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SUMMARY

The present work focuses on the development of an open-air, passive microfluidic device to

be employed for the detection of antigens, with the ultimate goal of performing the analysis

and quantification of proteins contained within human skin oil. In the prototyping step, bovine

serum albumin proteins (BSA) are detected by implementing a bicinchoninic acid (BCA) assay.

The design of the device allows pumpless transport of a solution, made of BSA and DI water,

and the coverage of a detection zone. The latter zone is silane-functionalized, so that proteins

can be immobilized on its surface. Different wettability-patterned designs are considered and

tested. Ultimately, the optimal design is composed of an axial, silane-functionalized track lo-

cated between two superhydrophilic transport tracks, where the three tracks are patterned on a

superhydrophobic background. The geometry (e.g. wedge angles) of the detection and transport

tracks is optimized in order to obtain the largest covered detection area, with the lowest possible

sample volume. Subsequently, BCA detection is performed on the substrate characterized by

the aforementioned design and a standard curve is obtained by analyzing samples with a known

concentration of proteins.

xiii



CHAPTER 1

INTRODUCTION

1.1 Capillarity and Wettability Patterning

A liquid could be imagined as a stretched elastic membrane characterized by surface tension

that opposes its distortion.

From the microscopic point of view, a liquid is characterized by molecules that attract

each other. In the midst of the liquid, a molecule is in a condition in which it interacts with

all its neighbors. On the other hand, a molecule on the surface of the liquid loses half of such

interactions. That means that if the cohesion energy of a molecule into the liquid is U, a molecule

on the surface has an energy equal to U/2. For that reason, the liquid adjusts its shape in order

to expose the smallest possible surface area to the external environment (Figure 1).

1
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Figure 1: Molecules at the surface experience half of the attractive interactions, while molecules

within the liquid benefit from interactions with their neighbors. The horizontal line represents

the interface between liquid and gas.

The surface energy or surface tension, generally indicated with the symbol γ, is a measure

of the cohesion energy per unit of area. If the dimension of the molecule is a and the surface

area is a2, the surface energy is approximately:

γ ' U

2a2
(1.1)

Dimensionally, the surface energy is expressed in units as mJ
m2 or mN

m and it is defined as

"the energy that must be supplied to increase the surface area by one unit" [1].
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All liquids have a surface tension and each surface is characterized by a surface energy. By

considering these two factors, it is possible to determine the behavior of a droplet that is in

contact with a solid. Two main types of wetting regimes exist and are represented in Figure 2.

The spreading parameter (S) describes these regimes and is defined as the difference between

the surface energy of the wet and dry substrate:

S = Edry − Ewet (1.2)

S = γSG − (γSL + γLG)

where the three surface tensions represent the solid/air γSG, solid/liquid γSL and liquid/air γLG

interfaces.
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Figure 2: Two wetting regimes for a liquid droplet according to the spreading parameter S:

partial wetting (S < 0) and total wetting (S > 0). θ is the angle between the surface and the

tangent to the liquid droplet (also known as contact angle CA) at the contact line.

The spreading parameter S identifies two regimes:

• Total wetting S > 0 : It is the condition in which a droplet of liquid completely spreads

on the surface in order to reduce its surface energy (contact angle θE = 0, angle the liquid

makes with the surface). A film of fluid with a thickness of the order of nanometers is

formed, which results from a balance between the molecular and the capillarity force.
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• Partial wetting S < 0 : the condition in which a droplet of liquid does not spread on the

surface , but a spherical cap is formed on the surface with a contact angle θE . A liquid is

called “mostly wetting", if the contact angle is θE ≤ π
2 , and "mostly non-wetting", if the

contact angle is θE ≥ π
2 . Similarly, a surface is called "hydrophilic", if the contact angle

of the liquid is θE ≤ π
2 , and "hydrophobic", if the contact angle of the liquid is θE ≥ π

2 .

Moreover, if the contact angle θE ≥ 150°, the surface is defined to be superhydrophobic

(droplets that touch superhydrophobic surfaces will bead up). If the contact angle is θE ≤

5° the surface is defined as being superhydrophilic (droplets that touch superhydrophilic

surfaces will spread out completely).

The condition θE = π
2 does not play an important role from the equilibrium transition state.

The condition of hydrophilic and hydrophobic surface is showed in Figure 3.
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Figure 3: Schematic of a droplet deposited onto (a) hydrophilic surface (θE ≤ 90°) and (b)

hydrophobic surface (θE ≥ 90°).

Contact angles CA can be measured by two main methods (Figure 4):

1. The first way is to consider a force balance. In particular, the sum of capillary forces that

are acting on the line of contact at equilibrium has to be equal to 0. By normalizing the

force per unit of length [Nm ], these force are the surface tensions between the three phases
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(Solid,liquid and gas). By computing the equilibrium of the forces along the solid plane

(x direction), we derive the famous Young’s relation:

γLGcosθE = γSG − γSL (1.3)

Substituting the equation 1.1 in the above relation, yields:

S = γLG(cosθE − 1) (1.4)

The angle θE is defined only if the spreading parameter is negative. Moreover, it is evident

that this angle increases as the liquid is non-wetting. For what concern the equilibrium

of the forces along the vertical direction, the capillary forces are balanced by the reaction

force exerted by the solid surface.

2. The second method relies on computing the work done to move the contact line over a

certain distance dx. At equilibrium, this work is equal to zero:

δW = (γSG − γSL)dx− γLGcosθEdx (1.5)
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Figure 4: Determination of contact angle θE : (a) via forces (Young‘s relation) or (b) via work.

The two main factors that distinguish a superhydrophobic from a superhydrophilic surface

are: the surface chemistry and surface roughness. The surface chemistry determines whether

the surface has low or high surface energy, which determines whether the surface is hydrophobic

or hydrophilic. Generally speaking, surfaces with low surface energy are hydrophobic, while

surfaces with high surface energy are hydrophilic. In regards to surface roughness, surface

texture usually makes hydrophobic surface even more hydrophobic (superhydrophobic) and an

hydrophilic surface even more hydrophilic (superhydrophilic). A liquid droplet in contact with

a rough surface exhibits two different behaviours which can be described by two models. In

order to analyze them, it is necessary to define two parameters: the equilibrium contact angle
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θE , which is for an ideal flat surface (given by Young‘s relation) and the apparent contact angle

θ∗ , which is for a rough surface.

These two models were developed by Cassie-Baxter and Wenzel and they show how surface

roughness can affect a droplet contact angle. In Wenzel’s model, it is assumed that the roughness

scale is much smaller with respect to the size of the drop and the surface is homogeneous. The

surface roughness is quantified by R, defined as follow:

R =
Real surface area

Projected surface area
(1.6)

Since every surface has some sort of roughness, because no surface is no completely smooth

at the molecular level, it is possible to assume that R ≥ 1. Wenzle’s model states:

cosθ∗ = RcosθE

Since R ≥ 1, |cosθ∗| ≥ |cosθE |

In fact, when θE is less than 90°, θ∗ ≤ θE . On the contrary, when θE is greater than 90°,

θ∗ ≤ θE . Hence, this equation shows that roughness will make a hydrophobic surface even more

hydrophobic and a hydrophilic surface even more hydrophilic. Thus, the effect of the surface

roughness is always to magnify the wetting properties of a surface.
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In Cassie Baxter’s model, it is assumed that the surface is planar, chemically heterogenous

and made of two species, each defined respectively by a characteristic contact angle θ1 and θ2.

Moreover, it is assumed that these individual areas are much smaller with respect to size of the

droplet. By defining f1 and f2, the fractional surfaces areas of the two species, Cassie Baxter

states:

cosθ∗ = f1cosθ1 + f2cosθ2 (1.7)

However, by considering the case of an hydrophilic surface (θE < 90°) and an hydrophobic

surface (θE > 90°), Wenzel‘s model presents some critical aspect.

On a very rough hydrophilic surface, liquid penetrates the grooves of the surface and there

are no air bubbles underneath the droplet, which is in complete contact with the surface. It

is supposed that the grooves are completely filled with the liquid and the elevated surface is

dry (partial wetting regime) Figure 5. By defining ΦS the percentage of solid in contact with

the liquid, it is possible to compute the apparent contact angle θ∗ of the mixed surface with

Cassie-Baxter relation Equation 1.7, by considering the contact angles of the individual species

θE and 0:

cosθ∗ = −1− ΦS + ΦScosθE (1.8)



11

Since θE > 0 (partial wetting regime), that implies θ∗=0 (total wetting), which is a condition

not predicted by Wenzel‘s model.

On the contrary, for hydrophobic rough surfaces, since the surface tension of the dry substrate

is lower than the wet one, the liquid is unlikely to fill the grooves of the solid surface. Therefore,

the droplet sits on the top of tiny air bubbles that are in the pores of the solid substrate.

As previously, by defining ΦS as the percentage of solid in contact with the droplet and the

equilibrium contact angle θE given by Young‘s relation, the apparent contact angle θ∗ can be

computed as:

cosθ∗ = −1 + ΦS(cosθE + 1) (1.9)

Hence, for the hydrophobic surface, cosθ∗ ≤ ΦS − 1 and approaches π when the percentage

of solid in contact with the droplet approaches zero.
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Figure 5: (a) Hydrophobic surface where the liquid does not fill the grooves of the surface and

(b) hydrophilic surface, where the liquid fills spontaneously the grooves of the surface.

1.2 Point-of-care and Lab-on-chip Devices

Microfluidics is the science that controls and manipulates limited volumes of fluids (ranges

from milliliters to picoliters) in channels or tracks of small dimensions, varying from millimeters

(10−3) to micrometers (10−6). Since the 1980s, microfluidics has become of considerable inter-

est in many science fields for achieving different microdroplet handling tasks (e.g. metering,

transport, dispersing, separation, mixing) with a multitude of advantages [2]. The technology

that achieved resounding successes in the recent years is the "Lab-on-chip" system (also known
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as LOC), an approach in which a diagnostic laboratory is scaled it down into a very small chip.

The key words that best describe this approach are miniaturization and integration. In fact,

laboratory assays could be integrated directly in a small microfluidic system, on which it is pos-

sible to develop an entire laboratory protocol for a given experiment by performing multiplexing

analysis.

