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Abstract

Conventional laboratory protein detection techniques are not suitable for point-of-care
(POC) use because they require expensive equipment and laborious protocols, and
existing POC assays suffer from long development timescales. Here, we describe a
modular cell-free biosensing platform for generalizable protein detection that we call
TLISA (T7 RNA polymerase-Linked ImmunoSensing Assay), designed for extreme
flexibility and equipment-free use. TLISA uses a split T7 RNA polymerase fused to affinity
domains against a protein. The target antigen drives polymerase reassembly, inducing
reporter expression. We characterize the platform, then demonstrate its modularity by
using 16 affinity domains against four different antigens with minimal protocol
optimization. We show TLISA is suitable for POC use by sensing human biomarkers in
serum and saliva with a colorimetric readout within one hour and by demonstrating
functionality after lyophilization. Altogether, this technology could have potentially
revolutionary impacts, enabling truly rapid, reconfigurable, equipment-free detection of
virtually any protein.
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Introduction

Diagnosis at the earliest manifestations of disease is often critical in disease
management and treatment at both the individual patient and public health levels.
Unfortunately, most gold standard clinical diagnostic tests—including high performance
liquid chromatography (HPLC), mass spectrometry, reverse transcriptase polymerase
chain reaction (RT-PCR), and enzyme linked immunosorbent assays (ELISA)—require
expensive equipment and trained technicians working in a well-funded laboratory setting
(1,2). The costly nature of these techniques impedes sufficiently broad public access,
especially in low-resource areas with little access to high-quality healthcare and in many
low-income countries where annual per capita healthcare expenditures are less than
US$100(3). Point-of-care (POC) diagnostic tools have a substantial impact on the
management of both individual and public health by increasing test accessibility, which
enables earlier detection of disease, more ideal treatment plans, and better prognoses
(2). However, existing POC platforms like the lateral flow assay (LFA) are not simple to
reconfigure to new targets due to the complex, iterative optimization of multiple
interconnected design parameters that is required (4,5). Thus, engineering rapid,
effective, and affordable POC tools is a dire need.

Cell-free expression (CFE) systems are a particularly promising platform poised to
address current needs for POC diagnostic technology. These systems are composed
simply of cellular lysate, substrates, and energy sources needed to execute transcription
and translation from DNA templates in vitro. CFE systems can be lyophilized for long-
term storage at ambient temperature (6), react robustly in small volumes of human
sample matrices (7-10), can yield colorimetric outputs for equipment-free result
interpretation (11), and cost only $0.02-$0.04 per 1 uL reaction (6). Numerous CFE
biosensors have been engineered to detect nucleic acid (6,8,12-14), ion (9,11,15,16),
and small molecule (7,10,16-18) biomarkers, with particularly impressive modularity and
versatility in detecting nucleic acid sequences.

However, these technologies neglect an important class of biomarker: proteins,
which are gold standard biomarkers for many diseases and the target of over 100 FDA-
approved diagnostic tests (19). Despite this critical importance, our abilities for modular
detection of proteins using CFE are far less mature.

Only a few efforts for modular protein sensing using CFE have been reported, all
of which use aptamers (oligonucleotides that bind to a specific target with high affinity) to
regulate gene expression upon protein recognition. Modular implementation of newly
evolved or synthetic aptamers remains a challenge, though, with integration into existing
sensing platforms typically done through costly and time-consuming trial-and-error
experimentation (20). A recent plug-and-play DNA aptamer platform sought to address
this issue in an in vitro transcription system, but relies on the aptamers forming a specific
noncanonical DNA structure called a G-quadruplex, limiting the sensing space of the
platform significantly (21). A new automated design process was also recently reported
that converts arbitrary RNA aptamers into riboswitches for use in CFE biosensors (22).
While this is a significant advance in the long-standing challenge of riboswitch
engineering, it requires users to know the aptamer’s secondary structure when bound to
the antigen and the antigen’s free energy of binding, specifications that are particularly
challenging for new protein targets and thus impede its more widespread use. Critically,


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

there currently are no aptamer-based CFE biosensors that have been linked to visual
colorimetric outputs, tested in human samples, or lyophilized for storage and
transportation, rendering these systems unsuitable for POC use.

To address this gap in capabilities and in the literature, we devised a strategy
combining small, target-specific protein-binding affinity domains with a split T7 RNA
polymerase (T7RNAP) to create a modular, easily engineerable, field-deployable protein
detection platform. While antibodies are widely used in laboratory assays (e.g., ELISA)
and in POC LFAs as specific and sensitive affinity domains, they are challenging to
implement efficiently in CFE biosensing platforms due to post-translational modifications
and challenges in proper folding (23,24). Thus, we chose to focus on the use of
nanobodies (single-chain camelid immunoglobulin fragments), which can be expressed
easily in bacterial CFE systems (25). Nanobodies are easy to engineer because they are
small, highly stable, and incredibly robust to changes in their chemical environment and
to fusions with diverse molecules (26). Moreover, nanobodies can be rapidly evolved to
bind to new targets through processes such as phage, yeast, or ribosome display (27,28),
in contrast to the more expensive and complex development pipeline for new antibody
development (29). The split T7TRNAP we use has one fragment that was evolved
(T7TRNAPNev) to have minimal spontaneous reassembly in the absence of forced co-
localization; that co-localization can be caused by binding to a target via affinity domains
fused to the polymerase fragments (30,31). To our knowledge, neither of these
approaches have been used for cell-free biosensing despite their broad utility having been
demonstrated in in vivo applications.

By fusing nanobodies or other affinity domains to each of the split T7TRNAP
fragments, we have created a biosensing platform we call TLISA (T7RNAP-Linked
ImmunoSensing Assay), analogous to an ELISA but in a faster, more user-friendly, and
easily engineerable format (Fig. 1A). In the presence of a target antigen, both nanobodies
bind, driving reassembly of the polymerase fragments and inducing expression of a
reporter protein. Here, we demonstrate the modularity and utility of the TLISA platform,
characterizing design considerations using eGFP and mCherry as model target antigens
and then showing that the modular nature of TLISA enables rapid sensor development
for clinically relevant proteins.

