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ABSTRACT: Biogenic amines (BAs) are toxicological risks
present in many food products. Putrescine is the most common
foodborne BA and is frequently used as a quality control marker.
Currently, there is a lack of regulation concerning safe putrescine
limits in food as well as outdated food handling practices leading to
unnecessary putrescine intake. Conventional methods used to
evaluate BAs in food are generally time-consuming and resource-
heavy with few options for on-site analysis. In response to this
challenge, we have developed a transcription factor-based biosensor
for the quantification of putrescine in beef samples. In this work, we
use a naturally occurring putrescine responsive repressor-operator
pair (PuuR-puuO) native to Escherichia coli. Moreover, we
demonstrate the use of the cell-free putrescine biosensor on a
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paper-based device that enables rapid low-cost detection of putrescine in beef samples stored at different temperatures. The results
presented demonstrate the potential role of using paper-based biosensors for on-site testing, particularly as an index for determining

meat product stability and quality.
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B INTRODUCTION

Quality control of meat products is a major concern for
consumer and health agencies because any deviation from
proper processing, storage, or distribution may lead to serious
biochemical contamination.' An example of biochemical
contamination is the formation of biogenic amines (BAs),
which are typically formed by the microbial decarboxylation of
amino acids and are a result of poor hygienic practices.” High
dietary concentrations of BAs are associated with symptoms
including headaches, vomiting, heart palpitations, and diarrhea,
and there is an increased risk of developing colorectal
carcinoma.”” Putrescine and cadaverine are the two most
commonly found BAs in spoiled meats' and are used as
indicators for meat spoilage in the quality control process.
Strategies for detecting BAs are typically chromatography,’
enzymatic assays,6 and more recently colorimetric-based
assays.” Unfortunately, these analytical technologies are not
field ready, require specialized equipment to analyze the
output, and cannot keep pace with the increased demand for
meat products. Additionally, some methods require pretreating
food samples with harsh chemicals before analysis, which
increases the risk for technicians to develop serious skin
allergies, especially if continuous testing is needed.” In
response to these challenges, transcription factor-based
biosensors have been developed for a number of quality
control and safety applications. These biosensors have recently
demonstrated the detection of a wide range of analytes
including amino acids,®’ heavy metals,'® and metabolites'' and
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have recently been expanded to include the detection of
BAs.'>'® In some studies, the combination of biosensors with
paper-based systems is very attractive for the field since
detecting the output uses low-cost detection peripherals'* or
cell-phone cameras,'® making them ideal for meeting the rising
quality control demand.

As far as we are aware, there are only two reports (by Chen
et al."”” and Zhao et al."*) that have developed a biosensor for
BA detection. These works describe whole-cell biosensors that
use cell-based transcriptional circuits to monitor concen-
trations of putrescine. Our work builds on the work by Chen et
al.'* and Zhao et al."’ by investigating new synthetic promoters
to improve on the limit of detection, dynamic range, sensitivity,
and specificity. In addition, we integrated the biosensor with a
cell-free expression system'® to lower the cost and to adapt this
platform for use in restaurants, supermarkets, butcher shops
and at home. Furthermore, our cell-free BA biosensor is the
first to our knowledge that has been applied to consumer beef
samples. We propose that our rapid, portable, and user-friendly
biosensor platform has the potential to be effectively deployed
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in the field, overcoming many of the shortcomings of existing
spoilage-detection methods in the food industry.

