ABSTRACT
Fabrication and Demonstration of a Microfluidic Device Toward a Microfluidic-based
Microinjection for Cx. pipiens Embryo
Jeonghyeon Cheon, M.S.E.C.E.
Mentor: Seunghyun Kim, Ph.D.

According to the World Health Organization (WHO), more than 390 million
people each year have reported being affected by mosquito borne diseases. In order to
prevent epidemics of fatal diseases, altering mosquitoes through transfection, by inserting
biological materials into vector embryos, deserves further development. The current
transfection method is performed manually by a trained operator. However, the process is
expensive and time-consuming, with a large variation in success rates dependent on
operator skill. This research focuses on minimizing these limitations through the design
and fabrication of a microfluidic system for Cx. pipiens mosquito embryo microinjection.
In order to construct a microfluidic system with simple and low-cost fabrication
processes, a 3D printer is employed. Fabrication processes were successfully developed
and the device operation was validated. The microfluidic device shows feasibility toward
microinjection for Cx. Pipiens embryos.
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CHAPTER ONE
Mosquito-borne diseases

Mosquito-borne diseases, such as Zika virus (ZIKV), Dengue fever, Chikungunya
virus (CHIKV), Yellow fever, and West Nile Virus (WNV) have a disastrous impact on
mortality and morbidity in humans. These fatal infectious diseases are primarily
transmitted to people through mosquitoes. With the effects of increased human
movement [1], global warming [2], and rapid urbanization [3], the annual incidences of
mosquito-borne diseases have been growing rapidly. People, infected from the diseased
outbreak areas, carry and spread these fatal infectious diseases to other people in new
regions [1]. Moreover, global warming changes ecosystems and gives new chances for
the survival and proliferation of mosquitoes (e.g. increasing breeding sites, which are
formed by high rainfall) [2]. Furthermore, many plastic containers and automobile tires,
produced and used with drastic urban growth, provide ideal conditions for mosquito
breeding and allow for large mosquito populations in populous cities [3].
Mosquito-borne disease has become a major health concern worldwide. ZIKV
infection in pregnant women can cause microcephaly for infants. With microcephaly, the
brain of the fetus does not develop properly, so the brain of an infected newborn baby is a
smaller than normal [4]. A notable ZIKV outbreak occurred on Yap Island in the Pacific
Ocean in 2007 [5]. 5005 of the 6892 Yap residents were infected and 919 of the infected
people experienced clinical illness (e.g. fever, rash, and muscle pain, etc.). As shown in
Figure 1.1, the number of countries and territories associated with ZIKV has greatly
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increased recently and reached 70 countries and territories by 2016 [6]. In 2013, French
Polynesia recorded approximately 20,000 reported cases [7]. Between 2015 and 2016, a
major ZIKV outbreak occurred in Latin America and the Caribbean [8]. The World
Health Organization (WHO) announced a temporary “Public Health Emergency of
International Concern” in the region [8]. In 2015, at least 14 Brazilian states reported
440,000-1,300,000 suspected cases [9], [10] while more than 4000 cases of suspected
microcephaly were reported in Brazil in 2016 [11], [12]. Between 2015 and 2016, a total
of 51,473 suspected ZIKV infections were reported in Colombia, with 2090 laboratoryconfirmed cases [13]. In 2016, 48 countries and territories in the Americas were affected
by an ZIKV outbreak with 171,553 confirmed cases reported [14].

Figure 1. Cumulative number of countries and territories by WHO region reporting
mosquito-borne Zika virus transmission in years (2007-2014), and monthly from 1
January 2015 to 24 August 2016 (Sub regions : Africa (AFR), Americas (AMR), Western
Pacific (WPR), South-East Asia (SEAR)) [6].
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Dengue fever is presently the most significant arboviral disease in humans. The
symptoms of dengue virus infection are various, from mild fever to potentially deadly
dengue shock syndrome [15]. Severe dengue, also called dengue Hemorrhagic Fever, is a
potentially fatal complication. However, there are no effective antiviral agents for the
treatment of dengue fever. Moreover, the recently developed dengue vaccine has fallen
short of expectations in many trials [16]. Dengue fever is mainly found in the tropic areas,
but there are local variations in risk depending on temperature, unplanned rapid
urbanization, and rainfall [17]. In 2010, Bhatt et al. estimated approximately 390 million
(range 284-528 million) Dengue infections, out of which 96 million (range 67-136 million)
were clinically obvious. The global incidence of dengue shows rapid growth in this recent
decade [18]. Figure 1.2 (a) shows the number of dengue cases indicating a drastic increase
from 2.2 million in 2010 to 3.2 million in 2015 [15], [19]. The total number of deaths
reported to WHO during 1990-2015 is shown in Figure 1.2 (b) [15]. In 2015, the Americas
alone reported 2.35 million cases of dengue, with 10,200 severe dengue cases, which
claimed 1,181 lives. In the same year, Delhi, India, recorded over 15,000 cases and the
Island of Hawaii, United States of America, reported 181 cases [15]. In 2016, large dengue
outbreaks emerged worldwide. More than 2.38 million cases were reported in the Americas
in 2016, of which Brazil alone reported approximately 1.5 million cases, including 1,032
dengue deaths. The Western Pacific Region declared an outbreak with more than 375,000
dengue suspected cases in 2016, including 176,411 cases in the Philippines and 100,028
cases in Malaysia. More than 7,000 dengue suspected cases were also reported in the
Solomon Islands in the same year. In the African Region, Burkina Faso was affected by a
localized outbreak of dengue with 1,061 probable cases in 2016. In 2017, 584,263 cases of
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dengue were reported in the Americas. According to the WHO, 500,000 people with severe
dengue need hospitalization each year, and 12,500 people die because of severe dengue.

(a)

(b)

Figure 1.2. (a) The number of suspected or laboratory-confirmed dengue case notified to
WHO since 1990 (b) the number of death notified to WHO Since 1990 [20]. (Regional
offices: Pan American Health Organization (PAHO), South East Asia Regional Office
(SEARO), Western Pacific Regional Office (WPRO)).

Yellow fever causes fever, headache, jaundice, muscle pain, nausea, vomiting and
fatigue [20]. The fatality rates of yellow fever in reported cases are higher than 75%.
While there is an effective vaccine to prevent yellow fever disease [21], large epidemics
of yellow fever can still outbreak when infected people spread the virus into highly
populated areas with high mosquito density [13], [20]. Many African and American
countries are still in danger of yellow fever [13]. Outbreaks of Yellow fever in Africa in
the 1960s and the late 1980s brought disaster, with more than 200,000 cases [22]. In
2013, 78,000 deaths related to outbreak in Africa were estimated, together with 130,000
cases of infections [23]. As shown in Figure 1.3, a total of 4,347 suspected, 884
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confirmed, and 377 deaths were reported in Angola while 2,987 suspected, 77 confirmed,
and 121 death were recorded in Congo in 2016 [24]. Between 2017 and 2018, Brazil
recorded 723 confirmed case of yellow fever, including 237 deaths [25]

(a)

(b)

Figure 1.3. (a) National weekly number of confirmed, probable and negative yellow fever
cases in Angola, 5 December 2015 to 13 October 2016 (b) National weekly number of
confirmed and negative yellow fever cases in Democratic Republic of the Congo, 21
September 2015 to 26 October 2016 [28].

The symptoms of CHIKV include high fever, debilitating arthralgia, and
headache. Relieving the symptoms is the only treatment for CHIKV because there is no
vaccine for it [26, 27]. Outbreak of CHIKV has contributed to serious public health and
economic damage [26], [28]. More than 1.9 million cases have been reported in India,
Indonesia, Maldives, Myanmar and Thailand since 2005 [27]. Cases of CHIKV have
5

been reported in 45 countries and territories in North, Central, and South America and the
Caribbean Islands [29]. In 2006, La Reunion Island had 47,000 cases [29]. Almost 40 %
of the population in La Reunion Island experienced CHIKV disease. India also
experienced a large Chikungunya outbreak during 2006-2007 [27]. Table 1.1 summarizes
the number of reported CHIKV to the Pan American Health Organization (PAHO) during
2014-2017 [30]–[33]. A total of 2,176,771 suspected, 242,022 confirmed, and 428 death
cases were reported during this period. The Americas recorded 693,489 suspected cases
and 37,480 confirmed cases of Chikungunya in 2015, of which Colombia contributed
356,079 suspected cases. In 2016, 351,334 suspected and 152,769 laboratory confirmed
cases reported to the PAHO regional office, of which Brazil had 265,000 suspected cases,
and Bolivia and Colombia recorded 19,000 suspected cases. In the African region, Kenya
was affected by a CHIKV outbreak with over 1,700 suspected cases reported in 2016
[27]. Africa, Southeast Asia, and Americas are now at risk of CHIKV epidemic [26]–
[28], [30]–[33].

