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Abstract: Urinary tract infections (UTIs) are a leading hospital-acquired infection. Although timely
detection of causative pathogens of UTIs is important, rapid and accurate measures assisting UTI
diagnosis and bacterial determination are poorly developed. By reading infrared spectra of urine
samples, Fourier-transform infrared spectroscopy (FTIR) may help detect urine compounds, but its
role in UTI diagnosis remains uncertain. In this pilot study, we proposed a characterization method in
attenuated total reflection (ATR)-FTIR spectra to evaluate urine samples and assessed the correlation
between ATR-FTIR patterns, UTI diagnosis, and causative pathogens. We enrolled patients with
a catheter-associated UTI in a subacute-care unit and non-UTI controls (total n = 18), and used
urine culture to confirm the causative pathogens of the UTIs. In the ATR-FTIR analysis, the spectral
variation between the UTI group and non-UT], as well as that between various pathogens, was found
in a range of 1800-900 cm~ L, referring to the presence of specific constituents of the bacterial cell
wall. The results indicated that the relative ratios between different area zones of vibration, as well
as multivariate analysis, can be used as a clue to discriminate between UTI and non-UTI, as well
as different causative pathogens of UTIs. This warrants a further large-scale study to validate the
findings of this pilot research.

Keywords: urinary tract infections (UTIs); attenuated total reflection-Fourier-transform infrared
spectroscopy (ATR-FTIR); pathogen; catheter-associated urinary tract infection (CAUTI)

1. Introduction

Urinary tract infections (UTIs) are common diseases that affect the urinary system.
More than 7 million office visits, 1 million emergency department visits, and over 100,000
hospitalizations are estimated to occur yearly in the United States, resulting in more than
USD 33 billion in healthcare costs [1]. As a point-of-care test (POCT), a urine dipstick
provides an indirect method for rapid UTI screening, but this test can yield false-negative
or false-positive results in dilute urine samples [2,3]. To provide supportive evidence of
a UTI, diagnostic technologies, including culture-based devices, enzymatic assays, and
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semiautomated urine analyzers, have been expanded with accuracies greater than that of
simpler dipsticks [4].

Pathogen identification is crucial for the treatment of a given infectious disease. The
current standard diagnostic methods for UTIs are urine microscopic examination, urine
culture, and antibiotic susceptibility analysis; the latter two are pathogen-specific tests.
However, these culture-based methods take at least 72 h; urine culture is not always per-
formed in primary care settings and emergency departments [2—4]. In the absence of a
rapid and accurate test to determine the pathogens of a UTI, current clinical guidelines
advocate empirical antibiotic therapy [4], but inappropriate and prolonged empirical an-
tibiotic use leads to the emergence of drug-resistant pathogens and adverse effects [5].
For rapid diagnosis, culture-independent techniques, such as polymerase chain reaction
(PCR) and checkerboard DNA-DNA hybridization, have been developed [6]; however,
time-consuming, costly, and labor-intensive issues remain unresolved [7,8]. There is hence
a necessity to develop a more rapid and directly pathogen-oriented method to detect UTIs
and pathogens. Several methods being considered at present are Raman spectroscopy,
oligonucleotide-based molecular beacons, MALDI-TOF, plasmonics, electronic nose, flow
cytometry, and nucleic acid-based diagnostics, which represent attractive molecular diag-
nostic modalities for a clinic [9-24]. The advantages of ATR-FTIR spectroscopy compared
to other methods are the high signal-to-noise ratio, reduced dispersion, good spatial resolu-
tion, nondestructiveness, lack of sample preparation (or minimal preparation), low relative
cost, and automated analysis [25,26]. On the other hand, the ATR-FTIR method can provide
the fingerprint information of the targets and can be more versatile in detecting differ-
ent pathogens in parallel in comparison to the ATR-localized surface plasmon resonance
technique, which is based on the refractive index changes due to molecular binding [27].