B MATERIALS AND METHODS

Characterization of the Putrescine Biosensor. Cell Culture
and Fluorescence Detection. In a 96 well plates (Corning Costar
3603, New York, USA), BL21 DE3 star E. coli strains were co-
transformed with the biosensor plasmids. The biosensor plasmids
consisted of a sensing plasmid which expressed the transcription
factor PuuR, and a reporter plasmid which expressed eGFP in the
presence of putrescine (see Protocol S6 for plasmid construction).
Co-transformants were inoculated in 1 mL of M9 minimal media with
S0 pg/mL kanamycin and 100 pg/mL carbenicillin and grown
overnight in an orbital shaker (Infors-HT, Bottmingen, Switzerland)
at 37 °C and 250 rpm. Cultures were diluted 1:100 into 100 uL of
fresh M9 minimal media with respective antibiotics and incubated at
37 °C and 250 rpm until the optical density reached 0.3—0.5 (~3 h).
Cultures were induced with 0, 0.1, and 0.5 mM IPTG and
supplemented with putrescine to a final concentration of (0, 0.1, 1,
10, 50, 100, 500, and 1000 mM). To create putrescine dilutions, a 2
M stock solution of putrescine (333-93-7, Fisher Scientific) was made
by mixing 16.10 g with 50 mL of DNase/RNase free water
(Invitrogen) and gently swirled until fully dissolved. Putrescine was
pipetted into S00 mL of M9 media to create dilutions of 0, 0.01, 0.1,
1, 10, 100, 1000 mM and mixed with a magnetic stirring bar to ensure
homogeneous mixing. The pH was measured with an electronic pH
meter and adjusted to 6.5—7.0 using 1 M HCI. Additionally, each
plate included the following controls also induced with putrescine:
(1) cells without plasmids, (2) cells with only repressor plasmid, and
(3) only M9 minimal media. After 16 h, at 37 °C with shaking at 250
rpm, each well was measured for ODg,, and fluorescence intensity
(excitation at 488 nm and emission at 507 nm, gain of 1900) using a
well plate reader (CLARIOstar, BMG Labtech, Germany).
Fluorescent output was normalized to ODgy and background
corrected by subtracting the normalized fluorescence of cells lacking
the eGFP reporter. All putrescine induction reactions were done in
triplicates. All data points were represented as an average with error
bars displaying standard error of the mean. Graphs were plotted using
GraphPad Prism 9.0, and the fluorescence data was fitted with a Hill
function.

Dose—Response and Sensitivity. To plot a dose—response curve,
we followed the methodology presented by Mannan et al. and Chen
et al,">"”'® which includes parameters such as basal expression
(eGFP,,,), maximal expression (eGFP,,,), dynamic range (1), Ky,
and response sensitivity defined as the slope of the dose—response

curve or the Hill coeflicient “n”.
x"(eGFP,, — eGFP,, )
y = eGFP; + ” m
(=" + K}) (1)

In eq 1, y represents the normalized fluorescence (RFU/ODy) in
accordance with the putrescine concentration at value x. K, represents
the putrescine concentration that induces a response halfway between
the baseline and maximum response at a specific putrescine
concentration. n is the Hill coeflicient which describes the sensitivity,
the ability to distinguish small differences in putrescine concen-
trations.'”*® eGFP,,, and eGFP,. represent the fluorescence signal
from a blank putrescine control with 0.5 mM IPTG and fluorescence
signal measured at 16 h, respectively.

Limit of Detection. To calculate the limit of detection (LOD) a
linear regression was extrapolated from the dose—response curve for
all promoters. From the linear regression, the LOD was calculated
using eq 2.

LOD = 3.3(o)

2)

where o is the standard deviation of the linear range of the dose—
response curve and S is the slope of the linear range of the dose—
response curve.”'
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Dynamic Range. Dynamic range (i) was evaluated by measuring
the fold change in signal output in the presence and absence of
putrescine and was calculated by dividing the normalized fluorescence
of eGFP,,,, over eGFP,; using eq 3 as a reference.'®

_ eGFP_
#=Grp,,

3)

Specificity. Specificity testing was performed to determine if the
biosensor was promiscuous with other analytes. Biogenic amines with
very similar molecular structures and characteristics (e.g., histamine
and cadaverine) were exogenously added to the whole-cell biosensor
(0, 0.1, 1, 10, 50, 100, 500, and 1000 mM), and their output
fluorescence was measured following our culture protocol above. To
quantify the transcription factor biosensor specificity, we calculated
the percent increase of normalized fluorescence in response to
cadaverine and histamine compared to putrescine at S0 mM (closest
value to our target putrescine concentration).

Time Response. An overnight culture was made the previous day
with the appropriate antibiotic selection. Cultures were diluted 1:100
into 100 uL of fresh M9 minimal media with respective antibiotics
and incubated at 37 °C and 250 rpm until the optical density reached
0.3—0.5 (~3 h). Cultures were induced with 0.5 mM IPTG and
supplemented with putrescine to a final concentration of 50 mM and
pipetted up and down to ensure homogeneous mixing. The 96-well
plate was covered with breatheasy seal (Sigma, Z380059) and inserted
into the well plate reader. The well-plate reader measured
fluorescence output over the course of 11 h, and data points were
graphed using Prism (n = 3 for each measurement).

Paper Discs Fabrication. Paper disc devices were fabricated
according to previously published protocols.'** Using AutoCAD, we
designed paper disc devices with four separate loading zones: negative
control (+beef/-biosensor), positive control (+putrescine/ +biosen-
sor), biosensor with no sample (-beef/+biosensor), and biosensor
with sample (+beef/+biosensor). We constructed a device with four §
mm disks separated by 9 mm center to center; this was done for two
reasons: (1) to avoid cross contamination among samples and (2) to
align with the wells in a 96 well-plate to enable fluorescence
measurements.

