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Abstract

Urinary tract infections (UTIs) remain one of the most common bacterial infections worldwide, where
timely identification of causative pathogens and their antibiotic susceptibility is critical for guiding
therapy. Conventional culture-based methods are reliable but slow, creating an urgent need for rapid,
point-of-care (POC) diagnostic solutions. This study aimed to develop and validate a novel Alamar Blue-
based system capable of simultaneous Gram classification and antibiotic susceptibility testing (AST)
directly from urine samples. The system utilizes Alamar Blue (resazurin), a redox indicator that shifts
from violet (oxidized) to pink (reduced) in response to bacterial metabolic activity. Gram differentiation
was achieved using two selective antibiotic marker vials: vancomycin/linezolid for Gram-positive
and aztreonam/polymyxin B for Gram-negative bacteria. New Gram differentiation standardization
(GDS) was performed using the CLSI MIC breakpoint method, ensuring clinical relevance. To improve
accuracy, urine artifacts were removed through a filtration approach prior to analysis. Validation on
ATCC reference strains demonstrated 100% agreement in Gram classification and 97% similarity with the
conventional Kirby—Bauer disc diffusion method. On real urine samples (n = 25), the newly developed
GDS predicted 24% of samples as negative, showing 100% concordance with culture-based findings.
Furthermore, 16% of samples were identified as true positives, also showing 100% agreement with
conventional laboratory reports. AST outcomes produced clear colorimetric readouts within five hours
without requiring complex infrastructure. This Alamar Blue-based POC platform provides a rapid, user-
friendly, and cost-effective alternative to conventional diagnostics, enabling both Gram differentiation
and AST from urine specimens in resource-limited healthcare settings.
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INTRODUCTION

Urinary tract infections (UTIs) are among
the most prevalent infectious diseases, estimated
150 million global cases annually. UTIs constitute
a significant burden on public health systems,
particularly in developing countries, due to their
high recurrence rate and potential for serious
complications.*? Anatomical and physiological
differences render women substantially more
susceptible to UTls than males, further amplifying
the clinical and epidemiological impact of these
infections.>* Clinically, UTIs may present with
a spectrum of symptoms ranging from cystitis
and bacteriuria to more severe manifestations
such as pyelonephritis.> In the absence of timely
and appropriate intervention, the infection can
ascend from the lower to the upper urinary tract,
potentially leading to renal damage and systemic
complications.® The microbial etiology of UTIs is
well established. A multicentric surveillance study
analysing 2,459 urine specimens revealed 250
culture-positive cases, of which 94% were caused
by Gram-negative bacilli and only 6% by Gram-
positive cocci.” The distribution of pathogens
included E. coli (68.3%), Klebsiella spp. (17.6%),
Proteus spp. (3.2%), Acinetobacter spp. (1.2%), and
Enterococcus spp. (5.6%), reflecting the dominance
of Gram-negative organisms in UTI pathogenesis.®
These findings emphasize the need for rapid,
accurate diagnostic systems for early detection
and appropriate antimicrobial therapy, especially
in the face of rising antimicrobial resistance (AMR)
and the clinical complexity associated with delayed
treatment.’

Despite the well established burden
of urinary tract infections (UTIs), traditional
diagnostic workflows for pathogen identification
and antibiotic susceptibility testing (AST)
remain heavily reliant on centralized laboratory
infrastructure, particularly in tertiary care settings.
The conventional diagnostic process typically
involves a sequence of steps, including urine
centrifugation, wet mount preparation, Gram
staining, semi-quantitative culture-based colony
counting, biochemical characterization, and
AST via the Kirby-Bauer disc diffusion method.°
This multi-step protocol often spans up to 72
hours, emphasizing comprehensive diagnosis

but frequently delaying timely therapeutic
intervention. Public Health Centres often lack
essential infrastructure, including microbiological
laboratories, experienced technicians, basic
diagnostic reagents, and even functional
microscopy units. These limitations severely hinder
the implementation of culture-based diagnostics
and AST in primary health care settings.' These
challenges underscore the urgent need for
accessible, rapid, and reliable point-of-care (POC)
diagnostic systems specifically tailored to the
constraints of primary healthcare settings in UTI
diagnosis and drug therapy.