In FTIR spectroscopy, conventional infrared spectra involve light in a wavelength
range of 2500-20,000 nm, corresponding to wavenumbers of about ~4000-500 cm ™!, which
is generally called the mid-IR region. The energy of mid-IR photons matches the energy of
molecular vibrational transitions, which are associated with the chemical and structural
information of a sample. Due to their potential as a diagnostic tool for various diseases,
infrared vibrational spectra have in recent years attracted increasing attention for tissues,
cells, and biofluids, such as blood plasma or serum, urine, bile, ascitic fluid, and cere-
brospinal fluid for cancer tests. In investigations of these kinds, urine has been studied
with IR spectra; methods have been developed to detect and quantitate specific urinary
components from IR spectra [28].

In clinical practice, a UTI can be classified as a complicated or uncomplicated form.
Uncomplicated UTIs are seen mostly in females of all ages, but also in infant boys and older
adult men [29]. In contrast, complicated UTIs occur in males and pregnant females as a re-
sult of the presence of factors that compromise urodynamics or host defenses [30]. Notably,
indwelling urinary catheterization is the most common risk factor for a complicated UTI,
namely catheter-associated urinary tract infection (CAUTI) [29]. Patients at risk of CAUTI
are typically bedridden and have several comorbidities, and for whom rapid diagnosis
of UTIs and accurate pathogen detection are important, as various bacterial and fungal
infections can occur [31]. Steenbeke et al. reported that it was possible to use FTIR spectra
to analyze urine sediments to differentiate causative bacteria in patients with a UTI [32].
It is essential, however, to investigate whether FTIR spectra are useful for detecting UTI,
especially CAUTI, and to determine pathogens including nonbacterial fungal infections.

In this work, as a pilot study, we aimed to propose a characterization method in attenu-
ated total reflection-Fourier-transform infrared (ATR-FTIR) spectra to assess: (1) whether a
tested urine sample was really an infected one that was obtained from a patient with a UTIL;
and (2) whether the species of pathogen existed in the infected urine samples. We tested
urine samples directly from patients with indwelling urinary catheters at a subacute-care
unit and healthy participants, and found that the ATR-FTIR patterns were correlated with
pathogens in patients with UTIs. We noted the specific bands in the IR spectra, which
were associated with molecular transitions as the markers, and the relative ratio between
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different area zones of vibration, as well as multivariate analysis, in the range of 1250-950
cm L. These findings in the ATR-FTIR spectra may have value in helping to discriminate
UTIs from non-UTlIs, as well as the different causative pathogens of UTIs.

2. Methods
2.1. Clinical Setting and Urine Culture

Healthy adult volunteers and inpatients with indwelling urinary bladder catheters in
the respiratory care center at Taipei Veterans General Hospital (Taiwan) were enrolled in
this study. From September 2018 to February 2021, 10 mL urine samples were collected
from each participant after signing an informed consent (the institutional review board
of this hospital approved the protocol under Nos. 2017-12-002CC and 2018-05-006CC).
Simultaneously, in additional to the FTIR test, a routine urinalysis was performed imme-
diately for each urine sample to check if there was supporting evidence of a urinary tract
infection (UTI) or not. In brief, the diagnosis of UTI was confirmed by two independent
physicians (5.-W.P. and L.-1.H.) to check if a participant had evidence of pyuria (urine leuko-
cyte count > 10/HPF) plus bacteriuria in a microscopic examination, as well as urine that
was culture-positive for bacteria (>103 colony-forming units/mL of >1 bacterial species)
plus compatible urinary symptoms and/or fever, in a manner previously described [33].
By definition, since all our inpatients had indwelling bladder catheters upon enrollment, a
diagnosis of UTI made in enrolled inpatients was referred to as a catheter-associated UTI.

