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Recent developments in RNA vaccines and therapeutics have
motivated the need for process engineering strategies to opti-
mize the in vitro transcription (IVT) reaction for RNA synthesis.
Specifically, practitioners seek to maximize the production of
RNA and the incorporation of the 5-prime cap to the end of each
RNA molecule while minimizing the use of expensive reagents.
Fed-batch IVT is a promising technique for achieving these goals
but is difficult to optimize by purely experimental means. Herein,
a mechanistic model for fed-batch IVT is developed and it is used
to develop optimized fed-batch protocols to maximize the forma-
tion of RNA while controlling concentrations of nucleoside

1. Introduction

The in vitro transcription (IVT) reaction for synthesis of RNA is a
necessary step for the production of a growing number of RNA-
based vaccines and therapeutics. Owing to the breadth of the
RNA platform, process engineering strategies to enhance the eco-
nomic and product quality profile of IVT can have a significant
impact on the accessibility of many therapies. IVT is a cell-free
enzymatic polymerization of nucleoside triphosphate (NTP)
monomers based on a template DNA sequence and is typically
performed as a batch reaction. A key interest in IVT process devel-
opment is minimizing the use of expensive reagents while maxi-
mizing the formation of RNA and quality attributes such as the
incorporation of the 5-prime cap into the RNA product. The
5-prime cap is a moiety linked to the 5’ end of the RNA molecule
that is required for stability and efficacy in vivo. The cap fraction
(CF), the fraction of RNA containing a 5-prime cap, is a key quality
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triphosphates. On a model sequence that has been shown to
be sensitive to salt concentrations, this approach can produce
twice as much RNA as a heuristic approach. In addition, it is
observed and characterized for the first time the formation of
magnesium phosphate crystals during the IVT reaction.
Strategies informed by thermodynamic modeling are developed
to prevent this undesired crystallization during fed-batch IVT.
Finally, co-transcriptional capping is incorporated into the
model-based optimization approach and a strategy to maximize
RNA formation is developed while maintaining a high level of 5-
prime cap incorporation and minimizing the use of cap analogs.

attribute of the RNA product. In IVT, this cap is commonly added
by the co-transcriptional incorporation of cap analogs, which
mimic the initial nucleotides of the sequence while containing
the cap structure. The input materials to IVT can contribute up
to 75% of overall RNA manufacturing costs. Currently, most
of these reagent costs come from polymerase enzymes, DNA
templates, and cap analogs. Except for the small proportion of
cap analog that is incorporated into RNA, these reagents are
not consumed during batch RNA synthesis. For this reason, there
is growing interest in performing IVT in a fed-batch mode to reuse
these reagents for the polymerization of additional NTPs.

The transition from batch to fed-batch IVT greatly increases
the number of decision variables for process optimization.
Besides the initial reaction conditions, the times and amounts
of each reagent feed must also be considered. In addition, practi-
tioners must consider multiple objectives, including maximizing
the formation of RNA as well as controlling pH and NTP concen-
tration to desired ranges, which can impact product quality
attributes such as the CF. The optimization of fed-batch IVT is
data-intensive by purely experimental approaches, due to this
expanded number of decision variables and their correlated
impact on multiple process outputs. Earlier design-of-experiment
approaches have explored a limited operating space and have
not included co-transcriptional capping.”? Other strategies have
relied on iterated fed-batch experiments to develop a data-driven
understanding of temporal trends in reaction kinetics."” In addi-
tion, previous efforts in fed-batch IVT have used feedback control
strategies, with measurements of pH™ or NTP concentrations,”®
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to maintain reaction conditions at desired setpoints. While feed-
back control methods reduce the number of decision variables,
their performance remains dependent on an informed selection
of initial conditions and setpoints. In addition, the time delay of
offline measurements (such as NTP quantification) can decrease
the precision of setpoint tracking.

Model-based optimization can effectively manage the multi-
variate input space of IVT and balance the needs for both cost-
effective RNA production and quality of the RNA product. Existing
process models for IVT reactions focus on a batch operating
mode”® and cannot be used for fed-batch reactions, which
explore a broader operating space. Notably, it has been repeat-
edly observed that fed-batch IVT reactions significantly decrease
in rate as the reaction progresses, which is a key barrier to eco-
nomic performance.*® A model-based strategy to address this
reaction rate decline requires an improved understanding of
the underlying chemistry and physics present in the IVT system.

