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20-HE – 20-hydroxyecdysone
AcNPV—Autographa californica nucleopolyhedrovirus
AcMNPV – Autographa californica multicapside nucleopolyhedrovirus
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(0) Abstract:
Movement requires actuation. As technology advances, it has become apparent that the
current mechanisms used for actuation are limiting in size and range of motion. Muscles are the
actuators of living beings, and have been designed by evolution over generations of organisms.
Harnessing the power of biological muscle tissue and using it effectively to create bio-hybrid devices
would be a breakthrough in modern technology. Bioactuators could be used on a microscale in
microelectromechanical systems (MEMS), or to more accurately replicate lifelike movements and
achieve unprecedented dynamics in soft robotics. This paper investigates the potential of
spontaneously contracting engineered muscle tissue of tobacco hornworm Manduca sexta, as an
actuator in man-made devices.
In order to more effectively harness the force of the muscle contraction, it is necessary to ask
what causes the contraction and how it can be controlled. This paper explores two approaches to
controlling the contraction of M. sexta muscle tissue: chemical stimulus and optogenetic control. To
study chemical activation of contraction tissues were exposed to caffeine, a chemical thought to induce
muscle contraction by activating calcium ion release channels. Index of movement analysis did not
indicate any contraction-stimulating function of caffeine, however did reveal that exposure to caffeine
at high concentrations caused a prolonged decrease in contraction lasting at least seven days.
Optogenetic approaches, the development of cells responsive to light, were used to gain more precise
control over ion flow in muscle tissues. Molecular biology techniques were employed to construct a
pIEx-4-ChR2-eYFP plasmid carrying genes coding for channelrhodopsin-2 fused with yellow fluorescent
protein (YFP). This vector was used for transfection of M. sexta cells. Presence of ChR2-YFP in tissues
was determined by the presence of fluorescence of YFP, excited at 514nm and emission of 527nm light.
Contractile ability was tested by response to 470nm light. Preliminary tests were conducted in order to
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express genes coding for ChR2 in vivo by injecting the plasmid directly into the M. sexta embryo in the
egg.
Previous experiments involving M. sexta tissues showed that the process of tissue culturing
could be greatly improved by the establishment of a cell line. Time intensive procedures could be
avoided and a higher quality tissue would be possible with such a development. M. sexta muscle tissue
monolayers were subcultured in an attempt to isolate proliferative cells, however media modifications
were unable to prevent primary cell differentiation. Culture of muscle precursor cells from the dorsal
exterior longitudinal muscle of M. sexta larvae on their second day of wandering (W2), a stage just prior
to differentiation of these cells into flight muscle tissue, was also attempted. Sterility issues prevented
these trials from succeeding. In growing tissue constructs the potential for a dynamic tissue scaffold
also became apparent. Silk-horseradish peroxidase (HRP) hydrogel was used as a scaffold and substrate
to closer model the in vivo environment of muscle tissue. Growth and contraction of M. sexta muscle
tissue with the gels was compared to that which grew on tissue culture plate surfaces.
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(1) Introduction:
Actuation is necessary for any being, living or mechanical, to achieve motion. Traditional
robotics approaches the challenge of actuation using joints and rigid limbs. The range of motion of such
technologies is limited to the number of joints they have, the mechanisms they contain and their
orientation (Calisti et al. 2011). These systems are effective in accomplishing specific tasks; however
they become inadequate when applied to modern and emerging technologies in soft robotics and
biorobotics that aim to mimic biological function (Ricotti and Menciassi, 2012). In order to achieve more
degrees of freedom, one can continue to add joints to a limb. This approaches the concept of a robot
able to form a continuous curve with infinite degrees of freedom, otherwise known as a continuum
robot, which has no apparent joints or rigid limbs. This concept has been accomplished in several
previous mechanisms, such as one that modeled the movement and grasping capabilities of an elephant
trunk (Hannan and Walker, 2002). Continuum robotics is fully actualized in soft robotics. The soft
composition of these robots allows for increased versatility and adaptability. These robots are uniquely
able to conform to their environment, changing size and shape in order to fit in complex and confined
spaces, as proposed by Trimmer et al. (2006) in their concept of a robot modeled after the caterpillar.
The adaptability of soft robotic structures outcompetes that of traditional robotics in unique and
extreme environments, thus advancements in control and actuation of soft bodies would greatly expand
possible applications of future robots.
Musculature is the means of actuation for most living organisms. Living muscle tissue has
benefited from millenniums of evolution resulting in unique operative qualities that transcend those
designed by modern engineers. Functionality on a micro scale and soft features make biologically
inspired actuators ideal for microelectromechanical systems (MEMS) and soft robotics (Baryshyan et al.
2012). Many technologies have been developed to replicate the mechanisms that drive biological
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actuation (biomimetic technologies), but none is able to effectively mimic the behavior of actual muscle.
These devices face limitations in biocompatibility and fail to replicate the dynamic and flexible nature of
muscle tissue. Bioactuators do not need to rely entirely on biological tissue. The integration of natural
muscle with artificial devices offers the potential to take advantage of the unique characteristics of
biological muscle tissue (Ricotti, 2012).
This work seeks to develop an insect tissue based bioactuator using cells derived from M. sexta
embryos. These tissues develop spontaneous contractile behavior, and if controlled could be used to
manipulate devices. The development of these tissues has been extensively described by Baryshyan et
al. (2012), thus this work will focus on the mechanisms and control of contraction. Contraction control
was attempted using both chemical stimulus and genetic modification to develop light-activated tissues.
The analysis of chemical stimulus hoped to characterize and take advantage of the chemical processes
involved in tissue contraction by altering the solution in which the tissue was immersed. Development
of light-stimulated tissues sought to create a more responsive and specific control method.
(1.1)

Insect Tissue Bioactuators
Basic devices using explanted tissue as a means of actuation have proven the viability of a

biologically inspired device; however these systems have limitations inherent to the use of explanted
tissue. In one study a swimming robot was powered by semitendinosus muscle from a frog. The device
was active on a very limited scale as the tissue degraded quickly in the external environment, generally
remaining active for less than a day (Herr and Dennis, 2004). Insect muscle tissue, when compared to
that of amphibians or mammals, is far more resilient to environmental factors. Insect tissues survive for
months at ambient temperatures without the need for media replacement while mammalian cultures
often require daily media replacement and strict temperature monitoring (Baryshyan et al. 2012,
Baryshyan et al. 2014; Sakar et al. 2012; Suzumura et al. 2011). The use of engineered rather than
8

explanted tissue allows tight control over shape and size of the tissue. Furthermore, it enables the
increased scale of production without the need of obtaining and sacrificing excessive numbers of the
host species (Baryshyan et al. 2012). In this study engineered M. sexta tissue was used applying
methods developed by Baryshyan et al. (2012).
Cultured muscle tissue of M. sexta contracts spontaneously. If harnessed, the work done by this
contraction could be applied as bioactuation in MEMS or soft robotics. In living systems, Ca2+ plays a
significant role in muscle contraction. It has been previously suggested that engineered M. sexta tissue
cultures similarly utilize Ca2+ to achieve contraction in an experimental setting, demonstrating that
contraction ceased when Ca2+ was immobilized using EGTA (Helrich, 2013). Efforts to develop a method
by which to control contraction of M. sexta tissues utilize this knowledge and attempt to manipulate the
movement of Ca2+ in the tissue. As movement of Ca2+ and other ions involved in muscle contraction are
largely monitored by channels in the cell wall, such channels were the focus of attempts to control Ca2+
movement. Two approaches were used in these attempts: i) direct chemical stimulation of existing ion
channels and ii) genetically modified expression of optically controlled ion channels. Inherent
limitations of direct chemical stimulation led to the exploration of genetic modification and optogenetics
as an alternative source of tissue control.
Development of an immortal cell line using the muscle precursor cells was attempted to provide
greater control over tissue generation and improve the ease of the tissue culture procedure. The use of
a cell line would also enhance the ability to transfect muscle cells by offering more repeatable methods
to establish tissues containing specific cell densities. A tissue grown from a cell line would eliminate the
presence of yolk cells that exist in culture alongside muscles isolated from embryos. The removal of
these cells from the media would remove extraneous variables from all experiments studying
contraction. Tissues were grown in media lacking 20-hydroecdysone, the hormone used to stimulate
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differentiation into muscle cells, and in the presence of juvenile hormone (JH) in order to delay
differentiation long enough to subculture undifferentiated cells. The dorsal external longitudinal (DEL)
muscle was explanted from W2 M. sexta larvae and cultured in an attempt to establish a culture of cells
derived from the tissue, which consists of muscle precursor cells (Duch et al. 2000). This would allow for
the growth of a tissue in vitro that does not contain the yolk cells present in cultures that may secrete
hormones affecting the ability to prevent cell differentiation.
Silk-HRP hydrogels developed by Partlow et al. (2014) more accurately mimic the soft
environment that M. sexta tissues interact with in vivo or would interact with as a part of a soft machine
than the hard plastic of tissue culture plates. Gels also provide an opportunity to grow tissues
integrated with a 3D scaffold. The stiffness of these gels may be easily tuned by varying the ratio of
their components, enabling a range of properties with which to test tissue contraction. The elastomeric
properties of these gels make them an ideal scaffold for a contractile tissue. Furthermore, the
biocompatibility of silk ensures that tissues grown in a silk-HRP scaffold will retain their biocompatible
qualities.
(1.2) A Historical Overview of Insect Cell Culture
The development of insect cell culture may be described through three phases as defined by
Day and Grace (1959). These phases are largely influenced by the successive modification of culture
media, beginning with basic salt and hemolymph solutions in Phase I, which established a means by
which to study insect cells in vitro. Phase II is characterized by a shift towards using media developed
for mammalian cell culture in order to further support cell viability, allowing for extended subculture
and viral infection of cells. Phase III marks the development of the first media designed specifically for
insect cell culture, further extending the lifespan of cells. The development of more sophisticated media
coincided with advancements in the quality and viability of cultured cells. This section is meant to
10

provide a brief review of the origins and major developments in insect cell culture (For details see Day
and Grace, 1959).
Insect cell culture began in the early 20th century as a side-project of Richard Goldschmidt
(1915), who successfully cultured Samia cecropia L. cells (Day and Grace, 1959; Maramorosch, 2012).
Following methods established by Harrison (1907), who cultured mammalian tissue, Goldschmidt was
able to culture sperm for up to three weeks and completed spermatogenesis in a hanging drop of
hemolymph. Goldschmidt was struck by how closely growth of his cultured cells resembled
development in vivo and was able to observe the formation of sperm bundles from axial filaments for
the first time. The following year Lewis and Robertson (1916) used tissue culture methods to study
mitochondria using grasshopper germ cells, adapting Goldschmidt’s methods to use diluted seawater as
media. This study became the first to observe mitosis in insect cell culture. During the first phase of
insect cell culture most studies aimed to achieve gametogenesis. Some of these studies were able to
culture completely developed cells, however only a few achieved mitosis (Day and Grace, 1959). Hoping
to utilize the ease of observation in tissue culture, Glaser (1917) conducted experiments studying the
processes involved in cell degeneration using Goldschmidt’s culture methods. These processes were
observed in both normal cells and those from a specimen infected with the polyhedral virus. Glaser was
unsuccessful in attempts to infect cultured cells with the virus, but did observe the virus in cells cultured
from infected individuals. Glaser observed differences in protein crystal formation in normal and
infected degenerating cells, as well as the formation of a syncytium after ten days. Phase I of insect
culture saw significant advancements based on very basic growth media. Tissue culture offered
unprecedented access to the cell and its functions, allowing for the study of previously unobserved
processes. Insect cell culture advancements made during this phase included the observation of mitosis,
formation of syncytia and cultivation of virus-infected cells.
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The second phase in insect tissue culture development was characterized by an increased focus
on culture media. These studies began to use more complex media, moving beyond simple salt and
hemolymph mixtures to those heavily influenced by elements drawn from vertebrate tissue culture. Cell
growth in these cultures was often recorded as lasting for weeks, with one study reporting cells cultured
for three months (Day and Grace, 1959). Advancements during this period allowed for Trager (1935) to
cultivate the polyhedral virus of Grasserie in insect tissue for the first time. He based his media on
methods developed by Carrel and Baker (1928), allowing for sufficient tissue growth and the success of
some first subcultures. Trager was able to infect cultured cells with the virus by placing explanted tissue
in virus-containing media, and successfully subcultured the virus nine times by transferring pieces of
infected tissue into healthy tissue cultures. These advancements furthered the study of the polyhedral
virus, which was largely used in attempts to generate a form of the virus that could be used as a
pesticide. Loeb and Schneiderman (1956) used TC 199 mammalian culture medium to extend insect
epidermal tissue life in vitro to six weeks. Before this advancement insect epidermal tissue had only
been cultivated in vitro for up to ten days. Advancements during the second phase of insect cell culture
increased the survival of cultured cells, taking steps in the direction of a dedicated insect culture media.
The third phase drew upon knowledge of insect physiology to create a more compatible
medium for insect tissue culture. Studies developed solutions based on the insect hemolymph,
producing media tailored specifically for insect tissue growth rather than mammalian (Wyatt, 1956;
Shaw, 1956; Grace, 1958). Wyatt (1956) was the first to develop a synthetic physiological insect culture
media. Attempting to modify Trager’s culture methods for widespread use, Wyatt focused his efforts on
creating a media based on silkworm hemolymph. Wyatt’s media showed significant improvements over
Trager’s media. Wyatt claimed cultures showed increased cell growth and longevity. Subculture and
viral infection were not attempted, but Wyatt suggests that the improved media could benefit both
procedures. Around the same time Shaw (1956) developed a media based on grasshopper embryonic
12

