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PLASMID DNA

Connecting innovations to

great gains for the ultimate
stakeholder: the patient

Michelle Berg
JURA Bio, Inc.

‘| invite you to join me in welcoming 2025
with great optimism and a devotion to
creating meaningful change..”

-OREWORD

Nucleic Acid Insights 2024; 1(10), 379-381

DOI: 10.18609/nai.2024.047

Congratulations and bravo to the creators
at Biolnsights for completing the inaugural
year of Nucleic Acid Insights and providing
the go-to resource for this constantly evolv-
ing space. It has been my joy to have existed
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at the intersection of the manufacture of
nucleic acids (plasmid and mRNA across all
scales, quality, and applications) and advo-
cacy for those impacted by rare and unsolved
disease. It remains my willful responsibility
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to further drive connectivity and mutual
understanding from supply chain to patient.
Therefore, I'm thrilled to introduce you to
the final issue of 2024. The following com-
mentary is through the lens of genetic medi-
cine; however, discoveries and advancements
will continue to have clear impact on addi-
tional applications.

Reviewing the submissions and interviews
reminded me that there is a spectrum to inno-
vation that can lead to broader success for the
field and faster access for the ultimate stake-
holders—patients. The great gains through
leveraged technologies such as machine
learning and artificial intelligence are both
exciting and wonderful, and yet consistent,
incremental improvements to existing art,
processes, and reagents also deliver impact.
Looking to the rare disease community as
forced innovators, we must remain open to
creative solutions that aren’t readily apparent,
become comfortable with the uncomfortable
and unanticipated, and realize the benefits of
forging into the complex together.

Within this final issue of 2024, we will
contemplate these multiple facets of inno-
vation for delivering on the promise that
nucleic acid, particularly DNA, holds.
Contributors to this issue focus on improv-
ing the accuracy, quality, safety, and repro-
ducibility of DNA manufacture. One group
is innovating upon how organizations engage
and share, with an ultimate goal of establish-
ing a pre-competitive and open-source series
of standards and metrics. Another offers
insights on their hybrid model utilizing
the best of both worlds in outsourcing and
do-it-yourself synthesis, while an additional

BIOGRAPHY

interviewee shares about her team’s informed
and cost-conscious method for synthesis and
multiplexed shots on goal at a scale that is
challenging to conceive.

Surely, you will find something of interest
and application to take away from this edi-
tion. As you navigate the content, I invite you
to consider the following questions:

1. What drew you to this field initially
and how can you honor this through
innovation in the new year?

2. Inyour role and organization, what is your
direct line to making lives better through
the value you provide?

3. How can you set subsequent thinkers
and doers up for success to iterate and
advance?

Thank you for your attention to this issue
and support for Nucleic Acid Insights. 1 am
grateful for what the subscribers, contribu-
tors, and Nucleic Acid Insights staff will do to
advance this field.

Whether you are a researcher, developer,
manufacturer, or resource provider, there is
always an opportunity to better understand
those we hope to impact. I've found that,
when done correctly, bringing patients more
proximal to the work not only improves out-
put, but helps people gain a greater sense of
purpose in their work. With that, I invite
you to join me in welcoming 2025 with
great optimism and a devotion to creating
meaningful change through the realization of
genetic medicine!

MICHELLE BERG is currently applying her 25-plus years of experience and leadership
in the biotechnology sector as an Expert in Residence (XIR) with Digitalis Commons,
New York, NY, USA through which she advises ARPA-H, as a member of the ASGCT
Patient Outreach Committee, and as a board member with JURA Bio, Emily Whitehead
Foundation, Regenerative Medicine Minnesota, and North Dakota State University’s Center
for Entrepreneurship and Family Business. She served as President, GMP Nucleic Acids
for Aldevron, building upon previous roles and expansion cycles within the organization.
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During intermission with Aldevron, she held the role of Vice President, Patient Affairs and
Community Engagement for Abeona Therapeutics, a company focused on developing novel
gene and cell therapy approaches for treatment of people affected by rare diseases. Berg
shares her passion as an author, speaker, and advocate for those living with rare disease,
enabler of women in science, and driver of change for those with unmet needs through
her work in non-profit and start-up organizations in the gene and cell therapy space. She
received her BS in Biotechnology at North Dakota State University, Fargo, ND, USA.
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Automated plasmid assembly:
a perspective from early
drug discovery

Sanuja Ahammu, Jordi Chi, Tora Edstrém, and David Oling

Plasmid reagent generation is often both the first and the rate limiting step in early drug
discovery projects. At AstraZeneca, we have sought to accelerate the plasmid DNA gen-
eration process by integrating laboratory automation and in silico processes from digital
sequence to clonal plasmid construct. These processes are tracked in a custom-built appli-
cation, called the Construct Request Portal (CRP), which also hosts various bioinformatic
applications such as bespoke codon optimization algorithms and analysis of sequencing data
by Oxford Nanopore Technologies (ONT). Drug discovery activities are diverse and may
range from requiring a single cell-line engineering construct to variant libraries containing
thousands of plasmid variants. Ultimately, the throughput, length, and complexity of plas-
mid constructs will trigger different DNA fragment formats and assembly pipelines. Herein,
we will review the field and discuss advantages and disadvantages of ‘do-it-yourself’ (DIY)
plasmid DNA assembly workflows in the perspective of workflow requirements and rapid
sourcing of synthetic DNA.

,f::, BIOINSIGHTS www.insights.bio 363
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Synthetic plasmid DNA assembly workflows. Amino acids are entered into the Construct request portal (CRP) which codon optimizes and
fragments the DNA sequences in sizes suitable for one of three cloning workflows: (1) Gene assembly from arrayed or pooled oligos; (2) Gene

assembly from dsDNA fragments; (3) Gene assembly from clonal DNA fragments.
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DNA is an integral tool for research in many
different fields such as chemistry, biology,
and drug discovery. Since the discovery and
understanding of its structure a few decades
ago, the field has been rapidly transformed
by the development of new technologies that
made it possible to read and write DNA.
Innovation in next-generation sequenc-
ing (NGS) have allowed reading DNA at
a much faster speed and greater capacity,
revolutionizing the fields of genomics and
transcriptomics. On the other hand, devel-
opments in DNA synthesis have opened a
myriad of new possibilities when it comes to
understanding living systems and engineer-

ing biology.
DNA SYNTHESIS

Chemical synthesis of DNA relies on the
phosphoramidite method, which was devel-
oped in the 1980s and has been the corner-
stone of DNA synthesis for decades [1]. This
chemical synthesis approach involves the
sequential addition of 5'-protected dime-
thoxytril (DMT) nucleotide phosphora-
midites to a growing DNA chain, enabling
the production of custom DNA sequences
with high fidelity. This method was used by
Applied Biosystems to develop the first auto-
mated DNA synthesizer in the 1980s [2,3].
The technology has matured over the years
and current technologies can now synthesize
up to a million oligonucleotides in parallel.
Despite its widespread use, the method has
some limitations. There are currently several
oligo synthesis methods which are reviewed
elsewhere [4-6]. The main challenge is the
generation of >300 nucleotide DNA due to
the elongation cycle efficiency. In addition,
imperfect sequences are frequently gener-
ated containing truncations, indels or sub-
stitutions [7,8]. Such imperfections can be
corrected enzymatically (mutS) and removed
by an additional size selection step [9,10].
Chemical synthesis uses large quantities of
organic solvents, and the reaction used to
remove the 5-DMT protecting group can

EXPERT INSIGHT

cause depurination, resulting in a decrease in
yield and purity of the oligonucleotide.

Chemical synthesis remains the golden
standard today where leading companies
such as Twist, GeneArt, GenScript, Genewiz,
Eurofins, and IDT are competing based
on price, speed, and customization. More
recently, companies such as Elegen have
emerged, specializing in long (<7 kb), high
quality dsDNA fragments. Similarly, Ribbon
Biolabs has produced >10 kb dsDNA using
pools of 8-26:nt oligos (with complements)
providing all building blocks required for
gene assembly. In general, the process limita-
tions in length and complexity that arise from
chemical synthesis can be mitigated by assem-
bling shorter DNA fragments, or codon opti-
mization to adjust GC content and remove
repetitions or homopolymers [11].

