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Abstract

ATP-driven bioluminescence relying on the D-luciferin-luciferase reaction is widely employed for
several biosensing applications where bacterial ATP detection allows to verify microbial
contamination for hygiene monitoring in hospitals, food processing and in general for cell viability
studies. Several ATP kit assays are already commercially available but an user-friendly ATP
biosensor characterized by low-cost, portability, and adequate sensitivity would be highly valuable
for rapid and facile on site screening.

Thanks to an innovative freeze-drying procedure, we developed a user-friendly, ready-to-use and
stable ATP sensing paper biosensor that can be combined with smartphone detection. The ATP
sensing paper includes a lyophilized “nano-lantern” with reaction components being rapidly
reconstituted by 10 pL sample addition, enabling detection of 10* moles of ATP within 10 minutes.
We analysed urinary microbial ATP as a biomarker of urinary tract infection (UTI), confirming the
capability of the ATP sensing paper to detect the threshold for positivity corresponding to 10° colony-

forming units of bacteria per mL of urine.

Keywords: bioluminescence, ATP biosensor, luciferase, smartphone, paper-based biosensor



Introduction

The detection of adenosine-5’-triphosphate (ATP), the energy-carrying molecule found in the cells
of all living organisms, represents a well-established approach to detect living cells, which is of
paramount importance in several fields including environmental monitoring, detection of food
microbial contaminants, and hygiene monitoring (Roda et al., 2004; Huang et al. 2015; Nascetti et al.
2019; Dostélek and Branyik, 2005). Moreover, ATP levels are related to several diseases and
pathological states, such as Alzheimer’s disease, ischemia, hypoxia (Onyango et al., 2016; Zhang et
al., 2015; Akbara et al., 2016). Thanks to its catalytic activity, luciferase from North American firefly
Photinus pyralis (Luc) has been widely employed to detect ATP with excellent sensitivity (Branchini
and Southworth, 2017; Morciano et al., 2017). It produces light by oxidizing D-luciferin (LH2) in the

presence of ATP, Mg?* and Oz according to the following reactions:

Mg2+
Luc +LH, + ATP S Luc-LH, — AMP + Ppi 1)
Luc - LH, — AMP + 0, = Luc - Oxyluciferin®* + AMP + CO, 2
Luc - Oxyluciferin® - Luc - Oxyluciferin + hv 3)

In the first step, D-luciferin in the presence of ATP, is converted into luciferyl adenylate (eq. 1), the
central intermediate in the BL reaction. In the presence of molecular oxygen, around 80% of adenylate
is oxidized via a single electron-transfer mechanism (Branchini et al., 2015) into peroxide leading to
production of oxyluciferin and emission of a photon (eg. 3).

The ATP concentration is therefore related to the bacterial counts assuming a fix and constant
intracellular concentration thus allowing the extrapolation to the number of bacteria cells.

Several attempts were aimed at improving the assay performance by increasing luciferase stability,
by modifying the emission wavelength for multiplexing, by improving the quantum yield of the light
producing reaction by mutating the sequence encoding for the luciferase enzyme (Branchini et al.,

2007), by adding activators or stabilizers (Lonshakova-Mukina et al., 2005), and by obtaining D-
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luciferin analogues. A remarkable limit of detection of 1 amol of ATP, corresponding to a single
bacterial cell, can be achieved exploiting the luciferase/luciferin reaction in solution using benchtop
instrumentation for light detection (Lundin, 1999; Adachi et al., 1993; Yamana et al., 2003; Satoh et
al., 2004).

Thanks to the high sensitivity and intrinsic specificity of the reaction, several bioluminescence-based
assays have been developed to monitor air and surface cleanliness, and for food and pharmaceutical
quality controls (Squirrel et al., 2002; Aycicek et al., 2006; Dostalek and Branyik, 2005). Exploiting
the measurement ATP as metabolic activity of microbial contamination, urine screen with
bioluminescence detection has been widely reported in the literature (Thore et al., 1983; Ivanci¢ et
al., 2008; Feng et al., 2014; ). In urinary tract infection (UT]I) disease, increased urinary ATP levels
are associated to bacterial invasion and cells inflammation with high levels found in patients with
interstitial cystitis and acute UTI (Lundin et al., 1989). Although an accurate diagnosis of UTI relies
on the identification of bacteria, a urinary bacteria count of > 10° colony forming units/mL
(CFU/mL) is commonly accepted as the threshold for bacteriuria  positivity
(http://www.uroweb.org/nc/professional-resources/guidelines/online/, Schmiemann et al., 2008).
The use of ATP-driven bioluminescence has been widely used in laboratory-based settings for the
analysis of urine samples, however the implementation of this assay in a biosensor format for point-
of-care and field analysis is limited by the relatively low stability of luciferase (Ribeiro et al., 1998).
Indeed, enzyme solutions are easily inactivated and need storage conditions between +4 and +8°C.
Conversely, by immobilizing reagents (both enzyme and substrate) on a solid support (such as paper)
it is possible to improve the long-term stability of enzymes without special storage conditions
(Kratasyuk and Esimbekova, 2003; Esimbekova et al., 2009). Therefore, several efforts have been
focused on the immobilization of luciferase on different substrates including polysaccharide carriers
(Ugarova et al, 1982), nylon tubes (Carrea et al., 1986), alkyl-substituted Sepharose 4B (Yousefi-
Nejad et al, 2007), and poly(vinyl alcohol-co-ethylene) (PVA-coPE) nanofiber membranes (Wang et

