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Drosophila melanogaster is a well-established model organism to understand

biological processes and study human diseases at the molecular-genetic level.

The central nervous system (CNS) of Drosophila larvae is widely used as a

model to study neuron development and network formation. This has been

achieved by using various genetic manipulation tools such as microinjection to

knock down certain genes or over-express proteins for visualizing the cellular

activities. However, visualization of an intact-live neuronal response in larva’s

Central Nervous System (CNS) is challenging due to robust digging/burrowing

behaviour that impedes neuroimaging. To address this problem, dissection is

used to isolate and immobilize the CNS from the rest of the body. In order to

obtain a true physiological response from the Drosophila CNS, it is important to

avoid dissection, while the larva should be kept immobilized. In this paper, a

series of microfluidic clamps were investigated for intact immobilization of the

larva. As a result, an optimized structure for rapid mechanical immobilization of

Drosophila larvae for CNS imaging was determined. The clamping and immobi-

lization processes were characterized by imaging and movement measurement

of the CNS through the expression of genetically encoded Calcium sensor

GCaMP5 in all sensory and cholinergic interneurons. The optimal structure that

included two 3D constrictions inside a narrowed channel considerably reduced

the internal CNS capsule movements. It restricts the CNS movement to 10% of

the motion from a glued larva and allows motion of only 10 6 30 lm over 350 s

immobilization which was sufficient for CNS imaging. These larva-on-a-chip

platforms can be useful for studying CNS responses to sensory cues such as

sound, light, chemosensory, tactile, and electric/magnetic fields. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4984767]

I. INTRODUCTION

Drosophila melanogaster (normally known as fruit fly or vinegar fly) is a model organism

with a simple cellular and neuronal system and short developmental period. Its transparent

body in the embryonic and larval stages makes it an ideal tool for genetic studies using

advanced live imaging methods. Therefore, D. melanogaster is a great model organism for

studying human biology and diseases at the molecular-genetic level. It is used to gain under-

standing of neurobiological development and physiological, behavioral, biochemical, or genetic

processes at the molecular level that can then be co-related with disease mechanisms in mam-

mals or humans.1–3
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Similar to other insects, the Drosophila life cycle passes through embryonic, larval, and

pupal stages prior to becoming an adult fly. As a model organism, each developmental stage of

the Drosophila has specific applications. Drosophila has been a powerful tool for geneticists

and developmental biologists due to its short generation time, small size, and significant simi-

larity to human genome. At the larval stage, Drosophila contains different types of sensory

neurons, which are formed in a sectional arrangement (Fig. 1). They allow the larvae to sense

various environmental cues (e.g., mechanical, visual, and chemical) and transmit signals to the

central nervous system (CNS) to generate response signals for stereotypic motor behaviors.

This simple neural circuit is used for studying numerous developmental-genetic and neurobio-

logical problems primarily through deploying surgical, histological, transgenic, and behavioral

methods.4,5

The larva is a mobile organism and is constantly moving and seeking food. However, in a

variety of live imaging protocols, the larva should be completely immobilized. Additionally,

the digging and burrowing behaviour exhibited by the larva even when it is physically held

stationary makes the high-resolution neuroimaging study of the larva’s CNS very challenging.

This challenge is associated with the anterior structure of Drosophila that includes the cephalo-

pharyngeal skeleton (CPS) and sets of skeletal muscles, which are segmentally connected to the

body wall. The CPS is actuated by specialized muscles to cause digging into food substrates.6

In order to perform in vivo imaging in Drosophila, the digging and burrowing movement has to

be eliminated and the whole-larva body should be made completely stationary during the

imaging.

Although conventional immobilization protocols, which use dissection or anaesthetic drugs7

(chloroform and isofluorane), efficiently stop the CPS motion, they also attenuate neural activi-

ties and affect animals’ neurophysiological status. The larvae can also be attached to a substrate

using an adhesive or glue in order to immobilize without anaesthetics. However, adhesive

attachment is an irreversible method, which does not allow one to perform further behavioural

or developmental studies on the mobile larva. Ideally, immobilization has to be performed in a

simple and reversible manner while still allowing sensory stimulus to affect the larva. Recently,

miniaturized microfluidic devices have been developed for immobilization of microorganisms,

and these devices could be used for this purpose.

