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Abstract: Toward ultra-simple and field-ready biosensors, we demonstrate a novel assay 
transducer mechanism based on interfacial property changes and capillary flow dynamics in 
antibody-conjugated submicron particle suspensions. Differential capillary flow is tunable, 
allowing pathogen quantification as a function of flow rate through a paper-based microfluidic 
device. Flow models based on interfacial and rheological properties indicate a significant 
relationship between the flow rate and the interfacial effects caused by target-particle aggregation. 
This mechanism is demonstrated for assays of Escherichia coli K12 in water samples and Zika 
virus (ZIKV) in blood serum. These assays achieved very low limits of detection compared with 
other demonstrated methods (1 log CFU/mL E. coli and 20 pg/mL ZIKV whole virus) with an 
operating time of 30 s, showing promise for environmental and health monitoring. 

 
Emerging infectious diseases pose serious public health concern, particularly in rural and 

resource-limited settings where prevention is hindered by the extensive time, materials, 
instrumentation, or infrastructure required by conventional diagnostics [1-3]. Reflecting on the 
2015-2016 Zika virus (ZIKV) outbreak, researchers must explore inexpensive, rapid, portable, and 
versatile pathogen diagnostics to focus limited resources in field and clinical settings [4,5]. 

To these aims, we demonstrate a novel biosensing transducer mechanism based on the capillary 
flow dynamics of immunoagglutinated submicron particle suspensions traveling through a porous 
cellulose-based microfluidic channel. Paper-based assays are ideal for resource-limited settings as 
they perform complex diagnostics quickly, inexpensively, and automatically through pump-free 
imbibition and filtration via capillary action [6]. Immunoagglutination techniques can easily be 
integrated with these for pathogen monitoring, with past research focusing on light absorbance and 
scattering detection [7-9]. However, optical transducer mechanisms are sensitive to environmental 
and lighting perturbations [10-12]. 

As an alternative to optical sensing from paper-based microfluidic assays, this work monitors 
the capillary flow dynamics from a video clip acquired with a smartphone. Since only the bulk 
flow rate is monitored not the optical intensity, this novel assay is not severely affected by 
environmental and lighting perturbations. The precursor to this novel method is the distance 
measurement from lateral flow assays or paper-based microfluidic assays. For example, 
Songjaroen et al. [13] separated plasma from whole blood on paper-based assay, and used the flow 
distance to quantify the overall plasma protein concentration. Noh and Phillips [14] demonstrated 
a method of precisely controlling the lateral flow rate on paper strips. Cate et al. [15] used flow 
distance to quantify colorimetric assays of small molecules on paper strips. None of these precursor 
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works has been demonstrated with advanced biosensing techniques, such as antibody-based 
immunoassays. In addition, there exist many experimental inconsistencies in simple distance-
based measurements, especially when exactly the sample is loaded to each channel. We can 
eliminated these inconsistencies through measuring the time-dependent changes of flow rates, i.e., 
capillary flow dynamics, through video capture and subsequent frame-by-frame analysis. Finally, 
the use of antibody-conjugated particles are expected to significantly amplify the interfacial 
properties and subsequently the capillary flow dynamics, thus enabling very low limits of detection 
comparable to benchtop instrumental analyses. 

In this work, antibody-conjugated, submicron particles are pre-loaded and dried on paper-
based microfluidic strips. These particles are immunoagglutinated upon adding a sample that 
contains target antigens. By immunoagglutination, higher target concentrations increase the 
effective particle size and reduce the effective particle number in a suspension without greatly 
affecting the particle volume fraction. Combined, this causes observable changes in particle 
dynamics at the sample-surface interface [16,17]. Even a small number of particles alter interfacial 
properties, so this method can afford high sensitivity. 