Aluminum foil (Kingsford Extra Wide Aluminum, 25 pm),
positional mounting adhesive (3M), and cold roll laminator
(INTBUYING, Scarborough (ON), Canada) were purchased from
Amazon. For the paper substrate, cellulose chromatography Whatman
grade 1 (GE health care, 20 cm X 20 cm X 0.188 mm) was purchased
from VWR. Whatman paper was affixed onto the mounting adhesive,
gently peeled off, transferred onto an aluminum sheet, and trimmed to
paper dimensions (measuring 20 cm X 20 cm). The foil-backed paper
was fed through the cold-roll laminator to enable binding and to
remove trapped air. The paper-device pattern was laser engraved
using a 60 W CO, laser (Trotec Speedy, Trotec, Marchtrenk, Austria)
with the following settings: 10% speed, 60% power, 1000 ppi, and 35
psi of compressed air.

Cell-Free Putrescine Biosensor System. Cell extract was
prepared according to a modified protocol by Levine et al.>® where
E. coli BL21 DES3 star cells were transformed with repressor plasmid
expressing the transcription factor PuuR. To make the cell extract for
the cell-free biosensor, we followed protocols as described in Protocol
S1. Cell-free protein synthesis (CFPS) solutions were prepared by
mixing cell lysate (referred to as solution A), reaction buffer (solution
B and solution C), reporter plasmid with Py, promoter, putrescine
inducer, and water. Generally, three solutions were prepared to test
the biosensor under cell-free conditions: solution A (15 mg/mL cell
lysate as described in Protocol S1), solution B (1.2 mM ATP, 0.850
mM GTP, 0.850 mM UTP, 0.850 mM CTP, 31.50 ug/mL folinic
acid, 170.60 pg/mL tRNA-E. coli MRE 600 (Roche, Sigma Millipore,
10109541001), 0.40 mM nicotinamide adenine dinucleotide (NAD),
027 mM coenzyme A (CoA),4.00 mM oxalic acid, 1.50 mM
spermidine, and 57.33 mM HEPES buffer), and solution C (2 mM
Mg(Glu)?, 10 mM NH,(Glu), 20 mM K(Glu), 2 mM each of the 20
amino acids, and 0.03 M phosphoenolpyruvate (PEP)). Prior to use,
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Figure 1. Synthetic putrescine biosensor. (A) Schematic of the transcription factor biosensor for the detection of putrescine. (B) DNA sequence of
synthetic promoters PuuAp, TacR(3), TacR(2), and LR2 (Reproduced from Chen, X. F., Xia, X. X, Lee, S. Y., and Qian, Z. G. (2018) Engineering
tunable biosensors for monitoring putrescine in Escherichia coli, Biotechnol. Bioeng. 118, 1014—1027"* with permission) with PuuR binding regions,
—35/—-10 census sequences, and a LR-promoter spacer region. DNA sequences of hybrid synthetic promoters (Phy;,: Pr,+ Ppp) for this study
containing binding regions A (orange), B (blue), and/or C (green) were inserted either within or downstream of the —35 and —10 site. Dose—
response semilog plots for whole cell sensors based on (C) different placements of the B binding site and (D) type of binding site measured at 16 h.
(E) Two dose—response curves from this study [Phyb(3A) and (3C)] were compared to the performance of TacR(2). All data points were
represented as an average with error bars displaying standard error of the mean.

CEFPS solutions were thawed on ice for 10—15 min and subsequently
immobilized onto the paper device.

Immobilizing CFPS on the Paper Discs. Individual devices
containing four discs were cut using a tabletop paper cutter (X-
ACTO, Westerville (OH), United States), placed in a glass Petri dish,
immersed in 4% BSA solution with S0 mM Tris buffer (pH = 7.5),
and left to incubate for 1 h. Devices were transferred to a clean Petri
dish and left to air-dry overnight, which was then ready for use. After
drying, each reservoir was loaded with 5 uL of cell-free reaction (see
Protocol S1 for cell-free reaction preparation). Two of the reservoirs
were loaded with 5 yL of CFPS solutions without the reporter
plasmid, and the other two reservoirs were loaded 5 uL of CFPS
solutions with the reporter plasmid. Liquid nitrogen was poured over
the paper devices and transferred to a lyophilization jar (Fast-Freeze
Flask). Paper devices were lyophilized at 0.04 mbar at -50 °C for 12 h.
For long-term storage, devices were stored in a box with calcium
sulfate (Drierite) at room temperature.