Results

Proof of Principle eGFP TLISA

As a proof-of-principle demonstration, we first aimed to engineer a TLISA
biosensor to detect eGFP as a model protein. The TLISA platform was implemented on
three plasmids (Fig. 1B): one encoding the evolved N-terminal portion (residues 1-179)
of TTRNAP (T7RNAPNev) (31) translationally fused to a nanobody (NB), another encoding
the C-terminal portion (residues 180-883) of T7TRNAP (T7RNAPc) translationally fused to
a separate NB, and the reporter plasmid encoding -galactosidase (LacZ) under the
regulation of a T7 promoter (pT7LacZ). Anti-eGFP NB sequences were codon optimized
for E. coli and cloned into plasmids to create a C-terminal fusion on the T7RNAPNev
fragment and an N-terminal fusion on the T7TRNAPc fragment. We chose Nb1l (32) and
LaG2 (33) as the first NBs to test since their epitopes had little overlap, a feature we
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predicted to be important to allow both NBs to bind simultaneously . The same 14 amino
acid (AA) flexible linker sequence was used on both plasmids to fuse the polymerase to
the nanobody. The conversion of the yellow substrate chlorophenol red pB-D-
galactopyranoside (CPRG) to the purple product chlorophenol red (CPR) was monitored
via absorbance at 580 nm to assess sensor functionality. To execute the assay, the
T7RNAP fragment fusions were first “pre-expressed” in a CFE reaction step for one hour.
Then, reporter plasmid, CPRG, and protein-containing sample were added. Pre-
expression of the T7RNAP fragments prior to the final sensing reaction decreases the
detection time of the assay. To control for the impacts of the addition of purified target
protein and storage buffer on CFE, we used control reactions with either pure buffer or a
separate unrelated protein added in place of GFP target.

Fig. 1C shows that the addition of eGFP to the TLISA reactions increases the rate
of LacZ expression relative to both the buffer and unrelated protein controls,
demonstrating TLISA functionality for sensing proteins. The pigmented reporter enables
gualitative result interpretation by naked eye observation of reaction color (Fig. 1D). We
also showed that TLISA reactions are robust to variation across lysate batches and to
reactions on different days (Fig. S1).
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Fig. 1. Proof-of-concept eGFP TLISA biosensor. (A) General TLISA schematic. The
T7RNAPwev (blue) fused to a nanobody and the T7RNAPc (red) fused to a separate nanobody
should not reassemble in the absence of antigen. In the presence of antigen, both nanobodies
bind and bring T7RNAPney and T7RNAPc in close proximity, driving reassembly. The
reassembled T7RNAP then drives expression of LacZ (purple). LacZ converts the yellow pigment
CPRG into purple CPR to generate a range of visually interpretable output colors. (B) Genetic
circuit of the proof-of-concept eGFP biosensor. T7RNAPNey fused to anti-eGFP NB1 and
T7RNAPc fused to anti-eGFP LaG2 were expressed from separate plasmids under a native E.
coli promoter (Pgap). In the presence of eGFP, both NB1 and LaG2 bind and bring T7TRNAPNev
and T7RNAPc in close proximity, driving reassembly and expression of LacZ off the third, T7-
regulated, reporter plasmid. (C) Absorbance readings over time at 37 °C to monitor the conversion
of yellow CPRG to purple CPR in the presence of either protein buffer, a control protein (mCherry),
or eGFP and 0.1 nM pT7LacZ. Despite some low background reassembly of T7RNAP, target-
dependent reassembly and expression is clearly visible. (D) Pictures of visible reaction colors
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corresponding to different absorbance values. Symbols represent the arithmetic mean + standard
deviation of n=3 technical replicates. Robustness to variation across lysate batches and to
reactions on different days is shown in Fig. S1.

Flexibility of the TLISA Platform

To demonstrate the modularity of TLISA to work with different nanobodies, new
anti-eGFP NB sequences were fused to both the T7TRNAPNev and T7RNAPc fragments
and tested for eGFP detection. To facilitate the comparison of the resulting sensors, we
used the area between curves (ABC) (Equation 1) as a quantitative metric of sensor
quality, where ABC < 0 indicates no protein detection and higher ABC indicates more
visually distinct responses for a longer period of time—and thus a better sensor. TLISA is
rather robust to changes in NB sequence, with several combinations of anti-eGFP NBs
producing functional biosensors without any optimization of reaction conditions (i.e.,
plasmid concentrations and ratios) (Fig. 2A and Fig. S2). We note that the T7RNAPc
fragments used here contained mutations that propagated during cloning, and these
mutations actually improved sensor quality in some instances (Supplementary Text,
Table S1, and Fig. S3). The best-performing sensor, T7RNAPnNev-LaG2/LaG14-
T7RNAPc, had an ABC of 40.5 and a limit of detection (LOD) of 100 nM eGFP (Fig. S4).

: . _ rteo teo
Equatlon 1: ABC = fto ASSO, target protein dt — fto A580, ctrl protein dt

These results reveal interesting characteristics of the TLISA platform. First, we
expected that to detect monomeric proteins (such as eGFP), the NBs fused to each
polymerase fragment would need different epitopes to prevent steric occlusion of one NB
by the other, which would otherwise prevent T7RNAP reassembly and reporter
expression. The epitopes of the six NBs used here can be organized into three groups
based on the general location of their epitopes where LaG14 is in group I; Nb1, LaG19,
LaG26, and LaG27 are in group Il; and LaG2 is in group Il (32,33). The epitopes of
LaG19, LaG26, and LaG27 overlap significantly, which could explain why there were no
functional sensors created from combinations of these NBs. Surprisingly, a sensor with
two LaG2 NBs still yielded significant detection signal. Beyond potential shortcomings in
existing epitope maps for these NBs, the mechanism for this signal remains unclear. We
also observed that for a given pair of NBs, the ABC could be quite different depending on
which NB was on the N versus C fragment. This could be due to differences in protein
folding caused by tertiary structure interactions between domains or by improved folding
for certain NBs for either N- or C-terminal fusions (as the two fragments had their NBs
fused on opposite termini). Lastly, many but not all combinations of NBs result in
functional TLISA sensors, and the sensing quality and rate of reaction even for those
sensors can vary greatly. Direct eGFP ELISA data confirm that all six anti-eGFP NBs can
fold correctly in the CFE environment (Fig. S5). These results provide some guidance on
which NBs may yield functional TLISA sensors, though it is imperfect. For example,
LaG26 had one of the weakest responses in the direct ELISA and also typically had low
ABC values in TLISA assays, but NB1 had some of the highest ABC values despite
relatively low activity in the direct ELISA. Thus, there are multiple variables that determine
whether a NB will prove functional in TLISA, and more exploration is needed to identify
characteristics allowing de novo prediction of function. Moreover, we note that while all
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combinations tested in Fig. 2A were executed under identical reaction conditions, the
performance of individual biosensors can often be further improved simply by optimizing
the concentration of plasmid expressing LacZ (Fig. S6).