As the knowledge of the regulatory
sequences in our DNA increases, demands for
non-coding DNA sequences also grow. These
sequences can usually not be altered, and they
often have repetitive regions, or regions with
very high GC or TA content—sequences
that present difhiculties to traditional chem-
ical synthesis. Enzymatic synthesis offers an
alternative to chemical synthesis using ter-
minal deoxynucleotidyl transferase (TdT),
which is a template independent polymerase
that attaches deoxynucleotide triphosphates
(ANTDs) to the 3" end of ssDNA. It was
described first in 1959 and is now widely
explored for commercial template-indepen-
dent enzymatic oligonucleotide synthesis
(TiEOS) methods [12]. This method uses
NTPs modified with a protected group at 3’
that interrupts synthesis to ensure that only
one single nucleotide is added per reaction
step. The protected group is removed at the
end of each cycle to allow incorporation of
the next desired nucleotide. Since TdT has
higher affinity towards natural nucleotides
(nt:s), it has been re-engineered to accommo-
date the protected nts in its active site [13].
In addition, TdT in its native form is error
prone and biased towards G/C incorporation,
requiring mutations of the enzyme or other

ISSN: 2977-4063; published by Biolnsights Publishing Ltd, London, UK
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workarounds to reach a high-yield, low-error
process. An excellent and extensive review
of literature describing TdT engineering has
recently been published elsewhere [5].

There are now many vendors offering
enzymatic DNA synthesis like Ansa Biotech,
Assemblies,
DNAscript, which all use modified versions of

Molecular NunaBio, and
TdT to deliver sequences including extreme
GC content, secondary structures and repeti-
tive sequences. This technology is still young,
and as the development progresses, longer
sequences may become available. Recently,
Ansa Biotechnologies generated a 1005:nt
long oligonucleotide sequence by template
independent synthesis. It remains to be seen
if other enzymes such as poly-U-polymerase
will be able to compete with TdT.

DNA ASSEMBLY

Regardless of DNA source, oligos normally
need to be assembled into larger DNA frag-
ments for the downstream application. The
most common assemblies are based on DNA
polymerase assembly such as PCA, Gibson
assembly, or on TypellS restriction enzymes
such as Golden Gate (GG) assembly. For
all cases, fragments up to 100 kb have been
assembled. Assembly reactions often rely on
cherry picking and automated liquid handling
processes, which are amenable to automation
and are critical for process improvement and
accelerating timelines. Indeed, a few compa-
nies are homing in on ‘on-site’ DNA found-
ries, or providing reagents, automation, and
IT infrastructure to set up an end-to-end
process allowing researchers to gain control
of the whole supply chain.

DNA Scripts SYNTAX system offer a
benchtop system that relies on a reagent kit
and TdT for oligo synthesis. Currently, the
SYNTAX is limited by throughput and oligo
lengths up to 120 bp. However, additional
automation may be integrated to enable
plasmid assembly and ’on-site’ production
of genes. Similarly, the Gibson SOLA plat-

form from Telesis promise to enhance DNA

Nucleic Acid Insights; DOI: 10.18609/nai.2024.045

and mRNA workflows by integrating the
technology with their BioXP3250 and 9600
platforms. Camena, a Cambridge, UK-based
company, are instead focusing on integrating
their reagent kit (gSynth) and bioinformat-
ics pipeline with common liquid handlers
to enable complex gene assembly. Another
Cambridge-based company in this space,
Evonetix, has partnered up with ADI to
develop a benchtop semiconductor DNA
synthesizer.

TRANSLATION INSIGHT

When working with high-throughput plas-
mid cloning, sample tracking and automation
are key to efficiency. Rather than working
with multiple different softwares, we have
incorporated our workflow in the Construct
Request Portal (CRP). Briefly, a request is
submitted as an amino acid or DNA sequence
together with information on plasmid back-
bone and host organism for expression. The
CRP provides a unique ID to each requested
construct to facilitate tracking. Various bioin-
formatic processes are triggered such as codon
optimization and fragmentation, described
in more detail below. The CRP will output
DNA sequences in a format that is compati-
ble with most synthetic DNA vendors.

Outsourcing of gene synthesis is a viable
option but it is not the most efficient way to
accelerate the many iterative cycles of drug
discovery projects. While there are some
options available for benchtop synthesizers,
each has its own drawbacks. For example,
the Akta synthesizer with its seven column
reactors is limited in throughput, while the
kilobaser produces short oligos unfit for gene
assembly. As a workaround, we have adopted
a partial DIY workflow where we rely on
outsourced DNA but control the assembly
reactions internally with bioinformatics and
automation.

The type of synthetic DNA product will
be determined depending on the downstream
application. We have listed pros and cons of
the most common synthetic DNA products




—» TABLE 1
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Sequence complexity
Sequence accuracy
Sequence length

Speed (for 2 kb gene) Fast (5-10)
Synthesis success rate (for 2 kb gene) Medium
Synthesis cost (for 2 kb gene) Low

Limited variation

~85%

Short (~350 bp)

Features pros and cons of the most common synthetic DNA products for gene assembly.

DsDNA linear Cloned DNA

Fast (5-10) Medium (8-10)
Medium High

Medium High

Limited variation Flexible

>85% 100%

3-7 kb* >7 kb

for gene assembly in Table 1. Codon opti-
mized constructs for protein expression are
amenable to synthesis as most complexities
such as repetitions, homopolymers and high
GC content can be removed by controlling
the codon usage. On the other hand of the
spectrum are plasmids for long transcripts
for IVT or synthesis of other genomic DNA
sequences such as homology arms for targeted
genome integration. Similarly, enhancer or
promoter libraries have little flexibility for
sequence alterations. Such long complex
DNA constructs have been challenging to
acquire in a rapid, reliable, and cost-efficient
manner, if even possible to synthesize. While
many vendors are improving on production
of long and complex genes, delays or cancel-
lations are frequent.

We have addressed the current challenges
in synthetic DNA manufacturing by adopt-
ing different workarounds. The key part
of the process is to generate and outsource
production of multiple shorter fragments,
single-stranded (ss) or double-stranded (ds)
DNA and assemble in our own lab. We have
geared the pipeline towards high reliability,
cost-efficiency, and sustainability. At the core
of this process is a DNA fragmentation and
recycling application, which relies on mul-
tiple sequence alignment and generation of
0.3-1 kb fragments. We have observed that
this is a fragment range where most vendors
are highly successful at delivering DNA in
a timely manner. Identical amino acid (AA)
sequences such as domains are identified, and
an assembly matrix is generated with the pur-
pose to only synthesize identical sequences

once. Prior to fragmentation, an algorithmic
database search is performed on the AA level
to maximize the value of already synthesized
DNA by recycling it [14]. This process is facil-
itated by species-specific meta data tags since
identical AA sequences may differ on the
DNA level due to alternative codon usage.
The pipeline benefits from clonal DNA frag-
ments that are stored in an automated freezer
(Biostore) and made available via acoustic
tubes and ECHO plating upon request. The
pipeline can also be run with non-clonal
dsDNA fragments readily available from
most vendors. Clonal fragments are more
expensive but can on the other hand be stored
stably enabling recycling and facilitate re-sup-
ply. In fact, we have seen a 30% reduction in
cost by using FRAGLER and an additional
15% reduction by reusing commonly used
affinity tags, promoters, and fluorescent or
luminescent reporters. For single site muta-
genesis library type campaigns with highly
similar AA sequences, up to 90% of nucle-
otides can be synthesized once and recycled,
enabling significantly higher cost reduction.
To accelerate and scale our process, we
implemented another workflow based on
gene assembly from oligo pools. This work-
flow has been inspired by a recent publication
from where the team addressed the chal-
lenge of costly gene assembly at scale. They
used a combination of barcoding, long 300-
mer oligo pools, and a robust GG assembly
approach to generate hundreds of constructs
from one oligo pool [15]. This is a powerful
de-risking approach as multiple designs of
oligo pools can be generated to maximize

ISSN: 2977-4063; published by Biolnsights Publishing Ltd, London, UK
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success of synthesis and ensure full coverage
of ordered oligos. We have built on this work-
flow by developing a graphing fragmentation
solution to choose optimal 4 bp overhangs
for fragmentation and GG assembly. In addi-
tion, we have implemented an Al-powered
sequence generator that will add optimal
buffering sequences to create oligos of equal
length, facilitating the downstream size selec-
tion process. The sequences are optimized
for lack of restriction enzyme recognition
sequences and GC content, and are devoid of
repeat regions.

Sequence imperfect dsDNA fragments
as well as oligo pools increase the screening
and sequencing burden of DIY workflows.
Sanger sequencing has long been the gold
standard, providing well over 1 kb qual-
ity reads. However, constructs required for
cell-line engineering and gene editing, such
as Cas enzymes, are often >4 kb sequences
that require multiple sequencing reactions
to cover the whole insert. Long sequences in
combination with the need to screen more
clones may lead to sample sizes that rap-
idly get out of hand. To this end, we have
enhanced our sequencing capacity by imple-
menting an Oxford Nanopore Technology
(ONT) platform similar to Circuit-seq [16].
Ons-site sequencing reduced logistical issues
with lost samples and enabled direct analysis
following plasmid extraction. Importantly, it
increased quality by providing long reads to

cover the full plasmid. The rapid barcoding
kit by ONT (SQK-RBK114.96) allowed us
to demultiplex 96 plasmids in a single experi-
ment and we could generate more than 100x
sequencing depth on a Flongle flow cell.
Apart from the advantages of real-time data
generation, long read length, and throughput
with ONT, we also acknowledge its error rate
and susceptibility to artefacts. While NGS
or Sanger may be a better choice when it
comes to higher accuracy and reliability, their
shorter read length, pre-processing steps, and
low throughput (Sanger) make them less
desirable for longer inserts, or when sequenc-
ing of the full plasmid is required. Moreover,
ONT is amenable to automation and enables
primer-free sample preparation in a cost-ef-
fective manner. Importantly, the seamless
integration with our bioinformatic pipeline
and real-time analysis reduces the turnaround
time.