Putrescine Biosensor Testing with Beef Samples. To study
the bioaccumulation of putrescine in real beef samples, beef steak was
purchased from a local grocery store. Beef was transported to the lab
under ambient conditions from the local supermarket within 30 min.
In the lab, beef was transferred to sterile containers and stored at -20
°C. Using a sterile razor blade, 5.0 g of beef was cut and weighed
individually on separate and sterile boats. The meat was transferred to
a 50 mL Falcon tubes, which were tightly sealed by wrapping the lids
with Parafilm and immediately transferred to -20 °C. To determine
the effect of temperature on meat quality, beef samples were subjected
to different types of storage commonly used: fridge (4 °C), room
temperature (20—25 °C), and frozen (-20 °C). The samples were left
under these conditions for 4 days. On day 0 and on day 4, 1.0 g from
the sample and 1.0 mL of phosphate buffer solution (PBS) were
mixed and vortexed for 1 min to ensure uniform mixing between

sample and PBS. Paper biosensors were rehydrated by adding 2.0 uL
of the meat sample directly onto the paper disc of the device (which
contained the CFPS solution). The device was incubated at room
temperature (20—22 °C) until the entire device was saturated with
sample for ~30—60 s. The paper biosensor reservoirs were aligned
with a center of the well, taped onto plate, and placed in the plate
reader (CLARIOstar). The eGFP fluorescence was measured at A, =
488 nm, A, = 507 nm, and gain = 1900 for the calibration curve (see
Protocols S2 and S3). These devices were incubated at 30 °C for 1 to
6 h, and fluorescent measurements were pathway adjusted and well-
scanned. The amount of putrescine in the meat samples was
calculated from the calibration curve for promoter Phyb(3A).

HPLC-MS Putrescine Quantification. Beef extracts were
pelleted, and supernatants were filtered through a 0.2 um sterile
syringe filter. Filtered samples were diluted 1 in 100 in 15%
acetonitrile (ACN) and were separated on a 1290 Infinity II liquid
chromatography system (Agilent Technologies) using a Luna S ym
NH2 100 A, LC column 250 X 2 mm (Phenomenex) fitted with an
autosampler that was cooled at 4 °C. Metabolites were separated
using the following gradient of solvent A (0.1% formic acid in water)
and solvent B (0.1% formic acid in 100% ACN):** 2% B to 10% B
from 0 to 2 min (0.3 mL-min~"), 10% B to 80% B from 2 to 5 min
(0.3 mL-min™"), 80% B to 3% B from 5 to 5.1 min (0.4 mL-min™?'),
and held at 3% B from 5.1 to 6 min (0.4 mL-min~"). After separation,
the eluent was injected into a 6560 Ion Mobility Q-TOF (Agilent
Technologies) using a 100 to 1100 m/z scanning range in positive
mode. Data was processed using the Agilent Masshunter Quantitative
Analysis software.
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B RESULTS AND DISCUSSION

Development of a Synthetic Putrescine Biosensor.
We designed and constructed a putrescine sensor consisting of
two genetic circuits: (i) the repressor and (ii) the sensing
circuit (Figure 1A). The regulation of these circuits is
coordinated through the T7 promoter regulated expression
of the PuuR repressor, which binds to a synthetic putrescine-
inducible promoter containing the operator puuO on the
reporter plasmid. When there is a low level or absence of
putrescine, the repressor, PuuR, will bind to the synthetic
promoter and prevent eGFP production by blocking RNA
polymerase from binding to puuO. In contrast, when
putrescine is present, it will bind to PuuR, releasing it from
puuO and allowing for RNA polymerase to bind to the
promoter to enable eGFP expression.

There have been two reports' " describing the develop-
ment of synthetic promoters for detecting putrescine. In
particular, in Chen et al, they modified the Tac (TacR) and
the wild-type promoter (PuuAp) to monitor intracellular
putrescine production. Tac is a hybrid of trp and lac promoters
and is shown to be highly efficient in directing transcription,
which can be attributed to the Tac promoter’s tight regulation
of expression.””*® Furthermore, they showed TacR to exhibit
optimal performance and desirable activity, having the highest
dynamic range providing resolution and accuracy when
monitoring intracellular levels of putrescine.'” Similarly, they
also created a phage lambda promoter (LR2) that is also highly
active in vivo, although it is recognized 15—30 times less
efficiently by RNA polymerase.”” Their work is an important
step forward for detecting polyamines; however, their whole-
cell biosensor was primarily optimized to monitor endogenous
putrescine biosynthesis. Exogenously added putrescine showed
changes in biosensing properties for different biosensor strains
due to the putrescine metabolism in E. coli being easily altered
by the extracellular putrescine. Given that putrescine
metabolism is complicated and the requirements for a storage
environment to maintain activity of the cell-based biosensors,
these may prevent the deployment of the sensor to be used for
meat quality control applications.”® Therefore, to create a
biosensor for amine detection in food samples, we report a new
design of synthetic promoters that can be used for measuring
exogenous putrescine from meat samples with faster response
times and a higher dynamic range.

