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Abstract

Accurate and effective detection is essential to against bacterial infection and
contamination. Novel biosensors, which detect bacterial bioproducts and convert them
into measurable signals, are attracting attention. We developed an artificial intelligence
(Al)-assisted smartphone-based colorimetric biosensor for the visualized, rapid,
sensitive detection of pathogenic bacteria by measuring the bacteria secreted
hyaluronidase (HAase). The biosensor consists of the chlorophenol red-B-D-
galactopyranoside (CPRG)-loaded hyaluronic acid (HA) hydrogel as the bioreactor and
the B-galactosidase (B-gal)-loaded agar hydrogel as the signal generator. The HAase
degrades the bioreactor and subsequently determines the release of CPRG, which could
further react with P-gal to generate signal colors. The self-developed YOLOvV5
algorithm was utilized to analyze the signal colors acquired by smartphone. The

biosensor can provide a report within 60 mins with an ultra-low limit of detection (LoD)
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of 10 CFU/mL and differentiate between gram-positive (G+) and gram-negative (G-)
bacteria. The proposed biosensor was successfully applied in various areas, especially
the evaluation of infections in clinical samples with 100% sensitivity. We believe the
designed biosensor has the potential to represent a new paradigm of “ASSURED”

bacterial detection, applicable for broad biomedical uses.
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1. Introduction

Pathogenic bacterial contamination in food and environment significantly threatens
global health and economic stability (NiBBler et al. 2020). The World Health
Organization (WHO) estimates that 600 million people are infected by pathogenic
bacteria, resulting in 420,000 deaths worldwide per year. Antibiotics are commonly
prescribed for bacterial infection (Gui et al. 2023). However, given the significant
increase in antimicrobial resistance, empirical treatment may not always be effective as
the clinical microbiology laboratories may not be able to provide reports quickly

enough in many cases (Mi et al. 2022).

The culture method has represented the gold standard in bacteria detection (Dsouza et
al. 2022). However, growing bacteria in laboratory conditions is not a sensitive and
efficient method. Assays that rely on the recognition between biomolecules such as
polymerase chain reaction (PCR) and enzyme-linked immunoassays (ELISAs), are
considered reliable in accurately identifying bacterial strains (Xu ef al. 2021). However,
the limitations of those methods include their complexity, high cost and requirement of
professional operation. Novel biosensors based on changes in electrochemical
properties (such as impedance, amperometry and voltammetry) after the diagnosis of
bacteria, offer portability, fast responses and adequate sensitivity (Liu et al. 2023;
Zhang et al. 2023). However, these biosensors suffer from false positives. Thus, there
is an urgent need to develop biosensors that satisfy the WHO’s “ASSURED” criteria,
that is, affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free,

and deliverable to end users (Petrucci et al. 2021).

Many extracellular products of pathogenic bacteria have tissue-damaging effects
(Rentzsch ef al. 2020). Among these, HAase, as bacterial spreading factors, enables
the degradation of substrate hyaluronate (for example, HA) in the extracellular matrix
and facilitating the invasion of host tissues (Zamboni et al. 2023). A considerable
number of studies have demonstrated that the aspects of the production of HAase are
associated with the type of bacteria (Shenashen et al. 2022). For instance, G+ are
generally known to produce a higher amount of HAase compared to G-, making HAase
a potential biomarker in distinguishing between G+ and G- (Mohammed et al. 2022).

The detection of the HAase of bacteria also has distinct advantages, such as improved

3



77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

specificity and simplified sample handling process, compared to other physicochemical
indicators (Mohammed et al. 2022). Previous HAase-based bacteria detection studies
electrically monitored the steric/electrostatic nanochannels, which were blocked by the
formation of an antibody-HAase complex (Creran et al. 2014). However, the signal
transmission process and data analysis involved are complicated and time-consuming.
Therefore, simpler and smarter result acquisition and analysis method would be

preferable to meet the “ASSURED” criteria.