al, 2015). Paper provides a valuable substrate for sensing applications because it represents an ideal
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versatile and eco-friendly platform to develop low-cost portable devices for diagnostic and field
deployment monitoring (Wu et al., 2018; Arduini et al., 2019). Its attractive features such as
hydrophilicity, biocompatibility, biodegradability, and porosity combined to the easiness of
functionalization and production (Lopez-Marzo and Merkogi, 2016) enable facile coupling with
portable detectors and smartphones (Alvarez-Diduk et al., 2017, Capoferri et al., 2018) , thus ensuring
wide applicability in several fields including clinical diagnosis, food quality control and
environmental monitoring (L6pez-Marzo and Merkogi, 2016; Calabria et al., 2017). Paper has been
seldom applied as supporting layer for ATP analysis (Zhang et al, 2014; Ge et al., 2013), however
detection limits do not generally compete with laboratory-based assays and solution-based biosensors
(Nascetti et al., 2019; Lundin, 1999; Adachi et al., 1993; Yamana et al., 2003; Satoh et al., 2004).
Besides, the low-light emitted by the bioluminescent reaction may represent a challenge for the light
collection efficiency of portable detectors such as charge coupled devices (CCDs), complementary
metal-oxide semiconductors (CMOSs) and smartphone-integrated CMOSs. Innovative advances in
light detection technology have made it possible the implementation of several bioluminescent
biosensors relying on luciferase into portable analytical devices (Cevenini et al., 2016; Michelini et
al., 2019; Lopreside et al., 2019). Recently a miniaturized system has been reported combining a 3D
printed microfluidic chip and silicon photomultiplier (Santangelo et al, 2018). This continuous-flow
system provided almost real-time response and a remarkable limit of detection of 8 nM for ATP,
showing analogous dynamic range as a benchtop luminometer. The feasibility of immobilizing
luciferase/D-luciferin onto filter paper was also demonstrated (Nguyen et al, 2018). However, due to
the loss of activity after immobilization, large amounts of enzyme are generally used to achieve
adequate analytical performance. This inevitably increases total assay cost and reduces economical
feasibility of commercial exploitation.

To address such limitations and provide a user-friendly platform we developed a new lyophilisation
strategy that enable to immobilize luciferase and reagents required for bioluminescent reaction

directly on paper with higher reproducibility and enzyme stability than previously reported methods
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(Yousefi-Nejad et al, 2007; Wang et al, 2015). By exploiting paper as support a wax-printed
nitrocellulose paper biosensor was developed using smartphone photocamera as light detector (Fig.
1).

To fully exploit the combination with smartphone, we selected high-performance back-side-
illuminated (BSI) sensors characterized by higher sensitivity than previous models (Kim et al., 2017).
We investigated the analytical performance and robustness of the newly developed lyophilization
procedure with an intra- and inter-laboratory validation. We also investigated the stability of the
luciferase/luciferin lyophilized on paper at different storage conditions. As proof-of-concept, urine
samples spiked with Escherichia coli were analysed with the device, demonstrating the suitability of

the device for detecting bacterial ATP for UTI diagnostics.

Material and Methods

2.1. Reagents and instrumentation

ATP Bioluminescence Assay Kit HS Il including lyophilized luciferase reagent (LR) containing both
luciferase and D-luciferin, lyophilized ATP, Dilution buffer (DB) and Lysis buffer was from Roche
(Sigma-Aldrich). B-PER Bacterial Protein Extraction Reagent was from Thermo Fischer Scientific
and bacterial strain JM109 was from Promega (Madison, WI, USA). Cryoprotectant R18 medium
was prepared dissolving 7.5 g tryptone, 100 g sucrose, 50 g bovine serum albumin (BSA) in 1 L
milliQ water. Wax printing technology was used for creating 5 mm wells on nitrocellulose paper from
Millipore (HFC1800425) using a Color Qube 8570 wax printer (Xerox, Wethersfield, CT).
Freeze-dry analytical instruments Alpha 1-2 LDplus (Martin Christ Gefriertrocknungsanlagen
GmbH) and Cryodos-50 (Telstar Industrial, S.L.) were used to lyophilize LR.

