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ABSTRACT 

 Colloidal suspensions are dispersions of microscopic particles in liquid. Their properties 

have broad impacts in industry, medicine, and biology. In Chapter 2, we focus on measuring the 

interactions between colloidal particles suspended in water and a glass surface. We measure these 

interactions using a custom-built fluorescence centrifuge force microscope (F-CFM). This is the 

first CFM built with fluorescence capability, the first CFM used to measure colloidal interaction 

forces, and the first CFM capable of operating at speeds above 2000 RPM – and up to 5000 RPM 

– in a centrifuge. The F-CFM enables colloidal scale objects to be discriminated by fluorescence, 

which opens potential applications for biological samples that fluoresce under different phenotypic 

states. 

In Chapter 3, we focus on designing a point-of-care (POC) saliva collection, metering, and 

mixing system for detecting viral pathogens. The device was designed for the specific purpose of 

testing for the presence of SARS-CoV-2 in saliva using molecular amplification methods but could 

be applied to any pathogen whose constituents can be detected in saliva. The design to prioritizes 

ease of use, low cost, and scalability in order to facilitate massively widespread testing, which was 

absent during the first years since the emergence of SARS-CoV-2,  

In Chapter 4, we describe a method of formulating and printing hydrogel resins with high 

resolution channels using light-based 3D printing. In Chapter 5, we describe a leak-resistant, 

pressurized connector platform for connecting modular hydrogels that can be used to create 

complex assemblies of hydrogel components.  In Chapter 6, we describe a microscope sample 

temperature control platform that fits into standard upright microscope stages in order to heat and 

cool samples in a controlled manner under the microscope in order to observe temperature 

dependent reactions like polymerase chain reaction (PCR) and loop-mediated isothermal 

amplification (LAMP).  In Chapter 7, we describe a LAMP formulation that can be used to detect 

the presence of SARS-CoV-2 RNA in saliva despite the inhibitory components present in saliva 

and demonstrate its comparable accuracy to the gold standard of pathogenic testing: 

nasopharyngeal PCR testing. 



1 

CHAPTER ONE 

INTRODUCTION 

Colloids 

Significance 

Colloidal dispersions are mixtures of nanometer- to micrometer-scale particles or liquid 

droplets distributed in a liquid1-3. Colloidal dispersions are widespread in food4, medicine5-13, 

biology14-17, coatings18, wastewater treatment19-21, industry22-24, and daily life. Common examples 

include milk, blood, microbial bioreactors, industrial water slurries, and environmental water 

systems25, 26 such as lakes, rivers, and oceans. The physical properties of colloids and the 

interactions between colloids govern the behavior, function, and appearance of colloidal 

dispersions and thus are important for many environmental, industrial, and biological processes.  

Colloidal Interactions 

The macroscopic behavior of colloidal suspensions is a manifestation of the microscopic 

behavior of their colloidal particle constituents.  In turn, the behavior of colloidal particles is 

determined by inter-particle interactions and extra-particle interactions with the suspension media 

and interfaces. Chapter 2 of this dissertation focuses on inter-particle interactions and colloid-

interface interactions. These interactions between colloidal particles govern two important micro-

scale phenomena: resistance to inter-particle aggregation, referred to as colloidal “stability”3, 27-30, 

and particle adhesion31-34 to substrates such as vessel walls and filter media. In many cases, this 

stability or adhesion is crucial for the proper function of the suspension or process. For example, 

our blood would not perform its life-sustaining nutrient delivery functions if blood cells aggregated 
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together and failed to flow as a dispersed phase. Similarly, microbial bioreactors35-38 do not operate 

efficiently to produce bioproducts like antibiotics39-41, fermented foods42, 43 and drinks44-46, fuels47-

52, and – increasingly – synthetic fabrics53, 54 and materials55-57, when the suspended planktonic 

microorganisms or their products clump together and foul functional reactor interfaces such as 

membranes and filters. Conversely, wastewater treatment58-61 relies on the flocculation of waste 

particles for efficient62, 63 separation of water and waste. Furthermore, colloidal particle 

interactions govern the properties and function of many other soft condensed matter systems 

including gels64-66, which are discussed in Chapters 4 and 5 of this dissertation, emulsions67-71, and 

biological tissues72-74. Thus, knowledge of colloidal behavior is necessary for controlling and 

predicting the behaviors of many systems. To properly predict and control the behavior of colloidal 

suspensions, we must understand the physical mechanisms behind their interactions.  

Colloids dispersed in liquid experience random fluctuations in their position. This random 

“Brownian” motion75 was first76 described by Robert Brown77 in 1827 upon observing the motion 

of pollen grains in water and was described theoretically in the early 1900s by Albert Einstein78 

and Jean Baptiste Perrin79.  This motion is due to the kinetic (thermal) energy of the solvent 

molecules, kT where k is the Boltzmann constant and T is absolute temperature. Thermal energy 

drives the motion of the colloidal particles and is the relevant energy scale for colloidal systems3, 

80; thus, it is useful to consider the interaction energy in terms of kT81, 82. For example, if the 

repulsive energy barrier between two particles is on the order of kT, thermal fluctuations will drive 

particles to aggregate. If the repulsion between two particles is many times kT, then it is unlikely 

that thermal fluctuations will overcome particle-particle repulsion and the particles will remain 
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dispersed. The diffusion coefficient that quantifies Brownian motion-induced diffusion of a 

colloidal sphere through a viscous liquid is described by the Stokes-Einstein equation83-85, 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
 

where η is the viscosity of the liquid medium and r is the radius of the particle. 

Interparticle interaction forces When colloidal particles approach each other or a surface, 

their interactions are governed by two electromagnetic forces80: the electrostatic (ES) force and 

the van der Waals (vdW) force. These electromagnetic forces between colloidal particles were 

first described by Derjaguin and Landau86 and separately by Verwey and Overbeek87 in the 

1940s and have hence been termed Derjaguin, Landau, Verwey, and Overbeek (DLVO) forces. 

The following section of this dissertation focuses on the theory and experimental measurement 

of the forces described by DLVO theory. Other interaction forces such as steric and solvation 

forces can play an important role in many colloidal systems but are not described here. We 

choose as our model geometry a sphere interacting with a flat surface because our experimental 

system consists of suspended microspheres interacting with a glass coverslip surface (Chapter 2). 

Van der Waals Forces Van der Waals forces originate from fluctuating dipole moments in 

the molecules that make up interacting objects88. Thus, vdW forces are electrostatic in nature, with 

the interaction arising from the reflection of the dipole on one molecule reflecting back from the 

dipole imposed on the other. vdW forces are short range, so objects must be close together, on the 

order of nanometers apart, for vdW forces to be significant. Transmission of vdW forces requires 
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Figure 1.1: DLVO model geometry. Our chosen colloidal particle model geometry shows a 

spherical particle interacting with a flat substrate surface. Illustration from Israelachvili 201180. 

 

transmission of electromagnetic radiation through the medium that separates the two objects, and 

thus the permittivity of the medium in which the objects are suspended governs the magnitude of 

the vdW forces.  

The derivation of the van der Waals interaction energy is described by Israelachvili88. First, 

the interaction energy between a single molecule and flat bulk surface must be derived. Then, the 

energy can be integrated through the geometry of interest, in this case a sphere (Fig. 1.1), to 

determine the total energy between a sphere and a flat surface. The energy w(r) between two atoms 

as a function of separation distance r is assumed to be attractive and equal to  

𝑤(𝑟) = −
𝐶

𝑟𝑛
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where n = 6 for vdW forces. This is integrated through the volume of the sphere and, assuming the 

sphere and wall are very close together and therefore the region of the sphere closest to the surface 

dominates the integral, yields 

𝑊(𝐷) = −
𝜋2𝐶𝜌2𝑅

6𝐷
. 

Therefore, the total force between the sphere and the flat surface can be found by integrating the 

individual molecule energy through the effective contact area of the sphere.  

The pair-wise interaction energy between a single molecule at distance D from another 

molecule in a flat surface is again 

𝑤(𝑟) = −
𝐶

𝑟𝑛
 

where C is the interaction constant and n = 6 for vdW forces. The energy between the lone 

molecule and all the molecules in the flat surface can be found by integrating this pair-wise energy 

through a series of concentric rings extending outward radially in direction x and through the 

surface in direction z. The volume of any given ring (Fig. 1.1) is  

𝑑𝑉 = 2𝜋𝑥 𝑑𝑥 𝑑𝑧 

which can be multiplied by the molecular density ρ to get the number of molecules n in the ring:  

𝑛 = 2𝜋𝜌𝑥 𝑑𝑥 𝑑𝑧 . 

Thus, by integrating the pairwise energy w(r) through all the molecules present in any given ring 

of the flat substrate, one obtains for n > 3 

𝑤(𝑟) = −
2𝜋𝐶𝜌

(𝑛 − 2)(𝑛 − 3)𝐷(𝑛−3)
 . 

For vdW forces n = 6 the previous equation becomes  
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𝑤(𝐷) = −
𝜋𝐶𝜌

6𝐷3
 . 

Now that the interaction energy between a single molecule and a planar substrate is known, 

it is possible to integrate this energy throughout the volume of the entire sphere, similar in manner 

to integrating the pairwise molecular energy through the planar substrate. Using the Chord 

Theorem to determine the area of effective contact between a sphere and a flat surface that excludes 

solvent molecules from entering between the sphere and the surface, the contact geometry is 

described by 

𝑥2 = (2𝑅 − 𝑧)𝑧 

where x is the diameter of the disc cross section of the sphere being integrated through, z is the 

distance from the surface of the sphere, and R is the radius of the sphere. Now it is possible to 

determine that the number of molecules n in any given disc is  

𝑛 = 𝜋𝜌(2𝑅 − 𝑍)𝑧 𝑑𝑧 

and by integrating the molecular pairwise energy through all the discs in the sphere to show that 

𝑊(𝐷) = −
2𝜋𝐶𝜌2

(𝑛 − 2)(𝑛 − 3)
∫

(2𝑅 − 𝑍)𝑧𝑑𝑧

(𝐷 + 𝑧)𝑛−3
. 

If one assumes the gap distance D is much smaller than the sphere radius R and thus only 

small values of z, on the order of z ≈ D, dominate the integral, then the interaction energy is  

𝑊(𝐷) =
4𝜋2𝐶𝜌2𝑅

(𝑛 − 2)(𝑛 − 3)(𝑛 − 4)𝐷𝑛−5
 

which for vdW forces n = 6 and the above equation becomes 

𝑊(𝐷) = −
𝜋2𝐶𝜌2

6𝐷
. 

For simplicity, it is common practice to define the Hamaker constant 89 as 
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𝐴 = −𝜋2𝐶𝜌2. 

And now one can describe the interaction energy between a sphere and a flat surface as 

𝑊(𝐷) = −
𝐴𝑅

6𝐷
. 

For our experiments, we want to know the force between the sphere and the flat substrate, 

which is the derivative of the interaction energy with respect to D, 

𝐹(𝐷) =
𝑑𝑊

𝑑𝐷
= −

𝐴𝑅

6𝐷2
. 

The negative sign here indicates that the force is attractive. These equations were derived 

assuming the sphere and flat substrate are of the same material and in a vacuum. For our 

experiments, the sphere and flat substrate are of unlike materials suspended in water. It is 

straightforward to calculate the Hamaker constant of any particular material by substituting the 

interaction constant and the molecular density into the Hamaker constant equation; but, for our 

experimental system discussed in Chapter 2, we need to know the Hamaker constant for a system 

of three different materials: (1) polystyrene mixed with iron oxide, (2) glass, and (3) water. The 

Hamaker constants of the materials cannot simply be added together, and we must use the Lifshitz 

theory of vdW forces which considers quantum effects to yield 

𝐴 =
3

4
𝑘𝑇 (

𝜀1 − 𝜀3

𝜀1 + 𝜀3
) (

𝜀2 − 𝜀3

𝜀2 + 𝜀3
) +

3ℎ𝑣e

8√2
(𝑛1

2 − 𝑛3
2)(𝑛2

2 − 𝑛3
2)

(𝑛1
2 + 𝑛3

2)
1
2(𝑛2

2 + 𝑛3
2)

1
2 {(𝑛1

2 + 𝑛3
2)

1
2 + (𝑛2

2 + 𝑛3
2)

1
2}

 . 

Electrostatic Forces The electrostatic (ES) force80 between two objects is entropic in 

nature90. When two particles dispersed in a liquid approach each other to a distance that excludes 

ions from between them, then the total population of ions has lost some of its available 

configurational states and have thus become more organized or less entropic. This reduction in 
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entropy91-98 is thermodynamically unfavorable and the particles tend to be repulsed from each 

other. 

 The characteristic thickness of the cloud of counterions surrounding a particle in 

suspension is the Debye length, κ-1. Debye length is a critical parameter to calculate when trying 

to model particle behavior and is defined by  

𝜅 = (∑
𝜌∞𝑖𝑒

2𝑧𝑖
2

𝜀𝜀0𝑘𝑇
 

𝑖

)

1
2

. 

A shorter Debye length allows particles to get closer together, which allows the shorter-

range vdW forces to take effect, whereas a longer Debye length prevents particles from getting 

closer together and allows the repulsive ES forces to dominate. Thus, the Debye length greatly 

affects the predictive DLVO curve. One way to control the Debye length of a system is to control 

the ionic strength, or number of counterions, in the system. 

The Debye length decreases when additional ions such those from dissolved salts are added 

to the suspension90. By increasing the density of ions in the suspension, the added salt increases 

the number of configurational states for the population of ions in the suspension and thus make the 

exclusion of ions between two approaching particles less thermodynamically unfavorable. 

The full derivation and explanation of the various equation forms that govern ES force 

models is outside the scope of this dissertation; however, there are several fundamental 

relationships that lead to the quantitative predictions and are worth mentioning. This section 

focuses on the derivation method detailed in Israelachvili 198588. 

The chemical potential µ of any given counterion in solution is defined by  

𝜇 = 𝑧𝑒𝜑 + 𝑘𝑇log𝜌 
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where z is the ion valence number, e is the charge of an electron, φ is the electrical potential, and 

ρ is the number density of ions in suspension. 

From there, the Boltzmann distribution can be derived from the setting s = 0 at the midplane 

and p = po and ds/dxo = 0 where 

𝜌 = 𝜌0e(−
𝑧𝑒𝜑
𝑘𝑇

). 

One can then take the Poisson equation, 

𝑧𝑒𝜌 = −𝜀𝜀0 (
𝑑2𝜑

𝑑𝑥2
), 

and combine the Poisson equation with the Boltzmann distribution to get the Poisson-Boltzmann 

(PB) equation, 

𝑑2𝜑

𝑑𝑥2
= −

𝑧𝑒𝜌

𝜀𝜀0
= − (

𝑧𝑒𝜌0

𝜀𝜀0
) e−(

𝑧𝑒𝜑
𝑘𝑇

). 

There are two boundary conditions that can be used to solve the PB equation: 

𝐸0 = (
𝑑𝜑

𝑑𝑥
)

0
= 0 

𝐸𝑠 =
𝜎

𝜀𝜀0
. 

Differentiating the Boltzmann Distribution and combining with the PB equation leads to 

𝑑𝜌

𝑑𝑥
= −

𝑧𝑒𝜌0

𝑘𝑇
e−

𝑧𝑒𝜑
𝑘𝑇 (

𝑑𝜑

𝑑𝑥
) =

𝜀𝜀0

𝑘𝑇
(

𝑑𝜑

𝑑𝑥
) (

𝑑2𝜑

𝑑𝑥2
) =

𝜀𝜀0

2𝑘𝑇

𝑑

𝑑𝑥
(

𝑑𝜑

𝑑𝑥
)

2

, 

which can be solved to determine that 

𝜌𝑥 = 𝜌0 +
𝜀𝜀0

2𝑘𝑇
(

𝑑𝜑

𝑑𝑥
)

𝑥

2

. 

Solving for the specific value ρs from the second boundary condition results in 
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𝜌𝑠 = 𝜌0 +
𝜎2

2𝜀𝜀0𝑘𝑇
. 

Another important equation is the Grahame Equation, which will not be derived here, but 

describes the relation between surface charge density and surface potential assuming a low surface 

potential, typically below 25 mV, as  

𝜎 = 𝜀𝜀0𝜅𝜑0. 

Now, utilizing the Contact Value Theorem, which describes the pressure between two 

surfaces at close contact, leads to 

𝑃𝑥(𝐷) − 𝑃𝑥(∞) = −
1

2
𝜀𝜀0 [(

𝑑𝜑

𝑑𝑥
)

𝑥(𝐷)

2

− (
𝑑𝜑

𝑑𝑥
)

𝑥(∞)

2

] + 𝑘𝑇 [∑ 𝜌𝑥𝑖(𝐷) − ∑ 𝜌𝑥𝑖(∞)

𝑖𝑖

]. 

Using the equation for the PB equation solution with sums added results in 

∑ 𝜌𝑥𝑖 = ∑ 𝜌𝑚𝑖  +
𝜀𝜀0

2𝑘𝑇
𝑖

(
𝑑𝜑

𝑑𝑥
)

𝑥

2

𝑖

 

Combining these two equations determines the pressure across the gap between two surfaces 

𝑃𝑥(𝐷) = 𝑘𝑇 [∑ 𝜌𝑚𝑖(𝐷) − ∑ 𝜌𝑚𝑖(∞)

𝑖𝑖

] 

which is the entropic or osmotic pressure active across the gap in relation to the bulk pressure. 

For 1:1 electrolytes like NaCl, 

𝑃 = 𝑘𝑇𝜌∞ [(e−
𝑒𝜑𝑚

𝑘𝑇
 − 1) + (e

𝑒𝜑𝑚
𝑘𝑇 − 1)] ≈

𝑒2𝜑𝑚
2 𝜌∞

𝑘𝑇
. 

Now utilizing Gouy-Chapman theory, which is derived from the Graham equation, leads to 

𝑃 = 64𝑘𝑇𝜌∞𝛾2e−𝜅𝐷 

where 𝛾 = tanh (
𝑧𝑒𝜑

4𝑘𝑇
). 
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By integrating the above pressure equation with respect to D to find the free energy per unit area, 

one can find that 

𝑊 = (
64𝑘𝑇𝜌∞𝛾2

𝜅
) e−𝜅𝐷. 

The Derjaguin approximation, an alternate method to describe the effective contact area 

between two spheres, shows that 

𝐹 = 𝜋𝑅𝑊(𝐷) 

where W is the interaction energy. This approximation can be used with the Gouy-Chapman theory 

to find  

𝑊 = (
64𝜋𝑘𝑇𝑅𝜌∞𝛾2

𝜅2
) e−𝜅𝐷. 

This is a general equation for the ES interaction that comes from solving the PB Equation. 

It assumes constant surface potential at the sphere and substrate, as opposed to constant surface 

charge density. However, it is likely that neither surface charge nor surface potential are truly 

constant in a real system, and oftentimes the principle of linear superposition, which states that 

two solutions to a differential equation can be added together, is used to generate analytical 

approximations, such as the form that we have chosen to use: 

𝐹𝑒𝑠 = 𝜅64𝜀𝑎 (
𝑘𝑇

𝑧𝑒
)

2

𝛾1𝛾2e−𝜅ℎ 

where κ is the inverse Debye length κ = ∑√(nie
2zi

2/εkT), ni is the number density of the ith ion 

species, ε is the permittivity of the solution, a is the particle radius, k is the Boltzmann constant, T 

is the absolute temperature, zi is the valence of the ith ion species, e is the charge of an electron, 

and γ1 = tanh(zeψ/4kT) where ψ is the surface potential and h is the separation distance.   
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This model was developed by Gregory 99 and has been used for approximating practical 

conditions where a middle ground between the constant charge and constant potential boundary 

conditions used in deriving these conditions is considered more appropriate 31, 100, 101. 

Adding vdW and ES Forces to predict Colloid Detachment Forces In Chapter 2 of this 

dissertation, we sum the vdW and ES equations to find the total interaction force between the 

particle and the surface. Colloidal interactions are commonly characterized by their interaction 

energy, but here for comparison with our experimental force measurements we calculate and plot 

the total interaction force FI as a function of h. For our system, the modified DLVO model predicts 

two minima: a deep primary minimum at small separation distances (h < 0.5 nm) and a shallower 

secondary minimum at intermediate distances (h  2 nm). A representative FI(h) curve for one 

solution condition (0.5 M NaCl + 0.25× PBS) is shown in Figure 1.2. During loading, as the 

microspheres are drawn to the glass surface by gravity, they will be drawn into the secondary 

minimum; however, they are unlikely to overcome the barrier to enter the primary minimum. Thus, 

we assume the force Fd, required to remove the colloids from the surface of the glass at a separation 

distance h is equal to the depth of the secondary minimum (Fig. 1.2, dashed lines and inset).  

Measuring DLVO Interactions A variety of tools exist for directly measuring colloidal 

interaction forces, which are both small and wide-ranging, from 10-2 to 104 pN 102-104. With optical 

trapping, colloids are brought close to one another and the magnitude of the attractive or repulsive 

forces between them measured as a function of separation distance 105-107. Tools like atomic force  
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Figure 1.2: Example DLVO curve. The electrostatic and van der Waals forces add together to 

determine the overall interaction force between a sphere and a flat surface in specific aqueous 

suspension conditions. Shown here is the estimated interaction force FI as function of gap distance 

h calculated using DLVO theory. This interaction force predicts a detachment force Fd = 0.040 nN 

for 0.5 M NaCl + 0.25× PBS. Chosen y-axis range does not allow the depth of primary minimum 

or height of energy barrier to be seen. Inset: Schematic of a bead at distance h from glass slide 

surface subjected to centrifugal force Fc and detachment force Fd. Taken from LeFevre et al. 2021 
108. 

 

microscopy (AFM) 109, 110 measure interactions between colloids and a fixed surface. Both optical 

trapping and AFM provide high-resolution force information, but measurements are typically 

performed one at a time, and are not ideal for quantifying heterogeneous systems, which require 

many measurements to construct statistically significant force distributions. Instead, techniques 

like magnetic tweezers104, 111 and centrifugal force microscopy (CFM)112-117, which can perform 

multiple force measurements in parallel are better suited for characterizing heterogenous systems. 

CFM is a particularly attractive technique because it is capable of multiple simultaneous 

measurements (i.e. force multiplexing) and does not require significant device calibration or user 

training. A CFM instrument is composed of a miniaturized microscope housed inside a swinging 

bucket centrifuge. As the centrifuge spins, colloids suspended in liquid and interacting with a 



14 

 

coverslip are subjected to an effective gravitational force drawing them away from the surface. By 

controlling the rotational speed of the centrifuge, well-defined forces can be applied to 100s of 

individual colloids simultaneously; however, current CFM instruments rely on brightfield optical 

microscopy to identify and track colloidal objects 112-117. This illumination technique is adequate 

for measuring colloidal interaction forces but is limited with regard to spatial resolution and sample 

characterization. Fluorescence microscopy offers enhanced spatial resolution and access to a wide 

variety of sample labelling techniques, but the incorporation of fluorescence imaging into a CFM 

has not yet been reported. Such an instrument would provide significant benefits for characterizing 

complex soft and biological materials.  

Pathogen Detection 

Significance 

Infectious pathogens such as influenzas and coronaviruses are a threat to public health – 

they kill or permanently harm many people, cause large losses in productivity, disrupt normal 

public life and business, and harm the global economy. Diagnostic testing reduces mortality and 

disruption by informing infected people to quarantine and/or seek medical attention and by 

allowing uninfected people to continue their daily lives. 

For example, the SARS-CoV-2 virus emerged in late 2019 and quickly became a 

worldwide pandemic. Prevention measures such as vaccines, social distancing, and masks work 

well; however, diagnostic testing can and should be an integral tool for preventing viral spread in 

vaccinated and unvaccinated people. Frequent testing is already an important cornerstone in the 

re-opening plans of many institutions, but inexpensive, accurate, rapid testing is still not widely 
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available at large scales even in wealthy countries, and tests are much less available in developing 

countries due to cost and scalability issues.    

There are two common biomarkers for detecting the presence of virus in patient samples. 

Antigen tests detect the presence of viral proteins, and “molecular” tests detect the presence of 

viral genetic material. Both methods have their place in a comprehensive testing plan. Antigen 

tests are less accurate but easier to produce at scale. Molecular tests, in particular reverse 

transcription polymerase chain reaction (RT-PCR) tests, are considered the “gold standard” of 

diagnostic pathogen testing and are a better predictor of the patient’s current instantaneous viral 

load. Molecular tests have historically been more expensive and difficult to produce at scale; but 

a cheaper, scalable molecular test would provide the accuracy of molecular testing with the 

widespread distribution of antigen testing. 

RT-PCR is the “gold standard” for molecular testing, but requires large reagent volumes, 

specialized expensive equipment, and trained technicians. One alternative to RT-PCR is RT-

LAMP, which provides a level of sensitivity similar to PCR but with a simpler method of 

conducting the test without expensive equipment.   

Molecular testing reagents like LAMP reagents are expensive, so affordable tests need to 

use a small amount of reagent. The requirement for small reagent volumes requires that a small, 

predictable amount of patient saliva sample be introduced to the test so as to not dilute the reagents 

and render them useless. Therefore, inexpensive POC tests require a simple way for the user to 

meter a small, repeatable amount of their saliva to the test without requiring training or the use of 

specialized equipment like pipettes.  
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While patient samples can be collected almost anywhere, the actual test processing is 

commonly carried out in laboratories. This laboratory processing often increases the amount of 

time required for the results to be reported to the patients, often taking days, even though many 

tests require only hours to conduct. More POC testing is a logical way to speed up the reporting 

time to less than one hour in order to make testing more convenient and provide feedback to the 

patients sooner – allowing them to go about their business sooner if tested negative, or to 

quarantine sooner if tested positive.  

Without low-cost scalable molecular testing, the proper amount and frequency of accurate 

pathogen diagnostic testing will not take place, and the populace will not be equipped to make 

sound health decisions for themselves and their community, and our society will not be properly 

equipped to handle existing and new epidemics and pandemics, especially during the pre-

deployment stages of vaccine development. 

Here, we describe a low-cost, hand-held, manually operated device for POC molecular 

pathogen detection. The device includes a two-pronged fork geometry which enables metering and 

transfer of small volumes of saliva from flocked collection swabs and contains all reagents needed 

for isothermal nucleic acid amplification and fluorescence detection. The simple, injection 

moldable design facilitates easy scale-up and is designed to work with swabs and vials that already 

exist on the market. The test requires only a simple, inexpensive processing system that allows the 

test to be set up in a variety of institutions at low cost. 

Loop-mediated isothermal amplification (LAMP)  

Loop-mediated isothermal amplification (LAMP) is a method utilized in Chapters 3 and 7 

of this dissertation for replicating a target nucleic acid sequence in order to determine the presence 
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or absence of that target sequence in a solution. Similar in concept to the more widely known 

polymerase chain reaction (PCR)118-122 but using a different strategy of molecular mechanisms, 

LAMP was invented in the 1990s by Tsugunori Notomi123. In its simplest form, LAMP works by 

introducing four short segments of single-stranded DNA, called primers124-126, to a targeted section 

of double stranded DNA. These four primers, usually 15 – 45 bp in length, are forward inner primer 

(FIP), forward outer primer (FOP), backward inner primer (BIP), and backward outer primer 

(BOP). These primers, in tandem with DNA polymerase, execute a chain reaction that produces a 

variety of nucleic acid structures, called concatamers, from the original target DNA sequence. 

Broadly speaking, the primers work by annealing to complementary target sequences on the 

available nucleic acid strands and then initiating complementary DNA production using a DNA 

polymerase enzyme with strand displacing activity127. The strand-displacing activity of the 

polymerase is a critical factor because it removes the requirement for thermal cycling to melt the 

DNA, making LAMP an isothermal process. These concatamer structures are detectable in a 

variety of ways, although they are not exact replicates of the original DNA, like PCR would 

produce, and thus are not as particularly useful for downstream genetic analysis. However, the 

effects of the amplification are easily detectable, and the occurrence of amplification indicates that 

the original target sequence of DNA or RNA was present in the sample. The LAMP reaction is 

gaining popularity as a diagnostic technique for a variety of nucleic acid biomarkers because it 

takes place at a constant temperature, unlike PCR which requires a temperature cycle between 65° 

C and 95° C – a temperature at which the DNA strands will certainly melt or dissociate128, 129 – for 

every doubling of the reaction products. LAMP does require a heater to heat the sample to around 

65° C to optimize the activity of the chosen DNA polymerase and to lower the binding energy 
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between the strands of DNA, although the exact temperature varies slightly depending on the exact 

sequence of base pairs in the system128, 129. Adenine and thymine have a slightly lower melting 

temperature than cytosine and guanine. The primers are designed to bind to specific base pairs in 

the target genetic sequence, so they have a different base pair sequence in every system, but they 

always have the same mechanistic functions from system to system which is described below. 

LAMP can be used with DNA or RNA. If the target sequence is an RNA, the process is called 

reverse transcription LAMP (RT-LAMP); in this method, a reverse transcriptase enzyme included 

in the formulation to produce complementary DNA (cDNA) from the RNA, after which the 

process proceeds as normal. There are two fundamental stages in the standard DNA replication 

process: loop structure formation and exponential replication. 

Loop Structure Formation First, the FIP primer inserts itself into the target DNA strand and 

anneals to its target sequence (Fig. 1.3 i). A DNA polymerase with strand-displacing activity, for 

example Bst DNA polymerase derived from Bacillus stearothermophilus, then forms from the FIP 

primer a new DNA strand that displaces the original strand. Then the FOP primer inserts just 

behind the FIP primer (Fig. 1.3 ii) and DNA Polymerase starts from the FOP primer to create a 

new strand that displaces the strand generated from FIP. This displaced strand now interacts with 

the backward primers. The BIP primer binds to the displaced strand (Fig. 1.3 iii) and DNA 

polymerase starts from BIP to create a new strand. Now BOP attaches just behind the BIP primer 

(Fig. 1.3 iv) and DNA polymerase generates from BOP a new strand that displaces the BIP strand. 

This displaced BIP strand, due to the design of the primers, now has complementary tags at both 

ends, and these complementary tag ends loop around and attach to itself, forming the dumbbell 

structure (Fig. 1.3 v) that will undergo exponential replication. 
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Exponential Replication Now the FIP primer attaches to the outside of the dumbbell 

structure and DNA polymerase creates a new dumbbell structure. At this point there is a dumbbell 

structure and a complementary dumbbell structure, so FIP can work on the dumbbell structure 

(Fig. 1.3 vi) and BIP can work on the complementary dumbbell structure (Fig. 1.3 vii). Now new 

dumbbell structures are being generated on an exponential scale, and side effects of this process 

create additional more complex concatamer structures (Fig. 1.4 i-ii) typically constructed from 

integer multiples of the original dumbbell structure. 

Detection The exponential generation of concatamers can be detected in several ways. A 

byproduct of DNA polymerization is pyrophosphate, a phosphorus oxyanion that upon 

encountering excess Mg2+ present in the reaction mix forms an insoluble complex which makes 

the suspension more turbid after the replication process has taken place, thereby indicating that the 

target sequence was present125, 126. Another method of detection is colorimetric130, 131: pH 

indicators can be added to the solution to cause a color change when the replication process has 

taken place due to the increase in hydronium ions as a result of DNA polymerization. One of the 

increasingly common methods is fluorometric 132 detection, suitable for detection in a qPCR 

machine or other fluorimeter. An intercalating or DNA binding fluorescent dye is included in the 

solution, and the fluorescence of the dye greatly increases when it is able to intercalate or bind into 

nucleic acid sequences; thus, increased fluorescence indicates that the replication process has taken 

place and therefore that the target sequence was present in the original sample.  
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Figure 1.3: Loop-mediated isothermal amplification (LAMP) process schematic. The FIP, F3 

(a.k.a. FOP), BIP, and B3 (a.k.a. BOP) primers initiate formation of the dumbbell concatamer 

structure. Once the first dumbbell structure is fully formed, the same four primers initiate 

exponential concatamer amplification to create more dumbbells as well as additional concatamers. 

Schematic taken from Gibson 2020 133. 
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Saliva as a diagnostic sample Saliva is excreted from several glands in the mouth. It is 

composed 134-136 of about 98-99% water, with the remaining 2% composed of enzymes, 

polysaccharides, mucus, electrolytes, epithelial cells, and antibodies. Its main physiological 

purposes135 are to lubricate the mucous membranes, start the digestion process of food, and 

lubricate the bolus of food when swallowing. It can also contain a number of biomarkers137-140 

valuable for diagnostics, including viruses141-146.  

Viruses can enter the saliva via three primary mechanisms147, 148: 1) transfer from blood to 

saliva through blood/saliva contact in infected mouth salivary glands; 2) transfer from infected 

lung tissue to mucus in the respiratory tract; and 3) direct production of virus-infected saliva in 

infected salivary glands. Saliva is a desirable sample medium for diagnostics because it is very 

non-invasive and convenient to collect compared to blood draws or nasopharyngeal swabs. 

However, most saliva-based tests are performed in a lab because the saliva contains enzymes called 

ribonucleases149 that degrade RNA and thus can prevent viral RNA from being detected. The saliva 

must first be treated to deactivate the nucleases and to rupture the viral envelopes to make the viral 

RNA available to the LAMP reagents. An exact amount of saliva must be mixed with the LAMP 

reagents – not so much saliva that the saliva water content dilutes the LAMP reagents or that the 

saliva ribonucleases degrade the exposed viral RNA before it can be amplified, but also not so 

small of a volume that the sensitivity of the assay is diminished by a lower initial concentration of 

viruses. Thus, in Chapter 3 we create a method for collecting and pre-treating a specific amount of 

saliva and introduce the saliva to a specific volume of finely tuned RT-LAMP reagents that are 
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Figure 1.4: Concatamer formation during the exponential replication phase of LAMP. A variety 

of additional complex structures are formed from the initial dumbbell structures. The variety of 

structures is shown in a gel electrophoresis run (inset). The smaller concatamers (i) are more easily 

separated by the gel and thus form distinct bands, whereas the largest concatamers (ii) are not well 

separated by the gel and do not form distinct bands. Concatamer schematic taken from Eichen 

Chemical Co., Ltd. 2005 150. Gel image taken from Mugambi et al. 2015 151. 

 

developed in Chapter 7. This process must be relatively straightforward and not require specialized 

tools so that it can be done with minimal training in a POC setting rather than in a lab. After the 

collection, treatment, and mixing is complete, the sample is then placed in a heater at 65C for 30 
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minutes, and the presence or absence of increased fluorescence is detected in a matter of seconds 

in our inexpensive custom detection box. 

Design for Injection Molding 

As previously discussed above and detailed in Chapters 3 and 7 of this dissertation, 

widespread diagnostic testing is an important cornerstone in strategies to mitigate the health, 

social, and economical effects of pathogenic diseases. To enable widespread testing, diagnostic 

devices must be easily scaled to high volume production. Our device was designed with high 

volume sourcing in mind for all components, including injection moldability of the syringe portion.  

Injection Molding Concepts Injection molding152-159 works by forcing melted plastic 

through a nozzle into a cavity between two mold halves. First, solid millimeter-scale plastic pellets 

are gravity fed (Fig. 1.5 i) into the back end of a rotating screw that fits tightly inside a heated 

barrel. The flights of the rotating screw160-163 perform two functions: 1) to push the plastic forward 

towards the nozzle of the screw, and 2) to shear and mix the plastic pellets, heating them through 

friction at the same time. When the melted pellets reach the front of the screw and barrel, they are 

pushed past a check ring located on the front of the screw and into a reservoir in front of the screw. 

The size of the reservoir can be adjusted by moving the screw forward or backward. Thus, the 

screw and barrel form an adjustable plunger and syringe mechanism that can inject heated plastic 

into a mold. The check ring prevents plastic from traveling backward into the screw flights after it 

has passed forward of the check ring.  
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Figure 1.5: Injection molding process overview. i) Plastification: the plastic pellets gravity feed 

into the back of the screw. As the screw turns, the pellets are pushed forward and sheared by the 

flights of the screw. The shear force melts the pellets by the time they reach the front of the screw 

in preparation for injection. ii) Injection: The screw pushes forward to inject the plastic into the 

mold. A check ring prevents backflow of the molten plastic. iii) Packing/Cooling: The molding 

machine injects plastic to a defined pressure level in order to pack the polymer molecules tightly 

together and fill the mold completely. Then the machine sits idle for several seconds to allow the 

plastic to cool and solidify before ejection. iv) Demold/Ejection: The mold opens and ejector pins 

push the molded part off the core side of the mold. Schematic taken from Xie et al. 2011 164. 