There are potential advantages associated with LOC systems [3]. First of all, microfluidic

devices for some aspects tend to be cheaper with respect to the conventional macro-scale ma-

chines. In fact, the miniaturized components require little energy for the proper functioning of

the device, representing a high saving from the economic point of view. In some cases, it is not

necessary to have external energy components and this enables to perform handling fluid tasks

at zero cost. Another aspect that allows cost cutting is the lower consumption of reagents and

chemicals, especially when they are very expensive. In fact, the Lab-on-chip systems offer signif-

icant possibility to reduce the volume of samples and reagents needed to perform the analysis.

Furthermore, microfluidic devices have gained great importance for their quick processing and

rapid response that leads to an enhancement of efficiency and reliability of analytical results.

In addition, the reduced size ensures the portability of the device and a much shorter operating

time.

The main applications of microfluidic devices are summarized in the following points:

• Chemistry (microreactors)
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• Cosmetics (eye Irritation Tests of Cosmetics)

• Energy (microfuel technology)

• Biology (biosensor for enzymatic or DNA analysis)

• Health (point-of-care diagnostic device)

• Pharmaceuticals (drug delivery)

To interpreter the test results of all above applications, a chemical analysis usually has to

be performed. Before the introduction of the LOC devices, chemical analysis has been typically

performed in central laboratory where a trained and specialized personnel and specific equip-

ment are required. The research objective is to make the chemical analysis feasible for a user

that does not have experience and knowledge on this practice. Some examples that highlights

this goal are the blood glucose concentration test for diabetic people or pregnancy tests. In both

cases, the lab-on-chip is seen as a black box where the individual has only to push a button to

start the analysis and after some minutes could retrieve the results which are easy to interpret.

The test can be performed directly at home without a special training in chemistry by the user.

These devices are widespread nowadays on the market, because they are efficient and economic.

Lab-on-chip has also gained great importance in immunoassay applications to detect viruses,

bacteria and cancers based on antigen-antibody reactions [4]. The development of this technol-

ogy in the medical research field plays an important role in the improvement of the global

health, especially in countries in which there are few health care laboratories and resources,
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and where diseases and infections are widespread. In some cases, there is availability of drugs

to treat some specific diseases or illness, but there is a lack of diagnostic systems to identify

patients that need that cure. Nowadays, the goal of the researchers is to create Point-of-care

devices (particular lab-on-chip devices that can be adopted directly by the patient to monitor

health) without laboratory support. An example (2010) is the study of a way to diagnose and

manipulate the HIV infections [5]. Ten years ago, around 40 million people were affected with

HIV in the world and only 1.3 million of them were accessing antiretroviral therapy. Around

90% of people infected with HIV did not know their HIV status. By measuring the quantities of

CD4+ lymphocytes in the blood it is possible to determine if a person has HIV and follow the

progress of their infection. The diagnostic tool to measure CD4 required complex technologies

and the submission of the results to a central laboratory (requiring long time for retrieving

the outcome). These techniques were not available in most of the developing countries because

they required expensive equipment and trained technicians. However, with the introduction of

Point-of-care HIV diagnostic, these issues are overcome.

Despite the many advantages of LOC devices and their utility, the combination of the ex-

pense and the complexity preclude their extensive adoption [6]. In fact, these devices are not

widely available because most of the systems fail to be translated into a physical product due to

complicated manufacturing procedures. Other critical issues are the lack of standards materials,

the sample and process development. One common technique for the production of microfluidic

device is lithography. This approach of manufacturing poses obstacles for the producers and the
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users. Where high requirements are needed, such as clean rooms and silicon processing, manu-

facturing requires many steps and different tools and chemicals. Thus, there is the ongoing need

to reduce the barriers in order to obtain a device simply-made and easy to purchase. Recently,

paper-based microfluidics has shown great promise in decreasing the cost and increasing the

simplicity of the device fabrication [7]. The development of these new technologies enhanced

access to microfluidics, but it is not possible to produce devices with the same complexity of

those systems produced with lithography or other 3D printing processes. But complex is not

always analogous to being functional and efficient. Often, with simple fabrication protocols, it is

possible to translate a digital design into real simple-to-use and easy-to-operate system. Paper

based microfluidics are an excellent solution to satisfy these requirements.

The microfluidic systems are essentially divided in two main categories: Closed-channel and

open-channel [8]. The first class is the most conventional system adopted and available on the

market. These devices are characterized by an arrangement of microchannels where the fluid

needs to be bounded between solid channel walls. In a open-channel device, the fluid flows on a

free-surface, that means that it is not confined in channels or micropipings. The present study

is focused on a specific open-surface device that employes wettability patterning to generate

superhydrophilic wedge-shaped tracks on top of a superhydrophobic background. This contrast

between the two domains is utilized as confinement for the droplets of liquid. In that way,

the fluid can move along the axial direction of the track driven by the capillarity force. The

aim of the work is to apply this system to the biomedical field for the diagnostic analysis of
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multiple properties of particular biological fluids. Since the device analyzed in this work is an

open-surface device, more details about this type of technology are provided in the next section.

1.3 Open-Air Devices

Open-channel or open-surface devices are recently-developed systems that deal with the

transport of microvolumes of fluid without requiring bonding [9]. Thus, the fluid is not com-

pletely confined in microchannels, but it is exposed directly to the surroundings (air or other

media). This can be obtained by creating well-defined ways to confine the fluids. Open-channel

devices are usually adopted to overcome the issues of closed-channel devices. In fact, thanks to

these devices it is possible to solve the problem of debris that lead to fouling [10], the passage

of air-bubbles (multiphase fluid) that could clog channels [11] and the possible absorption of

reagents on the surface of the channel walls. Moreover, the time necessary to produce and

fabricate them is one order of magnitude shorter compared to the closed-channel systems [12].

In addition, fabricating open systems does not require complex and expensive manufacturing

procedures. For that reason, open microfluidics are low-cost devices. In fact, the costs are

reduced for the absence of microchannels and for the possibility to adopted simple and acces-

sible materials, such as paper or plastic. Furthermore, open microfluidic devices possess high

adaptability and accessibility because it is possible to manipulate and observe the fluid during

the experiment at every point along the track, by adding or removing reagents.
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Open-surface devices can be Active or Passive, depending on the presence of external energy

input. Active open-surface devices are usually complex because they are characterized by ex-

ternal components (e.g. micropumps, syringes, microvalves, micromixers). This complexity and

the need of the external power contribute to higher costs. There are different applications for

active microfluidics devices: electrowetting on dialetric (EWOD), magnetic, dialectrophoretic,

acoustic method (SAW), thermocapillary actuation. These technologies tend to be very effective,

but the implementation could be complex and costly. In order to limit the development of these

energy consuming platforms and to avoid onerous fabrication, passive microfluidic devices have

been promoted. These systems are simple, effective, cheap and rapid. They are characterized

by pumpless transport (without need of dedicated components), in which the force responsible

for the movement of the fluid is the capillary force.

There are different techniques that have gained great deal of interest in recent years, which

have the goal to pumplessly transport liquid droplets by inducing a spatial gradient of wettabil-

ity at the surface. The micropatterning [13] and the physical texturing [14] is a procedure that

takes advantage from the non-uniform roughness of the substrate to induce the flow of the fluid.

Another technique is to produce a surface energy gradient. This may be achieved by a chemical

modification of the droplets [15] or of the substrate [16], either by differential heating [17], photo

irradiation [18] or by thermocapillary migration [19]. All these procedures permit the control

and the manipulation of droplets within open-channel devices without electrical, pneumatic, or

mechanical actuation systems. This work focused on a passive open-surface device that high-
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lights all advantages of this category: simple, small, cheap and effective.

1.4 Pumpless Fluid Transport on Open Platforms

The transport of a liquid droplet on an open platform, driven only by the capillary force

and without the need of other power inputs, has gained great importance in the recent years,

especially in the biomedical field for the fabrication of low-cost diagnostic devices. Groups

of researchers have studied that different techniques to achieve the passive transport of liquid

droplets exist, which consist generally in altering the chemical pattern [20] or the physical tex-

ture of the surface [21]. A study regarding a wettability patterning for pumpless fluid transport

has been conducted by Ghosh et al. [22], who produced superhydrophilic tracks that are capable

of inducing a controlled on-chip movement of liquid droplets with have a characteristic dimen-

sion comparable to the capillarity length, by overtaking viscous and other opposing force, such

as gravity, achieving high velocities ( ∼ 400 mms−1). Furthermore, this design is capable of

transporting liquid volume ranging from 1 µl to 500 µl (cumulative transport due to a repeated

disposal of multiple small liquid droplets).

The droplet, which has a size considerably larger ( ∼ 2 mm) than the narrowest track edge

(∼ 550 µm) on which it is deposited, is constricted by the boundaries of the wedge shape track

to move along the transverse direction(Figure 6). In fact, it is possible to observe an advancing

film of fluid that proceeds towards the wider edge of the track to reduce the surface energy

along this direction. The initial propagation of the liquid droplet is due to hemiwicking [22],
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that consists in the spreading of the liquid on a rough superhydrophilic surface driven by an

unbalanced capillary force along the track. Thus, when the liquid front spreads along the wedge-

shaped track, the initial liquid bulge gradually disappears and a conical rivulet-shaped is formed.

Prior studies on this behavior was noticed by other researchers, who demonstrated that the

shape of the liquid accumulated on superhydrophilic rectangular tracks patterned on a super-

hydrophobic background depends the ratio Ω
δ3
, where Ω represents the volume of the liquid and

δ the width of the track [23]. When the value of this ratio is below a critical value that is deter-

mined by the equilibrium of the contact angles on the superhydrophilic and superhydrophobic

domains, a semi-cylindrical shape is assumed by the liquid.

The liquid motion is influenced by the difference in the Laplace pressure between the front

and the back of the bulge. The local Laplace pressure at each section of the liquid is defined as

∼ γLG

r(x) , where r(x) represents the curvature of the liquid r(x) ≈ δ(x)
2sinθ(x) . Thus, the net Laplace

pressure gradient in the liquid bulge can be computed as:

dP

dx
∼ 2γLGsinθavg

1

δ(x)2
α

where γLG is the surface tension between liquid and vapour and θavg is the average contact angle

along the length of the bulge.
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Figure 6: Transport of liquid droplet on wedge shape track: (a) Time-lapsed images (top view) of

liquid transport through the wedge-shaped superhydrophilic track on a horizontal Al-substrate.