Emission spectra and kinetic measurements were performed with Varioskan Flash multimode reader
(ThermoFisher Scientific). Samsung Galaxy S7 integrated camera (12MP /1.7, 1.4p pixel size,
1/2.6in sensor size, phase detect autofocus, OIS, dual-pixel sensor Samsung ISOCELL S5K2L1 or

Sony Exmor RS IMX260), Oneplus5 smartphone (Oneplus, Shenzhen, China) equipped with an
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integrated camera (1/2.8" 16MP Sony IMX 398 sensor, 1.12 um pixel size and F1.7 aperture), and
ATIK 383L cooled camera (ATIK Cameras, New Road, Norwich), equipped with a high resolution
monochrome CCD sensor (Kodak KAF 8300, sensor size 17.6 x 13.52 mm), were used as portable

detectors.

Preparation of ready-to-use ATP sensing paper

Lyophilized luciferase/D-Luciferin reagent was prepared using DB according to the manufacturer
instructions. ATP solutions, from 1.65 x 10 to 1.65 x 10°*> M, were prepared with serial dilutions
from an ATP stock solution (16.5 x 103 M in DB).

An easy alternative protocol to freeze-drying LR on nitrocellulose paper was developed for obtaining
a ready-to-use ATP sensing paper. Circular areas with a diameter of 5 mm were designed using Corel
draw X6 (Corel Corporation, Ottawa, Canada) and created by wax printing technology using a
nitrocellulose paper pad and the printer Xerox ColorQube 8570DN. An internal 3D-wax structure
confining spot was obtained through a heating process (2 min at 84 °C). Then, the paper was sterilized
using UV lamp for 5 hrs. For achieving the best lyophilization condition, different volumes of
cryoprotector R18 medium (1, 2, 3, or 4 uL) were mixed to 12 uL of LR, placed on the discs and
frozen directly in the vacuum drying chamber at -50°C. The vacuum drying chamber was gently
opened in order to complete successive freeze-drying steps at 1.0 mBar for 4 hrs. Same products were
obtained with the standard freeze-drying procedure. Ten ATP sensing papers obtained with the new
procedure were compared to ten ATP sensing papers obtained with the standard procedure after
reconstitution of the LR with 8 uL DB and the addition of 2uL of ATP solution 1.65 mM. BL
intensities were measured every 10min for 40 min with Samsung Galaxy S7 with 10 sec integration
and 1SO 800 and analysed with Image J Software. Results were obtained with Graph Pad Prism using
a second order polynomial (quadratic) curve. At the end of the procedure, ATP sensing papers were

stored at either + 4 or -20 °C.



Characterization of lyophilized luciferase reagents on nitrocellulose paper disc: emission kinetics
and emission spectra

Nitrocellulose discs were cut and lyophilized as described in “Preparation of ready-to-use ATP
sensing paper ”. At the end of the procedure the discs were transferred to a black 96-well microplate
and emission kinetic and spectra were measured with a Varioskan Flash multimode reader (Thermo
Fisher Scientific) after the reconstitution of the lyophilized LR with 8 puL of DB and the addition of
2 uL of 1.65 mM ATP, corresponding to 3.3 x 10 moles. BL emission spectra were recorded in the
range 450 - 750 nm (2-nm intervals, 200-ms integration time). Emission kinetics were acquired for

25 min with an integration time of 200 ms.

Design and optimization the ATP sensing paper

Different parameters and conditions were optimized including the solution used to rehydrate the LR
reagents (DB or bi-distilled water), buffer volumes (from 6 to 12 pL) used for the reconstitution of
LR, the temperature (20°C to 37°C), and incubation time with the sample (from 5 to 20 min).

In the designed configuration, the ATP sensing paper includes 24 circular areas (21 microwells for
ATP calibration curve and 3 microwells for the sample), each one representing a microwell in which
the BL reaction occurs. For calibration curves, the assay procedure starts by depositing 8 uL of DB
for the reconstitution of LR. A 2uL-volume of ATP solution in DB (concentration range from 1.64 x
10 to 1.64 x 10° M) is added to each microwell and incubated for 10 min at 22°C. The ATP sensing
paper is then transferred into a dark box, the luminescent signals are acquired with smartphone
OnePlus5 camera integrating BL signals for 30 sec with 1ISO 3200 or with Samsung Galaxy S7 camera
integrating BL signals for 10 sec with ISO 800. Limit of detection was calculated as ATP
concentration that corresponds to the blank plus three times the standard deviation. All measurements

were performed in triplicate and repeated with different ATP sensing papers at least three times.