Among all readout forms, the visualization method is particularly convenient and
intuitively satisfactory (AbdElFatah et al. 2023). Meanwhile, machine learning, as a
key technique of artificial intelligence (Al), is becoming a popular method to ensure
the high efficiency and accuracy of data analysis (Meng et al. 2022). Various algorithms
have been reported with regard to the analysis of color-based results, such as the
convolutional neural network (CNN), support vector machine (SVM), open computer
vision library (OpenCV) and you only look once (YOLO) (Flachot and Gegenfurtner
2021). Among them, YOLO could reduce the computational complexity with the
desired accuracy (Chen et al. 2023a). However, methods using machine learning to

analyze the colorimetric results of bacterial detection have not yet been reported.

In this study, an Al-assisted smartphone based colorimetric biosensor was developed
for the visualized, rapid, and sensitive detection of pathogenic bacteria using secreted
HAase as the target. The biosensor design is shown in Scheme 1. It consists of the
CPRG-loaded HA hydrogel as the bioreactor and the -gal-loaded agar hydrogel as the
signal generator. The bacterial HAase first degrades the bioreactor in a concentration-
dependent manner and subsequently influencing the release of CPRG, which can
further react with B-gal immobilized in agar hydrogel, to generate different colors. We
then utilized smartphone to capture the colors and correlate them with the initial
bacteria concentration using a self-developed YOLOvVS algorithm. The developed
biosensor can provide a report in 60 mins using a simple and user-friendly detection
process and achieves an ultra-low LoD of 10 CFU/mL of bacteria. We confirmed the
superior performance of the biosensor in detecting bacteria in food samples, performing
antimicrobial susceptibility testing and assessing bacterial infection in clinical cases.

The developed biosensor has the potential of leading a new paradigm of “ASSURED”
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bacterial detection and is applicable in a broad range of biomedical uses.
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Scheme 1. Illustration of the Al-assisted smartphone-based colorimetric biosensor
composed of HA hydrogel bioreactor and agar hydrogel signal generator. (a) Schematic
diagram of the colorimetric detection of bacteria type and concentration, where the
insets illustrate the preparation of bioreactor and signal generator. (b) Acquisition and

analysis of the detection results using the YOLOVS5 algorithm.

2. Results and Discussion

2.1 Characterization and Optimization of the Biosensor

2.1.1 Optimization of the Color Reaction between CPRG and p-gal

CPRG is a long-wavelength yellow substrate which could be hydrolyzed by B-gal to
produce chlorophenol red (Creran et al. 2014). The color reaction between different
concentrations of CPRG (0-1000 pg/mL) and B-gal (0-100 pg/mL) was first
investigated. As described in Fig. 1a, all reactions are initially yellow (the color of
CPRG), and at intermediate enzyme/substrate concentrations, the reaction color varies
from shades of yellow, orange, red, and purple. The UV-vis spectra (Fig. 1b) indicated
that the characteristic absorption peak of CPRG at 410 nm gradually disappeared with
the addition of B-gal along with the emergence of a new absorption peak at 570 nm.

When the concentration of B-gal was 20 pg/mL or above, the color of the reaction was
5
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solely dependent on the concentration of CPRG, thus (3-gal at 20 pg/mL was used as an

optimal concentration for the preparation of signal generator hydrogel.

2.1.2 Evaluation of HAase Productivity of Different Bacteria

HAase productivity of various bacteria (E. coli, P. aeruginosa, S. aureus and Group A
streptococcus (GAS)) was validated. As shown in Fig. 1c, the concentration of HAase
secreted by those four representative strains linearly correlated with the concentration
of bacteria (R?> 0.99). Interestingly, we found that the G- (E. coli and P. aeruginosa)
had HAase productivity in the range of 0.2-3.4 mg/mL at concentrations of 10-10°
CFU/mL, whereas the G+ (S. aureus and GAS) had a much higher HAase productivity
levels (4.8-12.6 mg/mL) at the same concentrations. These results were theoretically
supported by the fingdings of Hu et.al. that a Glu-480 exists in the coding sequence of
HAase, which is highly conserved in HAase from G+ compared to G- (Hu et al. 2022).
Therefore, the different levels of bacterial HAase productivity could be used as an
indicator to differentiate between G+ and G-. In addition, it has been reported that only
live bacteria can produce HAase (Chen et al. 2023b), which allows us to distinguish

between live and dead bacteria.