This work focuses on engineering fed-batch IVT as a dynamic
system with the goal of maximizing RNA production for a given
set of DNA, RNA polymerase, and cap analog inputs while achiev-
ing a target CF. We develop the first mechanistic process model
that describes key trends in fed-batch IVT such as the decrease in
reaction rate at high conversion. Using this model, we compute
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optimal reaction conditions for tracking NTP setpoints and maxi-
mizing the production of RNA using a model DNA sequence that
is highly sensitive to salt concentrations. We demonstrate the
effectiveness of these methods compared to heuristic strategies
in an experimental setup. Finally, we incorporate to our model an
expression to predict the CF and design fed-batch strategies that
maximize RNA output per cap analog input while maintaining
high (~90%) CFs.

2. Results
2.1. Mechanistic Model for Fed-Batch IVT

A full explanation of the fed-batch IVT model formulation and
parameter estimation strategy is presented in the Supporting
Information (Sections S4-5). The fed-batch IVT model is built
upon a batch model presented in an earlier publication.”
Briefly, RNA is synthesized from a DNA template by RNA polymer-
ase, which incorporates NTPs into a growing chain (Figure 1). This
process includes steps of binding, initiation, and elongation, and
is sensitive to solution conditions such as NTP concentrations and
the concentration of the essential Mg cofactor. The model merges

e Elongation

Reaction
slows

RNA synthesis reaction
decreases pH

Figure 1. Schematic of the IVT model. RNA is formed by the polymerization of NTPs by DNA and T7 RNA polymerase catalysts. The presence of salts dis-
rupts polymerase-DNA binding. The transcription reaction decreases the solution pH, which can in turn decrease reaction rates.
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a set of differential equations describing enzymatic kinetics with
nonlinear algebraic equations describing instantaneous ionic spe-
ciation. The key additions required to extend the model to
describe fed-batch IVT relate to the effect of salts and pH on
the rate of reaction, as further discussed.

Salts, such as the counterions of NTPs added during feeding,
can be present in higher concentrations in fed-batch reactions
than in batch reactions. Earlier work has shown that the rate
of IVT is highly sensitive to salt addition. Our model describes
these salt effects by accounting for the effect of ions on
polymerase-DNA binding through a recently derived equation.""”
The rate constant for polymerase-DNA promoter detachment is

kot = Kofrm[salt]™" m

where kv is @ parameter representing the effective binding
strength of the polymerase—-promoter complex, and the effective
salt concentration is

Nion

[salt] = Z Wion, [iON] (2)

i=1
where w,,,; is an ion-specific parameter representing the relative
contribution of each ionic complex (Table S10, Supporting
Information) to the effective salt concentration, and [ion] is
the concentration of a given ionic complex i. This equation sums
over all N, complexes in the system, which are enumerated in
our speciation model. This model can inform the choice of

reagents by capturing the differential effect of adding sodium
chloride and sodium acetate on IVT kinetics (Figure 2a). In addi-
tion, the model effectively predicts the decrease in reaction rate
that is experimentally registered at high Mg concentrations due
to the highly disruptive effect of Mg2"™ ions on polymerase-
promoter binding™" (Figure 2b).

In contrast to batch reactions, fed-batch reactions exhibit
non-negligible dynamic trends in pH which can affect enzyme
performance. The solution pH decreases with reaction progres-
sion due to the formation of the nucleic acid product. Because
the overall drop in pH is related to the total quantity of RNA syn-
thesized relative to the buffering capacity of the solution, fed-
batch reactions can be subject to larger pH changes than typical
batch reactions, decreasing by more than one unit. Our model for
ionic speciation, which describes the protonation of ions in the
IVT solution, was used to calculate the pH as a function of reaction
progression. To describe the effect of pH on the reaction rate, rate
constants are multiplied by a dimensionless factor I',,, where

