it is assumed that the liquid level in
the tank remains constant when calculating impeller energy consumption.

Tip speed
N=—"1""T
m-D

E=P V-t (3.73—4)

(3.7.3—-3)

where

N = Agitation Rate (RPM)

D = Impeller Diameter (m)

Tip speed = Impeller Tip Speed (m/s)

E = Impeller Energy Consumption (kJ)

P =0.1kW/m?3

Viotar = Volume of fluid in tank when full (m3)

t = Length of time impeller runs (s)

Table 3.7.3-1 summarizes storage tank specifications.
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Table 3.7.3-1. Storage tank specifications

Tank Volume | Diameter | Height Il.npeller thfﬂe Agitation Ml.xmg Energy
D Name L) (m) (m) Diameter | Width Rate Time Used*
(m) (m) (RPM) (min) (kWh)

T-101 | IVT Dilution Tank 68 0.46 0.46 0.15 0.05 5.01 60 0.003

Chromatography 322 0.77 0.76 0.26 0.08 2.96 185 0.079
T-201 .

Holding Tank

mRNA TFF 144 0.58 0.61 0.19 0.06 3.96 190 0.038
T-202 .

Holding Tank

mRNA Holding 68 0.46 0.46 0.15 0.05 5.01 660 0.044
T-301

Tank

Lipid Holding 68 0.46 0.46 0.15 0.05 5.01 660 0.048
T-302

Tank

LNP TFF Holding 852 0.97 1.22 0.32 0.10 2.37 516 0.539
T-401

Tank

IVT Dilution 322 0.77 0.76 0.26 0.08 2.96 60 0.023
T-501

Buffer

Affinity Binding 6056 2.11 1.83 0.70 0.21 1.09 60 0.461
T-502

Buffer

Affinity Washing 1552 1.32 1.22 0.44 0.13 1.74 60 0.102
T-503

Buffer

Affinity Elution 2801 1.42 1.83 0.47 0.14 1.61 60 0.205
T-504

Buffer

Buffer A1 Holding 3066 1.52 1.78 0.51 0.15 1.50 60 0.269
T-505

Tank

Buffer A2 Holding 227 0.58 0.91 0.19 0.06 3.96 60 0.018
T-506

Tank

Buffer B1 Holding 1173 1.14 1.22 0.38 0.11 2.01 60 0.083
T-507

Tank
T-508 0.5M NaOH 227 0.58 0.91 0.19 0.06 3.96 60 0.018

i Holding Tank

T-509 50mM NaOAc 1987 1.32 1.52 0.44 0.13 1.74 60 0.146

Holding Tank

Ethanol Holding 397 0.77 0.91 N/A N/A N/A N/A N/A
T-510

Tank

35mM NaOAc 6056 2.11 1.83 0.70 0.21 1.09 60 0.442
T-511 .

Holding Tank
T-512 | Final Formulation 6056 2.11 1.83 0.70 0.21 1.09 60 0.380
T-601 | WFI Wash Tank 852 0.97 1.22 N/A N/A N/A N/A N/A

Caustic Wash 852 0.97 1.22 N/A N/A N/A N/A N/A
T-602

Tank

*per batch
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3.7.4 Utilities

The utilities utilized in the LNP-mRNA manufacturing process consist of Water for
Injection (WFI), clean steam, ethylene glycol, and electricity. WFI is required for all processing
as well as CIP cycles. Clean steam is utilized during the SIP cycles as well as providing energy to
E-301. Ethylene glycol is used to remove heat from E-302 and E-303. Low pressure steam,
refrigeration system for ethylene glycol/water mixture. Electricity powers all pumps and agitators

in the process as well as the freezers and steam generators used elsewhere in the plant.

All utilities except for clean steam are purchased directly from outside suppliers. Clean
steam is produced within the plant by purchasing WFI and vaporizing it using an electric steam
generator.”> As a result, the cost of steam is estimated based on the amount of WFI that must be
purchased and the electricity required to vaporized the WFI. Energy required to produce clean
steam is calculated by summing the heat needed to raise the WFI temperature from 25C to 100C
with the heat needed to vaporize the WFI at 100C (Equation 3.7.4-1). This energy requirement is
then converted to an electricity demand by considering the 97% efficiency of the electric steam

generator.

E = mcAT + mH,qy, (3.7.4—1)

where

E = Energy (k])

m = Mass of WFI (kg)

¢ = Specific Heat of Water (k] /kgK)
AT = Temperature Difference (K)

H,qp, = Heat of Vaporization of Water (k]/kg)
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3.8 Batch Schedule

As outlined in the plant capacity section, the manufacturing schedule consists of 24 batches per
year, each yielding 24 g of mRNA, to achieve the annual production target of 576 g of mRNA.
Table 3.8-1 presents the processing and cleaning times for each process unit and storage tank. The
production time for buffer tanks is excluded from the table, as they function solely in conjunction

with other process units.

Table 3.8-1. Processing and cleaning time for each process unit

Unit Name Processing | Cleaning | Total
Time (hr) | Time (hr) (hr)

R-101 | In Vitro Transcription Reactor 6.00 1.62 7.62
T-101 | IVT Dilution Tank N/A 1.01 1.01
T-501 | IVT Dilution Buffer N/A 1.05 1.05
C-201 | Affinity Chromatography 1.03 1.33 2.37
T-502 | Affinity Binding Buffer N/A 1.94 1.94
T-503 | Affinity Washing Buffer N/A 1.24 1.24
T-504 | Affinity Elution Buffer N/A 1.44 1.44
T-201 | Chromatography Holding Tank N/A 1.05 1.05
C-202 | AEX Chromatography Column 5.58 1.12 6.70
T-505 | Buffer A1 Holding Tank N/A 1.48 1.48
T-506 | Buffer A2 Holding Tank N/A 1.04 1.04
T-507 | Buffer B1 Holding Tank N/A 1.18 1.18
T-508 | 0.5M NaOH Holding Tank N/A 1.04 1.04
T-202 | mRNA TFF Holding Tank 3.48 1.02 4.50
T-509 | Sodium Acetate (50mM) N/A 1.31 1.31
T-510 | Ethanol Holding Tank N/A 1.06 1.06
T-301 | mRNA Holding Tank N/A 1.01 1.01
T-302 | Lipid Holding Tank N/A 1.01 1.01
R-301 | Impinging Jet Mixer 0.74 0.50 1.24
T-401 | LNP TFF Holding Tank 5.03 1.10 6.13
T-511 | Sodium Acetate (35mM) N/A 1.94 1.94
T-512 | Final Formulation N/A 1.94 1.94

Total (hr) 21.86 27.44 49.30

From in-vitro transcription to the final LNP-mRNA sterile filtration, the process requires a

minimum of 21.86 hours to complete. One hour is allocated to transfer process fluid between each
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unit operation, resulting in a total processing time of slightly over one day per batch. Because the
plant operates with a single CIP skid, cleaning cycles are staggered to ensure only one tank is

scheduled to undergo a CIP at a time.

