
METHODS AND TECHNICAL ADVANCES

A method for the permeabilization of live Drosophila melanogaster larvae to
small molecules and cryoprotectants
Alex Murraya, Daniel Palmera, Daimark Bennettb, Venkata Dwarampudic, and João Pedro de Magalhãesa

aInstitute of Ageing & Chronic Disease, University of Liverpool, Liverpool, UK; bInstitute of Integrative Biology, University of Liverpool,
Liverpool, UK; cDivision of Biomedical and Life Sciences, Lancaster University, Lancaster, UK

ABSTRACT
The larvae of Drosophila melanogaster is a model organism widely used to study the muscular and
nervous systems. Drosophila larvae are surrounded by a waxy cuticle that prevents permeation by
most substances. Here we develop a method to remove this layer, rendering the larvae permeable
to small molecules without causing death, allowing the larvae to develop to adulthood and
reproduce. Permeability was assessed using fluorescein diacetate dye uptake, and mortality
upon exposure to toxic levels of ethylene glycol (EG) and Dimethyl sulfoxide (DMSO). Potential
uses for this method include drug delivery, toxicity assays, cryopreservation, staining, and fixation.
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Introduction

The common fruit fly Drosophila melanogaster is
a widely used model organism, favored for its low
cost, short generation time and extensively studied
genome. Its larvae have multiple uses, including the
study of inflammation [1], cancer biology [2,3], and
drug discovery [4]. Advantages of using Drosophila
larvae include the ability to visualize the larvae’s devel-
oping muscular and nervous systems using florescent
microscopy, which is possible because the larvae are
translucent [5].

In drug discovery, a common method of investi-
gation is to expose a living system to the drug and
monitor its effects on a protein or molecular system.
In cell and tissue culture this is simple; cells can be
exposed to drugs by bathing the cells directly in
medium containing the compound of interest.
However, Drosophila larvae are surrounded by
a waxy epicuticular layer [6]. This layer is imperme-
able to most substances, including water and other
small polar molecules. Amethod has been developed
to permeabilize Drosophila embryos [7] using a 1:1
solution of heptane and limonene. This treatment
allowed the delivery of nocodazole into the internal
tissues of the embryos. Upon attempting to use this
method on larvae, we found that it invariably led to

rapid larval death. Here we have adapted Schulman,
Folker and Baylie’s protocol, finding an optimal
solution and treatment time for use in live larvae.

Results

Optimized permeabilization protocol

Our first attempts to permeabilize Drosophila larvae
used a permeabilization solution consisting of 50%
heptane 50% D-limonene with an exposure time of
100 seconds. This solution was developed by
Schulman et al. [7] to permeabilise Drosophila
embryos. These attempts were successful in permea-
bilizing larvae to fluorescein diacetate (FDA),
a fluorescent tracker dye, however, in each attempt
all larvae were killed in the process. Subsequently we
developed a non-lethal protocol. It was found that
third instar larvae exposed to 10% heptane 90%
D-limonene for exactly 45 seconds became permeable
to FDA without causing death.

The full protocol is as follows:

(1) Obtain third instar larvae using a handling
needle or tweezers. Place them onto a glass
dissecting dish (limonene can damage plas-
tic containers).
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(2) Cover the larvae in about 300 µl of permea-
bilization solution (10% heptane, 90% limo-
nene) for exactly 45 seconds. Longer
treatment times result in a high proportion
of the larvae being killed. It is important to
remove the solution as fast as possible after
treatment.

(3) Aspirate and discard permeabilization solu-
tion, then quickly blot dry the larvae with
tissue paper to remove excess solution.

(4) Immediately cover the larvae with the sub-
stance they are to take up. Exposure time
must be optimized for specific substances.

Larvae can be permeabilized to fluorescein
diacetate

Fluorescent microscopy was used to measure fluor-
escein diacetate uptake after 20 minutes. Larvae were
considered to have taken up the dye if it could be
visibly seen within the larval tissue. It was found that
70.6% of treated larvae (n = 44 across 5 batch
repeats) were permeable to FDA compared with
5.3% of non-treated control larvae (n = 26 across 3
batch repeats) (p = 0.009) (Figures 1 and 2).

Permeabilized larvae are able to survive to
adulthood and successfully reproduce

Permeabilized larvae were monitored for immedi-
ate survival (defined by wriggling after 20 minutes)
and development to adulthood. After development
to adulthood, the flies were counted and pooled
into a single vial where they were allowed to breed.
It was found that 73.0% of permeabilized larvae

Figure 1. Third instar larvae were treated with 300µl permea-
bilization solution (10% heptane, 90% limonene) for 45 seconds
before soaking in fluorescein diacetate for 20 minutes. 70.6% of
individual treated larvae were permeabilized to FDA compared
with 5.3% of control larvae.