Table 1.1. The number of reported CHIKV cases notified to the PAHO since 2014.
Year
2014
2015
2016
2017
Total

Suspected cases
1,071,696
693,489
351,334
60,252
2,176,771

Confirmed cases
22,796
37,480
152,769
28,977
242,022

Deaths
169
74
172
13
428

West Nile Virus (WNV) can result in serious neurological disease and can
ultimately be fatal [34]. WNV is most prominent in Africa, Europe, the Middle East,
North America and West Asia. Human infection is most often transmitted through the
bite of infected mosquitoes. When mosquitoes bite and suck the blood of infected birds,
6

the mosquitoes become infected. Around 80 % of infected people are asymptomatic (no
symptoms) and about 20 % of people develop West Nile fever or severe West Nile
disease (called neuroinvasive disease). Severe disease causes headache, neck stiffness,
high fever, coma, muscle weakness, paralysis, etc. There are no vaccines for treating or
preventing WNV in people. In 2000, Israel reported 417 confirmed cases with 326
hospitalizations, including 33 deaths [35]. Romania reported 393 confirmed cases in 1996
and 54 cases with neuroinvasive infection in 2010 [36]. In 2010, 81 cases of West Nile
neuroinvasive disease occurred in the region of Central Macedonia, northern Greece [37].
Between 1999 and 2017, 48,183 confirmed WNV disease cases (Neuroinvasive disease:
22,999 cases, Non-neuroinvasive disease: 25,184) were reported in 47 states of the
United States (US) and the District of Columbia, including 2,163 death [38]. The most
recent update in 2017 reported 2,097 cases of WNV disease in humans in the US,
including 146 deaths. Out of them, 1,425 cases were confirmed to be neuroinvasive
disease, giving a national incidence of 0.44 per 100,000 population.
There are various types of mosquitoes such as Aedese aegypti, Culex pipens,
Anopheles gambiae, etc. Out of those, Aedese aegypti and Culex pipiens are two mosquito
species causing the majority of mosquito-borne diseases discussed above. Aedes aegypti,
also known as yellow fever mosquito, is a vector that transmits ZIKV, Dengue fever,
CHIKV and Yellow fever [39], [40]. A vector is an organism that transmits infections by
transferring viral infection from one host to another, but does not produce the disease itself.
As shown in Figure 1.4 (a), the mosquito has a white striped pattern on its legs and the
upper surface of its thorax [41]. This mosquito species can be found in tropical and
subtropical regions all over the world [42]. Only female mosquitoes bite and suck blood
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[41]. Female mosquitoes find a host using chemical compounds (e.g. ammonia, carbon
dioxide and lactic acid) emitted from mammals [41]. They spread viruses as carriers, by
biting an infected person and transmitting the virus through biting other people [39].
During the day, they deposit dozens of eggs above the water line, which contain
organic materials such as decaying leaves, algae, and etc., in natural locations (e.g. plant
axils and tree holes) or artificial containers (e.g. flower pots, animal dishes, buckets, and
etc.) [40]. Their larvae generally eat small aquatic organisms such as particles of plants and
animal in the water for growing [40]. In 7-8 days the aquatic portion is complete and they
become adult mosquitoes [40]. The adult mosquitoes can live around three weeks [40].
Culex pipiens is a mosquito that can spread West Nile Virus. As shown Figure 1.4
(b), an adult female mosquito has uniform brown colored legs and striping on the
abdominal segments [43]. They are the most widely distributed mosquito in the world.
They usually prefer to bite birds more than humans. However, if they have the opportunity,
Culex pipiens will feed on people. These mosquitoes can use natural locations and artificial
containers with still water (e.g. buckets, flower pots, or bird baths) to lay their eggs. These
mosquitoes lay eggs in rafts of 50-150 or more, and they stick together and float above the
water. The entire aquatic cycle (i.e., from egg to adult) can occur in 7-9 days. The life span
of adult mosquitoes is normally a few weeks. However, they can sometimes survive for
several months during the winter.
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(a)

(b)

Figure 1.4 (a) Female Aedes aegypti mosquito (b) Female Culex pipiens mosquito.

The best way to suppress mosquito-borne diseases is by minimizing the population
of the mosquitoes in the area, a process called a vector control. There are several different
vector control approaches, which include insecticide-based control and biological control.
The conventional mosquito population suppression method is insecticide-based control.
This method used by mosquito-control organizations, or companies have sprayed
insecticides (e.g. DDT (dichlorodiphenyltrichloroethane), Malathion, Permethrin, etc.)
using truck or aircraft mounted sprayers. Ae. aegypti vector control was considered to be
successful through systematic insecticide-based control method using DDT in the early
20th century [44] and 22 countries declared the absence of the species by the early 1960s
[45]. However, Ae. aegypti had not been completely eradicated and reappeared.
Furthermore, it turned out it is difficult to suppress the population over the long-term
because the mosquitoes lay their eggs in areas of reduced exposure to insecticides (e.g.
plastic containers) [46]. These “safety sites” are diverse and widely distributed, especially
in areas of dense human populations. Also, the insecticide-based control method has some
limitations such as slow operational response, ineffective timing of application, and high
costs. Mosquitoes eventually develop insecticide resistance, which in turn reduces efficacy
of the insecticide spraying method. Moreover, insecticide is toxic for non-target species
9

(e.g. bees, butterflies, lady bugs, etc.) which may cause serious environmental and health
problems [46], [47].
As a consequence, the development of new and effective vector control methods is
needed. Biological control (transfection-based vector control) is one of the most attractive
alternatives. Biological control produces genetically modified mosquitoes by inserting
biological materials into embryos, which is called transfection.
The transfection process uses genetically-modified male mosquitoes to ultimately
suppress the overall mosquito population. Through transfection, genetically-modified male
mosquitoes carry a lethal transgene, which produces a protein called tetracycline
repressible transactivator protein (Ttav) to inhibit the activity of a cell [48]. The
genetically-modified male mosquitoes are released to mate with wild female mosquitoes,
and thereby suppress their offspring by passing the lethal transgene causing death before
adulthood [49]. A trial performed in the Cayman Islands in 2010 shows that a release of
genetically-modified male mosquitoes subdued the local Ae. aegypti population by 80%.
In Brazil in 2015, another trial showed the reduction of Ae. aegypti population by 95% [50].
There is great potential in the application of biological control to reduce the risks of fatal
mosquito-borne diseases. An in-depth overview of transfection methodology will be
provided in the Chapter 2.
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CHAPTER TWO
Transfection

In general, the process introducing genetic biomolecules, such as proteins, nucleic
acids, and antibodies, into cells or embryos to make genetically manipulated cells or
embryos is called transfection. There are two categories of transfection, which are stable
transfection and transient transfection [51]. In stable transfection, the foreign DNA is
combined with a genome in the target cell [52]. On the other hand, with transient
transfection, the foreign DNA is not combined with the genome, so changes are only
temporarily expressed [51]. Transfection is a significant tool for genetic engineering, invitro fertilization, and drug development. The increased need of a transfection method
with a high transfection efficiency, minimal effect on normal physiology, and ease of use
has led to the development of various techniques. There are three different methods used
for transfection: biological, chemical, and physical transfection methods (Figure 2.1).
Biological transfection methods, which deliver DNA into the cell using a
genetically modified virus [53], is the most widely applied method in clinical research.
There are two types of biological transfection methods: Ex vivo viral and in vivo viral
gene transfection [54]. Ex vivo transfection exposes the cultured cells to a viral vector in
order for delivering the desired gene. Subsequently, the infected cells are reinserted into
the organism after growing in the laboratory. In vivo viral transfection (e.g. gene therapy)
directly inserts viral vectors containing the desired gene into the model organism through
the blood stream for stable genomic integration. These biological transfection methods
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are highly efficient and simple. However, disadvantages are high cytotoxicity, high-cost,
and limited targeting of specific cell types. Moreover, a virus package has limited
carrying capacity for a foreign gene [54], [55]. To address these issues, non-viral
transfection methods such as chemical and physical methods have been developed.

Figure 2.1. Different types of transfection methods: biological transfection method (red
dot-square), Chemical transfection method (blue dot-square), Physical transfection
method (green dot-square) [56].

Chemical transfection methods use conjugated reagents to carry genetic
biomolecules into cells or embryos. These methods are commonly used in laboratory
research [57]. Cationic polymer (e.g. DEAE-dextran or polyethylenimine (PEI)), calcium
phosphate (one of the cheapest methods), cationic lip (the most popular method), and
cationic amino acid are frequently used to coat nucleic acids to promote absorption of
12

nucleic acids by the cell membrane and transport them into the cells [58]–[60]. The
advantages of chemical transfection methods include no mutagenesis, no size limitation
on the packaged nucleic acid, no extra-carrying DNA and relatively low cytotoxicity
[54], [55]. However, these processes show low transfection efficiency influenced by
various factors (e.g. nucleic acid/chemical ratio, cell membrane conditions, solution pH,
etc.) [54], [55].
Physical transfection methods directly deliver biomolecules into cells and
embryos. Various physical methods have been developed to physically open holes on the
cell membrane and deliver biomolecules into it. This is the most widely used method for
mosquito transfection, for reasons addressed later in this chapter. The details of various
physical transfection methods are presented here: ballistic particle delivery,
electroporation, sonoporation, laser-mediated transfection, and capillary microinjection.
Ballistic particle delivery (also known as gene gun) transports the genes into the
cells using microscopic gold particles [61], [62]. John et al. demonstrated a biolistic
transfection of plasmids into cultured Human Embryonic Kidney (HEK) and organotypic
brain slices through a hand-held gene gun (Figure 2.1) [61]. The injection process was
performed in three steps. First, copies of the DNA were coated on the gold particles
(diameter: ~ 1 µm), which are inert, non-toxic, and smaller than transfected cells. Second,
the gold/DNA particles were moved into a cartridge. Finally, as shown in Figure 2.2 (b),
the gold/DNA particles are shot at cells by air pressure. When the gold/DNA particles
pass through the cell nucleus, the gene combined with DNA of the chromosome. While
ballistic particle delivery has merits, such as simplicity, versatility, high reproducibility,
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cell type independence, and low DNA consumption, the method generally requires costly
instruments and causes physical damage to cells.

(a)

(b)

Figure 2.2. (a) Helios gene gun. (b) The gold/DNA particles are shot at cells [61].

