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II. Abstract
Nanoparticles have been proposed as drug carriers to overcome limitations associated with traditional
delivery methods. By encapsulating cargo such as drugs, proteins or nucleic acids inside nanomaterials
and targeting them to specific cells, issues such as degradation, poor solubility and off-target effects
can potentially be avoided. To engineer materials for a desired therapeutic outcome, we must develop
a better understanding of how cells and nanomaterials interact. However, this requires improving on
currently available tools to examine the critical steps involved in the intracellular trafficking of
nanomaterials. This thesis addresses the limitations in the sensitivity of fluorescence measurements in
flow cytometry through development of an algorithm to improve data analysis and the development of
three fluorescent sensors to determine the amount of material internalised, where it is trafficked to within
the cell and if it can escape from endo/lysosomal vesicles to deliver the cargo to the cytosol.

Flow cytometry has become a routine method in the examination of bio-nano interactions. However,
this type of analysis is limited by weak particle fluorescence or low particle binding numbers. This
causes the fluorescence histograms of the treated cells to overlap significantly with that of the untreated
cells, making it difficult to assess the effect of the nanoparticles. To overcome this, an algorithm that
uses the mathematical process of deconvolution on fluorescence histograms to identify the cells within
the sample that have had a response was developed. The detection of small changes in nanoparticle
association with cells that otherwise would be missed by currently available methods is demonstrated.

The capacity of nanoparticles to be internalised into cells is critical for their use in drug delivery. To
probe this, a fluorescent sensor that uses click chemistry to specifically quench extracellular
fluorescence was developed. By quenching the fluorescence of material on the outside of the cell and
leaving the intracellular signal unaffected, the amount of material taken up can be quantified. The sensor
effectively quantified the internalisation of a range of protein sizes (15 – 150 kDa) and was shown to be
compatible with additional fluorescent markers as the quenching interaction is specific to the compatible
click group.

Following internalisation into the cell, nanoparticles often become trapped in endosomes and
lysosomes. As many applications require delivery of cargo to the cytosol or nucleus, it is necessary to
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determine if the nanoparticles can effectively induce endosomal escape. This is commonly achieved by
examining the colocalisation of fluorescent markers by fluorescence microscopy. However, the results
from this type of analysis can be difficult to interpret. To overcome this, a quenched probe that interacts
with a commercially available enzyme (SNAP-tag) tagged onto points of interest within the cell and
fluoresces on activation was synthesised. This sensor was able to detect the delivery of cargo to the
cytosol and nucleus using a common transfection reagent by flow cytometry and fluorescence
microscopy. The system was also able to detect the presence a protein in proximity to its receptor on
the cell surface.

The potential of a second endosomal escape sensor was also investigated that avoided the need for
transfection of cells. The sensor was composed of a 27-mer fluorescently labelled and 21-mer quencher
labelled DNA duplex that is activated in the presence of the mRNA for glyceraldehyde 3-phosphate
dehydrogenase, a sequence known to be expressed in the cytosol. Although the sensor responded to
the target sequence in solution, the low copy number mRNA sequences in cytosol resulted in a poor
signal-to-noise ratio, limiting its use.

Overall, this thesis demonstrates the design, synthesis and validation of several methods to probe how
cells process different nanomaterials and proteins. The algorithm developed and the synthesis of the
fluorescent sensors adds to the collection of tools available to nanomaterial scientists and cell biologists
to assist in in the design of carriers for drug delivery and in our understanding of how cells function.
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Chapter 1. Introduction
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1.1

Summary

Nanomaterials have gained substantial attention due to their potential for addressing problems
associated with traditional drug delivery. Encapsulating or conjugating therapeutics to carriers improves
drug solubility and imparts protection to delicate cargo such as proteins, peptides and nucleic acids that
would otherwise degrade while circulating around the body. In addition, the carriers can be modified
with targeting groups to increase accumulation in specific cell types. To design nanomaterials for a
biological objective requires a thorough understanding of the bio-nano interface. This requires
answering the following questions: how much material gets inside the cell, where is it trafficked to and
can it reach the intended subcellular destination?
As an introduction, this chapter contains two manuscripts reviewing the cellular processing of
nanomaterials. To deliver drugs into the cell requires the carrier be taken up, most commonly by
endocytosis. The first section of this chapter describes current methods for quantifying internalisation
and highlights the significant advantages of sensors in this endeavour. Although therapeutics may be
active in the cytosol, many do not reach this destination. The escape of cargo from endocytic vesicles
to the cytosol following uptake is currently considered to be a major bottleneck in intracellular delivery
by nanomaterials and is the focus of the second part of this chapter. The current understanding of
nanoparticle endocytosis and intracellular trafficking is reviewed. Methods for determining the location
of nanoparticles within the cell and for the detection of endosomal escape are also described. Finally,
the current state in polymeric nanoparticles engineered for inducing escape is covered.
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Many applications of nanomedicines depend on the theraputic gaining access to the inside of cells. As most proteins and
nanoparticles are taken up by endocytosis, delivery of drugs to the cytosol or other subcellular regions requires efficient
uptake. Determining what properties are required to do this effectively is challenging and so, methods that can evaluate
nanoparticle internalisation are essential. In this review, we cover the current approaches for investigating the uptake of
nanoparticles and proteins into cells. We review the techniques available for detecting materials within cells and tactics for
quantifying internalisation. The recent developments in sensors and their advantages over traditional assays for uptake and
recycling are also highlighted.

understanding of how nanomaterials and proteins bind to and
are taken up into cells, we can move towards engineering more
effective drug delivery systems.

1. Introduction
Drug delivery relies heavily on either the therapeutic target
being located on the cell surface or the compound being
membrane permeable. Biopharmaceuticals, including proteins,
peptides and nucleic acids, have immense potential to treat a
range of diseases, but the ability to deliver these molecules
must be improved.1,2 To address this, nanoparticle systems are
currently being developed to protect cargo and improve uptake
in specific cells.3–5 As the goal is to deliver therapeutics to the
inside of the cell, material that is not internalised will be
ineffective for delivery to intracellular targets.
The ability to determine the extent to which a material is
taken up into cells is critical. This is important for investigating
what properties are required for efficient internalisation, such
as the effect of size, shape and surface modifications.6 The
effect of experimental conditions such as concentration,
incubation time and how uptake changes across cell lines,7 or
due to differences in cell media and the components of the
protein corona must also be considered.8
Some of the techniques used to examine nanoparticle
internalisation can equally be applied to study proteins, and in
many cases, were originally developed for this type of analysis.
Examining the uptake of proteins is vital from a mechanistic
standpoint, as there are still unanswered questions regarding
how particular antibodies exert their therapeutic effect.9 In
addition, the distinction between membrane binding and
passage through the endocytic network is particularly critical for
antibody-drug conjugates with labile linkers.10 With an in-depth

Figure 1 – The difference between association and internalisation. (a)
Associated material comprises the total amount both inside and remaining
attached to the surface of the cell. The definition for “internalization” refers
only to material in the intracellular space. (b) Fluorescently labelled
nanoparticles (red) associate with HeLa cells (top panel) with a surface stain
(green) and nuclear stain (blue). (c) Removing surface fluorescence shows
not all particles were internalised. Scale bar = 5 µm. ((b) and (c) reprinted
with permission from Ref 23. Copyright 2013 Wiley)
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Herein, we provide an overview of the techniques currently
used to quantify internalisation with a focus on fluorescencebased methods. We highlight the desirable attributes of sensors
for this purpose as well as their adaptation to study recycling.

2. Defining Uptake
The terms “uptake” and “internalisation” are both used to
refer to the amount of material that has moved to the inside of
the cell. However, these terms can be used incorrectly when
used to describe the total amount of material “associated” with
the cell (Figure 1).11 An example is the use of flow cytometry to
determine the mean fluorescence intensity (MFI) of a cell, and
equate this value to uptake. The MFI represents total
fluorescence emitted from the cell, and encompasses material
both inside the cell and that remanning bound to the cell
surface. As such, this is a measure of association, not
internalisation. To precisely quantify internalisation, a method
must be used to differentiate between material inside the cell
and that remaining bound to the cell surface.
Aside from the amount of material taken up, the mechanism
of internalisation is often also of interest. Multiple mechanisms
exist for material to enter the cell. Of these, the most wellcharacterised is clathrin-dependent endocytosis, although
clathrin-independent mechanisms are also important.12 In this
process, adaptor proteins and clathrin are recruited to draw in
the membrane and form a vesicle which is eventually cut off
from the cell surface by dynamin.13 Following internalisation,
vesicles from both clathrin-dependent and independent
endocytosis are rapidly trafficked to early endosomes which
sort the incoming material into different pathways such as on
to late endo/lysosomes or into recycling pathways.14 Following
internalisation, endocytic compartments acidify.15 This causes
changes in the structure of some receptors and acts as a trigger
to release endogenous endocytic cargo, allowing for the
receptor to be recycled or degraded.16,17
The question remains if the mechanism of internalisation is
important in the subsequent trafficking and hence efficacy of
the delivered material. In addition, while endogenous proteins
are usually taken up by a characterised receptor, nanoparticles
can be taken up by multiple mechanisms simultaneously18
which adds to the confusion. Inhibitors can be used to block
uptake by certain pathways in order to classify the mechanism.
For example, treatment of cells with sodium azide causes ATPdepletion and interferes with energy-dependent endocytosis.19
Many inhibitors are available but they do have varying levels of
specificity. Some have additional carry over effects so caution is
urged when interpreting results and the use of multiple
methods, including genetic manipulation of the pathways is
encouraged.20,21

Figure 2 – Low temperature (4oC) Incubation of 75 µg/mL transferrin labelled
with an oligonucleotide-Cyanine 5 conjugate in CEM.NKR cells for 30 minutes
results in fluorescence forming a ring of red fluorescence at the cell surface
that localizes with an Alexa Fluor 488-wheat germ agglutinin conjugate. Scale
bar = 10 µm. (Reprinted with permission from Ref 23. Copyright 2013 Wiley)

peptides24 at the cell surface, where they appear as a ring of
fluorescence (Figure 2). The change in temperature rigidifies the
cell membrane by causing the lipids to undergo a phase
transition to a crystal gel state.25,26 The detection of certain
peptides27,28 and particles within cells at this temperature has
been used to suggest some materials may possess the ability to
directly translocate across the membrane. However, there is
significant debate in the literature as to whether these results
are real or are an artefact of the experimental method used.29

2. Techniques for Detecting Nanomaterials in
Cells
The interactions of nanomaterials and proteins with cells are
typically investigated using fluorescent labels in conjunction
with microscopy or flow cytometry. A method using only 3D
confocal microscopy image stacks to identify the number of
nanoparticles inside an individual cell has been developed using
an ImageJ macro (Particle_in_Cell-3D).30 The script uses a
fluorescent membrane stain to define the inside and outside of
the cell as regions of interest in three dimensions (Figure 3).
Nanoparticles labelled with a different fluorophore can then be

3. Halting Internalisation
Before internalisation can be quantified, further uptake must be
prevented. Cooling the cells to 4oC is an effective strategy to
inhibit endocytosis22 and maintain particles, proteins23 and

Figure 3 – A 3D representation of a cell with internalised nanoparticles from
analysis with the ImageJ macro Particle_in_Cell-3D. (Reprinted with
permission from Ref 30. Copyright 2013 Future Medicine)

2 | Nanoscale, 2018, 00, 1-3
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the total fluorescence of cells incubated with the particles was
then obtained by flow cytometry (Figure 4d-g) and using
confocal scanning laser microscopy images, the proportion of
particles located inside the cell was determined by manually
selecting the inside of 20 – 50 cells per sample, using wheat
germ agglutinin as a cell surface marker. (Figure 4h-k). By
combining the values obtained separately from these three
instruments into Equation 1, the average number of
internalised particles per cell can be calculated.

assigned to one of the regions and the uptake calculated. The
procedure has been demonstrated to quantify the number of
100 nm polystyrene nanoparticles per cell, and could detect
how many particles were present as small aggregates. However,
absolute quantification requires external calibration to
determine the average intensity of an individual particle and
assumes this value will not change if the particle is inside a cell.
Confocal microscopy has high resolution that can resolve
the sub-cellular localisation of the materials, but is inherently
low-throughput. Flow cytometry is extremely high-throughput
and allows data acquisition on thousands of cells per second31
but gives no information about the location of the fluorescent
signal. Attempts have been made to overcome these limitations
through combining flow and microscopy in various ways and
adapting them to quantify internalisation without the use of
methods to identify internalised material.
A combined approach has been used to quantify the average
number of nanoparticles per cell.32 The first step in this process
is to obtain the average fluorescence intensity of an individual
nanoparticle (Figure 4a). As the typical lower detection limit for
nanoparticles by flow is around 300 – 500 nm,33 a method was
developed to obtain the fluorescence value of one particle. This
was achieved by measuring the fluorescence of a series of
known concentration standards in a fluorimeter and comparing
them to the fluorescence of 1 µm particles (which are large
enough to be detected by flow cytometry) obtained under the
same conditions by both the fluorimeter and by flow cytometry
to develop a calibration factor (Figure 4b, c). Measurements of

𝑃$%
𝑛"
) = 𝑓$ ×
𝑐𝑒𝑙𝑙

𝑀𝐹/011 − 𝑀𝐹%03 /011
5(1 − 𝑓$ ) + 𝑓$ ×

1
< 𝑀𝐹=
𝐹𝑅;

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)

$

Where,
n[Pin/cell] = Average number of internalised particles per cell,
fi = Fraction of internalised particles, MFcell = Mean, fluorescence
intensity of cells incubated with particles from flow, MFneg cell =
Mean fluorescence intensity of cells without particles from flow,
MFP = Mean fluorescence intensity of an individual particle and
FRo/i = Correction factor for changes in fluorescence on
internalisation
The authors also took the change in the average fluorescence
intensity when the particles are internalised into account, a
factor that is often not considered. However, they highlight that
compensating for this is not necessary if the dye is pH

Figure 4 – Process for internalisation quantification using flow cytometry in conjunction with confocal scanning laser microscopy. (a-c) The fluorescence of
one nanoparticle is determined using a fluorimeter and flow cytometry. (d-g) Cells are incubated with and without particles and the mean fluorescence
intensity of the cells is determined by flow cytometry. (h-k) The fraction of the fluorescence emanating from within the cells is determined by confocal scanning
laser microscopy by manually selecting the inner region, using a cell surface stain as a guide (wheat germ agglutinin). (Reprinted with permission from Ref 32.
Copyright 2013 American Chemical Society)
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The second technique to remove material bound to
receptors is the use of the protease trypsin. This enzyme cleaves
at the carboxyl side of both lysine and arginine residues and as
such, also digests cell surface proteins.50,51 This is often
suggested as a method to remove nanoparticles bound to
receptors, but this is only the case if the particles are indeed
bound to proteins. A study into the cell-line dependent
internalisation of fluorescently labelled alginate-chitosan DNA
complexes revealed that while treatment with trypsin
drastically decreased association in both the HEK293T and COS7
cell lines by 75 – 85%, a decrease of only 15% was seen in CHO
cells. This suggested that the particles were not attached to
trypsin-sensitive proteins in all cell lines.52 Therefore, trypsin
cannot reliably be used as a method to remove surface bound
material.
Fluorescence remaining on the cell surface can also be nonspecifically removed using the membrane impermeable dye
Trypan Blue.53,54 It is routinely used to establish cell viability
through dye exclusion assays55 but is also used in flow
cytometry and confocal microscopy to remove the fluorescence
signal on the outside of the cell. It is critical the quenching dye
remains excluded from the inside of the cell so the internalised
fluorescence signal is unaffected. This technique has been used
in multiple nanoparticle studies to investigate uptake
efficiency.56–58 The effect of particle characteristics such as
material type,59 charge60 and the efficacy of targeting moieties
to certain receptors61 has been investigated with this quenching
method. While simple to use, the non-specific quenching of
trypan blue can be an issue if other fluorescent surface markers
need to be used such as for immunophenotyping. Trypan blue
binds to certain proteins,62 possesses significant fluorescence
between 600 – 720 nm when excited at 488 nm63,64 and can
increase the autofluorescence of cells by up to 2.5-fold which
effects quenching efficiency and signal to noise ratio.65
A similar method was developed that exploits electrostatic
attraction to draw the quencher in towards the cell surface. By
conjugating a quencher dye to the polyamine spermine, a
reduction in the signal from fluorescently labelled receptors on
the cell surface could be reduced by 94%.66 Spermine is
positively charged under extracellular conditions and is
attracted to the anionic cell membrane. This conjugate was
used to probe if low-density lipoprotein receptors internalize as
oligomers. The authors initially attempted to remove the
surface fluorescence using an amine-reactive succinimidyl
ester-modified quencher but observed incomplete quenching
effects.
Although most methods for quantifying internalisation rely
on fluorescence, non-fluorescent techniques exist for certain
nanoparticle compositions, such as metallic nanoparticles.
Engineering sensitivity towards certain chemicals is possible so
that they can then be removed through “etching.” Plasmonic
silver nanoparticles can be rapidly removed with
hexacyanoferrate-thiosulphate de-staining solution while gold
nanoparticles can be dissolved off the cell surface with an
iodine/potassium iodide solution. Etching using these chemicals
is highly specific to these materials and cannot be used on other
nanoparticle systems.

insensitive and doing so drastically simplifies the analysis and
subsequent error associated with the final value. Common dyes
including the Alexa series,34 cyanine fluorophores (that have not
been
modified
for
pH-responsiveness)35
and
tetramethylrhodamine are known for their pH insensitivity and
should be used over other common dyes that display pHresponsive properties such as fluorescein36 to facilitate
internalisation studies. This requirement to carry out confocal
microscopy still limits the throughput of this method as this is a
time-consuming process. Altering experimental conditions,
such as the inclusion of a panel of inhibitors would drastically
increase the time needed to perform an experiment since
imagining would need to be repeated for each modification.
The individual limitations of confocal microscopy and flow
cytometry along with potential issues arising from the use of
different protocols for non-adherent and adherent cell lines
before analysis has led to the development of imaging flow
cytometry (IFC).37 Using this technology, the mean fluorescent
intensity on a population level is available as with regular flow
cytometry, but IFC also captures a microscopy image of each
individual event to provide spatial information.38 Software
packages for IFC determine internalisation by defining a region
of interest inside the plasma membrane, which is identified
based on a bright field image. Internalisation is calculated by the
ratio of intensity inside the region to the total intensity.39 IFC is
still a relatively recent development but has been used to
compare uptake between two colon carcinoma cell lines with
and without the receptor for a targeted antibody-functionalized
polymer capsule,40 probe internalisation of antibodyfunctionalised polymer capsules in dendritic cells41 and quantify
lipidoid nanoparticle uptake in Kupffer cells.39

4. Non-specific Methods for Removing Surface
Signal
There are several methods available to non-discriminately and
physically detach proteins or nanoparticles from the cell
membrane. While straightforward experimentally, they also
remove all surface signal which can be problematic when other
fluorescent markers are used, such as for cell phenotyping. Two
main methods are used to dissociate surface-bound material
from the cell, the first of which is acid-washing. Particles
targeted to specific receptors can exploit the natural action of
pH as a trigger for dissociation between ligand and receptor to
remove surface-bound material. By washing the cells in a mildly
acidic solution, this dissociation can be forced. This is commonly
used in the study of ligands bound to receptors42,43 and in the
study of nanoparticle internalisation44,45 but does has several
drawbacks. Although often targeted to a particular receptor,
the particle may bind to multiple regions of the cell surface and
interactions with serum constituents and the formation of the
protein corona can hide targeting moieties, rendering them
ineffective.46 Acid-wash is not completely efficient in its removal
of proteins from the surface, even in the case of transferrin
which possesses pH-dependent receptor binding.23,47 In
addition, this method is deleterious to cell viability.48,49
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This journal is © The Royal Society of Chemistry 20xx

15

Nanoscale

MINIREVIEW

5. Sensors for Cellular Uptake

Analytical electron microscopy has been used with CdSe/ZnS
core/shell semiconductor quantum dots in U-2OS cells to track
the particles from incubation through to lysosomal
accumulation with transmission electron microscopy (TEM) for
individual dot counting.67 Serial block face scanning electron
microscopy (SBF SEM) has also been performed to a produce 3D
image stack and was used to show the traverse of vesicles
containing quantum dots towards the centre of the cell over
time.
The extremely high resolution of transmission X-ray
microscopy (TXM) has also been used to study internalisation by
identifying nanoparticle clusters inside the cell. Using this
technique, crosslinking of dextran on iron oxide nanoparticles
was shown to permit uptake in HeLa and EMT-6 cells while
particles with non-crosslinked surface coatings were not
internalised.68 Differences in the internalisation of polyethylene
glycol coated gold nanoparticles between individual cells in the
same culture and between cell lines have also been observed in
a separate study.69 The X-ray source in this method is
synchrotron-based and as access to the required facilities may
be difficult, this method is likely to be too costly and
inconvenient for most uptake studies.
Alternatives to microscopy for quantifying the
internalisation of inorganic nanoparticles that require much less
specialized training and with increased throughput exist but are
at the cost of spatial information. Spectroscopy techniques that
analyse samples for metals have been used extensively in this
field. Inductively coupled plasma-mass or atomic emission
spectroscopy (ICP-MS and ICP-AES) have both been used to
measure the amount of metal internalised, typically looking for
iron in magnetic particles or gold.8,70–72 The samples are initially
prepared in a similar manner as they would for flow cytometry
but are then dissolved in 37% hydrochloric acid. None of this
standard processing significantly removes surface bound
material and further treatment is required to fully quantify what
is inside the cell.
a Extracellular

b

~ pH 7.4

c

Cytosol
~ pH 7.2

The diversity of therapeutic targets means that many particles
and proteins cannot be detached from the cell surface using
either acid-wash or trypsin cleavage. Sensors developed
specifically to probe internalisation provide advantages to
overcome these issues. An ideal internalisation sensor should
be specific to a single fluorophore that can be attached to the
nanoparticle or protein, easy to use, preferably without any
additional wash steps and compatible with multiple
instruments including flow cytometry and fluorescent
microscopy. Many of the advances have come from the need
for quantifying receptor and ligand internalisation in the
molecular biology field but can be applied to study the uptake
of nanomaterials.
The internalisation of receptors and their ligands can be
tracked using pH-sensitive dyes (Figure 5a). These dyes sense
changes in pH through groups that can be protonated at
biologically relevant pH values (such as that of an endosome).
This causes a change in the fluorescence properties such as the
fluorescence intensity or the excitation and emission
wavelengths. Some of the dyes, such as pHrodo or CypHer 5,73
increase in fluorescence intensity with a decrease in pH, as
experienced through endocytic trafficking. For quantification
purposes, the particle must be co-labelled with a pH insensitive
dye and the ratio between the two computed. This ensures high
fluorescence is due to a pH drop, and not due to a high
concentration of particles at a higher pH. A limitation with pH
sensitive dyes is that most have some level of background
fluorescence at extracellular pH, resulting in a low signal-tonoise ratio. Additionally, even if this can be overcome, they are
inappropriate to study materials that are designed to reach the
cytosol. Escape of material from endo/lysosomes causes the pH
to return to ~7.5 and leads to the incorrect assumption that the
material has not been internalised.
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Figure 5 – Sensors for internalisation. (a) pH sensitive dyes – After internalisation, particles are trafficked into endosomal and lysosomal compartments where
the pH changes from ~ 7.4 down to 4.7. Protonation of the dye causes a change in the emission intensity. (b) Anti-dye antibodies – an antibody to the specific
dye on the nanoparticle is added which quenches the fluorescence. (c) The specific hybridisation internalisation probe (SHIP) assay – a fluorescently labelled
oligonucleotide is attached to the nanoparticle. After incubation, a second oligonucleotide with a complementary sequence and with a quencher dye attached is
added to hybridise to the fluorescent strand and quench extracellular fluorescence. (d) Click internalisation sensor – fluorescent component containing a
fluorophore and click group are conjugated to the material of interest. Following internalisation, extracellular fluorescence is removed by addition of a quencher
component which contains a compatible click group, allowing it to covalently attach to any material remaining on the cell surface.
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Aside from changing fluorescence intensity in response to
pH, some dyes emit at different wavelengths depending on the
protonation state of the fluorophore.76 An example of this is
seminaphtharhodafluor (SNARF) dyes which have been used to
quantify the uptake of polyelectrolyte microcapsules.77 By
loading polymer capsules with SNARF–dextran conjugates and
measuring the fluorescence in both the red and green channels
by flow cytometry, the ratio of particles internalised was
determined. Cells with particles, either adhered to the surface
or internalised, display high forward- and side-scatter
properties while cells without particles or particles not
associated with cells are lower in both channels (Figure 7).
However, a major limitation with this method is the inability to
distinguish cells that have particles on the surface as well as
inside (or both red and green fluorescence simultaneously). The
authors propose this can be controlled by adding a limited
number of particles to ensure association of only 1 per cell.
While limiting association to one microcapsule per cell is
feasible for the large particles used in the study (3 – 4 µm), when
studying nanoparticles there are typically many nanoparticles
associated with one cell.
An additional means to specifically switch off extracellular
fluorescence is through antibodies generated to bind to specific
fluorophores (Figure 5b). They are available for a selection of
common dyes including Alexa Fluor 488 and fluorescein.
Quenching is generally highly efficient and specific, with limited
cross reactivity between antibodies targeting different dyes.78
Although these have been used in the molecular biology field to

Figure 6 – Internalisation over time of iron nanowires labelled with pHrodo
red in (a) HeLa cells and (b) HCT 116 cells, calculated by a modified version
of CellCognition, a computational framework that uses object identification
to classify cells as positive or negative for the presence of nanowires.
(Reprinted from Ref 74. Copyright Margineanu et al. 2016, licensed under
creativecommons.org/licenses/by/4.0/)

pH sensitive dyes have been used in conjunction with
computational methods to semi-automate quantification of
internalisation.74 An open source machine-learning software
called CellCognition was modified to identify particular
phenotypes from live cell imaging movies based on manual
selections by the user.75 Using iron and nickel nanowires
labelled with pHrodo red to differentiate between nanowires
located inside and outside the cell, the difference in uptake
between two cell lines (HCT 116 and HeLa) over time could be
observed (Figure 6a and b). The results were in good agreement
to those obtained though flow cytometry (percentage of cells
positive for a pHrodo red signal) and were close to
internalisation calculated by manual assignment of cell images.
The authors highlight the issues of using dyes such as pHrodo to
monitor internalisation, as particles adsorbed to the cell surface
have some fluorescent signal. As the process is semiautomated, the only user input required is the classification of
objects. This includes identifying cells through a nuclear marker
and then, cells with and without particles within these objects
through fluorescence in a separate channel. The analysis is
limited to approximately 500 - 600 cells per image but may be
useful in validating bulk measurements obtained by flow
cytometry.