Specifically, urine samples from participants were collected in sterile containers and
processed for urinalysis, but only samples with pyuria were sent for urine culture. Through-
out the study, 18 urine samples were collected for analysis, including 10 samples from
patients with a urinary catheter and 8 from healthy participants. Among the 10 samples
from patients with an indwelling urinary catheter, 7 tested positive for pyuria and had
organisms in their urine culture (UTI groups) and the remanding 3 did not (non-UTI group),
as listed in Table 1. All 8 of the samples from the healthy controls tested negative for pyuria,
and were also included in the non-UTI group (n = 7 with catheter-associated UTIs vs. n = 11
without UTIs). For the culture process, as a laboratory routine, 0.01 mL of urine sample
was inoculated on blood and MacConkey agar (Difco Laboratories, Detroit, MI, USA) via
a sterile calibrated wire loop. Bacterial growth on the media was observed after 24 h of
incubation at 37 °C. For species identification, a colony subculture was performed to obtain
the pure growth of the bacteria, and then was inoculated into biochemical test medias, and
we observed the characteristics of the colonies to determine the species. For Gram-positive
bacteria, species identification was performed by using a catalase and coagulase test [34].
Specifically, fungal isolates found in ordinary urine cultures were reported as yeast or mold,
and identification of yeasts was done using a Vitek 2 YST card (bioMerieux Inc., Durham,
NC, USA) [31]. All the culture procedures were performed in the microbiology laboratory
at Taipei Veterans General Hospital. We confirm that all methods were performed in
accordance with the relevant guidelines and regulations.

Table 1. Clinical characteristics of the urine samples (1 = 18).

Diagnosis Group Culture Result Type
Non-UTI (n = 11) 1 No growth (n = 11)
2 E.coli(n=1) GN bacterium
_ 3 Yeast (n = 4) Fungi
UTL(n=7) 4 P. aeruginosa (n = 1) GN bacterium
5 E. faecium (n =1) GP bacterium

GN: Gram-negative; GP: Gram-positive.

2.2. Measurements of Urine Samples with the ATR-FTIR Technique

The infrared spectra of the urine samples were measured with an attenuated total
reflectance (ATR) technique. A Fourier-transform infrared (FTIR) spectrometer (ABB
FTLA2000-104, Quebec, Quebec, Canada), a liquid-nitrogen-cooled MCT detector (Infrared
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Associates FTIR-16-1.0-LN2, Stuart, FL, USA), a single-bunch ATR accessory attached
with a ZnSe crystal (Pike Technologies, Madison, WI, USA), and transfer optics were
assembled (Mastek Technologies, Inc., XinZhuang, New Taipei City, Taiwan) to set up
an ATR-FTIR spectrometer, which was used for measurement of IR data. Typically, we
recorded 16-32 scans for the spectra with a resolution of 4 cm~!. The ZnSe crystal was
cleaned with optical-grade acetone and ethanol before the measurement of each sample
and a background, the spectrum of which was collected without a sample to eliminate
atmospheric changes. The urine samples without any pretreatment were dropped onto the
top of the ZnSe surface with a microdropper; roughly, the quantity of sample used each
time was about 4 microliters. After dropping the urine sample onto the surface of the ZnSe
crystal, we used a small fan to dry the sample for about 5 min to form a deposited film;
meanwhile, we scanned the spectra continuously until the spectra remained constant for
the dry film formed. By this means, dry films from the urine samples were prepared to
avoid the strong perturbation from the liquid water in the IR region.

2.3. Reagents

Ethanol (Co;H50H, optical grade) and acetone (CH3COCH3, optical grade) were pur-
chased from Merck. Urea powder (NH,CONH),), uric acid (CsH4N4O3, >99%), creatinine
(C4H7N30, >99.0%), and magnesium sulfate hydrate (MgSOy4-7H,0, >98%) were pur-
chased from Sigma-Aldrich, Saint Louis, MO, USA. Water was from a deionized source.

3. Results and Discussion
3.1. The Culture Result and ATR-FTIR Spectra of Urine

Eighteen urine samples were collected, and these samples were divided into two parts:
one part was examined microscopically and cultured to identify pathogens [33,34]; the
other was directly measured for their ATR-FTIR spectra. Based on the urinalysis findings,
culture results, and symptoms, we concluded that 7 samples from patients with indwelling
urinary catheter had pathogens causing UTI, whereas 11 samples (3 from cases with urinary
catheter and 8 from healthy participants without catheter) contained no pathogen (named
the non-UTI group), as listed in Table 1. Figure 1 shows the spectra of the average non-UTI;
namely, IR,y /non, and other potential species that are common in urine samples.