= (15 ) e

in keeping with classical literature on enzymatic pH depen-
dence,"? where K, and K, are parameters estimated from data.!'®!
Notably, experimental data describing the effect of pH on IVT
rates is convoluted by the salt effects discussed above, as pH
is varied experimentally by the addition of ions. Our overall

(a) (d)
— 05
}g 10 / j 20 - \
T 10 = g s 112 S
3 h ~
o W (O 30 | {10 gg
— —_— —_
s 10710 I s lg %g 15 ¢
8 10 Hecnioride Anion) = 20 bg
© 8Acetate Anion < 16 5 N
o 19720 S =4 Y=
50 100 150 200 250 300 o 14§ g 1.0
(b) Added Sodium (mM) 10 ¢ SE
— 12 &
2 100 | E =
S 0 0 0.5
S o075t 0123456 0123456
£ osof Time (h) Time (h)
; 0.25 = 8 8.0
© z ATP
& 0.00 T — S } 8
0 10 20 30 40 50 —
(C) - Added Magnesium (mM) S 67 %% 75 |
< =]
g £ 4t % % % I 70|t
SE S \ I‘ Tﬁ % .
g: @) 27 H 657 s.""'m.. .
E n- A_%L_A_A_A_A_A; T
5 E
£ Zo0 6.0
3 0123456 0 2 4 6
\ Time (h) Time (h) /

Figure 2. Validation of the mechanistic model. a) IVT reaction rate versus sodium chloride or sodium acetate addition, data from ref. [9]. These data are
used for model validation. b) IVT rate versus magnesium acetate addition, data from ref. [9]. These data are used for model validation. c) IVT rate versus
pH. Model fit to experimental data"® (red) and the intrinsic pH dependence (Equation 3) recovered from this fitting (black). d) Literature data from a fed-
batch IVT reaction used for model validation,” showing dynamic trends of RNA concentration, reactor volume, concentration of ATP (yellow) and GTP
(green), and pH. In all figures, continuous lines indicate model predictions, while experimental data are reported as points.
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process model was crucial for inferring the intrinsic pH depen-
dence (Equation 3) of IVT from these distorted data (Figure 2c).

We successfully validated the developed IVT model with a
vast array of literature data of batch and fed-batch reactions
(Section S6, Supporting Information). The model accurately
describes the commonly-reported reaction rate decline in fed-
batch IVT."¢ The model identifies the accumulation of salts, dilu-
tion of catalysts, and the drop in the reaction pH as the primary
causes of reaction rate declines in fed-batch IVT. Notably, the
model can also predict the dynamic trends of a fed-batch reac-
tion with continuous feeding, accurately describing a decrease in
pH, nonobvious dynamic trends in NTP concentrations, and a
decline in the reaction rate (Figure 2d).

2.2. Model-Based Setpoint Tracking and RNA Yield
Optimization

After validation on literature data, the model was used to design
fed-batch IVT protocols. These experiments were performed on a
DNA construct that had previously been identified to be espe-
cially sensitive to salts."® To model this increased salt sensitivity,
the parameter k. Was fit to an increased value of 10*® based
on these previous data (Table 10, Supporting Information). In the
case of all other sequences modeled in this work, this parameter
was held constant at a lower value of 10%°*, Our initial goal was to
produce a maximum quantity of RNA given a fixed input of RNA
polymerase and DNA catalyst. In addition, we set out to control
NTP concentrations and pH during reactor operation as maintain-
ing these solution conditions within certain bounds is desirable
for the purity and quality of the RNA product. The optimization
problem solved for this purpose was

> > (INTPJg, — [NTPL, ¢
NE(A, U, C,G) tiEty
+ Von Z (pHF,t, - pHsp)z - VRNA[RNA]t:r,

ti€toy

min v,
J: NTP

(4)

where F is a vector representing a set of initial conditions and a
feeding policy. In practice, this feeding policy was implemented
as set of 9-12 bolus additions containing NTPs, Mg, and NaOH

spread over 2-3 h of reaction operation. The terms [NTP]..
and pH;, represent the NTP concentration and pH given a policy
F at a time t;. The terms [NTP]_, and pH,, represent the setpoint
NTP concentration and pH, respectively, while the sets ty and t
contain the timepoints at which [NTP]_ and pH,, were evaluated,
respectively. The hyperparameters vy, vy, and vy, describe the
relative importance of NTP setpoint tracking, pH setpoint track-
ing, and RNA production to the overall objective function.