Microfluidic lab-on-chip devices are increasingly being used for studying model organisms

such as Caenorhabditis elegans8–10 and Drosophila.11–14 These devices have the ability to auto-

mate immobilization of these small organisms and can be applied for in vivo visualization and

tracking of cellular and physiological responses. Microfluidic-based immobilization techniques

for C. elegans have been well developed using chemical (CO2) or mechanical [tapering micro-

channels or encapsulation using deflectable polydimethylsiloxane (PDMS) membranes]

approaches.15–19

Furthermore, various microfluidic devices have also been developed for improving the

throughput of the assays performed on embryos20–27 such as microinjection,20–24 self-assembly

of eggs and morphogenesis,25,26 and developmental studies.27 However, very few devices have

been developed for on-chip larval studies. Immobilization of Drosophila larvae is more com-

plex than other small model organisms such as C. elegans due to the stronger forces that the

FIG. 1. Schematic of a 3rd instar larva expressing green fluorescent protein (GFP) in all cholinergic neurons as driven by

Cha-Gal4, UAS-GFP transgenes.
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larva is capable of generating. The strong forces are a result of the size and the number of

muscles in the larva compared to C. elegans. In addition, the internal organs of the larva can

loosely move inside its hemolymph-filled body cavity even if the outer body is completely

immobilized by encapsulation. This makes the visualization of organs such as the CNS, brain,

and gut even more difficult. Moreover, the Drosophila larvae use a peristaltic type of motion as

compared to other micro model organisms such C. elegans, which also makes its immobiliza-

tion more complex.

Recently, mechanical encapsulation,11 CO2 anaesthetic exposure,12 and mechanical

clamp13 have been used to immobilize the body wall of the Drosophila larva in order to

visualize the internal organ of interest such as CNS inside the body. They allow whole-

larva body compression inside the chip so that neuronal transport processes,11 sensory

neuron regeneration upon injury,12 and cardiac activities can be visualized. Mechanical

encapsulation can efficiently reduce the larva’s motion for a short period. However, it can-

not allow one to capture high-resolution images of the internal organs such as CNS over

long period. The CO2 exposure combined with mechanical capsulation can increase the

duration of the immobilization. However, the use of anaesthetic leads to spurious neurobe-

havioral responses and the use of encapsulation prevents the exposure of the larva to exter-

nal sensory stimulus.

To address the abovementioned challenges associated with microfluidic-based Drosophila
larva immobilization techniques, we recently developed a 3D mechanical clamp to immobilize

the larva for imaging the neurological response of D. melanogaster to the auditory stimulus.13

However, a systematic study on immobilization of the Drosophila larva has not been per-

formed. Here, a systematic analysis of various mechanical constrictions incorporated into

microfluidic channels was conducted in order to optimize the process of rapid loading and

mechanical immobilization of Drosophila larvae with proper orientation for CNS imaging.

The immobilization designs were studied by quantitative imaging and movement assessment

of the CNS through expression of genetically encoded Calcium sensor GCaMP5.28 Our devi-

ces are engineered to first stop the larva’s whole body locomotion and then immobilize the

internal organs of interest such as CNS that may move due to ongoing motor movements and

the resulting internal hemolymph displacements. Our larva-lab-on-a-chip platform will also be

useful for studying CNS responses to sensory cues including sound, chemosensory, light, and

electric/magnetic fields.

II. MATERIALS AND METHODS

A. Animal preparation

Larvae of the genotype w, Cha-Gal4/CyO; UAS-GCaMP5/TM3, Sb were used for CNS

activity imaging in response to external stimulations. In this protocol, hetereozygotes and

homozygotes were not separated before testing. Expression of the GCaMP5 GECI was

conducted using the Gal4/UAS system.29 Through standard fly crosses, a stable fly stock was

created containing two transgenes, namely: (1) Cha-Gal4—A promoter sequence of

CholineAcetyltransferase (Cha) driving the expression of the Gal4 transcription factor30 and

(2) UAS-GCaMP5—a transgene contains the binding sites for the Gal4 transcription factor.28

Thus, in the Cha-Gal4/CyO; UAS-GCaMP5/TM3 strain, all sensory and central neurons that

express the CholineAcetyltransferase gene express the GCaMP5 calcium sensor. The GCaMP

calcium sensor is circularly permuted protein containing the Green Fluorescent Protein (GFP),

Calcium binding protein called Calmodulin, and the M13 (Calmodulin binding) peptide.31

Influx of Ca2þ during neuronal activity triggers a conformational change of GCaMP so that

solvent access to the chromophore is prevented, thus resulting in a higher level of fluores-

cence.32 GCaMP5 is a recently developed high signal-to-noise ratio calcium sensor.28 This

genotype was generated through a standard genetic crossing scheme. Larvae in the 3rd instar

stage were isolated using a fine brush and washed with distilled water and dried on a tissue

paper before loading into the chips.
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B. Experimental setup