All non-UTIs are shown as IR,y /non in Figure 1a. For the purpose of comparison,
Figure 1b—f also exhibit the IR absorption spectra of urea, uric acid, creatinine, magnesium
sulfate (represented by MgSO,-7H,0), and liquid water, respectively; these species were ex-
pected to dominate the IR absorption spectrum of urine. Referring to the spectra in Figure 1
and previous reports [32,35], we could thus unambiguously identify the IR absorption
bands of urine.

To identify the distinct bands of IR,y /non, We specified four regions (marked in Figure 1)
for interpretation. Referring to Figure 1f, a broad absorption in region I, 3650-3000 cm !,
for IR,y /non Was associated with the antisymmetry stretching, symmetry stretching, and
hydrogen bonds of water; after careful examination of Figure 1b, the triple pattern at 3440,
3346, and 3250 cm~! on top of this broad band was determined to be due to the v, of NH,
the vs of NH, and the stretching mode of OH, respectively, for urea in the urine. In region
II, 1800-1500 cm™!, a prominent band of IR,y /non at 1622 cm ™! had shoulders at 1650 and
1595 cm™; referring to Figure 1b,e, those features corresponded to absorptions at 1624, 1678,
and 1597 cm™~! of the §(NH,)/urea, v(CO)/urea, and OHpending / Water modes, respectively.
The width of the 1622 cm~! band was about 125 cm™1, which might have resulted from
congestion from the absorption bands of 1678 cm ! for urea, 1670 and 1587 cm ™! for uric acid,
1697 and 1663 cm ! for creatinine, and 1671 cm ™! for MgSOy. In region III, 1500-1275 cm™*,
the featured band of IRy /non at 1455 cm ™! had a tail shoulder at 1396 cm™~!; a weak band also
appeared at 1345 cm ™. The absorption pattern of region III for IR,y /no, might have arisen
from absorptions of urea, uric acid, and creatinine in that region. In region IV, 1250-950 cm~
a congested band of IR,y /non had a maximum at 1072 cm~! with three shoulders at 1153, 1107,
and 1045 cm~; the shape of this band was evidently near that of MgSO,. We thus considered



Sensors 2022, 22, 3638

50f12

absorption / a. u.

0.6

0.4

0.2

g
®o

0.6

0.4

that the absorptions of MgSO,4 encompassed mainly absorptions of the CN stretching modes
of urea and creatinine at 1153 cm ! and 1107 cm ! to produce this band.

3500

3
ese
635

]

]

.

=

L]

3000

5800 |

I: i m.. w b
HM 58 E%ﬂ = E:
[ 3- By A ®
P4 »
3 o
—— o e
¢ o bt
] .
(e) . 2 $ .
,/\_ﬁ o
0
.. L )
.. L)
.. L )

3500 3000 2000 1500 1000
Iy
i L) l L L] L) l L) v LJ I‘ L) L :....‘...I L) L L] L) l L) L)

L] g
™ : o Il: -
8008000000000 OSSES . s L]

"o . . - -
Ls . | g 8 e -

.
L g g . . : o
B V. : .-: :
e @ . : % . =
K] : P o® .
. o : . H
nd ™ < ped .
° . : % =
[=e . p %0 o
. . 5
[~ . : ot
.
=23 a ° : -
. . (a) < :

. Y4 = ; o
. . V44 p< 5 o M
-: : * . *'2 * : -
e g . T3, o .
. 3 . - & % 4
. @ . : o bt
- 3 . . o .
s s . . ® .
" : : ‘ :
° . b4
= . : $ b

L ]
. ; - .

