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Abstract of the Dissertation 

Reversing the Coffee-Ring Effect for Enrichment in Diagnostic Assays 

 

By 

 

Edward Wang 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California San Diego, 2023 

 

Professor Yu-Hwa Lo, Chair 

 

The coffee-ring effect (CRE) is a common occurrence in drying droplets, characterized 

by the formation of a ring-like deposit around the droplet’s edge due to differential evaporation 

rates. This phenomenon is widely observed in various applications, including enhancing 

detection in biological assays, where researchers have explored ways to utilize the CRE to 

improve analyte concentration. Reversing the CRE becomes crucial as it enables the 
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concentration of biological analytes at the droplet's center, thereby enhancing detection 

sensitivity in subsequent assays. In this work, we discuss a simple method to reverse the CRE 

using airflow, creating a reverse evaporative gradient, and providing a potential solution for 

improving sensitivity in bioassays. 

The initial study focuses on utilizing the evaporative enrichment method to control fluid 

flow for solutes in liquids. The general principle of reversing the evaporative gradient is 

demonstrated through use of an IR laser, then accomplished in simpler terms using airflow. The 

simplicity and adaptability of this technique are showcased through applications in colorimetric 

detection of proteins and nucleic acids on paper in point of care settings. By employing airflow, 

the colorimetric substance can be concentrated, mitigating its uniform distribution. This 

concentration allows for the formation of distinct spot morphologies on the paper, enabling more 

precise detection of analytes compared to traditional methods. 

The next part of work explores the capabilities and implementation of the airflow method 

to concentrate various particles and biological analytes in liquid samples. Model analytes, such 

as λ-DNA, HeLa-S3 RNA, and heat-inactivated SARS-CoV-2, were included in spiked samples 

to assess the resulting reduction in cycle threshold values in PCR analysis. Additionally, co-

enrichment of PEG was applied as a sample pre-treatment method to minimize interference from 

salt accumulation in downstream analysis. While the integration of airflow enrichment was 

initially explored in microfluidic systems, the method was also scaled up to larger volumes to 

assess its efficacy in common laboratory practices related to PCR-based detection. 
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Chapter 1 Reversal of the Coffee-Ring Effect via Infrared Laser  
 

1.1 Overview 

The performance of sensors for organic and inorganic chemical compounds, DNAs, 

proteins, virus, bacteria, etc. are often measured by the minimum concentration of the target 

particles the sensors can detect.  Hence sample enrichment in solution phase is usually a 

necessary step in the work flow of sample process.  Today’s sample enrichment methods are 

mostly material specific, utilizing the unique physical, chemical, and biological properties of the 

target particles.  The methods usually involve sample capturing process, followed by sample 

release.  For example, the target particles are captured by flowing samples through a column of 

high surface area having strong affinity with the target particles.  Then the captured particles are 

released into the elusion buffer.(1–5)  Such processes of sample enrichment and extraction 

require multiple steps and have limited throughputs.   

Besides using chemical properties of binding affinity, there have been numerical 

approaches using physical properties of particles for enrichment. These approaches use passive 

or active devices based on the mechanisms that control the motions of particles in the sample 

solution.  Passive designs can use Van der Waals attraction(6), Brownian motion(7) and charged 

dipole interaction(8).   Active designs make use of hydrodynamic force(9–12), dielectrophoretic 

(DEP) effect(13–15), electrophoretic (EP) effect(16,17), magnetophoretic effect(18,19) and 

thermophoretic(20–22). The DEP device and operation conditions (e.g. electric signal 

frequencies) need to be adjusted to work for certain particles based on their Clausius–Mossotti 

(CM) factor, which determines whether the particles moved towards or away from the electric 

field gradient.  The device design and operation condition also depend critically on the particle 
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volume and the ionic strength of buffer.  Hence DEP devices work more effectively for larger 

particles such as bacteria and mammalian cells(25,26).  In contrast, device using electrophoretic 

(EP) effect works more effectively with smaller particles such as proteins and nucleic acids.  

While the EP effect has been widely established with gel electronics to separate charged 

biomolecules, the technique is often used for molecular analyses such as western blot (for 

proteins) and southern blot (for DNAs) instead of sample enrichment for applications such as in-

vitro diagnosis (IVD) and point-of-care.  Thermophoresis can be used to trap DNAs in a 

microscopic volume through convection induced by temperature gradient(23). Since particles 

tend to move from hot areas to cold areas against the thermal gradient, normally thermophoretic 

effect causes depletion rather than accumulation of particles near the heat source. However, by 

adjusting the chamber thickness to tailor the thermal gradient across the chamber and by 

controlling the salt concentration, particle enrichment can occur near the hot spot. Using this 

technique, SYBR-stained DNA in the solution is enriched from an initial concentration of 0.5 

nM to uM concentration range in 3 minutes, giving rise to an enrichment factor of over 1000.  

To summarize, almost all existing sample enrichment methods are designed for specific 

types of particles according to the chemical and electrical properties of particles and the pH 

value and ionic strength of the solution.  The enrichment method requires either special reagents 

or specific device design such as device geometry, electrode patterning, surface 

functionalization, etc..  From cost and efficiency concerns, it is desirable to develop an effective 

and efficient method that can enrich bioparticles of any properties and size, including proteins, 

nucleic acids, cell secreted particles such as exosomes and micro vesicles, virus, bacteria, and 

mammalian cells.  In this paper, we report a sample enrichment method using differential mass 

transport by CO2 laser induced evaporation.  Utilizing the strong water absorption at the CO2 
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wavelength (10.6 𝜇𝜇m), we create a strong differential evaporation rate over the sample 

containing chamber with the highest evaporation rate at the laser focal spot.  The differential 

evaporation rate generates a net flow of any suspended particles due to the effect of mass 

transport, which far exceeds any diffusion effect due to thermal gradient.  As a result, all 

suspended particles in the sample, no matter where they are and regardless their solubility, are 

driven towards the local spot defined by the CO2 laser spot, producing a greatly enhanced 

particle concentration tracing the position of the laser spot.  In a simple analogy to explain how 

the method works, one can envision the CO2 laser spot as the drain of a reservoir.  Even if water 

continues to be added to the reservoir to balance the water loss through the drain, the differential 

rate of water loss creates mass transport that drives all suspended particles in the reservoir 

towards the position of the drain.  This method has the following salient features suitable for 

sample enrichment for biosensing and biological sample process: (1) the method works for 

particles of any size, shape, and physical and chemical properties, (2) the method can handle a 

wide range of initial particle concentration, (3) the method does not require any device 

processing such as formation of electrodes, microfluidic devices, or surface functionalization 

(e.g. control of hydrophobicity, surface charge control, specific capturing probes, etc.), and (4) 

having the CO2 laser illuminate the sample solution from the bottom, the method offers a 

completely open platform, as opposed to a closed system found in most sample enrichment 

devices, to allow convenient monitoring and accessibility for changing, adding, or replenishing 

the sample solution any time during the action.  In the following we describe the experimental 

setup, the proof-of-concept experiments, and theoretical analysis and simulations of the method. 
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1.2 CO2 laser setup and enrichment effect 

The CO2 laser system is specifically engineered to induce mass transport, enhancing the 

solute concentration in the liquid medium. Figure 1.1 depicts the experimental setup: a 10 W 

CO2 laser (Universal Laser Systems ULR-10) emitting light at a wavelength of 10.6 μm is used 

as the heat source. The laser produces a nearly collimated output with a beam width of 4 mm and 

a divergence angle of 5 mrad. Laser power modulation occurs at 20 kHz, and the output power is 

controlled by varying the duty cycle from 0 to 100%. To initiate mass transport, the laser beam is 

expanded tenfold using a beam expander comprising a pair of plano-concave (focal length -50 

mm, diameter 1′′) and plano-convex (focal length 500 mm, diameter 1′′) zinc selenide (ZeSe) 

lenses, coated with a broadband (7 - 12 μm) antireflective coating. The expanded laser beam, 

now 40 mm in diameter, is directed towards the sample's bottom via a 45° angle gold-coated 

mirror. The beam is further focused into a 30 μm spot on the sample solution's bottom using a 

plano-convex (focal length 50 mm, diameter 1′′) ZeSe lens and a thin cover glass slide. For 

excitation, either a 488 nm or 406 nm laser fiber is utilized based on the fluorescence properties 

of the solute or particles. The excitation laser light is collimated, reflected by a 505 nm long pass 

dichroic mirror, and then passes through a 20X objective lens. Subsequently, emitted light is 

collected back through the same objective lens, transmitted through the 505 nm long pass 

dichroic mirror, and detected by a CCD camera.When the laser is turned on, the solute in the 

solution moves towards the laser spot by mass transport as illustrated in Figure 1.2. 



 

6 

 

 

Figure 1.1 Schematic of the experimental setup  

 

Figure 1.2 The operation principle of CO2 laser induced enrichment 

To illustrate the mass transport effect initiated by the laser, an 8 μL sample containing 1 μM of 

fluorescent single-stranded DNA (ssDNA) labeled with FAM dye, measuring 90 nucleotides in 
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length, was introduced into a chamber with PDMS walls and a bottom surface made of cover 

glass. As depicted in Figure 1.3, the fluorescent intensity profile of the FAM-labeled ssDNA 

was tracked over time. Enrichment commenced approximately 60 seconds after laser irradiation, 

and the concentration escalated exponentially, signifying the dominance of the mass transport 

effect in guiding the movement of DNAs within the sample solution. 

In Figure 1.3(a), the fluorescent intensity profile plateaus due to the saturation of the 

CCD camera, yet the enrichment process continues. The laser's estimated absorbed power by the 

sample amounted to around 40 mW, resulting in an evaporation rate of 1 μL/min. Figure 1.3(b) 

displays representative images depicting the distribution of fluorescent intensity after laser 

irradiation for 90 s, 120 s, and 180 s, respectively. 
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Figure 1.3 Fluorescent ssDNA enrichment profile. (a) Fluorescence intensity change over time. 
The intensity saturation after 150 seconds is due to the dynamic range limit of the CCD camera. 
(b) Representative images showing the spatial distribution of the fluorescent ssDNA at t = 90 s; t 
= 120 s and t = 180 s, respectively. The scale bar is 200 μm. 

To quantitatively study the enrichment power of the method, a series of experiments with 

different initial DNA concentrations from 100 nM to 10 pM in 8 μL solution were analyzed. 

Figure 1.4 shows the enrichment profile of each initial DNA concentration after 4 minutes of 

CO2 laser irradiation. The camera exposure time was controlled and any nonlinear response of 

the CCD camera was removed to relate the camera output to the DNA concentration.  The 

enrichment factor is obtained from the comparison between the peak intensity of the enriched 

sample and the background intensity of a pre-enriched sample of higher DNA concentration. For 
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instance, as the maximum fluorescent intensity for a 10 pM sample after enrichment matches that 

of a 1 μM DNA sample without enrichment, we determine that the enrichment factor is 100,000.  

The intensity profile also produces the DNA concentration profile in the solution. 

 

Figure 1.4 Fluorescent DNA profile with different initial concentrations (a) 100 nM, (b) 10 nM, 
(c) 100 pM, (d) 10 pM.  All data are taken after 4 minutes of CO2 laser irradiation.  The y-axes 
show both the fluorescent intensity (left) from calibrated CCD output signal and the actual DNA 
concentration profile (right). 

The CO2 laser-induced enrichment method offers distinct advantages for sample 

enrichment in biosensing and biological sample processes. Firstly, it is versatile, accommodating 

particles of any size, shape, and chemical composition. Secondly, it can handle a wide range of 

initial particle concentrations, providing flexibility in sample analysis. Importantly, it does not 

require complex device processing, such as electrode formation or surface functionalization, 

simplifying the experimental setup. Unlike most sample enrichment devices, this method utilizes 

a CO2 laser to illuminate the sample solution from the bottom, creating an open platform. This 
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openness allows easy monitoring and accessibility for modifying, adding, or replenishing the 

sample solution during the process. 