The white bar at the top denotes 10 mm. (b) Morphology of the liquid bulge, approximated

as an ellipsoid of finite footprint on the wedge-shaped superhydrophilic track, moving along the

track; (c) origin of the driving capillary force on the liquid bulge. (Permission of The Royal

Society of Chemistry in Appendix A).
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Furthermore, it was noticed that when other droplets are dispensed on a presuffused track

(previously wet by the transport of previous droplets), the liquid shape and front behaves as

described previously, but they have a velocity higher with respect to the transport of a liquid

droplet on a dry track. Moreover, this design is capable of moving the fluid droplet along an

inclined plane without any source of power, contributing to the possibility to obtain pumpless

3-D microfluidic systems. A radially outward pattern of divergent tracks was also designed and

studied to generate a splitting arrangement, where there is central hydrophilic spot on which

is deposited the droplet, and the droplet is uniformly split among the tracks and transported

outward.



CHAPTER 2

MATERIALS AND METHODS

2.1 Overview of the Device

In the following section, the general characteristics of the final device are presented and illus-

trated. The aim of the device is to detect concentrated proteins contained in human body skin

oil for a diagnostic purpose on an open-air substrate. Indeed, abnormal increases or decreases

in proteins concentration may be a signal of an anomalous health condition that could call for

further evaluation. The final device is a few millimeter thick substrate with three main func-

tional regions. Furthermore, each region (outlined below) is characterized by a specific working

principle (see Figure 7):

• SAMPLE REGION

This zone is essentially composed of a "membrane" or a blotting oil sheet (yellow compo-

nent of Figure 7). Prior to using the device, the user would rub this membrane on their

skin, where the membrane absorbs skin oil from the human body. This oil, also known as

sebum, is mainly made of proteins and lipids. By depositing a droplet of solvent on the

membrane, the solvent can extract the proteins from the membrane and transport them

to a “detection zone" for diagnosis.

• TRANSPORT REGION

23
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The design and optimization of this zone are the main focus of the present work. First,

the solution of solvent and proteins must be transported from the sample zone to a de-

tection zone. This task is achieved by patterning a specific spatial wettability contrast

(wedge-shaped), which allows spontaneous pumpless transport of the fluid (akin to Ghosh

et al. [22]). A simple design of wettability patterning is firstly considered: a superhy-

drophilic wedge shape track confined by a superhydrophobic domain. The capillary force

is responsible for the transport of liquid droplets, without requiring an external source of

power. The volume of liquid that could be transported on the wettability-confined track

is only corresponding to a single a droplet (V ≈ 1µL), but by a cumulative superposition

of droplets it is possible to reach a volume up to V ≈ 500 µL.

• DETECTION REGION

This zone is where the fluid (solution of solvent and proteins) is analyzed. The detection

method employed in the present work is the bicinchoninic acid assay, known also as BCA.

This biochemical assay technique is commonly employed to quantify the total concen-

tration of proteins in a solution. In the BCA procedure, antigens are immobilized on a

solid surface (which has to be functionalized), and all the unbound proteins are removed

by washing the substrate several times. The detection is achieved after incubating the

BCA reagent with a substrate. The reaction between the BCA reagent and the antigen

attached on the surface produces a change in color (from green to purple), which intensity
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is subsequently evaluated with a fluorescence microscope. The higher is the intensity of

the color, the more pronounced is the concentration of the proteins in the solution.

Figure 7: Overview on the final device: (a) isometric view and (b) top view. The yellow region

is the sample zone, the blue region the transport zone, and the purple region the detection zone.
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Since the focus of this work is on the transport region, which allows the movement of the

fluid (solvent and proteins) from the membrane to the detection zone, the sample zone is not

considered. In addition, instead of dispensing droplets of solvent that soaks up proteins from

the membrane, a solution of solvent and proteins is directly dispensed at the starting edge of the

transport track. The solvent used for this purpose is DI water (deionized water), but other sol-

vents may be also employed, such as the Phosphate-buffered saline (PBS). PBS is a water-based

salt solution containing mainly sodium chloride and disodium hydrogen phosphate. Moreover,

it is a buffer solution commonly used in the biological field because it is able to maintain a

constant pH.

2.2 Materials

In the last few decades, the most common materials used in the fabrication of biomedical

microfluidic devices were silicon and glass [24]. However, in recent years, polymeric materials

have become more popular due to their enhanced mechanical properties and reduced fabrication

cost. Substrate material selection depends on the required assay sensitivity and the instrumen-

tation available for signal-detection. The most important properties required for the microfluidic

device used in this work is the Ultraviolet (UV) light and the visible light transparency. These

properties are crucial to quantify the fluorescence under an inverted fluorescence microscope

with diascopic (transmitted) illumination. Indeed, the detection of the proteins contained in

the fluid is accomplished by means of the BCA procedure, whose last step is the color change

production and detection by means of a inverted fluorescence microscope. In this type of mi-
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croscope, the illumination source is located above the sample and the direction of the light rays

is controlled by a group of mirrors. The transparency of the substrate is required to allow the

light to pass through the substrate, ultimately reaching the lens located below the sample.

Hence, the materials selected for the substrate are polycarbonate and glass. Besides being

transparent, these materials are commonly used in the biomedical industry to produce Lab-

on-chip and Point-of-care devices. It is necessary to underline that, at the beginning of this

work, the attention was focus on two materials instead of one, in order to have two different

possibilities to perform the functionalization.

2.3 Detection of Proteins

As mentioned previously, during the device prototyping step, the BCA Protein Assay is per-

formed. This is a detergent formulation based on bicinchoninic acid (BCA) for the quantification

of total antigens by means of a calorimetric detection protein. First, antigens (bovine serum al-

bumin (BSA) was used in this work) are attached to a functionalized substrate (functionalization

is needed for immobilization). BCA is then added and incubated. If any antigens (BSA) were

successfully immobilized on the substrate, a color change is produced (from green to purple) and

the intensity of the color is proportional to the total amount of antigens adsorbed by the func-

tionalized substrate. The protein concentration is determined by taking into account a standard

curve as well. In the BCA assay, it is not possible to capture a specific protein, but instead, all

antigens are detected. Therefore, this technique cannot harness specificity of protein detection
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and thus is merely used as a proof of concept: the BCA method will work as well as other im-

munoassay techniques on a surface which has been correctly functionliazed, i.e. made bioactive.

It is important to note that the BSA protein was chosen is this work as model for all proteins that

are typically found in skin oil. The final solution used to simulate the skin oil is composed by 1%

BSA, added to a pre-mixed solution of 4 mg/mL 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide

hydrochloride (EDC) and N-hydroxysulfosuccinimide (SNHS) in a concentration of 11 mg/ml

[25].

The BCA procedure follows these steps:

• Incubation of the solution (solvent and proteins) for 1 hour at 37 °C.

• The substrate is washed with DI water and dried with nitrogen 5 times, in order to remove

all the unbounded antigens.

• The working reagent is prepared by mixing 50 parts of BCA reagent A with 1 part of BCA

reagent B (50:1, Reagent A,B). The color of the solution is green at this point.

• The BCA reagent obtained in the above step is deposited on the functionalized substrate

and incubated for 30 min at 37 °C. A color change is produced (green to purple) if BSA

proteins are present on the substrate. Otherwise, if no proteins are detected the color

remains green. The intensity of the color is proportional to the concentration of the

antigens in the solution.
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2.4 Substrate Functionalization

Surface functionalization is an efficient method used to manipulate the surface properties

of a substrate to obtain a specific objective, such as an effective bioresponse, and the study of

substrates functionalization gained a lot of interest in the past few decades especially in the

biomedical field. This is due to the importance of functionalization procedures to make bio-

compatible materials. In the present work, the attention focuses on a surface functionalization

procedure that allows the interaction between proteins and the surface. The mechanisms of

protein-surface interaction are not fully understood, nevertheless it is worth to mention some

chemical characteristics of both proteins and surfaces that can affect this phenomenon [26]:

• Stability, size, concentration of proteins and protein-protein interactions;

• Free energy of the surface substrate (hydrophobic/hydrophilic properties and polarity);

• Surface charge (related electrostatic interactions);

• Chemical nature of surface functional groups;

• Biological surrounding (pH, temperature, etc.).

There are different surface functionalization strategies that can be used on various solid

substrates, including glass, polymeric and metallic materials. The functionalization methods

used for glass and polycarbonate have been proven to be both effective and easy to impliment.

In the following sections, the two functionalization procedures are described.



30

2.4.1 Glass Functionalization

The glass is functionalized with an aminosilane treatment (APTES) in order to make possible

the proteins adsorption by the surface. The protocol is mainly divided in two parts [27]:

• Reagent preparation and glass cleaning

A pre-cleaned glass microscope slide (dimensions 25x75x1 mm; Thermoscientific clipped

corner plain) is placed in an oxygen plasma machine for 5 min at 50% of the power. A

solution of 2% reconstituted APTES is prepared, by adding 50µL of APTES in 2.45 mL

of ethanol in a conical tube.

• APTES functionalization

Pipette 2.30 mL of APTES solution onto the surface for the glass microscope slide in order

to create a thin liquid film. The surface is covered with a plate to prevent the evaporation

of the solution, and it is placed on a platform shaker for 50 minutes at room temperature

to create a homogeneous and smooth APTES layer. The glass slide is then rinsed three

times with 2.30 mL of pure ethanol, by pipetting at a 70° angle. The sample is dried with

nitrogen gas and placed in an oven at 90° C for 1 hr.

2.4.2 Polycarbonate Functionalization

Similar to glass functionalization, the polycarbonate is also functionalized with an aminosi-

lane treatment (APTES), but the procedure is slightly different [25]:

• A clear impact-resistant polycarbonate sheets with a thickness of 1/16” is cut in smaller

pieces of dimensions 25x75x1 mm.
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• Each plate is immersed in glassware (8 cm diameter) with 50 mL of pure ethanol at 37°

C for 5 min, followed by 5 washings with DI water.

• Each plate is then placed in glassware with 50 mL of potassium hydroxide (KOH) solution

(1.0% w/v in DI water) for 10 min at 37° C and then washed 5 times with DI water.

• The KOH-treated substrate is then treated with O2-plasma for 3 minutes .

