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Abstract: This hypothesis demonstrates that the efficiency of Loop-Mediated Isothermal Amplification (LAMP) 
for nucleic acid detection can be positively influenced by preconcentration of microbial cells onto hydrophobic 
paper surfaces. The mechanism of this model is based on the high attraction of microbes towards hydrophobic 
surfaces. Extensive studies have demonstrated that hydrophobic surfaces exhibit enhanced bacterial and fungal 
adhesion. The preconcentration approach by exploiting this inherent affinity of hydrophobic paper substrates 
enables the adherence of a greater number of target cells, resulting in a higher concentration of target templates 
for amplification directly from urine samples. In contrast to conventional methods, which often involve 
complex procedures, this approach offers a simpler, cost-effective, and user-friendly alternative. Moreover, the 
integration of cell adhesion, LAMP amplification, and signal readout within paper origami-based devices can 
provide a portable, robust, and highly efficient platform for rapid nucleic acid detection. This innovative 
hypothesis holds significant potential for point-of-care (POC) diagnostics and field surveillance applications. 
Further research and development in this field will advance the implementation of this technology, 
contributing to improved healthcare systems and public health outcomes. 

Keywords: preconcentration; loop-mediated isothermal amplification (LAMP); Urine; microbial 
adhesion; hydrophobic; paper-based analytical devices (µPADs); cell surface hydrophobicity (CSH); 
UTI 

 

Introduction 

The human body acts as favourable environment for pathogenic organisms to invade, grow and 
reproduce. Our body comprises of cells in the order of 1013 as well as thousands of microbial species, 
containing approximately 1014-1015 bacterial cells [1]. The microbial colonization in distinct regions of 
the human body, specifically the skin, oral cavity, gastrointestinal tract, and vaginal mucosa, exerts a 
profound impact on the development of a wide range of infections [2]. Notably, urinary tract infection 
(UTI) emerges as a pervasive and clinically significant infection among them [3,4]. It is worth 
highlighting that, around 50% of the individuals have encountered the distressing experience of UTI 
at least once in their lifetime [5]. Also, it is crucial to acknowledge the significant financial burden 
imposed by UTIs, as evidenced by an expenditure of nearly 2.8 billion USD in 2011 [6]. The etiology 
of these infections involves a diverse range of microbial agents, encompassing gram-positive bacteria, 
gram-negative bacteria, and fungi [7]. 

The uropathogenic Escherichia coli, a member of the Enterobacteriaceae family, stands out as 
the primary causative agent, accounting for more than 80% of UTI cases [3]. Other pathogens include 
Klebsiella species, Proteus species, Pseudomonas aeruginosa, and Enterococcus species [8]. These infections 
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exert a substantial impact on the morbidity rates of different patient populations, including infants, 
elderly males, and females of all age groups [7]. UTI is divided into two categories based on disease 
progression among vulnerable individuals. The first category is known as "uncomplicated UTI”, 
which primarily affects individuals without underlying health conditions. The second category is 
called "complicated UTI, which is associated with factors such as catheterization, 
immunosuppression, or prior antibiotic usage [9]. Technically, for a patient presenting symptoms of 
a urinary tract infection, any microbial concentration in the test results may indicate an infection. 
However, in order to clinically diagnosed as UTI, the microbial load should surpass a threshold of 
105 colony-forming units per millilitre (CFU/ml) of urine [10]. In the realm of urinary tract infection 
detection, the gold standard diagnostic method involves the collection of urine samples, followed by 
subsequent culture [11]. Although this approach is highly reliable, it requires a turnaround time of 2-
3 days for result acquisition and relies on the expertise of trained personnel. Commercial urinary-
tract-infection dipstick tests are available as an alternative; however, their results are less reliable 
compared to urine culture tests [7]. 