Adapting the workflow for inexpensive
Flongle flow cells made the process highly
economical. The bespoke bioinformatic pipe-
line (Figure 1) performs (1) sequence analysis,
(1-2) outputs read quality, (3—4) coverage
images, and (5) aligns the generated reads
with the reference summarized in an intuitive
read-level report. This eliminates the need for
programming skills when analyzing ONT
sequenced data.

Both chemically or enzymatically gen-
erated oligos and genes will likely prevail as

—» FIGURE 1

A bespoke bioinformatics pipeline for whole plasmid QC.
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(1) Local basecalling and generation of raw data on Oxford Gridlon. (2) Processing of raw data and mapping of reads to plasmid and host DNA to
estimate the proportion of host contamination. (3) Coverage plots from Integrated Genome Viewer (IGV) of a failed (3) or passed alignment (4).
The red region highlights the insert on the plasmid (5). Based on this reference-based read assembly, the pipeline gives a PASS/FAIL output in the
automated QC report.
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they have different advantages and disadvan-
tages. Currently, the main hurdles seem to
be related to logistics and process scheduling
related issues. Moving DNA synthesis capa-
bility into the hands of scientists will at the
minimum enable quick access to oligos for
individual labs to optimize their own gene
assembly processes. However, automated

workflows

EXPERT INSIGHT

require lengthy optimization

cycles such as bacterial plating and colony

picking using liquid handling robots. Thus,

a major limitation of DIY workflows is that

they rely heavily on costly lab automation

and IT investments so a certain throughput

will have to be met for DIY workflows to be

economically sound.
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PLASMID DNA

INTERVIEW

What removing the
DNA synthesis bottleneck
means for the future of drug
discovery and development

Elizabeth Wood, CEO of Jura Bio, tells David McCall,
Senior Editor, Biolnsights, about the sheer scale of the opportu-
nity for biopharma presented by combined innovations in DNA
synthesis and machine learning.

Nucleic Acid Insights 2024; 1(10), 383-389
DOI: 10.18609/nai.2024.048

Q What are you working on right now?

EW: | am a biophysicist and a theoretical computational biologist by training. I spent
years and years chasing the problem of how we could use computers to design medicines that
cut the cost and duration of the R&D process as well as the potential for dangerous off-target

effects or other safety concerns.
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I continue to work on these challenges today. 'm very lucky to be in the position as CEO of
JURA to be able to rewrite and rebuild biologics drug discovery and development as I would

want it to be done.
Tell us more about JURA Bio’s platform and approach.

EW: JURA got its start in 2017 as a cell therapy company focused on autoimmune dis-
eases. | call this our ‘misspent youth’! We were fresh out of the lab, very eager and optimistic
that it was just a matter of building a company and everything else would follow. Then, of
course, we met all the issues that one confronts as one tries to take a drug through the devel-
opment phases—in our case, just getting to Phase 1 trials was a huge challenge. There were
regulatory questions to address and difficult developmental choices along the path as to which
therapeutic candidate to prioritize. It was a wonderful and important experience for us. I now
think of it as the lived and worked example that allowed us to figure out what the pain points
really were in the drug development process. Without having had that experience of trying to
take a new drug to clinic, we would have been working on entirely the wrong problems...But
by 2019, armed with that insight, we had noticed a few juicy problems along the discovery and
development path that would really lend themselves well to modern machine learning.

We talk a lot about the biotech renaissance that has happened recently with the likes of
CRISPR genome editing and with gene therapy in general—things that make this a really
special time to be in biotechnology. However, modern machine learning has also seen a renais-
sance in biotech application, albeit one that has gone somewhat under the radar, comparatively
speaking. It extends well beyond large language models and other machine learning models—
we have seen profound advances in technical mathematics, for example. It is really modern
inference writ large.

Going back to JURA in 2019, we knew where the problems were where we could make
order of magnitude gains that would help us in developing a next wave of therapeutic candi-
dates. We started knocking off those problems one by one, and the first thing we focused on
was the phenomenon of ChatGPT and other generative Al tools basically redefining what was
possible in real-time.

One could be forgiven for wondering why we are not witnessing the same degree of hype in
the field of machine learning-driven biology, where it really counts in terms of getting drugs
to the clinic. The answer is that modern biology and biotechnology suffer from a fundamental
lack of data at scale. We think we have a lot of data—we as biologists know how much effort
has gone into each experiment. We think of tens of thousands of data points generated by
each high-throughput experiment, and we know that is a huge amount of data compared to
what was available to previous generations. But at the same time, it is still a truly minuscule
amount—yperhaps 0.000001%—of the data that is available to the likes of Google, Facebook,
and OpenAl every single day. Just by clicking on the internet, you get a huge amount of data.
And it is data of a special type: it’s distributed, but it still provides the likes of ChatGPT with
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“..we recognized the need to rigorously test our model
at scale, which required overcoming the synthesis
bottleneck. Our solution was variational synthesis...”

instantaneous, large-scale feedback on their predictions. For example, every time ChatGPT
spits out something out, a user reads it and gives it a thumbs-up or a thumbs-down review.
They can therefore test and refine their models in this way. However, when we think about
large-scale data in biology—perhaps we have done a cell atlas—we have this large, fixed and
static data set. And when we go to train our models, we find ourselves deeply bottlenecked by
our inability to test our predictions. We don't have the chance to get in front of 6 billion users!

Now, bringing DNA synthesis into the conversation, our therapeutic candidate pipeline is
fundamentally bottlenecked by the synthesis bottleneck. Consider our ability to build and test
the therapeutic candidates we have predicted, let’s say in a functional screen. We are spending
cents per base pair, and maybe we are looking at 10,000 samples from our machine learning
model that we are going to test. Unfortunately, most antibody screening problems don’t yield a
single hit in 10,000. So, maybe we will spend all this money, we will test everything, and we will
get one or two predictions at most with which to try to train our models. That is a very hard way
to train a model—it certainly isn't 6 billion data points a second. It will slow everyone down.

AtJURA, we recognized the need to rigorously test our model at scale, which required overcom-
ing the synthesis bottleneck. Our solution was variational synthesis—a novel process of physical
computation that shifts computational workloads from the silicon chips in traditional computers
to the silicon chips used in gene synthesis. This breakthrough enables us to construct trillions of
designs for the cost of just a few hundred using conventional gene synthesis technologies.

The Bayesian-optimized Design of Experiments approach we have introduced at JURA is
all about keeping scientists in the loop or, to put it another way, allowing Al to hold the hand
of our scientists and help them make informed decisions. For instance, to help them identify
which 500 leads from 100,000 hits should be progressed to the next round of experiments, and
then once that next round of experiments has been conducted, to help them decide whether
to move forward solely with a few of those 500 leads, or to dip back into the original pool of

100,000 and pick some new ones.

Stepping back for a moment, can you reflect on the journey that
culminated in your current work in applying generative Al to DNA
synthesis, specifically?

EW: We have been through a lot. We have been through some very unique times for
biotech, whether it was the heyday of 2017/18 when we got our start, or the COVID-19

pandemic period, or the present reality, which is very asset-focused and traditional. Even as
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“..we are building the infrastructure for a future where
some of the business models that are available to our
tech colleagues become available to us in biotech.”

machine learning is exploding in our industry, there is predominantly a very asset-focused
response to it, and the unknowns around what it can do for us. Additionally, I am a first-time
founder and a woman founder, and I believe that currently, only 2% of venture capital reaches
women-founded and women-led companies.

We have never had a tremendous amount of capital available to us, even in the boom times
of a few years ago. And to be honest, that has been our strength: throughout these periods, we
have continued to slowly and steadily grow our team. We never had to react to market condi-
tions because we were solely concerned with hiring exactly who we needed when we needed
them, and building exactly as we needed to at the time. I honestly think that in the absence
of that profound lack of access to capital, we would never have invented variational synthesis.
Had we had the capital, the other option would have been to just spend a lot of money mak-
ing the constructs and testing them. If we had had hundreds of millions of dollars, maybe we
wouldn’t have invested all of the people time, all of the theory time in this wild and profound
goal of bringing down the cost of gene synthesis a trillion-fold. That is really a question you
only ask out of desperation! If you have access to lots of capital and all the pressures that go
with it, you don’t tend to step back and ask questions like ‘how do we profoundly change the
way that we sample from a generative model?’

