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ABSTRACT OF THE DISSERTATION

Biomedical Applications for Microfluidic Devices

by

Wen Qiao

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California, San Diego, 2013

Professor Yu-Hwa Lo, Chair

My thesis research has focused on the biomedical applications of microfluidic
devices, including accommodating liquid intraocular lens, wirelessly powered
dielectrophoresis microfluidic platform, and evaporative microarray for molecular invitro diagnosis.
In the first part, I developed an accommodating intraocular lens that can
largely improve cataract patients’ living quality by enabling patients to focus on far
distance as well as near distance. Compared to natural eyes, today’s commercially
available accommodating IOLs produce a much limited tuning range. The large

xxv

performance gap is attributed to the fundamental difference between crystalline lens
and the optic-shift IOLs in the operation principles. In the thesis we designed and
made a fluidic IOL that can change its curvature as the crystalline lens does. Both
mechanical performance and optical quality are tested under the physiological
conditions of aged eyes, promising complete restoration of vision accommodation.
In the second part, I reported the first microfluidic device integrated with a
printed RF circuit so that the device can be wirelessly powered by a
commerciallyavailable radio-frequency identification (RFID) reader. The device
eliminates the need for wire attachments and external instrument, so the operators can
use the device in essentially the same manner as they do with microscope slides. The
integrated circuit can be fabricated on a flexible plastic substrate at very low cost
using a roll-to-roll printing method. Electrical power at 13.56 MHz transmitted by a
RFID reader is inductively coupled to the printed RFIC and converted into 10V DC
(direct current) output, which provides sufficient power to drive a microfluidic device
to manipulate biological particles such as beads and proteins via the DC
dielectrophoresis (DC-DEP) effect.
In the third part, I developed a mathematical model for microarray probe/target
reaction. The analysis was based on any chemical reaction between target molecules
suspended in solution react and probes immobilized on a solid substrate, so it can be
used to analysis hybridization efficiency in genomic microarray, as well as binding
efficiency in protein microarray. The model indicated that besides diffusion, electrical
repelling force between negatively charged probe and target molecules is the main
cause for low hybridization efficiency. Based on the model, we further proposed a

xxvi

novel evaporative microarray, which can reduce the target solution thickness down to
80 μm and theoretically enrich the concentration of molecules up to 1000 fold before
target/probe chemical reaction. Preliminary data demonstrated the feasibility of
integration of evaporation with microarray using black silicon template.
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Chapter 1
Introduction
My thesis research has focused on the biomedical applications for microfluidic
devices, mainly includes the accommodating liquid intraocular lens, the wireless
powered dielectrophoresis microfluidic platform, an unified physical model for
surface reaction based biosensor, and the evaporating microarray for point-of-care
diagnosis.

1.1 The accommodating liquid intraocular lens
Cataract is one of the most common eye diseases and the main cause of
blindness. Intraocular lens (IOL), the artificial lens for the replacement of crystalline
lens in the cataract surgery, plays a vital role in restoration of patient’s vision. In the
past decade, a new type of IOL called accommodating intraocular lens has been
developed. The accommodating IOLs can largely improve patients’ living quality by
enabling patients to focus on far distance as well as near distance. Therefore, more and
more attentions are drawn from industry and academics on this field.
Compared to natural eyes, today’s commercially available accommodating
IOLs produce a much limited tuning range. The large performance gap is attributed to
the fundamental difference between crystalline lens and the optic-shift IOLs in the
operation principles. Here we designed and made a fluidic IOL that can change its
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curvature as the crystalline lens does. Both mechanical performance and optical
quality is tested under the physiological conditions of aged eyes, promising complete
restoration of vision accommodation.

1.2 The wireless powered dielectrophoresis microfluidic platform
We report the first microfluidic device integrated with a printed RF circuit so
the device can be wirelessly powered by a commercially available RFID reader. For
conventional dielectrophoresis devices, electrical wires are needed to connect the
electric components on the microchip to external equipment such as power supplies,
amplifiers, function generators, etc. Such procedure is unfamiliar to most clinicians
and pathologists who are used to work under a microscope for examination of samples
on microscope slides. The wirelessly powered device reported here eliminates the
entire need for wire attachments and external instrument so the operators can use the
device in essentially the same manner as they do with microscope slides. The
integrated circuit can be fabricated on a flexible plastic substrate at very low cost
using a roll-to-roll printing method. Electrical power at 13.56 MHz transmitted by a
radio-frequency identification (RFID) reader is inductively coupled to the printed
RFIC and converted into 10V DC (direct current) output, which provides sufficient
power to drive a microfluidic device to manipulate biological particles such as beads
and proteins via the DC dielectrophoresis (DC-DEP) effect. To our best knowledge,
this is the first wirelessly powered microfluidic dielectrophoresis device. Although the
work is preliminary, the device concept, the architecture, and the core technology are
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expected to stimulate many efforts in the future and transform the technology to a
wide range of clinical and point-of-care applications.

1.3 An unified physical model for surface reaction based biosensor
In this part, we built the first unified physical model for high sensitivity biomolecular detection in surface-based biosensors. The model treated the biosensor as a
whole system and systematically analyzed the detection sensitivity based on both the
reaction property and the transport property. This model is valid for any chemical
reactions that can be written as: 𝑇𝑎𝑟𝑔𝑒𝑡 + 𝑃𝑟𝑜𝑏𝑒 ↔ 𝑇𝑃, including protein-protein
binding, protein-ligand binding, DNA hybridization, mismatch hybridization, partial
hybridization, or even non-specific binding.
Our model suggested the chemical reaction and the transport of analytes are
intertwined in a microfluidic biosensor, so that the design of biosensor platform
should be carefully studied for each application. Form the chemical reaction point of
view, the detection sensitivity could be improved by optimizing the reaction
conditions, such as the reaction temperature and probe density. From biosensor
structure point of view, reducing the thickness of the liquid layer and the sensing area
are beneficial for high sensitivity molecular detection. This unified model can provide
guidances for any surface-based biosensor design and detection sensitivity
improvement.

1.4 The evaporating microarray for point-of-care diagnosis
Point-of-care diagnostics, or in-vitro diagnostics, prefers to minimize the time
and effort of the laboratory staff and the requirements for sophisticated instrument to
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perform tests. The analytical “targets” could be nucleic acids, proteins, metabolites,
drugs, dissolved ions or gases, human cells, and microbes. Samples can be blood,
saliva, urine, or any other body fluids or (semi) solids. A successful point-of-care
technology brings tests closer to the site of patients’ care.
Based on the physical model developed in last chapter, we proposed a novel
evaporating droplet microarray, which could reduce the thickness of the aqueous
solution from 2 mm to 0.06 mm and enrich the concentration of target molecules up to
1000 fold by evaporation. The assay is such designed that the evaporation process is
precisely controlled in terms of time and position. New protocol is developed and
preliminary data are obtained. The experimental results from biotin-streptavidin
binding and 30-bp DNA hybridization are consistent with the theoretical model. The
results further demonstrate the promise of the assay to be used for sensitive detection
of bio-molecules for point-of-care diagnosis.

Chapter 2
Accommodating fluidic intraocular
lens
Cataract is one of the most common eye diseases and the main cause of
blindness. Intraocular lens (IOL), the artificial lens for the replacement of crystalline
lens in the cataract surgery, plays a vital role in restoration of patient’s vision. In the
past decade, a new type of IOL called accommodating intraocular lens has been
developed. The accommodating IOLs can largely improve patients’ living quality by
enabling patients to focus on far distance as well as near distance. Therefore, more and
more attentions are drawn from industry and academics on this field.
Compared to natural eyes, today’s commercially available accommodating
IOLs produce a much limited tuning range. The large performance gap is attributed to
the fundamental difference between crystalline lens and the optic-shift IOLs in the
operation principles. Here we designed and made a fluidic IOL that can change its
curvature as the crystalline lens does. Both mechanical performance and optical
quality is tested under the physiological conditions of aged eyes, promising complete
restoration of vision accommodation.
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2.1 Introduction
2.1.1 human eye and crystalline lens
A human eye is the organ of vision. As the primary sense of human, vision
provides approximately 80% of all the information we receive about the world. A
cornea, an iris and a crystalline lens form an optical system to bend light and create an
image on a retina, the receptor of the eye to send signals to the brain (Figure 2-1). The
dimensions differ among adult eye by only one or two millimeters. The typical adult
eye has an anterior to posterior diameter of 24 millimeters, a volume of six cubic
centimeters (0.4 cu. in.), and a mass of 7.5 grams (weight of 0.25 oz.) [1].

Figure 2-1: The structure of human eye

In this elegant optical system, the crystalline lens acts as one of the most
important refractive media. The lens not only contributes one-third of total power, but
also adjusts the focal distance of the eye so that clear images can be formed on the
retina. The diameter of the lens is 9 mm. The lens is suspended around the equator by
ciliary muscle through zonules.
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2.1.2 Accommodation
Accommodation is the process by which eye changes its optical power to
maintain a clear image or focus on an object as the object distance varies. Although
there are many explanations of the mechanism of accommodation, the most widely
held theory is proposed by Hermann von Helmholtz in 1855. During accommodation,
the ciliary muscle contracts decreasing the tension of the zonules. The crystalline lens
and the capsular bag round up and the optical power increases. Conversely, to focus
on far distances, the ciliary muscle relaxes increasing the equatorial circumlenticular
space as well as the tension of the zonules (Figure 2-2). The crystalline lens is
stretched into a longer and thinner shape. The change of equatorial diameter of the bag
varies from 1 mm for a 21-year old lens to 0.5 mm for a 41-year old lens [2, 3].

Figure 2-2: The accommodation of crystaline lens

The amplitude of accommodation can be measured by the near distance lr and
far distance lp:

8

A=

1 1
−
lr l p
Equation 2-1

The thickness, surface curvature and hardness of the crystalline lens increase
with age, resulting in an almost complete reduction of the accommodation capability.
Figure 2-3 showed the relationship between age and the amplitude of accommodation.
A 10 year old child has an accommodation range of 14 D, while a 40-year old eye has
4 D tuning ability. At the age of 70, the accommodation capability is nearly
completely lost. The 1 D tuning range comes from depth of focus[4, 5].

Figure 2-3: The tuning range of human eye in the function of age

2.1.3 Cataract and the treatment
According to World Health Organization (WHO), there were 37 million blind
people in 2002, among whom the blindness of 18 million people is caused by agerelated cataract. Responsible for 48% blindness, cataract is a main cause impacting
human health. Cataract is developed when yellow-brown pigment is deposited within
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the lens and this, together with disruption of the normal architecture of the lens fibers,
leads to reduced transmission of light (Figure 2-4 and Figure 2-5).

Figure 2-4: The crystaline lens turns white in cataract patient's eye

(a)

(b)

Figure 2-5: Cataract patient experiences a decreased vision: (a) healthy eye; (b) the
eye of a cataract patient
Fortunately, cataract patients can be cured by appropriate cataract operation,
during which the cloudy lens is removed from the capsular bag and a synthetic lens,
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also known as intraocular lens (IOL), is inserted. Accommodating IOL, which can
change its optical focusing power so that objects may be seen near and far, is the trend
of the development of IOL because it will overcome many optical compromises with
multifocal IOLs and enhance tuning ability for various tasks in daily life, such as
driving and reading.
An effective accommodating IOL should enable clear vision of far objects like
road signs as well as near objects like newspapers and computer screens.
Unfortunately, after the surgery, both the zonules, which connect the capsular bag and
the ciliary muscle and the capsular bag itself becomes more brittle. So an ideal
accommodating IOL should require a less amount of muscle force to achieve the same
accommodation range as a crystalline lens of a healthy eye.
2.1.4 State-of-the-art of accommodating intraocular lens
Compared to natural eyes, today’s commercially available accommodating
IOLs produce a much limited tuning range[6].
CrystaLens from Eyeonics is single-element IOLs, which provide tuning
capability by moving forward and backward along axis in the capsular bag when the
ciliary muscle constract (Figure 2-6). It is the first FDA-approved accommodating
intraocular lens, consisting of a silicone body with bi-convex optic, and two plate
haptics with an anterior groove close to the optic junction (hinge) and a pair of
laterally extending polyimide eyelets at their ends. The long-axis length is 10.5 mm
and the refractive index is 1.43. The theoretical maximum tuning range is single optic
IOL is 1.9 D[7].
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Figure 2-6: The CrystaLens by Eyeonics

To improve the accommodation capability, a dual-optic accommodating IOL is
developed by Visiogen[8, 9]. The anterior (front) portion and posterior (back) portion
meet at the apices of the intraocular lens. When forces are applied, the separation
between the anterior portion and the posterior portion of the lens changes. The change
in lens spacing results in a change of the lens power following the simple relation:
Ф = Ф! + Ф! − 𝑑Ф! Ф!
Equation 2-2
where Ф! , Ф! , Ф represent the powers of the anterior, posterior, and the entire IOL,
respectively; and d is the distance between the anterior lens and the posterior lens.
For a dual-optic IOL with a front lens of +32 D and a rear lens of −12 D, an
increase in distance from 0.5 mm to 1.5 mm would result in an increase in power of
2.2 D, which could be about twice as much as achieved with a single-optic design
(Figure 2-7)[10, 11]. However, it is still significantly smaller than the accommodating
range of young, healthy eye (typically 8-14 dioptres)[12]. The large performance gap
is attributed to the fundamental difference between crystalline lens and the optic-shift
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IOLs in the operation principles. The optic-shift IOLs alter the focal distance by
moving the lens along the optical axis. Unlike human-made optics, humans change
their focal distance by altering the lens curvature[13].

Figure 2-7: The working principle of two elements optic-shift IOL; (a) unaccommodated state; (b) accommodated state

FluidVision IOL from PowerVision changes optical power by changing the
surface curvature (Figure 2-8)[14]. The implanted lens has a rigid shell with two
separate fluidic compartments separated by a flexible transparent membrane. The front
and rear chambers are filled with fluids of different refractive indices. The rear
chamber is attached to the haptics. During accommodation, the capsular bag twists the
haptics, resulting in a volume change of the rear chamber as well as a pressure
difference between rear and front chambers. The difference in fluidic pressure causes
bending of the dividing elastic membrane and a change of the resulting lens power.
The selection of bio-material is limited for the reason of refractive index matching of
the polymeric components with fluid.
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Figure 2-8: FluidVision by PowerVision

The DynaCurve (NuLens Ltd., Herzliya Pituah, Israel) is an out-of-the-bag
IOL, based instead in the sulcus (Figure 2-9)[15]. The DynaCurve lens is made of a
flexible silicon gel that uses the eye’s own muscles to push against the lens. The
piston, moved by ciliary muscle force, pushed the gel through a small aperture to form
a bulge that functions as a lens. This change in shape increases or decreases the power
of the IOL accordingly. The lens has been implanted in more than 50 patients,
achieving 6.00 to 8.00 D of accommodative range (Figure 2-10). Because of the rigid
component in the design, a big challenge for the DynaCurve IOL would be how to go
through a 3mm incision during eye surgery[16].
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Figure 2-9: The photo of Nulens

Figure 2-10: The working principle of Nulens

To conclude, changing the radius curvature of the IOL as natural eye is a much
more efficient way of achieving accommodation than optic-shift accommodating
method[6, 17].

2.2 The fluidic intraocular lens structure and operation
Here we designed a fluidic lens for an accommodating IOL, the shape of which
can be changed by ciliary muscle contract.
The structure of the bio-inspired fluidic IOL is shown schematically in Figure
2-11. The spherical periphery defines the equator of the IOL[18]. The device has two
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membranes each bonded to the support ring and to each other to form a lens chamber
and a surrounding chamber, i.e. equatorial chamber. The membranes and the support
ring are made of Polydimethylsiloxane (PDMS) because of its desirable optical and
mechanical properties and bio-compatibility. The ring defines the circularity of the
lens and has a wall thickness of 1 mm and a width of 2 mm. On the side wall of the
ring there are 8 through holes connecting the equatorial reservoir to the lens chamber.
An additional channel that is tilted to connect the lens chamber to the top surface is
formed for optical fluid injection. The membrane/fluid combination is chosen such
that no detectable fluid permeation will occur. To a significant extent, the optical fluid
determines the IOL’s properties such as UV absorbance, weight, and light
transmittance. For aged eyes with thickened capsular bag, a fluid of higher refractive
index than the crystalline lens is needed to achieve the desired amount of
accommodation. Therefore, we have chosen a high index (1.57) optical fluid as the
lens fluid for the IOL.

