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binase polymerase amplification
and silver nanoparticle assay: a sustainable
approach for ultrasensitive detection of Klebsiella
pneumoniae†

Naresh Patnaik,‡ Nidhi Orekonday‡ and Ruchi Jain Dey *

Our study addresses the urgent need for effective detection of Klebsiella pneumoniae, a recognized threat

by the World Health Organization (WHO). Current challenges in managing K. pneumoniae infections

include the lack of rapid and affordable detection tools, particularly in resource-limited point-of-care

(POC) settings. To tackle this, we developed an innovative molecular detection pipeline combining three

POC-compatible methods. Firstly, we employed Insta DNA™ card-based sample collection and DNA

extraction for simplicity and ease of use. Next, we utilized recombinase polymerase amplification (RPA)

targeting the Klebsiella hemolysin gene, khe, specific to the K. pneumoniae species complex (KpSC).

Finally, we integrated a silver nanoparticle (AgNP) aggregation assay for visual detection, offering a rapid,

sensitive, and specific method capable of detecting as few as ∼3 bacteria of K. pneumoniae within ∼45

minutes. This approach eliminates the need for complex equipment, making it highly suitable for field

and resource-limited POC applications. Moreover, our method introduces an environmentally significant

detection strategy. The method developed minimizes chemical reagent usage and reduces the carbon

footprint associated with sample transportation. Furthermore, our method reduces waste compared to

the traditional detection techniques, offering a safer alternative to ethidium bromide or other DNA dyes

which are often genotoxic and mutagenic in nature. Silver nanoparticles, being environmentally safer,

can also be recycled from the waste, contributing to sustainability in nanoparticle production and

disposal. Overall, our technique presents a promising solution for detecting K. pneumoniae in various

settings, including environmental, water, and food samples, as well as industrial or hospital effluents. By

aligning with global efforts to improve public health and environmental sustainability, our approach holds

significant potential for enhancing disease management and reducing environmental impact.
Introduction

The escalation of antimicrobial resistance (AMR) constitutes
a signicant global health threat, particularly within the noto-
rious ESKAPE group of pathogens. This acronym encompasses
six-opportunistic bacterial pathogens with high capabilities of
acquiring antibiotic resistance: Enterococcus species (spp.),
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.1

Within the ESKAPE group of pathogens, the World Health
Organization (WHO) recognizes K. pneumoniae as a signicant
pathogen of concern, primarily due to its association with
increasing AMR.1–3 K. pneumoniae species complex (KpSC)
ni Hyderabad Campus, Telangana State

.bits-pilani.ac.in

tion (ESI) available. See DOI:

2–7254
comprises seven phylogroups termed as phylogroups Kp1 to
Kp7 (ref. 4 and 5) (Table S1†). KpSC is a major contributor to
nosocomial infections, especially in vulnerable or immune-
compromised individuals leading to diverse pathologies such
as necrotizing pneumonia, urinary tract infections (UTIs),
wound or surgical site infections, bloodstream infections, sep-
ticaemia, meningitis, and pyogenic liver abscesses.6–9 Klebsiella
infections are also important in the context of maternal and
child health causing complications such as chorioamnionitis,
increased likelihood of pre-term labour/birth,10 neonatal infec-
tions leading to increased infant mortality.11,12 Hence, preven-
tive measures and early detection of Klebsiella is paramount for
timely intervention and effective management of these infec-
tions in maternal and child healthcare settings.

Early intervention facilitates prompt initiation of appro-
priate medical measures, reducing the risk of severe compli-
cations and preventing transmission. Conventional methods
for detecting K. pneumoniae, such as culture-based and
biochemical techniques, are time-consuming and provide
This journal is © The Royal Society of Chemistry 2024
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Table 1 List of visual detection methods reported previously for the molecular detection of K. pneumoniae

Sl. no. Method of amplication Method of detection Sensitivity Time complexity of detection References

1 PCR AGE 1.2 × 102 bacteria ∼4–5 hours 16
2 Real-time PCR Fluorescence 15 bacteria ∼2 hours 4
3 Real-time PCR Fluorescence resonance

energy transfer (FRET)
10 bacteria ∼2 hours 17

4 PCR Gold nanoparticles 16 × 101 bacteria (1 pg gDNA) ∼2 hours 18
5 LAMP AGE 1 bacterium ∼25 min (LAMP) + 1 hour AGE 19

6 LAMP CRISPR-based detection 16 × 101 bacteria (1 pg gDNA) ∼1 hour 20
7 MCDA Gold nanoparticle-LFS 16 bacteria (100 fg gDNA) ∼30 min

(estimated, not reported)
21

8 RPA LFS 103 bacteria ∼15 min 22
9 RPA LFS 16 × 103 bacteria (0.1 ng ml−1) ∼33 min 23
10 Real-time RPA Fluorescence probes 100–1000 bacteria ∼12 min 24
11 RPA AGE 102–103 bacteria ∼1 hour 25