Production follows a 2-week cycle, with four batches completed per week. At the beginning of
week one, each buffer tank undergoes a CIP and SIP cycle. Following cleaning, eight batches
worth of each buffer are prepared and stored in their respective holding tank. In-vitro transcription
for batch one begins in parallel with the CIP of IVT dilution buffer tank (T-501). Upon IVT
completion, the IVT reactor (R-101) immediately begins a CIP and SIP cycle. R-101 sits in a sterile
state for approximately 3 hours before beginning IVT for batch two. A three-hour gap between
batches is necessary to prevent overlapping CIP cycles between tanks. By staggering batches in
this manner, it takes roughly 66 hours to complete four batches. As a result, this plant only operates
Monday through Friday, with no production taking place during the weekends. Figure 3.8.-1
illustrates the schedule for a single week. The second week of the production cycle mirrors the

first, except buffer preparation at the beginning of the week is not required.

Given the completion of four batches per week, the facility achieves its annual production goal of
24 batches in six weeks. This schedule allows the plant to pivot to manufacturing mRNA vaccines
targeting other diseases for the remainder of the year. However, for the scope of this project, it is
assumed that the facility only produces the LNP-mRNA vaccine for tuberculosis, as the process

modifications required for other mRNA products are beyond the scope of this project.
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3.9 Waste Treatment and Disposal

Proper waste treatment and disposal are critical for ensuring environmental safety and regulatory
compliance in vaccine manufacturing. Waste management practices are governed by the EPA’s
Resource Conservation and Recovery Act (RCRA) as well as by local/state government agencies,
which outline how hazardous and non-hazardous waste must be handled to minimize risks to

public health and ecosystems.

Hazardous waste generated during mRNA vaccine production includes materials contaminated
with enzymes, nucleic acid fragments, nucleotides and coolant mixtures. This category
encompasses streams from mRNA purification, diafiltration and concentration steps which may
contain chemicals (DTT, spermidine), enzymes and other biologically derived materials.
Additionally, waste from the pre-rinse phase of CIP processes—excluding that of the confined

impinging jet mixer (CIJM)—are classified as hazardous due to potential contamination.

Flammable waste, ethanol containing waste streams, is another category of waste generated during
LNP purification. These streams include the concentration step following the dilution of the CIJM
outlet stream as well as the diafiltration step replacing remaining ethanol with acetate buffer (as
described in section 3.5.2). Additionally, the pre-rinse from the ethanol storage tank and CIJM

during its CIP cycle contributes to this waste stream, requiring controlled disposal.

Both hazardous and flammable waste streams, totaling 2757 L/batch, will be disposed of through
licensed waste management companies that specialize in handling biopharmaceutical waste.**%
On the other hand, non-hazardous waste—including condensed steam from SIP processes and
caustic detergent diluted with waste water from CIP rinse phases—can be safely discharged to

standard wastewater treatment facilities. However, the pH of the diluted caustic detergent must be

confirmed to be between 6-9 to meet EPA standards for disposal to wastewater treatment facilities.
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4 Final Design

4.1 Unit Operations
The manufacturing process for the formulated, high-purity mRNA-LNP solution requires eight

key wunit operations: in vitro transcription, affinity chromatography, anion exchange
chromatography, two tangential flow filtrations, confined impinging jet mixing, and two sterile
filtrations. The specifications and process for each unit operation are detailed in the following
sections.

4.1.1 in vitro Transcription (R-101)

The in vitro transcription (IVT) process is a critical step in mRNA
manufacturing, taking place within the 5L bioreactor (R-101),

equipped with a silicone heating jacket for temperature control (Figure

4.1.1-1). To achieve the target annual production, each batch must
yield 24 g of mRNA, requiring an IVT output of approximately 50.6

g per batch to account for downstream losses. This production target

can be met using a 3.21 L working volume within the reactor.

from buffer preparation tank T-501; the buffer is then heated to 37°C,

creating optimal conditions for enzymatic activity. Once heated

|
1
|
|
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The process begins with the addition of Tris-HCI buffer to R-101, [ —
|
|
|
1
|
|
|
|
1

L P%:J

, mMRMNA Synthesis |
at 10 mM final concentration), capping reagents, dithiothreitol (DTT), Figure 4.1.1-1. PFD of

essential reagents—including nucleotides (ATP, YTP, CTP, and GTP

and spermidine—are introduced to the reactor. The enzyme mixture, in vitro transcription
comprising RNA polymerase, pyrophosphatase, and capping RNA polymerase transcribes mRNA

from a linearized DNA template, while co-transcriptional capping ensures the proper 5' end
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modification ensuring mRNA stability. The poly-A tail, necessary for both stability and

purification steps, is encoded into the DNA template to ensure correct 3' end processing.

Once transcription is complete, DNase is introduced to degrade remaining DNA template, while

EDTA is added as a chelating agent to halt further transcription reactions. The resultant mRNA

and excess reagents are then pumped through P-101 to holding tank, T-101, prior to processing in

the mRNA purification block, as seen in Figure 4.1.1-1, where impurities are removed to ensure

product quality before downstream processing.

4.1.2 Affinity Chromatography (C-201)

Following in vitro transcription, the reaction mixture, held in T-101, is passed through affinity

e}

chromatography unit C-201 t
remove contaminants from the IVT
reaction, like reaction enzymes,
oligonucleotides, and uncapped or
incomplete mRNA strands. C-201
consists of four CIMmultus Oligo
dT18 8 L monolithic columns
operated in parallel, corresponding
to a total resin volume of 32 L. The
AC process is performed in five
steps: equilibration, sample loading,
binding, washing, and elution. The
exact buffer compositions and

chromatographic procedure for the
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Figure 4.1.2-1 PFD of mRNA purification process
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AC process are available in Table 3.3.1.1-1 and Table 3.3.1.1-2, respectively. As to not require a
high volumetric throughput peristaltic pump, the chromatographic procedures for each column in
C-201 will be staggered by two minutes so only a single column is being loaded with sample at a
time; therefore, the fourth column will be done processing six minutes after the first column. The
column being loaded in C-201 will be decided by the selective opening and closing of diaphragm
valves in the tubing after P-102 (Figure 4.1.2-1). All process steps are performed using an
operating flow rate of 0.5 CV/min, which leads to a complete processing time for AC of 68

minutes, including the staggered operation.

All buffers supplied to C-201 are held in tanks T-502, T-503, and T-504, which are in the second-
floor buffer preparation area. Flow from these tanks to C-201 is driven by gravity, with a flow
controller guaranteeing the correct flow rate is provided. During the sample loading step, the IVT
mix is pumped from T-101 using P-102 to top of the monolithic columns. During the first four
steps of the AC chromatographic procedure, all buffers that flow through C-201 are sent directly
to a waste stream, including any contaminants that don’t bind to the columns. Once the elution
step begins, flow from C-201, which contains the product mRNA and any mRNA-associated
contaminants that bind and elute alongside the product mRNA, is directed into tank T-201 for
storage. The estimated yield for this process is 80.0%, so the 48.03 grams of target mRNA per
batch entering C-201 is reduced to 38.43 grams of target mRNA per batch, which is stored in T-

201 before use in the next chromatography step.

The monolithic columns used in the process are stable for 10 cycles before a drop in yield is
observed; therefore, each column will be replaced after 10 batches of operation.” Rather than
replace all columns at once, one column will be replaced every 2-3 batches to maintain that at least

3 columns are always operational.
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4.1.3 Anion Exchange Chromatography (C-102)

To remove any mRNA-associated contaminants that may have eluted alongside the product
mRNA during the AC process, anion exchange column C-202 is used. C-202 consists of a single
Cytiva Axichrom column with a 140 mm inner diameter and 300 mm bed height, manually packed
with 4.62 L of Eshmuno Q resin. The AEX process is performed in eight steps: equilibration,
sample loading, two washes, and four step-elutions. The exact buffer compositions and
chromatographic procedure for the AEX process are available in Table 3.3.1.2-1 and Table 3.3.1.2-
3, respectively. All process steps are performed using an operating flow rate of 0.3 CV/min, which

leads to a complete processing time for AEX of 335 minutes.