We next showed that TLISA is compatible with different types of protein affinity
domains. We implemented two different synthetic protein binding scaffolds as TLISA
affinity domains: a monobody and a DARPin (designed ankyrin repeat protein).
Monobodies (MBs) are small (ca. 10 kDa) binding proteins based on the fibronectin type
[l domain. DARPIns are based on natural ankyrin repeat protein scaffolds. A new eGFP
biosensor using the GS2 MB (34) (Fig. 2B) and another sensor using the 3G86.32
DARPIn (35) (Fig. 2C) were engineered simply by switching them into the T7TRNAPc
fusion and maintaining all reaction conditions. These results show that TLISA can be
robust to different sizes and scaffolds of affinity domains, and that different types of
domains can be mixed and matched in one sensor for a plug-and-play platform suitable
for rapid re-engineering.
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Fig. 2: TLISA is robust to different affinity domains. (A) TLISA genetic sensing circuit and
ABC (Equation 1) values for all 36 combinations of six anti-eGFP NBs. (B) eGFP TLISA built from
a NB (LaG2) and a MB (GS2). (C) eGFP TLISA built from a NB (LaG2) and a DARPIn (3G86.32).
500 nM mCherry was used as the control protein in all reactions. All reactions contain 0.1 nM
pT7LacZ. Symbols represent the arithmetic mean + standard deviation of n=3 technical replicates.
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We next investigated the influence of the length of the linker that connects the
polymerase fragments to the NBs. Choosing one representative eGFP sensor
(T7TRNAPNev-NB1/LaG2-T7RNAPCc), we altered linker lengths from 14 AAs to either 7 or
28 AAs for each polymerase fragment and tested all possible combinations for eGFP
detection. Linker length affected detection functionality differently for the two polymerase
fragments (Fig. 3A). Using a 28 AA linker on the T7RNAPnev fragment abrogated
detection in all combinations, while longer linkers on the T7RNAPc fragment generally
yielded strong detection. The best combination used a 7 AA linker on the T7TRNAPNev
fragment and a 28 AA linker on the T7TRNAPc fragment (Fig. 3B). Again, we suspect that
these observations could be due to differences in protein folding and stability for the fused
constructs. While these results may not generalize to all combinations of NBs and their
respective epitope locations, they do indicate that linker length could be used as a tuning
parameter to improve signal-to-noise for the same pair of NBs.

We also investigated the impacts of changing the terminus for the NB fusion for
each polymerase fragment. All experiments thus far used the C-terminus of T7TRNAPNev
and N-terminus of T7RNAPc for fusions, based on previous reports for in vivo split
T7RNAP biosensors (30,31). However, as we have already shown, functionality is
dependent on the local fusion context, so changing fusion locations could potentially yield
even better sensors. We tested all four combinations of fusion termini with the split
T7RNAP system using the wt version of both fragments; this wt version of the T7TRNAPN
fragment has not been evolved to minimize spontaneous reassembly, and thus provides
a way to assess whether functional polymerase can reassemble at all in a CFE system.
We found that both N- and C- terminal fusions to wt T7RNAPnN yield reassembly of
functional polymerase, while T7TRNAPc does not tolerate C-terminal fusions (Fig. S7),
consistent with previous reports (36). We then also tested a second, mutated T7TRNAPc
fragment (T7TRNAPc,L2a) whose mutations enable C-terminal fusions (36); we validated
spontaneous reassembly in a CFE system with a NB fused to the C-terminus of the
T7RNAPc 24 fragment (Fig. S7) even though this was not possible with the original
T7RNAPc fragment.

Assessment of TLISA functionality for NB fusions on different termini for
T7RNAPnNev and T7RNAPc,.2a showed some degree of robustness to these changes.
Although the wt T7RNAPN tolerated both N- and C- terminal fusions, we observed no
detection and minimal baseline activity when fusing NBs to the N- terminus of T7TRNAPNev
(Fig. 3C). This loss of activity may be due to protein folding differences between the wt
T7RNAPN and T7RNAPNev. On the other hand, we demonstrated functional eGFP
biosensors with NB fusions to both the N- and C- terminus of TTRNAPc,.2a (Fig. 3D). An
N-terminal NB fusion on T7RNAPc,2a resulted in a functional eGFP sensor using the
established reaction conditions without any optimization while the pT7LacZ reporter
plasmid concentration needed to be increased to observe eGFP detection when using
the C-terminal NB fusion on the T7RNAPc2.a. Thus, future TLISA designs could use
selection of termini for fusions as another possible avenue for optimization.


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

TTRNAP,, Linker= 7 A& 14 AA 28 AA
] O Buffer Ctrl
| | 500 nM Cirl Protaein
-4 | -@ | -l 500nM eGFP
T7RNAP. Linker Length
TTRNAP, Linker = 7 AA TTRNAP, Linker = 14 A& TTRNAP, Linker = 28 AA 7 14 28
£
o ¥ ™
2.0 o 7 A 5
X 'y )
- P * g
215 & A4 £
<< d A ] —
= 'y ] 3
4 . -
jm Vs & £ 4 %
F ok X [ ] =
s & [
0.54 ‘,‘ e 1 l‘ A =
o B . ] 4
badda et i t8iWan jaasetSnnanann® Lassatficiitane ABC (AU
0.0 , , - ,
0 30 60 0 30 60 O 30 60 -
. . . . . . -50 50 150 250 350
Time (min) Time (min) Time (min)

Varied NB1 Fusion Terminus 251 Constant NB1 Fusion Terminus 25
Ak ot
<N 2.0 A l 2.0 y
5 / 2 .
218 J 2 15 y, p
g ABC, = 0.0 & e ABC, =18.1 4 o~
Constant LaG2 Fusion Terminus {58 10fneci=215 Varied LaG2 Fusion Terminus q:% 0 ABC;=66 o A“_‘
l 0.5 L < 0.5 .:‘a‘
[ [ T7RNAP, o “uf‘ ssssssssosst 7 TTTRNAPal ) oo aaw;“l“‘l |
0 15 30 45 60 0 15 30 45 60
Time (min) Time (min)

TTRMNAP,,, Fusion Terminus
N- C-

| < Bufiar Ctrl

| 500 nM Citrl Protein
@ | -A- 500 nM eGFP

D

TTRNAP | 5, Fusion Terminus
N- C-
| Buffer Cirl

| 500 nM Ctrl Protein

@ |4 500 nM eGFP

Fig. 3: Impacts of linker length and fusion termini on sensor performance. (A) Absorbance
data of T7TRNAPne-NB1/LaG2-T7RNAPc TLISAs with different linker lengths. Different shapes
represent different linker lengths for T7TRNAPNe-NB1. Each graph represents a different linker
length for LaG2-T7RNAPc. (B) ABC values for the data presented in (A). (C) Genetic circuits
indicating the varying locations of the NB on the T7RNAPwes fragment and absorbance data for
TLISA reactions with NB1 fused to either the N- (circles) or C-terminus (triangles) of T7TRNAPev
used with LaG2-T7RNAPc. ABC values for the two sensors are displayed in the graph. (D)
Genetic circuits indicating the varying locations of the NB on the T7RNAPc,2a fragment and
absorbance data for TLISA reactions with LaG2 fused to either the N- (circles) or C-terminus
(triangles) of T7TRNAPc 2a used with T7RNAPne-LaG19. ABC values for the two sensors are
displayed in the graph. All reactions contained 0.1 nM pT7LacZ except for the C-terminal NB
fusion data in D, which used 0.2 nM pT7LacZ. 500 nM mCherry was used as the control protein
for all reactions. Symbols represent the arithmetic mean + standard deviation of n=3 technical
replicates.