tissues with the goal of providing cells with an environment more conducive to mitosis. This media was
successful, extending mitotic activity to two days, beyond what had been observed in insect tissue
culture up to that point. Shortly thereafter Grace (1958) worked to improve Wyatt’s media. Grace
recognized that studies using insect tissue culture were severely limited by the lack of a suitable media.
Though modifications to the media were positive, continuous subculture was not achieved. Grace did
successfully reach a second subculture, however only if explanted tissue was present along with
subcultured tissue. The third phase of cell culture further improved and refined media, using insect
physiology as inspiration. Though insect tissue culture improved as a result of these studies, continued
subculture remained elusive to Grace.
The first continuous insect cell line was established in 1958 by Professor Shan yin Gao (listed as
Shan yin Gaw in earlier publications) in China, unbeknownst to the greater scientific community around
the world (Vlak, 2007). Hoping to better study the polyhedral virus, Gao used a slightly modified
version of Trager’s media to culture a cell line using silk worm gonad epithelial tissue. Gao achieved up
to 22 subcultures with his new cell lines, and showed that they were susceptible to the polyhedral virus.
His work was published in a series of papers at the end of the 1950s, which were released as a single
English version in 1959, however his work went largely unnoticed. Unaware of Gao’s discoveries, Grace
independently developed several new insect cell lines in 1962. Using cells from Antheraea eucalypti
ovaries, Grace was able to generate five strains of cells, one of which was maintained over 8 months and
subcultured 44 times (Grace, 1962). He used a modified version of Wyatt’s media. Grace published his
accomplishments under the impression that his were the first examples of continuous insect cell lines,
which remained common belief for the next 30 years until Gao’s discoveries were acknowledged by
Maramorosch (1991) in his Founder’s Lecture to the Society for Invertebrate Pathology. Despite
numerous publications the politics and relative isolation of China at the time kept Gao’s revelations from
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mainstream invertebrate physiology, thus it is Grace’s work that had the most influence in the
development of insect tissue culture over the subsequent years.
Gao and Grace’s successes in establishing the first continuous insect cell lines built the
foundation of modern insect cell culture. Though both Gao and Grace used lepidopteran species to
generate cell lines, insect lines from coleopteran, dipteran and orthopteran insects have since been
developed (Smagghe, 2009). Over 260 cell lines have been developed from lepidopteran species, a
thorough review of which can be found in Lynn, 2007. The use of insect tissue cultures for viral research
has moved away from pesticide-driven research to focus on using genetically modified viruses for
protein production (Summers, 2006). Methods of insect cell culture have advanced significantly since
Goldschmidt first dropped explanted tissues into a mixed salt solution in 1915, however techniques
remain far less advanced than those used in mammalian cell culture. Applications in virus and protein
production and emerging applications in bioengineering drive the continued advancement of insect cell
culture.
(1.3) Traditional Applications of Insect Cell Culture
Insect cell culture is traditionally used as a medium in which various viruses may be cultivated
and studied. The development of cell lines has allowed researchers to observe virus-cell interactions in
a controlled environment. These studies have revealed novel pathways and mechanisms involved in
viral infections. Baculovirus in particular has proven exceedingly influential, as researchers have
developed ways to manipulate the virus’ genetics in order to produce proteins of biomedical
significance. Baculovirus as well as other virus types have shown promising results as biological
pesticides.
Though much of insect cell culture is dominated by baculovirus protein production systems,
many studies using other viral infections have been significant in describing viral processes. Smagghe
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(2009) lists 13 such viruses that replicate in insect cell lines. Significantly, this list reveals several viruses
that replicate in multiple cell lines, allowing for comparison of virus activity in different cell lines.
Several studies have focused on productive and persistent modes of infection. Viruses that infect in a
productive manner lyse their host cells during the replication cycle, whereas persistent infection is
generally does not involve host cell lysis. Hz-1 was the first virus isolated in insect cells that was able to
infect in both productive and persistent manners. This characteristic allowed for the study of both
infection types (Granados et al. 1978; McIntosh et al. 2007). Insect cell culture has been essential in the
development and study of polyDNA infection systems. PolyDNA viruses originate from several parasitic
wasp species, and integrate into the genome of lepidopteran host organisms after being injected along
with eggs by the wasp. The integrated DNA is able to modify host cell physiology to optimize conditions
for wasp progeny success. PolyDNA viruses result in persistent infections, indicating they could be used
to develop a non-lytic DNA expression system (Gundersen-Rindal and Dougherty, 2000; GundersenRindal and Lynn, 2003). The development of insect cell culture also advanced the study of tetraviruses,
a lepidopteran-specific virus type which was previously not able to be studied in vitro. These viruses
piqued the interest of researchers for the epizootics resulting from their infection. The isolation of
Providence Virus from a lepidopteran cell line provided insight into RNA and protein synthesis in
tetraviruses (Pringle et al. 2003). In addition to allowing for innovations in the study of insect viral
systems, the development of insect cell culture has also impacted the study of vertebrate and plant
viruses often spread by insects (Tan et al. 2001; Mudiganti et al. 2006; Sinisterra et al. 2005). Cell-virus
interactions involving antiviral mechanisms have also been studied, including apoptosis-based defense
systems as well as RNAi as both a cell defense and viral infection systems (Bryant et al. 2008; Keene et
al. 2004; Sanchez-Vergas, 2004; Van Rij et al. 2006; Garcia et al. 2006; Hemmes et al. 2007).
Many viral studies in insect cultures aim at the development of biological pesticides.
Baculovirus for instance, has been used in numerous studies as a base for insecticide development. The
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wild type virus, which mostly infects lepidopterans, kills organisms slowly without infecting humans or
plants. Attempts to hasten the deadly effects of the virus have used genetic engineering to modify the
baculovirus to produce additional compounds. Klöck and Ruzicka performed the first European studies
using baculoviruses as insecticides in 1925 (Summers, 2006). It was not until the late 70’s and early 80’s
that a renewed interest in biological insecticide systems would spark the development of genetically
modified viruses. Miller (1983) attributes this excitement to the prevalence of baculovirus expression
vector systems (BEVS), development of sensitive pathogen detection tools and growing insect resistance
to chemical pesticides (Summers, 2006). Maeda (1989) published the first study describing a genetically
modified baculovirus exhibiting increased insecticidal effects through the expression of a diuretic
hormone gene from M. sexta fused to a gene coding for signal sequence of Drosophila melanogaster (D.
melanogaster) CP2 cutical protein. Zuidema et al. (1989) described a mutant Autographa californica
multicapside nucleopolyhedrovirus (AcMNPV) with a deletion of the gene coding for the polyhedral
envelope. This mutant was later shown to be more infectious than the wild type, making it the first
mutant developed with increased insecticidal activity (Ignoffo, 1995; Summers, 2006). Despite these
and several subsequent studies, no baculovirus pesticides are produced commercially. Limitations in
large-scale in vitro production and modifications to increase effective and stable infection have thus far
kept baculovirus insecticides from reaching commercial development (Summers, 2006)
Insect cell culture has allowed for the development of BEVS. Baculoviruses replicate in
lepidopteran species, and have a genome containing several genes nonessential to replication.
Replacing these nonessential genes with genes coding for various protein products makes the virus
usable for the production of various proteins. BEVS is capable of post-translational modifications such
as protein folding, oligomerization, phosphorylation and glycosylation that make it possible to
successfully synthesize complex proteins. This trait makes BEVS advantageous over existing prokaryotic
expression systems. Multiple nonessential genes enable BEVS to simultaneously produce multiple
16

proteins in order to create multimeric and heterologous proteins (Kost et al. 2007; Liu et al. 2013). The
most frequently used baculovirus is Autographa californica multicapsid nucleopolyhedrovirus (AcNPV).
Initially, the polyhedron gene was replaced in AcNPV, but the subsequent discoveries and
characterization of IE-1 and p10 promoters provided multiple locations for gene insertion (Guarino and
Summers, 1986; Vlak et al. 1988). BEVS was later commercialized as the Bac-to-Bac system when a
method was developed as an alternative to the use of plaque assays for isolating recombinant
baculoviruses. This process used antibiotic resistance in Escherichia coli (E. coli) clones to isolate
recombinant baculovirus DNA for transfection (Kost, 2005). Developments eliminating the need for
plaque assays have been important in large-scale protein production. Deletion of chitinase and vcathepsin genes inhibited processes that were digesting recombinants and competing with them for
secretion, further increasing the ability of BEVS to produce recombinants (Kaba et al. 2004). BEVS has
been shown to be limited in its ability to produce eukaryotic protein products, significantly N-glycans
(Kost, 2005). A unique intermediate produced by insect cells gives a different final product than
mammalian cells which is inviable for various therapeutic applications. Several attempts focused on
production of transgenic insect cell lines to express mammalian genes and give insect cells proper Nglycan processing capabilities; however this remains a work in progress (Jarvis et al. 1998; Kost, 2005).
The advanced post-translation modification action of BEVS has made it a promising system for
the production of vaccines. The first vaccine produced in insect culture was an HIV-gp160 subunit
vaccine, developed in 1989. Five years later, another subunit vaccine was developed as a candidate to
combat the influenza A virus. Tests suggested the newly developed antigen was both safer and more
effective than the natural vaccine (Summers, 2006). The study of virus-like particles (VLPs) has been
advanced by the advent of cell culture. These infection and replication incompetent cells have been
shown to trigger immune responses in vitro and in vivo. VLPs conserve virus structure and protein
composition, and act as a more reliable trigger of immune response less impacted by protein folding
17