To engineer our library of synthetic promoters, we used two
commonly used strategies: (1) modify the —3S and —10
consensus sequence and (2) add transcription factor binding
regions at different locations within the operator.” As an initial
design, we used the two highest dynamic range promoters,
TacR(2) and LR2, from Chen et al."*> and generated a hybrid
promoter consisting of the “—10” site from the LR2 promoter
and the “—35” site from TacR promoter because hybrid
promoters are known to be highly efficient when directing
transcription compared to nonhybrid promoters.'>*> Next, we
obtained sequences from PuuA and PuuD genes,zg’30 which are
known PuuR binding regions, GTGGTCATTATATTTT-
ACGC (we call “A”), ATGTTCAATATTTTTTCAAT (B),
and GTGGACTAAATTATCGCCAT (C), and placed these
binding regions within (W) and/or downstream (D) of the
—35 and —10 sites to create different combinations of binding
sites as it has been shown that mixing binding sites can lead to
changes in the sensing and regulation.”” ™' Using these two

5490

strategies, we used 4 promoters from Chen et al.'> as controls
and created 7 hybrid promoters (Figure 1B).

Using our synthetic promoters, we measured the repression
dynamics caused by PuuR. In the first step, the promoters were
tested in the absence of IPTG (0 mM). We expect, without
any repression, eGFP to be produced. As shown in Figure SI,
regardless of the concentration of exogenously added
putrescine, the plots confirm that fluorescence is always
observed (ie, no repression is occurring). In contrast, the
sensors were interrogated with exogenously added IPTG at
concentrations of 0.1 and 0.5 mM to induce PuuR expression.
Generally, we observed a sigmoidal response curve with sharp
increases in fluorescence at higher putrescine concentrations
and low fluorescence output at low putrescine concentrations
when the circuit was induced with 0.1 and 0.5 mM IPTG.
There are two promoters that did not exhibit these biosensing
characteristics: TacR(3) and Py;(1C). TacR(3) shows no
repression behavior while Py;(1C) shows random fluores-
cence values for all tested putrescine concentrations. Given the
poor characteristics, we eliminated both promoters from our
quantification study (see below). Regardless, 6 out of the 7
designed promoters show regulation by induction with the 0.5
mM induction and provide dose-dependent Hill response
properties indicating that PuuR is repressing the circuit when it
is induced.

Interestingly, we observed differences in the output response
when the promoters had different combinations of binding
sites. When observing the output fluorescence levels at 0.5 mM
induction for Phyb(lB), Phyb(ZB), and Phyb(SB), they show
differences in their fluorescence output. Specifically, the output
response for 2B and 3B showed increased sensitivity (depicted
by the slope of the response curves) to putrescine and a lower
response threshold (amount of putrescine for 50% output
expression relative to baseline) (Figure 1C) compared to
Py (1B). Furthermore, we compared the output fluorescence
containing the same type of binding site at all three regions. As
shown in Figure 1D, binding sites A and C show similar dose—
response curves but are different when compared to the curve
given by B. The major difference is the maximum biosensor
output, which is ~2-fold larger for A and C compared to B.
Finally, we compared the dose—response curves for hybrid 3A
and 3C promoters with the Chen et al."* optimized whole-cell
biosensor TacR(2). As shown in Figure 1E, we observe a
higher sensitivity for our synthetic hybrid promoters compared
to the TacR(2) promoter. We are unsure of what contributes
to these differences observed with the different combinations
of binding sites but hypothesize that changing the promoter
operator site (number and type) changes the affinity of the
transcription factor PuuR to the promoter site."”**** This is
observed in other studies,'®**** where one or two nucleotide
changes in the operon can drastically change the overall dose—
response dynamics. Indeed, more work is needed to under-
stand these variations, but the performance is suitable for the
detection of putrescine in beef samples (as described below).