Table 2 Oligonucleotide primers used for molecular detection of K. pneumoniaea

Si no. Target gene (amplicon size) Primer sequence (50 / 30) PCR conditionsb

1 khe gene (404 bp) (F) CGGGATTGAGCGGGTAATAA 95 °C, 30 s; 64 °C, 30 s; 72 °C, 30 s
(R) GATGAAACGACCTGATTGCATTC

2 uge gene (222 bp) (F) CATATTCTTCTGCGCTTCCATTC 95 °C, 30 s; 64 °C, 30 s; 72 °C, 30 s
(R) AAGCGCGACTTCACCTATATC

a All the primers were designed using PrimerQuest tool (Integrated DNA Technologies) in this study. b Annealing temperatures obtained using
gradient PCR.

Fig. 1 Specificity and cross-reactivity verification of primers designed for the molecular detection of K. pneumoniae. The agarose gel images
depict specificity of designed primer sets, specific to two genomic regions of K. pneumoniae, namely (A) khe (∼404 bp) and (B) uge genes (∼222
bp), using PCR following a kit based gDNA isolation. The controls include-no template control (NTC), human DNA, and gDNA obtained from 11
major pathogens associated with the human host. The gel images are a representation of three experimental replicates.

This journal is © The Royal Society of Chemistry 2024 Anal. Methods, 2024, 16, 7242–7254 | 7243
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Fig. 2 Sensitivity of molecular detection of K. pneumoniae using PCR-AGE. The figure depicts a sensitivity analysis of PCR-AGE-basedmolecular
detection of K. pneumoniae using primers specific to genomic region (A) khe gene and (B) AgNP detection of the PCR amplicons. The labels on
top of the gel indicate the amount of the genomic DNA (isolated using gDNA isolation kit) used per PCR reaction. The controls include-no
template control (NTC) and negative control (NC), a blend of gDNAs obtained from human and 11 different pathogens associated with the human
host. Mix gDNA contains a mix of NC and genomic DNA of K. pneumoniae. The PCR-AGE assay for Khe gene shows a sensitivity of detection of
∼33 × 101 bacteria of K. pneumoniae. The numbers at the bottom of the gel image correspond to the relative quantification of the PCR
amplicons in ng (w.r.t 100 bp ladder), done using ImageJ software as described in methods. The gel images are a representation of four
experimental replicates. (B) The InstaDNA-PCR-AgNP assay displays a detection sensitivity of ∼3 bacteria for the target genes.
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limited information on abundance and strain diversity within
samples, with uncertain sensitivity.4,5,13 The recent introduction
of whole metagenomics sequencing in clinical diagnostics has
signicantly enhanced diagnostic reliability13,14 compared to
traditional culture-based methods, offering comprehensive
insights into antibiotic resistance proles, virulence features,
Table 3 Advantages of InstaDNA card as POC compatible DNA isolation

Parameters

Sample collection
Sample pre-processing
Sample storage and transportation
Equipment necessary for DNA isolation
Compatibility with PCR and RPA amplication techniques

Compatibility with AgNP assay
Cost

Time for DNA extraction

DNA extraction & amplication efficiency

7244 | Anal. Methods, 2024, 16, 7242–7254
and evolutionary analysis of bacterial strains.13,15 Nevertheless,
the exorbitant cost, time involvement and requirement of highly
skilled individuals to perform and analyse the results currently
restricts its routine application in diverse healthcare settings. In
contrast, PCR-based assays, particularly real-time quantitative
PCR(RT-qPCR),4 have shown 100% sensitivity and specicity,
method

Advantages of InstaDNA card

Sample collection in the card itself
No pre-processing is necessary
InstaDNA cards allow room temperature storage and transportation
Heat block for DNA isolation
Yes. Discs cut from the InstaDNA card containing sample can be directly
used for PCR, without the need for DNA elution. DNA elution step is
necessary before RPA
Yes
Low cost. Sample collection, storage, transportation is done on the
InstaDNA cards at room temperature. No requirement for sample pre-
processing and equipment. Recurring cost involves only InstaDNA cards
(<1$ per sample) and a simple heat block or water bath
∼15–30 minutes. ∼2 minutes for DNA elution. Samples collected on the
InstaDNA cards are usually air dried, which takes ∼15–30 minutes
High

This journal is © The Royal Society of Chemistry 2024
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with a limit of detection of∼15 genomes (Table 1). However, the
cost of detection is extremely high due to requirement of
quantitative PCR (qPCR) equipment. Subsequent developments
introduced isothermal amplication methods, including loop-
mediated isothermal amplication (LAMP),19,20 recombinase
polymerase amplication (RPA)22–25 and multiple cross
Fig. 3 Schematic diagram for molecular detection of pathogens. The
pipeline developed using combination of three POC-compatible metho
based isothermal amplification of the target gene, and AgNP assay for v

This journal is © The Royal Society of Chemistry 2024
displacement amplication (MCDA),21 for rapid K. pneumoniae
detection without the requirement of expensive thermal cyclers
or qPCR. LAMP alone or in combination with clustered regularly
interspaced short palindromic repeats (CRISPR) and MCDA
combined with lateral ow strip (LFS) has demonstrated
comparable sensitivity (1–20 bacteria) with respect to qPCR.
figure depicts schematic representation of the molecular detection
ds; InstaDNA card-based sample collection and DNA extraction, RPA-
isual- or camera-based detection.