We are very optimistic for the future. We have adopted an asset-focused pathway forward
where we're going after hard-to-drug intracellular targets with antibodies. We have generated
some beautiful results, as one should when one is able to build, test, and screen hundreds of
millions of Al-designed examples. It is natural that it should work, but it still makes you feel
good when it does.

I do feel like we are building the infrastructure for a future where some of the business mod-
els that are available to our tech colleagues become available to us in biotech. So, right now we
are an asset-focused biotech, but I would love to think that in 5-10 years’ time we will be an
enablement company—a ScaleAl for biotech, where we provide the data, the inference, and

all the tools to support others who are great at getting therapies through Phase 3 clinical trials.

What is your vision for the harnessing of Al in the DNA synthesis
space—firstly, in terms of the specific applications in which you
expect to see its initial impact?

EW: In terms of specific applications, we have turned to designing antibodies against
extremely hard targets. A lot of people think about antibody screens as being a solved problem,
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but of course, there are a number of targets for which it is not solved. These are the G-protein-
coupled receptors (GPCRs) of this world, or any time that agonism is involved. There are
questions about mechanism of action, relating to things like ion channels, or intracellular
targets. However, undoing the synthesis bottleneck means that you can directly build and test
anything you want in both the DNA and protein spaces. You basically move your limitations
downstream to your assay capacity.

At JURA, we have been seeking partners for a project to design and build CRISPR guides
to every single nucleotide in the human genome. This can be built, but it has always been
something that would have been so arduous and expensive that nobody really thought seriously
about doing it. Now, thanks to variational synthesis reducing costs so dramatically, this sud-
denly becomes a tens of thousands of dollars question instead of a billions of dollars question.
The same can be said for any number of large search space problems, such as peptides. The

potential is just so exciting to me, and I hope it will be to others, too.

Looking further ahead, what can the convergence of Al and DNA
synthesis ultimately deliver for drug discovery and development?

EW: In a few words, modern-day machine learning-scale data from biology. Right now,
some of the biggest gains from and most impressive examples of machine learning in applica-
tion are things that have been trained on literally quadrillions of examples.

I think the biotech industry is in for a rude awakening. Looking at the drug discovery pro-
cess and the size of the data sets we can currently produce, even when we talk about examples
of federated learning where multiple companies pool their data, the difference in scale is stag-
gering. If we were to say that over the past 20 years worldwide, perhaps 30,000 therapeutic
programs have reached any sort of clinical phase, and for each one of those, let’s say (extremely
optimistically) that 10,000 candidates were built and tested. That would total 3 trillion con-
structs built and tested across all of pharma, biotech, and academia over the course of the past
two decades—a number that is very likely far in excess of reality. Even so, the cutting edge of
modern machine learning is capable of processing that total data set literally thousands of times
per second. It just isn’t the scale of data that modern machine learning is built on.

The central motivating vision that I have for variational synthesis is to unlock biological
data at a scale that is at least within touching distance of modern machine learning data. There
are quadrillions of data points around which adverts we look at, where we click, and what we
search for online. Let us allow ourselves to deliver that scale of data for biology, and specifi-
cally, for the drug development process. Now that we have overcome the synthesis bottleneck,
we as a field collectively face another challenge, which is the high-throughput, high-quality
assay development process. This is because we have never been in a position before where our
high-throughput assays needed to go beyond one in a million hits, but now we will need to
screen against a quadrillion-scale library where each and every one is a hit. We should be asking

a lot more of our high-throughput assays: not just ‘is it a hit’ but does it have off-target hits?
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What is its solubility? Any further downstream developability questions that we want to ask,
that we previously didnt dare ask of our hits because they were so rare and so precious. Now, in
this deeply hit-rich regime, we can start asking more and demanding more, and that will serve
to make our machine learning so much smarter. That is what will enable us to one day achieve
modern-day machine learning-scale data from biology.

The repercussions for healthcare will be profound. You might be faced with a cancer that
has specific expression profile. Let us enable ourselves to come up with an intervention that is
going to be safe and effective the first time. Maybe it’s a personalized or precision medicine, but

whatever it is, we can get it to you in a timescale that matters to you and your family.

Can you sum up one or two key goals or milestones that you have
for your work over the foreseeable future?

EW: Even though there’s a renewed focus on and interest in machine learning, we
know that biopharma tends to be cautious and slow to adopt new processes. The pathway
for JURA is to get to Phase 1 with an antibody or another biologic against a high-value intra-
cellular target for oncology. I think that by the time we reach that stage, collectively, biopharma
is going to be realizing that there really is something to all of this. We will have succeeded along
the path that really differentiates great ideas from executable ones.

That will be our most meaningful milestone moving forward. I certainly hope to be working
on business development, too, either creating development candidates for partners, or even-
tually, even datasets. But it might be that this absolute proof is needed in order to create a real

shift in mindset in terms of what is possible.
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Bringing the power of
DNA synthesis to bear in
the field of synthetic biology

Synthetic biology offers transformative potential in appli-
cations ranging from biosensor design to novel therapeu-
tic R&D. David McCall, Senior Editor, Biolnsights, speaks to
Paul Freemont, Head of Structural and Synthetic Biology,
Department of Infectious Disease, Imperial College London,
about the recent advancements and future prospects in syn-
thetic biology, particularly concerning the development of
biofoundries and related work in scaling and automating DNA
synthesis.

Nucleic Acid Insights 2024; 1(10), 371-378
DOI: 10.18609/nai.2024.046

Q What are you working on right now?

PF: Currently, my main interest is synthetic biology, also known as engineering biology
in the UK. In essence, synthetic biology is a platform technology with nucleic acids at its core.
A significant part of this concept involves building DNA constructs, pathways, circuits, and
even genomes.

Specifically, I am focused on establishing biofoundries—fully automated, integrated infra-

structures that supports the design-build-test-learn cycle in the context of synthetic biology.
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In order to accelerate this process, we are developing automated protocols that leverage liquid
handling automation and other advanced systems. These protocols enable the efficient screen-
ing of different DNA structures, which can be utilized in various spaces such as manufacturing,
drug discovery, and biosensor design. For example, the entire manufacturing workflow of syn-
thetic biologics can be streamlined using biofoundry facilities, allowing researchers, startups,
and small companies to access the complete infrastructure required to take a project from
DNA o its final application.

My laboratory at Imperial College London focuses on cell-free systems, which play a critical
role in prototyping within synthetic biology. These systems are non-living extracts of cells that
allow developers to execute or run DNA and other nucleic acid designs in a cell-free environ-
ment. Whether developing new enzymes, constructing pathways, or creating biosensors, the
process begins by designing these components at the nucleic acid level and testing whether or
not they work. The quickest method to test the functionality of nucleic acid constructs is to
introduce them into a cell-free lysate system, which supports transcription and translation,
leading to the production of proteins that hopefully behave as intended for a specific appli-
cation. We use cell-free systems extensively for prototyping designs, discovering enzymes and
natural products, and using them for ‘bottom-up’ approaches that involve the construction of

synthetic cells.

You wrote about advances in DNA synthesis technologies some
2 years ago [1]. How has the field continued to evolve since then?
Where do you see the cutting edge currently?

PF: Most DNA synthesis technologies rely on phosphoramidite chemistry, a method
developed in the 1980s. Today, optimized versions of this chemistry allow for scalable man-
ufacturing as well as parallel processing. However, regarding the enzymatic side of DNA syn-
thesis, while progress is being made, the technology is still not capable of delivering long
sequences.

Looking at the bigger picture, the companies producing nucleic acids are performing reason-
ably well, offering diverse product lines such as libraries of protein or CRISPR-Cas9 designs,
large nucleic acid constructs, and gene-type constructs useful for both experimentation and
discovery. The field has evolved from relatively simple genes and oligonucleotides to more com-
plex products that align with the needs of high-throughput biology. These products support
more effective exploration of both the design and mutational spaces in proteins.

Despite all these advancements, the field seems to have reached a somewhat static phase,
though. It is unclear what the next major innovation in this space will be, beyond optimized
methods to produce longer DNA sequences at a lower cost.

This said, there are some promising developments on the horizon, such as optimized chip-
based approaches and novel techniques for oligonucleotide synthesis. These innovations might

improve system efficiency and reduce errors. Currently, errors remain a significant challenge,
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‘...transitioning from lab-scale innovation to a commercially viable
marketed product is an important challenge to address.”

and quality control and assurance processes for large oligonucleotides are still time-consuming
and costly.

Additionally, enzymatic DNA synthesis was a revolutionary development, and it remains an
exciting area with substantial potential. Although it has not fully worked out as yet, there are
significant opportunities in this space. However, transitioning from lab-scale innovation to a
commercially viable marketed product is an important challenge to address.

From a financial perspective, the development of DNA synthesis technology has not yet led
to the sharp price reductions we had hoped for. There are issues tied to the distributed nature
of the industry, as well as reagent lock-in practices. These factors, while making sense commer-
cially, do not contribute to reducing costs, although that will hopefully change in the future.