Once the reservoir is filled to its capacity, the screw is pushed linearly forward (Fig. 1.5 

ii). This forward motion pushes the plastic through a nozzle and into the cavity formed by the two 

mold halves. Each of the mold halves are held in the molding machine, in front of the screw and 

barrel, independently. Hydraulic pumps provide the huge clamping pressure165 necessary to hold 

the mold shut during the injection process, which can create pressures on the order of tens of MPa 

166, 167. The plastic is pushed into the mold at a controlled rate. The molten plastic forms a curved 

flow front (Fig. 1.6), often termed fountain flow168-174, as it flows into the cavity and experiences 

shear along the walls of the cavity. Then, as the part is almost completely full of plastic, the 

machine switches to pressure control and fills, or “packs”166 (Fig. 1.5 iii), the cavity until a certain 

pressure is filled. This switch175 from speed-control to pressure-control is often called “scientific 
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molding” because it removes some of the guess work involved in packing the polymer molecules 

adequately so as to reduce sink marks and warpage without increasing the risk of mold damage or 

flash176. Flash is the inadvertent leakage of plastic outside the mold cavity at the parting line177 or 

at the vents, resulting in a thin feature that does not belong on the part. 

       

Figure 1.6: Illustration of the molten plastic filling front. The classic fountain flow geometry at 

the leading edge of the molten plastic is shown. Taken from Chang 2001153. 

 

As the molten plastic is rapidly injected into the mold cavity, it experiences high shear 

stress178. This stress forces the polymer molecules to align and thus lowers the viscosity of the 

molten plastic, a phenomenon known as shear thinning179, 180. The viscosity of molten plastic at 

low shear rates is very high; however, the shear generated by the injection process and 

corresponding shear thinning lowers the viscosity enough to make injection of the plastic 

possible181-183. Air that was originally inside the mold evacuates through vent channels184 that are 

strategically placed throughout the mold, often along ejector pins that are thick enough to allow 

air to escape but thin enough to prevent molten plastic from entering the vent channel. Each plastic 

has a different viscosity at molding temperature and thus the vent channel dimensions are designed 
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with the specific plastic in mind. The mold geometry must be designed to facilitate proper flow 

and packing of the plastic inside the cavity. 

After the plastic has been injected and packed into the cavity, the plastic is allowed to cool 

(Fig. 1.5 iii). The cooling process185-188 can only take place properly if cooling channels are built 

into the mold. Cooling channels circulate fluid near the cavity so as to remove heat from the plastic 

during the molding process. Without cooling channels, the mold would keep heating up with every 

injection cycle and eventually the plastic would stop cooling in the mold. The fluid is circulated at 

a rate sufficient to generate turbulent flow, because turbulent flow transfers189, 190 heat faster than 

laminar flow. The fluid is usually water for plastics with lower melting temperatures, like 

polypropylene, and is usually oil for plastics with higher melting temperatures, like 

polyetherimides such as Ultem.  

After the part has cooled, the mold opens and ejector pins on the core side of the mold push 

the part off the mold (Fig. 1.5 iv). The part may simply fall into a bin under the mold, or it may be 

grasped by a robotic arm that places the part on a conveyor belt for controlled cooling or may 

engage the part with secondary processes like ink pad printing or sprue removal. The sprue is the 

plastic channel that leads from the screw nozzle and into the mold cavity. For multi-cavity molds, 

the sprue leads into runners that enter into each identical cavity. The cavities must be carefully laid 

out to ensure the plastic shear is identical in each cavity so that each cavity experiences the same 

plastic flow and pressure. The entrance from the runner into the cavity is called the gate, and the 

gate is carefully designed191-195 in accordance with the specific plastic being used and the exact 

ejection method being used for the part. Different gate types include cashew gate, edge gate, 

submarine gate, and hot runner valve and thermal gates.  
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An important design parameter is wall thickness196-198 and its uniformity. Different plastics 

have different ideal wall thicknesses199, usually on the order of millimeters. Most injection molded 

parts are designed with millimeter-scale wall thicknesses in order to facilitate faster cooling, 

reduce sink marks, and save plastic. “Sink” is the defect that can occur when the plastic is not 

adequately packed into a region of the molded part. As the plastic cools, the polymer molecules 

try to curl back into their original non-linear shape159. If the polymer molecules are not adequately 

packed tightly enough together, then this curling up of polymers will result the surface of the part 

caving in and exhibiting depressions that align with the thickest area of the part, called sink marks, 

because the thickest area of the part has the most loosely packed polymer molecules. The 

uniformity of the wall thickness is crucial because the plastic will not pack into the part features 

uniformly if the walls are very non-uniform; thus, the thicker wall sections will exhibit sink marks. 

Another important design factor is draft angle200-202. Draft is the angle applied to what 

would normally be a vertical surface in order to facilitate removal of the molded part from the 

mold. For example, if you are molding a plastic cup, the original cup design may contain perfectly 

vertical walls for aesthetic or functional purposes. However, the inside and outside of the vertical 

walls of the cup will scrape against the mold during part removal – first, as the molded opens, the 

cavity side of the mold will scrape against the outside of the cup; then, as the cup is pushed off the 

core side of the mold by ejector pins, the inside of the cup will scrap against the outside of the core 

feature on the core side of the mold. This scraping makes it more difficult to remove the part and 

could result in mold damage or in the part getting stuck in the mold, which is then time consuming 

and laborious to get out. Instead, the cup would be designed with a small angle on the inside and 
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outside of the walls – usually only 1° or 2° – so that the cup separates cleanly from the mold as 

soon as the part removal process begins.  

The part must also be designed with mold fabrication techniques 203, 204 in mind. Molds are 

typically fabricated out of hardened steel or, for prototyping purposes, aluminum. The part must 

be designed in a way that allows the mold to be fabricated using traditional toolmaking techniques 

and with minimal risk of breakage or other problems during molding. Molds are fabricated using 

highly specialized equipment like heavy-duty lathes, computer numerical control (CNC) milling 

machines, and electro-discharge machines205-207 (EDM). CNC machines mill features using 

specialized milling bits and a computer controlled milling head. EDM utilizes a graphite electrode 

that has been milled with a CNC machine. An electric potential is applied to the graphite electrode 

and the steel block while they are submerged into a conductive drilling fluid, causing plasma to 

effectively “burn” the shape of the electrode into the steel. More simple methods of EDM include 

wire-shaped copper electrodes, called “hole-poppers,” that simply drill holes through large blocks 

of steel in preparation for other fabrication processing. 

 Each mold half is a complex mechanical assembly of tightly fitting moving parts. Mold 

complexity varies greatly from part to part, with the simplest molds having only the two static 

mold halves and a few ejector pins, and the most complex molds also including laterally moving 

sliders to create undercut features, rotating platens and double barrels for multi-material molding, 

and multiple stages of robotically and manually executed secondary processes after molding. 

The physical geometry of the device must be designed in order to facilitate the fabrication 

of the mold and ensure mold longevity over many injection mold cycles. Furthermore, the physics 

of plastic flow and heat transfer must be considered in order to help ensure the molded parts are 
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produced consistently and to the required design specifications. Our device was designed with 

these requirements in mind and then further adjusted for manufacturing with the help of a contract 

injection molding company, Natech Plastics. Good contract manufacturers utilize their collective 

toolmaking and molding experience to implement design guidelines in order to reduce the risk of 

future productivity or quality problems and can help balance this risk management process with 

the functionality requirements for the device. This design process is called design for injection 

molding (DFIM) and more generally design for manufacturing208 (DFM).  
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Abstract 

Interactions between colloidal-scale structures govern the physical properties of soft and 

biological materials, and knowledge of the forces associated with these interactions is critical for 

understanding and controlling these materials. A common approach to quantify colloidal 

interactions is to measure the interaction forces between colloids and a fixed surface. The 

centrifuge force microscope (CFM), a miniaturized microscope inside a centrifuge, is capable of 

performing hundreds of force measurements in parallel over a wide force range (10-2 to 104 pN), 

but CFM instruments are not widely used to measure colloid-surface interaction forces. In addition, 

current CFM instruments rely on brightfield illumination and are not capable of fluorescence 

microscopy. Here we present a fluorescence CFM (F-CFM) that combines both fluorescence and 

brightfield microscopy and demonstrate its use for measuring microscale colloidal-surface 

interaction forces. The F-CFM operates at speeds up to 5000 RPM, 2.5× faster than those 

previously reported, yielding a 6.25× greater maximum force than previous instruments. A battery-

powered GoPro video camera enables real-time viewing of the microscopy video on a mobile 

device, and frequency analysis of the audio signal correlates centrifuge rotational speed with the 

video signal. To demonstrate the capability of the F-CFM, we measure the force required to detach 

hundreds of electrostatically-stabilized colloidal microspheres attached to a charged glass surface 

as a function of ionic strength and compare the resulting force distributions with an approximated 

DLVO theory. The F-CFM will enable microscale force measurements to be correlated with 

fluorescence imaging in soft and biological systems. 

 



50 

 

Introduction 

Soft materials are widespread in nature and industry.1-8 Examples include food,9, 10 personal 

care products,11 biomedical supplies,12 and biological tissues.13 These materials are characterized 

by colloidal-scale structures such as drops,14 particles,15-17 and polymers,4, 18, 19 which range in size 

from nanometers to micrometers, and the behavior of these structures govern material properties.2, 

3, 20, 21 A defining attribute of soft materials is their mechanical properties, and knowledge of these 

properties is valuable for both fundamental and applied research. For example, products like 

toothpaste must be formulated to achieve desired flow properties and the mechanics of tissues and 

bio-gels play critical roles in diseases like cancer22, 23 and osteoarthritis.24, 25 These properties are 

governed by interactions between colloidal constituents;21, 26, 27 thus, characterizing colloidal 

interaction forces is important for understanding and controlling soft material mechanical 

properties.28, 29 

A variety of tools exist for directly measuring colloidal interaction forces, which are both 

small and wide-ranging, from 10-2 to 104 pN.30-32 With optical trapping, colloids are brought close 

to one another and the magnitude of the attractive or repulsive forces between them measured as 

a function of separation distance.33-35 Tools like atomic force microscopy (AFM)36, 37 measure 

interactions between colloids and a fixed surface. Both optical trapping and AFM provide high-

resolution force information, but measurements are typically performed one at a time, and are not 

ideal for quantifying heterogeneous systems, which require many measurements to construct 

statistically significant force distributions. Instead, techniques like magnetic tweezers32, 38 and 

centrifugal force microscopy (CFM),39-44 which can perform multiple force measurements in 

parallel are better suited for characterizing heterogenous systems. CFM is a particularly attractive 
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technique because it is capable of multiple simultaneous measurements (i.e. force multiplexing) 

and does not require significant device calibration or user training. A CFM instrument is composed 

of a miniaturized microscope housed inside a swinging bucket centrifuge. As the centrifuge spins, 

colloids suspended in liquid and interacting with a coverslip are subjected to an effective 

gravitational force drawing them away from the surface. By controlling the rotational speed of the 

centrifuge, well-defined forces can be applied to 100s of individual colloids simultaneously; 

however, current CFM instruments rely on brightfield optical microscopy to identify and track 

colloidal objects.39-44 This illumination technique is adequate for measuring colloidal interaction 

forces but is limited with regard to spatial resolution and sample characterization. Fluorescence 

microscopy offers enhanced spatial resolution and access to a wide variety of sample labelling 

techniques, but the incorporation of fluorescence imaging into a CFM has not yet been reported. 

Such an instrument would provide significant benefits for characterizing complex soft and 

biological materials.  

Here we present a fluorescence CFM (F-CFM) capable of performing both fluorescence 

and brightfield microscopy in combination with microscale force measurements. The F-CFM can 

perform 100s of interaction force measurements simultaneously. The F-CFM operates at speeds 

up to 5000 RPM, 2.5× faster than those previously reported, yielding a 6.25× greater maximum 

force for any given colloid and a resulting force range of 10-2 to 105 pN. Additionally, use of a 

battery-powered GoPro video camera enables real-time transfer of microscopy video to a mobile 

device during operation, and frequency analysis of the audio signal provided by on-camera 

microphones correlates centrifuge rotational speed with the video signal. Wireless streaming video 

allows observation and control of experiments in real time, similar to previous CFM iterations.43, 
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44 Audio verification of speed, also not reported in previous iterations, allows determination of 

centrifuge speed profiles in standard unmodified benchtop centrifuges to be controlled through an 

external computer user interface. We validate the accuracy of the instrument by measuring, at 

various effective gravities, the time required for fluorescent colloidal microspheres to sediment 

from one imaging plane to another. To demonstrate the capability of the F-CFM for performing 

multiple measurements in parallel, we measure the forces required to detach 100s of 

electrostatically-stabilized colloidal microspheres attached to a charged glass surface as a function 

of ionic strength and compare the resulting force distributions to a modified Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory. The F-CFM will enable microscale force measurements to be 

correlated with fluorescence markers in soft and biological systems. 

Methods 

Instrument 

The F-CFM design is based on a brightfield CFM developed for single-molecule force 

multiplexing.41 Optical hardware and supporting electronics are housed in a cylindrical 3D-printed 

clamshell enclosure that splits into two pieces, bisected by a plane parallel to the long axis (Fig. 

2.1A). Supporting electronics include a white brightfield light-emitting diode (LED) (Fig. 2.1A, i 

and ii), a blue fluorescent excitation LED (Fig. 2.1A, iii and iv), and a lithium polymer (LiPo) 

battery (Fig. 2.1A, v). For brightfield illumination, a diffuse white LED is soldered to a customized 

circuit board (PCB) along with a 10-kΩ resistor and Japanese solderless terminal (JST) male  
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Figure 2.1: Fluorescence CFM construction and assembly. (A) Two-part clamshell housing for 

F-CFM module. Brightfield LED (i and ii), fluorescence LED (iii and iv), and lithium polymer 

(LiPo) battery (v) are built into the housing. Inset: custom printed circuit board for brightfield 

operation. (B) The F-CFM module fits inside the clamshell housing during assembly. (C) 

Clamshell housing closes around F-CFM module. Assembly is ready to be lowered into centrifuge 

bucket. Two camera microphones are visible as small holes to the right and left of the power button 

(square with red circle). (D) Orientation of the F-CFM components, axis of rotation, and 

centrifugal force vector during operation. (E) Optical components of the F-CFM module. 

Fluorescence excitation light (blue) travels from the blue LED and through the excitation filter (i) 

before reflecting off the dichroic mirror (ii) and reaching the sample. Fluorescence emission light 

(green) travels from the sample, through the dichroic mirror, the emission filter (iii), and the 

focusing lens, and into the camera sensor. Brightfield illumination light (not shown) follows same 

path as fluorescence emission light. Inset: Sample cell holder components. Sample cell holder lid 

screws into sample cell holder, clamping sample cell in place. 

 

connector socket (Fig. 2.1A, right inset). For fluorescent illumination, a blue LED is soldered to 

another customized PCB along with a 10-Ω resistor and JST male connector socket (Fig. 2.1A, 

left inset). The battery can be connected to the brightfield LED, the blue fluorescent LED, or both 
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– resulting in three available illumination modes. When both LEDs are operational, two batteries 

are used, and a piece of neutral density filter film (ND = 1.2) is placed over the brightfield LED to 

reduce the reflection of the fluorescence optical beam off the brightfield LED. The F-CFM is 

operated in any of these modes by connecting the appropriate LiPo battery to the desired LED 

during instrument assembly. The camera and optical hardware fit into a custom-designed recess 

within the clamshell housing (Fig. 2.1B). After the F-CFM module is assembled and battery wiring 

harness connected, the second clamshell piece closes around the module (Fig. 2.1C) and the entire 

module with housing is inserted into the bucket of a commercially available centrifuge 

(ThermoFisher Sorvall Legend X1R). 

During operation, the centrifuge swinging buckets do not fully extend 90° to the rotational 

axis z during operation, resulting in a non-normal force vector acting on the sample cell. This is 

illustrated in Fig. 2.1D. The force vector is 76.6° from perpendicular at 300 RPM and 80.7° from 

perpendicular at 1000 to 5000 RPM (see SI Note 2.1 and SI Fig. 2.1) The objective tube, 

containing the sample cell module and objective, connects to a 3D-printed fluorescence cube, 

containing a 495-nm dichroic mirror and 520-nm bandpass emission filter, which connects to the 

focusing lens tube to form a tubular microscope which is attached to a camera (Fig. 2.1E). The 

472-nm bandpass excitation filter fits inside the blue LED housing. The sample cell, constructed 

from two circular glass coverslips separated by a spacer to create a sealed shallow sample well, is 

contained in a two-part 3D-printed housing constructed from a sample cell holder and lid that 

screws into the objective microscope tube (Fig. 2.1E, inset). Mounting the sample cell on the 

interior of the objective tube rather than the exterior end of the tube reduces deformation of the 

sample cell during centrifugation because the thick walls of the objective tube resist deformation 
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better than the thin threads connecting an exterior sample cell holder to the objective tube. This 

provides less change in focus throughout the experiment, even at 5000 RPM, the highest RPM for 

which our buckets are rated. A complete exploded-view diagram and parts ordering information 

are listed in SI Fig. 2.2. CAD files in STEP format for all 3D-printed components are included as 

supplemental files as well. 

Recent advances in camera technology enable the F-CFM. Here, we use a compact, 

wireless GoPro Hero 5 action camera. The compact form factor of the camera allows more room 

for fluorescence optical components than previous CFM designs.39-41 The wireless feature allows 

the video to be viewed in real time through an application on a smartphone, which also allows the 

user to start and stop recording remotely. The live video feed is clear up to 4000 RPM and exhibits 

only minor interference up to 5000 RPM. The GoPro camera has a 6.17 mm × 4.55 mm CMOS 

12-megapixel sensor capable of 4K video at 30 frames per second (fps) and 1080p video at 120 

fps, stores video on an SD card and requires no electronics knowledge to operate. Here, we use a 

shorter optical path ( 40 mm) than previous designs ( 90 mm), which require turning mirrors.39-

41 This configuration leads to aberrative vignetting and optical distortion in the corners of the image 

but offers an acceptable compromise by providing room for important optical components. 

Fabrication 

Construction of F-CFM components is straight-forward and does not require extensive 

fabrication, programming, or electronics knowledge. The M12 threaded connector that attaches 

the camera to the focusing tube is made by threading a plain aluminum tube (12 mm O.D. × 10 

mm I.D.) using an M12 die along with a die wrench, pipe cutter, and vise. The brightfield LED is 

soldered to a simple customized PCB (oshpark.com) along with a JST connector and 10-kΩ 
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resistor. The fluorescence LED is soldered to a different customized PCB along with a JST 

connector and 10-Ω resistor.  The brightfield LED requires a strong resistor to prevent 

oversaturation of the brightfield images, and the fluorescence LED requires a weak resistor to 

generate enough light to excite the fluorescent dye in the sample. All other components are 

purchased from optics companies or 3D-printed with a Stanley Model 1 fused deposition modeling 

(FDM) printer with poly-lactic acid (PLA) 1.75-mm diameter filament. See SI Note 2.2 for 

assembly information. 

Experimental Protocol 

Circular glass coverslips (Thomas Scientific, diameter 18 mm, No. 2 thickness) are cleaned 

by sonicating for 15 min in each of the following: acetone, isopropanol, 2.0 M NaOH, and pure 

distilled water, in that order. Prior to the final distilled water sonication step, the coverslips are 

rinsed several times in pure distilled water to remove excess NaOH. After the final sonication step, 

the slides are dried with nitrogen. Donut-shaped annular spacers (I.D. = 7 mm, O.D. = 15 mm) are 

cut from 102.5 µm ± 3.6 µm thickness Kapton tape using a craft cutter (Silhouette CAMEO 2) and 

adhered to one slide (see SI Note 2.3 and SI Fig. 2.3). An annular bead of UV-curing optical 

adhesive (Norland 61) is deposited inside the annular tape ring on the slide. This bead of adhesive 

protects the central region of interest on the slide from being disturbed by air bubbles that form on 

the edge of the tape during centrifugation, likely due to compression of the tape. After curing the 

bead of UV adhesive under UV light until hardened (20 – 300 s depending on the light source), 25 

µL of the colloid suspension is pipetted into the shallow well created by the annular spacer and 

slide. Another cleaned slide is then placed on top of the tape spacer, sealing the sample inside. The 
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inadvertent incorporation of air bubbles must be avoided as their movement during measurements 

leads to undesired liquid flows.  

Once the sample cell is prepared, it is loaded into the sample cell holder which screws into 

the objective tube. The distance from the sample cell to the objective is adjusted by screwing in 

the sample cell holder until the interior surface of interest is in focus. This is accomplished by 

looking at the built-in camera display screen or by attaching the camera to a monitor with the 

camera mini-USB connection. The sample cell must be illuminated manually, independent of the 

housing during the focusing adjustment before the F-CFM is placed inside the clamshell holder.  

After focus is achieved, the F-CFM module is enclosed in the clamshell housing and loaded 

into a centrifuge bucket. The two sides of the housing are held together by the snug fit within the 

centrifuge bucket. The weight of the counterbalance at the opposing bucket is verified using an 

electronic scale, the lid is closed, and the centrifuge is started. When the run is complete, the 

centrifuge is allowed to come to rest and opened, the camera recording is stopped, and the video 

files are downloaded to a computer. The onset of centrifuge rotation is distinctly audible in the 

recorded video, providing a reference point for video image data to be synced with speed data. 

The centrifuge used in this study is a swinging bucket ThermoFisher Sorvall Legend X1R 

with 400-mL buckets (TX-400, p/n 75003655), custom-ordered for PC-control. Operation is 

controlled by PC instead of the front control pad and records the RPM profile by reporting speed 

values every 0.5 s. The RPM is measured using a built-in Hall effect sensor and magnets in the 

rotor base. Detailed speed profiles can be programmed from the included PC control software. A 

centrifuge without PC control could also be used by manually increasing the centrifuge speed in a 

stepwise fashion using the centrifuge control pad. 
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Video files (.mp4) are downloaded from the GoPro SD card onto a PC. Using the FFmpeg 

toolbox in MATLAB, the .mp4 files are converted into .tiff stacks. Here, for ease of analysis, only 

one out of every hundred frames is kept for analysis. The frame is cropped from its original 1280 

× 720 px to a central 320 × 300 px rectangle in the region of best focus (Fig. 2.2). These frames 

are then corrected for drift in Imaris 9.2.1 software. The resulting drift-corrected frames are 

analyzed one-by-one manually by counting the number of colloids in each frame and recording 

the colloid counts in a spreadsheet. The frame numbers are synchronized with the reported 

centrifuge speed to determine the RPM and effective gravity geff associated with each colloid 

count.  The centrifugal force acting on each microsphere is defined by 𝐹c = 𝑚𝜔2𝑟 where 𝑟 is the 

moment arm of the centrifuge (0.15 m), 𝜔 is the rotational velocity, and 𝑚 is the effective mass of 

the colloid. Here, 𝑚 = 𝑉c(𝜌c − 𝜌f), where 𝑉c is the volume of the colloid, 𝜌c is the density of the 

colloid and 𝜌f is the density of the fluid.  

Independent verification of the reported centrifuge speeds is performed by audio analysis 

of the .mp4 video files. Using a custom MATLAB R2019b routine, we extract the 48000 Hz stereo 

samples recorded by the left channel of the audio track. The GoPro provides two channels of audio 

(right and left) which capture similar audio information. Here, we have chosen the left channel for 

analysis. To match the centrifuge reporting frequency of 0.5 s-1, we fit audio signal clips of 0.5 s 

duration using a sum-of-sines routine found within the MATLAB Curve Fitting Toolbox. Thus, 

we can associate each video frame, taken at 25 fps in PAL format, to a corresponding audio clip 
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Figure 2.2: F-CFM image quality. (A) Brightfield F-CFM image of photomask grid of uniform 

circular holes (d = 10 µm) reveals optical aberrations near edges. White cross represents center of 

focus around which white dashes define circle of radius R. (B) Plot of apparent hole aspect ratios 

ARhole as functions of R for all holes in part A (solid gray circles) fit with a polynomial regression 

(blue line) to guide the eye (see SI Table 1 for fitting form). This can be used to quantify a region 

of defined image quality. For example, white dashed line in (A) corresponding to R = 300 px 

encloses holes with ARhole ≤ 1.25 (red dot). (C-E) F-CFM images (350 × 250 px) of a mixed 

suspension of green and red fluorescent polystyrene/iron oxide microspheres (𝑑̅ = 8.3 µm) 

captured using (C) brightfield, (D) fluorescence, and (E) concurrent brightfield and fluorescence 

imaging modes. Red fluorescent microspheres do not fluoresce under these imaging conditions. 

(F) Digitally zoomed grayscale fluorescence F-CFM image of a small microsphere (𝑑̅ = 1.0 µm) 

fixed by drying to the surface of a glass slide. (G and H) Tracking x- and y-positions of sphere 

from part (F) over time t = 10 s using the radial symmetry method. 
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containing 2000 samples. After fitting the resulting audio waveform using the sum-of-sines fitting 

routine, frequency information is extracted from the fit parameters, associating an RPM with each 

0.5 s time interval. It is convenient to record in PAL format rather than NTSC format to ensure an 

integer number of video frames per second; this option is available in the “Preferences” menu of 

the GoPro.  

Safety Considerations 

Care must be taken to properly balance the centrifuge. To accomplish this, we set opposing 

bucket weights to within 1 g of each other. Larger mass imbalances will lead to centrifuge vibration 

during operation. More importantly, the centers of mass of opposing buckets must match closely 

as small differences will lead to centrifuge vibration. Given the low cost of a F-CFM module and 

housing (see SI Fig. 2.2), we counterbalance the F-CFM with a second, identical complete F-CFM 

module and housing in the opposing bucket. We find this approach is simpler than attempting to 

replicate the F-CFM module mass distribution with an assembly of similarly weighted objects, and 

it provides the option of running two different experiments simultaneously. 

Care must also be taken to avoid LiPo battery leakage and fire. LiPo batteries should be 

inspected for damage after each run. If the batteries become dented or smashed, they should be 

stored in a fireproof LiPo battery bag (e.g. Suncentech 180 × 230 mm LiPo Guard battery storage 

bags) and brought to an electronics retailer for recycling. In initial testing, some of our large 

batteries (1000 mAh) did leak fluid after extended operation at high speeds; thus, we prefer to use 

small batteries (40 - 400 mAh) to reduce the risk of rupture, leakage, and fire. These small batteries 

provide more than enough current to operate the LED for hours, and we have not observed any 

damage or leakage due to centrifugation. The centrifuge and buckets are capable of speeds up to 



61 

 

5000 RPM. However, in most cases we prefer to limit our experiments to a maximum speed of 

4700 RPM to reduce stress on the camera, batteries, and LEDs. 

The F-CFM is housed within a custom-built guarding enclosure composed of an extruded 

aluminum frame (80/20 brand) and 1/4-in. polycarbonate (8020.net) (SI Fig. 2.4). Although our 

centrifuge was custom-ordered, it contains standard safety features such as thick steel plates 

surrounding the centrifugation chamber and an automatic override stop when excess vibration is 

detected. Since our centrifuge buckets are well-balanced and still within the weight threshold for 

which the buckets are rated, this polycarbonate guarding is simply meant to help contain debris in 

the unlikely event of centrifuge failure.  

Results and Discussion 

Image Quality 

To assess the image quality provided by the F-CFM, we image a photomask printed with 

a grid of uniform circular dots (d = 10 µm) (Fig. 2.2A). This video frame image measures 1280 × 

720 px. The image edges are out-of-focus because we use a short focal length focusing lens. The 

out-of-focus area is likely due to comatic and spherical aberrations. To quantify the aberration, we 

measure the aspect ratio (AR) of each dot using ImageJ and plot the aspect ratio as a function of 

radius R from the center of focus (Fig. 2.2B). A perfect circle has an aspect ratio of 1, and the 

aspect ratio increases as aberration increases. The peak of the curve, with an aspect ratio of 1.6, 

occurs ~575 px from the center of focus. The aspect ratio then dips slightly at the outer edges of 

the image due to refraction of the light rays that reach the photomask at the highest angle. The 

center of focus was determined by defining all the dots with AR = 1 and then finding the center of 

that circle. The center of focus is near, but not directly aligned with the center of the image because 
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the objective, focusing lens, and camera sensor are not perfectly aligned. Fig. 2B provides a 

measure of aberration across the image, and this information can be used to characterize a region 

of acceptable image quality. For example, a circle (white dashed line) with R = 300 px enclosing 

average hole aspect ratios ARhole ≤ 1.25 is shown in Fig. 2A. Different experiments will require 

different ranges of acceptable image quality.  

To demonstrate the capability of the F-CFM in differentiating two distinct but identically-

sized colloid populations using fluorescence, we image an aqueous suspension of microspheres 

containing green and red fluorescent microspheres (Bangs Laboratories; green: 𝑑̅ = 8.3 ± 0.224 

µm (UMDG003) and red: 𝑑̅ = 8.3 ± 0.28 µm (UMFR003)). The microspheres are nearly identical 

in size and thus indistinguishable with brightfield imaging alone (Fig. 2.2C). The red fluorescent 

microspheres are not excited by the blue LED illumination, and thus are effectively non-

fluorescent under these imaging conditions; thus, the two microsphere populations are clearly 

distinguishable when imaged by the F-CFM in fluorescence mode (Fig. 2.2D, E).  

Fluorescence biophysical force measurements (e.g. single-molecule) comprise a 

potentially important application for the F-CFM. Single-molecule force measurements require 

high-precision, sub-pixel particle tracking within 10s of nm, which can be performed using the F-

CFM. To demonstrate, we adhere fluorescently-labelled, polystyrene colloids (𝑑̅ = 1.0 µm, 1 wt%, 

Thermo Scientific, G0100) to the inner surface of a water-filled sample cell, place the F-CFM 

module on an optical table to reduce vibrations, and record individual beads for 10 s (Fig. 2.2F). 

A radial symmetry particle tracking method records the center of each colloid as a function of time 

with a maximum resolution of ± 0.027 px corresponding to ~2.7 nm. The x (Fig. 2.2G) and y (Fig. 

2.2H) positions of a single representative bead fluctuates by ± 20 nm. We chose a radial symmetry 
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particle tracking method45 over alternatives (e.g. centroid, Gaussian) for its accuracy, speed, and 

MATLAB graphical user interface.  

Force Range 

The F-CFM can apply a broad range of forces to colloidal particles. The force range is set 

by 𝑟, 𝜔, and 𝑚. Here, our 𝑟 and minimum 𝜔min are comparable to other commercial centrifuges; 

thus, the minimum force that can be applied practically is comparable to that reported for other 

CFMs (Fc,min ≈ 10-2 pN). However, our 𝜔max = 5000 RPM is 2.5× greater than values reported for 

other CFMs (𝜔max = 2000 RPM). Since Fc  𝜔2, this provides a 6.25× increase in the maximum 

force, compared to other CFMs.39-41 For a polystyrene microsphere with d = 1 μm and ρc = 1.06 

g/cm3 suspended in water and run at 2000 RPM, the centrifugal force acting on the microsphere, 

Fc,max ≈ 0.2 pN, while at 5000 RPM, Fc,max ≈ 1.3 pN. The maximum force can be increased by 

increasing d or ρc, which increases 𝑚. For example, from a practical perspective, the largest, most 

dense colloid would likely be a silica microsphere with d ≈ 20 μm and ρc = 2.6 g/cm3. At 𝜔max  = 

5000 RPM, this colloid would experience Fc,max ≈ 105 pN. Thus, here we report the force range of 

the F-CFM to be 10-2 to 105 pN. 

Force Validation 

Most experiments with the F-CFM will subject colloidal suspensions to a well-defined 

centrifugal force field. While this force is straightforward to calculate from known parameters and 

should not require calibration, here we offer a simple sedimentation experiment to validate our 

force predictions. We measure the time required for monodisperse, fluorescently-labelled, 

polystyrene colloidal microspheres (𝑑̅ = 4.19 ± 0.27 µm, 0.97 wt %, ρc = 1.06 g/cm3, Bangs 

Laboratories, FSDG006) to sediment from the top of the sample cell to the bottom at different 
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rotational velocities, convert these times to sedimentation velocities, and compare the 

experimentally-measured velocities to theoretical predictions.  

With the F-CFM module focused on the colloids at the bottom inside of the sample cell, 

the F-CFM module is turned upside down to let the microspheres sediment to the inner surface of 

the coverslip nearest the camera (i.e. “top”) (Fig. 2.3A). The total time required for the 

microspheres to sediment the thickness of the sample cell under gravity g is about 2 min, so the F-

CFM module is allowed to sit upside down for 5 min to ensure the microspheres have reached the 

top of the sample cell before the measurement is started. Then we centrifuge the sample in the F-

CFM and measure the time required for the microspheres to sediment to the bottom of the sample 

cell. 

For each measurement, the centrifuge rotation is quickly ramped up to a fixed rotational 

speed and held at that speed until the colloids reach the inner surface of the coverslip farthest from 

the camera (i.e. “bottom”) (Fig. 2.3B). The centrifuge routine is systematically varied for a range 

of average rotational speeds, from 150-400 RPM, corresponding to accelerations ranging from 49-

216 m/s2 and a geff range of 5-22 g. Effective gravity, or relative centrifugal force (RCF), is 

calculated using 𝑔eff = 11.18𝑟 (
𝑄

1000
)

2

 where r is the moment arm of the centrifuge (here, r = 15.0 

cm) and Q is the RPM. 
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Figure 2.3: CFM force validation using colloidal sedimentation. (A) Sample cell cross-section. 

Gray circle represents microsphere at t = 0 near top coverslip. Not to scale.  (B) Plot of relative 

centrifugal force (RCF) as a function of time t (s) for a representative sedimentation measurement. 

Sedimentation of green polystyrene fluorescent microspheres (𝑑̅ = 4.19 µm) is shown below in 

representative frames of an optical microscopy movie. (C) Plot of sedimentation terminal velocity 

vt (solid blue circles) as a function of effective gravity geff. Bounding lines represent expected 

range. 

The terminal velocity vt is determined by dividing the settling distance by the measured 

sedimentation time. The settling distance is set by the thickness of the sample cell hc which is set 

by the thickness of the Kapton tape (102.5 ± 3.6 µm). Loading and initiating the centrifuge takes 

30 ± 5 s, during which time the colloids sediment 19.7 ± 2.5 µm; so, for our validation, the settling 

distance under geff is the modified thickness hm = 82.8 ± 6.2 µm. Even at the low colloid 

concentrations used here (< 1.0 wt %), many of the microspheres interact with one another 

hydrodynamically, settle together and arrive at the bottom of the sample cell sooner than those that 

sediment individually (SI Video 2.1). Thus, the sedimentation time is defined as the time from the 

start of the centrifuge rotation to the time at which all the individual microspheres have reached 

the bottom surface and are fully in focus. A plot of the measured vt as a function of geff is shown 

in Fig. 2.3C. 

To compare these velocity results with expected values, we balance the force due to geff 

with the Stokes’ drag force on a sphere and solve for the terminal velocity of a sinking sphere: 



66 

 

𝑣t =
2

9

(𝜌c−𝜌f)

𝜂
𝑔eff𝑎

2. Here, 𝜂 is the dynamic viscosity of the medium, 𝜌c is the density of the colloid, 

𝜌f is the density of the fluid medium, 𝑔eff is the effective gravitational acceleration (RCF), and 𝑎 

is the radius of the colloid (see SI Note 2.4 for more details). For each experiment, we calculate 

the average geff over the time frame provided by the observed settling time and plot the predicted 

vt as a function of geff. The predicted vt plotted as a function of geff agrees well with our 

measurements (Fig. 2.3C). The two gray dashed lines in Fig. 3C indicate the upper and lower 

predictions for vt based on uncertainty in hm, a, and sample temperature (20 °C ≤ T ≤ 23 °C), with 

the latter dictating the water viscosity (0.9321 cP ≤ 𝜂 ≤ 1.0016 cP). The measurements fall almost 

entirely within the two bounds, confirming that we are accurately reporting 𝑔eff acting on colloids 

in the F-CFM. The few points lying below the lower bound can be attributed to potential variations 

in tape thickness (i.e. sedimentation distance) and colloid density, and the fact that we wait for all 

colloids to reach the lower surface, thus effectively excluding the fastest settling colloids, which 

are likely interacting hydrodynamically, from our measurements.  