Figure 2-11: The structure of bio-inspired fluidic IOL, consisting of a support ring, a
lens chamber and a reservoir. Fluid can be exchanged between these two chambers via
8 channels in the support ring.
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As illustrated in Figure 2-12(a-b) for the cross section of the fluidic IOL, the
equatorial diameter of the fluidic IOL is slightly larger than the equator of the capsular
bag. When implanted into the capsular bag, the fluidic IOL is compressed and fixed by
the radial tension. This compression inflates the membranes to form optical power
needed to focus on far objects in a muscle-relaxed state. In the accommodation
process, as explained by Helmholtz (figure 2-12c), the contraction of ciliary muscle
relaxes the zonules and the built-in stress in the capsular bag compresses the equator
of fluidic IOL radially, forcing the optical fluid to move from the equatorial chamber
to the lens chamber, and subsequently pushing the membranes outward to increase the
lens curvature[19].

Figure 2-12: The working principle of the bio-inspired fluidic IOL. (a) the fluidic IOL
before insertion; (b) the fluidic IOL after insertion where the lens is focused on far
objects; (c) the fluidic IOL is accommodated to focus on near objects.

Figure 2-13 shows the assembly of the device. Two membranes and a lens
ring were fabricated beforehand (Figure 2-13-a,b). The membrane thickness is
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between 30-50 µm, and is made by spin coating technique (1500 rpm for 30 seconds).
In order to assure high circularity, a precision acrylic mold was machined to mold the
PDMS (Sylgard 184, Dow Corning) lens ring. On the side wall of the lens ring, 8
channels and a fluidic inlet were carefully punched by needles (see Figure 2-13-b).
Following the fabrication of membranes and support ring, the two membranes and the
ring were UV-ozone treated and bonded to form the equatorial chamber and the lens
chamber. In the fluid filling process, both the device and the syringe were placed
inside a vacuum chamber to facilitate the escape of air. Finally, the injection channel
was plugged by a small pin.

Figure 2-13: Fabrication process of fluidic IOL. (a) membrane prepapration; (b)
support ring preparation; (c) bonding of membranes and support ring; (d) the device is
filled with optical fluid by vacuum; (e) a pin is inserted to seal the IOL.

2.3 Mechanical performance of IOL
2.3.1 Density of IOL
The density of the fluidic IOL was calculated by the following equation:
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ρ IOL − ρ water mwater
=
ρ IOL
mair
Equation 2-3
where ρ water is the density of water; m!"#$% is the weight of IOL immersed in water;
m!"# is the weight of IOL measured in air. The weight of IOL measured in water and in
air is 22mg and 203mg, respectively. So the density of IOL, ρ IOL , is calculated to be
1.12 g/cm3, similar to the density of aqueous humor as well as currently available
IOLs [20]. Therefore, gravity-induced lens distortion is expected to be negligible.
2.3.2 Surface roughness of IOL
The surface roughness of the fluidic IOL were measured using an optical
interferometer (NT1100, Veeco). The root-mean-square value of the surface roughness
was 2.90 nm as shown in Figure 2-14. For a direct comparison, the current IOLs have
surface roughness between 3.8 nm and 7.0 nm [21]. Studies have indicated that a
smoother hydrophobic surface can decrease the number of adherent cells and the
chance of inflammatory cell reaction associated with intraocular inflammation [22].

Figure 2-14: The surface smoothness measurement
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2.3.3 Actuator simulating the capsular bag
To characterize the fluidic IOL’s behavior during the accommodation process
of natural eye, a mechanical model that simulates the properties of “capsular bag” was
fabricated (Figure 2-15). The model has an actuator that can apply equatorial
compression to the fluidic IOL in a similar manner to the capsular bag. As shown in
Figure 2-15, a cylindrical cavity with a diameter of 12 mm is formed in the acrylic
“capsular bag” to hold the fluidic IOL under test. A through hole is drilled at the
center for the surface profile measurement of the fluidic IOL. To change the equatorial
diameter of the fluidic IOL, a thin acrylic band is placed against the wall of the IOL
cavity to surround the equator of the fluidic IOL. One end of the acrylic band is fixed
to the wall of the cavity, while the other end of the band can be pulled to decrease the
diameter of the circle, and subsequently the equatorial radius of the IOL.

This

simulates the radial compression applied to the IOL by the capsular bag during
accommodation.

Figure 2-15: The structure of actuator simulating the capsular bag
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2.3.4 Mechanical performance during accommodation
To measure the accommodation range of the fluidic IOL, a micrometer was
connected to the thin acrylic band to quantify the change of the equatorial diameter
(Figure 2-16) By tuning the micrometer, the band was pulled by a certain distance and
the equatorial of the lens was compressed, yielding a larger curvature of the fluidic
IOL. An interferometer was used to measure the curvature of the IOL. The measured
results showed that the fluidic IOL achieved 12 D accommodation with a 0.286 mm
change of the equatorial radius. In comparison, the accommodation range obtained
from an optic-shift IOL is less than 2.5 D in the same condition[23].

Figure 2-16: The diagrame of the applied force measurement

The force needed for accommodation of the fluidic IOL was tested by
connecting the actuator that controls the IOL to a strain gauge (Figure 2-17). Figure 5
shows the dependence of accommodation range of the fluidic IOL on the applied
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forces. Again, an accommodation range of 12 D was achieved with 6 grams of force
and a 0.286 mm change in the radius of equator (Figure 2-18). The nonlinear relation
between the optical power and the applied force is partially due to the hyper-elastic
characteristics of the membrane material.

Figure 2-17: The diagrame of the applied force measurement

For a direct comparison, a theoretical model showed a 29-year-old eye can
achieve 8 D accommodation with 8 grams of force and a 0.29 mm change in the
equatorial radius [24, 25]. Therefore, the fluidic IOL can produce the same
performance as a young eye under the modest muscle force and limited equatorial
radius change an old eye is capable of.
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Figure 2-18: The dependence of accommodation on muscle force for a bio-inspired
fluidic IOL

2.4 The Optical quality of IOL
2.4.1 Liou and Brennan’s eye model
The Liou and Brennan’s eye model was adopted to theoretically investigate the
optical performance of fluidic IOL [26].
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Figure 2-19: Schematic of a pseudoaphakic eye based on Liou and Brennan's model
eye (top view). (a) with plano-convex fluidic IOL; (b) with bi-convex fluidic IOL

Established in 1997, Liou and Brennan’s eye model is widely used in optical
performance evaluation of intraocular lens. Although the geometry of human eye
changes when aging, the eye model adopted parameters from a typical 45-year old
eye. The optical power is 60.35D, with an effective length of 23.95mm. The corneal
lens has radii of curvature of 7.77 mm for the anterior (front) surface and 6.40 mm for
the posterior (rear) surface. The refractive index of the corneal lens is 1.376 at the
wavelength of 555 nm, which is the peak of the photopic curve. The pupil is modeled
as a circular aperture stop on the front surface of the crystalline lens with its center
offset by 0.5 mm nasally from the optical axis. The angle between the optical axis and
the visual axis is 5°. The refractive indices of aqueous and vitreous humors are 1.336.
The refractive gradient of crystalline lens is modeled by
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n( w, z ) = n00 + n01 z + n02 z 2 + n10 w 2

Equation 2-4
where z is the direction of optical axis; w is the radius direction perpendicular to the z
direction (w = x ! + y ! ); n00 , n01 , n02 , and n10 n!" is the coefficient value when the
lens is focused at infinity. Their values are listed in table 2-2.

Table 2-1: The parameters used in eye model
Surface

Radius

Asphericity

Thickness

N @ 555 nm

1

7.77

-0.18

0.50

1.376

2

6.40

-0.60

3.16

1.336

3(pupil)

12.40

-0.94

1.59

Grad A

4

Infinity

-

2.43

Grad P

5

-8.10

+0.96

16.27

1.336

Image

-11.00

0

0

-

Table 2-2: The coefficenty value of refractive index gradient
n!!

n!"

n!"

n!"

Grad A

1.368

0.049057

－0.015427

－0.001978

Grad P

1.407

0.000000

－0.006605

－0.001978

A ray tracing program (Code V) is used to calculate the resolution, distortion,
and other relevant properties. To simulate the effects of fluidic IOL, the lens in Liou
and Brennan’s eye model is replaced by the fluidic lens.
Two fluidic IOL structures have been modeled using ray tracing, a planoconvex lens and a bi-convex lens. In the case of plano-convex fluidic IOL in Figure 2-
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19, the eye can form an image of an object from infinity to 11 cm in front of the
cornea. The effective focal length of the eye changes from 22.0 mm to 19.6 mm, as
object is moved from infinity to 11 cm. The equivalent accommodation is 7.4 D,
which is the same value as the eyes of young adults. We also simulate the performance
of pseudoaphakic eye with an implanted bi-convex fluidic lens. The optical fluid
(refractive index of 1.46) is sandwiched between two 0.3 mm deformable membranes.
These two membranes are designed such that they have the same surface profile. By
changing the curvature of both membranes simultaneously, the effective focal length
varies from 21.8 mm to 15.6 mm, corresponding to a change of object distance from
infinity to as close as 4 cm. The equivalent accommodative range is as much as 24.4
D. In this fashion, the eye is endowed with superhuman vision.
One of the most effective approaches to evaluate the performance of an optical
system is to calculate its modulation-transfer-function curves. The averages of sagittal
and tangential MTF curves for the model eye with fluidic accommodative IOL are
shown in figure 2 and 3. The on-axis (i.e. at fovea) (MTF) curves, which are focused
at infinity and 25cm respectively, are compared with Liou and Brennan’s eye model
(Figure 2-20). The off-axis MTFs (5 degrees object angle from the fovea) in both
horizontal and vertical planes are presented as well (Figure 2-21). All the MTF curves
are simulated at wavelengths of 475, 555 and 625 nm in a weighting factor ratio of
1:2:1 and with an object distance of infinity. The superior performance of fluidic IOL
is partly attributed to its larger refractive index of the fluid. The results show that
fluidic IOL in pseudoaphakic eye can give equivalent optical performance to human
eye.
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Figure 2-20: On-axis polychromatic MTFs of fluidic IOL with pseudoaphakic eye for
a 3 mm pupil calculated with horizontal gratings, compared with results from Liou &
Brennan model eye with same parameters

Figure 2-21: Off-axis MTF of fluidic IOL with pseudoaphakic eye in the horizontal
and vertical planes
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2.4.2 IOL in physical eye model
To experimentally evaluate the optical performance and to record the images, a
scaled-up eye model is constructed (Figure 2-22) to simulate the eye optics and a 2
million pixel CMOS sensor is used to simulate the retina. The output of the CMOS
sensor is displayed on the computer screen and digitally recorded for visualization and
further analysis. Behind the plano-convex corneal lens is a bi-convex lens, which is
later on replaced with the fluidic lens to evaluate the image quality and range of
accommodation. A 5 mm diameter pupil and an infrared filter are inserted between the
cornea and the lens. The experimental eye model is filled with water. A 45-degree
mirror folds the light path towards the CMOS image sensor, which is placed right
above water to acquire data at the equivalent position of the fovea. The pixel size of
the sensor is 3.18 µm × 3.18 µm. The near point of the experimental eye model is
defined to be 45 cm. At this distance, the eye model shows a resolution of 0.07 mm,
corresponding to the same resolution as the near point of 25 cm for emmetropia eye
with normal visual acuity (i.e. one arc minute). After finishing the optical quality
evaluation of the eye model, the fixed bi-convex lens is replaced with a plano-convex
fluidic IOL. When changing the curvature of the fluidic IOL, a well focused image can
be formed from one half of the near distance (22.5 cm) to infinity. Since one half of
the near point in the experiment is equivalent to 12.5 cm for emmetropia eye, the
experimental eye model can achieve a subject accommodation range of 8 D. Taking
pseudo-accommodation (i.e. accommodation caused by the influence of depth of field)
into consideration, the real tuning range of effective focal length is a bit smaller than
subject accommodation range.
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Figure 2-22: Structure of experimental pseudoaphakic eye with a plano-convex fluidic
IOL.

Figure 2-23 and Figure 2-24 are taken with the aforementioned pseudoaphakic
eye model using a plano-convex fluidic IOL. Figure 2-23(a) shows the image of a
1951 U.S. Air Force (USAF) target obtained using the eye model with a fluidic IOL.
A resolution of 0.04 mm at an object distance of 25 cm has been achieved. This is
about twice the resolution of an emmetropia eye, which can resolve 0.04 mm features
from a distance of 13 cm. The eye chart shown in Figure 2-23(b) has been resized
following the calibration chart and placed at 3.7m from the corneal lens. The result
demonstrates that the pseudoaphakic eye model with fluidic IOL has a visual acuity
better than 20/20 (i.e. one minute of arc) at 3.7 m. The device can focus on infinity as
well. Figure 2-24 shows fruits and green beans at 3.7 m and 45 cm, respectively. The
results demonstrate a 4 D tuning range of fluidic IOL. However, due to the scaled up
structure, spherical shape of the corneal lens, and additional chromatic dispersion
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caused from the water-air interface, the performance of the experimental eye model is
slightly worse than the simulation results. Nevertheless, the experiment proves the
working principle of fluidic IOL, showing reasonably high image quality and
demonstrating the wide accommodation range comparable with, or superior to, the
eyes of young adults[27, 28].

Figure 2-23: Pictures taken by pseudoaphakic eye with a fluidic IOL. (a) 1951 USAF
target (Edmund Optics) is placed at 25 cm away. (b) Resized eye chart at a distance of
3.7 m.

Figure 2-24: (a) Image of still fruits 3.8 m away from the pseudoaphakic eye. (b)
Image of green beans 45 cm away from the pseudoaphakic eye.
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Chapter 3
Wirelessly powered microchip using
printable RF circuits
We report the first microfluidic device integrated with a printed RF circuit so
the device can be wirelessly powered by a commercially available RFID reader. For
conventional dielectrophoresis devices, electrical wires are needed to connect the
electric components on the microchip to external equipment such as power supplies,
amplifiers, function generators, etc. Such procedure is unfamiliar to most clinicians
and pathologists who are used to work under a microscope for examination of samples
on microscope slides. The wirelessly powered device reported here eliminates the
entire need for wire attachments and external instrument so the operators can use the
device in essentially the same manner as they do with microscope slides. The
integrated circuit can be fabricated on a flexible plastic substrate at very low cost
using a roll-to-roll printing method. Electrical power at 13.56 MHz transmitted by a
radio-frequency identification (RFID) reader is inductively coupled to the printed
RFIC and converted into 10V DC (direct current) output, which provides sufficient
power to drive a microfluidic device to manipulate biological particles such as beads
and proteins via the DC dielectrophoresis (DC-DEP) effect. To our best knowledge,

33

34
this is the first wirelessly powered microfluidic dielectrophoresis device. Although the
work is preliminary, the device concept, the architecture, and the core technology are
expected to stimulate many efforts in the future and transform the technology to a
wide range of clinical and point-of-care applications.

3.1 Introduction
Over the past decade, one of the most fruitful investigations in the lab-on-achip area is the interaction between the suspended biological particles and the electric
field. Besides using electrical current to heat the sample in miniaturized PCR
systems[1-3], researchers have extensively explored the electrophoresis (EP) and
dielectrophoresis (DEP) effects to manipulate biological objects such as cells,
functionalized beads, and biomolecules. As a result of these investigations, a large
variety of lab-on-a-chip designs have been demonstrated, including microcapillary
electrophoresis,[4-6] microfluidic free-flow electrophoresis (FFE),[7] free-flow zone
electrophoresis (FFZE),[8-10] free-flow isoelectric focusing (FFIEF),[11, 12] freeflow isotachophoresis (FFITP)[13], and free-flow field step electrophoresis (FFFSE),
to name a few.