. o o
E : : 3 :
™ . : % o2 Se
i % L) ®e ﬂc @ De
° . 292
e ) a b R - 2
= ] g : o
.

1500

—1
wavenumber/ cm

Figure 1. Infrared absorption spectra of: (a) averaged non-UTI designated as IR,y /non; (b) urea;
() uric acid; (d) creatinine; (e) magnesium sulfate (MgSOy4-7H,0); (f) liquid water.

3.2. The Difference between the UTI and Non-UTI Groups in ATR-FTIR Spectra

In this work, seven urine samples from patients were identified as UTIs. According
to the literature, common causative agents involved in UTIs might be E. coli, P. aeruginosa,
Staphylococcus aureus, Staphylococcus epidermidis, Klebsiella pneumoniae, Proteus mirabilis,
Proteus vulgaris, Citrobacter freundii, Providentia rettgeri, and yeast species such as Candida
albicans, the most common yeastlike fungus [36,37]. Four UTI samples were cultured
with yeast species in this work; Figure 2 plots these yeast-cultured IR spectra of the UTISs,
with the IR,y /non used for comparison. Although the number of patients was small, the
assignments were also included for the reference in the differential diagnosis in patients.
The corresponding shoulders in the IR spectra of yeast at ~2925 cm™~! and ~2875 cm ™!
had contributions of CHj stretching vibrations of CH,OH groups in lipids. The bands
just below 1650 cm ! and around 1560 cm ! are called amide I and amide I, respectively,
and reflect the presence of chitin, a component of the yeast cell wall, and probably some
products of protein degradation [38]. The IR features at 1456 cm ! and 1250 cm ! indicated
the CHj3 asymmetry stretching and amide III of protein, respectively. The high absorptions
<1200 cm~! were characteristic of polysaccharides in the yeast cells. The bands at 1157 cm ™!
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and 1080 cm ™! were mainly due to CO stretching of the carbohydrates and PO, of the
nucleic acids, respectively [39].
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Figure 2. ATR-FTIR spectra of: (a) averaged 11 non-UTlIs, designed as IR,y /non; and UTIs cultured by
yeasts: (b) from patient No. 2; (c) from patient No. 3; (d) from patient No. 4; (e) from patient No. 6.

The ATR-IR spectrum of urine cultured with E. faecium is shown in Figure 3b. The
prominent bands around 1618 cm~! and 1456 cm ! were assigned to the NH bending and
CN stretching modes of urea in the urine. The amide I had an absorption ~1650 cm ™.
The peak in the region of 1600-1540 cm ™! also overlapped the amide II of bacteria. The
carboxylic groups of bacterial cells exhibited both distinct bands at ~1720 cm~! and
1394 cm ™!, respectively, corresponding to C=0 and symmetric stretching of COO~. The
bands at 1240 cm~! and 1114 cm ™! indicated PO, asymmetric stretching of nucleic acids
and phospholipids of teichoic acid cell walls [40]. Finally, the spectral range of 1200 to
900 cm ™! covered the region of P=O symmetric stretching and symmetrical CO-O-C
stretching vibrations of carbohydrates due to the presence of peptidoglycans in cell walls.
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Figure 3. ATR-FTIR spectra of: (a) averaged 11 non-UTIs, assigned as IR,y /non; and UTI group and
cultured bacteria: (b) E. faecium (patient No. 1); (c) E. coli (patient No. 5); (d) P. aeruginosa (patient
No. 7).

As for the urine cultured with E. coli, the IR spectrum is presented in Figure 3c. The
absorption of smaller broad bands at 2985-2875 cm ! resulted from the C-H asymmetry
and symmetry stretching of CH3 and CHj in fatty acids. The large bands in the raw
spectrum at 1755-1500 cm ! were associated with the merging of the amide I and amide
Il groups of proteins [41,42]. The band at approximately 1396 cm ™! was caused by the
vibration of C=0 symmetric stretching of the COO™ group in amino acids and fatty acids.
The smaller band at 1243 cm~! and the slightly larger band at 1045 cm ™! corresponded to
the P=0O asymmetry stretching and symmetry stretching in phospholipids, respectively.