Electroporation is another physical method using high-voltage electrical pulses to
make reversible holes in the cell membrane [63]–[67]. There are multiple applications for
this method. Ino et al. demonstrated selective transfection of myelinating Schwanne cells
(SCs) in the rodent sciatic nerve with electroporation [65]. In this In vivo electroporation
method, they showed highly efficient simultaneous expression of multi transgenes. Shi et
al. reported a DNA transfection system for the crayfish hematopoietic tissue (Hpt) cells
using electroporation [66]. They could achieve high transfection efficiency, more than
30% with the relative cells’ viability ~50%. Zhao et al. designed a flow-through cell
electroporation device (FED) by combining a needle electrode array in a large flow
tube as shown in Figure 2.3 [67]. The large flow tube allows high flow rate, low shear
force, and simple flow characterization while the evenly distributed needle electrode
array generates a uniform-distributed electric field with a low voltage. As shown in
Figure 2.3(c), the cells were mixed with nucleic acid and electroporation buffer
14

solution. Then, the cells were loaded into the FED. The loaded cells were
electroporated by applied voltage in electroporation chamber and the nucleic acids
were introduced into the loaded cells. The electroporated cells were unloaded into the
outlet and gathered for culture. Their device showed 67% high nucleic acid
transfection efficiency and 80% cell viability on cell lines. Furthermore, RNA was
successfully released into freshly isolated cells and the erythrocyte was re-transfected
back as RNA carrier. The flow-through electroporation device achieved a high cell
processing speed (2.25 × 107 cells/minute). The electroporation method is simple and
rapid so that a large number of cells can be transfected in short time in optimum
electroporation conditions. Furthermore, it can be used with a wide range of cell types.
Still, in spite of all these benefits, extended electrical pulse exposure can result in cellular
death due to the membrane damage [64]. Moreover, the number of nucleic acids cannot
be exactly controlled but rather randomly injected into the cell so it results in a nonquantitative reagent transfection.
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Figure 2.3. A flow- through cell electroporation device (FED) and its working process.
(a) The schematic of the FED structure. (b) A photo of FED, the PDMS seal area and the
electroporation chamber are marked with red dashed boxes. (c) The operation process of
FED [67].

Sonoporation method uses ultrasound which changes the permeability of the cell
membrane and produces transient hole through heating and cavitation [68], [69]. Le Gac
et al. used a single laser-induced cavitation bubble for the sonoporation of HL60 (human
promyelocytic leukemia) suspension cells in a microfluidic confinement as shown in
Figure 2.4 [70]. The microchamber (in Figure 2.3 (b)) was exposed by a frequencydoubled pulsed laser (Nd:YAG laser at 532 nm, 6 ns pulse duration) to make cavitation
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bubbles with 10–30 μs life times. Membrane poration of cells can be generated by the
cavitation bubbles. Cells, which are located closer than 0.75 𝑅𝑚𝑎𝑥 (maximum bubble
radius) from the cavitation bubble center, have holes with a probability of 0.75%.
However, if cells stayed away more than 4.0 𝑅𝑚𝑎𝑥 from the cavitation bubble center, then
they were not influenced. Abdalkader et al. demonstrated in vivo gene transfection in
mice left limb muscles using sonoporation [71]. They used stable nano-sized bubbles
through the mechanical agitation method with perfluorocarbon gases. Tsuchiya et al.
reported sonoporation-mediated gene delivery through polyethylene glycol (PEG)-grafted
polymeric carriers, which is specifically reacted with hyperactivated protein kinase A
(PKA) [72]. Sonoporation effectively delivered PEG-grafted polymeric carrier/DNA
polyplexes (the hydrophilic PEG layer) into the cells. These methods are simple, but cells
can disintegrate if overexposed. Moreover, similar to electroporation, because the number
of nucleic acids cannot be exactly controlled, but are rather randomly injected into the
cell, it causes non-quantitative reagent transfection.

(a)

(b)

Figure 2.4. (a) Photograph of microsystems. (b) A scanning electron microscope (SEM)
image of microchamber [70].
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Laser-mediated transfection produces a transient hole using a pulsed laser [73],
[74]. The advantages of laser-mediated transfection method are (1) it can be used for
small cells and (2) it can produce holes at any location on the cell. Thobakgale et al.
reported successful injection of green fluorescence protein plasmid (pGFP) and Sox-17
plasmid DNA (pSox-17) to change the behavior of mouse embryonic stem cells (mESCs)
using laser-mediated transfection [75]. To make the holes on the cell membrane, they
used femtosecond (fs) laser pulses (laser power: 6 μW, pulses: 128 fs, and pulse
repetition rate: 1 kHz) under a home-built microscope system.
Overall, these physical transfection methods (ballistic particle delivery,
electroporation, sonoporation, laser-mediated transfection) improve transfection
efficiency, but, they show non-quantitative reagent transfection because the number of
nucleic acids cannot be exactly controlled but are rather randomly injected into the cell.
Capillary microinjection, another physical transfection method, overcomes the
limitations of other physical methods. Transfection is performed by direct insertion of a
microneedle. The capillary microinjection has successfully been used to inject the known
amount of various molecules such as lipids, proteins, and drugs into single cells.
However, it is a highly labor-intensive and operator-dependent method, usually suffering
from a low throughput and high variation of success rates among operators based on their
skills (e.g. orienting the needle, holding pipettes in space and inserting the needle into
cells). In order to improve the throughput and reduce the technical variation among
operators, semi- and fully-automated micro-robotic injection systems have been
developed [76], [77]. Chun et al. demonstrated suspended cell injection using a
microelectromechanical systems (MEMS) device as shown in Figure 2.5 [78]. The
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MEMS device consists of microchambers for holding cells and a microarray injection
capillary (diameter: 5 μm, length: 30 μm, thickness: 1 μm). Cells were loaded in the
microchambers and fixed with suction. Then, the microarray injection capillary was
aligned along the pattern of the microchambers and inserted into the cells. Next, reagents
were delivered into the cells through pneumatic pressure. This device shows high
throughput microinjection but requires rather complicated and expensive fabrication
processes.

Figure 2.5. Microinjection MEMS device [78].

Fully-automated micro-robotic injection systems were developed by Gentil et al.
and Wang et al. Gentil et al. demonstrated precise cellular injections using redesigned the
atomic force microscope (AFM) [76]. As shown in Figure 2.6 (a), the AFM tip was
inserted to any location inside the cell through the precise positioning and force feedback
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control of the AFM under an inverted microscope. The tip was modified to have an
internal empty core to introduce biomolecules into cells as seen in Figure 2.6 (a). They
injected Lucifer yellow CH(LY) into the Hela cells with a 100% success rate.

(a)

(b)

Figure 2.6. (a) Schematic of the intranuclear injection using fluidic force microscopy (b)
Scanning electron micrographs of a FluidFM injection probe [76].

Wang et al. reported a fully automated zebrafish embryo injection using a
microrobotic system in Figure 2.7 [77]. A vacuum-based embryo holding device is shown
in Figure 2.7. Evenly aligned holes (400 mm diameter) are integrated with a vacuum
source through a backside channel. Zebrafish embryos are trapped at each through-hole
on the device by a sucking pressure (50-178 mmHg) and then injected under the
microscope using a robotic system through computer vision and motion control. The
microrobotic system showed successful injection results (injecting speed: 15 zebrafish
embryos/min) with a 99% success rate, a 98% survival rate. However, both of these
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systems require expensive equipment (e.g. AFM and microrobotic system) compared to
other methods.

(a)

(b)

(c)

Figure 2.7. (a) Automatic cell injection system. (b) Vacuum-based embryo holding
device. (c) An array of trapped embryos with injection path labeled [77].

Microfluidic devices, miniaturized fluid and gas control systems, have developed
as a significant tool for various purposes [79]. The microfluidic device integrated with
injection systems has shown promise to improve throughput and reduce the potential cell
damage by integrating pre- and post-processing operations (e.g. cell culture, sorting, and
viability testing) [80]. Microfludics brings various advantages: low cost, reduced sample
and reagent volumes, improved portability, high sensitivity, and the potential to be highly
automated and integrated to diminish human error [81]. Based on these advantages,
microfluidics have been developed in many areas of research in chemistry and biology:
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genetic analysis [82], lab on a chip (LOC) or micro total analysis systems (µTAS) [83],
[84], cell analysis [85], drug discovery [86], organs on chips [87], and point-of-care
(POC) diagnostics [88].
There are a few microfluidic-based microinjection systems already reported in the
literature [53], [89]. Ghaemi et al. described a novel Polydimethylsiloxane (PDMS)based microinjection system in a microfluidic format with precise electroosmotic dosage
control [53]. As shown in Figure 2.8, a movable microinjection needle (OD: 15 mm, ID:
7.5 mm) is linearly arranged in a straight line with the suction capillary in the channel
and electroosmotic dosage control was used to deliver the accurate reagent flow rate (314 (pL/s) at DC voltage (5-25 V)). Then, the microinjection needle is inserted into the
embryo through deformation of PDMS substrate. They successfully injected Methylene
blue solution into the embryo by applying a 25 V for 10 s. Their injection mechanism is
simple, and high-throughput microinjections are possible.

(b)

(a)

Figure 2.8. (a) Schematic and (b) operation process of the microinjection device with a
movable needle [53].
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Adamo et al. reported a high-throughput microfluidic format single cell
microinjection system as shown in Figure 2.9 [89]. The device uses a stationary injection
needle to penetrate a pressurized cell by hydrodynamic pressure and delivers the reagent
into a cell through the injection needle. In operation, two micro valves (V1 and V2) are
used to control the fluid flowing for transporting a cell. First, a cell is loaded into the
microchannel and delivered in front of the microinjection needle by fluid flowing through
valve operation (V1: Open, V2: Closed) (Figure 2.9(a)). Then, the cell is impinged and
the reagent is delivered into the cell through the microinjection needle (Figure 2.9(b)).
After the injection process, the injected cell is released and transported into channel B for
unloading with valve operation (V1: Closed, V2: Open) (Figure 2.9(c)). They used Hela
cells for their experiment. They successfully visualized the injection process by
introducing ~2.5 (pL) of a fluorescent maker. This approach is very promising for human
cell transfection.

