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ABSTRACT: Urinary tract infections (UTIs) caused by bacterial invasion can
lead to life-threatening complications, posing a significant health threat to more
than 150 million people worldwide. As a result, there is need for accurate and
rapid diagnosis of UTIs to enable more effective treatment. Described here is an
intelligent diagnostic system constructed for bacterial detection using an
immunobiosensor, signal-amplification biochip, and image processing algorithm
based on machine vision. This prototype can quickly detect bacteria by
collection of enhanced luminescence enabled by the photonic crystals
integrated into the biochip. By use of a machine vision algorithm, the very
small luminescence signals are analyzed to provide a low detection limit and
wide dynamic range. This sensor system can offer an affordable, accessible, and
user-friendly digital diagnostic solution, possibly suitable for wearable technology, that could improve treatment of this challenging
disease.
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Urinary tract infections (UTIs), the inflammations caused
by pathogenic bacterial invasion in urinary tracts, have

been considered to be one of the most common disease-related
infections worldwide.1,2 As a significant threat to human
health, UTIs can cause pyelonephritis, urosepsis, premature
birth, and even death.3−8 Thus, periodic checkups are essential
for UTI patients after recovery due to the high recurrence
rates.9,10 However, urine culture, as the diagnostic gold
standard for UTIs, requires time-consuming processes, leading
to considerable economic burden to patients.11−13 Develop-
ment of an immediate, convenient, and economical urinalysis
method will be of extreme significance for the rapid diagnosis
and early intervention of UTIs.
In recent years, immunoluminescence has been widely used

in the fields of biosensing and clinical diagnosis due to its high
sensitivity and specificity.14−22 Moreover, the visual signal
produced by luminescence can be observed by the naked eye,
making it suitable to establish point-of-care (POC) test-
ing.23−27 However, reliance on manual observation rather than
spectrophotometric measurement leads to large subjective
uncertainty, as well as difficulty in reporting quantitative data.
As one type of digital technology, machine vision (MV) has

emerged as “computer eyes” to simulate human visual function
and objective perception.28,29 The MV algorithm can report
accurate and reliable results after rapid processing and analysis
of digital images captured by cameras.30−32 Furthermore, the
results can be easily quantified due to the robust computing
algorithms, thus eliminating subjective errors in manual
observations.33,34 In this regard, MV is capable of more

reliable POC applications and thus is promising for developing
“family doctor” diagnosis.35−37

In this paper, we integrate a Python image algorithm into
photonic crystal-based biochips to construct an MV-based
diagnostic system for detecting bacteria in urine samples. As
shown in Scheme 1, antibody-modified Zn2GeO4:Mn nano-
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Scheme 1. Illustration of MV-Based Diagnostic System
Achieving Immunoluminescence Analysis for Detecting
Bacteria in Urine
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particles (ZGO:Mn NPs) specifically bind and capture target
bacteria by antibody−antigen recognition. After magnetic
separation and resuspension, ZGO:Mn NPs emit enhanced
luminescence enabled by photonic crystals on the biochips.
After capture, the luminescence is easily identified from raw
images and is converted into digital signals by machine vision
algorithms. This cooperation between algorithm and biosensor
results in a low detection limit and wide dynamic range in
quantitative urinalysis. For patients with chronic diseases, such
as hypertension and diabetes, this MV-based diagnostic system
is expected to provide a high-quality, reliable, and affordable
tool for modern health management and personalized
medicine in the big data era.

■ RESULTS AND DISCUSSION

A sandwich-based immunoluminescence assay was used for
detection of bacteria in urine. To perform this assay, both
magnetic nanoparticles (MNPs, carboxyl-modified Fe3O4
nanoparticles) and luminescent ZGO:Mn NPs were prepared
and then functionalized with antibodies against the pathogenic
bacteria. As shown in Figure S1, transmission electron
microscopy (TEM) images indicate that MNPs are well-
dispersed with a uniform size of about 100 nm. In addition,
ZGO:Mn NPs, prepared using a previously reported hydro-
thermal method,38,39 show a well-dispersed nanorod shape
with an average length of about 50 nm (Figures S2 and S3).
The X-ray powder diffraction (XRD) pattern in Figure S4 also
indicates that the peaks of as-prepared NPs match well with
those of standard ZGO:Mn crystals [JCPDS No. 11-0687].
The luminescence properties of ZGO:Mn NPs were also
investigated. As shown in Figure S5, the luminescence
spectrum of ZGO:Mn NPs shows a strong emission band

that is located at 535 nm, and the inset picture shows strong
green luminescence under UV excitation. These results
confirmed that the luminescent ZGO:Mn NPs were success-
fully synthesized.
Next, ZGO:Mn NPs were modified with carboxyl groups