Using these mechanisms together with microfluidic technologies,

research groups over the world have fabricated micro- and nano-scaled arrays to
demonstrate many functionalities such as detection, sorting, assembly and monitoring
of mammalian cells,[14-16] microbeads,[17, 18] bacteria,[19] immunoassay,[20]
proteins,[21] DNAs,[22, 23] etc. The microchip-based electrophoresis and
dielectrophoresis technology becomes attractive because of its compact size, parallel
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architecture, and low cost, which promises higher throughput, faster results, and
considerable reduction in the amount of reagents and biohazardous waste.
In spite of the great promise of the technology based on the interplay of
suspended biological particles and the electric field, there exist hurdles for the
acceptance of the technology for clinical applications such as digital pathology and
point-of-care diagnosis. Perhaps the biggest hurdle to the technology acceptance by
clinicians is the requirement for connecting multiple electrical wires between the test
sample and electronic instruments and figuring out the appropriate operation
conditions, a practice that is uncommon and unfamiliar to today’s clinicians.
That said, there has been little effort to remove this hurdle. Among all the
published works dealing with electrophoresis or dielectrophoresis effect, the only
electronic components on the microfluidic devices are passive electrodes. No active
devices or integrated circuits have been integrated with microfluidic lab-on-a-chip
devices. Although people have figured out the processes to form electrodes on a
microfluidic device and seal the electric contacts to prevent fluid leakage and
electrical short circuit, no methods have been developed to incorporate active
electronic components such as diodes, transistors, and integrated circuits (ICs) into the
lab-on-a-chip microfluidic devices. As a result, it requires users to make the electric
wire connections and to figure out the voltage, current, frequency, and phase to control
the device behaviors.
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3.2 RFID technology for microfluidic device
To address the aforementioned concerns, we report the first wirelessly powered
lab-on-a-chip device. The device contains microfluidic structures and a roll-to-roll
printed integrated RF circuit on a flexible plastic substrate. The device requires no
physical wire connections, and can be wirelessly powered by a commercially available
RFID transmitter. Mounting the RFID transmitter next to a microscope stage,
clinicians and pathologists can work with the device in exactly the same way as they
work with conventional microscope slides or cover slips, while enjoying the great
benefits brought by the interactions between biological samples and the electric fields
via the EP and DEP effects.
Unlike traditional silicon based ICs, the printed integrated circuit offers
significant cost reduction with the promise of approaching 1 cent per circuit, and can
be fabricated on various substrates (glass, polymer, plastic, etc.). They can be printed
directly on the glass substrates on which the microfluidic structures are fabricated if so
desired, or they can be printed onto a roll of plastic and attached to the microfluidic
glass slides in a hybrid manner.
As shown in Figure 3-1, an integrated RF circuit printed on a plastic foil is
assembled with a microfluidic device made from conventional photolithography.
When an RFID reader that transmitted 13.56 MHz radio signal was brought within a
few centimetres to the lab-on-a-chip device, the AC (alternating current) signal was
inductively coupled via the printed loop inductors. The coupled AC signal was fed to a
rectifier circuit consisting of diodes and capacitors and was converted into 10V DC
signal. The actual voltage output can be adjusted by the distance between the RFID
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reader and the printed lab-on-a-chip RFIC. A range of DC output between 2 and 10V
was achieved for different experiments.
This DC output was used to power the microfluidics dielectrophoresis device
consisting of an indium-tin oxide (ITO) coated glass slide patterned with microwells, a
spacer, and a cover glass slide with a deposited layer of Ti/Au (Figure 3-2). The ITOcoated glass slide (anode) and the Ti/Au layer (cathode) receive the DC voltage from
the output of the printed RFIC rectifier. We have demonstrated that negatively charged
beads and fluorescently labeled antibodies were trapped inside the ITO deposited
microwells when the RFIC was activated.

Figure 3-1: Photograph of the wirelessly powered microfluidic device. It consists of a
roll-to-roll printed integrated circuit on a flexible substrate and a microfluidic device.
Its working power is provided wirelessly by a palm sized RFID reader.
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Figure 3-2: Exploded view of the dielectrophoresis microchip. The electrode for each
microwell is made of an ITO layer on glass. The counter electrode is a layer of Ti/Au
on a glass slide.

3.3 Roll-to-roll printable RF circuit
The printed integrated circuit used here consists of an antenna and a rectifier as
shown in Figure 3-3(c). The antenna couples the 13.56 MHz signal from an RFID
reader to the circuit. The coupling efficiency increases with the number of turns of the
coiled antenna. We printed an antenna with a coil of eight turns of a total length of
1422 mm. The rectifier is comprised of a voltage tripler with three capacitors and three
Schottky diodes. The rectifier converts an AC signal from the inductively coupled
antenna into a 10V DC output. Due to the low rectification efficiency of each printed
Schottky diode, a voltage tripler was used to achieve better performance.
A gravure printer (Taejin Machinery Company Korea) with two types of ink
units was used to print the antennas, electrodes, wires, and dielectric layers in a roll-to-
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roll inline process (Figure 3-3(a)). All the gravure printings were carried out under a
roll pressure of 0.8 × 10-3 Pa and a web speed of 5 meters per minute. Poly(ethylene
terephtalate) (PET) foils (75 µm thick, SKC, Korea) was chosen as the substrate
because of its low cost, good mechanical strength, excellent fatigue resistance at
elevated temperatures and high melting temperature (270 °C).[24] For the first step,
coiled antennas, wires and bottom electrodes of the diodes and capacitors were printed
using silver gravure ink (PG-007, Paru Company Korea). The viscosity and surface
tension of the silver ink are 200 cP and 36 mN/m, respectively. Then the printed
plastic film passed through a heating chamber (150 °C) for 5 s for curing. The
electrical resistivity of printed antennas, electrodes, and wires is 20 µΩ · cm. The
process parameters, such as curing time and printing speed, were chosen to provide an
optimal resonator quality factor (Q) at 13.56 MHz for the printed antenna[25] while
maintaining high throughput for low production cost.
After curing in the first heating chamber, the printed film passed through the
second printing unit to print the dielectric layers on designated areas of wires and
capacitors. The ink (PD-100, Paru Company Korea) used to form dielectrics is BaTiO3
hybrid poly(methyl methacrylate), having a viscosity of 200 cP, a dielectric constant
of 13 and a surface tension of 30 mN/m. The thickness of the roll-to-roll-printed
dielectric layer was about 4.5 µm with a surface roughness of 70 nm to prevent high
leakage current and early breakdown.[26]
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Figure 3-3: (a) Schematic illustration of the roll-to-roll printing technique for
integrated circuits. (b) Photograph of the printed circuit on a plastic substrate. (c)
Circuit diagram for a 13.56-MHz printed circuit.

To form Schottky diodes, a semiconducting layer was printed on the silver
electrode and dried at 150°C for 10s. The semiconducting ink (PR-003, Paru Company
Korea) was formulated from cobalt-doped ZnO nanowires[27] and polyaniline
(PANI).[28] The length of the Co-doped ZnO nanowires ranges from 2 to 10 µm with
a diameter of 30 nm. The top electrode was then printed using Al paste (PG-005W,
Paru Company Korea) with a low work function of 4.2 eV in order to make Schottky
contact to the printed semiconducting layer. The layer of hybrid ZnO nanowires-PANI
will form ohmic contacts to the silver electrodes but Schottky contacts to the printed
Al electrodes. Finally, Ag ink was pad printed on gravure printed dielectric layers to
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form the top electrode for the capacitors. The capacitance of the printed capacitors is
1.2 nF/cm2.
Using the roll-to-roll printing technique, the integrated circuit on PET foil
(Figure 3-3(b)) costs around 3 cents each and the cost can be further reduced to 1 cent
in the future. Therefore, the cost is compatible with that of conventional microscope
slides and the device can afford to be disposable.
The rectifying efficiency of one printed diode and capacitor was about 55% at
13.56 MHz. A 12V AC signal was converted into a 6V DC output. The printed
rectifier was constructed by connecting a series of three diodes and capacitors, as
shown in the circuit in Figure 3-4, to provide a DC output of 10 V. The performance
of the whole circuit was tested by a palm sized 13.56 MHz reader. The 13.56 MHz
RFID chip has the following specifications: TRH031M, protocol ISO/IEC 14443 A/B,
15693 standards, communication distance up to 10 cm, antenna size of 75 × 50 mm,
2.7-3.6 operation voltage, and 0.3 µA power down mode current. At a distance of 2
cm between the RFID reader and the lab-on-a-chip device, the integrated circuit
generated a maximum DC output of 14 V. The voltage generated by the RF circuit is
above 7.5 V for the reading distance of 0 - 4 cm.
In addition to a single DC output, the printed circuit can provide multiple
outputs including low frequency (below 100 Hz) AC signals by integrating a ring
oscillator. Such multiple output signals can provide the devices more functionality,
such as automated parallel manipulation of microbeads, proteins, and DNAs. With
further development of the roll-to-roll printing technique, such integrated circuits have
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the potential to generate high frequency signals for devices using the AC
dielectrophoresis (AC-DEP) effect.

Figure 3-4: (a)Input-output electrical characteristics of a printed diode with a printed
capacitor at 13.56-MHz ac. (b) Attained dc outputs of the printed rectenna and rectifier
dependence on the reading distance from a 13.56-MHz reader

3.4 Dielectrophoresis device fabrication and assembly
The microfluidic dielectrophoresis device (Figure 3-2(b)) was fabricated using
conventional photolighography process. The device has a Ti/Au planar top electrode
and an ITO electrode at the bottom of each microwell (6 to 100 um in diameter) on a
glass substrate. The microwells are formed with SU-8 photoresist and have a thickness
of 5 micrometers. A spacer layer (15 um) was formed to create a microfluidic channel
to facilitate sample intake.
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For the first step, the glass slides (microslides, VWR) were diced into 2.5 cm ×
2.0 cm pieces using a diamond scriber. To clean the substrates, the glass slides were
soaked in acetone, methanol, and isopropanol with sonication for at least 5 minutes in
each solvent. After solvent cleaning, the glass slides were rinsed by running DI water
and blown dry using nitrogen. The glass slides were further dehydrated by hot plate at
200 °C for 10 mins.
To make the bottom electrode (Figure 3-2(b)), an ITO film was deposited on a
glass slide using an ATC Orion 8 sputter system (AJA International). The deposition
chamber was evacuated to a base pressure of 5 × 10-7 Torr or less and Argon flow rate
was set to 10 sccm. The substrates were heated to 150 °C and sputtering was
performed at power of 300 W. The rotation speed was 50 rpm during deposition. The
thickness of the ITO was 200 nm, measured by a surface profiler system (Dektak 150,
Veeco).
Following the ITO deposition, Hexamethyl-disilazane (HMDS) (SPI Supplies
Division Structure Probe, Inc) was spin-coated on the ITO-coated glass slide at 4000
rpm for 40 s to improve the adhesion between the ITO film and photoresist. SU-8
2005, an epoxy-based, negative-tone photoresist (Microchem Corp.), was spin-coated
on the HMDS-treated ITO layer at 3000 rpm for 40 s. After baking on a hotplate at 65
°C for 1 min and then at 95 °C for 2 mins, the wafer was patterned via i-line
photolithography using a transparency photomask on a contact mask aligner (Karl
Suss MA6, SUSS MicroTec). With a UV light intensity of 7.5 mW/cm2, the exposure
time was set at 17s. The exposed ITO-deposited glass slides were post baked at 65 °C
for 1 min and then at 95 °C for 1 min. The thickness of the microwell array was
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targeted at 5 µm. The diameter of the microwell ranges from 6 µm to 100 µm. After
patterning the microwell array, a spacer was made by a second photoreisis layer. SU-8
2015 (Microchem Corp.) was spin-coated (3000 rpm, 40s), soft baked (65 °C, 1 min;
95 °C, 2 min), exposed (20 s) and hard baked (65 °C, 1 min; 95 °C, 2 min). The 2
times exposed photoresist was then developed for 4 min in SU-8 developer
(Microchem Corp.), rinsed with isopropyl alcohol and dried with nitrogen. The whole
device was dipped in Buffered oxide etch (BOE) for 10 s to remove any photoresist
residue. Lastly, the microwell array was hard baked on hot plate at 150 °C for 1 hour
to improve adhesion and anneal any surface cracks.
For the top electrode, titanium and gold films were deposited on clean glass
slides using a sputter system (Discovery 18, Denton Vacuum). The titanium layer
served as an adhesion layer between the substrate and the gold film. The chamber was
prevacuumed to 6 × 10-7 Torr or lower before deposition. The Argon flow rate was 38
sccm. The Ti/Au film was sputtered at room temperature and 300W for 1 min and 3
min for a thickness of 20 nm and 180 nm, respectively.
The backside of the microwell-patterned glass slide was mounted to the blank
area in the circuit printed PET substrate using double sided adhesive film cut to the
size of the glass slide. The top Ti/Au electrode was clamped to the microwellpatterned glass and forms a microfluidic chamber. The thickness of the chamber was
15 um, defined by the spacer. Silver paste (16045 Pelco Conductive Silver 187, Ted
Pella, Inc.) was used to connect the outputs of the printed circuit to the top and bottom
electrodes of the microchip. The device was kept at room temperature for 30 min for
drying. Epoxy (5 minute, ITW Devcon) was glued on top of the silver paste to
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strengthen the connection. After 5 minutes, the epoxy was cured and the device was
assembled and ready for testing.

3.5 Simulation of the electrical field in the microwell array
When an electrical field is applied to the microfluidic chamber, randomly
distributed negatively charged microbeads and proteins will be attracted to the
positively biased microwell arrays (Figure 3-5(a), (b)). The trapping force is linearly
proportional to the amplitude of the electrical field. The electrical field around the
microwell area was simulated by the commercial finite element analysis software
COMSOL Multiphysics 3.5a. A 2D model used in the simulation is illustrated in
Figure 3-5(b). Microwells (10 µm in diameter) were in a 15 mm by 20 mm chamber
with different depths: 5, 15, 25 and 35 µm. The spacing between microwells was
20um. Conductive media DC module was selected as the analysis module. The bottom
of the microwells was set at 3 V; the ceiling of the chamber was set to ground; and all
other surfaces were set to be electrically insulated. The electric conductivity of the
solution was set to be 10 mS/m to match the condition used in experiment. Electrical
field distributions with different chamber depths were simulated to find the optimal
spacer thickness. More than 105 elements were used for the meshes in order to get
necessary accuracy.
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Figure 3-5: Illustration of the working principle of the dielectrophoresis device:
(a)microbeads are initially randomly distributed in microfluidic chamber, (b) the
negatively charged microbeads are trapped in the microwells when an electrical field
was applied by the printed RF circuit. (c) Simulated electrical field distribution with
25 µm deep chamber and 5 µm deep microwells. The color and streamline represent
the magnitude and direction of the electrical field.

Figure 3-6(a) shows the electrical field distribution between two microwells.
The zero point along the r-axis was set at the center of the microwell on the left-hand
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side. The distance between two microwells is 30 µm. The electrical field increases
drastically near the edge of the microwell and drops to zero at the center between two
wells. It is shown that the electrical field decreases along the z-axis above the
microwell, while the field increases along the z-axis in the middle of two wells. Four
curves in Figure 3-6(a) show that the gradient of the electrical field smoothes out at 15
µm above the microwells for a 25 µm deep chamber.
Based on the simulation results, we optimized the chamber depth for maximum
bioparticle attraction into the wells. Because the weakest electrical field occurred in
the middle of two microwells, we examined the electrical field at 1.5 µm above the
bottom of the chamber. When the chamber was too shallow, the electrical field
became highly localized and too weak to drive the beads that are between the
microwells. On the other hand, when the chamber was too deep, the electrical field
became weak again due to the large distance between two electrodes. Figure 3-6(b)
shows the electrical field dependence on the chamber depth. The electrical field in the
middle point between two microwells increases when the chamber depth increases
from 5 µm to 15 µm and then decreases when the chamber depth increases from 15
µm to 35 µm. Based on the simulation, we chose an optimal chamber depth of 15 µm
in our device. Although 2D model was used in the simulation for simplicity, the
tendency and shape of the curves along the direction shown in Figure 3-6 will remain
approximately the same.
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Figure 3-6: (a) The electrical field distribution dependence on locations in the
conductive microfluidic chamber. (b)The electrical field distribution dependence on
chamber depth.