(a)

(b)

(c)

Figure 2.9 Schematic of the microfluidic based single cells micro injection [89].

However, these microfluidic-based transfection devices are designed for human
cell transfection and are not simply applicable for microinjection on mosquito embryos.
There has been no research done to develop a microfluidic microinjection system
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specifically for mosquito embryo transfection. The gold standard of mosquito embryo
transfection is the manual capillary microinjection method. As mentioned earlier, the
capillary microinjection method is, in general, a very labor-intensive method with a low
throughput and a high operator skill dependence which hinders the research progress on
mosquito embryo transfection-based vector control to reduce mosquito-borne diseases.
Mosquito embryos have different shapes and the transfection for mosquito embryos
cannot be done randomly like human cells. The injection must be performed on a specific
end of mosquito embryos (the posterior pole). This thesis mainly focuses on developing a
design and fabrication processes for a low-cost microfluidic system for Cx. pipiens
embryo microinjection. To create a rather complex microfluidic system integrating
microfluidic channels, valves, and microneedles without complicated and expensive
micro/nano fabrication processes, and to also lower the overall cost, a 3-D printer is used
to fabricate the device. While the device developed through this research is mainly for
mosquito embryo transfection, it is anticipated that the 3-D printer-based fabrication
technique can be more widely applicable for other microfluidic-based cell or tissue
transfection devices.
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CHAPTER THREE
3D printed Technology Combined Microfluidic Injection Device

Polydimethylsiloxane (PDMS) has been widely used for microfluidic devices due
to several advantages such as its low-cost, biocompatibility, optical transparency, and
ease of fabrication. As shown in Figure 3.1, PDMS consists of carbon, silicon, and alkane
and has variations in flexibility and adhesion depending on the mixing ratio between the
PDMS base and the curing agent [90]. PDMS-based microfluidic devices have been
developed and employed for many applications (e.g. protein crystallization, microbial
single-cell analysis, cell culture, particle production, and cell microinjection) [91]–[99].
To fabricate PDMS-based microfluidic devices, photolithography and soft lithography
are utilized. Photolithography is usually used to fabricate a mold master [100]. Soft
lithography, then replicates the mold master, commonly using PDMS.

Figure 3.1. Polydimethylsiloxane (PDMS) structural formula [90].
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While the photolithography process is simple and straightforward, it still has few
limiting factors. Photolithography still requires multiples steps using various chemicals in
a cleanroom environment. Moreover, photolithography is unsuitable if the mold master
structure has a complex design in the vertical direction. The mosquito embryo has very
unique structure as shown in Figure 3.2. The mosquito embryo has an asymmetric
elliptical shape, with a length of 750 ± 20 µm and the widest width of 188 ± 8 µm. The
tapered end of the embryo is called the embryo’s “posterior pole,” where the presumptive
germ cells will generate [101]. Germline stem cells are defined by their capacity to selfrenew and to generate daughters that differentiate into one or more terminal cell types
[102]. Primordial germline stem cells in Drosophila start their lives as pole cells, which
are products of the first cellularization event in the syncytial embryo. Pole cells are
devoted to the germ cell fate at the their formation time through the cytoplasmic
inheritance of maternally deposited pole plasm, or germplasm, which is sufficient for
germline determination [103]. To suppress the mosquito-borne diseases, germ-line
transformation has been used to produce genetically modified mosquito by manipulating
the mosquito genome [104]. The transgene-containing DNA must be deposited in the
embryo posterior to aid DNA incorporation into the presumptive germ cells [101]. The
end of a Cx. pipiens embryo, leaned to one side, is observed in Figure 3.2 (Side view). To
accurately position the embryo with respect to the injection needle in the microfluidic
channel, it is necessary to build a structure that matches with the shape of the posterior of
the embryo at the injection location to guide and hold this posterior side of the embryo.
However, conventional photolithography process is not adequate to build such a structure
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Figure 3.2. Microscope image (top view and side view) of Cx. Pipiens image.

Recently, 3D printing has received much attention as a new tool to fabricate
microfluidic devices [105]–[111]. With 3D printing, microfluidic chips can be produced
in a single step without expensive and complicated microfabrication processes in a
cleanroom environment [108]–[111]. Fused Deposition Modeling (FDM), Stereo
lithography Apparatus (SLA), and Digital Light Processing (DLP) based 3D printers are
commonly used for microfluidic device fabrications. Schematics of them are shown in
Figure 3.3.

(a)

(b)

(c)

Figure 3.3. Different type of 3D printer (a) Fused Deposition Molding (FDM). (b)
Stereolithography Apparatus (SLA) (c) Digital Light Processing (DLP) [99], [130].
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For a FDM 3D printer, the extruder heats the material and deposit it layer-bylayer from the bottom to build an object. It has a resolution of >100 µm and
thermoplastic such as Polymethyl methacrylate (PMMA) is often used with a FDM 3D
printer for microfluidic devices. For an example, Romanov et al. demonstrated the use of
a FDM 3D printer for microfluidic devices to generate droplets and to track and identify
DNA [112].
SLA and DLP 3D printers use liquid photosensitive resins. A SLA 3D printer
employs a laser to cure the liquid resin in the tank and build an object layer by layer
while a DLP 3D printer exposes the entire layer at once using a beam projector under the
resin tank to print an object layer by layer. DLP and SLA 3D printers typically have a
higher resolution (resolution > 20 µm) than a FDM 3D printer. Beauchamp et al.
developed a custom DLP-SLA 3D printer to fabricate a microfluidic device with small
dimensions (ridge width: ~30 µm, trenche width: ~20 µm) [113]. They also demonstrated
microfluidic particle traps using their SLA 3D printer. Rogers et al. reported microfluidic
devices with 3D printed control champer and membrane [111].
The DLP 3D printer has especially great potential to be used for microfluidic
device fabrication in conjunction with PDMS due to many advantages such as a high
resolution, a fast printing speed, and a smooth printed surface. It can also be used to
fabricate a mold master for PDMS soft lithography with complex structures that
conventional photolithography cannot easily produce.
To fabricate a microfluidic system for Cx. pipiens embryo microinjection, we
chose a DLP 3D printer (B9 creator 1.2v, B9Creations, USA), as shown in Figure 3.4, to
print the mold master for PDMS. The 3D printer has 30, 50, or 70 µm XY resolution and
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its vertical resolution is dependent upon the type of resin. Five different resins are
available through the manufacturer, while the 3D printer is open to third party resins. We
chose the manufacturer’s black resin (minimum Z resolution: 30 µm) to print the mold
master because black resin showed less thermal deformation comparison of other resins
during PDMS curing process.

Figure 3.4. Digital Light Processing (DLP) 3D printer (B9creator 1.2v).

Understanding of the precision and the accuracy of 3D printers is important to
successfully build the mold structure of a microfluidic system for Cx. pipiens embryo
microinjection. Precision means consistency in dimensions of 3D printed structures
[114]. Accuracy is determined by how close a printed structure dimension is compared to
a target value. To determine the precision and accuracy of the DLP 3D printer, we
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performed experiments using test devices which contains microchannel structures with
various lengths and dimensions.
Figure 3.5 shows the test device used for precision analysis for the different
lengths. Microchannels with three different lengths (1 cm, 2 cm, 3 cm) were triplicated to
see the repeatability. The height and width of the channel structures were measured at the
location indicated in the figure and compared.

Figure 3.5. Top view of microchannel sample and cutting points for precision analysis of
3D printed microchannels.

While the measured height and width show pretty consistent results, it is found
that the printed height and width differ from the design parameters. Also as shown in
Figure 3.6, the printed microchannel shape (Figure 3.6 (b)) is not symmetric as
anticipated. An ideal shape of the microfludic channel for the microfluidic-based
microinjection device for mosquitoe embryos is shown in Figure 3.6 (a). The
microchannel has to be symmetric with rounded corners for proper microfluidic valve
operation to control the fluid flow without leakage. And its height and width dimensions
must be close to 200 µm which is slightly bigger than the average size of mosquito
embryos to effectively transport the embryo inside the microchannel. To determine the
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optimum design parameters, that produce the width and height of 200 µm, and the
optimum correction structure added on one side of pattern to achieve symmetric channel
geometry, another test structure was designed and tested.

(a)

200µm

(b)
200µm

Figure 3.6. Cross section view of microchannel showing (a) ideal shape and (b) actual
shape with asymmetry.

The test structure to determine the optimum design parameters and the optimum
correction structure is shown in Figure 3.7. There are 9 rows with different height and
width and, in each row, there are 6 different correction structures as shown in Table 3.1.
The definition of the correction structure with repect to the assymetric printed structure is
shown in Figure 3.7(b). The length of the channels was kept constant to be 4 mm. In
order to test the influence of temperature, we tried two different temperature (25℃ and
40℃). Before printing, the black resin was shaken for 6 minutes on an orbital shaker at
160 rpm and then heated in a water bath. The water temperature was monitored with an
infrared temperature gun. The heated resin was then poured into the DLP 3-D printer vat
and printed. The printed structures were rinsed with DI water and Isopropyl alcohol
(IPA), and dried with a nitrogen gun. Then, the molds were cured for 30 seconds in the
resin curing box.
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Figure 3.7. (a) The 3D-printed test model, including microchannels with various
dimensions and error correction structures. (b) Optimum correction structure.