mistakes than traditional subunit vaccines (Hu et al. 2008; Liu et al. 2013). VLPs have been produced
and stimulated immune responses in animal models for HPV, HCV, HIV, herpes simplex virus,
polyomavirus, parvovirus, SARS, SARS-CoV, entovirus 71, human and avian influenza viruses (Kost, 2005;
Hu et al. 2008). Improved yield of VLPs have been seen when a single baculovirus with multiple gene
insertions is used rather than coinfection with multiple baculoviruses each expressing a unique protein.
The improved protein production ratios of this method increase yield 16-fold (Hu et al. 2008).
In recent years the field of tissue engineering working to develop bioactuators has been
dominated by mammalian systems. As they did with tissue culture, insect based technologies lag behind
those inspired by mammalian systems. The insect tissue culture methods developed have revealed
properties of insect cells that make them superior for application in engineered devices. The next phase
of insect cell culture should focus on engineering application of tissues. The field of mammalian tissue
culture has already proven the viability various biologically inspired actuators. Insect cell culture should
use these achievements as a roadmap to develop actuators and devices that take advantage of the
superior versatility of insect tissue to create the next generation of bio-inspired technologies.
(1.4) Chemically Controlled Contraction:
The current study attempts to use caffeine as a stimulant in order to take advantage of the
tissue’s use of Ca2+ during contraction. Caffeine has been shown to induce muscle contraction in
explanted amphibian and insect tissues (Olorunshola and Achie, 2011; Huddart, 1969, Huddart and
Abram, 1969). It enables Ca2+ release leading to the activation of physiological pathways resulting in
tissue contraction. (Olorunshola and Achie, 2011). Index of movement (IOM) analysis, a method that
measures movement by change in pixel density of captured images, was used to follow the
development of 3D muscle tissue constructs as they matured and gained contractile ability. As the cells
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condensed and the tissue formed and began to contract IOM values were predicted to rise. This
method gave a comparative value with which to measure tissue movement, and thus contraction.
(1.5) Optically Controlled Contraction
Optogenetic techniques were used in an effort to develop a means by which to achieve
controlled tissue contraction in a noninvasive manner. Studies seeking to develop a light sensitive
contracting tissue often genetically modify the tissue to synthesize channelrhodopsin-2 (ChR2), a lightgated ion channel (sensitive to 470nm light) that has been demonstrated to be capable of stimulating
contraction when expressed in muscle cell membranes (Asano et al. 2012; Sakar et al. 2012, Nagel et al.
2005; Shimizu et al. 2013; Zhang et al. 2006). A genetically engineered tissue operated by light stimulus
would avoid degrading effects seen with chemical and electrical stimulus (Asano et al. 2012). The
precision of control offered by a photosensitive system also transcends that of direct electrical stimulus
due to increased spatial and temporal specificity (Sakar et al. 2012; Asano et al. 2012; Nagel et al. 2005;
Zhang, 2006). The continued development of more capable varieties of channelrhodopsin proteins
promises even more specific control over genetically modified cells and tissues. CatCh is a newly
developed channel that enhances calcium permeability in order to achieve unprecedented response
times, and Halorhodopsin is light-gated chloride channel activated by 589nm light that has been
demonstrated to reversibly inhibit muscle activity (Kleinlogl, 2011; Liske, 2012). The success of
optogenetic muscle tissue actuators has been demonstrated by several studies using mammalian tissue
engineered systems, most using tissues derived from C2C12 lines (Asano et al. 2012; Sakar et al. 2012;
Shimizu et al. 2013). Most optogenetic studies employing insect cells explore the use of ChR2 in
stimulating action potentials in neurons; however one study has developed a micro-actuator using D.
melanogaster explanted DV tissue (Honjo et al. 2012; Suzumura et al. 2011; de Vries and Clanindin,
2013).
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In order to develop an optogenetic tissue it is necessary to select a light-activated protein,
deliver genes to target cells so that the selected genes are expressed in the tissue and to illuminate the
portion of the tissue in which one wishes to stimulate a response. ChR2 is a commonly used membrane
protein originating from algae that assists in phototaxis. The channelrhodopsin family contains the only
known ion channels to be directly gated by light. This direct response evades the more frequently
observed G protein-coupled receptor pathway, resulting in a faster response to stimulation. This
property has made channelrhodopsins excellent for rapid depolarization of neuron and muscle cells (Lin,
2011). Channelrhodopsin-1 (ChR1) is a similar channel to ChR2 that is believed to facilitate phototaxis
alongside ChR2 in vivo. ChR2 has received the bulk of experimental attention due to several
characteristics that make it a superior channel for use in studies with insect and mammalian tissues.
ChR1 has been demonstrated to be a relatively weak photoconductor unless pH is lowered considerably,
suggesting the channel is specific to protons over other cations (Lin et al. 2009; Nagel et al. 2002). As
the optimal pH range for ChR1 is below physiological pH, it less versatile than ChR2 in engineered
tissues.
Both ChR1 and ChR2 consist of apoproteins, channelopsin-1 (chop1) in the former and
channelopsin-2 in the latter (chop2). These apoproteins form functional channels ChR1 and ChR2 in the
presence of the cofactor all-trans-retinal (ATR). ATR is vital to the protein’s function due to its role in
opening the channel. Absorption of light results in the isomerization of ATR to its 13-cis conformation,
reconfiguring the protein into its open state capable of conducting protons (Watanabe et al. 2013). The
protein reverts back to ATR in the absence of stimulus. ChR2 has been demonstrated to be capable of
incorporating endogenous ATR in mammalian systems, increasing its utility over ChR1, which is
incapable of such (Lin et al. 2009). Non-mammalian systems require organisms to be fed a diet
containing ATR or cells to be grown in media containing the cofactor (Honjo et al. 2012; de Vries and
Clandindin, 2013; Nagel et al. 2005).
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It is necessary to genetically manipulate organisms and cells that do not naturally express chR2.
In tissue engineered systems. This is done by transfecting vectors into the target cells. The M. sexta
tissues used in this study had not previously been transfected, thus a transfection procedure was
generated using lipid-based transfection agents. Initially, a vector (pHD-DsRed-attP) provided by the
McVey lab was used to demonstrate the lipid-based transfection procedure using sf9 cells, a cell line
derived from the ovarian tissue of the lepidopteran Spodoptera frugiperda. This vector is used by the
McVey lab for studies in Drosophila, and sf9 and M. sexta cells have been shown to be susceptible to
lipid transfection. Low expression led to the choice to develop a new vector designed for optimal
expression in lepidoptera primary cells. The vector was designed using a plasmid offered from the Levin
Lab (pcDNA3_1-chop D156A-eYFP). Note that this plasmid includes a D156A mutation. This increases
the resulting channel’s sensitivity to light while slowing its closure rate (Lin, 2011). This version of the
chop2 gene was used due to its availability, and will ideally be replaced by an unmutated copy in the
future to ensure optimal temporal response. The chop2 (COP4 gene) and eYFP from this plasmid were
subcloned into a pIEx-4 vector containing hr5 enhancer and IE1 promoter sequences. This enhancer and
promoter were chosen due to their demonstrated application for transient and stable transfection in
lepidopteran cells (Shen et al. 2013; Henderson et al. 1995; Jarvis et al. 1990, Jarvis et al. 1996). The hr5
and IE1 elements are derived from AcNPV, which infects a variety of Lepidopteran species including M.
sexta. Though the majority of studies using pIEx-4 vectors have been conducted with sf9 cells, there are
some examples of the IE1 promoters being successfully used with other Lepidoptera such as Bombyx
mori (B. mori) and Phthorimaea operculella as well as the non-Lepidopteran D. melanogaster. Genes
driven by the IE1 promoter in D. melanogaster and B. mori have also been demonstrated to be
expressed in several different tissues (Masumoto et al. 2012; Mohammed and Coates, 2004). Though
not directly demonstrated in M. sexta, the success in Lepidopteran and non-Lepidopteran species across
multiple tissues suggests that the IE1 promoter could be successfully used with M. sexta muscle cells.
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In order for DNA to be expressed by a cell, a transfection mechanism must be developed to
transfer vectors inside of the cell. A variety of systems exist to accomplish this, differing based on the
goal of the transfection, cell type and DNA involved. The most widely used transfection method for
insect cells employs Baculovirus, which results in high expression of foreign proteins. Unfortunately, this
system leads to death of the host cell. This approach is suitable for transient protein production and
collection of the gene product; however it cannot be used to generate a long-lasting transgenic tissue.
Instead transfection was achieved through lipid-based reagents, which associate with DNA and
facilitates its transfer through the cell membrane. Lipid transfection reagents have been used
successfully with insect cells and offer a simple, reproducible and versatile mechanism by which to
introduce DNA to host cells (Hossain et al. 2013; Soin et al. 2008; Van Rij et al. 2006; Ishizuka et al. 2005;
Lan and Riddiford, 1997). As the M. sexta cells used are not derived from a stable cell line, it was
necessary to choose an efficient method for primary cells. Effectene (Quiagen) was chosen due to its
low cytotoxicity and ability to transfect adherent primary cells. This reagent acts by condensing vectors
and incorporating them into micelles, which are subsequently endocytosed into cells.
In addition to tissue culture, an insect-compatible plasmid coding for ChR2 also makes possible
the generation of transgenic M. sexta larvae. A method developed by Tamura et al. (2007) for the
generation of transgenic silkworms used the direct injection of DNA into silkworm eggs in order to hatch
larvae expressing green fluorescent proteins. Tamura’s method saw a 40% hatch rate after DNA
injection, and a 13% success rate in hatched larvae expressing the gene of interest. This method was
adapted according to the use of M. sexta eggs and lab materials available. A transgenic larvae
expressing chR2 would allow for control of the larvae’s movement. Observing locomotion of larvae with
specific tissues deactivated or activated by optogenetic stimulation would offer insight into the
mechanics of caterpillar locomotion. No system of caterpillar control exists with this level of specificity
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and minimal invasiveness. This information would allow for innovations in soft robots that aim to mimic
caterpillar locomotion.
To stimulate a tissue expressing chR2 it is necessary to expose part or all of the tissue to 470 nm
light. This stimulation may be accomplished through LED sources (Sakar et al. 2012; Suzumura et al.
2011). Light should be applied to the tissue under a microscope, with another light source filtered to
avoid wavelengths that could trigger ChR2 activity used to observe the tissue’s behavior. The tissue
should be shielded from any external light sources to avoid unintentional stimulation of ChR2.
(1.6) Generation of an M. sexta Cell Line and Growth with Silk-HRP Hydrogels
During experiments attempting to control the contraction in M. sexta muscle tissues, several
potential areas of improvement of the engineered M. sexta muscle tissue system were discovered. The
lengthy embryonic cell isolation method was laborious and yielded a mixture of cells, only some of
which would differentiate into the muscle cells targeted in this paper. In addition, the potential for
growth in silk-HRP hydrogels was explored. These gels offer a highly tunable elastomeric scaffold that
could aid in future development of usable actuators powered by M. sexta tissue.
A major drawback to the present technique in culture of this lab’s M. sexta tissue is its reliance
on primary cell culture. Cells must be cultured from the embryos, requiring the keeping and maintaining
of a colony of M. sexta moths and larvae for regular harvesting of eggs. The maintenance of such a
colony is time consuming and expensive. The isolation and culture of cells from eggs is time intensive as
well, and yields a nonspecific medley of cells. Existence of a cell line would make possible the creation
of a transgenic cell line using cells transfected with chR2. This study seeks only to study the action of M.
sexta muscle tissue, making the presence of other cell types unnecessary and in some cases
problematic. In addition, access to an M. sexta cell line would allow for more repeatable experiments.
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For these reasons effort was taken to develop a continuous cell line based on the cells cultured from M.
sexta embryos, as well as from explanted flight muscle.
Initial experiments in prolonging the proliferation stage and delaying differentiation in these M.
sexta cells were attempted by Baryshyan (2013). 20-HE is an insect steroid hormone involved in
development, molting and metamorphosis. Due to its role in initiating muscle differentiation in vitro 20HE was removed from the media in experiments attempting to establish a continuous cell line.
Baryshyan noticed that muscle differentiation continued even in the absence of exogenous 20-HE,
suggesting that the hormone may be secreted from yolk cells present in culture. To combat this induced
differentiation, a Juvenile Hormone (JH) mimic methoprene was included in the media for its ability to
suppress the differentiating action of 20-HE without disrupting its role in cell proliferation. The inclusion
of JH and exclusion of 20-HE was predicted to extend the proliferation stage of undifferentiated muscle
precursor cells.
Cultivation of cells derived from the DEL of W2 M. sexta sought to establish cultures consisting
exclusively of muscle precursor cells. Shortly after this stage, the four most dorsal fibers of the DEL
begin developing in to dorsal longitudinal flight muscles (DLM) (Duch et al. 2000). Cultures derived from
this tissue would not be influenced by potential chemical secretions from yolk cells present in embryonic
culture, potentially influencing the ease with which these cells could be developed in to a continuous
cell line. Such a culture would also prove useful in experiments on contraction stimulation by ruling out
any extraneous transfection of yolk cells.
3D M. sexta constructs were developed by growing cells inside polydimethylsiloxane (PDMS)
molds. Silk-HRP hydrogels offer an enhanced method by which to develop 3D tissues. These gels exhibit
tunable elastomeric behavior that could be integrated with M. sexta tissue contraction. Tissues grown
in hydrogels could be used as scaffolds to design actuators. Muscle tissue in vivo does not interact with
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hard surfaces like the plastic of a tissue culture plate. Growth on top of hydrogels could enhance
contractile behavior of the tissue by offering a substrate that is closer to that found in vivo. The stiffness
of gels could be easily altered, offering 3D constructs exhibiting unique contractile properties.
(1.7) Hypothesis
Our hypothesis is that as engineered M. sexta tissues grow they will exhibit increasingly strong
contractile behaviors. This contraction is reliant on Ca2+ and will thus be stimulated by exposure to
caffeine, a chemical known to open calcium ion channels. More controlled and temporal stimulation
will be achieved by engineering a transgenic M. sexta muscle tissue controlled by exposure to 470 nm
light. The transgenic tissue will be developed by transfecting primary cultures. Vectors coding for ChR2
will be transfected in engineered tissue, as well as injected directly into embryos. The hatched larvae
will express genes on the injected vector. The growth of engineered tissue will be simplified with the
development of an immortal cell line. Tissue constructs will show increased contractile ability and
unique dynamics when grown in a silk-HRP hydrogel matrix.
(1.8) Objectives
This study seeks to develop a controllable M. sexta muscle tissue bioactuator. The work done to
accomplish this goal is organized in the following three objectives:
Objective 1: Chemically controlled contraction
To establish chemically controlled contraction using caffeine as a stimulant that takes advantage
of the tissue’s use of Ca2+ during contraction. This study aims to show that the calcium pathways that
exist in other animal tissues and cell cultures exist in M. sexta and may be activated by caffeine.
Objective 2: Genetic manipulation of M. sexta tissues
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To employ ChR2 in controlling contraction in M. sexta by developing a transgenic M. sexta
muscle tissue. ChR2 was chosen due to the substantial evidence in the literature proving its practicality
in muscle tissue. This study seeks to create a transgenic tissue by transfecting cultured primary cells
using a lipid transfection reagent.
Objective 3: Improving the M. sexta bioactuator
To continue the development of M. sexta muscle tissue so as to optimize its application to
bioactuation. Critical steps in achieving advancements in the development of this actuator include the
establishment of a continuous cell line and the incorporation of tissues with silk-HRP hydrogels.
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(2) Methods
(2.1) Muscle Precursor Cell Isolation and Seeding
To isolate and propagate M. sexta muscle precursor cells, adults were first grown in a lab flight
cage. Foam blocks soaked in tobacco infusion were used as a surface upon which adults could lay eggs.
Eggs were then counted, washed twice with water and incubated in 25% bleach for two minutes to
sterilize their outer surface. Eggs were then washed twice with water and twice with media developed
by Baryshyan et al. (2011). The eggs along with 5 mL of media were then transferred to a 7 mL Dounce
homogenizer and homogenized gently with six strokes of the plunger to break the eggs. This
homogenate was separated from shell fragments and transferred to a new 50 mL conical tube and
centrifuged at room temperature for 5 minutes at 1100 rpm, forming a pellet. The pellet was
resuspended with 5 mL of fresh media and centrifuged again under the same conditions. This pellet was
resuspended with enough media so that the final solution was 2 μL per embryo (1 embryo per egg
used). PDMS dumbbell chambers were cast into 3D printed molds and sterilized for at least one hour in
70% ethanol before being transferred to sterile phosphate buffered solution (PBS) for another hour.
Chambers were transferred to individual tissue culture dishes and dried thoroughly using an aspirator to
allow the PDMS to form a tight seal with the dish surface. 10 μL of media/embryos (5 embryos per
chamber) was added to each dry PDMS dumbbell chamber. 50 μL of media was added on top of the
embryos and 500 μL around the edge of the dish to prevent dehydration. Each dish was then covered
and sealed with parafilm and incubated at 26 oC. Three days after cell isolation and seeding, dishes were
flooded with 3 mL of media. 18 constructs were seeded and grown for experimentation, each
numbered in order of seeding to aid with distinguishing individual constructs.
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(2.2) Measurement of contraction development by IOM
IOM video analysis was used to measure contraction in tissue constructs. Values were obtained
by taking magnified videos of constructs and analyzing the resulting frames. ImageJ software was used
to take the first frame from each video, determine its pixel density, and subtract the pixel densities of
the remaining frames from this value. The sum of the absolute values of the differences in pixel density
is the IOM. Video was recorded for each construct in three regions. Regions A and C represented the
poles of the construct while region B represented the connecting column. This resulted in three
measurements of IOM (one for each region of the construct) that were averaged in Microsoft Excel to
give a single IOM value for the entire construct. Video was captured every four days during the
construct’s growth for 20 days. Images were captured at 5x magnification at 1280x960 resolution. Each
video consisted of 25 frames with images captured every 200 ms. Constructs 1, 2, 3, 8 and 9 were used
to track contraction during the tissue growth process.
Standard deviation in for full construct IOM values was calculated by finding the standard
deviation between the IOM measurements of each individual component of the construct: both poles
and the connecting bar. Calculations were made using Microsoft Excel. Standard deviation of IOM
values in each specific component could not be calculated directly because these values are absolute
values, not averages. Thus the variation between individual recordings of pixel density change would
not be a meaningful indicator in how these changes affected the overall absolute value that is the IOM.
To acquire a more meaningful measure of variance, the standard deviation of pixel density change
values in each individual construct component was multiplied by the number of values, 24. This gave a
separate value measuring variance for each component. The statistical significance of the difference in
IOM values was calculated by comparing the average IOM of the construct at day 0 to that on day 20. A
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2-sample t-test was used: 𝑡 =