Using this objective function, we developed an optimized
fed-batch strategy, which is compared to a heuristically devel-
oped protocol in Figure 3. The heuristically designed method,
which fed NTPs based on initial reaction kinetics, failed to control
NTP concentrations to the initial condition of 5 mM each. In addi-
tion, the reaction rate of this heuristic protocol decreased rapidly
and vanished after the formation of 3 uM RNA (4.3 g L™"). This
behavior was captured by model predictions. Our model indi-
cated that controlling the concentration of NTPs to a lower set-
point of 2mM would help to prevent a decline in the reaction
rate. In addition to changes in the dynamic feeding of NTPs,
our optimization approach changed both the initial and fed
quantity of Mg and changed the quantity and formulation of
buffer added to the reaction. The optimized method achieved
setpoint tracking of NTPs at the 2 mM target, indicating that
the model correctly estimated trends in the reaction rate as a
function of reaction progression. In addition, the optimized
fed-batch scheme was able to produce greater quantities of
RNA, since the rate of reaction did not decay as quickly as in
the heuristically designed experiment. After the formation of 7
1M RNA (10 g L"), the optimized approach maintained a reaction
rate of 33% of the initial rate.

The increased yield and reaction rates of our optimized pro-
tocol are primarily due to a reduction in the effective salt concen-
tration (Equation 2). Our process optimization, which calculated
the optimal fed-batch policy while accounting for the high salt-
sensitivity of the sequence used in this work, had the net effect of
decreasing the effective salt concentration by roughly 100 mM
(Figure 3Q). This result validates our model-based hypothesis that
maintaining low salt concentrations is a key tool for optimization
of fed-batch IVT.
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Figure 3. Comparison of the performance of a heuristically designed fed-batch IVT protocol (blue) with a model-optimized protocol (red). GTP concentra-
tion (left), RNA production (center), and effective salt concentration (right) in reactor as a function of time. Discontinuous jumps represent discrete feeding

of solution. The effective salt concentration is defined by (Equation 2).
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2.3. Avoiding Magnesium Phosphate Precipitation with
Model-Based Strategies

During the development of the optimized strategy described
above, the formation of a solid precipitate was visually observed
during reaction operation and characterized using electron
microscopy and diffraction (Figure 4a-c). Scanning electron
microcopy (SEM) images showed globular microsponges charac-
teristic of crystalline material. Elemental mapping indicated that
these structures consisted of magnesium, phosphorous, and oxy-
gen at ratios consistent with the molecular formula of anhydrous
Mg;(PO,,). The diffraction pattern of a single nano-sheet
matched with the unit cell for an anhydrous magnesium phos-
phate polymorph (Section S8, Supporting Information).

This observation coincided with a mismatch between model
predictions and experimental data that indicated that this precipi-
tation slowed the IVT reaction (Figure 4d). The final concentration
of magnesium in the solution was found to be significantly lower
than expected, suggesting that this precipitation consumed the

30 25 |

Mg precipitation (mM)
GTP model error (mM)

pH = 8.0 pH = 7.3

majority of magnesium in the reactor. Additionally, it was observed
that model predictions for NTP concentrations diverged from
experimental measurements after roughly one hour of reaction
operation, implying that some phenomenon not captured by
the model decreased the reaction rate at late timepoints
(Figure 4d, Section S7, Supporting Information). It was hypothe-
sized that the precipitation of magnesium phosphate during
the reaction had a negative effect on reaction rates, possibly by
decreasing the concentration of magnesium in the solution.