Figure 3d shows an IR spectrum of urine cultured with P. aeruginosa. The bands in the
region of 3000-2800 cm ! were CH vibrational modes in CH; and >CH, asymmetry and
symmetry stretching modes of fatty acids and lipids. The amide I band of proteins was
at 1650 cm !, and the amide Il band of C-N stretching and N-H bending in proteins and
peptides was at 1560 cm~!. The spectral bands at 1456, 1398, and 1309 cm ™! received a
contribution from C-H bending vibrations of CHj, >C-O bending from carboxylic acids,
and >P=0 symmetric stretching, corresponding to fatty acids, proteins, and phosphorus-
containing carbohydrates, respectively. The composite bands around ~1080 cm ! were due
to cell carbohydrate polymers [43-45].

After justifying the spectra in Figure 2, we assessed differences in spectra among
the urine samples in the wavenumber region 1800-800 cm~!. In particular, the shapes
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of absorptions in region IV, 1250-950 cm ™!, appeared quite obviously different for the
yeast-cultured UTIs and IR,y /non; this indicated that we might discriminate the UTIs from
the non-UTIs by comparing their IR absorption curves in the 1250-950 cm~! region (as
shown in Figures S1 and 52 in the Supplementary Materials). Unless a quantitative method
is developed, this scheme was rather a qualitative identification.

3.3. The Characterization Method in ATR-FTIR Spectra to Discriminate Non-UTIs and UTIs with
Yeast Species

For the purpose of recognition of UTIs from urine samples in a more precise manner, we
further assigned the bands near 1625, 1456, and 1075 cm ! as o, B, and y bands, which are
also marked in Figure 2 for clarity. Upon careful examination, we found that the ratio of their
intensities could serve as an indicator to distinguish UTIs from non-UTlIs. For example, the
ratio of «, 3, and 7y for the IR,y /non Was Ry (av/non) R (av/non):Ry(av/non) = 100:45:30, whereas
those of the yeast-cultured spectra were Ry2:Rg2:Ry2 = 100:35:21, Ry3:Rg3:Ry 3 = 100:33:30,
RuaaRpaRy4 =100:37:28, and Ry6:Rpe:Ry6 = 100:44:53 for patient Nos. 2, 3, 4, and 6, respec-
tively. We noticed that the absolute deviation of the value for either Rg, or Ry, was greater
than 7 from values Rgay/non) = 45 or Ry (av/non) = 30; the urine sample was then cultured
with yeast species. The values of Ryn, Rgn, and Ry, are listed in Table 2. By this means, a
calculation of the deviation value of Rgp, or Ry, in the IR spectrum was a more quantitative
way for identification of UTIs.

Table 2. Comparison of ratios of intensities for bands near 1625 cm™! («), 1456 cm~! (B), and
1075 cm ™1 (y), and new bands observed in ATR-FTIR spectra of UTL

New

. . (a) . . (b)
RoRpRy AR.ARg:AR, o NEW WBC/HPF
IRy /mon 100:45:30 0:0:0 - <5
No. 1 (E. faec.) 100:33:28 0:—12:—2 1771, 1396, 1310 6-10
No. 2 (yeast) 100:35:21 0:—10:—9 1772, 1398 20-29
No. 3 (yeast) 100:33:30 0:—12:0 1771, 1405 20-29
No. 4 (yeast) 100:37:28 0:—8:—2 1774, g‘ﬁ 1398, ~100
No. 5 (E. coli) 100:36:31 0:—9:41 1396 20-29
No. 6 (yeast) 100:44:53 0:—1:423 1033, 992 50-99
No. 7 (P. aerug.) 100:53:35 048145 1772,1397, 1311 ~100

@ The intensity of the band near 1625 cm~! () was assigned a value of 100; the ratio values of bands near
1456 cm ™! () and 1075 cm ™! (y) were then calculated from their intensities relative to the band near 1625 cm ™!
(). (® WBC /HPF: white blood cell (leukocyte) /high-power field.