The mRNA solution held in T-201 is pumped to the top of C-202 by pump P-201 for the sample
loading step, while all other buffers flow into the column from second-floor tanks T-505, T-506,
T-507, and T-508 using gravity with an automated flow controller to maintain the operating flow
rate (Figure 4.1.2-1). During equilibration, loading, and wash steps, all flow through C-202 is sent
directly to waste. During all elution steps, flow from C-201, which contains the product mRNA,
is directed into tank T-202 for storage. The collection range for this process will need to be reduced
once the precise product mRNA residence time is found through facility testing. The estimated
yield for this process is 75.3%, so the 38.43 grams of target mRNA per batch entering C-202 is
reduced to 28.94 grams of target mRNA per batch, which is stored in T-202 before tangential flow

filtration.

The Eshmuno Q resin has proven stability for over 100 cycles; therefore, as a conservative

measure, the resin in C-202 will be replaced every 100 batches.”®
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4.1.4 mRNA Tangential Flow Filtration (F-201)

Prior to the target mRNA solution from AEX being used for LNP encapsulation, the buffer solution
must be exchanged with sodium acetate and concentrated to achieve the design specifications for
the CIJM process. This buffer exchange and concentration is accomplished through a two-step
process: concentration and diafiltration. This tangential flow unit, pictured in Figure 4.1.2-1, is
connected directly to T-202, where the mRNA solution is held. P-202 pumps the mRNA solution
from T-202 through either F-202, the sterile filter, or F-201, the tangential flow filter; the direction
of flow is decided by two diaphragm valves. For TFF, the diaphragm valves are open and closed

such that the mRNA solution is passed through F-201 and returned to T-202 in a closed loop.

F-201 consists of a single, delta regenerated cellulose membrane with a filtration area of 0.5 m?,
and MWCO of 100. Therefore, in both the concentration and diafiltration, the target mRNA 1is
maintained in the retentate and constantly passed through the closed loop, while any buffer

components exit the system in the permeate stream and are sent to waste.

In the concentration step of mRNA TFF, the 138.54 L of mRNA solution held in T-202 after AEX
is concentrated to 39.69 L. This process operates at a constant feed flow rate of 225 L/h and trans-
membrane pressure drop of 1.38 bar. These operating conditions correspond to a time-average
permeate flow rate of 60 L/h; therefore, the time required to remove the necessary 98.86 L is 99

minutes.

In the diafiltration step of mRNA TFF, the 39.69 L of buffer in T-202 is exchanged with sodium
acetate buffer through the addition of sodium acetate buffer to T-202 from T-509, driven by gravity.
This process operates at constant feed flow rate of 225 L/h and trans-membrane pressure drop of
0.69 bar. These operating conditions correspond to a permeate flow rate of 100 L/h, therefore, to

maintain a constant volume, sodium acetate buffer is added to T-202 at a flow rate of 100 L/h. 4.61
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diavolumes of sodium acetate buffer are necessary to achieve a 99% exchange of the buffer in T-

202, requiring 182.76 L of sodium acetate buffer from T-509 and takes 110 minutes to complete.

The time required for both the concentration and diafiltration steps is 209 minutes. As the MWCO
for F-201 is significantly smaller than the size of the target mRNA, the expected yield of mRNA
for both processes is 100.0%, so the 28.94 g mRNA per batch is maintained. Once the TFF process

is completed, the mRNA in sodium acetate buffer is held in T-202 before sterile filtration.
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4.1.5 mRNA Sterile Filtration (F-202)

Prior to LNP encapsulation, the product mRNA in sodium acetate buffer is passed through sterile
filtration unit F-202 to guarantee the solution being encapsulated is free from any non-sterile
contaminants, as well as to maintain regulatory compliance. F-202 consists of a single Sartopore
2 XLG cartridge with a filtration area of 1.6 m?, consisting of a 0.8-micron prefilter and a 0.2-
micron final filter, contained in its designed housing. In this process, P-202 pumps the solution in
T-202 directly through F-202 to T-301, with any contaminants or trapped mRNA remaining in the
filter cartridge. Prior to beginning sterile filtration, the diaphragm valve directing the flow to F-
201 is closed and the diaphragm valve directing the flow to F-202 is opened. F-202 is operated at
a constant trans-membrane pressure drop of 1.4 bar, which is maintained by a pressure indicator
controller system around F-202 that increases or decreases the output of P-202. For the selected
operating conditions, the average filtrate flow rate for this process is 3.33 L/s, therefore, the 39.69
L of solution in T-202 requires 12 seconds to filter. The expected yield for this process is 96.0%;
the 28.94 g of mRNA per batch in T-202 is reduced to 27.78 g after sterile filtration, with 1.16 g
of mRNA remaining in F-202 per batch. The filter cartridge in F-202 will be replaced following

every batch.
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4.1.6 Confined Impinging Jet Mixing (R-301)

From the mRNA purification block, following sterile filtration, the mRNA solution (0.7 mg/mL
in acetate buffer) is cooled to 4°C in holding tank T-301. It is then pumped by rotary piston pump
P-301 into R-301, a confined impinging jet mixer (CIJM), where it will be combined with the lipid

phase.

.. T-510
The lipids for the process

are suspended in ethanol WFI

and stored in T-302. They - | T 7"

are then pumped by rotary

piston pump P-302 through
a heat exchanger, where
they are heated to 60°C

before entering R-301.

Within the CIJM, the
mRNA stream (0.9 L/min)

and lipid stream (1.0

L/min) collide at high | -mnnAFermaton - - - ___ %% __

Figure 4.1.6-1 PFD of LNP-mRNA formation process
velocity, ensuring rapid
and efficient mixing. This process facilitates self-assembly between the lipids and mRNA,

resulting in the formation of lipid nanoparticles (LNPs) with a high encapsulation efficiency

(~90%).
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Following encapsulation, the LNP-mRNA suspension exits the mixer and is cooled to 25°C in heat
exchanger E-302 before being pumped, using peristaltic micropump P-303, to the LNP-mRNA

purification block for filtration and formulation.

4.1.7 LNP Tangential Flow Filtration (F-401)

Immediately following CIJM, the 83.78 L of LNP-mRNA solution held in T-401 is diluted with
542.46 L of 35 mM sodium acetate from T-511 to achieve 5 %w/v ethanol. T-511 is in the second-
floor buffer preparation area, thus the flow to T-401 is gravity driven and controlled by an
automated flow controller. This rapid dilution increases the stability of the LNPs and increases

encapsulation efficiency.

Following dilution, the LNP-mRNA solution

T-511 T-512
undergoes three sequential TFF steps using F-401 as . =
the filter: concentration, diafiltration with sodium \_l i_]

acetate buffer, and diafiltration with cryoprotectant. In

| |
| |
I T-401 :
! O
all steps, solution from T-401 is pumped in a closed : :
| |
loop through F-401 by P-401 and returned to T-401 : l :
I |
(Figure 4.7-1). In this unit, flow to F-401 or sterile | |
I |
| |
| |
|
|
|

filter F-402, which is also attached to the stream after

{—} Waste
|
LNP-mRNA Purification !