Table 3.1. Microchannels design dimension and error structures dimension.
Microchannel Height Width(µm) Correction
dimension
(µm)
structure
dimension
1
240
120
1
2
240
150
2
3
240
180
3
4
270
120
4
5
270
150
5
6
270
180
6
7
300
120
8
300
150
9
300
180
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Height(µm)

120
120
150
150
180
180

Width(µm)

30
60
30
60
30
60

Figure 3.8 shows the measurement results. For both height and width, the red
solid line indicates the design parameter. Data above the red line means the measured
dimension from the fabricated test structures is larger than the design parameter while
data below the red line indicates the measured dimension is smaller than the design
parameter.

Figure 3.8. Comparison of design parameter and actual printed microchannel dimension
with 25℃ and 40℃ resin temperature. (a) Graph of printed height versus design height.
(b) Graph of printed width versus design width.
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For both printing temperatures, measured width and height increase reasonably
linearly as the design parameter increases. Also, the dimension printed at 40℃ shows
slightly bigger than that at 25℃ for both height and width. The largest standard
deviation of measured results for width was 257 ± 30 µm at 25℃, when the designed
width was 200 µm. For height, the largest standard deviation was 258 ± 16.9 µm at 40℃
when design has a height of 350 µm. Considering the DLP 3D printer used has the XY
resolution of 30 µm and the Z resolution of 30 µm for the black resin, these standard
deviations are less or equal to the resolution. For the design height of 300 µm and the
design width of 150 µm at 40℃, the 3D printed structure has a measured height of 206 ±
6.3 µm and a measured width of 200 ± 4.2 µm which are close to the ideal microchannel
dimensions. So we were able to determine the optimum design parameters to be 300 µm
for the height and 150 µm for the width. For these parameters, we were able to determine
that the optimum correction structure to be 180 µm for the height and 60 µm for the
width. The cross-sectional view of the final opimized structure with these design
dimenions is shown in Figure 3.9.

Figure 3.9. Cross-section view of the final optimized structure with 40℃ (design
parameter: 300 µm height and 150 µm width) with the optimum correction structure
(height: 180 µm, width: 60 µm).
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Additionally, we measured the surface roughness at P1, P2, and P3 in Figure
3.7(a) using an Atomic Force Microscope (AFM). A 30 µm x 30 µm area was scanned at
each point and analyzed. Figure 3.10 shows the surface roughness measurement results.
For the structure printed at a temperature of 25℃, the measured root mean squared
(RMS) roughness was 84.7 ± 22 nm. The roughness (100.97 ± 16 nm) increases slightly
at 40℃, but the difference is minor. So finally, we concluded the optimum design
parameters are 300 µm for the height and 150 µm for the width and the optimum
correction structure is 180 µm for the height and 60 µm for the width at the printing
temperature of 40℃.

Figure 3.10. Atomic Force Microscope (AFM) images of the 3D-printed PDMS mold
masters with different resin temeprature (25℃, 40℃) at different points.

As discussed earlier, it is important to build a guide structure that matches with
the embryo’s posterior. As shown in the Figure 3.2, the posterior side of the embryo has
an angle of 27º horizontally and 20º vertically. The potential guide structure for the
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consideration must have an angle slightly larger than the largest angle of the embryo’s
posterior which is 27º in all directions. Otherwise, if the angle of the guide structure is
smaller than this, the posterior side of embryo may not be properly positioned in it. Or if
the angle is too big, then the posterior side of the embryo may be away from the needle
which makes it difficult to accurately inject the needle. To determine the optimum design
paramters for the guide structure, a test structure is designed as seen in Figure 3.11. The
test structure has a straight channel part and angled structures with different angles in
both horizontal and vertical directions at the end of it. To investigate the consistency of
printed angle accuracy, there are nine identical structures for each angle. The optimal
design parameters and correction structure determined earlier are used for this design. Six
different angles from 10º to 60º, with increments of 10º, are designed as shown in Figure
3.11 (b). Table 3.2 outlines the detailed design parameters. The horizontal angles of the
fabricated structure are measured from the top view of the structure while the printed test
structure was cut into multiple pieces with a razor blade to measure the vertical angles
from the side.

Table 3.2. Taper structure design parameter.
Angle(degree)

10º
20º
30º
40º
50º
60º

Desired height (µm)

200
200
200
200
200
200

Design Height (µm)
300
300
300
300
300
300
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Design length (µm)
1700
820
520
360
250
170

Figure 3.11. (a)The 3D-printed PDMS mold master with taper structure showing cutting
line for measurement. (b) Different taper structure image with various full angles (from
10º to 60º with an increment of 10º) (c) Measuring angles in horizontal and vertical plane.

Figure 3.12 shows the microscope images of the printed test structures. The
staircase-like structure was observed which is obviously due to the layer-by-layer
printing method. However, we believe it will not affect the functionality of the structure
to guide the mosquito embryos. If necessary, a polishing technique, such as an acetone
bath, may be employed to smoothe the surface. The measurement results are shown in
Figure 3.13. The red line in the graph indicates the designed angle. The angle in
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horizontal direction shows slightly larger angle compared to the design (design angle
+1.8 ± 1.7º) while the vertical direction angle is slightly smaller than the design (design
angle – 2.14 ± 0.9º). Since the horizontal and vertical angles can not be independently
controlled, the final design angle is determined to be 30º so that the angle of the tapered
structure in either direction to be as close as possible to 27º. Note that this result shows
the clear benefit of 3D printing for this device fabrication. It might be very difficult to
produce this shape of structure with a conventional photolithography process while we
were able to fabricate this with 3D printing with a single step process.

Figure 3.12 Actual printed taper structures microscope image at top and side view.
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Figure 3.13. Graph of design taper structure angle vs actual printed taper structure angle
with 40℃ resin.

In conclusion, we were able to completely characterize the DLP 3D printer and
determine the optimum design parameters to fabricate microchannels with target
dimensions (height: 200 µm, width: 200 µm), the optimum correction structure to make
the channel symmetric, and the optimum design parameters for the embryo’s posterior
guide structure. In the next chapter, we are going to discuss about the details of the
fabrication process of a microfluidic system using all these design parameters.
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CHAPTER FOUR
Fabrication and Demonstration of a Microfluidic Device toward a Microfluidic
Microinjection System for Cx. pipiens Embryos

A microfluidic-based microinjection device for Cx. pipiens embryos is designed
as shown in Figure 4.1 using the design parameters determined from chapter 3. It consists
of the PDMS top part and the 3D-printed bottom part. Two pneumatic valves with a
syringe pump are used for the embryo transportation and injection. Inlet and outlet ports
are designed to be bigger than the diameter of Tygon tubing (OD: 0.078”) through which
mosquito embryos will be loaded and unloaded. Tygon tubing will be attached to inlet
and outlet ports using an epoxy glue. The inlet port tapers down to the microfluidic
channel to ensure proper transfer of embryos into the channel, which has a height and
width of 200 µm (design parameter: height of 300 µm and width of 150 µm ). As
described in chapter 3, the microchannel dimension is slightly bigger than the size of Cx.
pipiens embryos for proper transport. The microfluidic channel is tapered down again in
front of the glass capillary needle tip with an angle that matches with the shape of the
mosquito embryo’s posterior side as described in chapter 3. There is a bypass channel
(channel height: 60 µm , width: 60 µm) connecting this tapered end to the output
microfluidic channel so that the fluid is allowed to flow for delivering the embryo to the
needle tip while the embryo cannot pass through. The microfluidic channel towards the
outlet port has a slightly wider width (250 µm) with the same height of 200 µm, for easy
unloading of injected embryos. A taper structure is employed again to connect this
channel to the outlet port.
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Figure 4.1. The schematic drawing of a microfluidic-based microinjection device.

The detailed operation procedure of this microfluidic microinjection device is
presented in Figure 4.2. A mosquito embryo will enter into inlet from embryo supply
reservoir and move to the injection location C1 as seen in Figure 4.2(b) (Syringe pump
direction: forward, valve 1 (V1): closed, valve 2 (V2): open). The loaded embryo will be
observed under a microscope. The injection step will be performed by pressurizing a
mosquito embryo in the microchannel with a syringe pump. After embryo injection is
complete, the embryo will be unloaded through the outlet through valve control. Once the
injection process is successfully completed, the injected embryo will be pulled back from
the glass needle and move to C2 (Figure 4.2(c), Syringe pump: reverse, V1: closed, V2:
open) in the microchannel. Finally, the embryo will unload through the outlet (Figure
4.2(d), Syringe pump: forward, V1: open, V2: closed).
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Figure 4.2. The schematic representation of design and operation of a microfluidic-based
microinjection system for Cx. pipiens embryos.