The experimental setup (Fig. 2) consisted of four modules, i.e., pneumatic system, optical

system, the microfluidic devices, and image acquisition and processing software. The fluidic

system, which was used to introduce the larva into the device and pressurize it during imaging,

consisted of a pressurized air tank regulated at 400 kPa pressure with a regulator (2000 series

regulator, ARO, Ingersoll Rand, USA) and a solenoid valve (S10 MM-30-12-3, 3-way normally

closed, Pneumadyne, Inc., USA). The optical system and digital camera (Flea3 FLs-U3-

32S2C, Point Grey Research, Inc., Canada) were used to image and record the immobilization

process. The dissecting microscope (S8 APO, Leica, Canada) with low magnification was used

to image and record the loading of the larvae and the fluorescent microscope (Model 500

LumaScope, Etaluma, Inc., CA) with higher magnification (40� objective) was used to record

the CNS motions in GFP mode. The image acquisition software (flyCapture2#, Etaluma#

and Labview#) was used for image recording and data analysis. The microfluidic device

was mounted on the dissection microscope to observe the animal loading and record the

whole-larva body movement. A fluorescent microscope (Excitation 457–493 nm; Emission

508–552 nm) was used to record CNS movements.

C. Device fabrication

The devices for immobilization of Drosophila larvae were fabricated by casting

Polydimethylsiloxane (PDMS, Sylgard SYLGARD
VR

184, Dow Corning, USA) on 3D printed

master mold. First, the 3D mold was designed in Solidworks software and converted into a STL

format. A 3D printer (Projet HD 3000 from 3D Systems, Material: VisiJet
VR

EX200 Plastic) was

used to print the design from the STL file in hard plastic part. Next, 1 cm silicone tubes (3/1600ID
� 5/1600OD, Cole-Parmer Canada Inc.) were placed on the reservoirs as the inlet/outlet.

Subsequently, the uncured PDMS (10:1 ratio base:agent) was poured on the mold and then cured

at room temperature for 24 h. Finally, the cured PDMS was peeled off and bonded to the glass

slides (80 s, 50 W, plasma oxygen) to form a complete device.

FIG. 2. The experimental setup used for larva loading, sequential image recording, and processing. The experimental setup

consisted of four modules, i.e., fluidic unit (air tank, pressure regulator and solenoid valve), optical system (optical micro-

scope, CMOS camera, and GFP microscope), microfluidic devices (Micro device), and image acquisition software

(ImageJ).
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D. Data acquisition and processing

Image sequences captured for each larva were quantified by Labview# software to mea-

sure the movement of the whole body and CNS movement during the time that larva tried to

release itself from the trap. The RGB image sequences (2 f/s) for each video were converted to

8-bit grey scale images. Then, the pixel value of 255 was assigned for the larva’s body or its

CNS, while the background was adjusted to the pixel value of 0. Subsequently, the pixel centre

of mass of both larva’s body and its CNS was measured in the entire image stack and recorded.

III. RESULTS AND DISCUSSION

The Drosophila larva is highly mobile and its internal organs cannot be sharply imaged

without complete immobilization. The locomotion of the larva follows a characteristic pattern

which can be observed by tracking the larva’s centre of the mass (CM) over time as shown in

Fig. 3. As described in Sec. II D, the CM of the larvae was determined by recording an image

sequence (0.2 s intervals) of the larvae’s locomotion inside a 2 mm� 2 mm first. Next, the

images were converted to binary images with the larvae as white (255) and the background was

black (0). Then, the CM of larva was calculated by finding the centre of the white region using

ImageJ. The larva crawls using a repetitive cycle of motion called strides, where each stride is

composed of two phases.2 In the first phase called visceral pistoning movement, the head, tail,

and gut move slowly forward due to the internal muscle contractions in the head and tail, while

most of the abdominal segments remain firmly attached to the substrate. This results in the for-

ward motion of the centre of mass of the larva as shown in Fig. 3. In the second phase, the tail

and head are attached to the substrate and the peristaltic motion of the body wall moves the

abdominal segments in the direction of the crawling. The CM of the larva remains nearly sta-

tionary in this phase as shown in Fig. 3. A suitable device that will immobilize the larva for

imaging has to stop or interrupt this pistoning motion of the larva. Furthermore, the internal

organs of interest such as the brain or the CNS capsule that need to be imaged are loosely

attached to the outer body wall and are free to move inside the hemolymph-filled body cavity.

