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Abstract

Modular construction of an autonomous and programmable multi-function heterogeneous
biochemical circuit that can identify, transform, translate and amplify biological signals into
physicochemical signals based on logic design principle can be a powerful capability for

the development of diverse biotechnologies. To explore this conceptual validity, we design a
CRISPR array mediated primer exchange reaction based biochemical circuit cascades, which
probe a specific biomolecular input, transform the input into a structurally accessible form for
circuit wiring, translate the input information into an arbitrary sequence and finally amplify the
prescribed sequence through autonomous formation of a signaling concatemer. This upstream
biochemical circuit is further wired with a downstream electrochemical interface, delivering
an integrated bioanalytical platform. We program this platform to directly analyze the genome
of SARS-CoV-2 in human cell lysate, demonstrating the capability and utility of this unique
integrated system.

Graphical Abstract

A heterogeneous multi-function biochemical circuit that can identify, transform, translate and
amplify biological signals into physicochemical signals is constructed and integrated with an
electrochemistry based sensing platform for genetic analysis.

yxd1l76@case.edu .
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Modular construction of an autonomous and programmable multi-function biochemical
network that can identify, transform, translate and amplify biological signals into
physiochemical signals based on logic design principle can be a powerful capability for
biotechnological and biomedical applications. Nucleic acid based biochemical circuits have
shown great promise as a paradigm for individually regulating various functions.[*] We
envision that an integrated heterogeneous molecular circuit which can perform multiple
functions in a single pathway can be a powerful upstream regulating component with an
effective downstream response. Here, to explore this conceptual capability, we construct

a CRISPR array initiated cell-free genetic circuit. The CRISPR array identifies specific
biomolecular sequences as inputs and the CRISPR processing results dsDNA overhangs,
initiating a primer exchange reaction (PER) based DNA circuit. The primer exchange
reaction performs autonomous synthesis of prescribed DNA oligos,[2] translating the
molecular cues into an arbitrary sequence, which can be further cascaded and quantitatively
amplified based on the same oligo synthesis mechanism. The whole genetic circuit is
operated based on a simple Boolean logic design principle. To evaluate the applicability

of the integrated multi-function circuit, we implemented this molecular network abstraction
into a bioanalytical system operating on an electrochemical interface, which serves as

a simple and cost-effective transduction system, capable of rapidly curating molecular
information and transducing into data.[3]
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Bioanalytical strategies have been extensively developed toward better sensitivity, simplicity
and selectivity,[4] while valid strategies can be further integrated into a portable,
cost-effective, rapid transduction platform for an ideal point-of-care system. So far,

a high-resolution molecular analytical strategy, capable of differentiating infinitesimal
concentration variation, which is essential to understand the critical threshold limit

of biomolecules, has not been realized with a simple biosensing system. For high-
resolution molecular analysis, the biomolecular signal is necessarily amplified downstream
through centralized equipment or delicately fabricated nano-devices, limiting the general
applicability.[®! Here, we explore the capability of the multi-function biochemical circuit

as an upstream biological processor which 1) identifies a specific genome sequence, 2)
transforms the double-stranded gene into a structure that can be accessed for circuit wiring,
3) translates the input sequence into an arbitrary output, 4) amplifies the arbitrary output
sequence into a concatemer, achieving a one-to-multiple turnover reaction cascade and
therefore delivering an analytical construction possible to differentiate minute concentration
change. The resulted molecular output is further probed by a downstream single-use
electrochemical sensing array, providing a rapid analytical result. As a proof-of-concept,

we challenged this multi-function biochemical circuit based electrochemical biosensing
system on analyzing the genome of the 2019 novel coronavirus,[] Severe Acute Respiratory
Syndrome-related Coronavirus (SARS-CoV-2) in complex human sample.