An application of this method involved the formation of aggregates, illustrated in Figure 

1.5 (a). In this experiment, MCF7/GFP cells were cultured in exosome-free medium, and the 

exosome secretion rate was determined. Biotinylated exosomes were formed by incubating the 

conditioned medium with specific antibodies. A solution containing 4 µL of biotinylated 

exosomes and 4 µL of 40 pM 25 nm streptavidin Q-dots was dispensed onto the device, with an 

8 µL Q-dots-only solution used as a control. After 4 minutes of CO2 laser irradiation, as depicted 

in Figure 1.5 (b)-(c), both the Q-dots and exosomes in both solutions were concentrated at the 

laser center. Upon turning off the CO2 laser, the Q-dots rapidly diffused out in the control 

experiment (Figure 1.5 (b)). In the sample with biotinylated exosomes, the formation of 

aggregates caused only the unbound Q-dots to diffuse out, allowing fluorescence to be observed 

even 3 minutes after the laser was turned off (Figure 1.5 (c)). This highlights the effectiveness of 
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the method in retaining specific particles during the enrichment process.

 

Figure 1.5 (a) The schematic of the formation of aggregates. (b) 20 pM streptavidin Q-dots 
enriched by CO2 laser; (b) Aggregation formation with CO2 laser 

While the laser-induced differential evaporation rates lead to mass transport toward the 

laser spot, they also create a distinct temperature profile. Although measuring the evaporation 

rate profile directly is challenging, we can obtain relevant data by examining the temperature 

profile using a thermal imager (A325sc from FLIR). This temperature profile is particularly 

crucial for biological samples like DNAs and proteins. In our experiment, a 40 mW CO2 laser, 

focused to a 30 μm spot, raises the spot temperature from 25 ºC to 58.5 ºC within 10 seconds. 

Simultaneously, diffusion and convection effects increase the temperature of the surrounding 
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area (within a diameter of 3 millimeters) to 42 ºC, resulting in a net evaporation rate of 1 μl/min. 

Figure 1.6 (b) illustrates the evolving temperature profile during the initial 60 seconds of CO2 

laser irradiation, after which the temperature profile reaches steady state.  

Using the temperature profile (Figure 1.6) and the relation between temperature and 

evaporation rate, the evaporation rate profile can be produced (Figure 1.7).  

Water evaporation rate per area is calculated as: 

𝐸𝐸 =  𝜃𝜃 ∗ (𝑋𝑋𝑠𝑠 − 𝑋𝑋)                                      (1-1) 

𝜃𝜃 = 25 + 19 ∗ 𝑣𝑣                                        (1-2) 

where θ is the evaporation coefficient, v is the velocity of air above the sample surface 

which we assumed to be 0 in our calculation. X is the humidity ratio in air59. Based on the Ideal 

Gas Law, the humidity ratio can be represented as 

𝑋𝑋 = 0.62198 ∗ 𝑃𝑃𝑤𝑤
(𝑃𝑃𝑎𝑎−𝑃𝑃𝑤𝑤

)                   (1-3) 

Pw is the partial pressure of water vapor in moist air and Pa is atmospheric pressure of 

101,325 Pa. Xs is the maximum humidity ratio of humidity saturated air of the same temperature 

as the sample surface. 

𝑋𝑋𝑠𝑠 = 0.62198 ∗ 𝑃𝑃𝑤𝑤𝑤𝑤
(𝑃𝑃𝑎𝑎−𝑃𝑃𝑤𝑤𝑤𝑤

)               (1-4) 

According to Antoine equation, saturated pressure of water vapor can be expressed as: 

𝑃𝑃𝑤𝑤𝑤𝑤 = 𝑒𝑒
(77.345+0.0057∗𝑇𝑇−7235𝑇𝑇)

𝑇𝑇8.2         (1-5)  

The humidity is  

∅ = 𝑃𝑃𝑤𝑤
𝑃𝑃𝑤𝑤𝑤𝑤

∗ 100%                                       (1-6) 
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The evaporation rate reaches the maximum value at the center area, due to its highest 

surface temperature. The following Computational Fluid Dynamics (CFD) computations will 

demonstrate that the mass transport via the differential evaporation rate is key to sample 

enrichment. It should also be noted that the evaporation rate is highly correlated with the 

humidity in the air phase. As humidity decreases, the evaporation rate increases and thus 

subsequently affects the enrichment process. 

 

Figure 1.6 (a) Temperature heat map for different CO2 laser irradiation time periods: 1 s, 10 s, 
60 s and 120 s. (b) Temperature profiles under different durations of CO2 laser irradiation. 

Time= 1s Time= 10s 

Time= 60s Time= 120s 

6mm 

1 mm 
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Figure 1.7 Calculated sample evaporation rate profile at 20%, 50%, 90% relative humidity using 
the temperature profile at 120 s in Figure 1.5 
 

1.3 CFD Simulations 

To elucidate the experimental results of laser-induced enrichment, CFD simulations were 

performed to provide insights on the fluid flow, which is critical to the differential mass transport 

by CO2 laser induced evaporation. 

 

1.3.1 Governing Equations 

The liquid evaporation with laser heating can be modeled with two-phase laminar flow 

using Arbitrary Lagrangian Eulerian moving mesh method in the axisymmetric three 

dimensional cylinder coordinate.  
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Figure 1.8 Schematics of the water-vapor system. The laser is applied at the central of the 
bottom surface. 

The governing equations incorporate mass, momentum and heat transfer coupled with 

interfacial evaporation with the aid of local laser-heating. The Navier-Stoke equation is solved 

along with continuity equation of compressibility to compute velocities of laminar flows for 

water liquid phase and vapor phase, 

𝜌𝜌 �𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

+ (𝑢𝑢 ∙ 𝛻𝛻)𝑢𝑢� = 𝛻𝛻 ∙ �−𝑝𝑝 ∙ 𝐼𝐼 + 𝜇𝜇(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3
𝜇𝜇(𝛻𝛻 ∙ 𝑢𝑢)𝐼𝐼� + 𝐹𝐹                        (1-1) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0     (1-2)                                                                                               

where ρ is the density; µ represents the viscosity; p is the pressure; and F is the volume 

force arisen from the gravity. The temperature profile inside the water phase and the vapor phase 

are simulated with the heat transfer equation, which consists of heat convention and conduction, 

𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝐶𝐶𝑝𝑝𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻 + 𝛻𝛻 ∙ (−𝑘𝑘𝑘𝑘𝑘𝑘) = 0  (1-3)                                                                           

where T is temperature, Cp represents heat capacity; and k stands for water heat 

conductivity. The momentum and heat transfer equations are solved for coupled gas and liquid 

phases. The mass transfer inside the vapor phases is expressed in terms of convection and 

diffusion, 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ (𝑢𝑢 ∙ 𝛻𝛻)𝑐𝑐 − 𝛻𝛻 ∙ (𝐷𝐷𝐷𝐷𝐷𝐷) = 0   (1-4)                                                                                       
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where c and t stand water molar concentration and time respectively; u is the velocity, 

obtained from momentum equation; and D is the diffusion coefficient. 

 

1.3.2 Initial Conditions 

The initial condition for the vapor domain is the ambient temperature, T0 (= 293.15 K), 

and the relative humidity Xh is 30%, then initial water concentration, 𝑐𝑐𝑤𝑤0𝑣𝑣 = 𝑐𝑐𝑤𝑤0𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝑋𝑋ℎ is 

calcuated according to ideal gas equation of state. The initial saturated concentration 𝑐𝑐𝑤𝑤0𝑠𝑠𝑠𝑠𝑠𝑠 at the 

ambient temperature is also calculated as, Psat/RT, where the saturated steam pressure is 

estimated with the Antoine equation. All other physical properties such as density, viscosity and 

diffusivities are evaluated at ambient temperature and pressure (p0= 1 atm).  The initial velocities 

in the vapor and the liquid phase are assigned as zero. 

 

1.3.3 Boundary Conditions 

In the boundary conditions, for the momentum transfer in the vapor phase, the open 

boundary with constant pressure is given at the top part of vapor phase,  

𝑝𝑝 = 0 𝑎𝑎𝑎𝑎𝑎𝑎,   at z = 0.6 mm   (1-5)  

where p is the dynamic pressure, total pressure ptotal = p0 + p. At the PDMS-water 

interface, a slip wall is adopted and a constant PDMS-air-water contact angle, Ɵw = 110º, is 

assigned to compute surface effect, 

𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑤𝑤        (1-6)                                                                                                  

where 𝛾𝛾𝑠𝑠𝑠𝑠, 𝛾𝛾𝑠𝑠𝑠𝑠 and 𝜎𝜎 are surface energy density for surface-lipid, surface-vapor, and 

surface tension for liquid-vapor interfaces respectively. In the simulation, the temperature-
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dependent 𝜎𝜎𝑙𝑙𝑙𝑙 was adopted from literature. The whole PDMS side wall is slippery with zero 

normal velocity; and the bottom of container is simply no flow conditions.  

 𝑛𝑛 ∙ 𝑢𝑢 =  0,  at r = 3.0 mm   (1-7)                                        

 u=0,   at z=0 mm   (1-8)                                                                                                  

where r is the cylindrical r-coordinate. 

For the mass transfer in the vapor phase, the outer condition is given at the top part of the 

vapor phase (z = 0.6 mm).  

𝑐𝑐 = 𝑐𝑐𝑤𝑤0𝑣𝑣  , if 𝑛𝑛 ∙ 𝑢𝑢 < 0     (1-9)  

−𝑛𝑛 ∙ 𝑞𝑞 = 0, if 𝑛𝑛 ∙ 𝑢𝑢 ≥ 0    (1-10)                                                                                                  

  

At the lipid-vapor interface, the mass flux condition 𝑚𝑚𝑒𝑒̇  is applied, 

−𝑛𝑛 ∙ 𝑞𝑞 = 𝑚𝑚𝑒𝑒̇      (1-11)                                                                                                                   

𝑚𝑚𝑒𝑒̇ = 𝑘𝑘𝑒𝑒(𝑐𝑐𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑐𝑐𝑤𝑤𝑣𝑣 )    (1-12)                                                                                                       

where 𝑐𝑐𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑐𝑐𝑤𝑤𝑣𝑣  represent instantaneous saturation water concentration and water 

vapor concentration respectively; and ke (=0.02 (1/s)) stands for the mass transfer rate between 

liquid and vapor phases. At the PDMS side wall, there is no mass flux, 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0,      at r = 3 mm  and z = 0 mm (if interface touches bottom)  (1-13)                             

For the heat transfer, the outer boundary is adopted for the upper part of the vapor phase 

(z = 0.5 mm), 

𝑇𝑇 = 𝑇𝑇0,  if 𝑛𝑛 ∙ 𝑢𝑢 < 0       (1-14)                                                                                        

−𝑛𝑛 ∙ 𝑞𝑞 = 0,  if 𝑛𝑛 ∙ 𝑢𝑢 ≥ 0     (1-15)                                                                                               

At the lipid-vapor interface, the heat conservation is reserved, 
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𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝐶𝐶𝑝𝑝𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻 + 𝛻𝛻 ∙ (−𝑘𝑘𝑘𝑘𝑘𝑘) = 𝑄𝑄𝑒𝑒  (1-16)                                                                     

𝑄𝑄𝑒𝑒 = −ℎ𝑒𝑒𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒     (1-17)                                                                                                            

where he is water latent heat (J/kg), which is determined by the instantaneous 

temperature. At the bottom part of the water phase, there is heat supply (Qp = 0.04 W) at the 

central part of the bottom surface, 

−𝑛𝑛 ∙ 𝑞𝑞 = 𝑄𝑄𝑝𝑝,   at r ≤ 100 µm,  z=0               (1-18)                               

It should be noted although Qp is assigned at the bottom of the surface, if the grid mesh is 

considered, Qp is applied on a grid with the length of 15 µm. 

For the other area of the bottom surface (at z = 0.0 mm and r >150 µm) or the PDMS side 

wall (r = 3.0 m), heat insulation condition is applied. 