Therefore, even if the outer body is completely immobilized by encapsulation, the contraction

of internal muscles due to the digging and burrowing behaviour can induce hemolymph motion

resulting in movement of the loosely held organs. Consequently, a desired immobilization

FIG. 3. Linear periodic crawling of the 3rd instar D. melanogaster larva inside a channel. Crawling is composed of repeti-

tive cycles of motion called strides. The strides can be divided into two phases: (i) movement of the center of mass and (ii)

abdominal segment movement.
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system should be able to not only immobilize whole-larva body movements but also inhibit the

motion of internal organs such as CNS. In the rest of the paper, a set of microfluidic clamps

for immobilizing and in-vivo imaging of Drosophila larva’s internal organs such as CNS have

been examined and characterized.

A. Narrowed channel immobilization

Imaging Drosophila larva is challenging due to the loose movement of the internal organs

inside the hemolymph-filled body cavity even if the outer body is completely immobilized. Any

immobilization mechanism should first be capable of inhibiting whole-larval body motion. The

first design considered was a tapered (guide) channel with a constriction (narrow channel) at its

end, which is similar to that used to immobilize C. elegans.16 The design of the chip consisted

of an inlet port for animal loading into the device [“inlet” in Fig. 4(a)], a channel for transport-

ing the animal towards the narrowed channel that was designed to immobilize the larvae for

imaging and an outlet for ejecting the tested animal upon completion of each experiment. The

inlet and narrowed channels were connected via a guide channel. The gate at the end of the

FIG. 4. (a) Schematic design of the narrowed channel chip (not to scale)—top view (top image) and side view (bottom). (b)

Steps to load a 3rd instar Drosophila larva using the narrowed channel chip. (1)–(4) Larva swam freely into the trap and (5)

and (6) larva was pneumatically moved into the trap and immobilized. (c) The movement of the center of mass (CM) for

ten different larvae over time, inside the narrowed channel. (d) The release time of ten different 3rd instar larvae from the

narrowed channel trap. By defining a threshold of 500 lm on the larva’s CM displacement, the releasing time of each larva

was calculated. In average, the narrowed channel was not able to immobilize the larvae more than �20 s. Scale

bar¼ 400 lm for all figures.
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narrowed channel was designed such that it allows only the head of the larva to pass through

the narrowed channel. The cross section of the tapered channel was 600� 500 lm2 (width

� depth) at its wide end and reduced to 200� 500 lm2 at its narrow end. A further section of

the channel with a uniform cross section of 200� 500 lm2 and a length of 500 lm forms the

constriction gate [see the side view in Fig. 4(a)]. This dimension of the channel enables us to

compress and flatten a 700 lm� 3 mm (diameter� length) larva into the constriction gate for

body immobilization and CNS imaging.

In order to test the design, a 3D printed master mold was fabricated and PDMS was cast and

cured on top of it to form the channel structure as discussed in Sec. II. Then, this structure was

bonded with a glass slide (75 mm� 25 mm) to form the complete device. Drosophila larvae (3rd

instar) were washed from the food medium onto a Petri dish with DI water. Next, by using a soft

brush, a larva was picked from the dish and loaded into the chip at the inlet. The larva was pneu-

matically (0.2 bar pressure pulse) moved to the guide channel near the entrance region of the nar-

row channel as shown in Fig. 4(b-1). The pressure was removed to allow the larva orient and

crawl voluntarily into the trap as shown in the sequence images in Figs. 4(b-2)–4(b-4). The vol-

untary movement allowed the head of the larva to orient forward and also ensured proper axial

orientation for suitable imaging of the CNS. The self-orientation process usually took up to 30 s

but robustly created the desired orientations after immobilization. In rare cases, it was observed

that the larvae attempted to exit from the inlet channel. After achieving the proper orientation,

the animal was then pneumatically pushed further inside the trap using a 0.8 bar continuous pres-

sure which was stopped when the head of the larvae reached the end of the trap [Figs. 4(b-5) and

4(b-6)] which completely immobilized the outer body of the animal.

After loading and immobilizing the 3rd instar larvae (n¼ 10) inside the narrowed channel,

image sequences (2 f/s) of the whole-larva body movements were recorded until they could

release themselves from the trap. Then, the movement of the CM of the larvae (representing

their locations) was calculated by using a custom-made image processing code in the

LabVIEW# software. Using these data, the horizontal movement of the CM vs. time was plot-

ted for all 10 larvae as shown in Fig. 4(c). The data reveal that the displacement of the CM

from the original position increased over time for all larvae, which indicated that the larvae

actively attempted to release themselves from the trap. This behaviour caused erratic back and

forth motions of the CM of the larvae which would induce movement of the internal organs

such as the CNS, making it difficult to obtain good images of this organ with the current

design. The back and forth motion is similar to the digging and burrowing behaviour of the

larva.