Validation of Centrifuge Rotational Frequency with Audio Signal 

Analysis 

Instantaneous rotational frequencies, reported as centrifuge speed RPMs, may be 

independently validated by analysis of the audio signal recorded by the GoPro microphone during 

F-CFM operation (Fig. 2.4). Audio sample waveforms are a record of the sounds produced by the 

physical motion of the rotor, effectively providing a sinusoidal signal wherein rotational frequency 

information is encoded. To illustrate this, we record an audiovisual movie of a linear ramp of 
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Figure 2.4: Audio waveforms indicate centrifuge speed. (A-C) Sections of 48000 Hz audio 

samples (black traces) recorded during the beginning, middle, and end of a linearly accelerating 

F-CFM run. Audio sample (SPL) traces as functions of increments of time (Δt, upper x-axis) and 

sample number (ΔSPL, lower x-axis) are fit using equation, 𝐼SPL = 𝐴sin(𝑓𝑡 + 𝜑) (solid red lines) 

where ISPL represents recorded sample intensity (arbitrary units), A amplitude, f frequency (rad), t 

time (s), and φ offset. Fit parameter f is used to calculate centrifuge speed values of (A) 1429, 

(B) 3114, and (C) 4800 RPM operation. (D) Centrifuge speed (RPM) reported by instrument 

(solid black circles, solid black line guides the eye) plotted alongside audio-calculated RPM 

(open red circles) fit to intervals of 0.5 s (24000 samples at 48000 Hz). Arrows indicate locations 

of parts A-C. Inset: Centrifuge speed values (RPM) from both audio signal fits and magnetic 

encoder at corresponding times show excellent agreement when RPM > 1000. 
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centrifuge speed from 0 to 5000 RPM during which audio is recorded at a sampling rate of  48 

kHz. For the case of a F-CFM movie taken at 25 fps, each image frame represents a duration of 

0.04 s. To compare the data obtained  using audio signals with the data reported by the centrifuge 

magnetic encoder, we divide the audio samples into 0.5-s intervals, each corresponding to 24 kHz 

samples (Fig. 2.4A-C, black lines). Using a customized MATLAB routine (see Experimental 

Protocol), we fit these sample traces to a sinusoidal function, 𝐼 = 𝐴 sin(𝑓𝑡 + 𝜑) where I is the 

recorded sample intensity (arbitrary units), A is the amplitude, f is the frequency in rad s-1, t is time, 

and φ is the offset (Fig. 2.4A-C, red lines) which tracks the waveforms. Every 0.5 s interval in the 

movie is given a sine fit, and fitting parameter frequency f is used to determine the RPM value 

(Fig. 2.4D). At centrifuge speeds < 1000 RPM, cumulative acoustic effects mask the waveform 

frequency information, but for values > 1000 RPM, any harmonic effects are minimized, and 

values track with those reported by the on-board magnetic encoder (Fig. 2.4D, inset). Individual 

measurements in this range routinely differ by < 3.0% from the magnetically-encoded values. 

Colloid Detachment Force Measurements  

To demonstrate the capability of the F-CFM for performing multiple force measurements 

in parallel, we induce attractive interactions between electrostatically-stabilized colloids with a 

negative net surface charge and a negatively charged-glass coverslip and measure the forces 

required to remove these colloids from the coverslip. We explore a range of attractive forces by 

suspending monodisperse polystyrene/iron oxide microbeads (Sigma-Aldrich, 49664, 5.0 wt %, 𝑑̅ 

= 10.41 ± 0.13 µm, ρc = 1.71 g/cm3) in 0.25× (ionic strength I = 0.053 M) phosphate buffered 

saline (PBS) solution and varying the concentration of NaCl (0.1 M, 0.5 M, 1.25 M, and 2.5 M). 

The interactions between a charged microsphere and like-charged wall are described by DLVO 
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theory as the sum of a van der Waals attraction and an electrostatic repulsion. The addition of salt 

to the colloidal suspension screens the electrostatic repulsion, thus increasing the relative 

contribution of the van der Waals attraction. PBS is added to buffer the pH to mitigate changes in 

surface charge with changes in ionic strength.46 For experiments with 0.25× PBS, the pH decreases 

from 7.6 to 6.6 as the concentration of added NaCl increases from 0.1 M to 2.5 M.  

For each measurement, the suspension is loaded into the sample cell, and the colloids 

settled and adhered to the interior glass surface of the coverslip. The cell is then oriented such that 

the geff acts to draw the colloids away from the surface, and the centrifuge rotational speed is 

ramped up at 8.9 RPM/s from 0 - 4700 RPM, corresponding to 1 - 3458 RCF. The applied 

centrifugal force Fc, depends on the effective mass of the particle and the centrifuge RPM (SI Note 

2.4), enabling a broad range of forces for colloids of different sizes and densities.  Colloids detach 

with increasing rotational speed (Fig. 2.5A, SI Video 2.2, and SI Video 2.3). Colloid detachment 

between sequential frames is determined using a manual image analysis process (Fig. 2.5B and SI 

Note 2.5). Detachment counts are normalized to the initial number of attached colloids to 

determine the fraction of colloids detached fd, averaged across three runs per condition with 100-

189 colloids tracked per run, and plotted as a function of Fc (Fig. 2.5C). We observe that most 

colloids detach within the range of applied forces. In addition, the force required to detach colloids 

increases with increasing ionic strength. To better visualize the dependence of colloid attachment 

strength as a function of ionic strength, we plot bead-detachment events for each of the four 

different conditions as probability distributions (Fig. 2.5F). We find that the data are fit well by a 

log-normal probability distribution (see SI Table 2.3), with the mode of the distribution increasing 

with increasing ionic strength.  
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To calculate the expected strength of the colloidal interaction with the glass surface, we use a 

modified DLVO model.47 Colloidal interactions are commonly characterized by an interaction 

potential where the interaction energy U is plotted as a function of the gap between the two surfaces 

h; here, instead, for comparison with our experimental force measurements, we calculate and plot 

the total interaction force FI as a function of h. For our system, the modified DLVO model predicts 

two minima: a deep primary minimum at small separation distances (h < 0.5 nm) and a shallower 

secondary minimum at intermediate distances (h  2 nm). A representative FI (h) curve for one 

solution condition (0.5 M NaCl + 0.25× PBS) is shown in Fig. 2.5D (see SI Note 2.6 for DLVO 

equations and assumptions). During loading, as the microspheres are drawn to the glass surface by 

gravity, they will be drawn into the secondary minimum; however, they are unlikely to overcome 

the barrier to enter the primary minimum. Thus, we assume the force Fd required to remove the 

colloids from the surface of the glass at a separation distance h is equal to the depth of the 

secondary minimum (Fig. 2.5D, dashed lines and inset).  

To compare our results with expected values, we co-plot the force values associated with 

the mode of each distribution from Fig. 5F as a function of ionic strength (Fig. 2.5E, solid blue 

circles) together with predictions from the modified DLVO model (Fig. 2.5E, gray dashed lines). 

To represent the uncertainty in surface charge potential48 of the glass surface ψg and colloid 

surface ψcs (see SI Note 2.6) we include two limiting cases as bounding lines: a high surface charge 

case (ψg = 300 mV, ψcs = 100 mV) represented by the lower gray dashed line in Fig. 5E, and a low 

surface charge case (ψg = 150 mV, ψcs = 30 mV) represented by the upper gray dashed line in Fig. 
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Figure 2.5: Colloid detachment force distributions as functions of electrolyte concentrations. (A) 

Representative optical microscopy images (cropped for better visualization) recorded by the F-

CFM show electrostatically-stabilized polystyrene/iron oxide colloidal microspheres (𝑑̅ = 10.4 

µm) being detached from a glass coverslip surface during a force ramp from 1 - 283 relative 

centrifugal force (RCF). Images are cropped to represent the area of best focus. (B) Images from 

(A) indicating attached, in-focus bead locations (solid open red circles) and former locations 

(dashed open blue circles) of now detached, out-of-focus beads. Scale bar = 100 µm (A and B) (C) 

C D E 

F 
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Fractions of total colloids detached fd as a function of applied centrifugal force Fc for NaCl 

concentrations 0.1 M (solid blue circles), 0.5 M (solid red squares), 1.25 M (solid black diamonds), 

and 2.5 M (solid green triangles). Solid lines represent the averages of three runs and transparent 

envelopes indicate one standard deviation. (D) Estimated interaction force FI as function of gap 

distance h calculated using DLVO theory predicts a detachment force Fd = 0.040 nN for 0.5 M 

NaCl + 0.25× PBS. Chosen y-axis range does not allow the depth of primary minimum or height 

of energy barrier to be seen. Inset: Schematic of a bead at distance h from glass slide surface 

subjected to centrifugal force Fc and detachment force Fd. (E) Average detachment force Fd,mode 

(solid blue circles) from the distribution peaks in (F) as a function of ionic strength I. Bounding 

lines represent expected range (see SI Note 6 for parameter assumptions and SI Table 3 for upper 

and lower fit parameters). (F) Normalized probability distributions of detachment forces for each 

experimental condition (i) 0.1 M, (ii) 0.5 M, (iii) 1.25 M, and (iv) 2.5 M, each with 0.25× PBS. 

Solid lines represent fits to log-normal distribution function (SI Table 2). 

5E. We find good agreement between experimental and expected detachment force values at low 

ionic strength, but deviation at higher ionic strengths, with the calculated detachment force Fd 

higher than the observed values. These differences could be attributed to surface charge 

uncertainty,49-56 spatial heterogeneities of the glass substrate surface potential,57-60 and surface 

roughness.31, 37, 61-64 Despite the disagreement at high ionic strength, our results reflect the 

capability of the F-CFM to perform 10s to 100s of force measurements in parallel. 

The F-CFM could be used to perform a variety of other parallel force measurements 

including measurement of other colloidal interaction potentials (e. g. depletion and steric), single 

molecule forces39-41, microbial adhesion41, 65 and emulsion stability under compression in real time. 

Future iterations of the F-CFM design could benefit from additional modifications. For example, 

a second camera sensor could be added below the sample cell to allow transmitted light imaging 

separately and concurrently with fluorescence imaging. This would improve the image quality for 

both the transmitted and fluorescence image compared to the current combined “two-in-one” 

fluorescence and brightfield image. A motorized sample holder that can move in the z-axis could 

be incorporated for precise real-time mechanical image focusing. Currently, the sample is focused 
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manually at the start of the experiment and cannot be adjusted during the experiment. The ability 

to move the sample in the z-axis while the centrifuge is spinning would allow focusing on samples 

as they change position in the sample cell. Real-time focusing could also prevent the reduction in 

clarity caused by flexing of the sample cell out of the focal plane inherent in high-speed 

experiments. A second fluorescence cube could be integrated to allow for multiple fluorophores 

to be imaged in a single run. This would require additional miniaturization of some components 

or a larger swinging bucket. Mirrors could be added to directly image the bottom of the surface of 

interest, allowing non-transparent substrates to be characterized. Other mirror configurations could 

also allow the sample to be imaged from the side in order to track colloid motion after detachment, 

although this would limit the number of in-focus colloids. Further miniaturization and 

ruggedization would also allow the F-CFM to be incorporated into a fixed rotor ultracentrifuge, 

enabling detachment force measurements on colloids such as bacteria and viruses. Fluidic pumps 

could also be integrated into the empty remaining centrifuge buckets to alter solution conditions 

during centrifugation, for example, enabling the concentration of electrolytes in the suspension to 

be tuned until the point of colloid detachment. Biological samples could be characterized by 

functionalizing the glass cover slips with treatments such as silane followed by ligands of interests. 

Alternatively, a different transparent material such as PMMA or polypropylene could be used in 

place of cover slips if the functionalization is better suited to that material. 

Conclusion 

To our knowledge, the F-CFM is the first CFM to incorporate fluorescence microscopy. 

Additionally, the F-CFM is the first CFM used for colloid interaction force measurements and the 

first CFM to operate up to 5000 RPM. This F-CFM is easy to assemble, requiring only basic 
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knowledge of electronics and fabrication. Additionally, the audio microphone provides highly 

accurate rotational speed information for CFM configurations that lack a centrifuge with a 

computer interface or on-board magnetic encoder.  The wireless F-CFM provides high resolution 

video with acceptable levels of aberrative vignetting to perform nm-scale, sub-pixel particle 

tracking. Three illumination modes are available: brightfield, fluorescence, and combined 

brightfield and fluorescence. Using the F-CFM, we induce attractive interactions between 100s of 

colloids and a glass coverslip, measure their adhesion force as a function of ionic strength, and 

show excellent correspondence with prediction at low ionic strength using a modified DLVO 

model.  

Supplemental Information 

Measuring the swinging bucket angle as a function of centrifuge rotational 

velocity 

A hole was drilled in the bottom of one of the swinging buckets. The brightfield LED was 

soldered upside down into the PCB so that it pointed down through the bucket hole instead of up 

towards the sample (SI Fig. 2.2A). A new F-CFM clamshell holder was printed to accommodate 

the LED pointing downwards. A piece of photosensitive cyanotype paper 

(stevespanglerscience.com) was taped to the wall of the centrifuge. The centrifuge was closed and 

allowed to run at a constant speed for 20 min, with the LED light creating a line in the 

photosensitive paper. The centrifuge was then opened, and the bucket held such that the LED 

pointed at the line it created. Then a digital angle finder was held against the bucket to determine 

its angle in that position (SI Fig. 2.2B). This process was repeated throughout the speed range of 
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the centrifuge. The visibility of the line created by the LED on the photosensitive paper was 

improved slightly after developing in water (SI Fig. 2.2C). 

F-CFM Assembly 

The F-CFM is assembled as follows. The camera (SI Fig. 2.1a) is prepared using pliers to 

unscrew the commercial lens from the camera. The camera is attached to the microscope via a 

hand-fabricated M12 externally threaded aluminum tube (SI Fig. 2.1b) which is connected to a 

Thorlabs M12-SM1 adapter (SI Fig. 2.1c) screwed into a 1-in long Thorlabs SM1 lens tube (SI 

Fig. 2.1d). Retaining rings (SI Fig. 2.1e) hold a focusing lens (SI Fig. 2.1f) in this same tube. The 

fluorescence cube (SI Fig. 2.1g) contains the emission filter (SI Fig. 2.1h) and dichroic mirror (SI 

Fig. 2.1i). The fluorescence LED (SI Fig. 2.1j) is soldered to a PCB with a male 2-pin JST 

connector and 10-Ω resistor; this PCB assembly slides into a slot in the CFM clamshell holder 

aligned to the excitation filter (SI Fig. 2.1k) in an adjacent slot, pointing towards the fluorescence 

cube adapter (SI Fig. 2.1l) that holds the fluorescence cube. The adapter screws into the tube above 

it and the tube below it. The tube below it (SI Fig. 2.1m) holds an RMS-SM1 adapter (SI Fig. 

2.1n) that holds the objective (SI Fig. 2.1o). The sample cell holder (SI Fig. 2.1p and 2.1q) screws 

into this objective tube until the sample inside the holder is in focus. The sample is backlit by the 

brightfield LED (SI Fig. 2.1r) soldered to a PCB with a male 2-pin JST connector and 10-kΩ 

resistor. 

Cutting the annular tape rings 

A 3" wide strip of 3M double sided masking tape (uline.com) was adhered to an 8.5” × 11” 

sheet of heavy weight cardstock printer paper. The 3M tape cover paper was removed and saved. 

Then a three-inch-wide strip of double-sided Kapton polyimide tape (kaptontape.com) was placed, 
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cover paper down, onto the 3M tape adhering the 3M cover paper on top of the Kapton tape. The 

tape assembly was then loaded into a craft cutter (Silhouette Cameo 2) with the blade at the deepest 

cut position (#10) and the pressure and speed set at the factory settings. The annular circle 

dimensions (I.D. = 7 mm, O.D. = 15 mm) were drawn in the Silhouette software in a repeating 

pattern and sent to the Silhouette cutter for cutting. After the cutting is finished, the tape assembly 

was removed from the cutter. 

Derivation of microsphere settling velocity 

For a spherical microbead settling through a Newtonian liquid, the drag force acting on the 

particle is 𝐹d = 6𝜋𝜂𝑎𝑣, where Fd is the frictional force, 𝜂 is the dynamic viscosity of the fluid, a 

is the radius of the particle, and 𝑣 is the settling velocity of the particle. The gravitational force 

acting on this particle is 𝐹g = (𝜌c − 𝜌f)𝑔
4

3
𝜋𝑎3, where ρc is the density of the particle, ρf is the 

density of the fluid, and g is the acceleration due to gravity. Balancing the two force equations and 

solving for the velocity 𝑣, provides terminal velocity vt of the particle. We assume vt is reached in 

a very short time, much less than the settling time. 

Manual Image Counting Analysis of Microsphere Detachments 

MATLAB image analysis was performed manually frame-by-frame (for every one out of 

100 frames) to count the number of particles that detach in each frame. The number of particles 

detached from each frame to the next was recorded in a spreadsheet. The frame-by-frame particle 

counts were added together across three runs at each experimental condition, synced with the speed 

data to determine the effective gravity acting on the particles in each frame, and then binned as a 

function of effective gravitational force in MATLAB The “histogram” command was used to 
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generate the normalized probability distribution according to predefined bin limits, and the 

“counts” command was used to retrieve the bin y-axis values so they could be plotted and fitted in 

a plotting software (Fig. 2.5F).  

Assumptions for the Gregory model of predicting detachment force 

The theoretical van der Waals force was calculated using Fvdw = Aa/(6h(1+14h/λ)) where 

A is the Hamaker constant, a is the particle radius, h is the separation distance, and λ is the 

characteristic wavelength of retardation, typically assumed to be 100 nm. This model of Fvdw is 

similar to the simpler model derived by Hamaker66 and by Israelachvili,67 but is more accurate for 

very small separation distances and up to about 0.2× the particle radius.68, 69 

The Van der Waals force Fvdw at a given separation distance h is largely dependent on the 

Hamaker constant A132, which is dependent on the refractive indices (ni) and relative permittivities 

(εi) of the two objects (materials 1 and 2) and the medium separating them (material 3) as A132 = 

3kT((ε1- ε3)/(ε1 + ε3))((ε2 - ε3)/(ε2 + ε3))/4 + 3hv((n1
2 - n3

2)(n2
2 - n3

2)/√(( n1
2 + n3

2)( n2
2 + n3

2)(√( n1
2 

+ n3
2)+ √( n2

2 + n3
2))/8√2. Glass (material 1) and aqueous electrolyte (material 3) are well 

characterized,67 as is polystyrene, but polystyrene/iron oxide is not well characterized. These 

microspheres are a homogeneous mixture of iron oxide nanoparticles in a polystyrene polymer 

matrix, with at least 20% composition iron oxide by mass. Thus, to determine the Hamaker 

constant of the microsphere composite material, we used the mass average of the refractive indices 

and relative permittivities of polystyrene and iron oxide (nps = 1.557 ,  niro = 1.97, εps  = 2.55 ,  εiro 

= 14.2), assuming an iron oxide mass fraction of 0.2, and arrived at a Hamaker constant for our 

system of A132 = 13.2 × 10-21 J. The Hamaker constant is, however, screened in aqueous 
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electrolytes,70 so we multiplied the Hamaker constant by a factor of 2/3 to arrive at a value of A132 

= 8.77 × 10-21 J. 

The theoretical electrostatic force is calculated by Fel = κ64πεa(kT/ze)2γ1γ2exp[-κh] where 

κ is the inverse Debye length κ = ∑√(nie
2zi

2/εkT), ni is the number density of the ith ion species, ε 

is the permittivity of the solution, a is the particle radius, k is the Boltzmann constant, T is the 

absolute temperature, zi is the valence of the ith ion species, e is the charge of an electron, and γ1 = 

tanh(zeψ/4kT) where ψ is the surface potential and h is the separation distance.  This model was 

also developed by Gregory47 and has been used for approximating practical conditions where a 

middle ground between the constant charge and constant potential boundary conditions used in 

deriving these conditions is considered more appropriate.48, 68, 71 

The electrostatic force Fel is largely dependent on the glass surface potential ψg, the 

polystyrene microsphere surface potential ψcs, and the inverse Debye length κ-1. The Debye length 

is well defined based on the aqueous electrolyte concentration, but the surface potentials ψcs and 

ψg are quite uncertain. Polystyrene spheres are manufactured using emulsion polymerization and 

are stabilized by the negatively charged sulfate surface groups that result from the production 

process. Depending on the exact procedure used during production, polystyrene spheres can have 

a range72 of surface charge densities from 0.002 - 0.025 C/m2 (based on reference [14] and on 

reported data from Thermo Fisher carboxyl latex microspheres such as p/n C37281), and the zeta 

potential ζ is usually observed17, 49, 50, 53, 56 to be 40 – 1000 mV in pure or low electrolyte water. 

The zeta potential is also reported to decrease with increasing electrolyte concentration, down to 

around 20 – 40 mV, but models also suggest that low ζ at high ionic strength solutions may 

represent significantly higher surface potentials than are observed.73 In general, across most ionic 
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strengths, the true surface potential is assumed to be at least somewhat higher than ζ. The same 

issues apply for glass ψg. Our treatment process includes sonication in NaOH, which has been 

shown to make the glass highly negatively charged,74 up to 0.76 C/m2 at 1.0 M NaOH, which using 

the Gouy-Chapman model53, 75 results in a surface potential of 350 mV. Glass has also been well 

characterized in aqueous electrolyte,31, 76-78 but, to our knowledge, no one has reported how long 

NaOH treatment effects last and if they persist after drying and immersing in aqueous electrolyte. 

Therefore, we take ranges of values from the literature and assume the glass is relatively highly 

charged at ψg = 150 – 300 mV and the polystyrene microspheres are low to moderately charged at 

ψcs = 30 – 100 mV, keeping in mind that the true values may deviate even further than this range. 

The predicted detachment forces for these ranges are shown as the upper and lower gray dashed 

lines in Figure 2.5E. Our experimentally measured values at high ionic strength (Fig. 2.5E, blue 

circles) are lower than the predicted values (Fig. 2.5E, gray dashed lines). This is likely due to the 

aforementioned surface charge uncertainty17, 49-51, 53-56 as well as surface roughness31, 37, 61-64, 79 and 

spatial heterogeneities of the glass substrate surface potential.57-60  
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Supplemental Figure 2.1: Measuring the swinging bucket angle at different rotational 

velocities. The bucket angle at different rotational velocities was measured using light sensitive 

cyanotype paper. (A) A hole was drilled in the bottom of a centrifuge bucket and an LED was 

installed to point downward out of the bucket. (B) A sheet of cyanotype paper was taped to the 

inside of the centrifuge. After the centrifuge run was complete, and a digital protractor was used 

to measure the angle required to create (C) the light-developed line in the cyanotype paper. 
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Supplemental Figure 2.2: Exploded F-CFM diagram and parts information.  

*Fabricated using M12 × 0.5 metric right-hand thread die, manual die holder, manual pipe cutter, 

and 12-mm OD aluminum tubing, all purchased from Amazon. 

**Soldered to PCB with 10-kΩ resistor and through-hole male JST PH 2-pin connector (Digi-

Key p/n 455-1704-ND). PCB is designed in Eagle CAD and ordered from OshPark. 

*** Soldered to PCB with 10-Ω resistor and through-hole male JST PH 2-pin connector (Digi-

Key p/n 455-1704-ND). PCB is designed in Eagle CAD and ordered from OshPark.  Powered by 

LiPo battery (Sparkfun p/n PRT-13813). 
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Supplemental Figure 2.3: Assembled sample cell. The adhesive bead “bubble barrier” is visible 

as the square shape inside the annular golden colored Kapton tape ring sandwiched between two 

glass cover slips. 
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Supplemental Figure 2.4: Images of the F-CFM unit and centrifuge. (A) The F-CFM module 

can be seen in the centrifuge buckets at the 6:00 o’clock and 12:00 o’clock positions. (B, C) 

Images of the polycarbonate enclosure. 
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Supplemental Table 2.1: Fitting form and parameters for Figure 2B (main text). 

Fit equation: 𝐴𝑅hole = 𝑎 + 𝑏𝑅 + 𝑐𝑅2 + 𝑑𝑅3 + 𝑒𝑅4 + 𝑓𝑅5 

  
 

 

Fit 

parameter 
Value 

 
a 1.06 

 

b 0.000135 

c -2.54e-6 

d 2.60e-8, 

e 4.80e-11 

 f 2.49e-14 

 R 0.876 
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Supplemental Table 2.2: Log-normal fit parameters for detachment force probability 

distributions in Figure 5F (main text). Fit equation: Pd(Fd) = d(exp[-ln(Fd)/c]2)/(2b2))/(Fdb√π). 

   
 

  NaCl concentration (M) 

 

 0.1 
0.1 

error 
0.5 

0.5 

error 
1.25 

1.25 

error 
2.5 2.5 error 

 F
it

 P
ar

am
et

er
 

b 1.350 
0.066

66 
1.113 

0.0599

0 
0.6925 0.04231 0.6366 0.03254 

c 0.5931 
0.047

65 
1.143 0.1133 1.154 0.05916 1.824 0.07036 

d 0.2156 
0.010

76 
0.2260 

0.0159

2 
0.1919 0.01170 0.1960 

0.00982

8 

R 0.9825  0.9306  0.9286  0.9427  
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Supplemental Table 2.3: Power fit parameters for predicted detachment force curves in Figure 

5E (main text). 

Fit equation: Fd,mode(I) = p(I)q 

Fit 

Parameter 

Lower 

Curve 
 

Upper 

Curve 

p 0.6254  1.029 

q 1.448  1.521 

R 0.9999  0.9998 
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Abstract 

Human microbial pathogens including viruses, bacteria, and fungi pose a profound threat 

to human health, as evidenced by the SARS-CoV-2 global pandemic. To limit the spread of 

infectious disease, frequent, widespread diagnostic testing is critical. Specifically, there is a need 

for low-cost, accurate point-of-care (POC) molecular assays. Isothermal amplification methods 

offer a potential solution, and molecular-based POC tests offer tremendous potential for rapid, 

accurate POC testing, but to keep reagent costs low, methods for aliquoting exact volumes of 

specimen sample onto the assay device are needed. Here, we describe a low-cost, hand-held, 

manually operated device for rapid POC pathogen detection. The device includes a two-pronged 

fork geometry which enables transfer of small volumes of saliva from flocked collection swabs 

and contains all reagents needed for isothermal nucleic acid amplification and fluorescence 

detection. We describe the design and operation of the device and demonstrate use of the device 

for isothermal nucleic acid amplification and fluorescence detection using loop-mediated 

isothermal amplification of the SARS-CoV-2 virus in saliva. 
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Introduction 

Human microbial pathogens pose a profound threat to human health, as evidenced by the 

SARS-CoV-2 global pandemic1. To limit the spread of infectious disease, control measures like 

handwashing, respiratory masks, social distancing, contact tracing, and vaccination have been 

shown to be highly effective. Another critical control measure is diagnostic testing2. Frequent, 

widespread testing for infection has been shown to mitigate pathogen spread; yet, diagnostic tests 

for human microbial pathogen infections remain underdeveloped. 

Diagnostic tests can be classified in several different ways. One defining attribute is the 

location where the test is performed. Laboratory-based tests3-6 are performed in a laboratory 

separate from the sample collection site, whereas point-of-care7-14 (POC) tests are performed 

directly at the collection site. Laboratory-based tests are generally more accurate and sensitive than 

POC tests, but more costly and time-intensive. Another defining attribute is the choice of infection 

marker. Molecular15-18 tests detect pathogen genomic material, whereas antigen19-22 tests detect the 

presence of pathogen proteins. Molecular tests are generally more accurate than antigen tests, but 

require genomic amplification, and thus are more costly and time intensive to perform.  

Benchmark molecular diagnostic tests are based on the polymerase chain reaction (PCR)23-

27. While these molecular tests have traditionally been laboratory based28-31, a number of POC 

PCR-based tests have recently been developed32-34. Yet, these POC tests still require temperature 

cycling to amplify pathogen genomic material. A promising alternative is isothermal 

amplification35-38, which achieves amplification at a constant temperature and does not require 

thermocycling equipment, allowing them to be performed with minimal training in a POC 

environment. These isothermal, molecular-based POC tests offer tremendous potential for rapid, 
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accurate POC testing. However, the cost of each assay remains high, largely because of the cost 

of isothermal amplification enzymes. To minimize the cost of POC isothermal molecular assays, 

methods for aliquoting exact volumes of specimen samples onto the assay device are required. 

Without this, the cost of POC assays will limit frequent, widespread diagnostic testing.   

Here, we describe a low-cost, hand-held, manually operated device for rapid point-of-care 

pathogen detection. The device includes a two-pronged fork geometry which enables transfer of 

small volumes of saliva from flocked collection swabs and contains all reagents needed for 

isothermal nucleic acid amplification and fluorescence detection. We describe the design and 

operation of the device, including a geometry for optimal transfer of saliva from a sample 

collection swab to device, a one-step actuation that requires minimal forces and provides tactile 

user feedback. Finally, we demonstrate use of the device for isothermal nucleic acid amplification 

and fluorescence detection using loop-mediated isothermal amplification of the SARS-CoV-2 

virus in saliva. 

Results & Discussion 

The device consists of two main portions, an upper syringe-type portion, and a 

microcentrifuge tube, as illustrated in Fig. 3.1A. The syringe-type portion contains a plunger and 

a liquid-filled blister pack adhered to the inside floor of the syringe cylinder. Before device 

actuation, the plunger is positioned inside the syringe cylinder in a raised position (Fig. 3.1B, left). 

Depression of the plunger compresses the blister and presses the foil-sealed underside of the blister 

against spikes (Fig. 3.1B, middle). This action pierces the foil, driving liquid into the tube beneath. 

Liquid expelled from the blister carries the saliva sample with it and mixes with lyophilized  
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Figure 3.1: Device overview. (A) Illustration of assembled device consisting of an upper syringe-

type portion and lower microcentrifuge tube. (B) Cross-sectional view of device with plunger in 

the “up” and “down” positions. Pressing the plunger compresses and ruptures the blister (blue), 

driving liquid and saliva (pink) into the tube with the lyophilized reagent (green), resulting in a 

mixture (purple). Region enclosed by dashed line is expanded view of the lower portion of device: 

(i) liquid filled blister, (ii) saliva sample and (iii) lyophilized reagents.  

 

reagent. An expanded view of the lower portion of the device highlights the blister pack, spikes, 

and sample fork features (Fig. 3.1B, dashed line). 

To conduct the assay, three components are required: the syringe-type device containing a 

liquid-filled blister pack with the plunger in the “up” position, a flocked specimen swab, and a 

microcentrifuge tube (Fig. 3.2A). The tube contains lyophilized reagent and is sealed with a 

laminate foil seal to protect the lyophilized reagent. Test operation steps are as follows. First, to 

collect saliva, the swab is removed from its packaging and the flocked end of the swab placed in 

the mouth for 10-20 s (Fig. 3.2B). To transfer saliva from the swab to device, the swab is then 
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drawn through the forks of the device (Fig. 3.2C). The foil-sealed microcentrifuge tube is then 

pressed onto the forks with the beveled fork points piercing the foil until the rim of the tube fits 

snugly over the base of the forks (Fig. 3.2D). Finally, the device is gripped in one hand and the  

 

 

Figure 3.2: Device operation. (A) Components of the test include syringe-type device, flocked 

specimen swab, and vial. Lyophilized reagent in vial not shown. (B) Saliva is collected by soaking 

the swab in the mouth for 10 – 20 s. (C) Saliva is then transferred to the device by drawing the 

swab through device forks. (D) The tube is attached to the device by pushing the forks through the 

foil seal. (E) The plunger is depressed to express blister contents through the forks into the vial. 

(F) Saliva, blister contents, and lyophilized reagents are now combined at the bottom of the tube. 

Blue dye is included for visualization.  

 

plunger depressed by thumb until the plunger top is fully seated in the device tube (Fig. 3.2E). 

Saliva, blister contents, and lyophilized reagents are now combined at the bottom of the vial (Fig. 

3.2F). 
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A critical feature of the device are the device forks, which enable small volumes of saliva 

to be transferred from the collection swab to the device. The forks are composed of two prongs 

separated by a gap distance d as illustrated in Fig. 3.3A. As a swab is drawn between the forks, a 

combination of surface wetting, swab fiber compression, and gravity draws saliva from the swab 

to the device and the trough beneath, as shown by the series of high-speed images in Fig. 3.3B. To 

determine an ideal d, we measure the saliva transfer volume VF from a flocked swab with a flock 

tip outer diameter dswab from devices over the range 1.3 mm ≤ d ≤ 2.3 mm. The data does not show 

a strong correlation between d and VF. The experiments resulted in an average VF of approximately 

13 – 20 uL. However, there was an apparent optimal d based on usability. We chose d = 1.7 mm. 

At d < 1.7 mm, it became difficult to draw the swab through the forks, which is undesirable from 

a user standpoint and resulted in greater variance in VF. At d > 1.7 mm, it was more difficult to tell 

if the swab drag had been done correctly because there was less frictional tactile feedback as the 

swab was drawn through the forks, and anecdotally it seemed that a low volume swab with VS < 

60 µL had a higher risk of depositing a very low trace amount of saliva when d was significantly 

above 1.7 mm. That being said, it was also clear that other d would have likely worked but d = 1.7 

mm seemed to be a reasonable choice. Primarily, we didn’t want to risk getting zero saliva and 

that risk seemed greater at higher d. 
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Figure 3.3: Saliva transfer from swab to device. (A) Geometry of device forks. Forks beveled to 

pierce tube foil seal. (B) Saliva volume transferred between device forks VF plotted as a function 

of saliva volume in swab VS. Line is linear fit. (C) Histogram of VF for multiple individuals. (D) 

Time-lapse image series of saliva transfer process captured at 3000 fps.  

 

We find that VF is proportional to the volume of saliva contained in the collection swab VS, 

as shown by the plot in Fig. 3.3C. To get a measure of the variability in VF between individuals, 

we recruit ten individuals to collect and transfer their own saliva from swab to device (n = 3 each).  

Plotting the data, we find a distribution in VF with a peak near 10-15 µL (Fig. 3.3D) with an average 

of 16.3 µL. This volume of saliva is sufficient to detect low pathogen counts while keeping reagent 

costs low. 

For most molecular diagnostic assays, delivery of exact volumes of aqueous media to the 

reaction tube is critical. To accomplish this, we design the plunger to translate by a well-defined 
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Figure 3.4: Blister compression forces and dynamics. (A) Series of illustrations depicting 

position of snap features inside plunger and syringe tube during depression of plunger. Red 

arrows indicate position of internal snap ring. (B) Series of high-speed images depict plunger 

depression, blister compression, and expulsion of blister liquid. (C) Representative measurement 

of force required to depress the syringe plunger, FA as a function of plunger displacement, h. (D) 

Force required to compress a 130 μL blister in the device, FB plotted as a function of blister 

compression fraction, fB. Curve is a fit to FB = 97.549fB
2.2092. 

 

distance and compress the blister by an exact amount.  The initial position of the plunger is held 

in place by a positive snap ring in the syringe which seats within a negative feature in the plunger 

(Fig. 3.4A). The mirror symmetry of the negative feature also resists removal of the plunger from 

the tube. The final position of the plunger is set by contact between the underside of the plunger 

rim and the top rim of the syringe tube (Fig. 3.4A). Compression of the blister and the 

corresponding expulsion of liquid is shown in the series of images in Fig. 3.4B. Actuation of the 
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device is easily achieved by grasping the device in a single hand and depressing the plunger by 

thumb. Actuation is accompanied by a tactile snap, which provides the user feedback of successful 

actuation.  

Useability studies recommend that hand-actuated devices require less than xx N to actuate. 

The force required to complete the compression of a blister within our device is Fb = 39.8 N ± 10.9 

N. Partial compression of the blister requires significantly less force than full compression; thus, 

we design the device such that plunger actuation does not fully compress the blister. To measure 

the force profile required to actuate the device, we perform blister device actuation measurements 

using a normal force transducer. We observe two peaks in the force profile. The first peak in the 

normal force corresponds to displacement of the negative feature in the plunger from the positive 

snap feature. Following this peak, the normal force drops but then increases again as the plunger 

begins to compress the blister (Fig 3.4C). We define this second, larger peak as the maximum 

force required to actuate the blister Fb. Device actuation during these measurements is performed 

with a fixed plunger translation velocity, v = 0.1 – 0.5 mm/s. By contrast, manual actuation is 

accomplished in a less controlled manner and at a significantly higher velocity. So, while this does 

not directly characterize the forces required when the plunger is actuated manually by hand 

because the rate of actuation is slower with a rheometer, it does provide some measure of the 

profile of resistance that the plunger is overcoming. That is because this force results in an 

acceleration of both the plunger and the user’s thumb that results in enough kinetic energy to help 

compress the blister dome without requiring additional effort from the user. We want the user to 

continue pressing on the plunger until it bottoms out, but not to have to exert extra force after the 

initial “snap” as the plunger disc moves past the snap ring of the syringe.  
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 We plot the distribution of FB as a function of blister compression distance given our 

chosen partial compression compared to full compression of a blister (Fig. 3.4E). There is a 

squared relationship between blister compression distance (normalized by the blister height) and 

the force required to actuate the blister, which indicates that a partial compression is much easier 

for the user that a full compression. Since the blister is being pierced in both cases, we assume the 

greater force in the full compression is coming from the structural element of the blister dome and 

thus would be present even if the blister were not completely filled with water (as was observed 

anecdotally with half-filled blisters). 