2.1.3 Optimization of HA Composite for the Linear Degradation by HAase

HA with different MW (1500-2500 kDa, 600 kDa, 40-100 kDa and 7 kDa) were
selected to perform degradation by HAase. As shown in Fig. Sla, HA with a higher
MW of 1500-2500 kDa had a significantly higher sensitivity (p = 0.0038) to HAase
than the other groups, which could because of the greater number of glycosidic linkages
in high MW HA resulted in higher binding affinity with HAase (Snetkov et al. 2020).
It was also reported that the physicochemical properties and enzymolysis stability of
HA composites depend on the volume ratios of high MW and low MW HA (Xue ef al.
2020). Inspired by the study, HA with high MW (1500-2500 kDa) and low MW (7 kDa)
were then composited at volume ratios of 8:1, 4:1, 2:1, 1:2, 1:4, and 1:8 to investigate
their degradation rates by HAase. As shown in Fig. 1d, the HA composite with high
MW and low MW of 8:1 was most sensitive to HAase and its degradation degree
showed a strong linear relationship (R?> 0.99) with the concentration of HAase. This
provides a clear mathematical relationship to allow quantitative detection to be obtained.

The morphologies of above HA composites were characterized. Regardless of its MW,
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HA was primarily characterized as having a “lamellar” structure and when high MW
HA was combined with low MW HA, the microstructure exhibited the formation of
“pore” and “fibrillary” structures (Fig. S1b). In addition, the HA composite with high
MW and low MW at aratio of 8:1 had a significantly higher density than the composites

with other ratios regardless of changes in HA concentration (Fig. S1c).

2.1.4 Optimization and Characterization of CPRG-loaded HA Hydrogel as
Bioreactor

A hydrogel-based bioreactor for the biosensor was prepared using HA composite (ratio
of high MW to low MW = 8:1) as the main matrix and sodium alginate (SA) as the
gellation assistant component (Guo et al. 2020). CPRG was first loaded in HA
composite, followed by the addition of SA in the presence of Ca?" to form the hydrogel
bioreactor. As shown in Fig. S1d, a maximum CPRG loading efficiency of 92.1 £ 2.1%
was achieved at a HA concentration of 3.0 wt%. At this concentration, the enzymatic
properties exhibited by HA composite remained consistent with those described in

section 2.1.3 (Fig. Sle).

The degradation behavior of the bioreactor by different types and concentrations of
bacteria was invesitigated , as shown in Fig. le. An excellent linear correlation (R? >
0.99) was found between the degree of degradation of the hydrogel and the
concentrations of all tested bacteria. Two G+, which secreated more HAase, were
capable of degrading over 85% of hydrogel at 10> CFU/mL, whereas two G- could only
degrade less than 10% of the hydrogel at the same concentration. Additionally, the
lowest degradation (18%) by G+ at 10 CFU/mL was still higher than that of the highest
degradation (9%) of G- at 10° CFU/mL, confirming the capbility of this detection
strategy to differentiate between G+ and G-.

The release profiles of CPRG from the bioreactor were also highly significantly linearly
correlated (R%> 0.99) with the degradation of the hydrogel (Fig. 1f). In the case of G+
ranging in concentration from 10 to 103> CFU/mL, the released CPRG was between 28
to 200 pg/mL, whereas for G- at the same concentrations, the released CPRG was much
lower in the range of 2 to 20 pg/mL. Collectively, there were notable linear correlations

among the concentration of bacteria and the secreted HAase, the degradation of HA
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hydrogel and the released CPRG. Therefore, the amount of released CPRG can be used

as an indication of the initial concentration of bacteria.

2.1.5 Optimization and Characterization of B-gal-loaded Agar Hydrogel as
Signal Generator

The optimal concentration of B-gal for the chromogenic reaction with CPRG was
determined to be 20 png/mL (section 2.1.1). The hydrogel selected to encapsulate -gal
was optimized to meet the following requirements. Firstly, the hydrogel should not be
degradable by HAase to ensure all B-gal molecules would remain in the hydrogel and
final output signal would only depend on the CPRG from bioreactor. Among all
hydrogel candidates (agar, SA, and luria-bertani hydrogel shown in Fig. S2a), only the
agar hydrogel released no B-gal in the presence or absence of HAase. (Fig. 1g, h and
S2b) In addition, agar hydrogel itself was colorless and transparent,which did not
interfere with the results of the chromogenic reaction bewteen -gal and CPRG (Fig.