In order to quantify the ability of the immobilization mechanism to hold the larva in place

for imaging purposes, the time that the larva was present in the field of view of a CNS imaging

setup (FOV of �1000� 800 lm2 in 40� objective lens) was calculated. Such quantification is

useful in comparison of the various immobilization schemes to identify the best performing ones.

In a typical imaging setup for whole-CNS imaging, the proper field of view is �1000� 800 lm2

as the CNS is approximately 600 lm long and 200 lm wide. Therefore, a CM movement of

more than 500 lm in either direction was considered out-of-range and the time that this move-

ment happened was designated as the release time. A total of ten 3rd instar larvae were analysed

and their release times are plotted in Fig. 4(d).

The results showed that the narrow channel was capable of immobilizing the body of the

whole-larva for only 20 s on an average. However, the required time for high resolution CNS

imaging when the larva is exposed to external stimulus is usually more than 1 min.13 Therefore,

the narrow channel design was found to be not suitable for whole-larva body immobilization

for imaging purposes. An alternate design which could improve the whole body immobilization

was required. Also, the longitudinal contraction of the abdominal muscle segments, which was

a critical mechanism in larva locomotion and digging behaviour, was found to be the crucial

factor that facilitated the release of the larva from the trap. A modified configuration which

could impede the segmental contraction, in addition to compressing its body, might be more

suitable for immobilization.
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B. 2D segmental pinning

Unlike C .elegans, which has rounded cylindrical body shape, Drosophila larva consists of

a mouth hook, two thoracic segments (T2 and T3), seven abdominal segments (A1–7), and a

tail on its body. Muscle contraction patterns in abdominal segments cause a pistoning action

that results in the Drosophila larva’s forward and reverse crawling. The narrow channel immo-

bilization approach demonstrated that disruption of this muscle contraction is critical if the lar-

val body is to be immobilized. Therefore, the second device was designed in order to introduce

segmental constrictions along the body designed to disrupt transmission of abdominal constric-

tion along the body of the larva. Similar to the first chip, the second design consisted of an

inlet port, inlet channel, a channel with 2D segmental pinning for immobilization, a gate to

only allow the head to pass through it, and an outlet for ejecting the tested animal [schemati-

cally shown in Fig. 5(a)]. The key design modification here was addition of three equispaced

2D protrusions to the narrowed channel that served as pinning points for the larva. The spacing

between the protrusions was closely matched with abdominal segment lengths on the larva’s

body [indicated in Fig. 5(a)]. Therefore, when the larva was loaded into the trap, the segmental

FIG. 5. (a) Schematic design of the immobilization channel with 2D segmental pinning structure (not to scale)—top view

(top image) and side view (bottom image). (b) The releasing time of ten different 3rd instar larvae from the 2D segmented

channel. The segmented channel could improve the immobilization time from the average of �20 s (in narrowed channel)

to �70 s. (c) The CM movement of the larva’s CNS for 10 different larvae over time, inside the 2D segmented channel. (d)

The CNS resealing time of ten different 3rd instar larvae from the narrowed channel with the 2D segmental pinning struc-

ture. By defining a threshold of 200 lm on the larva’s CNS displacement, the CNS releasing time of each larva was calcu-

lated. In average, the 2D segmented channel was not able to immobilize the larvae’s CNS more than �40 s; while the

whole-larva body was immobilized.
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protrusions would latch into the larva’s abdominal segments and potentially restrict larva’s

locomotion more efficiently.

Similar to the previous characterization on the narrowed channel (Sec. II A), ten 3rd instar

Drosophila larvae were loaded and immobilized into the segmented channel one at the time in

order to characterize the device. Next, the image sequence (2 f/s) of whole-larva body was

recorded until larva could release itself from the trap. Subsequently, the displacement of the lar-

va’s CM along the x-axis vs. time was calculated. Finally, the release time of each larva was

obtained as shown in Fig. 5(b).

The results indicate that the average immobilization time for the segmented channel was

�70 s, which is a significant improvement over the narrow channel design. This time is gener-

ally sufficient for typical stimuli responsive assays where the larva is exposed to a stimulus and

the response of the neural system is recorded. However, it was also found that this immobiliza-

tion design does not fully immobilize the CNS of the larva even though the outer body shell

was immobilized. In order to characterize the movement of the CNS, ten 3rd instar larvae of

the genotype ChaT-Gal4/CyO; UAS-GCaMP5G/TM3 (Bloomington 56500) that have geneti-

cally engineered calcium indicators of neural activity were immobilized in this chip and imaged

under a fluorescent microscope. The image sequence (2 f/s) of CNS was recorded until larva

left the field of the view (700 lm length and 500 lm width). Next, the CNS movements of the

larvae were calculated by using the custom-made image processing code on LabVIEW# soft-

ware which is shown in Fig. 5(c).