We test our device using a common RT-LAMP formulation to show that it successfully 

captures the accurate amount of saliva, punctures the water-filled blister, delivers the water and 

saliva to the vial, and adequately mixes the water, saliva, and lyophilized reagents in the vial. Then 

we place the device in a dry bath vial heater at 65° C for 30 minutes. We use saliva that has been 

spiked with synthetic viral RNA. We lyophilize the LAMP reagents in individual PCR vials using 

a lyophilizer. The sample that did not have viral RNA does not show an increased fluorescence 

(Fig. 3.5 i) whereas the sample spiked with viral RNA exhibits increased fluorescence (Fig. 3.5 

ii).  

Conclusion 

Here, we describe a low-cost, hand-held, manually operated device for point-of-care 

molecular pathogen detection. The device includes a two-pronged fork geometry which enables 

metering and transfer of small volumes of saliva from flocked collection swabs and contains all 

reagents needed for isothermal nucleic acid amplification and fluorescence detection. The simple, 
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Figure 3.5: Device validation. The sample with no viral RNA present (i) exhibits less fluorescence 

intensity than the sample with viral RNA present (ii). Both samples were heating at 65° C for 30 

minutes. The injection moldable design facilitates easy scale-up and is designed to work with 

swabs and vials that already exist on the market. The test requires only a simple, inexpensive 

processing system that allows the test to be set up in a variety of institutions at low cost. 

Methods 

Fabrication 

Devices were fabricated using a Formlabs 3D printer (Form 2) and Formlabs resin 

(Durable). Durable resin was chosen for its mechanical properties, which are similar to 

polypropylene, a polymer commonly used for injection molded diagnostic devices. Devices were 

cured in a Formlabs curing station (Form Cure) for 2 h following fabrication to ensure that the 

internal spike features were rigid enough to pierce the underside of the blister. Other materials 

included capless polypropylene microcentrifuge tubes (Sarstedt, 0.5 mL, 72.698.200), diagnostic 

reagent blisters (J-Pac Medical, 135 uL), and PCR sealing film (Southern Labware, P1001-Q). 

Lyobeads were produced by Evik Diagnostics. 
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Assay Formulation 

For each reaction vial, the following LAMP formulation components were freeze dried 

using a commercial freeze-drier (Millrock LD85). Warm Start 2x Master Mix (12 uL, NEB), dUTP 

(0.175 uL), UDG (0.5 uL), SYTO 82 (0.5 uL, 25 uM solution; Invitrogen SYTO-9 Green 

Fluorescent Nucleic Acid Stain, cat no. S34854), nuclease free water (4.325 uL, NEB), 10x 

primers (2.5 uL), SARS-CoV-2 E-gene (105 c/uL, 2 uL). 

Force Measurements 

Partial blister compression measurements were performed using the normal force 

transducer on a mechanical rheometer (TA Instruments, AR-G2). The device was held vertically 

upright in a 3D printed holder which was centered on the lower plate of the rheometer. The normal 

force transducer was tared, and the upper plate of the rheometer lowered to contact the top of the 

plunger. To actuate the device and compress the blister, the upper plate was lowered 2.8 mm at a 

rate between 100 µm/s and 500 µm/s. Full blister compression measurements were performed on 

an electronic scale (brand and model here). The device was held vertically upright in a 3D printed 

holder A 3D printed holder was used to hold the device vertically, which was centered on the scale. 

The scale was tared and the device actuated manually by hand. The force required to actuate the 

device was read by eye. 

Design Considerations 

General considerations  The asymmetric fork geometry with a “trough” for saliva 

collection was designed to avoid trapping and compressing air in the channel between saliva and 

the blister pack. This design allows for consistent collection of saliva volumes (10-20 µl).  
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Injection molding considerations Wall thickness was kept as uniform as possible 

throughout the device to achieve proper plastic flow and packing during injection molding. 

Corners were rounded to standards39 for injection molding for polypropylene, about 0.5 to 1.5 

times the adjacent wall thickness. Snap features in the plunger and tube were designed with mold 

construction and device demolding in mind. Pinch points in the design that could restrict plastic 

flow were avoided.  

Ease-of-use considerations  The device was designed for the average adult hand. The 

average adult hand width40 is 8.4 cm and the syringe portion of the device is 5.3 cm tall, which we 

found to be easily graspable by the average adult hand. The device was also designed so that 

plunger actuation can easily be performed by hand and provides tactile feedback. The average 

adult can easily exert 20-45 N using their thumb, which we achieved by designing partial 

compression of the blister. Snap features were added to provide tactile feedback to the user. The 

user does not experience two noticeable force maxima (Fig. 3.4D), but only feels the initial click 

of the snap features as the plunger moves past the snap ring in the tube. This is because the force 

required to overcome the first force peak is significant enough that the resulting momentum 

punctures and compresses the blister without any additional noticeable force. The minimum 

sample and blister liquid volumes were chosen based on the amount of total liquid visible to the 

user after expression from the blister. This provides additional confirmation to the user that the 

device has been successfully actuated. Additionally, we considered the minimum saliva volume 

that could be repeatably transferred from the swab to device; too little saliva could result in a false 

negative. 
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Supplementary Information 

 

 

Supplementary Figure 3.1: Saliva collection volume data. We test the transfer of saliva from a 

loaded swab to the device forks. A) We test how the saliva transfer volume VF is affected by the 

number of times n we drag the swab through the forks, using different initial saliva loading 

volumes. Open pink triangles 42 µL, closed orange circles = 58 µL, open red circles = 68 µL, 

closed blue diamonds = 73 µL, open green diamonds 83 = µL, open blue squares 93 = µL, closed 

gray squares = 103 µL. B) We plot the amount of saliva transferred based on the initial swab 

loading volume VS. We show this data for two different drag numbers, n = 1 and n = 7. The plot 

shows there is not a noticeable improvement in performance when a higher n is used. C) We 

show effect of fork inner diameter d on the amount of saliva VF transferred to the forks. D) We 

show the same data from (C) but showing the average and standard deviation.  
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Abstract 

Hydrogels are soft, water-based polymer gels that are increasingly used to fabricate free-

standing fluidic devices for tissue and biological engineering applications. In many of these 

applications, pressurized liquid must be driven through the hydrogel device. To couple pressurized 

liquid to a hydrogel device, a common approach is to insert tubing into a hole in the gel; however, 

this usually results in leakage and expulsion of the tubing, and other options for coupling 

pressurized liquid to hydrogels remain limited. Here, we describe a simple coupling approach 

where microfluidic tubing is inserted into a plastic, 3D-printed bulb-shaped connector, which 

“pops” into a 3D-printed socket in the gel. By systematically varying the dimensions of the 

connector relative to those of the socket entrance, we find an optimal head-socket ratio that 

provides maximum resistance to leakage and expulsion. The resulting connection can withstand 

liquid pressures on the order of several kilopascals, three orders of magnitude greater than 

traditional, connector-free approaches. We also show that two-sided connectors can be used to link 

multiple hydrogels to one another to build complex, reconfigurable hydrogel systems from 

modular components. We demonstrate the potential usefulness of these connectors by established 

long-term nutrient flow through a 3D-printed hydrogel device containing bacteria. The simple 

coupling approach outlined here will enable a variety of applications in hydrogel fluidics.  
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Introduction 

Hydrogels are soft, water-based polymer gels41-44 with widespread applications in 

medicine45, 46 and bioengineering.47, 48 While hydrogels have long been incorporated into fluidic 

devices49, 50, the development of stand-alone hydrogel fluidic devices and other hydrogel fluidic 

elements with complex three-dimensional structures has historically been limited. However, recent 

advances in rapid fabrication are now enabling the creation of hydrogel-based fluidic elements and 

free-standing devices with complex, high-resolution structures.51-54 For example, hydrogel-based 

photoreactors,55 bioreactors,56 and a variety of engineered tissues with intricate structures57-60 and 

microscale vasculature51, 55, 56, 60-64 have been created. As rapid fabrication technologies continue 

to advance, the use of hydrogel-based fluidic devices are expected to expand.65 

To drive liquid through a fluidic device, tubing containing liquid must be coupled to the 

device. For devices composed of hydrogel, this presents a challenge.65 A common solution, used 

in soft polydimethylsiloxane (PDMS)-based microfluidics, is to simply insert microfluidic tubing 

into a hole in the device.66, 67 In a PDMS device, static friction between the tubing and PDMS 

prevents the tubing from slipping out of the device and allows the formation of a robust, high-

pressure seal.68 However, when this approach is attempted with hydrogel devices, a thin layer of 

water on the surface of the gel lubricates the interaction between the gel and tubing and allows the 

tubing to slip out under relatively low pressure. Adhesives and barb-type connectors have been 

shown to provide stable, high-pressure seals,69 but simple, reversible connector solutions are still 

needed, and the lack of such technologies limits the development of hydrogel-based fluidics. 

Here, we describe a simple, reversible, plug-based connector designed to couple 

microfluidic tubing to a hydrogel-based fluidic device, to allow for pressurized liquid flow through 
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the system. The connection consists of a 3D-printed plastic plug inserted into a matching spherical 

socket in a 3D-printed hydrogel, which is then held in place by the elasticity of the gel. We call 

this a “pop-it” connector. The connection can easily be removed and reinserted, allows for rotation 

around the long axis of the connector, and can also be used to link individual hydrogel modules to 

one another to build complex, reconfigurable fluidic hydrogel systems. To characterize the 

connection, we systematically vary the diameter of the connector head relative to the diameter of 

the gel socket entrance, measure both the force required for insertion and the liquid pressure the 

resulting seal can withstand, and find the head-socket ratio that provides the maximum resistance 

to leakage and expulsion. To demonstrate the usefulness of these connectors, we use them to 

deliver nutrient broth to a 3D printed hydrogel containing bacteria for over a day. The simple and 

robust connector design should enable a variety of hydrogel fluidic applications. 

Results & Discussion 

To illustrate the standard approach for driving liquid into soft microfluidic devices, we 

create a cylindrical, mm-scale hole in a PDMS-based microfluidic device using a biopsy punch 

and insert plastic tubing into the hole (Fig. 4.1a). The outer diameter of the tubing (OD = 1.09 

mm) is larger than the inner diameter of the hole (ID = 1.05 mm) and is held in place by static 

friction. This friction is enough to withstand the pressure needed to drive liquids through the 

device, which can approach P  103 Pa.70, 71 
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Figure 4.1. Friction-based connections developed for traditional microfluidic devices fail when 

applied to hydrogels. (A) Liquid is introduced into a soft microfluidic device by punching a hole 

in the PDMS and inserting larger diameter microfluidic tubing into the hole. Static friction prevents 

the tubing from being expelled even for liquid pressures as high as P  103 Pa. When the same 

approach is applied to a 3D printed PEG-DA hydrogel, where (B) tubing is inserted into a smaller 

diameter hole in the surface of the gel to a depth of 3 mm, (C) the tubing is expelled from the 

hydrogel as liquid is forced into the gel at low pressure (P  1 Pa). Scale bars in (A) and (C) 

correspond to 5 mm and 10 mm, respectively. 

By contrast, when tubing is inserted into a hydrogel fluidic device, friction between the 

tubing and gel is insufficient to resist even very small pressures. To demonstrate this, we 3D print 

a cm-scale polyethylene glycol diacrylate (PEG-DA) hydrogel (10 w/w%) containing a single 
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straight channel of length, l = 12 mm and diameter, D = 0.8 mm and insert microfluidic tubing into 

the channel. The outer diameter of the tubing (OD = 1.32 mm) is larger than the inner diameter of 

the channel entrance (ID = 1.20 mm) corresponding to a gel strain of γ  0.1, so the gel exerts a 

radial compressive stress on the tubing (Fig. 4.1b). When we drive water through the hydrogel 

using a syringe pump at a low flow rate (Q = 200 μL/min), we observe that the seal begins to leak 

in less than 10 seconds, and the tubing, with an inserted section length, l  3 mm, is forced out of 

the hydrogel in less than 100 seconds. This is illustrated by the series of time-resolved images in 

Fig. 4.1b. While the failure rate depends on a variety of factors such as gel elasticity, surface 

moisture, surface roughness, and gel strain, leakage and tubing expulsion from hydrogel-based 

fluidic devices occurs consistently and at low flow rates. Failure occurs even more frequently when 

hydrogels with smaller channels and more complex vasculature are used due to the higher 

pressures required to drive flow. 

To address this issue, we design and fabricate a plastic connector and gel socket pair that 

serves to secure fluidic tubing to the hydrogel. Our connector is plug-shaped, and 3D printed using 

a photopolymerizable plastic (see Methods). Microfluidic tubing is inserted into the connector and 

the two are held together with static friction (Fig. 4.2a). To couple the tubing and connector 

assembly to a hydrogel, a matching socket is printed at the channel inlet to the hydrogel, and the 

connector is inserted into the socket, as shown in Fig. 4.2b-c. The design is such that a lip of gel 

at the channel orifice is stretched during connector insertion and relaxes to form a tight seal around 

the connector after insertion. We call this a “pop-it” connection. These connectors are simple and 

easy to manufacture. For example, the batch of connectors shown in Fig. 4.2d (n  100) can be 
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fabricated in less than two hours. A hydrogel with pop-it connectors inserted on both inlet and 

outlet ports is shown in the photograph in Fig. 4.2e.  

 
Figure 4.2.  Plastic 3D printed connector secures fluidic tubing to 3D printed hydrogel. (A) CAD 

rendering of connector design. (B, C) Illustrations of connector insertion into 3D printed socket 

opening into a hydrogel channel. For a seal to form, the diameter of the connector head, Dc must 

be larger than the diameter of the gel socket neck, Dg. (D) Connectors can be rapidly printed and 

with high fidelity. (E) Connectors secure fluidic tubing to two ends of a 3D printed hydrogel. 

Channel is filled with an oil-based dye to highlight channel shape. Liquid beneath gel is not leaked 

oil, but residual water with color reflection from above. Scale bars in (D) and (E) correspond to 5 

mm. 

Provided a connector is matched with a smaller-diameter, appropriately sized gel socket, 

the gel will form a seal and the elasticity of the gel will resist removal. Appropriate sizing is based 

on the condition that the head of the connector, with diameter Dc, is larger than the inner neck 
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diameter Dg of the gel socket (Dc/Dg ≥ 1; Fig. 4.2b, c). Intuitively, we expect the seal to improve 

as Dc/Dg increases; however, if Dc/Dg is too large, the gel will fracture during connector insertion. 

To determine the magnitude of the forces associated with connector insertion as well as the largest 

achievable Dc/Dg ratio without gel fracture, we systematically vary Dc/Dg and for each condition 

measure the force required for insertion as well as the maximum liquid pressure the seal can 

withstand. For these measurements, we fix the gel neck entrance size (Dg = 2.30 mm) and 

systematically vary the connector head size (2.70 mm ≤ Dc ≤ 3.50 mm). In this way, we vary the 

Dc/Dg ratio from 1.17 to 1.52. 

To measure the force required for connector insertion as a function of Dc/Dg, we use the 

normal force sensor of a mechanical rheometer (Fig. 4.3a). For each measurement, a connector 

with a defined Dc is mounted on the upper rheometer plate and brought down towards the gel at a 

fixed velocity (v = 10 m/s). Before the connector and gel come into contact, the normal force F 

is zero. When the two contact, the normal force jumps, and increases as the connector is forced 

into the gel socket, deforming the gel. The normal force increases to a maximum, Fmax and then 

drops back to a value close to zero as the connector locks into the gel socket. A representative 

measurement is shown in Fig. 4.3b. For each Dc, we measure multiple force-displacement curves 

(n = 3-7) and co-plot these data. We observe that Fmax increases with increasing Dc (Fig. 4.3c). For 

connectors with Dc > 3.60 we observe that the gel fractures when the connector is inserted (data 

not shown). This sets an upper limit for Dc/Dg for this connector geometry and gel formulation.   
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Figure 4.3. Connector insertion into gel socket is governed by gel elasticity. (A) Experimental 

setup for measuring the normal force resisting connector insertion into a gel socket. The upper 

plate of the rheometer brings the connector down into contact with the gel. The normal force, F is 

measured by a plate beneath the gel. Scale bar corresponds to 5 mm. (B) Representative plot of 

normal force F as a function of distance d for the experiment shown in (A) for Dc = 3.50 mm and 

Dg = 2.15 mm. (C) Force measurements for connectors of varying Dc and gels with fixed Dg = 2.15 

mm. Fmax increases with increasing Dc. Different colored symbols represent measurements on 

individual gels (n = 3-7 for each Dc). (D) Averaged Fmax from (C) divided by the contact area A 

between the connector and gel provides a stress, which is plotted as a function of the maximum 

dimensionless strain: (Dc - Dg)/Dg. The slope of the curve provides the gel elastic modulus Ge. (E) 

Bulk rheology measurements on the gel provide a comparable value for Ge, confirming the role of 

gel elasticity. 
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To understand the forces resisting connector insertion, we convert the measured force to a 

stress τ by dividing the averaged Fmax for each Dc by the maximum contact area between the 

connector and gel (see Methods and ESI). We then define the maximum gel strain during connector 

insertion to be γ  (Dc - Dg)/ Dg, and plot τ as a function of γ (Fig. 4.3d). We find that the data is 

fit well by a straight line, even for large γ > 0.5. This is consistent with elastic behavior, where τ = 

Geγ and Ge is the elastic modulus of the gel.72 From our fit, we find the elastic modulus to be Ge = 

11.6 ± 1.1 kPa. To compare this result from insertion force measurements with bulk measurements, 

we perform shear rheometry on large hydrogels and find the elastic modulus of the gel to be Ge = 

10.7 ± 0.2 kPa (Fig. 4.3e). This confirms that the gel is deformed elastically for this Dc/Dg range 

and that the elasticity of the gel resists connector insertion. Here, because there were no device 

design constraints, the overall dimensions of the hydrogel fluidic device were sized such that the 

printed socket did not interfere with the macroscale structure or functionality of the gel; however, 

socket size may become an issue for very small devices. For example, practical considerations like 

physical handling and insertion of the connector into the socket will limit the smallest connector 

and socket that can be used. For small socket sizes, the gel lip thickness may also become so thin 

that it is unable to withstand deformation without gel fracture. Also, in situations where important 

structural features of the gel device are in close proximity to the socket, gel deformation induced 

by connector insertion may impact these features. 

Next, we test the maximum liquid pressure, Pmax that the pop-it connections can withstand 

before connector leakage and expulsion. To apply a well-defined hydrostatic pressure, we attach 

the pop-it connector to a reservoir of water that can be raised and lowered in a controlled manner 

(see Methods and ESI). To apply static pressure without needing to account for pressure loss due 
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to liquid flow, we use hydrogel sockets with a closed inner surface that are not connected to open 

channels in the gel. For each experiment, we systematically increase the hydrostatic pressure, P in 

increments ranging from 0.025 Pa to 10 Pa until connection failure is observed. We do this over 

the range: 1.16 ≤ Dc/Dg ≤ 1.67 by fixing the socket size (Dg = 2.15 mm) and systematically varying 

Dc. For each connector ratio, we measure Pmax multiple times (n  12) by performing up to 3 repeat 

measurements on 4 to 5 different hydrogels. Hydrogels are elastically deformed during insertion 

and removal, and we observe no statistically significant trend in Pmax with repeated measurements 

on the same gel. While the gel formulation used in these experiments has a swelling ratio less than 

1% in distilled water73, we equilibrate the gels for 24 h in distilled water to mitigate any swelling 

effects.  

We find that Pmax increases with γ, approaching values as high as Pmax  3 kPa (Fig. 4.4). 

These pressures are three orders of magnitude greater than those we measure for connector-free 

couplings (Pmax  2.5 ± 1.5 Pa, n = 3 hydrogels) and are equivalent to pressures generated in 

PDMS-based microfluidic devices. Pressure of this magnitude could be used to generate 

significant flow rates in large channels (Q   170 mL/min, cylindrical channel with D = 0.8 mm 

and l = 12 mm, see Methods) and are large enough to drive flows through highly vascularized 

tissues.74 Interestingly, though both connector insertion and expulsion require gel deformation, 

Pmax increases exponentially with γ, while [Fmax/A] increases linearly with γ (Fig. 4.3c).  This may 

be because for large Dc the connector head becomes asymmetric along the axis of the cylinder (see 

images in ESI); thus, the contact area between the connector and gel during insertion and removal 

may be quite different. In addition, the gel socket lip is asymmetric and may deform differently 

during insertion and removal. This apparent hysteresis is supported by preliminary normal force 
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measurements of connector insertion and removal (see ESI). While understanding this hysteresis 

is outside the scope of this paper, this warrants further investigation. Here, the liquids we flow 

through the gel are the same as the liquids used to equilibrate the gel; if liquids with different 

compositions and osmolalities are used, potential swelling or shrinkage may impact Pmax. 

 
Figure 4.4. Seal between connector and gel socket improves as the connector head diameter 

increases relative to the gel neck diameter. Maximum hydrostatic pressure at failure, Pmax, plotted 

as function of maximum gel neck strain during connector expulsion and fit to a simple exponential 

increase (see Methods). For the connector with the largest head, the connection can withstand 

pressures P > 2.5 kPa, three orders of magnitude greater than the pressures that standard, 

connector free approaches can withstand (P  1 Pa). 
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Pop-it connectors can also be used to connect modular gels to one another. For example, 

two-sided, dumbbell-shaped connectors (Fig. 4.5a) matched to 3D printed sockets in opposing 

gels can be used to bring adjacent gel cubes into contact and hold them in place. For example, 

joining of two hydrogel cubes using a two-sided connector is shown in a series of images in Fig. 

4.5b, c. To further demonstrate this modularity, we print four hydrogel cubes (edge length, lc = 9 

mm), three of which contain a straight cylindrical channel (D = 1.20 mm) running from one cube 

face to the opposing face, and one cube with three cylindrical channels running from three different 

cube faces and joining at a single intersection point. We dye these cubes with food coloring to 

highlight their individuality, connect them using two-sided pop-it connectors, and drive water 

through the assembly with one-sided pop-it connectors coupled to microfluidic tubing. Images of 

the gel modules and the assembly are shown in Fig. 4.5d, e. The connectors form an excellent seal 

between hydrogels, allowing for liquid flow. This approach could be used to build complex, 

reconfigurable hydrogel systems from simple modular components. We note that a variety of 

connector types exist for connecting modular microfluidic components to one another75, 76 

including self-aligning magnetic interconnects77 and integrated microfabricated gaskets78; 

however, these technologies have not been demonstrated for use with hydrogels. 
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Figure 4.5. Double-sided pop-it connectors can be used to build interconnected assemblies from 

modular gels. (A) Photograph of two-sided connectors. (B, C) Image series of two 3D printed 

hydrogels joined using a two-sided connector. (D, E) Images of four 3D printed hydrogels joined 

together using multiple two-sided connectors. Gels were colored with food dye before assembly 

to illustrate modular nature of the assembly. The blue, green, and yellow cubes contain a single 

straight channel running from one cube face to another. The red gel contains channels running 

from three adjacent faces that connect in the center of the cube. The modular assembly does not 

leak when water is driven through the assembly. Scale bars in (A) and (E) correspond to 5 mm and 

10 mm, respectively. 

Pop-it connections offer additional advantages. First, pop-it connections allow for rotation 

around the long axis of the connector. To demonstrate this, we attach two hydrogels together with 

a two-sided connector and rotate the upper (blue) hydrogel by 45 around the z-axis without 

disturbing the connection (Fig. 4.6a-c). This rotational degree of freedom could be used for 

reconfigurable modular assemblies for structure-function studies and soft robotics. Second, two-

sided connectors can be used to bring two hydrogel modules into contact together to allow for 
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molecular diffusion from one module to another. To demonstrate this, we bring two hydrogel cubes 

together with a dumbbell shaped connector and observe the diffusion of red dye from one cube 

into the other (Fig. 4.6d-f). This could be used to establish well-defined concentration gradients in 

engineered tissues. Third, the reversibility of the pop-it connection allows one to change the 

composition of the liquid driven through a given hydrogel during an experiment. To demonstrate 

this, we introduce one colored oil to a hydrogel module, followed by a second colored oil from a 

separate tubing source (Fig. 4.6g, h). This approach could be used to alter the media conditions 

supplied to living cells embedded in hydrogel. This rapid exchange is not feasible for connections 

requiring adhesive.69  

Finally, to demonstrate a clear application of the pop-it connection, we 3D-print a hydrogel 

cube containing Pseudomonas aeruginosa (pMF230; constitutively expressing GFP) with a single 

straight channel with connection sockets at both ends of the channel and use pop-it connections on 

either end to establish nutrient flow through the hydrogel. We use a plastic 3D-printed holder to 

stabilize the gel, connectors, and tubing (Fig. 4.6i). We store the entire assembly in an incubator 

at 37 °C and 100% relative humidity and drive tryptic soy broth (TSB) media at a flow rate of 2 

mL/h through the gel. After 24 h, we cross-section the hydrogel and image the GFP intensity with 

confocal microscopy. A duplicate bacteria-laden hydrogel is cross-sectioned at t = 0 and imaged 

as well for comparison. The images in Fig. 4.6j, k show clear microbial growth in the hydrogel 

supplied with media.  
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Figure 4.6. Pop-it connector advantages and potential applications. (A-C) Connectors allow for 

free rotation around the long z-axis of the connector. The two gels are colored with red and blue 

food dye for clarity. (D-F) Two hydrogels held in contact by a two-sided connector allows 

diffusion of material from one gel into the other. Here, red food dye is used. (G, H) Connector 

reversibility allows multiple fluid streams to be sequentially introduced into the same hydrogel.  

(I-K) Long-term flow of media through a hydrogel containing bacteria enabled by connectors 

maintains cell growth and viability, (I) Hydrogel and tubing are assembled and held in a plastic 

3D-printed holder. Fresh media is driven from left to right through the hydrogel. The gel is dyed 

red here for clarity. (J, K) Fluorescence confocal microscopy cross-sectional images of gel 

containing Pseudomonas aeruginosa (pMF230; constitutive GFP) before (J) and after (K) growth 

for 24 hours. Dark center hole is the cross-section of a semi-cylindrical channel (D  1.20 mm). 

Scale bars correspond to: (H) 10 mm; (C), (F), and (H) 5 mm; and (K) 500 µm 

The connector design presented here could be modified in a variety of ways. For example, 

the shape of the connector and socket could be optimized for ease of insertion, for improved seal 

formation, or to better distribute stress in the hydrogel. Here, we use a bulb-shaped connector, but 

other connector geometries such as screw shapes and configurations with different rotational and 

axial symmetry could be explored. In addition, fabrication methods other than 3D printing could 

be used to structure the connector socket in the hydrogel. For example, a casting approach like that 

used in soft lithography-based could be used, 79-81 and, the creation of overhanging features in the 

negative mold could be achieved using two-photon polymerization techniques.82, 83 Pop-it 
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connectors could also be integrated into hybrid hydrogel/PDMS systems.50 Finally, a wide variety 

of hydrogel formulations could be explored to improve or optimize connector performance.84 Gel 

mechanical properties could be varied by controlling monomer and crosslinker chemistries 85, 

molecular weight86, gel concentration,86 and by the addition of filler materials.87 In addition, 

alginate,88 agarose,88 gelatin methacryloyl (GelMA),89 poly(vinyl alcohol) (PVA),90 and double-

network hydrogels with enhanced strength and elasticity87 could be explored. 

Conclusion 

In conclusion, the 3D printed “pop-it” connection presented here represents the first 

reported hydrogel connection mechanism for coupling tubing to hydrogel fluidic devices in a 

stable, reversible manner to allow for liquid flow. Pop-it connectors mount into well-defined 3D 

printed sockets by simple insertion and are held in place by the elasticity of the hydrogel, rather 

than static friction. Using this connection, we show that it is possible to drive fluid flow while 

sustaining pressures up to ΔP  3 kPa, which is three orders of magnitude greater than the standard 

connector-free approach and equivalent to the pressures required to drive flow through standard 

PDMS-based microfluidic devices. We demonstrate that a two-sided connector can be used to 

couple two hydrogels together to construct modular assemblies with intermodular diffusion. 

Lastly, we demonstrate that pop-it connectors can be used to establish long-term nutrient flow to 

hydrogels to sustain the growth and viability of bacteria in the gel. These pop-it connectors will 

enable a variety of hydrogel applications by allowing for reliable, leak-free flow. 
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Methods 

Hydrogel 3D Printing 

Hydrogels were designed using CAD software (Autodesk, Fusion 360) and 3D printed 

using a commercial stereolithography 3D printer (Formlabs, Form 1+). For the aqueous resin 

formulation, poly(ethylene glycol) diacrylate (PEG-DA) was used as a monomer (10 wt%, Sigma-

Aldrich, Mn 700), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was used as a 

photoinitiator (0.1 wt%, Tokyo Chemical Industry), and tartrazine was used as a photoblocker 

(0.075 wt%, Alfa Aesar). Prepared resin solutions were poured into the printer resin tray. To 

fabricate gels with well-defined and open structures, resin formulation and light exposure 

conditions were selected for optimal printing.51 To ensure adhesion of hydrogel to the print head, 

microscopy slides (Fisherbrand Colorfrost, 25 mm × 75 mm × 1 mm) were pretreated with Bind-

Silane (2.0 vol%, GE Healthcare, 17-1330-01). Microscopy slides were submerged in the Bind-

Silane solution for five minutes then baked at 100 °C for another five minutes. Treated slides were 

attached to the custom-made print head with a UV bonding adhesive (Norland Products).91 

Hydrogel CAD files are available in ESI. The printing process proceeds by photopolymerizing the 

object layer-by-layer as described elsewhere.92    

Connector 3D Printing 

Connectors were designed using CAD software (Autodesk, Fusion 360) and 3D printed 

with a commercial stereolithography 3D printer (Formlabs, Form 3) using a methacrylic acid ester-

based resin (Formlabs, Clear Resin). After printing, connectors were washed with isopropyl 

alcohol and post-cured with a benchtop ultraviolet light. Formlabs resins are resistant to ethanol 

and UV light, both of which can be used for sterilization. As an alternative, Formlabs High-
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Temperature resin could be used to create autoclavable connectors. Connector CAD files are 

available in ESI. 

Liquid Flow 

To drive water through a hydrogel, a plastic syringe (60 mL Soft-Ject Luer Lock, Henke 

Sass Wolf) was filled with water and mounted into a syringe pump (World Precision Instruments, 

Model AL-4000).  A blunt, 20-gauge dispensing needle was attached to the syringe end with a luer 

lock fitting and polyethylene tubing (Scientific Commodities Inc., I.D. = 0.86 mm; O.D. = 1.32 

mm). The other end of the tubing, with or without attached pop-it connector, was then inserted 

into the 3D printed hydrogel. For the hydrogels in Fig. 1 and 2, oil-based red and yellow paint 

diluted with silicone oil (AR20) was used to highlight the channels. 

Hydrostatic Pressure Measurements 

To determine the pressure required for connector failure, we constructed a custom 

experimental setup capable of applying well-defined hydrostatic pressures (SI Fig. 4.1). The 

mechanized system consisted of a microcontroller (Elegoo UNO R3), a stepper motor driver 

(TB6600), and two stepper motors with lead screws (NEMA 17 with 150 mm T8 lead Screws). 

The lead screws provided controlled linear movement with a minimum step size of 2.5 m. A 

water reservoir was mounted to the stepper motor lead screws and connected to the hydrogel 

through tubing and a pop-it connector. The reservoir was incrementally raised using the stepper 

motors until the connection between the connector and the hydrogel failed. The height differential 

between the top of the water reservoir and the pop-it connector was then used to determine the 

maximum liquid pressure, Pmax by calculating the hydrostatic pressure at that point using 𝑃ℎ =

𝜌𝑔ℎ, where ρ is density of the fluid, g is gravitational force and h is the height of the fluid. A video 
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of a representative experiment is shown in Video S1. The data in Fig. 4.4 is fit to the following 

function: ∆𝑃 = 𝑎𝑒𝑏𝛾 where γ  (Dc - Dg)/ Dg, a = 0.056, and b = 5.48. 

Flow Rate Estimates 

To estimate the flow rates that our pop-it connections are capable of withstanding, we 

calculate the volumetric flow rate, Q through a cylindrical channel of diameter, D = 0.8 mm and 

length l = 12 mm using the Hagen-Poiseuille equation: 𝑄 =  
𝛥𝑃𝜋𝐷4

128𝑙
 

Here,  is the dynamic viscosity of the liquid and ΔP = ΔPmax. For water and ΔPmax = 3 

kPa, we find Q = 170 mL/min. 

Rheometry and Force Measurements 

A mechanical rheometer (TA Instruments AR-G2) was used to perform two types of 

measurements: standard shear rheometry and non-standard normal force measurements. Small 

amplitude shear rheometry measurements over a range of frequencies, ω = 0.01 Hz – 1 Hz and 

strain amplitudes, γ = 0.001 – 0.05 were performed after mounting coin-shaped 3D-printed 

hydrogels (sample thickness, h = 3 mm; sample diameter, Ds = 20 mm) in a parallel plate geometry 

(plate diameter, Dp = 20 mm). Normal force measurements were performed by attaching individual 

connectors to the upper rheometer head with double-sided adhesive tape. Then, a spot in the center 

of the lower rheometer plate was marked, 3D printed hydrogel samples were mounted inside a 3D 

printed housing, and the housing placed on the lower plate in a well-defined position. To further 

ensure axial alignment of the connector with the socket, the z-position of the upper rheometer head 

was slowly lowered to approach the hydrogel allowing any necessary adjustments to be made. To 

measure the normal force required to remove the connector from a hydrogel socket, an inserted 
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connector was retracted by lifting the upper rheometer plate away from the gel. Each measurement 

took approximately 2-3 minutes in total; if the measurement was prolonged, the hydrogel was kept 

hydrated by the addition of a small amount of water. The pressure sensing unit of the rheometer is 

within the lower standing platform. Once the connector and gel are in contact, the integrity of the 

connector adhesion to the upper geometry should not impact the measurement. If this adhesion 

were to fail before contact, we would expect a sudden jump in the force. Adhesion of the holder 

to the lower platform is less likely to fail, would result in a shift in the xy-plane, and would easily 

be observed by visual inspection. 

Measuring Contact Area of the Connector 

The contact area, A used in Fig. 4.3d to calculate τ was estimated using the “Measure” 

function in Fusion 360. For this, each connector CAD drawing was used to estimate potential 

contact area of each connector on the inner walls of the hydrogel (See supplementary). Estimating 

A is done by assuming that the hydrogel socket is stretching into the shape of pop-it connector 

upon insertion. Also, since the surface area of the pop-it connector acting on the hydrogel during 

Fmax should not change for insertion and removal of the connector, the same A values are valid to 

calculate pressure acting on the hydrogel during both insertion and removal of the connector. 

Growth of 3D Printed Bacteria 

Pseudomonas aeruginosa (pMF230) is cultured overnight in liquid TSB media with 

ampicillin (100 µg mL-1). After 12+ h of growth, approximately 109 CFU/mL of planktonic 

bacteria is added to the bioink resin prior to the 3D printing. The pMF230 strain constitutively 

expresses GFP, so fluorescence intensity and colony size are used to measure growth and viability. 

The hydrogel holder in Fig. 4.6i is 3D printed (Formlabs, Form 3, High Temperature Resin) and 
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autoclaved prior to assembly. After growth for 24 h at 37 C, the gel is sectioned with a razor blade 

and imaged with a confocal microscope (Leica SP5; 5× air objective).  
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Supplementary Information 

Hydrostatic pressure measurements 

To determine the pressure required for connector failure, we constructed a custom 

experimental setup capable of applying well-defined hydrostatic pressures (SI Fig. 4.1). The 

mechanized system consisted of a microcontroller (Elegoo UNO R3), a stepper motor driver 

(TB6600), and two stepper motors with lead screws (NEMA 17 with 150mm T8 lead Screws). 