P-401, is controlled by opening or closing two

diaphragm valves that are placed before the filters. In To Fit¥Einish

Figure 4.1.7-1 PFD of LNP

diafiltration steps, buffers held in T-511 and T-512, . .
purification process

which are in the second-floor buffer preparation area,

are added to T-401 using gravity.
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F-401 consists of a single, delta regenerated cellulose membrane with a filtration area of 2.5 m?,
and MWCO of 100. Therefore, in both the concentration and diafiltration, the mRNA-LNPs are
maintained in the retentate and constantly passed through the closed loop, while any buffer

components exit the system in the permeate stream and are sent to waste.

In the concentration step, the 626.24 L of mRNA-LNP solution held in T-401 is concentrated to
240.00 L. This process operates at a constant feed flow rate of 1125 L/h and trans-membrane
pressure drop of 1.38 bar. These operating conditions correspond to a time-average permeate flow

rate of 300 L/h; therefore, the time required to remove the necessary 386.24 L is 77.3 minutes.

In the first diafiltration step, the 240.00 L of buffer in T-401 is exchanged with 35mM sodium
acetate buffer through the addition of buffer from T-511.This process operates at constant feed
flow rate of 1050 L/h and trans-membrane pressure drop of 1.38 bar. These operating conditions
correspond to a permeate flow rate of 375 L/h, therefore, to maintain a constant volume, sodium
acetate buffer is added to T-401 at a flow rate of 375 L/h. 2.30 diavolumes of sodium acetate buffer

are used in this process (552.62 L), taking a total time of 88.4 minutes.

In the second diafiltration step, the 240.00 L of buffer in T-401 is exchanged with cryoprotectant
buffer (0.15 w/v% Tris-HCl, 5 w/v% sucrose) through the addition of buffer from T-512. This
process operates at constant feed flow rate of 1050 L/h and trans-membrane pressure drop of 1.38
bar. These operating conditions correspond to a permeate flow rate of 375 L/h, therefore, to
maintain a constant volume, cryoprotectant buffer is added to T-401 at a flow rate of 375 L/h. 1.98
diavolumes of cryoprotectant buffer are used in this process (475.42 L), taking a total time of 76.1

minutes.

The time required for all TFF steps is 241.8 minutes. As the MWCO for F-401 is significantly

smaller than the size of the mRNA-LNPs, the expected yield of mRNA for all processes is 100.0%,
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so the 25.00 g mRNA per batch is maintained. Once the TFF process is completed, the mRNA -

LNP solution is held in T-401 before sterile filtration.
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4.1.8 LNP Sterile Filtration (F-402)

Prior to being sent out of the facility for final filling and formulation processes, the LNP-mRNA
solution is passed through sterile filtration unit F-402 to guarantee the absence of any non-sterile
contaminants, as well as to maintain regulatory compliance. F-402 consists of three Sartopore 2
XLG cartridges with filtration areas of 1.6 m?, consisting of a 0.8-micron prefilters and a 0.2-
micron final filters, in parallel with each contained in its designed housing. In this process, P-401
pumps the solution in T-401 directly through F-402 (Figure 4.1.7-1). The mRNA-LNP that passes
through F-402 is filled into three 100L single-use sterile bags where it will await fill-to-finish
operations.”” Each bag will contain 80L of the final LNP-mRNA formulation. Prior to beginning
sterile filtration, the diaphragm valve directing the flow to F-401 is closed and the diaphragm valve
directing the flow to F-402 is opened. F-402 is operated at a constant trans-membrane pressure
drop of 1.38 bar, which is maintained by a pressure indicator controller system around F-402 that
increases or decreases the output of P-401. For the selected operating conditions, the average
filtrate flow rate for this process is 2.78 L/s, therefore, the 80.00 L of solution in T-401 requires
28.8 seconds to filter. The expected yield for this process is 96.0%; the 25.00 g of mRNA per batch
in T-401 is reduced to 24.00 g after sterile filtration, with 1.00 g of mRNA remaining in F-402 per

batch. The filter cartridges in F-402 will be replaced following every batch.
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5 Process Economics

The following sections outline the projected capital and operating expenses associated with the

facility and present a cash flow analysis over its operational lifespan.

5.1 Purchased Equipment

Costs associated with all purchased equipment are based on vendor quotes, if available, or
through linear interpolation/extrapolation using similar equipment to best match the equipment
necessary for the plant. All equipment costs were adjusted to the current economic conditions
using the CEPCI from January 2025 of 800. A breakdown of all purchased equipment, leading to

a total purchased equipment cost of $643,985, in Table 5.1-1.
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Table 5.1-1: Purchased equipment

Equipment Cost/Unit Units Total
CIJM (including pumps) $ 6,500 2 $ 13,000
68L Stainless Steel Tank $ 2,670 3 $ 8,009
144L Stainless Steel Tank $ 3,553 1 $ 3,553
227L Stainless Steel Tank $ 3,826 2 $ 7,651
322L Stainless Steel Tank $ 4,223 2 $ 8,446
397L Stainless Steel Tank $ 4,519 1 $ 4,519
852L Stainless Steel Tank $ 5,469 3 $ 16,407
1173L Stainless Steel Tank $ 7,144 1 $ 7,144
1552L Stainless Steel Tank $ 11,342 1 $ 11,342
1987L Stainless Steel Tank $ 12,647 1 $ 12,647
2801L Stainless Steel Tank $ 16,769 1 $ 16,769
3066L Stainless Steel Tank $ 18,744 1 $ 18,744
6056L Stainless Steel Tank $ 23,985 3 $ 71,955
6" Diameter Hydrofoil Impeller $ 581 3 $ 1,743
7" Diameter Hydrofoil Impeller $ 583 3 $ 1,749
10" Diameter Hydrofoil Impeller $ 661 2 $ 1,322
13" Diameter Hydrofoil Impeller $ 773 1 $ 773
15" Diameter Hydrofoil Impeller $ 849 1 $ 849
17" Diameter Hydrofoil Impeller $ 936 2 $ 1,872
19" Diameter Hydrofoil Impeller $ 1,092 1 $ 1,092
20" Diameter Hydrofoil Impeller $ 1,138 1 $ 1,138
28" Diameter Hydrofoil Impeller $ 1,634 3 $ 4,902
TFF Membrane Cassette Holder $ 5,843 2 $ 11,686
API-610 Horizontal Centrigufal Pump $ 18,200 8 $ 145,602
Fixed CIP Sprayball $ 47 21 $ 986
316 Steel Heat Exchangers (<1 m2) $ 7,078 $ 21,234
VSH A600R Peristaltic Pump (300 rpm) $ 1,024 6 $ 6,144
VSH A600R Peristaltic Pump (150 rpm) $ 899 1 $ 899
Freezer (-80C) $ 18,269 9 $ 164,421
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Equipment Cost/Unit Units Total
Cytiva Axichrom Columns $ 2,250 $ 4,500
VSH A600 Pumps (P-101, P-102, P-103) $ 1,124 $ 4,496
Eshumuno Q AEX Resin $ 34,775 $ 34,775
In Vitro Transcription Reactor $ 13,190 $ 13,190
Sterile Filter Housing $ 1,620 $ 6,480
Electric Steam Generator $ 6,975 $ 13,950
Total Equipment Cost - $ 643,985
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5.2 Capital Investment

Fixed capital investment (FCI) represents the amount of money that has been invested in long-
term assets necessary to begin production, including expenses like equipment delivery, piping
installation, and process instrumentation, and is the sum of direct and indirect plant costs. To
effectively estimate all direct and indirect costs that compose FCI, estimation rules from Plant

Design and Economics for Chemical Engineers®®, were used. These rules estimate standard

components of FCI as a percentage of purchased equipment cost, however these percentages may
have errors of + 20% or higher depending on various factors. The final estimation of FCI is

$3,245,687, a breakdown for which is available in Table 4.5.2-1.