To overcome diagnostic delays and
infrastructural constraints of conventional urine
culture and AST, point-of-care (POC) technologies
have been developed to provide rapid, user-
friendly alternatives for UTI diagnosis.!**? Dipstick-
based assays are widely used due to their
affordability, but their reliance on surrogate
markers like leukocyte esterase and nitrites results
in suboptimal sensitivity and specificity, with false
positives in non-infectious conditions and false
negatives for pathogens such as Pseudomonas
aeruginosa, which cannot reduce nitrate to
nitrite.’* While tertiary hospitals can compensate
through extended cultures, primary healthcare
centres (PHCs) lack such capacity, leading to
underdiagnosis or empirical treatments. Recent
innovations include paper-based analytical devices
detecting E. coli in six hours from ~20 uL of urine
(10* CFU/mL), fluorescent immunoassays with
higher sensitivity (240 CFU/mL in 30 minutes),
and digital dipsticks reporting within eight hours
at 253 CFU/mL.” Fluorescent sensors for detecting
Gram-negative bacteria also exist, but require large
sample volumes and high bacterial loads.*® Despite
rapid results, all are pathogen-specific, impractical
for diverse UTI etiologies, and lack integrated
AST. A UTI diagnostic kit includes combined
pathogen detection with AST but excludes Gram-
positives, limiting PHC use. Future POC platforms
must ensure broad pathogen coverage, Gram
differentiation, simple colorimetric readouts, and
integrated AST for effective UTI management in
PHC.

This research article marks a significant
step toward developing a point-of-care diagnostic
system for urinary tract infections (UTIs),
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particularly suited for resource-limited primary
healthcare settings. A novel Alamar Blue-based
colorimetric assay was developed and validated
for gram differentiation and AST detection.
This integrated approach allows for rapid Gram
classification and antibiotic susceptibility testing
(AST) within just 5 hours using urine samples. The
newly developed Alamar Blue-based diagnostic
system enables simultaneous Gram classification
and antibiotic susceptibility testing (AST) from a
single urine sample. Alamar Blue (resazurin), a
redox-sensitive dye, is violet in its oxidized state
but turns pink upon reduction by metabolically
active bacteria, thus indicating viability (Figure 1a).
The Gram differentiation system (GDS) employs
two vials containing selective antibiotic markers.
The Gram-positive vial includes vancomycin
and linezolid, which inhibit Gram-positive
bacteria by disrupting cell wall synthesis and
protein translation, respectively. Conversely,
the Gram-negative vial contains aztreonam and
polymyxin B, which target the outer membrane
and peptidoglycan synthesis of Gram-negative
organisms (Figure 1b). When a urine sample
contains Gram-positive bacteria, the Gram-
positive vial remains violet due to inhibition,
while the Gram-negative vial turns pink from

metabolic activity. In Gram-negative infections,
the opposite occurs. Absence of bacteriuria
yields no color change in either vial, whereas
polymicrobial samples produce pink coloration
in both, suggesting mixed growth and requiring
confirmatory laboratory evaluation (Figure 1c).

Following Gram differentiation, AST is
performed using individual antibiotic vials, each
prepared at CLSI breakpoint concentrations. The
system covers six antibiotics for Gram-positive
and eight for Gram-negative pathogens. In each
vial, a violet color indicates susceptibility, while
a pink shift denotes resistance. This rapid, visual
readout bypasses the need for sophisticated
equipment and aligns with established Alamar
Blue antimicrobial assays. By integrating Gram
classification with AST, this point-of-care platform
provides an accurate, user-friendly, and resource-
efficient approach for guiding targeted therapy,
particularly in decentralized or resource-limited
clinical settings.

MATERIALS AND METHODS
All American Type Culture Collection

(ATCC) bacterial strains used in this study were
collected from the Department of Microbiology,
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Aarupadai Veedu Medical College and Hospital,
Puducherry, maintained for antibiotic sensitivity
testing. The ATCC strains used include Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC
25923), Pseudomonas aeruginosa (ATCC 27853),
Klebsiella pneumoniae (ATCC 13883), and
Enterococcus faecalis (ATCC 29212). The Resazurin
reagent was purchased from HiMedia. Whatman
number 2, diameter 90 mm, was purchased from
Cytiva.