In order to implement the optimized strategy demonstrated
above, it was necessary to design the IVT system such that this
precipitation would not substantially impact the reaction. Using
our speciation model, we attempted to design a reaction strategy
which would decrease the thermodynamic driving force of mag-
nesium phosphate precipitation. For this compound, the thermo-
dynamic supersaturation ¢ was written as

o in(S"TPOLT)

KSPngz(POA)z

Qe
Single Crystal

Final supersaturation

pH = 7.3 pH = 8.0 pH = 7.3

Figure 4. Characterization of magnesium phosphate precipitation during IVT. a) SEM images of magnesium phosphate particles. b) Selected area electron
diffraction pattern obtained from a single-crystal nanosheet of magnesium phosphate. c) Elemental mapping of the particles along with corresponding
atomic percentages determined by energy-dispersive X-ray spectroscopy. d) Total quantity of magnesium precipitated (left), model-plant mismatch of final
GTP concentration (center), and final predicted supersaturation (right) of high-pH and low-pH strategies for fed-batch operation. The low-pH strategy corre-

sponds to the optimized process shown in Figure 3.
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where K, uq,r0,), is the solubility product of the magnesium phos-
phate solid. Using our process model, we identified a strategy to
decrease this driving force without sacrificing other areas of reac-
tion performance. Since the protonated form of phosphate com-
petes with free phosphate ion, decreasing the pH of the reaction
was predicted to decrease the supersaturation. We adjusted our
optimal control formulation (Equation 5) from targeting a pH of
8.0 over the entire course of reaction to targeting a setpoint over
of 7.3 at the end of the process. In addition, the feeding of mag-
nesium into the reaction was decreased slightly to decrease the
free magnesium concentration. These changes decreased the
final supersaturation by roughly 25%, assuming no magnesium
phosphate precipitation. Experimental implementation of this
low-pH strategy showed that the precipitation of magnesium
appeared only at later stages of the reaction and was significantly
less than the case of the high-pH strategy (Figure 4d). In addition,

(a)

Elongation

Promoter

the mismatch between model predictions and experimental NTP
concentrations effectively disappeared. This indicates that mag-
nesium phosphate precipitation was the driving source of model-
plant mismatch. This low-pH strategy was used in the optimized
method shown in the earlier section (Figure 3).

2.4. Model-Based Optimization of Co-Transcriptional Capping

The fraction of product RNA containing a 5-prime cap, a key qual-
ity attribute of IVT, is dependent on competition between NTPs
and cap analogs (Figure 5a). This CF can be maximized for a given
cap analog input by dynamically controlling the concentration of
NTPs during the reaction. To optimize this process, we developed
a mechanistic model to predict the RNA CF as a function of solu-
tion conditions. This quasi-steady-state kinetic model described
the competition between trinucleoside AG cap analogs and
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Figure 5. Model-based optimization of co-transcriptional capping for IVT. a) Conceptual illustration describing dependence of RNA capping on the first
nucleotide added to the RNA sequence. b) Mechanism of competition between trinucleoside AG cap analog and conventional NTP monomers, showing
the two competing pathways by which the initiation complex (IC) can incorporate the initial AG nucleotides to the sequence. c) Batch and fed-batch reac-
tions using co-transcriptional capping, showing dynamic trends in ATP, RNA, and the CF. The shaded areas for the CF are 95% prediction intervals calcu-

lated by Monte Carlo sampling from the parameter covariance matrix.
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NTP monomers (Figure 5b). In this model, the first two base pairs
of the RNA sequence can be formed by either the two-step addi-
tion of ATP and GTP, or the one-step addition of an AG cap ana-
log. Using this kinetic model, an equation for the instantaneous
cap fraction (CF)), or the instantaneous proportion of transcribed
RNA containing a five-prime cap, was derived (Section 2,
Supporting Information),

B [AG cap]
Ch = [AG cap] +/L[ATP][GTP] ©6)
1457
where
k_ (ks +k k
0— (ks + 72)1 = @)
ksks k,0

based on the rate constants shown in Figure 5b. As experiments
to quantify CFs are costly and imprecise, a rational design of
experiments to identify these parameters was necessary. We used
a D-optimal criterion to develop two experimental batch proto-
cols to identify 2 and @ (Table 1). This process used a set of
initial estimates gathered from previously published data on an
analogous chemical system (Section S3, Supporting Information).
The decision variables in this optimization were the initial ATP,
GTP, and AG cap concentrations. Intuitively, the first of these
batch protocols used a high GTP concentration, while the second
used a very low GTP concentration. Maximum likelihood estima-
tion was used to estimate the parameters / and 6 as 25-150 M~
and 0.5-20 mM, respectively.