Working capital refers to the amount of money necessary to fund the plant’s day-to-day operations
and is estimated as 15% of total capital investment (TCI), which is the sum of FCI and working
capital.”” Working capital is estimated to be $573,147. Combining FCI and working capital, the

TCI for the plant is estimated to be $3,818,834 (Table 4.5.2-1).
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Table 5.2-1: Total capital investment breakdown

Percent of
Cost E];ﬁ;il;zﬁ ¢ Actual Cost ()
Cost (%)
Direct Costs
Purchased equipment delivered 100 643,985
Purchased equipment installation 47 302,673
Instrumentation and controls 36 231,835
Piping (installed) 68 437,910
Electrical systems (installed) 11 70,838
Buildings (including services) 18 115,917
Yard improvements 10 64,399
Service facilities 70 450,790
Total direct plant cost 360 2,318,348
Indirect Costs

Engineering and supervision 33 212,515
Construction Expenses 41 264,034
Legal Expenses 4 25,759
Contractor's fee 22 141,677
Contingency 44 283,354
Total indirect plant cost 144 927,339
Fixed Capital Investment (FCI) 504 3,245,687
Working capital (15% of TCI) 89 573,147
Total capital investment (TCI) 593 3,818,834
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5.3 Operating Costs

The cost of manufacture (COM) for the plant was estimated using Equation 4.5.3.'%
COM = 0.280FCI + 2.73 Co; + 1.23(Cyr + Cyr + Crag) (4.5.3)
where
Cp;, = Labor cost
Cyr = Utilities cost
Cwr = Waste treatment cost

Cry = Raw material cost

The COM for the first year of production is $43,789,964; however, the plant is estimated to
increase its production from the first to the second year by 20% to achieve the production goal of
10 million doses annually, so 8.33 million doses are estimated to be produced in the first year of
production. In subsequent years, the COM increases by 20% to account for the 20% increase in
production necessary to achieve the production goal, leading to a COM of $52,547,957.
Breakdowns for how raw material, utilities, labor, and waste treatment costs were estimated are

detailed in sections 4.5.3.(1-4).

5.3.1 Raw Material Costs

The yearly cost of raw materials was calculated using the grams per batch, cost per gram, and
number of batches per year (24). The cost breakdown was mostly found using past cost modeling
done for the COVID-19 mRNA-1273 vaccine production, with the numbers being scaled to
represent a bulk price per gram of reagent.!! Other costs were found through supplier websites
and were scaled to model a bulk price. The cost of buffers was accounted for by considering the
dry buffer salts as a raw material cost while the WFI added to prepare each buffer was a utility
cost. The total cost of raw materials was found to be $ 24,341,355, with a breakdown of each
reagent used shown in Table 5.3.1-1, other single-use materials are incorporated into the yearly

cost of manufacturing.
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Table 5.3.1-1: Cost of raw materials

) Annual Cost
Raw Material g/batch or U/batch $/g or $/U $/(24 batches)
Block 1: mRNA synthesis
Tris-HCl 20.8 0.65 326.28
MgCly 15.7 0.01 2.47
DTT 5.1 5.93 726.14
ATP 16.28 243.61 95182.93
yTP 15.54 4668.74 1741253.38
CTP 15.51 255.22 95001.31
GTP 16.79 236.17 95166.60
Spermidine 0.96 8.31 191.43
Pyrophosphatase!? 3300 5.90 467280.00
)
DNA template 0.165 108706.59 430478.08
RNase inhibitor'®3 3300000 0.06 4498560.00
U)
RNA polymerase'%* 41250000 0.01 11959200.00
)
Clean Cap 15.1 3953.95 1432912.12
DNase!® (U) 165 0.33 1288.29
EDTA!06 4.8 0.11 12.70
Block 2: mRNA purification
Tris-HCl 4058.4 0.65 63662.45
EDTA 411.5 0.11 1088.83
NazPO4!'7 5817.9 0.15 21586.74
NaCl'%8 23882.8 0.02 13756.49
Arginine!®” 11061.6 0.67 176847.37
Sodium Acetate 741.8 0.02 291.19
Block 3: mRNA-LNP formulation
Cholesterol 855.54 27.00 554394.64
Ionizable lipid 1838.97 54.00 2383359.44
PEG lipid 216.09 21.54 111710.64
Phospholipid 454.23 16.19 176459.73
Ethanol 31560 0.01 5989.56
Block 4: mRNA-LNP purification
Sodium Acetate 1586 0.02 622.58
Tris-HCl 713 0.65 11184.54
Sucrose 23771 0.005 2819.79
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A breakdown of cost per production block is shown in Figure 5.3.1-1. The predominant cost of
raw materials comes from the mRNA synthesis step of the process, taking up 86% of raw material
costs. Compared to IVT, the purification steps end up being a negligible cost, consisting of 1%

and 0% of total cost for mRNA and mRNA-LNP purification respectively.

fr::?anfl\:t-ig: mRNA-LNP purification,
$3,231,914 , $14,627 , 0%

13%

mRNA
purification,
$277,233 ,
1%

mRNA

synthesis,

$20,817,582
, 86%

= mRNA synthesis = mRNA purification
= mMRNA-LNP formulation = mRNA-LNP purification

Figure 5.3.1-1: Total cost breakdown of raw materials per production block

5.3.2 Utilities Cost

Plant utilities include WFI, clean steam, ethylene glycol, and waste disposal. Apart from
clean steam, all utilities are sourced from external vendors. Clean steam is generated on-site by
vaporizing WFI using a steam generator, as detailed in Section 3.7.4. As a result, the cost of
clean steam is incorporated into the utility expenses for both WFI and the electricity required to

operate the steam generator.

WFI is procured from a vendor in 200L bags at a unit price of $7.14 per liter.'!° The
largest consumer of WFTI in the facility is the CIP process, followed by processing operations.
WFI is primarily used in the mRNA-LNP manufacturing process to prepare buffers. Table 5.3.2-
1 provides a summary of WFI consumption across the plant.
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Table 5.3.2-1: Breakdown of WFI consumption

Purpose Per Batch (L) Per Year (L)
CIP 9354 224498
Process 2957 70963
Clean Steam 28 664
Total 12339 296126

The price of electricity was estimated using the average electricity cost for the industrial
sector in North Carolina.!'! The primary electricity consumers in the plant consist of pumps,
agitators, the steam generator, and -80°C freezers (Table 5.3.2-2). Energy consumption of pumps,
agitators, and -80°C freezers was estimated by multiplying their power consumption by their time
in operation. It is conservatively assumed that the freezers will be running for the entire year. For

the steam generator, electricity consumption is estimated based on the energy required to vaporize

room temperature water as outlined in Section 3.7.4.