New GDS development and standardization
investigations with vancomycin and
aztreonam

ATCC strains of Staphylococcus
aureus (ATCC 25923), Escherichia coli (ATCC
25922), Klebsiella pneumoniae (ATCC 13883),
Pseudomonas aeruginosa (ATCC 27853), and
Enterococcus faecalis (ATCC 29212) were adjusted
to a population of 10° CFU/mL. For each bacterium,
two vials were prepared for the assay. The first vial
was added with 250 pL of vancomycin solution
(30 pg/mL), and the second vial was added with
250 plL of aztreonam solution (30 ug/mL). Each
vial was subsequently inoculated with 250 pL

of the population-adjusted bacterial suspension
prepared in Brain Heart Infusion (BHI) broth. The
vials were then incubated at 37 °C for 5 hours.
Following incubation, 75 pL of resazurin reagent
was added to each vial, and color changes were
monitored.

Gram'’s categorization using drug combinations

ATCC strains of Staphylococcus
aureus (ATCC 25923), Escherichia coli (ATCC
25922), Klebsiella pneumoniae (ATCC 13883),
Pseudomonas aeruginosa (ATCC 27853), and
Enterococcus faecalis (ATCC 29212) were adjusted
to a population of 10° CFU/mL. For each bacterium,
two vials were prepared for the assay. The first vial
was added with 250 pL of vancomycin solution
(30 pg/mL) and linezolid, and the second vial was
added with 250 pL of aztreonam solution (30 pg/
mL) and polymyxin B. Each vial was subsequently
inoculated with 250 pL of the population-adjusted
bacterial suspension prepared in Brain Heart
Infusion (BHI) broth. The vials were then incubated
at 37 °C for 5 hours. Following incubation, 75 pL
of resazurin reagent was added to each vial, and
color changes were monitored.
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Figure 2. (a). Staphylococcus aureus (ATCC 25923),

(b). Enterococcus faecalis (ATCC 25212), (c). Escherichia coli

(ATCC 25922), (d). Klebsiella pneumoniae (ATCC 13883), (e). Pseudomonas aeruginosa (ATCC 27853)
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Drug combination concentration optimization
for E. coli

The ATCC strains of E. coli were adjusted
to a population of 10° CFU/mL. A series of
vials prepared with different Vancomycin
concentrations, like 4 pg/mL + Linezolid, 8 pg/
mL + Linezolid, 12 pg/mL + Linezolid, 16 pg/mL +
Linezolid, 20 pug/mL + Linezolid. The tubes were
inoculated with 250 pL of population-adjusted BHI
broth and incubated for 5 hours. After incubation,
the tubes were supplemented with 75 pL resazurin
reagent. 20 minutes were kept undisturbed at
room temperature, and the color changes were
observed.

Gram’s categorization and AST detection

3 ml bacterial suspensions of ATCC strains
- Staphylococcus aureus was taken in a tube,
and the density was adjusted to 0.5 McFarland
standard. Subsequently transferred to a tube
containing 11 mL of BHI broth. The mixtures were
thoroughly homogenized. In a 128-pocketed tray,
250 plL of incubated BHI broth was transferred
into 1.5 mL vials containing 250 pL of various
antibiotics-saline mixture (AST), along with the
separate vials designated for Gram’s categorization
(GDS). The vials were incubated at 37 °C for 5
hours. After incubation, 75 pL of resazurin solution
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Table 2. Gram’s categorization and AST detection in Urine for POC Real urine sample studies

Gram'’s categorization system

AVMC lab findings

No. Sample Time Gram-positive ~ Gram-negative interference
No. vial (V-violet) vial (V-violet)
(P-Pink) (P-Pink)
1 U3245 5-7 \ \ No growth No growth
2 U3252 5-7 \ \ No growth No growth
3 U3254 5-7 \ \ No growth No growth
4 U3249 5-7 \ \ No growth No growth
5 U3246 5-7 \ \ No growth No growth
6 U3248 5-7 \ \ No growth No growth
7 U3250 5-7 P P Mixed growth Mixed growth
8 U3255 8-10 P P Mixed growth Mixed Gram-positive and
Gram-negative growth
9 U3251 5-7 \ \ No growth No growth
10 U3253 5-7 P \ Gram-negative ~ Gram-positive and Gram-
bacteria negative bacteria
11 u3247 5-7 \ \ No growth No growth
12 U3264 5-7 \ P Gram-positive Gram-positive bacteria
bacteria (contaminant)
13 U3266 5-7 P P Mixed growth Gram-negative bacilli with
yeast
14 u3274 5-7 P \ Gram-negative  E. coli
bacteria
15 U3284 5-7 P \ Gram-negative  E. coli
bacteria
16 u3278 8-10 \ \ No growth No growth
17 U3281 5-7 \ \ No growth No growth
18  U3266R 5-7 P \ Gram-negative  E. coli
bacteria
19 U3298 5-7 P P Mixed growth Gram-negative bacilli with
Acinetobacter
20 U2857 5-7 \ \ No growth No growth
21 U2862 5-7 \ \ No growth No growth
22 uU2867 5-7 \ \ No growth No growth
23 u2874 5-7 \ \ No growth No growth
24 U2906 5-7 \ \ No growth No growth
25 U2934 5-7 \ \ No growth No growth