S2a and Fig. 1i).

2.1.6 Optimization of Detection Parameters

The optimized reaction time between the biosensor and sample was determined in Fig.
S3a-b, showing that the degradation reaction between HAase and HA hydrogel, as well
as the color reaction between CPRG and B-gal, can both be completed within 30 min.
Additionally, HAase exhibited maximum activity between 37-40°C and pH between 6-
7.5 (Fig. S3c and f), while the catalysis of f-gal toCPRG was not affected by different
temperatures or pH under our experimental settings (Fig. S3d, e, g and h). Thus, we
selected 37°C and pH 7.4 for conducting enzymatic reactions in this study.
Photographing conditions for obtaining detection results were optimized in Fig. S4, the
color information was not affected by the distance between the smartphone camera and
the signal generator, and as long as the phone flash was on, accurate color information
can be obtained regardless of the light condition, indicating the compatibility of the
biosensor. The images of signal generator can provide qualitative information about the
presence/absence of bacteria using the naked eye (Fig. S5a). The semi-quantitative
results of the type and concentration of bacteria can be achieved by substituting the

RGB values of the image into our pre-constructed standard curves (Fig. S5b).
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In the scenario for detecting a mixed sample of both G+ and G- bacteria, it was worth
noting that firstly simultaneous infection of G+ and G- were uncommon in clinical
settings due to their overlapping niches (Kuhn ef al. 2022). Additionally, our results in
Fig. S6 also demonstrated that when co-culturing G- (P. aeruginosa) and G+ (S. aureus)
bacteria together, they cannot coexist, meaning there will be only one type of

pathogenic bacteria in the final culture.

2.1.7 Determination of the LoD of Biosensor with Bacterial Standard Solutions in
PBS and Serum

The LoD of this biosensor was determined using the G+ and G- standard solutions with
PBS and serum as solvents. As shown in Fig. 1j, in PBS, the biosensor exhibited clear
and sensitive color changes after the detection of bacteria and the colors gradually
became saturated from light pink to deep rose with increasing bacterial concentration.
Notably, differences in color changes for G+ and G- can easily be distinguished, since
the color of the lowest concentration (10 CFU/mL) of G+ was even more saturated than
that of the highest concentration (10° CFU/mL) of G-. Thus, we can obtain the LoD of
this biosensor from the above results, which is calculated to be as low as 10 CFU/mL
for both G+ and G-. Compared to other biosensors reported in major journals over the
most recent years (Table S1), this biosensor excels in achieving a value of LoD of 10
CFU/mL without preprocessing of the sample or requirement of complex equipment.
The detection time is controlled within 60 mins, which is applicable for daily uses. As
shown in Fig. 1k, in serum, the biosensor can successfully detect and distinguish
between G+ and G- with the resulting color changes displaying the similar trends as
described above. However, compared to detection in PBS, the color of the signal
generator presented a slight color shift due to the color of serum itself. Diluting colored
samples with PBS before conducting the detection process could significantly reduced
the impact of the original color of the sample on the result with the accuracy and

sensitivity guaranteed and the optimal dilution factor was 2 (Fig. S7).



259
260

261
262
263
264
265
266
267
268

)

1000 20
e E.coli
- 500 j. -~ 15/ = P aeruginosa R
< 2 0 A S.aureus
E oo M e
= 50 10+ va ¥ A
o v
@ 10
o
O 5 51 ]
0 (]
> 0.0— 0Lae
0 1 5 1020 50100  "300 400 500 600

10" 102 10° 10* 10°

B-gal (ug/mL) Wavelength (nm) Bacteria (CFU/mL)