−𝑛𝑛 ∙ 𝑞𝑞 = 0,                                                               (1-19)                            

The partial differential equations were solved with COMSOL multiphysics software 

(Version 5.2, COMSOL Inc. USA). 

The simulation results show two main effects that cause water to flow: thermocapillary 

convection and differential evaporation. Previous studies showed that natural convection is 

strongly suppressed in comparison with thermocapillary conversion for a small system with 

length less than a few millimeters45. Thermocapillary convection is resulted from a surface 

tension gradient due to the temperature profile in the fluid since surface tension is reduced with 

increasing temperature.   

Figure 1.9 shows the simulated water velocity profile at different times (12 s and 322 s) 

after the CO2 laser is turned on. At positions far from the center, water flows from the PDMS 

boundary of the reservoir towards the center by taking a path near the bottom surface.  When the 
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flow reaches some distance from the center, the flow direction turns upward, driven by two 

mechanisms: thermocapillary effect and differential evaporation. The thermocapillary effect 

circulates a part of the flow back by taking a path near the liquid surface, forming a convection 

flow. On the other hand, another part of the flow that is very close to the center (e.g. within 100 

µm from the center) takes a different path than the thermocapillary convection flow. Instead of 

circulating back, it reaches the liquid surface and evaporates. 

The flow velocity profile helps envision how particles behave in the liquid. The particles 

will follow the flow path and, at the same time, experience random (Brownian) motions. They 

also experience interparticle interactions under certain concentration and local environment. 

Ignoring the Brownian motions and interparticle interactions, particles will be either accumulated 

at the surface where water evaporates or circle around following the path of thermocapillary 

convection. For those particles circulating around, over time their Brownian motions can bring 

them to the flow path that ends at the center area dominated by evaporation.  Once the particles 

are accumulated at the surface, they are trapped by the differential evaporation effect, as 

calculated in Figure 1.10. Therefore, the interplays among differential evaporation, 

thermocapillary convection, and Brownian motions can yield a very high enrichment factor. 
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Figure 1.9 Velocity profile at t = 12 s and 322 s after the CO2 laser focused to the center (r = 0 
µm) position is turned on. The velocity profile shows the differential evaporation effect that 
terminates the liquid flow at the surface near the center position and the thermocapillary effect 
that creates a convection flow.  

 

 

Figure 1.10 Mass Flux at water-air interface as a function of r at t = 322 s.  

For a detailed model for enrichment of a particular type of particles such as DNA 

molecule, we need to take into account the specific properties of the particles60 such as the 

Brownian (diffusion) force, drag force, gravity, and molecular interactions including Lennard-

Jones, Coulombic and thermophoresis forces. These effects, together with the aforementioned 
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differential evaporation and thermocapillary effect that are universal to all particles in our 

experimental setup, will determine the details of the enrichment factor and particle behaviors.   

1.4 Summary 

In this chapter, a CO2 laser-induced enrichment method was introduced that is applicable 

to numerous bioparticles regardless of their physical and chemical nature. Induced by 

evaporative mass-transport, the enrichment technique is capable of capturing particles over an 

extensive area and driving them to a single spot at the laser focus. It has been demonstrated that 

usingroughly 40 mW from a CO2 laser, an enrichment factor as high as 100,000 can be achieved 

in 3-4 minutes. The temperature at the laser spot could be monitored and adjusted while 

maintaining an enrichment profile, such that temperature sensitive protocols can still be 

achieved. The ease and flexibility of IR-induced enrichment permits integration into a multitude 

of detection systems to support multi-dimensional biosensing and orthogonal tests for in-vitro 

diagnosis. The aggregation formation was demonstrated to show the capability of sample 

purification and quantification. Also, a microfluidic device to condition liquid samples using the 

differential diffusivity was demonstrated. The technique helps us achieve desired environments 

for testing of target particles from biofluids. The method is particularly suitable for 

removing/adding components to adjust the ionic strength and buffer condition for downstream 

analysis as ions usually have higher diffusivities than bio-makers of interest such as exosomes, 

extracellular vesicles, proteins and DNAs. Excellent agreement was found between the physical 

model and the experiment, making the results highly reliable and predictable. Thus, the method 

can be an effective means to measure the diffusivity of objects in the sample, which offers 

valuable insight for the physical properties of macromolecules such as their radius of hydration 

and geometry in different microenvironments. 
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Chapter 2 Airjet-Induced Evaporative Fluid-Flow Manipulation in Paper-Based 
Microfluidic Devices 

 

Microfluidic paper-based analytical devices (uPADs) have long been established as an 

attractive area for point-of-care testing (POCT) (27,28). These devices use paper as the key 

platform in the fabrication of various diagnostic assays. Paper, comprised primarily of cellulose 

fibers, presents an inexpensive and lightweight material which is beneficial for overall cost 

reduction. In addition, the presence of cellulose fibers allows the capability of wicking liquids 

via capillary action, thereby allowing simple operation without the use of external pumps(3). 

These advantages coupled with the biocompatibility and flexibility in diagnosing a variety of 

biomarkers has accelerated the growth of these devices as diagnostic tools.       

Within this field, one of the most prominent readout methods for uPADs has been 

through colorimetric means(4,5). In colorimetric assays, detection of a biomarker is accompanied 

by a color change which is often proportional to the amount of biomarker present. Color change 

can be induced by various detection chemistries such as small-molecule organic indicators(6,7), 

metal nanoparticles(8–10), and chromogenic enzyme reactions(10–12). While the results can be 

either qualitative or quantitative, colorimetric assays represent a significant portion of current 

uPAD research due their user-friendly nature. 

Despite the abundance of research in colorimetric detection, these assays suffer from key 

limitations which has inhibited commercial success. The frontmost of these issues remains in 

their poor sensitivity, having detection limits orders of magnitudes lower than those performed 

by clinical instruments(13). Sensitivity issues are often attributed to the inhomogeneous 

distribution of the colorimetric substance and the presence of background noise generated by 

either the paper or sample itself. In addition to poor sensitivity, lack of fluid control in 
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rudimentary uPADs has restricted their use to single reaction type assays(14). Fluid flow control 

and step-wise delivery of specific reagents is necessary if complex, multistep assays are to be 

achieved on paper.     

Various methods to resolve these issues within colorimetric assays have been proposed. 

For sensitivity improvements, novel means of color generation and amplification have been the 

most widely studied alternative. Here, examples such as enzyme-nanoparticle conjugates(15), 

use of non-metallic nanoparticles(16–18), and enhanced metallic nanoparticle staining(19,20) act 

to further increase color development and subsequent contrast. Flow control on the other hand, 

has centered on reducing the sample flow rate through paper to achieve sequential delivery of 

multiple reagents.  This has been accomplished using dissolvable solutes(21,22), creation of 

valves(23–25), and geometric adjustments(26,27). Fluid control can also contribute to improved 

sensitivity by increasing the interaction time between analyte and capture/reporter molecules. 

However, literature results for improving flow control and sensitivity remain somewhat 

exclusive issues as their end goal is either for integration into multistep assays or increasing the 

limit of detection, respectively.         

In this chapter, a single airflow-based enrichment method that is capable of controlling 

the fluid flow and improving sensitivity for paper-based colorimetric assays. This method is 

accomplished by aiming an airflow nozzle perpendicular to a pre-wetted membrane. A 

differential evaporative gradient is induced as the area immediately underneath the airflow 

experiences a higher evaporation rate than the rest of the membrane. Due to the formation of this 

gradient, the surrounding liquid will migrate towards the spot in order to replenish the lost water. 

During this process, the replenishing water will carry any dissolved molecules towards this area 

such that they will be concentrated underneath the nozzle. While solute enrichment occurs while 
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the airflow source is stationary, fluid control and sequential delivery can be achieved by moving 

the nozzle in different positions across the filter surface.        

We demonstrate the simplicity and flexibility of the airflow-enrichment method through 

its applications in colorimetric, paper-based protein and nucleic acid detection. Specifically, 

ELISA and isothermal RT-LAMP (Loop-mediated Amplification Process) assays were 

conducted as they show the most promise for being integrated into widespread POCT devices. In 

these assays, the colorimetric substance can be enriched via the airflow to reduce the 

homogenous distribution of color. After enrichment, formation of spot morphologies on the 

paper can be used to define the presence of analyte more accurately as compared to conventional 

means.   

 

2.1 Theoretical basis for evaporative enrichment 

Figure 2.1 Schematic for the inward, radial replenishment of fluid and evaporation by 
ambient and airflow induced methods. 
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We define a system where a circular slice of porous media makes peripheral contact with 

an unlimited reservoir of fluid. At the perimeter of the porous slice, the capillary force induces 

the inward, radial penetration of liquid towards its center. At the center, a nozzle is positioned 

above the porous slice and generates a flow of air that is constrained within the nozzle radius. To 

model the system as a two-dimensional problem using planar coordinates, we assume that the 

thickness of the slice is much smaller than the radial dimensions.  

During the enrichment process, two methods of evaporation occur on the wetted surface of the 

porous slice. The first is the ambient evaporation that is not affected by airflow, and the second is 

the airflow-induced evaporation. We therefore consider the total evaporation rate, K, which is the 

volume of evaporated liquid per area and time (cm3/m2·s) and is the sum of the ambient 

evaporation (Ko) and the airflow-induced evaporation (K1): 

𝐾𝐾(𝑟𝑟) = 𝐾𝐾𝑜𝑜 + 𝐾𝐾1𝑢𝑢(𝑟𝑟𝑜𝑜 − 𝑟𝑟)        (2.1) 

Where ro is the radius of the airflow jet and u represents a unit step function when traveling away 

from ro. Here, we assume that all evaporation will only occur on the top surface of the filter and 

that the airflow speed above the filter surface is negligible outside ro.  

When the steady state is reached and the enriched area under the nozzle has not completely 

dried, the definition of the derivative yields the following: 

2𝜋𝜋𝜋𝜋𝜋𝜋(𝑟𝑟)𝑑𝑑𝑑𝑑 = 𝐹𝐹(𝑟𝑟 − 𝑑𝑑𝑑𝑑) − 𝐹𝐹(𝑟𝑟) 

2𝜋𝜋𝜋𝜋𝜋𝜋(𝑟𝑟) = −
𝑑𝑑𝑑𝑑(𝑟𝑟)
𝑑𝑑𝑑𝑑

    (2.2) 

Where F refers to the volumetric flux of water per time (cm3/s) 

In order to drive the flux, Darcy’s law for liquid flow can be expressed as: 
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𝐹𝐹
𝐴𝐴

= −
𝑆𝑆
𝜂𝜂
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

      (2.3) 

Where the flux, F, of liquid flow is through a cylindrical surface having area A = 2πrh, S is the 

permeability of the porous medium, η is the liquid viscosity, and P is the pressure of the liquid. 