Before attempting the microinjection on Cx. pipiens embryos with the
microfluidic device, it is necessary to develop its complete fabrication process,
demonstrate the functionality of the valves with external pneumatic controls for the fluid
flow control, and inspect the behavior of a Cx. pipiens embryo in the microfluidic
channel. This is the main objective of this thesis, to lay the foundation for a fully
functional microfluidic-based microinjection device.
The unique aspect of the proposed microfluidic microinjection device is the use of
both 3D printing and PDMS. Because of the many attractive benefits of 3D printing and
PDMS, there has been growing interest in developing microfluidic devices by integrating
3D-printed structures with PDMS in order to take advantage of both. For example, Gross
et al. reported the design and fabrication of a 3D-printed microfluidic device for cell lysis
[115]. For their device, PDMS is coated on 3D-printed device to avoid effects of
unknown surface properties of a commercial 3D printing resin. Brennan et al. reported an
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SLA 3D-printed device integrated with gas permeable PDMS membranes to control
oxygen levels for cell cultures [116]. Using a reversible bonding method with a thin
intermediate PDMS layer, PDMS membranes were attached to 3D-printed parts. Tsuda et
al. fabricated a flow selector device by using PDMS and a FDM-based 3D printer [117].
The PDMS membrane valve was chemically bonded to the 3D-printed structure using
APTES.
One key challenge in the integration of PDMS and DLP-printed structures is
achieving a strong bond between the two. Since most of DLP resins are proprietary and
chemical compositions are unknown, it is difficult to directly use the bonding techniques
used for PDMS with other traditional substrates. Therefore, it is necessary to
experimentally find the best bonding techniques. Based on various reported techniques,
we investigated five different intermediate layers: double-sided tape, a PDMS/tape
composite, UV glue, (3-Aminopropyl) triethoxysilane (APTES), and sputter-deposited
SiO2. To test the bonding strength between PDMS and the DLP 3D-printed part, we
designed a simple burst test structure as shown in Figure 4.3. The same DLP 3D printer
used for chapter 3 (B9 creator 1.2v, B9Creations, USA) was also used to print the mold
master for PDMS top parts and 3D-printed bottom parts that contain a pneumatic port.
We chose the black resin to print the mold master and the yellow resin (minimum Z
resolution: 20 µm) for the 3D printed component of the burst test structure.
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Figure 4.3. Schematic of a burst test structure.

Figure 4.4 shows the fabrication process of the burst test structure. To create a
PDMS top part with a 3D printed mold master, we used soft lithography processes. The
3D printed PDMS mold master has an inner dimension of 25 mm (width) x 50 mm
(length) x 4 mm (height). It was treated with Trimethylchlorosilane (TMCS) (SIGMAALDRICH, USA) before PDMS molding. TMCS treatment was performed in a
desiccator with an opened TMCS bottle. TMCS molecules cover the mold surface and
prevent PDMS from sticking to the mold. First, the SYLGARD 184 Silicon elastomer
was mixed thoroughly at a 1:10 (curing-agent: base) weight ratio. Subsequently, the
mixed PDMS was put into degassing chamber to remove micro-bubbles for 1 hour 30min
at −100 kPa. Then, as shown in Figure 4.4 (a), the degassed PDMS was poured on the
3D-printed mold master (Steps 1-2) and cured in an oven at 65℃ for 2 hours. After
curing, the PDMS piece was cut along the edge of the mold and gently peeled off from
the mold master. Finally, the molded PDMS was cut into 2 cm x 2 cm pieces to produce
two PDMS top parts.
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Figure 4.4. Fabrication process of the PDMS/Intermediate layer/3D-printed bottom part.
(a) Printing the PDMS mold master. (b) PDMS baking. (c) Fabricating the 3D-printed
bottom part using DLP 3D printer. (d) Intermediate layer on top of the 3D printed bottom
part. (e) Bonding process of the top PDMS part/3D printed bottom part with an
intermediate layer. (f) Connecting a Tygon tubing to the burst test structure.

As shown in Figure 4.4 (c), the 3D printed bottom part contains a pneumatic port
(1 mm in diameter) and inlet (2 mm in diameter). After printing, 3D printed parts were
rinsed with DI water and IPA to remove residues, followed by nitrogen drying. The
intermediate layer to be tested was then applied to the 3D printed part for the bonding
strength experiment as seen in Figure 4.4(d).
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Double-sided tape is the simplest form of an intermediate layer for bonding. It
has been used to adhere PDMS to glass for micro particle image velocimetry (PIV)
measurement devices [118], PDMS to PMMA for a microfluidic device for the
observation of perturbation of Drosophila embryos [119], and PMMA to PMMA for
droplet formation devices [120]. In our experiment, double-sided tape (3M Double
Coated Tape 444, 3M Corp) was simply attached to the surface of a 3D-printed bottom
part and the pneumatic port was cut out using a scalpel. A PDMS top part was gently
placed on the tape and pressure was applied to remove trapped air pockets between the
PDMS and tape. Then, the burst test structure with double-sided tape was baked at 65℃
for 2 hours to increase its bonding strength. During the baking process, the burst test
structure was sandwiched between two flat plastic plates and a 300 g weight was placed
on top of it to apply uniform pressure.
PDMS/tape composites have also been used to bond PDMS to different
materials. Kim et al. reported the use of it to bond PDMS to various substrates (e.g.
PDMS, glass, plastic, and silicon) for a microfluidic channel, reactor, microfluidic
system-integrated membrane, and an electrochemical biosensor [121]. In our experiment,
to create PDMS/tape composite as an intermediate bonding layer, double-sided tape was
first attached to the surface of a 3D-printed part. Then, degassed PDMS, mixed at a 1:10
(curing agent: base) weight ratio, was spin-coated onto the tape at 3150 rpm for 1 minute.
After waiting for 15 minutes, the PDMS was then heated in an oven at 65℃ for 18
minutes to produce a partially-cured PDMS layer with a thickness of 20 µm. The
pneumatic port area of the partially-cured PDMS/tape composite was carefully cut and
removed. A PDMS top part was then gently placed on the PDMS/tape composite and
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pressurized to remove air pockets. Finally, the burst test structure with a PDMS/tape
composite intermediate layer was sandwiched between two flat plastic plates and baked
at 65℃ for 3 hours. A weight of 300 g was placed on the sample to achieve a uniform
and strong bond between the PDMS top part and the partially-cured PDMS layer.
UV glue has been used as an intermediate bonding layer to bond PDMS to PDMS
to fabricate microfluidic devices for vancomycin-resistant Enterococcus (VRE) diagnosis
and highly effective viral filtering [122], [123]. For UV glue bonding, we used a stampand-stick process [124]. A UV glue (NOA 86H) was poured onto a transfer substrate and
then spun at 1000 rpm for 3 minutes. Then, the 3D-printed bottom part was brought into
contact with the UV coated transfer wafer for stamping. After that, the PDMS top part
was placed on the glued 3D-printed part and pressurized. The burst test structure with a
UV glue intermediate layer was cured in a UV box for 1 minute.
APTES has been used to bond PDMS to TP (e.g. PC, PMMA and ABS), and
PDMS to PS or epoxy-type polymers chemically [125]–[127]. Silanol (Si–OH) groups
form on the surface treated with APTES and oxygen plasma-treated PDMS surfaces to
achieve irreversible bonding. In our experiment, a 3D-printed part was first treated with
oxygen plasma for 1 minute to activate the surface. After plasma treatment, the 3Dprinted part was immediately immersed in 5% (volume/volume %) APTES solution at
50°C for 20 minutes. After rinsing with DI water and drying with nitrogen, the APTES
treated 3D-printed part and the PDMS top part were treated with oxygen plasma. Then,
the treated top and bottom parts were attached. The burst test structure with an APTES
intermediate layer was sandwiched between two flat plastic plates and clamped for 1
hour.
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Sputter-coated SiO2 has been used as an intermediate bonding layer to bond
PDMS to PMMA [128]. It was reported that the SiO2 layer thickness should be less than
100 nm to generate a high bonding strength. In our experiment, we deposited SiO2 on a
3D-printed bottom part using a magnetron RF sputterer at a power of 150 W for 13
minutes 30 seconds and an Ar flow rate of 20 sccm. The resulting SiO2 thickness was 77
nm. Then, both the SiO2 surface and PDMS top part were treated with oxygen plasma to
activate the surfaces. Lastly, they were attached and the burst test structure with a SiO2
intermediate layer was sandwiched between two flat plastic plates and clamped for 1 hour
in a room temperature.
After bonding the top PDMS part to the 3D-printed bottom part with the
intermediate layer (Figure 4.4 (e)), Tygon tubing is attached to the inlet using an epoxy
(5min epoxy, Gorilla, USA) as shown in Figure 4.4(f). Note that the bottom surface of
the PDMS, which was previously contacting the mold surface, is attached to the 3Dprinted part.
A schematic of the burst test set up is shown in Figure 4.5(a). Regulated
compressed air at 800 kPa was connected to a solenoid valve manifold. The solenoid
valve (MHA1-M1LH-3/2G-0.6-PI, Wolf-Solution, USA) was controlled by a controller
(CECC-D, Wolf-Solution, USA) through CODESYS to turn the compressed air on or off.
A compact compressed air regulator (0-450kPa, McMASTER, USA) was connected to
control the pressure applied to the burst test structure. Polyurethane tubing (PU-156F-0,
Cole-Parmer, USA) from the compact regulator is attached to a barbed tube (51525K272,
McMASTER, USA). The barbed tube, then, was connected to Tygon tubing (inner
diameter: 0.02”, Cole-Parmer, USA) via a disposable needle (22 gauge, McMASTER,
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USA). Finally, the Tygon tubing was connected to the burst test structure through a metal
pin (22RW, New England Small Tube, USA). A microscope (Olympus BX51, Olympus,
USA) was used to monitor changes at the pneumatic port area as we increased the applied
pressure. Figure 4.5(b) shows the actual test set up. Since PDMS is gas permeable, the
pressure inlet of the burst test structure was first filled with DI water. The inlet was then
pressurized at 55.16 kPa (8 psi) for 1 hour to completely remove trapped air from the
pneumatic port through the PDMS. To monitor air leaks coming from the device, a soap
solution was applied. For the burst pressure test, we increased the applied pressure by
6.89 kPa (1 psi) per 1 minute starting from 55.16 kPa until delamination patterns
developed.

Figure 4.5. (a) A schematic and (b) an actual image of the burst test system setup.

We fabricated three samples for each intermediate layer and measured the burst
pressure at which delamination developed and eventually caused the structure to fail. The
average burst pressures for five different intermediate layers with error bars (± standard
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deviation) are shown in Figure 4.6. Figure 4.7(a) shows microscope images of the
pneumatic port area to show delamination progression. Note that the time is not on a
same scale, since the time to failure differed for each bonding method. We also
performed a peel-off test by manually peeling the PDMS from the intermediate layer to
check the bonding state (reversible/irreversible) and those results are depicted in Figure
4.7(b).