Table 5.3.2-2: Breakdown of electricity usage

Purpose Per Batch (kWh) | Per Year (kWh)
Pumps 11.16 267.78
Agitators 2.90 69.55
Steam Generator 20.53 492.62
Freezers - 181332.00
Total 34.58 182161.95

A 30% (v/v) mixture of ethylene glycol and water is used to cool fluids in heat exchangers
E-302 and E-303 at 10 and -5°C respectively. The cost of refrigerant is based on temperature and
approximated using an exponential regression from 2003 estimated costs, Figure 5.3.2-1, and
updated using a dated CECPI (325) and current CECPI (800) to estimate changes in costs over
time. The final cost estimates of EG mixture per GJ of energy removed is $17.91 and $26.71 for

the refrigerants at 10 and -5°C respectively.
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Figure 5.3.2-1: Exponential regression of the cost of refrigerant in 2003.76

In total, utility costs for the plant sum to $2,150,883 with the vast majority being attributed to

WEFI expenses (Table 5.3.2-3).

Total waste treatment costs are estimated, assuming on site treatment, on an annual basis

with the additional hazardous waste fees imposed by the state of North Carolina. These fees include

an annual Large Quantity Generator fee of $1400 and a Treater fee of $1680.!'?> Hazardous waste

treatment was estimated to cost $145.00/1000 kg of waste generated in 2003, using a CECPI of

325 from 2003 and current CECPI of 800, the new estimated cost of hazardous waste treatment is

expected to be $293.22/1000 kg.”® The amount of hazardous waste per batch is 2756.52 L/batch

or 2756.52 kg/batch, using a conservative assumption that all waste has a similar density to water,

resulting in an annual cost of $22,479, as detailed in table 5.3.2-3.

Table 5.3.2-3: Summary of annual utility expenses

Utility Amount Per Amount Per Unit Price Total Price
Batch Year
WFI 12339 L 296126 L $7.14/L $2,114,336.28
Electricity - 182162 kWh |  $0.0772 / kWh $14,063
EG (10C) 1553201J 3727685 ] $3.6E-08 /1] $0.14
EG (-5C) 3458322] 82999728 J $5.4E-08 /1 $4.48
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Waste Treatment 2756.52 kg 66156.48 kg $0.2932 / kg $22,478.77
Total $2,150,883

5.3.3 Labor Cost

The labor cost for the manufacturing facility designed in this report was calculated by first
determining the number of operators necessary per shift to operate the processes in the facility,

using Equation 4.5.3.3.

Ny, = (6.29 + 31.7Np2 + 0.23Nyp)°5 (4.5.3.3)

where

Ny, = Number of operators per shift

Np = Number of particulate-handling processes
Nyp = Number of non-particulate processes

The manufacturing process designed in this report utilizes a single particulate handling process,
buffer preparation, and six non-particulate processes, mRNA transcription, AC, AEX, mRNA
TFF/sterile filtration, CIJM, and LNP TFF/sterile filtration. Both TFF/sterile filtration processes
are considered one non-particulate process each as both the TFF and sterile filters are present on a
single skid. Therefore, using Equation 4.5.3.3, 7 operators are necessary per shift (rounding up
from 6.27). Assuming 4.5 shifts are necessary to achieve our production schedule, the facility
requires the hiring of 32 operators.!?’ Using the mean annual wage for pharmaceutical plant
operators reported from the Bureau of Labor Statistics as of May 2023 of $54,490,!' the total
operator labor costs for the facility is $1,743,680. Direct supervisory and clerical costs are

estimated to be 25% of the total operator labor costs, and direct salary overhead is estimated as
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25% of the sum of both operator and supervisory costs. Additionally, laboratory costs are estimated

to be an additional 15% of all of these costs combined, leading to a labor cost of $3,759,810.114

5.3.4 Miscellaneous Material Costs

Additional products

contributing to the yearly cost of manufacturing

include other

items/equipment that must be replaced or purchased more than once per year. These costs primarily

consist of filter membranes/cartridges, storage bags and tubing as outline in Table 5.3.4-1.

Table 5.3.4-1. Miscellaneous Material Costs

Monolithic Columns

Material Amount/batch Unit Unit Price Total Price
CIP 100 Alkaline Process Cleaner 3122 | L $ 40.00 $ 29,971.20
0.5m2 Delta RC Membrane 1 $2,210.00 $ 53,040.00
2.5m2 Delta RC Membrane 1 $4,420.00 $106,080.00
1.6m2 0.2 Micron Filter Cartridge 4 $ 1,440.00 $138,240.00
ReadyCircuit™ single-use 3-D bag 3 $ 750.00 $ 54,000.00
assemblies

ANKO Ultra Class Tubing | 8|25ft/roll | $ 205.00 $ 39,360.00
PharMed

CIMmultus™ Oligo dT18 8000 mL 0.4 | columns $ 1,300.00 $ 12,480.00

126




5.4 Financial Analysis

To determine the profitability of the vaccine manufacturing plant designed in this report, an
internal rate of return (IRR) is calculated using a discounted cash flow analysis. During this

calculation, numerous assumptions were made:

1. Construction and validation take one year to complete, production begins at the beginning
of year two.

2. Production of the vaccine is continued for 20 years at a constant production of 10 million
doses annually, other than the first year, where 8.33 million doses are produced.

3. All components of FCI are depreciated linearly for 7 years once production begins

4. 74.5% of doses are sold to LMICs at a cost of $6.00 per dose. 25.5% of doses are sold on
the domestic market for $15.00 per dose. Annual revenue is calculated by multiplying these
prices by the number of doses sold domestically and internationally each year. These prices
are less than comparable standards of care in their respective regions, thus only a single
scenario is necessary for this analysis.

5. The combined state and federal corporate tax rate is 30%.

Table 5.4-1 summarizes the cash flow for the life of the plant. After 20 years of production, the
cumulative cash flow (CCF) for the plant is $196,047,136. As explained in section 4.5.3, the COM
increases by 20% after the first year of production, explaining the different COM for year 2 in

Table 5.4-1. The other estimated expenses included in the cash flow analysis are:

1. Rent expense: 2% of FCI

2. Fill-to-Finish expense: $0.30 per dose
3. R&D expenses: 15% of gross revenue
4. Insurance expense: 1% of FCI

5. Maintenance expense: 7% of FCI
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6. Laboratory expense: 15% of FCI

Table 5.4-1: Cash Flow Analysis

Doses

Year (millions) Revenue COM Other Expenses Cash Flow CCF
1 $ (64914) | § (64914) | $ (64,914)
2 8.33 $ 66,360,000 | $ (43,789,964) | $(15,894,285) $ 6,675,751 | § 6,610,837
3 10.00 $ 82,950,000 | $ (52,547,957) | $(20,336,537) $ 10,065,506 | $§ 16,676,343
4 10.00 $ 82,950,000 | $ (52,547,957) | $(20,336,537) $ 10,065,506 | $§ 26,741,849
5 10.00 $ 82,950,000 | $ (52,547,957) | $(20,336,537) $ 10,065,506 | $§ 36,807,354
6 10.00 $ 82,950,000 | $ (52,547,957) | $(20,336,537) $ 10,065,506 | $ 46,872,860
7 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,336,537) $ 10,065,506 | $ 56,938,366
8 10.00 $ 82,950,000 | $ (52,547,957) | $(20,336,537) $ 10,065,506 | $ 67,003,872
9 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $§ 76,930,277
10 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | § 86,856,682
11 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $§ 96,783,087
12 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | § 106,709,492
13 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $116,635,897
14 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | §126,562,302
15 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $ 136,488,707
16 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | § 146,415,112
17 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $ 156,341,517
18 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | $166,267,922
19 10.00 $ 82,950,000 | ¢ (52,547,957) $(20,475,638) $ 9,926,405 | $176,194,327
20 10.00 $ 82,950,000 | $ (52,547,957) | $(20,475,638) $ 9,926,405 | §$ 186,120,731
21 10.00 $ 82,950,000 $(20,475,638) $ 9,926,405 | $196,047,136