Released CPRG (ug/ mL) — HAase productivity (mg/mL) O

250
HMW: LMW : 200
1 & S.aureus 1504 4 S.aureus
v GAS 1004 ¥ GAS
% RE 504
. 1 20__
7 F : T = Paerugmosa 15{ ® Paeruginosa
e E.coli 1070 E.coli .
5_
B00+—mr 0 o=~> .
0 1 2 3 4 5 6 101 102 103 104 10° 10" 10% 10% 10* 10°
HAase (mg/mL ) Bacteria (CFU/mL) Bacteria (CFU/mL)
g h
’—g ’:HAasei 0? CPRG
= 0.051 S D | L
e 3 J_® ob B-gal
= ‘ el T B AT ‘:
3 3 ). ™~ - ‘ <)
& 0.00] i ! i Bﬂ @. j & Signal generator 90 cer
(3] I
L _0.05 [ no HAase AT AT AN y y ) |
% B with HAase ) ) &) O )
2 4 6 8 10 0 2 5 10 20 40 80 100
Time (h) CPRG (ug/mL)

N
=

000000 OO

G- A | (O cAmy. W W
0 10" 102 10 10* 10° 10" 102 10%  10* 10°
Bacteria (CFU/mL) Bacteria (CFU/mL)

Fig. 1. Characterizations of the biosensor. (a) Analytical features of the color reaction
between CPRG and B-gal. (b) Spectral change of CPRG with different concentration
after incubation with -gal (20 pg/mL). (¢) The HAase productivity of different bacteria
with different concentrations (10-10> CFU/mL). (d) Sensitivity of HA composite (2
mg/mL) prepared from high (1500-2500 kDa) and low (7 kDa) MW to HAase. (e) The
degradation of HA hydrogel bioreactor with the different concentration (10-10°
CFU/mL) and type (S. aureus and GAS as G+, P. aeruginosa and E. coli as G-) of
bacteria. (f) The release of CPRG from bioreactor with the different concentration and

type of bacteria. (g) The characterization and (h) reaction scheme of HAase non-
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responsiveness of B-gal-loaded agar hydrogel signal generator. (i) Color-change effect
of the B-gal-loaded agar hydrogel after react with different concentration of CPRG. (j-
k) Detection results of different concentrations of bacterial solutions with (j) PBS or (k)

100% serum as solvent by this biosensor.

2.2 Al-assisted Smartphone Acquisition of Detection Results

The YOLOVS algorithm was used for the precise analysis of the results obtained by the
biosensor in this study. As shown in Fig. 2a and S8, YOLOVS is composed of backbone,
neck, and head (Chen et al. 2023a). The backbone utilizes the Cross-Stage Partial (CSP)
network strategy in the CSP-Darknet53 convolutional network. The neck integrates the
Bottle Neck CSP into the Path Aggregation Network and incorporates a variation of the
Spatial Pyramid Pooling (SPP). The head consists of three convolution layers which
predict the coordinates of the bounding box, scores, and classes of objects (Chen et al.

2023a).
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Fig. 2. Al-assisted acquisition of the detection results. (a) YOLOVS network
architecture. (b) The precision of YOLOVS. (¢) The confusion matrix of the verification
results for the 10 categories of perspiration. BGFN: background false negatives, BGFP:
background false positives. (d) The training loss of YOLOVS. (e¢) YOLOvVS algorithm
flowchart. (f) Example of detection result output.

In this study, 1419 images from the signal generator were used to train YOLOVS. After
500 epochs, the detection accuracy reached 92% (Fig. 2b and 2¢) and the training loss
decreased to 1.2% (Fig. 2d). When analyzing the input image, bounding boxes were

generated using three featured maps based on the parameters optimized during the
12
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training phase (Fig. 2e). The illustrative output was shown in Fig. 2f. The results were
consisted three parts: the log value of the concentration of bacteria detected, followed
by the bacterial type (G+ and G-) and the confidence level. In general, higher
confidence levels indicate more accurate results, however, a low confidence level does
not mean that the output is not credible, since the algorithm will not output any results
when the detection results are not credible. To summarize, the use of the YOLOvV5
algorithm enables rapid and accurate bacterial detection, with the potential for future

integration across various terminals and platforms.