The design and operating principles of the multi-function heterogeneous biochemical

circuit are shown in Figure 1a. First, in order to activate the biochemical circuit, a

specific gene target as the circuit input is identified through the processor element, in

which a programmable RNA-guided ribonucleoprotein, clustered regularly interspaced short
palindromic repeats (CRISPR) Cas9, is applied as the recognition element, owing to its
high-specificity and complementarity dependent cleavage nuclease activity.l’] The capability
of CRISPR to directly examine a double-stranded target is dependent on the recognition of

a specific protospacer adjacent motif (PAM) sequence (5’-NGG) by Cas9, which activates
the Cas9 nuclease to unwind the dsSDNA and allows the single-guide RNA (sgRNA) to
invade and further evaluate the sequence complementarity.[8] With the confirmation of the
sequence complementarity, an exact structural conformation formed by target-sgRNA-Cas9
results the cleavage activity on the target. However, conventional Cas9 nuclease creates

a blunt cut on the dsDNA (Figure S1), which does not provide any accessibility to the
sequence information of the cleaved strand and therefore hindering the utilization of target
information for cascading circuit. In order to acquire molecular information from the target
upon the identification by CRISPR, a Cas9 D10A mutant nickase,[®] which cleaves only the
binding strand of the sgRNA, is utilized with a pair of offsets sgRNAs targeting opposite
strands to transform the dsDNA structure, providing a 3’-overhang (T1) that can be accessed
and utilized as a molecular input for downstream circuit (Figure 1b). In order to discriminate
minute concentration change, a one-to-multiple turnover amplification is necessary for the
CRISPR processed target. Instead of directly amplify the target information processed by
the Cas9 D10A nickase, in order to enhance the generality of this heterogeneous circuit,

a translator element is applied to translate the target sequence into an arbitrary sequence
first, disconnecting the sequence information between the output and the input, which makes
the amplification element generally applicable to any sequence of interest. Primer exchange
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reaction (PER), an autonomous mechanism for synthesis of nascent single-stranded DNA,
[2.101 js utilized as the molecular reaction pathway for translator and amplifier elements
(Figure 1c). The molecular mechanism of PER on synthesis of sSDNA mainly relies on a
primer, a catalytic hairpin substrate and a displacement polymerase (Figure S2). The 3’end
exposed region of the hairpin substrate allows the binding of the primer. The stem region
of the hairpin is a prescribed sequence for the extension of the primer. A strand-displacing
polymerase is applied to copy the stem region and halted at a stop sequence before the loop
region. The nascent strand is then released from the catalytic hairpin through a three-way
branch migration process.[!1] In order to utilize the target information processed by CRISPR
as an initiation signal for downstream PER reactions, a protector (T1’-P1) is designed to
cover the primer binding region (P1’) on the catalytic hairpin 1 with an exposed toehold
region, which is complementary with the 3’overhang target region (T1). Therefore, only
with the presence of the paired Cas9 D10A processed target, the protector can be released
from the hairpin 1 through a strand displacement reaction,[*2] making the primer binding
region available and cascading the biomolecular reactions. Primer (P1) binds to the P1’,
extended by a BST Large fragment DNA polymerase and followed by the three-branch
migration, producing an elongated P1-S strand. The sequence design of S strand can be
arbitrary and in our case, we design the S strand without guanine. Therefore, only dATP,
dCTP and dTTP are necessary for the synthesis of this nascent strand, allowing us to
simply put the stop codon as guanine at the position close to the loop region. Till now,

the target information is translated and stored into an arbitrary sequence S. In order to
amplify the signal of the target, a second hairpin, known as the telomerase hairpin,[2]
utilizing the same sequence for primer binding region and the copying region, is applied to
grow a concatemer (P1-S-...-S) with repeated sequence chained together through multiple-
turnover primer exchange reaction on the same strand (Figure S3). The concatemer is

the amplified product serving as the signaling strand for signal transduction based on

the multiple S strands. Finally, to acquire the molecular information, a micro-fabricated
electrochemical single-use sensing array (Figure S4) is applied to transduce the molecular
signal into physicochemical signal through electrochemistry (Figure 1d).[*3] In order to
probe the molecular signal through the output elongated concatemer, a surface capture
strand modified with a thiol group (SH-P1’), tethered on the gold working electrode through
Au-S bond, is complementary to the primer sequence. Therefore, any primer, either going
through the biochemical circuit or not, can be captured onto the sensor. A signaling

probe (S’-MB), complementary to the signaling strand (S) and containing a methylene
blue electrochemical tag, is further introduced into the system. Only with the presence

of the signaling concatemer, multiple copies of signaling probes can be hybridized onto
one concatemer generated by one copy of target originally, amplifying the electrochemical
signal.

