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The rapid progress in point-of-care testing (POCT) has become a promising decentralized patient-centered
approach for the control of infectious diseases, especially in resource-limited settings. POCT devices should be
inexpensive, rapid, simple operation and preferably require no power supply. Here, we developed a simple
bacterial sensing platform that can be operated by a smartphone for bacteria identification and antimicrobial
susceptibility testing (AST) based on using a polydiacetylene (PDA) arrayed membrane chip. Each PDA array
produced a unique color ‘fingerprint’ pattern for each bacteria based on different modes of action of toxins from
bacteria on biomimetic lipid bilayers within PDA-lipid assemblies. We show that the PDA-based device can detect
viable cells of bacteria as low as 10 CFU/mL within 1.5 h compared with several days of conventional bacterial
identification, with the aid of a smartphone app. The device can also be used for an antimicrobial susceptibility
test (AST) for at least two broad-spectrum antimicrobials within 4 h and provide identification of antimicrobial
susceptibility and resistance, enabling the selection of appropriate therapies. This PDA-based sensing platform
provides an alternative way for bacterial detection and could be used as a portable and inexpensive POCT device
for the rapid detection of bacterial infection in limited-resource settings.

1. Introduction administration of a community-acquired UTI is generally based on

empirical antimicrobial therapy [4,5]. Many studies have reported that

The monitoring and diagnosis of bacterial infections are crucial for
clinical management. Especially, controlling antimicrobial-resistant in-
fections is a unique challenge worldwide. Improving bacterial infection
diagnosis is crucial for guiding antimicrobial therapy, but it remains
challenging due to unspecific clinical presentations. Distinguishing be-
tween pathogenic and non-pathogenic bacteria and closely related sub-
species poses a key issue. Conventional culture methods cause delays
in accurate antimicrobial administration, fostering antimicrobial resis-
tance. In resource-limited settings, the shortage of professionals and
high-tech instruments raises the risk of medication misuse. Clinical de-
cisions often rely on symptoms, contributing to antimicrobial resistance.
On the other hand, the high cost and lack of skilled personnel hinder the
popularization and application of POCT (point-of-care testing) devices
[1-3]. Taking UTI (Urinary-Tract-Infections) for instance, the
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symptoms based UTI diagnosis places a large number of patients at a high
risk of prescription of unnecessary antimicrobials [6-9]. Furthermore,
UTl is recognized as one of the most common causes of infection. Patients
with long-term bladder catheterization are at a high risk of UTI, including
elderly people, disabled patients, or patients with spinal cord injuries. It
is not surprising that the frequency of indwelling urinary catheters (IUC)
can cause most cases of nosocomial infections caused by
catheter-associated urinary tract infections (CAUTIs). Several types of
POCT devices for the detection of bacterial infections have been devel-
oped, but not all can be applied in such situations [1,10-14]. Most of
them require complex manufacturing procedures as additional equip-
ment for detection. Developing affordable and practical POCT devices is
crucial for early infection screening in resource-limited settings. These
devices must offer rapid detection and easy operation to alert patients
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Fig. 1. The PDA-based sensor platform for detecting bacteria and drug susceptibility at resource-limited settings. (a) Conventional methods for diagnostics of bacterial
infection (b) Smartphone-assisted bacteria sensing procedure including unknown samples dropped onto the membrane chip, signal capture by built-in camera of the
smartphone, and data analyzing & results display by a ‘Bacteria Sensor’ app. (c) Detection of bacterial susceptibility to antimicrobials for the identified bacteria,
providing AST results to avoid antibiotic resistance. (d) Mechanism of colorimetric transition of PDA-lipid assemblies (liposomes) by bacterial toxins due to the

existence of polydiacetylene backbone in bilayer assemblies.

and caregivers to potential infections. The diagnostic approach should
prioritize speed, accuracy, and sensitivity for early screening of patho-
genic bacteria, along with identifying antimicrobial susceptibility and
resistance. An ideal device should be suitable for both limited-resource
settings and well-developed nations, allowing rapid testing with low
costs and no need for specialized technical skills.

Diagnostic strategy-based colorimetric assay has shown great ad-
vantages in POCT as such assay can be regarded as one kind of portable
sensor system without requirements of complex instrumentations or
technical skills [15-25]. In addition, the results can be recognized by
direct visualization through colorimetric transitions. Polydiacetylene
(PDA), an amphiphilic conjugated polymer, has drawn much attention as
a chromatic sensing material due to its unique chromatic transition from
blue to red color perturbed by external stimuli such as temperature, pH,
and biomolecules, etc. Likewise, lipid vesicles (liposomes) with incor-
porated PDA can present chromatic colorimetric transition. Generally,
phospholipids and diacetylene (DA) monomers self-assemble on various
substrates to form highly assembled aggregates. After UV irradiation, the
literally stacked DA monomers form extended n-conjugated backbones,
rendering the assemblies to exhibit blue color. So far, sensors based on
PDA have been widely researched for the detection of biological and
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chemical molecules either based on aqueous-phase or solid-phase sensors
[24,26-44]. Aqueous-phase sensors, basically PDA liposome solution,
have shown internal aggregation during long-term storage because of the
relative instability of PDA solution, whereas solid-phase PDA sensors
(immobilization of PDA assemblies on various substrates) serve as more
suitable POCT sensors, generating inexpensive, flexible and lightweight
PDA-based sensor systems with customized designs or patterns. In
addition, PDA biosensors to detect various biomolecules, especially
bacteria are mainly based on PDA functionalization. Information on li-
gands or specific receptors of each opportunistic pathogen is required, as
well as the laborious synthesis process of ligands conjugated to the lipids,
thereby limiting the development of bacterial diagnosis. Our previous
work has demonstrated that lipid compositions and especially cholesterol
contents within PDA-lipid bilayers play an important role in the sus-
ceptibility of the colorimetric response of PDA-lipid liposomes to bacte-
rial toxins [45]. Based on the theory of previous investigations, we
mainly focus on immobilizing PDA-lipid assemblies onto a membrane
substrate to build a solid-phase PDA sensing platform, making them
suitable as POCT devices.