Using an NTP setpoint of 2 mM, we designed a fed-batch IVT
protocol to maximize RNA production while maintaining a target
CF of at least 90%. Our model indicated that the target CF could
be achieved by adding only 2 mM of AG cap analog (Figure 5c).
To validate our capping model in this regime, a batch experiment
was performed using 2 mM of each NTP and AG cap analog. The
CF was measured to be 0.92 + 0.05, slightly but not significantly
lower than model predictions of 0.97 +0.02. In addition, this
model was validated on literature data of a fed-batch reaction
including the use of an AG cap analog™ (Section S6.7, Supporting
Information). This validation indicated that the capping model
was generally useful for describing trends in data and could
be used for designing fed-batch reactions. Using these setpoints,
we developed an optimized fed-batch protocol that was pre-
dicted to yield RNA with a CF between 0.92 and 0.97. Compared
to batch operation, the optimized fed-batch implementation pro-
duced four times more RNA, while maintaining a similar CF

Table 1. Protocol of batch experiments used to calibrate parameters of
capping model, including the CF expected based on initial parameter
estimates and experimentally measured.

ATP GTP AG cap CF CF
[mM] [mM] [mM] [initial params] [experimental]
3.6 7 03 0.48 047 +£0.10
2 0.25 0.05 0.50 0.83 £ 0.05
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(0.88 £ 0.05) that was within the range of experimental uncer-
tainty of our target (Figure 5c).

3. Discussion

In the context of RNA manufacturing, practitioners seek to opti-
mize the IVT reaction to maximize the production and CF of RNA
while minimizing the use of expensive reagents. While fed-batch
reactions are a promising tool for achieving these results, the mul-
tivariate nature of this engineering problem makes optimization
challenging. In this work, we used a mechanistic process model to
design and optimize protocols for fed-batch IVT. Our results dem-
onstrate the usefulness of this mechanistic approach for achiev-
ing set-point tracking and increasing the output of RNA for a
given input of catalysts and cap analogs, which are the key drivers
of the cost of goods sold.

A mechanistic approach was critical to understanding and
ameliorating the observed decline in reaction rate during fed-
batch operation. Our model includes multiple mechanisms that
may cause this decline, including dilution of catalysts, accumula-
tion of salts, and a drop in the pH, and can identify which of these
pathways is the primary contributor to an observed reaction
decline. Previous work has noted that the construct used in
our experiments exhibits an increased sensitivity to salts."”
Heuristic approaches to fed-batch design exhibited a rapid
decline in reaction rate due to the accumulation of these salts
(Figure 3). Counterfactual model simulations show that these
heuristic approaches would have performed adequately had this
construct exhibited a lower salt sensitivity, indicating that
accounting for the specific kinetic characteristics of IVT constructs
is key in the design of fed-batch protocols (Section S9, Supporting
Information).

Using our mechanistic understanding, the reaction protocol
was altered in a number of ways to decrease the overall salt con-
centration and the salt sensitivity of the reaction system. These
changes included modifications to buffer composition, NTP set-
points, magnesium concentrations, and the relative concentra-
tion of RNA polymerase and DNA (while keeping overall
catalyst costs constant). Decreasing the NTP setpoint and the
magnesium cofactor concentration accounted for about half of
the total decrease in the effective salt concentration, while replac-
ing the commonly-used tris-HCl buffer with a lower concentration
of tris base accounted for the other half of the decrease. While
previous researchers have experimented with reducing effective
salt concentrations by replacing tris-HCl buffers with tris-acetate
buffers,""* a model-based approach can go farther by predicting
the minimal concentration of buffer required to control reaction
pH to a desired window. Our optimized reaction protocol
declined in rate at a much slower pace and produced over twice
as much RNA as the heuristic strategy.

Our optimization approach successfully controlled NTP con-
centrations within the range of 1-2 mM during reactor operation.
Past efforts in feedback control for fed-batch IVT have struggled
to control NTP concentrations, due to time delays in offline meas-
urements. For example, NTP concentrations in previously studied

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH
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fed-batch systems have varied between 1 and 8 mM (Figure 2d).
Wide fluctuations in system dynamics can increase batch-to-
batch variation of quality attributes that depend on NTP concen-
trations such as the CF. In our work, most of the NTP fluctuation
was due to our bolus feeding scheme. Future work using contin-
uous feeding can further reduce NTP variation during IVT.