Analytical performance of the ATP sensing paper with different light detectors
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Different light detectors including a standard benchtop luminometer, and portable CCD and
smartphone integrated CMOSs were used to investigate the feasibility of using the ATP sensing paper
in different settings. Varioskan Flash multimode reader was first used for evaluating the sensitivity
of ATP sensing paper (concentration range from 1.64 x 107 to 1.64 x 10° M). BL signals were
acquired for 30 min with an integration time of 200 ms. BL images of ATP sensing paper
(concentration range from 1.64 x 10 to 1.64 x 10° M) were also obtained with a cooled portable
CCD camera (ATIK 383L+ mono cromo CCD) integrating BL signals from 5 to 60 sec at +5°C. Two
smartphones, i.e., Samsung Galaxy S7 and Oneplus 5, were selected to detect BL signals of ATP
sensing paper: emission kinetics were measured for 40 min and images were taken for 10 sec and 30
sec with different sensitivity settings, from ISO 100 to ISO 3200, after addition of serial dilutions of
ATP (concentration range from 1.64 x 107 to 1.64 x 10"° M). ImageJ software (National Institutes of
Health, Bethesda, MD) and GraphPad Prism v.5 (GraphPad Software, La Jolla, USA) were used to
analyse and to plot the data, respectively. Limit of Detection (LOD) was calculated as the blank plus
three times the standard deviation. All measurements were performed in triplicate and repeated with

different ATP sensing paper at least three times.

Stability studies of ATP sensing paper

Stability was investigated for 48 hrs by measuring BL signals of ATP sensing paper obtained with
standard and alternative procedures stored at room temperature, +4°C and -20°C, and for 80 days
with ATP sensing papers stored at -20°C obtained with alternative procedure. BL intensities were
acquired with a smartphone camera (Samsung Galaxy S7, 10 sec 1ISO800) after reconstitution of the
lyophilized reagents with 8 pL of DB and the addition of 2 puL of ATP (1.65 x 10 M). All

measurements were performed in triplicate.

Inter-laboratory validation
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The study was performed with ATP sensing papers obtained with the optimized alternative freeze-
drying process using two different freeze-drying analytical instruments, Cryodos-50 located at the
Institut Catala de Nanociencia i Nanotecnologia ICN2, Bellaterra, Barcellona, Spain and Alpha 1-2
LDplus located at the Department of Chemistry “Giacomo Ciamician”, University of Bologna, Italy.
ATP sensing papers obtained as described in “Preparation of ready-to-use ATP sensing paper”’, Were
used for obtaining ATP calibration curves after the reconstitution of the lyophilized LR with 8 uL of
DB and the addition of 2 uL. ATP solutions (concentration range 1.64 x 10 to 1.64 x 10° M). BL
measurements were performed with the same smartphone camera (Samsung Galaxy S7) integrating
BL signals for 10 s with ISO 800. ImageJ software was used for analyzing BL images and all

measurements were performed in triplicate.

Intra-laboratory validation

For analysis of ATP content in Escherichia coli, a glycerol stock of IM109 cells was used to inoculate
in 5mL cultures in Luria- Bertani Broth (LB). Cells were incubated overnight at 37°C with orbital
shaking of 300 rpm to optical density (OD) of 0.8. A preliminary dilution in 5 mL of LB to reach 108
CFU/mL was performed followed by centrifugation for 10 min at 3500. The supernatant was removed
to eliminate extracellular ATP and the pellet was resuspended in 250 pL of DB. Cell suspension was
serially diluted in DB (concentration range of 5 x 10* — 5 x 108 CFU/250 pL) and each solution was
lysed with 250 uL of BPER reagent. After 10 min incubation time 10 pL of each lysed, corresponding
to 10%° — 10" moles of ATP, was pipetted in triplicate on the ATP sensing paper and incubated for
10 min at room temperature. BL measurements were performed with OnePlus 5 acquiring BL signals

for 30 sec with ISO 3200. The images were analysed with ImageJ Software.

Real samples analysis
To explore the applicability of ATP sensing paper for analysis of ATP content in bacterial cells, E.

coli was used as model bacterium. An overnight culture was grown in 5 mL of Luria Bertani broth at
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37°C with orbital shaking of 300 rpm to optical density (OD600) of 0.8. For simulating the UTI, E.
coli suspension was diluted in 10 mL of urine to obtain a concentration of 10° CFU/mL. Subsequently,
cells were harvested by centrifugation (3500 g for 10 min) and the pellet was resuspended with 50
pL of DB. To select an efficient bacterial cell lysis method, several parameters were optimized such
as the incubation time (from 5 to 30 min), the incubation temperature (22 and 37°C) and with or
without constant agitation (200-300 rpm). Cells lysis was carried out for 10 min adding 50 pL of
BPER buffer at 22 °C. Finally, a volume of 10 uL was pipetted onto the ATP sensing paper and
incubated for 10 min at room temperature. BL intensities were acquired with OnePlus 5 camera

(30sec integration time, 1SO 3200) and BL signals were analysed with ImageJ software.