With the increase in the number of smartphone users worldwide, the
ability of these devices to data processing is also growing. With the
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emergence of smartphones and the needed networks, the costs of global
data acquisition and transmission are rapidly reducing. In 2016, global
smartphone users reached 51 % [46] and it has been reported that by
2020 in sub-Saharan Africa the number of smartphone users has reached
55 % [46]. Meanwhile, users can use smartphone application software
(apps) to create customized mobile applications without knowledge of
computer programming. This powerful pocket computer has built-in
sensors and a wireless connection, which provides a new opportunity
for health systems to obtain data capturing and the subsequent results.
With the reduced affordability barriers by the low-cost spreading utility
of smartphones, the adoption of smartphones and their related technol-
ogies in both resource-rich and resource-limited settings is continually
growing. Such technologies will offer capabilities of sensing and pro-
cessing comparable to more costly “high-end” technologies. In the
context of designing new strategies for bacterial diagnosis, we assumed
smartphones can serve as high-performance built-in cameras and mobile
applications for image analysis, preserving the abilities of bacterial
identification by replacing expensive and heavy instrumentation.

PDAs with different lipid compositions can undergo chromatic color
transition with the treatment of various bacterial species [45,47-52].
However, determining the identity of one specific bacteria based on the
colorimetric transition of one single PDA-lipid assembly is extremely
challenging. The previous work has demonstrated that aqueous-based
PDA-lipid assemblies (liposomes) composed of different contents of
cholesterol can achieve fingerprint identification of each bacterial strain
through different color patterns in response to various bacterial strains
[45]. The strategy was mainly based on the interaction of toxins pro-
duced by bacteria and lipid bilayers, causing PDA backbone distortion
and subsequent colorimetric transition. Here, we adopted the “combi-
natorial” strategy and immobilized the PDA-lipid arrays on a paper-like
(PVDF membrane) substrate to simplify and improve the flexibility for
bacteria sensing. The PDA-based sensor was integrated with a conven-
tional smartphone system for fast data processing. The study uses a li-
brary of PDA-lipid assemblies, displaying different color responses to
various bacterial strains. Considering the above factors, the proposed
biosensing platform integrated with a smartphone app readout based on
PDA arrayed paper-like chip has been engineered for bacteria identifi-
cation and subsequent antimicrobial susceptibility testing. The results
demonstrated that the PDA-arrayed chip can inform the presence of
viable cells and distinguish at least four bacterial species within 2 h
compared with several days of conventional bacterial identification
(Fig. 1a). With the aid of our pre-programmed smartphone “app”, the
relatively low concentration of bacterial cells can be identified. In clinical
scenarios, this will help patients identify appropriate anti-
biotics/antimicrobials among those who have suspected symptoms.
Furthermore, we performed a simplified AST (antimicrobial susceptibil-
ity test) to allow the completion of the whole testing process within
approximately 4 h including identification of bacterial cells (Fig. 1b). The
proposed biosensing platform may offer a feasible alternative to tradi-
tional ASTs, especially in resource-limited settings.

2. Materials and Methods
2.1. Design and working principles of the smartphone-based biosensor

The smartphone-based PDA membrane biosensor is a flexible device
integrating a PDA arrayed chip with a smartphone app with data built-in.
The design process incorporates three parts: first, PDA-lipid complexes
with four different contents of cholesterol (Table S1) were immobilized
onto a paper-like substrate (PVDF membrane) and the PDA arrayed chip
comprising four arrayed spots were treated with 5 different bacterial
strains, individually. In response to the respective bacterial strain, each
PDA array generated a unique color pattern. Second, image data were
collected including RGB values corresponding to each specific bacterial
strain by analyzing the colorimetric response of each PDA array; then, the
bacterial diagnosis app was developed by analyzing the database of R
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intensity from the interaction of PDA arrays and pathogenic bacteria.
Third, an unknown bacterial sample was dripped on the PDA arrayed
paper-like chip, and the image was captured by the built-in camera of the
smartphone, and the image processed by the app finally provided the
user with fast and direct result readout (Fig. 1c and d). The principle of
the sensor design was based on the different response sensitivities of
PDA-lipid assemblies to various pathogenic bacteria by varying concen-
trations of cholesterol [45]. The PDA-lipid assemblies can efficiently
distinguish different bacterial strains, by varying cholesterol composi-
tions. The mechanism behind this was based on different modes of action
of bacterial toxins on membrane-like lipid bilayers. PDA-lipid assemblies,
acting as membrane-like lipid bilayers, occurred in different chromatic
transitions, triggered by different bacteria. Therefore, each PDA-lipid
array exhibited unique chromatic patterns for each bacterial strain. The
previous work has systematically investigated the mechanism of chro-
matic transition perturbed by bacteria based on liquid-phased PDA li-
posomes. To render the sensing platform more flexible and applicable in
resource-limited regions, solid-phase PDA biosensor based on PDA-lipid
arrays was utilized in the present work, each array composed of
different molar ratio of cholesterol/phosphatidylcholine in PDA assem-
blies (Table S1).