Anal. Methods, 2024, 16, 7242–7254 | 7245
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Fig. 4 Sensitivity of molecular detection of K. pneumoniae by InstaDNA-PCR-AgNP assay. AgNP assay is used for visual molecular detection of
InstaDNA-PCR products obtained from PCR performed using khe gene primers. (A) The InstaDNA-PCR-AGE assay shows a sensitivity of
detection of∼33 × 102 bacteria of K. pneumoniae. The numbers at the bottom of the gel image correspond to relative quantification of the PCR
amplicons in ng (w.r.t to 100 bp ladder), done using ImageJ software as described in methods. (B) The InstaDNA-PCR-AgNP assay displays
a detection sensitivity of∼3 bacteria for the target gene. The images are the representation of four experimental replicates. The controls include-
no template control (NTC) and negative control (NC), a blend of gDNAs obtained from human and 11 different pathogens associated with the
human host. Mix gDNA contains a mix of NC and genomic DNA of K. pneumoniae.
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These methods achieve detection within 60–90 minutes under
isothermal conditions (∼60–65 °C)19–21 (Table 1). In comparison,
RPA provides further advantage of rapid (15–30 min) isothermal
amplication at lower temperatures (∼37–42 °C) permitting
quicker detection.26 RPA when combined with LFS is capable of
detecting as low as 100–1000 bacteria, highlighting an improved
sensitivity of detection post RPA-based DNA amplication.22,23

RPA has been applied in recent past for developing non-
instrumented point-of-care (POC) detection for several
human,27 animal28 and plant pathogens.29 For instance, RPA-
based detection was developed for HIV-1 and plant viruses
harnessing the body heat.27,29

Despite the advancements in a wide variety of methods of
isothermal amplication under ambient settings, visualization
of the amplied products still remains amajor constraint in POC
setting. A recent study highlights utility of tailor-made plasmonic
aptamer-gold nanoparticle (AuNP) assay for detection of Klebsi-
ella without the need of amplication, however, the sensitivity of
this methods is ∼3400 bacteria.18 However, the high cost asso-
ciated with uorescent primer probes, aptamers, additional
reagents like CRISPR, LFS and AuNP presents accessibility
7246 | Anal. Methods, 2024, 16, 7242–7254
challenges for low-income and resource-poor settings, high-
lighting the need for cost-effective visual detection tools. Another
hurdle in POC settings is safe and simple methods of sample
collection, storage, transport and genomic DNA (gDNA) extrac-
tion for molecular detection. InstaDNA card have recently been
developed to overcome these challenges. This card consists of
a special lter paper impregnated with a proprietary formula
containing reagents that promote cell lysis and protein dena-
turation with subsequent release of nucleic acids that are
entrapped within the matrix of the card and stabilized at room
temperature, allowing long-term storage and ensuring DNA
integrity for downstream molecular detection.30–33 Many advan-
tages have been described for InstaDNA card, including low-cost,
simple extraction protocols, easy transportation, minimal
storage space and no special infrastructure being required.33

However, there are no previous reports for application of
InstaDNA cards for K. pneumoniae detection.

This study offers POC friendly molecular diagnostic pipeline
combining three methods, (a) InstaDNA card, for easy sample
collection and DNA extraction (b) RPA-based isothermal ampli-
cation in addition to PCR (c) application of silver nanoparticle
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Sensitivity of molecular detection of K. pneumoniae by RPA-AGE and RPA-AgNP assay using unique target sequence in khe gene. The
figure depicts, (A) AGE-based and (B) AgNP assay-based detection of DNA amplified using RPA employing primer specific to khe gene (∼404 bp)
of K. pneumoniae, followed by magnetic bead-based purification. RPA-AGE shows a sensitivity of ∼33 × 101 bacteria and RPA-AgNP assays
shows detection sensitivity of ∼3 bacteria of K. pneumoniae. Controls include-no template control (NTC) which consists of sterile water instead
of template and negative control mix (NC), a mix of gDNAs obtained from human and 11 different pathogens associatedwith the human host. Mix
gDNA contains a mix of NC and genomic DNA of K. pneumoniae. The images are a representation of three experimental replicates. The numbers
at the bottom of gel image, correspond to the relative quantification of the RPA amplicons in ng (w.r.t to 100 bp ladder), done using ImageJ
software as described in methods.
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(AgNP) aggregation assay developed in our laboratory34 for rapid,
ultrasensitive visual molecular detection of K. pneumoniae. This
unique combination is particularly suitable for K. pneumoniae
detection in resource-poor settings without the need of costly
thermal cycler and equipment like centrifuge or qPCRs and is
compatible with clinical samples like serum and urine. The
integration of these methods is anticipated to address the clinical
needs to mitigate the impact of Klebsiella infections.
Results
Specic molecular detection of K. pneumoniae