TLISA can easily be reengineered to detect different antigens

We next showed that the TLISA platform can be used to detect a different protein
antigen. The modular design nature of TLISA makes this simple: we cloned new plasmids
with anti-mCherry NB fusions to the polymerase fragments to create a new TLISA sensor
for mCherry (Fig. 4A). The epitopes of these NBs were not characterized at the time of
selection, so of the available NBs we choose the four with the lowest Kq values (33) and
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validated proper CFE with an ELISA (Fig. S8). We tested for mCherry detection using all
16 possible nanobody combinations. The best-performing sensor, T7RNAPnNev-
LaM4/LaM2-T7RNAPc, had an ABC of 54.9 (Fig. 4A) and an LOD of 50 nM mCherry
(Fig. S9). Similar to eGFP sensors, many different combinations of anti-mCherry
nanobodies can be used to produce functional mCherry sensors (Fig. 4B and Fig. S10).
The epitopes of LaM2, LaM4, and LaM6 were later reported, revealing that the epitopes
of LaM2 and LaM6 overlap significantly while the epitope of LaM4 is separate (37) and
thus explaining why sensors combining LaM2 and LaM6 yielded no detection. We also
showed that TLISA can use reporter proteins other than LacZ, implementing superfolder
GFP (sfGFP) as a reporter protein for an mCherry TLISA now that eGFP was no longer
the target antigen (Fig. S11).
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Fig. 4: TLISA is modular for detection of different protein targets. (A) Genetic circuit for
sensing mCherry and corresponding absorbance versus time data. (B) ABC values for all
combinations of mCherry NBs. All reactions had 0.05 nM pT7LacZ. 200 nM eGFP was used as
the control protein for all reactions. Symbols represent the arithmetic mean + standard deviation
of n=3 technical replicates.

Rapid development of clinically relevant biosensors

Next, we showed that it is straightforward to apply the TLISA platform for detection
of clinically relevant targets. We first engineered a biosensor to detect the receptor
binding domain (RBD) of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) spike (S) protein. NBs VHHE and VHHV were chosen due to their high binding
affinities and non-overlapping epitopes (38). NB sequences were codon optimized,
cloned into T7TRNAP fragment plasmids as translational fusions, and tested for the ability
to detect soluble RBD. By fusing VHHE to T7RNAPNev and VHHV to T7RNAPc, we
successfully engineered a TLISA RBD biosensor and observed maximum signal-to-noise
in 35 minutes (Fig. 5A). We also observed significant RBD detection when exchanging
the fragments to which the NBs were fused (i.e., fusing VHHV to T7TRNAPnNev and VHHE
to T7RNAPc), though the signal was not as strong (Fig. S12). Since we previously
showed that DARPIns can be efficiently incorporated into the TLISA platform (Fig. 2C),
we selected an existing DARPin (FSR22) (39) against the RBD and fused it to T7TRNAPNev
to generate another functional TLISA sensor, which had lower leak than the dual-NB
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version (Fig. 5B). Its LOD was 200 nM RBD (Fig. S13); while this is greater than the LOD
of commercialized rapid antigen tests (40) and would thus require further engineering for
clinical deployment, we have nonetheless shown that TLISA enables quick and easy
creation of biosensors against targets of clinical interest without extensive optimization.
Additionally, Fig. 5A and Fig. 5B show that both RBD biosensors are robust to day-to-
day experimental variation.

We then created a biosensor for another clinically relevant target, transthyretin
(TTR). Serum TTR has historically been used as a biomarker to determine overall
nutritional status (41). Malnutrition is the direct cause of about 300,000 deaths per year
(42,43), primarily in the developing world. Because TTR is a homotetramer, we posited
that TLISA could work even with the same NB fused to both plasmids, simplifying sensor
design. We thus chose NBO3 (44) as our protein affinity domain for both T7TRNAP
fragments. The first TTR sensor we constructed successfully detected TTR within 1 hour
with robustness to day-to-day variation (Fig. 5C). The signal-to-noise ratio was relatively
low, though, so we attempted some basic sensor optimization. We decreased the linker
length from 14 AA to 7 AA on the T7TRNAPNev-NBO3 fragment based on our eGFP sensor
results (Fig. 3B). This resulted in a much faster reaction time, and the ABC increased
from 6.7934 to 16.7577 (Fig. S14). Decreasing the concentration of the pT7LacZ reporter
plasmid from 0.12 nM to 0.05 nM to slow the reaction rate yielded a similar ABC but with
less leak and thus with potentially improved visual interpretability (Fig. S14). This TLISA
biosensor has an LOD of 500 nM TTR, which is well below the healthy range of serum
TTR concentration (3 uM to 8 uM) (45).
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Fig. 5: TLISA can be easily re-engineered to create biosensors for clinically relevant
protein biomarkers. (A) Genetic circuit and absorbance versus time of a TLISA sensor to detect
SARS-CoV-2 RBD using two NBs (VHHE and VHHYV) or (B) one NB and one DARPIn (FSR22).
(C) Genetic circuit and absorbance versus time data of a TLISA sensor detecting transthyretin
(TTR) using NBO3 on both polymerase fragments. Both SARS-CoV-2 biosensors used 0.1 nM
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pT7LacZ. The TTR biosensor used 0.12 nM pT7LacZ. 500 nM mCherry was used as the control
protein in all reactions. Symbols represent the arithmetic mean + standard deviation of n=6
replicates performed on different days.

Towards point-of-care use

TLISA is also robust for detection in complex biological sample matrices that would
be used in a clinical diagnostic device. The established reaction protocol remains the
same, but the protein to be detected is spiked into a biological sample matrix that is added
after the pre-expression (Fig. 6A). For field deployment, pre-expression would be a part
of the manufacturing process, not an end user step. Lysates enriched with NB-T7RNAP
fragments can be used to eliminate the need for pre-expression, but pre-expression was
used here to characterize many different sensors more efficiently. To account for
increased RNAse activity in human serum and saliva, we added 1% Murine RNAse
inhibitor per previously established protocols (8). For an mCherry sensor, we added either
10% or 20% pooled human saliva or pooled human serum spiked with target protein.

Fig. 6B shows successful detection of mCherry in all conditions. The substantially
lower final absorbance values observed when running reactions in serum vs. defined
aqueous mixtures are likely due to the binding of serum albumin to CPR eliciting a shift
in the absorption spectrum. We have previously shown that the addition of naproxen to
reactions with CPRG in serum restores proper color (9).

Moreover, TLISA can detect clinically relevant human biomarkers in their
corresponding complex sample matrices. To demonstrate this, we validated function of a
sensor targeting SARS-CoV-2 RBD (T7RNAPnNev-FSR22/VHHV-T7RNAPCc) after spiking
in 20% human saliva. The addition of 20% human saliva did not impact RBD detection
(Fig. 6C). Towards our field-friendly vision, we also confirmed that TLISA can detect 200
nM RBD within a 20% human saliva matrix when reacted at room temperature (25 °C)
(Fig. S15).