The results show that even though the outer bodies of the larvae were immobilized, the

CNS was capable of moving by �250 lm or more in some cases, which may be due to local

muscle contractions. Although the CNS movement was dampened by the segmental protrusions

in comparison to the narrowed channel, its movement is still significant to affect imaging of

internal organs. In order to quantify the immobilization for CNS imaging, the release time was

obtained when the displacement of CNS was greater than 200 lm from its original location.

The results plotted in Fig. 5(d) showed that the narrowed channel with 2D segmental pinning

was able to immobilize the CNS for only �40 s. Therefore, compared to the narrow channel,

the 2D segmented channel allowed us to immobilize whole-larva body more effectively by

using the indented segments in the trap. Those protrusions could latch the muscle abdominal

segments and consequently improve the larva immobilization. However, this design was still

not able to completely immobilize the CNS for more than 40 s.

C. 3D segmental pinning

The previous design using 2D segmental protrusions in the narrow channels provided an

effective way to immobilize the body of the larva sufficiently for imaging. However, due to the

digging and burrowing behaviour exhibited by the larva, the internal organs such as the CNS

capsule, heart, and gut could freely move inside the hemolymph-filled body cavity, regardless

of the outer body immobilization. Therefore, a new design that incorporates 3D segmental pro-

trusions was developed to further curtail the borrowing or digging induced motion, thereby pre-

venting the movements of internal organs inside the larva for longer period, which was the ulti-

mate goal of the immobilization device. The 3D segmental pinning design [schematically

shown in Figs. 6(a) and 6(b)] consisted of an inlet port for animal loading into the device, a

channel for transporting the animal towards the narrowed trap that was designed to immobilize

the larvae for imaging and an outlet for ejecting the tested animal upon completion of each

experiment. The trap consisted of a narrowed channel (770� 700 lm2 cross-section with

500 lm length), primary (200 lm width and 450 lm depth) and secondary gates (100 lm width

and 425 lm depth), and a stopper (100 lm width and 100 lm depth). The size of a 3rd instar

larva is approximately 1 mm� 3.5 mm (diameter� length), which indicated that larva’s body

was compressed from �1 mm diameter to �0.7 mm (30%) by loading into this trap. The pri-

mary and secondary gates were designed to pin the 3rd instar larvae at two locations on its

body while the rest of it was encapsulated in the narrowed channel. The dimension of the sec-

ondary gate was designed such that only the nose region of the immobilized 3rd instar larva

034113-9 Ghaemi et al. Biomicrofluidics 11, 034113 (2017)



could protrude through the gate. This stopper was used to prevent the larvae from escaping the

trap when a small pressure (0.3 bar) was sustained on the posterior side for complete

immobilization.

Similar to the previous characterization on the narrowed channel and 2D segmental pinning

(Secs. II A and II B), ten 3rd instar Drosophila larvae were loaded into the 3D segmental pin-

ning chip and immobilized one at the time in order to characterize the device. Next, the image

sequence (2 f/s) of the whole-larva body was recorded for 350 s. The image processing showed

that the whole body motion of larvae was almost non-existent which indicated that the chip

was able to completely immobilize the larvae during the imaging process.

In order to study the movement of the CNS, when the larva is immobilized inside the 3D

segmental pinning chip, ten 3rd instar larvae were immobilized in this chip and imaged under a

fluorescent microscope. Next, the image sequence (2 f/s) of the CNS was recorded for 350 s and

the CNS movements were calculated by using the custom-made image processing code on

LabVIEW# software. The longitudinal motions of the CNS are plotted in Fig. 6(c). The results

indicated that the device could keep the CNS completely inside the field of view (700� 500 lm2).

Nevertheless, the CNS had minor forward or backward movements inside the field of view. The

upper and lower lines (blue) in the graph represent the standard deviation of the data points

obtained from the 10 larvae tested. The black line shows the average CNS motion for the larvae,

the fluctuation of which is under 10 lm over 350 s. The larvae were unloaded for further analysis

such as viability test and behavioural studies. To unload the larva, a Tygon tube was connected

from the inlet to a Petri dish. Then, a 2 bar pressure pulse with a duration of 1 s was applied from

the outlet to the inlet. This process was suitable to release the larvae from the trap and wash them

out from the device to a Petri dish.