Characterization of the Putrescine Biosensor. The
safety and quality control of food, particularly meats, are
usually monitored through the detection of biogenic amines.”*
Previous putrescine biosensors have two major drawbacks: the
relatively limited dynamic range'” and slow response to
exogenous toxic concentrations of putrescine,lz’13 which are
not suitable to detect our target concentrations of putrescine in
meats. Our goal is to design a biosensor that can quickly and
accurately detect putrescine concentrations at 39.76 mM and
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Figure 2. Quantification of dose—response parameters for PuuR response promoters. (A) Dynamic range shown for Chen et al.'> promoters,
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highlighted in green. (B) Limit of detection (LOD) shown for all nine PuuR responsive promoters. The dotted line exhibits the target putrescine
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above the critical concentrations of putrescine in beef
samples.'”** We quantified the dose—response parameters
for our synthetic promoters: (1) dynamic range, which is the
fold change in eGFP expression in the presence and absence of
putrescine within the sample to provide the user more
resolution into the level of spoilage, (2) limit of detection
(LOD), which is the lowest concentration of putrescine in a
sample the biosensor is capable of detecting, (3) specificity,
which describes the biosensor’s ability to sense putrescine in
the presence of other BAs, and (4) time response, measuring
how quickly our sensor can detect putrescine.

Dynamic Range. Dynamic range is quantified as the ratio of
the highest measured output to the lowest measured output. A
high dynamic range indicates an increased degree of
confidence in the biosensors ability to measure a wide range
of analyte concentrations.” As shown in Figure 2A, we
evaluated 6 synthetic promoters (3 controls) and the dynamic
range values are generally higher for the synthetic promoters
that we designed compared to the Chen et al.'* promoters:
PuuAp, TacR(2), and LR2. For example, Py,;(3A) showed a
dynamic range of 186 + 6.52 (p < 0.0001, N = 3 replicates),
which is an ~33-fold increase compared to the dynamic range
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for PuuAp (5.54 + 0.83). We also note the dynamic range for
promoters with uniform binding sites are the highest. For
example, Py;,(1B), which contains a B binding site between
—35 and —10 and two A binding sites downstream of the —10,
shows a similar dynamic range as the control promoters of 3.36
+ 0.43. Comparing with Py,;,(3B), which only contains B
binding sites (at the same locations), shows a dramatic 17-fold
increase in dynamic range. In fact, Phyb(?)A), Phyb(3B), and
Py,,(3C), all promoters with uniform binding sites (at the
same locations), all show a similar dynamic range, ~178.3 +
6.5, 156.1 + 17.0S, and 115.8 + 25.05, respectively, and were
observed to have the highest dynamic ranges of all synthetic
promoters (with Py;,(2C) as an exception).

Limit of Detection (LOD). Currently, there is no well-
defined legal putrescine limit in North America despite the
ability of putrescine to accumulate in very high concentrations
for many food products.”®’ However, one extensive study
investigated the cytotoxic effects of putrescine when exposed
to HT29 intestinal cells over a 24-h period. The results showed
that the growth of HT29 cells were inhibited when putrescine
reached a value of 39.8 mM or the half-maximal inhibitory
concentration (ICs,).”® We used this value as the defined limit
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of putrescine, and as shown in Figure 2B, we found all
promoters (except for Pp,;,(3C)) to have an LOD lower than
the target concentrations of putrescine. For Phyb(SA) (which
had the highest dynamic range), the LOD value was
extrapolated from dose—response curves (Figure S2) and
was found to be 5.37 mM =+ 0.66, which is below the target
39.76 mM concentration.

Specificity. When constructing a biosensor for putrescine,
there is a requirement to ensure strong and selective affinity
between PuuR and the target analyte putrescine. Given that
there are biogenic amines that are similar to putrescine in
chemical structure, we wanted to assess their crosstalk. We
selected two chemically similar and naturally occurring
biogenic amines: cadaverine (1,5-diaminopentane) and hista-
mine (2,4-imidazolyl-ethylamine). Promoter Py;(3A) was
treated with putrescine and two other biogenic amines
cadaverine and histamine. As shown in Figure 2C (for
completion, see Figure S3 for other promoters), the dose—
response curve showed minimal induction, where there is
nonspecific binding between PuuR and cadaverine and
histamine resulting in a dynamic range close to one. Significant
lower percentages for histamine 2.5% =+ 2.06 and cadaverine
2.84% =+ 0.22 are observed for Phyb(3A). These results are
further supported by Chen et al,'* who showed that PuuR is
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evolved to be highly specific to putrescine and not toward
other structurally similar biogenic amines (e.g., cadaverine).
Given that Phyb(SA) showed the optimal LOD, highest
dynamic range, and minimal nonspecific binding, we
determined this promoter to be best suited for our beef
sample sensor.