Recently, there has been a growing interest and importance surrounding Microfluidic Paper-
based Analytical Devices (µPADs) and Microfluidic Thread-based Analytical Devices (µTADs) for 
the detection of pathogen biomarkers [12–20], food adulterants [21–23] and chemical analyte 
detection [24]. These devices focus on the unique properties of paper such as uniform thickness, high 
hygroscopicity, optimal wicking, desirable flow rates, consistent fluid flow, efficient sample 
absorption, and reliable analyte transportation [25]. Furthermore, paper can be easily modified and 
functionalized with specific chemicals or coatings, allowing for selective detection of disease specific 
biomarkers or pathogens through visual color changes or other readout methods [26]. The World 
Health Organization (WHO) has established essential guidelines for future diagnostics through the 
ASSURED criteria, which stands for affordable, sensitive, specific, user-friendly, rapid, and robust, 
equipment-free and deliverable to end users [27]. Point-of-care (POC) diagnostics offer a promising 
solution that aligns with these defined criteria, presenting numerous advantages such as 
affordability, sustainability, portability, disposability, simplicity, and the ability to handle very small 
volumes of samples [28]. The simplicity and robustness of µPADs facilitate effortless operation 
without the need for extensive training [29]. Furthermore, their cost-effective manufacturing renders 
them well-suited for large-scale production, making them accessible to a wide population, who may 
not have the means to afford expensive and highly sophisticated diagnostic alternatives [30]. They 
also eliminate the need for complex machinery, making them ideal for clinical use [27] .  

In the past few years, the benefits of Loop-Mediated Isothermal Amplification (LAMP) on 
Microfluidic Paper-based Analytical Devices (µPADs) are opening new avenues for point-of-care 
nucleic acid testing in resource-limited settings [31]. LAMP can be considered as a low-cost 
alternative to PCR. It is highly specific due to the involvement of five distinct primers [32]. Besides, 
this method is easy to use, as it enables the amplification to be carried out in a dry block heater or an 
incubator. Despite its numerous advantages, the susceptibility of LAMP to amplification inhibitors 
necessitates a range of reaction additives and enhancement strategies to improve its sensitivity [33]. 
These strategies include the use of crowding agents, stabilizing nucleic acid structures, enzyme 
stabilization, oligonucleotide modifications, and template blockers [33]. However, compared to the 
simple and facile approaches to increase the amplification efficiency, these strategies have several 
inherent disadvantages. Firstly, they add complexity to the LAMP protocol, involving additional 
steps, reagents, and optimization which complicate the workflow and increase the chance of errors. 
Secondly, the use of sensitivity enhancement techniques often leads to higher costs due to the need 
for specialized and potentially expensive reagents and modifications, making them less accessible in 
resource-limited settings. Schematic illustration showing dynamic paper substrates with tuned 
hydrophobicity for capturing pathogens from human urine samples is shown in Figure 1. 
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Figure 1. Schematic illustration showing dynamic paper substrates with tuned hydrophobicity for 
capturing pathogens from human urine samples. 

In light of the limitations mentioned above, our hypothesis aims to explore the potential of 
preconcentrating microbial cells onto paper surfaces as a means of enhancing the efficiency of LAMP 
amplification. Generally, different pathogens especially bacteria exhibit varying degrees of binding 
affinities to abiotic surfaces based on their diverse hydrophobic characteristics [34]. Also, it has been 
demonstrated that, surfaces with intermediate wettability (hydrophobic) demonstrate a higher 
affinity for bacterial or cellular binding compared to surfaces that are extremely hydrophobic or 
hydrophilic [35]. Building upon these compelling observations, we formulate the hypothesis that 
most of the pathogens in the urine sample would adhere to hydrophobic paper-based devices 
compared to its hydrophilic or superhydrophobic counterparts. By leveraging this characteristic, we 
can facilitate the concentration of microbial cells onto hydrophobic paper surfaces, thereby improving 
efficiency of the subsequent amplification, as the result, specific pathogen detection.  