The lead screws provided controlled linear movement with a minimum step size of 2.5 m. A 

water reservoir was mounted to the stepper motor lead screws and connected to the hydrogel 

through tubing and a pop-it connector. The reservoir was incrementally raised using the stepper 

motors until the connection between the pop-it connector and the hydrogel failed. The height of 

the reservoir at failure could then be calculated from the number of steps the stepper motors had 

taken. The height differential between the top of the water reservoir and the pop-it connector was 

used to determine the hydrostatic pressure 𝑃ℎ required for connection failure using the simple 

equation: 𝑃ℎ = 𝜌𝑔ℎ, where ρ is density of the fluid, g is gravitational force and h is the height of 

the fluid. A video of a representative experiment is shown in Video S1. 

Estimating contact area between connector and gel 

Method used to estimate the contact area, A between the connector and gel at maximum 

deformation during connector insertion (SI Fig. 4.2). These values of A were then used to calculate 

the stress, τ = Fmax/A, and the values plotted in Fig 4.3d. 
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Evidence of hysteresis in normal forces associated with connector insertion and removal 

To compare the normal forces associated with insertion and removal of the pop-it 

connector, we 3D printed a PLA enclosure (dimensions: 8.5 mm x 8.5 mm x 15.5 mm; wall 

thickness: 0.50 mm; top hole diameter: 5.00 mm) to hold the hydrogel in place during retraction 

of the rheometer head (SI Fig. 4.3a, b). The pop-it connector and hydrogel holder were each taped 

to the rheometer head and platform, respectively as shown in SI Fig. 4.3c. For each measurement, 

the pop-it connector was inserted into the hydrogel in a manner similar to that described for Fig 

4.3, and the rheometer head was then also retracted to remove the connector. A representative 

force measurement with clear hysteresis is plotted in SI Fig. 4.4. 
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Supplemental Figure 4.1. Hydrostatic pressure setup. (A) 3D printed parts were assembled 

together with a stepper motor and microcontroller to control the height of the water reservoir and 

generate a hydrostatic pressure on the hydrogel inlet. (B) Movement of the stepper motor was 

controlled by an Elegoo UNO R3 microcontroller and a TB6600 stepper motor driver to provide 

precise control of the height. (C) A hydrogel with an attached pop-it connector remains stable 

when no hydrostatic pressure is applied (∆𝑃 = 0 Pa), and is (D) expelled from hydrogel when ∆𝑃 

= 580 Pa 
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Supplemental Figure 4.2. Contact area, A when hydrogel is at 𝑭𝐦𝐚𝐱 during the insertion of the 

pop-it connector. (A) Representative side view of connector and gel to shows the position of the 

connector in the hydrogel socket during insertion when force is at 𝑭𝐦𝐚𝐱. Area of the roughly 

highlighted zone is extracted using the software Fusion 360. (B) Table of A values for each pop-

it connector. 
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Supplemental Figure 4.3. Experimental setup for measuring normal forces associated with 

connector insertion and removal. (A) CAD design file of hydrogel holder. (B) Top-view of the 

hydrogel holder (C) Full experimental setup mounted on the rheometer. 
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Supplemental Figure 4.4. Representative measurement of normal force, F as a function of 

displacement, d, for a connector inserted into a gel socket (blue data points) and then removed 

from the socket (green data points). For the two data sets, the upper rheometer plate is moving in 

opposite directions, indicated by the arrows. The measurement reveals clear hysteresis in the forces 

associated with insertion and removal. The reason for this hysteresis is not clear. 
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Abstract 

Hydrogels are soft, water-based gels with widespread applications in personal care 

products, medicine and biomedical engineering. Many applications require structuring the 

hydrogel into complex three-dimensional (3D) shapes. For these applications, light-based 3D 

printing methods offer exquisite control over material structure. However, the use of these methods 

for structuring hydrogels is underdeveloped. In particular, the ability to print hydrogel objects 

containing internal voids and channels is limited by the lack of well-characterized formulations 

that strongly attenuate light and the lack of a theoretical framework for predicting and mitigating 

channel occlusion. Here we present a combined experimental and theoretical approach for creating 

well-defined channels with any orientation in hydrogels using light-based 3D printing. This is 

achieved by the incorporation of photoblocker and the optimization of print conditions to ensure 

layer-layer adhesion while minimizing channel occlusion. To demonstrate the value of this 

approach we print hydrogels containing individual spiral channels with centimeter-scale length 

and submillimeter-scale cross-section. While the channels presented here are relatively simple, 

this same approach could be used to achieve more complex channel designs mimicking, for 

example, the complex vasculature of living organisms. The low cytotoxicity of the gel makes the 

formulation a promising candidate for biological applications. 
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Introduction 

Hydrogels are water-based gels comprised of polymer dissolved in water and crosslinked 

to form a solid1-3. Typically, hydrogels contain a low mass fraction of polymer; thus, they are soft 

and easily deformed. In addition, many hydrogels are compatible with biological systems4 and 

have widespread applications in personal care products5, medicine6-9, and bioengineering10, 11. For 

many applications, the ability to form soft hydrogel into complex, three-dimensional structures is 

critical. For example, when hydrogel is used as a tissue scaffold12 internal channels with high 

permeability to liquid flow must be incorporated to mimic tissue vasculature and maintain cell 

viability13-16. Likewise, in microfabrication, the ability to control hydrogel structure with high 

fidelity is important7, 17, 18. Applications such as these require methods and technologies for 

accurately and precisely building hydrogel objects with complex, sub-millimeter-scale structures. 

Three-dimensional (3D) printing technologies provide exquisite control over material 

structure19. For example, in fused deposition modeling (FDM) printing, a three-dimensional object 

is built layer-by-layer by extruding thermoplastic from a nozzle, which is translated in the xy-

plane. Modified versions of these extrusion-based printers have been used to print hydrogels20, 21 

but are limited by their resolution and speed. By contrast, light-based 3D printing methods can be 

used to form objects much faster and with finer spatial resolution than FDM printers22, 23. These 

printers rely on photopolymerization to initiate the polymerization of a liquid into a solid. This is 

achieved by projecting a 2D pattern of light (digital light processing (DLP))24, 25 or by raster-

scanning a beam of laser light (stereolithography (SLA))22, 26 into a photocrosslinkable liquid. Yet, 

despite their tremendous potential, formulations and techniques for printing hydrogels using light-

based printers remain limited. 
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A primary issue limiting light-based 3D printing of hydrogels is the lack of a generalized 

approach to create objects with high resolution internal channels and voids in any desired 

orientation while minimizing channel occlusion (e.g. “bleedthrough”). This requires proper 

attenuation of the light26, 27 and a quantitative understanding of the relationship between 

formulation composition and light exposure conditions. Hydrogel structures containing 

submillimeter-scale voids that are constrained with axes oriented parallel or perpendicular to the 

light path (z-axis) have been reported28, 29, and printed hydrogels containing submillimeter-scale 

channels with no orientation restrictions have recently been reported27; however, a generalizable 

approach for optimizing critical parameters such as layer resolution and light attenuation while 

mitigating channel occlusion is lacking. This is needed to optimize new photocrosslinkable liquid 

formulations (i.e. “resins”) for hydrogel printing and provide a framework for understanding the 

experimental limits of channel resolution. Complex internal channels are essential for a variety of 

bioengineering applications, but, without a clear optimization approach, the full potential of light-

based printers cannot be met.  

Here we present a generalizable method for light-based 3D printing of hydrogels 

containing well-defined, submillimeter-scale channels with any orientation. To characterize a new 

formulation, we begin by systematically measuring the single-layer cure depth as a function of 

light exposure and photoblocker concentration. Next, we determine the print conditions needed to 

adhere one layer to another by systematically varying single-layer cure depth and instrument-

imposed layer thickness. Finally, we measure channel bleedthrough as a function of layer 

thickness, use this data to test bleedthrough models, and find that the effect of cumulative exposure 

contributes significantly to channel bleedthrough. To demonstrate the practicality of our approach, 
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we print hydrogels containing spiral channels with centimeter-scale length and submillimeter-scale 

cross-section and establish liquid flow through these channels. 

 
Figure 5.1. Light-based stereolithographic 3D printing. (A) Illustration of a stereolithography 

(SLA)-based 3D printer used to print hydrogel. An object is printed layer-by-layer by 

polymerization of a liquid resin (green) to a solid upon exposure to laser light (violet). Layer 

thickness, ℓz is set by the gap between the underside of the object and the bottom surface of the 

resin tray. (B) A single layer in the xy plane is formed by raster-scanning a focused laser light spot 

(circle) within the plane. (C) Light is attenuated by the liquid resin, and light exposure, E(z) 

decreases with depth, z. At a critical exposure value, Ec, the light is insufficient to induce 

polymerization and this defines the cure depth, 𝑪𝐝 beyond which resin remains liquid.  

Background 

In stereolithography (SLA)-based 3D printing, a solid object is built layer-by-layer from a 

liquid resin using a focused laser spot. Photopolymerization occurs at the laser focal point, which 

is raster-scanned within the xy-plane of the resin bath to create a single layer which adheres to the 

print head (Fig. 5.1a, b). The print head is then moved upwards in the z-direction and the next 

layer is printed onto the previous layer. Polymerization typically occurs through free-radical 

transfer: a photoinitiator absorbs laser light to form a reactive species and initiates a reaction 

cascade by which low molecular weight monomers react to form high molecular weight polymers 

and eventually a crosslinked solid. The polymerization process terminates through free radical 
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combination or when free radicals become topologically constrained26; thus, the reaction does not 

propagate through the entire bath after polymerization is initiated by the laser light.  

As each successive layer is added to a printed object, the laser light needed to polymerize 

a new layer passes into previously printed layers (Fig. 5.1a). This condition is necessary for the 

adhesion of one layer to the next but can be problematic if the printed object is meant to contain 

voids or overhangs and bleedthrough occurs in these regions. Light is attenuated as it propagates 

into the resin, so the intensity decreases with penetration depth, z. At some depth, the light becomes 

insufficient to induce polymerization; this is referred to as the cure depth, 𝐶𝑑, beyond which the 

resin remains liquid (Fig. 5.1c). For an object composed of multiple layers, the balance between 

necessary overlap and undesired curing can be determined by comparing two lengths: the layer 

thickness, ℓz, which is set by the incremental, vertical movement of the print head, and the cure 

depth, 𝐶𝑑, which is set by the composition of the resin. Thus, when formulating a new resin, 

knowledge of 𝐶𝑑 is critical. 

A variety of photopolymerizable hydrogel formulations for use with 3D printing have been 

reported, including polyethylene glycol-diacrylate (PEG-DA) gels19, 30, polyethylene glycol-

diacrylamide (PEG-DAAm) gels31, and Pluronic monocarboxylate-gelatin methacrylate (Plu-

GelMA) composite gels32, 33; however, knowledge of how formulation variables affect printing 

parameters such as 𝐶𝑑 is lacking. As a result, it is difficult to quantify and compare advances in 

the spatial resolution of light-based hydrogel printing. Additionally, most studies focus on digital 

light projection (DLP) systems or SLA printers which use ultraviolet light, and, to our knowledge, 

no studies involving SLA printers that make use of violet ( = 405 nm) light have been reported. 

This may be important if living cells are incorporated into the liquid resin and exposed to laser 
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light during the printing process as violet light is lower in energy than ultraviolet light, is not 

strongly absorbed by DNA34, and has shown to be less cytotoxic for a variety of mammalian cells35-

38. 

In this context, we focus on characterizing a photopolymerizable hydrogel resin 

formulation for use with violet laser light that can be used to generate hydrogels with high-

resolution internal channels using components that are generally accepted as non-cytotoxic. Two 

primary components of any photopolymerizable formulation are a reactive monomer and a 

photoinitiator. For the hydrogel monomer, we choose PEG-DA to create PEG-based hydrogels, 

which are considered a benchmark for non-cytotoxic hydrogels4, 39. Mammalian cells do not adhere 

to PEG gels, so, for applications incorporating living cells, the gel would need to be 

functionalized19, 30, 31; however, for the purposes of this study, we use non-functionalized PEG. For 

the photoinitiator, we choose lithium phenyl-2,4,6-trimethylbenzoylphospinate (LAP)40, 41. LAP is 

freely soluble in water, has been shown to be biologically inert40, and absorbs light in the UV and 

low visible range with high efficiency. This formulation pair is well-established for a variety of 

non-3D printing hydrogel applications; however, when printing is attempted using a light-based 

3D-printer (Formlabs, Form 1+), the polymerized gel layers are very thick. Thus, a third 

formulation component, one that strongly attenuates the laser light, is required: a photoblocker. 

This component is critical for achieving high-resolution printing with any light-based 3D printer 

(e.g. SLA or DLP). Several photoblockers including Quinolone Yellow27 and Sudan I42 have been 

reported for use in photopolymerizable hydrogel applications. Here we explore the use of 

chlorophyllin and tartrazine. Chlorophyllin is a hydrolyzed version of chlorophyll that is soluble 

in water and strongly absorbs blue-violet light (Supplemental Information, SI Fig.1)43. Tartrazine 



161 

 

is yellow azo dye commonly found in food coloring, with strong absorbance at 405 nm44. To our 

knowledge, this is the first reported use of both these compounds as photoblockers for 

photopolymerization applications. 

Results & Discussion 

For the hydrogel formulations used here, light attenuation is dominated by the 

photoblocker. In the absence of photoblocker, the aqueous PEG-DA/LAP print formulation 

provides a cure depth on the order of centimeters (Fig. 5.2a; 𝐶𝑑  1.85 cm) for moderate exposures 

on a commercially available 3D SLA printer (see Methods). By comparison, under identical print 

conditions, the addition of chlorophyllin at a concentration of only 0.01 wt% results in a striking 

reduction in cure depth (Fig. 5.2b; 𝐶𝑑  0.50 mm). To quantify the capacity of chlorophyllin as a 

photoblocker, we systematically measure 𝐶𝑑 as a function of light exposure and chlorophyllin 

concentration. We do this experimentally by removing the print head, printing a single layer, which 

adheres to the bottom surface of the resin tray, and measuring the thickness of that layer with 

optical coherence tomography (see Methods and SI Fig. 2). Light exposure is defined as the total 

integrated energy of laser light that passes through a given area. For an SLA printer, exposure is 

proportional to laser power and inversely proportional to the velocity at which the laser is scanned 

(see Methods). The exposure profile in 𝑧 is expected to fall off exponentially as 𝐸(𝑧) =

𝐸0exp (−𝑧 𝐷𝑝⁄ ), where 𝐸0 is the exposure at the bottom of the resin tray just as the laser light 

enters the resin (𝑧 = 0), and the penetration depth, 𝐷𝑝 is the length scale that characterizes the 

exponential decay. Setting 𝑧 = 𝐶𝑑, defining 𝐸 at this depth as the critical exposure, 𝐸𝑐 below which 

a gel does not form, and solving for 𝐶𝑑 provides the following: 𝐶𝑑 = 𝐷𝑝ln (𝐸0 𝐸𝑐⁄ ), as shown 
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elsewhere 26, 40, 45. Thus, plotting 𝐶𝑑 as a function of 𝐸0 on a linear-log scale should provide a 

straight line with a slope of 𝐷𝑝 and an x-intercept corresponding to 𝐸𝑐, as has been shown  

Figure 5.2. Chlorophyllin as a photoblocker. Photographs of PEG-DA hydrogel single layers 

printed (A) without photoblocker and (B) with 0.01 wt% chlorophyllin photoblocker using an 

SLA 3D printer with the same exposure conditions. Thickness of the gel represents the cure depth, 

𝐶𝑑. (C) Single layer cure depth, 𝐶𝑑   as a function of light exposure, E0 for PEG-DA/LAP aqueous 

formulations with different chlorophyllin concentrations (𝑐𝑏 = 0.108 (•), 0.215 (■), 0.430 (▲), 

0.645 (▼), 0.860 (right triangle) mg/mL). Lines are fits of solid symbols to 𝐶𝑑 = 𝐷𝑝 ln(𝐸0 𝐸𝑐⁄ ) 

(0.108 mg/mL, R2 = 0.999; 0.215 mg/mL, R2 = 0.999; 0.430 mg/mL, R2 = 0.996; 0.645 mg/mL, 

R2 = 0.876; 0.860 mg/mL, R2 = 0.920). Open symbols not included in fit. Red, dashed line is fit 

to data for 𝑐𝑏 = 0 mg/mL, which are out of scale (𝐶𝑑 > 3 mm) and thus not shown (see Methods). 

(D) Characteristic length scale associated with light attenuation, Dp as extracted from the slope 

of the fits in (C), and plotted as a function of (𝑐𝑏)
-1 (R2 = 0.999). (E) Critical exposure, Ec 

determined from the x-intercept of the fits in (C) and plotted as a function of 𝑐𝑏 (R2 = 0.880). 
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extensively in the light-based 3D printing literature26, 28. 

We find that our data obtained with low to moderate exposure values are described well by 

the theoretical prediction. Plots of 𝐶𝑑 versus 𝐸0 for five different chlorophyllin concentrations, 𝑐𝑏 

= 0.108, 0.215, 0.430, 0.645, and 0.860 mg/mL are shown in Fig. 5.2c, with fits to the solid 

symbols. As expected, the characteristic penetration depth, 𝐷𝑝, described by the slope of each fit, 

decreases with increasing chlorophyllin concentration; that is, more chlorophyllin results in more 

attenuation. For very high exposure values, the data diverges slightly from the fit. For the three 

highest concentrations (𝑐𝑏 = 0.430, 0.645, and 0.860 mg/mL) the data at high exposure values 

demonstrates sub-logarithmic behavior. This has been reported previously for non-hydrogel resins, 

and has been attributed to the potential development of inclusions in the gel at high exposures, 

which result in scattering26. The next lowest concentration (𝑐𝑏 = 0.215 mg/mL) exhibits super-

logarithmic behavior at high exposures. This has been reported previously as well, and has been 

attributed to photobleaching and self-focusing26. These deviations are irrelevant for most 3D 

printing applications where exposure values 𝐸0 ≤ 103 mJ/cm2 are sufficient.  

To better understand the dependence of 𝐷𝑝 on 𝑐𝑏, we consider the Beer-Lambert Law, 𝐴 =

𝜀𝐿𝑐𝑏, which relates the absorbance of light, 𝐴, to the absorptivity coefficient , the path length 

traveled by light 𝐿, and concentration 𝑐𝑏. Absorbance is commonly defined as 𝐴 =

log10(𝐼0 𝐼(𝐿)⁄ ), where I0 is the intensity of the incident light and I(L) is the intensity of the light 

after passing through a sample of thickness L. Absorbance can also be expressed in terms of 

exposure: 𝐴 = log10(𝐸0 𝐸(𝐿)⁄ ). Setting 𝐸(𝐿) = 𝐸(𝐶𝑑), combining with the Beer-Lambert 

relationship, and solving for 𝐶𝑑 provides 𝐶𝑑 = (1/𝜀𝑐𝑏)log10(𝐸0 𝐸𝑐⁄ ). Combining this equation 

with the previously described equation for 𝐶𝑑 yields 𝐷𝑝 = 𝑎 (𝜀𝑐𝑏)⁄ , where the coefficient a, the 
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consequence of a change of base, should equal 0.4343. This provides a theoretical prediction of 

the relationship between Dp and 𝑐𝑏. To test this prediction, we plot Dp as a function of 1 (𝜀𝑐𝑏)⁄ , as 

shown in Fig. 5.2d. The linearity of the resulting plot is striking, and the data fits well to the 

following form: 𝐷𝑝 = [𝑎 (𝜀𝑐𝑏)] − 𝑏⁄ , where 𝑎 = 0.6208 and 𝑏 = 0.1265. While the physical 

origin of the difference in the slope, a, and the presence of an offset, b is unclear, the 1/𝑐𝑏 scaling 

above b captures the basic physics of photoblocker attenuation. Preliminary results with 

photoblockers such as tartrazine, fast green FCF, and sunset yellow show better agreement with 

our theoretical prediction, a topic which warrants further study. 

The minimum exposure required for gel formation is defined as the critical exposure Ec 

and can be determined from the x-intercept for each curve in Fig. 5.2c as the cure depth goes to 

zero. We plot Ec as a function of 𝑐𝑏  and find that Ec increases proportionally with 𝑐𝑏 from a constant 

value at 𝑐𝑏 = 0 (Fig. 5.2e). In free-radical photopolymerization reactions, the presence of oxygen, 

which is a known scavenger of free radicals, has been shown to increase Ec
26. Thus, it is not 

surprising that chlorophyllin, which is also known to react with free radicals, has a similar effect. 

The minimal increase in Ec due to chlorophyllin should not inhibit printing since the Ec values at 

the highest 𝑐𝑏 are at least an order of magnitude below exposures easily achieved with available 

violet lasers on commercially available printers. However, the increase in Ec may become 

important when attempting to both maximize spatial resolution and minimize light exposure.  

To move beyond single layers and print 3D objects containing internal voids, layer-layer 

adhesion must be ensured while minimizing bleedthrough. To find the optimal balance between 

these opposing factors, we design a test geometry: a hydrogel cube (dimensions: 6 mm  6 mm  

6 mm) containing an internal, fully-enclosed rectangular channel with a square cross-section 
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(dimensions: 1.5 mm  1.5 mm  3 mm; see SI Fig. 2.3). The enclosed channel design prevents 

the exchange of liquid between the channel and resin bath and thus represents conditions which 

will result in maximal channel bleedthrough, ℎ𝑒 such as a channel printed deep within a hydrogel 

where liquid exchange is limited. Intuition suggests that layer-layer adhesion will be achieved by 

meeting the condition 𝐶𝑑  ℓz. To test this, we print the test geometry under varied conditions of 

ℓ𝑧 and 𝐶𝑑 . We vary ℓz over the range 6.25 m  ℓ𝑧  300 m by controlling the gap between the 

underside of the printed object and inner surface of the resin tray, and vary 𝐶𝑑 from 100 m, 150 

m, and 200 m by selecting 𝐸0 from the working curves in Fig. 5.2c. After printing, we evaluate 

each cube for layer-to-layer adherence and mechanical integrity using stereomicroscopy and 

classify the print as a success or failure.  
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Figure 5.3. Determining optimal layer-layer adhesion conditions for printing 3D objects. (A) 

Stereomicroscopy images of hydrogel test cubes (outer dimensions: 6 mm  6 mm  6 mm) each 

printed under defined conditions (left: 𝑪𝒅 = 150 m,  ℓz = 25 m; right: 𝑪𝒅 = 150 m,  ℓz = 150 

m) then imaged and classified as a success or failure. The success-failure criterion was based on 

mechanical integrity and not surface irregularities, which are an aesthetic issue that is 

straightforward to address. (B) Plot of 𝑪𝒅 versus ℓz generated from the classification of 22 

individual cubes printed with 𝒄𝒃 = 0.430 mg/mL. Prints that retain mechanical integrity are plotted 

as green circles and prints that do not retain integrity are plotted as red squares. Dashed line 

represents the expected success-failure boundary, 𝑪𝒅 = ℓz. 
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For print conditions where ℓz > 𝐶𝑑, a newly-cured layer should have insufficient thickness 

to bridge the gap between the bottom of the tray and the bottom surface of the previous printed 

layer. Thus, one would expect print failure due to non-adherence between layers. We find that near 

the ℓz = 𝐶𝑑, boundary, layers still adhere to one another, but the object collapses and deforms as it 

is printed (Fig. 5.3a, right: failure). As ℓz is increased, we eventually observe total failure; layers 

do not adhere to one another and remain dispersed in the resin bath (not shown). Surface 

irregularities are not used as a criterion for success-failure as successfully printed objects well 

within the ℓz < 𝐶𝑑 region have rough surfaces (Fig. 5.3a, left: success). This issue, which is 

common with light-based 3D printers, is easily resolved by including a high-exposure raster step 

around the boundary of each layer, creating a smooth outer surface. For layer-layer adhesion tests, 

this step was excluded.  

Results for all printed objects are compiled as a plot of 𝐶𝑑 versus ℓ𝑧 in Fig. 5.3b. Here, 

each data point represents an individually-printed cube, with green circles corresponding to 

successful prints and red squares corresponding to failed prints. The data falls into two regions, 

with successful prints at low ℓ𝑧, failed prints at high ℓ𝑧, and a distinct transition between success 

and failure. Successfully-printed objects subjected to tensile and shear stresses do not fail along 

layer-layer interfaces. This indicates that the adhesive yield stress is equal to or greater than the 

cohesive yield stress and that layer-layer adhesion is chemical in nature, rather than mechanical. 

This is not surprising, given that residual free radicals and unreacted monomers and oligomers 

remain in previously-printed layers26 which could lead to reaction and interpenetration between 

gel layers. 
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To understand the success-failure transition, we superimpose the defining line at which we 

would expect layer-layer adhesion to fail: 𝐶𝑑 = ℓ𝑧. This line represents a boundary to the right of 

which one would expect objects to lose mechanical integrity. When we overlay this line onto our 

data, the agreement in the center of our data range (𝐶𝑑 = ℓ𝑧  = 150 m) is good; however, at low 

𝐶𝑑, the ℓ𝑧 value associated with the transition from success to failure occurs at a lower value than 

predicted, while at high 𝐶𝑑, the ℓ𝑧 value associated with the transition from success to failure 

occurs at a greater value than predicted. The discrepancy between our data and the prediction can 

potentially be explained by several scenarios. First, the resin tray used to determine the working 

curves in Fig. 5.2c differs, by necessity, from the resin tray used to print 3D objects, and 

differences in tray thickness and material refractive index (see Methods) could result in differences 

in light attenuation. Second, the gel-liquid boundary is likely not a sharp interface but rather a 

diffuse boundary, and it is not clear how thick this boundary is or how boundary thickness changes 

with 𝐶𝑑. Despite the lack of agreement, mapping print parameters in this manner provides a 

valuable and practical guide for choosing print coordinates.  
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Figure 5.4. Modeling and measuring channel bleedthrough. (A) Single-layer model: The simplest 

scenario; bleedthrough into a void is just ℎ = 𝐶𝑑 − ℓ𝑧. In this illustration (A), as well as (B) and 

(D), the laser is directed upwards along the z-axis (from bottom to top). (B) Multiple-layer model: 

The effect of repeated exposure results in a cumulative cure depth 𝐶𝑑,𝑐 larger than 𝐶𝑑. (C) 

Calculated 𝐶𝑑, 𝑐 as a function of n for 𝐶𝑑 = 0.15 mm and (from bottom to top) ℓz = 12 m, 25 m, 

50 m, and 100 m. (D) Image of a hydrogel cube containing an enclosed void space after being 

cut in half and an exposed face imaged with stereomicroscopy. Channel bleedthrough, he is 

quantified by measuring the extent of channel occlusion (see inset). (E) Plot of channel 

bleedthrough, he as a function of layer thickness ℓz, for 𝐶𝑑 = 0.15 mm and 𝑐𝑏 = 0.430 mg/ml. 

Measured bleedthrough is greater than predicted by the single-layer model (lower dashed line), 

but consistent with the multiple-layer model (upper dashed line). (F) Numerical calculations of ℎ𝑐 

as a function of ℓz for 𝐶𝑑 = 132 m over the range: 13.2 m  ℓz  132 m for differing 𝑐𝑏 plotted 

as a function of ℓz/𝐶𝑑. From top to bottom, the bounding lines represent  ℎ𝑐 values for 𝑐𝑏 = 0.215 

mg/mL, 0.430 mg/mL, and 0.860 mg/mL. The lowest bounding line represents ℎ = 𝐶𝑑 − ℓ𝑧 . The 

red mark represents print conditions for Fig. 2. 5b, c. 
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For solid objects with no internal voids or overhangs, choice of print parameters should not 

significantly affect print quality as long as the parameters fall to the left of the success-fail 

transition. However, for objects containing internal voids, choice of print parameters will 

determine the amount of bleedthrough into the void space. To define the expected upper and lower 

limits of bleedthrough, we construct two models. In the lower limit, bleedthrough is described by 

considering only the contribution of the layer directly beneath a void. This is simply the difference 

between the cure depth and layer thickness: ℎ = 𝐶𝑑 − ℓ𝑧 (Fig. 5.4a). In the upper limit, the 

contribution of multiple subsequent exposures must be considered. That is, when multiple layers 

are printed beneath a void, even if light is attenuated such that it is below the gelation threshold 

when it reaches the void, repeated exposure will have a cumulative effect (Fig. 5.4b). To model 

this effect, we define the cumulative incident exposure for a particular layer as 𝐸0,𝑐 =

(∑ 𝐸010−[𝜀𝑐𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 , where 𝑛 is the number of layers printed below a void. This summation of 

exposures is based on the assumption that the same resin volume is being repeatedly exposed and 

is not mixed in the channel or freely exchanged with the resin bath. The cumulative cure depth is 

then described as 𝐶𝑑,𝑐 = 𝐷𝑝ln (𝐸0,𝑐 𝐸𝑐⁄ ) and the overlap is ℎ𝑐 = 𝐶𝑑,𝑐 − ℓ𝑧 . It is important to note 

that the cumulative cure depth, 𝐶𝑑,𝑐 can be much larger than 𝐶𝑑. To demonstrate this, theoretical 

predictions for 𝐶𝑑,𝑐 for 𝐶𝑑 = 150 m and ℓz = 12 m, 25 m, 50 m, and 100 m are plotted as a 

function of 𝑛 in Fig. 5.4c. For the curves plotted here, 𝐶𝑑,𝑐 approaches an asymptote, the value of 

which increases as ℓz decreases, and this asymptote in 𝐶𝑑,𝑐 can be significantly larger than 𝐶𝑑. For 

example, for 𝐶𝑑 = 150 m and ℓz = 100 m, 𝐶𝑑,𝑐  450 m, three times larger than 𝐶𝑑.   

To experimentally determine the extent to which cumulative exposure impacts 

bleedthrough, we select printed hydrogel cubes, each containing an internal, fully-enclosed 
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rectangular channel with square cross-section, cut each cube in half, and image the channel cross-

section using stereomicroscopy (Fig. 5.4d). We do this for four cubes, all printed using 𝐶𝑑 = 150 

m (𝑐𝑏= 0.430 mg/mL), but with varying ℓz = 12.5 m, 25 m, 50 m, and 100 m. After 

measuring the average bleedthrough in the enclosed channel, ℎ𝑒, find that ℎ𝑒 decreases with 

increasing ℓz, as expected (Fig. 5.4e). To compare our data with the minimum and maximum 

theoretical estimates for bleedthrough, we include these predictions as dashed lines and find that 

our measurements agree well with the cumulative model prediction (Fig. 5.4e, upper line). This 

supports our hypothesis that the cumulative effect of repeated exposure must be considered and 

provides a theoretical framework for minimizing channel occlusion during printing. 

To better understand the dependence of  ℎ𝑐 on experimental parameters, we rearrange the 

expression for the cumulative model (see SI Text) to obtain:  ℎ𝑐 = ℎ + 𝐷𝑝 ln(∑ 10−[𝜀𝑐𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 . 

This form reveals that for fixed 𝐶𝑑 and ℓz,  ℎ𝑐 should decrease with increasing photoblocker 

concentration, and, in the limit where 𝑐𝑏 → ∞, ℎ𝑐 → ℎ. This can be understood by considering two 

formulations with different 𝑐𝑏. The solution with greater 𝑐𝑏 will have a smaller 𝐷𝑝. Thus, to 

achieve the same 𝐶𝑑, 𝐸0 for the more concentrated solution must be increased until the exposure 

curves cross over at the same z value (z = 𝐶𝑑). Importantly, beyond this crossover, 𝐸(𝑧) will 

decrease more precipitously for the more concentrated solution than the less concentrated solution. 

This means that cumulative exposure will decrease with increasing 𝑐𝑏 for fixed 𝐶𝑑. To show this, 

we solve the expression above numerically for our chlorophyllin formulation. We choose 𝐶𝑑 = 132 

m, calculate ℎ𝑐 as a function of ℓz over the range: 13.2 m  ℓz  132 m for 𝑐𝑏= 0.215 mg/mL, 

0.430 mg/mL, and 0.860 mg/mL, and plot  ℎ𝑐 as a function of ℓz/𝐶𝑑. Our numerical calculations 
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confirm that  ℎ𝑐 decreases with increasing 𝑐𝑏, as shown in Fig. 5.4f. This provides a guide for 

choosing the 𝑐𝑏 necessary to print channels of a given size with an acceptable degree of occlusion.  

To show the value of this approach, we use our results to print hydrogels containing well-defined 

channels with centimeter-scale length, submillimeter-scale cross-section and varying orientation. 

We do this by choosing print conditions (𝐶𝑑 = 132 m and ℓz = 37.5 m) that lie within the success 

region in Fig. 5.3b. Under these conditions, for 𝑐𝑏= 0.430 mg/mL and ℓz/𝐶𝑑 = 0.28, the estimated 

value of cumulative bleedthrough is ℎ𝑒  200 m (Fig. 5.4f, red mark). A spiral channel geometry 

is chosen as a printing benchmark because the channel orientation varies continuously between 

vectors parallel and perpendicular to the light-path throughout the length of the channel, and print 

success is easily determined by observation of flow through the channel. An illustration of the 

print design is shown in Fig. 5.5a, and liquid flow through the printed object is shown by the series 

of microscopy images in Fig. 5.5b. In these images, air bubbles entrained in the liquid provide an 

indication of flow. The inscribed sectional diameter of the channel in the print file is 800 m, and 

the inscribed sectional diameter of the channel in the printed object is approximately 600 m. This 

is consistent with our bleedthrough prediction. To illustrate a slightly more complex channel 

design, we use the same conditions to print an object containing two separate, co-rotating spiral 

channels as shown in Fig. 5.5c. While the channels presented here are simple we fully expect to 

achieve channels approaching in vivo complexity. To print even smaller channels, with minimal 

bleedthrough, parameters must be chosen such that ℓz/𝐶𝑑 → 1 and  𝑐𝑏 is sufficiently high such that 

ℎ𝑐 → ℎ (Fig. 5.4f).  

Lower limits for photoblocker concentration and exposure are set by 𝑐𝑏 = 0 mg/mL and 

𝐸𝑐, respectively. Upper limits for photoblocker concentration and exposure are set by the saturation 
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solubility of photoblocker and exposure at which printing parameters begin to deviate from the 

theoretical prediction. In practice, parameter selection will likely depend on experimental 

constraints such as chemical and biological compatibility with photoblocker and sensitivity to light 

exposure. This optimization approach can presumably be used to characterize any light-based 3D 

printing formulation. To illustrate this point, we replace chlorophyllin with tartrazine and measure 

𝐶𝑑  as a function of 𝐸0 for 𝑐𝑏 = 0.15, 0.30, and 0.45 mg/mL. We find the working curves to be well 

fit by the theoretical prediction 𝐶𝑑 = 𝐷𝑝ln (𝐸0 𝐸𝑐⁄ ), the characteristic penetration depth to follow 

𝐷𝑝~1/𝜀𝑐𝑏, and Ec to increase proportionally with 𝑐𝑏 from a constant value at 𝑐𝑏 = 0 (see SI Fig. 

2.4). We then choose print conditions such that 𝐶𝑑 = ℓ𝑧 = 55 m, 𝑐𝑏= 0.75 mg/mL and print a 

single spiral geometry with equivalent dimensions to the chlorophyllin single spiral geometry as 

pictured in Fig. 5.5d. By contrast to chlorophyllin, tartrazine does not bind to the gel; instead, 

when the hydrogel is placed in water, tartrazine diffuses out of the gel into the water. Thus, 

tartrazine provides an alternative photoblocker for creating transparent, nearly-colorless hydrogels 

with complex internal structures. This result supports the validity of our approach and introduces 

a second photoblocker for use printing hydrogels with violet light. 
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Figure 5.5. Printed hydrogels with submillimeter channels. (A) Illustration of a rectangular 

hydrogel containing a single spiral channel. (B) Microscopy image series depict flow of aerated 

liquid through a printed chlorophyllin hydrogel (design from (A)). Images are separated by t = 

10 s. Scale bar corresponds to 2 mm. (C) Photograph of rectangular chlorophyllin-containing 

hydrogel containing two independent spiral channels. Two input/output channels are apparent on 

the ends of the rectangular cube; the remaining two are on the back of the cube. Water within the 

channels was expelled using compressed air for improved channel contrast, though some residual 

water remains, as apparent from the air-water meniscus in the second channel from the right. (D) 

Hydrogel cube containing a single spiral channel printed using tartrazine as photoblocker. Oil-

based paint was injected into the channel for visualization purposes. Scale bars in (C) and (D) 

correspond to 5 mm. 
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For the commercial printer used here, the xy-resolution of our printed objects is ultimately 

limited by the beam waist of the focused laser spot (140 m, FWHM), and the resolution in ℓ𝑧 is 

limited by the minimum step size of the motor (2.5 m). These instrument specifications were 

presumably chosen by the equipment manufacturer to optimize resolution while creating objects 

with large build volumes; however, improved resolution could be achieved by the incorporation 

of focusing optics. Custom-built printing setups with highly-focused, diffraction-limited laser light 

can achieve much finer resolution than this commercial printer; however, it is our expectation that 

our resin development approach could be used in these printers as well to optimize print 

parameters. 