3.6 Assembly of microbead arrays
The wirelessly powered microchip was mounted on the stage of an inverted
epifluorescence microscope system (Eclipse TE2000U, Nikon) with a 20×/0.45 NA
objective (Plan Fluor, Nikon). Real-time imaging of the dielectrophoresis process was
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obtained using a high-speed CMOS camera (800 × 600 pixels, Phantom V7.3, Vision
research). The Excitation light was emitted from a filtered (FITC-3540B-000,
Semrock) 100W mercury arc lamp. The images were recorded using Phantom
software (Vision research). Image analysis and background subtraction was performed
with Image J.
We demonstrated the capability of the wirelessly powered dielectrophoresis
microchip by fast assembly of microbeads into the array of microwells. Five drops of
3 µm fluorescent polystyrene microbeads (Spherotech, Inc) were suspended in 1.5 ml
1 mM bicarbonate (Sigma-Aldrich, Inc) solution. The conductivity of the solutions
was determined to be 9.6 mS/m (CON11, Oakton instruments). The concentration of
microbeads was around 106 bead per ml. Suspensions were vortexed for 2 min and
then sonicated in an ultrasonic water bath for 5 min prior to use. After turning on the
RFID reader, a proper distance was adjusted to obtain a 3.3 V dc output from the
printed integrated circuit. The electrical waveforms were monitored using an
oscilloscope (TDS 224B, Tektronix, Inc.). Microbeads were quickly collected at the
edge of the microwells as shown in Figure 3-7(a-c) because the electrical field was
strongest on the periphery. The distribution of the beads in the microwell matches well
with the simulation results in Figure 3-6(a). The microwell array has a diameter
ranging from 10 µm to 100 µm with a depth of 5 µm. By further decreasing the size of
the microwells, it is possible to achieve single bead trapping in each well.
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Figure 3-7: 3 µm beads array accembled by wireless powered electrical field. The
scale bar was 50 µm.

3.7 Concentration of protein arrays
We also demonstrated antibody placement using the wirelessly powered
microchip. The Alexa Fluor 488 donkey antibody rabbit IgG was purchased from
Invitrogen. This anti-rabbit IgG was labeled with green-fluorescent Alexa Fluor 488
dye and was prepared from affinity-purified antibodies that react with IgG heavy
chains and all classes of immunoglobulin light chains from rabbit. The antibody was
originally dissolved in 0.1 M sodium phosphate, 0.1 M NaCl, pH 7.5, and 5 mM
sodium azide, at the final concentration of 2 mg/mL. Its molecular weight is ~150,000
daltons. The antibody was further diluted 100 fold using low conductivity media
(1mM bicabonate, 9.6 mS/m) right before experiment. When the RFID reader was
turned on, a 3.2 V dc signal at the output of the printed circuit directed proteins to the
edge of the microwell. The anti-rabbit IgG formed a bright circle on the periphery
where the electrical field was strongest (Figgure 3-8(a)). After several seconds,
proteins were further concentrated to one or two spots in the microwells as shown in
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Figure 3-8(b) and (c). Protein crystallization might due to the high protein
concentration near the walls of microwells.

Figure 3-8: (a) Fluorecent micrograph of Anti-rabbit IgG concentrated by electrical
field. (b) and (c) Fluorecent micrograph of Anti-rabbit IgG further concentrated into
spots by electrical field. The scale bar was 50 µm.

3.8 Conclusions and discussion
In this chapter, we developed a wirelessly powered microfluidic device that
eliminates all the external electrical connections. All the capacitors, diodes, gates,
wires and electrodes were roll-to-roll printed on the PET substrate that the
microfluidic device was attached to. The electric power was employed by wireless
coupling from a commercially available RFID reader. The fast and effective assembly
of microbead arrays and antibodies demonstrated that the wirelessly powered circuit
can generate enough power to drive the on-chip dielectrophoresis experiments. In this
paper, 3V was used to trap microbeads and concentrate proteins. The microbeads and
proteins will take a shorter time to be trapped or concentrated in the microchip if
higher voltage and current is used. Besides, the printed circuit can generate only
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limited power compared to external power suppliers, which can limit bubble
generation in the conductive solution.
With ring oscillators integrated on the printed RF circuit, AC signals could be
generated for a more functional device utilizing AC-DEP effects. If the bioelectronic
device is incorporated into the device for cell impedance measurement, the acquired
data and results can be sent back to the RFID reader wirelessly at 13.56 MHz via the
printed antenna to realize wireless data transmission and storage.
Although the work is preliminary and there is much room for improvement of
the roll-to-roll printed RF circuits, the device concept, the architecture, and the core
technology are expected to stimulate many efforts in the future and transform the
technology to a wide range of clinical and point-of-care applications.
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Chapter 4
Electrophoresis microfluidic device
for DNA enrichment
Sample purification and pre-concentration is an essential step for various onchip genetic analysis technologies to shrink handling volume and enhance detection
sensitivity.
This chapter presents a DNA pre-concentration method using electrophoresis
microchip that can enrich nucleic acids by around 1500 fold. The electrical waveforms
applied to five individual electrodes are such designed that DNAs move successively
to the collection electrodes at the highest speed, while bubble generation is suppressed
to the largest extent.

4.1 Introduction
Lab-on-a-Chip technology has been greatly developed over the past decades to
solve biological and chemical problems in the micro scale with high precision. The
microfluidic platform is superior because of the short detection time, small
consumption of reagents, enhanced detection sensitivity and multi-function
integration. The typical handling volume of a microfluidic device is from micro-liters
or nano-liters[1-3].
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However, for the detection of rare molecules, the small sample volume
becomes problematic. For example, the level of circulating DNA and RNA in human
serum or plasma is several orders of magnitude lower than in tissues[4, 5]. The
concentration of circulating RNA can be as low as tens of femtomolars[6-10], which
means there are only about 100 copies of target molecules in 10 nL of sample.
Therefore, the detection of such low concentration in microfluidics needs complicated
setup and may involve large sampling error.
To address the problem, D. Braun et al pre-concentrate DNAs by 1000 fold
using thermophoretic forces[11]. The heat gradient induced force works well on large
sample volume (~µL), but the technology doesn’t work for short-chain DNA or RNA.
Moreover, heating up the biofluids may damage bio-molecules. WF Fang et al
encapsulated DNAs in aqueous droplets. The combined effects of affinity and
hydrodynamics trapped DNAs near the end of the droplets[12]. But only ~5 fold
enrichment was achieved because of the limited droplet volume (nL-pL). For point of
care applications, the target molecules need to be collected from a relative large initial
sample volume and enriched by more than a thousand fold to achieve a relatively high
concentration that can be detectable by a simple and low cost detection method[13].
Most of bio-particles are negatively charged in physiological conditions, which
makes electrokinetics a great way for DNA/RNA trapping and enrichment[14, 15]. In
this chapter, we presented a nucleic acid enrichment and trapping method to collect
DNAs from 1 mL of bio-fluids and trap them into a 200 pL volume within 40 minutes.
Target molecules are first captured at high speed from a large volume of sample using
spiral electrodes, then collected ad concentrated at low speed using concentric
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electrodes. The trapping method can be used for any charged particles. A total
enrichment factor of 1500 can be achieved. The enriched molecules are on chip
detected by fluorescent label.
At the end of this chapter, miRNA 205 with initial concentration of 1 nM are
injected into the microfluidic devices. Unfortuately, after running through the device
for 10mins at 5 ul/min with an applied electrical field, 98.4% of miRNAs were lost
primarily due to structural damage. The strong chemical reaction that happened near
the electrodes is believed to be the main reason for the miRNA degradation.

4.2 Device design, fabrication and operation
4.2.1 Device layout
A schematic diagram and a photograph of the DNA enrichment microfluidic
device are shown in Fig. 1. The device consists of 2 stages. The 1st stage is designed
to capture DNA at a high flow rate using 5 long electrodes that are parallel to the
micro-channels. The width of the electrode 2, 3 and 4 is 30 µm. The width of the
electrode 1 and 5 is 200 µm so that the mis-alignment tolerance between PDMS
channel and electrodes is 100 µm. The spacing between electrodes is 120 µm. The
spiral channel has a total length of 4 cm or 48 cm with a width of 770 µm. The
charged bio-particles are pushed towards the inner electrodes while traveling in the
channels. The 2nd stage is designed to further collect DNA to a small area at low flow
rate with small sample volume. In the 2nd stage (Fig. 1 (c)), 5 electrodes are
concentric in the micro-chamber. The width and the spacing of the electrodes are 30
µm and 170 µm, respectively. The diameter of the collection chamber is 2 mm. The
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central electrode is 50 µm in diameter, which confines the collected bio-molecules to a
volume of 200 pL. The 1st stage and the 2nd stage are connected by a short Teflon
tube.

Figure 4-1: (a) The photograph of the 2-stage microfluidic device for DNA
enrichment. (b) Schematic of the 1st stage spinal device. The electrophoretic velocity
is perpendicular to the flow velocity. (c) Schematic of the 2nd stage circular device.
DNAs are collected at the center of the device. (d) The waveform of the applied
electric field for the five electrodes.

4.2.2 Electrokinetic condition
The waveforms of the 5 electrodes are programmed using an external hardware
(CompactRIO, Nantional Instruments Inc., USA) with an embedded field
programmable gate array (FPGA) chip and a micro-processor. As shown in Fig. 1(d),
one period of the waveform is 80 µs. The electrode 1 is connected to ground, while the
electrode 5 is wired to 4 V. The duty cycles of the rectangular wave for electrode 2, 3,
and 4 are 25%, 50% and 75%, respectively. High voltage is applied to achieve a high
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travel speed towards the electrode 5, as well as an increased trapping efficiency. Each
period of the applied voltage along the electrodes is intended to be short (20 µs) to
avoid bubble generation. The timing of the waveforms is such designed that charged
particles will move only in one direction until being captured by the electrode 5.

4.3 Trapping effect along the channel
4.3.1 Trapping yield vs. initial concentration for spinal structure
The trapping yield for the 1st-stage spiral device depends on various
experimental conditions, such as flow rate, electric waveform and conductivity of the
sample solution. Here we studied the influence of flow velocity on the trapping yield.
All the DNA oligos are diluted in the TBE buffer. 10 % v./v. β-mercaptoethanol was
added in the sample solution to protect electrodes and bio-molecules from
degradation.
Figure4-2 shows the dependence of trapping yield on the flow speed and the
channel length. For samples with an initial concentration of 500 nM, 4 cm long device
has a maximum extraction yield of 1.1 nM/min at a flow rate of 5 µl/min, while 48 cm
long device has a maximum extraction yield of 5.1 nM/min at a flow rate of 30 µl/min.
To collect DNAs from 1mL sample, we run through sample solutions for 30mins at
the flow rate of 30ul/min. An enrichment of 51-fold was achieved.
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Figure 4-2: The trapping efficiency dependence on flow rate for the 1st stage spiral
device

4.3.2 2nd stage enrichment using circle structure
After DNAs from 1mL sample were captured in the 1st stage, they were
released and infused in the 2nd stage chamber. The device volume for the 1st stage
spinal channel was 6 µL. At a flow rate of 1 µl /min, DNAs were further enriched
within 10 mins. Same waveforms were applied to the 5 electrodes, while the sample
solutions gradually flew into the circular chamber. DNAs were collected at electrode 5
(Figure 4-3) within a volume of 200 pL. 32-fold enrichment was achieved by moving
the DNA samples in the chamber to a central detection area.
Combine the enrichment factor of the 2-stage together, we finally preconcentrated the DNA samples by 1632 fold within 40 min.
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Figure 4-3: (a)DNAs uniformly distributed in chamber when the E-field is off (b)
DNAs are enriched to the central electrode E-5 when the E-field is on

4.4 miRNA degradation under E-field
Utilizing the same device, miRNA 205 with initial concentration of 1 nM are
injected through the inlet at a flow rate of 5 µl /min. The same waveform as in DNA
enrichment experiment was applied: The electrode 1 is connected to ground, and the
electrode 5 is wired to 4 V. The duty cycles of the rectangular wave for electrode 2, 3,
and 4 are 25%, 50% and 75%, respectively. After being captured by the E-field,
miRNAs are collected from the outlets and quantitatively analyzed by PCR
(polymerase chains reaction). However, data suggested that significant miRNAs loss
happened in the collection process. Several runs of experiment were conducted to
explore the reason for degradation. Table 4-1 lists the condition used in the
experiments and the corresponding results.
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Table 4-1: The analysis for miRNA degradation in electrophoresis device
Experimental conditions
Fill sample in the device and
extract immediately
Fill sample in the device, wait
10min, and extract
flow @ 5ul/min for 10mins,
extracted solution from device

Loss
1%

Comments
Handling loss is negligible

26%

flow @ 5ul/min for 10mins
with E-field applied, extracted
solution from device
Sample
put
at
room
temperature for 10mins

98.4
%

Loss caused by natural degradation
and device absorption
Loss caused by natural degradation
and device absorption under
5ul/min flow
Total miRNA loss

30%

7%

Natural degradation

After running through the device for 10mins at 5 ul/min with an applied
electrical field, 98.4% miRNAs were lost. Device absorption, natural degradation and
electrical field induced degradation are the main causes for such severe miRNA loss.
The data suggested handling loss is negligible, while device absorption is attributed to
19% of the miRNA loss. The absorption may be due to the porous PDMS channel that
traps miRNAs. Natural degradation is attributed to 7% miRNA loss in the electrolyte
solution, while the degradation related to E-field is 68.4%. The strong chemical
reaction that happened near the electrodes is the main reason of the electrical field
related degradation.
Upon recognition of the importance to prevent bio-molecules from direct
contact with electrodes, several approaches have been explored to solve this problem,
including covering the electrodes with agarose gel or protein layer, reducing the
duration of applied electrical field, changing the material of the electrodes. However,
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no solution was found that could solve all the problem without causing new issues.
Hence, new technology needs to be developed for molecular pre-concentration.
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Chapter 5
Unified physical model for surfacebased biosensors
In this chapter, we present the first unified physical model for high sensitive
bio-molecular detection in surface-based biosensors. The model analyzes the detection
sensitivity based on both the reaction property and the transport property. This model
is valid for any chemical reactions that can be written as: 𝑇𝑎𝑟𝑔𝑒𝑡 + 𝑃𝑟𝑜𝑏𝑒 ↔ 𝑇𝑃,
including protein-protein binding, protein-ligand binding, DNA hybridization,
mismatch hybridization, partial hybridization, or even non-specific binding.
Our model suggests the nature of the chemical reaction and the transport
properties of the analytes in microfluidic biosensors are intertwined, so the design of
biosensor platform should be carefully studied for each application. Form the chemical
reaction point of view, the detection sensitivity could be improved by optimizing the
reaction conditions, such as the reaction temperature and probe density. From
biosensor structure point of view, reducing the thickness of the liquid layer and the
sensing area is beneficial for high detection sensitivity. This unified model can provide
guidance for the design and performance optimization
biosensors.
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for any surface-based
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5.1 Introduction
While the cost of genome sequencing has been reduced drastically, in the
foreseeable future the microarray-based method will be the most attractive platform
for point-of-care applications because of its relatively high throughput and simple
process for nucleic acid or protein profiling. A microarray device has a spatially
addressable array of probes immobilized on a solid substrate. In the test of a DNA
microarray, the target strands are extracted, enriched or amplified, and fluorescently
labeled for hybridization with the probes. The wavelength and intensity of the emitted
light from each probe area gives rise to the expression level of each target gene.
Although originally developed for research purposes such as gene profiling,
the microarray technique can be adapted to point-of-care applications when made into
LOC devices using microfluidics to attain flow balance and to minimize dead
volumes. A microfluidic system could deal with a volume as little as 1 pL, compared
to a typical volume of several millilitres in conventional microarrays, Such great
reduction in sample handling volume makes possible studies of rare bio-molecules.
Another advantage of using LOC technology is to accelerate the hybridization rate of
target nucleic acid and improve the hybridization efficiency by taking advantage of the
large surface-to-volume ratio of the microchips[1]. Researchers believe the
hybridization process in conventional DNA microarrays is a diffusion-limited process.
Pappaert et al[2] found that the maximum binding efficiency is less than 0.2% for 24 h
hybridization, and the number is increased to 2% for six-day reaction. So many recent
works have focused on increase in diffusivity in all means. For example, Quake and
co-workers[3] designed a PDMS device to circulate the sample solution between two
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hybridization chambers. The chaotic mixing created by herringbone indentations
promoted hybridization process. The detection sensitivity was increased by 3-4 fold
and the hybridization time was shortened to 2 h.
However, despite of the great improvement in the hybridization efficiency, the
detection sensitivity is still relatively low. The detectable concentration is well above
pico-molar or higher even with the state-of-the-art optical detection devices[4, 5]. So
we believe there exist other factors that hinder the reaction other than diffusion.
In this chapter, we will build a physical model to systematically analyze the
binding process of targets in an aqueous solution with probes immobilized on a solid
surface. This model is general enough to be applicable to DNA-DNA hybridization,
DNA-RNA hybridization, protein-protein binding, protein-ligand binding or any other
chemical reactions that happen at the interface of liquid and solid. The mathematical
analysis suggests that the detection sensitivity of microarray is determined by two
parts: the reaction property and the transportation property. The model further reveals
that the target binding efficiency can be improved by optimizing the chemical reaction
conditions, the density of the anchor probe, and the liquid thickness. Experimental
data from protein/ligand binding and DNA/DNA hybridization have verified the
theory that there exists a short range electric-field near the surface to expel the charged
molecules, DNA oligos or quantum dots, from approaching the surface where the
reaction takes place.
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5.2 Surface-based bio-sensing system
Figure 5-1 is a schematic illustration of the physical model. The model is onedimensional, with 𝑥 = 0 defined at the solid/liquid interface. The thickness of the
sample solution above the reaction surface is L. Due to the presence of densely packed
molecular probes, a negatively charged surface is formed. According to the ionic
strength of the aqueous solution, electric field exists within a region near the surface
(x=0), determined by the Zeta potential and the surface density of the probe.