Figure 4.6. A comparison of the burst pressure for five different intermediate layers
(Adhesive tape, PDMS/tape, UV glue, APTES, Sputtered SiO2).

The double-sided tape and PDMS/tape composite intermediate layers show
noticeably low bonding strengths with an average burst pressure of 71.22 kPa and 78.12
kPa, respectively. Figure 4.7(a) shows the delamination pattern of Saffman-Taylor
fingers [129], [130], which grow over time. It took 3 hours from the formation of these
patterns to complete failure. The PDMS top part was easily separated from the
intermediate layer in the peel-off test, as shown in Figure 4.7(b). Such low bonding
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strength and reversible bonding state may be due to the fact that PDMS had not formed a
cross-linked bond network with the double-sided tape regardless of PDMS conditions
(e.g., fully cured PDMS or partially cured PDMS).
The UV glue intermediate layer provided a stronger bonding strength (burst
pressure: 153.96 kPa) than the double-sided tape and PDMS/tape composite. The
delamination pattern that developed was a round shape rather than finger shapes as
shown in Figure 4.7(a). However, the delamination progressed faster than that of the
double-sided tape and PDMS/tape composite. It took less than 1 minute from formation
to complete failure. From the peel-off test, we found that the UV glue bond was
reversible
The average burst pressure of the structure with an APTES intermediate layer was
153.93 kPa. As shown in Figure 4.7(a) and 4.7(b), the delamination pattern grew in a
specific direction and a portion of the PDMS was irreversibly bonded. These results
indicate that APTES was not uniformly coated on the surface of the 3D-printed part, and
the bonding strength could be improved by optimizing the APTES coating process.
The sputter-coated SiO2 intermediate layer displays a drastically improved bonding
strength. We could not determine the definite burst pressure for the sputter-coated SiO2
layer structure, because the failure occurred at the inlet where the Tygon tubing was
epoxy-glued. Therefore, the burst pressure of the test structure with the sputter-coated
SiO2 intermediate layer must be greater than the average burst pressure of 436.65 kPa
shown here. As seen in Figure 4.7(a), no delamination was found around the port during
that burst test. The bonding was determined to be irreversible, and the results of its peeloff test are shown in Figure 4.7(b).
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Figure 4.7. (a) Delamination pattern change over time (Note: different time scale for each
intermediate layer). (b) The peel-off test results.

The burst test results show that a strong bond between PDMS and the DLP 3Dprinted part is achieved with a sputter-coated SiO2 intermediate layer. The burst pressure
greater than 436.65 kPa is comparable to that of other conventional materials used with
PDMS for microfluidic devices. The typical burst pressures of PDMS bonded on PDMS
and glass using oxygen plasma are 400 kPa and 510 kPa, respectively [131].
To compare the bonding strengths of PDMS to the 3D-printed parts with different
resins compared to the yellow resin, we performed the same burst test with emerald and
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black resins. The top PDMS parts were fabricated with the same process. The sputtercoated SiO2 was used as an intermediate layer for both cases and their respective burst
pressures were compared with the yellow resin. The results are shown in Figure 4.8(a).
Unlike the yellow resin, the burst pressure for the emerald and black resins were 372.32
kPa and 255.11 kPa, respectively. Even though these burst pressures are still higher than
that of other intermediate layers, the bonding strengths of PDMS on the 3D-printed parts
with emerald and black resins using a sputter-coated SiO2 intermediate layer is smaller
than the yellow resin. Figure 4.8(b) shows the results of the peel-off test. While the
PDMS was irreversibly bonded for the emerald resin, only part of the PDMS with the
black resin was irreversibly bonded. These results demonstrate that the process used for
the yellow resin may not be suitable for other types of resins. The thickness of the SiO2
layer and the oxygen treatment process must be optimized for each.
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Figure 4.8. (a) Comparison of burst pressure of different types of resins (Yellow, Emerald,
Black) using a sputter coated SiO2 layer. (b) The peel off test results.

Using the SiO2 intermediate layer-based bonding, the microfluidic microinjection
device for Cx. pipiens embryos without a needle was fabricated. The detailed fabrication
processes are shown in Figure 4.9. The mold master for the PDMS top part is 3D-printed
using the same DLP 3D printer. The mold master has an inner dimension of 26 mm
(width) x 21 mm (length) x 4 mm (height). As shown in Figure 4.9 (a), the degassed
PDMS was poured on the TMCS treated mold master (Steps 1-2) and cured in an oven at
65℃ for 2 hours. After curing, the PDMS piece was cut along the edge of the mold and
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gently peeled off from the mold master (Step 3). Then, the PDMS mold was precisely cut
closer to the needle alignment structure using a razor blade.

(b)

(a)

Figure 4.9. (a) Fabrication process of a microfluidic device. (b) The schematic of cross
section of a normally open microfluidic valve and its operation.

A normally open microvalve was used to control the fluid flow as shown in
Figure 4.9 (b). For the operation of the microvalve, a thin PDMS membrane is sitting on
top of a pneumatic pressure port. Normally, the valve is open, however, as the pneumatic
pressure is applied, the membrane is deformed and closes the channel. To fabricate a thin
PDMS membrane, the degassed PDMS was spin-coated on TMCS treated 3-inch silicon
substrate. The membrane thickness was controlled by the spin speed. We could achieve a
membrane thickness of 20 µm at 3150 rpm for 1 min. Subsequently, the PDMS coated Si
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substrate was partially baked on the hot plate at 55 ℃ for 10 min. The PDMS piece from
step 3 was gently placed on the partially cured PDMS membrane and was hard baked for
bonding at 100℃ for 10 min (Step 4) [121]. Then, the top PDMS part was cut along the
edge and gently peeled off from the Si substrate.
The bottom part of the device is also 3D-printed with the DLP 3D printer using
yellow resin (Step 5). To bond the top PDMS part with the bottom 3D-printed part, a thin
layer of SiO2 (77 nm) is sputter-coated on the 3D-printed part (Step 6). Both PDMS and
3D-printed part surfaces to be bonded are exposed with oxygen plasma and clamped
together for a strong and uniform bonding (Steps 7 and 8). Figure 4.10(a) shows the
fabricated device. Then, as shown in Figure 4.10(b), Tygon tubing (inner diameter (ID):
0.04”) is connected to the inlet and the outlet by gluing with an epoxy. The part where a
capillary needle will be aligned and inserted is covered with double-sided tape and also
glued with an epoxy. Finally, the Tygon tubing is attached to the pneumatic ports with an
epoxy and filled with DI water by applying pressure at 55 kPa for 1 hour. Because PDMS
is gas permeable, air bubbles must be removed for effective valve operation and to
minimize experimental error (Figure 4.11).

(a)

(b)

Figure 4.10. (a) Fabricated a microfluidic device (b) Tubing connected a simplified
microinjection device.
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Figure 4.11. Removing air bubble from a pneumatic valve by applying pressure.

The microfluidic control system setup for the microfluidic microinjection device
is shown in Figure 4.12. A 2 mL glass syringe is mounted on an infusion/withdraw
syringe pumps (EW-74905-04, Cole-Parmer, USA) and connected to the microfluidic
device through Tygon tubing (ID: 0.04”) and a metal pin. For the valve control, two
solenoid valves (MHA1-M1LH-3/2G-0.6-PI, Wolf-Solution, USA) connected in a
solenoid valve manifold (CECC-D, Wolf-Solution, USA) are controlled by a solenoid
valve controller (CECC-D, Wolf-Solution, USA). The solenoid valve controller is
powered by a 24 V power supply. Figure 4.13 illustrates the schematic of the valve
control part showing the details. A regulator controls the pressure from the compressed
air to the solenoid valve. Two compact regulators (0-450 kPa, McMASTER, USA) were
used to limit the pressure applied to pneumatic ports. Polyurethane tubing (PU-156F-0,
Cole-Parmer, USA) from the compact regulator was attached to a barbed tube
(51525K272, McMASTER, USA). The barbed tube, was then connected to Tygon tubing
(inner diameter: 0.04”, Cole-Parmer, USA) using a disposable needle tip (22 gauge,
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McMASTER, USA). Finally, the Tygon tubing was connected to the microfluidic device
through a metal pin (22RW, New England Small Tube, USA).

Figure 4.12. Actual image of microfluidic control test setup.

Figure 4.13. The schematic of pneumatic pressure system consisted of the valve control
system.
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Operation of solenoid valves (ON/OFF) are controlled by applied electrical
signals through the controller (CECC-D). The CECC-D controller is a digital input/output
(I/O) module, a technique for transferring data between the processor (e.g. computer) and
I/O device (e.g. solenoid valve). The input/output of a signal is controlled through
software (CODESYS, FESTO, USA). CODESYS is a development environment for
programing the controller (CECC-D). The Ladder Logic Diagram is used for the
customized programming of the CECC-D. It is a simple and effective language for
programming for this type of system. The ladder logic consists of networks and logic
elements (Figure 4.14). Each solenoid valve is controlled by networks with logic
elements (e.g. contact, coil, etc.). The logic elements operation flows from left to right
until it is completed.
In order to control two different solenoid valves, the program designed with logic
elements: contacts (input signals) and coils (output) as shown in Figure 4.14(a). This
connection can be understood to be similar to a switch (contact, or input signal) and a
lamp bulb (coil, or output indicator). First, we inserted contacts to activate the program.
Then, we assigned each contact (input) an address number associated with each coil
(output), located in the controller. After this, the coils were inserted. Furthermore, to
improve user-friendly operation, we employed a visualization toolbox: two switches
(contacts) and lamps (coils) to help picture the input/output of signals for solenoid valve
operation in CODESYS (Figure 4.14 (a)).
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(a)

(b)

Figure 4.14. (a) Ladder Logic Diagram for programming in CODEYS software. (b)
Actual valve control image.