Conclusion 

Here, we present a systematic approach for structuring hydrogels containing well-defined 

microchannels using light-based 3D printing methods. The components used in the formulation 

are nontoxic, so the printed gels could potentially be used for applications involving living cells. 

In addition, the formulation composition could easily be modified to alter the physical and 

chemical properties of the gel, for example, through the addition of multifunctional crosslinkers 

or by chemical modification of the monomer. High print resolution is enabled by the incorporation 

of water-soluble photoblockers, which strongly absorb violet light; chlorophyllin and tartrazine 

are used here, but other water-soluble compounds that absorb violet light could be used. Our 

measurements of channel bleedthrough reveal that cumulative exposure contributes to undesired 

channel occlusion and must be incorporated into future models of channel bleedthrough. Finally, 

our experimental quantification of cure depth reveals a relationship between characteristic 
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penetration depth, photoblocker concentration, and photoblocker absorptivity coefficient, which, 

to our knowledge, has not been reported and could provide an approach for rapidly quantifying 

new formulations.  
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Methods 

Chemicals  

Compounds were purchased from the following manufacturers and used directly without 

additional purification: polyethylene glycol diacrylate (PEG-DA, MW 700; Sigma Aldrich), 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI Chemicals); sodium copper 

chlorophyllin (TCI Chemicals), 3-methacryloxypropyltrimethoxysilane (Amersham Biosciences), 

tartrazine (Fisher Scientific). 

Resin formulation  

Stock solutions containing 10 wt% PEG-DA and 0.1 wt% LAP dissolved in water were 

made in 200 mL batches. This concentration of PEG-DA was chosen to create gels with elastic 

moduli on the order of 103 Pa46. Each batch was prepared by combining 18 mL PEG-DA, 0.2 g 

LAP, and 182 mL water. Concentrated photoblocker solution was made by mixing 1 g 

chlorophyllin in 20 mL deionized water. Chlorophyllin concentrations were then set by adding 

microliter quantities of the concentrated chlorophyllin solution to milliliter quantities of the stock 

PEG-DA solution. The resulting dilution of PEG-DA and LAP was considered negligible. 

Chlorophyllin containing formulations were found to age (see SI Fig. 2.5); thus, for all 

experiments, solutions were used within 8 h of mixing. 

SLA printer  

The Form 1+ is a consumer SLA-based 3D printer manufactured by Formlabs (Somerville, 

MA) with the following specifications: laser wavelength  = 405 nm (violet); maximum laser 

power, Pmax = 62 mW, beam diameter d = 0.16 mm;  z-axis minimum step increment, zd =  2.5 m; 
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maximum build volume (OEM) Vmax = 12.5 cm × 12.5 cm × 16.5 cm (4.9 × 4.9 × 6.5 in). 

Modifications  

A print head was modeled to match the OEM head thickness reduced by 1 mm and printed in 

methacrylate on a Form 2 printer.  A silanized, 1 mm glass microscopy slide was bonded to the 

bottom of the head with silicone caulk. A bottomless tray was bonded to the PDMS surface of the 

OEM resin tray, centered about the modified head, to reduce the volume necessary to fill the tank 

to a workable printing depth (see SI Fig. 2.6). 

Print head silanation 

To ensure adhesion of printed hydrogel to the print head, microscopy slides (Fisherbrand 

Colorfrost, 25 mm x 75 mm x 1 mm) were submerged in a 2.0 vol% solution of 3-trimethoxysilyl) 

propyl methacrylate in ethanol (Bind-Silane, GE Healthcare, 17-1330-01) for at least five minutes 

then held at 100C for five minutes. This is a well-established protocol for coupling polymerizing 

hydrogel to a glass surface16. 

Print control 

OpenFL, a version of Formlabs' proprietary slicing software with user adjustable curing 

profiles was used to control the 3D printer. All parameters relevant to exposure such as laser power 

P, laser velocity v, scanline spacing S, number of exposures per layer N, and layer thickness ℓz, 

were adjustable. The average incident exposure per layer per unit area was calculated as: 𝐸0 =
𝑃𝑁

𝑆𝑣
.  

This definition is made with the assumption that the sum of multiple repeated low power exposures 

is equivalent to a single higher power exposure, which has been shown to be valid for current SLA 

printers. For all prints, the scanline spacing was fixed at S = 0.09 mm for appropriate overlap of 
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scanlines. Exposure was controlled by (1) increasing N, which effectively lengthened the duration 

of the exposure, (2) reducing v, which effectively lengthened the duration of the exposure, or (3) 

increasing P, which kept exposure duration constant.  

Cure depth measurements 

Single hydrogel layers did not adhere to the bottom of the PDMS-coated, OEM resin tray. 

Thus, to test single layer cure depth, curing trays were made by gluing large (50 mm x 75 mm x 1 

mm) silanized glass slides to the bottom of small bottomless Petri dishes (35 mm inner diameter) 

using silicone caulk. A clear cast acrylic plate (McMaster Carr, thickness, h = 4.5 mm) was laser 

cut to replace the OEM resin tray and fit into the resin tray slot (17.3 cm x 19.3 cm) of the printer. 

In the center of the acrylic, a hole was made to hold a curing tray. A basic working profile, which 

produced gels of acceptable quality was developed as a baseline for subsequent testing of cure 

depth. Beginning with the baseline profile, alternate profiles of varying exposures were added by 

increasing the number of exposures per layer N while keeping all other variables constant. For 

each measurement, the print head was removed and a single layer printed. The uncured liquid resin 

remaining in the cup was then discarded, the cup gently rinsed with water, and the gel thickness 

was measured with optical coherence tomography. Strong adherence of hydrogel layers to the 

glass-bottom resin tray precluded its use for printing multilayered objects. Differences between 

the OEM tray and custom, single-layer curing trays may lead to discrepancies between theory and 

experiment (Fig. 5.3b). For example, the OEM tray is composed of two layers: a 6.5 mm thick 

layer of PMMA (refractive index, n = 1.49) covered with a 1.5 mm thick layer of PDMS (n = 

1.40), and the custom tray is composed of one layer of 1.0 mm thick layer of glass (n  = 1.52). 
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OCT measurements 

Gel layer thickness measurements were made using an optical coherence tomography 

machine (Leica Microsystems, Envisu 4310). A rectangular volume capture with two A-scans per 

pixel, were scanned over a 1 mm x 4 mm area.  For samples thicker than 1 mm, a 3 mm x 3 mm 

area was scanned. The average gel thickness, as well as the upper and lower limits in thickness, 

were determined by analyzing individual B-scans.  

Absorbance measurements 

Measurements were performed using a plate reader (Biotek Synergy H1 Hybrid Reader). 

To hold the samples, a custom-built well plate was printed on the Form 2 printer. Six 25 mm 

diameter wells were positioned concentric to the equivalent positions of the B2, B6, B10, F2, F6, 

and F10 wells of a standard 96 well plate. Thin concentric lips were modeled at the bottom of the 

six holes to retain a 25 mm coverslip. For each sample, a small volume of liquid resin (V = 130 l) 

was sandwiched between two round coverslips (Thomas Scientific, 25 Cir-No. 1) separated by an 

annular-shaped spacer (McMaster Carr, 90214A438; thickness, h = 0.5 ± 0.05 mm, outer diameter, 

do = 22 mm; inner diameter, di = 16 mm) and loaded into each of the 6 wells. One well was reserved 

for water as a blank. To determine if the molar extinction coefficient of the resin changed with 

exposure time, a custom-built UV lamp was constructed to expose samples to spatially-uniform 

light, similar in wavelength to the Form1+ laser. The UV lamp was constructed using 13 individual 

LEDS (Mouser.com, EAUVA35352IJ8, 400 nm    410 nm), mounted in parallel to each other, 

distributed evenly across a six inch square, copper clad, photo-etched circuit board. A 2.7 Ω 

resistor (Mouser.com, 279-SMW32R7JT) was mounted in series with each LED. A 5 V, 10 amp 

peak power supply was used to power the LEDs. The emitter array was mounted into a 20 cm3 
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cardboard box with the bottom removed and a portion of the top cut out to receive the emitter. The 

current demand was then measured with all LEDs installed. Average current through each LED 

was taken as total current divided by the number of LEDs. With LED power emission plotted 

against current on the EAUVA35352IJ8 datasheet, power of each LED could be determined, 

summed amongst all LED's and divided by the box cross sectional area to determine power per 

unit area. Thus, exposure of any sample placed under the box could be controlled by duration of 

exposure. A series of varying exposure times for various photoblocker concentrations were then 

conducted to determine molar extinction coefficient of the photoblocker at various exposures. 
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Supplementary Information 

Cumulative Bleedthrough 

 Since attenuation of light through each cured and curing hydrogel layer follows the Beer-Lambert 

Law, it follows that the combined exposure acting on any single layer, 𝑖, can be expressed as a 

sum of the first exposure incident to layer 𝑖 with the attenuated exposures that reach layer 𝑖 during 

irradiation of all subsequent layers. This cumulative exposure for  layer 𝑖 = 0,  is expressed as 

𝐸0,𝑐 = (∑ 𝐸010−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 .  It then follows that the cure depth resulting from this cumulative 

exposure, the cumulative cure depth, can be defined as 𝐶𝑑,𝑐 = 𝐷𝑝ln (𝐸0,𝑐 𝐸𝑐⁄ ). By expanding and 

simplifying this expression, a meaningful physical relationship is explained. The expression for 

cumulative cure depth can be expanded into the form,                           

 𝐶𝑑,𝑐 = 𝐷𝑝 ln(𝐸0 ∑ 10−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 𝐸𝑐⁄ ).   

Expanding further by separating terms within the natural log, the expression then becomes 

𝐶𝑑,𝑐 = 𝐷𝑝 [ln(𝐸0 𝐸𝑐⁄ ) +  ln(∑ 10−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 )].  Because the single layer cure depth is defined as 

𝐶𝑑 = 𝐷𝑝 ln(𝐸0 𝐸𝑐⁄ ),  cumulative cure depth can then be expressed as a sum of the single layer cure 

depth with some addendum depth dependent on 𝐷𝑝, 𝜀, 𝐶𝑏 , and ℓ𝑧. 

𝐶𝑑,𝑐 = 𝐶𝑑 + 𝐷𝑝ln(∑ 10−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 )     (Equation 1) 

Bleedthrough according to the cumulative model is defined as the difference between 

cumulative cure depth and layer thickness, or ℎ𝑐 = 𝐶𝑑,𝑐 − ℓ𝑧 . Combining ℎ𝑐 with Equation 1, 

cumulative cure depth can then be expressed as, ℎ𝑐 = 𝐶𝑑 + 𝐷𝑝ln(∑ 10−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 ) − ℓ𝑧 . Since 

bleedthrough, according to the simple model, is defined as the difference between cure depth and 

layer thickness, substituting the expression, ℎ = 𝐶𝑑 − ℓ𝑧, into the expanded form of ℎ𝑐, 
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cumulative bleedthrough simplifies to a sum of the single layer bleedthrough with an addendum 

depth. 

ℎ𝑐 = ℎ + 𝐷𝑝ln(∑ 10−[𝜀𝐶𝑏]𝑖ℓ𝑧)𝑛
𝑖=0 )    (Equation 2) 

From Equation 2, it follows that the cumulative bleedthrough depth approaches the 

single layer bleedthrough depth as the blocker concentration increases significantly. 

lim
𝐶𝑏→∞

(ℎ𝑐) = ℎ                             (Equation 3) 
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Supplementary Figure 5.1. Absorbance measurements as function of wavelength for different 

resin formulations taken using a plate reader (Biotek Synergy H1 Hybrid Reader). See Methods 

section for more details. Chlorophyllin exhibits strong absorbance around 400 nm. The 

photoblocker LAP exhibits some absorption in this region as well, but the absorbance is dominated 

by chlorophyllin. There is no measureable change in the intensity and shape of the absorbance 

spectrum, even after exposure to violet light (400 nm    410 nm) and subsequent crosslinking. 
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Supplementary Figure 5.2. Experimental approach for measuring single-layer cure depth. 
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Supplementary Figure 5.3. Rendering of hydrogel cube containing enclosed rectangular void 

used for bleedthrough measurements. Cube dimensions: 6 mm  6 mm  6 mm. Internal 

rectangular channel with a square cross-section dimensions: 1.5 mm  1.5 mm  3 mm. 
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Supplementary Figure 5.4. Tartrazine as a photoblocker. (A) Single layer cure depth, 𝑪𝒅  as a 

function of light exposure, E0 for PEG-DA/LAP aqueous formulations with different tartrazine 

concentrations (𝒄𝒃 = 0.15 (•), 0.30 (■), 0.45 (▲). Lines are fits of solid symbols to 𝑪𝒅 =
𝑫𝒑 𝐥𝐧(𝑬𝟎 𝑬𝒄⁄ ). (B) Characteristic length scale associated with light attenuation, Dp as extracted 

from the slope of the fits in (C), and plotted as a function of (𝒄𝒃)
-1. (C) Critical exposure, Ec 

determined from the x-intercept of the fits in (C) and plotted as a function of 𝒄𝒃. 
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Supplementary Figure 5.5. Channel bleedthrough as a function of time (over 24 days) for our 

PEG-DA/LAP/chlorophyllin hydrogel formulation. Each point represents an individually printed 

rectangular hydrogel (dimensions: 3 mm x 3 mm x 10 mm) containing an open ended channel with 

square cross-section (dimensions: 1.5 mm x 1.5 mm x 10 mm) that was printed, and then imaged 

on a stereomicroscope to determine channel bleedthrough. Our results show significant aging of 

the resin. For this reason, for all experiments, resin was used within 8 h of mixing. 
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Supplementary Figure 5.6. Modified (A) print head and (B) resin bath for printing hydrogels on 

the Formlabs Form 2 or Form1+ using small volumes of liquid resin. 
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CHAPTER SIX 

AN INEXPENSIVE, VERSATILE, COMPACT PROGRAMMABLE TEMPERATURE 

CONTROLLER AND THERMOCYCLER FOR SIMULTANEOUS ANALYSIS AND 
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Abstract 

Microfluidic Lab on a Chip (LOC) devices are key enabling technologies for research and 

industry due to their compact size, which increases the number of integrated operations while 

decreasing reagent use. Common operations within these devices such as chemical and biological 

reactions, cell growth, or kinetic measurements often require temperature control. Commercial 

temperature controllers are constrained by cost, complexity, size, and especially versatility for use 

in a broad range of applications. Small companies and research groups need temperature control 

systems that are more accessible, which have a wide applicability. This work describes the 

fabrication and validation of an inexpensive, modular, compact, and user-friendly temperature 

control system that functions within a microscope. This system provides precise temperature 

acquisition and control during imaging of any arbitrary sample which complies with the size of a 

microscope slide. The system includes two parts. The first part is a compact and washable Device 

Holder that is fabricated from high temperature resistant material and can fit securely inside a 

microscope stage. The second part is a robust Control Device that incorporates all the necessary 

components to program the temperature settings on the device and to output temperature data. The 

system can achieve heating and cooling times between 50°C and 100°C of 32 seconds and 101 

seconds, respectively. A Bluetooth enabled smartphone application has been developed for real-

time data acquisition and visualization. The utility of the temperature control system was shown 

by monitoring rhodamine B fluorescence in a microfluidic device over a range of temperatures, 

and by performing a polymerase chain reaction (PCR) within a microscope. This temperature 

control system could potentially impact a broad scope of applications that require simultaneous 

imaging and temperature control. 
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Introduction 

The development of Lab on a chip (LOC) technology has impacted and advanced fields 

from engineering to biology1. These technologies have contributed to the understanding of fluid 

motion and associated transport processes2 and offer promising solutions to drug discovery and 

development by significantly reducing sample consumption among other factors3. LOC 

technology revolutionized chemical and biological analysis by miniaturizing experimental 

techniques such as cell growth and manipulation4, single cell analysis5, molecular diagnostics6-8, 

and complex chemical reactions9, including the polymerase chain reaction (PCR) used for nucleic 

acid amplification. PCR is a powerful and sensitive technique used to quantify DNA and mRNA 

expression which has applications ranging from forensics to medical diagnostics6, 10. These 

processes can now be performed on a device that fits on a standard microscope slide, which 

manipulates picoliter to microliter volumes of liquid11, 12 using microchannel dimensions ranging 

from tens to hundreds of microns. Small volumes enable massively parallel experiments13, 14 and 

allow multiple operations to be integrated onto one device15. The microfluidics industry is 

currently in the spotlight, as new LOC technologies could help curb pandemics through enhanced 

diagnostics and drug discovery16. For this reason, a significant growth is expected for the 

microfluidic diagnostic industry due to the immediate demand for global healthcare. 

While the miniaturized format of LOC technology is highly advantageous, these 

dimensions frequently require a microscope or specialized imaging equipment to monitor 

experiments. Many of these operations, such as cell growth17, chemical reactions and kinetic 

measurements18, 19, microfluidic mixing experiments, or biochemical reactions such as polymerase 
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chain reaction (PCR)20, additionally require precise temperature control, leading to the challenge 

of integrating temperature control into microfluidic systems.  

Both external and internal heating techniques such as pre-heated liquids, microwaves, 

lasers, chemical reactions and Joule heating have been used on microfluidic devices for 

temperature control7. Many microfluidic temperature control systems are designed and fabricated 

with at least one component that is limited to a particular device design15, 21-25. Thus, this prevents 

these temperature control systems to be used for more than one microfluidic design. While these 

systems provide rapid thermal cycling or localized heating of a reaction chamber, these 

experiments require extra fabrication steps to integrate thermal control for every device or are not 

suitable for arbitrary device designs.  

A thermal cycler with a large attached optical system has also been reported, which 

provides fluorescent images of  microfluidic devices, but it includes a full sized commercial 

thermocycler and it cannot be used within a standard microscope26. Conversely, an inexpensive 

and portable thermal cycler with imaging capabilities was reported, but it does not integrate with 

a microscope and is therefore not intended to image small feature sizes27. Current commercial 

temperature control instrumentation for microscope stages can produce a steady temperature for 

the entire microscope stage; for example, the Microscope Temperature Control Heating Stage, 

Slide Warmer by BoliOptics provides whole-stage temperature control. However, they have a slow 

temperature acquisition rate and a narrow temperature range, as they were mainly designed for the 

purpose of cell culture. Another recent commercial device developed for fast temperature 

acquisition and control is the VAHEAT by Linnowave, but it is limited to a small temperature 

control region and is expensive. While these advances have been an exciting addition to the field 
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of microfluidic temperature control, there are currently no available inexpensive, modular, 

versatile instruments that can fit securely within most microscopes, operate during imaging steps, 

and uniformly control over a wide range of temperatures on any sample secured to a standard 

microscope slide.  

To address these issues, we present an inexpensive system for simultaneous temperature 

control and imaging. The system can uniformly heat or cool any sample that can fit on a standard 

microscope slide, allowing simultaneous temperature acquisition and control as well as 

visualization of the sample. The system is divided into two main components: 1) The Device 

Holder, which is a stereolithography (SLA) 3D printed component that serves as a housing for the 

microfluidic device, the cooling fan, and the heating element and 2) The Control Device, which 

encloses the power supplies, the electronics, and the microcontroller. Powering the system requires 

only a single connection to the standard 120V wall power and can be programmed using a simple 

interface on the Control Device. The Device Holder is temperature resistant and can be removed 

from the electronic components, so it can be sterilized by autoclaving at the end of every 

experiment. The accuracy and uniformity of the temperature control was validated using an 

external thermometer and an IR camera. The functionality of the temperature control system was 

validated by monitoring temperature sensitive rhodamine B fluorescence in a microfluidic channel, 

as well as amplification of cDNA on a microscope slide within a microscope stage. Finally, a 

mobile application has been developed to plot temperature data in real-time, which is sent via 

Bluetooth connection from the Control Device to a smartphone. This temperature control system 

can be used on any device or sample that fits on a standard microscope slide. Therefore, it has the 

potential to enable the experiments involving live cell imaging, nucleic acid and protein analysis, 
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in vitro drug studies, diffusion studies, crystallization, material characterization, microfluidic fluid 

mechanics; or any other application in which temperature control and simultaneous microscopic 

observation are required. Therefore, this temperature control system has implications for a broad 

scope of applications that require concurrent imaging and temperature control. 

Materials and Methods 

3D design of the Device Holder and Control Device 

The Device Holder incorporates the microscope slide or microfluidic LOC device with all 

heating and cooling components and fits securely on a microscope stage. In the presented design, 

all components that surround the microfluidic sample (Fig. 6.1a ii) are symmetric to avoid 

temperature gradients. The presented system is designed for inverted microscopy, but upright 

microscopy could also be used without cooling if the sample and the aluminum plate (Fig. 6.1a 

iii) are flipped and the fan (Fig. 6.1a v) is removed.  

The Control Device case was designed to enclose all the electronic components, such as 

the microcontroller and power supplies, to provide an accurate temperature control and to interface 

with the user (Fig. 6.1b and d). Both designs were drawn using SolidWorks (Waltham, MA). 
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Figure 6.1. Schematics of the temperature control system: (a) CAD design of the experimental 

Device Holder, LOC device, and the heating and cooling components which fit into the microscope 

tray. (i) Lower part of the Device Holder. (ii) LOC device, which here is shown as a 1.5 mm thick 

microfluidic device layer bonded to a standard microscope slide. (iii) Heating Unit bonded to an 

aluminum sheet. (iv) Upper cap of the Device Holder. (v) Fan. (b) CAD design of the of the Control 

Device case for the microcontroller and all the electronical components used to create the interface 

of the Control Device. Shown here are the positions of the (1) Rotary encoder. (2) 6 pin connector 

for Device Holder linkage. (3) LCD display screen. (4) Green LED. (5) Yellow LED. (6) 

Couplings for the screws. (7) Ventilation slots. (8) Two type K thermocouple connections. (c) 

CAD design of the assembled experimental Device Holder with dimensions. (d) CAD design of 

the assembled Control Device case with dimensions. 
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Fabrication of the Device Holder  

The Device Holder incorporates a device or microscope slide with the cooling and heating 

unit. The breakdown of the components is shown in Figure 1a, the assembled Holder is shown in 

Figure 1c, and the final Device Holder prototype is shown in Figure 6.2. A Formlabs (Somerville, 

MA) Form 2 SLA 3D printer and High Temp Resin (RS-F2-HTAM-02) was used to fabricate the 

Device Holder (Fig. 6.1a, i and iv). The final design, including all the components, was 

106x53x39.3mm. The Device Holder fits into the stage of the microscope and is secured by 

notches on the bottom of the holder. An Adhesive Polyimide Insulated Flexible Resistance Heater 

(OMEGATM, Norwalk, CT) was adhered to an aluminum sheet to create the heating module (figure 

1a, component iii) and a 12Volt fan (WINSINN, Shenzhe, Guangdong) constitutes the cooling 

module. The pressure sensitive adhesive on the heater is rated for temperatures between -40ºC to 

149ºC. Two special limits of error type K thermocouples (OMEGATM, Norwalk, CT) are adhered 

to the underside of the aluminum sheet in contact with the sample (figure 1a, between components 

ii and iii), which are 33.5mm apart and provide the feedback for temperature control. Flexible 

rubber clamps (Ceeyali, Shenzhe, Guangdong) create full contact between the aluminum sheet and 

the LOC device by clamping the top and bottom 3D printed Device Holder elements together (Fig. 

1a, i - iv). The estimated expenses for the Device Holder fabrication is $122.94 for the components 

and $12.42 for the High Temperature Resin. 
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Figure 6.2. The Device Holder prototype. (a) Open Device Holder. (b) Clamped Device Holder 

within an epifluorescence microscope, which fits underneath a compact light shield. (c) Device 

Holder in a microscope with a connected Control Device. 

Fabrication of the Control Device 

The Control Device encloses all of the electronic components to control the device 

temperature and to interface with the user inside a case. The case design is shown in Figure 1b and 

d, and the entire Control Device prototype is shown in Figure 3. The case was 3D-printed using a 

Stanley Model 1 extrusion printer (Stanley Tools, New Britain, CT) and Prusa i3 MK3S (Prusa 

Research, Prague, Czech Re-public) with Sindoh 3DWOX Refill Black polylactic acid (PLA) 

filament. Figure 1d shows a schematic of the assembled Control Device casing, which is 

212x180x125mm. The total estimated cost of the Control Device fabrication is $131.1 for the 

components and $52.4 for the PLA material. 

The Control Device is connected into the electrical grid (wall power) and turned on using 

the green switch shown in Figure 6.3 component 5. The heating unit is controlled using a Pulse 

Wave Modulation (PWM) coming from one of the power supplies incorporated in the Control 

Device for voltage regulation. The power supplies are currently configured for a 120 Volts AC 
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conversion, but they could be adjusted for 220-240 Volts conversion. A fuse is incorporated into 

the system to open the circuit and stop the device operation in the case of electrical failure. An 

LCD screen is integrated into the Control Device to visualize the different menu options and real 

time temperature readings (Fig. 6.3, component 3). A rotary encoder is used to navigate through 

the eleven menu options (Fig. 6.3, component 2). In addition, one green LED and one yellow LED 

are used to help identify the menu option in which the user is positioned (figure 3, component 6). 

Two MAX6675 thermocouple temperature sensor modules from HiLetgo (Shenzhen, Guangdong) 

are used for cold-junction compensation and digitization of the type K thermocouple signal; details 

on the temperature calibration of the instrument are given in the Supporting Information (figure 

SI6). A user guide schematic is printed on the Control Device to help the user navigate through 

the menu and produce customized experiments (Fig. 6.3, component 4, and shown in more detail 

in SI Figure 6.1). 

 

Figure 6.3. The Control Device: PLA black filament printed case with all hardware components 

needed for power conversion, parameter selection, visualization, and temperature control enclosed 

inside. (1) Device Holder to Control Device connection. (2) Rotary encoder. (3) LCD display 

screen. (4) User guide for menu navigation and device operation. (5) On switch. (6) LEDs 
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indicating device operation. (7) Thermocouple connection slots. (8) USB 2.0 cable connection slot 

used to upload new experimental code. 

Temperature Control System software 

The menus programmed into the microcontroller allow the user to customize an experiment 

by selecting the specific temperatures of the different steps, times, and number of desired cycles. 

The user can input the temperature control parameters either by modifying the Arduino-based code 

and uploading this into the Arduino microcontroller via the USB port (Fig. 6.3, component 8) or 

by using the rotary encoder on the top of the control device (Fig. 6.3, component 2). An example 

of the rotary encoder use is given in a supporting video. An additional input option to consider the 

microfluidic device thickness for internal device temperature inference was included for future 

applications but was not used in this work. The real time temperature is shown on the display of 

the Control Device (Fig. 6.3, component 3) and sent via Bluetooth to the LOC mobile application 

(SI Fig. 6.2). Temperature data can also be monitored in the Arduino software when a computer 

is connected to the Control Device via USB. When both thermocouples are connected, the control 

temperature will be the average of both measurements. A gain scheduling closed loop feedback 

PID control has been programmed based on the general equation of PID controller to regulate the 

duty cycle of the PWM. Thus, the optimal proportional, integral, and derivative were found using 

a trial and error procedure28. 

Smartphone application development 

A smartphone application (app) was developed to acquire the real time temperature data of 

experiments performed with no need for the Arduino IDE. When the control has been activated 

through the rotary encoder in the Control Device and after the Bluetooth has been paired, the 
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Control Device will send the temperature data via Bluetooth to the smartphone app. The 

temperature and time will be displayed as an integer value in a two-dimensional plot on the screen 

of the smartphone (SI Fig. 6.2). 

Rhodamine B temperature validation 

Rhodamine B ≥95%, a temperature sensitive dye, was purchased in powdered form from 

Sigma Aldrich (St. Louis, MO), and a 10mM rhodamine solution was made in ultrapure MilliQ 

water. The PDMS microfluidic device was produced using standard soft lithography techniques 

and bonded to a glass microscope slide29. The rhodamine solution was pumped into the channels 

and wells of the PDMS microfluidic device using a syringe, and was covered by glass cover slip 

and mineral oil to prevent evaporation. The microfluidic device was inserted into the device holder 

and placed in the epifluorescent microscope oriented as shown in figure 1a. The temperature was 

varied by 5ºC increments during both heating and cooling, which was maintained for 5 minutes 

before measurement. Measurements were taken using the Evos Texas Red light cube and a 10x 

PlanFluor objective with a 0.3 NA (Thermofisher Scientific, Waltham, MA). Illumination was 

constant throughout the course of the experiments. Average red fluorescent pixel values were 

evaluated using ImageJ30. 

PCR validation experiments 

Reagents: Nuclease-free water was purchased from IDT (Coralville, IA). Cel-miR-39 

mimic was purchased from Qiagen (Hilden, Germany). Luna® universal probe qPCR master mix 

and molecular grade bovine serum albumin (BSA) were purchased from New England Biolabs 

(Ipswich, MA). The cel-miR-39 TaqMan Assay and TaqMan microRNA Reverse Transcription 

Kit was purchased from Thermofisher (Waltham, MA). Molecular biology grade mineral oil and 
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Sigmacote® were purchased from Sigma Aldrich (St. Louis, MO). Eliminase was purchased from 

Fisher Scientific (Hampton, NH).   

PCR setup: The working stock was diluted to 9.6e7 copies/µL in nuclease free water and 

cDNA was created using the TaqMan microRNA Reverse Transcription Kit according to 

manufacturer’s instructions. PCR reactions contained 1µL 20x TaqMan small RNA assay reagents 

for cel-miR-39, 10µL Luna® universal probe qPCR master mix, 1 µL of 20mg/mL BSA, 1.2µL 

of cDNA, and 6.8 µL of nuclease-free water for a total of 20 µL. The negative control reaction 

contained a reverse transcription reaction performed with nuclease-free water instead of target 

miRNA. The final concentration of cDNA in the PCR reaction was theoretically 1.9x106 

copies/µL. 

qPCR within the microscope: A LOC device mimic was made by cutting two rectangular 

10x6.5mm wells in a 0.2mm thick PDMS layer. The PDMS layer was bonded to a standard 1mm 

thick glass microscope slide (Globe Scientific, Mahwah, NJ) after exposure to oxygen plasma 

using standard PDMS bonding techniques. The exposed glass of the wells and a glass cover slide 

(22x50mm #1 thickness) (Thermo Scientific, Portsmouth, NH) were treated with Sigmacote® 

according to manufacturer’s instructions. The device and the glass cover slide were rinsed 

thoroughly with milliQ water, then Eliminase, and finally nuclease free water.  

A 1µL droplet of the positive sample was placed in one rectangular well and a 1 uL droplet 

of the negative sample was placed in the other rectangular well. The droplets were placed in the 

middle of the wells and immersed in mineral oil, and therefore did not contact the PDMS. Both 

wells were covered with approximately 8 µL of mineral oil. The glass cover slide was placed on 

top of the PDMS layer. Next, the LOC device mimic was placed in the Device Holder, 



209 

 

approximately 50 uL of mineral oil was placed on top of the device to ensure full contact between 

the aluminum plate and the glass, and then the Device Holder was closed and placed in the 

epifluorescence microscope. Thermal cycling was as follows: initial denaturation (91ºC for 4 

minutes), followed by 40 cycles with two steps (91ºC for 15 seconds and 60ºC for 45 seconds). 

The total amount of time spent for the qPCR was 95.2 minutes (figure 7a). The LOC device mimic 

was imaged using an Evos FL Auto (Fisher Scientific, Waltham, MA) and a 2x objective with a 

GFP Evos light cube. Two positive and two negative samples (1 uL each and 9 uL of mineral oil) 

were loaded into a standard commercial thermal cycler CFX Connect (BioRad, Hercules, 

California) and subjected to the same thermal cycling steps as described above. ImageJ30 was used 

to find the pixel intensity of green fluorescent light within a 75-pixel diameter circle in the center 

of the droplet in the fluorescent microscope images. The mean pixel intensity of the droplet during 

the 60˚C stage was baseline corrected using cycle 1 and normalized to the fluorescence of the 

positive sample during cycle 40. To compare the droplets in the device to those in the CFX 

Connect, baseline corrected data from the CFX Maestro software was also normalized to the 

fluorescence of the positive sample during cycle 40. 

Results and Discussion 

Analysis of temperature control performance  

Analysis of the temperature control was performed in a temperature range that is standard 

during chemical and biochemical experimentation. One example is the ubiquitous PCR; 

temperature and time of PCR cycles and steps depend on the chosen chemistry and target length, 

but most PCR cycles require temperatures between 50ºC and 100ºC31. The performance of the 

temperature control system was therefore analyzed in this temperature range (Fig. 6.4). In this 
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range, the temperature follows a linear trend during heating (R2 = 0.99) and the cooling behavior 

could be approximated in the working range to a linear trend to show the approximate average 

cooling rate (R2 = 0.95). The maximum temperature difference between the two thermocouples 

was 1.8ºC and 2.3ºC during the heating and the cooling, respectively. The average temperature 

difference between the thermocouples was 1.4ºC during heating and 0.9ºC during cooling, which 

does not exceed the type K thermocouple standard limit of error of ±1.1 ºC (2.2ºC maximum 

difference) given by the manufacturer; the maximum deviation between the thermocouples during 

cooling only exceeds this expected error range by 0.1 ºC. The average numerically calculated 

heating rate within the PCR working range was 1.5 ºC/seconds, and the temperature of the 

aluminum sheet increased 50ºC in 32 seconds (Fig. 6.4a). The average numerically calculated 

cooling rate within the PCR working range was 0.5ºC/second, and the temperature of the aluminum 

sheet decreased by 50ºC in 101 seconds (Fig. 6.4b). 
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Figure 6.4. Heating and cooling rates. (a) Monitoring of the heating behavior. (b) Monitoring of 

the cooling behavior. The average difference between the thermocouples is 1.4°C during heating 

and 0.9°C during cooling, which is within the standard special limits of error for the incorporated 

type K thermocouples.  
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Figure 6.5. External validation of temperature accuracy. a) Temperature measurement at the 

base of the microscope slide bonded to PDMS for an arbitrary set of PCR cycles. The 

temperature is read from both type K thermocouples incorporated in the device and an external 

type K thermocouple. B) Thermal image taken with FLUKE TiX560 (Everett, Washington) of a 

glass microscope slide inside the device holder programmed to maintain a temperature of 60ºC. 

The cross indicates a temperature of 60.07ºC. 

External validation of temperature control 

The temperature controller system output was validated by tracking the temperatures over 

time both within the system and on an external analog thermometer. An external type K 

thermocouple connected to a SensorDAQ (Vernier, Beaverton, OR) was placed at the center of the 

device. The SensorDAQ readout was acquired using LabVIEW (National Instruments, Austin, 

TX). The Device Holder was assembled with a LOC device mimic and placed within the 
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microscope as shown in Figure 6.2a. The temperature from each thermocouple during a set of 

arbitrary temperature cycles (90 ˚C for 25 seconds, 60 ˚C for 15 seconds) is shown in figure 5a, 

with the externally measured temperature comparable to the temperature measured by the device. 

The temperature remained stable during each cycle at every measurement point. Additionally, the 

temperature at the surface of a glass slide was validated using a TiX501 thermal camera (Fluke, 

Everett, WA) to show uniformity of temperature across the top of a glass substrate (Fig. 6.5b) 

using an emissivity of  0.9532. 