2.2. Synthesis of PDA-lipid complexes

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholinel8:0) was ob-
tained from Avanti Polar Lipids, US. Cholesterol (Chol) and 10, 12-pen-
tacosadiynoic acid (PCDA) were purchased from Sigma-Aldrich. All
materials used in the study were not purified further.

PDA liposomes, the liquid-based PDA-lipid complexes, were synthe-
sized through the thin film evaporation method, which has been detailed
previously [45]. Briefly, PDA-lipid complexes comprising fixed contents
of PCDA and different molar concentrations of cholesterol and DSPC
were dissolved in chloroform, forming the lipid mixture. The lipid
mixture was dried under nitrogen gas to form a thin lipid film around a
glass bottle, followed by Tris buffer addition. The resultant lipid solution
was sonicated for 30 min to form self-assembled lipid vesicles. The
resultant vesicle solution was annealed at 4 °C for 16 h before conducting
UV-polymerization (254 nm).

2.3. Formation of solid-phase PDA arrayed chips

2 mM of PCDA, CHO, and DSPC with different molar ratios (Table S1)
were mixed in 2 mL of chloroform. PVDF membranes were cut into 3 cm
x 3 cm squares by scissors. 100 mL of four different compositions of lipid
mixture was pipetted on the surface of the PVDF membrane and dried
under nitrogen to form a solid-based PDA arrayed chip. The PDA arrayed
chip was cooled at 4 °C for 16 h before UV irradiation for 1 min, which
changed the PDA array from colorless to blue. The PDA arrayed mem-
brane chip was characterized by FT-IR and was stored away from light at
4 °C for further use.

2.4. Components and classification of PDA arrays

In this study, each PDA arrayed membrane chip is capable of identi-
fying one bacterial species by a unique chromatic pattern (Fig. 1b). The
PDA-arrayed chip comprised four PDA-lipid complexes to form a PDA
array for bacterial detection. The complex primarily comprised fixed
content of PCDA (40 mol%), with various DSPC and cholesterol (CHO)
concentrations, which are shown in Table S1. In the present study, we
selected four PDA-lipid complexes of Ves 1 (40 % PCDA, 60 % DSPC, 0 %
CHO), Ves 2 (40 % PCDA, 40 % DSPC, 20 % CHO), Ves 3 (40 % PCDA, 20
% DSPC, 40 % CHO), and Ves 4 (40 % PCDA, 10 % DSPC, 50 % CHO) for
the subsequent study.
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Fig. 2. FT-IR and SEM characterization of immobilized PDA-lipid complexes on PVDF membranes. (a) (b) FT-IR characterization of immobilized PDA-lipid complexes.
Fig. 2b is an enlarged version of Fig. 2a. The insert image shows four blue PDA-lipid spots on a PVDF membrane after UV polymerization. (c) (d) (¢) SEM images of
pure PVDF membrane (c¢) PDA-PVDF membrane (d) and PDA-PVDF after treatment with S. aureus. Yellow arrows (d) are dedicated PDA liposomes on PVDF mem-
branes, while red arrows (e) dedicating bacteria aggregated on the surface of the PDA-PVDF membrane. Scale bar: 10 pm.

2.5. Bacterial culture

E. coli (ATCC 25922), S. pneumoniae (ATCC 49619), E. faecalis (ATCC
29212), S. aureus (CMCC 26003), P. aeruginosa (CMCC 10104),
K. pneumoniae (CMCC 46117) were obtained from ATCC or CMCC (Na-
tional Center for Medical Culture Collections). The six bacterial strains
were considered pathogenic bacteria and can secret a series of toxins that
can lyse lipid membranes. In the experiment, growth medium including
Luria-Bertani Broth (LB), Tryptic Soy Broth (TSB), and BHI (Brain Heart
Infusion Broth) were used for bacteria culture. LB was used for
P. aeruginosa, E. coli, and E. faecalis; TSB for S. aureus; BHI for
K. pneumoniae. Briefly, 100 mL of growth medium with bacteria were
cultured in an incubator overnight (150 rpm, 37 °C). 100 pL of overnight
bacterial culture were incubated with 10 mL fresh growth medium for
another 4 h, rendering the bacteria in the exponential growth phase.
Bacteria are believed to produce more virulent toxins/enzymes at this
stage, and bacteria at this stage are called sub-cultured bacteria. The sub-
cultured bacteria were used in the subsequent study unless otherwise
specified.

2.6. Dose response of chromatic properties of PDA-PVDF membrane

PDA-lipid complexes comprising 25 mol% cholesterol as a represen-
tative PDA sensor in the study, S. aureus, and P. aeruginosa as model
bacteria were utilized in the assay. The sub-cultured S. aureus and
P. aeruginosa were centrifuged at 10,000 rpm and re-suspended in
physiological saline buffer, respectively. Each bacterial strain solution
was diluted with concentrations of 10%, 104, 10°, 10°, and 10’ CFU/mL
according to the standard curve of optical density at 600 nm against each
bacterial colony forming unit per mL. The results were detailed in sup-
plementary data (Figure S2). 10 pL of each diluted bacteria solution was
added onto the PDA-lipid complex spot on the PVDF membrane and

incubated for 1 h at 24 °C. The chromatic color change of each PDA spot
was analyzed using digital images (captured by a built-in smartphone
camera) before and after exposure to different concentrations of bacteria
for a total period of 1 h. A smartphone built-in camera was used to
capture the images of the PDA-lipid spot, and the RGB values were
evaluated via Image J software over 30 x 30 pixels (~65 % of total area).
The results were normalized relative to the controls. All tests were car-
ried out in triplicate.