In this study, we designed primers specic to two virulence
gene, namely, Klebsiella hemolysin gene (khe)35,36 and uridine
diphospho (UDP)-D-galacturonate 4-epimerase gene (uge)37

(Table 2). These two loci are unique to K. pneumoniae (Fig. 1A
and B). We then elucidated the sensitivity of molecular detec-
tion of the bacteria using PCR followed by agarose gel electro-
phoresis (AGE) (called PCR-AGE hereaer) with all the primer
sets. PCR-AGE performed using the highly specic primer sets
against khe and uge genes, showed detection sensitivity of 33 ×
This journal is © The Royal Society of Chemistry 2024
101 (Fig. 2A) and 33 × 103 (ESI Fig. S1†) K. pneumoniae bacteria,
respectively. Further, using in silico BLAST analysis we show
that the primers sets designed against khe and uge can detect all
the phylogroups of KpSC (Kp1 to Kp7) (ESI Table S1†). Given the
low sensitivity of uge based PCR compared to khe (Fig. 2A and
ESI Fig. S1†), hereaer we exclusively utilized khe gene target for
comparative assessment of various POC molecular detection
strategies for K. pneumoniae.

Since AGE requires equipment for UV-based visualisation, we
next assessed the utility of an equipment-free and naked eye
visual detection method, namely, AgNP assay following PCR. In
addition, we also compared the sensitivity of detection of this
method with respect to PCR-AGE. PCR-AgNP assay, show highly
sensitive and specic detection of as low as ∼3 bacteria (Fig. 2B).
InstaDNA card-based sample collection and DNA extraction
followed by PCR based amplication and visual detection of
K. pneumoniae by AgNP assay

Due to several advantages of InstaDNA card pertaining to their
ease of sample collection, storage, logistics, cost and time
Anal. Methods, 2024, 16, 7242–7254 | 7247
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Fig. 6 Sensitivity of molecular detection of K. pneumoniae in serum sample spiked with bacterial gDNA by InstaDNA-PCR-AgNP assay. AgNP
assay is used for visual molecular detection of InstaDNA-PCR products obtained from PCR performed using khe gene primers. (A) The InstaDNA-
PCR-AGE assay shows a sensitivity of detection of∼33× 102 bacteria of K. pneumoniae. (B) The InstaDNA-PCR-AgNP assay displays a detection
sensitivity of∼33 bacteria. Controls include-no template control (NTC) which consists of eluent obtained from blank InstaDNA discs blotted with
sterile water and negative control (NC), a mix of gDNAs obtained from human and 11 different pathogens. Mix gDNA contains a mix of NC and
genomic DNA of K. pneumoniae. The numbers at the bottom of the gel image, correspond to the relative quantification of the PCR amplicons in
ng (w.r.t to 100 bp ladder), done using ImageJ software as described in methods.
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effectiveness, efficiency of extraction without need of any high-
end equipment (Table 3), compatibility with various ampli-
cation techniques and AgNP visual detection assay, we found
InstaDNA cards to be most suited for POC application.30–33

Hence, we next assessed the utility of InstaDNA card-based DNA
isolation for PCR basedmolecular detection of K. pneumoniae as
shown in Fig. 3.

InstaDNA-PCR-AGE combination shows a sensitivity of
detection as low as ∼33 × 102 bacterial cells of K. pneumoniae
when khe gene is used as the gene targets for PCR amplication
(Fig. 4A). The advantage of using PCR, following an InstaDNA
card-based DNA extraction is that we do not require any addi-
tional elution step, as elution is automatically favoured during
the initial denaturation step performed during the PCR cycles.
AgNP assay following InstaDNA-PCR using primer targeting khe
gene (InstaDNA-PCR-AgNP) assay (Fig. 4B) showed highly
sensitive and specic detection as low as ∼3 bacteria similar to
that observed in case of PCR-AgNP (Fig. 2B). Altogether, we
report highly sensitive and specic detection of K. pneumoniae
utilizing AgNP following PCR and InstaDNA-PCR.
7248 | Anal. Methods, 2024, 16, 7242–7254
POC compatible ultrasensitive molecular detection pipeline
for K. pneumoniae using RPA and AgNP assay

Since PCR requires a high-end thermocycler which is oen
unavailable in resource poor POC settings, we next assessed the
utility of isothermal amplication method using RPA, that
performs DNA amplication under ambient temperature (25–42
°C) and can be conducted either on table-top or in an inex-
pensive heat-block or water-bath (Fig. 3). We performed the RPA
amplication of khe gene of K. pneumoniae at 37 °C (Table 2),
following standard gDNA isolation. We then compared two
methods for visualization of amplied DNA products obtained
on RPA, namely, AGE and AgNP assay (called as RPA-AGE and
RPA-AgNP assay, respectively, hereaer). The RPA-AGE utilizing
khe gene shows a detection sensitivity of ∼33 × 101 bacteria
(Fig. 5A).