• The substrate is then functionalized with amino groups by incubating it in 50 mL solution

of APTES (2 % v/v in DI water) at 80° C for 40 min. Subsequently, the sample is placed

in a desiccator for 1 hr 40 min in order to achieve maximum surface silanization. The

amine-functionalized substrate is washed 5 times with DI water in order to remove all the

excess unbound APTES from the surface.

In order to test the effectiveness of the functionalization procedure, protein detection is per-

formed with the BCA method mentioned above (as shown in Figure 8). If the substrate is cor-

rectly functionalized, the reagent turns purple after BCA deposition onto amine-functionalized

substrates. On other hand, if the substrate is not functionalized, no proteins are present after

washing, and the reagent remains green.
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Figure 8: Protein immobilization procedure: (a) proteins solution incubated for 1 hour at 37 °C,

(b) the substrate is washed 5 times and if the surface is properly functionalized, the proteins are

immobilized. Otherwise they are washed away. (c) The reagent is deposited on the substrate

and changes color from green to purple if proteins are present on the substrate.



CHAPTER 3

DESIGN OF THE TRANSPORT REGION

3.1 Wettability Characterization of the Transport Region

Before the study of using wettability patterning for pumpless transport of a fluid, it is neces-

sary to analyze the properties of the surface of the silane-functionalized substrate. In particular,

attention is focused on the wetting regimes of the silane-functionalized glass and polycarbonate

surfaces.

The wettability (i.e. contact angle (CA)) of glass and polycarbonate surfaces are both

altered through silane treatment. The pre-cleaned glass microscope slide has a contact angle

of approximately 0 °, however, this contact angle is very sensitive to the contamination. For

example, the contact angle of an “as-received" glass slide usually ranges between 8 °and 18 °due

to grease and/or dust present on the surface. After the silane-functionalization procedure, the

contact angle of the glass becomes approximately 78° ± 2.8° (compared to 0 °for pre-cleaned

glass). This value is computed by taking into account 6 different silane-functionalized glass

substrates, for each of which the contact angle is calculated by considering 5 locations and

computing the average and standard deviation. Since, the contact angle of a water droplet on

a pre-cleaned glass substrate is not defined, Figure 9 represents only the static CA of a droplet

on the silane-functionalized glass.

33
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Figure 9: Static contact angle for a water droplet on a silane-functionalized glass substrate.

As for the polycarbonate susbtrates, before silane-functionalization, the contact angle is

83.8°± 1.3°. This value is obtained by computing the average of contact angles of five locations

on the same polycarbonate substrate and by calculating the average and standard deviation.

After the silane-functionalization procedure, the contact angle becomes 65° ± 2.6°. This value

is computed by taking into account 6 different silane-functionalized polycarbonate substrates,

where the contact angle is determined by the average of 5 values and computing the standard

deviation. The main difference in CA of the as-received and silane-functionalized polycarbonate

is illustrated in Figure 10.
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Figure 10: Static contact angle for a water droplet placed on (a) as-received polycarbonate

substrate and (b) amine-functionalized polycarbonate substrate.

The results of both the analysis demonstrate how the contact angle of the amine-functionalized

polycarbonate tends to be smaller (i.e. more hydrophilic) with respect to that of the amine-

functionalized glass. Once the wettabiliy of the substrates used in this work was fully un-

derstood, wettability patterning could be carried out on the substrates. In this recent years,

different approaches have been proposed to impart a wettability gradient on surfaces to control

droplet motion on substrates [28]. Xing et al. [29] introduced the concept of the spontaneous

transport of a liquid on a wettability patterned substrate: superhydrophilic track on superhy-

drophobic domain. In this case, the driving force is provided by Laplace pressure. This concept
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is utilized for the design of the transport region in our work.

Instead of differentiating between a transport and a detection zone, the two regions are com-

bined into a single one: the transport is performed on the detection zone (amine-functionalized

for protein immobilization). Hence, a superhydrophilic track (typically used for the fluid trans-

port on wettability-patterned substrates) is substituted with a amine-functionalized track. In

both the cases of glass and polycarbonate, the silane-functionalized track results to be hy-

drophilic (CA < 90 °). Thus, instead of having a high-contrast, wettability-patterned substrate,

the substrate used in this work is composed of a hydrophilic, silane-functionalized track on a

superhydrophobic background.

3.2 Device Fabrication and Wettability Patterning Procedure

Wettability patterning via a coating method is generally substrate independent (metals,

polymer or paper). In the present work, the same coating procedure is used for both substrates:

glass and polycarbonate. In order to obtain a non-wettable domain on the substrates, the fol-

lowing procedure is employed [30]. A dispersion containing TiO2 nanoparticles, perfluoroalkyl-

methacrylate copolymer (PMC) (Capstone ST-100, 20 wt. % in water; DuPont®), ethanol, and

acid acetic is prepared and the solution is sprayed-deposited onto the surface of the substrate.

In particular, for a typical batch, 0.5 g of titanium dioxide anatase TiO2 nanoparticles (≤ 25nm,

Sigma-Aldrich) is dispensed in 6 gr of ethanol (Decan Labs) and 0.625 g of Acid Acetic. Once

these components are added, the dispersion created is hand shaken at room temperature and
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probe-sonicated with an energy supplied equal to 1000 J (13 mm probe diameter, 750 W, 40%

amplitude, Sonics Materials Inc., Model VCX-750). After sonication, 0.625 g of hydrophobic

PMC is immediately added to the mixture. The above solution is shaken mechanically in order

to obtain a stable dispersion. Subsequently, it is left stabilize for approximately 24 hours. After

stabilizing, the solution is sprayed onto the substrate using an siphon feed airbrush (o.73mm

spray nozzle diameter, 275 kPa air pressure, VL-Set, Paashe) from a distance of 30 cm in or-

der to obtain an uniform coating. After this procedure, the final coating is superhydrophobic

(θwater ∼ 160°±2°) because of the combination of the hydrophobic PMC (a very thin film which

has a contact angle θwater ∼ 117°) and the TiO2 that increases the roughness. The concentra-

tion of TiO2 and PMC are determined in order to obtain the optimal mass fraction of 0.8. The

mass fraction is calculated as:

φ =
mF

mF +mP

wheremF is the mass of the filler (TiO2), andmp the mass of the polymer (PMC) on a dry basis.

Since we need to maintain an unaltered amine-functionalized hydrophilic track, before spray-

ing the dispersion, it is necessary to cover the region of interest. In order to achieve this task,

a wedge-shaped masked is cut from blue painters tape and is attached on the substrate as

represented in Figure 11.
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Figure 11: Salient steps of the surface coating: Spray of TiO2-PMC suspension on the amine-

functionalized substrate to form the superhydrophobic background. A wedge-shaped mask

(made from blue painters tape) is positioned on the substrate to cover and protect the amine-

functionalized region.

After the coating procedure, the tape is removed from the substrate. The final configuration

of the design is the wedge-shaped amine-functionalized track (hydrophilic) on a superhydropho-

bic domain (Figure 12).
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Figure 12: Wedge-shaped amine-functionalized track on a TiO2:PMC superhydrophobic back-

ground.

3.3 Limitation of a Single Wedge Track

The transport on this wettability pattern is analyzed in both the cases of amine-functionalized

polycarbonate and glass tracks (Figure 13). The results are compared with the ones obtained

in the case of supehydrophilic tracks. The tracks on the various substrates feature the same

geometry, where the wedge angle is chosen α = 3°. The narrowest edge where the droplets begin

to be transported has dimension 500 µm, while the length of the track is 2 cm.
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Figure 13: Time-lapsed images of liquid (BSA+DIW) transport through a (a) wedge shape

amine-functionalized polycarbonate track, (b) wedge shape superhydrophilic track, and (c)

wedge shape amine-functionalized glass track. The white bar at the top denotes 5 mm.

The above figures show the behavior of the droplets when it is deposited on the narrow-

est edge of the tracks. As can be seen from Figure 13, liquid transport along the amine-

functionalized polycarbonate and glass tracks is not possible, although it is possible for the case

of the superhydrophilic track. This behavior is due to the fact that there is not enough wetta-
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bility contrast between the track and the surrounding region. Due to this transport limitation

on the single amine/functionalized track other design alternatives we explored.

3.4 Introduction of Different Designs

The main outcome of the previous section is the inability to transport fluid on the amine-

functionalized glass or polycarbonate wedge-shaped tracks. Therefore, alternative track designs

are evaluated to overcome this limitation. The analysis is carried out only for the case of

amine-functionalized polycarbonate, because of its lower contact angle compared to that one

characteristic of the amine-functionalized glass (65°± 2.6° instead of 78°± 2.8°). This allows for

higher wettability contrast between the silane-functionalized region and the superhydrophobic

background. Three different designs are introduced:

• DESIGN 1: Wedge-shaped superhydrophilic track with a circular amine-functionalized

reservoir at the end, all laid in a superhydrophobic background.

• DESIGN 2: Wedge-shaped superhydrophilic track in a superhydrophobic domain. The

amine-functionalized is laid directly on the transport track, as a sort of island.

• DESIGN 3: Amine-functionalized axial track is located between two symmetric superhy-

drophilic tracks, all laid on a superhydrophobic background.

In the proposed solutions the detection zone is separated from the transport region, with the

intention on fulfilling the geometrical constraints imposed by the problem. The size detection

zone has to be larger than at least 10 mm2, and this constraint is imposed by the fluorescence
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microscope detection capability. Different designs are illustrated in the following section and a

new design parameter is introduced to select the optimal configuration that allows both liquid

transport and detection. Figure 14 shows the first proposed design (Design 1), which is mainly

characterized by the following features:

• Transport Region: wedge-shaped superhydrophilic track on the superhydrophic domain.

The fluid (solvent+proteins) spreads in the transverse direction constricted by the wedge

boundary.

• Detection Region: circular reservoir with a characteristic diameter 3.5 mm positioned at

the end of the track. The fluid reaches the widest edge of the track and then it spreads in

the reservoir.

Figure 14: Superhydrophilic wedge-shape track (marked by dashed line) on a superhydrophobic

domain (white region) with a circular amine-functionalized reservoir placed at the end.
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The substrate shown in Figure 14 is made using the following procedure, which is also shown

schematically in Figure 15:

• A circular piece of tape is positioned on a amine-functionalized polycarbonate substrate

to cover and avoid altering the reservoir. The dimension of the tape correspond to the

reservoir dimensions.