2.7. Quantitative analysis of PDA-arrayed membrane chip

To demonstrate the colorimetric response of the PDA array to each
bacterial strain, 10 pL of the bacterial solution with a concentration of
10% CFU/mL L was added to four arrayed spots of PDAs. The time evo-
lution of the colorimetric transition in the PDA arrayed membrane chip
was recorded by taking photographs after 1 h. Colorimetric transitions
were hardly observed significantly within 1 h in all cases of 5 bacterial
strains. The 1-h snapshots were chosen to analyze the colorimetric
response of the PDA-arrayed chip. To construct an R database for the
subsequent app development, R values of arrayed PDA spots treated by
each bacterial strain were analyzed by ImageJ software (>20 tests). To
measure the R intensity, the interested regions were analyzed in the
image. For each region of interest, we use the circular Hough transform to
locate the circular region. The smartphone's built-in camera was used to
capture the pixels of the circular region of interest. R values were
normalized by using calibration factors and shown in Fig. 4b. The cali-
bration factors were obtained from the center spot (blue circle) of each
detection screen with a background among four PDA arrayed spots
(Fig. 6b). For example, when the RGB values of the calibration spot with
the background were analyzed as (178, 176,154), the calibration factors
were calculated as (12, 14, 36), based on the standard RGB values of
(190, 190, 190). R values used in the study were all normalized by using
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paralleled experiments.
an identical calibration process. All measurements were tested at 24 °C.
2.8. Molecular dynamics (MD) simulations

In this work, all-atom MD simulations were performed using GRO-
MACS software [53] (version 2019.03) and CHARMMS36 force field [54,
55]. CHARMM36-compatible parameters for polydiacetylene (PDA)
were adapted from previous research [56]. Four symmetric membrane
systems, 18 PDA molecules, 180 lipids (a. DSPC: Chol = 4:1, b. DSPC:
Chol = 1:1, c. SPC: Chol = 4:1, d. SPC: Chol = 1:1), 13,305 TIP3 as well as
0.15 M NaCl were studied. The Lennard-Jones potential was smoothly
shifted to zero between 1.0 and 1.2 nm, with a cutoff of 1.2 nm to reduce
cutoff noise. Particle mesh Ewald [57-59] electrostatics with a real-space
cutoff of 1.2 nm was used. The systems were coupled to Nose-Hoover
heat baths at T = 298 K (coupling constant z = 1 ps) and 1 bar pres-
sure using a semi-isotropic Parrinello-Rahman pressure coupling scheme
[60] with a coupling constant 7 = 5 ps and compressibility of 4.5 x 1073
bar~!. Bonds with H-atoms were constrained with the LINCS algorithm
[61]. The non-bonded interaction neighbor list was updated every 20
steps with a cutoff of 1.2 nm. 100ns all-atom MD simulation with the time
step of 2fs and trajectory-saving frequency of 10ps was performed for
each system. System snapshots were generated by VMD [62].

2.9. AST assay

P. aeruginosa and S. aureus were used as representative bacterial
strains for evaluating the AST performance. Minimum inhibitory con-
centrations to kill 50 % (MICsp) and 90 % (MICy) of the bacterial pop-
ulations of gentamicin sulfate (Sigma Aldrich) and ciprofloxacin (Sigma
Aldrich) against the two strains were individually evaluated before AST
assay. The MIC results are listed in Table S2. The antimicrobial solutions
were prepared according to the manufacturer's instructions with serial
dilutions in  phosphate-buffered  solution. = Overnight-cultured
P. aeruginosa or S. aureus (~10” CFU/mL) was inoculated in different
concentrations of gentamicin sulfate and ciprofloxacin, respectively, for a
total of 30 min. The mixture was then dripped onto the PDA paper chip
for red intensity identification after bacterial confirmation. All
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experiments were repeated three times at a given set of conditions.
3. Results and discussion
3.1. Formation and characterization of PDA-immobilized PVDF substrate

PDA-lipid complexes were immobilized on a PVDF membrane and the
successful immobilization was confirmed by FT-IR and direct visualiza-
tion of chromatic change by UV irradiation (Fig. 2a the insert image).
PDA membrane chips capable of detecting various bacteria were formed
and the process of formation was described in the Materials and Methods.
Self-assembled monolayers of a mixture of PCDA, lipid (DSPC), and
cholesterol were added onto a PVDF membrane. Various parameters
were attempted to optimize the immobilization conditions [25,32,38,
63]. Here, the PVDF membrane is composed of lipid and cholesterol parts
responsible for the docking and insertion of bacterial toxins, whereas the
PDA part serves as a module for visual signal generation. A chromatic
transition from colorless to blue was visually confirmed by UV irradia-
tion, suggesting that PCDA was successfully photopolymerized and
immobilized on the PVDF membrane. Here, the PVDF membrane served
as the support to form a self-assembled PDA (Fig. 2a, the insert image).
The chemical compositions of the PVDF membrane were measured by
FT-IR, and the PVDF membrane displayed characteristic absorption
bands at both ~1190 cm™! and~1410 cm™?, associated with —CF
stretching and C—C stretching, respectively (Fig. 2a and b). After PDA
was immobilized on the PVDF membrane, the weak absorption bands of
C—O stretching vibrations correspond to carboxylic acids in both PCDA
and PDA present at 1750 cm ™! (Fig. 2b). In addition, the microscopic
structure of the PDA-PVDF membrane surface was observed by SEM
imaging (Fig. 2c—e). The porous structure of the membrane surface
showed similar before and after UV irradiation, compared to those of
bare PVDF membranes.