In summary, the contribution of nucleic acid developers to the synthetic biology field has
been transformative. However, the potential for truly disruptive, innovative methodologies
still lies ahead. Such breakthroughs could significantly lower costs and enable the synthesis of

longer gene constructs.

Much of the wider field’s attention continues to focus on RNA, but
where specifically could DNA-based approaches and innovations
continue to make headway and open up new opportunities for the
nucleic acids space?

PF: My work remains deeply rooted in synthetic biology, where DNA acts as a program-
mable structural material. Instead of focusing on delivering nucleic acids directly, we aim to
leverage the functionality they encode. This approach holds promise in areas such as enzyme
replacement, sensing, and interfering. The field of self-replicating RNA vaccines is also partic-
ularly interesting. Although it is RNA-based, much of the design work still needs to be done
at the DNA level.

In the context of DNA-based therapeutic applications, gene therapy stands out as a key area
of interest. The methods used to deliver therapeutics are also evolving, and the real challenge
for the field as a whole lies in developing systems that achieve highly eflicient uptake of nucleic
acids. Whether we aim to replace genes or exogenously introduce new activity or functionality
for specific disease contexts, the nucleic acid payload itself can be very effective. However, prac-
tical implementation, including delivery mechanisms and specific targeting, remains the most
interesting and challenging aspect.

Additionally, utilizing nucleic acids as scaffolds has proven to be incredibly powerful.

Their versatility comes from our growing ability to design diverse shapes, sizes, and complex
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‘.there have been some interesting developments in the field
of toehold methodologies—specifically, RNA toeholds.”

3D tertiary structures. The DNA origami space, for example, remains an exciting field with
significant potential, whether in the context of therapeutic, biosensor, or delivery system
development.

The area of modified nucleic acids is emerging as an exciting field of research. However, it is
critical to consider the long-term stability of nucleic acid samples.

Lastly, CRISPR/Cas9 technologies also stand out as particularly powerful tools not only
for altering cellular functionality, but also for their significant potential in therapeutic applica-
tions. The latter includes the ability to deliver specific inhibitory mechanisms or even to replace

nucleic acids in order to address certain indications.

How are you leveraging the advancements in DNA design and
synthesis in your own work?

PF: Most of our work focuses on the functions encoded within nucleic acids, which can
be leveraged in various applications. In the drug discovery and development space, the appli-
cations include cell-based therapies, regenerative medicine, and pluripotent stem cell models
for disease studies, as well as organoids for drug screening. Furthermore, delivery systems for
targeting specific cells and delivering payloads, such as conjugated antibodies for cancer treat-
ment, are key areas of development.

As I mentioned earlier, my laboratory is particularly focused on prototyping, developing
high-throughput assays, and designing small biosensors. However, we are also focused on build-
ing various DNA designs and developing methods to rapidly assemble them. We then explore
automated cell transformations and assess how the phenotypes are influenced by these DNA
designs. On the ‘bottom-up’ side, we are delving into synthetic cells by constructing modular
DNA components that can be run in cell extracts and provide functionality that mimics liv-
ing cells. These three domains—DNA design and assembly, synthetic cell development, and
biosensors—are at the core of our research, and we work to translate these technologies into
practical applications spanning multiple sectors.

Beyond these core activities, there have been some interesting developments in the field of
tochold methodologies—specifically, RNA toeholds. In these systems, the nucleic acid regu-
lates the translation of components of a reporter gene based on the presence of a specific target
nucleic acid. For example, one can use RNA toehold methods to detect pathogen nucleic acids
by targeting specific sequences.

There have been other advancements in this realm such as CRISPR/Cas13a, which was

pioneered by James Collins’ laboratory [2]. This method involves detecting specific pathogen
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nucleic acid sequences and activating Cas13a, which allows for non-discriminating cleavage of
other nucleic acid molecules, revealing fluorescent FRET pairs that emit a signal.

These technologies are now being translated into real-world applications. Nucleic acid
detection using technologies such as CRISPR/Cas is a rapidly evolving area and is leading the
way towards the more routine use of pathogen detection. We have been exploring this area

extensively ourselves, particularly in the context of the COVID-19 pandemic.

Your interests in synthetic biology extend far beyond applications in
the field of life sciences—what other areas do you find particularly
exciting at the moment and why?

PF: Synthetic biology is a platform technology with applications across various sectors.
These include biomaterials, specialty chemicals (particularly replacing fossil-based chemicals),
natural product and enzyme discovery, and alternative food systems such as cellular agriculture.

We co-founded a spin-out company with two colleagues from Imperial College London that
focuses on computationally designed protein fibers. We have essentially opened up an entirely
new design space by synthesizing proteins that do not necessarily exist in nature. By compu-
tationally designing these fibers, we can introduce specific functions or properties tailored to
particular applications, such as textiles. With advancements such as AlphaFold 3 and large
language models, protein design has become one of the most exciting areas in biotechnology
today. The opportunities to design completely novel proteins with highly defined and desired
functionalities are just beginning to open up.

Furthermore, the use of Al and machine learning (ML) in this space is truly exciting because
of the long list of potential applications, including ligand and antibody design, drug discovery,
and predicting protein-ligand and protein-protein interactions. The entire field is revolution-
izing how we understand and design proteins for particular functions. For the first time in his-
tory, we are entering an entirely new design space where we can create functionality in proteins
and unlock insights into very complex biological mechanisms as never before.

However, the success of this technology will depend on the data sets we capture, how we
capture them, and the specific questions we aim to address. One key challenge is that these Al-
and ML-driven technologies are dual-use, which introduces biosecurity concerns. It is crucial
to figure out how to manage the security risks of such powerful technologies, especially when

applied to redesigning biological systems.
What are your key goals or milestones for the foreseeable future?

PF: I am very keen to see how we can translate biotechnological advances into the

real world. The more we can introduce biotechnology, bio-based products, and solutions into
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practical applications, the more people will understand the power of the technology and the
benefits it can bring. On a related note, I have been actively working in two areas—developing
open-source standards and metrology, and scaling up and scaling out the biomanufacturing
processes.

Regarding technical standards and metrics, I have been looking at these through the lens
of translation and commercialization. For example, I recently completed an 18-month proj-
ect, which resulted in a major report for a global initiative funded by Schmidt Sciences,
Eric Schmidt’s philanthropic organization in the USA [3]. As we delved deeper into this proj-
ect, we discovered that within the biotechnology industry, there are only about 36 or 37 ISO-
published standards. Other multi-billion-dollar industries, such as the aviation, car, or even
food sectors, have hundreds or even thousands of standards. The question that concerned us
is why there are so few standards associated with biotechnology? Although there are plenty of
standards related to product safety or regulatory testing, such as those from the US FDA, there
is a significant gap when it comes to the actual processes of biotechnology.

This made me realize that the biotechnology industry, especially in biomanufacturing, has
many trade secrets in terms of capabilities and know-how, which is not ideal for encouraging
expansion. I am working to push the development of open-source standards and metrics for
biotechnology innovation and translation, which could be valuable for small companies and
startups, especially those bringing new products to the market.

Ultimately, there are two types of biotech companies today—those that possess unique capa-
bilities that no one else has, making them attractive to investors, and those that have unique
products they want to take to market, whether its a fragrance, a food supplement, or a novel
therapeutic. The challenge for both types of company is scaling, which is particularly difhicult
for small startups.

Our focus is on opening up the scaling space and developing metrics and standards around
it. While this work might seem unexciting to some, it is crucial nonetheless. This work also ties
into the biofoundry space where we have the Global Biofoundry Alliance, comprising roughly
36 publicly funded biofoundries worldwide. I was lucky to serve as the founding Chair of this
organization. The goal of these biofoundsries is to build public, open, pre-competitive proto-
cols that accelerate the entire process of developing DNA, constructing cells, and conducting
design work in the upstream R&D context. This includes developing protocols, standards,
open metrology, and software tools, as well as exploring how Al and ML can be integrated
into the biofoundry context. I believe it will significantly accelerate the translation and devel-
opment of biotechnology, particularly in the synthetic biology space. For biomanufacturing
to scale globally and operate efficiently, new companies entering the field need more such

opportunities.
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PLASMID DNA

INTERVIEW

Exploring alternatives to
plasmid DNA for safer,
higher quality gene therapy

David McCall, Senior Editor, Biolnsights, speaks with
Nafiseh Nafissi, Chief Technology Officer, Mediphage
Bioceuticals, about the applications and advantages of min-
istring DNA, including as the basis for a novel gene therapy
modality.

Nucleic Acid Insights 2024; 1(10), 357-362
DOI: 10.18609/nai.2024.044

Q What are you working on right now?