• Spray-coating of the TiO2 :PMC dispersion onto the masked substrate, as described in

the previous section. After spraying, a composite is formed on the substrate that makes

it intrinsically superhydrophobic.

• The tape is removed so that a silane-functionalized, circular reservoir is revealed. The su-

perhydrophilic track is directly formed on the superhydrophobic surface by taking advan-

tage of the photocatalytic nature of Anatase TiO2 under UV exposure. Thus, the coated

substrate is exposed to UV radiation (DymaxTM 5000 EC, 390 nm UV wavelenght, 400

W UV lamp) for 30 minutes using a polyethylene teraphthalate (PET) photomask printed

with black negative patterns using a common laserjet printer. The UV light can pass

through the transparent region of the photomask (unprinted), promoting a photocatalic

conversion of the UV-exposed regions and rendering them superhydrophilic, while the

properties of the unexposed region are conserved (remain superhydrophobic).
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Figure 15: Spray coating of the TiO2-PMC dispersion onto the silane-functionalized substrate

to make the surface superhydrophobic. A circular piece of tape is positioned onto the substrate

to mask a circular-shaped region during the spray process. Subsequently, UV treatment of

the superhydrophobic surface through a photo-mask (top) to create the superhydrophilic track

(bottom). The exposed region turns to be superhydrophilic after 30 minutes of exposure to UV

light, while the unexposed domain remains unchanged.
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The liquid transport on this type of tracks is analyzed in Figure 16. The liquid spreads

along the transverse direction if the wedge-shaped track, constricted by the wedge boundary,

and its front propagates until reaching the end of the superhydrophilic track (i.e. the boundary

between the track and the reservoir). By dispensing several droplets the propagating front

remains approximately at the same position while the height of the bulge increases. The liquid

is not transported into the reservoir (detection zone) until enough liquid is dispensed (greater

than 39.9 µL or 3 droplets) This behavior is due to the high wettability contrast between the

track (superhydrophilic) and the amine-functionalized reservoir (hydrophilic: CA ∼ 65 °for

polycarbonate). In this case the transport results to be discontinuous between the track and

the reservoir. The liquid rests at the end of the track and it spreads in the detection region

only when the Laplace pressure difference is high enough to overcome the contrast in wettability

between the track and the reservoir.
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Figure 16: Time-lapsed images of droplets dispension and liquid transport through the wedge-

shaped superhydrophilic track with the amine-functionalized reservoir placed at the end.

After having observed this behavior, other design ideas were proposed (Design 2). The

second design alternative features the amine-functionalized reservoir directly on the transport

track, as a sort of transparent, hydrophilic island laid on the superhydrophilic region (Figure 17).
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Figure 17: The amine-functionalized island laid on the superhydrophilic wedge-shape track

(surrounded by dashed line) on a superhydrophobic domain (white region).

The shape of the reservoir is a 9 mm2 square, whose dimension is dictated again by the

fluorescence microscope imaging constraint. In order to obtain this configuration, a similar

procedure to the one explained in the previous design, was used. Thus, a square piece of tape is

attached on the silane-functionalized substrate, the spray coating of the TiO2-PMC dispersion

is performed, and the tape is removed. Then, the substrate is exposed to UV radiation by using

a different photomask. The main difference here is represented by the photomask employed,

where a black region, correspondng to the reservoir position, is printed where the respective

transparent region is. In this way, the amine-functionalized zone is not exposed under the UV

light.

The transport behavior of this design is very similar to the first design. Indeed, the liquid

spreads along the transverse direction of the superhydrophilic track, constricted by the wedge
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boundary. The front of the liquid propagates until reaching the first edge of the transparent

island (detection zone), where it stops at the boundary between the superhydrophilic region and

the amine-functionalized region. While dispensing several droplets, the front remains approxi-

mately at the same position while the height of the bulge increases. When the Laplace pressure

gradient is high enough to overcome the contrast in the wettability between the track (super-

hydrophilic) and the amine-functionalized reservoir (hydrophilic: CA ∼ 65 °for polycarbonate),

the liquid spreads into the silane-functionalized region and propagates to the end of the track.

These events can be seen in Figure 20.
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Figure 18: Timestamps capturing the dispensing and transport of the liquid (water) through

the wedge-shaped, superhydrophilic track with a silane-functionalized island laid on it.



50

Due to the fact that liquid transport into the detection zone of designs 1 and 2, the last

design proposed (design 3) is a patterned surface containing 3 wedge-shaped adjacent tracks

with the same divergence angle and the same starting vertex (see Figure 19). The two external

tracks are superhydrophilic, while the internal track is amine-functionalized (CA ∼ 65°). In the

subsequent sections, the internal track is referred to as axial track.

Figure 19: Triangular amine-functionalized transport reservoir placed between two superhy-

drophilic tracks.

The procedure to obtain this design is very similar to that described for the two previous

designs and is shown schematically in Figure 20.
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Figure 20: Spray coating of TiO2-PMC dispersion on the amine-functionalized substrate to

form the superhydrophobic surface. A wedge-shaped piece of tape is placed on the substrate

to cover the amine-functionalized region prior to spraying. Subsequently, UV treatment of the

superhydrophobic surface with a photo-mask placed on the top of the substrate. The transparent

region of the mask allows the formation of the superhydrophilic tracks.

The transport for this design is shown in Figure 21. When one droplet is dispensed at the

vertex, it moves along the tracks due to the unbalanced force (Laplace pressure gradient). Thus,
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the liquid spreads and stops in the position at which the equilibrium of forces is reached. This

final position can vary according to both the wedge angles of the superhydrophilic tracks and

the axial track.
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Figure 21: Timestamps showing the liquid transport through the 2 wedge-shaped superhy-

drophilic tracks sandwiching an amine-functionalized reservoir in the middle.
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In order to evaluate the optimal design, a new parameter (or optimization factor) is in-

troduced that takes into account the volume of liquid dispensed and the detection area. This

optimization factor is defined as:

r =
V

Ad
[mm]

where V is the dispensed volume and Ad is the surface area of the silane-functionalized track.

The extension of the detection area and the number of water droplets dispensed are known for

all three designs. In each case, the liquid is dispensed by using a dispensing needle (internal and

external diameters respectevily 0.41 mm and 0.72 mm). The total volume can be determined

by multiplying the volume of one single droplet times the number of droplets dispensed. The

volume of one droplet is determined by weighing n droplets, dividing by the density (ρ = 997

kg/m3), and dividing the obtained result by n. Once the volume is known, it is possible to

calculate the droplet equivalent diameter deq, defined as the diameter of a sphere having the

same volume of the droplet. The volume of a single droplet dispensed by the dispensing needle

is V = 13.33 µl, and corresponding to deq = 2.94 mm. At this point, deq must be compared to

the capillarity length, indicated as k−1. The value of k−1 defines the threshold beyond which

gravity becomes important: if deq < k−1 the effect of gravity can be neglected [1]. This value is

computed by equating the hydrostatic pressure ρgk−1 of a liquid with density ρ at a depth k−1

submitted to the gravity g=9.8 m
s2

and the Laplace pressure defined as γ
k−1 . Thus, the capillary

length is defined as:
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k−1 =

√
γ

ρg

Generally, the capillary length is of the order of few millimeters. To increase the value of

k−1 of a liquid, it is necessary to work in micro-gravity environment or to replace air with a

liquid having a density similar to that of the original liquid. In the case of water k−1 ≈ 2.7 mm.

In the case of the dispensing needle used in this work, the diameter of the droplet is higher that

the capillary length, and thus gravity can’t be neglected. The effect of gravity can be limited

by placing the needle as close to the narrowest edge of track as possible, but avoiding that the

droplet touches the track before its detachment from the tip of the needle. In Table I, the values

of r are presented for all the proposed designs. For low r, the smaller amount of liquid is needed

to be dispensed in order to cover a unit surface area of the reservoir. Given the necessity of

minimizing the amount of liquid to be dispensed (due to solution cost and availability), and

thus the solution containing the antibodies, r must be as low as possible.

TABLE I: OPTIMIZATION FACTOR r

Design Ad [mm2] n V [µL] r [mm]

First design 9.62 5 66.5 6.91
Second design 9 7 93.1 10.34
Third design 21 6 79.8 3.8
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As seen in Table I, Ad is the surface area of the detection zone, n the number of droplets,

and V the volume dispensed. It is possible to note that the lower r value is obtained by

employing the solution with the triangular reservoir placed between the two superhydrophilic

tracks. Therefore, this is the design which was selected.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Protein Detection on the Axial, Amine-Functionalized Track

Once the design for the transport region was optimized (design 3, see previous section), a

protein detection study was performed on the axial, amine-functionalized track (BCA method is

used to detect the BSA proteins). To begin, a solution of EDC 4 mg/mL and (N-hydroxysulfosuccinimide)

SNHS 11 mg/ml is incubated for 15 min at 37 °C. Afterward, 1% BSA is added to the pre-mixed

EDC+SNHS solution. Then, one droplet of this solution is deposited at the narrowest edge of

the axial track and it is transported via a Laplace pressure gradient along the length of the track.

When the net force acting on the droplet vanishes, the front of the liquid stops at a certain axial

position (x ) that corresponds approximately to 5
12 of the total length (20 mm). The distance

covered by the liquid depends mainly on the diverging angles of both the axial track and the

superhydrophilic tracks on either side of the track, and one droplet isn’t enough for the liquid

to reach the end of the design. Hence, more droplets of liquid have to be dispensed in order

to cover the entirety of the detection area of the amine-functionalized track. When the first

droplet reaches the maximum axial distance, a second droplet of the same size is dispensed, and

so on until the liquid covers the entire detection region. The total amount of droplets needed to

obtain the entire coverage of the amine-functionalized track is 6, which corresponds to a total

volume of liquid Vtot ≈ 79.8 µl. The transport happens as shown in Figure 21, and after the

57
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transport events, the substrate is incubated at 37◦ C for 1 hour. Then the substrate is washed

and dried five times with DI water to remove any residual unbound proteins. Finally, the BCA

procedure is performed by dispensing BCA reagent onto the diverging track and the color of

the reagent changes from green to purple, indicating the presence of proteins attached on the

amine-functionalized region.