Results and discussion

ATP sensing paper design and optimization

To develop a low-cost and ready-to-use ATP biosensor we selected a paper-based format since paper
is economical, environment friendly, allows passive transport of liquids and is compatible with many
chemicals. We decided to exploit the exquisite sensitivity of firefly luciferase towards ATP and
developed a new straightforward lyophilization procedure to obtain a freeze-dried “nanolantern”
comprising the luciferin-luciferase system on nitrocellulose paper. Conventional lyophilization
protocols include a preliminary freezing step, a primary drying and a secondary drying processing.
The first step is generally carried on for 10-30 min, depending on total volume, at temperatures
between -30 and -80°C to remove water molecules. We optimized a protocol in which no preliminary
freezing step is included and freezing occurs directly during the freeze-drying process. While during
conventional lyophilization we clearly observed that the lyophilized luciferase/D-luciferin was
detached from the paper, using the alternative protocol, the lyophilized luciferase/D-luciferin reagents
result perfectly attached to the paper disc (Fig. S1a). Moreover, the effect of addition of different
amounts of cryoprotectant R18 medium (0, 1, 2, 3, and 4 pl) to the lyophilization mix was evaluated.

Addition of 2 uL-volume of R18 to the lyophilization mix, provided the highest BL signal after
13



reconstitution with 8ul of DB and addition of a 2ul-volume of 1.65 mM ATP solution in DB,
demonstrating optimal protection of the enzyme catalytic activity during the lyophilization procedure
(Fig.S1b) Also reconstitution buffer selection was investigated and the reconstitution buffer (DB)
provided in the ATP Bioluminescence Assay Kit HS Il from Roche provided the best results, showing
36 £6 % increase in the BL signal 10min after ATP addition (1.65 mM ATP solution in DB) in
comparison to reconstitution with bidistilled H2O (Fig.S1c).

We then evaluated the impact of lyophilization and reconstitution processes on luciferase emission
properties and stability. The ATP sensing paper was characterized with benchtop luminometer by
inserting the 5mm nitrocellulose discs into the wells of a black 96-well microtiter plate. BL intensities
were recorded after the reconstitution of lyophilized discs with 8ul-volume of DB and the addition
of 2 uL of 1.65 mM ATP. As show in Fig 2a a bioluminescence maximum of 555 nm was obtained
with a half bandwidth of 75 nm. This behaviour is consistent with wild type P. pyralis luciferase
emission previously reported (Branchini et al., 2004). By analysing BL signals obtained with
benchtop instrumentation and smartphone Samsung Galaxy S7, where BL intensities were measured
every 10 min using an integration time of 10 sec with 1SO 800, emission kinetics showed a glow-type
behaviour with a maximum signal at 14 min after ATP addition(Fig.2b). This is due to the presence
of sucrose in the R18 cryoprotectant solution which, in addition to protect the enzymatic activity
during lyophilization, promotes higher structural stability of the firefly luciferase with consequent
controlled release of light energy (Rasouli et al., 2011). This is in contrast to flash-type emission
kinetics of the ATP Bioluminescence Assay Kit HS Il (Roche) related to the high concentration of
luciferase in the assay. The glow-type emission behaviour greatly simplifies the integration of this
“nanolantern” into a portable light detector. An optimal acquisition time window was identified

between 6 and 22 min in which the mean BL signal is 90 + 10% of the maximum emission.

Analytical performance of the ATP sensing paper
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After the preliminary characterization of the ATP sensing paper, we optimized the assay conditions
and evaluated its analytical performance by detecting ATP in a dose-dependent manner. To this end,
2 pL-volumes of ATP solutions in the range of 1.64 x 107 - 1.64 x 10"° M, corresponding to 3.3 x 10°
9-3.3 x 10*°> moles of ATP, were analyzed with the ATP sensing paper.

In optimized conditions the assay procedure is very straightforward, consisting in just a few steps: a
volume of 8 pL of either sample or 2 uL ATP solution are incubated with the ATP sensing paper for
10 min at room temperature (22 °C). Then acquisition is performed with Oneplus 5 camera integrating
BL signals for 30 sec with 1SO 3200. To optimize the acquisition of BL signals with OnePlus 5
camera, we imaged ATP sensing paper using 30 sec of exposure time and 1SO values from 1600 to
3200 (Fig. 3). Although aberrant images were obtained at higher concentration of ATP using ISO
3200, higher 1SO setting are required for detecting lower concentrations of ATP. According to these
results, we selected an integration time of 30 sec with 1ISO 3200 setting to achieve the best sensitivity
for our assay.