Rhodamine B temperature dependence measured inside a PDMS/glass 

microfluidic device 

Rhodamine B is frequently used to evaluate temperature in microfluidic devices based on 

fluorescent signal intensity ratios for temperature distributions33. To demonstrate the functionality 

of the temperature control system, the fluorescence of rhodamine B was monitored over 

temperatures ranging from 30 ˚C to 70 ˚C.   A characteristic drop in Rhodamine B fluorescence 

relative to the fluorescence at 30 ˚C is seen with increasing temperature during both heating (n=1) 

and cooling (n=2) using two separate devices (figure 6). While a broader temperature range 

typically requires a nonlinear polynomial fit, in our temperature range a linear fit was suitable (R2 

= 0.99). This confirms the system can control temperature in a microfluidic device during 

fluorescent microscopy measurements. 
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Figure 6.6. Average relative fluorescence change of rhodamine B in a microfluidic device 

during heating and cooling. The white square in the inset of the representative image of 

Rhodamine B is a dead-end filled microfluidic well (70 ˚C) which shows the area where the 

average fluorescence was taken. Error bars show ± one standard deviation for n=3 

measurements. Scalebar = 100 µm.  

qPCR amplification within the temperature control system 

PCR amplification on droplets containing target cDNA and droplets without target cDNA 

was performed in a standard epifluorescent microscope in approximately 95.2 minutes (Fig. 6.7a). 

The LOC device mimic was imaged during cycles 1, 5, 10, 15, 20, 24, 28, 32, 36, and 40. A 

histogram of the droplet pixel intensities for cycles 1 and 40 is also is shown in SI Figure 6.5. An 

increase in the positive droplet fluorescence was observed between cycles 20 and 24, which 

matches the approximate time to positive seen in the BioRad commercial qPCR instrument (Fig. 

6.7b). It is worth noting that the shape of the curve acquired from the microscope is not identical 

to the shape seen in the commercial qPCR instrument. This could be due to a variety of factors, 

such as interactions between the TaqMan chemistry and the hydrophobic Sigmacote; kinetic 

differences between PCR within custom devices and in optimized PCR tubes have been previously 

reported27. Figure 7 demonstrates that successful PCR amplification of reagents within a 
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microscope can be achieved with the same approximate time to positive as a commercially 

available qPCR instrument. 

Before running the real-time amplification, an additional endpoint PCR experiment was 

successfully performed within the microscope stage. The figures and results are described in the 

SI (SI Fig. 6.3 and SI Fig. 6.4). 

 

Figure 6.7. Real time PCR amplification using the temperature control system. (a) The 

temperature over the course of the real time PCR amplification, which was completed in 95.2 

minutes. (b) Normalized fluorescence from 1µL droplets of PCR solution in a standard 

commercial qPCR instrument (lines) and using the temperature control system in a microscope 

(triangles). Open triangles indicate a sample with no target cDNA, closed triangles indicate a 

sample with target cDNA. 
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Conclusion 

We have demonstrated and validated a compact, portable, modular, and user-friendly 

temperature control system that was created using an estimated budget of $318.86 without the 

benefit of production scale-up. It enables simple programming and control of temperatures on LOC 

devices or for any sample that fits on a standard microscope slide. The system precisely controls 

the temperature at the surface of a sample during imaging steps in an epifluorescent microscope. 

Temperature data can be displayed through a smartphone app and on the Control Device. While 

the system does not require an attached computer to function, temperature data can also be 

collected on a computer through a USB connection to the Control Device if desired. The system 

was validated by an external thermometer as well as an IR thermal camera. In addition, the system 

temperature was monitored by measuring the fluorescence of the temperature sensitive dye 

Rhodamine B inside a microfluidic device. Finally, the system was tested by a successful initial-

endpoint PCR and a real-time PCR amplification of a cel-miR-39 miRNA cDNA. The entire 40 

cycle PCR, including the 4 minutes initial denaturation, occurred in 95.2 minutes.  

While the temperature control system shown here is sufficient for many applications, 

including PCR amplification, users can easily modify the system according to their needs. The 

customizable nature of the system allows it to be manipulated by the user and add additional 

components based on the experiment requirements. This provides even greater flexibility to end 

users and expands the potential applications of the temperature control system. The modular nature 

of the system also allows the user to easily replace the components if they become damaged.  
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The temperature control system described here is an inexpensive, portable, reusable, 

enabling technology with potential applications in chemistry, biology, physics, medicine, material 

science, and other industries that require concurrent imaging and temperature control. 

Supplemental Information 

 

SI Figure 6.1: The user guide demonstrating how to navigate through the menus programmed 

into the microcontroller. 
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SI Figure 6.2: The Bluetooth-enabled application, which will output a graph of the real-time 

temperature. 

 

Initial Endpoint PCR amplification setup 

Before real-time amplification was run, a simple endpoint PCR experiment was performed. 

An initial LOC device mimic was made by cutting two rectangular 8x8mm square wells in a 

0.2mm thick PDMS layer. A standard 1 mm thick glass microscope slide (Globe Scientific, 

Mahwah, NJ) and a 22 x 50 mm thickness #1 glass cover slide (Thermo Scientific, Portsmouth, 

NH) were treated with Sigmacote® (Sigma-Aldrich, St. Louis, MO) according to manufacturer’s 

instructions. The PDMS layer was bonded to the standard 1mm thick glass microscope slide after 

exposure to oxygen plasma using standard PDMS bonding techniques34. A 1µL droplet of the 

positive sample and a 1µL droplet of the negative sample were placed in the center of separate 

square wells and covered with approximately 6 µL of mineral oil each; the droplets were 

completely surrounded by mineral oil on all sides. The glass cover slide was placed on top of the 

PDMS layer. Next, the LOC device mimic was placed in the Device Holder, the Device Holder 
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was closed and placed in the epifluorescence microscope. The following thermal cycling steps 

were setup in the Control Device using the user guide (showed in Figure SI1 as guidance for the 

internal menu navigation: initial denaturation (95˚C for 10 minutes), followed by 40 cycles with 

two steps (95˚C for 15 seconds and 60˚C for 60 seconds). Finally, it was followed by a final 

extension (68˚C for 5 minutes). The total amount of time spent for the qPCR was 130 minutes. 

The temperature on the device was confirmed using a type K thermocouple connected to an 

external handheld digital thermometer (Omega, Norwalk, CT). Three positive and three negative 

samples (10 µL each) were loaded into a standard commercial thermal cycler CFX Connect 

(BioRad, Hercules, California) and subjected to the same thermal cycling steps as described above. 

Endpoint PCR amplification within the temperature control system 

The LOC device mimic was imaged using an Evos FL Auto (Fisher Scientific, Waltham, 

MA) with 4x objective and the EVOS GFP light cube. The device was imaged before and after 

thermal cycling, but not in real time. An increase in the fluorescence before the PCR cycles (cycle 

0) and after the PCR cycles (cycle 40) is visible to the naked eye in the droplet containing target 

and not in the negative control droplet (Figure SI4a,b). The quantitative increase is also shown in 

the histograms of the pixel intensity which was measured using ImageJ for green light only and 

with a 75 pixel diameter circle (Figure SI4c). The average pixel intensity in the positive droplet is 

102 +/- 11 before amplification and 180 +/- 11 after amplification. In contrast, the average pixel 

intensity in the negative droplet is 59 +/- 11 before amplification and 54 +/- 10 after amplification. 

More information on the histogram statistics can be found in Figure SI4. As expected, the positive 

samples in the standard commercial thermal cycler amplified and the negative samples did not (SI 
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Fig. 6.3). After the endpoint PCR amplification was successful, amplification in real time was 

studied (Figure SI5 and Figure 6). 

 

SI Figure 6.3: 10 µL PCR reactions run in a standard thermal cycler. Data show expected 

amplification in the presence of target (solid lines) and no amplification in the absence of target 

(dotted lines). Repeats represent n = 3 technical replicates. 

 

 

+ Target, Cycle 0 + Target, Cycle 40 - Target, Cycle 0 - Target, Cycle 40 

Count 4421 Count 4421 Count 4421 Count 4421 

Mean 102.479 Mean 179.867 Mean 58.825 Mean 53.594 

StdDev 10.771 StdDev 10.499 StdDev 11.354 StdDev 10.237 

Min 79 Min 20 Min 29 Min 5 
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Max 136 Max 248 Max 117 Max 115 

Mode 96 (244) Mode 180 (228) Mode 66 (536) Mode 60 (502) 

SI Figure 6.4: Fluorescent images and table with statistical data of the fluorescence at cycle 1 and 

cycle 40 of an endpoint PCR reaction.  a) Droplet images at cycle 0. b) Droplet images at cycle 

40. c) Histogram of pixel intensity for positive and negative samples at cycle 0 and cycle 40. The 

table shown above includes detailed statistical data given by ImageJ of an endpoint PCR before 

thermal cycling (cycle 0) and after 40 cycles of PCR on the microscope stage. 

 

 

. 

+ Target, Cycle 1 + Target, Cycle 40 - Target, Cycle 1 - Target, Cycle 40 

Count 17692 Count 17692 Count 17692 Count 17692 

Mean 24.455 Mean 50.439 Mean 24.829 Mean 24.997 

StdDev 1.181 StdDev 2.007 StdDev 1.317 StdDev 1.365 

Min 20 Min 43 Min 20 Min 19 

Max 34 Max 67 Max 31 Max 32 

Mode 24 (5636) Mode 50 (3485) Mode 
25 

(5331) 
Mode 25 (5123) 

 

SI Figure 6.5: Fluorescent images and table with statistical data of the fluorescence at cycle 1 and 

cycle 40 of a real-time PCR, presented in the manuscript. a) droplet images at cycle 0. b) Droplet 
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images at cycle 40. c) Histogram of pixel intensity for positive and negative samples at cycle 1 

and cycle 40. The table shown above includes detailed statistical data given by ImageJ of the real 

time PCR before thermal cycling (cycle 0) and after 40 cycles of PCR on the microscope stage. 

Calibration of the MAX6675 thermocouple temperature sensor 

For optimal real-time PCR, MAX6675 digitization of the type K thermocouple signals 

were calibrated by running the temperature control system for two minutes at 40˚C, 50˚C, 60˚C, 

70˚C, 80˚C, and 90˚C and measuring the output of a type K or type T thermocouple plugged in to 

an external handheld digital thermometer (Omega, Norwalk CT). The number of bits read by the 

temperature control system was compared to the actual temperature read from the external 

thermometer and the temperature was fit linearly to the MAX6675 bit output to find the bits per 

˚C and y intercept (SI Fig. 6.6). 
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SI Figure 6.6: Calibration of the temperature control system thermocouples.  Thermocouples 

attached to an external thermometer (both type T and K) were placed next to the thermocouples 

attached to the device. The number of bits read by the MAX6675 was correlated to the temperature 

measured by the external thermocouple/thermometers to determine the number of bits per ̊ C given 

by the MAX6675. Data shown for 9 different measurements at the two thermocouple positions. 
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Abstract 

Background 

Diagnostic testing can identify outbreaks and inform preventive strategies for slowing the 

spread of SARS-CoV-2, the virus that causes Covid-19. The “gold standard” method for detection 

of SARS-CoV-2 is reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

performed on samples collected using nasopharyngeal (NP) swabs. While NP RT-qPCR achieves 

high sensitivity, it requires trained personnel to administer and suffers from lengthy time-to-result. 

Instead, rapid saliva-based reverse transcription loop-mediated amplification (RT-LAMP) 

screening methods may offer advantages in sample collection and speed. 

Methods 

Regardless of symptomatic presentation, a total of 233 individuals were tested for SARS-

CoV-2 using NP RT-qPCR, alongside saliva-based RT-qPCR (SalivirDetect) and RT-LAMP 

(SLAMP), a simple and rapid fluorometric RT-LAMP assay performed directly on heat-

inactivated saliva without any additional treatments or RNA extraction. SLAMP is conducted in 

triplicate and takes 45 min. Samples found negative using both saliva-based methods but positive 

under CDC NP RT-qPCR above the saliva method LoD were excluded from evaluation, 

suggesting significant differences in viral titer between sampling sites. Individuals who consumed 

potential inhibitors in the form of food, drink, and oral health products within 30 min of sampling 

were identified using a self-reported questionnaire. 
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Results 

Of the 233 NP RT-qPCR tests, 58 were positive and 175 were negative. Comparatively, 

SLAMP resulted in 95% sensitivity and 98% specificity and SalivirDetect 97% sensitivity and 

98% specificity. Prior consumption had no measurable effect on test outcomes, except for 

drinking, which lowered Ct values in saliva. 

Conclusions 

SLAMP requires less technician and instrument time than CDC-approved NP RT-qPCR 

and demonstrates that saliva-based RT-LAMP can enable frequent and rapid identification of pre-

symptomatic and asymptomatic SARS-CoV-2 infections with high sensitivity and specificity. 

Introduction 

The SARS-CoV-2 virus1 emerged in late 2019, rapidly developing into a worldwide 

pandemic still posing a persistent threat to public health, economics, and quality of life. While 

real-world vaccine efficacy continues to be evaluated2, uncertainties over variant escape3, vaccine 

availability4, and duration of immunity5 suggest that testing will continue to play an indispensable 

role in managing the disease into the future. Viral spread can be controlled by deploying diagnostic 

tests that rapidly identify infected individuals for quarantine and contact tracing. Rapid and 

frequent SARS-CoV-2 testing is needed to identify new outbreaks as the world struggles to lift 

lockdowns6 and reopen schools for in-person instruction in Fall 20217. 

The “gold standard" method for detecting SARS-CoV-2 has been reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) performed on samples collected using 

nasopharyngeal (NP) swabs8, 9. However, RT-qPCR testing requires significant reagent 
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consumption, specialized equipment, trained operators, and several hours to perform. Collection 

of NP swab samples is invasive and must be performed by trained medical personnel. Performing 

surveillance at scale calls for innovative testing strategies that are inexpensive, minimize reagent 

consumption, decrease assay time-to-result, and avoid restrictions in available personnel10, 11. 

One such alternative to RT-qPCR is reverse transcriptase loop-mediated isothermal 

amplification (RT-LAMP), an isothermal technique for the amplification of RNA12-14. RT-LAMP 

simplifies SARS-CoV-2 testing by eliminating the long assay times and technical barriers such as 

the electronically controlled thermal cycling at high temperatures required by PCR-based 

methods15-20. RT-LAMP is substantially faster than RT-qPCR, and when performed on saliva 

samples21, eliminates the need for specialized swabs and operators while assuaging the public 

reluctance to testing, largely brought on by invasive NP swabs22, 23. The RT-LAMP assay is 

usually24, 25 completed within 45 min to confirm a negative, while some exceptionally high viral 

loads are detectable within 5-10 min. 

Here, we report the findings of a multi-day pilot study to evaluate saliva-based SARS-

CoV-2 detection using RT-qPCR and RT-LAMP methods compared alongside to Centers for 

Disease Control and Prevention (CDC)-approved NP RT-qPCR testing at Montana State 

University (MSU) during mid-November 2020, a time when Covid-19 cases reached county-wide 

highs (SI Fig. 7.1). We present the results of SLAMP, a rapid fluorometric RT-LAMP assay 

performed directly on saliva without chemical extraction steps. Additionally, we compare SLAMP 

to SalivirDetect, a direct saliva-to-RT-qPCR assay and both saliva tests are compared to CDC-

approved RT-qPCR performed on samples swabbed from the nasopharynx. Each participant was 

provided a self-reported survey identifying samples collected within 30 min of consuming food, 
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drink, or oral hygiene products to determine the extent to which saliva test results might be 

affected. 

Methods 

Participants 

Samples were collected from 233 participants who visited the on-campus CDC-approved 

RT-qPCR testing site provided for persons exhibiting Covid-19 symptoms or who suspected recent 

contact with SARS-CoV-2-positive individuals. We directly compared samples from two sources 

on the body of each participant, NP swabs, tested using CDC-approved RT-qPCR, and saliva, 

tested using SLAMP and SalivirDetect. All individuals tested signed a consent form before 

participating in this study (Supplementary Information – Consent Form). 

Self-Reported Questionnaire 

Participants were provided with a self-reported questionnaire (Supplementary Information 

- Questionnaire) that collected demographic information including age, gender, race, and ethnicity. 

Additionally, subjects were asked to confirm whether they were currently symptomatic or 

asymptomatic and whether they had recent contact with infected individuals. Finally, subjects were 

asked to disclose if they had, in the last 30 min, consumed food or liquid, used mouthwash, gum 

or lozenges, smoked, vaporized or chewed tobacco, or brushed their teeth. 

Sample Collection 

All sampling occurred at an outdoor parking lot in drive-thru format while participants 

remained inside automobiles as an additional precaution against viral transmission. Individuals 

who expressed interest in participating in our pilot study were administered NP swabs by trained 
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staff before donating an additional saliva sample as outlined by the university IRB (Supplementary 

Information – IRB). 

Viral Inactivation - NP Swab 

NP swabs were heat-inactivated by diluting collection buffer 1:2 with molecular biology 

grade H2O (50 μL buffer: 50 μL H2O) and assigned a location on a 96-well PCR plate. Plates were 

covered with sealing foil and heated to 95 °C for 5 min in a standard thermocycler before being 

cooled to 4 °C until ready to test. 

Viral Inactivation - Saliva 

In the case of saliva collection, participants were given a 3D-printed accessory caddy (SI 

Fig. 7.2) containing a 30-mL polypropylene medicine cup (MedPride 97205), a generic 1-mL 

transfer pipet, and a screw cap tube (VWR 16466-040). Saliva was expressed into the medicine 

cup (Fig. S3i) before using the pipet to transfer ≈1.0 mL into the screw-cap tube (Fig. S3ii). Tubes 

were indexed with heat- and water-resistant adhesive labels (Electronic Imaging Materials, Inc. 

667) prepared via barcode printer (TSC MB340T). Samples were inactivated using a heat block 

(Labnet AccuBlock) set to 95 °C for 15 min (Fig. S3iii) simultaneously during which time 

ribonucleases were denatured and virions lysed. While not strictly necessary, samples were 

removed from heat treatment and left at room temperature for 20 min to allow debris in the saliva 

to settle for easier pipetting. Barcodes were entered into records using a handheld scanner 

(Motorola Symbol LS2208-SR20007R-NA). 

 

 



236 

 

CDC-approved RT-qPCR from NP Swab 

Next, 10 uL of diluted, previously heat-inactivated26 sample material was mixed with 15 

μL of each 1-step PCR master mix consisting of: 1.) 1.5 μL each N1 and N2 primer probe set, 5 

μL Quantabio Ultraplex 1-Step Toughmix (4×), and 7 μL H2O per reaction; 2.) 1.5 μL human 

RNase P reaction primer probe mix, 5 μL Quantabio Ultraplex 1-Step Toughmix (4×), and 8.5 μL 

H2O per reaction. Real-time PCR thermocycling was performed per CDC guidelines27. Each 

sample was screened in a combined N1, N2 reaction with an internal control human RNase P 

reaction (Supplementary Methods). Samples with no detectable fluorescence for either assay and 

those with SARS-CoV-2 target fluorescence between 39.5 and 45 cycle thresholds (Ct) were re-

tested using a validated RNA purification kit (Promega Maxwell RSC Viral Total Nucleic Acid 

Multi-Pack Kit, ASB1330). RNA-purified samples were assayed under the same conditions, but 

with 5 μL of purified sample added to each reaction for 20 μL total reaction volume. No replicates 

were performed. 

SalivirDetect - RT-qPCR in saliva 

SLAMP was compared to a saliva-based RT-qPCR assay called SalivirDetect with FDA 

Emergency Use Authorization (EUA) application number EUA202615, submitted August 25, 

2020 and developed by Drs. Phillip Buckhaults and Carolyn Banister (University of South 

Carolina). SalivirDetect, like SLAMP, uses heating at 95 °C to process saliva without inactivation 

buffers or additives. SalivirDetect was conducted in the InHealth Life Sciences CLIA/CAP 

laboratory led by Dr. Deborah Keil (MSU). Briefly, ≈5 mL of saliva was collected in a 50-mL 

centrifuge tube. The tube was placed in a 95 °C oven (Fisherbrand Isotemp General Purpose 

Heating and Drying Oven) for 45 min, then allowed to sit at room temperature to cool. Two 5-μL 
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aliquots of the saliva were transferred to two wells in a 96-well plate containing Luna Kit RT-

qPCR reagents (E3600, New England Biolabs), one well containing N1 primers and the second 

well containing human RNase P primers from the United States CDC Real-Time Reverse 

Transcription PCR Panel [cite] for SARS-CoV-2 detection (Supplementary Methods). Samples 

were run on a CFX Opus 96 Real-Time qPCR instrument (Bio-Rad, cat no. 12011319). Only a 

single test per sample was performed with no replicates. 

SLAMP - RT-LAMP in saliva 

RT-LAMP reactions were set up as described by protocol E1700 (New England Biolabs) 

at 25 L final reaction volume with the following modified formulation: 12.5 L WarmStart 2X 

Master Mix (E1700L, New England Biolabs) 0.175 L of dUTP (N0459S, New England Biolabs), 

0.5 L of UDG (M0372L, New England Biolabs), 2.5 L of duplex NE primer mix 

(Supplementary Methods), 0.5 L of 25-M SYTO-9 (S34854, Invitrogen), 0.25 L of 25-L 

ROX reference dye (61110, Lumiprobe), 2.5 L of 400-mM molecular biology grade guanidine 

HCl (GuHCl) (J65661, Alfa Aesar), 1.075 L of nuclease-free water (B1500L, New England 

Biolabs), and 5 L of heat-inactivated saliva sample. Controls were run on each 96-well plate, 

including SARS-CoV-2-negative heat-inactivated saliva as a no-template control (NTC), human 

beta-actin (ACTB) as a positive internal control, and three positive test controls of 5 × 104, 5 × 

102, and 5 × 100 copies/L synthetic SARS-CoV-2 RNA (NIST, RGTM 10169 Fragment 1) 

(Supplementary Methods). Positive test control dilutions were made using heat-inactivated SARS-

CoV-2-negative saliva. All SLAMP reactions were prepared in 96-well qPCR plates (Applied 

Biosystems, 4483485) sealed using an ALPS 50V manual heat sealer (Thermo Scientific) with 

Clear Seal Diamond films (AB-0812, Thermo Scientific). Reactions were performed at 65 °C (1.6 
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°C/s ramp) on a QuantStudio 3 Real-Time PCR System (Applied Biosystems) (SI Fig. 7.3 iv) for 

45 min. Fluorescence measurements for SYTO-9 and ROX channels were recorded every 1 min. 

SARS-CoV-2 may be present in the nasopharynx while not in the saliva [cite]. To avoid invalid 

test samples, only NP RT-qPCR-positive samples that also tested positive under at least one of the 

two saliva methods were included in this study. Any time-to-positive Tp > 40 min was considered 

negative. See Supplementary Methods for reaction curve-fitting procedure and SLAMP 

formulation optimization. Each saliva sample was run in triplicate. 

Statistical Analysis 

Statistical bootstrapping28 methods can predict how the normally triplicate SLAMP 

sensitivity and specificity may change when performed only in duplicates or single tests. Using 

our (triplicate, 45 min) SLAMP test results, 1,000 random bootstrap samples were used to predict 

sensitivity with respect to CDC-approved NP RT-qPCR at 95% confidence intervals when only 1 

or 2 SLAMP reactions are performed per sample. In addition, we model the outcomes of SLAMP 

testing under hypothetical disease prevalence scenarios. Based upon the experimental sensitivity 

of SLAMP in triplicate and the bootstrap-predicted sensitivities of duplicate and single SLAMP 

tests, we determine the total number of detectable positive individuals based on a daily testing 

capacity of six 384-well plates, reserving 10 wells for controls when performed in triplicate, 

duplicate, or single tests. Specificity is assumed to remain constant. 

All t-tests are reported as p values. Pearson correlation coefficients are reported as r values. 

 

 



239 

 

Results 

Comparing testing methods: SLAMP, SalivirDetect, and NP RT-qPCR. 

We compare samples from two matrices, NP swab and saliva, across three different testing 

methods, SLAMP, SalivirDetect, and the "gold standard" CDC-approved NP RT-qPCR, the latter 

performed using NP swab while saliva, shown to provide sufficient viral RNA for detection29, 30, 

was used for both SLAMP and SalivirDetect. Both SalivirDetect and CDC-approved NP RT-qPCR 

are PCR-based while SLAMP uses isothermal LAMP amplification. SLAMP was performed in 

triplicate while SalivirDetect and NP RT-qPCR tests were performed only once (Fig. 7.1). 

 

Figure 7.1. Sample collection and testing process flow. 
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Demographics 

Participant ages ranged from 17 to 63 with a median age of 20. Males made up 47% and 

females 53%. Participants were comprised of 94% white and 6% other races including Asian and 

mixed-race individuals of American Indian, Alaskan Native, Native Hawaiian or Pacific Islander, 

and African American descent. Ethnically, 9 individuals self-reported as Hispanic or Latino, 207 

as not Hispanic or Latino, and 17 chose not to respond (Table 7.1). 

Clinical presentation 

Participants self-reported their illness presentation as either symptomatic or asymptomatic 

and indicated whether they had knowledge of recent exposure to a confirmed Covid-19-positive 

individual [cite]. A majority 74% of study participants self-reported as symptomatic among whom 

46% indicated knowledge of recent exposure. Among the 29% asymptomatic, 6% were unaware 

of exposure, the remaining 94% sought testing after learning of SARS-CoV-2 exposure (Table 

7.1). 

Potential saliva contamination 

Testing was conducted on a first come, first served basis without appointments. Therefore, 

instructions to abstain from food, drink, or oral hygiene products before donating saliva could not 

be provided to participants ahead of time. To determine the extent to which saliva may have been 

affected, the questionnaire asked participants whether they had eaten food or consumed drinks 

within 30 min of sampling. In addition, other consumables or hygiene products that may have 

persisted in saliva were also included, namely mouthwash, gum/lozenge, tobacco (whether 

smoked, vaporized, or chewed), and toothpaste from brushing teeth. Many participants had 

consumed multiple items. In order to make quantitative comparisons between saliva sample Ct 
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values, we report the consumption survey results for individuals who testing positive using 

SalivirDetect (Table 7.1). 

Table 7.1. Self-reported Demographic Information and Clinical Presentation. 

Characteristic Participants 

(N = 233) 

Sex - no.  

Male 109 

Female 124 

Median Age (IQR)* – yr 20 (19-22)† 

Race – no.  

White 220 

Asian 1 

Mixed race 11 

Not provided 1 

Ethnicity – no. 

Hispanic or Latino 9 

Not Hispanic or Latino 207 

Not provided 17 

Clinical Presentation – no. 

Symptomatic (known exposure) 76 

Symptomatic (no known exposure) 88 

Asymptomatic (known exposure) 64 

Asymptomatic (no known exposure) 4 

Not provided 1 

Consumption within 30 min of Saliva Sampling†† – no.  
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Only Food 4 

Only Drink 23 

Both Food and Drink 10 

Neither Food nor Drink 21 

Mouthwash†††  

Yes 5 

No 52 

Gum or Lozenge†††  

Yes 6 

No 52 

Tobacco††† (Smoke, Vape, or Chew)  

Yes 7 

No 51 

Brushed Teeth†††  

Yes 31 

No 27 

* Interquartile range. 

† N = 223 (10 non-respondent). 

††Tested positive using SalivirDetect. 

†††Multiple selections possible. 

Testing outcomes - performance of the three methods 

Performance metrics of saliva methods SalivirDetect and SLAMP were evaluated by 

comparing results to the "gold-standard" CDC-approved NP RT-qPCR method between 233 

individuals tested using all three methods. We report the true positive (TP), true negative (TN), 

false positive (FP), and false negative (FN) counts along with the true positive rate (TPR) and true 

negative rate (TNR), also called sensitivity and specificity, respectively (Table 7.2). The 
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sensitivity/specificity (in %) of SalivirDetect and SLAMP methods were 97/98 and 95/98, 

respectively. Based on NP RT-qPCR, 58 positive and 175 negative individuals were identified 

resulting in a disease prevalence of 25%. 

Table 7.2. Test Outcomes and Performance Metrics. 

Method and Category 

NP RT-qPCR (CDC-approved "gold standard") 

Diseased 58 

Non-diseased 175 

Saliva RT-qPCR (SalivirDetect) 

True Positives (TP) 56 

True Negatives (TN) 220 

False Positives (FP) 3 

False Negatives (FN) 2 

Sensitivity (%) 97 

Specificity (%) 98 

Saliva RT-LAMP (SLAMP) 

True Positives (TP) 55 

True Negatives (TN) 172 

False Positives (FP) 3 

False Negatives (FN) 3 

Sensitivity (%) 95 

Specificity (%) 98 
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Comparing positive samples - two sample matrices and three testing 

methods 

The 58 samples found positive under CDC-approved NP RT-qPCR are placed in order of 

increasing Ct value (decreasing effective SARS-CoV-2 genome concentration or viral titer) and 

compared to Ct values under SalivirDetect (Fig. 2A) and Tp values using SLAMP (Fig. 7.2B). 

Samples positive under saliva-based tests are compared in order of increasing SalivirDetect Ct 

value (Fig. 7.2C) and increasing SLAMP Tp value (Fig. 7.2D). False negatives are shown as 

missing bars and indicated by black arrows. 

 

 

Figure 7.2. Positive sample results compared between three tests. Ct values of N=58 positive NP 

RT-qPCR and SalivirDetect samples in order of increasing CDC-approved NP RT-qPCR Ct value 

(Panel A). Ct values of N=58 positive CDC-approved NP RT-qPCR and Tp values of SLAMP 

samples in order of increasing CDC-approved NP RT-qPCR Ct value (Panel B). Ct values of N=59 

positive SalivirDetect and Tp values of SLAMP samples presented in order of increasing 
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SalivirDetect Ct value. Dashed line indicates 95% confidence interval SLAMP limit of detection 

(Panel C). Tp and Ct values of N=58 positive SLAMP and SalivirDetect tests, respectively, in 

order of increasing SLAMP Tp value (Panel D). Black arrows indicate undetected samples. Error 

bars represent one standard deviation. 

 

Test outcomes and viral titers by age 

A total of 223 participants provided age information and among these 56 were confirmed 

positive for SARS-CoV-2 using CDC-approved NP RT-qPCR. A histogram of these ages shows 

the positive results (gray) superimposed over the negative results (white), including one outlier 

age of 63 (Fig 7.3A). The most common age to be positive and negative is equal to the mode of 

19 years old. Not surprisingly, the positive and negative distributions are similar (p = 0.407). 

Average Ct values as a function of age also indicate no trend in positivity as a function of this 

narrow age window (Fig 7.3A, inset). 

Self-reported clinical presentations and test results 

Participants were classified into four categories defined by their questionnaire responses: 

symptomatic exposed, symptomatic unexposed, asymptomatic exposed, and asymptomatic 

unexposed. Samples in each self-reported category were confirmed negative or positive based on 

CDC-approved NP RT-qPCR and positive individuals were assigned a Ct value. The 2nd largest 

category was symptomatic exposed numbering 76 individuals. Among these, only 20 participants 

were confirmed SARS-CoV-2-positive, around 26%. Symptomatic unexposed, the largest of all 

four categories, was comprised of 88 individuals from which 27 were confirmed positive, around 

31%. The asymptomatic and exposed respondents numbered 64, of which only 9 tested positive, a 

total of only 14%. The smallest category was comprised of four participants who were 

asymptomatic and unexposed. Of these, half tested positive. Histograms of Ct values among the 
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positive results with inset pie charts representing the fraction of confirmed SARS-CoV-2 positives 

(blue) among the negatives (white) for each category are shown in Figure 7.3B. 

Consumption of potential inhibitors – effect on SalivirDetect Ct values  

Distributions of SalivirDetect Ct values among individuals who had or had not consumed 

each potential inhibitor are shown in Figure 7.3C. Among those engaging in eating and drinking, 

only the Ct values of those who drank were statistically distinct compared to those who did not (p 

= 0.041). No other items consumed resulted in statistically significant differences in the Ct 

distributions of those populations. The p-values for comparisons of all other sets were >0.05. 

Site comparison: Nasopharynx versus saliva 

CDC-approved NP RT-qPCR and SalivirDetect provide Ct results that can be 

quantitatively compared between NP swabs and saliva (Figure 3D). We compare the viral titers of 

56 individuals who tested positive under both methods. Viral titer has been shown to vary between 

these sites 31.  Among samples with lower NP swab Ct values, assumed to correspond to a higher 

viral titer, saliva samples Ct values were higher, implying a lower viral titer than in the 

nasopharynx. However, when NP swab Ct values imply lower viral titers, Ct values in saliva were 

significantly lower, implying a difference in viral concentration between nasopharynx and oral 

mucosa (saliva) of possibly four orders of magnitude. Furthermore, there is a definite jump in 

values for the NP swab results from Ct=30-34, after which saliva Ct values are all lower than NP 

swab (Fig. 7.3D, left). A correlation plot of NP vs. saliva Ct values reveals that the results have 

only a weak positive correlation (r = 0.310). 
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Statistical predictions for SLAMP tests at triplicate, duplicate, or as a 

single replicate 

For each number of test replicates, sensitivity increases as a function of SLAMP assay 

duration (Fig. 7.3E). As reported here, 45-min SLAMP with 3 replicates produced a sensitivity of 

95% (95% CI: [87.9%, 100%]) as compared to the CDC-approved NP RT-qPCR standard results. 

Bootstrapping predicted a 90% sensitivity (95% CI: [82.8%, 96.6%]) for SLAMP with two 

replicates, and a 82% sensitivity (95% CI: [70.7%, 89.7%]) for SLAMP with a single replicate 

after the full assay time of 45 min had passed. For example, half of all positives in a test population 

would be detected by a single SLAMP test after 19.0 min (95% CI: [17.7 min, 21.5 min]), duplicate 

tests after 18.4 min (95% CI: [17.4 min, 19.3 min]), and triplicate tests after 17.7 min (95% CI: 

[16.9 min, 18.8 min]). 

Based upon an estimated testing capacity of six 384-well plates per day (see Methods), we 

compare three scenarios of running samples with a single replicate, duplicate, and triplicate (Figure 

3F). For these scenarios, we use the sensitivity values from Figure 7.3E. The specificity is assumed 

to be a constant 98% for all scenarios and there are 10 wells in each plate reserved for controls. 

Given the fixed constraint on the number of tests (≈384 × 6), screening a larger number of 

individuals can identify more positive cases. For example, at a disease prevalence of 10%, 

triplicate SLAMP would identify approximately 10.0 true positives (TP) at the cost of 2.4 false 

positives (FP) per 384-well plate with FPs equaling the number of TPs at a disease prevalence of 

2.5%. For duplicate SLAMP, TP = 16.8, FP = 3.3, and TP = FP at a disease prevalence of 2.2%. 

Finally, for single test SLAMP, TP = 35.4, FP = 6.9, and TP = FP at a disease prevalence of and 

2.0%. 
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Figure 7.3. Study results and statistical predictions. Histogram of participant age distributions, 

N=223. Gray and white bars represent positive and negative participants, respectively, tested using 

CDC-approved NP RT-qPCR (p = 0.407). Inset: average Ct values of SARS-CoV-2-positive CDC-

approved NP RT-qPCR tests as a function of participant age (r = 0.00539). Error bars represent 

one standard deviation (Panel A). Histograms of CDC-approved NP RT-qPCR Ct values of SARS-

CoV-2-positive participants self-reported as (from left-to-right) symptomatic exposed (N=76), 

symptomatic unexposed (N=88), asymptomatic exposed (N=64), and asymptomatic unexposed 

(N=4). Insets: fraction of positive tests (blue) and negative tests (white) within each category 

(Panel B). Box-and-whisker plots of SalivirDetect Ct values for individuals who both ate and drank 

(N=10), ate only (N=4), drank only (N=23), and did neither (N=21) (left panel) in addition to 

having used mouthwash (N=5), no mouthwash (N=52), gum/lozenge (N=6), no gum/lozenge 

(N=52), tobacco (N=7), no tobacco (N=51), brushing (N=31), and no brushing (N=27) (right 

panel) within 30 min of saliva sampling. Box-and-whisker plots define minimum, first quartile, 

median, third quartile, and maximum values (Panel C). Comparison between collection sites on 

the body. The Ct values of 56 positive CDC-approved NP RT-qPCR samples are plotted in 

increasing order (closed black squares). Open blue circles represent the SalivirDetect Ct values of 

the 56 corresponding saliva samples. Vertical lines connect NP and saliva values to guide the eye 

(left subplot). Cluster plot of Ct values of CDC-approved NP RT-qPCR vs. SalivirDetect. Dashed 

line indicates perfect correlation (r = 0.310) (right subplot) (Panel D). Bootstrap-predicted 

percentage of total positive individuals detected within a testing population as a function of 

SLAMP assay time for triplicate, duplicate or single replicate test conditions. Dashed lines indicate 

the mean. Solid lines indicate 95% bootstrap confidence intervals (Panel E). Total number of 

positive cases identified using SLAMP per 384-well plate as a function of disease prevalence of 

testing population for each replicate strategy. True positives (blue) and false positives (red) are 

generated for disease prevalence rates between 0 and 10% for single replicates, duplicates, and 

triplicates based on a daily capacity of six 384-well plates, reserving 10 wells for controls (Panel 

F). 