𝑥1 −𝑥2
𝑠2 𝑠2
√ 1+ 2
𝑛1 𝑛2

. Resulting p-values were compared to α = .05, a 95% confidence

level. If p < α = .05, results were considered significant.
(2.3) Monitoring the Effect of Caffeine by IOM
Spontaneous contraction of the construct was first monitored in original media (media construct
was growing in at the time), PBS (without caffeine) and new media (media replacing PBS) to test the
effect of PBS on contraction. Images were recorded every 15 min for 60 min in each treatment.
Experimental trails were monitored in original media, PBS with caffeine and new media. Trials were run
at a range of caffeine concentrations including 0.1 mM, 0.2 mM, 0.4 mM and 2 mM PBS caffeine
solutions as previously described. A different construct was used for each trial. Constructs 4, 5, 1 and 8
were used for each of the above trials, respectively. Each construct had been seeded 23 days prior to
caffeine exposure. At this point in development constructs were contracting consistently. Images were
recorded of the construct in original media in order to determine IOM values before treatment. After
media was replaced with PBS caffeine solution, IOM values were measured every 20 min for 1 h before
PBS caffeine solution was replaced with fresh media and IOM values were measured every 20 min for 1
h. A final IOM value was determined one week after cell construct exposure to caffeine. Solutions the
cell constructs were incubated in were changed by gently aspirating one solution out of the dish and
adding the next, making sure to keep the aspirator tip and pipette far from the construct while removing
and adding solutions. 3 mL of each solution was used. The TCP dish was topped and sealed with
parafilm after each solution change
The statistical significance of levels of contraction was calculated with a two tailed t-test
(𝑡 =

𝑥1 −𝑥2
𝑠2 𝑠2
√ 1+ 2
𝑛1 𝑛2

) using the IOM value calculated from the tissue in media before any media change, and the
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average IOM value recorded after exposure to a new solution. A two tailed t-test was run to compare
contraction in growth media to contraction in PBS as a control. Two tailed t-tests were run to test the
significance between contraction of tissues exposed to caffeine and the same tissues in media before
caffeine exposure. Two tailed t-tests were run to test the significance of the difference between IOM
values in media before exposure to caffeine and IOM values measured one week after exposure to
caffeine. These tests were run in order to determine the significance of lasting effects of caffeine on M.
sexta tissue contraction.
(2.4) Molecular Biology Techniques
Standard molecular biology techniques were performed as previously described (Sambrook and
Russell, 2001). DNA fragments were purified with QIAquick Gel Extraction Kit (QIAGEN). Transformation
of E. coli cells was carried out using the High Efficiency Transformation Protocol (C2987H/C29871, New
England BioLabs Inc.). Unless otherwise stated E. coli strains were grown in Luria Bertani (LB) medium
(Sambrook and Russell, 2001) with aeration at 37 oC. The appropriate selection antibiotics, kanamycin
(50 μg/mL) or ampicillin (100 μg/mL) were added when needed.
(2.4a) Vector Construction for pIEx-4-chop2-eYFP
To construct a sensor for tracking ChR2 synthesis, the chop2 gene was fused with eYFP and
expressed in M. sexta muscle cells. The chop2::eYFP fusion was obtained from the pcDNA3 1-chop
D156A-eYFP kindly supplied by the Levin lab. Firstly, E. coli DH5α cells (Life Technologies) were
transformed with plasmid for storage and for obtaining higher plasmid concentration following the
procedure recommended by the manufacturer. Briefly, 50 μL of DH5α competent cells were thawed on
ice, 4 μL of DNA was added, gently mixed and incubated on ice for 30 min. Next, the cells were heat
shocked at 42 oC for 30 seconds and left on ice for another 5 min. Then, 450 μL of SOC media was added
and incubated with aeration at 37 oC for 1 h. After the incubation, cells were plated on LB plates
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supplemented with ampicillin for selection. These plates were incubated at 37 oC overnight. Selected
colonies were screened for the presence of plasmid.
Vectors were isolated from the DH5α cells with the QIAprep Spin Miniprep Kit (QIAGEN)
following standard procedure recommended by the manufacturer. Cells were grown at 37 oC overnight
with shaking at 250 rpm. Afterwards, cultures were centrifuged for 3 min at 13,000 rpm, and the pellet
was resuspended in 250 μL P1 Buffer. Next, 250 μL P2 Buffer and 350 μL N3 Buffer were added to
initiate cell lysis and precipitation of undesired cell components. After the centrifugation, the
supernatant was added to a QIAprep spin column and centrifuged briefly before throwing away the
flow-through. The column was washed with 750 μL PE Buffer. DNA was eluted from the column with
water and stored at -20 oC. To confirm the successful isolation of pcDNA3 1-chop D1561a-eYFP vector,
0.9% agarose gel (0.45 g agarose was dissolved in 50 mL 1% TAE buffer) was run and visualized by Gel
Imager (G:Box XR5, Syngene). EtBr was used for DNA labeling. After the successful transformation was
confirmed, cells were grown in LB Ampicillin overnight at 37 oC with shaking. Once the stationary
culture was obtained, cells were stored at -80 oC with a final concentration of 15% glycerol.

To construct the sensor, pcDNA3 1-chop D156A-eYFP vector was digested with BamHI and
HindIII restriction enzymes and samples run on agarose gel electrophoresis as previously described. The
chop2::YFP fragment was isolated from the gel using the QIAquick Gel Extraction Kit (QIAGEN). The
band was excised from the gel and combined with 3 μL Buffer QG for every mg of gel. The mixture was
incubated at 50 oC until the gel was dissolved. 1 μL of isopropanol was added to the dissolved gel-buffer
mixture for every mg of gel, and transferred to a QIAquick spin column. After, the washing step with
750 μL Buffer PE, DNA was eluted with H2O. Obtained chop2::YFP fragment was cloned into pIEx-4
plasmid (NOvagen) posterior to its restriction BamHI/HindIII and yielding pIEx-4-chop2-eYFP. Purified
chop2::eYFP and pIEx-4 plasmid were ligated following the Quick Ligation Protocol (M2200, New England
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BioLabs). A 1:3 vector:insert ratio was used for ligation and mixture was incubated at 20 oC for 1 h, 16 oC
for 8 h and stored at 4 oC in a cycler until transformation. DH5α cells were transformed with the ligation
and plated on LB ampicillin selection plates. Colonies were cultured overnight, purified by miniprep and
restricted with BamHI/HindIII to confirm the incorporation of chop2::eYFP.

Overnight culture of a successful colony and miniprep were repeated with the ligated vector to
accumulate the necessary volume of DNA necessary for transfection (see section 2.5). An aliquot of the
vector was added to a glycerol stock and stored at -80 oC while the rest was kept at -20 oC.

(2.4b) Vector Construction for pIEx-4-EGFP

A marker for tracking a fluorescent protein lacking the chop2 gene was designed. This construct
was used for monitoring the efficiency of the IE1 promoter driving transcription of both chop2::eYFP and
EGFP. The plasmid pmEGFP-1 (addgene) was used as the source of an enhanced green fluorescent
protein (EGFP) coding sequence. In order to insert the EGFP coding region of pmEGFP-1 after the IE1
promoter of pIEx-4, double digestion with NotI/BamHI of both plasmids was performed. Digested EGFP
and pIEx-4 were gel extracted and ligated to yield pIEx-4-EGFP. DH5α cells were transformed with the
ligation and plated on LB kanamycin selection plates. Colonies were cultured overnight, purified by
miniprep and restricted with NotI/BamHI to confirm the incorporation of the EGFP sequence. Overnight
culture of a successful colony and miniprep were repeated with the ligated vector to accumulate the
necessary volume of pIEx-4-EGFP necessary for transfection (see section 2.5). An aliquot of the vector
was added to a glycerol stock and stored at -80 oC while the rest was kept at -20 oC.

(2.5) Transfection Techniques

Transfection was accomplished using lipid transfection reagents. The procedure was tested first
on sf9 cells, a cell line derived from the Lepidopteran Spodoptera frugiperda in which transfection has
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been well documented. Two reagents were tested, Lipofectamine 2000 (Life Technologies) and
Effectene (QIAGEN), following factory protocols provided with each reagent. Initially, a pHD-DsRed-attP
plasmid (kindly provided by Mitch McVey) was used for transfection, followed by transfection of the
plasmids pIEx-4-EGFP and pIEx-4-chop2-eYFP (see section 2.4). The variety of plasmids tested the
transcription efficiency and expression of various promoter-gene combinations. After the procedure
was demonstrated to work in sf9 cells, transfection was optimized with M. sexta cells for the two pIEx-4
plasmids.
Transfection was first attempted using the lipid-based reagent Lipofectamine 2000 (Life
Technologies). 1.5x105 sf9 cells (kindly supplied by Dr. Alice Moore) were seeded in each well of a 24well plate the day before transfection. The protocol was optimized by using four different
concentrations of Lipofectamine 2000 reagent. 2, 3, 4 and 5 μL were diluted in 50 μL Opti-MEM media
(Life Technologies) for final concentrations of 4%, 6%, 8% and 10% reagent. 50 μL of the pHD-DsRedattP vector (kindly provided by Mitch McVey) at 20 ng/μL in Opti-MEM media was then added in to each
of the four concentrations of Lipofectamine 2000. The mixture was incubated for five minutes before 50
μL of the formed pHDDsRed-attP-lipid complexes were added to four wells of the 24-well plate
containing cultured adherent sf9 cells. The final mixture was incubated overnight at 26 oC before cells
were observed under a microscope to check for red fluorescence gained by the transfection. pHDDsRed-attP was initially used to confirm the efficiency of the transfection procedure, since it had been
successfully used for studies on D. melanogaster. This vector carries a gene coding for red fluorescent
protein under the control of a 3xP3-hsp70 constitutively active at room temperature.
Effectene (QUIAGEN) was chosen for further transfections due to its superior effectiveness with
primary cells and low toxicity. 1.5x105 sf9 cells were seeded in 9 wells on a 24-well plate the day prior to
transfection. Optimization was run testing nine conditions varying relative concentrations of pHD-
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DsRed-attP, Effectene reagent and DNA Enhancer the day after cell seeding. Each condition was
prepared in a separate Eppendorf tube before being combined with media and added to cells. Volumes
of pHD-DsRed-attP at .1 μg/μL, Effectene reagent and DNA Enhancer are listed in Table 1:
Table 1: Volumes of DNA (.1 μg/μL), Effectene reagent and DNA enhancer used in conditions A-I for
Effectene transfection procedure.
Tube:
A
B
C
D
E
F
G H
I
DNA Vol. (μL)
0.1 0.1 0.1 0.2 0.2 0.2 0.4 0.4 0.4
Effectene Vol. (μL)
1 2.5
5
2
5 10
4 10 20
DNA Enhancer Vol. (μL) 0.8 0.8 0.8 1.6 1.6 1.6 3.2 3.2 3.2