The Hypotheses 

Our hypothesis deals with a robust method of using paper-based adsorbents to concentrate 
microbial cells present in the urine sample, upon which loop-mediated isothermal amplification 
(LAMP) can be performed.  In this model, we exploited the concept of cell surface hydrophobicity 
(CSH) exhibited by pathogens to effectively concentrate the cells from the urine samples. Drawing 
insights from existing literatures, we observed that bacterial and fungal pathogens generally display 
a higher affinity for binding towards moderately hydrophobic surfaces, having a water contact angle 
of 90o  for adhesion [35]. Paper being a versatile material can be easily tuned to produce these 
hydrophobic surfaces. We anticipate that the dynamic interaction between the pathogenic cells and 
the hydrophobic paper will facilitate the adhesion process, resulting in effective cell concentration 
from the sample. This method of pre-concentrating the cells would help us to further improve the 
efficiency of the LAMP process. 

Evaluation of the Hypotheses 

Our hypothesis seeks to explore the potential of preconcentrating microbial cells in urine onto 
hydrophobic paper surfaces as a means of improving LAMP amplification efficiency. We draw upon 
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the understanding that surfaces with intermediate wettability, specifically hydrophobicity, 
demonstrate a higher affinity for bacterial or cellular binding compared to extremely hydrophobic or 
hydrophilic surfaces [35]. The adhesive forces between an hydrophobic abiotic substrate and 
microbes arise through van der Waals and electrostatic double-layer interactions [36]. Numerous 
studies have documented comparable results and reported similar findings. For instance, Tegoulia 
and Cooper utilized thiol surfaces with differing functional end groups to study the effect of surface 
hydrophilicity and hydrophobicity on Staphylococcus aureus adhesion and found that the bacterial 
adhesion was higher on the hydrophobic surfaces [37]. In a research study conducted by Yuan et al., 
demonstrated that, moderate hydrophobicity with Water Contact Angle (WCA) of about 90ο showed 
enhanced adhesion of E.coli on polymeric substrates, whereas the adhesion of the bacteria on 
hydrophilic surfaces and superhydrophobic surfaces was found to be limited [35]. The reduced 
affinity of the bacteria to hydrophilic surface was attributed to diminished hydrophobic interaction 
and the repulsive interaction between the bacteria and the substrate [35]. Conversely, when the 
bacteria were exposed to a superhydrophobic surface, the contact area fraction between the pathogen 
and the surface was reduced due to the air entrapment at the interface, leading to lower bacterial 
adhesion [35]. Previously, the relationship between surface energy/interfacial interaction energy and 
bacterial adhesion has been elucidated by various models, including the thermodynamic theory [36]. 
According to this theory, bacteria with hydrophobic cell surfaces exhibit a preference for 
hydrophobic surfaces, which have a lower surface energy, while bacteria with hydrophilic cell 
surfaces tend to favour hydrophilic surfaces, which possess higher surface energy [38]. 

The adherence of pathogens onto hydrophobic surfaces is attributed to various underlying 
mechanisms that are specific to different pathogens. These mechanisms enable pathogens to interact 
and bind more effectively to hydrophobic surfaces. One contributing factor to pathogen adhesion on 
hydrophobic surfaces is the development of specific adaptive mechanisms for their survival [39]. 
These mechanisms enable bacteria to modify their cell surfaces in response to toxicity and limited 
availability of nutrients [39]. By adjusting their hydrophobicity, bacteria facilitate direct hydrophobic-
hydrophobic interactions with the substrates, promoting adhesion [39]. In addition to structural 
adaptations, some pathogens exhibit changes in their cell surface hydrophobicity (CSH); a 
biophysical measurement of a cell’s affinity for a hydrophobic versus hydrophilic environment [38]. 
Cells with higher CSH prefer a hydrophobic environment while those with lower CSH will 
preferentially remain in an aqueous or hydrophilic environment. Furthermore, the presence of 
hydrophobins, which are small secreted proteins produced by fungi, significantly impacts adhesion 
[40]. Hydrophobins possess moderate to high hydrophobicity and have been extensively studied for 
their involvement in facilitating hydrophobic interactions [40]. Table 1 provides a comprehensive 
overview of the common pathogens found in urine along with their respective favourable surface 
hydrophobicity for adhesion. A Compilation of existing literatures on microbial adhesion to various 
hydrophobic material surfaces is depicted in Table 2. 