Substituting the cylindrical area into equation 3 and solving for the volumetric flux yields,  

 

𝐹𝐹 = −
2𝜋𝜋ℎ𝛾𝛾𝛾𝛾
𝜂𝜂

𝑟𝑟
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

      (2.4) 

 

Substituting eq (4) into eq (2) and combining with eq (1), 

 

2𝜋𝜋𝜋𝜋[𝐾𝐾𝑜𝑜 + 𝐾𝐾1𝑢𝑢(𝑟𝑟𝑜𝑜 − 𝑟𝑟)] =
2𝜋𝜋ℎ𝛾𝛾𝛾𝛾
𝜂𝜂 �𝑟𝑟

𝑑𝑑2𝑃𝑃
𝑑𝑑𝑟𝑟2

+
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑�

 

 

[𝐾𝐾𝑜𝑜 + 𝐾𝐾1𝑢𝑢(𝑟𝑟𝑜𝑜 − 𝑟𝑟)] =
ℎ𝛾𝛾𝛾𝛾
𝜂𝜂 �

𝑑𝑑2𝑃𝑃
𝑑𝑑𝑟𝑟2

+
1
𝑟𝑟
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑�

       (2.5) 

We define the boundary conditions as:  

 

𝑃𝑃(𝑅𝑅) = 𝑃𝑃𝑐𝑐 ,   
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

|𝑟𝑟=0 = 0  (𝑠𝑠𝑠𝑠𝑠𝑠 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝐵𝐵𝐵𝐵) 

 

𝑃𝑃(𝑟𝑟) =
−𝜂𝜂
4ℎ𝛾𝛾𝛾𝛾

(𝐾𝐾𝑜𝑜)(𝑅𝑅2 − 𝑟𝑟𝑜𝑜2) −
𝜂𝜂

4ℎ𝛾𝛾𝛾𝛾
(𝐾𝐾𝑜𝑜 + 𝐾𝐾1)(𝑟𝑟𝑜𝑜2 − 𝑟𝑟2)+𝑃𝑃𝑐𝑐       0 ≤  𝑟𝑟 ≤ 𝑟𝑟𝑜𝑜 

 

𝑃𝑃(𝑟𝑟) =
−𝜂𝜂
4ℎ𝛾𝛾𝛾𝛾

(𝐾𝐾𝑜𝑜)(𝑅𝑅2 − 𝑟𝑟2)+𝑃𝑃𝑐𝑐        𝑅𝑅 ≥ 𝑟𝑟 ≥ 𝑟𝑟𝑜𝑜           (2.6) 
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𝑃𝑃(𝑟𝑟) ≥ 0.𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟.     𝑊𝑊ℎ𝑒𝑒𝑒𝑒 𝑃𝑃(𝑟𝑟) = 0 𝑎𝑎𝑎𝑎 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟, 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑢𝑢𝑢𝑢. 

 

𝐹𝐹(𝑟𝑟𝑜𝑜) = −
2𝜋𝜋ℎ𝛾𝛾𝛾𝛾
𝜂𝜂

𝑟𝑟
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

|𝑟𝑟𝑜𝑜 = 𝜋𝜋𝑟𝑟02(𝐾𝐾𝑜𝑜 + 𝐾𝐾1)            (2.7) 

 

We assume that when the wetted porous slice undergoes evaporation, it experiences varying 

degrees of water saturation. We therefore use the relation: 

𝑃𝑃(𝑟𝑟) = 𝑃𝑃𝑐𝑐𝑛𝑛(𝑟𝑟)        0 ≤ 𝑛𝑛(𝑟𝑟) ≤ 1.  (2.8) 

where 𝑃𝑃𝑐𝑐 is the capillary pressure, and 𝑛𝑛 is the fraction of the pores (capillaries) that are 

completely saturated with water.  The capillary pressure has the form: 

 

𝑃𝑃𝑐𝑐 =
2𝜎𝜎 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑆𝑆
𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒

       (2.9) 

Where σ is the surface tension, θs is the contact angle formed between solid and liquid, and, Reff 

is the effective pore radius of the porous medium. 

Integrating to find the water volume within ro:  

 

𝑉𝑉(𝑟𝑟𝑜𝑜) = 2𝜋𝜋ℎ𝛾𝛾� 𝑛𝑛(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟𝑜𝑜

0
= 𝜋𝜋ℎ𝛾𝛾𝑟𝑟𝑜𝑜2 −

𝜋𝜋𝜋𝜋𝑟𝑟𝑜𝑜2

8𝑃𝑃𝑐𝑐𝑆𝑆
[𝐾𝐾𝑜𝑜(2𝑅𝑅2 − 𝑟𝑟𝑜𝑜2) + 𝐾𝐾1𝑟𝑟𝑜𝑜2]       (2.10) 

 

Taking the ratio between the water flux and volume determines the enrichment factor, a value 

which characterizes how effectively solutes are transported and concentrated under the airflow 

spot:  



 

30 

 

 

𝐸𝐸𝐸𝐸 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) =
𝐹𝐹(𝑟𝑟𝑜𝑜)𝑡𝑡
𝑉𝑉(𝑟𝑟𝑜𝑜) =

(𝐾𝐾𝑜𝑜 + 𝐾𝐾1)𝑡𝑡

ℎ𝛾𝛾 − 𝜂𝜂
8𝑃𝑃𝑐𝑐𝑆𝑆

[𝐾𝐾𝑜𝑜(2𝑅𝑅2 − 𝑟𝑟𝑜𝑜2) − 𝐾𝐾1𝑟𝑟𝑜𝑜2]
       (2.11) 

 

In the case where the airflow-induced evaporation rate is much greater than the ambient 

evaporation rate over the entire wetted area (𝐾𝐾1𝑟𝑟𝑜𝑜2 ≫ 𝐾𝐾𝑜𝑜𝑅𝑅2), then (11) becomes 

 

𝐸𝐸𝐸𝐸 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) =
𝐹𝐹(𝑟𝑟𝑜𝑜)𝑡𝑡
𝑉𝑉(𝑟𝑟𝑜𝑜) ~

𝐾𝐾1
ℎ𝛾𝛾 + 𝜂𝜂

8𝑃𝑃𝑐𝑐𝑆𝑆
𝐾𝐾1𝑟𝑟𝑜𝑜2

𝑡𝑡       (2.12) 

 

Therefore, in order to achieve a high enrichment within a given time period, the physical 

parameters of the porous slice and liquid should be considered. In addition, the parameters 

governed by the airflow (K1, ro) can also be controlled to further tune the enrichment factor. 

While ro is a simple geometric parameter, K1 is influenced by a variety of factors including 

airflow speed, humidity, temperature etc. These factors were incorporated into K1 to simplify the 

model, however present additional areas to modify when looking to further increase the 

enrichment factor.  
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2.2 Overview of airflow-based enrichment on paper 

Figure 2.2 depicts the principle and setup for airflow-based enrichment in a paper matrix. 

This technique occurs on a pre-wetted filter that is suspended on a hollowed platform such that it 

is not contacting any surface underneath it. A nozzle connected to a nitrogen source is brought 

down perpendicular to the filter, and nitrogen is blown to create an evaporative gradient by 

reducing the thickness of a boundary layer containing saturated water vapor immediately above 

the surface(28,29). While any compressed air source can accomplish this, nitrogen was chosen as 

it is a “dry” (low humidity) source of airflow and gave consistent enrichment results when 

compared to compressed, ambient air. Due to displacement by the nitrogen airflow, the gradient 

is highest in the area immediately under the nozzle. Therefore, fluid flows driven by capillary 

action will converge towards this area from the filter’s periphery to replenish the lost water. In 

doing so, any dissolved solutes will be carried by the flow and eventually accumulate underneath 

Figure 2.2 Schematic of the airflow-based enrichment for the concentration of colorimetric 
substrates produced during on-paper ELISA. 
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the nozzle. We aim to use this technique to enhance the visibility and sensitivity of nucleic acid 

and protein colorimetric detection assays – including ELISA. For these assays, the colorimetric 

substance can be enriched to a single spot under the nozzle to improve the uniformity and 

concentration in addition to easier detection.  

2.3 Static or dynamic movement of the airflow nozzle leads to solute enrichment and 

movement 

Airflow enrichment can accommodate two modes of fluid movement depending on 

whether the nozzle is in a static or dynamic position. When the nozzle position remains fixed 

(Figure 2.3 (a)), solute enrichment occurs as evaporative-loss leads to capillary-induced 

replenishment from the surrounding area. To visualize this effect, 7 uL of a blue, diluted dye 

solution was deposited on a 16mm diameter filter cutout. The cutout was placed concentric to a 

hollowed sample pad saturated with water, and a 200um diameter nozzle was aimed 

Figure 2.3 (a.) Profile plot of pixel intensity for enriched and non-enriched samples of dye 
deposited on paper. Images underneath represent corresponding non-enriched (before) and 
enriched (after) sample. (b.) Image sequence of dye localization in paper with hydrophobically 
patterned barriers indicated by black outlines. Images were taken during specified time points 
during dynamic movement of the nozzle.  Actual nozzle position is indicated by the yellow 
arrow. 

. . 
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perpendicular to the surface. Initiating the airflow establishes an evaporative gradient which 

generates fluid flows that are directed radially inward and transports the dye from a larger area to 

a defined spot. In addition to these flows along the 2D plane, any solutes will also move and 

localize at the paper’s surface due to evaporation being a surface-driven phenomenon. As seen in 

the profile plot, this three-dimensional transport can thereby enhance visualization and detection 

of the initially diluted dye as it becomes more uniformly concentrated and unobscured from 

interacting with light.   

Dynamic movement of the nozzle allows transportation of the solute to specified 

positions along the paper surface. The transport mechanism remains the same as the enrichment 

process, but the continual re-establishment of new evaporative gradients allows the direction of 

the replenishing flows to be controlled. In Figure 2.3 (b)., 1uL of blue dye was deposited on a 

wetted filter paper with hydrophobic patterns. The patterned filter paper was placed concentric to 

a sample pad saturated with water to prevent the paper from drying out. As less emphasis is 

placed on the degree of enrichment and more on the speed of transport, a wider 1.5 cm diameter 

nozzle accompanied with higher airflow speeds were used in comparison to that of the static 

enrichment. As shown in Figure 2.3 (b)., the localization of the dye can be controlled simply by 

changing the position of the nozzle above the paper surface.   
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2.4 Demonstration of sequential delivery using airflow-enrichment method   

We demonstrate how controlled delivery of multiple reagents, visualized by different dye 

colors, can be accomplished using the airflow enrichment technique (Figure 2.4). On a piece of 

filter paper patterned with hydrophobic channels, a combination of static and dynamic nozzle 

movements serves to mix and transport specified reagents, respectively. The filter paper is 

overlayed concentric to a hollow sample pad cutout, such that contact between the two materials 

was only made at the paper’s perimeter. Then, 1uL of each dye color was spotted on the paper 

and could be mixed in a stepwise fashion based on the position of the nozzle - indicated by the 

red arrow. For this setup, water is transferred from the sample pad to the filter paper and 

eventually moves towards the interior of the channel through the openings in the design. While 

the openings act as inlets, the movement of the nozzle governs the position of the outlet and 

Figure 2.4  Image sequence for the sequential delivery of colored dyes by moving the airflow 
spot (red arrow) on a paper device patterned with PDMS channels. Black outlines represent the 
hydrophobic barriers and breaks in the outline indicate inlets to the channel design.  
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determines where fluid flows will converge. As there is only one nozzle (outlet) in this system, 

additional openings were incorporated to reduce backflow and prevent early mixing of 

downstream reagents. For sections where the dye was to remain stationary throughout the 

process, such as the green dye, a closed channel was created by walling off three sides to create 

an area of dead volume.   

The advantage of airflow-enrichment lies in the mechanism responsible for fluid control. 

For many designs focused on sequential delivery, the primary driving force for fluid transport is 

through capillary action(4,30). While capillarity is still present during airflow enrichment, it 

plays a secondary role with evaporation being the main driver of fluid movement. This has 

considerable effects when determining the overall design and costs of the assay. For one, 

conventional assays that rely on capillarity require relatively large sample volumes as they must 

continually imbue the device with the sample in order to reach the detection zone(31,32). For 

evaporative-driven transport, delivery of a small, initial volume of sample can be dragged to 

downstream detection zones simply by guiding it with the nozzle. In this case, the nozzle was 

able to transport 1uL of the initial blue dye from beginning to end. In addition, for assays that 

require interactions between molecules to occur, the airflow technique allows for more efficient 

mixing. Rather than relying of the slower process of diffusion, the nozzle can be left in a static 

position such as in the 20- and 35-minute time points (Figure 2.4) to facilitate the enrichment of 

different molecules and promote binding events. Finally, in designs that transport fluid through 

capillary action, the fluid flow is always “on” and specific obstructions are implemented in order 

to slow and control the flow rate for sequential delivery(22,30,31). For evaporative driven 

transport, the fluid flow can be turned “on” and “off” depending on whether any air is being 
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blown on the paper surface. The lack of any obstructions keeps the fabrication process simple 

and reduces the amount of space needed to accommodate the obstruction itself. 