Phd-Dsred-attP and DNA enhancer were first combined and diluted to 60 μL with Buffer EC (QIAGEN).
Tubes were vortexed for 1 second and incubated at room temperature for 3 minutes. Tubes were
centrifuged briefly to remove drops from the sides. Effectene reagent was then added to the DNAenhancer mixture. Tubes were vortexed for ten seconds and incubated at room temperature for ten
minutes. During the incubation period cells were washed with 500 μL PBS and 350 μL of fresh media
was added. After incubation, 350 μL of cell media was added to each tube of Effectene-DNA complexes
and pipetted up and down twice before immediate addition to wells. Wells were gently swirled to
evenly distribute Effectene-DNA mixture. Cells were incubated overnight at 26 oC before being observed
for red fluorescence.
Transfection of the constructed vector pIEx-4-EGFP was tested on sf9 cells with Effectene using
the procedure described above. Transfection of this vector was also attempted using Effectene with M.
sexta cells. The same transfection procedure was used, substituting M. sexta embryos and media for sf9
cells and media. Cells were seeded as described in section 2.1, adjusted for 24-well plates by seeding 20
embryos (eggs) per well mixed with 350 μL media and not using PDMS chambers. Transfection of pIEx4-chop2-eYFP was accomplished using the same procedure.
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(2.6) Generation of Transgenic Larvae
Tamura’s (2007) method of egg injection was adapted to M. sexta eggs and available
equipment. To test the viability of this method in M. sexta, egg survival after chorion puncture was first
tested. Eggs were washed in DI water for 2 minutes, placed on a glass slide and dried for 15 minutes,
adhering to the slide surface. Eggs were then placed under a microscope, and punctured with an
acupuncture needle controlled by a micromanipulator. The puncture was made almost perpendicular to
the glass slide so as to provide pressure downward and prevent detachment from the glass slide. After
puncture the needle was removed and eggs were incubated under normal conditions with food
alongside a control batch of eggs that had not been punctured. Another set of eggs was used to test the
injection procedure by first conducting the same puncture procedure, however after the acupuncture
needle was removed, it was replaced with a glass capillary attached to a pico-spritzing device. Small
blasts of air pressure pushed fluid from the tip of the capillary. The capillary was filled with physiological
saline and inserted into the hole created by the acupuncture needle. A small amount of saline was
injected into the egg, mimicking the proposed delivery method of DNA. The glass capillary was carefully
removed, and eggs were incubated under normal conditions with food. Hatch rate was analyzed in
comparison to unmanipulated eggs.
(2.7) Establishment of M. sexta Cell Line
Two approaches were used in the attempt to establish an M. sexta cell line. The first attempted
to collect subcultures from embryonic cells grown in a modified media, while the second used an
explanted tissue from the M. sexta larva.
Embryonic cell cultures were grown in conditions suggested by Baryshyan (2013) to best extend
the proliferative phase while delaying myogenic differentiation. Media used during this process did not
contain any 20-hydroxyecdysone (20-HE). The following process was performed under three conditions,
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each using varying levels of the Juvenile Hormone (JH) mimic methoprene. Six cultures were seeded
with 0 ng/mL JH, six contained 500 ng/mL methoprene and six contained 1000 ng/mL methoprene. Cells
were seeded in 35 mm dishes at a concentration of 20 eggs per dish with 150 μL of media. Plates were
sealed with parafilm and stored at 26 oC. 2 days later 1 mL of media was added to the plate. Every 7
days, 0.5 mL of media was added to each culture, unless it was near confluence. After the dishes were
filled with a volume of 2.5 mL, or when cells reached confluence, the dish was gently rinsed and the
complete medium was transferred to a T-25 flask, and media added to bring the total volume to 5 mL.
1 mL of media was added to the original culture. After the first subculture, additional subcultures were
expected to be passaged every 2-4 weeks.
In addition to modifying the embryonic culture procedure, culture establishment was attempted
using the explanted DEL muscle from W2 M. sexta larvae. Animals were anesthetized by being placed
on ice for 10-15 min. Individuals were then sterilized with 70% ethanol. A cut was made on the ventral
surface from the anterior towards the posterior end, starting approximately one centimeter posterior to
the metathorax. The organism with exposed interior was then washed in physiological saline containing
1% Anti-Anti. Saline was replaced as needed during the procedure. The procedure was repeated on
either side of the midline, such that two explants could be harvested per organism. The gut, excess fat
and trachea were removed to expose dorsal internal longitudinal muscle, which was subsequently cut
through to reveal dorsal oblique muscles, forming a characteristic triangle over the DEL. Cutting back
the oblique muscles exposed the DEL. The ventral most four DEL fibers were removed and transferred
to a sterile culture dish. In a sterile hood, the tissue was rinsed with saline containing 1% anti-anti four
times. The tissue was then rinsed with M. sexta media and transferred to a new 35 mm culture dish
along with 3 mL of media, covering the tissue. The dish was sealed with parafilm and incuabated at 26
o

C. Media was changed daily.
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(2.8) M. sexta Tissues grown with Silk-HRP Hydrogels
Silk-HRP hydrogels are constructed using 60-minute extracted silk fibroin (SF). SF was extracted
by first cutting B. mori cocoons into halves. 0.848 g of NaCO3 for every gram of cocoons was added to
boiling Milli-Q water. Once NaCO3 was dissolved, cocoons were added to the boiling water for 60 min,
kept submerged with a spatula. Water was drained after 60 min, the SF extract wrung out by hand and
washed 3 times. SF was then spread out and dried inside a chemical hood overnight. The dry SF was
then added to 9.3M LiBr to form a final solution of 20% SF weight per volume. The mixture was
incubated in a 60 oC dry oven for 4-6 hours. Using an 18G needle, the dissolved SF solution was placed
into a dialysis cassette, and dialyzed against Milli-Q water. Water was changed after 1 h, 4 h, 6 h, 10 h,
24 h, 36 h and 48 h from start time (6 total changes). Dialyzed SF was removed from cassettes with a
syringe and placed into 50mL centrifuge tubes. The solution was centrifuged at 9000 rpm twice at 4 oC
for 20 minutes each, placing the supernatant into a new tube after each centrifugation. SF was stored at
4 oC. To determine the concentration of the SF solution, 0.5 mL solution was massed in a weigh dish,
which was subsequently placed in a 60 oC dry oven until all fluid had evaporated from the dish. The
weight of the remaining solid was divided by 0.5mL to give the concentration of SF in g/mL.
Silk was diluted to 3% with sterile H2O and filter sterilized with a 0.22 micron filter. HRP and
H2O2 were filter sterilized through a 0.22 micron filter as well. Water-based silk-HRP hydrogels and
media-based silk-HRP hydrogels were tested. Gels were formed in 24-well tissue culture plates. In a 1.5
mL Eppendorf tube, 100 μL sterile 3% SF was combined and mixed with 100 μL of either sterile H2O or
M. sexta media. 2 μL sterile HRP (1000 U/mL) was then added and mixed. Lastly, 2 μL sterile H2O2 (1.65
mM) was added and mixed. 200 μL of the mixture was added to a well of a 24-well plate. After filling
the desired number of wells, the plate was sealed with parafilm and stored at 26 oC overnight to allow
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for gelation. The following day M. sexta cells were isolated and seed on top of the gels using the
procedure described in section 2.1.
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(3) Results
(3.1) Measurement of Contraction Development by IOM
For M. sexta tissues grown in a PDMS mold, levels of contraction varied between regions A, B
and C in dumbbell constructs (Figure 1). One IOM value was used to characterize overall contraction of
the construct. Standard deviation for this value was at times generally large, however this was expected
due to independent contraction in different regions of the construct (Figure 2). Varied contraction
measured in regions A, B and C resulted in an average value with a high standard deviation. Variance of
IOM values in individual construct regions A, B and C were large at times, however followed the same
trend as standard deviation for total IOM by decreasing as the construct aged and developed.

Figure 1: General layout of dumbbell constructs with labeled regions A, B and C.
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Figure 2: IOM analysis of construct 1 every 4 days for 20 days separated by construct region. Regions A
(blue bars) and C (green bars) are the poles of the construct while region B (red bars) is the connecting
shaft. Averaged values (purple bars) represent the average of A, B and C. Deviation in A, B and C was
calculated by measuring the standard deviation in pixel density change measurement, which was then
multiplied by the number of measurements taken, 24. Standard error bars for Averaged Values were
calculated using values A, B and C.

All constructs reached a maximum IOM value at day zero (Figure 3). As time progressed, IOM
values tended to decrease, approaching a value close to 25. All constructs appeared to reach a
minimum level of contraction on days 12-16. Construct 1 quickly dropped from an initial value close to
80 to a minimum of about 20 by day 12 before rising to the mid 20’s by day 20. Construct 2 had a
similarly high initial IOM value before quickly dropping to a value close to 20 by day 12. Imaging of this
construct was discontinued at this point because the PDMS chamber came dislodged from the cell plate.
Construct 3 showed steady linear decrease in IOM value from a lower day zero value of approximately
35. Movement reached a minimum of about 17 on day 12 before increasing to just below 25 by day 20.
IOM values in construct 8 steadily dropped from an initial value of about 50 to a minimum of just below
20 at day 16 before leveling out to just above 20 by day 20. IOM values in construct 9 decreased
steadily from day 0 reaching a minimum of 13 at day 16 at which point measurement was discontinued
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due to a break in the seal of the construct’s culture dish and subsequent evaporation of media from the
dish.
The significance of the difference between contraction at day 0 and day 20 was calculated using
a two tailed t-test. This test compared the IOM value of the construct at day 0 to the IOM value on day
20 (or latest day). The test was run to determine a t-value and p-value for each construct A-E (Figure 3).
(A): 𝑡 =

(B): 𝑡 =

𝑥1 −𝑥2
𝑠2 𝑠2
√ 1+ 2
𝑛1 𝑛2

2

33.66−24.37
2

2

√9.173 +7.39

= 5.387; two-side p = .0382

= 1.377; two-side p = .4274

3

49.03−21.08
2

2

√22.98 +5.39

= .905; two-side p = .1910

3

40.79−12.945
2

2

√2.842 +3.07
3

= 3.844; two-side p = .0636.

3

3

(E): 𝑡 =

2

√16.56 +4.93

3

(D): 𝑡 =

2
2
√23.289 +3.211
3
3

76.98−23.2323
3

(C): 𝑡 =

79−26.831

=

= 11.528; two-side p = .0146

3
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Figure 3: Index of movement (IOM) analysis of five constructs over a growth period of 20 days. Day zero
represents the day chambers were flooded with media. Images were recorded every four days.
Constructs 2 (B) and 9 (E) were disposed of before the 20-day mark due to a dislodged PDMS mold and
excessive evaporation of media, respectively. Error bars represent difference in contraction by region of
construct. Error bars indicative of difference in IOM values between regions A, B and C of the construct.
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Direct observation of contraction began on day 4 for all constructs. At this point distinct tissue
was recognizable, compared to the general cell mass observed at day 0 (Figure 4). As time progressed
the construct grew more distinct as tissue condensed.

A

B

C

D

E

F

Figure 4: Images from construct 8 (region A) taken at 5x magnification every four days for twenty days.
(A) Day 0, (B) day 4, (C) day 8, (D) day 12, (E) day 16, (F) day 20.