We next assessed the sensitivity of DNA detection using RPA-
AgNP assay. AgNP dramatically improves visual detection of
DNA obtained on amplication of khe gene with sensitivity as
low as ∼3 bacteria when compared to AGE (∼33 × 101 bacteria)
(Fig. 5A and B). AgNP assay thus, is suitable for molecular
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Sensitivity of molecular detection of K. pneumoniae in serum sample spiked with bacterial gDNA by InstaDNA-RPA-AgNP assay. AgNP
assay is used for visual molecular detection of InstaDNA-RPA products obtained from RPA performed using khe gene primers. (A) The InstaDNA-
RPA-AGE assay shows a sensitivity of detection of ∼33 × 104 bacteria of K. pneumoniae. The numbers at the bottom of the gel image,
correspond to the relative quantification of the RPA amplicons in ng (w.r.t to 100 bp ladder), done using ImageJ software as described in
methods. (B) The InstaDNA-RPA-AgNP assay displays a detection sensitivity of ∼33 bacteria for both the target genes. Controls include-no
template control (NTC) which consists of eluent obtained from blank InstaDNA discs blotted with sterile water and negative control mix (NC),
a mix of gDNAs obtained from human and 11 different pathogens. Mix gDNA contains a mix of NC and genomic DNA of K. pneumoniae.

Table 4 Limit of detection of Klebsiella pneumoniae in serum sample using InstaDNA-PCR-AGE, InstaDNA-PCR-AgNP, InstaDNA-RPA-AGE and
InstaDNA-RPA-AgNP

Si. no
Input amount
of DNA

Input amount of
bacteria InstaDNA-PCR-AGE InstaDNA-PCR-AgNP InstaDNA-RPA-AGE InstaDNA-RPA-AgNP

1 20 ng ∼33 × 105 + + + +
2 2 ng ∼33 × 104 + + + +
3 200 pg ∼33 × 103 + + − +
4 20 pg ∼33 × 102 + + − +
5 2 pg ∼33 × 101 − + − +
6 200 fg ∼33 − + − +
7 20 fg ∼3 − − − −
8 2 fg ∼3 × 10−1 − − − −
9 200 ag ∼3 × 10−2 − − − −

This journal is © The Royal Society of Chemistry 2024 Anal. Methods, 2024, 16, 7242–7254 | 7249
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detection post-RPA-based DNA amplication of the target genes
and offers a useful alternative to AGE-based detection following
RPA-based isothermal amplication techniques.

We then validated the compatibility of the InstaDNA-PCR-
AGE & AgNP and InstaDNA-RPA-AGE & AgNP detection work-
ows in clinical settings. To simulate the protein-rich environ-
ment of clinical samples, we spiked serum from a healthy
subject with varying amounts of K. pneumoniae gDNA on 3 mm
InstaDNA card discs.

These discs were subsequently used for downstream PCR
and RPA-based DNA amplication, followed by visualization
using AGE (Fig. 6A and 7A) and AgNP (Fig. 6B and 7B), respec-
tively. Additionally, all four assays were also validated using
urine samples (ESI Fig. S2 and S3†). The results support the
clinical applicability of InstaDNA-PCR-AgNP and InstaDNA-
RPA-AgNP.

Discussion

Our study addresses the critical need for rapid, affordable, and
effective detection of Klebsiella pneumoniae, a pathogen recog-
nized as a signicant threat by the WHO. Current diagnostic
challenges include the lack of tools that are both cost-effective
and suitable for POC settings, particularly in resource-limited
environments. To overcome these challenges, we developed
an innovative detection pipeline that integrates three POC-
compatible methods: InstaDNA™ card-based sample collec-
tion and DNA extraction, RPA targeting the khe gene specic to
KpSC, and an AgNP aggregation assay for visual detection.34

Our combined approach offers several key advantages. The
InstaDNA™ card allows for simple and safe sample collection,
storage, and transport, providing instant DNA extraction
without the need for sophisticated equipment or additional
reagents. The RPA method, targeting the khe gene, provides
rapid amplication, while the AgNP assay facilitates visual
detection, capable of identifying as few as 3 bacteria within
approximately 45 minutes. This system eliminates the need for
expensive thermal cycling equipment, centrifuges, and gel
documentation facilities, making it highly suitable for eld and
POC applications. Furthermore, the non-labelled primer sets we
developed are compatible with both PCR and RPA, offering
exibility and cost saving. RPA and InstaDNA card further offer
multiple benets enlisted in Tables 1 and 3.4,16–25

Importantly, our method aligns with environmental
sustainability goals. The reduced use of hazardous dyes like
ethidium bromide, along with the potential for recycling
magnetic beads and silver nanoparticles, contributes to a lower
environmental impact by eliminating the need for harmful
chemicals. This approach not only supports global public
health efforts but also promotes sustainable diagnostic
practices.