We first evaluated the feasibility of the whole biochemical circuit operation workflow
through electrochemistry. The biochemical circuit was examined based on the presence

or non-presence of two critical input molecules, target gene (Genebank No.LC528233.1,
region 28350-28530) and primer (See Supplementary Method for details). Square wave
voltammetry (SWV) was applied for electrochemical analysis after quenching the reactions
by washing out the reactants from the sensor surface. After CRISPR processing, a time-
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dependent evaluation was conducted to select a reaction period of PER in order to

generate substantial electrochemical current difference for the fully activated circuit over

the two control conditions (lack of critical inputs). A clearly differentiable signal above

the background and leakage signal can be identified through electrochemistry after 20

min (Figure 2a). Considering the stability of signal-to-noise ratio (signal gain) and the
time-efficiency for bioanalytical application, a 1 hr reaction period was selected for further
evaluation. A typical SWV signal demonstrated the current outputs of the activated circuit
(red) with all components and the non-activated circuit lack of the primer (black) or the gene
input (blue) at 1 hr time point (Figure 2b), indicating a good integrity and performance of
the heterogeneous biochemical circuit.

Logic AND conjunction gate is the foundation of the circuit architecture. Hence, we further
evaluated the separate functionality of each circuit element based on Boolean logic (Figure
2c). The electrical signal was normalized with the baseline signal based on the absence

of the primer condition, which fully shuts down the pathway for concatemer synthesis,
therefore no observable electrochemical signal of methylene blue as shown by the black line
in Figure 2b. A significant signal gain was observed comparing the output signal of fully
activated circuit (column 1) with that of any incomplete circuit (column 2-7) (Figure 2d).
The CRISPR array based processor element is operated as a three-input AND gate. Lack of
any input in this gate leads to a significant decrease of signal comparing with that of fully
operated circuit. A stable leakage reaction (blue line in Figure 2b and column 3 in Figure
2d) was observed as typically found in a gene circuit (See Supplementary Discussion),[4]
but the leakage resulted output signal was not statistically significant in our case. We
further noticed that the signal output in which Cas-sgRNA1 (column 4) was not present

was slightly higher than the signal output in which Cas-sgRNA2 was not present (column
5). We suspected that this phenomenon is due to the different cleavage site of sgRNA1

and sgRNA2. The cleavage site of sgRNA2 potentially exposes the target sequence (T1),
which might increase the possibility to activate the downstream PER element, indicating the
importance of accessibility of target information in a biological circuit. Afterwards, the PER
based translator and amplifier elements can be integrated as a four-input AND gate. Lack

of primer (column 2) fully turns off the PER reaction therefore the whole translator and
amplifier are bootless. Lack of hairpinl (column 6) results no direct sequence information
connection in the circuit, removing the capability to translate the target into signaling strand.
Lack of hairpin2 (column 7) leads to no formation of the concatemer, therefore removing the
capability to amplify the signal. The evaluation based on the Boolean AND function firstly
confirms the feasibility of this integrated construction concept and further demonstrates the
integrity, functionality and modularity of this electrochemistry transduced heterogeneous
multi-function biochemical circuit.

From the perspective of bioanalytical application, the proposed biochemical circuit achieves
the identification and multiple-turnover amplification of target signal. We further rationalize
that generating multiple defined overhangs on one target can provide multiple opportunities
to amplify the target signal, increasing the signal gain. Furthermore, owing to the

capability to translate the target information into a prescribed arbitrary sequence, same
signaling sequence information can be used to construct the downstream electrochemical
signaling scaffold, enhancing the detection resolution. To explore this conceptual possibility,
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another pair of CRISPR processor is introduced to process the same target. Therefore,