FIG. 6. (a) and (b) Schematic design of the 3D segmental pinning chip—top view (top image) and side view (bottom). (c)

The CM movement of the larva’s CNS for 10 different larvae over time, inside the 3D segmental pinning chip. The black

line shows the average CNS movement of 10 larvae, while the two blue lines indicate the standard deviation for each aver-

age data point.
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In comparison to the narrowed channel and 2D segmental pinning design, the 3D segmen-

tal pinning design significantly improved the whole-larva body immobilization. In addition, the

3D pinning design was successfully able to restrict the motion of the CNS to 10 6 30 lm over

350 s which is a first for live un-anaesthetised imaging of these animals. It is important to note

that this movement is �10% of the CNS movement when the larva is glued onto a substrate—a

method that is commonly used. It also uses only mechanical ad completely reversible means

for immobilization. A possible explanation for such robust immobilization could be that the

design of the primary and secondary gates efficiently prevented the wave of muscle contraction

from building up which prevented any motion of the internal organs. As a result, the 3D seg-

mental pinning design allowed us to successfully immobilize Drosophila larva with minimal

internal CNS movements for its subsequent live neuronal imaging under various external

stimulations.

Although the various immobilization designs described in this paper could either partially or

completely immobilize both internal and external movement of the larvae, such a confinement

may affect their viability due to the high mechanical stress on the body.3 In order to study the

impact of mechanical stress caused by immobilization mechanisms on the viability of the larvae,

a set of experiments was performed. A total of forty five 3rd instar larvae were picked from their

food vial, washed with DI water one at a time, and prepared as described in Sec. II A. Next, the

larvae were loaded into the microfluidic devices (15 larvae for each design) using the loading

method described in Sec. III A. The larvae were kept in the channel until they could release

themselves from the immobilization channel. The total time that the larvae were immobilized and

were kept inside the loading channel was 350 s. In the case of larvae loaded into the 3D segmen-

tal pinning chip, they were taken off from trap after 350 s, by applying a 2 bar pressure pulse

with a duration of 1 s from the outlet to the inlet. Subsequently, the unloaded larvae were trans-

ferred into the food media (one food well per chip) to study the viability of the larvae. In order

to compare the result with a control sample, 15 fresh larvae were placed into the DI water bath

for 350 s and then transferred into the food media. The viability test was repeated three times,

and the results are shown in Fig. 7. The viability study of the larvae after 7 days indicated that

the narrow channel and 2D segmental pinning chip did not have a significant effect on the viabil-

ity of the larvae in comparison with the control. However, the viability of the larvae loaded into

the 3D segmental pinning chip was �40% lower and statistically significant (p< 0.005) from the

control group as shown in Fig. 7. This reduction in viability might be due to two potential rea-

sons. One reason is that the 3D segmental pinning design induced higher mechanical stress on

the larvae due to the 3D mechanical pins. The other reason could be because of the unloading

mechanism. The larvae could release themselves from the traps inside the narrow channel and

2D segmental pinning design. However, pressure of 2 bars was required to unload the larvae

from the trap in the 3D segmental pinning design, which caused higher mechanical stress on the

larvae.

FIG. 7. The viability test of the larvae loaded into the microfluidics devices. The impact of the 3D segmental pinning chip

on the viability if the larvae are more significant compared to other narrowed channel and segmented channel design.
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D. Comparison with other immobilization methods

Currently, dissection, anesthetization, and gluing are three common methods for the immo-

bilization of the Drosophila larvae. The first two methods could significantly affect the neuronal

response of the larvae. The dissection of the larvae could allow one to firmly immobilize the

larva and remove undesired organs from the larva’s body for capturing a clear image form the

organ of interest. However, it is associated with a large amount of damage to the tissues, axons,

and neurons. Therefore, it could not be used for live imaging and neuronal studies of the larva,

while the larva is exposed to external stimulation. Furthermore, once dissected there is a limited

time window for an assay before the responses degrade. Alternatively, anaesthesia such as ether

and chloroform can be used to immobilize the larva. Although this technique is effective and

keeps the larva intact, the use of anaesthesia will significantly affect and could alter the func-

tioning of the neuronal response.