was added to each vial. The vials were incubated
for an additional 15 minutes, after which the
color change was observed both in the Gram’s
categorization vials and the antibiotic vials. The
same ATCC strains were tested using the Kirby-
Bauer disc diffusion method, and the results were
compared. This procedure was similarly performed
with other bacterial strains, including Escherichia
coli (ATCC 25922), Klebsiella pneumoniae (ATCC
13883), Pseudomonas aeruginosa (ATCC 27853),
and Enterococcus faecalis (ATCC 29212).

Filtration-based approaches to remove pus cells
and other artifacts

Urine samples with significant pyuria
were collected. A 3 ml urine sample was taken
in a test tube and centrifuged at 1500 rpm for
5 minutes. The wet mount of samples prepared
from the sediment. Pus cells and other artifact
distributions were noted. The same samples 3ml
filtered through the Whatman no 2 filter paper,
and the filtrate was taken out and centrifuged
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at 1500 rpm for 5 minutes, and the pus cells and
other artifacts were noted.

Gram’s identification system screening and AST
detection in urine

A filtered 3 mL urine sample was
transferred into a test tube, adding 13 mL of
BHI, and the tube was left undisturbed for 15
minutes to promote bacterial enrichment. After
the enrichment period, the solution was vortexed
briefly to ensure uniform mixing, and 250 plL
of the enriched sample was transferred to pre-
prepared Gram'’s differentiation and AST (antibiotic
susceptibility testing) detection vials. All vials
were then incubated for 5 hours at 37 °C. After
incubation, 75 pL of resazurin indicator was added
to each vial, mixed gently, and left undisturbed
for 15 minutes to allow color development. The
results were recorded after 15 minutes.

RESULTS

New GDS development and standardization
investigations with vancomycin and aztreonam
The initial studies utilizing vancomycin (30
pg/mL) and aztreonam (30 pg/mL) demonstrated
effective categorization of Gram-positive and Gram-
negative bacteria in four out of the five selected
ATCC strains. However, Escherichia coli exhibited
incorrect color reactions, indicating potential
variability in its response. In all other selected

Table 3. AST results (positive samples)

ATCC strains, intrinsic resistance mechanisms
were clearly observed. Staphylococcus aureus
and Enterococcus faecalis, both Gram-positive
organisms, were found sensitive to vancomycin,
resulting in a violet color in the vancomycin-
containing vials after 5 hours of incubation.
Conversely, vials containing aztreonam for these
strains changed to pink, indicating intrinsic
resistance. Similarly, all Gram-negative pathogens
except E. coli such as Pseudomonas aeruginosa
and Klebsiella pneumoniae were sensitive to
aztreonam, maintaining a violet color in Gram-
negative vials. These Gram-negative bacteria
showed intrinsic resistance to vancomycin, as
evidenced by the color change in the vancomycin-
containing vials to pink. The variations in the color
appearance for E. coli failed the system, leading to
the decision to standardize it with a combination
of drugs (Table 1).

Gram’s categorization using drug combinations
The initial studies utilizing vancomycin (30
pg/mL) and aztreonam (30 pg/mL) demonstrated
effective categorization of Gram-positive and
Gram-negative bacteria in four out of the five
selected ATCC strains. However, Escherichia coli
exhibited incorrect color reactions, indicating
potential variability in its response. The variations
in the color appearance of E. coli resulted in the
failure of the system, leading to the decision
to standardize it with a combination of drugs.