Indeed, initial light microscopy and particle size distribution analysis confirmed that 
immunoagglutination of 0.91 μm anti-E. coli conjugated particles increased for higher E. coli 
concentrations, and that particle singlets accumulated more extensively than aggregates at a droplet 
wetting front due to lower diffusional resistance to capillary flow (Figure 1) [18,19]. This 
manifested in reduced bulk capillary flow rate of non-agglutinated samples through a cellulosic 
porous matrix, but by an unclarified relationship with sample viscosity or sample-surface 
interactions. 

We investigated these dynamics through a modified Lucas-Washburn (L-W) capillary flow 
model with Cassie-Baxter (C-B) nonhomogeneous wetting assumptions. 

Models of horizontal capillary flow through porous media may be derived from force balances 
relating incremental flow distance (l) over time (t) to capillary pressure and inertial/viscous forces. 
Outside strong gravitational or inertial forces, these can be reduced to the general L-W equation, 
a function of capillary radius (R), resident-wetting phase interfacial tension (γLG), contact angle 
(θ), dynamic viscosity (μ), and density (ρ) [20,21] (eq. 1). 

𝑙𝑙2

𝑡𝑡
∝  𝑅𝑅 𝛾𝛾𝐿𝐿𝐿𝐿 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

2𝜇𝜇
          (eq. 1)  

For nonhomogeneous wetting and surface roughness, the effective contact angle (θ*) can be 
modeled by Cassie-Baxter (C-B) assumptions based on surface roughness (rf) and the wetted 
fraction (f) (eq. 2). 

cos 𝜃𝜃∗ = 𝑟𝑟𝑓𝑓 𝑓𝑓 cos𝜃𝜃 + 𝑓𝑓 − 1         (eq. 2)  
Previous studies found such models suitable for characterizing developed macroscopic flow of 

dilute suspensions through paper [22-24]. Still, little is shown about the relationship between 
particle and flow dynamics at a wetting front, particularly for changes in aggregation in deformable 
pore networks. 

To investigate the roles of these underlying mechanisms, we evaluated the rheological and 
interfacial characteristics of particle suspensions with differing pathogen concentrations, i.e. 
differing levels of immunoagglutination. This included quantification of net interfacial tension, 
contact angle, viscosity, and fiber swelling/pore deformation changes (Figure 2). These data were 
used to develop a L-W/C-B capillary flow model, which was validated by a capillary flow 
dynamics-based assay for E. coli K12, a well-characterized bacterial target used in prior scattering-
based immunoagglutination assays, and ZIKV, a virus of recent concern [4,7,25].  
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Rheological effects were evaluated by capillary viscometry. Previous work has found a lower 
effective viscosity in rigid, non-interacting polydisperse particle suspensions compared with 
monodisperse suspensions of the same total effective volume fraction [26]. Upon 
immunoagglutination, we instead found that viscosity increased with increasing bacterial 
concentration, following the results of bacterial sample viscosity (Figure 2b). However, this effect 
was fairly small (14% change). 

Pore deformation was inferred from measurements of fiber diameters captured by high frame 
rate, 40x microscopic videos of sample flow (Figure 2c). Relative to blank samples (0 CFU/mL E. 
coli), pore radius decreased with increasing E. coli concentration (Figure 2d), though the effect 
was also small (2-3%). This may be partly attributed to particle deposition along the paper fibers 
during flow, as some are trapped and reduce the available pore area. 

Net interfacial effects were estimated from immunoagglutinated particle suspensions by sessile 
droplet measurements of γSG, observed changes in effective contact angle (θ*) and γSL estimation 
during imbibition, and cellulose fiber surface energy values (Figure 2e) [27]. Relative to blank 
samples, the net flow-direction interfacial tension at the sample-surface interface (eq. 3) 
significantly increased with increasing E. coli concentration (106%) (Figure 2f).  

𝛾𝛾𝑛𝑛𝑛𝑛𝑡𝑡 =  𝛾𝛾𝑆𝑆𝑆𝑆 − (𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝑆𝑆𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃)       (eq. 3)  
These results suggest major contributions to increased capillary flow. As pathogen-particle 

interactions lead to fewer particles at the wetting front, a relative increase in the net sample 
interfacial tension results. 