If the same procedure is performed on as-received polycarbonate (i.e. not silane-functionalized),

the BCA solution would not change color, indicating that no proteins remain attached to the

axial track after washing. On the other hand, the experimental results tend to be different.

Indeed, in both the cases (amine-functionalized and as received substrate) the reagent exhibits

the same purple color as illustrated in Figure 22. However, we must consider that the BCA

reagent is being transported via superhydrophilic tracks composed of anatase titanium dioxide.

It is known that this form of TiO2 is photocatalytic when exposed under the ultaviolet light.

Recently, the photo-functionalization of TiO2 has been studied and acquired a great importance

in the biological field due its chemical alterations. Interestingly, the photochemical reaction of

the anatase TiO2 does not only make the transport tracks superhydrophilic, but it also increases

the bioactivity of the tracks in terms of proteins adsorption capability or cellular attachment

[31],[32],[33],[34]. In order to verify this, a simple experiment was performed, where the detec-

tion procedure is directly performed on a single superhydrophilic wedge-shaped track. Here, the

track (bioactive due to TiO2) is able to absorb proteins, and thus after the BCA deposition, the
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reagent changes color from green to purple (see Figure in Appendix B).

The color change in the substrate shown in Figure 22-b, where the axial track is not amine-

functionalized, is thus justified by the changing in the bioactivity of the TiO2. Even though

proteins are present on the superhydrophilic tracks, they cannot be detected under the trans-

mitted fluorescence microscope because those regions are not transparent (due to the TiO2

coating). Therefore, the transparent amine-functionalized region is needed for the detection

task (Figure 22-a). Moreover, since the protein concentration is an intensive property (it does

not depend on the size of the system), it can be determined by looking only at the amine-

functionalized region regardless of the fact that proteins are also present on the superhydrophilic

tracks. Hence, this configuration (design 3) is selected as final design for the present device.
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Figure 22: Proteins are present on (a) the silane-functionalized axial and superhydrophilic tracks

and (b) only on the superhydrophilic tracks. The insets of (a) and (b) show the expected binding

sites for the proteins.

4.2 Design Optimization

The objective of this section is to choose the best parameters for the selected design in order

to have optimal liquid transport. Once the droplet is dispensed at the narrowest edge of the

track, it spreads in the lenghtwise direction. Due to the presence of the amine-functionalized

track (hydrophilic) between the superhydrophilic tracks, the liquid is not able to move completely

to the end of the track. Figure 23-b represents the liquid bulge after dispensing three droplets
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(Vtot ≈ 39.9 µL). It is important to note that the propagation front (shown at xmm in Figure 23-

b) assumes the characteristic shape of a parabola with the concavity facing the end of the track.

This shape is consequence of the fact that the liquid spreads completely in the superhydrophilic

tracks while it tends to “stick" on the amine-functionalized region (due to being hydrophilic).

It is as if the fluid on the superhydrophilic tracks drags the liquid over the hydrophilic track

(similar to pulling a rain cover over a tent).
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Figure 23: Characteristic shape of the liquid bulge after dispensing 3 water droplets (each having

a volume 13.3 µl). The liquid spreads along the superhydrophilic tracks, dragging the liquid

along the (a) superhydrophobic and (b) hydrophilic axial track. The distance x is determined

between the narrowest edge of the track and the vertex of the parabola of the bulge. The white

bar at the top denotes 5 mm.
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The main objective of the geometry optimization of the design is to obtain a configuration

which allows the complete liquid coverage of the amine-functionalized axial track while mini-

mizing the amount of liquid dispensed. Hence, the most important parameter that is necessary

to maximize is the distance x of the propagating liquid front along the amine-functionalized

track. For larger x, the amount of sample required to ensure coverage of the axial track can be

reduced. The following parameters are optimized in this study:

• Superhydrophilic wedge angle α

• Amine-functionalized axial track angle β

Figure 24: β is the angle of the amine-functionalized axial track, α is the superhydrophilic

wedge angle and x is the position of the propagation front of the liquid droplet on the amine-

functionalized track. Note that the origin corresponds to the beginning of the track.
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The shape of the bulge is also analyzed in similar configuration featuring the same geometry

of the previous one: α = 5°, β = 6° and length of 20 mm (see Figure 24, but the central track,

this time, is superhydrophobic (Figure 23-a). Also, as can be seen visually between Figure 23-a

and Figure 23-b, the bulge location is dependnent on the wettability of the axial track.

In order to optimize the design, it is necessary to try different configurations by varying the

characteristic parameters (i.e. wedge angles). Since the shape of the propagating liquid front be-

tween the design with the hydrophilic and superhydrophobic axial tracks are very similar (both

parabolic), the optimization process is carried out with a design featuring a superhydrophobic

axial track. This was done as a proof of concept, due to fabrication time (more time consuming

to prototype a design with the amine-functionalized hydrophilic track). For the superhydropho-

bic axial track case, during sample fabrication, it is only necessary to spray a coating dispersion

of TiO2 and PMC and to create two superhydrophilic tracks under UV by means of a simple

photomask. During the optimization process, the test configurations are characterized by dif-

ferent α and β angles (Figure 25). The angle α of the superhydrophilic tracks varies between 2 °

and 7 ° with an increment of 1 °, while the angle of the axial track, β, varies between 6 ° and 10°

with an increment of 2 °. It is important to note that the values of β is dictated by considering

the surface area of the axial track. Indeed, by considering β = 6°, β = 8°, and β = 10°, the

surface areas of the axial track are 20.95, 27.94, and 34.92 mm2, respectively. These areas are

appropriate for a detection region that has to be analyzed under a fluorescence microscope.
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Figure 25: Schematic of the different configurations of design 3 that were evaluated for opti-

mization. They are characterized by a superhydrophilic track angle, α, ranging from 2 ° to 7 °

with an increment of 1 ° and an axial track angle, β, ranging from 6 ° to 10° with an increment

of 2 °.

The position of the front, x, is evaluated for all configurations by dispensing three identi-

cal water droplets with a dispensing needle, where the average value of x from 4 attempts is

calculated. Figure 26 shows the results for the case where optimization is carried out with a

superhydrophobic axial, where the position x of the propagating front on the axial track is a

function of the superhydrophilic wedge angle α for different β angles.
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Figure 26: Distance x of the liquid front from the narrowest edge of the track after dispensing

3 droplets over a superhydrophobic axial track. The parameter x is a function of the superhy-

drophilic track angle α. The length of the error bar is ±σ (standard deviation of 4 attempts).

Figure 26 plot highlights that for larger β, the x position is generally lower. This behavior

is explained by noting that by decreasing the angle β, the volume of dispensed liquid (V=13.3

µL) has to spread over a lower surface area, leading to an advanced position of the front. The
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maximum value of x is obtained for β = 6° and α = 5°. This is the best configuration for the

design characterized by two superhydrophilic tracks and a superhydrophobic axial track, and

this design allows the largest area coverage with the lowest volume dispensed.

Once the transport behavior on different track geometries was known, the position x of

the liquid front in the case of interest (amine-functionalized axial track) was then evaluated.

The analysis is performed for only few combinations of α and β and the general behavior is

extrapolated by comparing these values with the previous ones (Figure 26) obtained by testing

the superhydorphobic axial track for all different combinations of angles. The configurations

tested for the amine-functionalized axial track are feature the highest β (β = 10°) and the lowest

β (β = 6°) with α =3 °, 4 °, 5 °, 6 °. The position x is always evaluated by considering the

dispensing of three identical liquid droplets (Vtot ≈ 39.9 µL). Figure 27 and Figure 28 compared

the results obtained on the silane-functionalized track with the previous ones.
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Figure 27: Distance x evaluated for different superhydrophilic angle α along a silane-

functionalized and superhydrophobic axial track for β = 6°. The length of the error bars is

±σ (standard deviation of 4 attempts).
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Figure 28: Distance x evaluated for different superhydrophilic angle α along a silane-

functionalized and superhydrophobic axial track for β = 10°. The length of the error bars

is ±σ (standard deviation of 4 attempts).

For both cases, the maximum value of x is obtained for a design with β = 6° and α = 5° (see

Figure 27 and Figure 28). Furthermore, the data trend for the silane-functionalized axial track

is very similar to that one obtained for the superhydrophobic track. In the first case (silane-

functionalized axial track), the distance x reached by the liquid front increases of approximately
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3 mm with respect to the second one. This behavior is explained by analyzing and comparing the

final energies of both systems, and this is done through a simple surface energy analysis. Here,

all parameters pertaining to the design with the superhydrophobic axial track are indicated

by subscript 1, while the design featuring a silane-functionalized axial track is indicated by

subscript 2. The control volume considered in both cases is the liquid. Since the volume of

liquid dispensed on both tracks is the same (Vtot ≈ 39.9 µL corresponding to the sum of 3

droplets), the initial energies for both systems, E1,initial and E2,initial, can be written as:

E1,initial = E2,initial = 3γLG4πr2 (4.1)

where r is the radius of each droplet. By applying the conservation of energy:

E1,initial = E1,final + Ed1 E2,initial = E2,final + Ed2 (4.2)

the following correlation is obtained:

E1,final + Ed1 = E2,final + Ed2 (4.3)

The assumptions to evaluate the final energies of the systems are outlined below:

• The shape of the liquid propagating front is considered to be a line instead of a parabola;
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• ALG↑ and ALG↓ (surface area of the upper and lower liquid-air interface of the fluid) are

evaluated by computing the surface area of the trapezoid obtained by projecting ALG↑

and ALG↓ on the substrate plane.

The final energy is first evaluated for system 1 (the superhydrophobic axial track). Due to

the highly non wetting characteristic of the superhydrophobic region, the fluid forms a bridge

between the two superhydrophilic tracks. Hence, the liquid formed on the design after deposition

features two liquid-gas interfaces: one above and the other underneath (see Figure 29).
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Figure 29: Side view on the widest edge of the track for the desgn which features a superhy-

drophobic axial track. The fluid forms a liquid bridge between the two superhydrophilic tracks,

due to the highly non wetting characteristic of the superhydrophobic region. This “shimmer"

seen under the middle of the liquid bulge indicates that there is an air layer between the liquid

and the substrate. The black bar at the top denotes 2 mm.