Two different optical microscopes were used to observe the microfluidic device
during the operations: a large field digital microscope and a high magnification
microscope. To demonstrate the fluid flow control with valves, a low magnification and
large field of view digital microscope (USB digital microscope, MUSTECH, China) was
used. A high magnification microscope (Olympus BX51, Olympus, USA) was used to
observe detailed valve operations and embryo movements in the microchannel.
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The fluid control capability of the microfluidic device was demonstrated with red
and blue dye solutions. First, we introduced a blue dye into the device using a syringe
pump (rate: 10 µL/min). At this stage, V1 in Figure 4.15 was closed with a pressure of
140 kPa, while V2 in Figure 4.15 was open. Figure 4.16 shows the details of V1 and V2
during the valve operation by deforming the PDMS membrane through pneumatic ports
as explained in Figure 4.9(b). When there is no pressure applied to the pneumatic ports
(images on the left side of Figure 4.16(a) and (b)), the microchannel is open and clearly
visible. Upon the pressure applied to the ports, the PDMS membrane is expanded and
closes the microchannel blocking the fluid flow along the channel (images on the right
side of Figure 4.16 (a) and (b)). The channel filled with a blue dye is shown in Figure
4.15(a). Then, a red dye was introduced into the channel while the V1 was open and V2
was closed with a pressure of 170 kPa as shown in Figure 4.15(b). Immediately after
releasing V1 and closing V2, the left side of channel is filled with the blue dye solution
due to the pressure existing along the fluid path. Then, the Tygon tubing is filled with red
dye and reconnected to the device. As the red dye was pumped into the device with a
flow rate of 10 µL/min, air passed through and emptied the channel before the red dye
filled the channel. The results clearly indicate the valves work properly to control the
fluid flow inside the microfluidic device.
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(a)

(b)

Figure 4.15. Microscope image of fluid test using dye solution (a) Introducing blue dye
solution (V1: closed, V2: open). (b) Introducing red dye solution (V1: open, V2: closed).

(a)

(b)

Figure 4.16. Microscope image of valve operation from the top view (a) V1 (left: open
state, right: closed state) (b) V2 (left: open state, right: closed state).
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To observe the behavior of the Cx. pipiens embryo in the microfluidic channel
and the embryo handling capability of the microfluidic channel, a single embryo was
collected and loaded into the microfluidic device. As shown in Figure 4.17(b),
mosquitoes lay dozens of embryos connected together to form a raft that float on the
water surface. Since the embryo injection process is performed one by one, the embryos
need to be separated before loading into the device. Rafts of embryos were place on a wet
paper with a white mineral oil (Klearol oil, Sonneborn, USA), harmless to the embryos,
in a weighing boat as shown in Figure 4.17(b). A thin brush is used to separate embryos
from the rafts (Figure 4.17(c)). Then, the mineral oil was poured into the boat and let
embryos float (Figure 4.17(d)).

(a)

(b)

(c)

(d)

Figure 4.17. (a) Weighting boat for embryo separation process. (b) Putting Cx. pipiens
embryos on the weighting boat. (c) Embryo separation process using thin brush. (d)
Pouring white mineral oil in weighting boat.
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A Tygon tubing with a syringe is used to load embryos into it. V1 was closed
andV2 was open while an embryo is loaded into the microfluidic channel with the syringe
pump at a flow rate of 100 µL/min. The embryo in the microfluidic device is shown in
Figure 4.18. The images at the top show the embryo passing through the T-junction in the
device (Figure 4.18(a)). As the embryo was continuously pushed, it reached the injection
location where the embryo sticks to the guide structure. This will be the injection site
once a capillary needle is integrated in the device (Figure 4.18(b)). The embryo is then
unloaded along the T-junction as shown in the Figure 4.18(c). This experiment clearly
shows the microfluidic device works as expected with the controllers and this device can
be used for the successful microinjection of Cx. pipiens embryos if we integrate a
capillary needle with it.

Figure 4.18. Image of embryo control test (a) Embryo loading at T-junction. (b) Embryo
loading at guide structure. (c) Embryo unloading at T-junction.
64

CHAPTER FIVE
Conclusion and Future Work

Conclusion
Mosquito-borne diseases, such as Malaria, Dengue, Zika and West Nile Virus,
cause millions of deaths each year and the impact of mosquito-borne diseases is rapidly
growing. To address epidemics of these fatal infectious diseases, there have been active
research efforts on vector control through genetically modifying mosquitoes. The altered
mosquitoes are produced through transfection, which is the process of introducing genetic
biomolecules (e.g. proteins, nucleic acids, and antibodies) into embryos. While various
biological, chemical, and physical transfection methods have been developed, the gold
standard of mosquito embryo transfection is still a manual capillary microinjection
method. The manual capillary microinjection method is a very labor-intensive method
with a low throughput and a high operator skill dependence, which hinders the research
progress for mosquito embryo transfection-based vector control to reduce mosquitoborne diseases. A microfluidic-based microinjection device that integrates a capillary
needle with a microfluidic device has been proposed to improve the throughput and
success rate of the transfection, regardless of the operators’ skill level.
In this thesis, the details of the proposed microfluidic-based microinjection
device were discussed, the fabrication processes using PDMS and 3D printing were
successfully developed, and fluid control and embryo manipulation capabilities of the
microfluidic device without a capillary needle were experimentally demonstrated.
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The target microchannel dimension (height: 200 µm, width: 200 µm) was
achieved when we set the design parameter for a 300 µm height and a 150 µm width.
Furthermore, symmetrical microchannels could be printed by adding error correction
structures, designed with a height of 180 µm and a width of 60 µm. The target angle of
the guide structure, corresponding to the angle of embryo posterior pole (27º), was
achieved by designing the taper with an angle of 30 º.
The sputter-coated SiO2 intermediate layer with a thickness of 77 nm
demonstrated the highest bonding strength compared to other intermediate layers: doublesided tape, a PDMS/tape composite, UV glue, (3-Aminopropyl) triethoxysilane (APTES).
The burst pressure with this SiO2 intermediate layer was greater than 436.65 kPa.
Furthermore, we measured the burst pressure using the same SiO2 intermediate layer
process for two other resins (emerald and black). The burst pressures for these were less
than that of the yellow resin. The results indicate that the intermediate layer thickness and
oxygen treatment processes have to be optimized for each resin.
The microfluidic device was successfully designed using determined design
parameters. It was fabricated through 3D printing, PDMS casting, and bonding using the
sputter-coated SiO2 intermediate layer. We conducted a fluidic control experiment using
dye solutions (red and blue) using a fabricated device sample. The introduced dye
solutions with flow rate of 10 µL/min were controlled by two valves. Two valves
operated at different applied pressures (V1: 140 kPa, V2: 170 kPa) by deforming the
PDMS membrane through pneumatic ports. Furthermore, the microfluidic device
successfully loaded an embryo, moved the embryo to the injection location through a T
junction, and unloaded the embryo. This experiment clearly demonstrates the
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microfluidic device works as expected with the controllers. Moreover, this device can be
used for the microinjection of Cx. pipiens embryos if we combine a capillary needle with
it.

Future Work
Overall our microfluidic device and its controller were successfully fabricated
without a capillary injection needle. However, further study is necessary to successfully
achieve a microinjection using the proposed microfluidic device, with the addition of a
capillary injection needle.

Needle Alignment and Integration
In order for successful transfection, precise needle alignment and sturdy
integration into the rest of microfluidic device are important. A glass needle tip must be
short (~150 µm), accurately positioned, and perfectly fixed to prevent the movement of
the needle tip during the injection process. Needle alignment structures are suggested to
accurately position the needle. Without it, it will be very difficult to consistently place
needles, even with an accurate XYZ-micropositioner. The alignment structure must be
designed so that accurate alignment and positioning of the needle can be achieved
quickly. A method of fixing the needle for a sturdy integration with the rest of
microfluidic device must be developed to avoid any leakage through the needle. The
opening for the needle must be as small as possible, and bonding material as simple as a
thick glue could be used to fix the needle without blocking the channel through the small
opening.
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Reagent Volume Control
A pneumatic control system to control the reagent volume injected into the
embryo should also be developed. A solenoid valve can be used with the pneumatic
control system as discussed in the Chapter 4. The volume of reagent delivered will be
controlled by the injection pressure and the duration of the automated pressure pulse. The
pressure and the pulse duration have to be optimized in order to deliver the exact volume
of reagent.

Dual Needle System
Since the injection has to be performed at the posterior pole of embryos, it may be
necessary to implement a dual needle system with two capillary needles. When an
embryo is loaded into the microfluidic device, the embryo can have two possible
orientations.

Figure 5.1. Dual Needle system image.
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Demonstrate Injection Efficiency and Survival Rate
The injection efficiency and the survival rate of embryos with the microfluidic
microinjection device must be determined. Green Fluorescent Protein (GFP) (exciting
wavelength: 488 nm, emitting wavelength: 510 nm [132]) could be used for this purpose.
The successfully injected embryo will show a green fluorescence signal. In order to find
injection efficiency, the number of the embryos with the fluorescence signal will be
divided by the total number of injected embryos [133]. The injected embryo will be
incubated for 24 hours to study the cell survival rate after the injection process. The
survival rate is defined as a ratio of the number of fluorescent embryos after 24 hours of
injection to the number of the fluorescent embryos right after injection [133].
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