Finally, we demonstrated that TLISA has the potential for use in minimally
equipped settings by showing it retains function after lyophilization. Lyophilization of cell-
free reactions helps enable stable room temperature storage of biosensors that can then
be rehydrated and used at the POC. We lyophilized our TLISA reactions after the pre-
expression step (Fig. 6A), just before sample would be added. We first confirmed that
pre-expressed T7RNAP and split T’RNAP polymerase fragments can be lyophilized after
pre-expression and properly rehydrated (Fig. S16A and S16B). Then, we showed that
TLISA sensing reactions are robust to lyophilization; we demonstrated this with the
T7RNAPNev-LaM4/LaM2-T7RNAPc mCherry sensor (Fig. S16C) as well as the SARS-
CoV-2 RBD sensor (Fig. S16D). Finally, after adjusting RNAse inhibitor and pT7LacZ
concentrations, we demonstrated detection of SARS-CoV-2 RBD in 20% human saliva
from a lyophilized TLISA reaction (Fig. 6D). Taken together, rapid detection of human
biomarkers in biological matrices from lyophilized reactions demonstrates that TLISA is
well-suited for future clinical diagnostic applications.
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Fig. 6: TLISA functions robustly in complex sample matrices and after lyophilization. (A)
Schematic of TLISA protocol when sensing proteins in biological samples. (B) End-point
absorbance values after 50 minutes for an mCherry TLISA in various concentrations of either
pooled human serum or saliva with 1% v/iv RNAse inhibitor. (C) Absorbance values after 60
minutes in a SARS-CoV-2 RBD TLISA in either 0% or 20% v/v pooled human saliva with 1% v/v
RNAse Inhibitor. (D) Absorbance values of a lyophilized SARS-CoV-2 RBD TLISA reaction 60
minutes after rehydration with either 0% or 20% v/v pooled human serum, 0.5% v/v RNAse
Inhibitor, and 0.75 nM pT7LacZ. 200 nM eGFP was used as a control in (B). 200 nM mCherry
was used as a control protein for (C) and (D). Bars represent the arithmetic mean + standard
deviation of n=3 technical replicates (white diamonds).

Discussion

We have developed and characterized a novel, highly adaptable and generalizable
CFE biosensing platform for protein detection. TLISA can detect different antigens using
numerous combinations of nanobodies, monobodies, and DARPiIns, and can be linked to
different reporter proteins, demonstrating the truly modular nature of this platform.
Importantly, TLISA is robust to both day-to-day experimental variation and variation
between different batches of in-house prepared crude lysate with only minor changes in
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sensor performance. It also functions robustly at room temperature, in complex biological
matrices, and after lyophilization, achieving room temperature colorimetric detection of
SARS-CoV-2 RBD in human saliva in just one hour.

While TLISA clearly shows promise as an impactful POC diagnostic tool,
performance improvements will be critical for future in-field deployment. Although many
of the sensors presented here exhibited low leak and high signal in the presence of target
antigen, some had less desirable signal-to-noise ratios. Using different NB fusions, linker
lengths, and reporter plasmid concentrations can help tune performance. High-
throughput studies to identify trends between NB sequence and signal-to-noise ratio
could provide particularly useful insights useful for de novo engineering of sensors for
new targets. New strategies to decrease leak due to the spontaneous RNAP reassembly
would also significantly improve sensitivity and usability in some applications. However,
there are numerous applications where sensitivity at levels similar to the TLISA examples
presented here would be effective, like for the detection of the inflammation biomarker C-
reactive protein, whose elevated levels are defined as above 5 mg/L (corresponding to
40 nM) (46). Additionally, the current linear range of detection is narrower than that of an
ELISA. Broadening this range would increase the potential application space of TLISA.
Nonetheless, the dose responses shown here provide an important feature that standard
lateral flow assays for POC protein detection lack.

Even beyond POC applications, though, TLISA could provide unique capabilities

in clinical laboratories as well. Compared to ELISA assays that are widely used for
measuring proteins, the TLISA workflow is much simpler and much less subject to inter-
operator variability, which would improve reliability of results. In addition, at 10 uL the
volume necessary for a TLISA assay is extremely small, which could provide significant
advantages for a clinical assay as more measurements could be taken from the same
sample. This benefit would be particularly impactful for neonatal care where daily blood
draw volumes can be limited to just a few mL.
The initial characterization presented here has only begun to explore the potential breadth
of this platform. The successful use of nanobodies, DARPins, and monobodies in TLISA
suggests a vast repertoire of potential affinity domain fusions. We anticipate that many
other scaffolds such as single-chain variable fragments (scFvs), affibodies, and anticalins
can also be used to develop novel protein sensors. Furthermore, TLISA can potentially
be used to engineer protein-mediated OR gates by using bispecific affinity domains, as
well as AND gates by splitting the T7RNAP into additional fragments at previously
identified cut sites (47). Finally, while we focused our efforts on sensing proteins so as to
fill a significant gap in the field, using affinity domains against non-protein antigens (e.g.,
small molecules, glycans, etc.) could expand TLISA to sense a variety of diverse analytes
and give it an even broader potential impact.
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Materials and Methods

Bacterial Strains and Plasmid Preparation

DNA oligonucleotides for cloning and sequencing were synthesized by Eurofins
Genomics. T7TRNAP fragments were amplified via PCR from the BL21 (DE3) genome.
Gene strands for T’TRNAPNev, and all nanobody, monobody, and DARPIn sequences
were codon optimized and synthesized by Twist Biosciences. Plasmids were cloned by
either Gibson Assembly (48) or blunt-ended ligation using the pJL1 plasmid backbone. E.
coli strains DH10B and DH5a were used for cloning and plasmid preparations. Isolated
colonies were grown overnight in LB medium with either kanamycin sulfate (33 ug/mL) or
tetracycline (15 pg/mL). Plasmid DNA from overnight cultures was purified using EZNA
mini prep columns (OMEGA Bio-Tek). Plasmid sequences were verified with Sanger DNA
sequencing (Eurofins Genomics). Sequence-confirmed plasmids were then purified using
EZNA midiprep or maxiprep columns (OMEGA Bio-Tek), followed by isopropanol and
ethanol precipitation. The purified DNA pellet was reconstituted in elution buffer,
measured on a Nanodrop 2000 for concentration, and stored at -20 °C until use. E. coli
strain BL21 AlaclZYA was created by lambda red recombination (49) and used for in-
house cell-free lysate preparation.