In addition to identifying optimal reaction strategies, our
mechanistic model was key to understanding and overcoming
barriers during process development. The speciation model
developed in this work was crucial to understanding the effect
of process parameters on the thermodynamic driving force of
unwanted magnesium phosphate precipitation during the reac-
tion. While magnesium pyrophosphate precipitation during IVT
has been previously observed, characterized, and modeled,!”
our use of the pyrophosphatase enzyme prevents pyrophosphate
accumulation by degrading it to phosphate. This work is the first
observation in the research literature of magnesium phosphate
precipitation during IVT. As this is the first report of this precipi-
tation occurring during IVT, we could not rely on data-driven sol-
utions to this problem. Our first-principles approach allowed us to
eliminate the deleterious effects of this precipitation with mini-
mal experimental iteration (Figure 4).

One of the most promising applications of fed-batch IVT is in
efficiently using cap analogs by dynamically controlling NTP con-
centrations during the reaction. Using an optimally selected set of
batch experiments, we incorporated an expression to predict cap-
ping into our overall process model. This allowed us to predica-
tively design fed-batch reactions to produce a maximum amount
of RNA per cap analog input, while maintaining the final capping
fraction at a desired level (=~90%). This approach can allow practi-
tioners to operate at the desired point on the Pareto frontier of CF
and cap analog consumption. For example, our model can also
accurately describe the results of fed-batch reactions which
achieve higher (>95%) CFs while consuming three times greater
quantities of AG cap analog® (Section S6.7, Supporting
Information). In this case, the CF exhibited a dynamic trend
due to dynamics of NTP and cap concentrations, demonstrating
the need for a dynamic process model in predicting CFs.

A comparative analysis shows that the key area of improve-
ment over previous work is in reducing the range of dynamic var-
iation of NTP concentrations, which is useful for controlling
product quality attributes such as CFs (Section S10, Supporting
Information). In addition, a composite metric of reaction produc-
tivity indicates that this work uses the polymerase enzyme
slightly more efficiently than previous work (despite the salt-
sensitivity of this sequence), which we attribute to the model-
based control of optimal reaction conditions such as magnesium
concentrations throughout the process. As the exact objective
function that practitioners are subject to may evolve with time,
this model-based approach is a flexible platform to achive diverse
and multivariate goals. While this work focuses on optimizing the
synthesis of a single RNA sequence, this model-based optimiza-
tion workflow is generalizable to any sequence. Applying this
approach to a new sequence would require an understanding
of the kinetic parameters of the sequence, which could be
estimated using a single round of targeted experiments.'” In
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addition, while this work focused only on the CF, there are a num-
ber of RNA quality attributes that could potentially be incorpo-
rated into this model-based optimization strategy, including
double-stranded RNA concentrations and the formation of
RNA shorter than the desired target sequence. Including these
quality attributes would require the development of kinetic mod-
els detailing the mechanisms and input-output relationships of
the formation of these byproducts. Finally, the model presented
in this work can be extended to describe the operation of a con-
tinuous stirred tank reactor (CSTR) by adding mathematical terms
describing the continuous removal of liquid from the reactor.
However, it is possible that additional physical phenomena, such
as the degradation of biomolecule catalysts and viscosity induced
by high RNA concentrations,™ may need to be added to describe
the behavior of CSTRs with residence times longer than the reac-
tion times studied in this work. For the first time, we have devel-
oped a model-based approach for the optimization of fed-batch
IVT reactions that can enable dynamic control of NTP concentra-
tions and CFs while maximizing the synthesis of RNA for DNA
sequences with diverse kinetic characteristics. We have also used
our modeling approach to control the pH trajectory, which
can enable control of additional quality attributes of RNA in
future work.

Supporting Information

An electronic supporting information detailing methods, deriva-
tions, and model validation is included with this work.®'"416-27]
All data and code used in this work will be made publicly avail-
able upon acceptance of the manuscript.
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