and further functionalized with antibodies to bacteria. The
changes in ζ potentials demonstrate the successful modifica-
tions of carboxyl groups on the surfaces of ZGO:Mn NPs and
MNPs (Figure S6). Also, bicinchoninic acid (BCA) protein
assay was used to confirm the presence of antibodies on the
NP surfaces. The antibodies of bacteria lead to significant
changes of absorbance at 562 nm (Figure S7). All these results
suggest that the ZGO:Mn NPs and MNPs were successfully
prepared and that antibodies of bacteria were functionalized
onto the nanoparticles.
Then, the feasibility of bacteria detection was investigated

using sandwich-based immunoluminescence assay. The
principle of detection is illustrated in Figure 1a. In the
presence of bacteria, antibody-modified ZGO:Mn NPs and
MNPs bind to the surfaces of bacteria to form immunocom-
plexes through antibody−antigen recognition. TEM and
confocal microscopy were utilized to characterize the
formation of immunocomplexes. As shown in Figure 1b and
Figure S8, several ZGO:Mn NPs and MNPs are tightly
attached with E. coli, confirming the interaction of nanoma-
terials and E. coli. Similar immunocomplexes were also
observed for S. aureus (Figure 1c). Additionally, confocal
images (Figure 1d) show that the luminescence of ZGO:Mn
NPs overlaps the fluorescence of propidium iodide (PI)-
stained bacteria, indicating that bacteria can be specifically
labeled by antibody-modified ZGO:Mn NPs. These results
suggest that immunocomplexes were formed successfully.

Figure 1. (a) Schematic illustration of bacterial detection by sandwich-based immunoluminescence assay. TEM images of (b) E. coli and (c) S.
aureus captured and recognized by antibody-modified ZGO:Mn NPs and MNPs. (d) Confocal microscopy images of E. coli and S. aureus labeled by
antibody-modified ZGO:Mn NPs: red, bacteria; green, ZGO:Mn NPs. Luminescence spectra of (e) ZGO:Mn NPs-E. coli-MNPs and (f) ZGO:Mn
NPs-S. aureus-MNPs immunocomplexes.
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Furthermore, luminescence emission was utilized to confirm
the detection of bacteria. In the presence of E. coli, a strong
emission band peaking at 535 nm is observed, while no
obvious emission band is found for negative samples (Figure
1e). Similarly, the strong emission peak can be observed in S.
aureus samples, while only a weak peak is present in the blank
spectrum (Figure 1f).
After confirmation of the luminescence emission of the

ZGO:Mn NPs-bacteria-MNPs immunocomplexes, detection
parameters including reaction time, the usage of ZGO:Mn
NPs, and MNPs were optimized (Figure S9). The detection
limit was evaluated by measuring different concentrations of
samples containing 105−108 CFU/mL of bacteria as presented
in Figure S10 and Figure S11. Additionally, the specificity of
this strategy was tested by choosing two interfering bacteria,
Sal. typhimurium (G-) and Sar. lutea (G+) as controls. The
luminescence intensities from Sal. typhimurium and Sar. lutea-
containing samples approximated that of the blank, much
lower than those of E. coli- and S. aureus-containing samples
(Figure S12). The above-mentioned results clearly indicate
that the immunosandwich strategy based on ZGO:Mn NPs
can be used for bacterial detection.
To design a POC urinalysis, the sandwich immunolumi-

nescence strategy was combined with a signal-amplifying
biochip to construct a portable device (Figure 2a). Photonic
crystals (PCs) are spatially highly ordered nanomaterials with
periodic structures.40−42 Due to photonic band-gap properties,
PCs can reflect light with specific wavelengths and thus
enhance the intensity of light.43−45 Inspired by these unique
optical properties, PC-based biochips were fabricated as optical
signal amplifiers (Figure S13). As shown in Figure 2c, PC dots
are arranged in an array on a portable biochip that can be held
between the thumb and forefingers. Scanning electron
microscopy (SEM) images show that PC dots exhibit highly

ordered layered structures built by stacking of close-packed
arrangement of polystyrene (PS) nanospheres (Figure 2d and
Figure S14). The transmission band of the PC dot overlaps the
luminescence emission band of ZGO:Mn NPs (Figure S15),
thus confirming that PC dots can reflect the luminescence of
ZGO:Mn NPs. To ensure that this light manipulation can
amplify detection signals, droplets containing immunocom-
plexes were dripped onto the surface of PC dots of biochip.
The luminescence intensity of immunocomplexes on the
biochip was increased more than 4-fold (Figure S16). These
results show that PC-based biochips can be utilized as efficient
signal amplifiers to enhance luminescence.
To realize real-time and digital detection, a Python