Figure 5-1: The coordinates of the transport model

For suspended molecules, nucleic acids or proteins, in the aqueous solution,
they approach the surface to bind with the surface probes by diffusion. Since these
suspended molecules carry charge by themselves, they can also be modeled as a
spherical particle with Debye length and zeta potential (Figure 5-2). Using this model,
one can write down the transport equation of this system. The target molecule moves
in the solution governed by two counteracting effects: diffusion effect that drives the
particles towards the surface to bind with the probes, and the repelling force by the
Coulomb interaction between the particles and the probes. When the steady state is
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reached, the number of particles bound with the probes will depend on several factors
based on the solution of the transport equations in the following.

Figure 5-2: The schematics of surfaced based biosensors

The assumptions used in the models are:
1. There are abundant probes for chemical reaction and targets are rear. So the
reaction of target A with a probe won’t affect the reaction of target B with a
probe. This assumption is justified for high sensitive molecular detection.
2. The solid support contains only one type of probe. In other words, the probes
are monodispersed in size and structure formation.
3. Each probe species can bind only with a single target.
4. A target cannot react with other targets in the solution.
5. Each target reacts with a single probe.
6. There is no interaction between the probes irrespective of their packing
density.
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5.3 Steady state analysis
5.3.1 Quantitative analysis
In the following we develop a physical model for surface based chemical
reaction. The change of target concentration n can be written as:
!!
!"

!

= − !" 𝐽 − 𝑛𝑣! 𝛿 𝑥 + 𝑁!,!"#$%! 𝐾← 𝛿(𝑥) 𝑥 ≥ 0
Equation 5-1

Where 𝑣! is the surface capturing velocity of target. For target molecules travelling to
the position x=0, they may be captured by the molecular probes at a speed of vs. The
delta-function in Equation 5-1 represents that only when target molecules reached the
position x=0, they can be captured. On the other hand, those already captured targets
by the probes may be escaped with an escape coefficient of 𝐾← . 𝐾← has the unit of
1/sec. Ns,target is the surface density of the captured target, having a unit of #/cm2.
𝐽 = −𝐷!

𝜕𝑛
+ 𝑛𝑣!"#$%
𝜕𝑥
Equation 5-2

where DT is the diffusivity of the target, and vdrift is the drift velocity of the target.
𝑣!"#$% = 𝜇 ! 𝐸
Equation 5-3
where µT is the electrophoretic mobility of the target, and E is the electric field.
𝜇! =

−𝜖𝜉!
𝜂
Equation 5-4
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where the 𝜉! is the Zeta potential of the target; 𝜖 is the permittivity; 𝜂: is the dynamic
viscosity of the solution. The negative sign in Equation 5-4 is due to the negative
value of 𝜉! , but the electrophoretic mobility is always positive in our definition.
𝐸=−

𝑑𝜑 −𝑧𝑒𝑡𝑎𝐴 ∙ 𝑁!,!"#$% !!
=
𝑒!
𝑑𝑥
𝜆
Equation 5-5

where zetaA is an coefficient of the molecular probes, which is determined by the
charge density and structure formation of the anchor probes. Ns,probe is the probe
density on the surface with a unit of #/cm2.

𝜆=

𝜖𝑘! 𝑇
2𝑒 ! 𝐼
Equation 5-6

where 𝜆 is the Debye length. Note that Debye length depends only on the ionic
strength of the aqueous solution and is independent of the electrical properties of the
probes or targets. On the other hand, each particle in solution has its own zeta potential
that is related to the charge of the particle. I is the ionic strength.
Assuming steady state is reached and

!!
!"

= 0, we obtain from Equation 5-1 to

Equation 5-5:
!!!

!

−𝐷! !! ! + !" 𝑛

!!! !"#$%∙!!,!"#$%
!

!

!!

𝑒!

= −𝑛𝑣! 𝛿 𝑥 + 𝑁!,!"#$% 𝐾← 𝛿 𝑥 ,

  𝑥 ≥ 0

Equation 5-7
Integrating Equation 5-7 from 𝑥  𝑡𝑜  𝐿, where L is the far-end boundary of the aqueous
solution, we have
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!"

−𝐷! !! |!!! + 𝐷! !" + 𝑛

!!! !"#$%∙!!,!"#$%
!

!

!!

𝑒! − 𝑛

!!! !"#$%∙!!,!"#$%
!

!

!!

𝑒!

=0

0! ≤ 𝑥 ≤ 𝐿
Equation 5-8
!"

Since !! |!!! → 0 and 𝑛

!!! !"#$%∙!!,!"#$%
!

!

𝐷!

!!

𝑒 ! → 0, (8) can be written as

!!
𝑑𝑛
− 𝑛𝐶𝑒 ! = 0
𝑑𝑥

Equation 5-9
where 𝐶 ≡

!!! !"#$%∙!!,!!"#$
!

!

   > 0 (since both 𝜉! and 𝑧𝑒𝑡𝑎𝐴 ∙ 𝑁!,!"#$% are negative in

our case). C has a unit of velocity (cm/s).
We can solve Equation 5-9:
𝑛 𝑥 = 𝑛 0 exp

!
𝐶𝜆
1 − 𝑒 !!
𝐷!

Equation 5-10
The total amount of target staying in the aqueous solution (i.e. NOT captured by the
probes) can be calculated as
!

𝑁!! =

!!

!

𝑛 𝑥 𝑑𝑥 ≅

!!

𝑛 0 exp

!"
𝐶𝑥
𝑑𝑥 ≅ 𝑛 0 𝐿 ∙ 𝑒 !!
𝐷!

Equation 5-11
To obtain Equation 5-11, we have made a few approximations that can be well
justified in real situations.
Now we integrate Equation 5-7 from 𝑥 = 0!   𝑡𝑜  0! :
−𝐷!

𝑑𝑛
𝑑𝑛
|!! + 𝐷!
| ! + 𝑛𝐶|!!!! − 𝑛𝐶|!!!! = 0 = −𝑛 0 𝑣! + 𝑁!,!"#$% 𝐾←
𝑑𝑥
𝑑𝑥 !
Equation 5-12
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𝑛(0) =

𝑁!,!"#$% 𝐾←
𝑣!
Equation 5-13

𝐾← has a unit of 1/sec.
Assuming the total amount of target in the beginning of the reaction is NT,
having a unit: 1/cm2.
𝑁! = 𝑁!,!"#$%! + 𝑁!!
Equation 5-14
From Equation 5-11, 5-13 and 5-14, the target capturing efficiency can be
written as:
𝜂! =

𝑁!,!"#$%
1
=
!"
𝑁!
𝐾←
!! + 1
𝐿
𝑒
𝑣!
Equation 5-15

Equation 5-15 is an important result, but to make the result practically useful,
we need to represent those unknown parameters such as 𝐾← and 𝑣! in terms of
parameters that can be measured or controlled in experiment.
The reaction rate of the targets can be written as
𝑅→ = 𝑛(0)

𝑣!
∆
Equation 5-16

where 𝑅→ has a unit of (1/cm3-sec); ∆ is an effective thickness, approximately equal to
the length of the targets.
The chemical reaction can be written as
𝑇𝑎𝑟𝑔𝑒𝑡   + 𝑃𝑟𝑜𝑏𝑒 ↔ 𝑇𝑃
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with an equilibrium constant:
𝐾!" =

[𝑇𝑃]
; unit: #/M
[𝑇𝑎𝑟𝑔𝑒𝑡][𝑃𝑟𝑜𝑏𝑒]
Equation 5-17

Forward reaction rate:
𝑅→ = 𝐾→ 𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑏𝑒 = 𝐾→ 𝑛(0)

𝑁!,!"#$%
∆
Equation 5-18

where 𝐾→ has a unit of cm3/s.
In equation 5-18, we represent the volume concentration of the probes in terms
of the surface concentration using the approximation that the effective volume
concentration is equal to the surface concentration divided by the effective length of
the molecule.
Reverse reaction rate:
𝑅← = 𝐾← 𝑇𝑎𝑟𝑔𝑒𝑡/𝑝𝑟𝑜𝑏𝑒 = 𝐾←

𝑁!,!"#$%!
∆
Equation 5-19

where 𝑅← has a unit of (1/cm3-sec).
At equilibrium, 𝑅→ = 𝑅← , suggesting that
𝐾→ 𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑏𝑒 = 𝐾← 𝑇𝑃
Equation 5-20
𝐾!" =

𝐾→
, (unit:  𝑐𝑚! )
𝐾←
Equation 5-21

From Equation 5-18, 5-19, and 5-20, we have:
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𝑛 0 =

1 𝑁!,!"#$%!
𝐾!" 𝑁!,!"#$%
Equation 5-22

From Equation 5-13 and Equation 5-22, we have:
𝑣! = 𝑁!,!"#$% 𝐾!" 𝐾← = 𝑁!,!"#$% 𝐾→
Equation 5-23
Substituting Equation 5-23 into Equation 5-15, we can rewrite the
hybridization efficiency in terms of physical quantities that are measurable and
experimentally controllable:
𝜂! =

𝑁!,!"#$%!
=
𝑁!

1
!"
𝐿
!! + 1
𝑒
𝐾!" 𝑁!,!"#$%

=

1
!!!
𝐿
𝑒 !
𝐾!" 𝑁!,!"#$%

!"#$%∙!!,!"#$%
!!

+1

Equation 5-24
5.3.2 Discussion
To achieve high hybridization efficiency, we need to make sure the following
condition is satisfied:
𝐿 < 𝐾!" 𝑁!,!"#$% 𝑒

!!!! !"#$%∙!!,!"#$%
!
!!

Equation 5-25
That means we need to reduce the liquid layer thickness, increase the
equilibrium constant of association, or optimize the probe density immobilized on the
solid substrate.
1. The term 𝑒

!!!! !"#$%∙!!,!"#$%
!
!!

in Equation 5-25 represents the significance of

the transport properties of target molecules in the salt solution: diffusion and surface
charge repelling. The electrostatic repulsion is determined by the zeta potential of the
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targets, the probe density on the surface, the charge density of the probe and structure
formation of the probe. The effects of last two parameters are reflected by the
coefficient zetaA.
2. The 𝐾!" 𝑁!,!"#$% in Equantion 5-25 shows the chemical reaction properties.
The reaction has to be favorable (i.e. large 𝐾!" and the reaction sites have to be
plentiful (i.e. large 𝑁!,!"#$% ). Otherwise, even the most effective transport mechanism
cannot help.

5.4 Dynamic analysis
5.4.1 Quantitative analysis
In the following analysis, we will ignore the effects of the Coulomb
interactions between the targets and the probes for simplicity. Its effect will be
incorporated into the results at the end by comparing the steady state and the temporal
response.
Without considering the Coulomb interactions, the target concentration profile
satisfies the following equations:
𝜕𝑛
𝜕!𝑛
= 𝐷! ! , 𝑥 > 0  
𝜕𝑡
𝜕𝑥
𝜕𝑛
𝜕 ! 𝑛 𝑛 − 𝑛!
= 𝐷! ! −
,𝑥 = 0
𝜕𝑡
𝜕𝑥
𝜏!
Equation 5-26(a), (b)
where 𝜏! is the hybridization time constant, and n0 is the target concentration at
thermal equilibrium.
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Equation 5-26 is true under the condition that there exist a large number of
probes available for the target to hybridize with over the entire reaction time.
To find n0, we consider the rate of two processes at x=0: Target association
with probe and the disassociation of TP into target and probe.
Equation 5-26(b) can also be written as:
𝜕𝑛
𝜕!𝑛 𝑛
= 𝐷! ! − + 𝑁!" 𝐾, 𝑥 = 0
𝜕𝑡
𝜕𝑥
𝜏!
Equation 5-27
where 𝑁!,!"#$%! is the surface concentration (#/cm2) of targets bonded with the probes
and K is the denaturing coefficient.
At thermal equilibrium (𝑡 → ∞), n(x=0+) obtained from Equation 5-26(a) and
(b) must be equal. This means 𝑛 𝑥 = 0, 𝑡 → ∞ = 𝑛! . Furthermore, at equilibrium
!
!"

!

= 0  𝑎𝑛𝑑   !" = 0 for x ≥ 0 if we ignore the local E-field near x=0 due to the probes.

This assumption is justified since the E-field only spans about 1 nm (Debye length)
because of the strong screening effect of ions in the hybridization buffer. Therefore, at
equilibrium we have 𝑛 𝑥, 𝑡 → ∞ = 𝑛!   𝑓𝑜𝑟  𝑎𝑙𝑙  𝑥 ≥ 0.  
From Equation 5-27, we obtain the relation between the equilibrium
concentration and the target/probe dissociation coefficient K:
𝐾=

𝑛!
=
𝜏! 𝑁!,!"#$%! (𝑡 → ∞) 𝜏! [𝑄! −

𝑛!
!
𝑛(𝑥, 𝑡
!

→ ∞)𝑑𝑥]

=

𝑛!
𝜏! [𝑁! − 𝑛! 𝐿]
Equation 5-28

where 𝑁! is the total amount of target molecules in the sample before hybridization
(#/cm2).
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𝑛! =

𝑁!

1
𝐿 + 𝐾𝜏

!

Equation 5-29
We now have the final form of the transport equations of target represented by
physical parameters (e.g. diffusion coefficient, hybridization time constant,
dissociation rate).
𝜕𝑛
𝜕!𝑛
= 𝐷! ! , 𝑥 > 0
𝜕𝑡
𝜕𝑥
𝜕𝑛
𝜕!𝑛 𝑛
𝐾𝑁!
= 𝐷! ! − +
,𝑥 = 0
𝜕𝑡
𝜕𝑥
𝜏! 1 + 𝐾𝐿𝜏!
Equation 5-30
Equation 5-30 is the master equation we will solve in the following.
To solve the partial differential Equation 5-30, we try the following solution:
𝑛 𝑥, 𝑡 = 𝐴𝑒 !!/! sin

𝑥
𝐷! 𝜏

+𝐵
Equation 5-31

Using the condition 𝑛 𝑥, 𝑡 → ∞ = 𝑛!   𝑓𝑜𝑟  𝑎𝑙𝑙  𝑥 ≥ 0, we obtain
𝐵=

𝐾𝜏! 𝑁!
1 + 𝐾𝐿𝜏!
Equation 5-32

Also at t=0 (before hybridization starts),
!

𝑁! =

!

𝑛 𝑥, 𝑡 = 0 𝑑𝑥 =
!

𝐴 sin
!

=

𝑥
𝐷! 𝜏

+ 𝐵 𝑑𝑥

𝐾𝜏! 𝐿
𝐿
𝑁! + 𝐴 𝐷! 𝜏 1 − cos  (
)
1 + 𝐾𝜏! 𝐿
𝐷! 𝜏
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𝑁!

𝐴=

𝐷! 𝜏 1 − cos  (

1
1 + 𝐾𝜏! 𝐿

𝐿
)
𝐷! 𝜏

Equation 5-33
Also use the rate equation at the boundary: the flux towards the boundary is
equal to the net dissipation rate, which can also be derived mathematically by
integrating Equation 5-30(b) from x=0- to x=0+ to yield the change rate of bond targets
at x=0.
𝑑𝑁!,!"#$%!
𝜕𝑛
=𝐷
,
𝑑𝑡
𝜕𝑥

𝑥=0
Equation 5-34

Also we have:
𝑑𝑁!,!"#$%! 𝑡
𝑑
=
𝑁 −
𝑑𝑡
𝑑𝑡 !