Preparation of cell-free lysate

Bacterial lysate for all experiments was prepared as described by Kwon and Jewett
(50) with a few protocol modifications. BL21 AlaclZYA cells were grown in 2xYTP medium
at 37 °C and 220 rpm to an optical density (OD) between 1.5-2.0, corresponding to the
mid-exponential growth phase. Cells were centrifuged at 4 °C and 2700 x g and washed
via resuspension with S30 buffer (10 mM tris-acetate [pH 8.2], 14 mM magnesium
acetate, 60 mM potassium acetate, and 2 mM dithiothreitol). These centrifugation and
wash steps were repeated twice for a total of three S30 washes. After the final
centrifugation, the wet cell mass was measured, and cells were resuspended in 1 mL S30
buffer per 1 g of wet cell mass. The cellular resuspension was divided into 0.5 mL aliquots.
Cells were lysed using a Q125 sonicator (Qsonica) at a frequency of 20 kHz and 50%
amplitude. Cells were sonicated on ice with cycles of 10 seconds on and 10 seconds off,
delivering approximately 150 J, at which point the cells appeared visibly lysed. An
additional 4 mM dithiothreitol was added to each tube immediately after lysing, and the
sonicated mixture was then centrifuged at 12,000 x g and 4 °C for 10 minutes. After
centrifugation, the supernatant was divided into 1 mL aliquots, and incubated at 37 °C
and 220 rpm for 80 minutes. After this runoff reaction, the lysate was centrifuged at 12,000
x g and 4 °C for 10 minutes. The supernatant was removed and loaded into a 10 kDa
molecular weight cutoff dialysis cassette (Thermo Fisher). Lysate was dialyzed in 1 L of
S30B buffer (14 mM magnesium glutamate, 60 mM potassium glutamate, 1 mM
dithiothreitol, and pH-corrected to 8.2 with tris) at 4 °C for 3 hours. Dialyzed lysate was
removed and centrifuged at 12,000 x g and 4 °C for 10 minutes. The supernatant was
removed, aliquoted, and stored at -80 °C until use.

TLISA Cell-free Reactions
All TLISA reactions consisted of a pre-expression reaction and a final sensing
reaction. For the pre-expression, cell-free reactions were assembled in 1.5 mL centrifuge
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tubes as previously described by Kwon and Jewett (50) with 10 mM arabinose and
equimolar concentrations (25 nM) of T7TRNAPNev-NB and NB-T7RNAPC plasmids.
Reactions were pre-expressed at 37 °C for one hour. Then, pT7LacZ, 0.6 mg/mL CPRG,
and purified protein were added to each tube for the final sensing reaction. Each cell-free
reaction had a final volume of 10 uL and was pipetted into a clear-bottomed 384-well
plate. The final sensing reaction was carried out in the BioTek plate reader at 37 °C for
one hour with absorbance measurements taken every minute. Plates were sealed with a
transparent adhesive film to prevent evaporation. For reactions containing biological
samples, the final sensing reaction contained either 10% or 20% pooled human serum
(MP Biomedicals) or 10% or 20% pooled human saliva (Innovative Research Inc.) and
RNAse inhibitor, murine (New England BioLabs).

Protein Purification

For the expression and purification of RBD, a plasmid containing amino acids 319-
541 of the SARS-CoV-2 S protein (UniProt PODTC?2) followed by a GGSGG linker, a
SpyTag, and a 6xHis Tag was transfected into Expi293F suspension cells with the
ExpiFectamine 293 transfection kit (Gibco) according to the manufacturer’s protocol. This
plasmid was codon optimized for expression in mammalian cells and synthesized by
Gene Universal Inc. (Newark, DE). Five days after transfection, the culture was
centrifuged for 5 minutes at 5000 x g, and the supernatant was thoroughly dialyzed into
PBS. Ni-NTA resin was equilibrated with 10 column volumes (CVs) of IMAC binding buffer
(150 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 8.0), then dialyzed supernatant was
added to the resin. The resin was washed with 20 CVs of binding buffer, and the protein
was eluted with 10 CVs of elution buffer (150 mM Tris, 150 mM NaCl, 400 mM imidazole,
pH 8.0). Eluted protein was concentrated in a 10 kDa MWCO Amicon spin filter (EMD
Millipore) to < 1 mL. Concentrated RBD was injected onto a Superdex Increase 200
10/300 GL (Cytiva) size exclusion column to remove any remaining impurities.
Concentration was measured by bicinchoninic acid (BCA) assay, and purity was
assessed by SDS-PAGE (Fig. S17).

For the expression and purification of eGFP, mCherry, and TTR, plasmids
expressing 6xhis-tagged proteins under pBAD regulation were transformed into BL21
AlaclZYA cells. Single colonies were then grown overnight in 50 mL of 2xYTP medium
and 15 ug/mL tetracycline at 37 °C and 220 rpm. The next day, 5 mL of the overnight
culture was diluted in 500 mL 2xYTP medium with tetracycline and incubated at 37 °C
and 220 rpm in a 1 L baffled flask. Once the OD reached 0.4-0.6, 2 mM arabinose was
added to the culture to induce protein expression. Flasks were then transferred to a
separate incubator and grown overnight at 25 °C and 180 rpm. The next day, cultures
were transferred to 50 mL tubes and centrifuged at 2700 x g and 4 °C for 15 minutes.
Cells were washed in 1xPBS and centrifuged again under the same conditions. The
supernatant was discarded, and cells were resuspended in 2 mL of lysis buffer (50 mM
disodium phosphate, 500 mM sodium chloride, 10 mM imidazole, pH 8) per 1 g of wet
cell mass. Cells were lysed via sonication using the conditions specified for cell-free lysate
preparation except without the addition of dithiothreitol. Lysed cells were centrifuged at
12,000 x g and 4 °C for 15 minutes. Lysates were loaded onto a pre-equilibrated Ni-NTA
column and washed with 20 CVs of binding buffer. Each protein was eluted with 10 CVs
of elution buffer, then concentrated by spin filter to < 1 mL. Proteins were further purified
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by size exclusion chromatography. Fractions containing high concentrations of protein
were collected and combined. Protein purity was assessed via SDS-PAGE (Fig. S17).
Protein concentration was determined by absorbance at 280 nm.

Lyophilization

TLISA pre-expression reactions were prepared as previously described in PCR
tubes. After one hour of pre-expression, tubes were transferred to a prechilled Labconco
Fast-freeze flask and stored at -80 °C until frozen. The flask was then connected to a
Labconco FreeZone benchtop freeze dryer and samples lyophilized at -50 °C and 0.02
mbar for 3 hours. Samples were then removed and rehydrated on ice for the final reaction.

ELISAs

NB_LacZ fusion proteins were expressed in cell-free reactions. Cell-free reactions
were assembled in 1.5 mL centrifuge tubes as previously described by Kwon and Jewett
(50) with 5 nM of the NB-LacZ fusion plasmid. Reactions were incubated at 30 °C
overnight. Then, cell-free reactions were centrifuged at 12,000 x g and 4 °C for 15
minutes. The supernatant was diluted 1:4 in 1x PBS. 100 uL of 1 mg/mL of purified 6xhis-
tagged proteins were added to a Ni-coated 96-well plate and incubated for 2 hours at
room temperature on a rocker. Wells were washed four times with wash buffer (1xPBS
with 0.05% Tween-20) to remove unbound protein. 100 uL of the diluted NB_LacZ was
added to each well and incubated for two hours at room temperature on a rocker. Wells
were washed four times with wash buffer to remove unbound NBs. 100 uL of CPRG was
added to each well. The plate was incubated for a final time at 37 °C without shaking. End
absorbance was measured using the BioTek plate reader.