Figure 7 – pH-sensitive fluorophores used to track internalisation with flow
cytometry. Internalised microcapsules can be differentiated form those
bound to the surface using the red fluorescence intensity vs. forward-scatter
plot. The red vs. green fluorescence intensity plot is then used to isolate cells
with surface-bound particles from those with internalised particles.
(Reprinted with permission from Ref 77. Copyright 2008 Wiley)
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type of assay could be used to study the internalisation of
nanoparticles designed to disassemble, such as those
constructed from pH-responsive materials. However, it would
be inappropriate for materials that do not degrade or are
recycled, such as transferrin.16,82
Relying on antibody digestion or using pH responsive dyes
are both indirect ways to measure internalisation. The time
taken to reach endocytic vesicles with a certain pH value or that
are capable of degradation is likely dependent on the properties
of the material and the cell type. For example, transferrin is
internalised and recycled within minutes with neither receptor
or cargo experiencing degredation.82,83 Collagen however, was
found to move from early to late endosomes after 20 minutes,
followed by slow accumulation in lysosomes over 16 hours in
rat liver endothelial cells.84 The endocytosis of nanomaterials
may be even more variable. A small proportion (~13%) of poly
(DL-lactide-co-glycolide) particles delivered to ARPE-19 cells
were found in lysosomes as early as 15 minutes after addition,
with the majority taking an hour to arrive (~72%).85 This was
determined by quantifying the level of colocalisation between
fluorescently labelled particles and lysosomes stained with
LysoTracker, a membrane permeable and pH responsive dye
that accumulates in acidic organelles.86 In addition to the effect
of probe concentration on fluorescence intensity, non-specific
labelling may cause other organelles to be incorrectly identified
as lysosomes, a significant limitation when using this labelling
method.87 Other material types can take longer to traffic within
cells. Latex microspheres targeted to the intercellular adhesion
molecule-1 took 2 – 3 hours to reach the lysosomes of HUVEC
cells.88 Due to the variation in time taken to each lysosomes,
quenching of the extracellular surface is preferable for
identifying internalised material.
To improve the specificity of quenching, only the signal of
the fluorophore on the nanoparticle/protein should be
removed. In addition to the previously described anti-dye antibodies, an example of a system that is capable of this is the
oligonucleotide-based sensor system called the Specific
Hybridisation Internalisation Probe (SHIP).23 A fluorescently
labelled oligonucleotide (FIP) is attached to a protein or particle
of interest and allowed to internalise. Internalisation is stopped
by reducing the temperature of the cells to 4oC and a
complementary oligonucleotide labelled with a quencher can
hybridise with labelled material on the cell surface (Figure 5c).
This method was shown to have improved quenching ratios
over both acid-wash and trypan blue methods.
This switchable fluorescence system has been used to
highlight the critical difference between uptake and association
by investigating these quantities in two different cell lines
(Figure 8). Polymeric nanoparticles labelled with FIP and added
to 3T3 or CEM cells showed that over 98% of cells in both cell
lines had associated nanoparticles after 6 hours. The
internalisation however was starkly different. In the 3T3 cell
line, 89% of nanoparticles were internalised after 6 hours while

Figure 8 – Cell line-dependent internalisation kinetics of polymeric
nanoparticles investigated with the Specific Hybridization Internalisation
Probe (SHIP) assay. Particles labelled with a fluorescent DNA oligonucleotide
and incubated with (a) 3T3 and (b) CEM cells before analysis by flow
cytometry. The mean fluorescence intensity from unquenched (red squares)
and quenched (blue circles) is plotted showing the total and internalised
signal respectively. (Reprinted with permission from Ref 91. Copyright 2016
Springer)

quantify the internalisation of transmembrane enzymes or of
other antibodies,48,79 they have not yet been applied in probing
the uptake of nanoparticles.
Alternatively, dual labelling with a fluorophore and
quencher simultaneously has the potential to quantify the
internalisation of materials that degrade once taken up into
cells. This has been performed to screen the uptake and
degradation of antibodies directed towards extracellular
targets.80 The fluorescence of the labelled antibodies was
quenched by ~ 80 – 90% through conjugation of a quencher dye,
and they regained ~70 – 90% of their fluorescence when treated
with a proteinase and sodium dodecyl sulfate. This method
requires a high degree of labelling, with up to 11 dyes molecules
per antibody which may affect the binding properties of the
protein/nanoparticle. It has been observed that with a dye to
protein ratio as low as 1.8, the binding to the receptor is
decreased and that higher degrees of labelling can result in
complete inactivation of the antibody.81 In addition, digestion is
required for signal to be observed, which may not occur for all
materials, and if it does occur, there will be a delay between the
material being internalised and the degradation occurring. This
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Figure 9 – Compensating for incomplete surface quenching. Flow cytometry allows for the following four fluorescence intensity values to be measured: the
signal from material bound to the cell surface at 4oC (N0), the remaining signal after quenching at 4oC (Q1), the signal from material on the surface and inside
the cell at 37oC (N1) and the signal from material inside the cell along with the unquenchable surface component (Q0). By defining a series of variables that
describe each component of the fluorescence signal, an equation can be derived to calculate the fraction of material internalised that accounts for the
quenching efficiency using only the measurable quantities from flow cytometry. (Figure modified from Ref 48)

only 20% of particles internalised in the CEM cell line. This
switch is also compatible with inhibitor screening to elucidate
mechanisms involved in internalisation.
More recently, a modified version of the SHIP assay was
designed to decrease the size of the fluorescent label.89
Although the original system was demonstrated to not interfere
with the innate trafficking pathways of transferrin (80 kDa), the
effect on smaller materials or those that carry a significant
charge may not be compatible with the 10 kDa negatively
charged DNA sequence. Instead of using DNA hybridisation to
specifically quench surface-bound fluorescence, the rapid clickchemistry reaction between trans-cyclooctene (TCO) and
tetrazine was used. Here, a fluorophore conjugate was
synthesised to contain both a TCO group and a carboxylic acid
for attachment to the material, while a compatible quencher
was conjugated to a tetrazine group (Figure 5d). This sensor
system works analogously to the SHIP assay albeit, with slightly
lower quenching efficiency. The clickable sensor had
comparable kinetics to the FIP assay, obtained its maximum
quenching efficiency at the same concentration of quencher
and matched the calculated value for the internalised quantity
of transferrin. It was also demonstrated to be applicable to the
study of other sized proteins including a nanobody (~14 kDa)
and antibody (~150 kda).

6. Compensating for Incomplete Surface
Quenching and Low Fluorescence
The most direct way to calculate the fraction of material
internalised is to compute the ratio between the quenched and
total fluorescent signal. If quenching is incorrectly assumed to
be 100% efficient, the resulting number is in an overestimation
of the amount of material internalised. This is due to the
residual surface fluorescence that cannot be quenched being
included with the fluorescence intensity from the inside of the
cell, artificially inflating this value. Incomplete quenching is
caused by a combination of factors, including the inherent
quenching efficiency of the fluorophore/quencher pair and the
complicated chemical nature of cell surfaces hindering
accessibility to all fluorophores.
To compensate for this phenomenon, an equation for
calculating internalisation using the values obtained by flow
cytometry has been derived that takes into account inefficient
quenching.48,78 The intensity of only the material inside the cell
(c1) (Figure 9) is required, however this is not directly available,
as the measurable quantity (Q1) includes both the internalised
component (c1) and the residual fluorescence (b1) from
incomplete surface quenching. To determine the residual
fluorescence,
the
quenching
efficiency
of
the
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have been reported for lipid nanoparticles delivering short
interfering RNA (siRNA). Nanoparticles formed with equal
amounts of siRNA that had been labelled with Alexa Fluor 647
and 594 (which are a FRET pair) showed a reduction in FRET over
time, suggesting rapid disassembly of the particles upon
internalisation, and a slow increase of the Alexa Fluor 647 signal
in the supernatant over 24 hours indicative of recycling.92
However, this only allows detection of complexes that have
recycled and detached from the cell surface. Ideally, sensors
that directly measure recycling would be preferred over
colocalisation analysis and supernatant monitoring.
An approach with multiple fluorescent antibodies has been
used to monitor the recycling of immune complexes bound to
complement receptors in follicular dendritic cells.96 By staining
cells with green, blue then red fluorescent antibodies over three
incubation periods, the behaviour of the complexes bound to
the receptor can be determined by the combination of colours
via confocal microscopy. However, this type of analysis is low
throughput and is not compatible with high-throughput flow
cytometry, as co-localisation information is required to assign
the recycling state.
The SHIP assay, detailed in section 5, can also be modified
to measure recycling.97 After internalisation, surface
fluorescence is specifically switched off with the
complementary quencher probe at 4oC. Excess quencher probe
is removed and the cells are returned to 37oC to resume
trafficking. The cells are then cooled to 4oC and quenched again,
removing fluorescence of any cargo that has recycled back to
the surface during the subsequent incubation period. By adding
quencher at different time points, the amount of material
recycled to the surface can be monitored by tracking the
decrease in fluorescence intensity. This method has been used
to discern differences in the behaviour of the transferrin
receptor in different cell lines with the presence of its natural
ligand transferrin and the antibody to the receptor. While C1R
cells showed limited recycling of transferrin but not the antibody, bone marrow erythroblasts recycled approximately 80%
of both proteins over 24 minutes.
Enzyme tagging systems, such as the SNAP-tag, are an
additional avenue to investigate recycling. The SNAP-tag is a
genetically modified O6-alkylguanine-DNA-alklytransferase and
is routinely used to covalently label cellular proteins using a
fluorescently modified version of the enzyme substrate
(benzylguanine).98 To study internalisation and recycling, this
substrate has been modified to contain a cleavable disulphide
linker between the benzylguanine and fluorophore (Figure
10a).99 By applying the membrane impermeable reducing agent
tris(2-carboxyethyl)phosphine (TCEP) to cells with labelled
SNAP-tagged receptors, any fluorophores on the surface can be
released while leaving the labelling of the internalised receptors
unaffected. The sensor was used to demonstrate the recycling
of the β2 adrenergic receptor tagged with the SNAP protein.
After initial labelling and endocytosis of surface localised
receptors, fluorescence can be seen on the cell surface and
within the cell (Figure 10b, panel 1). Adding TCEP then removed
the fluorescence from the surface (Figure 10b, panel 2).

fluorophore/quencher pair must be experimentally determined
by incubating the material of interest with cells at 4oC. The
fluorescence from cells under these conditions emanates from
the cell surface as endocytosis is halted (N0). When quencher is
added to the sample at 4oC (Q0), the remaining signal is the
residual fluorescence (b0). The quenching efficiency can then be
determined by subtracting the ratio of the quenched to
unquenched signal from 1. By assuming this ratio remains
constant, the residual fluorescence can be compensated for and
the amount of internalisation determined (Figure 9).
Analysis of internalisation by flow cytometry can also be
complicated by low fluorescence due to low binding of
nanoparticles or proteins to the cells. This results in significant
overlap between the signal of the treated and control cells. In
addition, not all cells may bind the material, resulting in the
presence of two populations which can complicate analysis
when the mean fluorescence intensity is used. The amount of
information that can be extracted from the data can be
extended using a specialized mathematical process (HD-Flow)
analogous to the deblurring for microscopy images.90 This
process identifies the percentage of positive cells with greater
accuracy compared to gating based on control cells. It also
calculates the mean fluorescence intensity of those positive
cells which allows for internalisation to be quantified on this
subset independently. This method has been used to aid in
determining the level of association and internalisation of
polymer nanoparticles.91

7. Probing Nanoparticle Recycling
Quantifying the internalisation of nanoparticles is an important
step towards understanding their cellular processing but is still
only one part of the whole picture. The simple model of
internalised material increasing with time is complicated by the
occurrence of recycling, where endocytosed material is
trafficked back to the surface of the cell. This phenomenon is
just as important as internalisation but is often given less
attention.20,92,93 When internalisation is measured at a given
time point, it is useful to know if the material remaining on the
cell surface was never internalised or if has been internalised
and come out again. Recycling can occur rapidly after
internalisation, where cargo is returned to the surface straight
from the early endosome, or can take a longer route by
trafficking through recycling endosomes.94 Specific GTPases
have been associated with certain recycling pathways including
Rab4 with the fast pathway or Rab11 in the slow recycling
case.82
Due to its critical role in cell metabolism, growth and
signalling as well as in immunity, many of the methods to study
recycling were developed within the molecular biology field.
Correlations between transfection efficiency and the amount of
recycling through the Rab 11 slow recycling pathway have been
demonstrated for cationic liposomes and have been shown to
be related to membrane charge density.95 This study was
heavily reliant on determining colocalisation with expressed
fluorescent protein fusions with the GTPases or LysoTracker and
required analysis using a custom script. Similar observations
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drastically simplify these issues by responding specifically to
changes in chemical environments such as the decrease in pH
following intracellular trafficking or by giving the particles a
switchable character, allowing their signal to change when they
have entered the cell. Progress in this area will come from using
the available sensors to achieve an appreciation of the
interactions of nanomaterials with cells across multiple
disciplines. This includes how association is distinct to uptake
and why this critical difference changes the biological effect of
a given material.
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Nanoescapology: progress toward
understanding the endosomal
escape of polymeric nanoparticles
Laura I. Selby,1 Christina M. Cortez-Jugo,1,2,3 Georgina K. Such4*
and Angus P.R. Johnston1,2*
Using nanoparticles to deliver drugs to cells has the potential to revolutionize
the treatment of many diseases, including HIV, cancer, and diabetes. One of the
major challenges facing this ﬁeld is controlling where the drug is trafﬁcked once
the nanoparticle is taken up into the cell. In particular, if drugs remain localized
in an endosomal or lysosomal compartment, the therapeutic can be rendered
completely ineffective. To ensure the design of more effective delivery systems
we must ﬁrst develop a better understanding of how nanoparticles and their
cargo are trafﬁcked inside cells. This needs to be combined with an understanding of what characteristics are required for nanoparticles to achieve endosomal
escape, along with methods to detect endosomal escape effectively. This review
is focused into three sections: ﬁrst, an introduction to the mechanisms governing
internalization and trafﬁcking in cells, second, a discussion of methods to detect
endosomal escape, and ﬁnally, recent advances in controlling endosomal escape
from polymer- and lipid-based nanoparticles, with a focus on engineering materials to promote endosomal escape. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

T

he treatment of a wide range of diseases and the
development of improved vaccines both stand to
beneﬁt from more efﬁcient therapeutic delivery.1,2
Nanoparticles have the capacity to transform conventional drug delivery, with the potential to reduce side
effects through targeting, improve solubility of hard
to deliver drugs, and provide sustained and
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controlled release of therapeutics.3 Nanoparticles
also have the potential to offer protection to promising but delicate therapeutics such as nucleic acids
and proteins through encapsulation.4,5 However,
while encapsulation can protect a therapeutic from
degradation before it reaches the target cell, it is also
critical that it is trafﬁcked to the site inside the cell
where the drug is therapeutically active. The optimal
nanoparticle size depends on the delivery application.
For most applications where the nanoparticles enter
the systemic circulation system, the optimal size is
above 10 nm, to prevent clearance by the kidneys,
and below 200 nm to enable passage through
microcapillaries.6
Nanoparticles are typically taken up into cells
via endocytosis into endosomes, and are then subsequently trafﬁcked into acidic lysosomal compartments.7 The environment of the lysosome can result
in signiﬁcant degradation of the therapeutic cargo.
Nanoparticle systems are of particular interest for the
delivery of short interfering RNA (siRNA) for RNA
interference (RNAi),8 DNA for gene therapy,9
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antigens for vaccines,10 and proteins for anticancer
treatment or enzyme delivery.11,12 The aforementioned
therapies exert their effect in either the cytosol or nucleus
and hence must escape endocytic vesicles in a fundamental step known as endosomal escape. This critical event
is widely considered to be the rate-limiting step or ‘bottleneck’ in the intracellular delivery of therapeutics using
nanoparticle-based systems.13–15
A variety of both natural and synthetic materials have been investigated for their potential to
induce endosomal escape. Naturally occurring fusogenic or endosomolytic peptides derived from
viruses16,17 and bacterial toxins18 have been explored
as both bear the innate ability to escape the trafﬁcking pathway as is required for their pathogenicity.19,20 This has created a drive for the design of
synthetic peptides with similar chemical properties.21,22 Carbon-based materials such as fullerenes23
and nanotubes24 have been developed, along with
functionalized inorganic nanoparticles including
quantum dots25 and nanoparticles with gold, mesoporous silica, and calcium phosphate cores.26,27 A
signiﬁcant body of work has focused on soft materials, such as liposomes and polymeric particles,28,29
and these materials will be the focus of this review.
A major roadblock in the development of endosomal escape materials is the lack of methods to
quantify escape efﬁciency and subsequently the ability to determine the mechanisms behind
it. Engineering nanoparticles for endosomal escape
requires a fundamental understanding of how they
interact with cells but our knowledge in this area is
still lacking. Herein, we outline the current understanding of the cellular processing of polymeric and
lipid nanoparticles and the methods for probing
endosomal escape. The ﬁnal section of this review
focuses on the recent progress in engineering soft
materials (polymers and lipids) that have demonstrated endosomal escape.

UPTAKE AND INTRACELLULAR
TRAFFICKING
Internalization Mechanisms
Knowledge of nanoparticle uptake mechanisms and
the subsequent trafﬁcking within the cell is imperative
if we are to design nanoparticles capable of delivering
therapeutic cargo to its active site. Endocytosis is the
dominant mechanism of uptake for nanoparticles into
cells7,30,31 (Figure 1), as opposed to direct diffusion
across the cellular membrane. However, fusion of
nanoparticles with the plasma membrane has also
been demonstrated.35 Endocytosis is a broad term for
2 of 23

many speciﬁc endocytic pathways with individual
mechanisms.36 While much research has focused on
clathrin- and caveolae-dependent mechanisms, growing evidence suggests that additional clathrin- and
caveolin-independent pathways may play a substantial
role in endocytosis.37 Nanoparticles decorated with
targeting moieties such as antibodies38,39 or speciﬁc
ligands such as for the transferrin40 or folate41,42
receptors aim to induce uptake, but nontargeted particles can still enter through receptor-mediated endocytosis via scavenger or G-protein-coupled receptors.43
The uptake mechanism and subsequent trafﬁcking is
nanoparticle and cell line dependent, and entry into
multiple pathways can occur simultaneously.31
It is also important to differentiate nanoparticle
uptake from association. Conventional ﬂow cytometry assays only quantify association, thus more
sophisticated assays must be employed to quantify
internalisation.44 Our understanding of these the
endocytosis pathways is currently quite limited,
which is partly due to a lack of acceptable markers
and speciﬁc inhibitors for these processes.7,45 Following endocytosis at the cell membrane, Rab5
(a signaling protein) binds to the cytoplasmic side of
the endocytic vesicle. Rab5 then interacts with EEA1
on early endosomes, which tethers to the surface of
the vesicle and draws it in to fuse with the early
endosome.46 The endocytic vesicles rapidly acidify
via V-type H+ ATPases,47 reducing the pH from an
extracellular pH of 7.4 down to ~6.3.48 The initial
fate of clathrin- and caveolin-dependent or
-independent vesicles is similar in most cell lines, with
fusion to early endosomes occurring within minutes
of internalization.49 Endosomes are then either
recycled back to the cell surface or continue to acidify to pH 5.5 in late endosomes and multivesicular
bodies before fusion with lysosomes (pH 4.7).48 As
the major function of lysosomes is to break down
incoming material, they contain a range of acid
hydrolases, including proteases, nucleases, esterases,
and lipases.50 Nanoparticles that are trafﬁcked to the
lysosome are subjected to these enzymes, degrading
the cargo.51 Nanoparticles can also be engineered to
degrade in the presence of enzymes such as proteases52 and nucleases53 to control the release of the
cargo. Rupture of lysosomes is associated with cell
death (apoptosis) through release of cathepsins and
calcium ions, so timing of escape and limiting the
release of proapoptotic molecules is critical.54,55
Therefore, the window of time between internalization into the initial vesicles and fusion with lysosomes has been targeted as optimal period for pHresponsive nanomaterials to be engineered to induce
endosomal escape.56,57
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FI GU RE 1 | Nanoparticles can enter cells through multiple mechanisms. Particles are taken up into vesicles coated with clathrin, caveolin, or
by using a clathrin/caveolin-independent mechanism. EEA1 tethers to RAB5 on internalized vesicles and draws them into RAB5-positive early
endosomes. The pH drops to ~6.3 and cargo is recycled to the surface or trafﬁcked to RAB7-positive late endosomes (pH ~ 5.5). Contents are
trafﬁcked to the lysosome (pH ~ 4.7) where they are degraded by acid hydrolases. Alternative modes of entry include membrane fusion or direct
translocation across the membrane, bypassing the trafﬁcking pathway.32–34
The principal method for determining the
mechanism of nanoparticle internalization is treating
cells with drugs that inhibit endocytic pathways.
These drugs work via a variety of mechanisms, such
as by affecting the formation of clathrin-coated vesicles or by blocking enzymes involved in the budding
of the vesicles from the cell surface.58 Caution is
required when interpreting data from inhibitor studies, as most inhibitors show off-target effects. For
example, methyl-β-cyclodextrin causes cholesterol
depletion and ﬁlipin disturbs cholesterol function to
inhibit caveolae-mediated endocytosis, but both
drugs may also alter clathrin-mediated uptake and
other clathrin-independent mechanisms for which
cholesterol is required.45
Alternatively, the colocalization of the ﬂuorescence from particles with that from markers of particular internalization pathways such as caveolin-1
has been used to assign mechanisms. However,
caveolin has also been identiﬁed to localize in late
endosomes and lysosomes after it has been tagged for
degradation. This can lead to incorrect assumptions
over the role caveolin plays in nanoparticle internalization. The existence of ‘caveosomes’ as distinct