 

2.5 Application in a multistep Immunoassay 

 

 

Figure 2.5  (a.) 3D-schematic of the POC device used for sequential delivery with the green 
arrows indicating tubing connections (left) and a top-down, real photo (right) of the assembled 
components. (b.) Demonstration of sequential delivery using dye as indicators. The top row 
shows the real photos taken at specified time points while the bottom row represents which 
nozzles are active (green) and inactive (red) as well as the strength of fluid flow from each 
channel (blue arrow). (c.) Schematic mapping the initial reagent spots for the multistep 
immunoassay. Red box is the real image of the test lines taken 32 minutes after starting the 
assay. 
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We next incorporate the airflow enrichment method in a possible POC device. In the 

previous figures, control of the fluid flow was dictated by the movement of a single nozzle and 

its relative position over the paper.  As integrating a moving nozzle would be difficult in a POC 

device, we instead use a static arrangement of three individual nozzles (Figure 2.5 (a)) to 

accomplish step-wise delivery for an immunoassay. In addition, multiple nozzles were required 

as the dimensions of the patterned paper were reduced when compared in Figure 2.3. to decrease 

transport distances and consequently, the time for assay completion. Because of the constrained 

dimensions, a single nozzle cannot facilitate step-wise delivery as the evaporation would cause 

replenishing flows from multiple channels in the general vicinity. Therefore, for this setup, a 

single source of airflow originates from a central inlet and is then split up into the three separated 

nozzles - each of which the airflow can be turned on or off. The combination of active and 

inactive nozzles determines the predominant fluid flow within the patterned paper and therefore 

which reagent will be delivered faster.  

 A demonstration of stepwise delivery as visualized with dye is shown (Figure 2.5 (b)), 

where the delivery of the blue dye is achieved prior to that of the orange dye through a 

combination of active nozzles. Within this system, we define two means of fluid transport – one 

is the evaporative mass transport caused by the airflow nozzles, and the other is the 

replenishment transport driven by capillarity in maintaining a constant level of water saturation 

in the entire membrane.  For an active nozzle far from the replenishment pad and walled off such 

as pos. 3, the fluid has reached the terminal position and will simply evaporate off and deposit 

any solutes in this location. However, for activated nozzles closer to the replenishment pad such 

as pos. 1 and 2., the evaporation will reduce the amount of fluid entering the channel and thereby 

slow the net movement of the fluid. This in turn will cause the delay of fluid to enter the main 
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channel and allow sequential delivery of reagents. Therefore, in Figure 2.5b., the nozzles at X1 

and X3 were first activated to delay movement of the orange dye such that the main replenishing 

flow was supplied by the blue channel. Once the blue dye reached the end, X2 and X3 were 

activated to allow the main source of replenishing flow from the orange dye.   

The operation principle was then extended to an actual immunoassay, where 2uL of 

TMB, as well as 0.5uL of a pre-mixed solution of the antigen and the HRP-conjugated secondary 

antibody were deposited in separate channels (Figure 2.5 (c)). Test and control lines were 

immobilized downstream of these reagents prior to running in PBST buffer. During the assay, 

the antigen-secondary antibody complex was first drawn up the channel by activating nozzles 1,3 

for 10 minutes. Not only does this step first transport the antigen complex to the detection lines, 

but also acts as a washing step for the latter duration to remove any unbound proteins in this 

area. Then, the nozzles at pos. 2,3 were activated to begin moving the TMB to the detection 

lines. Once a faint signal could be seen in the control line, the airflow was stopped, and time was 

given to allow further color development. The signal from these lines were clearly visible using 

4nM of the antigen after running the airflow for roughly 25 minutes and allowing an additional 5 

minutes for color development. Comparing the time scales for this immunoassay with the dye 

demonstration in Figure 2.5 (b), the immunoassay takes much longer to complete. We believe 

the longer duration is primarily caused by two factors: (i) the relative low solubility of the 

unreacted TMB which leads to a higher retention factor on paper and requires more fluid to be 

evaporated to move it through the channel, (ii) the high salt concentration in the PBST running 

buffer which, after prolonged evaporation, will crystallize in the paper and act as a barrier for 

further fluid migration. Additional time is therefore spent re-dissolving these barriers when the 

activated nozzles switch position.  
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2.6 Improving visualization on paper for colorimetric RT-LAMP  

 

 

Figure 2.6 (a.) Plot of intensity ratio v. copy number between red and grayscale, green and 
grayscale, and green and red pixels. (b.) Before and after enrichment photos corresponding to 
different initial RNA copy numbers of the COVID-19 genome. Includes bottom “background 
subtracted” row to better visualize the color of each spot.   

 

To test the whether the airflow enrichment could improve visualization in already 

established colorimetric assays, the technique was incorporated for on paper RT-LAMP in the 

detection of the COVID-19 genome (Figure 2.6). Heat inactivated viral particles were spiked in 

0 10 20 30 40 50
0.80

0.85

0.90

0.95

1.00

1.05

In
te

ns
ity

 R
at

io
 (a

.u
.)

Copy No.

 Red/Gray
 Green/Gray
 Green/Red

0 10 20 30 40 50
0.80

0.85

0.90

0.95

1.00

1.05

In
te

ns
ity

 R
at

io
 (a

.u
.)

Copy No.

 Red/Gray
 Green/Gray
 Green/Red

a

. 

b

. 



 

40 

 

nuclease-free water to the desired concentrations and then amplified using a commercially 

available RT-LAMP kit. For all copy numbers, amplification via LAMP was performed in test 

tubes for 60 minutes prior to depositing 3uL of the LAMP product onto paper strips. The strips 

were connected to a replenishing flow of nuclease-free water, and the airflow was turned on for 5 

minutes before imaging. As shown in Figure 2.6 (b), comparison between the “before” and 

“after” enrichment demonstrates how the process drastically improves the visibility of the dye. 

Furthermore, the enrichment did not alter the results of the test. The pH-sensitive color of the 

RT-LAMP result, either red (negative) or yellow (positive), is influenced by polymerase activity 

which releases a proton per each incorporated nucleotide. As the enrichment involves the 

concentration of molecules, we may expect false positives to occur due to co-enrichment of 

hydronium ions. However, a large shift in the green/red pixel intensity ratio from 0 (negative 

control) to 3 RNA copies supports the validity of the results as the negative control remains red. 

Due to the presence of buffer in the master mix solution, the final enrichment spot remains larger 

than previously demonstrated in Figure 2.6 (a) as early salt crystallization inhibits further 

condensation. While additives can be considered to reduce salt build up, we chose not to include 

any as it may affect the pH of the solution and therefore the accuracy of the test. Even with a 

larger spot size however, the results of the tests were still clear to the naked eye. The ease of 

integrating the airflow-based enrichment to various colorimetric assays, coupled with its short 

process time, demonstrates the flexibility and simplicity of the technique.  
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2.7 Improving on-paper ELISA sensitivity  

 

We next use ELISA to model our enrichment method in improving the sensitivity for 

protein detection assays (Figure 2.7). While ELISA on paper has attracted multiple studies in the 

past, a key obstacle in detection is due to the non-uniformity and unequal distribution of the 

colored substrate(4,13). For this assay, TMB was chosen as the colorimetric substate as it has 

been shown to elicit one of the most sensitive responses in comparison with others. However, a 

drawback of using TMB lies in the relative insolubility of the oxidized product in water which is 

detrimental in the formation of an airflow-enriched spot. Therefore, the addition of the 0.1% 

Figure 2.7: (a.) Comparison of Non-enriched and Enriched intensity plots for IgG concentrations 
from 67fM to 6.7nM. Error bars were calculated from three sets of experiments. (b.) Respective 
images from enriched and non-enriched samples from a single experimental set. Brightness and 
contrast were adjusted for better visualization of the TMB product. 
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glycerol (v/v) in 2M HCl “stop” solution served multiple purposes. The first was to prevent 

further development of the substrate during enrichment and keep the colorimetric development 

times consistent between the enriched and non-enriched samples. The second was to protonate 

the TMB product to increase its solubility for enrichment. Glycerol was also added in small 

amounts to prevent early salt crystallization which halts spot formation during the evaporative 

process. The addition of an acidic solution to the TMB product causes a color change from blue 

to yellow which explains the different colors between the enriched and non-enriched samples. 

Despite the color change, the enriched samples were able to distinguish antigen concentrations 

by up to 2 orders of magnitude as compared to the non-enriched samples while only spending 15 

minutes under airflow. This demonstrates the ease at which airflow enrichment can be integrated 

in current detection-based assays given the fraction of time needed to conduct the process and 

the much-improved detection sensitivity.           

 

2. 8 Methodology 

2.8.1 Colorimetric Assay Reagents 

For the RT-LAMP assay, WarmStart Colorimetric RT-LAMP 2X Master Mix (DNA and 

RNA) were purchased New England Biolabs. The RT-LAMP primers against Nucleocapsid (N-

1) and ORFla-1 genes were synthesized by Integrated DNA Technologies (IDT) and were 

designed according to a similar assay(33).The SARS-CoV-2 RNA (VR-3280SD) was purchased 

from American Type Culture Collection (ATCC) with an initial copy number of 3.4x105 genome 

copies/ µL. For ELISA, Rabbit IgG, goat anti-rabbit IgG, TMB, Ultrapure water, 25% 

glutaraldehyde and chitosan were purchased from Millipore Sigma. Anti-rabbit IgG antibody 

conjugated with HRP was purchased from VectorLabs. The blocking buffer comprised of 0.05% 
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v/v Tween-20 and 1% w/v bovine serum albumin (BSA) in 1X phosphate-buffered saline (PBS). 

The antibody incubation solution consisted of the blocking buffer with the conjugated antibody 

at a 1:4000 ratio.  

 

2.8.2 Enrichment Setup 

Pre-pulled, 1mm O.D. capillaries were purchased from Tritech Research and the were 

tips sanded down to roughly 200um in diameter. A single tip was mounted on an xyz-stage 

through a 3D-printed holder and connected to a nitrogen source by rubber tubing. The mass flow 

rate was adjusted by pressure valves incorporated along the rubber tubing and specific values 

were determined by a mass flow meter purchased from Sierra Instruments.  The specified sample 

was deposited on a cutout of Watman No. 1 filter paper and placed on a hollowed-out sample 

pad such that contact between the two materials only occurred at the perimeter of the filter cutout 

(FigureS1). This arrangement was then placed on a 3D-printed platform that also contained a 

hollow section and the capillary tip was brought about 2mm above the filter piece.     

 

2.8.3 Enrichment of dye 

The filter paper was punched into circular, 16 mm diameter cutouts and initially wetted 

with 10uL of DI water. After allowing the water to spread, 3uL of a diluted food dye solution 

was added to the center of the cutout which was then overlayed on top of a hollowed-conjugate 

pad saturated with DI water. The section was placed under the capillary tip and the nitrogen flow 

was turned on to a rate of 0.1 l/min. Airflow enrichment occurred for 15 minutes before imaging 

the section under a desktop ring-light using an iPhone 10 camera.  
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2.8.4 Fluid control 

Patterns and outlines were designed using CAD software and printed directly on filter 

paper. The outlines were then traced over using a syringe containing a 10:1 ratio of PDMS to 

curing agent and subsequently placed in a 60oC oven to cure for 1 hour. Prior to enrichment, the 

patterened filter paper was dampened with DI water and 1uL of dye was spotted in the starting 

positions. The patterned filter paper was then placed on a replenishing pad and positioned 2mm 

under a 1.5 cm diameter metal nozzle with a nitrogen flow of 0.25 l/min. The relative position of 

the nozzle was changed by moving the platform with the filter paper.   

 

2.8.5 Enrichment of RT-LAMP products on paper 

Colorimetric LAMP was performed by adding 1 µL of the specified copy number of 

isolated SARS-CoV-2 RNA, 12.5 µL of the WarmStart Colorimetric RT-LAMP 2x Master Mix, 

2.5 µL of the 10x primer mix and diluting with nuclease free water up to 25uL in total volume. 