Figure 2. Fluorescein diacetate uptake was visualized using florescence microscopy at 488 nm. (a) Live non-permeabilized larvae. (b)
Live permeabilized larvae. (c) Culled non-permeabilized (left) and permeabilized (right) larvae side by side.
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survived 20 minutes after the permeabilization
process compared with 100% of control larvae,
and 54.6% of permeabilized larvae survived to
adulthood compared with 88.7% of control larvae.
These differences were not statistically significant
(p = 0.498 and p = 0.311 respectively) (Figure 3).
Surviving flies were observed to successfully breed
with each other and produce a new generation of
adult flies.

Larvae were permeabilized to ethylene glycol
and DMSO

We then tested the ability of our protocol to per-
meabilize larvae to cryoprotective agents (CPAs).
Larvae were treated with permeabilization solution
and then soaked in CPA solution (25% EG, 25%
DMSO in DPBS (v/v)) for 20 minutes. This con-
centration of CPAs is toxic at room temperature
and without a proper loading ramp, thus larval
mortality here is a measure of the extent to
which they are permeable to the CPAs. Non-
treated larvae were also soaked in CPA solution
for 20 minutes and used as a negative control.
Survival data from treated larvae which were
soaked in the nontoxic FDA solution was used as
an internal control (n = 44 across 5 batch repeats,
as above). It was found that just 9.4% of larvae
(n = 52 across 5 batch repeats) survived when
treated with permeabilization solution and then
soaked in CPA solution, compared with 100% of

those soaked in CPA solution without treatment
(n = 17 across 3 batch repeats) (p = 0.0001), and
73% of those treated with permeabilization solu-
tion without soaking in CPA solution (p = 0.0006)
(Figure 4).

Discussion

We have developed a method for permeabilizing live
Drosophila larvae.While methods for permeabilizing
dead larvae and live embryos already exist [7,8], this
is the first protocol which allows for live larvae to be
permeabilized without killing them, allowing them
to develop to adulthood and reproduce. It should be
noted that while the decrease in survival (Figure 3)
was not statistically significant, this is likely due to
the relatively low sample size (up to 5 experiments)
and high variability of the survival rate. Thus, it is
likely that permeabilization does negatively affect
larval survival and development to adulthood.
While it is easy to acquire larvae in sufficient num-
bers to ensure that many will survive for further
experimentation, it is advisable to use
a permeabilized control group if toxicity is
a relevant experimental outcome. A second limita-
tion of our method is that survival rate is heavily
dependent on the exact time that the larvae are
exposed to the permeabilization solution; anecdo-
tally, a few seconds of over-exposure to permeabili-
zation solution can result in all of the larvae being
killed. The relationship between dye uptake and dye

Figure 3. Larvae were monitored for short term survival, as measured by observing the larvae wriggling, and development to
adulthood (labeled as ‘survival’ and ‘adulthood’ on the graph respectively). 73.0% of permeabilized larvae survived for at least
20 minutes and 54.6% of permeabilized larvae survived to adulthood after the permeabilization process.
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application time was not explored, but dye uptake
likely follows standard diffusionmechanics, whereby
internal dye concentration increases with time until
an equilibrium is reached. A longer incubation time
with heptane/limonene is almost always lethal, but
the dead larvae invariably take up a large amount of
dye. The same (high lethality, high dye uptake) is
observed when the proportion of heptane is
increased to 50%. Thus, dye uptake is (likely) pro-
portional to treatment time, dye incubation time,
and the proportion of heptane in the solution.
Further optimization attempts may benefit from
decreasing the concentration of heptane below
10% – which may decrease the time-sensitivity of
the treatment, making the optimal treatment time
longer but less critical.

We have demonstrated that the treated larvae are
permeable to fluorescein diacetate, and a CPA solu-
tion containing ethylene glycol and DMSO. It is likely
that our method renders larvae permeable to many
other molecules, meaning that there are a variety of
potential uses for this protocol: Firstly, drugs and
other substances of interest could be delivered into
the larval tissues, which is useful for introducing sub-
stances that cannot be absorbed through the larval
digestive tract. This has applications in toxicity testing

and drug discovery. Secondly, it may be possible to
stain permeabilized larvae using tissue specific dyes,
allowing for the live imaging of certain internal struc-
tures. Thirdly, as the larvae are permeabilized to ethy-
lene glycol and/or DMSO, a cryopreservation
protocol for Drosophila larvae may be developed by
introducing CPAs into the larval tissues [9]. Finally,
we have found that permeabilization allows larvae to
be fixed using paraformaldehyde to preserve them for
subsequent staining and imaging. While our method
seems to remove the outer wax layer of the larvae, any
molecules to be taken upmust still be able to penetrate
cellular and basement membranes. This size/polarity
limitation might be overcome by combining our
method with other mechanisms of delivery which
are more commonly deployed in cell biology; such
as liposomes, nanoparticles, polymers, electropora-
tion and carrier peptides [10].