organelles involved in a unique caveolae-mediated
trafﬁcking pathway has previously been hypothesized; however, this is now regarded as unlikely.59
Helenius and coworkers, the originators of the
caveosome hypothesis, demonstrated in more recent
work that the presence of caveolin inside endosomal
compartments corresponds to ubiquitinylated caveolin marked for degradation, rather than corresponding to a distinct endosomal compartment.60 Despite
these ﬁndings, there are still a number of reports in
the literature relating to caveosomes playing a role in
nanoparticle trafﬁcking.
The uptake mechanism of nanoparticles has
been extensively studied and shown to be highly
dependent on the physical properties of the material61,62,63 as well as cell type.64 The protein corona
that forms from the adsorption of proteins and other
biomolecules onto the surface of nanoparticles from
in vivo circulation65 also plays a role in cellular processing. Which proteins are adsorbed has been shown
to be dependent on both the size and surface chemistry of particles.66 In addition, the surface chemistry
can disrupt proteins in the corona and change the
mechanism of uptake.67 The targeting ability to
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speciﬁc receptors can also be compromised from the
corona shielding access to targeting moieties.68
Experiments testing nanoparticles are typically carried out in media supplemented with serum to simulate in vivo conditions and induce corona formation.
However, chemical differences in the media and
in vivo conditions can cause differences in corona
formation which in turn affects cellular processing.69
Furthermore, it has been suggested that the speciﬁc mechanism of internalization can be associated
with the fate of the particles. This is exempliﬁed by
studies into polyethylenimine (PEI)-mediated gene
delivery. Gabrielson and Pack suggest that PEImediated transfection is only highly efﬁcient when
taken up through the caveolae-dependent pathway,
and when taken up by the clathrin-dependent pathway, particles were trafﬁcked quickly to the lysosomes for degradation.70 Rejman et al. reached a
similar conclusion by demonstrating that clathrindependent internalized particles were trafﬁcked to
lysosomes using the inhibitors chlorpromazine and
K+ depletion for clathrin-dependent or ﬁlipin and
genistein for caveolae-dependent endocytosis.71 They
also found that inhibition of the caveolae-dependent
pathway stopped transfection via PEI polyplexes
completely, while inhibition of the clathrin-dependent
pathway had no effect.
Quantifying nanoparticle internalization is also
critical, as the kinetics and level of internalization
may inﬂuence endosomal escape. This requires the
ability to differentiate between nanoparticles that
have been internalized and those remaining bound to
the cell surface. Fluorescence microscopy is commonly used to qualitatively determine internalization;
however, it is inherently low throughput. Recently,
confocal microscopy combined with ﬂow cytometry
has been used to increase the throughput of analysis.72 Internalization can also be quantiﬁed using
ﬂow cytometry by acid washing73 or surface etching
the cells,74 where acidic pH or particular chemicals
remove particles remaining bound to the surface.
Trypan blue has been used to nondiscriminately
quench cell-surface ﬂuorescence.75 Both these techniques are limited by removal of all surface markers,
limiting the ability to phenotype different populations of cells. Alternatively, a ﬂuorescent sensor can
be incorporated into the nanoparticles that remains
switched on only when the particle is internalized
into the cell (speciﬁc hybridization internalization
probe (SHIP) method).76 The SHIP method has been
used to demonstrate distinct differences in uptake in
separate cell lines and when used in conjunction with
inhibitors, can explore the mechanisms of internalization.77 Flow cytometry assays can also be enhanced
4 of 23

by deconvolving ﬂow cytometry histograms to
enhance the detection of interactions that would otherwise be lost in the background noise of cell
autoﬂuorescence.78
While there is some evidence to suggest internalization pathways play a role in the subsequent
fate of the cargo, it is unclear the mechanism by
which this happens. As the fate of most endocytic
vesicles that bud from the plasma membrane is trafﬁcking to an early endosome, it has not been established how the subsequent trafﬁcking pathways are
differentiated. It is possible that differences in intracellular trafﬁcking and endosomal escape relate to
interactions that occur within the endosomal compartment rather than the initial mechanism of entry.
Notwithstanding, the link between the mechanism of
nanoparticle uptake and successive efﬁcacy clearly
warrants further investigation, as successful targeting
to a particular pathway may be the key to an
improvement in delivery efﬁciency.

Mechanisms of Endosomal Escape
The mechanism by which endosomal escape occurs is
still highly contentious. There is little consensus in
the literature around the mechanism of trafﬁcking
across the endosomal membrane, and there are a
number of diverse mechanisms that can be employed
to induce endosomal escape (Figure 2). We have
focused on three proposed strategies for inducing
endosomal escape; however, it is highly likely that
more than one of the mechanisms are required for
efﬁcient cytoplasmic delivery of therapeutics.

Proton Sponge Effect and Osmotic Lysis
A common strategy for inducing endosomal escape is
via the proton sponge effect, which is based on the
buffering effect of polymers with a pKa in a physiologically relevant range. This mechanism is often
assigned to polycationic materials such as PEI79 and
poly(amidoamine) (PAMAM) dendrimers81 but is still
heavily debated.82–84 As the polymer becomes protonated, protons are continuously pumped into the
endosomes/lysosomes, necessitating the transport of
chloride counter ions to maintain a change balance.
This results in a high osmotic pressure that eventually
causes the endosome/lysosome to rupture (Figure 2
(a)). While in theory this is quite an elegant hypothesis, it does not provide a full explanation for endosomal escape. Not all polymers that buffer within the
pH 5–7 range are capable of inducing endosomal
escape, and efforts to engineer polymers with an
enhanced buffering capacity within a physiologically
relevant range have not resulted in an increased
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FI GU RE 2 | Mechanisms of endosomal escape. (a) Proton sponge effect—Polymers capable of buffering become protonated as protons are
pumped into endosomes as part of the regular trafﬁcking process by ATPases. Chloride ions are also transported to maintain the charge balance
within the endosome. The increase in ion concentration causes osmotic swelling and ruptures the membrane.79 (b) Membrane fusion—Anionic
lipids on the cytoplasmic side of the endosomes rearrange to form a neutral ion pair with cationic lipids of the carrier, destabilizing the membrane.
The membranes fuse and allow the cargo to move into the cytoplasm.80 (c) Pore formation—Certain peptides self-assemble in the lipid membrane
to form pores that enable low-molecular therapeutics to escape. (d) Membrane disruption—Polymers or peptides interact directly with the
endosomal membrane causing disruption, allowing cargo to escape.
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escape capacity.85 It has also been shown that when
PEI is added to HeLa cells, the pH of the lysosomes
remains at pH 4.5 over 24 h.84 It is clear that changes
in pH play an important role in endosomal escape.
However, it is difﬁcult to decouple the role that pH
buffering plays from other factors such as membrane
interactions and conformational changes that are
induced by a drop in the pH.
A related mechanism proposed by Battaglia and
coworkers describes the role of osmotic pressure
upon the disassembly of nanoparticles in the endosome.86 In this mechanism, rather than the buffering
capacity of the polymer inducing the osmotic pressure
and subsequent lysis, it is proposed that the disassembly of a particle into many polymer subunits causes
an osmotic shock that ruptures the endosome.87

Membrane Fusion
In nature, enveloped viruses can induce endosomal
escape by fusion of the viral envelop with the endosomal membrane, allowing the viral capsid to enter
the cytoplasm.88 Similarly, for particles assembled
from lipids or amphiphilic materials, it is proposed
that the phospholipid bilayer of a liposome can fuse
with the endosomal membrane (Figure 2(b)), inverting
the structure of the liposome and delivering the therapeutic core to the cytoplasm.80 Saﬁnya and coworkers
used synchrotron small-angle X-ray scattering (SAXS)
to relate the structure of dioleoyl trimethylammonium
propane (DOTAP)-dioleoyl phosphatidylethanolamine
(DOPE) to its transfection efﬁciency.89 DOPE was
found to induce the transition from a multilamellar
structure to an inverted hexagonal liquid crystalline
phase in DNA lipoplexes. The inverted hexagonal
structure interacts more favorably with model anionic
membranes, resulting in membrane fusion and DNA
release.

Membrane Disruption and Pore Formation
Destabilizing the endosomal membrane can allow
therapeutic cargo to diffuse out of the endosomal
compartment through holes or pores. Endosomal disruption can occur through the direct interaction of
polymers90 or peptides91 with the endosomal membrane or via peptides that self-assemble across the
membrane to create deﬁned pores92,93 (Figure 2(c)).
Typically, the dimensions of transmembrane pores
are ~1-2 nm,94 which generally limits their usefulness
to induce efﬁcient release of therapeutic cargo. However, the engineered peptide GALA is capable of
inducing release of molecules up to ~5000 Da (see
section Peptide-Induced Endosomal Escape).92
In addition, a large body of evidence suggests
that polymer-based systems induce escape by
6 of 23

interacting with cellular membranes (Figure 2(d)).
Coarse-grain molecular simulations with asymmetric
lipid membranes demonstrated that dendrimers insert
into membranes and interfere with asymmetry.95
Supported lipid bilayer studies with atomic force
microscopy visually demonstrate that dendrimers and
PEI induce thinning or hole formation.96,97 It is likely
simulations and artiﬁcial membranes are not able to
fully represent the complexities of cell membranes
but in vitro experiments have shown similar results.
Whole-cell patch-clamp conductance measurements
show that polycations cause membrane defects and
that these can heal over time.98 In addition, electron
microscopy shows direct interaction and disruption
of lysosomal membranes by PEI.99 The escape mechanism for polyanionic polymers is attributed to an
increase in hydrophobicity due to protonated carboxylate groups, which results in membrane insertion
and subsequent membrane disruption.90
It is important to understand the mechanism
by which endosomal escape can occur when designing a delivery system. Endosomal lysis and membrane fusion have the potential to deliver cargo to
the cytoplasm regardless of the cargo size, while
membrane disruption and pore formation will inherently have limits to the molecular weight than can
diffuse across the destabilized membrane. Additionally, how the cargo is encapsulated or attached to
the delivery vehicle can affect the therapeutic outcome. For example, conjugation of therapeutics to
the components of the particle responsible for membrane fusion can be counterproductive and even
lead to increased localization in endosomes and
lysosomes.100 It is also important to consider the
potentially toxic side effects of endosomal escape.
Lysosomes play an important role in regulating
apoptosis, and the uncontrolled release of cathepsin
as well as calcium ions can signiﬁcantly affect the
viability of cells.101

DETECTION OF ENDOSOMAL ESCAPE
The difﬁculty in engineering materials for endosomal
escape is due in part to a lack of understanding how
nanoparticles behave in cells. Thus, more robust and
reliable methods to detect escape and probe the
mechanisms by which it occurs are needed. The complex nature of cellular trafﬁcking means that a number
of techniques must be used in combination to probe
the mechanisms. It is also important to understand
what information each assay can provide, and what it
cannot. This review summarizes some of the most
commonly used approaches to detect endosomal
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escape. A comprehensive review of the methods has
recently been published.102

Fluorescent Labeling
Fluorescent labeling is one of the simplest methods to
identify endosomal escape. The polymers or lipids
used to assemble the nanoparticles,55,85 or the therapeutic cargo within the nanoparticle,103,104 can be
conjugated with small ﬂuorescent dyes. This allows
for the intracellular distribution of the ﬂuorescence
to be imaged. Labeled material trapped in endocytic
vesicles has a punctate appearance (Figure 3(a)),
while a diffuse appearance (Figure 3(b)) suggests
material has left the vesicles and moved into the cytosol. Difﬁculties arise when the degree of escape is
low, causing the ﬂuorescence from escaped material
to be indiscernible from the background of the
image.
By labeling organelles involved in cellular trafﬁcking, colocalization studies can be performed to
gain a better understanding of where nanoparticles
are transported. Trafﬁcking vesicles can be labeled in
live cells with acidotropic dyes such as acridine
orange90,105 and LysoTracker,106,107 which accumulate nonspeciﬁcally in acidic organelles.108,109 While
these stains can be useful to gain a basic level of
understanding of cellular trafﬁcking, they have a
number of limitations. Dyes such as LysoTracker
often exhibit high levels of background, which leads
to low signal-to-noise ratios. There is also potential
for nanoparticles to interfere with the ﬂuorescence of
these sensors. Nanoparticles that buffer endosomal
pH typically suppress LysoTracker signal, as
(a)

LysoTracker relies on a decrease in pH to sense the
lysosomal compartments.109
For precise labeling, speciﬁc organelle markers
such as lysosomal-associated membrane protein-1
(LAMP-1) can be immunostained110 or expressed
fused with a ﬂuorescent protein via transfection.111
Immunoﬂuorescence labeling can be performed with
nanoparticles in almost any cell type after ﬁxing and
permeabilizing the cells.112 Fixation relies on crosslinking amines, amides, and hydroxyl groups into a
formaldehyde/glutaraldehyde network to preserve the
structure of the cell.113 If the nanoparticles are not
crosslinked to the network of proteins during ﬁxation, they will diffuse out of the cell during permeabilization. This is particularly problematic for
nanoparticles that are engineered to have stealth
characteristics. Imaging localization in live cells can
be achieved by transfection with markers for speciﬁc
cellular compartments, such as LAMP, EEA1, or Rab
4, 5, 7 or 11, fused to ﬂuorescent proteins. This
enables colocalization imaging of particles in situ.114
The limitation with this technique is that it can only
be performed in cell lines that can be readily transfected, making it difﬁcult to study primary cells.
Also, the effect of the transfection process and overexpression of trafﬁcking proteins on the behavior of
cells has to be considered.115
While organelle labeling is much more speciﬁc
than using pH-sensitive or lysosomal accumulating
dyes, quantitative assessment of colocalization can be
challenging. The endosomal/lysosomal markers are
associated with the vesicular membrane and as a
result may not overlap with the enclosed particle
(Figure 4). This can give rise to low degrees of
(b)

FI GU RE 3 | Fluorescence microscopy image contrasting (a) zero to low levels of endosomal escape with (b) high levels of escape.
Fluorescently labeled cargo sequestered in endo/lysosomes appears punctate while a cytosolic localization causes a diffuse appearance. (Reprinted
with permission from Ref 17. Copyright 2014 Nature Publishing Group)
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F I G U R E 4 | Cargo enclosed in lysosomes appears as a ring of the
labeled lysosome marker around the labeled particle and results in
low overlap coefﬁcients. Scale bar = 5 μm. (Reprinted with permission
from Ref 44. Copyright 2017 American Chemical Society).

colocalization from statistical calculations even
though the particle is enclosed in the vesicle. Furthermore, the lack of colocalization of particles with an
endosomal/lysosomal marker can be confused with
endosomal escape. Punctate ﬂuorescence in the cell is
an indicator of nanoparticles or therapeutic cargo
encapsulated within vesicular membranes that is not
accessible to the cytoplasm.
Fluorescent labeling is a versatile tool for
investigating both the trafﬁcking and endosomal
escape capacity of nanoparticles. However, imaging
gives limited insight into the mechanism of endosomal escape and therefore should be considered as a
starting point. Complementary assays to probe the
mechanism of escape are required. Furthermore, the
use of high-intensity light in ﬂuorescence imaging
has been observed to induce the redistribution of
ﬂuorescently labeled peptides from the endosome to
the cytoplasm. This phenomenon can easily be limited by ensuring low levels of light during imaging
with short exposure times, but must be considered
as a factor during live-cell imaging assays with
extended durations.116

Leakage Assays
These assays examine the ability of a given material
to induce leakage in cell and vesicle membranes. The
behavior of the material can be examined under
either ex vivo or in vitro conditions.

Ex Vivo Leakage Assays
Preliminary evaluation of the endosome escape
capacity of a material can be performed using liposomes as a model membrane. The liposomes are
composed of combinations of phospholipids
8 of 23

representative of those found in cells and contain an
encapsulated ﬂuorescent dye. The local concentration
of the dye is high and this quenches the ﬂuorescence,
allowing for a large increase in ﬂuorescence intensity
if leakage occurs. An example of this is 6carboxyﬂuorescein which increases in ﬂuorescence
30-fold on release.117 This method has been used for
a variety of membrane destabilizing materials including cell-penetrating peptides (CPPs)118 and cationic
polymers,119 and has been used to show differences
in the behavior of liposome nanoparticles functionalized with octaarginine or octalysine.120
Red blood cells have also been used as a more
biologically relevant model to study membrane disruption. By observing the lysis of red blood cells and
release of hemoglobin at varying pH values, the pHdependent membrane disruption of nanoparticles can
be determined. Red blood cells in solutions buffered
at pH values mimicking those corresponding to the
extracellular, endosomal, and lysosomal environments are co-incubated with the material of interest.
pH-induced changes in the material that causes membrane disruption result in hemoglobin release into
the surrounding media, which is then measured via
spectrophotometry.121,122 This information can be
used to assess when the material is likely to activate
its disruptive properties along the intracellular
trafﬁcking pathway. For example, cationic lipid
nanoparticles formed from (1-aminoethyl)iminobis
[N-(oleicylcysteinyl-1-amino-ethyl)-propionamide]
showed ~50% hemolytic activity at the pH of early
endosomes and ~90% at the pH of lysosomes but
minimal disruption at the pH of the extracellular
space.123 The increase in lysis corresponded with an
increase in protonation of the lipid head groups as
assessed by the zeta potential.
These ex vivo assays give insight into the mechanism of escape as they rely on membrane disruption
or pore formation to release dye or hemoglobin from
within the membrane. Materials that induce escape
solely via osmotic lysis are unlikely to induce escape
in these assays. It is important to note that in addition to any proton sponge effect that PEI may have,
PEI also induces red blood cell lysis,124 further indicating the role membrane interactions play in inducing endosomal escape.

In Vitro Leakage Assays

Calcein, 6-carboxyﬂuorescein, and ﬂuorescently
labeled dextran have been used in vitro to investigate
escape from trafﬁcking vesicles.90,120,125,126 Cells
macropinocytose the dye and a combination of low
pH and self-quenching leads to a weak, punctate
ﬂuorescence in the endosomes (Figure 5(d)). If the
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FI GU RE 5 | pH-responsive nanoparticles induce endosomal escape of calcein in a dendritic cell line. (a–i) Confocal microscopy images. (a–c)
Bright-ﬁeld images. (d–i) Fluorescence overlays (red, nanoparticles; green, calcein). (a, d, g) Cells were treated with calcein alone. (b, e, h) Cells
were co-incubated with calcein and PDEAEMA-core/PAEMA-shell nanoparticles. (c, f, i) Cells were co-incubated with calcein and PMMA-core/
PAEMA-shell nanoparticles. Scale bars: (a–f ) 20 μm and (g–i) 10 μm. (j) Average percentage of cells observed by confocal microscopy exhibiting
endosomal versus cytosolic/nuclear calcein distributions after 1 h from three independent experiments: calcein alone (gray bar), calcein with
PDEAEMA core-shell particles (white bar), or calcein with PMMA core-shell particles (black bar). (Reprinted with permission from Ref 126.
Copyright 2007 American Chemical Society)

nanoparticles can induce escape, a high-ﬂuorescent
signal distributed through the cytoplasm is
observed90 (Figure 5(e)). This method is limited by
low throughput, as cells with diffuse ﬂuorescence are
identiﬁed and counted manually. Attempts have been

made to improve throughput by incorporating an
algorithm to recognize cells with diffuse ﬂuorescence.
The escape efﬁciency of a polyamidoamine–poly(ethylene glycol) (PEG) polyplex system was investigated
by acquiring multiple ﬁelds of view and using the
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intensity of the calcein ﬂuorescence in the nuclear
region to count cells with endosomal escape.127 Alternatively, the calcein assay can be used with ﬂow cytometry.
pH-sensitive
poly-(β-amino
ester)-core
phospholipid-shell particles showed a drastic increase
in the percentage of cells positive for a calcein signal,
while the signal from samples incubated with
pH-insensitive poly-(lactide-co-glycolide) particles
remained similar to the value for cells incubated with
only calcein.128 A combination of ﬂow cytometry and
microscopy is normally required when assessing
escape, as calcein can associate with nanoparticles.
This causes an increase in calcein signal due to
increased calcein uptake rather than endosomal
escape.
Although small-molecule leakage assays have
the ability to show that membranes have been compromised, they cannot determine if the disruption is
sufﬁcient to allow the escape of particles or cargo
unless these are labeled separately. The molecular
weight threshold of escape can be investigated using
dextran with a range of molecular weights
(3000–2,000,000 Da).129,130 The release of small,
but not large dextran, suggests leakage, while escape
of all sizes implies complete disruption. While dextran is a useful model, it should be noted that dextran is a highly ﬂexible molecule, enabling it to
diffuse through pores that would inhibit the diffusion of globular proteins of a similar molecular
weight. Leakage assays can be complimented by
studies that inhibit the acidiﬁcation of lysosomes
through the use of drugs such as baﬁlomycin A1.
Inhibiting lysosomal acidiﬁcation typically inhibits
endosomal escape.131

Transfection Assays
In addition to small-molecule therapeutics, endosomal escape is important for the delivery of nucleic
acids for gene silencing or expression. siRNA must
reach the cytosol to access the RNA-induced silencing complex (RISC)132 and DNA needs to enter the
nucleus before it can be transcribed into RNA for
protein expression.133,134 These criteria allow transfection assays to indirectly determine if escape has
occurred by measuring knockdown or expression of
the protein of interest. The most commonly used
assays include delivery of genes for the enzymes luciferase135,136 and β-galactosidase.85,137,138 When successfully delivered and transcribed, an enzyme is
produced that converts a speciﬁc substrate into a
luminescent or colored compound. The luminescence
or absorbance of cell lysates in the presence of the
substrate can then be compared to nontransfected
10 of 23

cells to give an indirect measure of the relative level
of escape. Transfection with plasmids coding for
inherently ﬂuorescent molecules such as green ﬂuorescent protein (GFP)139,140 have also been used in a
similar way using ﬂow cytometry or microscopy. As
transportation of DNA to the nucleus can be a significant barrier, RNAi can be used to evaluate cytoplasmic release through delivery of siRNAs to silence
reporter genes.141,142 RNAi occurs in the cytosol,
and hence is a more direct method of assessing endosomal escape.
Transfection assays are able to provide conﬁrmation of escape with a reasonable amount of certainty by detection of or reduction in expression of a
reporter gene. Yet, these assays are an indirect indicator of escape and cannot elucidate the mechanism. It
is also imperative that the cytotoxicity of the materials is considered to ensure that any signal measured
is not simply due to necrotic/apoptotic cells. This is
highlighted with PEI, which is widely considered to
be one of the most efﬁcient nonviral transfection
agents but also highly cytotoxic.64 Bieber
et al. introduced ﬂuorescently labeled PEI/DNA complexes to human embryonic kidney (HEK) cells and
found after an 18-h incubation, the majority of cells
displayed ﬂuorescence in a punctate distribution in
the perinuclear region.99 Although a small proportion of cells had a cytoplasmic distribution of ﬂuorescence, they were also necrotic in appearance. The
cells had become nonadherent and the morphology
did not reoccur following subsequent media change,
which suggested the cells were irreversibly damaged.
As these cells were not part of the collective that
express the reporter gene, they cannot be used to
show escape regardless of the presence of labeled
PEI–DNA complexes in the cytoplasm. Godbey
et al. also demonstrated an inverse relationship
between transfection efﬁciency and cell viability,
using free and complexed PEI on the EA.hy 926 endothelial cell line.143 As transfection with toxic materials is futile for the application of gene therapy, this
research highlights the need to carefully consider the
viability of cells alongside the ability to induce endosomal escape.
There is a signiﬁcant need for new quantitative
assays to assess endosomal escape. End-point assays
such as transfection do not quantify the efﬁciency of
escape, but instead give a yes/no answer if escape has
occurred in the remaining healthy cells. Endosomal
escape efﬁciency is rarely quoted, partly because it is
a difﬁcult parameter to quantify. No individual
method is able to provide a conclusive answer on the
mechanism and extent of escape. Therefore, it is
important for multiple complementary techniques to

© 2017 Wiley Periodicals, Inc.

33

WIREs Nanomedicine and Nanobiotechnology

Endosomal escape of polymeric nanoparticles

be employed before drawing conclusions about the
mode and extent of endosomal escape.

STRATEGIES TO ENGINEER
ENDOSOMAL ESCAPE
Over the past decade, numerous nanoparticle systems
have been developed to enhance the cytoplasmic
delivery of therapeutics. These nanoparticles rely on
a diverse array of mechanisms to promote escape and
in a number of instances, the mechanism by which
endosomal escape occurs is not entirely clear. It is
important we gain better insight into the parameters
that control endosomal escape, to enable nanoparticles to be engineered so their cellular fate can be controlled and thus have improved efﬁcacy.