All the solutions were prepared fresh and kept in closed test tubes to limit exposure to 

atmospheric CO2. The reactions were then incubated in a 65 Cͦ oven for 60 min. The RT-LAMP 

samples were then taken out and placed on ice for 30 seconds before being stored at room 

temperature. For the enrichment, filter paper was cut into strips and 3uL each RT-LAMP product 

was deposited in the middle. Enrichment was carried out for 5 minutes with at 5uL/min 

replenishing flow of nuclease-free water from syringe pumps purchased from Harvard 

Apparatus. Before and after images were taken by a digital microscopic camera (AM7115MZT, 

Dino-Lite) with preset image capture settings. 
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2.8.6 RT-LAMP colorimetric readout signal analysis 

The image signal analysis process of RT-LAMP colorimetric readout is shown in Figure 

S3. The effect of the GAMMA correction on the captured image is eliminated on the original 

image to remove the biased on the pixel intensity introduced by GAMMA correction [2]. The 

original image is subtracted by the background level first to remove the noise introduced from 

the background. A binary mask is generated through fixed intensity thresholding and preset 

enrichment spot size to determine the region of interest (ROI). The processed image is then 

convoluted with the binary mask to exclude pixels outside of the ROI. The convoluted color 

image is split into single color channels, and the average pixel intensity is calculated based on 

the average pixel intensity of the RGB color channel images. The image processing pipeline is 

developed based on ImageJ and MATLAB. All enrichment sample paper is processed using the 

same pipeline and parameter setting. 

 

2.8.7 On-Paper ELISA 

Double-sided tape was placed on a 3D-printed plate containing a 3 x 3 array of 12mm 

diameter holes (FigureS5). The tape was cut out around the holes and 16mm diameter filter 

circles were overlayed on top with only the perimeter making contact. Enhanced antibody 

immobilization was performed by adding 20uL of 0.25mg/mg chitosan (in 1% acetic acid) to all 

filter circles and letting them dry completely(34–36). After, 20uL of 2.5% glutaraldehyde in 1X 

PBS was added to the circles and the plate was covered with a petri dish for 1 hour to avoid 

evaporation. Each circle was then washed four times with 20uL of PBS with the excess liquid 

being removed between washes by pressing the plate against blotting paper. After washing, 10uL 
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of the capture antibody solution was deposited and allowed to incubate for 30 minutes. The 

circles were washed four times with 20uL of PBS and successively blocked with 30uL of 

blocking buffer for an additional 30 minutes. After blocking, the circles were washed once with 

20uL of PBS and 3uL of the Rabbit IgG at specified concentrations was added to each circle. 

This was incubated for 15 minutes before adding 7 uL of the secondary antibody solution and 

incubating for another 2 minutes. The circles were then removed from the plate and into a wash 

bath containing 0.05% Tween in 1X PBS and a separator to prevent individual circles from 

contacting each other. The wash bath was placed on a shaker for 30 minutes with the wash 

solution being changed out every 10 minutes. The circles were then stored in  1X PBS until use. 

 

2.8.8 Comparison between Enriched and Non-enriched Samples 

For the non-enriched sample, the circles were removed from the PBS and transferred on 

blotting paper to remove excess liquid prior to being placed on a cleaned plate. The color 

development was initiated by adding 7 uL of TMB solution and allowing 80 seconds for the 

reaction to proceed before imaging under a desktop ring-light. A similar procedure was 

performed with the enriched samples except that the reaction time was shortened 70 seconds to 

include a washing step afterwards. This step consisted of transferring the circle onto blotting 

paper and depositing 1 mL of ultrapure water to reduce salt levels. Then, 6 uL of 0.1% glycerol 

(v/v) in 2M HCl was added to the circle to stop the reaction during the enrichment process. The 

circle was enriched under the 200um diameter capillary nozzle for 15 minutes until completely 

dry and imaged under the ring-light.   
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2.8.9 ELISA Imaging 

The images were processed through ImageJ by first subtracting the background by 50 

pixels, then enhancing the contrast by 0.3%. The images were then split into RGB color channels 

and inverted. For the non-enriched samples, the selected ROI consisted of the entire filter circle 

diameter. In the enriched samples, a binary mask was used to highlight the enriched area and the 

ROI consisted of a 2mm diameter section around the highlight. After finding the mean respective 

mean intensities from each channel, the magnitude of the combined channels was calculated for 

the mean intensity.  

 

2.9 Summary 

To summarize, we present a simple, airflow-based method that can manipulate fluid 

flows in paper matrices. Depending on how the method is used, enrichment or lateral 

transportation of solutes can be performed using minimal external equipment. The enrichment 

process was integrated into existing colorimetric assays for genomic and proteomic detection to 

significantly enhance the visualization and sensitivity of the assays. While the enrichment aspect 

was explored in depth for this study, we also demonstrate how multistep, sequential delivery of 

reagents can be accomplished for future assays requiring higher complexity. This method 

ultimately presents a unique example where sensitivity improvement and fluid control can be 

accomplished using a single technique. Despite focusing on colorimetric detection assays in this 

study, we envision that this method can be easily incorporated into the broader field of mPADs.  

This chapter is based on the following paper: Edward Wang, Zhilin Guo, Rui Tang and 

Yu-Hwa Lo, Using airflow-driven, evaporative gradients to improve sensitivity and fluid control 

in colorimetric paper-based assays. 
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Chapter 3 Airjet-Induced Reversal of the Coffee-Ring Effect for Liquid Phase Sample 
Preparation 

 

Introduction 

The sensitivity in detecting biological analytes is determined by the upstream sample 

preparation steps [1,2], in addition to the recognition and signal transduction mechanisms that 

follow. Regarding nucleic acid biosensors, significant advancements in detection have been 

reported[3,4], yet progress in sample enrichment and pre-treatment have been slower. Currently, 

the use of magnetic beads has been a popular tool for sample preparation in many biological 

applications, including nucleic acid extraction and purification[5,6]. However, a major challenge 

with this method is the loss of analyte that occurs during the multiple washing and transfer steps 

– often having an analyte extraction efficiency under 1%. This extraction inefficiency manifests 

the sensitivity bottleneck in current biosensors for in-vitro diagnosis. Therefore, it is essential to 

develop a sample processing method which can effectively concentrate the majority of analytes 

within a minimal volume of 1-2uL. In addition, a method which removes extraneous solutes that 

may interfere with downstream analysis could be integrated into the workflow of various 

biosensors, regardless of the amplification and signal readout mechanisms. 

Several sample preconcentration techniques have been developed based on solid-phase 

affinity [7,8], liquid-phase affinity [9,10], and electrophoresis [11–13]. However, these methods 

are limited in scope as they heavily depend on the analyte's charge, surface binding affinity, or 

solvent miscibility. A preconcentration method which functions independently of an analyte’s 

properties is through solvent removal by evaporation [14,15]. As many analytes are either 

dissolved or suspended in a solvent, the volume reduction caused by evaporation serves as a 

concentrative step. While isotropic evaporation in general leads to analyte concentration, 
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multiple studies have further improved the degree of enrichment by utilizing the intrinsic 

hydrodynamic flows that occur during evaporation. The most common of which, is derived from 

the coffee-ring effect (CRE) in a drying sessile droplet [16]. 

The CRE is a common phenomenon in drying droplets which is characterized by the 

formation of a ring-like deposit [17,18]. This pattern is driven by a differential evaporative 

gradient, which is highest at the perimeter of the droplet. Here, the large evaporative flux induces 

a radially outward flow as fluid from the droplet interior moves towards the periphery to 

replenish the lost fluid. As a result, any dissolved solutes or suspended particles are carried to the 

contact line and deposited [19]. The CRE therefore represents a passive method in which 

particles can further be localized during evaporation, rather than remaining equally distributed 

[20].    

Due to the nature of droplets and their prevalence in a variety of different applications, 

the CRE is viewed as beneficial for specific situations but mostly detrimental concerning analyte 

extraction and transfer for in-vitro diagnosis [21]. Therefore, while multiple studies have taken 

advantage of the CRE to concentrate chemical and biological analytes for detection [22,23], 

separation [24,25], and patterning [26–28], most research efforts have been focused on 

suppression of the CRE [29]. During CRE suppression, the analytes can either be uniformly 

deposited over the area of the original droplet or reversed such that the particles are concentrated 

at a single spot in the center. CRE reversal can be achieved through electroosmosis [30], 

electrowetting [26,31], surface wave acoustics [32,33], or infrared laser heating [34]. In addition, 

microfabricated surface patterning can be used to create a superhydrophobic surface which 

prevents droplet pinning that is necessary for CRE development [35,36]. While the above 

methods have been shown to reverse CRE, the process and setup are complicated and depend on 
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the properties of the particles, including size and charge. Above all, with or without CRE, any 

evaporation method enriches not only the analytes but also the other solutes in the buffer such as 

salt which can disrupt downstream analysis.    

In this chapter, we present an airjet-induced method to enrich analytes in a liquid sample 

by reversing the coffee-ring flow. The method is capable of driving analytes from a relatively 

large sample volume towards a small region under the airjet – allowing easier and efficient 

transfer to downstream analysis. The method has a simple setup, consisting of a compressed air 

source, an air heater, and the airjet nozzle. In addition, a small amount of surfactant (e.g. methyl 

cellulose) is mixed with the sample to suppress fluid turbulence. Coffee-ring flow reversal is 

achieved by aiming the nozzle perpendicular to the liquid surface and initiating the airjet to 

increase local evaporation. The localized increase in evaporative flux establishes a differential 

evaporative gradient and induces fluid flows towards the area to replenish the lost liquid. During 

this process, dissolved molecules or suspended particles are carried by the flow and become 

highly concentrated in a minuscule area underneath the nozzle.  

We demonstrate the design by concentrating a range of particles and biological analytes – 

specifically nucleic acids. Spiked samples containing λ-DNA, HeLa-S3 RNA, and heat 

inactivated SARS-CoV-2 were used as model analytes and reduction of the cycle threshold value 

(𝐶𝐶𝑞𝑞) in PCR analysis was used to quantify analyte enrichment and collection efficiency. To 

minimize potential adverse effects on downstream reactions (e.g. PCR) due to co-concentration 

of salt and other non-volatile components in the sample, polyethylene glycol (PEG) was mixed 

with the sample as co-enrichment of PEG forms a matrix under the airjet to reduce salt 

accumulation. The airjet enrichment method was employed in both microfluidic and mesofluidic 

systems to handle sample volumes from <100uL to >1mL to cover the sample volumes used in 
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common laboratory practices concerning PCR-based detection. The goal of this approach is to 

address the bottleneck in sample preparation by significantly increasing the analyte collection 

efficiency, up to 100 times more than current practices. This increase in efficiency can improve 

the sensitivity and repeatability of biosensing and in-vitro diagnosis.            

 

3.1 Using an Airjet to Reverse the Coffee-Ring-Effect (CRE)  

The operating principle for airjet enrichment is depicted in Figure 3.1, which illustrates 

the particle distribution under ambient evaporation and airjet enrichment in a sessile droplet. The 

development of the CRE has been attributed to the non-uniform evaporative profile across the 

droplet’s surface. For ambient evaporation, the evaporative flux is greatest at the contact line, 

due to the relatively larger proportion of the liquid-air interface [37]. As a result, an evaporative 

gradient is established at the droplet periphery, and a radially outward flow is formed from the 

Ambient 

 

Airjet 

 

Sessile 

 

Figure 3.1. Schematic of airjet enrichment to reverse coffee-ring flows and the comparison 
of the resulting deposition patterns with that of ambient evaporation.   
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interior to replenish the lost fluid. This flow carries any solutes or suspended particles towards 

the contact line and results in the familiar ring-like pattern.     