algorithm was developed to process luminescence enabled by
the PC-based biochip (Figure 2b), and a digital single-lens
reflex camera was used to collect luminescence images. As
shown in Figure S17, Hough circle transformation in the
Python algorithm could detect the edge, find the center, and
measure the radius of the circle. As a result, this algorithm
could automatically recognize circular luminescence dots in
luminescence images. After that, square test regions, using the
circular radius as the side length, were selected at the center of
the circular luminescence dot (Figure 2b and Figure S17). The
average RGB values were extracted from test regions and
transformed into average chromaticity values (x, y) and
luminance values (Y). As a result, each circular luminescence
dot was converted into each data point in the Commission
Internationale de L’Eclairage (CIE xyY) color space (Figure
S18). In CIE xyY color space, the intensity of light is
equivalent to luminance and wavelength determines chroma-
ticity values.46,47 Since intensity is independent of wavelength,
luminance (Y) is orthogonal to and would not be affected by
chromaticity values (x, y) (Figure 2b).48 For our immuno-
sandwich strategy, the emission wavelength of immunocom-

Figure 2. (a) Illustration of immunoluminescence assay supported by PC-based biochips. (b) Workflow of immunoluminescence image analysis by
Python algorithm. (c) Photograph of PC-based biochip. (d) SEM image of PC dots. (e) Raw images of PC dots, where positive samples and
negative samples were dropped on the biochip when detecting E. coli and S. aureus. (f) Recognition results of PC dots by image algorithm. (g)
Normalized luminance values of positive samples and negative samples for the detection of E. coli and S. aureus. The luminance values of negative
samples were normalized against the highest positive samples. Data are mean values ± sd (n = 3, three technical replicates). Statistical significance
was calculated by Student’s t test (unpaired, two-tailed): **P < 0.01, ***P < 0.001, ****P < 0.0001.
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plexes is fixed, and only the emission intensity changes with
different concentrations of bacteria (Figures S10 and S11).
Therefore, chromaticity values (x, y) are almost unchanged
and luminance (Y) is the only variable. On the basis of this, the
luminance (Y) value was adopted to calculate the lumines-
cence signal intensity in our algorithm. After positive samples
and negative samples were dropped on the PC-based biochip,
the performance of the image algorithm was investigated by
processing collected luminescence images. All luminescence
dots and nonluminescence dots in Figure 2e were easily
recognized by the Python algorithm (Figure 2f). After
calculation, the chromaticity values and luminance were
obtained (Figure 2g and Table S1). As shown in Table S1,
negative samples with no obvious emission, and positive
samples with green light emission exhibited different
chromaticity values. More importantly, positive samples
exhibited much higher luminance values than negative samples

(Figure 2g). All these results demonstrate that this Python
algorithm, combined with PC-based biochips, can be used for
bacterial detection.
After construction of the MV-based detection system by

integrating the Python algorithm into a PC-based biochip, the
detection sensitivity, dynamic range, and specificity of this
detection system were investigated. First, a series of urine
samples containing different concentrations of E. coli or S.
aureus were tested. As shown in Figure 3a and Figure 3b, the
visualized picture shows that PC dots detected different
bacterial concentrations by emitting visible green luminescence
with different intensities. After luminescence images were
obtained and processed and quantitative relationships were
obtained as shown in Figure 3c and 3d, the analysis results
showed that the detection limit of E. coli is 103 CFU/mL
(Figure 3c). It is worth mentioning that the brightness
differences between samples with 103−105 CFU/mL of E. coli

Figure 3. Visualized pictures for detection of (a) E. coli or (b) S. aureus at different concentrations by the MV-based detection system. Normalized
luminance values output by the MV-based detection system in the presence of (c) E. coli or (d) S. aureus at different concentrations (from 103 to
108 CFU/mL). The signal responses to interfering bacteria of MV-based detection system when detecting (e) E. coli or (f) S. aureus. The
concentrations of E. coli or S. aureus and interfering bacteria are all 107 CFU/mL. (g) Comparison of luminance values and green channel
intensities as output signals of MV-based detection system. (h) Discrimination values of image analysis in CIE-xyY color space and RGB color
space. The luminance values of samples with various bacterial concentrations were normalized against the value for the highest bacterial
concentration. Data are mean values ± sd (n = 3, three technical replicates).
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are difficult to observe by naked eye but could be distinguished
by the machine vision algorithm. This indicates that the MV-
based detection system exhibits higher resolution than manual
observation for low-concentration samples. Similarly, Figure 3d
shows that the detection limit of S. aureus is as low as 103

CFU/mL. As shown in Table S2, our obtained detection limits
are comparable to those of some previously reported methods
and thus are suitable for the requirements of bacterial
detection.
The specificity of the method was also investigated. Figure