(3.2) Monitoring the Effect of Caffeine by IOM
Contraction was retained when PBS was switched out for new media and a peak was observed
directly after addition of new media, though IOM values gradually decreased towards the same values
observed in original media and PBS. In all solutions, IOM values tended to decrease as time proceeded.
This trend is present in each treatment, such that contraction in each peaks early on and gradually
decreases with subsequent measurements. Three of the four caffeine trials showed similar results in
response to the addition of new media, with 0.4mM caffeine being the only trial where IOM values
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steadily increased over time after new media was added. All trials experienced a rise in movement after
new media was added, though in all but the 0.4 mM trial this peak quickly began to approach same
minimum reached when exposed to caffeine. All trials reached a minimum IOM when exposed to
caffeine.
Two of four caffeine trials exhibited higher IOM values when exposed to caffeine. Immediately
after exposure to caffeine at 0.2 mM and 2 mM concentrations, constructs C and E reached an IOM
value above the levels observed in original media. 0.2 mM and 2 mM caffeine trials exceeded original
IOM values by 6 and 10, respectively. After 20 minutes in 0.2 mM caffeine, contractions dropped well
below original levels. In 2 mM caffeine the IOM value was just below original levels after 20 minutes.
All trials recorded lower IOM values seven days after caffeine exposure than was recorded in original
media before exposure. The greatest difference between IOM in media before caffeine exposure and
the same measurement seven days later was observed in the trial using the highest caffeine
concentration for which this measurement was recorded (trial C, 14.5 difference).
The difference in contraction between constructs in growth media and after exposure to
caffeine was determined with a two tailed t-test using the IOM value of constructs in growth media and
the maximum IOM value reached while in contact with caffeine. First, it is necessary to test the
significance of the difference in contraction of a construct in growth media and contraction after media
is exchanged for PBS. x1 is the average of IOM values measured in media, and x2 the average of IOM
values measured in PBS.
𝑡=

𝑥1 −𝑥2
𝑠2 𝑠2
√ 1+ 2
𝑛1 𝑛2

=

24.62−23.25
2

√7.61 +2.30
6

2

= 0.422; two side p = 0.685

6

Two tailed t-tests were run to determine the significance of differences in contraction between
constructs in growth media and those in caffeine. The IOM from growth media before the experiment
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was compared to the average IOM value while in contact with caffeine for each concentration,
constructs B-E (Figure 5):
(B): 𝑡 =

32.454−22.74
2

4

(C): 𝑡 =

4

22.708−19.69
2

4

27.078−20.979
2

2

√7.61 +5.561
4

(E): 𝑡 =

= 0.616; two side p = 0.05528

2

√7.61 +6.178
4

(D): 𝑡 =

= 2.00; two side p = 0.0858

2

√7.61 +6.02

= 1.294; two side p = 0.2250

4

35.919−33.28
2

2

√7.61 +9.65
4

= .429; two side p = 0.6746

4

A two tailed t-test was again used to test the significance of the difference between IOM values
measuring contraction in tissues before and one week after exposure to caffeine.
(B): 𝑡 =

32.454−22.77
2

4

(C): 𝑡 =

22.71−16.16
2

2

√7.61 +6.178

= 1.217; two side p = 0.270

4

27.1−12.467
2

2

√7.61 +6.178
4

= .939; two side p = 0.122

4

4

(D): 𝑡 =

2

√7.61 +7.61

= 2.719; two side p = 0.0346
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Figure 5: IOM analysis describing the effect of various concentrations of caffeine on tissue contraction.
Images were taken every 20 minutes for 60 minutes for caffeine and new media treatments. Caffeine
treatments replaced culture media with a PBS solution containing caffeine. Media was replaced after
exposure to caffeine for new media treatment. Dotted red line represents IOM value of construct in
original media before replacement with PBS caffeine solution. Dotted green line represents IOM value
of construct in media seven days after exposure to caffeine. (A) No caffeine was used as a control to
measure the effect of PBS and fresh media on contraction. (E) No IOM value after one week because
construct was disposed of due to contamination.
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(3.3) Vector Construction for pIEx-4-chop2-eYFP
Restricted pIEx-4 and pcDNA3 1-chop D156A-eYFP vectors were separated by agarose gel
electrophoresis (Figure 6). The bands in the far left lane are a ladder, used to determine size of the
fragments resulting in bands in experimental lanes.

1

2

3

Figure 6: Gel electrophoresis of pcDNA3_1-chop D156A-eYFP and pIEx-4 digested with BamHI and
HindIII. Lane 1 is Quick-Load Purple 2-Log Ladder (New England Biolabs). Lane 2 is the pIEx-4 vector cut
with BamHI and HindIII. Lane 3 separates the chop2 insert from the rest of the vector, with the insert
moving further through the gel. pIEx-4 vector and insert were excised from the gel for DNA extraction.

Gel extracted pIEx-4 backbone and chop2::eYFP fragment were run through agarose gel electrophoresis
to confirm successful extraction (Figure 7).
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Figure 7: Agarose gel electrophoresis of chop2::eYFP insert and pIEx-4 vector. Lane 1 is Quick-Load
Purple 2-Log Ladder (New England Biolabs), Lane 2 is pIEx-4 vector, Lane 3 is eYFP insert.

After ligation of the pIEx-4 and chop2::eYFP, transformation of DH5α cells and subsequent miniprep of
pIEx-4-chop-2-eYFP, agarose gel electrophoresis was performed to determine success of vector isolation
(Figure 8).

1

2

3

4

5

6

7

8

9 10 11 12 13

Figure 8: Agarose gel electrophoresis of pIEx-4-chop2-eYFP vector. Lane 1 is Quick-Load Purple 2-Log
Ladder (New England BioLabs). Lanes 2-13 are clones 1-12.
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The ligated plasmid was digested a second time with restriction enzymes Bam HI and HindIII to
determine if the ligated plasmid contained the correct pIEx-4 vector and chop2::eYFP insert (Figure 9).
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Figure 9: Ligated pIEx-4-chop2-eYFP vector cut with restriction enzymes HindIII and BamHI. Quck-Load
1kb DNA Ladder (New England BioLabs) is in lane 1, cut plasmid 1-5 in lanes 2-6.

(3.4) Vector Construction for pIEx-4-EGFP
Restricted pIEx-4 and pmEGFP-1 vectors were separated by agarose gel electrophoresis (Figure
10). The bands in the far left lane are a ladder, used to determine size of the fragments resulting in
bands in experimental lanes.
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Figure 10: Gel electrophoresis of pmEGFP-1 and pIEx-4 digested with BamHI and NotI. Lane 1 is QuickLoad Purple 2-Log Ladder (New England Biolabs). Lane 2 is the EGFP insert and backbone. Lane 3 is
pIEx-4 backbone. EGFP insert and pIEx-4 were excised for gel extraction.
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Gel extracted pIEx-4 backbone and EGFP insert were run through agarose gel electrophoresis to confirm
successful extraction (Figure 11).
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Figure 11: Agarose gel electrophoresis of EGFP insert and pIEx-4 vector. Lane 1 is Quick-Load Purple 2Log Ladder (New England Biolabs), Lane 2 is EGFP insert, Lane 3 is pIEx-4 vector.

After ligation of the pIEx-4 and chop2::eYFP, transformation of DH5α cells and subsequent miniprep of
pIEx-4-chop-2-eYFP, agarose gel electrophoresis was performed to determine success of vector isolation
(Figure 12).
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Figure 12: Agarose gel electrophoresis of pIEx-4-EGFP ligated vector. Lane 1 is ladder. Presence of
multiple lines and streaks at different parts of the gel in lanes 3, 5-8 and 11 indicate successful ligation of
vector.
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The ligated plasmid was digested a second time with restriction enzymes Bam HI and NotI to determine
if the ligated plasmid contained the correct pIEx-4 vector and EGFP insert (Figure 13).
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Figure 13: pIEx-4-EGFP vector cut with restriction enzymes NotI and BamHI. Lane 1 is ladder. Lanes 2-7
are clones 1-6 cut with NotI and BamHI.

(3.5) Transfection
sf9 cells transfected with pHD-DsRed-attP using Lipofectamine 2000 exhibited no fluorescence.
sf9 cells transfected with pHD-DsRed-attP using Effectene exhibited red fluorescence in wells G, H and I
of the optimization procedure described in section 2.5 (Figure 14).
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Figure 14: sf9 cells transfected with vector pHD-DsRed-attP using Lipofectamine 2000. Top images are
recorded with bright field, while bottom images show the same frame filtered for red fluorescence.
Letters in bottom left corner of each image correspond to the letter of the well in which the pictured
cells were grown, as defined in section 2.5. Images were taken one day post-transfection.

sf9 cells transfected with pIEx-4-EGFP using Effectene exhibited optimal green fluorescence in well E of
the optimization procedure (Figure 15).

A

B

Figure 15: sf9 cells transfected with pIEx-4-EGFP using Effectene reagent. Cells subjected to transfection
procedure corresponding with well E of the Effectene optimization. (A) shows well with bright field. (B)
shows same frame filtered for green fluorescence. Images recorded day after transfection.

52

M. sexta cells transfected with pIEx-4-EGFP using Effectene exhibited optimal green fluorescence in well
F of the optimization procedure (Figure 16).

A

B

Figure 16: M. sexta cells transfected with pIEx-4-EGFP using Effectene reagent. Cells subjected to
transfection procedure corresponding with well F of the Effectene optimization. (A) shows well with
bright field. (B) shows same frame filtered for green fluorescence. Images recorded six days after
transfection.

(3.6) Generation of Transgenic M. sexta Larvae
Of all eggs tested, only one hatched, whereas the control hatch rate was normal (Figure 19).
When puncturing eggs, needle often cracked large hole through chorion, rather than form a clean
puncture. When injecting saline, the contents of the egg often were pushed out through the hole due to
the sudden pressure of newly introduced fluid. Frequently the tips of acupuncture needles would bend
in an attempt to break into the egg. The single punctured egg that did hatch yielded an abnormally
sized animal that died shortly thereafter.
Table 2: Control eggs were moved from the cage directly into the incubator. Puncture only eggs were
punctured with an acupuncture needle. Puncture and saline followed this step with the insertion of
physiological saline through a glass capillary picospritzer setup.
Condition
# Eggs
# Hatched
Control
13
10
Puncture Only
14
1
Puncture & Saline
12
0
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(3.7) Establishment of an M. sexta Cell Line
Embryonic cultures grown in media without 20-HE exhibited the same levels of myogenic
differentiation regardless of methoprene presence in the media (Figure 17). Differentiation in all tissues
grown in modified media did not differ from tissues grown in unmodified media. Numerous attempts at
subcultivation using tissues grown in each variety of media yielded no cell growth.

Figure 17: Manduca sexta muscle tissue grown in monolayer in 35 mm dish for 8 days. (A) Grown in
unmodified M. sexta media. (B) Grown in media without 20-HE or methoprene. (C) Grown in media
without 20-HE, with 500 ng/mL methoprene. (D) Grown in media without 20-HE, with 1000 ng/mL
methoprene.

Explanted Manduca sexta DEL muscle tissues were unable to be cultured in media. Each tissue
was infected with fungal growth within four days of excision placement in culture media (Figure 18).
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Figure 18: M. sexta explanted tissue incubated in M. sexta media for four days, infected with fungal
growth.

(3.8) M. sexta Tissues grown with Silk-HRP Hydrogels
Muscle differentiation did not appear to take place to a significant extent when cells were
seeded on top of silk-HRP hydrogels (Figure 19).
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C

Figure 19: Images recorded three days after cells were seeded in 24-well plate with M. sexta media at a
seeding density of 10 eggs per well. (A) Control well was seeded on dish surface. Arrow points to cluster
of differentiated muscle cells. (B) Cells were seeded on top of a 200 μL water-based silk-HRP hydrogel.
(C) Cells were seeded on top of a 200 μL media-based silk-HRP hydrogel.

The elongated cells characteristic of successful myogenic differentiation were present in the control
well, which was seeded as described in section 2.1 on top of the unmodified tissue culture plate. Cells
seeded on top of a 200 μL water-based silk-HRP hydrogel as well as those on top of a media-based silkHRP hydrogel of the same volume did not exhibit any such differentiation. The majority of cells in these
wells appear to be yolk cells.
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(4) Discussion
These experiments have worked towards an improved, controllable M. sexta tissue-based
bioactuator. The superior durability of insect tissues with the flexibility of engineered tissues makes
them optimal sources of power for the next generation of soft robots. Herein the results described
above are analyzed in the context of the ultimate goal of constructing an M. sexta tissue bioactuator.
(4.1) Objective 1: Chemically Controlled Contraction
The study of chemically stimulated contraction seeks to describe a nonspecific mode of control
that results in whole tissue contraction. This action has been used in the construction of microfluidic
devices. Discoveries in chemical stimulus would give insight into the mechanisms of contraction control,
guiding future experiments that may seek a different mode of stimulation by taking advantage of
knowledge gained of chemical pathways.
(4.1a) Measurement of Contraction by IOM
Results contradict the hypothesis that IOM values will rise over time as constructs condense and
begin spontaneous contraction. In all constructs, the highest IOM value was observed on day 0, when
tissues were barely formed and no observable contraction was taking place (Figure 4). Contrary to these
data, visual observations concluded that contractions began on day 4 and appeared to become more
organized as the construct formed over time. The IOM data alone contradict this observation,
suggesting that constructs exhibited a high level of contraction immediately after seeding and isolation
that settled towards a value of 25 over the course of 20 days. Furthermore, constructs B and E showed
statistically significant decreases in contraction over the experiment (Figure 3). No other construct
yielded significant changes in contraction over 20 days. These data differ from previous experiments
that support the hypothesis that contraction increases as the construct forms (Baryshyan et al. 2014).
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Taken with the lack of statistically significant increase in contraction level, these results suggest that
there is an extraneous variable affecting IOM values. The deviation of IOM data from predicted and
visually observed results may be attributed to the resolution of images and the nature of tissue
formation. Images were captured at 5x magnification in an effort to capture contraction of an entire
region at once. This method was chosen to ensure that all areas of potential contraction on the tissue
were accounted for. A consequence for this framing was that a large proportion of the image captured
areas of the PDMS chamber without cell growth. It is possible that by reducing the percentage of the
frame that is capturing actual cellular movement, extraneous variables such as minor changes in lighting
or vibrations of media and PBS solutions had a significant effect on IOM value while minimizing the
effect of tissue contraction.
Images of day 0 were characterized by general cell growth throughout the PDMS chamber,
whereas later tissues appeared condensed into more specific construct units (Figure 4). This
observation could account for the high initial IOM values. General cell growth covers more area in the
frame, thus movement of these cells have a greater effect on IOM analysis. Movement in this case is
not necessarily contraction, but rather the floating motion caused by the cells having yet to fully anchor
to the culture dish and form a unified tissue construct.
Extraneous movement can be reduced by using a magnification setting that captures maximum
levels of tissue while reducing or even eliminating the edges of the PDMS chamber. It is still valuable to
capture as much of the construct by region as possible, however as these data suggest there could be
confounding effects of using too wide of an image. As the construct grows and organized contraction of
the mature tissue increases, the change will be better captured by a more magnified image. This
adjustment of the IOM procedure will ideally cause tissue movement to outweigh and make insignificant
error caused by fluid movement and changes in lighting. If high IOM values at day 0 can be attributed to
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free movement of not yet fully formed tissue, these values may be ignored as they do not represent
organized tissue contraction.
Another flaw with the IOM analysis system that is revealed by these results is caused by the
spontaneous fashion by which constructs contract. High levels of variation exist in measurements of
IOM because constructs did not always contract during the time that the video was recorded. In a
mature, contractile tissue, strong contraction may be observed, but at irregular intervals. If the video
recorded for IOM analysis does not capture this contraction fully, the value is not a good representation
of contraction. Rather, this value contraction as a function of frequency of movement. If contractile
tissues are capable of large amounts of displacement and force generation, it is not necessarily
significant how frequently they contract spontaneously. As the purpose of this experiment is to
establish a controlling mechanism for contraction, the significant value regarding contraction is actually
its displacement and ability to generate force, attributes that are muddied somewhat by the general
method of IOM analysis.