Methods

Drosophila handling

Flies (wild caught Drosophila melanogaster,
Lancaster, UK) were cultured on sugar/maze agar
medium (8.5% sugar, 6% maze mele, 10% agar, 2%

Figure 4. Larvae were treated using permeabilization solution (10% heptane, 90% limonene) and then exposed to 50% CPA solution
(25% EG, 25% DMSO in DPBS). 9.4% of larvae survived when treated with permeabilization solution and soaked in CPA solution,
compared with 100% of those soaked in CPA solution without treatment, and 73% of those treated with permeabilization solution
without soaking in CPA solution.
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autolyzed yeast, 3% propionic acid, 2.5% nipagin),
contained within 50ml plastic vials at 25ºC with
a 12-hour day/night cycle.

Development of the permeabilization solution
and protocol

Larvae of various stages were collected and placed
into a glass dissecting plate. Larvae were then
exposed to 10–50% heptane diluted in D-limonene
(both Sigma) for time periods between 100 and
45 seconds. After treatment, larvae were soaked in
62.5 µg/ml fluorescein diacetate (FDA) in DPBS.
Fluorescein diacetate uptake was imaged using flor-
escent microscopy at 488 nm with a Leica MZ10F
microscope and Leica Las X software. Surviving lar-
vae were transferred to fresh media and monitored
for development to adulthood.

Cryoprotectant toxicity assay

Larvae were permeabilized using the optimized
method above. They were then exposed to CPA
solution (25% EG, 25% DMSO in DPBS) (all
Sigma) for 20 minutes. Larvae were observed to
determine survival, defined as continued wriggling.

Statistics

Prism 6 (GraphPad) was used to perform statistical
analysis and produce figures. A two tailed T-test was
used to analyze FDA dye uptake (Figure 1). ANOVA
was used for survival after permeabilization (Figure 3)
and the application of CPAs (Figure 4) using Tukey’s
multiple comparisons test and Geisser-Greenhouse
correction. p-values below 0.05 were considered sta-
tistically significant.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Work in our lab is supported by LongeCity, the Wellcome
Trust [208375/Z/17/Z], the Leverhulme Trust [RPG-2016-
015] and the Biotechnology and Biological Sciences
Research Council [BB/R014949/1].

References

[1] Burra S, Wang Y, Brock AR, et al. Using Drosophila
larvae to study epidermal wound closure and
inflammation. Methods Mol Biol. NIH Public
Access. 2013;1037:449–461.

[2] Miles WO, Dyson NJ, Walker JA. Modeling tumor
invasion and metastasis in Drosophila. Dis Model
Mech. Company of Biologists. 2011;4(6):753–761.

[3] Bennett D, Lyulcheva E, Cobbe N. Drosophila as
a potential model for ocular tumors. Ocul Oncol
Pathol. Karger Publishers. 2015;1(3):190–199.

[4] Willoughby LF, Schlosser T, Manning SA, et al. An
in vivo large-scale chemical screening platform using
Drosophila for anti-cancer drug discovery. Dis Model
Mech. The Company of Biologists Ltd. 2013;6
(2):521–529.

[5] Mishra B, Ghannad-Rezaie M, Li J, et al. Using micro-
fluidics chips for live imaging and study of injury
responses in Drosophila larvae. J Visualized Exp.
2014;(84):p. e50998. DOI:10.3791/50998

[6] Kimura K, Shimozawa T, Tanimura T. Water loss
through the integument in the desiccation-sensitive
mutant, Parched, of Drosophila melanogaster. J Insect
Physiol. 1985;31(7):573–580.

[7] Schulman VK, Folker ES, Baylies MK. A method for
reversible drug delivery to internal tissues of
Drosophila embryos. Fly (Austin). Taylor & Francis.
2013;7(3):193–203.

[8] Rand MD, Kearney AL, Dao J, et al. Permeabilization
of Drosophila embryos for introduction of small
molecules. Insect Biochem Mol Biol. NIH Public
Access. 2010;40(11):792–804.

[9] NIH Workshop: CryoPreservation of Drosophila
Strains; 2016 [cited 2018 Jul 17]. Available from:
h t t p s : / / o r i p . n i h . g o v / s i t e s / d e f a u l t / f i l e s /
Cryopresworkshop report final 12-28-16.pdf

[10] Stewart S, He X. Intracellular delivery of trehalose for
cell banking. Langmuir. 2018;p. acs.langmuir.8b02015.
DOI:10.1021/acs.langmuir.8b02015

FLY 33

https://doi.org/10.3791/50998
https://orip.nih.gov/sites/default/files/Cryopresworkshop%A0report%A0final%A012-28-16.pdf
https://orip.nih.gov/sites/default/files/Cryopresworkshop%A0report%A0final%A012-28-16.pdf
https://doi.org/10.1021/acs.langmuir.8b02015

	Abstract
	Introduction
	Results
	Optimized permeabilization protocol
	Larvae can be permeabilized to fluorescein diacetate
	Permeabilized larvae are able to survive to adulthood and successfully reproduce
	Larvae were permeabilized to ethylene glycol and DMSO

	Discussion
	Methods
	Drosophila handling
	Development of the permeabilization solution and protocol
	Cryoprotectant toxicity assay
	Statistics

	Disclosure statement
	Funding
	References