two orthogonal 3’-overhangs are available to initiate PER cascades (Figure 3a). The
design principle of multiple offset sgRNAs was applied from a previous study,[®] which
demonstrated that multiple cleavage sites can produce a more effective homology directed
repair (HDR). The HDR actually holds a similar molecular mechanism regarding the
sequence accessibility as what we propose here. Owing to the independence of strand
domains in the gated hairpin,[2] toehold design is straightforward and same primer binding
sequence can be applied (Figure 3b), indicating the two overhangs can be translated into
the same sequence and further amplifying through the same hairpin amplifier (hairpin2).
This design significantly enhances the simplicity and requires a minimal number of DNA
operators, minimizing the crosstalk possibility and network complexity. As we previously
noticed in Figure 2c, sequence accessibility can be critical to the efficiency of circuit
operation. We suspected that 4 cutting sites can further lead to a greater degree of
accessibility of target site due to that the increased number of fragments of the gene

target means a higher entropy or a decreased internal energy of each strand, promoting

the strand dissociation process after cleavage. After processed by two pairs of CRISPR
Cas9 D10A-sgRNAs, the same single PER circuit (as shown in Figure 2) was conducted
to process the target. An increased signal output was observed for two-pair Cas9 D10A-
sgRNASs processed target comparing with the signal output based on the condition in which
only one pair of Cas9 D10A-sgRNAs was applied (Figure S5), indicating that accessibility
of molecular input at the connection gate can be an important factor for the efficiency

of biochemical circuit. The performance of this two-pair CRISPR mediated multiplexed
signaling pathway was compared with previous one-pair CRISPR mediated single signaling
pathway (Figure 2) based on different concentrations of the gene target (Figure 3c). A
higher signal output was observed for multiplexed signaling pathway (Figure 3a and 3b)
over the single signaling pathway (Figure 1a and 1b) at multiple concentrations, confirming
the principle of this biochemical circuit. Moreover, multiplexed signaling pathway was
capable to differentiate concentration difference of 5 nM, which could not be achieved

by the single signaling pathway strategy. Furthermore, bioanalytical devices with a higher
analytical resolution, indicated by the change of signal between different concentration
gradients, can not only minimize the possibilities of false-positive/negative result but also
potentially reveal unknown information based on minute concentration change. Therefore,
we compared the change of signal between different concentration gradients between the
single signaling pathway and the multiplexed signaling pathway (Figure S6). Over 7-fold
increase of analytical resolution was observed for multiplexed signaling pathway over
single signaling pathway, proving the resolution enhancement capability of the proposed
biochemical circuit.

We further aimed to enhance the performance of the biochemical circuit in order to produce
a reliable and high-fidelity analytical platform. The original study on PER demonstrated that
increase of the catalytic hairpin concentration and increase of the magnesium ion (Mg?*)
concentration were able to enhance the kinetics of the primer exchange reaction.[2] We
tested these two aspects in our system. Firstly, while maintaining the concentration of primer
(800 nM), hairpins (100 nM) and the target gene (50 nM), increasing the concentration of
magnesium ion to 15 mM did increase the signal gain and provide a more stable response
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(Figure S7). For hairpin concentration, we first evaluated the concentration dependence of
the gated hairpin (translator). While maintaining the concentration of primer (800 nM),
magnesium ions (15 mM) and the target gene (50 nM), an increase of overall signal

output was observed with increased concentration of each gated hairpin, but the increased
concentration of gated hairpin also led to a higher background signal resulted by the reaction
leakage, therefore the change of signal gain was not discernible (Figure S8). To prevent the
signal leakage, we suspected that the increase of the concentration ratio of protectorl and
protector3 to hairpin 1 and hairpin 3 could decrease the reaction leakage. However increased
concentration of protector might also lead to less sensitivity of the analytical application, due
to the direct binding of the target strand with the excess free protector in the solution instead
of initiating the displacement of bound protector from the gated hairpins. In this context,

a low concentration (5 nM) of gene target was used to evaluate the performance to ensure
no loss of analytical resolution. A ratio of 1.2:1 of protector over hairpin was selected with
decreased leakage signal while maintaining the detection resolution, resulting a higher signal
gain (Figure S9). Finally, the effect of concentration of the telomerase hairpin amplifier

was evaluated based on the target concentration at 5 nM and an optimized signal gain

was identified at a concentration of 250 nM (Figure S10). The property of this hairpin is
amplifying signal obtained from the translator hairpins, so it amplifies both the leaky signal
and the specific signal, therefore it does not contribute significantly to the normalized signal
gain. Based on the optimized experimental condition, a dose-dependent signal response was
evaluated in a range of target concentrations (5—200 nM) within a total turnaround time
around 1.5 hr (Figure 3d). A plateau was found when the gene concentration was over