3e shows that only E. coli can be detected by the MV-based
detection system when the corresponding antibody is used.
Also, the specificity tests indicate that only S. aureus can be
detected with high luminance values (Figure 3f) when the anti-
S. aureus antibody is used. Additionally, the output detection
signal was compared with the green channel intensity to show
the sensitivity of our detection system (Figure 3g). With
increasing concentration of E. coli, luminance values rise more
rapidly than green channel intensities. To evaluate this
difference, the ratios of signal intensities from the sample
with the highest concentration of E. coli and the blank sample
were calculated as discrimination values in the two methods of
image analysis. As shown in Figure 3h, the discrimination value
of our system is more than twice that of RGB analysis. This
significant improvement in the dynamic range of detection
signals favors the distinction between positive and negative
samples. All these results demonstrate that the MV-based
detection system exhibits high sensitivity and excellent
specificity for bacterial detection.
To further investigate the potential application of the MV-

based detection system in UTI diagnosis, 15 urine samples
were collected from adults of different genders and then tested
by the system. Epidemiological research has shown that the
incidence rates of UTIs in adult women are higher than the
incidence rates in men.49 Considering this, more female
volunteers were chosen to donate urine samples (volunteer
information in Table S3). As previously reported, the colony
count of Gram-negative bacteria of >105 CFU/mL was
acknowledged as the standard for UTI-positive.50−53 Thus,
urine samples were spiked with E. coli suspensions to ensure
that the total concentrations were 105 CFU/mL after mixing,
and these samples were considered as positive samples. At the
same time, urine samples without E. coli were considered
negative samples. All positive samples and negative samples
were subsequently tested in parallel by urine culture and the
MV-based detection system. The diagnosis results are shown in
Figure 4a. The urine samples 2, 3, 5−9, 12, 13, and 15 tested
positive according to the MV-based detection system.
Meanwhile, the urine culture also reported that almost all
these samples had bacterial concentrations of >105 CFU/mL.
The exception was sample 3 with bacterial concentration of
<105 CFU/mL, possibly due to accidental decrease of bacterial
activity in the urine culture. Except for sample 3, UTI
diagnoses by the MV-based detection system were consistent
with those from urine culture. Additionally, the MV-based
detection system provides significant differences between
positive and negative samples (Figure 4b), and these results
are comparable to those reported by urine culture (Figure 4c).
Moreover, the distinction between positive and negative
samples is independent of volunteer gender (Figure 4d),
showing that the MV-based detection system works regardless
of gender. Receiver operating characteristic (ROC) analysis
showed that the MV-based detection system has the same

sensitivity and specificity as the urine culture method (Figure
4e). More importantly, the analysis time was shortened by the
MV-based detection system (Figure S19). Overall, the MV-
based detection system can be considered as a rapid,
intelligent, and accurate POC diagnosis method for UTIs.

■ CONCLUSION
A machine vision-based diagnostic system was developed for
digital detection of bacteria in human urine. As luminescence
materials to label bacteria, ZGO:Mn NPs specifically bind to
bacteria by antibody−antigen recognition. PC-based biochips
capable of optical enhancement output amplified detection
signals for the Python image algorithm. As the core of the
machine vision system, image resolution of the algorithm is
superior to that of manual observation. This diagnostic system,
combining an immunobiosensor, optical enhancement, and
image algorithm, provides very satisfying detection perform-
ance. Consequently, this system offers a portable, intelligent,

Figure 4. (a) Diagnostic report for urine samples tested by urine
culture and MV-based detection system. (b) Normalized luminance
values of positive samples and negative samples tested by MV-based
detection system. (c) Colony forming units per milliliter (CFU/mL)
reported by urine culture after positive samples and negative samples
were cultured for 48 h. (d) Normalized luminance values of samples
collected from volunteers with different genders. (e) Receiver
operating characteristic (ROC) curves of UTI diagnoses acquired
from urine culture and MV-based detection system. The luminance
values of negative samples were normalized against the highest
positive sample values. Data are mean values ± sd (n = 3, three
technical replicates). Statistical significance was calculated by
Student’s t test (unpaired, two-tailed): **P < 0.01, ***P < 0.001,
****P < 0.0001.
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and user-friendly diagnostic tool that meets the health needs to
operate anytime and anywhere. Additionally, for other
luminescence nanoparticles that can bind with targeted
molecules, such as antibodies and aptamers, this machine
vision system has excellent prospect for quantification of
luminescence signals in biological analysis and medical
diagnosis. With the rapid development of deep learning, this
software−hardware cooperative system not only inspires
potential design ideas for self-diagnosis of chronic diseases
but also is highly promising for improving the accuracy and
efficiency of medical diagnosis in specialized medicine.
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