3.2. Performance of PDA membrane chip

The present assay investigates whether the PDA membrane chip was
an ideal POCT device for bacterial detection. Most PDA-based sensors
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have relied on the functionalization of a carboxylic acid group for the
detection of specific microorganisms. The strategy, by simply utilizing
more conventional lipid components instead of ligand conjugation,
broadly increased its practical application in the field of bacterial diag-
nosis without any further ligand selection. Here, we attempted to develop
PDA membrane chips that can detect bacterial toxins secreted by path-
ogenic bacteria based on the actions of bacterial toxins on lipid mem-
branes. The ability of the PDA membrane chip to detect pathogenic
bacteria at various concentrations was first evaluated to confirm the
detection limit. Aqueous-based PDA sensors were evaluated as a com-
parison (Figure S1). PDA-lipid complexes comprising 25 % cholesterol as
representative PDA sensors, S. aureus, and P. aeruginosa as model bacteria
were utilized in the study. 10 pL of the two bacterial strains were indi-
vidually dropped on the PDA membrane chip, as indicated in Fig. 3a. The
colorimetric transitions that occurred on the PDA membrane chip were
visually monitored and scanned, after 1 h incubation at room tempera-
ture (Fig. 3a). The quantification of redness intensity treated with various
concentrations of the bacterial strains was evaluated. The efficacy of the
experiment was set within a time frame of 1 h as the prototype sensor can
be better applied to the timely detection of POCT.

As shown in Fig. 3b, the blue PDA-lipid spot gradually turned to red
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after bacteria inoculation and the intensity of red color tended to in-
crease, exhibiting a dose-response manner as each bacterial concentra-
tion increased. Here, to investigate the effects of PDA membrane chip on
UTI (urinary tract infection) detection. Artificial urine, as a control, was
used in the study. The results showed that the PDA spot maintained blue
with the treatment of the urine, regardless of its increased concentration
(Fig. 3b), whereas aqueous-based liposomes were shown less sensitivity
induced by P. aeruginosa and S. aureus respectively within 1 h incubation
(Figure S1). In Fig. 3b, samples with bacterial concentrations of 10°~107
CFU/mL were confirmed to be the effective ones with the range of
detection in solid-phase PDA chips. At the concentration below 10° CFU/
mL, the overall red intensity was definitely changed confirmed by the
spectrophotometer, although it was hardly to be distinguished by visible
observation. The intensity of redness of the PDA-membrane chip at 10*
CFU/mL was measured to be 4 folds more redness than the concentration
of 103 CFU/mL (Fig. 3b). Accordingly, the measurement of red intensity
needed to be detected by more professional equipment and software. In
addition, the R values in both S. aureus and P. aeruginosa changed slightly
in accordance with their corresponding images, and thus a semi-
quantitative estimation of bacterial concentration can be obtained by
visual comparison to the color chart (Fig. 3b, insert images).
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The PDA membrane chip showed more sensitive detection ability,
compared with aqueous-based PDA sensors with a minimum detection
concentration of 10® CFU/mL (Figure S1). Additionally, in order to in-
crease the visual color of redness and to decrease detection time, the PDA
membrane chip could be incubated at 40 °C for 10 min before bacteria
treatment. This was based on the previous assumption that external
relatively high temperatures (36 °C-50 °C) may weaken the stability of
PDA conjugated backbone without affecting thermochromic colorimetric
transitions of PDA, and thus this would increase redness contrast and
reduce detection time by subsequent bacteria addition [64-67]. From
Fig. 3, P. aeruginosa showed slight sensitivity to the PDA spot, compared
with S. aureus, due to different modes of action of toxins secreted by each
bacteria on biomimetic lipid bilayers within PDA-lipid assemblies.

Time-to-Detection (TTD), defined as the time point when R values
significantly exceeded the artificial urine solution, of both solid and
aqueous based PDA sensors were evaluated (Fig. 3c). Solid-based PDAs
showed smaller DTT, compared to PDA liposome solution [45], indi-
cating higher sensitivity and relatively rapid response time to bacteria.

Collectively, although the PDA membrane chip enables color visual-
ization at relatively high concentrations (1 0° ~107 CFU/mL), the visu-
alization of small differences in colorimetric transitions at low
concentrations by the naked eye was exceptionally challenging.
Accordingly, a smartphone-based detection platform was necessary for
fast and accurate detection. Furthermore, the linear relationship between
redness intensities (R) and bacterial concentrations may provide a
theoretical basis for the subsequent development of quantitative detec-
tion of infectious concentrations of definitive bacterial species and drug
susceptibility.