150 nM, which might be due to the limited concentration of CRISPR processors in the
system. An experimental detection limit was identified around 5 nM (Figure S11), which

is a sufficient level for analytical platform to analyze sample after enzymatic amplification
treatment. Furthermore, to explore the potential of this sensing strategy, we tried to evaluate
the interference of point mutation at different CRISPR targeting region on the signal gain.
CRISPR Cas9 has shown outstanding selectivity toward mutations at its PAM region.[1°]
Therefore, based on our multiple target sites, mutations inside four different PAM regions
were designed to evaluate the sensing performance of our biochemical circuit. Signal
generated by 50 nM of mutated targets were evaluated and compared with that of wild

type target. All mutations demonstrated significant decreases of signal gain comparing with
that of wild type (Figure S12). We also observed that single mutation at PAM 2 of sgRNA

2 and PAM 4 of sgRNA 4 contributed greater decrease of signal gain comparing with PAMs
of sgRNAL and sgRNA3. These observations first proved that for the design of biosensing
system to differentiate point mutation, recognizing a mutation in the PAM region is a
reliable strategy. Specifically, for our paired CRISPR array, mutations in the PAM regions
of the overhang strand (5’-3’) inhibit Cas9 recognition and cleavage activities toward the
5’-3’ strand, therefore limiting the exposure of the overhanging region to the following
DNA circuit. Without the exposed target information, the molecular cue to initiate of the
PER cascade is lost, diminishing the overall signal gain.

To demonstrate the potential of this electrochemistry transduced integrated heterogeneous
biochemical circuit on a realistic bioanalytical application, we challenged this integrated
platform with human cell lysates spiked with the synthetic genome fragment of SARS-
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CoV-2. Owing to the modularity nature of the biochemical circuit (Figure 4a), the reactants
can be divided into two separate tubes and stored in —20°C before usage. Also, the

stability of the surface modified electrochemical sensor has also been verified suitable

for long-term dry storage.[13] These facts suggested that the combination of plug-and-play
molecular components and a simple electrochemical system can be a potential platform

for point-of-care diagnosis. Three different concentrations (50 nM, 25 nM and 10 nM) of
synthetic COVID-19 genome fragment were prepared in human cell lysate. Comparable
signals based on tests in human cell lysates with different gene concentrations were
observed with previous buffer tests (Figure 3d), confirming the potential of the developed
platform for real sample analysis. Also, the interference studies based on a non-specific
target (purple bars), the genome sequence of human papillomavirus 16, confirmed the
specificity of this biochemical circuit. (See Supplementary Discussion on comparison with
other CRISPR based biosensing systems) In conclusion, we have demonstrated a conceptual
capability of an integrated multi-function heterogeneous circuit for electrochemistry based
genetic analysis. The biochemical circuit is constructed through paired CRISPR Cas9
D10A-sgRNAs mediated primer exchange reaction cascades, which can identify, transform,
translate and amplify biological signals into physiochemical signals based on Boolean
logic. The programmability and modularity of the biochemical circuit design allow the
versatile extension of this concept for various biotechnological and biomedical applications.
Combination of upstream biochemical circuit with downstream electrochemical sensor
integrates the modularity and programmability of biochemical circuit design and the
simplicity and cost-effectiveness of electrical transduction, delivering a powerful plug-and-
play bioanalytical platform.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a. Modular Multi-Function Biochemical Circuit
-translating bio-signal into electric-signal

PAIRED FER Electrical
CRISPR  —— SEQUENCE SMELRER
PROCESSOR|  |[TRANSLATOR

Gene

Readout

b. Paired CRISPR Processor
5 ___

-

Gene target

Cas9 D10A

!

T ,
— | <> | 3’overhang target

3r——
.