Antibiotics Sample number
u3274 u3284 U3266
POC Disc POC Disc POC Disc
diffusion diffusion diffusion
(0] | Zone | (0] | Zone | 0 | Zone |
Piperacillin/ \ S 23 S \ S 27 S P R 20 R
Tazobactam
Ceftazidime P R Absent R P R 20 R P R Absent R
Cefepime \ S 14 R \ S 20 R P R 13 R
Aztreonam P R 16 R P R 20 R P R 14 R
Meropenem \Y S 21 S \Y S 32 S \Y S 23 S
Amikacin \ S 19 S \ S 21 S Vv S 19 S
Levofloxacin \ S 25 S \ S 24 S Vv S 24 S
Nitrofurantoin \Y S 20 S \Y S 14 S P R Absent R
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Following a thorough review of the literature,
combinations of vancomycin with linezolid and
aztreonam with polymyxin B were selected for
further optimization studies. Based on these
investigations, all bacterial strains except E. coli
demonstrated consistent results. For E. coli, the
color reactions with both drug combinations
appeared as violet/violet, resolving the issue
of aztreonam resistance with the addition of
polymyxin B. However, E. coli remained sensitive
to the vancomycin-linezolid combination. To
address this challenge in subsequent studies, it
was decided to optimize the concentration of
vancomycin to improve the system’s accuracy for
E. coli (Table 1).

Vancomycin concentration optimization for E. coli

Concentration optimization studies
were conducted using a range of vancomycin
concentrations (4 pg/mL to 28 pug/mL) combined
with linezolid. It was observed that E. coli became
sensitive to vancomycin at concentrations less
than 8 ug/mL when combined with linezolid. At
this optimized concentration, all selected bacterial
strains demonstrated correct color reactions.
Subsequent validation confirmed that the Gram
differentiation system worked effectively at this

concentration, providing accurate results for all
tested strains (Table 1 and Figure 2).

Alamar blue-based GDS and AST in ATCC

The newly developed Gram differentiation system
and AST detection using the Alamar Blue assay
were effectively categorized the five selected ATCC
strains into their appropriate Gram categories and
provided AST pattern. Validation of the Gram’s
identification system on ATCC strains showed
100% concordance with the Gram categories of
the selected strains. Additionally, a 97% similarity
was observed in AST results when compared to the
disc diffusion method. For detecting AST patterns
in Gram-positive bacteria, the antibiotics tested
included Vancomycin (30 ug/mL) (V), Erythromycin
(15 pg/mL) (E), Tetracycline (10 pg/mL) (T),
Ciprofloxacin (30 pg/mL) (C1), Nitrofurantoin
(100 pg/mL) (N), and Chloramphenicol (5 ug/mL)
(C2). For Gram-negative bacteria, the antibiotics
screened were Piperacillin/Tazobactam (100/10
pg/mL) (P), Ceftazidime (30 pug/mL) (C3), Cefepime
(30 pug/mL) (C4), Aztreonam (30 ug/mL) (A),
Meropenem (18 pg/mL) (M), Amikacin (30 ug/mL)
(A), Levofloxacin (5 pg/mL) (L), and Nitrofurantoin
(100 pg/mL) (N).

Kiebsiella pneumoniae
ATCC organism- SN: 700603

‘ Pseudomonas aeruginosa
ATCC organism- SN: 27853

a8

Gram differentiation

-

=4

E

T CIIEE NI PC
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Figure 5. Gram’s differentiation system and AST in ATCC strains (a) Klebsiella pneumoniae and (b) Pseudomonas

aeruginosa
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Inthe case of Staphylococcus aureus (ATCC
25923), the Gram differentiation assay produced
a clear violet color in the Gram-positive vial and a
pink color in the Gram-negative vial after 5 hours
of incubation. This confirmed the organism’s
Gram-positive. Based on this categorization, an
appropriate antibiotic panel for Gram-positive
bacteria was selected for antibiotic susceptibility
testing (AST) interpretation. The strain was tested
against six antibiotics: Vancomycin (30 pug/mL),
Erythromycin (15 pg/mL), Tetracycline (10 pg/mL),
Ciprofloxacin (30 pg/mL), Nitrofurantoin (100 pg/
mL), and Chloramphenicol (5 pg/mL). S. aureus
showed sensitivity to all six antibiotics tested
(Figure 3).