Following sample characterization, we optimized a wax-printed, cellulose-based porous assay 
channel to provide high distinction in flow distance and flow rate between non-agglutinated 
monodisperse particles (0 CFU/mL E. coli), and agglutinated (5 log CFU/mL) polydisperse 
particles. These tests resulted in a linear channel on Whatman Grade 2 Chr paper (2 mm wide, 24 
mm long, 0.5 mm boundary) with two loading regions (4 mm × 4 mm), the first to allow sample 
loading and filtration and the second to allow passive mixing with pre-loaded antibody-conjugated 
particles. This enabled full capillary flow development appropriate to the L-W regime and thus 
improved measurement consistency [20]. Two calibration channels (with deionized water and 
albumin-conjugated particles) were used to adjust for humidity and paper quality variance between 
assays. These reduced the original assay-to-assay standard error (14.8-30.3%) by an average of 
14.2% across all channels. 

Using these channels, capillary flow was compared between differing concentrations of target 
samples. For improved portability, we used a smartphone as a photometric tool for recording assay 
videos and evaluated changes in capillary flow dynamics through automated frame-by-frame 
analysis (Figure S1 in Supplementary Information). E. coli samples were assayed first in deionized 
water. This served as a relevant indicator organism for water quality and allowed direct 
performance comparison with other immunoassays [7,25]. Anti-E. coli particles (0.91 μm) were 
pre-dried in the second loading region of assay channels. E. coli samples between 1 and 5 log 
CFU/mL were added to each channel sample inlet. Capillary flow distance (l) was measured 
separately for all channels in each frame (30 fps) following sample addition, and was related as 
flow term l2/t. Reported l2/t values were collected over a 2 s duration following full flow 
development through the second loading region (30 s total assay time). Relative flow was reported 
in comparison with the l2/t of a blank (0 CFU/mL) sample with an identical particle suspension. 
Further details are available in Supplemental Material.  

This assay demonstrated increasing relative flow for increasing target concentration (E. coli 
K12) and no significant increase in relative flow for other bacteria (Salmonella enterica 
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Typhimurium and Staphylococcus aureus), showing specificity (Figure 3a). Using 0.25 μg of 
antibody-conjugated particles per channel, we saw significant relative flow changes from baseline 
for 3-5 log CFU/mL (p < 0.05). To accommodate lower target concentrations, we reduced the 
particle load to 0.13 μg per channel. Reducing the available binding surface area, this improved 
cross-particle agglutination. Indeed, under these conditions we saw significant improvement in our 
LOD down to 1 log CFU/mL, which is equivalent to detection limits achieved by scattering-based 
paper strip assays (Figure 3b) [23].  

The results of this assay were then used to validate a capillary flow model based on the 
assumptions of the L-W and C-B models.  

We related the relative values of R (pore radius), θ* (effective contact angle), γnet (net interfacial 
tension), and μ (viscosity) of E. coli samples (Fig. 2) to relative l2/t values through the L-W model 
(eq. 1) and C-B assumptions (eq. 2; rf = 1.03, f = 0.89) (eq. 4).  

 𝑙𝑙2 𝑡𝑡⁄
𝑙𝑙02 𝑡𝑡0⁄

= 𝑅𝑅 𝛾𝛾𝑛𝑛𝑛𝑛𝑛𝑛 2𝜇𝜇⁄
𝑅𝑅0 𝛾𝛾𝑛𝑛𝑛𝑛𝑛𝑛,0 2𝜇𝜇0⁄

          (eq. 4) 
Fully developed, this model matches empirical capillary flow data (within 95% CI) (Figure 

4a). Sensitivity analyses confirmed that interfacial tension (γnet) is most influential in affecting 
flow dynamics (Figure 4b). This suggests that particle interactions at the wetting front and 
sample/particle interactions with cellulose fibers strongly influence capillary flow through paper-
based microfluidic strips by reducing the net interfacial tension (γnet) with increasing agglutination. 
Some deviation from the L-W model can occur with evaporation or fiber quality between assays 
– an inherent challenge with paper assays – but this can be mitigated through platform design and 
calibration. 