Color images and processing

Pictures of colorimetric reactions were taken with an iPhone 7. Pictures represent
10 uL reactions in clear, flat-bottomed 384-well plates. The centers of the wells of interest
were cropped using Adobe lllustrator and combined to make color arrays. A brightness
filter was uniformly applied to photos to make them better resemble actual appearance.

Acknowledgments
The authors thank Michael C. Jewett and Julius B. Lucks for their gift of the pJL1 plasmid.
We also thank Bryan C. Dickinson for his gift of the plasmid containing T7RNAPc L2a.

Funding:

National Institutes of Health grant RO1LEB034301 (MPS)

National Institutes of Health grant RO1EB022592 (MPS)

National Institutes of Health grant PO1AI165077 (RSK)

Garry Betty/V Foundation Chair Fund (RSK)

National Science Foundation Graduate Research Fellowship Program DGE-
2039655NSF (KL)

Author contributions
Conceptualization: MAM, MPM, MPS


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Investigation: MAM, RCLL

Resources: MAM, ATP, KL

Formal Analysis: MAM

Writing—original draft: MAM

Writing—review & editing: MAM, ATP, KL, MPM, RSK, MPS
Visualization: MAM

Supervision: MPS

Funding acquisition: RSK, MPS

Competing interests:

MPS, MAM, and MPM have filed a patent with the USPTO that is related to this work
(Application no. 63/622,682, filed on 19 January 2024). The authors declare no other
competing interests.

Data and materials availability: All data are available in the main text or the
supplementary materials.

References

Baker KN, Rendall MH, Patel A, Boyd P, Hoare M, Freedman RB, et al. Rapid monitoring of
recombinant protein products: a comparison of current technologies. Trends in Biotechnology.
2002 Apr 1;20(4):149-56.

Yager P, Domingo GJ, Gerdes J. Point-of-Care Diagnostics for Global Health. Annual Review of
Biomedical Engineering. 2008;10(1):107-44.

The World Bank. Current health expenditure per capita (current US$). 2023 [cited 2023 Dec 12].
World Bank Open Data. Available from:
https://data.worldbank.org/indicator/SH.XPD.CHEX.PC.CD

Parolo C, Sena-Torralba A, Bergua JF, Calucho E, Fuentes-Chust C, Hu L, et al. Tutorial: design
and fabrication of nanopatrticle-based lateral-flow immunoassays. Nat Protoc. 2020
Dec;15(12):3788-816.

Gasperino D, Baughman T, Hsieh HV, Bell D, Weigl BH. Improving Lateral Flow Assay
Performance Using Computational Modeling. Annual Review of Analytical Chemistry.
2018;11(1):219-44.

Pardee K, Green AA, Ferrante T, Cameron DE, DaleyKeyser A, Yin P, et al. Paper-Based
Synthetic Gene Networks. Cell. 2014 Nov 6;159(4):940-54.

Voyvodic PL, Pandi A, Koch M, Conejero |, Valjent E, Courtet P, et al. Plug-and-play metabolic
transducers expand the chemical detection space of cell-free biosensors. Nat Commun. 2019
Apr 12;10(1):1697.

Hunt JP, Zhao EL, Free TJ, Soltani M, Warr CA, Benedict AB, et al. Towards detection of SARS-
CoV-2 RNA in human saliva: A paper-based cell-free toehold switch biosensor with a visual
bioluminescent output. New Biotechnology. 2022 Jan 25;66:53—60.


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

McNerney MP, Zhang Y, Steppe P, Silverman AD, Jewett MC, Styczynski MP. Point-of-care
biomarker quantification enabled by sample-specific calibration. Science Advances. 2019 Sep
1;5(9):eaax4473.

Wen KY, Cameron L, Chappell J, Jensen K, Bell DJ, Kelwick R, et al. A Cell-Free Biosensor for
Detecting Quorum Sensing Molecules in P. aeruginosa-Infected Respiratory Samples. ACS
Synth Biol. 2017 Dec 15;6(12):2293-301.

Thavarajah W, Silverman AD, Verosloff MS, Kelley-Loughnane N, Jewett MC, Lucks JB. Paint-
of-Use Detection of Environmental Fluoride via a Cell-Free Riboswitch-Based Biosensor. ACS
Synth Biol. 2020 Jan 17;9(1):10-8.

Pardee K, Green AA, Takahashi MK, Braff D, Lambert G, Lee JW, et al. Rapid, Low-Cost
Detection of Zika Virus Using Programmable Biomolecular Components. Cell. 2016 May
19;165(5):1255-66.

Takahashi MK, Tan X, Dy AJ, Braff D, Akana RT, Furuta Y, et al. A low-cost paper-based
synthetic biology platform for analyzing gut microbiota and host biomarkers. Nat Commun. 2018
Aug 21;9(1):3347.

Zhang Y, Kojima T, Kim GA, McNerney MP, Takayama S, Styczynski MP. Protocell arrays for
simultaneous detection of diverse analytes. Nat Commun. 2021 Sep 29;12(1):5724.

Pellinen T, Huovinen T, Karp M. A cell-free biosensor for the detection of transcriptional inducers
using firefly luciferase as a reporter. Anal Biochem. 2004 Jul 1;330(1):52—-7.

Jung JK, Alam KK, Verosloff MS, Capdevila DA, Desmau M, Clauer PR, et al. Cell-free
biosensors for rapid detection of water contaminants. Nat Biotechnol. 2020 Dec;38(12):1451-9.

McNerney MP, Piorino F, Michel CL, Styczynski MP. Active Analyte Import Improves the
Dynamic Range and Sensitivity of a Vitamin B12 Biosensor. ACS Synth Biol. 2020 Feb
21;9(2):402-11.

Piorino F, Johnson S, Styczynski MP. A Cell-Free Biosensor for Assessment of
Hyperhomocysteinemia. ACS Synth Biol. 2023 Aug 18;12(8):2487-92.

Anderson NL. The Clinical Plasma Proteome: A Survey of Clinical Assays for Proteins in Plasma
and Serum. Clinical Chemistry. 2010 Feb 1;56(2):177-85.

Etzel M, Mdrl M. Synthetic Riboswitches: From Plug and Pray toward Plug and Play.
Biochemistry. 2017 Mar 7;56(9):1181-98.

Lee H, Xie T, Yu X, Schaffter SW, Schulman R. Plug-and-play protein biosensors using
aptamer-regulated in vitro transcription [Internet]. bioRxiv; 2023 [cited 2023 Aug 31]. p.
2023.08.10.552680. Available from:
https://www.biorxiv.org/content/10.1101/2023.08.10.552680v1

Vezeau GE, Gadila LR, Salis HM. Automated design of protein-binding riboswitches for sensing
human biomarkers in a cell-free expression system. Nat Commun. 2023 Apr 27;14(1):2416.

Kim DM, Swartz JR. Efficient production of a bioactive, multiple disulfide-bonded protein using
modified extracts of Escherichia coli. Biotechnology and Bioengineering. 2004;85(2):122-9.