Similarly, Enterococcus faecalis (ATCC
29212) showed a violet color in the Gram-positive
vial and a pink color in the Gram-negative vial
after 5 hours of incubation, confirming its Gram-
positive nature. Following this categorization, the
same Gram-positive antibiotic panel was used
for AST. The strain demonstrated sensitivity to
all six antibiotics tested: Vancomycin (30 pug/mL),
Erythromycin (15 pg/mL), Tetracycline (10 pg/mL),
Ciprofloxacin (30 pg/mL), Nitrofurantoin (100 pg/
mL), and Chloramphenicol (5 pug/mL) (Figure 4).

For the tested Gram-negative ATCC
strains, the Gram differentiation assay resulted
in a pink color in the Gram-positive vial and a
violet color in the Gram-negative vial after 5 hours
of incubation, confirming the Gram-negative

identity of the bacteria. Upon accurate Gram
classification, a relevant Gram-negative antibiotic
panel was used for sensitivity profiling. Klebsiella
pneumoniae (ATCC strain) demonstrated sensitivity
to Piperacillin/ Tazobactam (100/10 pg/mL),
Ceftazidime (30 pg/mL), Cefepime (30 pg/mL),
Meropenem (18 pg/mL), Levofloxacin (5 ug/mL),
Nitrofurantoin (100 pg/mL), and Aztreonam (30
pg/mL), but showed resistance to Amikacin (30 pg/
mL) (Figure 5a). Pseudomonas aeruginosa (ATCC
strain) demonstrated sensitivity to Piperacillin/
Tazobactam (100/10 pg/mL), Ceftazidime (30 pg/
mL), Cefepime (30 pg/mL), Meropenem (18 pg/
mL), Levofloxacin (5 pg/mL), and Aztreonam (30
pg/mL). However, the strain exhibited resistance
to Amikacin (30 pg/mL) and Nitrofurantoin (100
pg/mL) (Figure 5b).In the case of Escherichia coli
(ATCC-25922), the bacterium exhibited sensitivity
to Piperacillin/Tazobactam (100/10 pg/mL),
Ceftazidime (30 pg/mL), Cefepime (30 pg/mL),
Meropenem (18 pg/mL), Levofloxacin (5 ug/mL),
and Nitrofurantoin (100 pg/mL), while showing
resistance to Amikacin (30 ug/mL) and Aztreonam
(30 pg/mL)(Figure 6).

In this method, the clinical sample is
simultaneously introduced into both the Gram
Differentiation System (GDS) and the Antibiotic
Susceptibility Testing (AST) panels, which include
antibiotics for both Gram-positive and Gram-
negative organisms. Within 5 hours of incubation,
distinct color changes appear in both systems.

V 15

Gram differentiation =
system

Escherichia coli
ATCC organism- SN: 25922

C1

Figure 6. Gram’s differentiation system and AST in ATCC strain Escherichia coli
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The color pattern in the GDS allows for rapid
identification of the organism’s Gram nature,
which in turn guides the immediate selection of
the appropriate antibiotic panel for interpretation.
This synchronized workflow facilitates early,
targeted antibiotic decisions and sets this method
apart from conventional point-of-care tests by
providing integrated Gram identification and
susceptibility profiling in a single step.

Filtration-based approaches to remove pus cells
and other artifacts

The investigations using Whatman No.
2 filter paper for urine samples demonstrated
remarkable efficacy in removing pus cells and
other artifacts from the samples. Among the
samples subjected to filtration, all were found to
have complete removal of pus cells upon further
analysis. Importantly, the filtration process
selectively removed pus cells and artifacts, while
retaining bacteria in the filtrate, facilitating
subsequent studies (Figure 7). The performance
of the Whatman No. 2 filter paper highlights its
potential in the differential detection of pyuria
(presence of pus cells) and bacteriuria (presence
of bacteria) in urine samples. Conjugating the
filter paper with diazonium salts and introducing
resazurin reagent to the filtrate enabled the
simultaneous detection of pyuria and bacteriuria
in the same sample.

Gram'’s categorization and AST detection in Urine
for POC

Out of the 25 clinical urine samples
tested, both the conventional laboratory method
and the newly developed Gram Differentiation
System (GDS) confirmed the absence of bacteria
in 16 samples. The GDS reported a Violet/Violet
color pattern indicating no bacterial presence for
samples U3245, U3252, U3254, U3259, U3246,
U3248, U3251, U3247, U3278, U3281, U2857,
U2862, U2867, U2874, U2906, and U2934
(Table 2).