Response Time. Response time is an important property to
measure when characterizing biosensors, especially biosensors
used for rapid diagnosis. Shorter or longer times to diagnosis
can provide an indication of the time frame to obtain a result
with shorter timeframes being more favorable for diagnostic
devices. We measured the response time for our optimized
promoter, Phyb(3A). As shown in Figure 2D, the fluorescence
levels for 50 mM putrescine-treated cells containing the
Py,,(3A) biosensor were higher after 1 h (compared to the
starting level of fluorescence at 0 h). Measuring the
fluorescence response over time, we observe stronger (and
increasing) fluorescence levels and a more accurate response to
the exogenous putrescine. In addition, we compared the
response time of our biosensor to the optimal biosensor
presented by Chen et al.'* Interestingly, the responsiveness of
our sensor was similar to that of TacR(2) up to 4 h. After 4 h,
our sensor clearly shows a stronger response, which is expected
given the sensitivity and dynamic range of our sensor is shown
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Figure 4. Assessment of putrescine in beef using our synthetic biosensor Phyb(3A). (A) A well-scanned image of the fluorescence showing three
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fluorescence counts, respectively. (B—D) Kinetic plots showing the fluorescence of the putrescine content over 4 h when stored under three
temperatures (B) —20 °C, (C) 4 °C, and (D) 20 °C. Putrescine content was measured each hour on the paper discs. The error bars represent one

standard error for three biological independent replicates.

to be higher than those of TacR(2) (Figure 1E). In terms of
diagnostics, the time-to-detection is lengthy (~1 h) due to
culturing, but modifying the circuit could potentially speed-up
the output signal generation.

Cell-Free Biosensing. Cell-based biosensors are suitable
for therapeutic applications’” but are not suitable for field-
based applications (e.g, spoiled meat detection) given the
culture conditions and equipment that are needed to maintain
the viability of the cells. To address this, we prepared our
4041 One of the current
limitations with cell-free systems is that they are costly. Many
of these studies use commercial cell-free systems because of
their strict quality control; however, it comes at a cost of
~$3,383.00 USD (PURExpress), which translates to only 100
cell-free reactions.”” To minimize cost, we developed an in-
house crude cell-free system (motivated by Kwon and
Jewett*’), and from our calculations, we were able to minimize
the cost from $33.83 USD per reaction to $1.52 USD/reaction
using our cell-free system (Table S7, Figure S4). Although
creating an in-house cell-free formulation can have significant
cost benefits, there is the additional challenge of optimizing the
system’s parameters to enhance protein synthesis. To address
this, we tested two main parameters that affect cell-free protein
synthesis: ion concentration”” (Figure SSA) and lysate
composition43 (Figure SSB). Magnesium is an essential

biosensor in a cell-free system.
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cofactor for DNA replication,** transcription,*> and neutraliz-
ing the charge on rRNA (rRNA).*® Additionally, potassium ion
concentrations need to be calibrated to stabilize functional
mRNA, tRNA, and rRNA molecules.*” From Figure SSA, we
determined the optimal concentration for our cell-extract batch
was 2 mM magnesium and 20 mM potassium for 30 uL of
lysate. We also examined the proportion of lysate composition
necessary for our biosensor to properly function and
hypothesized that more lysate would result in higher eGFP
transcription. However, the results indicated that, with the
energy components, amino acids, and ions added to the
solution, only 30 uL of cell-extract is required (Figure SSB),
and this finding has been corroborated by other cell-free
biosensors.'®*** In addition, we compared the protein
production between our cell-free formulation and a commer-
cial kit (Expressway Mini Cell-Free Expression System,
Invitrogen) (Figure 3A). Our formulation was shown to
synthesize a higher protein yield in comparison to the
commercial kit using our calibration curve. We produced
10.94 pg/mL + 0.01 of eGFP protein in comparison to the
commercial kit (Expressway Mini Cell-Free Expression System,
Invitrogen), which produced 4.56 pug/mL =+ 0.411 (a ~2.4-fold
increase in eGFP yield). We additionally tested our cell-free
system by supplementing the cell-free reaction with a plasmid
expressing eGFP under the control of a T7 promoter, and our
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formulation was able to express eGFP over a span of 8 h
(Figure 3B), which is suitable for our application below.