2.3 Application in Detection of Live Bacteria

The biosensor proposed in the present work detects the HAase produced by live bacteria,
avoiding the limitations of bacterial culturability and interference of dead bacteria and
its application in detection of live bacteria was demonstrated. Live and dead bacterial
solutions (E. coli as G-, S. aureus as G+) were prepared by mixing them at different
ratios (100%-20%) for further detection (Fig. 3a). The results were shown in Fig. 3b.
The significance of the results may not be obvious to the naked eye, given that the
concentration of live bacteria in mixed bacterial samples were all at the same order of
magnitude (10* CFU/mL). However, the use of computer vision techniques means that
information such as the grey value of these signal generator colors could be analyzed
(Fig. 3b), which provides detection results with higher accuracy (Fig. 3c). In summary,
the proposed biosensor can correctly detect the proportion of live bacteria in a mixture
of live and dead bacteria, confirming the potential application of the biosensor in the

above field.

2.4 Application in Detecting Bacteria in Food Samples

We demonstrated the application of the biosensor for detecting bacteria in food samples
as shown in Fig. 3d. Our biosensor reported that higher concentrations of bacteria
solution used to contaminate the blueberries led to higher levels of bacteria detected on
the blueberries as shown in 3e. This finding was supported by the results of the culture
method (Fig. 3d). The concentration of bacteria subsequently detected on blueberries
was not consistent with the concentration of bacteria that incipiently contaminated the
sterile blueberries, which may be because not all bacteria were able to attach to the

blueberries and the proliferative behavior of the bacteria was unpredictable.
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Nevertheless, the biosensor provides a reference for on-site quality control in food
production enterprises, rapid quality inspection for food safety, and quality control for

consumers prior to consuming food.

2.5 Application in Antimicrobial Susceptibility Testing (AST)

The application of the biosensor in AST was demonstrated. Penicillin-streptomycin
solutions with different concentrations (0-10 mg/mL) were co-incubated with four
typical bacteria (E. coli, P. aeruginosa, S. aureus and Methicillin-resistant
Staphylococcus aureus (MRSA)) followed by detecting the concentration of remaining
live bacteria with the proposed biosensors. Bacterial susceptibility to an antibiotic is
assessed in term of the ratio of the concentrations of dead to total bacteria (10°
CFU/mL). The results showed that S. aureus, E. coli, and MRSA had a susceptibility
rate of 99% to the antibiotic at a concentration of 0.6 mg/mL (Fig. 3f-g). However, P.
aeruginosa only became susceptible to the antibiotic at a concentration of 10 mg/mL.
The results of the dilution method showed the similar conclusion that E. coli, S. aureus
and MRSA were sensitive strains while P. aeruginosa exhibited drug resistance to the
antibiotic (Fig. 3f and S9). This means that our biosensor has a 0% serious error rate
(misidentification as a sensitive strains) and 0% major error rate (misidentification as a
drug-resistant strains) when performing AST, complying with the Food and Drug
Administration (FDA) requirements (the rate of serious errors < 1.5% and that of major
errors < 3.0%). In summary, our biosensor is rapid, simple and effective for AST

applications.
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Fig. 3. Application of the biosensor in (a-¢) detection of live bacteria. (a) Preparation
of bacteria solutions with different percentage (20%-100%) of live bacteria (10*
CFU/mL). (b) Image results produced by the biosensor. Greyscale mode of these
images also displayed, which is a categorization prediction basis parameter in the
machine learning process. (¢) Quantitative results produced by this biosensor. (d-e)
Detection bacteria in food samples. (d) Preparation of bacterially contaminated food
model (blueberry) and the detection results produced by our biosensor and the culture
method, respectively. (e) Quantitative results produced by this biosensor. (f-g)
Application in antimicrobial susceptibility testing. (f) The image results of the detection
produced by our biosensor and the culture method, respectively. (g) Quantitative results

produced by this biosensor.