Among the remaining nine samples,
conventional laboratory investigations identified
four as true positives with significant bacteriuria,
while the other five were considered contaminated,
likely due to improper sample collection.
Specifically, samples U3274, U3284, and U3266
(including a repeat of U3266) were confirmed
as true positives for Gram-negative pathogens
(E. coli), and the GDS correctly identified these
as Gram-negative. These positive samples were
further subjected to antibiotic susceptibility
testing (AST), as detailed in Table 3.

The five samples identified as
contaminated by conventional methods (U3250,
U3255, U3266, U3264, and U3298), the GDS
produced false-positive results. This highlights
a limitation of the GDS in distinguishing true
infections from contaminated samples in certain
cases (Table 2).

Before filtration Filter paper — What's man number 2

After filtration

Figure 7. Changes observed in a urine sample with significant pyuria (50 pus cells/high-power field) after filtration
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Urine samples contain Acinetobacter
baumannii or yeast cells, the newly developed
Gram Differentiation System (GDS) consistently
produces a Pink/Pink combination. This occurs
because the marker antibiotics used in this study
are not recommended for these pathogens, as
per CLSI guidelines. For example, sample U3266
(yeast cells) and sample U3298 (Acinetobacter
baumannii) followed this pattern.

Gram categorization and antibiotic
susceptibility testing (AST) results in urine samples
and an Alamar Blue-based colorimetric system for
point of-care (POC) detection (Table 2). The table
compares colorimetric Gram categorization results
with corresponding findings from AVMC laboratory
culture-based identification.

The samples confirmed as true positives
were further studied for AST detection. The Alamar
Blue-based macro dilution sensitivity pattern
showed an 87.5% similarity with disc diffusion
results for samples U3274 and U3284 and a 100%
similarity for sample U3266 (Table 3).

Antibiotic susceptibility testing (AST)
results of positive urine samples using the point-of-
care (POC) Alamar Blue-based colorimetric system
compared with the conventional disc diffusion
method. The Table 3 presents observation (O),
interference (I), and zone diameter (mm) for
selected antibiotics across three representative
clinical samples. Note: O - Observation,
| - Interference, V - violet, P - Pink, S - Sensitive,
R - Resistant.

DISCUSSION

The limitations reported in previous
literature are effectively addressed by the newly
developed Alamar Blue assay, which incorporates
both a Gram Differentiation System (GDS)
and Antibiotic Susceptibility Testing (AST). For
example, the UTI diagnostic kit developed by Sree
Chitra Tirunal Institute for Medical Sciences and
Technology and transferred to Agape Industries
in 2024 demonstrated a major drawback it could
detect only Gram-negative organisms and their
corresponding AST profiles. This restricts its clinical
utility, especially in primary healthcare settings
where both Gram-positive and Gram-negative
uropathogens are encountered.'” Similarly,
another diagnostic kit developed in Chennai,

within an animal containment zone, employed
glycine-coated iron nanoparticles along with a
methylene blue indicator. While this system used
a combined panel of common antibiotics targeting
both Gram-positive and Gram-negative organisms,
it lacked pathogen-specific antibiotic guidance.*®
According to Clinical and Laboratory Standards
Institute (CLSI) guidelines, antibiotic susceptibility
testing must be tailored to specific organism types.

The Alamar Blue assay system described in
this study incorporates both a Gram differentiation
system (GDS) and an antibiotic susceptibility
testing (AST) component. For rapid and effective
drug susceptibility determination at the point
of care, identifying the Gram category of the
infecting organism is often more critical than
specific species-level identification. This is because
antibiotic selection panels are primarily guided by
whether the pathogen is Gram-positive or Gram-
negative. Many previous studies have overlooked
the inclusion of a GDS, particularly in veterinary
applications, where broad-spectrum antibiotic
panels are commonly used regardless of Gram
classification. However, in the context of human
clinical diagnostics especially when following
Clinical and Laboratory Standards Institute (CLSI)
guidelines the choice of antibiotics is more
restrictive and must be precisely targeted. Without
proper Gram categorization, drug susceptibility
data may lead to inappropriate antibiotic selection.
For example, prescribing a Gram-positive-targeted
antibiotic for a Gram-negative infection can
result in treatment failure due to poor efficacy
or complete inactivity of the drug in the host
environment.?