(4.1b) Effect of Caffeine on Contraction by IOM
After tissues had effectively grown and developed spontaneous contraction, caffeine was used
in an attempt to stimulate contraction. Results do not support the hypothesis that exposure to caffeine
results in a higher level of contraction. No concentration of caffeine yielded any sort of significant
change in contraction over the hour tested, as p-values for all trials were greater than .05. Only two
caffeine concentrations, 0.2mM and 2mM, had higher IOM measurements when exposed to caffeine,
and each experienced a brief increase before dropping below original levels (Figure 5). Additionally,
when compared to the large values for deviation in IOM measurements in these tissues, the initially
elevated IOM value in these cases did not strongly support the hypothesis that caffeine stimulates
contraction in M. sexta tissues in vitro. The construct tested with 0.4 mM caffeine was unaffected by
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caffeine exposure initially before dropping below original IOM values. These results show an
inconsistent response to caffeine as concentration is increased. It is possible that limitations of the IOM
method as described in the previous section resulted in the inability to consistently identify and isolate
contraction caused by caffeine, leading to inconclusive data on caffeine’s stimulating effect. It is also
possible that higher concentrations of caffeine need to be tested. The results of the control suggest that
PBS does not have a significant impact on the IOM values of engineered M. sexta muscle tissue
(p=0.685). This enables the effects of subsequent trials to be attributed to caffeine exposure.
All trials except for D showed elevated IOM levels directly after addition of new media. IOM still
rose in D, however it did so gradually. It is possible that this spike in contraction is due to a component
of the media that plays a role in contraction. Glutamate, a neurotransmitter involved in contraction, is
present in the media and may be responsible for this effect (Baryshyan et al. 2012). The rise in IOM was
short-lived however, as the effect disappeared over the week after exposure to caffeine. All constructs
showed a reduction in contraction one week after caffeine exposure, with the construct exposed to
0.4mM caffeine, (D), having a significant decrease in contraction (p = .0346). These data suggest that
exposure to caffeine results in long-term damage that inhibits contraction. Caffeine has been shown to
cause a depolarization of muscle tissue by opening Ca2+ channels, and these data suggest that the cells
are unable to overcome this depolarization even after caffeine is removed (Huddart, 1969). This effect
indicates that caffeine may be unsuitable for use as a stimulant in devices using engineered M. sexta
tissue as a source of actuation if the device is intended to operate over a long period of time.
(4.2) Objective 2: Genetic Manipulation of M. sexta Tissues
Genetic manipulation in this study seeks to generate a light-activated contractile M. sexta tissue.
This mechanism offers far more specificity and temporality in contraction stimulation than what is
offered by chemical contraction.
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(4.2a) Vector construction
To generate a transgenic muscle tissue, it was first necessary to design the vectors to deliver
genes to M. sexta cells. The success of plasmid construction was determined by running a double digest
of ligated vectors. Cutting the vector with the same restriction enzymes used to build it in the first place
ensured that it contained both the pIEx-4 backbone and the proper insert. Digest plasmid DNA was
linear and it formed a single line on the gel. It was possible to compare the location of this line with the
ladder to determine the size of DNA at each location. If the line corresponded with the same number of
base pairs as the intended insert or vector backbone contained, it was assumed that the intended
backbone or insert was present. The pIEx-4 vector is 3.78 Kb, chop2 is 1.68 Kb and EGFP is 741 bp.
Agarose gel electrophoresis successfully demonstrated the cutting of pIEx-4, and separated
chop2::eYFP from the remainder of the pcDNA3 1-chop d156A-eYFP vector backbone (Figure 6). Smaller
DNA fragments move farther down the gel, thus it is possible to identify the bottom band as the
chop2::eYFP insert, and the top band as the remainder of the plasmid. The pIEx-4 band is between
bands on the ladder signifying 3-4Kb, and is closer to the 4 Kb band, confirming it is the correct size. The
chop2::eYFP insert is at the ladder band representing 1.6 Kb, confirming its correct size. After gel
extraction, the pIEx-4 backbone and chop2::eYFP insert were run through agarose gel electrophoresis
once more. The resulting bands once again corresponded with the correct size ladder bands, indicating
the success of gel extraction (Figure 7). Ligated vectors were run through agarose gel electrophoresis to
check for the presence of plasmids after isolation from DH5α cells (Figure 8). Several bands indicated
the presence of a vector in various states of coiling. To ensure that these vectors were in fact
constructed from the ligation of pIEx-4 and chop2::eYFP, they were digested by BamHI and HindIII a
second time. Agarose gel electrophoresis indicated that only a single vector was constructed from the
desired backbone and insert (Figure 9). All lanes showed the presence of two fragments of different
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sizes. All lanes showed presence of chop2::eYFP insert, the lower band lining up with the appropriate
ladder band. The size of the higher band corresponding to pIEx-4 showed a fragment larger than the
backbone of the plasmid. The origin of pIEx-4 size increase is unknown; however it is possible that the
vector incorporated excess DNA during the ligation procedure. Sequencing should be performed to
determine the cause of this large vector backbone.
The successful construction of these two vectors gives two testable genes controlled by pIEx-4
for use in transfection. The pIEx-4-EGFP vector was constructed first as a proof of concept, in order to
demonstrate the capability of the vector to be transfected into M. sexta cells and expressed. The
chop2::eYFP vector was then designed to express chR2. Testing transfection with both helped to better
understand and locate issues with the procedure. For example, if the first vector was successfully
transfected and cells expressed EGFP, this affirms Effectene as a successful transfection reagent and
pIEx-4 as a working promoter recognized by M. sexta cells. As EGFP is a far more frequently used
protein in M. sexta and other cells, there were no expected complications in the ability of cells to
construct the protein assuming its coding sequence on the vector was recognized. This was a
convenient check to have against chR2, which had never been previously expressed in M. sexta cells.
These two vectors will also be useful in future experimentation regarding transgenic insect tissues. Both
use a promoter targeting lepidopteran species, thus either vector may be modified to express a desired
protein in future experiments concerning M. sexta, B. mori or other Lepidoptera. This could become
important in attempting in vivo expression of chR2 or other genes to help better understand caterpillar
locomotion and function.
(4.2b) Transfection
Vectors access a cell’s genetic machinery by transfection, the means by which a vector enters a
cell. These M. sexta tissues had never before been transfected, thus it was necessary to test several
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methods to find the best strategy to get vectors inside the cells. Initial trials transfecting pHD-DsRedattP into sf9 cells using Lipofectamine 2000 were unsuccessful. No fluorescence was visible 1-7 days
post-transfection. Effectene proved a more effective transfection agent, yielding some expression of
dsRed (Figure 14). Expression was not uniformly strong, as indicated by variable brightness of
fluorescence in cells, nor was the transfection efficiency particularly high, as indicated by the small
number of fluorescent cells. Wells G, H and I of the optimization were the only three conditions to show
red fluorescence. Of these, Well I had the most fluorescent cells, and thus highest transfection
efficiency, though its expression was low as indicated by faint fluorescence.
The relative success of transfection of pHD-DsRed-attP in sf9 cells using Effectene showed that it
was a reliable transfection reagent for use in at least one lepidopteran cell line under the conditions
used in this experiment (Figure 14). Gene expression was determined based upon the brightness of
fluorescence, while transfection efficiency was determined by the number of cells fluorescing. Wells A-F
of the optimization exhibited only marginal if any expression of the fluorescent gene. Wells G, H and I
exhibited various levels of transfection efficiency and gene expression. Of the three, well G had the
lowest expression and efficiency. Well H had a small cluster of cells showing significant gene expression,
though only marginally better transfection efficiency. Though Well I did not contain any cells expressing
dsRed to the extent that was seen in well H, this sample had overall better transfection efficiency.
Though some cells exhibited red fluorescence, stronger expression was desired. There was noticeable
variability in the expression of DsRed in these cells. Though it is unknown what precise level of ion flow
is necessary to signal contraction in these primary cells, it was desired to express a substantial number
of channels in order to trigger a faster signal. This would ensure a faster, unified tissue contraction.
The pIEx-4 vector was chosen for its inclusion of promotor elements from baculovirus, the hr5
enhancer and IE1 promoter, offering superior expression potential. EGFP was excised from pmEGFP-1
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and inserted after the promoter sequence in pIEx-4. The resulting vector showed successful transfection
in sf9 cells (Figure 15). Of the nine wells of the optimization, only Well E exhibited significant expression
of estimated 10% transfection efficiency. Expression of EGFP appeared stronger on average than dsRed.
When compared to control wells containing cells that had not been transfected, it was evident that any
autofluorescene produced by the sf9 cells was significantly lower in intensity than that observed in
experimental wells. It is thus a safe assumption to attribute observed fluorescence in experimental
wells to expression of the fluorescent gene of interest.
These experiments proved the Effectene-based transfection procedure viable using two vectors,
one constructed specifically for this experiment. Proof of the transfection procedure in a common cell
line was necessary before experimentation with M. sexta tissues in order to rule out the transfection
procedure as a cause of error in case of failed transfection in M. sexta cells. Knowledge of the
procedure’s success with sf9 proved that any problem with transfection in M. sexta cells was due to the
cell type and not a faulty transfection procedure. This was an especially important control to have
considering the lack of demonstrated transfection procedures using M. sexta primary cells, and the
relative difficulty of transfecting primary cells in general.
Transfection of M. sexta cells was only marginally successful using Effectene and pIEx-4-EGFP
(Figure 16). The procedure appeared to incur significant damage on the tissues, as only a few cells
appeared to survive in any well, mostly around the edges. It is possible that cells were adhered to the
dish only loosely, and were removed by aspiration along with media or PBS during the rinsing steps of
the transfection procedure. It is also possible that the cells are too sensitive and were harmed by the
Effectene reagent itself. In future runs of the transfection, care should be taken to aspirate each well
gently during rinsing. If cell death persists, it will be necessary to test the effect of exposing cells to
relevant concentrations of Effectene to test the reagents effect on cell viability. Despite the significant
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cell death, fluorescence of the remaining cells is promising. This fluorescence appears marginally
brighter than autofluorescence of dead cells, however more trials of the transfection should be run to
ensure that the fluorescence is in fact due to successful transfection. Though it is difficult to determine
which specific cells are fluorescing given the state of the cells and the level of expression, it does appear
that most of the fluorescent cells are fat body cells. The culture of primary muscle cells uses stem cells
from M. sexta embryos, meaning that cell types other than muscle cells are present. Though the
presence of hormones in the media encourages the differentiation of stem cells in to muscle tissue, yolk
cells remain in culture as well. In order to stimulate contraction, chR2 must be expressed in the muscle
cells, as yolk cells do not have any contractile capacity. Muscle cells may be recognized by their
elongated shape, while yolk fat body cells are round.
(4.2c) Generation of Transgenic Larvae
It is clear from these results that the current procedure causes irreversible damage during the
puncturing stage of the eggs. The glass capillary alone is not strong enough to puncture the Chorion of
the egg, however the acupuncture needle is not fine enough, and results in the substantial damaging of
the egg. As no viable organism was hatched from a punctured egg, a less invasive mechanism of
insertion must be developed. This procedure is modeled off of experiments performed by Tamura et al.
(1997), who used a tungsten needle to puncture the chorion of silkworm eggs in order to make the
embryo accessible by glass capillary. A strong, yet fine needle such as a tungsten needle should be used
in place of the acupuncture needle used in this experiment. Use of a quartz micropipette is promising,
as this technique would offer a fine mechanism of puncturing the chorion, while negating the need to
remove the needle and insert a second micropipette for DNA insertion. It is also possible that the
picospritzer is not the ideal controller of DNA insertion. When testing the injection of physiological
saline using the picospritzer, the sharp burst of air pressure resulted in a forceful insertion of fluid. As
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the embryo is fragile, it may be beneficial to employ a more controlled, gentle mechanism in order to
inject DNA into the egg. The generation of transgenic M. sexta larvae remains a promising area of
research; however more task-specific equipment is necessary to continue.
(4.3) Improving the M. sexta Bioactuator
In working to develop a controllable mechanism by which to stimulate contraction in M. sexta
tissues, various shortfalls in the M. sexta tissue actuator system became apparent. Efforts were made to
improve the ease of cell seeding and quality of tissue by attempting to develop an immortal cell line.
Tissue growth was tested with silk-HRP hydrogels, promising gel scaffolds with unique dynamic
properties that could increase the versatility of M. sexta actuator applications.
(4.3a) Establishment of an M. sexta cell line
A cell line would greatly increase the efficiency of cell seeding, allowing for more frequent,
repeatable experiments. A tissue derived from a cell line would also be made of mostly muscle cells, as
opposed to the embryonic cultures which contain high amounts of yolk cells. In experiments using 20HE-free media and the JH mimic methoprene, results demonstrated by Baryshyan (2013) were not able
to be replicated. Multiple trials failed to achieve any delay or inhibition of myogenic differentiation
(Figure 17). Elongated differentiated muscle cells developed within three days in all trials. No major
differences could be observed between experimental and control cultures. Despite the media lacking
20-HE, cell differentiation proceeded along its normal developmental schedule. It is possible that 20-HE
is being produced endogenously in cultures, as was suggested by Baryshyan (2013), who noted the
potential of yolk cells present in the medium to secrete the hormone. This, however, does not explain
the lack of action by the JH mimic methoprene, which should suppress the action of 20-HE regardless of
its source. Various efforts were made to limit the influence of whatever factor was triggering
differentiation. Media was replaced daily in one trial in an attempt to remove the differentiating agent,
65