The final energy of the system 1 is computed as:

E1,final = γLG ALG↑1 + γLG ALG↓1 + γLSs−phillic
ALSs−philic1 (4.4)

where ALG↑1 and ALG↓1 are the surface area of the liquid cap above and underneath (liquid-
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gas interfaces), respectively. ALSs−philic1 is the surface area of the superhydrophilic tracks

(liquid-solid interface). The surface areas are illustrated in Figure 30 and computed as:

ALG↑1 =
2x1

cos β2 cos α2

(
b+

x1 tan α
2

cos β2

)
+
x2

1 tan β
2

2
(4.5)

ALG↓1 =
x2

1 tan β
2

2
(4.6)

ALSs−philic1 =
2x1

cos β2 cos α2

(
b+

x1 tan α
2

cos β2

)
(4.7)

where b is the length of the narrowest edge of the superhydrophilic tracks, and x1 is the position

of the propagating front of the liquid on the superhydrophobic track.
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Figure 30: Representation of the surface areas used in the calculation for a design featuring a

superhydrophobic axial track: (a) ALG↑1 is the surface area of the liquid cap above (liquid-gas

interface), (b) ALSs−philic1 is that of the superhydrophilic tracks (liquid-solid interface), and (c)

ALG↓1 is that of the liquid cap underneath (liquid-gas interface).
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The final energy E1,final for the system is given by:

E1final = γLG

(
2x1

cos β2 cos α2

(
b+

x1 tan α
2

cos β2

)
+
x2

1 tan β
2

2

)
+ γLG

(
x2

1 tan β
2

2

)
+

+γLSs−phillic

(
2x1

cos β2 cos α2

(
b+

x1 tan α
2

cos β2

)) (4.8)

By combining the terms x1 and x2
1, E1,final is written as:

Efinal1 = x1

(
γLG

2b

cos β2 cos α2
+ γLSs−phillic

2b

cos β2 cos α2

)
+

+x2
1

(
γLG

2 tan α
2

cos2 β
2 cos α2

+ γLG
tan β

2

2
+ γLG

tan β
2

2
+ γLSs−phillic

2 tan α
2

cos2 β
2 cos α2

) (4.9)

For system 2, due to the high wettability of the silane-functionalized track, the liquid in-

herently wets the axial track during the transport, and thus there is no liquid bridge formation

(see Figure 31).
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Figure 31: Side view on the widest edge of the track for the design which features an amine-

functionalized axial track. The liquid wets the amine-functionalized track during the transport,

due to the high wettability of the amine-functionalized track (no formation of the liquid bridge).

The black bar at the top denotes 2 mm.

Hence, the final energy of system 2 is computed as:

E2,final = γLG ALG↑2 + γLSphilic
ALSphilic2 + γLSs−phillic

ALSs−philic2 (4.10)

where ALG↑2 is the surface area of the liquid cap above (liquid-gas interface), ALSphilic2 is that

of the amine-functionalized axial track (liquid-solid interface) and ALSs−philic2 is that of the

superhydrophilic tracks (liquid-solid interface). The surface areas are illustarted in Figure 32

and computed as:
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ALG↑2 =
2x2

cos β2 cos α2

(
b+

x2 tan α
2

cos β2

)
+
x2

2 tan β
2

2
(4.11)

ALSphilic2 =
x2

2 tan β
2

2
(4.12)

ALSs−philic2 =
2x2

cos β2 cos α2

(
b+

x2 tan α
2

cos β2

)
(4.13)

where b is defined as above, and x2 is the position of the propagating front of the liquid on the

philic amine-funtionalized track.



78

Figure 32: Representation of the surface areas used in the calculation for a design featuring a

amine-functionalized axial track: (a) ALG↑2 is the surface area of the liquid cap above (liquid-

gas interface), (b) ALSs−philic2 is that of the superhydrophilic tracks (liquid-solid interface), and

(c) ALSphilic2 is that of the silane-functionalized axial track (liquid-solid interface).

Thus, the final energy E2,final for the system is given as:
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E2final = γLG

(
2x2

cos β2 cos α2

(
b+

x2 tan α
2

cos β2

)
+
x2

2 tan β
2

2

)
+ γLSphilic

(
x2

2 tan β
2

2

)
+

+γLSs−phillic

(
2x2

cos β2 cos α2

(
b+

x2 tan α
2

cos β2

)) (4.14)

where by combining the terms x2 and x2
2, E2,final can be written as:

E2final = x2

(
γLG

2b

cos β2 cos α2
+ γLSs−phillic

2b

cos β2 cos α2

)
+

+x2
2

(
γLG

2 tan α
2

cos2 β
2 cos α2

+ γLG
tan β

2

2
+ γLSphilic

tan β
2

2
+ γLSs−phillic

2 tan α
2

cos2 β
2 cos α2

) (4.15)

Two coefficients A and B are introduced to simplify the equations:

B = γLG
2b

cos β2 cos α2
+ γLSs−phillic

2b

cos β2 cos α2
(4.16)

A = γLG
2 tan α

2

cos2 β
2 cos α2

+ γLG
tan β

2

2
+ γLSs−phillic

2 tan α
2

cos2 β
2 cos α2

(4.17)

and by equating the two final energies of systems 1 and 2 in terms of A, B, x1, x2, β, γLG, and

γLSphilic
:

Ed1 +B x1 + x2
1

(
A+ γLG

tan β
2

2

)
= B x2 + x2

2

(
A+ γLSphilic

tan β
2

2

)
+ Ed2 (4.18)
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The dissipation energies for both systems are considered similar. In order to establish the

relationship of x1 with respect to x2 from Equation 4.18 (liquid propagation fronts for the

superhydrophobic and amine-functionlized axial track designs, respectively), it is necessary to

evaluate the surface tensions γLG and γLSphilic
. The value of γLG (water-air interface in our

case) is well-known from literature: γLG ' 72.8mNm . On the other hand, γLSphilic
of the amine-

functionalized polycarbonate track has to be evaluated. A method to approximate the surface

energy of solids by computing contributions given from dispersion and dipole-hydrogen bonding

forces can be used [35]. This approach is based on measurement contact angles of two or more

liquids (having known surface tension component). The method is based on the thermody-

namic wetting equation, which is expressed in function of four parameters given by the Young’s

equation:

γLG cos θ = γSG − γSL − πe (4.19)

where γLG, γSG and γSL are the surface energies of liquid-vapour, solid-vapour and solid-liquid

respectively, and πe is the equilibrium pressure of adsorbed vapor of the liquid on the solid. Only

the values of γLG and θ are determined by direct experiments. However, in order to predict the

adhesion of polymers, it is essential to determine γSG and γSL.
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Fowkes [36] suggested that the total surface free energy is given by the sum of different

intermolecular forces at the surface interface (attractive forces). Thus, the surface free energy

of the liquid and of the surface could be written as:

γLG = γdL + γpL (4.20)

γSG = γdS + γpS (4.21)

where the indeces d and p refer to the dispersion and hydrogen bonding (i.e. polar) force

components. The use of the more general index S instead of SG assumes that the vapor

pressure of the solid is negligible. Furthermore, it is assumed that πe = 0 and

γSL = γSG + γLG − 2
√
γdSγ

d
L − 2

√
γpSγ

p
L (4.22)

By substituting Equation 4.22 in Equation 4.19:

1 + cos θ = 2
√
γdS
(√γdL
γLG

)
+ 2
√
γpS
(√γpL
γLG

)
(4.23)

The above equation can be rewritten as:
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γLG(1 + cos θ)

2
√
γdL

=
√
γpS
(√γpL

γdL

)
+
√
γdS (4.24)

Equation 4.24 corresponds to the equation of a straight line:

y = mx+ b (4.25)

To determine the solid-air surface energy of the silane-functionalized track, water and ethy-

lene glycol are used as the two probe liquids and their contact angles are measured, which are

equal to 66.88°± 2.04°and 38.82°± 3.92°, respectively (represented in Figure 33). Furthermore,

the values γdL, γ
p
L and γLV are known for both liquids [35].
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TABLE II: CHARACTERISTIC VALUES OF θ, γdL, γ
p
L AND γLV OF WATER AND ETHY-

LENE GLYCOL

Water Ethylene Glycol
θ 66 ° 38 °

γdL
mN
m 21.8 29

γpL
mN
m 51 19

γLG
mN
m 72.8 48

Figure 33: Static contact angles on amine-functionalized substrate for (a) water and (b) ethylene

glycol droplets. The black bar at the top denotes denotes 1 mm.
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By substituting the known values of Table II into Equation 4.24, a system of two equations

with two unknowns (γdS and γpS) is obtained. The system is solved by calculating the slope m

and the intersection b of the straight line with the y axis (Figure 34).

Figure 34: Straight line that describes Equation 4.24. The two points represented on the plot

are the values corresponding to water and ethylene glycol. The slope of the straight line and its

intersection with the y axis are respectively
√
γpS and

√
γdS .
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By knowing the value of m and b, γdS , γ
p
S are computed (γdS ≈ 21.50mNm , γpS ≈ 16.50mNm ).

The sum of these two contributions (dispersion and hydrogen adhesion forces) gives a reasonable

approximation of the total solid surface energy: γSG ≈ 38mNm . The surface tension solid-liquid

for the amine-functionalized surface is computed with Young’s equation: γLSphilic
≈ 7.23mNm .

Since γLG > γLSphilic
, Equation 4.18 is satisfied only if x2 > x1. Therefore, the liquid front

has to spread further in the hydrophilic amine-functionalized axial track. This energy analysis

approach then justifies the behavior observed in Figure 27 and Figure 28.

4.3 Standard Curve

Once the working mechanism and the optimization of the design was analyzed, we could be-

gin testing protein detection efficacy of the device. The BCA allows the determination of total

concentration of proteins in a solution (generally ranges from 0.5 µg/mL to 2 mg/mL). In this

method, the total concentration of proteins is expressed by a color change of the BCA reagent

from green to purple with a color intensity proportional to the concentration. To estimate the

protein concentration of an unknown sample, a standard curve characteristic of the proteins to

be analyzed needs to be used. The standard curve is a graph used as a quantitative research

technique and it is represented by making several dilutions of one known concentration of the

proteins. The data of these concentrations are plotted as a function of an assay measurable,

which is generally represented by the light absorbance of the reagent which is usually evaluated

by means of spectrometer. Subsequently, the concentration of unknown samples is evaluated

by interpolation of points that belong to that generated standard curve. Thus, to interpret the
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absorbance of the unknown substance, it is necessary to locate the measurement on the Y-axis

(light absorbance) and to follow a line to intersect the standard curve. The corresponding value

on the X-axis coincides to the concentration of antigens in the unknown sample. Typically, a

standard curve has a sigmoidal behavior in which the greater is the absorbance, the higher is

the protein concentration.