Initial evaluations with vancomycin
(Gram-positive) and aztreonam (Gram-negative)
demonstrated effective Gram categorization for
Staphylococcus aureus, Enterococcus faecalis, and
Pseudomonas aeruginosa. However, Escherichia
coli posed challenges during broth microdilution
assays. While agar testing confirmed expected
resistance and sensitivity patterns, E. coli showed
anomalous susceptibility to vancomycin and
resistance to aztreonam in broth. To address this,
antibiotic combinations were tested. Vancomycin
plus linezolid was chosen for Gram-positive
targeting, and aztreonam plus polymyxin B for
Gram-negative organisms. The latter markedly
improved E. coli classification, restoring its correct
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Gram-negative profile. Persistent inconsistencies
with vancomycin/linezolid required further
optimization. Concentrations below 8 pg/mL
consistently yielded resistant profiles for E. coli,
aligning with intrinsic resistance, whereas higher
levels produced false sensitivity, likely from non-
specific membrane disruption. The optimized
system was validated across ATCC and clinical
isolates, producing consistent, reliable colorimetric
differentiation of Gram categories in accordance
with reference standards.

During validation, the newly developed
GDS demonstrated 100% accuracy in identifying
the Gram category of all five tested ATCC strains
when compared to conventional Gram staining.
Additionally, the integrated AST module exhibited
97% accuracy, confirming its reliability in assessing
drug susceptibility patterns. These findings
highlight the robustness and compatibility of the
developed system, supporting its potential for use
in rapid, point-of-care diagnostics targeting urinary
pathogens.

The newly developed Alamar Blue
assay was further validated using real-world
urine samples (n = 25). Among these, both the
conventional diagnostic approach and the Alamar
Blue assay identified 16 samples as negative
for urinary tract infection (UTI), indicated by
a consistent violet/violet color combination.
Of the remaining nine samples, both methods
confirmed four as true positives, with Escherichia
coli identified as the etiological agent, reflected
by the characteristic pink/violet color pattern.
However, the remaining five samples were found
to be improperly collected, exhibiting signs of
contamination with mixed microbial flora. While
the conventional method was able to identify these
as contaminated by culture-based investigation,
the Alamar Blue assay misclassified them as
positive, resulting in five false-positive outcomes.
This highlights a key limitation of the current assay
system it lacks the ability to distinguish between
true infections and contaminated specimens.

To address this limitation, it is crucial to
emphasize the importance of proper urine sample
collection. Advising patients to use a sample
dispersion or midstream collection device can
significantly reduce the risk of contamination.?
Additionally, integrating the Alamar Blue assay

with a filtration-based diagnostic setup, as
discussed earlier, may provide a more robust
platform by enabling simultaneous detection of
pyuria and bacteriuria.? This system includes a
dedicated sample container for the differential
detection of pyuria and bacteriuria, along with a
sealed plastic tray containing dedicated wells for
Gram differentiation and antibiotic susceptibility
testing. This refinement could improve diagnostic
specificity and further enhance the assay’s
applicability in point-of-care UTI detection systems.
In contrast, the Alamar Blue assay presented in this
study overcomes these limitations by enabling
distinct antibiotic panels for Gram-positive and
Gram-negative bacteria based on the integrated
GDS system. This approach aligns with CLSI
standards and provides more clinically relevant
data. As a result, it offers a significant advantage
in primary healthcare settings, empowering
physicians to make more informed and accurate
treatment decisions based on both rapid Gram
categorization and tailored AST results.

CONCLUSION

The newly developed rapid concept
for urinary tract infection (UTI) diagnosis was
successfully evaluated using ATCC reference strains
and 25 clinical urine samples. The antibiotic- and
resazurin-based Gram differentiation system
demonstrated 100% accuracy for five commonly
encountered urinary pathogens. In addition,
antibiotic susceptibility testing (AST) results
showed strong agreement with the conventional
Kirby—Bauer disk diffusion method. The present
setup does not detect Acinetobacter baumannii,
an occasionally encountered but clinically relevant
urinary pathogen. The reliability of the new concept
is highly dependent on proper urine sample
collection, as inadequate collection may result
in the identification of contaminant organisms
rather than the true causative pathogen. A notable
limitation of this Alamar Blue-based system is the
potential for false-positive results arising from
sample contamination. The observation of a
pink—pink color pattern may indicate the presence
of yeast, Acinetobacter species, or polymicrobial
infection and should be interpreted with caution.
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