$ (52,547,957)

Using a CCF of $196,047,136 after 21 years, the IRR is calculated to be 105%, indicating the plant

is a highly profitable investment.
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6 Regulatory, Health, Safety and Environmental
Considerations

6.1 Regulatory Compliance

Patient health and safety is the top priority in vaccine manufacturing. It is therefore crucial to
adhere to regulatory standards set by the U.S. Food and Drug Administration (FDA) and
international authorities in the Southeast Asian and African regions—including the ASEAN
Pharmaceutical Regulatory Policy (APRP), ASEAN Pharmaceutical Product Working Group
(PPWG), African Medicines Agency (AMA), and African Medicines Regulatory Harmonization
(AMRH) initiative. Compliance with regulations will maintain product quality, efficacy, and

safety for the patients and employees.

The FDA enforces Current Good Manufacturing Practices (¢cGMP) regulations to ensure high
quality and safety of drug products. These regulations include establishing strong quality
management systems, obtaining quality raw materials, establishing robust operating procedures,
investigating product quality deviations, and maintaining reliable testing.''> Additionally,
collaboration with the APRP and PPWG will ensure compliance and distribution in Southeast
Asia; similarly, working with the AMA and AMRH initiative will strengthen compliance and

distribution across African nations.

The plant will also implement rigorous quality control systems (Section 5.2.1), employee training,
and regular facility and equipment maintenance. The goal is to produce safe, effective, and high-

quality vaccines while fostering patient health and regulatory and public trust.
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6.2 Health and Safety Considerations

6.2.1 Quality Control Framework
To ensure consistent production of safe and effective mRNA vaccines, manufactures we will

implement a structured quality control plan that spans the entire production process. Following
current World Health Organization guidelines, put forth in 2022, this plan includes rigorous testing
at each stage of manufacturing, from verification of materials to product characterization prior to
release, with additional opportunities for improvement based on recent advancements in analytical

techniques.!16-118

The first step in ensuring a quality product is raw material verification, where all nucleotides,
enzymes, plasmid DNA (pDNA) templates and lipid components are tested prior to use. Plasmid
DNA integrity, physical structure, will be confirmed through restriction enzyme mapping, a
method that cuts DNA at specific sites, followed by gel electrophoresis. Plasmid sequence
accuracy is to be validated using Sanger sequencing or short-read Illumina sequencing. Lipid
components will also be analyzed using high-performance liquid chromatography (HPLC) to
ensure they meet required purity and composition specifications. Additionally, all materials will
be tested for contaminants like endotoxins and microbes using standard sterility tests. A potential
improvement is the use of long-read sequencing (VAX-seq) to more accurately check for DNA

errors before manufacturing begins. !

Once the raw materials are confirmed, IVT and mRNA purification processes are carefully
monitored with multiple quality control tests. The mRNA sequence and integrity are to be verified
using reverse transcription-polymerase chain reaction (RT-PCR) and capillary gel electrophoresis.
Additionally, 5’ capping efficiency and poly(A) tail length will be assessed during chromatography

runs to ensure purified mRNA strands have the proper modifications for immunogenicity.
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Ensuring the removal of contaminants is another critical step—residual template DNA should be
identified using high performance liquid chromatography, while immunoblotting techniques can
confirm the removal of double-stranded RNA (dsRNA), which triggers an undesirable immune
response. Residual T7 RNA polymerase will be measured using an enzyme-linked immunosorbent
assay (ELISA). A key opportunity for process improvement at this stage is the adoption of VAX-
seq (long-read nanopore sequencing), which enables a single, streamlined analysis of mRNA

sequence identity, length, and integrity, reducing reliance on multiple time-consuming methods.!!¢

During mRNA synthesis and purification, in-process quality checks are essential. These include
RNA integrity analysis, sequencing verification, and purity assessments. Traditional industry
methods like capillary electrophoresis, a technique that separates molecules based on size and
charge using narrow capillaries, are commonly used to evaluate mRNA fragment distribution and
detect degradation.!'® High-performance liquid chromatography (HPLC) is another standard
method used to assess the removal of unwanted byproducts, such as unreacted nucleotides and

template DNA, from the final mRNA product.

As purified mRNA must be encapsulated within lipid nanoparticles (LNPs) for delivery, LNP
formulation quality control is crucial to maintaining efficacy. Particle size and uniformity will be
assessed using dynamic light scattering (DLS), a method that measures how light scatters to
determine nanoparticle dimensions, as well as transmission electron microscopy (TEM) imaging
to confirm LNP structure and uniformity. Fluorescence-based assays will evaluate encapsulation
efficiency, while zeta potential analysis will evaluate LNP surface charge to predict formulation
stability. Another possible process improvement would be the introduction of real-time monitoring
using Process Analytical Technology (PAT), which would track LNP size and encapsulation

efficiency continuously, minimizing batch failures and enhancing consistency.!!'®
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Before a vaccine batch is released, final sterility, potency, and stability testing will be conducted.
Sterility will be confirmed following USP 71 guidelines, while potency and efficacy will be
assessed using cell-based expression assays to verify mRNA translation. Stability studies will also
be conducted under different storage conditions, including freeze-thaw cycles and long-term
storage at -80°C, to ensure the vaccine maintains its efficacy over time. Additional tests for residual
solvents and endotoxins will also be performed to confirm the vaccine's purity and safety.
Furthermore, implementing a Quality by Design framework, which identifies critical quality
attributes (CQAs) and critical process parameters (CPPs), would enhance process control and

ensure consistent batch-to-batch quality.!'®

To help ensure consistent product quality, we will use engineering runs to help identify critical
quality attributes—key characteristics that affect vaccine safety and efficacy—and critical process
parameters—the specific conditions that must be controlled to ensure reproducibility. This will
allow us to optimize process parameters like reaction temperatures, mixing speeds, and

purification methods, ensuring that each batch meets strict quality criteria.

6.2.2 Process Safety

Several chemicals used in mRNA vaccine manufacturing require strict handling procedures to
ensure the safety of plant personnel. Steam, alkaline detergents, ethanol,
ethylenediaminetetraacetic acid (EDTA), dithiothreitol (DTT), spermidine, and adenosine
triphosphate (ATP) all present potential hazards. Steam, used in SIP processes, poses a burn risk,
while alkaline detergents in CIP systems are highly corrosive and can cause severe skin and eye
irritation. Ethanol, used in LNP formulation, is highly flammable, requiring proper ventilation and
fire suppression measures. EDTA, ethylene glycol, DTT, and spermidine are toxic or irritant
chemicals that necessitate proper protective equipment such as gloves, safety glasses, and long-

sleeved clothing when handling. ATP, while essential in certain reactions, poses an additional
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hazard as a flammable dust, meaning it should never be stored in large powder quantities to avoid
dust explosion risks. To mitigate these hazards, all employees will undergo comprehensive safety
training in chemical handling, emergency response, and PPE usage. Additionally, a spill response
plan will be implemented, ensuring that appropriate chemical spill kits, eyewash stations, and

emergency showers are available throughout the facility.