Airjet enrichment reverses this radial flow by establishing a large evaporative flux at the 

center of the droplet. This is achieved by positioning a nozzle above the droplet and directing a 

jet of air perpendicular to its surface. The airjet displaces the boundary layer comprised of 

saturated water vapor which lies directly above the liquid-air interface. Displacement of the 

boundary layer leads to enhanced diffusion across the interface [18,38] and shifts the evaporative 

gradient towards the area under the airjet. In addition, as the speed of enrichment is heavily 

dependent on the evaporation rate, the temperature of the airjet can be used to control the overall 

evaporation rate.  
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3.2 Suppression of Airjet-Induced Turbulence  

 

 

 

 

 

 

 

 

 

 

 

 

 

The desirable airjet enrichment effect is obtained by the introduction of an additive to 

“stabilize” the surface and suppress streaming and turbulence. The airjet inevitably imparts shear 

forces on the liquid surface, which causes turbulent motion in the fluid and disrupts the radial 

flow driven by evaporation. The additive used in this study is methyl cellulose, a relatively inert 

and biocompatible component acting as both a surfactant and a mild thickening agent. Figure 3.2 

(a) demonstrates how the presence of methyl cellulose mitigates the airjet-induced secondary 

flows, in order to achieve a condensed spot through CRE-reversal. In a 20uL sessile droplet 

which has been dyed yellow, a region of blue dye was added to visualize liquid movement. In the 

absence of methyl cellulose, turbulent, vortical flow patterns quickly develop within the droplet 

Figure 3.2 (a) Images of fluid behavior under an airjet in the absence (- M.C.) and presence (+ 
M.C.) of the methyl cellulose surfactant in a droplet as the process progresses (from top to 
bottom). Scale bar: 4mm. (b) Images from a 96-well plate after enrichment with (+ M.C.) and 
without (- M.C.) methyl cellulose. 
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upon initiating the airjet. This leads to increased mixing between the blue and yellow dye such 

that a uniformly green solution eventually forms. However, by adding methyl cellulose to the 

droplet, the turbulent patterns are suppressed and evaporative-driven, radial flow dominates as 

indicated by the increasingly concentrated blue region of dye.  

Similar behavior was also observed for fluid contained in a 96-well plate (Figure 3.2 

(b)). In individual wells, 100uL of a blue dye solution was deposited and allowed to evaporate 

underneath the airjet. For solutions containing methyl cellulose, a clear enrichment spot of 

concentrated dye was formed, while solutions lacking methyl cellulose had the dye evenly 

distributed throughout the entire process. The presence of methyl cellulose is therefore critical to 

the enrichment process, and its addition allows enrichment to occur in various fluid containers.  

The mechanism in which methyl cellulose can suppress the airjet-induced fluid flows is 

attributed to its surfactant properties. Surfactants have been shown to reduce wave activity in 

liquids through the Gibbs-Marangoni effect [39]. Here, the formation of capillary waves is 

attenuated as they would produce localized variations in surfactant density at the liquid-air 

interface, and consequently lead to counteracting surface-tension gradients. However, not all 

surfactants screened during this study could completely inhibit the airjet-induced turbulence to 

the same degree as methyl cellulose. Therefore, additional properties are likely to play a role in 

the effectiveness of surface stabilization. While this study focuses on enrichment in aqueous 

solutions, we have also successfully performed enrichment on volatile organic solvents such as 

ethanol using PDMS as the surfactant (supplementary: Ethanol). Continued exploration of 

surfactants and their effects on a variety of solvents will therefore yield more insight into the 

optimal properties required for airjet enrichment.   
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3.3 Ubiquitous Enrichment 

 

Airjet enrichment can effectively improve detection sensitivity and concentrate various 

fluorescent biomacromolecules and particles, regardless of their size of size as shown in Figure 

3.3. Solutions containing FITC-tagged DNA oligonucleotides, green fluorescent protein (GFP), 

streptavidin-functionalized quantum dots, and 1um fluorescent beads were deposited on a 

hydrophilic glass slide. Methyl cellulose was then added to the droplet to prevent fluid 

turbulence caused by airflow. A glass pipette with a 1.5mm I.D. exit nozzle was then used to 

create an airjet, which was connected to a nitrogen tank and controlled by a digital mass flow 

meter. For each solution, the fluorophores could be concentrated to a defined spot underneath the 

airjet measuring 300-500um in diameter. As a result, fluorescence intensity was greatly increased 

within this spot, which can be beneficial for either visual detection or collection and transfer 

purposes in dilute solutions. In addition, the enrichment process did not seem to have any 

Figure 3.3 Images before and after enrichment with equal exposure time for FITC-tagged DNA 
oligonucleotides, green fluorescent protein (GFP), streptavidin-functionalized quantum dots, 
and 1um fluorescent beads 
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adverse effects on the respective fluorophores, including GFP, which requires proper protein 

folding to exhibit fluorescence. Therefore, successful enrichment in these tests demonstrates the 

broad applicability of this method for enriching all types of components in a liquid, independent 

of their physical and chemical properties. 

 

3.4 Influence of a Heated Airjet on Liquid Temperatures 

 

Figure 3.4 (a) Schematic of the heated airjet and associated thermal images taken at specified 
voltages. (b) Temperature profiles of the liquid surface for different voltages and airflow speeds.   
 

The speed of the enrichment process is highly dependent on the evaporation rate 

underneath the airjet. To facilitate faster evaporation times, a heating element consisting of a 

nichrome coil was inserted and sealed in the glass pipette and connected to a variable voltage 

source as shown in Figure 3.4 (a). A FLIR camera then measured the temperature changes near 

the pipette’s exit nozzle at different voltages with a constant airflow rate of 1.0 sl/m. A linear 

relationship between the voltage and mean surface temperature was established (supplementary), 
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allowing for control over the airjet temperature. However, as the FLIR camera only monitors the 

temperature of the pipette exterior, the airjet temperature values are approximated.   

To avoid damaging biological-based analytes that are vulnerable to denaturation or 

degradation at high temperatures [40,41], the liquid temperature was measured to determine how 

it was affected by airjet flow rate and temperature. In a 96-well plate, surface temperature 

profiles of a liquid solution containing methyl cellulose and tracking dye were monitored with 

the FLIR camera (Figure 3.4 (b)). When the nichrome heater is turned off (0V), faster airflow 

rates correspond to lower temperature minimums due to evaporative cooling [42] and quicker 

displacement of the boundary layer. However, this trend is reversed upon applying voltages 

greater than 3.5V to the heating element, whereby faster airflow rates caused higher peak 

temperatures through increased levels of heat transfer. However, voltages under 5.5V did not 

increase the temperature above 35oC despite the temperature readings in Figure 3.4 (a), and 

therefore represented an upper limit to minimize degradation of biological analytes.  

For the measured temperature profile at 0V, a negative temperature gradient can give rise 

to inward Marangoni flows due to the temperature-dependence of surface tension in the liquid 

[43]. In previous reports, Marangoni flows have been used to suppress the CRE by establishing a 

similar surface tension gradient through temperature differences or surfactants [44,45]. By 

controlling the heater temperature in the air path, we can control the liquid surface profile and 

achieve an almost isothermal profile. Since the effect of enrichment was observed under different 

temperature profiles, it can be concluded that the dominant effect responsible for analyte 

enrichment is the increased localized evaporation rate by jet air, while the surface-tension 

induced Marangoni flows play only a minor role.  Therefore, the primary parameters we choose 
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in the following experiments will be air flow rate and air heating to achieve high enrichment 

efficiency within a short time and preserve the properties of the analytes for downstream process. 
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3.5 Double Stage Enrichment for Varying Sample Volumes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. (a) Diagram of the two-stage enrichment process with images from certain steps 
labeled with red numbers. (b) Collection efficiency vs. time for λ-DNA for airjet enrichment 
(Enrich) and volume reduction (Evap [-]). (c) Comparison of ΔCq and collection efficiency 
for λ-DNA and HeLa-S3 RNA. (d) Cumulative ΔCq and fold-enrichment for λ-DNA, HeLa-
S3 RNA, and heat inactivated SARS-CoV-2 after large volume (LV) and small volume (96) 
enrichment. (e) Cumulative ΔCq and fold-enrichment for negative controls using evaporative 
reduction only   
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Incorporating airjet enrichment into the upstream steps of bioanalyte detection can 

significantly improve the sensitivity of testing methods. To demonstrate how airjet enrichment 

can be integrated to accommodate the fluid volumes typically used in these detection procedures, 

a model workflow was developed (Figure 3.5 (a)). The model comprises two stages of fluid 

processing, each corresponding to a range of fluid volumes that can be enriched. The first stage 

is the Large Volume Enrichment stage, which can enrich mesofluidic volumes, followed by the 

Small Volume Enrichment stage for enriching microfluidic volumes. Each step is optimized to 

balance enrichment speed and effectiveness to maximize the overall concentration of analyte 

prior to analysis.  

The large volume enrichment stage is designed to process 1-3mL of fluid with an 

emphasis on maximizing the evaporation rate. This stage has a key component - the insertion of 

an inner tube (Figure 3.5 (a), step 3) where enrichment occurs. The enrichment can be 

visualized where the tube traps and localizes the enriched fluid, and eventually leads to the 

development of concentrated blue dye layer from the initially dilute dye solution (Figure 3.5 (a), 

step 3). The tube therefore acts similarly to the stabilizing properties of methyl cellulose, 

concentrating the enriched fluid while confining the airjet-induced shear forces. Although methyl 

cellulose can still be used, fluid turbulence is more likely to occur due to the larger container 

dimensions. This limits the airflow to a relatively small rate and leads to longer evaporation and 

processing times. The introduction of a physical barrier thereby raises the turbulence threshold, 

allowing stronger airflow rates to significantly improve the evaporation rate. In addition, the 

inner tube acts as a collection vessel which can be attached to a micropipette to transfer the 

enriched solution to the next stage (Figure 3.5 (a), step 4-5).  
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The small volume enrichment takes place in a 96-well plate and is designed to maximize 

the enrichment factor for microfluidic volumes. This stage utilizes methyl cellulose as the 

stabilizing additive and leads to the development of a highly concentrated spot after enrichment 

(Figure 3.5 (a), step 8).  The effectiveness of airjet enrichment over conventional evaporative 

volume reduction is shown in Figure 3.5 (b) by tracking the collection efficiency for a λ-DNA 

solution over time. The collection efficiency is determined though qPCR by comparing the 𝐶𝐶𝑞𝑞 

values from 1uL of the original, unenriched sample with 1uL of the sample undergoing 

evaporation. The ∆𝐶𝐶𝑞𝑞 between these two samples is then applied to the original volume of 100uL 

to determine the percentage of functional analytes collected at the end of the sample preparation 

process (i.e. the end-to-end efficiency). According to the calculation, airjet enrichment which 

contained methyl cellulose was able to capture 85% of the λ-DNA in 1uL, while volume 

reduction without methyl cellulose could only capture 10%. The reason for this difference is that 

the airjet-enrichment localizes the analyte underneath the nozzle, making it easier to extract and 

transfer, while conventional evaporative volume reduction results in a uniformly distributed 

analyte. Therefore, demonstrating that airjet enrichment has a higher overall collection efficiency 

than conventional evaporation methods. 

In addition to DNA, RNA is a frequently targeted analyte for detection but is also more 

susceptible to degradation. The collection efficiencies of HeLa-S3 RNA were therefore evaluated 

alongside λ-DNA to determine if airjet enrichment was equally as effective (Figure 3.5 (c)). 

Upon comparison, RNA results yielded consistently lower collection efficiencies averaging to 

72%, while λ-DNA exhibited a 92% average collection efficiency. The reduced efficiency 

observed for RNA may be attributed to temperature-dependent auto-hydrolysis caused by the 

heated airjet. According to Figure 3.4 (b), the voltage of 3.5V used during RNA enrichment 
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would yield a mild temperature profile. However, this profile measurement was taken with a 

filled well containing 350uL of liquid. It is likely that during the latter stages of RNA 

enrichment, the reduced fluid volume of ~20uL lowers the overall heat capacity and leads to 

increased temperatures. Therefore, while RNA enrichment did not achieve the same level of 

collection efficiency as DNA, it still demonstrated significantly higher efficiency than volume 

reduction-based enrichment. 