however this method was unsuccessful. Embryos were seeded 19 hours after oviposition in another
trial to ensure the cell population was at the developmental stage with the highest percentage of muscle
precursor cells, however this too proved unsuccessful. Whether the differentiation is due to
endogenous 20-HE or another source, it was able to overcome the presence of the JH mimic
methoprene, frequent media exchanges and a high population of muscle precursor cells by triggering
normal differentiation.
The growth of cells from explanted DEL tissue was limited by the technology available in the
laboratory. Cultures were clearly impaired due to infection, thus no tissue got to a point of cellular
outgrowth (Figure 18). In order to further explore this avenue of M. sexta cell culture it will be
necessary to use more sophisticated sterilization techniques, including growing larvae in a sterile
incubator and performing the entire procedure in a sterile hood.
(4.3b) M. sexta Tissues grown with Silk-HRP Hydrogels
Silk-HRP hydrogels offer extraordinary dynamic properties for a gel scaffold in which to grow an
M. sexta tissue actuator. After seeding cells on top of water and media-based hydrogels, no muscle cells
were present in any experimental cultures (Figure 19). This suggests that there is a problem with the
interface between the adherent cells and the hydrogel surface. This problem is independent of the use
of media or water, as neither base was successful. The presence of successfully differentiated muscle
cells in the control wells indicates that the problem is due to the hydrogel rather than the batch of
embryos.
(5) Future Work
(5.1) Objective 1: Chemically Controlled Contraction
This procedure should be run again using a force transducer so that force of contraction may be
measured directly. Alternatively, the IOM procedure could be modified by using a higher magnification
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when recording images. Ideally images will capture entirely muscle tissue in an effort to minimize
movement unrelated to tissue contraction. The same concentrations of caffeine solutions should be
tested again, and if results are still inconclusive higher concentrations should be tested. The procedure
should also be used to test the stimulating potential of other chemicals such as glutamate.
Baryshyan suggests that presence of glutamate in the medium could result in spontaneous
contraction in constructs (Baryshyan, 2013). Glutamate is a neurotransmitter involved in contraction
signaling and could be responsible for spikes in contraction observed when new media replaces PBS
solutions. Glutamate has also been used to stimulate contraction in explanted insect muscle tissue
(Wegener and Nässel, 2000; Kerkut et al. 1965). Philanthotoxin, a chemical isolated from the venom
from the digger wasp, is known to block glutamate receptors (Nakanishi et al. 1990). Treating constructs
with philanthotoxin would test the significance of glutamate in cell contraction in the same way that
EGTA tested for the significance of Ca2+. The continuation of this experiment will give a better idea of
what chemicals cause spontaneous contraction in M. sexta muscle tissue.
Chemically controlled bioactuator devices have the potential to enhance current models of
MEMS and soft robotics. The nature of muscle tissue as an actuator could be used to operate
continuum devices in a more life-like manner. One study manipulated the contraction of a protozoan
stalk with calcium to control a microfluidic device (Nagai et al. 2010). A similar device could be designed
using tissue engineered M. sexta tissue and controlled by application of contraction-inducing chemicals.
Knowledge of how contraction is occurring chemically will be useful whether or not the intended control
mechanism is chemical application. Techniques like optogenetics could target the movement of various
ions involved in contraction to offer a more specific mode of control.
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(5.2) Objective 2: Genetic Manipulation of M. sexta Tissues
Due to the uncertainty involving what has caused the pIEx-4-chop2-EGFP vector to consistently
ligate incorrectly, and that the procedure has been repeated several times with the same result, the
most recently ligated form should be sequenced. This ligation yielded two varieties of plasmid, both of
which contained an insert of the correct size corresponding with EGFP, and a backbone segment too
large to be pIEx-4 alone. Four of these varieties appear to have the same sized backbone fragment,
while the fifth had a slightly smaller backbone fragment (Figure 9). One of each of these vectors should
be sequenced to garner information about what may be replacing or adding on to the pIEx-4 vector
during ligation. While this sequencing is being performed, it is worth attempting the ligation once more.
As the last attempt yielded two different results, it is possible that enough trials will lead to the correct
ligation.
The transfection procedure requires further optimization. Even the sf9 transfection yielded low
levels of transfection, with M. sexta fluorescence being undiscernible from that produced by dead cells.
It is necessary to run more transfections using pIEx-4-EGFP, Effectene and M. sexta cells in order
compare the fluorescence seen in experimental tissues with that occurring naturally. Such tests will
compare M. sexta cultures that have been run through the Effectene transfection protocol, cultures that
have been exposed to relevant concentrations of Effectene but not run through the transfection
procedure, cultures that have been exposed only to the rinsing steps of the transfection procedure, and
wells containing unaltered cultures. This would allow for the thorough comparison of the factors that
could be contributing to cell death in M. sexta cultures and low transfection rates.
Future runs of M. sexta cell transfection should examine closely the location of fluorescence. If
no muscle cells express EGFP a tissue-specific promoter may need to be used. This is an area where the
transfection procedure would be greatly helped by the generation of a continuous cell line. Using a
population of cells made up entirely of muscle precursor cells would make it easier to target and analyze
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transfection specifically towards muscle cells. This would also give the possibility of transfecting cells
still in their proliferative stage by delaying the differentiation of precursor cells in to muscle cells. If
transfection efficiency cannot be elevated beyond current values, it may be necessary to select for
successfully transfected cells and begin cultures based on these cells. This could even generate a
continuous M. sexta cell line expressing the transfected gene. Again, this technique would be most
successful if the cells being selected and cultured were in the proliferative stage and capable of
subculture.
As the pIEx-4-chop2-eYFP vector was not completed, its transfection was unable to be tested
and thus stimulation of contraction remained untested as well. When this point is reached, the success
of transfection will first be tested by observing cells for yellow fluorescence. In this way it will be
possible to estimate transfection efficiency in the same way that was done for pIEx-4-EGFP. In order to
achieve contraction, ATR must be available to cells expressing chop2. As ATR is not produced by the M.
sexta cells, it must be added to the growth media. Tests must be performed with a range of
concentrations of ATR to determine the least harmful but effective dose necessary for ChR2 channel
formation and function. Cells transfected with pIEx-4-chop2-eYFP will be tested for contractile ability
using a microscope with the ability to both optically stimulate the tissue and observe its reaction. Direct
contraction will be observed by pulsing the tissue with 470 nm light while observing the tissue. Light
around 470 nm must be filtered out when simply observing contraction so as not to stimulate ChR2
channels. The presence of channels in the tissue may be further tested by analyzing the calcium in the
media and quantifying the concentration of calcium inside cells before and after a pulse of 470 nm light.
(5.3) Objective 3: Improving the M. sexta bioactuator
In order to move forward with the embryonic establishment of an immortal cell line, it will be
necessary to identify and control the element of the cell culture that is triggering myogenic
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differentiation. Baryshyan (2013) succeeded in delaying differentiation of muscle cells using
methoprene. Trials of her procedure should continue to be run, taking care to closely replicate each
step. If differentiation persists and subcultures continue to fail, cells could be seeded at a lower density,
or methoprene activity tested over a range of concentrations once more to reestablish the ideal
methoprene content in media. Ultimately, the difficulties of the embryonic procedure would best be
avoided entirely by the success of the procedure seeking to establish cultures derived from explanted
DEL cells.
Attempts to culture cells derived from the DEL should continue in a sterile environment. From
embryonic stages eggs should be incubated separately in a sterile container until the larva reaches W2
stage. At this point the organism should be run through the same procedure described in section 2.7,
however now under a sterile hood and with sterile saline and media. If successfully cultured, the DEL
would provide a culture of cells on the verge of differentiation into muscle tissue. Such a culture would
be superior to embryonic culture as it would not contain yolk cells, thus assisting in other experiments
like transfection as well. Without yolk cells it would be easier to deprive the muscle precursor cells of
20-HE, as there would be fewer potential sources of the hormone in culture.
To best continue experiments with M. sexta bioactuators, it is of the utmost importance to
establish a viable cell line. This would greatly reduce the time required to perform each procedure
involving tissues, and would offer benefits to transfection studies. To this end the transfection
procedure should be attempted in an established M. sexta cell line such as MVI. This would allow for a
good system through which to optimize transfection for M. sexta.
M. sexta extracellular matrix (ECM) should be included in future hydrogels to encourage cell
adherence and differentiation. Gels will be mixed to include 0.6 mg ECM/mL gel solution. After the
establishment of cultures on the surface of gels, cells will be seeded in the gel matrix. Gels will be mixed
70

as before, however rather than allowing them to congeal before cell seeding, cells will be mixed
thoroughly with the gel to ensure even dispersement as the gel mixture is added to 24-well culture
plates. If cells do not grow or differentiate in the matrix, it may be necessary to use 0.6 mg ECM/mL gel
again. Once the growth of M. sexta tissue in the gel matrix is evident and contraction is observed, cells
in the gel scaffold should be cultured in a way so that contraction within the hydrogel may be compared
to contraction without scaffolding. Growing the construct around two flexible pillars would offer an
analyzable system by which to determine force generated from contraction in each case.
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(6) Conclusions
Despite frustrations in this experiment preventing the generation of a light-activated M. sexta
muscle tissue, insect tissue engineering and optogenetics in particular remain promising trajectories for
the field of insect cell culture. With the establishment of a continuous cell line, procedures working to
establish M. sexta as a functional and controllable bioactuator will be expedited. This will allow for
more controlled transfection procedures, and a tissue consisting of fewer non-contractile cell types.
With the incorporation of a silk-HRP hydrogel system, these tissues promise durable, soft and
biocompatible actuation. With the developed pIEx-4-EGFP vector transfection procedures may continue
to be tested in M. sexta tissues in vitro as well as embryos in order to develop a transgenic larva.
Accessing and successfully altering the genetic code of M. sexta to allow for the synthesis of ChR2 would
greatly impact the ability to control contraction of engineered tissues for bioactuation. Potential control
over larval movement offers insights into soft body locomotion, knowledge that will help drive the
design of the next generation of soft robots. This study has laid the groundwork for the development of
light-activated actuation in M. sexta muscle tissue, an insect tissue actuator with great potential.


M. sexta tissues are were stimulated by exogenous caffeine in vitro, and exposure proved
detrimental to the tissue.



pIEx-4-EGFP may be expressed at low levels in sf9 cells when transfected with Effectene



pIEx-4-EGFP transfected M. sexta cells showed fluorescence indistinguishable from that of dead
cells



Embryonic M. sexta cell cultures were not noticeably impacted by lack of 20-HE and presence of
JH mimic methoprene in media, and differentiated normally



M. sexta cells were unable to undergo myogenic differentiation on the surface of either water or
media-based silk-HRP hydrogels



Engineered M. sexta tissues remain promising flexible, durable, biocompatible bioactuators.
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