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Ryabova LA, Desplancq D, Spirin AS, Plickthun A. Functional antibody production using cell-
free translation: Effects of protein disulfide isomerase and chaperones. Nat Biotechnol. 1997
Jan;15(1):79-84.

Pardee K, Slomovic S, Nguyen PQ, Lee JW, Donghia N, Burrill D, et al. Portable, On-Demand
Biomolecular Manufacturing. Cell. 2016 Sep 22;167(1):248-259.e12.

Yang EY, Shah K. Nanobodies: Next Generation of Cancer Diagnostics and Therapeutics.
Frontiers in Oncology [Internet]. 2020 [cited 2023 Dec 20];10. Available from:
https://www.frontiersin.org/articles/10.3389/fonc.2020.01182

McMahon C, Baier AS, Pascolutti R, Wegrecki M, Zheng S, Ong JX, et al. Yeast surface display
platform for rapid discovery of conformationally selective nanobodies. Nat Struct Mol Biol. 2018
Mar;25(3):289-96.

Chen X, Gentili M, Hacohen N, Regev A. A cell-free nanobody engineering platform rapidly
generates SARS-CoV-2 neutralizing nanobodies. Nat Commun. 2021 Sep 17;12(1):5506.

Gieselmann L, Kreer C, Ercanoglu MS, Lehnen N, Zehner M, Schommers P, et al. Effective
high-throughput isolation of fully human antibodies targeting infectious pathogens. Nat Protoc.
2021 Jul;16(7):3639-71.

Pu J, Zinkus-Boltz J, Dickinson BC. Evolution of a split RNA polymerase as a versatile
biosensor platform. Nat Chem Biol. 2017 Apr;13(4):432-8.

Pu J, Kentala K, Dickinson BC. Multidimensional Control of Cas9 by Evolved RNA Polymerase-
Based Biosensors. ACS Chem Biol. 2018 Feb 16;13(2):431-7.

Kubala MH, Kovtun O, Alexandrov K, Collins BM. Structural and thermodynamic analysis of the
GFP:GFP-nanobody complex. Protein Science. 2010;19(12):2389-401.

Fridy PC, Li Y, Keegan S, Thompson MK, Nudelman |, Scheid JF, et al. A robust pipeline for
rapid production of versatile nanobody repertoires. Nat Methods. 2014 Dec;11(12):1253-60.

Koide A, Wojcik J, Gilbreth RN, Hoey RJ, Koide S. Teaching an old scaffold new tricks:
Monobodies constructed using alternative surfaces of the FN3 scaffold. J Mol Biol. 2012 Jan
13;415(2):393-405.

Brauchle M, Hansen S, Caussinus E, Lenard A, Ochoa-Espinosa A, Scholz O, et al. Protein
interference applications in cellular and developmental biology using DARPIns that recognize
GFP and mCherry. Biology Open. 2014 Nov 21;3(12):1252-61.

Pu J, Disare M, Dickinson BC. Evolution of C-Terminal Modification Tolerance in Full-Length and
Split T7 RNA Polymerase Biosensors. ChemBioChem. 2019;20(12):1547-53.

Cong ATQ, Witter TL, Schellenberg MJ. High-efficiency recombinant protein purification using
mCherry and YFP nanobody affinity matrices. Protein Science. 2022;31(9):e4383.

Koenig PA, Das H, Liu H, Kimmerer BM, Gohr FN, Jenster LM, et al. Structure-guided
multivalent nanobodies block SARS-CoV-2 infection and suppress mutational escape. Science.
2021 Feb 12;371(6530):eabe6230.


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.19.604303; this version posted July 19, 2024. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chonira V, Kwon YD, Gorman J, Case JB, Ku Z, Simeon R, et al. A potent and broad
neutralization of SARS-CoV-2 variants of concern by DARPins. Nat Chem Biol. 2023
Mar;19(3):284-91.

Stanley S, Hamel DJ, Wolf ID, Riedel S, Dutta S, Contreras E, et al. Limit of Detection for Rapid
Antigen Testing of the SARS-CoV-2 Omicron and Delta Variants of Concern Using Live-Virus
Culture. Journal of Clinical Microbiology. 2022 Apr 20;60(5):e00140-22.

Bharadwaj S, Ginoya S, Tandon P, Gohel TD, Guirguis J, Vallabh H, et al. Malnutrition:
laboratory markers vs nutritional assessment. Gastroenterology Report. 2016 Nov 1;4(4):272—
80.

Muller O, Krawinkel M. Malnutrition and health in developing countries. CMAJ. 2005 Aug
2;173(3):279-86.

Drammeh W, Hamid NA, Rohana AJ. Determinants of Household Food Insecurity and Its
Association with Child Malnutrition in Sub-Saharan Africa: A Review of the Literature. Current
Research in Nutrition and Food Science Journal. 2019 Dec 25;7(3):610-23.

Ma L, SunY, Kang X, Wan Y. Development of nanobody-based flow injection
chemiluminescence immunoassay for sensitive detection of human prealbumin. Biosensors and
Bioelectronics. 2014 Nov 15;61:165-71.

Hood CJ, Hendren NS, Pedretti R, Roth LR, Saelices L, Grodin JL. Update on Disease-Specific
Biomarkers in Transthyretin Cardiac Amyloidosis. Curr Heart Fail Rep. 2022 Oct;19(5):356—63.

Namaste SM, Aaron GJ, Varadhan R, Peerson JM, Suchdev PS. Methodologic approach for the
Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) project.
Am J Clin Nutr. 2017 Jul;106(Suppl 1):333S-347S.

Segall-Shapiro TH, Meyer AJ, Ellington AD, Sontag ED, Voigt CA. A ‘resource allocator’ for
transcription based on a highly fragmented T7 RNA polymerase. Molecular Systems Biology.
2014 Jul;10(7):742.

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO. Enzymatic assembly of
DNA molecules up to several hundred kilobases. Nat Methods. 2009 May;6(5):343-5.

Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12
using PCR products. Proceedings of the National Academy of Sciences. 2000 Jun
6;97(12):6640-5.

Kwon YC, Jewett MC. High-throughput preparation methods of crude extract for robust cell-free
protein synthesis. Scientific Reports. 2015 Mar 2;5(1):8663.

Gross LA, Baird GS, Hoffman RC, Baldridge KK, Tsien RY. The structure of the chromophore
within DsRed, a red fluorescent protein from coral. Proceedings of the National Academy of
Sciences. 2000 Oct 24;97(22):11990-5.

Brauchle M, Hansen S, Caussinus E, Lenard A, Ochoa-Espinosa A, Scholz O, et al. Protein
interference applications in cellular and developmental biology using DARPIns that recognize
GFP and mCherry. Biology Open. 2014 Nov 21;3(12):1252-61.


https://doi.org/10.1101/2024.07.19.604303
http://creativecommons.org/licenses/by-nc-nd/4.0/

	A modular cell-free protein biosensor platform using split T7 RNA polymerase
	References