To evaluate the effectiveness of the proposed workflow (Figure 3.5 (a)) in improving 

detection sensitivity, the large and small volume enrichment stages were combined and tested for 

three analytes: λ-DNA, HeLa-S3 RNA, and heat inactivated SARS-CoV-2. Cumulative ∆𝐶𝐶𝑞𝑞 and 

fold-enrichment values after each enrichment stage are shown in Figure 3.5 (d). These values 

reflected the general purpose for each step concerning the optimization of fluid reduction and 

enrichment effectiveness. For the large volume stage, the enrichment could consistently reduce 

the 𝐶𝐶𝑞𝑞 by an average of 3.17 cycles regardless of the nucleic acid tested. More importantly, this 

step could evaporate off 1mL of fluid and condense the analytes into 100uL for transfer. The 

small volume enrichment step then significantly reduced the overall 𝐶𝐶𝑞𝑞 by an average of 9.27 

cycles. Among the analytes, λ-DNA exhibited the highest ΔCq and fold-enrichment at 9.67 and 

821.23x, respectively, while SARS-CoV-2 had the lowest values at 8.94 and 491.3-fold 

enrichment. RNA enrichment in general yielded lower values, consistent with the findings in 

Figure 3.5 (c), and analyte loss occurred primarily during the small volume enrichment stage.  

These cumulative values can be compared to the negative trials in Figure 3.5 (e), where the large 

volume stage lacked the inner tube, and the small volume stage did not include the methyl 

cellulose. Thereby solely relying on volume reduction to achieve enrichment. Based on this 
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difference, the airjet enrichment stages demonstrate considerable advantages to achieve analyte 

enrichment. 

 

3.6 Co-Enrichment of PEG to Reduce Salt Concentration   

 

While the series enrichment could improve the overall detection sensitivity, it did so 

using non-buffered solutions. However, many available storage solutions contain specific salts to 

prevent early degradation of the analyte – often in much higher concentrations than the analyte 

itself. As a key property of the airflow enrichment is the ability to enrich a wide range of 

substances, the co-enrichment of salt would be detrimental as it may interfere with downstream 

analysis, or the enrichment process itself. However, co-enrichment of other substances may be 

used to alleviate the salt buildup by creating a distinct environment which affects its solubility. 

PEG400 was used in the 96-well stage of the series enrichment of a buffered solution to 

Figure 3.6. Series enrichment using samples spiked in 0.1mM EDTA. Enrichment values for 
each sample was compared with the co-enrichment of PEG (+ PEG) and the negative tests 
without PEG (- PEG). 
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determine whether reduced salt co-enrichment would occur. Therefore, the prior series 

enrichment was repeated with the same analytes spiked in a solution of 0.1mM EDTA. EDTA is 

a chelator for divalent cations and a commonly used salt for RNA storage. However, it is also a 

PCR inhibitor at high concentrations as it sequesters the magnesium ions which are cofactors for 

polymerase activity. The presence of PEG400 was therefore examined to the degree by which it 

could reduce the ΔCq, while also recovering the signal during downstream analysis.   

The cumulative enrichment values for λ-DNA, HeLa-S3 RNA, and heat inactivated 

SARS-CoV-2 in 0.1mM EDTA are shown in (Figure 3.6). The EDTA concentration threshold 

for qPCR functionality was determined to be 15mM when withdrawing 1uL of sample 

(supplementary). The effect of EDTA accumulation in downstream analysis is exemplified in the 

negative controls without the presence of PEG. While a qPCR signal was obtained after the large 

volume stage, the co-enrichment in the 96-well plate led to a high enough EDTA concentration 

to inhibit the PCR reaction – thereby leading to no signal. However, upon addition of a 5% PEG 

solution to the 96-well stage, recovery of the qPCR signal as well as enrichment was seen for all 

samples. Using the final λ-DNA fold-enrichment value of 250.7, it can be assumed that the 

EDTA would also be concentrated by the same amount if PEG was absent – crossing the 15mM 

threshold and resulting in no qPCR signal. The presence of a signal therefore indicates PEG of 

having some desalting capabilities.   

The final ΔCq values were lower in the buffered samples compared those in the non-

buffered samples. This reduction was caused by the addition of PEG, as it has surfactant-like 

properties which were believed to interfere with the methyl cellulose. Consequently, the 

enrichment efficiency is decreased as fluid turbulence becomes more prevalent in disrupting the 

formation of the enrichment spot. Therefore, while the addition of PEG reduces the co-
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enrichment of salt, it also interferes with the airflow based CRE-reversal to some degree. Future 

studies which screen for an ideal compound which minimizes this trade-off would thus be 

beneficial.    

 

3.7 Airjet Enrichment in ELISA 

 

Airjet enrichment was employed in a preliminary sandwich ELISA experiment to assess 

the fold-enrichment capabilities using rabbit IgG as a model antigen (Figure 3.7a). The 

enrichment of protein analytes poses a greater challenge as buffers with consistent salt 

concentrations are needed to preserve protein structure. To determine the effectiveness of 

enrichment, a comparison was made between a solution containing methyl cellulose（Enrich in 

Figure 3.7 (a)) and a negative control without methyl cellulose (Evap in Figure 3.7 (a)), where 

Figure 3.7. (a) Standard curve of ELISA assay (black) and respective concentrations of 
initial, evaporated, and enriched samples (blue). (b) Fold-enrichment values of evaporated and 
enriched samples.  
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the former was anticipated to undergo spot enrichment while the latter was expected to evaporate 

uniformly. 

Although both samples improved the sensitivity of the assay, the fold-enrichment was 

lower than expected for each case (Figure 3.7 (b)), especially when compared to nucleic acid 

enrichment. In both cases, the salt concentration increases during antigen enrichment, which 

could potentially lead to its denaturation prior to binding with the capture antibody. Furthermore, 

in the enriched samples, the co-enrichment of salt may lead to the formation of density gradients 

that promote fluid flow, thereby disrupting the enrichment spot and impeding solute localization. 

Despite, the enriched sample enhancing the assay's sensitivity in comparison to the evaporated 

sample, this outcome may vary depending on the protein and its sensitivity to changes in salt 

concentration. Therefore, it is important to consider the interference of salt when determining the 

suitability of airjet enrichment in specific applications. 

 

Methodology  

3.8.1 Reagents 

Methyl cellulose, carboxylate-modified red fluorescent 1um beads, EDTA, λ-DNA, and 

HeLa-S3 total RNA were purchased from MilliporeSigma. Heat inactivated SARS-CoV-2 were 

purchased from ATCC. FITC-labeled oligonucleotides and primers for λ-DNA, BRACA1, and 

N1 were synthesized by Integrated DNA Technologies (IDT). For PCR analysis, iTaq Universal 

SYBR Green Supermix and iTaq Universal SYBR Green One-Step Kit were purchased from 

BioRad.  
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3.8.2 Fabrication of Nichrome Heater 

A borosilicate glass pasteur pipette was separated into two halves. A coil from 40mm of 

28-gauge nichrome wire was made and the ends braided with electrical wire. After the coil was 

inserted into the pipette half, the other half was re-sealed using a heat-resistant ceramic adhesive. 

The ends of the wire were connected to an adjustable DC voltage supply during operation.     

 

3.8.3 Airflow Evaporation on a Sessile Droplet 

Glass slides were treated under UV-Ozone for 10 minutes. A section of cured PDMS 

with a 14mm hole punched through the center was then pressed on the glass surface for a minute 

before removal to create a hydrophobic barrier. Solutions of the respective analyte were mixed in 

Ultrapure H2O containing 50 ug/mL methyl cellulose. 20uL of the respective solution for 

enrichment was deposited on the hydrophilic section of the cover slip. The airjet nozzle was 

placed 5mm from the droplet surface and run for the designated amount of time.  

 

3.8.4 Temperature Profiles for the Nichrome Airflow Heater 

A FLIR thermal camera was used to capture thermal images for the nichrome heater and 

liquid in a 96-well plate. A solution of dye and 50 ug/mL methyl cellulose in Ultrapure H2O was 

used as the bulk liquid and completely filled the well. The airflow rate and the voltages were 

adjusted accordingly. 3 minutes were given to achieve steady state before taking the temperature 

profile.  
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3.8.5 Enrichment in 96-well plate for DNA and RNA 

Solutions containing dilutions of λ-DNA and 1:1000 HeLa-S3 total RNA were prepared 

in Ultrapure H2O. Methyl cellulose was added to bring the concentration to 50ug/mL in addition 

to dilute tracking dye. For the reference sample, 1uL of each solution was transferred to a qPCR 

mixture with 10uL of total volume. The λ-DNA was enriched under the nichrome at a voltage of 

3.25V and an airflow rate of 1.00 slpm. The enrichment was continued until the liquid height 

reached 10% of the original height and a concentrated dye spot formed. Upon completion, 1uL 

of fluid was extracted from the concentrated dye spot using a micropipette and deposited into a 

qPCR mix. The HeLa-S3 RNA solution was performed in a similar manner, except the airflow 

rate was reduced to 0.75 slpm when the liquid height reached 25% of original.  

 

3.8.6 Double Stage Enrichment 

To create the large volume container, the tops of a 15mL falcon tube were cut off at the 

2.5mL mark and the bottom half was saved. A circular piece of foil containing an 8mm hole in 

the center was then adhered to the top of the tube. Solutions of diluted λ-DNA, HeLa-S3 RNA, 

and heat inactivated COVID-19 particles were made in Ultrapure H2O containing a small amount 

of tracking dye. In the cut tube, 2mL of each solution was added. The ends of a pipette tip were 

trimmed, and the tip was placed in the hole. The nichrome nozzle was placed in the interior of 

the pipette tip and set at a flow of 2.0 slpm at a voltage setting of 7.5V. The enrichment was 

performed until 1mL had been evaporated off and a distinct layer of concentrated dye formed. 

The enrichment in the 96-well plate was performed as previously described, with the addition of 

1uL of 5mg/mL methyl cellulose to the well to achieve spot enrichment. After enrichment in 

both the large volume and 96-well containers, 1uL of the enriched sample was transferred to a 
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qPCR reaction and compared with 1uL of reference sample from the initial nucleic acid solution. 

Negatives were run simply based on evaporation, where the inner tube was not present for the 

large volume enrichment, and no methyl cellulose was present in the 96-well enrichment.  

 

3.8.7 Buffered Enrichment using PEG 

Similar solutions of λ-DNA, 1:1000 HeLa-S3 RNA, and 1:500 of ATCC heat inactivated 

COVID-19 particles were made in 0.1mM EDTA with a small amount of blue tracking dye. The 

respective solutions were transferred to the large volume container and evaporated similarly to 

the original series enrichment. After formation of the enriched layer, 100uL of the layer was 

collected and deposited in a 96-well plate. In each individual well, 1uL of 5 mg/mL methyl 

cellulose and 5uL of PEG400 was added and mixed to form a homogenous solution. The 

enrichment was run according to the previous 96-well plate protocol.   

 

3.9 Summary 

In summary, we present an airflow-based method as a means of pre-concentration that 

can enrich a range of analytes to enhance downstream sensitivity in biosensors. The operation 

and mechanism of coffee-ring flow reversal was explored and applied to improve detection of 

biological analytes. Specifically, DNA, RNA, and viral particles were successfully enriched in 

common vessels used during nucleic acid testing. In addition, sample pre-treatment was also 

studied through the co-enrichment of PEG to reduce salt concentrations in buffered solutions. In 

addition to the simplicity of operation, the compatibility of airflow enrichment with standardized 

laboratory tools allows it to be easily integrated in various current procedures. Despite focusing 
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on nucleic acids in this study, airflow-enrichment can be extended to a multitude of different 

chemical and biological analytes for enhanced detection. 

This chapter was based on the following paper:  Edward Wang, Lousie C. Laurent, Drew. 

A. Hall and Yu-Hwa Lo, Sample preconcentration through airjet-induced liquid phase 

enrichment. 
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