3.4. The Characterization Method in ATR-FTIR Spectra to Discriminate Different Pathogens in
UTI Groups

Figure 3 displays the ATR-FTIR spectra of the urine samples cultured with bacterial
types E. faecium, E. coli, and P. aeruginosa. The values of Ran, Rgn, and Ry, for these samples
are also listed in Table 2. Although the number of cases was relatively small in this pilot
study, the characteristic method for different pathogens in the UTI groups was proposed as
a clue for researchers in a future study. Notably, the values of Rg1, Rgs, and Rg7 were —12,
—9 and +8, the absolute values for which were greater than 7. According to this scheme,
these urine samples belonged to UTIs; the results were consistent with the outcome from
cultures. Generally, the differences in intensities for these bands might be related to the
cell-wall structures of Gram-positive, Gram-negative, and yeast species.

Again, the shapes of absorptions in region IV, 1250-950 cm~!, for bacterial types
of UTIs also appeared obviously dissimilar to that of the IR,y /non; We might use the IR
absorption shapes in region 1250-950 cm ! to discriminate the UTIs from the non-UTlIs.
One possible method of analysis, using differences in the absorption shapes in this region,
might be distinguished by comparisons of the normalized second derivative spectra of the
UTlIs with that of the non-UTIs, as displayed in the Supplementary Materials (Figure S1).



Sensors 2022, 22, 3638

9of 12

Remarkably, new IR bands appeared in the spectra of UTls; the positions of these
bands are marked with dashed lines in Figures 2 and 3 and are also listed in Table 2. These
bands might be characteristic of a UTI; for example, the bands near 1395-1410 cm~! for
patient Nos. 1, 2, 3, 4, 5, and 7 were due to C-H bending vibrations of CH,; and COO~
symmetric stretching of proteins [32,43] of the causative agents involved in UTIs, as well
as to the elevated leukocyte counts in the urine, an indicator of inflammation (Table 2).
Notably, urine sample Nos. 4, 6, and 7, with relatively higher leukocyte counts, had
higher IR intensities than the others. An observation of a new band in the IR of urine,
as listed in Table 2, can thus mean a case of a UTI in a patient. At present, we have
inadequate information to demonstrate a causative link between these new bands and
UTIs. To understand the formation of these bands, we suggest undertaking a thorough
investigation in future. For example, the new band near 1770 cm~! might be associated
with the symmetrical C=O stretching vibration of an anhydride. There is great interest
in exploring how an anhydride compound is involved in the development of UTIs; the
mechanism of formation is also intriguing to investigate. Those topics were, however,
beyond the scope of the present work.

The goal of this work was to test the feasibility of using molecular spectra as a diagnos-
tic tool. We selected the carrier from the urine and diagnosed the UTI from the IR spectra.
As demonstrated in Figures 1-3, Figures S1 and S2, and as summarized in data in Table 2,
we obtained positive correlations for diagnosis of UTIs from IR absorption spectra of the
urine samples. First of all, UTIs might result in new IR absorption bands, which could be
detected and serve as clues for UTIs. In addition, the values of the ratios of intensities for
the bands near 1625 cm ™! (), 1456 cm ™! (B), and 1075 cm ™! (y) from the UTIs deviated
from those of normal values from the non-UTIs; by this means, those values could aid in
the identification of the infections.

Further, the spectral profiles between the UTIs and non-UTIs revealed variations in
the wavenumber region of 1250-950 cm~!; this diversity in the spectral profiles provided
additional confirmation of the infections. As shown in Figure S1, the spectra of UTIs in
patients’ urine caused by different pathogens and non-UTIs were stacked by comparison of
the second derivative. Several spectra differences at 1216, 1176, 1134, 1097, and 973 cm~!
for E. faec.; 1130, 1092, 1024, and 960 cm ! for E. coli; 1174, 1095, 1051, 1008, and 970 cm !
for P. aerug.; and 1215, 1180, 1005, and 972 cm ™! for yeast were also found as potential
discriminative wavenumbers.