Lipid-Mediated Membrane Fusion
Liposomal formulations have demonstrated potential
for cytoplasmic delivery, particularly through the use
of cationic lipids (N-[1-(2,3-dioleoyloxy)propyl]-N,
N,N-trimethylammonium chloride (DOTAP), N-[1(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA), dioleoyldimethylammonium
chloride (DODAC)) for use in gene therapy.144 Cationic liposomes are usually prepared with the neutral
or helper lipids DOPE or DOPC in the mixture to
provide stabilization of the lipid bilayer. Cationic
liposomes prepared with DOPE have been shown to
facilitate escape due to structural transitions when
exposed to the low pH of endocytic vesicles.145,146
DOPC is a structural analogue of DOPE and promotes stable lamellar structures, but does not
improve endosomal escape and hence transfection.
Electron microscopy of DOPE containing cationic
liposomes showed an endosomal destabilizing effect,
whereas DOPC formulations did not have an
effect.147
Modiﬁcation of liposomes with PEG is used
extensively to improve in vivo circulation time, as
demonstrated by the clinical liposomal formulation
of doxorubicin, Doxil. However, the presence of
PEG in liposomes has been observed to reduce endosomal escape. This has also been observed with other
polymer-based nanoparticles, including PEI- and
β-cyclodextrin-based polyplexes.104 In contrast to
PEGylated polyplexes,148 PEGylation in this lipid
system had minimal effect on cellular uptake149 and
delivery was instead limited by effective escape.150,151
The steric barrier provided by PEG is thought to interfere with membrane fusion events that occur between
fusogenic lipids and the endosomal membrane.150 In
a study by Song et al., DODAC:DOPE liposomes at a

1:1 mole ratio with 5% PEG-lipid showed inefﬁcient
transfection in HepG2 cells.150 By reducing the molecular weight of the PEG from 3400 to 220 Da and the
amide chain length of the lipid anchor, transfection
efﬁciency was improved. This suggests that PEG
molecular weight and the size of the hydrophobic
anchor are important. With confocal microscopy,
they demonstrated a difference in the intracellular fate
of PEGylated and naked liposomes. Lipids from liposomes without PEG localized in the perinuclear space
while the oligonucleotide cargo escaped from endosomes and accumulated in the nucleus. In PEGylated
liposomes, both the cargo and lipid remained
perinuclear.
A number of groups have overcome the adverse
effect of PEGylation on endosomal escape by designing pH-sensitive PEG analogues152 or PEG that can be
Biocleaved
in
reducing
conditions.153,154
functionalization with targeting moieties has also been
shown to address the effects of PEGylation. Meyer
et al. showed that conjugation of anti-HER2 F(ab0 )
fragments on the PEG chains improved uptake, albeit
nonspeciﬁcally, by a factor of ~2.5 compared with
PEGylated liposomes alone.155 Importantly, there was
a signiﬁcant improvement in the release and nuclear
localization of encapsulated cargo with targeted
PEGylated liposomes. It was suggested that targeted
liposomes are trafﬁcked by receptor-mediated endocytosis into early endosomes that are more permissible
to cargo release than those in early endosomes from
nonspeciﬁc pinocytosis; however, the mechanism by
which this happens is not clear.155
Hybrid systems can also be of signiﬁcant interest as they can combine the advantages of different
materials (e.g., proteins with polymers). An interesting example was reported by Rotello and coworkers,
where an oil template stabilized by a mixture of protein and gold nanoparticles functionalized with a
HKRK peptide motif was prepared.35 The proteins
GFP and caspase-3 were incorporated and the resulting particle sizes were 130  40 nm and
140  20 nm, respectively. This study demonstrated
that GFP could be delivered effectively into HeLa
cells, showing diffuse ﬂuorescence throughout the
cell, including the nucleus (Figure 6). The authors
postulate that the mechanism for this process is
through plasma membrane fusion, delivering the protein directly into the cytoplasm and not through
endosomal escape from an acidic compartment.

Polymers Capable of Endosomal Buffering
A number of studies demonstrate that polymers with
cationic amino substituents can buffer the
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F I G U R E 6 | Delivery of GFP into HeLa cells. (a) Confocal image showing GFP delivery into HeLa cells by nanoparticles (NPSCs). (b) Confocal
images showing the co-localization of delivered GFP with expressed mCherry in HeLa cell. (c) Flow cytometry results of HeLa cells treated with
GFP-NPSCs (red) or GFP alone (blue) for 2 h, using untreated HeLa cells as the control (black). Scale bars: 20 μm. (Reprinted with permission from
Ref 35. Copyright 2013 American Chemical Society)

endosomal/lysosomal compartments to induce endosomal escape. PEI is a well-known example of such a
polymer and is commonly used to complex DNA and
siRNA to form polyion complexes. It has generally
been observed that higher molecular weight PEI
achieves better transfection than lower molecular
weight but is also signiﬁcantly more toxic. Recent
studies have looked at using different PEI hybrids to
improve transfection efﬁciency of low-molecularweight variants.156 The polypeptides poly(L-histidine)
(PHis)157 and poly(arginine) (PArg)158 have also been
shown to assist with endosomal buffering and thus
have been incorporated into different polymer carriers.159 While pH plays an important role in the
endosomal escape of these materials, it is likely that
other escape mechanisms are also involved.

Expandable pH-Responsive Nanoparticles
Mechanical stress has also been used to induce endosomal disruption by designing nanoparticles that
change size upon a change in pH. One strategy is the
synthesis of crosslinked polymer nanoparticles that
12 of 23

are assembled from pH-responsive polymers. Such
materials swell signiﬁcantly when they become
ionized due to repulsion between the polymer
chains.160
Irvine and coworkers have performed a number
of elegant studies on emulsion particles with a 2diethylamino ethyl methacrylate (DEAEMA) core
crosslinked with poly(ethylene glycol) dimethacrylate
(PEGDMA) and a 2-aminoethyl methacrylate
(AEMA) shell.126 Changing the pH from an extracellular pH of 7.4 to an endolysosomal pH of 5 caused
the particles to undergo a 2.8-fold change in diameter, as determined by dynamic light scattering. A pHinsensitive control particle was also synthesized based
on crosslinked methyl methacrylate (MMA). These
particles had minimal toxicity at concentrations
below 25 μg/mL. The capability of these particles to
disrupt the endosome was investigated using calcein
in the model dendritic cell line, DC2.4. Microscopy
showed cells loaded with control particles
(pH insensitive) demonstrated only punctate ﬂuorescence of the calcein, while PDEAEMA particles
showed diffuse ﬂuorescence throughout the cell,
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indicating release from the endosomal compartments.
Approximately 90% of cells incubated with
PDEAEMA had diffuse cytosol ﬂuorescence compared with fewer than 5% of cells incubated with
calcein or calcein with control particles. Functional
escape was also conﬁrmed by loading particles with
the model antigen ovalbumin (OVA) and measuring
interferon-γ (IFN-γ) secretion by primary T cells in
response to antigen presentation by DCs.125 The
responsive nanoparticles showed a 9- to 10-fold
increase in IFN-γ production compared with nonresponsive particles or soluble OVA. In addition, the
level of response was related to the concentration of
OVA, with higher levels of protein showing an
increased response.
The authors hypothesized that the mechanism
of endosomal escape for these particles is a combination of increased water uptake into the endosome
caused by counterion build-up and mechanical pressure from particle swelling. Interestingly, it was
found that particles had to be delivered at the same
time as the ﬂuid phase marker (e.g., calcein) for
endosomal escape to occur, suggesting the ﬂuid phase
marker needed to be colocalized in the same endosome. The nanoparticles were also used to load ﬂuorescently labeled siRNA. While 40% of cells had
diffuse siRNA ﬂuorescence when incubated for 1 h,
knockdown of this system was lower compared with
a commercially available lipid reagent at 23  14%
and 6  1.2%, respectively. This was thought to be
due to an electrostatic interaction between the cargo
and the carrier when in the cytosol.
A similar nanoparticle was reported by
Nagasaki and coworkers based on the emulsion
polymerization of DEAEMA in the presence of heterobifunctional PEG (CH2 CH-Ph-PEG-COOH)
and using ethylene glycol dimethacrylate (EGDMA)
as a crosslinker.161 The nanoparticles were shown to
increase in size between 5.1- and 6.8-fold when the
PDEAEMA was protonated, depending on the size of
the heterofunctional PEG used. A nanoparticle based
on this chemistry was then functionalized with a lactose group (p-aminophenyl-β-D-lactopyranoside)
using the carboxylic acid functional group on the
PEG. This particle was added in combination with a
PEG-b-poly(L-Lysine)/pDNA polyplex to investigate
the effect on transfection efﬁciency of HuH-7 cells. A
signiﬁcant increase was observed when the two nanoparticles were added together, while a control sample
with asialofetuin (ASF) showed less binding. This
suggested that the particles were being internalized
through an asialoglycoprotein receptor (ASGP)mediated process as ASF acts as a competitive inhibitor of ASGP receptor-mediated endocytosis.

Rapid Disassembly of pH-Responsive
Nanoparticles
Another endosomal escape mechanism postulated in
the literature involves the disassembly of a cationic
polymer particle into component unimers to create
an increase in osmotic pressure and rupture of the
endosomal membrane. One of the initial studies
using this approach involved the synthesis of a
responsive polymersome that could disassemble
within the endosomal pH range. The polymersomes
were synthesized from poly(2-methacryloyloxy)ethylphosphorylchlorine-co-poly(2-(diisopropylamino)
ethyl methacrylate) (PMPC-b-PDPAEMA).87 Stable
vesicles were formed at physiological pH but disassembled below pH 6 due to a change in hydrophobicity of the PDPAEMA component. To test
transfection efﬁciency, the plasmid encoding luciferase was encapsulated within the polymersome and
delivered into primary human dermal ﬁbroblast cells.
Transfection efﬁciency was signiﬁcantly enhanced by
plasmid-loaded polymersomes compared with plasmid alone.
Irvine and coworkers have also reported a rapidly degradable, pH-dependent nanoparticle based
on 10 kDa molecular weight poly(β-amino ester)
(poly-1). Poly-1 is a weak polyelectrolyte that is
water insoluble at elevated pH but dissolves in
aqueous solutions below pH 7.128 This polymer is
stabilized by a lipid bilayer and a PEG-lipid and
forms particles by nanoprecipitation. The particles
formed were ~200 nm in diameter and were found
to rapidly degrade ex vivo with a decrease in pH
(within 5 min). Endosomal escape capacity was
investigated by incubating the particles for 1 h with
DC2.4 cells in the presence of calcein. Particles with
a nonresponsive polylactic-co-glycolic acid (PLGA)
core were used as a control. Both ﬂow cytometry
and microscopy showed an increase in calcein ﬂuorescence when added in the presence of poly-1 particles compared with calcein or PLGA particles added
in isolation. In a separate experiment, particles with
electrostatically associated mRNA encoding for GFP
were incubated with cells and the subsequent
expression was assessed by ﬂow cytometry. Approximately 30% of the cells were successfully transfected thus indicating evidence of endosomal escape.
The authors proposed two mechanisms for the
endosomal escape capacity of their particles: (1) An
osmotic pressure gradient across the endosomal
membrane caused by solid particles disassembling
into individual polymer chains and (2) the proton
sponge effect (see section Proton Sponge Effect and
Osmotic Lysis).

© 2017 Wiley Periodicals, Inc.

36

13 of 23

Advanced Review

wires.wiley.com/nanomed

Recently, our group has demonstrated the synthesis of a new pHlexi nanoparticle based on a combination of PDEAEMA homopolymer and a block
PEG-b-PDEAEMA copolymer using nanoprecipitation.162 The particles were found to disassemble rapidly ex vivo when the pH was decreased below 6.8
and found to induce endosomal escape as determined
via the calcein leakage assay. Endosomal escape was
observed in ~40% of the cells, and there was strong
colocalization of the polymer building blocks with
the lysosomal compartments of the cells. This suggests that release was more likely due to a membrane
disrupting or pore-forming mechanism than complete
vesicle rupture. Later work showed that the endosomal escape of these pHlexi particles could be tuned
by the molecular weight of the polymer building
blocks.163 This indicates that small variations in nanoparticle properties can also play an important role
in cellular behavior.

Nanoparticles Capable of Interacting With
the Endosomal Membrane
An additional avenue to enhance endosomal escape is
engineering the polymer to interact with membranes.
Some useful polymers to achieve such interactions are
poly(propylacrylic acid) (PPAA) and poly(butyl acrylate) (PBA). Recently, a new micelle carrier was
synthesized based on a cationic poly(2-dimethylamino ethyl methacrylate) (PDMAEMA) and a second
pH-responsive membrane disruption block containing DMAEMA, propylacrylic acid (PAA) and butyl
methacrylate (BMA).103 This polymer formed
micelles in the size range of 45 nm in physiological
conditions. The particles were stable in PBS (pH 7.4)
but disassembled readily in the lower pH conditions
(pH 5.8) that would be present in an endosomal
compartment. Further conﬁrmation of their action
within a biologically relevant range was obtained by
a red blood cell hemolysis assay, which demonstrated
that the particles increased lysis at a pH range of
6.6–5.8. The micelles were also loaded with siRNA
targeting mRNA for the housekeeping gene GAPDH
by interacting the negatively charged cargo with the
PDMAEMA shell. Signiﬁcant knockdown was
observed for all concentrations above the critical
micelle concentration. Fluorescence microscopy was
also conducted using ﬂuorescein-labeled siRNA in
both loaded carriers and Lipofectamine complexes.
Lipofectamine transfection resulted in punctate ﬂuorescence while the micelle system showed diffuse
siRNA release (Figure 7).
Polymersomes assembled from a triblock copolymer of consisting PEG and poly(glycerol methacrylate)
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F I G U R E 7 | Polymer-enhanced intracellular delivery of FAMlabeled siRNA. Representative images illustrating (a) punctate staining
(green) in the samples treated with Lipofectamine/siRNA complexes
alone and (b) dispersed ﬂuorescence within the cytosol following
delivery of diblock copolymer/siRNA complexes. Samples were treated
for 15 min with 25 nM FAM-siRNA and prepared for microscopic
examination following DAPI nuclear staining (blue). (Reprinted with
permission from Ref 103. Copyright 2010 American Chemical Society)
(poly-GMA) ends, and a central weakly basic block,
polyimidazole-hexyl methacrylate (poly-ImHeMA),
showed similar siRNA delivery efﬁciency.164 A
PDAEMA polymer micelle has also been used as a
vaccine delivery system by including pyridyl disulﬁde
methacrylate in the PDAEMA block to load OVA.122
The polymer was then complexed with an unmethylated cytosine-phosphate-guanine (CpG) sequence acting as an adjuvant. The efﬁcacy of these particles was
tested in vivo by injecting C57BL/6 mice subcutaneously with polymer–protein conjugate/CpG, polymer–
protein conjugate, or free OVA alone. The CD8+
response was determined by ex vivo stimulation of
isolated splenocytes with the ova epitope SIINFEKL to
determine IFN-γ production. Cytokine production
was enhanced signiﬁcantly when CpG and the polymer conjugate were present, inducing a sevenfold
increase in production compared with conjugate alone
and an 18-fold increase over free antigen.
In another recent study, Zhan et al. used a tripolymer based on PAA, BMA and DMAEMA in
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combination with PLGA to make blend particles.129
To investigate endosomal escape, ﬂuorescent molecules with varying molecular weights (calcein and
ﬂuorescein isothiocyanate (FITC)-dextran with the
molecular weight of 4, 40, 150, and 2000 kDa) were
co-delivered with particles into DC2.4 cells. A control of no particles or polystyrene (PS) was used for
comparison of the cellular distribution. For both controls, the ﬂuorescence remained punctate indicating
little diffusion outside the endosomal membrane. In
the case of the blend particles, diffuse ﬂuorescence
was seen for the lower molecular weight ﬂuorescent
species but remained punctate in the case of 150 and
2000 kDa dextran. This study gave interesting
insight into the size of the pores that were formed in
the membrane.
Poly(N-(2-aminoethyl)-2-aminoethyl-a,b-aspartamide) PAsp(DET) has also shown evidence of endosomal escape due to membrane interactions. Kataoka
and coworkers used particles with either a disulﬁde
or nondegradable linker between the PEG and
AspDET components and compared their transfection efﬁciency.165 Knockdown of luciferase expression was enhanced in the carrier containing PEG-SSPAsp(DET) relative to the control sample that contained no disulﬁde moieties. Such polymers are
thought to also have capability to fuse with membranes due to their hydrophobic components but
only below a certain pH range.

Drug-Induced Endosomal Escape
While a number of particle systems undergo endosomal escape as a result of rapid pH-induced disassembly to unimers, other similar systems that undergo
rapid particle disassembly do not show clear evidence
of escape.166,167 A recent example is a micelleplex
based on PDMAEMA-b-PDPAEMA, which allows
for siRNA complexation and pH-induced disassembly below pH 6.3.166 In this system, pH-responsive
cationic components cause an increase in endosomal
osmotic pressure due to disassembly of the particles
into individual polymers. However, ﬂuorescence
from labeled siRNA remained punctate after 12-h
incubation in vitro. To improve endolysosomal
escape, particles were loaded with amphotericin B
(AmB), a hydrophobic antifungal drug known to
increase membrane permeability by forming transmembrane pores. The cellular distribution of siRNA
loaded into the particles and a ﬂuid marker [tetramethylrhodamine (TMR)-dextran] was investigated
using confocal microscopy. Diffuse ﬂuorescence was
clearly observed with increasing concentration of
AmB, especially in the case of the ﬂuid phase marker

(TMR-dextran). This was conﬁrmed by the enhanced
knockdown of luciferase in the presence of AmB.

Peptide-Induced Endosomal Escape
Beyond using the intrinsic properties of the polymers
or lipids, nanoparticles can be modiﬁed with endosomal escape agents to further enhance trafﬁcking to the
cytoplasm. A number of polypeptides derived from
viral or bacterial proteins have been demonstrated to
facilitate endosomal escape. A common motif present
in many CPPs that have been observed to escape the
endosome is the presence of arginine residues.168
Arginine has a guanidinium functional group, which
readily forms a complex with phosphate groups on
phospholipids through a combination of hydrogen
bonding and electrostatic interactions.169 A number
of materials that contain the guanidinium group, such
as polymers and lipids, also show enhanced membrane permeation.35,169 The role of guanidinium has
been
demonstrated
in
studies
comparing
octaarginine-functionalized liposomes to octalysinefunctionalized liposomes. Liposomes functionalized
with a high density of octaarginine showed signiﬁcantly increased transfection efﬁciency compared with
liposomes functionalized with octalysine.120
One of the most ubiquitous arginine-rich peptide sequences used for inducing endosomal escape is
the TAT peptide, which is derived from the TransActivator of Transcription protein in HIV. The primary role of TAT protein is in the replication of the
viral genome and does not play an active role in HIV
infection.170 However, the high content of arginine
residues within the 11-amino acid sequence allows
the protein to readily translocate across cell membranes.170 This protein transduction domain of TAT
can be fused to proteins and polymers to induce
endosomal escape. TAT-induced escape is generally
quite inefﬁcient, requires high concentrations of
TAT, and can be highly variable depending on the
cargo to escape and the cells being targeted.17 In particular, direct fusion of TAT to materials to induce
trafﬁcking from the endosome has had limited success.17 This suggests that either free TAT is required
for membrane disruption or that TAT remains in the
endosomal membrane as part of the destabilization
process. In recent work, a disulﬁde-linked TAT dimer
has shown signiﬁcantly enhanced endosomal escape
at concentrations more than an order of magnitude
less than that of monomeric TAT.17 The mechanism
by which TAT and dimeric TAT induce endosomal
escape is not understood.
TAT is initially trafﬁcked to Rab5+ early endosomes then to Rab7+ late endosomes before it can
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escape from endosomal compartments.168 Schepartz
and coworkers have developed peptide sequences
with controlled arginine topology, whereby ﬁve arginine residues are presented on the same face of an
alpha-helical peptide. This peptide (5.3) induces
endosomal escape that is more efﬁcient than TAT or
Arg8, and interestingly enables endosomal escape
from the Rab5+ early endosomes without the need
for maturation into Rab7+ late endosomes.168
The second class of endosomal escape peptides
lack arginine residues and are thought to disrupt the
endosomal membrane via insertion into the lipid
bilayer. A number of useful peptides have been
derived from the hemagglutinin HA2 subunit of the
inﬂuenza virus. The ﬂu virus escapes from the endosomal compartment by pH-induced conformational
changes in the HA2 subunit that enables the virus to
fuse with the endosomal membrane. The 23 Nterminal amino acid sequence of HA2 fuses and disrupts cell membranes, and has been shown to induce
membrane fusion, leakage, and lysis.171 While the
HA2 peptide and its variants can effectively induce
membrane fusion and leakage, direct attachment of
the HA2 peptide to a protein cargo increased association to endosomal compartments. However, when
free HA2 was co-delivered with the protein, escape
was induced but the HA2 fusion protein remained in
the endosome.100 This is likely due to HA2 remaining inserted in the endosomal membrane, preventing
the conjugated protein cargo from escaping.
Although HA2 and related peptides have potential,
their application must be carefully considered so they
cause release of the particle or cargo without remaining attached.
A peptide with a related mechanism of action is
GALA, a purely synthetic sequence designed to adopt
an alpha-helical conﬁrmation at low pH that can span
the lipid bilayer of the endosome. GALA is negatively
charged at pH 7 and comprises a repeated EALA
(glu-ala-leu-ala) motif, which forms an alpha helix
when the glutamic acid residues become protonated.
The sequence induces pH-dependent fusion of lipid
membranes and can also self-assemble to form transmembrane pores capable of transporting molecules
up to ~5000 Da.92 Cationic variants of GALA have
been engineered by substituting the glutamic acid for
lysine (KALA). Despite the KALA sequence undergoing the opposite conformational change to GALA
(alpha helix to random coil, rather than random coil
to alpha helix), KALA is still able to induce endosomal escape. DNA complexed with KALA has shown
signiﬁcantly increased transfection efﬁciency compared with polylysine-condensed DNA. Modiﬁcation
of liposomes with a shortened GALA (shGALA) has
16 of 23

also been shown to enhance endosomal escape.
shGALA-modiﬁed and PEGylated lipid-based particles called multifunctional nanodevices (PEG-MEND)
demonstrated 82% knockdown of the target gene
through RNA silencing.172 Reduced gene silencing
efﬁciency was seen in cells incubated with NH4Cl,
which suppresses endosome acidiﬁcation. This pH
dependence suggests that the peptide requires an acid
environment to exert its fusogenic properties.172
Using a screen of antimicrobial peptides from
the antimicrobial peptide database, Liu and coworkers have identiﬁed the aurein 1.2 peptide sequence to
have endosomolytic properties.173 This sequence has
been demonstrated to induce endosomal escape both
in vitro and in vivo. In another study, Liang
et al. demonstrated enhanced cytoplasmic localization
of a therapeutic-loaded nanoparticle when it contained a H4R4 peptide consisting of four arginine
units and four histidine units.174

CONCLUSIONS
Signiﬁcant progress has been made over the last 10 years
in developing nanoparticles to address the challenges of
cytoplasmic delivery. However, as we rapidly generate
new materials, our knowledge of how nanoparticles
induce endosomal escape lags behind. Furthermore,
signiﬁcant promise seen in vitro is not matched with
efﬁcient delivery in vivo. A fundamental understanding
of how nanoparticles are transported within the cell
is key to engineering materials to improve escape
and overcome this signiﬁcant bottleneck.
Our ability to understand the mechanisms of
escape is limited by the current techniques used to
detect it. We need to move beyond assays that simply
report the percent of cells that show escape, and
develop techniques that can also quantify efﬁciency.
New assays and sensors will help us address some of
the fundamental questions behind endosomal escape.
These include: Does the mechanism of nanoparticle
internalization affect the subsequent trafﬁcking and
escape of the particle? What physical and chemical
properties such as size, shape, or charge must a particle
possess in order to be successful at escaping the endosome and are they interdependent? What role does targeting play in endosomal escape, and does targeting to
a speciﬁc pathway dominate trafﬁcking over the native
pathways untargeted nanoparticles take?
The answers to these questions will not be
straightforward. Mammalian cells are innately complex and highly regulated, coordinating a multitude of
biochemical processes. This is compounded by interactions between the nanoparticle and endogenous
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biomolecules in the extracellular space. This complexity highlights the need for studies where the properties of nanoparticles are understood and controlled
in order to link their attributes to how they behave
in cells.
Although the interactions between cell and
particle are complicated, it is imperative that we
make the nanoparticle solution simple. Nanoparticles must be engineered keeping their eventual application in mind and as such must have characteristics

suitable for a drug delivery system if they are going
to have a signiﬁcant impact in the way we treat diseases. Next-generation treatment of diseases with
gene therapy, vaccination, and drugs active in the
cytosol all rely on the development of delivery systems that effectively deliver cargo from the endosome into the cytoplasm. We must overcome the
barrier of endosomal escape to fulﬁll the promise
these therapies offer. This begins with a greater
understanding of how materials interact with cells.
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1.4

Purpose of the Research

Gaining insight into how materials interact with biological systems is difficult with currently available
techniques. The aim of this thesis was to design a set of tools to examine the processing of
nanomaterials and proteins by cells. The collection of methods was developed to be applicable to
nanomaterial scientists, as well as to be useful in answering fundamental questions in the biological
sciences. The aims and objectives of the individual experimental projects included:

Chapter 2. HD Flow Cytometry: An Improved Way to Quantify Cellular Interactions with Nanoparticles
•

To enhance analysis of flow cytometry data generated through fluorescence-based assays by
using a deconvolution algorithm that identifies negative cells within fluorescence histograms

Chapter 3. Quantifying Cellular Internalisation with a Fluorescent Click Sensor
•

To develop a sensor for quantifying internalisation in cells by using a click chemistry pair to
quench extracellular fluorescence.