2.6 Evaluation Bacterial Infection from Clinical Samples

15



365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390

To determine the potential of the proposed biosensor for clinical applications, we
collected 12 samples from abscesses and detected them by the biosensor with analysis
using YOLOVS (Fig. 4a). Furthermore, empirical diagnosis from doctor and culture
method were used as two independent methods to verify the accuracy of this biosensor
(Table 1). Our biosensor showed 8 G+ and 4 G- infections (Fig. 4b and 4c, purple bar)
in all samples. Meanwhile, the report issued by the hospital laboratory indicated that 8
out of the 12 samples were “confirmed bacterial infection” (6 G+ and 2 G-, Fig. 4b and
4c, orange bar) and 4 were “undetermined bacterial infection”. However, in the clinical
situation, all 4 patients had obvious signs of infection with the presence of an abscess
at the site of the lesion and doctors implemented anti-infection treatment based on
experience. Briefly, as shown in Table 1, case No.l and 3 recovered within one week
after treatment. Antibiotics were not prescribed for case No.9, who returned to the
hospital after 19 days. Notably, for case No.10, a relative longer period of treatment (35
days) was required despite no indication of infection in the gold standard report. An
antibiotic specifically targets G+ was prescribed, while our biosensor results indicated

that the patient was infected with G-, which may explain the patient’s failure to recover.

Receiver operating characteristic curves were developed to evaluate the clinical
sensitivity and specificity of our biosensor, and those were compared with those for the
culture method. Both the sensitivity and specificity of our biosensor were found to be
100% (Fig. 4d). Meanwhile, the clinical sensitivity for the culture method was
determined to be only 67.7 %, along with 100% clinical specificity. These results
further confirmed that our biosensor has potential values to satisfy clinical needs.
Therefore, our biosensor is applicable to assist the docotors to make more precise

diagnosis and prescribe more appropriate treatment for patients.
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Fig. 4. Detection of bacteria in the clinical samples. (a) Operation flow of this biosensor
and culture method for the detection of bacteria in clinical samples, respectively. (b) 12
samples detected by the biosensor and the results output obtained by the YOLOvS
algorithm. (¢) Results obtained by our biosensor and culture method, respectively. The
green horizontal coordinate in the graph indicates “no bacterial infection”. (d) Receiver

operating characteristic curves of our biosensor and culture method.
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Table 1. Clinical information for the abscess and empyema samples.

Gold ‘ Our Symptom D.octors.' Trea‘tme.nt Course NO.
standard  biosensor diagnosis  /Medication (day)
Negative G-, 103 Furuncle (head) Infection  IDA+CPHDT 5 1
Negative G+, 10 Furuncle (head) Infection  IDA+CPHDT >6 3
Negative G-, 10° Epidermoid cyst Infection IDA 19 9
Negative G+, 102 Keloid Infection IDA+MOM >35 10
G+, +++ G+, 105 Furuncle (limb) Infection IDA >11 2
G+, +++ G+, 105 Acute paronychia Infection IDA+CAT / 12

G+, ++ G+, 1()5 Abscess (head) Infection IDA+CDS 12 7
G+, ++ G+, 105 Furuncle (trunk) Infection BB / 8

G+, + G+ 10’ Cyst (trunk) Infection  IDA+CAT >20 4

G+, + G+, 1()4 Sebaceous gland cyst Infection IDA+CAT / 5
G-, +++ G-, 105 Ulcer dermatitis Infection DT+MOM >37 11

G-, ++ G-, 104 Folliculitis (head) Infection DHT >25 6

IDA: incision and drainage of abscess; DT: debridement therapy; CPHDT: clindamycin
palmitate hydrochloride dispersible tablets; CAT: cefuroxime axetil tablets; DHT: doxycycline
hyclate tablets; CDS: Cefaclor dry suspension; BB: benzathine benzylpenicillin for injection;

MOM: mupirocin oint ment

3. Conclusion

This work provided an Al-assisted smartphone-based colorimetric biosensor for the point-of-
care detection of pathogenic bacteria producing HAase, which achieved a LoD of 10 CFU/mL
in 60 mins and was able to differentiate between types and concentrations of bacteria in both
PBS and serum. The results were obtained from the analysis of color signals using a self-
developed YOLOVS algorithm, which provided high identification accuracy (> 92%). The
biosensor showed its superior performance in detecting bacteria in food samples, performing
antimicrobial susceptibility testing and assessing bacterial infections in clinical cases, showing

promising and broad application potential.
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