!

!

𝑛 𝑥, 𝑡 𝑑𝑥 = −
!

!

𝜕
𝑛 𝑥, 𝑡 𝑑𝑥
𝜕𝑡
Equation 5-35

From Equation 5-34 and 5-35, we obtain:

𝐴

𝐷! !!/!
𝐿
𝐷! !!/!
𝑒
1 − cos  (
) =𝐴
𝑒
𝜏
𝜏
𝐷! 𝜏
Equation 5-36
!

The only way Equation 5-36 is satisfied is cos
we can disregard all other possible solutions such as

!! !

!! !!
!

,

!

= 0, or

!
!!

!

= ! . Here
!

et al, since those solutions

are not physically relevant unless the liquid is agitated to excite those modes. We find
the time constant in the solution:
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2𝐿
𝜏= 𝜋
𝐷!

!

Equation 5-37
Substitute Equation 5-37 into Equation 5-33, the coefficient A can be written
as:
𝐴=

𝑁! 𝜋
1
2𝐿 1 + 𝐾𝜏! 𝐿
Equation 5-38

The solution of Equation 5-30 can then be written as:
𝑁! 𝜋
1
𝑛 𝑥, 𝑡 =
𝑒
2𝐿 1 + 𝐾𝜏! 𝐿

!

!! !
!! !
!

sin

𝜋𝑥
𝐾𝜏! 𝑁!
+
2𝐿
1 + 𝐾𝐿𝜏!
Equation 5-39

We can also calculate the total number of bond targets after a certain time
period, Ns,target(t):
!

𝑁!" 𝑡 = 𝑁! −

𝑛 𝑥, 𝑡 𝑑𝑥 =
!

𝑁!
1 + 𝐾𝜏! 𝐿

1 − 𝑒𝑥𝑝

−𝐷! 𝑡
2𝐿
𝜋

!

Equation 5-40
The hybridization efficiency, η, is defined as

𝜂 𝑡 ≡

𝑁!" (𝑡)
1
=
𝑁!
1 + 𝐾𝜏! 𝐿

1 − 𝑒𝑥𝑝

−𝐷! 𝑡
2𝐿
𝜋

!

Equation 5-41
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When 𝑡 → ∞, Equation 5-41 and 5-24 should yield the same result. Then we
can obtain the final solution for hybridization efficiency:

𝜂! =

1
!!!
𝐿
𝑒 !
𝐾!" 𝑁!,!"#$%

!"#$%∙!!,!"#$%
!!

1−

!!! !
!! !
𝑒 !

+1
Equation 5-42

Equation 5-42 gives the final solution for time dependent hybridization
efficiency.
5.4.2 Discussion
Based on Equation 5-42, we can draw the following conclusions:
1. The amount of time for efficient hybridization is measured by the time
constant:
2𝐿 !
𝜏= !
𝜋 𝐷!
Therefore, over a given amount of reaction time, the hybridization efficiency is
extremely sensitive to the thickness of liquid layer. For a 10X reduction of the liquid
layer thickness, the hybridization speed can be increased by 100 times. This result
indicates the importance of reducing the thickness of liquid layer.
2. After the equilibrium state is obtained, one can achieve high hybridization
efficiency only if Equation 5-24 is satisfied:
𝐿 < 𝐾!"# 𝑁!,!"#$% 𝑒

!!!! !!
! !!

Here the benefit of reduced L shows again.
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Therefore, reducing the liquid thickness, L, can (a) greatly expedite the
reaction and (b) achieve ultimately high hybridization efficiency.

5.5 Model validation by experimental data from literature
Experimental data from literatures are used to validate the physical model we
built. The influences of different parameters on the target binding efficiency are
explored systematically.
5.5.1 Time dependence on binding efficiency
We examined the protein-ligand binding using avidin as the target and biotin
as the probe. The parameters used for curve fitting is listed in Table 5-1. The values
for equilibrium constant of biotin-avidin binding, the electrophoretic mobility[6] of
avidin, and diffusion coefficient[7] of avidin are found from literature.

Table 5-1: The parameters used for biotin-avidin binding
Reacti
on

Biotinavidin

Equilibri
um
constant
(1/M)
1x10

15

Probe
density
2

(#/cm )
1x10

13

Liquid
thicknes
s (mm)
0.53

Diffusivi Electrophor
ty
etic mobility
2
of target
(cm /s)
2

-7

13x10

Coefficient
for probe

2

layer (Vcm )

(cm /Vsec)
-4

0.89x10

-16

3.0x10

Wayment[8] tested biotin and avidin binding kinetics experimentally by single
molecule imaging. Our model has a good fitting with their data as shown in Figure 53. The blue curve is the simulation results. The green dots are adopted from the
literature. The reaction reaches equilibrium after 50 min.
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Figure 5-3: The reaction kinetics of biotin-avidin binding

5.5.2 Diffusivity dependence on binding efficiency
For DNA hybridization based biosensors, the length of the target nucleic acids
greatly affects the hybridization efficiency. It is because the diffusivity of the target
has the following relationship with the length[9]:
𝐷! = 4.9×10!! ×[𝑏𝑝  𝑠𝑖𝑧𝑒]!!.!"   
Equation 5-43
When the size of the target increases, the diffusivity is reduced, resulted in
decreased hybridization efficiency. The simulated relationship between binding
efficiency and the length of the target is described in Figure 5-4 using parameters
listed in Table 5-2.
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Table 5-2: A list of parameters used for DNA hybridization
Reacti
on

DNADNA

Equilibri
um
constant
(1/M)
6

1x10

Probe
density
2

(#/cm )
12

6x10

Liquid
thickness
(mm)

Diffusivi Electrophoret
ty
ic mobility of
2
target
(cm /s)
2

(cm /Vsec)
0.1

DT

-4

4x10

Coefficient
for probe
layer
2

(Vcm )
-16

3x10

Figure 5-4: The dependence of hybridization efficiency on the length of target DNA

The prediction is proved by Liu’s experiments[10], in which the hybridization
efficiency drops by 14 fold when the length of the target increases from 45 bp to 1480
bp. Because of the same reason, miRNA (~20nt) microarrays always have better
detection sensitivity, compared with other DNA mciroarrays[11].
5.5.3 Equilibrium constant dependence on binding efficiency
Equilibrium constant reveals the nature of the chemical reactions. Optimized
chemical reaction condition favors the association and results in larger equilibrium
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constant. Figure 5-5 shows the curve of equilibrium constant vs. binding efficiency for
10 bp DNA oligos hybridization. The experimental data is adopted from Okahata’s
experiment[12], in which the equilibrium constant is changed by altering the
hybridization temperature. The curve fitting parameters are listed in Table 5-3.

Table 5-3: The values of each parameter used for 10-bp DNA hybridization
Reacti
on

DNADNA

Equilibriu
m constant
(1/M)
6

0.2-35x10

Probe
density
2

(#/cm )
12

1x10

Liquid
thicknes
s (mm)
0.05

Diffusivi Electrophor
ty
etic mobility
2
of target
(cm /s)
2

-7

5.3x10

(cm /Vsec)
-4

3x10

Coefficient
for probe
layer
2

(Vcm )
-16

3x10

Figure 5-5: The dependence of hybridization efficiency on the equilibrium constant

The model can also predict the specificity for surface-based DNA
hybridization chips. The equilibrium constants for mismatch hybridization or partial
hybridization are measured experimentally by Peterson[13]. In his experiment, the
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perfect match hybridization gives an equilibrium constant of 6×10! 1/M for 25 bp
DNA oligos. For 1-bp mismatch and 2-bp mismatch, the equilibrium constant drops to
1×10! 1/M and 2×10! 1/M, respectively. Applying the measured equilibrium
constant into our model, we predicted the normalized hybridization efficiency (Figure
5-6): 1-pb mismatch hybridization is 0.25 less efficient than perfect match
hybridization, while the efficiency drops by 65% for 2-bp mismatch hybridization.
The simulation results further suggested that this biosensor system could distinguish
target only when there is 3-bp or even larger differences between target and other
nucleic acids suspended in the sample solution. The values of each parameter used for
the system specificity prediction is listed in Table 5-4.

Table 5-4: The value of each parameter used for specificity prediction
Reacti
on

DNADNA

Equilibriu
m
constant
(1/M)
2, 10, 60
6

x10

Probe
density
2

(#/cm )
12

1.5x10

Liquid
thicknes
s (mm)
0.07

Diffusivi Electrophor
ty
etic mobility
2
of target
(cm /s)
2

-7

5x10

(cm /Vsec)
-4

4x10

Coefficient
for probe
layer
2

(Vcm )
-16

3x10
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Figure 5-6: The dependence of hybridization efficiency on mismatch hybridization

5.5.4 Probe density dependence on binding efficiency
The probe density on the solid substrate affects the chemical reaction
properties, as well as the electrical field near the probe. Figure 5-7(a) shows the
binding efficiency curves for protein bindings, suggesting the binding efficiency
increases then decreases as the density of immobilized probe increases. When the
probes are too sparse, the biosensor is reaction-limited. However, when the probes are
too dense, the electrostatic repelling force increase, preventing the targets reach the
solid/liquid interface. Table 5-5 listed the parameters used for the simulation in Figure
5-7(a). The curves exhibited same trend as experimental data in Figure 5-7(b)[14].
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Table 5-5: A list of parameters used for protein binding
Reaction

Protein
binding

Equilibriu
m constant
(1/M)
6

7

10 , 10 ,
8

10

Probe
density
2

(#/cm )
10

10 -

Liquid
thickn
ess
(mm)
0.1

14

Diffusi
vity
2

(cm /s)
-7

4x10

Electrophor
etic mobility
of target

Coefficient
for probe
layer

(cm /Vsec)

(Vcm )

2

-4

3x10

2

-16

3x10

10

Figure 5-7: The dependence of binding efficiency on probe density; (a) simulation
curve from model; (b) experimental curve from [14].

Figure 5-8 showed hybridization efficiency dependence on the probe density
for different length of DNA oligos. Because of the differences in diffusivity and
electrophoretic mobility, the optimized probe densities are in the orders of 1012 #/cm2
and 1011 #/cm2 for 20-bp DNA and 500-bp DNA, respectively. The effects of
diffusivity, electrophoretic mobility, equilibrium constant, and probe density are
intertwined so that probe density should be optimized for each target and each reaction,
even when the same biosensor platform is used.
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Table 5-6: A list of parameters used for simulation of DNA hybridization
Reacti
on

DNADNA

Equilibrium
constant
(1/M)
6

7

8

10 , 10 , 10

Probe
density
2

(#/cm )
10

14

10 -10

Liqui
d
thick
ness
(mm)
0.1

Diffusivi Electrophor
ty
etic mobility
2
of target
(cm /s)
2

(cm /Vsec)
-7

4x10

-4

3x10

Coefficient
for probe
layer
2

(Vcm )
-16

3x10

Figure 5-8: The dependence of hybridization efficiency on probe density for 20-bp
DNA and 500-bp DNA

5.5.5 Thickness of liquid layer dependence on binding efficiency
The thickness of liquid layer has great influence on both the binding efficiency
and the binding speed. Figure 5-9 shows the reverse relationship between liquid
thickness and hybridization efficiency for 20-bp DNA oligos. When the thickness of
liquid layer is reduced from 200 µm to 30 µm, the hybridization efficiency is increased
by more than 5 fold. Moreover, the time constant has square dependency on liquid
thickness. By reducing the thickness of liquid layer by 10 fold, the reaction speed can
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be increased by 100 times. The parameters used to generate Fig. 5-9 are listed in Table
5-7.

Table 5-7: A list of parameters used for simulation of DNA hybridization
Reacti
on

DNADNA

Equilibriu
m
constant
(1/M)
6

1x10

Probe
density
2

(#/cm )
12

5x10

Liquid
thicknes
s (mm)
0.03-0.2

Diffusivi Electrophor
ty
etic mobility
2
of target
(cm /s)
2

-7

(cm /Vsec)

5.3x10

-4

3x10

Coefficient
for probe
layer
2

(Vcm )
-16

3x10

Figure 5-9: The dependence of hybridization efficiency on probe density for 20-bp
DNA and 500-bp DNA

5.6 Design guidance for surface based biosensors
In a surface-based biosensor system, the detective parameter is the target
density being captured on the substrate, 𝑁!,!"#$%! . It can be written as:
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𝑁!,!"#$%! = 𝜂 !

𝑁!
𝐴!
Equation 5-44

where NT is the total target number, As is the sensing area, and 𝜂 ! is the binding
efficiency.
As aforementioned, the binding efficiency can be increased by optimizing the
probe density, maximizing the equilibrium constant of the reaction, and reducing the
thickness of liquid layer. From the biosensor design point of view, minimizing the
liquid layer thickness is the key for high sensitivity bio-molecular detection. Besides,
sensing speed is an important consideration for point-of-care diagnosis. The reduction
in liquid thickness can greatly shorten the amount of time needed for the sensor to
reach equilibrium.
Alternatively, the inverse relationship between 𝑁!,!"#$%! and As suggest that
𝑁!,!"#$%! can be largely increased by reducing the sensing area.
One should also notice that the the target binding efficiency is independent of
the target concentration. It is justified in conditions where there are plenty of probes
and the targets are rear. So when the same amount of sample volume is used, we exect
a linear relation between the number of target molecules bond to the probes and the
target concentration.
To conclude, a high sensitivity surface-based molecular detection platform can
be achieved by reducing the thickness of the liquid layer and the sensing area.
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5.7 The significance of the unified model
In this chapter, we have presented a unified physical model for surface-based
biosensors. This model is valid for any chemical reactions that can be written as:
𝑇𝑎𝑟𝑔𝑒𝑡 + 𝑃𝑟𝑜𝑏𝑒 ↔ 𝑇𝑃.

Table 5-8: A brief list of the model for surface-based chemical reaction
Reference
[15]
[16]
[17, 18]
[19]
Our model

Transport properties
Diffusion
Electrostatics
✖
✖
✖
✔
✖
✖
✖
✖
✔
✔

Reaction properties
Association
Probe
constant
density
✖
✔
✔
✔
✔
✖
✔
✔
✔
✔

Limitation
Unified
model
No
No
No
No
Yes

Many researchers have attempted to develop models to examine the kinetics of
DNA hybridization or protein binding. Their models match well with the experimental
data when the system is reaction-limited (Table 5-8). However, their works have been
solely focused on the chemical reaction, ignoring the effects of diffusion and
electrostatics. Therefore, their models provide incomplete information for biosensor
design, especially for those applications when the diffusion becomes important.
In our model, we treat the biosensor as a whole system and provide systematic
analysis for binding efficiency improvement. The nature of the chemical reaction and
the transport properties of the biosensors are intertwined, so the design of biosensor
platform should be carefully studied for each application or each specific group of
target molecules. From biosensor structure point of view, reducing the thickness of
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the liquid layer and the sensing area are beneficial for high sensitive molecular
detection.
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Chapter 6
Evaporating droplet microarray for
point-of-care diagnosis
Based on the physical model developed in last chapter, we propose a novel
evaporating droplet microarray, which can reduce the thickness of the aqueous
solution from 2 mm to 0.06 mm and enrich the concentration of target molecules up to
1000 fold by evaporation. The assay is such designed that the evaporation process is
precisely controlled in terms of time and position. New protocol is developed and
experimental data are obtained. The experimental results from biotin-streptavidin
binding and 30-bp DNA hybridization are consistent with the results from the physical
model. The data further demonstrate the promise of the assay to be used for high
sensitivity detection of bio-molecules for point-of-care diagnosis.

6.1 Introduction
Point-of-care diagnostics, or in-vitro diagnostics, prefers to minimize the time
and effort of the laboratory staff and requirements for sophisticated equipment without
compromising the quality of the test results. The analytical “targets” may be nucleic
acids, proteins, metabolites, drugs, dissolved ions or gases, human cells, and microbes.
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Samples can be blood, saliva, urine, or any other body fluids or (semi) solids. A
successful point-of-care technology brings tests closer to the site of patients’ care.
High sensitivity is of vital importance for point-of-care diagnosis. Taking
Alzheimer’s disease as an example, figure 6-1 shows that less invasive diagnosis
procedure requires higher sensitive detection. New technologies with higher
sensitivities allow detection at locations distant from the brain, such as blood or urine.
The levels of the biomarkers could vary widely depending on the clinical applications.
For instance, the desired sensitivity is 100fM or even 10fM when detecting circulating
miRNA biomarkers in blood. In comparison, most of the current surface reaction
based biosensors have a detection limit in the orders of pM[1-6], even with the most
advanced detection technologies (Fluorescence[7, 8], current[9], or SPR[10]). A new
technology with high sensitivity is desired to bridge this performance gap.