AgNP assays present signicant advancements in diagnostic
capabilities, especially in resource-limited settings. Citrate-
stabilized AgNPs are particularly advantageous due to their
enhanced stability against photo-oxidation, which ensures
a consistent and reliable signal over time. This stability,
combined with their cost-effectiveness compared to gold
7250 | Anal. Methods, 2024, 16, 7242–7254
nanoparticles, makes AgNPs a practical choice for DNA detec-
tion assays.34 The unique properties of citrate-stabilized AgNPs,
including their colorimetric response, offer a simple and visual
means of detection without requiring complex instruments,
making the method accessible even in POC settings. Further-
more, when coupled with isothermal amplication techniques
like LAMP and RPA, the label-free AgNP aggregation approach
could revolutionize POC diagnostics. These techniques could
drastically reduce the cost, time, and complexities associated
with diagnosis of infectious diseases, potentially improving the
management of the disease in under-resourced areas. While
visual detection is promising, it is important to note that it may
not provide quantitative results, which are crucial for moni-
toring disease progression and treatment response. The inte-
gration of AgNP-based assays with isothermal amplication
methods promises to enhance diagnostic capabilities in chal-
lenging settings such as hospitals, war zones, sewage treatment
plants, food, water and pharmaceutical industries, remote or
resource-poor areas, environmental monitoring sites, and even
in-eld testing during disease outbreaks or bioterrorism
threats.

While our in silico analysis identied primers against khe
and uge are suitable for detecting all seven phylogroups of K.
pneumoniae, our experiments were limited to a laboratory strain
(MTCC 109) and have not yet been validated on other phy-
logroups and in clinical settings. To address this, we conducted
experiments using clinical mimic samples to simulate clinical
conditions. These experiments demonstrate the effectiveness of
the RPA and AgNP assays in serum and urine, further validating
the method's potential for real-world clinical applications.
Table 4 and ESI Table S3,† highlight the detection sensitivity of
K. pneumoniae in clinical mimics. Future research in this
direction will make this tool more robust and affordable for
widespread applications.

Conclusion

This study presents an ultrasensitive, rapid, and cost-effective
method for specic molecular detection of K. pneumoniae by
combining Insta-DNA card-based DNA extraction, RPA
isothermal amplication, and AgNP visual detection. We
developed unique primers targeting the virulence gene khe that
are compatible with both PCR and RPA assays. The method
eliminates the need for expensive equipment, making it highly
suitable for point-of-care (POC) settings with a sensitivity as low
as ∼3 bacteria per sample and a total cost under $5. Experi-
ments using clinical mimic samples demonstrate the effec-
tiveness of the PCR and RPA along with AgNP visual detection
assays in serum and urine, further validating the method's
potential for real-world clinical applications.

Materials and methods
Ethics statement

The study was conducted in accordance with the guidelines and
approval of the Institutional Biosafety Committee (BITS/IBSC/
2019-1/7 and BITS/IBSC/2019-1/8), and on ethical approval of
This journal is © The Royal Society of Chemistry 2024
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the Institutional Human Ethics Committee (IHEC), the Insti-
tutional Review Board (IRB) of Birla Institute of Technology and
Science (BITS), Hyderabad (IHEC approval number: BITS-HYD/
IHEC/2022/01) with appropriate biosafety level 2 measures.

Reagents and bacterial strains

All reagents used in this study were obtained from Himedia
Laboratories Pvt. Ltd, unless specied otherwise. The oligonu-
cleotide primers listed in Table 2 were purchased from Sigma-
Aldrich. Paramagnetic beads were sourced from MagGenome,
and AgNP (20 nm size, stabilized in citrate buffer, 20 mg ml−1)
were also obtained from Sigma-Aldrich. Taq polymerase and
related reagents were acquired from Takara Clontech. The Twist
Amp Liquid Basic RPA Kit came from TwistDX.

Cultures of E. faecalis (ATCC 29212), S. aureus (MTCC 96), K.
pneumoniae (MTCC 109), A. baumanii (MTCC 12889), P. aerugi-
nosa (MTCC 424), Enterobacter spp. (MTCC 7104), and Neisseria
gonorrhoeae (ATCC 19424) were sourced from the American
Type Culture Collection (ATCC, distributed by Himedia Labo-
ratories Pvt. Ltd) or the Microbial Type Culture Collection and
Gene Bank (MTCC) at the Institute of Microbial Technology
(IMTECH), Chandigarh, India. The WHO BCG Danish 1331
vaccine sub-strain was obtained from the National Institute for
Biological Standards and Control (NIBSC), UK.