Gluing of the larva on to a substrate is another widely used method that could be used for

imaging the neuronal response of the larva. Tissue glue and double side tape are two common

adhesives used. In order to compare the performance of the immobilization designs described

in this paper with the gluing technique, a number of larvae (n¼ 10) were glued to glass sub-

strates using tissue glue (NexcareTM Skin Crack Care, Catalog No. 112, UPC 00051131861015)

as shown in Fig. 8(a). Then, displacement of larvae’s whole body and the CNS has been

FIG. 8. (a) Schematic of the larva immobilization using tissue glue. A droplet of tissue glue has been placed on a cover

glass and the larva was placed on the droplet. After a few minutes, the larva will be glued to the substrate. (b) A comparison

of the whole body releasing time and CNS releasing time for three microfluidics chips and the gluing technique. The results

were compared over 300 s of larvae (n¼ 10) immobilization. (c) The time sequences images (10 s) of the larvae’s CNS,

when they were immobilized by using (1) gluing technique and (2) 3D segmental pinning chip. The CNS experienced a

large number of the random forward/backward motions, which reduced the resolution of the images in some farms signifi-

cantly. The scale bar is 100 lm. (d) The domain of the pistonic CNS’s motion for 10 larvae that were immobilized by tissue

glue and the 3D segmental pinning chip. The image sequence of the CNSs has been captured in an 1100 lm � 700 lm field

of view. In average, the domain of the CNS motion, when the larvae were immobilized by gluing technique, was signifi-

cantly large. This could lead to different challenges for catering high-resolution time-lapse images of the CNS.
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recorded and was compared [see Fig. 8(b)] to the three microfluidic immobilization designs that

were investigated in this paper. The results showed that the whole body of the larvae could be

immobilized completely with almost non-existent net displacement by gluing. Additionally, the

CNS of the larvae glued to the substrate stayed within the field of the view; however, the CNS

had significant motion with an average range of approximately 300 lm. Although the 2D seg-

mental pinning design could more effectively immobilize the CNS in comparison to the nar-

rowed channel, the duration of the immobilization (�40 s) would not be enough for many

in vivo assays.13 In contrast, 3D segmental pinning design could strongly immobilize the whole

body movement and keep the CNS inside the field of view with an average range of motion of

only 40 lm.

In order to achieve high quality images of the internal organs over long periods of time,

their complete immobilization is essential. Although the gluing method could immobilize the

body wall and keep the desired organ in the defined field of view, this might not be sufficient

for capturing high resolution images of the internal organs such as CNS. The image sequences

of the larvae’s CNS, when they were glued to the substrate, showed a large number of random

pistonic motion. These motions could significantly reduce the resolution of the images. The

time sequence images of the CNS for the gluing technique and 3D segmental pinning chip are

shown in Fig. 8(c). To compare the performance of the 3D segmental pinning chip and gluing

technique on the range of the larvae’s CNS motion, the location of the CNS (its centre of

mass) has been recorded in the 1100 lm � 700 lm field of the view, while they were immobi-

lized in the 3D segmental pinning chip or glued to the substrate. Next, the average and the stan-

dard deviation of the CNS location in the x-axis have been calculated. Since the larvae could

not release themselves from neither 3D segmental pinning chip or glue, their CNS experience

only a random pistonic motion in the field of view, which resulted in almost non-existant

motion in both methods. However, the range of larvae’s CNS motion in the 3D segmental pin-

ning chip was significantly smaller than the gluing technique. This was determined by compar-

ing the standard deviation of the CNS motion along the x-axis as shown in Fig. 8(d) for 10 lar-

vae. Consequently, only the 3D segmental pinning chip was effective and completely

immobilized the CNS of the Drosophila larvae for high resolution imaging, with minimum tis-

sue damage (compared to dissection techniques and gluing if they want to be used for further

study and viability assays) and neuronal effects (compared to both dissection and anesthetize

techniques) on the larvae. Additionally, the microfluidic based design could potentially allow

one to apply this technique for various high throughput live imaging protocols, while the larvae

could be exposed to various external stimulates such as sound, chemical, light, and electric

fields.

IV. CONCLUSION

The ability to immobilize internal organs such CNS of the Drosophila larva without dissec-

tion can potentially allow imaging of the organs at a high resolution, without losing the true

physiological responses. This could be valuable in the study of biological processes and disease

mechanisms and in drug discovery. However, the robust digging/burrowing motion in larva’s

behaviour makes the intact-live study of neuronal response challenging. In this paper, a series

of microfluidic clamps for intact immobilization of the larva were investigated. An optimized

structure for rapid mechanical immobilization of Drosophila larvae for CNS imaging was devel-

oped. The optimal design had 3D segmental pinning and was able to restrict CNS movement to

the maximum of 10 6 30 lm. The stability of the CNS inside 3D segmental pinning chip

allowed one to visualize neuronal activities using a genetically encoded calcium indicator probe

(GCaMP5G) without the use of any anaesthetic drugs that could affect animals’ neurophysio-

logical status. However, the viability of the larvae load into the 3D segmental pinning chip was

reduced in comparison to the control. Nevertheless, we anticipate that our intact larva-on-a-chip

will also be useful for a variety of assays that involve Calcium imaging, optogenetic, and elec-

trophysiological, auditory response approaches.
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