Chapter 4. SNAPSwitch: A Molecular Sensor to Quantify Cytosolic Delivery and Cellular Localisation
•

To produce a sensor that enables localisation to be quantified in live cells by synthesising a
quenched and attachable substrate that becomes fluorescent when in proximity to the SNAPtag enzyme.

Chapter 5. Oligonucleotide Switches for Quantifying Endosomal Escape Efficiency
•

To improve detection of endosomal escape by using a DNA sequence that becomes
fluorescent in response to an endogenous mRNA present in the cytosol.
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Chapter 2. HD Flow Cytometry:
An Improved Way to Quantify
Cellular Interactions with
Nanoparticles
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2.1 Summary
Flow cytometry is used extensively to study the association of fluorescently labelled nanoparticles and
proteins with cells. The results are most often presented as two numerical values: percent of positive
cells and the mean fluorescence intensity. Positive cells are generally identified as those with a
fluorescence intensity above the top 1-2% of the control cells. However, weak fluorescence of
nanoparticles and low binding causes the fluorescence histogram of the treated cells to significantly
overlap with that of the control cells, leading to an underestimation of the percentage of positive cells.
In addition, the binding of material to a sub-population of cells results in an underestimation of the true
response when the mean is presented. Like blurring in microscopy, the mathematical operation of
convolution changes the true signal from the cells due to cellular autofluorescence and noise from the
flow cytometer. This chapter describes the development and demonstration of a script based on the
Richardson-Lucy deconvolution algorithm to improve flow cytometry data analysis. By deconvolving
histograms, the positive cells can be identified with more precision. This improves percent positive
estimations and allows the mean fluorescence intensity of positive cells to be evaluated while displaying
the underlying distribution of the cells.
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or Overton subtraction[14] and super-enhanced maximum absolute difference (SEDymax),[15] which are included in commercially available flow cytometry packages such as FlowJo. While
these techniques can aid the interpretation of flow cytometry
data, they are only rarely used for nanoparticle analysis. They
also have some inherent limitations such as subtraction underestimating the number of positive cells when overlapping data
is analyzed[16] and mathematical modeling methods being difficult to implement.[17]
Here we report the use of a histogram deconvolution (HD
Flow) algorithm to analyze heterogeneous cell samples with
overlapping fluorescence distributions. Using this technique,
we have demonstrated the ability to accurately quantify the
number of positive cells while also determining the MFI and
displaying a fluorescence histogram of the underlying positive population. By applying HD Flow to data generated from a
nanoparticle association assay, we can obtain information about
nanoparticle/cell association that would otherwise be missed.
We anticipate HD Flow will be broadly applicable to both materials scientists and cell biologists and allow for significantly
improved analysis of bio-interactions by flow cytometry.
The overlapping of cell populations in flow cytometry data
sets is analogous to the blurring of a fluorescence microscopy
image.[18,19] In mathematical terms, the distribution of fluorescence signal measured by the flow cytometer (g) can be considered as the actual signal (f) convolved by a point spread
function (h) (Equation (1)).[20] The point spread function in
this case is a combination of the heterogeneous distribution
of autofluorescence of the cells combined with the noise of the
flow cytometer, and can be easily determined by measuring
the fluorescence of untreated cells on the flow cytometer. Of
the numerous methods for deconvolution that exist, the Richardson–Lucy[21,22] algorithm is recognized for its uses across
many scientific disciplines.[23]

Quantifying the interactions of nanoparticles with cells is critical to engineering better drug delivery systems. Flow cytometry
is a valuable tool for analyzing these interactions,[1–6] however
it can be hindered by the binding of a low number of nanoparticles or by weak nanoparticle fluorescence, resulting in only a
small shift in the intensity of the cells. Here, we present a new
technique (histogram deconvolution – HD Flow) to improve the
analysis of flow cytometry data that allows the detection of interactions that would typically be lost in the background noise.
Flow cytometry offers the ability to rapidly quantify the fluorescence intensity and scatter properties of thousands of individual cells in a high throughput fashion.[7,8] The association of
nanoparticles or proteins with cells is commonly analyzed with
a histogram overlay of treated and untreated samples. Quantification of the change in cell fluorescence is typically based
on the mean fluorescence intensity (MFI) and/or the percent
of cells that have a fluorescence signal above the background
of untreated cells.[9,10] The simplest approach to obtain the percent of positive cells is to subjectively or automatically apply
a threshold whereby all cells higher than the threshold are
counted as positive.[11] Typically this threshold is set at a value
where less than 1% of the untreated cells are identified as positive. However, when the fluorescence signal is weak, the treated
and untreated histograms can overlap. This makes it difficult
to differentiate positive from negative cells, which causes a significant underestimate of the true value (Figure 1a).[12] When
the separation between the treated and untreated samples is
low, MFI is often used to determine the extent of the interaction. A limitation of this approach is that it assumes that 100%
of the cells have interacted with the nanoparticles or protein,
whereas in reality the interaction may only occur for a subset
of the cells. The use of MFI on histograms containing multiple
populations is not strictly correct and lowers the MFI due to the
presence of the negative cells.
Several methods have been proposed to improve the analysis
of flow cytometry data. These include mathematical modeling[13]
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(1)

⎛
g ⎞
f n +1 = f n ⎜ hˆ ⊗ n
f ⊗ h ⎟⎠
⎝

(2)

The iterative deconvolution approach (Equation (2))[24]
requires the raw flow cytometry data to be divided into equal
bins and uses this as the initial estimate for input to HD flow.
This is then convolved with distribution of untreated cells and
compared to the original test data as a ratio. The estimate is
updated by convolution of the ratio with the complex conjugate
of the original data. All negative values and the last ten bins of
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Figure 1. Comparison of analysis techniques and demonstration of histogram deconvolution. a) Spillover fluorescence of C1R cells incubated with
3 × 10−8 M CTO and b) deconvolution of the same data shows HD-flow corrects for autofluorescence showing over 99% of cells are positive. c) Analysis
of increasing CellTracker Orange (CTO) concentrations demonstrates HD flow (*) out performs conventional 1% thresholding ( ), Overton subtraction ( ) and SEDymax ( ) in the percent of positive cells for the spillover channel. C1R cells incubated with 1 × 10−8 M CellTracker manually mixed with
unstained cells in a 1:1 ratio generates a bimodal distribution in (d,e) the maximum fluorescence channel that is concealed in (e) the spillover channel.
f) Deconvolving the spillover fluorescence data restores exposes both populations. Gates show the percent positive calculated by 1% of background
thresholding (a, d, and e) and HD Flow (b,f). Deconvolution parameters: Range = 0–250, bins = 300, iterations = 250, negative shift = 10 (a–c) and 5
(d–e), smoothing = false. *Indicates shift too small to accurately determine the positive population.

percent of positive cells and the reported value is likely to be an
underestimate of the true value. This prevents calculations for
when the degree of overlap between the test and control histograms is too high for accurate quantification (Figure S1a,b, Supporting Information). Once corrected for autofluorescence, the
percent positive and mean fluorescence intensity are written to
a file and a histogram of the test data is displayed.
To evaluate the validity of HD Flow for calculating the
percent of positive cells, we compared it to the commonly
used manual thresholding approach, as well as SEDymax
and Overton subtraction available in the commercially available FlowJo software package. In order to compare methods,
data sets where the actual percent positive value is known are
required. Avoiding artificially generated data sets is desirable,
as performance on simulations may not translate to real data
sets.[25] Test data with ≈100% positive cells and peaks well-separated from the untreated control data sets were generated using
the fluorescent stain CellTracker Orange (CTO) and analyzed by
the fluorescence intensity in the 565–595 nm channel. The shift
from the control was adjusted by altering the concentration of

the histogram are set to zero to avoid high frequency noise due
to the circular nature of fast Fourier transforms. The process is
then repeated with the updated estimate for the set number of
iterations (n).
To calculate the percent of positive cells, a cut-off threshold
must be set that designates cells below that value as negative.
We have defined the threshold value by deconvolving three
untreated control samples against each other and determining
the point where 99% of the control cells are below the threshold
value.
To ensure HD Flow is robust and to determine its sensitivity,
one of the untreated control samples was shifted until the algorithm was able to identify that 99% of the shifted sample was
positive compared to the unshifted controls. This value was considered to be the minimum shift detectable by HD Flow. Data
from the untreated control cells are combined and deconvolution is repeated with each sample against the combined control. The MFI of the positive cells in each deconvolved data set
are compared to this minimum shift. If the MFI was less than
the minimum shift, HD Flow cannot confidently determine the
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Concentration
[µM]
0.03

0.01

Gated positive
[%]

HD flowa)
[%]

SEDymax
[%]

Overton subtraction
[%]

99.9

99.7

97.7

55.6

56.0

54.3

13.2

13.9

99.7
56.6
12.1

1% of background thresholding
[%]

True MFI

MFI of ungated

HD flow MFI

88.4

51.0

10.5

10.5

10.8

47.8

24.8

9.71

4.31

9.81

13.5

11.5

5.44

8.71

0.80

8.63

92.1

80.6

55.6

5.60

4.31

4.21

4.64

51.9

45.1

20.0

2.96

4.31

1.99

4.25

8.85

9.31

6.14

1.08

3.81

0.34

4.06

COMMUNICATION

Table 1. Comparison of methods for percent of positive cells and MFI calculated with different methods. Actual percent positive value and the true
MFI of the positive cells were determined by gating cells using linear side-scatter area versus log 565–595 nm channel where the positive and negative
populations are well-separated. Analysis of the spillover fluorescence channel (661–690 nm) allows for comparison of HD Flow to Overton subtraction, SEDymax and 1% thresholding for overlapped stained and unstained histograms.

Deconvolution parameters: range = 0–250, bins = 300, iterations = 250, negative shift = 10, smoothing = false.

a)

accuracy and provides a value of only 52.4% at the highest stain
concentration in spillover analysis. HD Flow also indicates
that the degree of overlap is too high for accurate calculations
at 5 × 10−9 M, information which is not provided by the other
methods and suggests that fluorescence spillover generated
from this lowest concentration (Figure S2d, Supporting Information) is below the detection limit of all the techniques.
HD Flow is able to restore the ability to visualize multiple
populations that would otherwise be concealed within one
peak. By mixing 1 × 10−8 M stained cells with unstained cells in
a 1:1 ratio, a distribution with two populations was generated
with 56.6% of positive cells (Figure 1d). Viewing spillover fluorescence data shows the collapse of the two populations into
one broad peak (Figure 1e) and 1% of background thresholding
underestimates the percent positive as 3%, as does Overton
(20%) and SEDymax (45.1%). HD Flow is able to reveal the two
underlying populations (Figure 1f) and significantly improves
the estimation of the percent of positive cells (52.1%). HD Flow
is also capable of analyzing samples with three populations,
however the population with highest fluorescence appeared as
a shoulder rather than a distinct peak (Figure S9c, Supporting
Information). The ability of the algorithm to identify multiple
populations is governed by the full width half maximum of the
deconvolved populations, the shift between the different populations, and the relative number of cells in each population.
There is no theoretical limit to the number of populations that
could be identified. HD Flow’s ability to uncover concealed populations demonstrates how fluorescent histograms can conceal
the composition of the sample and that conventional methods
are not satisfactory for determining the percent positive value
when the fluorescence of the positive population is low.
Table 1 summarizes the performance of the four analysis
techniques on samples with manually mixed ratios of stained
and unstained cells to generate multiple populations (Figure 1e;
Figure S10c,d, Supporting Information). Comparing results
from the spillover data shows HD Flow performs better than
SEDymax, Overton subtraction and 1% of background thresholding. Spillover based calculations for the 1 × 10−8 M CTO stain
are within 8% of the true value for HD Flow while SEDymax
and Overton subtraction values were underestimated by up to
19% and 44%, respectively. All methods vastly exceed conventional 1% of background threshold method that underestimated
the correct value by 94%.

the stain in the incubation media (Figure S2a–c, Supporting
Information). To investigate the ability of HD Flow to distinguish overlapped populations, we used the spillover fluorescence measured from the 661–690 nm channel (Figure 1a),
which has a significantly reduced signal. This results in the
histogram of the treated cells overlapping with untreated cells
(Figure S2d–f, Supporting Information). The maximum and
spillover fluorescence data sets are generated from the same
cells so consequently have the same percentage of positive cells.
As calculation of the true percent positive from separated histograms is straightforward through applying a gate to positive
cells, this value can be used to compare with the results calculated by HD Flow.
HD Flow requires two key input parameters that are
dependent on the nature of the data set before initiating calculations; number of iterations and bin size. We manipulated these
parameters using data generated from the highest concentration of CTO to observe the effect on the calculated percent positive value and graphical output (see Supporting Information). If
the bin size is too large, the resolution of the deconvolved data
set will not be sufficient to distinguish between small shifts in
the population. However, if the bin size is too small, there will
be significant noise in the deconvolved histograms. Similarly,
performing too many iterations also increases the noise in the
deconvolved histograms. Typically 250 iterations are sufficient
to deconvolve the data set without introducing excessive noise.
The algorithm takes less than a second to process a standard
flow cytometry data file. The noise introduced does not typically
affect the percent of positive cells or the mean fluorescence
intensity, and can be suppressed by introducing a Gaussian
smoothing factor if required.
Having identified the necessary parameters for HD Flow, we
moved to demonstrating the advantage of HD Flow over conventional analysis methods. Agreement between results generated using HD Flow and the true percent of positive cells determined through gating confirms the ability of the algorithm to
accurately calculate the percent of positive cells for monomodal
stained distributions when well-separated (Figure S8, Supporting Information) and overlapped (Figure 1a–c). When the
treated and untreated histograms are overlapped, HD Flow
performs better than the three alternative methods by determining a percent of positive cells over 92% for the two highest
CTO concentrations (Figure 1c). Thresholding has the lowest
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bound, and give inaccurate results when the positive and negative distributions are overlapped. Since HD Flow is able to
identify the positive cells within the sample, it is also able to
provide a MFI of these cells. To demonstrate this, we used the
maximum fluorescence channel to apply a gate to the positive
cells of the manually mixed samples and calculated the MFI
in the spillover channel to obtain the true MFI of the positive
cells when overlapped with unstained cells. This was compared

HD Flow also allows the calculation of the MFI of the positive cells within the distribution, a statistic that is useful to
determine the amount of association rather than just if association occurred. This provides additional information about
the interactions of the material with cells, such as concentration- or time-dependent biological effects as assessed through
an increase or decrease in the MFI. However, the MFI data are
only useful if applied to the population of cells with material

Figure 2. Association dependence on nanoparticle concentration. 150 nm nanoparticles labeled with Cy5 were incubated with 3T3 cells in concentrations ranging from 0 to 25 µg mL−1. Fluorescence histogram of the a) raw and b) deconvolved data for cells incubated with 1.5 (blue), 8 (green), and
25 µg mL−1 (yellow) particles. c) Comparison of percent positive calculation by HD Flow (*), SEDymax ( ), Overton subtraction ( ), and 1% threshold
( ) performed in duplicate. d) Mean fluorescence intensity calculated by HD Flow (*) and using conventional flow analysis with the MFI ( ) of the
unstained cells subtracted from the calculated MFI. Deconvolution parameters: Range = 0–200, bins = 400, iterations = 250, negative shift = 10,
smoothing = false.
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understand the interactions of nanoparticles with cells. Simple
thresholding analysis significantly underestimates the extent
of the nanoparticle interactions with cells, and while commercially available flow cytometry software packages offer improved
methods, they still underestimate the extent of interaction.
We have developed a simple algorithm that accurately calculates the percent of positive cells and the MFI of the positive
population. We have demonstrated the application of this algorithm to data from real nanoparticle association experiments,
and shown nanoparticle association is higher than determined
by existing methods. A standalone application along with
the matlab source code is available for download from www.
nanomb.org. We believe HD Flow will be of significant use for
the nanoparticle delivery field and will also find use in a wide
range of applications beyond nanoparticle/cell interactions,
including identifying rare populations of cells and measuring
small changes in gene expression.

COMMUNICATION

with the MFI calculated with no gate and using HD Flow
(Table 1). As the cells within the positive population of the manually mixed samples originate from the pure samples, the MFI
of the positive population is expected to be similar regardless
of the ratio the stained cells were mixed with unstained cells.
HD Flow accurately recovered the MFI of the positive cells in
heavily overlapped distributions within 10% of the value calculated using the gated cells. The importance of this is exemplified by comparison to the MFI calculation applied to the entire
distribution. The true MFI for the 3 × 10−8 M sample with 90%
unstained cells is 8.71 and HD Flow calculates it as 8.63, the
ungated calculation returns a significantly lower value of 0.80.
As such, HD Flow can be used to compute the MFI in overlapped distributions containing high levels of negative cells.
As HD Flow is better than the existing techniques for recovering the percent of positive cells and is able to give a robust
MFI for the positive population in mixed populations of cells,
we moved to analyzing data generated through a nanoparticle
association with cells. Fluorescently labeled nanoparticles were
added to wild-type mouse fibroblasts (3T3-WT) at concentrations ranging from 1.5 to 25 µg mL−1 to increase the amount
of association. The subsequent fluorescent histograms significantly overlapped with the untreated cells at these concentrations with the highest amount of overlap seen at the lowest
concentration of nanoparticles (Figure 2a). In accordance with
the CTO results, calculated percent positive values for the
nanoparticle association experiment via HD Flow were higher
than 1% of background thresholding, Overton subtraction and
SEDymax analysis (Figure 2c). HD Flow also provides a histogram of the corrected distribution (Figure 2b), enabling the
population distribution to be visualized. The percent of cells
with nanoparticles associated across the concentration range
was shown by HD Flow to increase from an average of 38% at
the lowest concentration through to a maximum of 94% at the
highest concentration. Visualizing the histograms, along with
HD Flow’s built in test for determining the minimum shifts
that can be accurately determined, gives confidence to infer
that at the lowest concentrations of particles only a subset of
the cells have interacted. Overton and SEDymax, underestimate
the association of nanoparticles by 19% and 5%, respectively,
and do not indicate if the low levels of association are real, or
an artifact of the small population shift. If a 1% of background
threshold was used, a change of only 3.5% to 52% association
was observed, greatly underestimating the true level of association. Furthermore, since these samples are not artificially
overlapped and the fluorescence is already measured in the
maximum fluorescence channel, the MFI cannot be determined by gating positive cells. The MFI of the positive population can be obtained through HD Flow (Figure 2d). Using
standard methods, the MFI of the 1.5 µg mL−1 sample is only
0.98 while the MFI of the positive population as calculated by
HD Flow is 3.04. As there is usually a concentration-dependence on cell viability,[26] knowledge of the minimum amount
of material required to illicit a biological response is desirable.
Using HD Flow allows for a better understanding of the interactions of nanoparticles with cells by exposing changes otherwise hidden due to low fluorescence.
Objective and accurate methods for calculating the percent of
positive cells from overlapped populations of cells is critical to
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Supplementary Figure 1. Fluorescence histograms for control C1R cells. (a) An additional
control sample is compared against three combined control data sets and deconvolved to
produce the (b) underlying distribution (red). As the cells are negative, the HD Flow output is
centered about zero. Deconvolution parameters: range = 0 - 250, bins = 300, iterations = 250,
negative shift = 10, smoothing = false.
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Supplementary Figure 2. Fluorescence histograms for fluorescently stained C1R cells. Cells
were incubated with 0.005 M (a and d), 0.01 M (b and e) and 0.03 M (c and f) CTO for
30 minutes. Data was collected by flow cytometry in the 565 – 595 nm channel with
maximum fluorescence (a - c) and 661 – 690 nm channel with spillover to overlap test
distributions with the control (d - f). Histogram parameters: range = 0 - 250, bins = 300,
smoothing = false.
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Supplementary Figure 3. Effect of number of algorithm iterations on calculated percent
positive value. The number of iterations was manipulated when analyzing the brightest
cellular stain (0.03 M) in both the maximum and spillover fluorescence channels while
keeping the range and number of bins constant (range = 0 - 250, bins = 300). Convergence on
a solution occurs within 1 iteration for well-separated data but takes up to 10 iterations for
overlapped data. *Indicates shift too small to accurately determine the positive population
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Supplementary Figure 4. Effect of iterations and smoothing on HD Flow histograms for the
highest CTO concentration (0.03 M), reading the maximum fluorescence channel data.
Increasing the number of iterations from 5 (a) to 10,000 (b) introduces oscillatory behavior in
the HD Flow output. By implementing a Gaussian filter, the deterioration effect from 10,000
iterations is reduced (c). Deconvolution parameters: range = 0 - 250, bins = 300, iterations =
250, negative shift = 10.
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Supplementary Table 1. Effect of number of iterations and smoothing on calculated percent
positive for the highest concentration of cellular stain (0.03 M) with range = 250, bins =
300, iterations = 250, negative shift = 10.
Maximum
Fluorescence
Positive [%]

Smoothed
Maximum
Fluorescence
Positive [%]

Spillover
Fluorescence
Positive [%]

Smoothed
Spillover
Fluorescence
Positive [%]

20

100

100

99.3

98.6

100

100

100

99.7

99.4

500

100

100

99.7

99.5

1000

100

100

99.7

99.5

10000

100

100

99.7

99.5

Iterations

*Indicates shift too small to accurately determine the positive population
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Supplementary Figure 5. Effect of range on calculated percent positive. The intermediate
CTO stain (0.01 M) was used to investigate the limits of the range parameter. Setting the
range too high with constant bins causes underestimation of the percent positive. The bars
represent the data points for which the shift is high enough for the percent positive to be
accurately determined. Deconvolution parameters: bins = 300, iterations = 250, negative shift
= 10, smooth = false.
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Supplementary Figure 6 Linked effect of bins and iterations. The number of bins required is
dependent on the range set for the data. Percent positive calculated on the maximum
fluorescence intensity channel for the 0.01 M CTO stain with iterations = 250, negative shift
= 10, smooth = false. *Indicates shift too small to accurately determine the positive
population
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Supplementary Table 2. Effect of number of bins on calculated percent positive for the 0.01
M concentration stain with range = 0 - 100, iterations = 250, negative shift = 10, smooth =
false.
Number of
Bins

Maximum
Fluorescence
Positive [%]

Spillover
Fluorescence
Positive [%]

250

99.9

92.1

300

99.9

92.7

500

99.9

92.0

800

99.9

92.6

1000

100

92.7
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Supplementary Figure 7. Effect of cell count on calculated percent positive. Data from the
highest CTO concentration (0.03 M) were exported with FlowJo constrained to varying
numbers of exported cells. HD Flow is compared to SEDymax and Overton subtraction for
the maximum fluorescence intensity channel data (a) and spillover (b). Deconvolution
parameters: range = 0 - 250, bins = 300, iterations = 250, negative shift = 10, smooth = false.