Sample collection and DNA extraction

Genomic DNA was extracted from pure bacterial cultures using
a standard kit-based method, specically the DNEasy Blood and
Tissue Kit (Qiagen) and NucleoSpin Tissue DNA, RNA and
protein purication kit (Macherey Nagel), with minor adjust-
ments to the manufacturer's protocol. For cost-effective and
rapid gDNA isolation, we employed InstaDNA card method.30–32

The resulting gDNA was quantied using NanoDrop Micro-
volume Spectrophotometers (Thermo Fisher Scientic) and
utilized for amplication reactions with species-specic primers.

In the InstaDNA card-based DNA isolation method, a known
bacterial culture of colony forming units (CFU), e.g., 33 × 104 (in
2 mL volume), was blotted onto a 3 mm InstaDNA card disc,
allowed to dry for 15–30minutes at room temperature, washed in
sterile water by just dipping the disc for 15 seconds, and trans-
ferred to the PCR reaction mix for amplication. Alternatively,
the disc can be transferred to elution buffer (1× Tris–EDTA) for
DNA elution by heating at 95 °C for 2–5 minutes. The eluent can
further be used for RPA-based DNA amplication. Similarly, 10-
fold serially diluted bacterial samples were blotted onto separate
discs and processed accordingly in order to perform sensitivity
assays using InstaDNA card followed by PCR and RPA, and
various detection methods (gDNA dilutions and their corre-
sponding bacterial number are provided in Table S2†).

In order to mimic the protein-rich environment of clinical
samples, waste or leover serum and urine from healthy subject
was collected on InstaDNA card, air dried. We then punched out
3 mm discs using sterile punching machine. Each disc was then
spiked with 20 ng gDNA of K. pneumoniae. The disc was then
transferred to elution buffer (1× Tris–EDTA) for DNA elution by
heating at 95 °C for 5 minutes. The eluent was estimated using
This journal is © The Royal Society of Chemistry 2024
NanoDrop Microvolume Spectrophotometers (Thermo Fischer
Scientic), serially diluted and used for PCR and RPA-based
DNA amplication.

PCR-AGE-based molecular detection

Specic oligonucleotide primers targeting K. pneumoniae were
custom-designed and are detailed in Table 2. However,
considerations during primer designing for RPA should include
a higher GC content ($50%), longer primer length (20–35 bp),
and maintaining the amplicon size between 200-500 bp.
Primers specic to KpSC strains were designed against khe gene
(∼404 bp) and uge gene (∼222 bp). Primer specicity for all the
gene targets was conrmed in silico through NCBI-BLAST
analysis (Table S1†). Based on in silico analysis, primers
against khe and uge are suitable for molecular detection of all
the seven phylogroups of K. pneumoniae, however, current study
has utilized the laboratory strain of K. pneumoniae (MTCC 109).
PCR amplication using these primer sets was carried out in
a Veriti Thermal Cycler from Applied Biosystems, with Taq
Polymerase sourced from Takara Clontech, following the
manufacturer's instructions with minor adjustments. Each 50
ml PCR reaction was prepared with a 1 mM primer mix in the
reaction mixture, and thermal cycling included an initial
denaturation step at 95 °C for 10 minutes, followed by 35 cycles
of PCR conditions outlined in Table 2. The process concluded
with a nal extension at 72 °C for 10 minutes. The verication of
PCR products was performed through AGE and DNA was visu-
alized by ethidium bromide dye-based staining. The DNA
products on the gel were quantied using ImageJ soware
(Version 1.8.0).

In order to validate the in vitro primer specicity for K.
pneumoniae, a mix of gDNA samples obtained from diverse
organisms which could possibly cause respiratory infections or
pneumonia, were utilized as negative controls (NC) in PCR,
such as Mycobacterium tuberculosis (M. tb), Mycobacterium bovis
(M. bovis),M. bovis BCG, N. gonorrhoeae, Chlamydia trachomatis,
Ureaplasma urealyticum, E. faecalis, S. aureus, A. baumanii, P.
aeruginosa, Enterobacter spp. and human DNA. NC is prepared
by mixing 5 ng gDNA obtained from each of these organisms,
except K. pneumoniae. In order to determine interference in
amplication due to presence of other pathogens or human
host DNA (as anticipated in a clinical setting), we also included
a control named, “Mix gDNA”, which contains a mix of NC and
genomic DNA of K. pneumoniae. This mix is prepared by mixing
5 ng gDNA of K. pneumoniae to the above-mentioned NC mix.
For amplication reactions, 2 ml of NTC and Mix gDNA is used
in case of PCR and RPA. For determination of detection sensi-
tivity of PCR-AGE, serial ten-fold dilutions of gDNA templates of
K. pneumoniae ranging from 20 nanograms, ng (3.3 × 106

bacteria) to 200 attogram, ag (3.3 × 10−2 bacteria) were
employed in PCR reactions (Table S2†).