N N: At Mediphage, we are advancing a proprietary platform called ministring DNA
(msDNA™), with the goal of creating safer, re-dosable, scalable gene therapies. We are apply-
ing msDNA across multiple domains, including as a starting material to enhance the quality
and manufacturing yield of viral vectors such as AAV, and in mRNA production. Our main

priority is using msDNA as an active pharmaceutical ingredient for gene supplementation in
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gene therapy applications, or as donor DNA in gene editing applications—in particular, for
both ex vivo and in vivo cell therapy modalities.

My role is focused on establishing and expanding strategic partnerships with pharmaceutical
companies and CDMOs while driving our internal R&D pipelines and preclinical programs.
We are mainly focused on preclinical development for monogenic disorders such as hemophilia
and lysosomal storage disorders. In collaboration with partners, we are also working on genetic
epilepsy—particularly Dravet syndrome—and ocular conditions such as Stargardt disease.

All of our efforts aim to tackle key gene therapy challenges, including manufacturing scal-
ability, quality, immune tolerability issues, durability of treatment, and the development of

long-term therapeutic solutions.

Tell us more about msDNA—what differentiates it from pDNA and
other DNA vectors in its key applications?

N N: MsDNA is a double-stranded linear mini-DNA vector with closed ends. It is free
of bacterial and viral sequences, and is designed to enhance safety, tolerability, and flexibility
for gene and cell therapy applications. Our approach offers key advantages over conventional
pDNA and synthetic linear DNA vectors, which are produced via polymerase chain reaction
(PCR). By removing plasmid backbone elements, we eliminate the safety concerns associated
with unwanted immunogenicity and antibiotic-resistant genes potentially present in tradi-
tional plasmids.

Compact design is another advantage—msDNA has a streamlined structure to allow
enhanced nuclear uptake, transfection efficiency, and targeted gene expression in the target
tissues while minimizing off-target effects. The closed ends dramatically reduce the potential
of random integration.

We add proprietary sequences to the structure to improve intracellular kinetics and trans-
fection efficiency to hard-to-transfect cells, such as induced pluripotent stem cells (iPSC) and
immune cells such as CAR-Ts and CAR-NKs. Additionally, we designed msDNA to have an
enhanced safety profile, making it an ideal DNA vector for applications that require high qual-
ity and tolerability profiles.

Another benefit is that msDNA is very flexible in terms of potential size of payload. We can
accommodate multiple gene expression cassettes, or very large complementary DNA genes and
large promoters. We have successfully manufactured msDNA from 2 kb up to 16 kb.

The linear, covalently closed structure makes msDNA more resilient—it is torsion-free
and remains intact through mechanical and chemical stress and shearing forces. We plan to
publish the data that we have collected on resilience to physical force and low pH in the near
future. This is particularly relevant for cell therapy applications that require physical forces
for ex vivo transfection, and for formulation aspects that require a highly acidic pH.

Last but not least, there is fidelity. Compared to many other synthetic or PCR-based linear
DNA vectors, an E. coli-based manufacturing approach provides DNA that benefits from the
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“...E. coli-based products exhibit mutation rates
1,000-10,000 times lower than synthetic
DNA and PCR-based vectors..”

mismatch repair (MMR) mechanisms embedded into E. coli cells, and therefore achieves a

higher level of fidelity, which is crucial for clinical applications.

Can you expand on the specific advantages an E. coli-based
manufacturing approach provides?

N N: E. coli-based manufacturing is a platform that has seen wide adoption in the phar-
maceutical industry and offers significant advantages, including the intrinsic MMR mecha-
nisms | mentioned. Essentially, the cells’ natural proofreading mechanisms ensure high fidelity
during DNA replication, thereby minimizing mutation risks compared to synthetic or PCR-
based products.

We have developed precise analytical techniques to quantify loss-of-function mutations,
demonstrating that msDNA has superior fidelity compared to synthetic DNA vectors. We showed
that £. coli-based products exhibit mutation rates 1,000-10,000 times lower than synthetic DNA
and PCR-based vectors, which again, is crucial to success in clinical applications. This production
process ensures superior fidelity when compared to other linear DNA constructs.

A second benefit is the ability to leverage established infrastructure. Our own extensive
experience in fermentation process development and scale up, plus the existing knowledge pool
in the industry, allows for straightforward scalability from bench to GMP-grade manufacture.
The optimized conditions also result in a more cost-effective approach, as we produce high

yields per batch.

What are the major challenges in msDNA production and analysis,
and what are some key technological solutions that you employ to
help address them?

N N: As anyone working on the manufacturing of nucleic acids can tell you, there are
always challenges! Achieving high-yield conversion of the precursor plasmid to msDNA
during the upstream process without compromising quality was a key issue. To address this,
we did extensive process development. We developed proprietary protocols and SOPs, tested
different E. coli strains, and we continue to work diligently on enhancing our manufacturing

yield.
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“...we envision msDNA-driven therapeutics benefiting
multiple areas of gene and cell therapy.”

The other major obstacles were around analytical precision: ensuring that we had the right
analytical tools for sequence evaluation in order to ensure high fidelity, purity, and functional-
ity of our final product. We are currently utilizing a number of advanced analytical tools. We
developed a process for HPLC and qPCR, together with employing next-generation sequenc-
ing, and we are running these techniques to validate every batch.

Finally, there is the industry-wide challenge of achieving safe and targeted delivery of your
DNA vector. To address this, we are collaborating with delivery platform companies, and inter-
nally, we are advancing our nanoparticle and formulation capabilities to enhance the clinical

potential of msDNA.

How and where do you hope to see msDNA-driven therapeutics
having an impact—both initially, and longer term?

N N e Asl mentioned, we are currently focused on preclinical development for non-viral
gene therapy applications. Ministring DNA enables re-dosable and titratable therapies which
are particularly promising for monogenic disorders where traditional treatments or delivery
systems face challenges, such as a pre-existing immune response, the size of the transgene, or
long-term expression. For conditions such as lysosomal storage disorders, msDNA can deliver
larger transgene or multiple gene expression cassettes, overcoming the payload and pre-existing
immunity constraints of AAV.

Our R&D pipeline is focused on bringing these applications to clinical reality and address-
ing unmet needs across a range of diseases. Ultimately, we envision msDNA-driven therapeu-

tics benefiting multiple areas of gene and cell therapy.

Finally, can you sum up one or two key goals/priorities/milestones,
both for yourself in your own role and for Mediphage as a whole,
over the foreseeable future?

N N: For myself, the priority is to expand Mediphage’s R&D capabilities through strate-
gic partnerships and to advance our preclinical program towards IND-enabling studies. I am
also focused on scaling GMP-grade msDNA production to meet clinical demands.

For the company, our immediate goal and priority is fundraising and securing resources to

advance our lead msDNA therapeutic to clinical trials. We would like to secure resources for
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scaling GMP manufacturing, either by building the infrastructure to support commercial-
ization or by engaging with existing facilities that can help us to outsource our msDNA and
expand its application.

By collaborating with industry leaders, drug developers, and strong academic partners, and
with support from the government, we hope we can further explore the utility of msDNA and
translate its potential into transformative solutions for unmet medical needs. Manufacturing
high-quality nucleic acids is foundational to the clinical success of cell, gene, and nucleic acid-
based therapies, and I believe Mediphage is positioned to play a critical role in this new area of

genetic medicine.
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Precise mRNA purity
assessment for accelerated
therapeutic development
and release testing

Paul Mania and Joe Ferraiolo

Variable pathlength technology is a UV-Vis-based spectroscopy technique that enables the
measurement of multiple absorbance values through variable pathlengths, improving the
accuracy and efficiency of nucleic acid analytics. Unlike traditional methods requiring fixed
1 cm cuvettes, variable pathlength technology systems like Ctech™ SoloVPE® can adjust
pathlengths from 5 um to 15 mm, eliminating saturation and dilution errors. Additionally,
SoloVPE automates data acquisition and analysis, significantly reducing processing time
from hours to minutes while maintaining high reproducibility and compliance with regula-
tory standards. This article explores case studies showcasing variable pathlength technolo-
gy's effectiveness in measuring pDNA and mRNA purity, highlighting its role in streamlining
processes and enhancing product development.

Nucleic Acid Insights 2024; 1(10), 345-355
DOI: 10.18609/nai.2024.043

45:3, BIOINSIGHTS

ADVANCEMENTS IN VPT
FOR ENHANCED UV-VIS
SPECTROSCOPY

Variable pathlength technology (VPT) is a
UV-Vis method based on Beer-Lambert Law
where A = &lc (Figure 1). In traditional UV-Vis
spectroscopy, the pathlength (1) is fixed, often
leading to saturated absorbance (A) data. As

www.insights.bio

a result, the fixed pathlength requires using
a 1 cm cuvette to ‘unlock’ the concentration
(c). In contrast, VPT instruments such as
CtechTM SoloVPE® can ‘unlock’ the fixed
pathlength by positioning the light source
within 5 um of the detector.