65

Supplementary Figure 8. Comparison of analysis techniques and demonstration of
deconvolution in the maximum fluorescence channel. Deconvolution of (a) the maximum
fluorescence of C1R cells incubated with 0.03 µM CTO fits to the raw data and corrects for
autofluorescence showing over 99% of cells are positive (b). (c) Analysis of increasing CTO
concentrations demonstrates HD Flow is equivalent to SEDymax out performs conventional
1% thresholding and Overton subtraction. Gates show the percent positive calculated by 1%
of background thresholding (a) and HD Flow (b). Deconvolution parameters: Range = 0 250, bins = 300, iterations = 250, negative shift = 10, smoothing = false. *Indicates shift too
small to accurately determine the positive population.
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Supplementary Figure 9. Fluorescence histograms for manually mixed CTO stained and
unstained C1R cells. Unstained cells were combined with cells from the 0.03 M stained
samples in a 1:1:1 ratio to produce multiple populations with an approximate percent positive
66%. Data was collected by flow cytometry in the (a) 565 – 595 nm channel with maximum
fluorescence and (b) 661 – 690 nm channel with spillover to overlap test distributions with
the control. Gates show the percent positive calculated by 1% of background subtraction (a)
and HD Flow (b). Deconvolution parameters: range = 0 - 250, bins = 300, negative shift = 10,
smoothing = false.
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Supplementary Figure 10. Fluorescence histograms for manually mixed 10% positive and
90% negative C1R cells. Unstained cells were combined with (a) 0.01 M and (b) 0.03 M
CTO stained samples to produce a heterogeneous sample with an estimated 10% positive
value. Data was collected by flow cytometry in the 565 – 595 nm channel with maximum
fluorescence (a and b) and 661 – 690 nm channel with spillover to overlap test distributions
with the control (c and d). Histogram parameters: range = 0 - 250, bins = 300, smoothing =
false.
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Supplementary Table 3. Comparison of HD Flow to 1% of background thresholding,
Overton subtraction and SEDymax percent positive values for samples manually mixed with
control cells to generate overlapped histograms. Cells gated in the 565 – 595 nm channel
where the positive population is highly separated form the control reveal the true percent
positive value.
Gated
Positive

HD Flow a)

SEDymax

Overton
Subtraction

[%]

[%]

[%]

[%]

1% of
Background
Thresholding
[%]

565 – 595 nm

74.8

74.8

75.8

72.8

70.9

661 – 690 nm
a)

74.8

68.2

59.9

45.0

15.2

Fluorescence
Channel

Deconvolution parameters: Range = 0 - 100, bins = 300, iterations = 250, negative shift =

10, smoothing = false

Experimental Section
Materials: CellTrackerOrange CMTMR, Alexa Fluor® 647 succinimidyl ester,
dimethyl sulfoxide (DMSO), Dulbecco’s Modified Eagle Medium (DMEM) with high
glucose, Dulbecco’s phosphate-buffered saline (DPBS), heat inactivated fetal bovine serum
(FBS), penicillin-streptomycin (10,000 U mL-1), 2 mL 7kDa molecular weight cut-off
(MWCO) Zeba desalting columns and 3.5 kDa MWCO SnakeSkin dialysis tubing were
obtained from Thermo Fisher Scientific. Phosphate buffered saline tablets, sodium
bicarbonate, bovine serum albumin (BSA), ovalbumin and 100 kDa MWCO Spectra-Por®
Float-A-Lyzer® dialysis tubes were purchased from Sigma-Aldrich. Non-sterile,
Millex@Syringe Filter Units with 0.45 μm pore diameter were obtained from Merck
Millipore.
Cell Maintenance: Two cell lines were used to generate data to test the deconvolution
algorithm. The human lymphoblast cell line C1R (ATCC CRL-1993) and the wild type
mouse embryonic fibroblast cell line 3T3-WT (ATCC CRL-2752) were maintained at 37 oC
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and 5% CO2 in DMEM with high glucose supplemented with 10% FBS, 1% 10,000 U mL-1
penicillin-streptomycin.
CellTracker Cell Staining: Generation of data with known percent positive values
was performed using the retainable fluorescent dye CellTracker Orange. C1R cells were
pelleted for 5 minutes at 300 relative centrifugal force (rcf) and resuspended in DMEM at a
concentration of 2×106 cells per mL. Stock CellTracker at 10 mM in DMSO was diluted to 5

M in DMEM and incubated with 1×106 cells per mL for 30 minutes at final concentrations

of 0, 0.005, 0.01 and 0.03 M. After washing four times in DMEM, cells were transferred to
a 96-well V-bottom plate and manually mixed in set ratios with control cells to give varying
approximate percent positive values before analysis by flow cytometry.
Nanoparticle Synthesis and Protein Loading: Self-assembling nanoparticles loaded
with fluorescently labeled ovalbumin were prepared to test HD Flow on nanoparticle-cellular
association data. The polymers poly(ethylene glycol)-b-poly[2-(diethylamino) ethyl
methacrylate) (PEG-b-PDEAEMA) and poly[2-(diethylamino) ethyl methacrylate)
(PDEAEMA) were synthesized and purified as previously described.[29] Ovalbumin (3 mg)
was labeled in PBS (100 mL), pH 8 with four molar equivalents of Alexa Flour 647
succinimidyl ester in DMSO. The reaction volume was made up to 1 mL with 0.1 M sodium
bicarbonate, pH 8 and left at room temperature for 3 hours followed by an overnight
incubation at 4 °C. Unreacted dye was removed using a 7 kDa MWCO Zeba desalting
column with PBS at pH 8 as per the manufacture’s instructions. PEG-b-PDEAEMA and
PDEAEMA at a 1:2 w/w ratio (3 mg) were mixed with labeled-ovalbumin solution (15.3 μg,
2 mg mL-1) in PBS (3 mL) at pH 6. The mixture was dialyzed for 7 hours using 3.5 kDa
MWCO SnakeSkin dialysis tubing in PBS. The solution was then transferred to 100 kDa
MWCO dialysis tubing, and dialyzed for 24 hours in PBS at pH 8 with five buffer changes.
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The particles were rested for 48 hours at room temperature then filtered through a 0.45 μm
syringe filter prior to use. Particle concentration was estimated from a standard curve of
polymer concentration (PEG-b-PDEAEMA and PDEAEMA at 1:2 w/w ratio) versus
absorbance at 310 nm as measured by UV-Vis spectroscopy (Cary 60 UV-Vis, Agilent
Technologies). Filtered particles in PBS at pH 8 were freeze-dried and made up to the
original volume in PBS at pH 6 prior to absorbance measurements.
Nanoparticle-Cell Association Assay: 3T3-WT cells were seeded at a density of
6×104 cells per well in a 24-well plate, one day prior to the experiment. Particles were added
to wells in duplicate at concentrations of 1.5, 4, 8, 15, 20 and 25 μg mL-1 in DMEM, and
incubated for 2 hours at 37 °C with 5% CO2. After incubation, the media was removed and
the cells were washed with PBS (200 μL) 4 times. Cells were detached by trypsinization with
0.25 % trypsin (150 μL) for 3 minutes. Trypsin was inhibited with 1 % bovine serum albumin
in PBS (PBS-BSA) (150 μL). The cells were transferred to a 96-well V-bottom plate and
spun at 200 rcf for 5 minutes. The supernatant was discarded and cells were washed once
with PBS-BSA (300 μL). The cells were pelleted again, resuspended in PBS (150 μL) and
analyzed by flow cytometry.
Data Acquisition by Flow Cytometry: To produce test histograms with both separate
and overlapped peaks, data was recorded from the maximum fluorescence intensity channel
for CellTracker (565 – 595 nm) and from spillover into a channel where fluorescence was
lower (661 – 690 nm) was collected. 5×104 cells were analyzed per sample with a

Stratedigm S1000EXI flow cytometer (Stratedigm, California, USA) with 488 nm excitation
with emission collected in the 565 – 595 nm and 661 – 690 nm channels and 552 nm
excitation with emission collected in the 565 – 595 nm channel. FCS3.0 files were exported
using CellCapTure Analysis Software (Stratedigm, California, USA), gated by forward and
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side scatter in FlowJo (version 10, Tree Star, Oregon, USA) then exported again as FCS3.0
format. For the nanoparticle association assay, 1×104 cells were analyzed per sample with a

BD FACS Canto II flow cytometer (BD Biosciences, USA) with 640nm excitation and
emission collected in the 650 – 670 nm channels. FCS2.0 files were exported using BD
FACSDIVA (version 6.0, BD Biosciences, USA), gated by forward and side scatter in
FlowJo (version 10, Tree Star, Oregon, USA) then exported again as FCS3.0 format.
Data Analysis: Deconvolution was performed in MATLAB (release R2014b, version
8.4, MathWorks, Massachusetts, USA) using a custom script. HD Flow reads FCS files using
a modified version of a freely available FCS data reader function (fca_readfcs.m, L. Balkay,
2014) and presents histograms using a figure generation script (plotPub.m, K. M. Masum
Habib, 2015).
HD Flow Parameter Optimization
The number of iterations the algorithm passes through must be specified as RichardLucy deconvolution does not reach a final answer independently. We observed that as the
number of iterations increases, the percent positive value increases until it converges to a
solution that does not change with further iterations. The number of iterations to reach this
solution depends on the separation between the treated and untreated samples, with
overlapped distributions requiring a much larger number of iterations before the value
stabilizes (Figure S3). However, this must be limited as high numbers of iterations causes
noise to be amplified in the graphical output (Figure S4a and b). Implementing a constraint
through a regularization term has the potential to alleviate this issue.[1] Alternatively, a
Gaussian filter can be applied by convolution with both the treated and untreated control data
prior to deconvolution.[2] This has negligible effect on the calculated percent positive (Table
S1) but negates the oscillatory behavior in the autofluorescence corrected histogram (Figure
S4c). Smoothing had a negligible effect on well-separated data and a decrease of only 0.2 –
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0.7% in the percent of positive cells for data obtained from significantly overlapped data
suggesting it is acceptable to use the filter to aid in visualization.
Data imported from flow cytometry standard (FCS) files is formatted as the
fluorescence intensity of each individual cell, and must be converted to a histogram before
deconvolution. This requires defining the ‘resolution’ of the histogram by setting the size of
data bin. The bin size is dependent on the number of bins the data is compiled into and the
range of fluorescence intensities the bins are to cover. The two parameters are related and
changing one requires modifying the other. Setting a large range with a low number of bins
reduces the resolution of the data set and results in a reduced ability to detect small shifts in
the population (Figure S5). This can be rectified by increasing the number bins to increase
the spread of the data across those bins (Figure S6). Once a critical point is reached that is
dependent on the range of the data set, the output from the algorithm stabilizes and increasing
the number of bins past this point has negligible effect on the calculated percent positive
(Table S2).
The data collected from flow cytometry should theoretically be positive but negative
values are possible from particular cytometers with noisy analog to digital converters, or can
occur due to errors in fluorescence compensation.[3] Furthermore, allowing negative values
for the deconvolved histogram allows the cells with no signal to follow a Gaussian
distribution, rather than being truncated at zero. To permit these negative values, a linear shift
can be applied to the data set. Addition of the constant to each individual data point of the test
samples does not interfere with the calculated prevent positive, as long as the shift value is
added to the threshold and subtracted from the MFI.
HD Flow optimization was performed on data files containing tens of thousands of
cells but this may not always be possible due to experimental conditions. As the number of
cells decreases, the shape of the histogram is maintained but appears nosier due to

73

fluctuations between bins, as each contains less cells. We observed the effect of lowering the
number of cells on performance of HD Flow by exporting files ranging from 2  104 down to
700 cells. The calculated percent positive for well-separated test and control histograms was
unaffected by cell number within this range for HD Flow or for SEDymax and Overton
subtraction (Figure S7). All three methods had difficulty calculating the correct value for cell
counts under 1×103 when histograms were overlapped which emphasizes the need for a

sufficient cell count when quantifying positive cells with low fluorescence.
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Chapter 3. Quantifying Cellular
Internalisation with a Fluorescent
Click Sensor
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3.1 Summary
The internalisation of material into the cell is critical for both the delivery of drugs using nanotechnology
and in the understanding of fundamental cell biology. To quantify uptake using fluorescence, the
extracellular signal from material bound to the cell surface must be separated from that emanating from
internalised cargo. The current methods to achieve this are either non-specific or require the
conjugation of large oligonucleotides that confer a significant negative charge to the material. This may
interfere with the way the material associates with, and is taken up by cells. The first section of this
chapter details the design, synthesis and demonstration of a click chemistry-based internalisation
sensor used to evaluate the uptake of proteins of different sizes. The second section examines the
feasibility of modifications to the sensor to increase the ease of conjugation to materials or to study the
uptake of much smaller cargo (peptides).

76

Quantifying Cellular Internalisation with a Fluorescent Click Sensor
Laura I. Selby†,‡, Luigi Aurelio†, Daniel Yuen†, Bim Graham† and Angus P. R. Johnston*†,‡
†Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, Victoria, Australia, ‡ARC Centre of
Excellence in Convergent Bio-Nano Science and Technology, Monash University, Parkville, Australia
ABSTRACT: The ability to determine the quantity of material endocytosed is important for our understanding of cell
biology and in the design of effective carriers for drug delivery. To quantify the amount of material internalised by fluorescence, the signal remaining on the cell surface must be differentiated from that of the endocytosed cargo. Sensors for
internalisation are advantageous over traditional methods for achieving this as they exhibit improved signal-to-noise
ratios, and allow for multiple fluorescent markers to be used simultaneously, due to their specificity. We have developed
a small fluorescent internalisation sensor, similar in size to a standard fluorescent dye that can be conjugated to proteins
and uses click chemistry to switch off the surface signal. The quenching was demonstrated to be highly specific and rapid
in its action. The sensor can be attached to a variety of materials using simple chemistry and is compatible with flow
cytometry and fluorescent microscopy, making it a useful tool within the biological sciences to study the uptake of material into cells.

Endocytosis is a critical cellular process that governs
the entry of a multitude of materials into the cell. It plays
a role in numerous cell activities, including the uptake of
nutrients,1 signal transduction2 and in immune responses.3 In addition, endocytosis is the main route of entry for many nanomaterials,4 highlighting its importance
in the development of drug delivery systems. Quantifying the amount of material internalised requires the ability to distinguish between material inside the cell from
that remaining bound to the surface. The majority of current techniques for determining internalisation employ
fluorescent dyes and rely either on confocal microscopy
to identify material inside the cell membrane,5 or by nonspecifically removing surface fluorescence using trypan
blue quenching6,7 or acid-washing.8,9 Microscopy limits
the number of cells that can be analysed while the other
methods remove all surface fluorescence, making them
incompatible with immunophenotyping and other fluorescent cell surface markers.

can fluoresce significantly at the neutral pH of the extracellular environment, resulting in high background levels
and a low signal-to-noise ratio.
A recent advance is the advent of a DNA sensor (Specific Hybridization Internalisation Probe - SHIP) that can
be specifically quenched through hybridization.11–13 A fluorescent internalisation probe (FIP) is conjugated to the
material of interest and surface bound material is
quenched using a complementary strand with an attached quencher. This method has previously been
demonstrated to be superior to both trypan blue and acid
wash methods for removing cell surface fluorescence
without interfering with other fluorescent signals.
However, labeling of proteins and particles via conjugation of large tags has been shown perturb intracellular
trafficking pathways.14,15 Although it was demonstrated
FIP did not interfere with the trafficking of the protein
studied, oligonucleotides are innately large and carry a
significant negative charge that may interfere with the internalisation of smaller materials. The need to quantify
the internalisation of materials of all sizes prompted us to
design an equivalent sensor but with a reduced molecular
weight and with a net charge closer to zero.

To improve the specificity of quenching, anti-dye antibodies that bind to a specific fluorophore and quench
their fluorescence have been developed.8,10 While effective, they are expensive and only available for a limited
number of dyes. In addition, dyes that change their fluorescence in response to pH have also been used to quantify internalisation by exploiting the acidification of endosomes that occurs during endocytosis as a trigger to signify the material is inside the cell. However, these dyes

To be equivalent to the DNA sensor in terms of speed
and specificity requires a robust biorthogonal reaction
pair.16,17 Copper-free click chemistry has become prevalent for both in vitro18 and in vivo19 labelling applications
and meets these requirements. Furthermore, click groups
have been incorporated into proteins within live cells
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though the use of non-canonical amino acids, which
demonstrates their ability to retain reactivity under biological conditions.20,21

2 mL for five minutes. N𝛼-Fmoc-N𝜀-Boc-L-Lysine (2 equiv, 0.187
g, 0.398 mmol) was conjugated with PyBOP (2 equiv, 0.204 g,
0.392 mmol) and TEA (4 equiv, 11 µL, 0.80 mmol) for 25 minutes
then rinsed, and deprotected. Fmoc-N-amido-dPEG4 (3.3 equiv,
0.21 g, 0.420 mmol) was added with (2.1 equiv, 0.215 g, 0.413
mmol) and TEA (4 equiv, 11 µL, 0.80 mmol) for 50 minutes,
rinsed and then deprotected.
To attach the fluorescent group, an excess of resin was combined with sCy5-COOH (4.0 mg, 6.4 µmol), PyBOP (3 equiv, 9.8
mg, 18.9 µmol) and N’N-diisopropylethylamine (DIPEA) (10
equiv, 10.6 µL, 0.61 mmol) in DMF. The reaction was bubbled for
two minutes with nitrogen then left overnight, protected from
light. After washing unreacted components with DMF, the conjugate was cleaved from the resin with 30/65/5% trifluoroacetic
acid (TFA)/DCM/triisopropylsilane (TIPS) (2 mL) for 1 hour. Excess solvent was evaporated under nitrogen and the mass was
confirmed via peptide liquid chromatography-mass spectrometry (LCMS). The sample was dissolved in DMF (400 µL) and
combined with an excess of TCO-NHS to the total amount of
sCy5 added in the previous step (6 equiv, 10.1 mg, 37.6 µmol)
and DIPEA (8 equiv, 8.48 µL, 48.7 µmol) and left overnight. The
presence of the product mass was confirmed by LCMS (SI Figure 1) and the product was purified by preparative high-performance liquid chromatography (HPLC) with a 20 – 100% acetonitrile (MeCN)/water with 0.1% TFA gradient over 50 minutes
with a flow rate of 7 mL min-1. The product was lyophilised and
the mass confirmed by high resolution mass spectrometry
(HRMS) (SI Figure 2). HRMS (ESI) m/z: calculated for C68H102N6O20S2 [M+Na]+ 1409.6483, found 1409.646, calculated for
[M+2H]+2 694.3368, found 694.3374. The purity of the conjugate
was estimated to be over 95% by analytical HPLC (SI Figure 3).
The fluorescent component of the click sensor was reconstituted
in dimethyl sulfoxide (DMSO) and stored at -20 ˚C. The concentration was estimated using the absorbance at 646 nm with an
extinction coefficient of 271,000 M-1cm-1.
BHQ2-mTet Synthesis. BHQ2-amine (1.0 equiv, 2.22 mg, 4.6
µmol) was combined with mTet-PEG4-NHS (1.0 equiv, 3.13 mg,
4.2 µmol) in DMF (400 µL) and left at room temperature overnight. The presence of product was confirmed via LCMS and purified using preparative HPLC with a 30 – 100% MeCN/water
with 0.1% TFA gradient over 42 minutes. The presence of the
product mass in the dark purple fraction was confirmed by
LCMS, the product was lyophilised, confirmed by HRMS (SI
Figure 4) and an estimated purity of 81% estimated by analytical
HPLC (SI Figure 5). HRMS (ESI) m/z: calculated for C44H53N11O10
[M+H]+ 896.405, found 896.405, calculated for [M+2H]+2 448.7061,
found 448.7064, calculated for [M+Na]+ 918.3869, found 918.3871.
BHQ2-mTet was reconstituted in DMSO and the concentration
determined by using the absorbance at 579 nm with an extinction coefficient of 38,000 M-1cm-1.
BHQ2-Tet Synthesis. BHQ2-amine (1.0 equiv, 2.39 mg, 4.2
µmol) was combined with TET-PEG4-NHS (3.13 mg, 4.2 µmol)
in DMF (400 µL) and left at room temperature overnight. The
presence of product was confirmed via LCMS and purified using
preparative HPLC with a 30 – 100% MeCN/water with 0.1% TFA
gradient over 42 minutes. The presence of the product mass in
the dark purple fraction was confirmed by LCMS, the product
was lyophilised, confirmed by HRMS (SI Figure 6) and the purity of 91% estimated by analytical HPLC (SI Figure 7). HRMS
(ESI) m/z: calculated for C47H58N12O11 [M+H]+ 967.44.21, found

Here, we present a fluorescent sensor, similar in size to
a conventional fluorophore and based on click chemistry
for quantifying the internalisation of material into cells.
We demonstrate its ability to visualise the internalisation
of protein through fluorescence microscopy and quantify
the amount of material internalised via flow cytometry.

EXPERIMENTAL
Materials. All materials were purchased from Sigma-Aldrich or
Merck Millipore unless otherwise stated. The PEG linkers FmocN-amido-dPEG3 and Fmoc-N-amido-dPEG4 were purchased
from Quanta BioDesign. The quencher Black Hole Quencher® 2
– Amine (BHQ2-amine) was purchased from Biosearch Technologies. SulfoQSY21 carboxylic acid (sQSY21-COOH)22 and sulfoCyanine5 carboxylic acid (sCy5-COOH)23,24 were synthesised
in house from published procedures. Peptide synthesis reagents
including N𝛼-Fmoc-N𝜀-Boc-L-Lysine, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyBOP) were purchased from Chem-Impex International, Inc.
The click chemistry reagent tetrazine-PEG5-NHS (TET-PEG4NHS) was purchased from Conju-Probe, methyltetrazine-PEG4NHS ester (mTET-PEG4-NHS) ester and trans-cyclooctene NHS
ester (TCO-NHS) from Click Chemistry Tools and Click-IT®
Succinimidyl Ester Dibenzocycloctyne (DIBO – NHS) from
Thermo Fisher Scientific.
Cell culture reagents including Dulbecco’s Modified Eagle’s
Medium with GlutaMAX (DMEM), McCoy’s 5a modified medium, fetal bovine serum (FBS), penicillin/streptomycin, TrypLE
express enzyme and the additional materials, Alexa Fluor 488NHS ester, wheat germ agglutinin-Alexa Fluor 488 conjugate
(WGA-AF488), pHrodo Red succinimidyl ester (pHrodo RedSE) and 0.5 mL Zeba Spin desalting columns with 7 kDa MWCO
were obtained from Thermo Fisher Scientific.
Trastuzumab (Herceptin ®) was purchased from Roche, reconstituted to 20 mg mL -1 in Milli-Q water and passed through
a 7 kDa Zeba Spin desalting column before use to remove excipients.
Oligonucleotide Sensor. The previously published oligonucleotide internalisation sensor11 was purchased as the following
custom sequences: 5’ - Cy5 - TCA GTT CAG GAC CCT CGG CT
– azide – 3’ and 5’- AGC CGA GGG TCC TGA ACT GA – BHQ2
– 3’ from Integrated DNA Technologies (IDT). Oligonucleotides
were reconstituted in Milli-Q water to prepare 150 µM or 600 µM
stock solutions and stored in at -20˚C.
Fluorescent Click Sensor Component Synthesis – sCy5-TCO. The
backbone of the sensor was synthesised via Fmoc-solid-phase
synthesis on 2-chlorotrityl chloride resin. Fmoc-N-amidodPEG3 (3.4 equiv, 0.30 g, 0.68 mmol) was combined with 2-chlorotrityl chloride resin (0.20 g) in dichloromethane (DCM) and
bubbled with nitrogen gas for 1 hour. After washing in DCM, an
additional equivalent was added with 100 µL triethylamine
(TEA) and left for 30 minutes. The resin was capped with methanol (MeOH) and TEA (67 µL) for 15 minutes. The Fmoc protecting group was removed using two cycles of 2 mL 20% piperidine
in dimethylformamide (DMF) for 2 minutes and one cycle with
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to react overnight at 4˚C. Excess azide was then removed using
an Amicon Ultra – 0.5 mL 30 kDa MWCO centrifugal filter. The
filter was rinsed with 500 µL PBS by spinning at 13,000 g for 0.5
minutes. After adding the sample, the unit was topped up to
reach a total volume of 0.5 mL and spun at 13,000 g for 3 minutes
and repeated until the filtrate was clear. After washing, the unit
was placed upside and spun at 1000 g for 2 minutes to collect the
product. Concentration of protein and label were calculated using the extinction coefficients of 87,000 cm-1 M-1 for transferrin
and 250,000 cm-1 M-1 for Cy5 and the absorbance obtained via a
NanoDrop Spectrophotometer ND-1000 as described previously.27