Testing the Biosensor with Real Beef Samples. To
evaluate the potential use of our cell-free biosensor in a field
setting, we designed a paper-disc device that can be used to
store our cell-free components and as a diagnostic device to
determine the putrescine content in meats. We were motivated
by previous works that have used freeze-dried paper discs for
disease-based diagnostics'>>*°" and designed four discs on one
device (Figure S6). To construct the devices, we took an
approach described by Mahmud et al** Following the
workflow in Figure S7, cell-free reactions were added to the
paper discs and lyophilized for 12 h prior to use with
putrescine standards or meat solution samples. As an initial
test, we validated our cell-free biosensor system on paper by
adding putrescine (50 mM) to the cell lysate and evaluating
eGFP expression under the control of Py, (3A) over the course
of 12 h. After 1 h, we observed significant differences in the
fluorescence (compared to the control), as shown in Figure
3C. Although our CFPS cocktail does not contain putrescine,
we would expect that, with commercial CFPS cocktails®>
(which contain putrescine in the CFPS for efficient protein
synthesis), our biosensor would produce minimal background
fluorescence. However, the performance of our cell-free
biosensor would continue to exhibit similar characteristics as
our whole-cell biosensor. Next, to evaluate the performance of
the cell-free biosensor, a series of putrescine calibrators ranging
from 10 to 100 mM was prepared and evaluated in triplicates.
As shown in Figure 3D, the fluorescence response for the
optimized promoter, Phyb(3A) , was fitted to a linear regression,
R* = 0.9, revealing a limit of detection of 4.33 mM + 1.66 of
putrescine, which is well below the defined limit for meat
detection.

Prepared beef samples were stored at the different
temperatures, and the samples stored at 4 and 20 °C had a
foul smell after 3 days and 1 day of storage at their respective
temperatures, suggesting they were not safe to eat. The beef
sample stored at -20 °C did not have a foul smell after 4 days
of storage. The extractant for each sample was loaded onto our
paper devices followed by fluorescence measurements taken
each hour for 4 h to measure their putrescine content (Figure
4A). Figure 4B—D presents our cell-free kinetic measurements
for sensing putrescine in beef samples under different storage
conditions. Each data point represents the putrescine
concentration (converted using calibration curve), N = 3,
between 1 and 4 h on either day 0 or 4 of storing the beef in
common storage conditions such as in a fridge or freezer or at
room temperature. As depicted in Figure 4B, after 4 days, the
freezer storage led to the lowest putrescine production and that
at room temperature showed the highest, exceeding the toxic
threshold concentration. The beef extracts were also used for
quantification by LC-MS. As expected, the values measured by
our sensor are different from the values obtained by LC-MS
(Figures S9 and S10). This is expected because there are other
biogenic amines (tyramine, tryptamine, phenylethylamine) or
compounds that can be converted to putrescine (glutamine/
arginine — ornithine — putrescine) that are released during
meat spoilage,>>* which could also be detected by our
biosensor. Therefore, more work related to specificity or
designing a multiplexed biosensor for detecting individual
biogenic amines could be more indicative of correlating meat
spoilage and biogenic amines.
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As depicted in Figure 4B—D, the measurement was carried
out after 4 h of incubation. We chose to arrest the
measurement at 4 h because the putrescine levels surpassed
the toxic levels after 2 and 1 h for beef stored at 4 and 20 °C
for 4 days, respectively, indicating that the beef is not safe to
consume. This is a notable result because our promoters show
faster response times (compared to Chen et al.'* promoters)
when exposed to exogenous putrescine that is produced by real
samples. We attribute the faster response times to having a cell-
free system and an optimal promoter sequence for putrescine
detection. Clearly, more work is required to improve the time
to minutes for a rapid biosensor to indicate meat spoilage, and
we propose the time might be lowered by using different lysate
or cell media formulations,"> an RNA-based sensor,” and
nonfluorescence-based measurements.’® However, the accu-
racy in determining spoilage at the higher temperature by
measuring the putrescine concentration gives us confidence
that we are able to use our hybrid-based promoter with a cell-
free system on paper discs to detect putrescine in real meat
samples.

B CONCLUSION

In summary, we have successfully demonstrated the use of a
cell-free paper-based biosensor for the detection of putrescine
in beef under different storage conditions. Using a systematic
engineering approach, we improved our biosensor performance
by introducing different transcription factor-binding regions
into promoters to make a specialized hybrid promoter. The
new hybrid promoter is shown to have a high dynamic range
and sensitivity, low background noise, LOD, and faster
response time (~1 h). From quantification experiments, we
observed an ~33-fold increase in dynamic range and a low
detection limit of 5.34 mM. For field-testing purposes, we
incorporated the cell-free biosensing with a paper-sensing
device, making the device easy to use, portable, affordable, and
biodegradable. Finally, we successfully demonstrated putres-
cine detection in real beef samples using the paper-based, cell-
free biosensor. We propose that this new platform has great
potential for the quantitative analysis of putrescine for other
types of meats by including additional TFs that can sense other
BAs that are relevant to the food industry.
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