Figure 6-1: High sensitivity detection can allow less invasive disease diagnosis[11]
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To solve the problem of insufficient sensitivity and high background noise,
many detection platforms used amplification steps to get more copies of species. The
most commonly used amplification tool is PCR (Polymerase Chain Reaction) that
amplifies nucleic acids by 220 to 240 fold in 20-40 cycles. However, PCR has
sequence-dependence amplification efficiency, especially the sequence that binds to
primers[12]. If one target is amplified 10% more than another in one cycle, it could be
1.130=17.4x more abundant after 30 cycles of amplification. Therefore, PCR based
detection method may not be used to reveal the true genetic profile for biomarkers.
Besides sensitivity, fast detection speed is needed for point-of-care diagnosis,
without compromising for accuracy and repeatability. The shortened detection time
and minimum human interference enable quick generation of actionable clinical
decisions. Cost is another issue that should be carefully considered, especially for
those biosensors that are designed for developing countries.
To conclude, a technology that has the advantages of high detection sensitive,
no bias, high throughput, and low cost is desired for point-of-care diagnosis.

6.2 Evaporating droplet microarray design and operation
As discussed in the last chapter, reducing the thickness of the liquid layer
could improve the hybridization efficiency as well as hybridization speed for surfacebased DNA chips. Moreover, reducing the sensing area could increase the target
density hybridized with the probe.
Angelis et al[13] designed a matrix for molecular detection by evaporation
with a very high concentration enrichment factor. They fabricated a super-
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hydrophobic surface with silicon micropillar arrays. DNAs in droplets of a volume of
a few microliters were concentrated to the sensing areas after evaporation of the
droplets. A concentration enrichment factor as high as 1×104 has been achieved in this
scheme. The method eliminates possible structure damage of DNAs and RNAs, and
shows the potential capabilities of detecting femto- or even atto-molar nucleic acids
without amplification. However, the droplets may roll over the super hydrophobic
surface, if the device is placed on an uneven floor. The detection position and sensing
area could also be random depending on each evaporation process of the droplet,
resulting in unreliable readout. In addition, the substrate is not compatible with
traditional assay, making conventional detection method impossible.
Here we designed an assay and a protocol that can be used for point-of-care
diagnosis, with high sensitivity, no bias, and high throughput. In our device, the
evaporation process of sample droplet is controllable in terms of position, volume, as
well as time period, which ensure a reliable detection and repeatable data. As shown in
Figure 6-2, the device consists of a super hydrophobic background and a hydrophilic
dot array. A hydrophilic dot holds a sample droplet in place, while the super
hydrophobic surroundings allow the droplet shrinks with a minimal contact area with
the solid surface.
The hydrophilic dot is covered by a SiO2 thin film in order to be compatible
with most of the surface modification protocol used in traditional micro-assays. The
diameter of the SiO2 disk is 400 µm. For higher detection sensitivity, smaller disk
areas are preferred. The spacing between dots is 4 mm, preventing adjacent droplets
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from merging. The size of the assay is scalable, depending on the purpose of the biomolecular detection or diagnosis.
Nanostructures are made to render a super hydrophobic surface. Black silicon
is adopted here because the microfabrication steps can be high throughput and low
cost. Furthermore, the low optical reflectivity of black silicon helps reduce the
background noise.
After device fabrication, the hydrophilic dot is functionalized with molecular
probe for protein detection or DNA hybridization. The sample droplet containing
target molecules is captured by each SiO2 dot and evaporates until it reaches the target
volume. Then an oil droplet is used to isolate the remaining sample droplet from air
and keep the volume constant and the salt concentration stable. Within the oil
encapsulated mini reaction chamber, protein binding or DNA hybridization can take
place in preferred conditions. The immobilized target bio-molecules are visualized and
quantified using quantum dots.
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Figure 6-2: The design of the evaporative microarray and its operation; (a) The
structure of the evaporative microarray. It consists of a hydrophilic micro-dots array,
surrounded by superhydrophobic surface made from nanostrcutures on silicon wafer.

6.3 Device fabrication and surface modification
6.3.1 Device fabrication
The device consists of a hydrophilic SiO2 dots array and a superhydrophilic
surface. The dots array is fabricated using traditional lithography method and the
superhydrophilic surface is made by nanopillars through DRIE (deep reactive ion
etching) process.
The dots array are first patterned on a silicon wafer (Mechanical grade,
Uniersity wafer) by negative tone photoresist NR9-1500PY(Futurrex, USA). The
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silicon wafer was first cleaned in acetone, methanol, and isopropanol by sonication for
5 mins in each solvent (Figure 6-3(a)). After solvent cleaning, the Si wafer was rinsed
by running DI water and blown dry by nitrogen gun. Then the Si wafer was further
dehydrated on a hot plate at 200 °C for 10 min. For photolithography, the Si wafer was
spin coated with NR9-1500PY at 4000 rpm for 40s and soft baked at 150 °C for 90 s.
After UV exposure at i-line (Karl Suss MA6, SUSS MicroTec), the Si wafer was
baked at 100 °C for 90 s. Then the Si wafer was developed in resist developer RD6
(Futurrex, USA) for 8 s (Figure 6-3(b)). To remove resist residues, the Si wafer was
descumed in planar O2 plasma (PEIIB, Technics) for 1 min. After photoresist
patterning, Chromium and SiO2 films were deposited on the Si wafer using a
Sputtering system (Denton Discovery 18, Denton Vacuum, LLC) (Figure 6-3(c)). The
Cr layer was used here to form a protective layer for SiO2 dots array during
nanopillars fabrication. The thickness of the Cr/SiO2 film was 100 nm and 120 nm,
respectively. Finally, the rest of the sacrificial resist is washed away by acetone under
slight agitation (Figure 6-3(d)).
To create super hydrophobic surface, nanopillars was fabricated using DRIE
(deep reactive ion etching) process. Unlike currently most known nanostrucure
fabrication methods that involve nanoscale patterning techniques, the cost-effective
process used here eliminates sophisticated lithography process, and holds the
advantage of high throughput. The DRIE process was carried out with a reactive ion
etcher (Plasmalab System 100, Oxford Instruments). The plasma etch process consists
of two steps: passivation step and etching step. During the passivation step, an
isotropical fluoropolymer film that protects the bottom of silicon is deposited on the
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silicon surface. Normally, the thin fluoropolymer layer would be etched away
completely in the etching step. However, residual particles referred to as nano masks
could form when the passivation step is intensified. Then a nonuniform etching profile
occurs. As the etching proceeds, the surface becomes rougher, and finally forms black
silicon with extremely low optical reflectance. In the etching step, the gas flow of SF6
is 30sccm and reaction time is 8s. In the passivation step, the gas flow of C4F8 is 50
sccm and the reaction time is 7s. For all steps, the pressure and the coil power is set to
be 23 mTorr and 825 W. The flatten power is 10W (Figure 6-3(e)). After 80 etching
cycles, dense arrays of nanopillars were achieved with an average height of 4.5um.
Chromium etchant is used to wet etch the Cr layer on the dots array. The
normal etch rate for Cr etchant is 1.5 nm/sec at a temperature of 40 °C. However, the
etch rate in our device is much slower because of the coverage of a fluoropolymer
film. Here, the Si wafer was soaked in the Cr etchant for 10 hours at room
temperature, washed in running DI water for 10 mins, and blown dry using a nitrogen
gun (Figure 6-3(f)). Photos in figure 6-3(g) show the optical reflectance difference
between a mechanical grade Si wafer and a black Si wafer. After microfabrication, the
device is carefully examined under microscope. Images in figure 6-3(h) suggest a
metallic color before Cr etch and a blue color after Cr etch on the dot area. The color
change is then used as an indicator for a successful removal of Cr film.
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Figure 6-3: The fabrication process of evaporative microarray; (a) mechanical grade
silicon wafer is cleaned for microfabrication; (b) photoresist NR9-1500 is patterned on
the silicon wafer by lithography; (c) SiO2 and Cr layer is deposit on the substrate by
sputtering system; (d) a microarray of SiO2/Cr dots is patterned on the silicon wafer
after liff-off; (e) nanopillars are etched on the template by DRIE process; (f) Cr layer
is wet etched by Chromium etchant; (g) a photo shows the reflectivity difference
between black silicon and normal silicon wafer; (h) the color on the dots array as the
indicator for Cr complete removal. (metallic color from Cr layer vs. blue color from
SiO2 layer)

6.3.2 Surface modification for probes immobilization
Probes immobilization is performed by functionalization of the SiO2 dots
array. Fig. 6-4 describes the procedure used here to immobilize the DNA oligos onto
the hydrophilic dots area.
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In the first step, the functionalization is carried out using Aminopropyltriethoxysilane (APTS) to convert surface silanol groups (SiOH) to amine group
(NH2). The silicon atom in the molecule of APTES will perform a chemical bond with
the oxygen of the hydroxyl group (OH). Black Si wafers are incubated in 3% APTS
(90% etchonal) solution for 30 mins at room temperature. Then the Black Si samples
are gently shaken for 5 mins twice with 100% ethanol and 3 mins twice with DI water.
Next, samples are gently blown dry by nitrogen gun and baked at 110 °C for 30 mins
in oven. After this step, amino groups (NH2) are the terminal units on the dots surface
(Figure 6-4 (a)).
Next, Glutaraldehyde (GTA) is used as a grafting agent for DNA
immobilization. GTA binding is achieved through its aldehyde group (COH) which
ensures a chemical bond with the amino group of APTES. In this step, samples are
immersed in a petri dish containing 5% GTA (95% PBS buffer, pH 7.4) for 2 h at
room temperature. The samples are then washed in DI water for 5 mins twice and
blew dry by nitrogen gun (Figure 6-4(b)).
For probes immobilization, 10 nt DNA oligo with amine group at 3’ are linked
to the aldehyde groups of the linker. The probes are diluted in spotting buffer (pH 9.0,
0.1M sodium carbonate, 20% dimethyl sulfoxide (DMSO)) to a concentration of 20
µM before spotting. A 4 µL drop solution of synthetic DNA probes is deposited onto
each dot and incubated at room temperature overnight. After surface modification, the
samples are washed three times for 5 mins with TBST buffer (50 mM Tris, 150 mM
NaCl, 0.05% Tween 20, pH 7.6) and ready for protein detection (Figure 6-4(c)).
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Figure 6-4: The schematic of the probe immobilization procedure on the hydrophilic
surface; (a) The surface is linked to APT; (b) the aldehyde group of GTA binding to
the amino group of APTS; (c) The DNA oligo probe with amine modification at the 3’
end linked to GTA.

6.4 Superhydrophobicity of black Si
The evaporation process of droplets is significantly influenced by the surface
roughness, hydrophobicity and the contact angle hysteresis. Here we will analysis the
relation between surface roughness and hydrophobicity. Then we will measure the
surface properties of black silicon.
6.4.1 theory/model
The classical Young’s equation describes the contact angle θ of a liquid droplet
on a flat solid surface as the following:
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𝑐𝑜𝑠𝜃 =

𝛾!" − 𝛾!"
𝛾!"
Equation 6-1

where γSV, γSL, and γLV are the interfacial free energies per unit area of the solid-vapor,
solid-liquid, and liquid-vapor interfaces, respectively. Complete wetting happens on
solids with a high surface energy γSV and can be described as 𝜃 = 0°. Liquids on low
energy surfaces tend to form droplets with a high contact angle θ. On a
superhydrophobic surface, the contact angle of a water drop exceeds 150°.
It is well known that surface hydrophobicity is enhanced by the roughness on a
hydrophobic solid (with 𝜃 > 90° on a flat substrate), according to two different
models. Wenzel[14] proposed a theoretical model describing the contact angle 𝜃 ! at a
rough surface. He modified Young’s equation as follows:
𝑐𝑜𝑠𝜃 ! =

𝐫 𝛾!" − 𝛾!"
= 𝒓𝑐𝑜𝑠𝜃
𝛾!"
Equation 6-2

where 𝒓 = 𝐴 𝐴! is a roughness factor, defined as the ratio of the actual substrate area
A of a rough surface to the geometric projected area A0. So the roughness factor is
always larger than unity by definition. In the regime of Wenzel’s equation, the
effective free energy of the solid-liquid interface of a rough surface is r times higher
than that of a flat surface, and the hydrophobicity of a rough surface is augmented by
the increase of the solid-liquid contact area. In the Wenzel’s state, the hydrophobic
surface is “sticky” and liquid droplets are highly pinned on the surface, with a high
contact angle hysteresis[15, 16].
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In contrast, Cassie[17] assumes that some air remains trapped between the
liquid and the cavities of the rough surface, therefore, proposed an equation describing
the contact angle at a heterogeneous surface composed of two different materials.
When a unit area of the surface has a surface area fraction f1 with a contact angle 𝜃!
and an area fraction f2 with a contact angle 𝜃! , the contact angle 𝜃 ! can be expressed
by the following equation.
𝑐𝑜𝑠𝜃 ! = 𝑓! 𝑐𝑜𝑠𝜃! + 𝑓! 𝑐𝑜𝑠𝜃!
Equation 6-3
Cassie applied this equation to the contact angle 𝜃 ! of a rough hydrophobic
surface trapping air in the cavities of the rough surface by assuming that the surface is
composed of solid and air. When f2 represents the area fraction of trapped air,
Equation 6-3 can be modified as follows:
𝑐𝑜𝑠𝜃 ! = 𝑓𝑐𝑜𝑠𝜃 + 1 − 𝑓 𝑐𝑜𝑠180° = 𝑓𝑐𝑜𝑠𝜃 + 𝑓 − 1
Equation 6-4
where f is an area fraction of the solid-liquid interface and (1 - f ) is that of the solidair interface. In the regime of Cassie’s equation, the hydrophobicity of a rough surface
is emphasized by the decrease of the solid-liquid contact area. In the Cassie state, the
hydrophobic surface is “slippery”, which is associated with a very high value of
receding contact angle[18].
Quere[19] suggests that there exists a critical contact angle 𝜃! such that the
Cassie state is favored when 𝜃 is larger than 𝜃! . For a nanostructured substrate,
usually a liquid droplet stays in the Cassie state, but the Cassie state can be
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irreversibly switched to the Wenzel state when the droplet is pressed against the
substrate.
6.4.2 Surface roughness
The surface profile of the SiO2 patterned black Si template is examined under
scanning electron microscope (SEM) after coating with a thin conducting layer of Cr.
Figure 6-5 showed uniform nanopillars with around 300 nm diameter, 300 nm spacing
and 4.5 µm height. Increasing the etching time can easily increase the height of
nanopillars. The SiO2 disk is 1.5 µm higher than the black silicon surface. Minimizing
height gap between the SiO2 disks and the black silicon surroundings ensures that
most of the molecules will not be pinned on the boundary while the sample droplet
solution shrinks by evaporation.

Figure 6-5: SEM image of nanopillars fabricated using DRIE method: (a) 45° degree
view (b) top view (c) the interface between dot-array and the nanopillars.

6.4.3 Contact angle measurement
Contact angles were measured by the sessile-drop method on a contact-angle
goniometer at 25 °C with 4 µL distilled water droplet. The values reported herein were
the average of three measurements. The same instrument was used to observe water
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droplet evolution over time during evaporation. Long-term behaviour of water droplets
on the surfaces was evaluated by measuring the evolution of their contact diameter and
contact angle on each surface for periods of time up to 55 min (until the droplets dry).
Several droplets were observed during their evaporation on each sample, showing
good statistical consistency. The evaporation curves presented here were chosen as
typical for each sample.
Figure 6-6(a)-(c) shows the evolution of water droplets on patterned black
silicon template, corresponding to evaporation time of 1, 20, and 50 min. The static
contact angle is 169.22°, suggesting a super hydrophobic surface of black silicon.
Before evaporation time of 40 min, the contact line of the water droplet is mobile
(Figure 6-6(d)), the receding contact angle is approximately constant and the contact
diameter steadily decreases. Therefore, the droplet on the black silicon surface is in
Cassie regime. Slightly after 40 min evaporation, water droplet shrinks onto the SiO2
dot. Thereafter, the contact angle drops quickly, while the contact line of the droplet is
pinned to the boundary of SiO2 dots.
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Figure 6-6: The evolution of water droplet on SiO2 patterned black silicon during
evaporation. (a) the photo of droplet at evaporation time of 1 min; (b) the photo of
droplet at evaporation time of 40 min; (c) the photo of droplet at evaporation time of
50 min; (d) Schematic shape evolution of water droplets during evaporation for 1 (1),
20 (2), 40 (3), 50 (4), 53(5) mins; (e) the contact angle and contact diameter
dependence on evaporation time.