967.4436, calculated for [M+2H]+2 484.2247, found 484.2259, calculated for [M+Na]+ 989.424, found 989.4262. BHQ2-Tet was reconstituted in DMSO and the concentration determined by using
the absorbance at 579 nm with an extinction coefficient of 38,000
M-1cm-1.
sQSY-Tet Synthesis. The sQSY-Tet quencher was synthesized
on the same backbone as the TCO sensor, on resin. sQSY21COOH (1 equiv, 4.2 mg, 5.0 µmol) was combined with an excess
of resin (11.8 mg), PyBOP (4.0 equiv, 10.3 mg, 19.8 µmol) and
DIPEA (10 equiv, 50 µmol, 8.7 µL) in 80/20% DMF/DMSO and
left overnight at room temperature. The resin was washed with
DMSO, followed by DCM and then drained. The conjugate was
cleaved form the resin with 30/65/5% TFA/DCM/TIPS (2 mL) for
1 hour and then rinsed into a round-bottom flask with hexafluoroisopropanol (HFIP). The bulk of the solvent was removed
under nitrogen gas and the remaining solution was transferred
to a 1.5 mL Eppendorf tube before removing the remaining
HFIP.
The crude sQSY conjugate (1 equiv, 4.75 µmol, 4 mg) was combined with Tet-PEG4-NHS (3.13 mg, 4.2 µmol) and DIPEA (24
equiv, 20 µmol) in 43/57 % DMF/DMSO (0.76 mL) and allowed
to react overnight at room temperature. The presence of product
was confirmed via LCMS and purified using preparative HPLC
with a 5 – 100% MeCN/water with 0.1% TFA gradient over 50
minutes. The presence of the product mass in the dark fraction
was confirmed by LCMS, the product was freeze dried, confirmed by HRMS (SI Figure 8) and the purity of 84% estimated
by analytical HPLC (SI Figure 9). HRMS (ESI) m/z: calculated
for C90H116N12O28S3 [M+2H]+2 955.868, found 955.869, calculated
for [M+3H]+3 637.5811, found 637.5827. sQSY-Tet was reconstituted in DMSO and the concentration determined by using the
absorbance at 660 nm with an extinction coefficient of 89,000 M1cm-1.
Fluorescence Measurements. Fluorescence spectra were obtained using a Shizmazdu RF-5301PC spectrofluorophotometer
in a 500 µL quartz SUPRASIL cuvette. Fluorescent samples at a
concentration of 0.6 µM were excited at 646 nm and the emission
collected between 656 – 700 nm before addition of 5 equivalents
of quencher. The spectrum of PBS alone was obtained before the
addition of the sensor and subtracted from all fluorescent spectra. For the pHorodo measurements, the pH of 10 mM PBS was
adjusted to pH 8 with 1 M sodium hydroxide and the pH of 5
mM citrate solutions was adjusted to pH 4 with 1 M hydrochloric acid. These were then mixed to produce solutions at pH 4.5
and pH 7.5.

pHrodo Red Bioconjugation. pHrodo red NHS ester (1.5 equivs,
3.3 µg, 5 nmol) at 1 mg mL-1 was added to 5 mg mL-1 human holo
transferrin (0.25 mg, 3.1 nmol) and incubated at 4oC overnight
before purifying using a Zeba Spin Desalting column, 7 kDa
MWCO. The concentration and degree of labeling were obtained
via a NanoDrop Spectrophotometer ND-1000 ND by measuring
the absorbance at 560 nm and using an extinction coefficient of
65,000 M-1cm-1.
Click Sensor Bioconjugation. Labeling reactions used 50 µL of 5.0
mg mL-1 transferrin (0.25 mg), 38 µL of 0.9 mg mL-1 2D3 (0.035
mg) or 14 µL of 14 mg mL-1 trastuzumab (0.2 mg) in PBS. An
excess of the sensor (2 – 4 equivs to the amount of protein) was
added to the solution followed by EDC and N-hydroxysuccinimide (NHS) dissolved in PBS to bring the final concentration of
those reagents to 0.1 M and 5 mM respectively. In the case of
trastuzumab, the sensor was pre-incubated with 10, 50 or 100
mM EDC/5mM NHS for 15 minutes before adding this volume
to the antibody in addition to Alexa Fluor 488-NHS dissolved in
DMSO (2.5 equivs). sCy5 alone was also conjugated to
trastuzumab to assess cross linking via EDC/NHS using sCy5NHS (2.5 equivs). All reactions were incubated over night at 4˚C.
Unreacted sensor was removed using Zeba Spin Desalting column, 7 kDa MWCO. The concentration and degree of labeling
were obtained via a NanoDrop Spectrophotometer ND-1000 ND
using an extinction coefficient of 271,000 cm-1 M-1 for sCy5 at 646
nm, 73,000 M-1 cm-1 for Alexa Fluor 488 at 495 nm and 210,000 M1 cm-1 for trastuzumab at 280 nm.
SDS-PAGE. Samples were prepared by adding approximately
500 ng protein to 6 µL 0.2% 2-mercaptoethanol in SDS-page loading dye.28 The samples were then heat treated for 2 minutes at
94oC and added to the wells of a precast, 12% polyacrylamide gel
(Bio-Rad). The gel was run for 50 minutes at 120 V in running
buffer (25 mM Tris, 250 mM glycine, 0.1% SDS at pH 8.3). Fluorescence images of the gel were obtained on a Amersham Typhoon 5 Biomolecular Imager (GE Healthcare Life Sciences).

Nanobody Expression. Histidine-tagged anti-human epidermal
growth factor receptor 2 (anti-HER2) nanobody clone 2D325 was
expressed in E. coli BL21(DE3) and purified using immobilised
metal affinity chromatography followed by size exclusion chromatography. Nanobody protein concentration was determined
via the UV/Vis absorbance at 280 nm using an extinction coefficient of 35,075 M-1 cm-1, calculated using ProtParam.26

Cell Culture. The non-adherent human lymphoblast cell line
C1R (ATCC CRL-1993) was maintained at 37°C and 5% CO2 in
DMEM with GlutaMAX supplemented with 10% FBS, 1% penicillin/streptomycin. The adherent human ovarian epithelial cell
line SKOV-3 (ATCC HTB-77) was maintained at 37 °C and 5%
CO2 in McCoy’s 5a modified medium with 10% FBS, 1% penicillin/streptomycin.

DNA Sensor Bioconjugation. Labeling reactions used 50 µL of
5.0 mg mL-1 transferrin in PBS. An excess of 1 mg mL-1 DIBONHS was added (20 equivs) and allowed to react for 2 hours at
4˚C. Unreacted DIBO-NHS was removed using a Zeba Spin Desalting column, 7 kDa MWCO. The column was first equilibrated
with PBS by washing with 300 µL and spinning at 1500 g for 1
minute, repeating 3 times. After adding the sample and spinning
at 1500 g, an excess of azide was added (1.5 equivs) and allowed

Cell Surface Quenching and Internalisation. C1R cells at a concentration of 2×106 cells mL-1 were split into tubes with 4×105 cells
per sample and cooled on ice for 10 minutes. Transferrin labeled
with sensor was added at a final concentration of 15 µg mL-1 and
left on ice for 15 minutes to allow binding to the cell surface.
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Cells were washed twice in cold PBS before incubating the cells
at either 4oC or 37oC for 15 mins. In experiments involving wheat
germ agglutinin, the lectin was added at 1 µg mL-1 for the final 5
minutes of binding time. The cells were split into a 96-well Vbottom plate and spun at 300 g for 5 minutes. The cells were resuspended in 200 µL of PBS with or without quencher (4 equiv
for the click sensor, 5 equiv for the DNA sensor) to the total
amount of sensor added, as calculated using the degree of labelling. The samples were mixed and then left on ice for approximately 15 minutes before analysis by flow cytometry.

I5 = 61 −

(2)

Where, If = fraction internalised, N1 = MFI of the unquenched
sample at 37oC, Q1 = MFI of the quenched sample 37oC
For the antibody experiment, the average quenching efficiency
determined at 30 minutes and 4 hours was used to compensate
for incomplete surface quenching.

RESULTS AND DISCUSSION

Trastuzumab and 2D3 Binding and Internalisation. SKOV-3 cells
were seeded at 1×105 cells per well in 400 µL McCoy’s 5a modified medium with 10% FBS, 1% penicillin/streptomycin in 24well plates one day prior to the experiment. One plate of cells
was cooled to 4oC on ice for 15 minutes while the other was
maintained at 37oC. 4 nM antibody or 8 nM nanobody labelled
with click sensor was added per well at 0.5, 1, 2 and 4 hours. The
cells were washed twice in cold PBS and detached with 200 µL
TrypLE for 10 minutes. 100 µL 1% bovine serum albumin in PBS
was added to each sample and the entire contents transferred to
a 96-well, V-bottom plate. The cells were spun at 350 g for 5
minutes and resuspended in 200 µL PBS with or without 0.5 µM
sQSY-Tet before analysis by flow cytometry.

Internalisation Sensor Design.
When designing the internalisation sensor, two main
attributes of the DNA sensor were considered: the kinetics and selectivity of DNA hybridisation. The hybridisation of complementary DNA sequences is extremely
rapid. The second-order rate constant is approximately
104 - 105 M-1 s-1 for oligonucleotides containing 15 – 20 base
pairs.33,34 The process is also highly selective and can identify a specific target amongst many sequences, as demonstrated by its application in molecular beacons35,36 and fluorescence in situ hybridization (FISH).37,38 mRNA detection probes based on DNA-RNA hybridization have been
shown to be non-responsive with as little as 1 - 2 mismatched base pairs.39 To achieve these properties while
maintaining a low molecular weight, we looked to bio-orthogonal copper-free click chemistry which is renowned
for its specificity and rapid reaction rate.17

Flow Cytometry. Flow cytometry was performed using a
Stratedigm S1000EXI flow cytometer (Stratedigm, California,
USA) with a 488 nm excitation and emission collected between
515 – 545 nm and a 642 nm excitation with emission collected
between 661 – 691 nm. FCS3.0 files were exported using CellCapTure Analysis Software (Stratedigm, California, USA) and gated
by forward and side scatter in FlowJo (version 10, Tree Star, Oregon, USA) before subsequent analysis.

For flow cytometry and microscopy applications using
live cells, the quenching of surface fluorescence must proceed to completion over a time scale of seconds to several
minutes. Reaction rates for click chemistry pairs is highly
variable and depends on the particular groups used.
Strain-promoted azide-alkyne cycloadditions (SPAAC),
such as the reaction between an azide and dibenzocyclooctyne (DIBO) have a reaction rate in the order of 0.2 –
0.5 M-1 s-1 and were considered too slow to be practical for
this purpose, especially as the concentration of the sensor
expected to be present on the cell surface is very low. To
carry out reactions quickly at low concentrations requires
a reaction pair with a high rate constant. The reaction of
tetrazine with trans-cyclooctene (TCO) is rapid, with reaction rates up to 2x106-fold higher than azide-cyclooctyne reactions. TCO has been used in numerous in
vitro labeling applications, demonstrating its suitability
for bio-orthogonal labelling.20,40,41 Based on these attributes, we chose the TCO-Tet click chemistry reaction pair
as the basis for the sensor.

Fluorescence Microscopy. Fluorescence microscopy was performed using a 60X 1.3 NA silicone or 40X 0.9 NA air objective
with a standard “Pinkel” DAPI/FITC/Cy3/Cy5 Filter set (Semrock). Emission was separated and captured using a
414/497/565/653 nm dichroic mirror and a quad-band bandpass
emission filter between 503 – 515 nm and 614 – 804 nm. All image
analysis was performed in Slidebook 6.0 (Intelligent Imaging Innovations, Denver, USA) except for images requiring deconvolution. For deconvolution, 10 slices were captured with a 0.33 µm
step size, exported from Slidebook and deconvolved using the
Richard-Lucy algorithm29,30 via the CUDA deconvolution plugin
in ImageJ.31
Quenching Efficiency and Internalisation. Quenching efficiency
and was calculated as a percentage from the following equation
using the geometric mean fluorescence intensity (MFI) from flow
cytometry:

Q+
η$ = &1 − ) -. × 100
N+

N7 − Q7
8 × 100
N Q
N7 − 7 +
N+

(1)

Where, hQ = quenching efficiency, N0 = MFI of the unquenched
sample at 4oC, Q0 = MFI of the unquenched sample at 4oC.

The internalisation sensor is composed of two components (Figure 1a). The first component contains a fluorescent dye (sCy5), a click group (TCO) and anchor point for
conjugation to a molecule or particle of interest (SI Figure
10). The distance between each of these functional groups

The percentage of material internalised, compensating for incomplete surface quenching was calculated from the follow
equation:32
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the cells to 4oC arrests endocytosis, allowing the quencher
component to interact with remaining surface-accessible
sensor, but not internalised material (Figure 1b). For this
reason, it is critical that the quencher component is not
membrane permeable and remains restricted to the extracellular surroundings.

a
Fluorescent
component
Quenching
Fluorophore

Clickable
groups

Fluorophore

Click

Quenching Efficiency in Solution.

Quencher
component

The quenching capacity of BHQ2 functionalised with
either mTet (SI Figure 11a) or Tet (SI Figure 11b) were
compared to the DNA internalisation sensor. Addition of
BHQ2-Tet to the fluorescent click component in solution
caused an immediate reduction in the intensity (SI Figure
12). Both the DNA sensor quenched with its complementary oligonucleotide and click sensor quenched with
BHQ2-Tet, reached their maximum signal reduction rapidly (<5 min), with no further quenching seen after 6
minutes (Figure 2a). The quenched product of both these
sensors was stable, with no change seen over an hour. The
reaction of the fluorescent click component with BHQ2mTet was much slower and took approximately one hour
to reach completion (Figure 2a). The reaction rate of
BHQ2-mTet quencher with the click sensor was deemed
too slow to be practical in live cell experiments, so we instead focused on the Tet quencher.

Material of interest

b

37oC binding
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4oC extracellular
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Extracellular
Intracellular
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Figure 1. Click internalisation sensor scheme. (a) The fluorescent
component of the sensor is attached to a material of interest and
contains a click group compatible with that on the quencher unit.
(b) Following binding and internalisation of the protein or material into cells at 37oC, uptake is halted by bringing the temperature down to 4oC. The fluorescence of any material on the surface is removed selectively by adding the quencher component
of the sensor, leaving the intracellular signal unaffected.

The equilibrium quenching efficiency was similar for
both tetrazine quenchers (~75%) and was lower than for
the DNA sensor (~99%) (SI Figure 13). However, this difference can be compensated for when calculating internalisation (Equation 1) by using a 4oC control to determine the quenching efficiency. Furthermore, the signalto-noise is similar to anti-dye antibodies32 and vastly superior to pH-responsive dyes such as pHrodo. A change
in intensity of only ~50% is observed when changing from
pH 7.5 to 4.5 (SI Figure 14), similar to the transition in pH
experienced during internalisation and trafficking
through the endo/lysosomal pathway.

was extended with short polyethylene glycol (PEG) linkers to minimize steric hindrance so reactivity was maintained once conjugated to the material of interest.42 The
second component contains a quencher dye with absorbance matched to the emission of sCy5 (BHQ2 or sQSY21)
and a compatible click group. The reaction rates of 1,2,4,5tetrazines are tunable by modification of the attached
functional groups at the 3- and 6- positions on the ring,
but stability is compromised in exchange for speed.43 Substitution of a methyl group at the 6- position (mTet) exhibits higher stability under biological conditions, but is
over 30-fold less reactive than the non-methylated counterpart (Tet).44 We synthesised both mTet and Tet versions
of the quencher component to determine the compromise
between optimal stability and reaction kinetics. It is anticipated that degradation over the timescale needed for the
quencher to react to the fluorescent component is likely to
be insignificant.

In Vitro Quenching.
After establishing the quencher component could
switch off the signal from the fluorescent component in
solution, we tested the ability to quench signal when attached to a protein bound to the cell surface. The click sensor was conjugated using carbodiimide and N-hydroxysuccinimide (EDC/NHS) chemsitry45,46 to transferrin (Tf),
an 80 kDa protein involved in the transport of iron into
cells.47 Reaction conditions were optimised to minimise
protein cross linking (as assessed via SDS-PAGE (SI Figure 15a)). While a small band was present above the 75
kDa ladder marker, indicating partial crosslinking, the
majority of the labelled protein corresponded to monomeric transferrin.

To then quantify internalisation, the fluorescent component is first attached to the material of interest and incubated with cells for a desired length of time. Cooling
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of charge of the BHQ2-Tet conjugate suggests that it can
pass freely through the plasma membrane.
To overcome this, we engineered the quencher to possess increased hydrophilicity and size. The quencher
component was modified to include two PEG linkers between the quencher and Tet group, as well as an additional PEG linker terminated with a carboxylic acid. In addition, the BHQ2 was replaced with sulfonated QSY21
(sQSY) as the quenching dye (SI Figure 16). These modifications resulted in a 2-fold increase in the molecular
weight of the quencher component, as well as introducing
several charged groups, which together assists in preventing diffusion across the cell membrane. As the

Figure 2. Sensor response to BHQ2 quencher tetrazine in solution and in vitro. (a) Kinetics of quenching 0.6 µM TCO click
with 5 equivalents of tetrazine or methyl-tetrazine quencher and
DNA sensor with complementary DNA quencher strand
(QComp) in solution. The mean of n = 3 data points is plotted
with error bars representing the standard deviation. (b) Comparison of transferrin labeled with sCy5-TCO or the DNA sensor quenched with BHQ2-Tet or QComp on transferrin. Transferrin at 15 µg mL-1 was bound to C1R cells at 4oC for 15 minutes
before washing twice and incubation at either 4oC or 37oC for 20
minutes before quenching with 0.25 µM BHQ2-Tet or 0.60 µM
QComp before analysis by flow cytometry. Quenching efficiency calculated from duplicate binding samples, quenched in
triplicate from n = 4 (click sensor) and n = 2 (DNA sensor) separate experiments. Results were combined to give an overall average with error bars representing the standard deviation. (c)
Fluorescence microscopy images of C1R cells incubated with 15
µg mL-1 Tf labelled with the click sensor for 25 minutes and
WGA-AF488 for 5 minutes at 37oC, with or without 1.7 µM
BHQ2-Tet. Scale bar = 10 µm.

Sensor attached to Tf and bound to the cell surface of
C1R cells at 4oC was quenched by BHQ2-Tet. The fluorescence was reduced by approximately 82% compared to
94% when using the DNA sensor (Figure 2b). While
BHQ2-Tet was effective at quenching the surface signal, it

a

b

c

d

Figure 3. Flow cytometry analysis of transferrin quenching and
internalisation with sQSY-Tet in C1R cells. (a) Representative histogram of cells incubated with Tf-sCy5-TCO at 15 µg mL-1 at 4oC
for 15 minutes, washed twice and then incubated for a further 15
minutes at 4oC before quenching with sQSY-Tet. (b) Quenching
efficiency of the click sensor (sCy5-TCO) or DNA sensor conjugated to transferrin and bound to the cell surface at 4oC (c) Representative histogram of cells incubated with Tf-sCy5-TCO at 15 µg
mL-1 at 4oC for 15 minutes, washed twice and then incubated for a
further 15 minutes at 37oC before quenching with sQSY-Tet. (d)
Internalisation using the click or DNA sensor. Quenching or internalisation efficiency calculated from duplicate binding samples,
quenched in triplicate from n = 4 (click sensor) and n = 2 (DNA
sensor) separate experiments.

was also found to be membrane permeable, and
quenched internalised Tf. At 37oC, Tf was observed both
as a ring around the cell that localises with the cell membrane stain (WGA-AF488), and as punctate structures
within the cell (Figure 2c, panel 1). When BHQ2-Tet was
added at 37oC, the punctate structures within the cell also
disappeared (Figure 2c, panel 2). The small size and lack

82

quencher component is not attached to the material of interest, the increased molecular weight and charge does
not affect its innate intracellular trafficking.

sQSY-Tet was not able to diffuse through the cell membrane, and only the surface fluorescence was quenched
(Figure 3c). The amount of Tf uptake calculated via Equation 1 and when using the click sensor quenched with
sQSY-Tet (71 ± 2%) agreed well with the internalisation
determined using the DNA sensor (67 ± 4%) (Figure 3d),
with no statistical significant difference between the two
values (two-tailed P-value = 0.1503, unpaired t-test). The
consistency between the two methods demonstrates the
click sensor functions as intended and can be used to accurately quantify the internalisation of proteins. In addition, the sensor is highly specific, as the presence of the

The quenching efficiency of the hydrophilic quencher
sQSY-Tet was similar to that of BHQ2-Tet, both in solution and on the cell surface. Within approximately 30 seconds of the addition of sQSY-Tet to the sensor in solution,
the fluorescence dropped by ~84% (SI Figure 17). Addition of sQSY-Tet to sensor conjugated to transferrin and
bound to the cell surface at 4oC caused a shift in the fluorescence histogram (Figure 3a) which corresponded to a
quenching efficiency of 76% (Figure 3b). At 37oC, the

Figure 4. Extracellular, but not intracellular transferrin labeled with the click sensor is quenched by sQSY-Tet. C1R cells incubated
with 15 µg mL-1 transferrin labeled with the sCy5-TCO click sensor at 4oC for 10 minutes, washed twice, then incubated for a
further 25 minutes at (a) 4oC without or (b) with addition of 1.8 µM sQSY-Tet. Cells incubated for a further 25 minutes at 37oC (c)
without and (d) with quencher. (e-h) Zoomed views of the boxed areas in (a-d) respectively. Scale bar = 10 µm.
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quencher had minimal effect on the fluorescence of a separate cell surface marker. Incubation at either 4oC or 37oC
with sQSY-Tet quencher caused negligible change in the
WGA-AF488 signal (SI Figure 18a, b).

(SI Figure 19). Reducing the concentration of EDC significantly decreased the amount of cross linking while maintaining a satisfactory degree of labelling (SI Figure 19).
The labelled proteins were incubated with SKOV-3
cells, an ovarian cancer cell line that overexpresses
HER2.56 2D3 was added at double the molar concentration
of trastuzumab to account for the differences in the number of binding sites between the two proteins. When the
proteins were bound to the cell surface at 4oC, a quenching efficiency of ~80% was observed (Figure 5a). In addition, there was no significant difference in the quenching
efficiency obtained at either the 30 minute or 4 hour time
point (SI Figure 20). This demonstrates the stability of the
sensor under extracellular conditions and that only one

The sensor also allows internalisation to be visualised
by fluorescence microscopy. Transferrin bound to the cell
surface at 4oC (Figure 4a) was observed as a ring around
the cell membrane that localises with WGA-AF488, and
disappears when quenched with sQSY-Tet (Figure 4b). At
37oC with both internalised and extracellular transferrin
present (Figure 4c), sQSY-Tet quenched the external fluorescence but did not affect the endocytosed fraction (Figure 4d). This further demonstrates the effectiveness of the
fluorescent component and sQSY-Tet in determining internalisation.