The pathlength range the SoloVPE can
choose from is 5 pm—15 mm, essentially provid-
ing 3,000 choices of pathlengths, which helps
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—» FIGURE 1

Comparison of traditional UV-Vis spectroscopy (left) and VPT-based spectroscopy (right) for absorbance measurements.
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establish true linearity within the Beer Lambert
Law. This single absorbance value is chosen to
avoid saturated data and ensure reliable absor-
bance information, allowing the concentration
to remain constant, and eliminating the need
for dilutions. The entire process is completely
automated, meaning the user does not have to
define the pathlength range or steps. Next, the
system collects 5-10 data points starting from
the initial absorbance pathlength, generating a
linear regression line from those points. Each
reading undergoes a built-in robustness check
to ensure data accuracy. In total, the data acqui-
sition process takes less than 1 min.

VIPER® ANLYTX SOFTWARE
FOR MEASURING NUCLEIC ACID
CONCENTRATION

ViPER® ANLYTX software, a secure and
application-based platform, can be config-
ured for compliance with 21 CFR Part 11.
The ViPER software is specifically designed
for nucleic acid applications and can be uti-
lized to measure pPDNA and mRNA concen-
tration. The software measures absorbance
at 260 nm and 280 nm, and automati-
cally calculates the purity ratio value. The

Nucleic Acid Insights; DOI: 10.18609/nai.2024.043

fundamental methods and calculations are
pre-programmed into the application, saving
time and reducing the likelihood of errors.
Furthermore, users can configure specific
parameters according to their needs, such
as sample type (for example, single-stranded
versus double-stranded DNA), and can also
input sample equations into the calculator,
along with additional sample details.

BENEFITS OF UTILIZING
VPT-BASED SPECTROSCOPY
IN ADVANCED THERAPEUTIC
DEVELOPMENT

One of the main advantages of VPT compared
to traditional UV-Vis spectroscopy is the abil-
ity to measure multiple absorbance values
without the need to blank the sample or obtain
absolute absorbance values. VPT uses changes
in absorbance across different pathlengths to
create a slope regression by rearranging the
Beer-Lambert Law, with pathlength positioned
under absorbance, which allows to focus on
the change in absorbance per unit pathlength
(Abs/mm). To equate these measurements to
a 1 cm cuvette, the slope is multiplied by 10,
converting it to Abs/10 mm.




Traditional UV-Vis spectroscopy involves
several time-consuming steps, which are fur-
ther complicated by the highly variable and
error-prone dilution steps. SoloVPE removes
these dilutions and estimations, automat-
ing the measurement and reporting process.
Plotting, calculating, and establishing accep-
tance criteria are all automated within the
SoloVPE software, reducing the processing
time from 1-2 hours to several minutes. The
simplicity of operation enables at-line test-
ing on the manufacturing floor, significantly
facilitating process efficiencies.

Implementing VPT into the manufactur-
ing process enhances understanding at the
process development stage, helping to accel-
erate product development. Furthermore,
slope spectroscopy-based techniques reduce
cycle time and increase process efficiency by
eliminating delays associated with traditional
off-line testing. Additionally, VPT drives
better process control by providing real-
time, high-quality, and reproducible data.
Continuous monitoring allows for the min-
imization of risks associated with potential
issues during the process.

Both at-line SoloVPE and
FlowVPX systems utilize the same VPT, but
differ in acquisition reading capture methods

in-line

and their timing. Both systems have been

—» TABLE 1
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applied across various applications, as illus-
trated in Table 1.

Several case studies were conducted to
demonstrate the benefits of VPT for nucleic
acid applications, including assessing pDNA
purity in gene therapy products, evaluating
calf thymus pDNA purity ratios, and mea-
suring mRNA concentrations.

CASE STUDY 1: UTILIZING VPT
TO DETERMINE PDNA PURITY
IN HUMAN GENE THERAPY
PRODUCTS

Traditionally, DNA purity is examined by
testing the absorbance ratio at 260 nm and
280 nm. The ratio is known as the R-value,
which ranges from 1.8 to 2.0. Although
nucleic acids absorb at both 260 nm and
280 nm, the amount of light they absorb at
each wavelength is different, which results in
different extinction coefficients and R-values,
necessitating additional dilution methods
based on individual wavelengths.

Based on a study conducted in collabora-
tion with Pfizer [1], which involved analysis of
both internal and external human gene ther-
apy products, SoloVPE can be utilized to accu-
rately determine pDNA purity. 25 different
levels of purity values were created, comparing

Application

Culture density-OD,__ (E. coli)

600 (
Plasmid concentration
Plasmid purity
DNA/RNA concentration
DNA/protein purity
Polysorbate 80/20

Dynamic binding capacity
Continuous chromatography
Empty/full capsid

Virus titer

UF/DF monitoring

Planova® filter integrity testing
Drug product formulation

Different applications of at-line SoloVPE and in-line FlowVPX technologies.

SoloVPE (at-line)

FlowVPX (in-line)

DF: diafiltration, UF: ultrafiltration
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the theoretical (NanoDrop) purity values with
measurements taken using the SoloVPE sys-
tem. The 260/280 ratios (R-values) were ana-
lyzed, and the differences between theoretical
and observed values were recorded (Table 2). It
was demonstrated that the difference between
theoretical and observed data was less than
2%, illustrating that SoloVPE can be used
to obtain reliable pDNA purity ratio values.
Additionally, pPDNA purity tests can be per-
formed in a GMP environment in compliance
with 21 CFR Part 11.

CASE STUDY 2: DETERMINING
CALF THYMUS PDNA PURITY
RATIOS WITH VPT

In another study, conducted in partnership with
Charles River Laboratories, VPT was utilized to

measure pDNA purity [2]. The study focused
on analyzing the theoretical DNA purity ratios
by formulating dilution levels of calf thymus
DNA and bovine serum albumin (BSA). The
theoretical purity ratios were calculated using
the average slope of BSA and DNA at 260 nm
and 280 nm, and the observed purity ratios
were measured in triplicates at each purity level
and calculated on the SoloVPE system on four
different days by two different analysts. The lin-
ear regression of the dilution series was analyzed
by plotting the theoretical purity ratios against
the average observed purity ratios. Based on
the results of the linear regression analysis, the
method was found to be linear. The intermedi-
ate precision study demonstrated a strong cor-
relation between the theoretical purity ratios
and the average observed purity ratios. This
demonstrates that the SoloVPE System is a

—» TABLE 2

The differences in pDNA purity ratios between theoretical (NanoDrop) and observed
(SoloVPE) values.
Theoretical purity ratio Observed purity ratio Percentage difference

1 0.6259 0.62723 0.21%
2 0.87087 0.90315 -0.22%
3 1.05311 1.06122 0.74%
4 1.18483 1.17076 -1.14%
5 1.28451 1.28847 0.30%
6 1.42528 1.42358 -0.11%
7 1.51996 1.52481 0.31%
8 1.58798 1.58959 0.10%
9 1.63927 1.65568 0.96%
10 1.6793 1.67489 -0.25%
11 1.71134 1.69203 -1.09%
12 1.7377 1.71515 -1.25%
13 1.75964 1.73533 -1.33%
14 1.77821 1.77064 -0.41%
15 1.79418 1.81956 1.36%
16 1.80804 1.77874 -1.56%
17 1.82026 1.80414 -0.85%
18 1.83094 1.81184 -1.00%
19 1.84046 1.82975 -0.56%
20 1.84902 1.85457 0.29%
21 1.85672 1.84667 -0.52%
22 1.86028 1.88378 1.22%
23 1.86365 1.85282 -0.56%
24 1.86692 1.84941 -0.90%
25 1.87 1.87147 0.08%
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specific, precise, reproducible, linear, and accu-
rate method to support DNA purity determi-
nation. Additionally, this case study effectively
demonstrates the robustness of the SoloVPE
system, particularly its reliability across differ-
ent analysts. Lastly, the SoloVPE requires min-
imal training, simplifying the entire process of
creating methods and training users to execute
them effectively.

CASE STUDY 3: ADVANCING
MRNA CONCENTRATION
MEASUREMENT WITH VPT

Although traditional fixed-pathlength UV-Vis

spectroscopy techniques are commonly utilized

INNOVATOR INSIGHT

to measure mRNA purity values, they have
multiple limitations. Most traditional spectro-
photometers rely on fixed-pathlength UV-Vis
absorbance readings, which present significant
challenges for accurately quantifying mRNA
purity. Common impurities in mRNA include
free nucleotides, single-stranded nucleic acids,
and proteins, all of which may require dilution
due to the initial concentration. Additionally,
the 1 cm fixed-pathlength method necessitates
sample dilution to ensure the wavelength falls
within the spectrophotometer’s operational
range. Finally, using dilution factors leads to
an increased preparation time and variability
in determining concentration, leading to diffi-
cult method transfers.

TABLE 3

mRNA purity ratios using SoloVPE, and comparisons between theoretical and

Accuracy

observed (SoloVPE) concentration values.