—
c. Primer Exchange Reaction Mediated Translator and Amplifier

Protect
CRISPR [—TEOr
processed target TV P1 S
T T T1T)
=== Toehold LU s
\} T1 initiated
Primer 1 displacement Translator
S
P1
‘ ITTT)
C‘ T P1’ S’

Hairpin 1 (translator)

Tl*fr) (‘ L |
—\ Ha|rp|n2 ampllﬁer)

T T 17

Capture strand Y
fey CRISPR
Py mediated p1/ Signaling i
N PER probe
$ P
\ 3 (vB)
N A i i ) i
< e s

Figure 1. Modular construction of a multi-function heter ogeneous biochemical reaction circuits.
a) A multi-function heterogeneous biochemical circuit constructed by paired CRISPR

system and primer exchange reaction, processing genetic information and translating into
electric signal. b) Guided by two offset SgRNAS, a pair of CRISPR Cas9 D10A nucleases
target opposite sequence on the gene target, transforming the intact dsSDNA into a 3’-
overhang strand available for cascading circuit. (Blue triangle: cleavage position; Yellow
box: PAM region). ¢) Primer exchange reaction mediated translator and amplifier. A
protector gated hairpin 1 serves as a translator, only functioning with the presence of the
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gene target. An arbitrary sequence (S) is stored in the nascent strand (P1-S) elongated by
hairpin 1. Hairpin 2 serves as an amplifier and catalyses the extension of P1-S with repetitive
sequence S, forming a concatemer. d) The output of the heterogeneous biochemical circuit

is examined by an electrochemical biosensing platform. A capture strand is tethered

on the electrode to probe any synthesized concatemer. A signaling probe containing an
electrochemical tag, complementary to the repetitive sequence S, binds to the concatemer
and generates electrochemical signal.
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Figure 2. Proof of concept evaluation of the electrochemistry transduced biochemical circuit.
a) Time-dependent electrical outputs based on activated circuit (red), negative control

(without gene [blue] and without primer [black]). b) A typical square wave voltammetry
(SWV) graph showing the electrochemical currents of 1) fully activated circuit (red) with
primer (final concentration of 100 nM) and gene (final concentration of 50 nM); 2) non-
activated circuit without gene (blue) or without primer (black). ¢) The Boole-an AND
conjunction dependent circuit elements. CRISPR processor is operated as a 3-input AND
gate. PER based translator and amplifier elements are operated as a 4-input AND gate. d)
Comparison of the performance of the integrated circuit through electrochemical signal gain
%= (peak current-baseline current [without primer condition])/baseline current). Each input
element was investigated based on the Boolean logic. *P<0.01; **P<0.05 (signal of fully
operated circuit against signal of incomplete circuit). The bar represents the mean value of
three orthogonal repeats. The error bar represents + SE.
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Figure 3. Two-pair CRISPR processed target gene multiplexed signaling pathway.
a) Four separate sgRNAs direct four Cas9 D10A nucleases to adjacent target sites,

transforming the target into three fragments containing two distinct 3’overhangs accessible
for molecular cascading. b) Two orthogonal translator hairpins are initiated by available
target sites resulted from CRISPR processing. Target information is translated into an
arbitrary sequence, which is further integrated into the same amplifier hairpin, producing

a signaling concatemer. ¢) Comparison of signal gain between single signaling pathway
and multiplexed signaling pathway based on different concentrations of gene input. Signal
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gain %=(peak current-baseline current[without gene condition])/baseline current). d) A
dose-dependent electrochemical response of integrated biochemical circuit in a range of
concentrations of gene input. The bar represents the mean value of three orthogonal repeats.
The error bar represents + SE. **P<0.05.
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Figure 4. A modular bioanalytical strategy.
a) The modularity nature of the biochemical circuit allows simple construction of individual

processes for sample analysis, transforming biomolecule input into electrical output within
2 hr. b) Evaluation of the matrix effect of the bioanalytical platform with spiked samples
in human cell lysate (green) proved the capability of the platform on complex sample
analysis. Interference evaluation based on non-specific gene target (HPV-16) demonstrated
the reliable selectivity of the CRISPR mediated recognition process.
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