In order to construct the standard curve in this work, the followed procedure is performed:

• The device is made by patterning a silane-functionalized axial track located between two

symmetric superhydrophilic tracks, where the axial and superhydrophilic tracks are laid

on a superhydrophobic background.

• Five samples with varying concentration of proteins (BSA) are prepared (0.2 mg/mL, 0.4

mg/mL, 0.6 mg/mL, 0.8 mg/mL, and 1 mg/mL).

• 80 µL of each solution made in the previous step are then dispensed on five different tracks

(see Figure 35-a). Thus, on each of the five substrates there is a solution with a different

concentration of proteins. Afterward, the five substrates (with the liquid on the tracks)

are incubated for 1 hour at 37 °C.

• The tracks are washed 3 times, each with 2 mL of DIW (via pipetting) in order to remove all

the unbound proteins (Figure 35-b). In particular, the water is dispensed at the narrowest

edge of the track and it is transported to the end of the track, where a tissue (Kimtech

Science™ Kimwipes™) soaks up the liquid transported (DI water + unbound proteins). At

each washing the tissue is changed and other 2 mL of DIW is dispensed in a similar.
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• The working reagent is prepared by mixing 50 parts of BCA reagent A with 1 part of BCA

reagent B (50:1, Reagent A,B). The color of the solution is green at this point. 160 µL of

this solution is dispensed at the beginning of the track and transported to cover all the

transport and detection region of each substrate(Figure 37-a).

• The five substrates with the BCA reagent (different concentrations between substrates)

are incubated for 30 minutes at 37 °C. A color change is produced (green to purple) if

BSA proteins are present on the substrate. The intensity of the color is proportional to

the concentration of the antigens in the solution (Figure 37-b).

• After 30 min of incubation, 100 µL of solution are removed from each substrate by means

of a pipette and dispensed onto the well of the microplates. Thus, these five wells of the

microplates are filled by an known different concentration of proteins.

• The microplates are positioned onto a plate reader which determines the absorbance of

each unknown solution. The absorbance frequency is set to the maximum value (Amax)

of the BCA reagent (562 nm).
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Figure 35: (a) Transport of BSA proteins and DI water. The total dispensing volume is 80 µL.

(B) Tracks are washed three times to remove unbound proteins (each with 2 mL of DI water)

and a tissue at the end of the tracks soaks up the liquid.
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Figure 36: (a) 160 µL of green BCA reagent is dispensed at the beginning of the track and

transported to cover all the transport and detection region of each substrate. (b) The color

of the reagent changes due to the presence of the proteins and its intensity is proportional to

the concentration. Notice that as the concentration of added BSA bound to the axial track

increases, so does to intensity of the purple color.
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Figure 37: 100 µL of solution are removed from each substrate by means of a pipette and

dispensed onto the well of the microplates.

The standard curve is generated by graphing the absorbance for each sample obtained from

the above steps (y-axis) as a function of the standard concentration of proteins (x-axis) (Fig-

ure 38).
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Figure 38: Standard curve for BCA assay. The absorbance (562 nm) is plotted in function of

the BSA concentration.

The results expressed in the graph showed the expected behavior characteristic of a standard

curve: the higher is the absorbance, the higher is the concentration of the proteins.



CHAPTER 5

CONCLUSION AND FUTURE WORK

In the present work, a device for the detection of proteins has been developed. The detec-

tion technique used to quantify the concentration of proteins is the bicinchoninic acid (BCA)

assay. A solution of proteins (bovine serum albumin, or BSA) and DI water is transported on

dedicated wedge-shaped transport tracks and the solution ultimately wets a detection region.

Here, some BSA proteins attach to the surface, which has been previously functionalized with an

aminosilane (APTES). Silane functionalization is necessary to immobilize BSA proteins to the

surface of the detection zone. After transporting the BSA solution, all other unbound proteins

are removed by performing several washings with DI water. Afterward, BCA reagent is added

to the detection zone and its color changes from green to purple if BSA proteins are present on

the surface. The color intensity is directly proportional to the concentration of antigens. Poly-

carbonate was used as the device since this material allows for a transparent detection zone,

a property which is essential for the quantification of the color intensity under a fluorescence

microscope.

The transport region of the device is made by patterning a specific spatial wettability con-

trast (wedge-shaped), which allows a spontaneous pumpless transport of a liquid. Different

designs are considered, and the most suitable design for the purpose of this work relies on a

silane-functionalized axial track located between two symmetric superhydrophilic tracks, where

92
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the axial and superhydrophilic tracks are laid on a superhydrophobic background. The geom-

etry of this design (e.g. track angles) is optimized in order to obtain the complete coverage of

the detection zone, while minimizing the volume of liquid needed for complete coverage. The

optimal angles for the s-philic tracks, α, and silane-functionalized axial track, β, are α = 5°,

and β = 6°, respectively.

After design optimization, a “standard curve" is generated in order to make evaluations of

an unknown concentration of proteins dispensed on the track possible. A standard curve is a

graph representing BCA reagent absorbance as a function of protein concentration. The stan-

dard curve is generated by analyzing the color intensity produced by the BCA reagent when it

reacted with a known concentration of BSA proteins. The curve is generally sigmoidal: higher

intensity generally correlated with higher protein concentration.

Since the results obtained in this work successfully showed the expected behavior character-

istic of a standard curve, the proposed device should be employed in the analysis of human skin

oil. The BCA technique (employed in this work) has been used only as a proof of concept for the

enzyme-linked immunosorbent assay (ELISA). This was done as a preliminary step due to the

complexity, sample fabrication time, and high cost of samples associated with variations of the

ELISA technique. The ELISA method generally consists on the immobilization of an antigen

on a solid surface, that subsequently pairs with an antibody linked to an enzyme. Detection is

achieved by making the conjugated enzyme react with a substrate to produce a fluorescence,
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and the fluorescence is then analyzed under the inverted fluorescence microscope. However,

there are different type of ELISA techniques: direct, indirect, sandwich, or competitive. The

most effective and common type is the sandwich assay (Figure 39), whose name is due to the

fact that the protein of interest is bonded between two primary antibodies (A and C), where

one is immobilized by a functionalized surface and the other one is linked to the protein (B).

The detection antibody (D), connected to the primary antibody (C), is linked to an enzyme

(E) which reacts with the substrate (F) to produce the fluorescence. This type of ELISA is the

optimal solution for the detection of proteins contained in the human skin oil because of its

improved robustness and sensitivity compared to the other methods. Thus, it could be adopted

for the future implementation of the device.
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Figure 39: Relevant steps of ELISA Sandwich: the primary antibody (A) is immobilized by the

functionalized surface. The protein of interest (B) is bonded between two primary antibodies

(A and C). Then, the detection antibody (D), connected to the primary antibody (C), is linked

to an enzyme (E) which reacts with the substrate (F) to produce the fluorescence.

ELISA is typically performed using a kit with 96-well plates in polystyrene, which passively

bind antibodies or proteins. The bottom surface of the well is functionalized, and consequently

it is able to immobilize antibodies or proteins (depending on the procedure). In this case,

instead of performing the ELISA on microplates, the proposed open-surface device with a specific

wettability patterning and a detection functionalized region has to be employed.
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The ELISA assay provides two different type of outcome:

• Quantitative: A known concentration of antigen is used to generate a standard curve:

a graph representing the protein concentration as a function of the optical fluorescence

(sigmoidal curve). By analyzing the fluorescence produced by an unknown sample, the

concentration of proteins on this sample can be determined with linear interpolation be-

tween two points on the standard curve. If the ELISA is performed with well microplates,

the fluorescence is determined by using a typical ELISA plate reader. On the other hand,

if the microplates are not used, different techniques, such as the fluorescence microscope

can be used.

• Qualitative: ELISA results indicate only whether an antigen is present in the specific

sample or not. This can be done by comparing the given sample fluorescence with the one

produced by a sample in which that protein is not present.

Furthermore, the ELISA techniques harness the specificity of proteins. In nature, there are

different types of antigens and antibodies, and each antibody is only able to bind to its re-

spective antigen, where the chemical structure of the antibody determines the specificity of the

binding mechanism. Thus, by using a specific antibody during the ELISA assay, it is possible

to select and detect the concentration of only one type of antigen. The result is a particular

antigen-antibody complex which allows one to evaluate the concentration of that antigen within

the complex. On the other hand, the BCA technique shown in this work does not harness

this specificity, but rather detects the presence of any proteins contained in the solution. Since

human skin oil contains different types of detectable proteins, the ELISA technique must be
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employed to identify the quantity of each kind of antigens.

Moreover, all kind of proteins contained in human skin oil could be potentially detected

simultaneously by adopting a radially outward arrangement of divergent tracks to create droplets

splitting (Figure 41) device. A droplet of solvent could potentially be deposited onto a central

spot, where a membrane previously rubbed on the skin is positioned. The droplet of solvent

should extract the proteins present in the membrane, and the droplet can split (equal volumes)

among the tracks. The ELISA may be performed by selecting a specific antibody for each track.

In that way, it could be possible to evaluate the concentration of a specific protein on each track.
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Figure 40: (a) Radially outward arrangment of divergent tracks with the sample membrane

positioned at the centre. (b) Each track presents specific antibody (represented with different

colors) which binds to its respective antigen.
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Appendix A

AUTHORIZATION FOR IMAGE USED IN FIGURE 6
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Appendix B

BIOACTIVITY OF A SUPERHYDROPHILIC TRACK COMPOSED BY

TITANIUM DIOXIDE ANATASE EXPOSED TO UV LIGHT

Figure 41: (a) A substrate is made by patterning a superhydrophilic track (which is made of

titanium dioxide anatase exposed under UV light) laid in a superhydrophobic region. (b) A

solution of BSA and DI water is dispensed on the track and incubated for 1 hour at 37 ° C. The

track is washed 5 times. (c) The BCA working reagent is dispensed and incubated for 30 min

at 37 ° C. (d) The reagent changes color from green to purple, highlighting the capability of the

treated TiO2 under UV to adsorb proteins.
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