RPA-AGE-based molecular detection of K. pneumoniae

Isothermal nucleic acid amplication was performed for the
pathogens using Twist Amp Liquid Basic RPA Kit (TwistDX,
TALQBAS01 kit) as recommended by the manufacturer with
Anal. Methods, 2024, 16, 7242–7254 | 7251
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minor modications. Briey, all the reagents provided in the kit
are mixed with dened quantity of DNA, reaction is initiated by
addition of magnesium acetate, followed by incubation at 37 °C
for 15–20 minutes. The RPA products are immediately cleaned
up using XpressPure PCR Cleanup kit (MagGenome, MG20Pcr-
50) as recommended by the manufacturer with slight modi-
cations. Briey, we used 0.8× volume/volume (v/v) of magnetic
beads while purifying the RPA products and 1× v/v in case of
PCR products. These modications allowed elimination of
smaller size primers and primer dimers from the amplication
mix. Altogether, it offers simple, user-friendly, cost and time-
efficient method for DNA purication without requiring any
high-end electrical equipment. Similar to PCR-AGE assay, we
determined the sensitivity or limit of detection of the RPA-AGE
using serial ten-fold dilutions of gDNA templates ranging from
(20 ng (3.3 × 106 bacteria)) to 200 ag (0.03 bacteria) (Table S2†).
DNA was visualized by ethidium bromide dye-based staining of
agarose gel.
Visual detection of amplied products using citrate-stabilized
AgNPs

AgNP-based visual detection assay was performed using PCR
amplied products as described by us previously,34 wherein
presence of DNA prevents the aggregation of AgNPs upon
addition of aggregating agent, sodium chloride (NaCl) causing
sliver dispersion to maintain yellow colour. However, in
absence of DNA, addition of NaCl leads to AgNP aggregation
causing grey coloration of the dispersion.

Briey, 20 ml of RPA or PCR reaction products were made up
to a volume of 50 ml in case of PCR and a volume of 100 ml in case
of RPA using sterile water. Amplied products were then
cleaned-up using MagGenome PCR clean up kit as per the
manufacturer's instructions with slight modications as
mentioned earlier. Finally, DNA was eluted in 20 ml of elution
buffer (10 mM Tris, 1 mM EDTA, pH 8.0) followed by incubation
with 50 ml of the citrate-stabilized AgNP dispersion at room
temperature for ∼1 minute. Following this, 5 ml of aggregating
reagent (5 M NaCl) was added to the assay tubes. The onset of
AgNP aggregation is promptly revealed (in <1 min) by a grey
colour dispersion in tubes lacking amplicons (negative controls
with DNA from non-target organisms, NC or no-template
controls, NTC). Conversely, in tubes with amplied DNA, the
addition of NaCl prevents AgNP aggregation, resulting in the
retention of a yellow colour. The entire process of purication
and visual detection is completed within a time frame of 20–25
minutes. The sensitivity of detection was assessed by executing
AgNP aggregation-based assay using amplicons derived from
RPA conducted with varying amounts of gDNA isolated from K.
pneumoniae.
Abbreviations
M. tb
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Mycobacterium tuberculosis

M. bovis
 Mycobacterium bovis

POC
 point-of-care
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ml
 millilitre

ml
 microlitre

ng
 nanogram

pg
 picogram

fg
 femtogram

ag
 attogram

M
 molar

mM
 millimolar

mM
 micromolar

gDNA
 genomic DNA

khe
 Klebsiella hemolysin gene

uge
 uridine diphospho (UDP)-D-galacturonate 4-

epimerase gene

KpSC
 K. pneumoniae species complex

PCR
 polymerase chain reaction

DNA
 deoxyribonucleic acid

qPCR
 Quantitative PCR

RT-PCR
 real time PCR

NTC
 no-template-control

AGE
 agarose gel electrophoresis

UV
 ultraviolet

NaAc
 sodium acetate

PEG
 polyethylene glycol

AgNP
 silver nanoparticles

Tris
 tris(hydroxymethyl)aminomethane

EDTA
 ethylene diamine tetra-acetic acid

NaCl
 sodium chloride

LAMP
 loop-mediated isothermal amplication

RPA
 recombinase polymerase amplication

MCDA
 multiple cross displacement amplication

BCG
 Bacille Calmette-Guerin

WHO
 World Health Organisation

CFU
 colony forming unit

UTIs
 urinary tract infections

LFS
 lateral ow strip

HIV-1
 human immunodeciency virus-1

CRISPR
 clustered regularly interspaced short palindromic

repeats

v/v
 volume/volume
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