A key component of process safety is safe plant design, which ensures that incompatible materials
are properly separated to reduce the risk of accidental reactions. Flammable and corrosive
chemicals will be stored in designated, ventilated areas with proper secondary containment, and
static discharge prevention measures will be in place for any powder-handling operations. To
further assess the potential risks associated with chemical handling, a Maximum Credible Event

(MCE) analysis was conducted.

One identified hazard is the release of 320 liters of ethanol, a flammable solvent, which could

result in a fire if ignited. A simulation using ALOHA modeling software (Figure 5.2.2-1), based
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procedures will include regular leak inspections, restricted access zones, and grounding of all
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equipment to prevent static ignition. Fire extinguishers and sprinkler systems will be placed at
critical locations to ensure immediate response capabilities in case of an emergency. By
implementing these process safety measures, the facility will minimize hazards, protect personnel,

and ensure continuous safe operation in mRNA vaccine production.

6.3 Environmental Considerations

The facility is in the Research Triangle Park (RTP), chosen for its existing relevance in
biotechnology and pharmaceutical industries. Strict compliance with federal and local
environmental regulations is crucial, given its proximity to research institutions, industrial
buildings, and protected natural areas. To ensure environmental safety, plant employees will
undergo extensive training on chemical handling, waste disposal procedures, and emergency spill
response. Regular maintenance, inspections, and testing of equipment will be conducted to

minimize the risk of system leaks and other hazards.

Waste streams from vaccine production will be properly managed to prevent contamination of the
area’s water systems and surrounding ecosystem. The plant handles chemicals including ethanol,
EDTA, DTT, and spermidine, all of which pose environmental risks and must be fully broken
down or neutralized before release into the wastewater system. Ethanol waste from LNP formation
will be properly treated to avoid flammability hazards (see Section 5.2.2) and volatile organic
compound (VOC) emissions. Hazardous waste, such as unused enzymes and nucleic acid
fragments, will be disposed of through reputable pharmaceutical waste management companies.
Non-hazardous waste, such as condensed steam, will be treated onsite before being safely
discharged into the local sewer system. Routine verification of pH levels and chemical content will

be conducted to meet local wastewater treatment regulations.
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To reduce environmental impact, the plant will implement sustainability initiatives such as energy-
efficient equipment and building design, as well as green training for employees. The integration
of these environmental safety and sustainability methods will allow the facility to meet regulatory

compliance and maintain a commitment to the RTP ecosystem and its residents.
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7 Social and Ethical Considerations

There are several social and ethical issues associated with vaccine manufacturing. A key concern
is equitable access to treatment. This is especially critical in lower-income regions with high TB
rates, specifically in Southeast Asia and Africa. The vaccine pricing will therefore reflect our
commitment to global healthcare equity by offering affordable vaccines for these high-burden

regions, achieved by raising domestic pricing to offset costs and maintain financial stability.

Beyond affordability, challenges such as cold-chain requirements, last mile delivery, and
regulatory barriers must be addressed to ensure successful, widespread distribution. We will work
closely with governments, non-governmental organizations (NGOs), and international health
organizations to strengthen supply chain infrastructure and ensure doses reach all high-burden
areas, including those that are remote and underserved. Leveraging existing vaccine delivery

programs will maximize distribution efficiency while reducing costs.

There is widespread skepticism toward Western pharmaceutical companies in many parts of the
world due to historical exploitation, affordability concerns, and a lack of transparency. To address
these issues, we will engage in community education efforts to communicate the benefits of our
vaccine and how it will support public health. Establishing transparent dialogue with local
governments, healthcare providers, and community leaders will be crucial to building trust and

demonstrating our commitment to ethical healthcare practices.

Internally, the workplace culture will be built on respect, safety, and ethical responsibility to ensure
the highest standards in manufacturing and patient care. Comprehensive safety and ethical training
for employees will emphasize the importance of understanding and respecting the values, beliefs,

and healthcare practices of the populations the product serves. There is also a need to provide clear
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and accessible information on TB prevention, vaccines, and affordable healthcare solutions. This
will involve collaborating with public health officials, NGOs, and local government leaders to

develop educational materials that empower and inform communities.

By upholding these ethical standards, we will not only deliver a life-saving vaccine but also foster
trust, improve global health outcomes, and contribute to sustainable, responsible business

practices.
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8 Conclusions and Final Recommendations

Our proposed mRNA vaccine manufacturing facility has been designed to product approximately
10 million doses of an mRNA-based TB vaccine, targeting populations in low-income countries,
where infection rates are highest, primarily across Southeast Asia and Africa, as well as United
States healthcare workers and those traveling abroad to at risk countries. The facility is expected
to be economically viable with an IRR of 105% and an expected yearly cash flow of approximately

$10 million dollars after the first two years of operation.

Several cost-saving measures could be implemented and investigated to further enhance
profitability. One of the largest utility expenses, WFI, currently purchased from outside suppliers,
could be reduced by producing it on site. The reduction in the cost of manufacturing would offset
initial capital costs and result in long-term increased cash flow. Additionally, optimizing CIP and
SIP cycles, for example reusing caustic detergent for multiple cycles, could farther lower
operational costs. Another potential cost-saving measure involves reducing freezer (and
outsourcing) costs by incorporating fill-to-finish processes, by decreasing the amount of time
material needs to be held at -80°C. Additionally, exploring enzyme recycling methods as well as
techniques and equipment required to produce the linearized plasmid for our target sequence could

further reduce costs.

To further refine the manufacturing process and improve efficiency, additional studies and
optimizations, outside the scope/capabilities of this initial work are recommended. More precise
modeling of viscosity in highly concentrated solutions is needed, rather than assuming behavior
similar to pure substances (as done for modeling the CIJM, R-302). Additionally, improved
estimates for mRNA vyield, filtration losses, and encapsulation efficiency would provide more

accurate cost and production projections. Further experimentation regarding the ratio of mRNA to
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lipid solution in R-302 (CIJM) will provide incite into the impact of flow rate and ratio on the size
of LNP particles produced as well as the number of non-mRNA containing LNPs, possibly
impacting vaccine efficacy. Pending future market sizes, using a multi-inlet vortex mixer may
allow for better control and throughput of mRNA containing LNPs. Investigating these areas of

interest may allow for platform improvements in efficiency, profitability and greater social impact.

Furthermore, extensive studies must be performed on both chromatography units prior to operation.
First, the permeability of both columns and the viscosity of the flowing buffers must be determined
experimentally to better evaluate the pressure drop across both columns; the operating flow rate
must be adjusted accordingly. Second, the specific elution region for the target mRNA during AEX
must be determined. In the design of this step, a larger volume than necessary is collected and
optimization of the automated collection period will lead to higher purities and decreased

downstream volumes.

While this project and facility is promising, there are risks that could impact production and market
viability. Competing TB vaccines may enter the market before the completion of clinical trials,
and the efficacy of the vaccine against drug-resistant TB remains uncertain. However, further
clinical trials may reveal efficacy against latent TB, which could significantly expand the potential

market size, particularly in the U.S., where an estimated 13 million people have latent TB.
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