The above method was also tested with anti-ZIKV particles to evaluate ZIKV in a clinically-
relevant serum matrix. This assay distinguished down to 20 pg/mL of whole virus target from 
MS2, a similarly-sized single-stranded positive-sense virus (Figure 5) (p < 0.05). This 
corresponded to observed increases in immunoagglutination with increasing ZIKV concentration, 
despite the complexity of the serum matrix. This detection limit is equivalent to that observed in a 
plasmonic resonance-based immunosensor, and exceeds those observed by capacitive and 
impedimetry-based immunoassays (LOD = 0.5-30 ng/mL in serum) [28,29]. In addition, our assay 
time is much reduced (30 s) from those in [28,29]. 

In conclusion, this novel capillary flow-based transducer mechanism shows promise for 
applications in field-deployable diagnostics. This method is demonstrated for bacterial and viral 
pathogens, showing clinically relevant sensitivity and specificity even in complex sample matrices, 
detecting down to 1 log CFU/mL E. coli in water samples and 20 pg/mL ZIKV in serum samples 
at an operating time of 30 s. With adaptation to other targets of interest, this proposed assay 
technique can be widely used in field and clinical settings, enabling users to track the propagation 
of emergent infectious diseases directly from environmental samples in an easy-to-use and 
affordable manner. 

In addition, the developed model can also provide theoretical background for the capillary flow 
dynamics of particulate suspension, which can be used for many other applications dealing with 
cells, polymeric particles, silica particles, etc. 
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Figure 1. Conceptual diagram of the capillary flow dynamics transducer mechanism. (a) 
Incremental changes in capillary flow rates of antibody-conjugated particles are observed with 
different target pathogen (E. coli K12) concentrations. (b) Particles are monodisperse in the 
absence of target, (c) and become immunoagglutinated upon antibody-antigen binding. (d-e) This 
manifests in higher or lower particle diffusion toward the wetting front, respectively, which 
influences wetting front interfacial properties. 
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Figure 2. Physical characteristics governing capillary flow dynamics. (a) An empirical model of 
the imbibition of target-particle suspensions is structured on the Lucas-Washburn form, balancing 
particle (b) rheology (viscosity μ), (c-d) pore radius deformation (R), and (e-f) net interfacial 
effects at the sample-surface contact line (γnet). Error bars: ±SEM, n = 4-9.  
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Figure 3. (a) Capillary flow (l2/t) was measured for E. coli K12 in water samples relative to a 
blank sample. Channels prepared with 0.25 μg anti-E. coli particles showed specificity for E. coli 
K12 compared to Salmonella Typhimurium and S. aureus, with sensitivity between 3 and 5 log 
CFU/mL. (b) Reducing particles to 0.13 μg per assay channel improved the detection limit down 
to 1 log CFU/mL. Error bars: ±SEM, n = 10-11. 
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Figure 4. Capillary flow model validation and sensitivity analyses. (a) Comparison between 
empirically measured and modeled capillary flow. (b) Sensitivity analyses for the model 
variables, indicating high influence of net interfacial tension. Error bars: ±SEM, n = 10-11, 
Shading: 95% CI. 
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Figure 5. (a) Capillary flow (l2/t) was measured for ZIKV in serum samples relative to a blank 
sample. Channels prepared with 0.25 μg anti-ZIKV particles and showed specificity for ZIKV 
compared to MS2, with sensitivity down to 20 pg/mL. Lower particle concentrations did not 
improve this detection limit for ZIKV. Error bars: ±SEM, n = 5-6. 
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A novel assay transducer mechanism is demonstrated based on interfacial property changes and 
capillary flow dynamics in antibody-conjugated submicron particle suspensions. Pathogens are 
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the interfacial effects caused by target-particle aggregation. 