In addition, for in-house comparison of the analytical performance of the ATP sensing paper we tested
two smartphone cameras, Oneplus 5 and Samsung Galaxy S7 integrated cameras, selected for their
built-in ProCam application enabling manual selection of parameters including shutter-speed up to
30 sec and ISO settings values up to 3200 for low-light applications. To demonstrate the ATP sensing
paper capabilities and to assess the feasibility of the different smartphones integrated CMOS for BL
light detection, we employed maximum performance settings of 30 sec with 1SO 3200 for OnePlus 5
and 10 sec with ISO 800 for Samsung Galaxy S7. Dose-response curves for ATP are shown in Fig.
4. Under the optimized conditions, the BL signal is proportional to the ATP concentration showing a
limit of detection (LOD) of 2.1 x 102 moles of ATP with Samsung Galaxy S7 and a LOD of 3.8 x
104 moles of ATP with OnePlus 5 camera. This is in agreement with Kim et al., 2017 who performed
an inter-phone performance comparison to evaluate the integrated cameras of Galaxy S4, Galaxy
Note 3, LG G2, Oneplus, and iPhone 5 S in a standardized test and in a maximum-performance test.

In fact, despite the performance order was G2>iPhone 5S>Note 3>S4>Oneplus in the
15



standardized test, when the test was performed in the best performance setup for each phone, the
Oneplus was superior thanks to the lower signal background from the CMOS sensor. The feasibility
of using the ATP sensing paper with a cooled CCD portable camera, was also investigated. A LOD
of 1.7 x 103 moles of ATP was obtained using the ATIK 383L. Concerning detectability, while the
benchtop luminometer Varioskan Flash was able to quantify a concentration of ATP two decades
lower (10*® moles of ATP). LODs obtained with the ATIK 383L CCD and OnePlus 5 cameras were
respectively one and two orders of magnitude lower than those obtained with Samsung Galaxy S7.
Thanks to the significant improvement of the LOD, these results confirmed the suitability of OnePlus
5 camera for quantitative detection of ATP present in biological fluids at fmoles levels, which is

consistent with values of clinical interest.

Stability and reproducibility of the ATP sensing paper

In an effort of obtaining a stable ready-to-use ATP-paper based biosensor, we assessed emission
properties and stability of several ATP sensing papers stored at different temperature conditions and
for different periods of time.

We first evaluated the stability of the ATP sensing paper stored at room temperature (25°C), +4°C
and -20 °C for 48h. Using the standard procedure to obtain ATP sensing paper, after 48h the
enzymatic activity showed a decrease in BL signals of about 31 £ 5 % and 26 £ 5 % at +4°C and -
20°C, respectively (Fig. S2). An analogous BL decrease was observed during the storage at +4°C of
the ATP sensing paper obtained with the new procedure (BL signal decrease of 35 + 5 %). At room
temperature the ATP sensing paper obtained with both lyophilization procedures showed a significant
loss of enzymatic activity (about 95 + 2 %). Conversely, after storage at —20°C, evaluated in a 80
days-period of time, we observed a drop of the BL signal of about 10 £ 8% and 15 = 5 % after 20 and
80 days, respectively (Fig. 5b).

To test the reproducibility of the ATP sensing paper and the feasibility of implementing this biosensor

in different laboratories and settings, a preliminary intra- and inter laboratory validation of the ATP
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sensing paper was assessed by testing a total of 20 different ATP sensing papers obtained in two
different laboratories.

ATP sensing papers were obtained in different laboratories using different lyophilizers following the
same reagents, procedure and protocols optimized in the Institut Catala de Nanociencia i
Nanotecnologia ICN2, Bellaterra, Barcellona, Spain. ATP solutions were analyzed in the
concentrations range of 1.64 x 102 - 1.64 x 10° M and measured with the same smartphone (Samsung
Galaxy S7) with same settings (integration for 10 sec with 1SO 800) (Fig. 5a). The results show a
comparable LODs with coefficient of variation (CVs) of 16 + 3% confirming the robustness of the
alternative freeze-drying procedure.

To demonstrate the suitability of ATP sensing paper for practical applications, an intra-laboratory
validation was performed in the Department of Chemistry “Giacomo Ciamician”, Bologna, Italy to
evaluate the content of ATP in bacterial cells. Indeed, analyzing the standard curve obtained with
serial ATP dilutions in DB, we reported a strong correlation between cell number and moles of ATP
detected with Oneplus 5 smartphone. An optimized protocol to concentrate cells was required to
obtain a lysed bacterial solution of 10°~ 10” CFU in 10 pL corresponding to 10°*® — 10! moles of
ATP. In optimized conditions we were able to detect 4 x 10* bacterial cells with Oneplus 5 smartphone
(30 sec, ISO 3200). This is consistent with the threshold for positivity of UTI reported in the literature
(105 CFU/mL).