Table 1. Name of pathogens in urine and their favourable surface hydrophobicity’s for adhesion. 

Sl. No Type of pathogen  Name of pathogen Favourable Surface Ref 

1 Gram negative E. coli Hydrophobic  [41] 
2 Gram negative Klebsiella pneumoniae Hydrophobic  [42] 
3 Gram negative Pseudomonas aeruginosa  Hydrophobic  [41] 
4 Gram negative Proteus mirabilis  Hydrophobic  [43] 

5 Gram positive Staphylococcus aureus 
Hydrophobic and 

Hydrophilic  
[37,44,45]  

6 Gram positive Listeria monocytogenes  Hydrophobic  [41] 
7 Yeast Candida albicans Hydrophobic  [46] 
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Table 2. Existing literatures on microbial adhesion to various hydrophobic material surfaces. 

Sl. No Hydrophobic Material Pathogen Detection Method Ref 

1 Polymeric substrate film S. aureus and E. coli 

Fluorescence assay with 
Green Fluorescent Protein 

(GFP) and Bright Field 
Microscopy 

[35] 

2 
Knitted polypropylene (PP) 
and poly-4-hydroxybutyrate 

(P4HB) 
S. aureus and E. coli 

Scanning Electron 
Microscopy (SEM) 

[47] 

3 Titanium dioxide (TiO2) surface S. epidermidis     Fluorescence   [48] 

4 Plastic surface C. albicans 
Hemacytometer 

measurement 
[49] 

5 Silane surface 

Two strains 
of E. coli, JM109 and D21 

and two strains of    
B. cepacia, G4 
and Env435 

Column adhesion tests [50] 

6 Hydrophobic Steel Surface E. coli 
Scanning Electron 
Microscopy (SEM) 

[51] 

Extensive research findings have unveiled the remarkable potential of paper substrates in 
achieving precise tuning of hydrophobicity [52,53]. This arises from factors that render paper 
uniquely amenable to such modifications. Firstly, the inherent porosity of paper facilitates facile 
integration of hydrophobic materials or coatings, thereby augmenting its hydrophobic properties 
[54]. Secondly, the surface roughness of paper can be finely controlled or tailored to exert a profound 
influence on its hydrophobic characteristics. To date, several methods have been developed to create 
hydrophobic paper surfaces using various physical and chemical techniques [55,56]. These 
techniques include plasma treatment [57], construction of micro-structured surfaces using micro-
sized CaCO3 and fatty acid [58], rapid extension of supercritical CO2 containing alkyl ketene dimer 
(AKD) through spraying [59], chemical vapor deposition (CVD) of silica particles and polymers [60], 
dip-coating with AKD [61], and surface-coating by grafting polymers [62]. By implementing these 
techniques, it is possible to modify the wettability of paper substrates to achieve the desired level of 
hydrophobicity. This enables the effective preconcentration of microbial cells from urine through the 
process of microbial adhesion. 

Based on the well-established observation that microbes exhibit a higher affinity towards 
different hydrophobic substrates, we propose a hypothesis that, the microbes would attach in a 
similar fashion to paper-based devices. By preconcentrating microbial cells in urine onto 
hydrophobic paper surfaces, a greater number of target cells will be adhered, leading to higher 
concentration of nucleic acids for amplification. This in turn expected to enhance the overall efficiency 
of the LAMP assay. In contrast to conventional methods employed to increase LAMP sensitivity, 
which often involve complex and time-consuming procedures, the preconcentration of microbes onto 
hydrophobic paper substrates offers a simpler and more cost-effective alternative. By focusing on the 
innate affinity of microbial cells for hydrophobic surfaces, selective and efficient cell capture can be 
achieved. Moreover, the reduced reliance on complex equipment and the elimination of laborious 
manual steps makes this approach more user-friendly and accessible for molecular diagnostics, 
particularly in resource-limited or remote settings. The proposed approach also holds significant 
implications for the specific colorimetric detection of pathogens in urine samples [63,64], highlighting 
its importance in advancing diagnostic capabilities for timely and accurate identification of microbial 
infections. The simplicity and cost-effectiveness of colorimetric methods make them highly suitable 
for resource-limited environments and field applications [65,66]. 