3.3. Analysis of color-fingerprinting database based on PDA membrane
chip treated with various bacterial species

The previous study has shown that PDA-lipid arrays with different
embedded lipid components, especially cholesterol, were able to distin-
guish various bacterial species, based on different modes of action of
bacterial toxins on cholesterol embedded bilayers. In addition, choles-
terol, present specifically in eukaryotic cell membranes and recognized as
a target molecule for some bacterial toxins, is involved in the recognition
and interaction of pore-forming toxins produced by some bacteria such as
pneumolysin from K. pneumonia, thereby the presence and amount of
cholesterol in the cell membrane can affect the susceptibility of the cell
membrane to certain bacterial toxins, which has been experimentally
confirmed by the previous findings [45]. The secreted bio-
molecules/toxins can exhibit different surface charge, hydrophilicity,
chemical structures, and other properties, and the interaction between
biological molecules with phospholipid bilayer mainly cholesterol can
influence the nearby alternating triple-bond/double-bond backbone
structure of PDA, leading to different colorimetric response (CR%). Here,
to demonstrate the feasibility of a PDA membrane chip, an information
database of colorimetric transitions (RGB) of four different PDA-lipid
arrays upon perturbation by five chosen bacterial strains was generated
for the subsequent development of image-analysis-based smartphone app
(Fig. 4a). Four strains of bacteria that may cause infectious disease in
hospitals were used as model bacteria to explore the sensitivity to PDA
arrayed membrane chip. E. faecalis was used as a control model as the
strain did not secrete any enzymatic toxins when interacted with
eukaryotic cell membranes thereby causing no/little colorimetric tran-
sition of PDA-lipid complexes, confirmed by the previous study [45]. The
influence of cholesterol concentration on the sensitivity of the PDA-lipid
complex to the five bacteria was imaged and explored by quantifying the
red intensity (R) of RBG of each PDA array. Four spots of PDA-lipid
complexes comprising different concentrations of cholesterol (Ves 1,
Ves 2, Ves 3, and Ves 4) were immobilized on the PVDF membrane to
form a PDA paper-like chip for each bacterial identification (Fig. 4a).
Initially, the immobilized PCDA-lipid array was invisible and UV irra-
diation (254 nm) was used to polymerize PCDA, leading to the
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production of PDAs and the corresponding appearance of the blue color
of the four spots. Upon individual treatment of each bacterial strain, the
chromatic change of the four arrayed spots occurred, from blue to red,
generating a unique color pattern for each bacterial strain. The color
pattern was visibly differentiated by the naked eye despite their similar
polarities (Fig. 4g) and the quantification of PDA arrayed membrane chip
to bacterial strains was also shown in Fig. 4c-{.

From Fig. 4cf, for example, both P. aeruginosa and S. aureus pro-
moted distinguishable colorimetric fingerprinting patterns on the PDA
membrane chip (Fig. 4h). The color transition of Ves 1 (0 % CHO) caused
by P. aeruginosa was more noticeable than that promoted by S. aureus.
Phospholipase secreted by P. aeruginosa here is involved in the main
membrane damage activity and hydrolyzes phosphatidylcholine of PDA-
lipid complexes. DSPC in the PDA-lipid complexes provided hydrolyzing
sites for toxins from P. aeruginosa regardless of the rigidity of lipid bi-
layers, leading to higher levels of PDA structure conformation and sub-
sequent more intense red color change. a-Hemolysin from S. aureus
caused a less intense red color, due to its participation in pore formation
mediated membrane damage independent of cholesterol contents. Ves 1
comprising more phosphatidylcholine provided more binding sites for
pore formation and thus S. aureus showed relatively high red intensity to
Ves 1, compared with Ves 5. The relationship between the extent of
colorimetric transitions and lipid compositions within PDA-lipid bilayers
has been detailed in the previous study [45]. Our goal was to develop a
solid-phase-based PDA sensor, rendering it more suitable for POCT
application in multiple scenarios.

The R values were extracted by using ImageJ software. Higher R
values corresponded to more intense red colors, meaning that PDA-lipid
complexes were more sensitive to a bacterial strain. The PDA-lipid
complex containing 0 % cholesterol showed relatively high sensitivity
to a-hemolysin from S. aureus and E. coli, compared to pneumolysin from
K. pneumonia, which is recognized as cholesterol-dependent pore-form-
ing toxins (Fig. 4c). P. aeruginosa showed the highest sensitivity among
the other four bacterial strains regardless of cholesterol contents, due to
hydrolysis of phosphatidylcholine (DSPC) independent of cholesterol
concentration (Figure c-e). In addition, DSPC with the highest concen-
tration (60 %, Ves 1) provided more hydrolysis sites by toxins from
P. aeruginosa, resulting in the highest level of conformation of PDA
backbones (Fig. 4c).

K. pneumoniae showed gradually increased sensitivity with the in-
crease of cholesterol concentration and showed the highest R value in Ves
4 (Fig. 4c—f). The mechanism induced by K. pneumoniae may account for
the cholesterol-dependent pore formation and thereby a large amount of
cholesterol in the PDA-lipid complex provided more binding sites for
K. pneumonia, resulting in the highest intensity of redness. This was also
reflected by the strong red color on the PDA membrane chip (Fig. 4g).

E. coli generated a low R value (<150) in Ves 1, 2, and 3, which was
also reflected by the less intense of red color on the image of the PDA
membrane chip (Fig. 4c—e, g). The low concentration of cholesterol may
account for the rigidity of the lipid bilayer, resulting in a decrease of
liposome reactivity, hindering the effective binding or activation bilayer
of the toxin on the lipid bilayers. In contrast, high concentrations of
cholesterol showed the most sensitivity to E. coli with an R value of 157
(Fig. 4f).