A,,, concentration (mg/mL)

Theoretical SoloVPE Percentage A, A
recovery to
theoretical

TE 1 4.10 4.35 106.08 2.23
2 2.05 221 107.99 2.26
3 1.038 1.11 108.07 2.24
4 0.51 0.55 108.12 2.25
5 0.26 0.28 107.74 2.24
WEI 1 4.70 4.59 97.56 2.05
2 2.35 2.39 101.75 2.07
3 1.18 1.21 103.27 2.00
4 0.59 0.61 103.55 1.93
5 0.29 0.31 104.50 1.87
Sodium 1 4.01 3.78 94.27 2.13
citrate 2 201 191 95.07 212
3 1.00 0.96 96.00 211
4 0.50 0.49 96.98 2.10
5 0.25 0.25 98.06 211
TE: tris-ethylenediaminetetraacetic acid, WFI: water for injection.
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A study carried out in partnership with
Aldevron [3] focused on determining mRNA
concentration and purity ratio values using
the SoloVPE System in order to evaluate
the impact of sample volume and dilution
requirements on wavelength readings and
overall VPT accuracy, as well as compare
method reliability, accuracy, and ease-of-use.
The main objective of the study was to vali-
date SoloVPE as an accurate and reproduc-
ible mRNA purity assay that complies with
ICH Q2 requirements by comparing it to a
theoretical analytical method.

The following parameters were assessed:
accuracy, repeatability, linearity, intermediate
precision, specificity, and range. Additionally,
method comparability was included in the
study design to connect Aldevron’s cuvette-
based assay with the new approach. A single
mRNA molecule was formulated in three
representative sample matrices: Tris-EDTA,
water for injection, and sodium citrate. Each
measurement was conducted without addi-
tional consumables, incorporating 280 nm
quantitation to generate purity values for all
results, as shown in Table 3. The slope was
quantified at 260 nm and 280 nm in Abs/mm,
with the values representing concentration
magnitude to determine the mRNA purity.
Typically, the accepted range for R-values is
2.0-2.2, which is specific to mRNA and may
vary depending on the sequence and type of
molecule.

The results demonstrate that the SoloVPE
system is highly accurate compared to the

Nucleic Acid Insights; DOI: 10.18609/nai.2024.043

theoretical method at various concentra-
of mRNA-based products.
Furthermore, the VPT-based system allows

tion ranges

for rapid product-specific analysis due to
automated technology and reduced sample
handling, which streamlines the purity ratio
measurement process.

Taken together, these case studies demon-
strate how SoloVPE streamlines the mRNA
purity measurement process. In conventional
UV-Vis spectroscopy, users must generate
a dilution series and measure absorbance
at both 260 nm and 280 nm for each dilu-
tion. Furthermore, if different dilutions are
required for absorbance measurements, users
must manually input their results into a cal-
culator to determine the R-value purity ratio.
In contrast, SoloVPE bypasses the require-
ment for dilution and simultaneously quan-
tifies mRNA at both 260 nm and 280 nm
within one minute. Afterward, the software
automatically generates a purity ratio, allevi-
ating the need for manual calculations.

CONCLUSION

In summary, the integration of VPT into
platforms such as SoloVPE enhances nucleic
acid analysis, streamlining the determina-
tion of pDNA purity, mRNA concentration,
and other critical metrics. Overall, VPT-
driven systems offer enhanced precision,
reduced process times, and improved process
efficiency, making them valuable tools in
advanced therapeutic development.
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Q&A

Joe Ferraiolo

ls the SoloVPE method currently being used for the GMP release
of MRNA-based drug products?

J F: Slope spectroscopy and the SoloVPE system have been around since 2007. While
most customers initially focused on monoclonal antibodies, it was a natural transition to apply
the technology to other modalities, including mRNA-based products. Users now leverage all
the benefits of SoloVPE within GMP environments for various nucleic acid modalities.

How does VPT improve the accuracy of mRNA concentration or
purity measurements compared to traditional UV-Vis methods?

J F: The primary benefit of VPT is the elimination of dilution errors and the human factors
that contribute to inherent errors in this application. The slope spectroscopy technique relies
entirely on the accuracy and linearity of each slope regression. For instance, when measuring
purity by assessing two different wavelengths and calculating the ratio of those wavelengths, a
guaranteed linearity is achieved. This approach removes human involvement, and the R? value
assures the accuracy of the data, regardless of the concentration.

How does the SoloVPE's repeatability data support platform
alignment in bioprocessing applications?

J F: We have data and publications dating back to before 2010 that show consistent
performance, regardless of the group, location, or facility—whether it is a parent company
or a CMO transfer. As long as analysts are properly trained, our hardware has maintained a
repeatability claim of +2% for nearly 20 years on the product line.
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How does the accuracy of mRNA purity assessment using SoloVPE
compare to other common techniques regarding speed and
precision?

J F: Starting with precision, | would confidently rank SoloVPE technology as top of class,
as it is the only slope-based technology that can demonstrate linearity within a measure-
ment. Regarding speed, if there is a limitation to our SoloVPE technology, it is that it conducts
one measurement at a time. When comparing this to a 96-well plate configuration, throughput
would certainly be an advantage. However, in most cases, high throughput involves screening
multiple samples to average out results, which is no longer necessary with SoloVPE system.

How long does it take to perform the SoloVPE method validation
and transfer versus traditional UV-Vis techniques for mRNA
measurements?

J F: We have conducted risk assessments with various companies, and those findings
suggest that the time required for processes is now at least half of what it used to be. This
reduction in time is largely due to the simplicity of the technique and the elimination of the
need for analysts to prepare dilutions. On the back end, all the time previously spent calibrat-
ing scales for gravimetric dilutions and preparing serial assays is now eliminated, and each
measurement takes about one minute. With no dilutions required, the time previously spent
on sample preparation is now back in your company’s hands.

Can SoloVPE be wused for other molecules like siRNA or
oligonucleotides?

J F: These two molecule types are significant areas for us. Oligonucleotides have some
of the highest concentrations we have ever observed. For example, in traditional spectros-
copy methods, the optical densities can range anywhere between 50 and 100. In contrast,
the SoloVPE system allows for measuring oligonucleotide samples without needing a 1 to
4,000 dilution, representing a significant benefit. We have a well-documented paper [4] on this
particular modality that includes data illustrating the repeatability of the method during the
transfer to contract manufacturers.

What challenges does the SoloVPE address in bioprocessing,
particularly when working with complex matrices such as those
used in MRNA-based products?

J F: One of the key highlights of SoloVPE technology is that it does not require blanking
or baseline correction for most of the applications because most buffers do not exhibit a
change in absorbance over the pathlength. Essentially, if you were to test the buffer matrix
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like a sample, you would observe a flat slope line with no linearity. This is how our customers
validate the process without needing baseline correction. However, if you do require baseline
correction, the feature is available in the software, and you would blank as you would for tradi-
tional UV spectroscopy. However, in all cases related to mRNA purity measurements, we have
not encountered a need for baseline correction.

What steps are involved in integrating VPT into an existing mRNA
production workflow, and what challenges might arise?

J F: Currently, the biggest challenge lies in transitioning a process from an at-line setup
to a thousand-liter production environment, which is where in-line FlowVPX technology
can be used for scaling up to larger manufacturing environments. This ensures a harmonized
slope spectroscopy method that retains all the benefits of linearity, slope data, and the elimina-
tion of dilutions, allowing seamless method transfer. The only adjustment involves introducing
the kinetics aspect for time measurements.

How does SoloVPE support continuous monitoring and real-time
control in mMRNA manufacturing, and does it impact faster release
testing?

J F: Both small-scale and large-scale systems that incorporate VPT allow for effective
scaling. As mentioned previously, one of the main benefits is real-time monitoring, meaning
there is no need to halt the production process to pull a sample, dilute it, and assess it or send it
to an external laboratory for testing. SoloVPE allows for making instant decisions and gaining
deeper insights into your process.

Typically, when scaling to manufacturing with in-line systems, developers often rely on
fixed-pathlength UV sensors. While these sensors are cost-effective, they severely limit what
you can observe, as they operate on absolute pathlength. In contrast, SoloVPE technology
provides comprehensive visibility across the entire process, which ultimately improves deci-
sion-making capacity and saves time.
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Introducing the
CTech™ SoloVPE® PLUS
System

Designed to enhance at-line concentration measurement,
the new CTech SoloVPE® PLUS System takes our proven
Variable Pathlength Technology (VPT) to the next level.

e Measurements in under 30 seconds — streamline
workflows and increase productivity.

e Broader dynamic range with no dilution required —
accurately measure high absorbance and high-viscosity
samples.

e Proven accuracy and precision— ensure reliable results
across systems, operators, and sites.

e Automated data analysis with
GMP-ready tools —
CTech VIiPER® ANLYTX software
supports 21 CFR Part 11
requirements.
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