Furthermore, the approach can be effectively implemented in paper origami-based devices for 
rapid and onsite nucleic acid detection by integrating key components such as cell adhesion, cell lysis, 
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amplification, and signal readout. By incorporating cell adhesion mechanisms into the design, the 
paper device allows for the targeted capture and concentration of pathogenic cells. This 
preconcentration step enhances the sensitivity of the assay by ensuring a higher concentration of the 
target cells. Subsequently, the LAMP amplification step, known for its isothermal and rapid nature, 
facilitates the amplification of the target nucleic acids, resulting in improved sensitivity and 
specificity of the detection. The integration of amplification directly within the paper device 
streamlines the workflow and eliminates the need for additional equipment. Finally, the signal 
readout component of the device allows for the interpretation and analysis of the amplified signals, 
enabling rapid and onsite nucleic acid detection. An Artificial intelligence (AI) powered smart-phone 
app with machine learning algorithm capture and analyse the output signals generated by nucleic 
acid samples in real-time, providing accurate and reliable results while identifying and rectifying 
sources of interference. Thus, by combining the benefits derived from cell adhesion-based 
preconcentration, LAMP amplification, and user-friendly AI-based signal readout mechanisms 
within a paper origami-based device, a resilient and portable platform is anticipated to be established. 
This platform holds immense potential for facilitating sensitive and rapid nucleic acid detection 
across diverse applications, such as point-of-care diagnostics and field surveillance. 

Limitations 

(1) In the initial phase of adhesion, there is a possibility for capturing non-target microbes or 
metabolites. This is because when two different pathogens share similar hydrophobicity and 
diffusion coefficients, they typically exhibit similar adherence patterns to hydrophobic paper 
substrates. 

(2) Small variations in the fabrication of hydrophobic paper surfaces, or the surface properties of 
fabricated hydrophobic paper may lead to inconsistencies in microbial adhesion and pre-
concentration efficiency. This would affect the reproducibility of results between different 
batches or experiments. 

(3) There can be various other factors apart from cell surface hydrophobicity (CSH) which could 
impact the adhesion of the cells to a particular surface. The impact of these confounding factors 
also needs to be considered. The rate of adhesion can differ depending on the culture conditions 
of the sample, and hence reproducibility of the results might become an issue.  

(4) Due to limited research in the field of microbial adhesion onto hydrophobic paper adsorbents, 
there may be significant aspects of the topic that have not been sufficiently addressed in this 
manuscript. Consequently, it is essential to conduct experimental verification of the hypothesis 
in future studies to ensure its validity.  

Consequence of the Hypotheses and Discussion 

Our hypothesis investigates the potential of preconcentrating microbial cells from urine onto 
hydrophobic paper surfaces as a promising approach to enhance the efficiency of LAMP 
amplification. Through the innate affinity of microbial cells for hydrophobic substrates, a higher 
concentration of target cells is adhered, leading to increased concentration of nucleic acids for 
amplification. This preconcentration approach on hydrophobic paper substrates presents several 
advantages over conventional methods, including simplicity, cost-effectiveness, and suitability for 
resource-limited settings. By integrating cell adhesion-based preconcentration, LAMP amplification, 
and user-friendly AI-based signal readout within a paper origami-based device, a robust and portable 
platform can be established for sensitive and rapid nucleic acid detection. This innovative approach 
holds significant potential for various applications, ranging from point-of-care diagnostics to field 
surveillance, and represents a major stride towards advancing molecular diagnostics in diverse 
settings. Further research and development in this area will undoubtedly contribute to the refinement 
and widespread implementation of this technology, ultimately benefiting healthcare systems and 
improving public health outcomes. 
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