S. aureus showed relatively stable red values in Ves 1-4, indicating the
sensitivity of S. aureus may not be closely related to cholesterol concen-
tration (Fig. 4c—f). This was somewhat contrary to the previous results
(the sensitivity of S. aureus to PDA can be enhanced by an increase in
cholesterol concentration) based on an aqueous PDA sensor [45]. The
solid-phase-based PDA sensors increased the contact possibility between
toxins from S. aureus and lipid bilayers, resulting in the relevant sensi-
tivity to each PDA-lipid complex, although the aqueous-based sensors
showed little/no response to S. aureus at the low concentration of
cholesterol. The relevant mechanism is described by MD simulation in
the following study.

Collectively, the R values of each PDA-lipid array corresponding to
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each bacterial strain for multiple tests (>20) were tabulated in Fig. 4b.
The histogram of the R value for each bacteria was based on the average
of 20 tested R values. Each PDA-lipid array comprised different con-
centrations of cholesterol (Table S1). The results of different PDA-lipid
arrays for each bacterial strain showed significant differences (P <
0.05). Therefore, each PDA-lipid array corresponding to different color
patterns provided a piece of convincing evidence for the feasibility of
bacterial ‘fingerprint’ recognition.

3.4. MD analysis

The elaborate interplay of intermolecular interactions among bacte-
rial toxins, and lipid membranes including cholesterol concentration and
PDAs should play important roles in PDA-lipid sensitivity. To unravel the
intrinsic mechanism of the striking different responses of bacterial toxins
to PDA-lipid complexes comprising various contents of cholesterol, a
theoretical protocol combining large-scale molecular dynamics (MD)
simulations was adopted in the study. a-hemolysin from S. aureus and
phospholipase from P. aeruginosa as model bacterial toxins, 20 % and 50
% cholesterol were chosen to be embedded within PDA-lipid moieties as
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two amphiphilic models in the study. The setup of the PDA-lipid bilayer
system used in the simulation is fully described in the experimental
section. The MD analysis was used to validate that the insertion of
cholesterol may influence PDA sensitivity to bacterial toxins. The
possible modes of action of these two selected toxins are illustrated in
Fig. 5a. Interactions occurring at lipid bilayers either by lipid degradation
via phospholipase or pore-forming damage via a—-hemolysin may alter tilt
angles of the PDA backbone, causing subsequent colorimetric responses.
Representative snapshots of the equilibrated PDA-lipid bilayers
comprising 25 % and 50 % cholesterol upon perturbation of the two
toxins are shown in Fig. 5c. PDA-lipid bilayers comprising 25 % choles-
terol showed noticeable structural features that PDA tails were signifi-
cantly tilted from the bilayer's normal direction. The more pronounced
tilted angle caused by phospholipase compared to that of a-hemolysin
indicated the greater transformation of the PDA backbone thus resulting
in more intense color conversion. Whereas lipid bilayers comprising 50 %
cholesterol exhibited a little tilted angle of PDA by both toxins, causing
less intense of chromatic color conversion. The MD results were consis-
tent with the experimental results and due to the large computational
workload, we only selected two PDA models and two types of
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representative toxins for MD analysis.

3.5. Smartphone-based PDA arrayed membrane chip for bacteria
identification

The membrane-based PDA array enabled visual distinction among 5
bacterial strains, whereas the differences in color finger patterns were
quite small, and with the increased numbers of bacterial detection, the
identification process by visualization would be exceptionally chal-
lenging. To facilitate users’ understanding and operation, a smartphone-
based platform was integrated with PDA arrays for a convenient, user-
friendly POCT device to provide detection sensitivity and the subse-
quent antimicrobial sensitivity equivalent to that of the clinical testing.
To quantify the changes caused by bacteria in PDA arrays, R values
corresponding to each bacteria were analyzed by Image J software.
Deeper red colors corresponded to higher R values. The database of R
value arrays corresponding to each bacterium was uploaded to a Bacte-
rial Diagnosis app which was developed by using an Android Studio app.
A camera button and four small circles for guiding the positions of the
four components of PDA spots were included in the start-up interface
(Fig. 6¢). The four PDA spots were aligned with the four circles and
snapshots were taken in sequence (Fig. 6¢). The developed app then
extracted the R values of each corresponding circular region and started
to calculate and compare the R values of each PDA array with the built-in
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R database for specific bacteria identification (Fig. 4b). The unknown
bacteria was identified, which was displayed on the smartphone screen
(Fig. 6¢). To limit image analysis errors caused by ambient light and
weather, as well as performance differences of built-in cameras, the R
values were normalized by using calibration factors corresponding to
RGB values which were obtained from spots with a white background
among the four PDA spots, as shown in Fig. 6b. The normalized R value of
the four PDA spots corresponding to each bacteria was displayed on the
screen and compared to the preloaded database. The matching result was
displayed on the screen, achieving bacterial identification based on a
smartphone, as indicated in Fig. 6c¢ (results display). In the PDA
membrane-based POCT scenario, the bacteria in urine can be identified
in ~ 1 h, when applied to UTI diagnosis. Therefore, the prescription can
be only treated for the patients who have been bacteria infected rather
than treating all the patients with suspected clinical symptoms of UTIL. In
addition, by utilizing such a sensing protocol, the accuracy of identifi-
cation was evaluated for the three chosen bacterial strains, with an ac-
curacy of 93 %, 93 %, and 83 % in P. aeruginosa, S. aureus, and E. coli (n >
30), respectively. Based on these observations, we conclude that PDA
arrayed membrane chip can be an effective POCT in resource-limited
regions, not only for rapid detection of suspected bacterial strains but
also to provide suggestions for drug administration to prevent undesir-
able side effects of drug resistance.
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3.6. PDA based AST