Although there was no further discussion of the profiles in region 1250-950 cm !, we
believe that the analytical methods of principal component analysis (PCA) or principal
regression analysis (PRA) can be used to recognize infections in this region. For demonstra-
tion purposes, we also derived the variations in the spectral profiles based on an analysis
of the area for this band, as shown in Figure S2 and listed in Table S1 in the Supplementary
Materials. Regarding the correlation between the high intensity found at 1395-1410 cm ™!
and the urinary leukocyte response, it warrants large-scale studies to evaluate whether any
other intensity region was associated with the severity of pyuria.

Although the tests of the assay were performed using real urine samples from the
patients, the small number of patients remains one of major limitations of the pilot study.
Thus, this warrants a large-scale study with an increased number of urine specimens from
more patients or simulated experiments using artificially infected urine samples with
different bacteria to validate the findings. In addition, since the concentrations of yeast in
four urine samples were the same and relatively high (all reported as >10° colony-forming
units/mL, data not shown in the Results section) and the other three samples were infected
by three different bacteria species, it was difficult for us to assess the association between
the bacterial load and the intensity of the IR bands of specific pathogens. In view of further
clinical application, this also warrants study to assess the limit of detection of the proposed
FTIR method by using more urine samples with bacterial loads ranging from relatively
low to high. Although not many urine samples were tested in this work, the results
were encouraging for diagnostic purposes. A successful development of this technique
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for the diagnosis of diseases has advantages over general diagnostics. Essentially, time
can be saved, with less than 10 min required for this ATR-FTIR method using urine for
the confirmation of UTIs; this advantage will much improve the medical treatment of
patients. From a technical point of view, this diagnostic method using IR spectra has a
potential ability to become developed as an automatic scheme for diagnosis; importantly,
applying this technique will save labor in a hospital. Incidentally, although we used the
ATR technique in this work, other sampling methods are also applicable for IR spectra,
including the transmission mode and photoacoustic detection method. Moreover, we
proposed a calculation method in ATR-IR to discriminate UTIs from non-UTIs, as well as
different pathogens associated with UTIs.

4. Conclusions

To test the feasibility of using IR spectra for diagnostic purposes, we recorded the IR
spectra of urine samples with the ATR technique, and focused on the diagnosis of UTIs in
patients. By this means, we recorded the ATR-FTIR spectra of 18 urine samples, including
11 non-UTIs and 7 UTIs. We averaged the IR spectra of 11 non-UTIs as a standard non-UTI
spectrum (IR,y /non), and found that IR spectra of each UTI exhibited its characteristic new
bands, which could serve as clues for infections. Notably, the ratio values of the intensities
of bands near 1625 cm ™ (a), 1456 cm ™! (B), and 1075 cm ™! (y) for the UTIs differed from
those for non-UTIs. Moreover, in the UTI samples, the spectral profiles in the wavenumber
region of 1250-950 cm~! presented a specific pattern for different pathogens. Several
spectra differences at 1216, 1176, 1134, 1097, and 973 cm~! for E. faec.; 1130, 1092, 1024,
and 960 cm ! for E. coli; 1174, 1095, 1051, 1008, and 970 cm ! for P. aerug.; and 1215, 1180,
1005, and 972 cm ™! for yeast were also found as potential discriminative wavenumbers
to distinguish different pathogen infections. Furthermore, a high IR intensity region at
1395-1410 cm ™! was correlated with the elevated leukocyte counts in the urine. As a pilot
study, our findings suggested that this calculation method using ATR-FTIR may provide
clues to detect UTIs and other diseases in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s22103638 /51, S1. Second derivation of the spectral profiles
between the UTIs and non-UTIs in wavenumber region 950-1250 cm !, including Figure S1; S2.
Derivation of the variations of the spectral profiles between the UTIs and non-UTIs in wavenumber
region 950-1250 cm !, including Figure S2 and Table S1.
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