When comparing the analytical performance of the ATP sensing paper combined with Oneplus 5
smartphone detection, the LOD (10* moles of ATP corresponding to 3.8 x 10* CFU/mL) was about
one order of magnitude higher compared to those recently reported by Nguyen et al. (2018) and
Santangelo et al. (2018). However, it must be pointed out that our assay contains less amount of
reagents than previously reported ATP biosensors relying on D-luciferin/luciferase system and does
not require the use of benchtop luminometer for BL acquisition but exploits the smartphone camera
as portable optical detector (Nguyen et al. 2018). Our ATP sensing paper format provides a total of

about 4160 assays using reagents from a single kit, compared to only 416 assays that are obtained by
17



other authors (Nguyen et al., 2018) and 1000 assays in microwell plate format according to the
manufacturer’s protocol. Thus, our approach is more cost-effective, with an average cost per sample
(0.5 eurocents) between 5 and 11 times lower compared to previously reported assays and biosensors.
Furthermore, the use of a smartphone camera as a portable light detector further reduces the costs of
analysis associated with the use of expensive equipment such benchtop luminometer facilitating the
analysis procedure. The replacement of wild-type luciferases with new chimeric luciferases with
lower Km value for ATP and high specific activity will be addressed to further improve the analytical

performance of the ATP sensing paper (Branchini et al., 2017).

Real samples analysis

The sensitivity of the ATP sensing paper corroborates its use for diverse applications in which the
detection of living cells can be assessed by ATP, such as the detection of antibiotic effects on bacteria.
To test the proposed smartphone-based biosensor integrating lyophilized LR on real samples we
evaluated the ATP concentration in urine spiked samples as a screening test for urinary infections.
As proof-of concept, exploiting measurement ATP as metabolic activity of microbial contamination,
we used ATP sensing paper for determining urinary tract infection (UTI) in which the threshold for
positivity is 10° CFU/mL (Schmiemann et al., 2008). For proving the feasibility to detect UTI in
biological samples, fresh urine samples from an healthy volunteer were spiked with E. coli cells to
achieve a concentration of 10° CFU/mL, corresponding to asymptomatic bacteriuria in an individual

without urinary  tract  symptoms (https://uroweb.org/wp-content/uploads/19-Urological-

infections 2017 web.pdf). Since urine pH is strongly influenced by metabolic disorders, infections and

other physio-pathological conditions, a very simple pretreatment of the sample was necessary to avoid
aspecific effects on the luciferase/ D-luciferin reaction. A preconcentration step was thus introduced,
and before bacteria lysis to replace the complex urine matrix with DB. For this reason, 10 mL of

sample were harvested by centrifugation and the pellet resuspended with 50 pL of DB. Thanks to its
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selectivity to disrupt membrane of bacterial cells, B-PER Bacterial Extraction Reagent (50 pL), was
used to extract ATP from E. coli cells (10 min at room temperature). The cellular ATP levels were
then quantified after the addition of the cell lysate (10 uL) on ATP sensing paper. BL image obtained
with the Oneplus 5 camera provided a direct visual estimation of E. coli concentration (Fig. 6). Fig.
6a shows a detailed BL image corresponding to the ATP calibration curve and to the ATP released
by the spiked sample (circled in red). BL signals were analyzed with ImageJ Software and the value
obtained by the real sample was interpolated to the ATP calibration curve (red triangle) (Fig. 6b). By
interpolating the signal of the sample in the ATP calibration curve we obtained an ATP content of

10"®moles of ATP, corresponding to 10° CFU/mL of E. coli.

Conclusion

For the first time, we demonstrated the possibility to obtain a low-cost bioluminescent ATP sensing
paper based on luciferase/D-luciferin reaction that exploits smartphone camera as detector. The
proposed biosensor consists of LR lyophilized on nitrocellulose paper obtained with a new alternative
freeze-drying procedure and smartphone for bioluminescence detection. As proof-of-concept, we
developed an assay to detect ATP levels as indicator of metabolic activity of E. coli cells in liquid
samples. The suitability of the paper-based sensing platform for detecting ATP concentration in urine
samples was investigated. Indeed, the reported data confirm the suitability of using this approach to
address the detection of ATP. In addition, ad hoc application can be developed and implemented for
data elaboration. The use of a newly developed chimeric luciferase with lower Kn, value for ATP and
high specific activity could improve the analytical performance of the ATP sensing paper, opening
new opportunities for detecting bacterial pollution level (Tanii et al. 2001) and for analysing microbial
content in drinking water, food safety and public hygiene (Champiat et al., 2001) that generally need

specialized laboratories with highly qualified personnel and expensive equipment.
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Fig. 1. Schematic representation of the optimized ATP sensing paper assay.
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Fig.2 Characterization of ATP sensing paper: (a) Normalized BL emission spectrum (Amax = 555
nm) and (b) emission kinetic of ATP sensing paper obtained with Varioskan Flash multimode reader
after the reconstitution of LR with 8 pL of DB and the addition of 2 uL. ATP solution 1.65 mM.
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Fig. 3. ATP calibration curves achieved by ATP sensing papers: (a) BL images obtained with
OnePlus 5 smartphone camera at 1600 and 3200 ISO settings (30-s acquisition time) after the addition