Conventional AST (antimicrobial susceptibility test) requires labora-
tory manipulation based on bacterial culturing and colony counting. AST
normally takes at least 2 days for bacterial identification, which is un-
realistic and time-consuming in point-of-care applications [68] (Fig. 7a).
Quick AST results based on point-of-care can assist carers in identifying
the right antimicrobials among a few recommended drugs, reducing
further complications of drug resistance at the level of primary care [69,
70]. As P. aeruginosa and S. aureus are the most common pathogens that
cause hospital acquired infections, we focused on these species for the
study of AST. On confirming that the pathogen was S. aureus and
P. aeruginosa by the PDA-based membrane chip, a rapid PDA membrane
chip-based AST can be performed as indicated in Fig. 7b.

The color intensity of bacteria exposed to different concentrations of
antimicrobials was shown and compared. Therefore, susceptible and
resistant bacterial strains can be categorically identified within 4 h
(Fig. 7b). In the present study, if the measured viable bacterial cells were
significantly reduced reflected by decreased red intensity observed by
naked eyes, it indicated that the bacteria were sensitive to the antimi-
crobials. As a proof of concept, the two bacterial strains were treated with
two broad-spectrum antimicrobials, gentamicin sulfate and ciprofloxacin
at minimum inhibitory concentrations (MIC) represented as GENow/high
and CIP'*"/Mie! for each bacteria to identify drug-resistant or susceptible
bacteria. MICsy and MICyy of gentamicin and ciprofloxacin were
measured (Table S2) and designated as GEN'®"/CIP'®" and GENY/
CIPM#", respectively. For P. aeruginosa, 50 pg/mL and 200 pg/mL were
represented as GEN'®" and GEN"8", whereas 10 pg/mL and 100 pg/mL as
CIP'°" and CIP"8", respectively; for S. aureus, 40 pg/mL and 300 pg/mL
were as GEN'®" and GEN"#®, 32 ;ig/mL and 500 pg/mL as CIP®" and
cIphish, After confirming the identity of bacteria by PDA arrayed mem-
brane chip, one PDA-lipid spot which can cause the most noticeable
colorimetric transition was chosen for subsequent AST of confirmed
bacteria. Here, for instance, Ves 1, causing the highest R intensity in both
S. aureus and P. aeruginosa, was used for the AST study. Fig. 7c shows both
negative and positive results of the performance of the PDA membrane
chip, with negative and positive controls. The positive controls (suscep-
tible ones) in both P. aeruginosa and S. aureus showed a visual dark blue
signal, suggesting a significant reduction in the number of viable bacteria
and thus causing no colorimetric transition of PDA spot, whereas the
negative controls (resistant ones) showed visual purple/red signal,
indicating that there were no significant changes in the number of viable
bacterial cells.

The red color intensity corresponding to the distinguishable color
differences by the naked eye was summarized and analyzed, shown in
Fig. 7c—e. The appropriate concentration of a specific antimicrobial can
be quickly determined by using the PDA-based method. Although AST
remains a gold-standard method for evaluating drug susceptibility, the
PDA-based colorimetric sensor can provide a fast (within 4 h) and simple
method to identify the drug susceptibility for common infectious cases
such as UTI at point-of-care. Based on such a method, we can quickly
determine the right concentration of specific antimicrobials. In the pre-
sent study, we mainly focused on identifying the appropriate antimi-
crobials from the empirical ones to fight infection, which is of vital
interest to patients in point-of-care settings.

4. Conclusion

We have developed a highly simple and accurate bacteria sensing
platform that can be operated by a conventional smartphone. The plat-
form was based on immobilizing an array of four PDA-lipid complexes on
a paper-like PVDF membrane. A database of colorimetric transition in
terms of R intensity was constructed on the basis of chromatic responses
of four PDA-lipid complexes to five bacterial species. Chromatic color
transitions occurred upon exposure of the PDA-lipid array to unknown
bacteria, which was imaged by a built-in smartphone camera and
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processed by the app. The colorimetric transition was compared with the
database promoted by 5 bacterial species, enabling the smartphone app
to identify the unknown bacteria. Each bacteria exhibited a unique color
‘fingerprint’ pattern on the PDA arrayed membrane chip due to different
mechanisms of bacterial toxins with biomembrane-like lipids composed
of different contents of cholesterol. Therefore, the development of a
smartphone app is to supplement the shortcomings caused by visual
identification such as insufficient sensitivity, although the relatively high
concentration of bacteria can be visually distinguished by using only a
PDA-based membrane chip. The viable bacterial cells can be determined
as low as 10* CFU/mL with high accuracy, with the aid of a smartphone
app.

Furthermore, a rapid AST by PDA-based membrane chip was exam-
ined to identify the bacterial susceptibility to the two broad-spectrum
antimicrobials within 4 h. The rapid AST provides an early screening
of antimicrobial prescription and provides appropriate prescribed con-
centrations of drugs, which can further avoid the occurrence of drug
resistance. The study on the AST test is only a preliminary attempt.
Further improvement needs to evaluate the quantitative relationship
between color intensity and bacterial concentration, to establish a
quantitative detection sensor for bacteria.

Overall, the proposed bacteria sensing platform based on PDA-lipid
complexes is an ideal POCT device with minimal training and no addi-
tional electricity requirement, which may offer an extremely convenient
and simple way for bacterial infection diagnostics, especially in resource-
limited settings.
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