Safety 

Testing site volunteers were equipped with powered air-purifying respirators (PAPRs) 

during sample collection. Samples were transported in hard-sided coolers with biohazard labels. 

Contact surfaces were frequently disinfected using 70% ethanol solutions. All samples should be 

assumed to contain infectious SARS-CoV-2 virus and must be rendered safe through viral 

inactivation32 before testing. HEPA air purifiers (Medify Air MA-25) were used in the testing 
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laboratory. All samples were heat inactivated before storage. See Supplementary Methods and SI 

Fig. 7.4 for validation of viral heat-inactivation procedure. 

Discussion 

We have evaluated RT-LAMP (SLAMP) and RT-qPCR (SalivirDetect) Covid-19 tests on 

the saliva of 233 adults33 collected on the MSU campus in mid-November 2020. Performance was 

determined by comparison to CDC-approved NP swab RT-qPCR results of the same individuals, 

resulting in 95% and 97% sensitivity, respectively, and 98% specificity for the two saliva methods. 

We found that among all potentially interfering items consumed within 30 min of testing, only 

drinking produced an effect and it was to increase the apparent saliva sample viral titer. We have 

demonstrated our SLAMP method offers a faster and simpler, while still comparatively sensitive, 

alternative to NP swabs and RT-qPCR methods for routine sampling, particularly of a college 

population. 

The demographics of our study reflect those of many universities throughout the US, and 

similar SLAMP performance is expected. Unlike most universities in the US during Fall semester 

2020, MSU was open and offering limited in-person classes [cite], providing a similar scenario 

that will be faced by universities in Fall 2021, when in-person learning is expected to resume 

throughout the country [cite]. The City of Bozeman 2010 census34 reports 92.1% white and 3.3% 

other race, similar to the 94.4% white participants of our study. However, the MSU student body 

is 84% white (https://www.montana.edu/opa/facts/quick.html#Demo). This difference of 10% 

may be related to whites exhibiting the highest rates of likelihood to seek Covid-19 testing [cite]. 

Furthermore, our study was comprised of 53% females and 47% males despite both Bozeman and 

MSU populations being majority male. However, it is known that compared to females, Covid-19 

https://www.montana.edu/opa/facts/quick.html#Demo
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treatment, including testing, is less sought by males 

(www.cdc.gov/pcd/issues/2020/20_0247.htm). While testing was not formally restricted to 

university students, the test survey median age of 20 years suggests this is the case when compared 

to 2010 Census data of 27.8 years median age of the city of Bozeman. According to MSU itself, 

an average of 21. While 84% of American universities are more racially diverse than represented 

within this study (https://www.collegefactual.com/colleges/montana-state-university/student-

life/diversity/#ethnic_diversity), our study otherwise represents a typical campus student body of 

majority 18-24 year olds, which comprised 94% of our participants. We suggest that SLAMP 

testing would be successfully employed among the student populations of other universities. 

Surveying revealed that while 70% of pilot study participants identified as symptomatic, 

only 29% of these tested positive for SARS-CoV-2, consistent with the prevalence of cases of flu, 

seasonal coronaviruses, and other respiratory virus infections that have persisted35. Overall, our 

study Covid-19 disease prevalence was 25%, a number that coincides with incidence levels 

estimated in the months prior between 9-31% throughout the United States36. Only 5% were 

asymptomatic positives compared to the estimates of 40-50% asymptomatic among the general 

population [cite] which is likely due to testing being reserved only for those with symptoms or 

recent exposures. A random screening of the population would likely have produced a higher 

asymptomatic positive rate. [cite rates among different campuses at the time]. 

The positivity rate among the symptomatic according to CDC-approved NP RT-qPCR is 

29% while among the asymptomatic was 17%. 
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Contaminants from food, drink, or products remain a concern for saliva diagnostics37. However, 

SalivirDetect Ct values were statistically distinct from the rest of the positive samples only for 

those who had consumed drink. Most interestingly, those who had consumed drink within 30 min 

of saliva sampling produced significantly lower Ct values (p = 0.407) than those who had not 

(Figure 3C). We observed no significant differences in Ct distributions of SalivirDetect positive 

results who had or had not consumed food or oral care products (Fig. 7.3C). This suggests that 

hydrating the mouth [cite] before expressing saliva may have contributed to the supply of greater 

viral genome from the oral mucosa38. Regardless, among all potential inhibitors surveyed, none 

appeared to significantly raise Ct values in the saliva samples, potentially allaying the concerns 

over performing saliva-based testing, especially without being able to ensure compliance with 

sampling instructions. 

Another interesting comparison between RT-qPCR tests of NP swabs and saliva for the 

same individuals. Clearly, among positive samples with the lowest CDC NP RT-qPCR Ct values, 

the Ct values obtained for saliva are significantly lower, representing a higher concentration of 

virus in the saliva of the oral mucosa under conditions of low titer in the nasopharynx (Figure 3D). 

No saliva samples had Ct values of 35 or greater. All NP swabs with Ct > 35 were much lower in 

Ct for the corresponding saliva sample, true for the lowest 9 NP swab virus concentrations. 

While the test has higher precision when run in triplicate, running a single test can be 

advantageous. Given finite resources, driven by cost or supply availability, a single test on an 

individual can identify a substantially larger amount of infected, and infectious, individuals. Figure 

3F demonstrates that total number of positive individuals that can be identified by running a single 

plate in either triplicate, duplicate, or with a single test. Triplicate and duplicate have higher 
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sensitivity, with 95% and 90% respectively, than a single test, 82% but running a single test allows 

more individuals to be tested. More individuals tested, even with relatively lower sensitivity, can 

identify substantially more positive cases and can be an advantageous strategy when testing 

capacity is limited. 

It should be noted that specificity is assumed constant across the three replicate SLAMP 

tests, but will be higher as the number of SLAMP tests decreases and sensitivity decreases . as 

with single replicates or duplicates than for triplicates. Therefore, running more tests, with a lower 

specificity can also lead to more false positives that may require confirmatory testing. Our analyses 

regarding sensitivity predict that running more samples with single replicates will lead to more 

false negatives, but ideally a high frequency testing strategy would catch those other cases. Based 

on validation results, there appears to be a relationship between Ct value from the PCR and 

sensitivity, so perhaps these cases have lower viral load and are less infectious). Nonetheless, the 

data suggest that the SLAMP assay run in triplicate per individual could perform at the level of a 

clinical diagnostic, while when run as a single replicate could be used as a broad screening tool to 

identify unknown positives. Recent work 11 has demonstrated that more frequent testing with 

LAMP was more effective at reducing epidemic size than deploying more sensitive tests. 

Our study has several strengths. Our results represent the intersection of three methods and 

two sample matrices along with self-reported demographics, disease presentation, and potential 

interferences. Additionally, our sample population came largely from a college student population, 

a segment of great importance as in-person learning is anticipated to resume in Fall 2021 [cite?]. 

Our study size of N=233 with 58 diseased meets the standard for an FDA EUA clinical trial and 

results can be statistically interpreted with acceptable accuracy [cite]. 
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Our study has some weaknesses. Number in the case of some potential interferences is low 

and limits the extent of statistical arguments.  

SARS-CoV-2 testing that is rapid, simple, and requires no specially trained medical 

personnel is indispensable when large numbers of individuals must be frequently screened while 

remaining economical, a practical concern for anticipated return to in-person instruction at schools 

and universities in Fall 2021. In this study, we have compared three testing methods, NP RT-

qPCR, SalivirDirect, and SLAMP. All three methods use simple heat inactivation and extraction, 

which avoids costly reagents and potential supply bottlenecks. We conducted a comparison of 

these tests between 233 individuals from the MSU symptomatic testing site in mid-November of 

2020, at the height of the largest county-wide wave of Covid-19 cases, where we detected a disease 

prevalence of 25%. Compared to the "gold standard" NP RT-qPCR results, SalivirDetect and 

SLAMP achieved 97% and 95% sensitivity and 98% and 98% specificity, respectively. 

Supported by the State of Montana through the Coronavirus Aid, Relief and Economic 

Security Act (CARES) Act. 
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Supplementary Information 

Methods 

3D-printed caddy accessory for efficient saliva collection Each subject was provided a 3D-

printed caddy accessory containing a medicine cup, transfer pipet, and sample tube (SI Fig. 7.1A) 

to facilitate saliva collection. Accessory designs were optimized for low cost and high throughput, 

enabling the printing of five caddies at a time (Fig. S1B) using an SLA 3D-printer (Formlabs, 

Form 2 and 3) loaded with clear UV cross-linkable resin (Formlabs, RS-F2-GPCL-04), before 

soaking in isopropanol for 20 min, and post-curing under UV light (Formlabs, Form Cure FH-CU-

01) at 60 °C for 15 min. Drainage holes were included at the bottom of each caddy to drain excess 

resin during printing and post-processing and drain 70% ethanol during decontamination sprays. 

3D models and print files are available as supplementary material. 

Duplex RT-LAMP primers for SARS-CoV-2 detection and internal control All primers 

were based on New England Biolabs designs (CITE Zhang, Y.;  Ren, G.;  Buss, J.;  Barry, A. J.;  
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Patton, G. C.; Tanner, N. A., Enhancing colorimetric loop-mediated isothermal amplification 

speed and sensitivity with guanidine chloride. BioTechniques 2020, 69 (3), 178-185.), ordered 

from Integrated DNA Technologies (Coralville, IA, USA), and resuspended to 100 M in 

nuclease-free water (NEB B1500L). All primers were desalted except FIP and BIP sequences, 

which were HPLC purified. For 100 reactions, the SARS-CoV-2 primer sets (N2, E1) were 

prepared as a duplex primer mix in the following manner: 40 L of FIP, 40 L of BIP, 10 L of 

LF, 10 L of LB, 5 L of F3, 5 L of B3, and 30 L nuclease-free water (250 L total volume). 

A third internal control primer set targeting human beta-actin (ACTB) was also similarly prepared, 

except with the addition of 140 L of nuclease-free water (250 L total volume). The prepared 

working primer solutions thus consisted of 16 M of each FIP and BIP, 4 M of each LF and LB, 

and 2 M of each F3 and B3. The primer stocks and prepared working primer solutions were stored 

at -20 °C until use. 

A 25X Primer Mix should contain: 40 µM FIP, 40 µM BIP, 5 µM F3, 5 µM B3, 10 µM 

LoopF, 10 µM LoopB in TE or water. 

FIP/BIP Primers (25X)  1.6 µM 

F3/B3 Primers (25X)  0.2 µM 

LoopF/B Primers (25X)  0.4 µM 

SLAMP primers 

SI Table 7.1: SLAMP primer sequences 

Primers Sequence 5’-3’ 
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N2_FIP TTCCGAAGAACGCTGAAGCGGAACTGATTACAAACATTGGCC 

N2_BIP CGCATTGGCATGGAAGTCACAATTTGATGGCACCTGTGTA 

N2_F3 ACCAGGAACTAATCAGACAAG 

N2_B3 GACTTGATCTTTGAAATTTGGATCT 

N2_LF GGGGGCAAATTGTGCAATTTG 

N2_LB CTTCGGGAACGTGGTTGACC 

E1_FIP ACCACGAAAGCAAGAAAAAGAAGTTCGTTTCGGAAGAGACAG 

E1_BIP TTGCTAGTTACACTAGCCATCCTTAGGTTTTACAAGACTCACGT 

E1_F3 TGAGTACGAACTTATGTACTCAT 

E1_B3 TTCAGATTTTTAACACGAGAGT 

E1_LF CGCTATTAACTATTAACG 

E1_LB GCGCTTCGATTGTGTGCGT 

ACTB_FIP GAGCCACACGCAGCTCATTGTATCACCAACTGGGACGACA 

ACTB_BIP CTGAACCCCAAGGCCAACCGGCTGGGGTGTTGAAGGTC 

ACTB_F3 AGTACCCCATCGAGCACG 

ACTB_B3 AGCCTGGATAGCAACGTACA 

ACTB_LF TGTGGTGCCAGATTTTCTCCA 

ACTB_LB CGAGAAGATGACCCAGATCATGT 
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NEB Luna Kit RT-qPCR Reactions All RT-qPCR reactions used for SLAMP standard 

curve comparisons were prepared according to manufacturer protocol (NEB E3006L): 10 μL of 

Luna Universal Probe One-Step Reaction Mix (2×), 1 μL of Luna Warm Start RT Enzyme Mix 

(200×), 4 μL of primer mix, and 5 μL of template for a final reaction volume of 20 μL. The CDC 

N1 forward primer was  

GACCCCAAAATCAGCGAAAT, CDC N1 reverse primer 

TCTGGTTACTGCCAGTTGAATCTG, and probe FAM-

ACCCCGCATTACGTTTGGTGGACC-BHQ1 

The primer mix was prepared from a 20 μM stock of each primer and constituted the 

following: 0.4 μL of both forward and reverse primers (0.4 μM final concentration), 0.2 μL of 

probe (0.2 μM final concentration), 0.5 μL of UDG, and 2.5 μL of nuclease-free water. The 

reactions were performed in a QuantStudio 7 Real-Time PCR system with the following 

thermocycler conditions: reverse transcription at 55 °C for 10 min, initial denaturation at 95 °C for 

1 min, followed by 44 cycles of denaturation at 95 °C for 10 s, extension at 55 °C for 30 s, and 

plate read. The data was analyzed using Design & Analysis Software, Release Version: 2.5.0, 

Copyright 2020 Thermo Fisher Scientific. 

SalivirDetect Primers 

SI Table 7.2: SalivirDetect Primer Sequences 

Primers Sequence 5’-3’ 

2019-nCoV_N1-F GACCCCAAAATCAGCGAAAT 
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2019-nCoV_N1-R TCTGGTTACTGCCAGTTGAATCTG 

2019-nCoV_N1-P FAM-ACCCCGCATTACGTTTGGTGGACC-IBFQ 

RP-F AGATTTGGACCTGCGAGCG 

RP-R GAGCGGCTGTCTCCACAAGT 

RP-P Cy5-TTCTGACCTGAAGGCTCTGCGCG-IBRQ 

 

RT-LAMP Curve Fitting RT-LAMP amplification curves were described by equation 

Rn(t) = a + (k - a)(1 + exp[-b(t - m)]) where ΔRn(t) represents a scaled and baselined fluorescence 

intensity as a function of reaction time t.39 Fit parameters a and k define the lower and upper 

saturation limits, respectively, while m and b describe the x-coordinate and slope at the inflection 

point, respectively. The time-to-positive Tp = m - 2/b is derived from m and b fitting parameters 

and serves as an analog to the familiar cycle threshold Ct used in qPCR results interpretation. 

Fitting was performed using KaleidaGraph v4.1 non-linear least squares routine. 

Synthetic vRNA standards for determining LoD Standards were prepared from heat- and 

TCEP-inactivated saliva to protect RNA from endonucleases and represent ideal backgrounds. 

Final TCEP concentrations in reactions were 2.5 mM. Full-length synthetic genomic vRNA was 

purchased from Twist Biosciences (Control 9 Genbank ID: MT152824, GISAID ID: 

USA/WA2/2020). 

Synthetic SARS-CoV-2 RNA (NIST, RGTM 10169 Fragment 1) NIST fragment which 

has a total length of 3985 nt and spans the sequence between bases 25949-29698 of isolate USA-

WA1/2020 used in pilot study standards. 
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BSL-3 SARS-CoV-2 growth and heat inactivation of infectivity Plaque assays (sensitivity 

limit 5 plaque-forming units (PFU)/mL) were performed on infectious solutions of 

USA/WA1/2020 strain (BEI Resources) SARS-CoV-2 serially diluted 10-fold in viral media 

which consists of 1× Dulbecco's Modified Eagle's Medium (DMEM), 2% fetal bovine serum 

(FBS), and 1× Pen Strep. Dilutions are inoculated onto susceptible E6-Vero cells (ATCC) and 

incubated for 1 h to facilitate infection. Subsequently, cells are overlaid with a diffusion-limiting 

agent composed of 0.75% methylcellulose and incubated at 37 °C for 3-4 days. Viral replication 

causes "plaques" to form on the cell monolayer, the number of which correlate with infectivity 

present in the original sample. Heat treatment was conducted in 1.5 mL screw cap tubes from 1.5 

mL of viral supernatant at 1.2 × 107 PFU/mL and temperatures were confirmed with thermometers 

and digital probes40. 

Results 

Optimizing saliva sample heat inactivation Collected saliva samples may contain infectious 

SARS-CoV-2 virus and must be rendered safe through viral inactivation32. Frequently, a chemical 

inactivation agent is added to the sample or is present in vials prior to sample collection41. 

However, components of such inactivation buffers are often costly (such as tris(2-

carboxyethyl)phosphine (TCEP) or thermolabile proteinase K) and have seen limited available 

during the COVID-19 pandemic. Chemical inactivation methods often function in a dual capacity 

to decrease viral infectivity42 and to inactivate the abundant endonucleases that could rapidly 

degrade SARS-CoV-2 viral RNA (vRNA) and potentially inhibit downstream amplification during 

the RT-LAMP reaction43. The SLAMP method does not require the addition of any chemical 

agents, using instead a simple heat inactivation procedure that accomplishes viral inactivation. A 
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range of effective temperatures and heating times have been reported29 for sputum and other 

viruses44 sometimes with chemical additives prior or post heating45, 46.  In addition, previous work 

has suggested that SARS-CoV-2 vRNA is stable in human saliva and detectable with molecular-

based approaches47.  However, most previous LAMP studies have used colorimetric detection with 

or without RNA extraction45, 48, 49. 

We explored heating times at a temperature of 95 °C, reported50 to most completely 

inactivate SARS-CoV-2 in viral transport media. A high titer stock of SARS-CoV-2 was diluted 

in viral growth media in triplicate to a final volume of 200 µL. The diluted viral supernatant was 

then heated to 95 °C for variable lengths of time, ranging from 0 - 10 min. Infectivity was then 

measured via plaque assay in which a limiting dilution of virus was inoculated onto susceptible 

cells to determine the quantity of infectious virus present in each sample (SI Fig. 7.4A). Non-

inactivated virus (Fig. S4A, solid black circles) contained 1.21 × 107 PFU/mL. The same diluted 

viral supernatant heated at 95 °C for 3 min (SI Fig. 7.4A, solid black squares) resulted in 3.41 × 

102 PFU/mL representing a decrease of ≈105 PFU/mL. Heating for a total of 5 min resulted in a 

further decrease to 5.0 × 101 PFU/mL (SI Fig. 7.4A, solid black upright triangles). The final times 

of 7 and 10 min resulted in complete inactivation of viral infectivity with no detectable plaques at 

any dilution. 

Similar time points were performed for infectious SARS-CoV-2 spiked into saliva that had 

tested negative for SARS-CoV-2 (SI Fig. 7.4B). Spiked dilutions reduced the initial infectious 

viral titer from 1.09 × 107 PFU/mL to 8.40 × 105 PFU/mL (Fig. S4B, solid black circles). Due to 

the high number of infectious virus particles present after 3 min of heating at 95 °C from the 

previous inactivation studies in viral supernatant, we only evaluated time points ≥5 min for saliva 
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spiked samples. Infectious virus was undetected following exposure to 95 °C heat for 5, 7, and 10 

min, indicating high titers of SARS-CoV-2 can be completely heat-inactivated in saliva in <5 min 

(SI Fig. 7.4B). Comparable heat inactivation of SARS-CoV-2 is only achieved at 65 °C after 20 

min51. With the loss of some viral infectivity following the spike into saliva, we suggest a minimum 

heating time of 10 min at 95 °C to ensure samples are fully inactivated before use. In addition, 

heating at 95 °C represents a potential 2× faster option for viral inactivation compared to 

inactivation times reported for 65 °C. 

While infectivity experiments suggest that 5 min at 95 °C of heat inactivation is sufficient 

to eliminate risk of infection, the viral envelope must also be lysed to access vRNA if the most 

sensitive detection limits are to be achieved. Furthermore, nucleases and inhibitors present in 

human saliva must also be inactivated to protect free vRNA from degradation52 while avoiding 

vRNA degradation due to prolonged heating. To optimize reaction conditions, we performed 

SLAMP reactions on raw positive saliva samples (SI Fig. 7.5). Three concentrations of SARS-

CoV-2-positive saliva were prepared by dilution with negative saliva. The samples were left 

untreated or were heated at 95 °C for 5, 10, 15, 20, and 30 min, then amplified using SLAMP (SI 

Fig. 7.5A-7.5C). Undiluted positive saliva (SI Fig. 7.5A) amplified under all heating durations, 

but relative fluorescent detection was low, ΔRn < 15. Interestingly, undiluted positive saliva added 

to a SLAMP reaction, heat inactivated, and lysed for the 45 min duration at 65 °C exhibited a 

linear, instead of sigmoidal, increase in relative fluorescence intensity ΔRn (SI Fig. 5A, open blue 

circles). At 10-fold dilution, all incubation durations resulted in sigmoidal amplification curves 

(Fig. S5B). The unheated positive saliva amplified the slowest (SI Fig. 7.5B, open blue circles) 

suggesting that the heat inactivation step is resulting in viral lysis. At 100-fold dilution, a single 
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sample triplicate incubated at 95 °C for 5 min failed to amplify (SI Fig. 7.5C, open red squares). 

The mean time-to-positive Tp values <Tp> for each triplicate trial under each dilution and duration 

were plotted as a function of 95 °C heating time t (min) (SI Fig. 7.5D). As the positive saliva 

sample is diluted, greater scatter is observed between amplification curves as evidenced by greater 

standard deviations at all heating durations (SI Fig. 7.5D, solid green diamonds). Greater scatter 

between triplicates is observed as the SLAMP limit of detection (LOD) is approached. 10-fold 

diluted samples exhibited significant differences between <Tp> without heat inactivation and at 

heating times t > 5 min (SI Fig. 7.5D, solid red squares). The undiluted saliva samples exhibit 

diminishing <Tp> as a function of heating time, implying detectable vRNA increased consistently 

from 5 – 30 min (SI Fig. 7.5D, solid blue circles). Interestingly, across all dilutions, the 30 min 

heating time produced <Tp> values with low standard deviation and consistent separation of ≈2 

min. Similar results are observed at 20 min heating. Therefore, we choose a 15-min heating time 

at 95 °C for SLAMP with an additional ≈5 min to allow temperature to ramp-up, closely 

approximating a 20 min total heating time. 

Comparing testing methods: SLAMP, SalivirDetect, and NP RT-qPCR We compare 

samples across three different testing methods, SLAMP, SalivirDetect, and the "gold-standard" 

RT-qPCR. Sample collection was performed using nasopharyngeal (NP) swab for RT-qPCR while 

saliva, shown to provide sufficient viral RNA for detection29, was used for both SLAMP and 

SalivirDetect. Both SalivirDetect and NP RT-qPCR are PCR-based while SLAMP uses isothermal 

LAMP amplification. 

Standard curves and LOD for SLAMP reactions Effective tests for curbing the potential 

for asymptomatic or presymptomatic spread of SARS-CoV-2 must be able to detect the virus 
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reliably and early in the course of infection before the onset of symptoms53. In practice, this 

requires a test with high sensitivity and specificity at a low limit of detection (LOD). The LOD for 

the "gold-standard" NP qPCR method has been reported54 as 10 copies/uL whereas publications 

have reported43 the LOD and sensitivity levels for RT-LAMP assays at 2-700 copies/reaction. 

Furthermore, the sample matrix such as saliva, NP swab, or mid-turbinate swabs can influence the 

LOD due to the presence of different inhibitors, the variability in sampling methods, differences 

in infection between sites, or the time of sampling55, 56. 

We evaluated the LOD of SLAMP using spiked saliva samples. To accurately simulate a 

heat-inactivated SARS-CoV-2-positive sample, we harvested saliva from an individual confirmed 

negative for the presence of SARS-CoV-2 using RT-qPCR and heated it for 15 min at 95 °C to 

inactivate endonucleases before adding full-length synthetic SARS-CoV-2 RNA (Twist 

Biosciences). To completely eliminate heat-resistant endonucleases, we added TCEP to saliva for 

a final reaction concentration of 2.5 mM. If the saliva background is not completely inactivated, 

synthetic RNA quickly becomes degraded and undetectable in minutes by the action of RNases57, 

58 (data not shown).  

Synthetic RNA-spiked samples were prepared at concentrations of 105, 104, 103, 102, 10, 

and 1 copies/μL and amplified using SLAMP (Fig. S6A). Amplification curves exhibit 

characteristic sigmoidal profiles seen in LAMP reactions, with fluorescence detection onsets 

ranging between 10-20 min. Each concentration is separated by ≈2 min (SI Fig. 7.6A, curves). 

Calculated time-to-positive Tp values are used to generate a SLAMP standard curve (SI Fig. 7.6A, 

inset). The apparent LOD = 1-10 copies/μL. In saliva without TCEP and only heat inactivated, the 

LOD is between 10-100x higher. 
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We provide further confirmation of contrived sample RNA concentrations by performing 

RT-qPCR amplification (SI Fig. 7.6B). The RT-qPCR LOD appears >1 copies/μL. The RT-qPCR 

standard curve (SI Fig. 7.6B, inset) spans a greater dynamic range of Ct values compared to the 

Tp values of RT-LAMP reactions with a significantly lower standard deviation. 

RT-LAMP reaction optimized using GuHCl and duplex primer sets 

RT-LAMP reactions involve a minimum of four primers per set to function. The addition 

of a loop primer pair for a total of six primers has been shown to increase the speed of the reaction. 

Furthermore, by including multiple 6-primer sets in a single reaction, the sensitivity and speed of 

the RT-LAMP reaction can be increased significantly. 

Saliva is a challenging sample medium for nucleic acid testing, largely due to variability 

in pH59, ionic strength , and the presence of nucleases that degrade vRNA before it can be 

detected60. RT-LAMP is more resistant to "dirty" samples, including saliva, than traditional RT-

qPCR47. Here, we tested established methods to increase the sensitivity and speed of the RT-

LAMP reaction on saliva using guanidine hydrochloride (GuHCl) and multiplexed primer sets. 

Strategies to overcome sensitivity loss associated with saliva sampling include the addition 

of GuHCl to the RT-LAMP master mix, a strong chaotropic agent used frequently in molecular 

biology for varied applications including RNA isolation and protein extraction. Low GuHCl 

concentrations (40 mM) can be used as additives in the RT-LAMP reaction, facilitating 

enzyme/nucleic acid interactions and thereby increasing sensitivity without an accompanying 

reduction in specificity61. 

We compared triplicate SLAMP reactions of SARS-CoV-2-positive saliva using a single 

E1 or N2 primer set (Materials and Methods) and duplexed NE primer sets (SI Fig. 7.7A – 7.7D) 
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at 103 (SI Fig. 7.7A, open circles), 102 (Fig. S7B, open squares), and 10 (SI Fig. 7.7C, open 

diamonds) genome copies/μL concentrations C. At 103 c/μL, every primer set triplicate SLAMP 

reaction results in amplification and positive detection of SARS-CoV-2. At a ten-fold dilution, the 

E1 primer set alone begins to perform poorly, failing to amplify 2 triplicates (SI Fig. 7.7B, open 

blue squares). Additionally, the N2 primer set triplicates also begin to lose sensitivity at 100 c/μL. 

While no N2 primer set reactions failed to amplify, one reaction amplified much later (SI Fig. 

7.7B, open red squares). All duplex NE primer reactions amplified (SI Fig. 7.7B, open orange 

squares). As the limit of detection is reached at 10 c/μL, each primer set condition drops at least a 

single replicate (SI Fig. 7.7C). However, the NE primer set most accurately amplifies at <Tp> 

appropriate for 10 c/μL (SI Fig. 7.7C, open orange diamonds). Comparison of <Tp> values for 

triplicates under different genome concentrations and primer sets reveal that the duplex NE primer 

set produces both an accurate prediction of the genome copies/uL and less variability between 

successful amplifications (SI Fig. 7.7D, solid green diamonds). The E1 and N2 single primer sets 

(SI Fig. 7.7D, solid blue circles and solid red squares, respectively) both exhibit significantly 

greater scatter and deviation from predicted concentrations based on the SLAMP standard curve. 

After establishing that duplex NE primer sets offer greater sensitivity and reproducibility 

than single E1 or N2 primer sets, we evaluated whether the addition of GuHCl improved 

amplification reliability. We performed triplicate SLAMP reactions at positive saliva 

concentrations of 1000, 100, and 10 copies/uL SARS-CoV-2 genomes using the duplex NE primer 

sets and 40 mM GuHCl (SI Fig. 7.7E, open orange circles, squares, and diamonds, respectively). 

While the addition of GuHCl has partially deviated <Tp> from the standard curve, every replicate 

amplified and standard deviations were low (SI Fig. 7.7F). 



267 

 

We demonstrate that the addition of GuHCl, along with the use of a duplex primer set 

composed of both N2 and E1 primers (see Materials and Methods) in the same reaction, optimizes 

the saliva RT-LAMP reaction, achieving greater sensitivity and more rapid time-to-result, thereby 

increasing the utility of SLAMP for more consistent detection of low viral titers in saliva. 

With an optimized assay (GuHCl, primers), knowledge of LOD and heating times, we 

performed our trial study. Volunteers operating at MSU’s symptomatic testing site collected 

samples from 243 individuals who provided NP swabs for CDC RT-qPCR "gold standard" testing 

and saliva samples for SalivirDetect and SLAMP. A questionnaire (see Materials and Methods) 

was also provided to collect self-reported demographic and illness presentation data, in addition 

to determining whether any foods, drinks, or potential inhibitors were consumed 30 min prior to 

sample collection. 

 

SI Figure 7.1. SARS-CoV-2 cases in Gallatin County, MT between Apr. 2020 – May 2021. 

This comparative study was conducted at a time of peak cases (cursor and dotted vertical line). 

Source: The New York Times. 
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SI Figure 7.2. Saliva collection caddy. (A) photograph of 5 caddies printed simultaneously. (B) 

A caddy as presented to a study participant, ready to collect saliva. 

 

 

SI Figure 7.3. Saliva RT-LAMP testing workflow. (i) 1 mL saliva is expressed directly into 

medicine cup before being pipetted (ii) into screw cap sample tube. (iii) Virus inactivation is 

performed directly on the saliva in the tube without any added buffers in a heat block at 95 °C for 

15 min. Each sample is pipetted in triplicate RT-LAMP reactions in a qPCR machine (iv) at 65 °C 

for 45 min. 
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SI Figure 7.4. 95 °C heat-inactivation durations and subsequent SARS-CoV-2 virus 

infectivity. Plaque-forming units (PFU) per mL after 95 °C heat inactivation of infectious SARS-

CoV-2 for no heating (solid black circles) and 3 (solid black squares), 5 (solid black upright 

triangles) min in (A) viral growth media and (B) human saliva. All data represent the mean of 

triplicate samples +/- Standard Error Mean (SEM). 

 

 

SI Figure 7.5. 95 °C heat inactivation duration optimization of positive saliva sample 

dilutions. Triplicate SLAMP reactions were performed on 95 °C heat inactivation for 5 (open red 

squares), 10 (open orange diamonds), 15 (green diagonal crosses), 20 (light blue upright crosses), 

and 30 (open brown upright triangles) min in addition to no heating (open blue circles) for (A) 
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undiluted, (B) 10× dilution, and (C) 100× dilution. Solid lines represent RT-LAMP curve fits (see 

Materials and Methods). (D) Mean time-to-positive <Tp> values as a function of 95 °C 

inactivation durations t (min) for undiluted (solid blue circles), 10× diluted (solid red squares), 

100× diluted (solid green diamonds) from triplicate data in parts (A)-(C). Error bars represent a 

single standard deviation. Lines guide the eye. 

 

 

SI Figure 7.6. Determining limit of detection (LOD) and standard curves for SLAMP. 

Contrived saliva samples prepared at 105 (solid blue circles), 104 (solid red squares), 103 (solid 

green diamonds), 102 (solid orange upright triangles), 10 (solid black inverted triangles), and 1 

(solid purple right triangles) copies/uL. Synthetic full-length SARS-CoV-2 RNA diluted in 

inactivated negative human saliva and amplified using (A) SLAMP and (B) NEB Luna Kit RT-

qPCR. (A) Relative fluorescence intensity ΔRn recorded as a function of time t (min). Limit of 

detection (LOD) lies between 1 and 10 c/μL. Inset: SLAMP standard curve Tp = 23.99 – 2.30log10 

[copies/μL] (R2 > 0.97) calculated using time-to-positive Tp values (see Materials and Methods) 

generated from data in part (A). (B) RT-qPCR standard curve. Ct values determined at ΔRn = 

0.069 cutoff determined using Design & Analysis Software (see Materials and Methods). Inset: 

NEB Luna Kit RT-qPCR standard curve Ct = 36.55 – 3.50log10[copies/μL] (R2 > 0.999) calculated 

using Ct values from part (B). 
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SI Figure 7.7. Duplex NE primer set and guanidine HCl (GuHCl) improves sensitivity and 

speed of SLAMP. Triplicate SLAMP reactions of (A) 1000 (open circles), (B) 100 (open squares), 

and (C) 10 (open diamonds) copies/μL positive saliva samples without GuHCl and only single E1 

primer set (blue), single N2 primer set (red), or duplex NE primer sets (orange). Curve fits yield 

time-to-positive Tp values (see Materials and Methods). (D) <Tp> as a function of genome 

copies/μL C for single E1 primer set (solid blue circles), single N2 primer set (solid red squares), 

and duplex NE primer sets (solid green diamonds) from parts (A) – (C). Error bars represent one 

standard deviation. Lines guide the eye. (E) Triplicate SLAMP reactions of positive saliva samples 

at 1000 (open circles), 100 (open squares), and 10 (open diamonds) genome copies/μL using only 

duplex NE primer sets (orange) with 40 mM GuHCl. (F) <Tp> as a function of 1000 (open circle), 

100 (open square), and 10 (open diamond) genome copies/μL C for duplex NE primer sets with 

40 mM GuHCl from part (E). Error bars represent one standard deviation. Lines guide the eye. 
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CHAPTER EIGHT 

CONCLUSION 

 The experiments described in this dissertation have focused generally on soft materials and 

specifically on colloidal suspensions, saliva-based diagnostic devices, fluorescence microscopy, 

and 3D printing hydrogels. 

In Chapter 2, we present a novel Fluorescence Centrifuge Force Microscope (F-CFM) that 

we use to characterize the interaction between colloidal particles and a glass surface dispersed in 

water. The F-CFM measurements were validated using a simple microsphere sedimentation 

experiment; the F-CFM rotational velocity was validated using acoustic analysis; the image quality 

was characterized by imaging a photomask and by tracking stationary 1-micron fluorescent 

particles; and the utility of the F-CFM was demonstrated by measuring the pull-off forces required 

to remove colloidal particles interacting with a glass cover slip under increasing salt conditions. 

The pull-off forces increased with increased salt concentration, as predicted by DLVO theory, 

although the increase was not as pronounced as predicted by DLVO theory, likely due to surface 

roughness effects and surface charge uncertainty and heterogeneity. 

In Chapter 3, we presented a device for saliva point-of-care loop mediated isothermal 

amplification (SPOC-LAMP) for pathogen detection in human saliva. The device collects a 

predetermined small volume of saliva from a flocked swab and mixes the saliva with LAMP 

reagents and buffers in an attached standard 0.65 mL microcentrifuge tube vial. We show that the 

device accurately collects the small amount of saliva necessary to prevent dilution or inhibition of 

costly LAMP reagents. The device is carefully engineered to be simple to use, easy to actuate, and 

highly scalable. The device and all components are designed to facilitate the high-volume 
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manufacturing necessary to implement the ubiquitous levels of testing that would help contain the 

SARS-CoV-2 and future pandemics. 

In Chapter 4 – 7, we presented several platforms investigating soft and biological materials. 

In chapter 4, we presented a parameter space for printing high resolution channels in hydrogels. In 

Chapter 5, we presented a leak-resistant, bulb-shaped connector design for porting modular 

vascularized hydrogels that relies on internal pressure and hydrogel elasticity to form a robust seal. 

In Chapter 6, we presented a temperature control microscopy system that enables temperature 

cycling of samples on a standard upright microscope stage, a very useful tool for investigating 

fluorescence amplification technologies and microfluid applications. In Chapter 7, we presented a 

LAMP formulation for detecting SARS-CoV-2 in human saliva and showed that the saliva LAMP 

(sLAMP) results are comparable with the saliva PCR, the current gold standard for pathogen 

detection. 
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