6.4.4 Evaporation and self-alignment
An upright fluorescent microscope (Axio Imager, Zeiss) is used to observe the
water droplet evolution over time during evaporation from the topview. A Xenon acr
lamp is mounted on the microscope for illumination. A 4 µL droplet of Rhodamine
diluted in distilled water is manually pipetted on the patterned black silicon template.
Because of the hydrophilic surface on the SiO2 disk, the droplet will be pinned on top.
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However, the droplet and the SiO2 dot are off-centered in most cases. As evaporating,
the droplet shrinks and its center gradually moves to the SiO2 dot center. Finally, the
contact line of droplet is superimposed with the SiO2 dot (Figure 6-7). By selfalignment, sample droplets can be easily controlled on the black silicon template
within a well-defined detection area, which makes automation for point-of-care
diagnosis feasible.

Figure 6-7: The sample droplet self-alligned with SiO2 disk during evaporation: (a)
1min; (b) 15 min; (c) 35 min; (d) 45 min. The scale bars are 400 µm.

6.5 Protein detection
Target streptavidin is conjugated with quantum dots (Qdot 525, Life
technologies) for visualization. Qdot incubation buffer (2% BSA, 50 mM borate
buffer, 0.05% sodium azide, pH 8.3) is diluted by 1000 fold as the sample solution. 4
µL sample droplets with series of concentration of quantum dots-strepavidin complex
are spotted on the black silicon template. The assay is incubated at 37 °C to accelerate
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the evaporation process. After 10 min, the assay is moved to the stage of goniometer
and closely monitored as its volume decrease. When the sample solution shrinks to 4
nL, a drop of silicone oil (S159-500, Fisher Chemical) is employed to encapsulate the
sample droplet and stop the evaporating process. The assay was further incubated at
room temperature for 1 hour before dipping into hexane solution to remove silicone
oil. Then the assay is cleaned by gentle shaking in TBST buffer and Milli-Q water for
5 min and 3 min. After blown dry with nitrogen, the assay is ready for observation
(Figure 6-8).

Figure 6-8: The experimental workflow for QDs conjugated streptavidin detection: (a)
biotin end-linked probe immobilized on micro-dots array; (b) droplets containing QDs
labeled streptavidin are pipetted on the micro-dots array; (c) the concentration of the
streptavidin is increased and the thickness of the solution layer is reduced by
evaporation; (d) oil drop stops the evaporation process and the reaction happens in the
encapsulated mini chamber. (e) The microarray is washed and ready for quantitative
detection; (f) the microarray could provide high throughput diagnosis of protein
analysis by space-addressable assay
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The fluorescence of quantum dots is detected by a 100x 1.4 NA oil immersion
lens (Plan Apo, Nikon) in an inverted epifluorescence microscope system (Eclipse
TE2000U, Nikon). A drop of low fluorescence immersion oil (Nikon 50 type NF;
refractive index 1.515) fills the gap between the template and the lens. A collimated
UV light LED (1000 mA, M405L2-C5-UV, Thorlabs) is mounted to the microscope
for illumination. The excitation light and the emission light are filtered by optical
filters and dichroic mirror for better image quality (405/10 nm; 536/40 nm BrightLine,
Semrock). The quantum dots on the template are detceted using a high-sensitive CCD
camera (Photometrics Cascade, Roper Scientific) with 653 x 492 pixels. The 16-bit
images are recorded using Metavue (Molecular Devices). Background subtraction and
particle analysis are conducted with ImageJ and Matlab.

Table 6-1: The probe oligos and target molecules used in the protein-binding test
Anchor probe

Biotin- AAAAA AAAAA-amine

Target

Streptavidin conjugated quantum dots

Table 6-1 listed the molecules used as targets and probes for the proteinbinding test. We first studied the influence of probe density on the target binding
efficiency. The concentration of anchor probe changed from 1 nM to 10 µM, while the
target concentration was kept at 1pM. The hybridization efficiency reaches a
maximum of 3% when the density of anchor probe is around 1010 #/cm2 (Figure 6-9).
The simulation curve predicted by the unified model fitted well with the data. The
parameters used in the simulation are listed in Table 6-2.
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Table 6-2: The parameters used for biotin and QDs-streptavidin binding
Reaction

Biotin&Q
Ds-avidin

Equilibri
um
constant
(1/M)
8

2x10

Probe
density
2

(#/cm )
7

12

10 -10

Liquid
thickn
ess
(mm)
0.2

Diffusi
vity
2

(cm /s)
-8

1x10

Electrophor
etic mobility
of target

Coefficient
for probe
layer

(cm /Vsec)

(Vcm )

2

-3

1x10

2

-15

1x10

Figure 6-9: The hybridization efficiency dependence on probe density

The detection sensitivity of the evaporating droplet microarray was tested by
varying the target concentration from 10 fM to100 pM. The total number of bond QDs
was calculated by Matlab coding. Then we subtracted the number of detected QDs by
the non-specifically bonded QDs of a negative control sample. The final results are
shown in Figure 6-10. A linear relationship between the streptavidin-QDs
concentration and hybridized target density is obtained. The current detection limit is
10 fM, with a dynamic range of 3 orders of magnitude. For higher target
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concentration, individual QD cannot be distinguished. For lower target concentration,
non-specific binding overwhelms the signal.

Figure 6-10: The linear relationship between targets concentration and the number of
bond targets.

6.6 The detection of miRNA mimic oligo
The workflow for miRNA mimic oligo detection is shown in Figure 6-11. The
sequences of target and anchor probe oligos are listed in Table 6-3. miRNA205 mimic
oligo is linked with a biotin group. Hybridization buffer (2% BSA, 50 mM borate
buffer, 0.05% sodium azide, pH 8.3) is diluted by 1000 fold as the sample solution. 4
µL sample droplets with series of concentration of miRNA205 mimic oligos are
pipetted to form the evaporating microarray. The assay is incubated at 37 °C to
accelerate the evaporation process. After 10 min, the assay is moved to the stage of
goniometer and closely monitored as its volume shrinks. When the sample solution
drops to 4 nL, a drop of silicone oil (S159-500, Fisher Chemical) is employed to
encapsulate the sample droplet and stop the evaporating process. The assay is then
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incubated at 50 C for 6 hours before dipping into hexane solution to remove silicone
oil. Then the assay is cleaned by gentle shaking in TBST buffer and Milli-Q water for
5 min and 3 min. After blow dry with nitrogen, the assay is ready for observation. The
observation is conducted under the same experimental condition as in the protein
detection test.

Figure 6-11: The schematic view of the experimental flow: (a) amine end-linked probe
immobilized on aldehyde activated micro-dots array; (b) droplets containing
streptavidin labeled miRNA mimic oligo are pipetted on the micro-dots array; (c) the
concentration of the miRNA mimic oligo is increased and the thickness of the solution
layer is reduced by evaporation; (d) oil drop stops the evaporation process and the
reaction happens in the encapsulated mini chamber. (e) Oil layer and hybridization
buffer is washed away from microarray; (f) DNA duplex is labeled with QDs for
observation

117
Table 6-3: The sequences of the DNA oligos used in the DNA hybridization test
DNA oligo

Sequences

Anchor Probe

TGCGA CCTCA GACTC CGGTG GAATG
AAGGA AAAAA AAAAA-amine

Target: DNA mimic
oligo for miR205

biotin-ACGCT GGAGT CTGAG GCCAC CTTAC
TTCCT

Again, a linear relationship between the target concentration and hybridized
target density is obtained as shown in Figure 6-12. The hybridization efficiency is
0.12%, indicating the hybridization condition is not optimized. The current detection
limit is 100 fM, with a dynamic range of 2 orders of magnitude. By optimizing the
hybridization temperature and probe density, the sensitivity could be greatly
improved.

Figure 6-12: (a) the linear dependence of target concentration on the number of
hybridized targets; (b) the processed image of visualized quantum dots with target
concentration of 10 pM; (c) the processed image of visualized quantum dots with
target concentration of 1 pM.
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6.7 Summary and future work
6.7.1 Summary
In this chapter, we present a physical model to systematically analyze the
reaction rate of targets suspended in an aqueous solution with probes immobilized on a
solid surface. The behaviour of the targets and probes has been predicted based on the
transport equation. This provides a broad physical picture of molecular recognition in
DNA microarrays, protein microarrays, any other chemical reactions that happen at
the interface of liquid and solid. Furthermore, it provides clear guidelines to
maximizing microarray sensitivity and efficiency. The mathematical analysis suggests
that the detection sensitivity of microarray is determined by two parts: the reaction and
transportation. The model further reveals that the electrical repelling force caused by
the negative charges of the probes and the target molecules are the key factor
contributing to low binding efficiency. Experimental data from protein/ligand binding
and DNA/DNA hybridization have validated the hypothesis that there exists a shortrange electric-field near the surface to expel the charged molecules, DNA oligo or
quantum dots, from approaching the surface where the reaction takes place.
Based on the physical model, we have proposed a novel microarray technology,
which reduces the effect of electrostatic repelling force by decreasing the thickness of
the aqueous solution and enriches the concentration of target molecules using
evaporation. Black silicon is introduced to the microarray to form a super hydrophobic
surface. SiO2 patterned disk array is designed for the best compatibility with
convention microarrays. The evaporation process is precisely controlled in terms of

119
time and position under goniometer. Preliminary results are in good agreement with
the theoretical prediction and demonstrate the potential application of the device for
high sensitive detection of bio-molecules for point-of-care diagnosis.
6.7.2 Future work
The limitations of current mathematical model are: (a) The model treats the
probe and target as dots, without considering the chainlike particles of nucleic acids or
folded structures of proteins; (b) The microscopic details of the molecules such as the
bonding angles and stacking interactions of DNA molecules are not included.
Much work remains to be done on the development of evaporative microarray
for in-vitro diagnosis. In the proposed evaporative microarray, probes with
complementary sequence of the target molecules are immobilized on each
functionalized SiO2 dot. A 4 µL sample droplet containing target nucleic acids in
1000X diluted hybridizing buffer are spotted on each SiO2 dot and evaporates until its
volume reaches 4 nL. The evaporation process is terminated by covering the
concentrated sample solution with a layer of oil. The template is then incubated in
desired hybridization condition for the reaction to happen in the 4 nL mini chamber.
The dramatic reduction in the thickness of the solution overcomes the electric
repelling force, leading to an improved hybridization rate and binding efficiency.
Finally, the target/probe duplex is labeled with quantum dots or fluorophore for
quantitative observation.
(1) The specificity and sensitivity of the microarray is highly sensitive to the
hybridization process. So the hybridization step in the evaporative microarray needs to
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be optimized, by changing the probe length, probe density on the substrate, the
hybridization conditions, and the washing conditions.
(2) Although the protocol for conventional microarray is well developed, the
detailed process flow for the best practice of the droplet evaporating process remains
to be explored. For example, the influence of evaporating temperature and the
diameter of SiO2 dots have not been studied in this thesis.
(3) For an in-vitro diagnosis template, automation is of vital importance to
reduce cost and labor. The evaporation, hybridization, washing, and detection steps are
now conducted using several equipments. A system that integrates all the functions
togetherto support full process automation is desired.
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Appendix A
Aldehyde treatment protocol
Materials and Equipment:
•

SiO2 patterned Black Silicon sample

•

Aminopropyltriethoxysilane (APTS)

•

Glutaraldehyde (GTA)

•

PBS (Phosphate Buffer Saline) buffer

•

Solvents:
o Ethanol
o Isopropyl alcohol (IPA)
o Methanol
o Acetone

•

Milli-Q water

•

Petri dishes

•

Pipettes and pipet tips

•

Timer

•

Glass graduated cylinder

•

Oven

Steps:
1. Black Si sample cleaning
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1) Clean the sample with:
a) Acetone

3mins

b) Methanol

3mins

c) IPA

3mins

d) Milli-Q water 3mins
2) Blow-dried in a Nitrogen stream
2. Aldehyde coating
1) Immerse patterned Black Silicon sample in 3%
aminopropyltriethoxysilane, (90% ethonal) for 25mins at room
temperature.
3 % APTS solution
99% APTS

1.2 mL

Water

2.8 mL

Ethanol

36 mL

Total

40mL

2) Wash patterned Black Silicon sample by shaking and immersing in:
a) Ethanol for

10 min x 2

b) Water for

5 min x 2

c) Blow-dried with N2
d) Thoroughly dried in oven @ 110 °C for 30 min
3) Bake at 110C in oven
4) Make 5% Glutaraldehyde solution：

125
5 % GTA solution
100% GTA

2 mL

PBS

38 mL

Total

40mL

5) Immerse patterned Black Silicon sample in 5 % GTA solution in dark room
for 2 Hr
6) Wash patterned Black Silicon sample wafer by shaking and immersing in:
a) Milli-Q water for

5 min x 2

b) Blow-dried with N2
c) If needed, store BS wafer in N2 @ 4 °C

Appendix B
Probe immobilization on patterned
black silicon sample
Materials and Equipment:
•

TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 7.5)

•

DNA probes: 100 µM in TE buffer in aliquots in –20 °C freezer

•

Spotting buffer (0.1M sodium carbonate, 20% dimethyl sulfoxide (DMSO), pH
9.0)

•

TBST buffer (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6)

•

Milli-Q water

•

Petri dish

•

Pipettes and pipet tips

Steps:
1. Dilute DNA in spotting buffer (pH 9.0, 0.1M sodium carbonate, 20% dimethyl
sulfoxide (DMSO)) to a concentration of 20uM
2. 4 uL DNA drop solution was pipetted on each aldehyde activated SiO2 dot and
incubated in a humid petri dish at room temperature overnight. (For negative
control, spotting solution was used to replace DNA solution)
3. Wash patterned black Silicon sample wafer by shaking and immersing in:
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1) TBST buffer

5 mins x 3

2) Milli-Q water

5 mins x 2

3) Blow-dried with N2

Appendix C
Protein detection
Materials and Equipment:
•

Quantum dots streptavidin conjugate (Qdot 525, Life technologies)

•

Silicone oil (S159-500, Fisher Chemical)

•

Qdot incubation buffer (2% BSA, 50 mM borate buffer, 0.05% sodium
azide, pH 8.3)Hexane

•

Milli-Q water

•

Nikon inverted microscope (Eclipse TE2000U, Nikon)

•

Collimated UV light LED (1000 mA, M405L2-C5-UV, Thorlabs)

•

100x 1.4 NA oil immersion objective (Plan Apo, Nikon)

•

Immersion oil (Nikon 50 type NF; refractive index 1.515)

•

Optical filters (405/10 nm; 536/40 nm BrightLine, Semrock)

•

High-sensitive CCD camera (Photometrics Cascade, Roper Scientific)

Steps:
1. Evaporation
1) Streptavidin conjugated Qdots are spiked in 1000X diluted Qdot
incubation buffer
2) Pippete 4 µL (20nM) Qdot solution on each SiO2 dot
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3) Incubate at 30 °C for 10 min
4) Move the assay to goniometer and monitor the evaporation process
5) Stop evaporation by pipetting 10 µL silicone oil when the height of the
Qdot droplet reaches 80 µm
6) Incubate the assay at room temperature for 2 h
7) Dip the assay in hexane for 2 min to remove oil
8) Take the assay out of the hexane solution without agitation and
wait until the hexane on the assay evaporates
9) Wash the assay by gentle shaking
a. TBST buffer

5 min x 3

b. Milli-Q water

3 min x 2

10) Blow-dried in a Nitrogen stream
2. Observation
1) Spread a droplet of immersion oil on the detective area of the black
silicon assay
2) Mount a collimated UV light LED on the microscope for illumination
3) Mount 405/10 nm filter for excitation and 536/40 nm filter for emission
4) Capture images using a CCD camera and MetaVue software
3. Data analysis
1) Open the acquired images in Matlab GUI
2) Subtract the non-uniform illumination
3) Adjust the threshold for Qdots counting
4) Save the results in excel file