of 2 uL of the indicated ATP concentrations and (b) graphical elaboration of BL signals with Image
J Software.
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Fig. 4: Comparison of ATP calibration curves obtained with ATP sensing papers using different
portable light detectors: Samsung Galaxy S7 (solid line), OnePlus 5 camera (solid line) and cooled
CCD ATIK 383L- camera (dotted line). ATP sensing paper were reconstituted with 8 pL of DB and
incubated for about 10 min with 2 uL of the indicated ATP concentrations. BL measurements were
obtained using the maximum performance settings of the three portable light detectors: 30 s at ISO
3200 for OnePlus5 smartphone, 10 s at ISO 800 for Samsung Galaxy S7 smartphone and 60 s +5°C
for CCD ATIK 383L camera. BL images were elaborated by ImageJ Software. Error bars are present

but not visible due to the minimum variation of BL signals obtained between triplicates.
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Fig. 5: (a) Inter-laboratory validation ATP calibration curve obtained with ATP sensing papers
lyophilized with two freezy-dry instrumentations, one located at Department of Chemistry “Giacomo
Ciamician”, University of Bologna, Italy (solid line) and one located at Institut Catala de Nanociencia
i Nanotecnologia (ICN2), Bellaterra, Spain (dotted line). Both experiments were produced by the
same analyst and BL signals were acquired with smartphone camera (Samsung Galaxy S7) for 10 s
at 1ISO 800. (b) Stability of ATP sensing paper achieved with alternative procedure and stored at -
20°C. Each indicated day (from 0 to 80 days), triplicate ATP sensing papers (obtained in the same
lyophilization session) are reconstituted with 8 L of DB and BL measurements were obtained after
the addition of 2 uL of ATP 1.65 mM. BL signals are acquired with Samsung Galaxy S7 (10 s at ISO
800) and analyzed with ImageJ software. BL signals are normalized with respect to day 0 (ATP
sensing paper immediately reconstituted after the end of the alternative lyophilization procedure).
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Fig. 6: (a) Picture of the ATP sensing paper obtained lyophilizing LR with alternative freeze-drying
procedure. Each ATP sensing paper can be used to analyze a real sample in triplicate. It contains 7 x
3 microwells used for ATP calibration curves (concentration range from 1.64 x 103 to 1.64 x 10°%°
M) included the blank and 1 x 3 microwells for testing one real sample; (b) BL image obtained with
OnePlus 5 smartphone of the ATP sensing paper incubated with different concentration of ATP
solution and with real sample. BL image of ATP sensing paper after the reconstitution of LR with 8
pL of DB and addition 2uL-volume of ATP; (c) Results obtained after image elaboration with Image
J Software. The BL signal obtained from ATP content of 10° CFU/mL E. Coli. real sample was
interpolated to the ATP calibration curve. In the designed configuration 8 x 3 circular areas are used
to evaluate the ATP content in 10° CFU/mL of E. coli.
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Fig. S1: (a) Pictures of the lyophilized luciferase reagents on paper at the end of the standard freeze-
drying procedure (left) and with alternative freeze-drying procedure (right) after overnight storage at
-20°C. (b) Kinetic measurements of ATP sensing papers achieved lyophilizing LR on paper with
different volumes of cryoprotectant R18 medium (0,1,2,3 and 4 pL). BL acquisitions are obtained
with Samsung Galaxy S7 (10 sec at ISO 800) after the reconstitution of LR with 8 pL DB and the
addition of 2 uL ATP solution 1.65 mM. (c) Kinetic measurements obtained after the reconstitution
of ATP sensing paper with 8 ul of DB or sterilized bi-distilled water and the addition of 2 uL ATP
solution 1.65 mM. BL images are acquired with Samsung Galaxy S7 (10s at ISO 800) and elaborated
with Image J Software.
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Fig. S2: Evaluation of ATP-sensing papers stability obtained with alternative procedure (AP) and
standard procedure (SP) and stored at room temperature, +4°C and -20°C. After 48 h, ATP sensing
papers are reconstituted with 8 pL of DB and incubated for about 10 min with 2 pL of ATP solution
1.65 mM. BL intensities are acquired with Samsung Galaxy S7 (10 s at ISO 800) and analyzed with

ImagelJ software.
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Fig. S3: Evaluation of ATP content of a spiked urine sample containing 10° CFU/mL E. Coli with
ATP sensing paper after lysing bacteria with Bper lysis buffer using different incubation time (5, 10,
15, 20 and 30 min) and different temperatures (22°C and 37°C) and with or without orbital shaking.

BL signals were measured with Varioskan Flash multimode reader.
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