Nanobody and Antibody Internalisation.
After establishing the sensor functioned correctly with Tf,
we moved to demonstrating its use on both smaller and
larger proteins. Nanobodies are composed of a single antigen binding domain and consequently have a 10-fold
smaller molecular weight (15 kDa) relative to regular immunoglobulin G antibodies (150 kDa).48 Unlike IgG antibodies, nanobodies can be expressed in Escherichia coli49
making them easier to produce. They also have similar
binding affinities and have been engineered to possess
improved stability.50 The internalisation of nanobodies is
difficult to study using the DNA sensor as the sensor and
nanobody have a similar molecular weight (7 kDa and 15
kDa respectively). This makes removal of unconjugated
oligonucleotide from the nanobody difficult, and has the
potential to significantly interfere with its binding and
trafficking, as a third of the nanobody/sensor conjugate
weight is due to the sensor.
As a proof-of-principal, we chose to conjugate the click
sensor to the nanobody (2D3)25 and the monoclonal antibody (trastuzumab), both of which bind to the human epidermal growth factor receptor 2 (HER2). HER2 is a tyrosine kinase involved in a range of cellular processes and
is found overexpressed in some breast and ovarian cancers.51,52 It has been reported that the receptor remains localised to the cell surface and is not internalised into endosomes.53 However this, along with the question if
trastuzumab can trigger internalisation of HER2, is debated.54,55

Figure 5. Quenching and internalisation of nanobody (2D3) and
anti-HER2 (trastuzumab) antibody labelled with the click sensor
by flow cytometry in SKOV-3 cells. Cells at 4oC were incubated
with 2D3 (8 nM) or trastuzumab (4 nM) at 37oC or at 4oC over a
4 hour time period before adding sQSY-Tet at a concentration of
0.5 µM or PBS. (a) Average quenching efficiency of 2D3 and
trastuzumab labelled with the click sensor. (b) Association of
2D3 and trastuzumab with SKOV-3 cells at 37oC. Mean fluorescence intensity values were divided by the degree of labelling.
(c) Internalisation over time. All graphs show the mean from two
experiments in triplicate, with any error bars representing the
standard deviation. (n.s. = non-significant, P = 0.7660 unpaired ttest)

To investigate the role of protein binding to HER2 and
the induction of internalisation, we conjugated the click
sensor to both the antibody and nanobody for this receptor. Labelling 2D3 using the same conditions as for Tf resulted in a single fluorescent band in the correct position
for the expected size via SDS-PAGE (SI Figure 15b), however these conditions caused cross linking of trastuzumab
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4oC binding control time point is sufficient to experimentally determine a correction factor to compensate for incomplete surface quenching.
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At 37oC, 2D3 and trastuzumab increasingly associated
with cells over time with both proteins following a similar
trend (Figure 5b). However, only a small fraction of
bound protein entered cells while most of the protein remained on the cell surface. After 30 minutes, only ~6% of
the protein had internalised (Figure 5c). This slowly increased over time and no statistical difference (P = 0.4565,
unpaired t-test) in the final amount of uptake was seen
between 2D3 (~30%) or trastuzumab (~24%).
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These results demonstrate that both the nanobody and
antibody are internalised into SKOV-3 cells to some degree. However, it is not clear by which mechanism the
proteins are being taken up in to cell. This could be explored using a panel of inhibitors in conjunction with the
click internalisation sensor, in a similar manner to the
DNA sensor in probing the internalisation of nanoparticles.57 Furthermore, it been reported that trastuzumab
bound to HER2 can passively recycle following endocytosis of the receptor in SKBr3 cells.58 The recycling of
trastuzumab and 2D3 could also be investigated using the
click internalisation system, as has been demonstrated using the DNA sensor.27
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CONCLUSIONS
Quantifying the internalisation of materials is important
for gaining further insight into endocytic cellular processes and in improving the delivery of therapeutics.
There is a need for simple methods to achieve this, which
are ideally compatible with conventional fluorescence
based techniques, such as flow cytometry and microscopy. To address this, we have developed a click-based
sensor for quantifying the uptake of materials into cells.
The sensor rapidly and specifically quenches the fluorescence of tagged material on the cell surface. It has a similar size and net charge compared to a typical fluorescent
dye used in the labeling of proteins and nanoparticles,
which is an advantage over the existing DNA internalisation sensor, particularly for labelling small proteins. We
anticipate this probe will be a useful tool across multiple
disciplines in the study of cellular uptake.
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Liquid Chromatography
Information

and

Mass

Spectrometry

Detailed

Liquid chromatography – mass spectrometry (LCMS) was performed on an Agilent 6100 Series
Single Quad LCMS with a photodiode array detector (214/254 nm) coupled to an Agilent 1200 Series
HPLC with a G1311A quaternary pump, G1329A thermostated auto sampler and 1200 Series G1314B
variable wavelength detector with a scan range between 100–1000 m/z and a 5-minute acquisition time.
High-performance liquid chromatography (HPLC) was performed on an Agilent 1260 series modular
HPLC fitted with a G1312B binary pump, G1316A compartment equipped with an Agilent Eclipse Plus
C18 3.5 µm, 4.6 x 100 mm column and a G1312B diode array detector using an elution protocol of 0 –
10 min, gradient from 5% MeCN/0.1% TFA/95% H2O/0.1% TFA to 100% MeCN/0.1% TFA with a flow
-1
rate of 1 mL min . Preparative high-performance liquid chromatography (HPLC) used a Grace Alltima
C8 5µ particle size, 22 x 250 mm column.
High resolution – mass spectrometry (HRMS) was performed on a Waters LCT TOF LCMS Mass
Spectrometer coupled to a 2795 Alliance Separations module. All data was acquired and mass
corrected via a dual-spray Leucine Enkephaline reference sample. Mass spectra were created by
averaging the scans across each peak and background subtracted of the TIC. Acquisition and analysis
were performed using the Masslynx software version 4.1.

Liquid Chromatography Traces and Mass Spectra

SI Figure 1. LCMS absorbance trace and mass spectrum of sCy5-PEG-Lys-PEG-COOH.
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SI Figure 2. HRMS spectra of Cy5-PEG-Lys(TCO)-PEG-COOH.

SI Figure 3. Analytical HPLC absorbance trace of Cy5-PEG-Lys(TCO)-PEG-COOH.

90

0
SI Figure 4. HRMS spectra of BHQ2-mTet.

SI Figure 5. Analytical HPLC absorbance trace of BHQ2-mTet.
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SI Figure 6. HRMS spectra of BHQ2-Tet.

SI Figure 7. Analytical HPLC absorbance trace of BHQ2-Tet.
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SI Figure 8. HRMS spectra of sQSY-Tet.

SI Figure 9. Analytical HPLC absorbance trace of sQSY-Tet.

SI Figure 10. Chemical structure of the click sensor, sCy5-TCO.
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SI Figure 11. Chemical structure of the click-quenchers with BlackHole Quencher 2. (a) BHQ2-mTet.
(b) BHQ2-Tet.
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SI Figure 12. Quenching in solution of 0.6 µM TCO click sensor with 5 equivalents of BHQ2-Tet.
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SI Figure 13. Maximum quenching efficiency in solution. 0.6 µM TCO or DNA sensor quenched with 5
equivalents of the corresponding quencher until the signal stabilised (t = 0.5 mins for DNA + Qcomp
and TCO + sQSYTet, t = 6 minutes for TCO + sQSY-Tet and t = 60 mins for TCO + BHQ2-mTet). Mean
of n = 3 or n = 2 samples (TCO + sQSY-Tet) is plotted with error bars representing the standard
deviation.
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SI Figure 14. Fluorescence of pHrodo red, a pH responsive dye conjugated to transferrin. (a) Effect of
pH on the fluorescence of 20 µg transferrin labelled with pHrodo red, equivalent to a final concentration
of dye at 0.25 nM in sodium citrate/PBS buffer. Samples were excited at 570 nm with emission
measured between 575 – 700 nm using a slit with 5 nm. (b) Percentage increase in fluorescence
intensity between pH 7.5 and pH 4.5. Mean of the fluorescence intensity or change in fluorescence at
585 nm is plotted in triplicate with error bars representing the standard deviation.
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SI Figure 15. In-gel fluorescence image of a SDS-PAGE with (a) transferrin and (b) 2D3 labelled with
the sCy5-TCO click (red) sensor using EDC/NHS, in reference to a protein ladder (blue).

SI Figure 16. Chemical structure of the click-quencher with sulfoQSY-21 (sQSY-Tet).
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SI Figure 17. sQSY-Tet kinetics and efficiency. Quenching of 0.6 µM TCO click sensor with 5
equivalents of sQSY-Tet. Mean of n = 2 data points plotted with error bars represenitng the standard
deviation.

SI Figure 18. Effect of quencher on WGA-AF488 fluorescence. (a) Representative histograms of cells
labelled with Tf-sCy5-TCO and WGA-AF488 in the presence of 0.6 µM sQSY-Tet (purple) or without
quencher (red), compared to control cells (blue). (b) Percentage change in FITC signal of cells labelled
with WGA-AF488 in the presence of sQSY-Tet.
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a

b

SI Figure 19. In-gel fluorescence image of a SDS-PAGE with trastuzumab labelled with the (a) sCy5
or sCy5-TCO click sensor (red) and (b) Alexa Fluor 488 (green) using increasing amounts of EDC with
5 mM NHS in reference to a protein ladder (blue).
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SI Figure 20. Quenching efficiency of the click sensor on (a) 2D3 or (b) trastuzumab at 30 minutes
o
and 4 hours. The proteins were incubated with SKOV-3 cells over a 4-hour time period at 4 C before
adding PBS or sQSY-Tet at a concentration of 0.5 µM and analysing by flow cytometry. The average
quenching efficiency from two experiments in triplicate is plotted with error bars representing the
standard deviation. n.s. = non-significant, ((a) P = 0.1211, (b) P = 0.0822, unpaired t-test)
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3.3

Introduction

In addition to the work contained within the above manuscript, further options for the internalisation
sensor were also investigated. This is covered in two sections:
1. Modification of the sensor to include an azide instead of a carboxylic acid for attachment to the
material of interest
2. Construction of the sensor on a peptide, to explore if the internalisation of small cargo could be
quantified

3.3.1 Modifying the Internalisation Sensor Attachment Group
There are numerous strategies for covalently conjugating fluorophores to proteins or nanoparticles.
These methods have been developed to react with functional groups that are innately present on the
amino acids of the protein or that have been engineered into the nanoparticle such as amines and
carboxylic acids. In proteins, amines are found on lysine amino acids while carboxylic acids are present
on aspartic and glutamic acid residues in addition to the N/C-terminus. To facilitate this reaction, a
coupling reagent such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) is
required to activate the carboxylic acid.1 As the intermediate formed is unstable under aqueous
conditions, N-hydroxysuccinimide (NHS) is often used to form an activated ester which prolongs the
duration of reactivity.2–5

Unless protocols are optimised, coupling agents can cause crosslinking between proteins due to the
multiple reactive groups present on their surfaces.3 To avoid this issue, we investigated the potential of
modifying the carboxylic acid on the fluorescent component of the sensor with an additional click
chemistry group. This modification would also allow the use of the sensor for site specific labelling on
proteins expressing click groups generated through non-canonical amino acids.6 The reaction between
an azide and a strained alkyne was deemed too slow for investigating internalisation into live cells (see
section 3.2). To be practical for use with flow cytometry or fluorescence microscopy, the quencher
should be able to switch off the surface signal within minutes of addition. However, the required reaction
rate for conjugation to a protein or particle is far less stringent as it is common practice when labelling
these materials to incubate the components overnight. Therefore, an azide is adequate as a second
click group for conjugating the sensor to the protein or particle.
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Although different sets of click reactive groups are orthogonal to each other, cross reactivity is a
possibility. The trans-cyclooctene (TCO)/tetrazine reaction has been used in the presence of
azide/dibenzocyclooctynes (DBCO) to label antibodies bound to a cell surface with minimal cross
reactivity.7 However, azides and TCOs have been reported to react with similar kinetics to that between
an azide and a strained alkyne with both exhibiting a second order rate constant of around 0.1 M-1 s-1.8
To determine if the degree of cross reactivity is low enough for conjugation to occur without destruction
of the TCO group , the sensor was synthesised with an azide to allow attachment to a material modified
with a strained alkyne via copper-free click chemistry (Figure 3.1). Once conjugated to a material, cross
reactivity is not an issue as the azide can no longer react with any TCO groups. This leaves the TCO
available for reaction with the tetrazine quencher as intended.

Figure 3.1 – Modification of the attachment group on the fluorescent component of the click internalisation sensor. The carboxylic
acid is replaced with an azide for attachment to alkynes present on the material of interest.

3.3.2 Quantifying the Internalisation of Peptides
The previous section of this chapter (see section 3.2) details the use of the internalisation sensor on
proteins ranging from 15 – 150 kDa. To investigate if this scheme could be applied to smaller cargo,
the sensor was constructed on a peptide (~1.3 kDa). Labelling a peptide with the oligonucleotide used
in the specific hybridization internalisation probe (SHIP) assay has a much higher likelihood of affecting
its interaction with cells than it does for a regular protein due to the similarity in size of the two molecules.
Routine labelling with certain common small organic fluorophores has been shown to alter biological
behaviour of peptides,9 suggesting the effect would be even more pronounced for a bulky and
negatively charged oligonucleotide. Therefore, the click sensor is a more suitable option for quantifying
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the internalisation of peptides. Instead of attaching the sensor as one component, the fluorophore and
click group are attached to separate, but nearby amino acids (Figure 3.2).

Figure 3.2 – Peptide internalisation sensor scheme. The click internalisation sensor is assembled across two amino acids. One
amino acid is labelled with a fluorophore while a nearby residue is labelled with a click group that reacts with tetrazine, allowing
quenching if the peptide remains at the cell surface.

To investigate the viability of this system, the peptides Substance P and Spantide I were chosen.
Substance P is a neuropeptide in the tachykinins family involved in pain signalling that binds to the
neurokinin 1 receptor (NK1R).10 Following binding, substance P is internalised by clathrin-mediated
endocytosis into early endosomes where the acidic environment causes dissociation. This allows NK1R
to recycle back to the surface while substance P is trafficked onwards for degradation (Figure 3.3).11,12
Spantide I is an antagonist for the NK1R,13 however, its mechanism of action has not yet been
established. It is unclear if this peptide is taken up into the cell or remains bound to the receptor at the
cell surface (Figure 3.3).
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Figure 3.3 – Endocytic pathways of Substance P and Spantide I. Following binding to the NK1R, the endogenous agonist
substance P is internalised into endosomes. Acidification of the endosome dissociates substance P form the receptor. Substance
P is then trafficked onwards where it is degraded while the receptor recycles back to the cell surface. Spantide I, an antagonist
for the NK1R binds and inhibits signalling through an unknown mechanism.

3.4

Results and Discussion

3.4.1 Click-Attachable Internalisation Sensor
When conjugating the internalisation sensor to a protein, cross-linking can occur due to the multiple
amine and carboxylic acid groups present. To address this, the sensor was modified to include a second
click chemistry group (azide) as the point of attachment instead of conjugation through a carboxylic acid
(Figure 3.4). The sensor was constructed by first conjugating sCy5 to an azide-modified lysine residue
(sCy5-Lys(N3)). This was purified and the product mass confirmed (Figure 3.6) before attaching the
TCO group to the carboxylic acid on the lysine residue (sCy5-Lys(N3)-TCO).
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Figure 3.4 – Structure of sCy5-Lys(N3)-TCO.

Figure 3.6 – High resolution mass spectrometry spectrum of sCy5-Lys(N3)-COOH.
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TCO-tetrazine ligations are claimed to be predominately orthogonal to azide-cyclooctyne
cycloadditions. However, formation of product due to a cross reaction has been observed over a 45hour time period.7 TCO-azide reactions occur via a 1,3-dipolar cycloaddition to form an unstable 1,2,3triazoline which breaks down to form an imine bond before producing the final product (Figure 3.5).14
The sCy5-Lys(N3)-TCO conjugate was initially uncontaminated by the products of this side reaction
following synthesis and purification. An absorbance trace from the LCMS of the product fraction
obtained directly following preparative HPLC showed one major peak (Figure 3.7A) with the mass
(Figure 3.7C) corresponding to the desired structure (Figure 3.7E). However, this disappeared and
was replaced with a new peak with a shorter retention time after lyophilisation and reconstitution in
water (Figure 3.7B). The mass of the new peak in the LCMS spectrum (Figure 3.7D) agrees with that
of the predicted structure from the azide-TCO pathway (Figure 3.7F). These results show that an azide
cannot be used to attach the sensor to the material of interest. The rate of cross reactivity between the
two groups is too high to allow conjugation to occur before the TCO is broken down.

Figure 3.5 – Azide trans-cyclooctene reaction scheme. Modified from Matikonda et al. 2015.14
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Figure 3.7 – Self-reactivity of the sCy5-Lys(N3)-TCO internalisation sensor. LCMS of freshly purified (A, C, E) or lyophilised and
reconstituted (B, D, F) internalisation sensor. (A, B) UV-diode array detection chromatogram at 254 nm. Negative ion atmospheric
pressure ionization (ES-API) chromatogram with time (C, D) and mass to charge ratio (m/z). Structures of the (E) target and (F)
self-reaction products.
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3.4.2 Peptide Internalisation Sensor Synthesis
The ability of the click sensor to probe the uptake of fluorescently labelled peptides was also
investigated to test the size limits of the system. This was done by assembling the key components of
the sensor on to the peptides Substance P (Figure 3.8A) and Spantide I (Figure 3.8B) across two
separate but nearby residues. Attachment of sCy5 to the peptides was performed via Fmoc solid-phase
peptide synthesis while the click group was attached in solution after cleavage of the peptides from the
resin. Similar to TCO, bicyclo[6.1.0]nonyne (BCN) is alternative copper-free click group that reacts
rapidly with tetrazine.15 BCN was included on the peptide sensor as it may be more stable than TCO
which has been demonstrated to degrade in the presence of proteins containing copper.16
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Figure 3.8 – Structures of (A) Substance P and (B) Spantide I modified with sCy5 and BCN.
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It is critical that the conjugation of the sensor components do not interfere with the biological activity of
the peptide. Modification of Substance P with a fluorophore at the lysine residue present at position
three on the peptide sequence has been shown to retain agonist activity.9,17,18 Therefore, this position
was chosen for attachment of the click group while the fluorescent group (sCy5) was attached to the Nterminus. Following purification by HPLC, one major peak containing the target mass was obtained for
both peptides (sCy5-Substance P-BCN and sCy5-Spantide-BCN) (Figure 3.9 & 3.10).

Figure 3.9 – LCMS Chromatograph of sCy5-Substance P-BCN.

Figure 3.10 – LCMS Chromatograph of sCy5-Spantide-BCN.
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3.4.3 Fluorescence and Quenching of Substance P and Spantide I in Solution
The fluorescence intensity of the labelled peptides was investigated using fluorescence
spectrophotometry. The fluorescence of Cy5-Substance P-BCN was over 20 times more intense than
Cy5-Spantide-BCN at the same concentration (Figure 3.11). No evidence of Spantide I aggregation
was observed by scattering in the absorbance spectra of sCy5 (data not shown). Fluorescently labelled
peptides have been shown to self-quench if the sequence contains tryptophan residues through the
formation of non-fluorescent ground state complexes.19 Although this effect was shown to be minimal
on sCy5, it is possible that the additional BCN group on Spantide I is contributing and rendering the
sCy5-Spantide-BCN significantly less fluorescent.
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Figure 3.11 – Fluorescence intensity at 663 nm of 0.6 μM Substance P-sCy5-BCN or Spantide-sCy5-BCN excited at 656 nm in
PBS. The mean of triplicate results is plotted with error bars representing the standard deviation.

To test if these hydrophobic interactions were interfering with the fluorescence intensity, a surfactant
was added. Addition of sodium dodecyl sulphate (SDS) at 2% w/v, resulted in an 11-fold increase in
fluorescence compared to dilution in PBS only (Figure 3.12A). The effect was more pronounced than
the addition of dimethyl sulfoxide (DMSO) at 5% w/v, which had minimal effect on the intensity.
However, addition of surfactant to the peptide may not be feasible in vitro as it effects cell viability.
Studies have demonstrated that SDS is toxic to dog kidney epithelial cells (MDCK) at concentrations
above ~0.01% w/v.20 The fluorescence of Spantide I in 0.01% w/v SDS was similar to the peptide in
PBS alone (Figure 3.12B). Due to the low fluorescence of the antagonist, focus was shifted to the
agonist sCy5-Substance P-BCN. In solution, Cy5-Substance P-BCN fluorescence was rapidly
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quenched by BHQ2-Tet causing an ~80% reduction in intensity within approximately 30 seconds
(Figure 3.13A). The quenching in the presence of a 10-molar excess of BHQ2-Tet was stable over the
observation period of 30 minutes (Figure 3.13B).
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Figure 3.12 – Effect of additives on Spantide I fluorescence. (A) Fluorescence emission spectrum between 656 – 700 nm of 0.2
μM Spantide I-sCy5-BCN excited at 656 nm PBS with SDS, DMSO or alone. (B) Fluorescence intensity of 0.03 μM Spantide IsCy5-BCN at 663 nm in PBS with 0, 0.1 or 2 w/v % SDS. The mean of triplicate results is plotted with error bars representing the
standard deviation.
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Figure 3.13 – Fluorescence of Substance P-sCy5-BCN. (A) Fluorescence emission spectrum between 656 – 700 nm of 0.6 μM
Substance P-sCy5-BCN excited at 656 nm and quenched with 10 equivalents BHQ2-Tet of for 5 minutes in PBS (B) Quenching
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experiments plotted with error bars representing the standard deviation.
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3.4.4 In Vitro Quenching of Peptides Bound to the Neurokinin 1 Receptor
The peptide Substance P could also be quenched when bound to a receptor on the cell surface. Human
embryonic kidney (HEK-293) cells stably expressing the NK1R (HEK-NK1R) were incubated with sCy5Substance P-BCN at 4oC to assess the ability of BHQ2-Tet to reduce the fluorescent signal. Substance
P was found to associate strongly with the cells, causing a large shift in the fluorescence histogram
from the control cells (Figure 3.14A). Addition of quencher reduced the fluorescence, shifting the
histogram back towards the control cells (Figure 3.13A).

Figure 3.14 – Representative histograms from flow cytometric analysis of Substance P incubated with HEK-NK1R cells at 4 and
37oC. (A) Cell surface quenching of Cy5-Substance P-BCN in HEK-NK1R cells. Cells incubated with 1 nM substance P for 25
minutes at 4oC were analysed by flow cytometry. (B) A 100-molar excess of BHQ2-Tet to the total Cy5-Substance P-BCN was
added for 25 minutes before analysis.

Quenching of the peptide at the cell surface was less efficient than in solution. At 4oC, BHQ2-Tet
quenching reduced the fluorescence intensity by only 46 – 53% (Figure 3.15), compared to the 80%
efficiency observed in solution. However, no quenching was observed under internalising conditions.
There was minimal difference between the fluorescence histograms of cells incubated with sCy5Substance P-BCN at 37oC with and without BHQ2-Tet (Figure 3.14B). As BHQ2-Tet was demonstrated
to possess the ability to permeate through cell membranes (see section 3.2), this lack of quenching
cannot correspond to complete internalisation of the peptide.
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Figure 3.15 – Quenching efficiency of sCy5-Substance P-BCN by BHQ2-Tet at 4oC in HEK-NK1R cells. Cells incubated with 1
nM substance P for 25 minutes at 4oC were analysed by flow cytometry after quenching with 100-molar excess of BHQ2-Tet to
the total sCy5-Substance P-BCN added.

The inability of membrane permeable BHQ2-Tet to quench intracellular sCy5-Substnace P-BCN was
attributed to degradation of the peptide following internalisation. Although this is insignificant for
quantifying internalisation, the mechanism behind this occurrence was examined. Endothelinconverting enzyme 1 (ECE-1) has been demonstrated to degrade substance P in endosomes but not
at the cell surface. Substance P was degraded at the pH of late endosomes (pH 5.5) but not at an
extracellular pH of 7.4 in the presence of ECE-1.21 In addition, intracellular degradation was prevented
by incubation with Bafilomycin A,21 an inhibitor of vacuolar-type H+ ATPases which are responsible for
endosomal acidification.22,23 Rapid degradation of Substance P after internalisation may separate the
fluorophore from the BCN click group soon after it is trafficked into endosomes. This would explain why
BHQ2-Tet cannot quench the intracellular fluorescence from Substance P even though it has access
to it.

To test if sCy5-Substance P-BCN was being rapidly degraded, cells were pre-incubated with
Bafilomycin A. As seen previously, no significant quenching of sCy5-Substance P by BHQ2-Tet was
observed at 37oC without bafilomycin A (Figure 3.16). However, when cells were pre-treated with the
inhibitor, the mean fluorescence intensity decreased from ~116 to ~68 (Figure 3.16). As the
fluorescence intensity of samples treated with bafilomycin A does not drop to background levels, it
suggests some peptide is still degraded and cannot be quenched. However, this does provide evidence
that the inhibitor is able to avert degradation of a proportion of peptide. This prevents separation of the
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fluorophore from the click group and allows BHQ2-Tet to quench within the endosome, in line with the
observations for transferrin labelled with the internalisation sensor.
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Figure 3.16 – Treatment of HEK-NK1R cells with inhibitor bafilomycin A. Cells were pre-treated with the inhibitor before incubation
with the sCy5-SubstanceP-BCN at 37oC for 30 minutes followed by quenching with or without 100 equivalents of BHQ2-Tet. The
average of results in triplicate is plotted with the error bars representing the standard deviation (*P < 0.05, unpaired t-test).

To quantify internalisation, the membrane impermeable quencher sQSY-Tet must be used so that only
the fluorescence of extracellular peptide is switched off. The quenching of sCy5-Substance P-BCN by
sQSY-Tet in solution was similar to that observed for BHQ2-Tet (Figure 3.17A). Quenching was almost
instantaneous with an efficiency of approximately 80% obtained. Although quenching in solution
occurred as expected, the signal form the peptide could not be removed when bound to receptors on
the cell surface at 4oC. While there was a small difference in the mean fluorescence intensity of
membrane bound peptide in the presence sQSY-Tet (Figure 3.17B), this corresponded to quenching
efficiency of only ~25% (Figure 3.17C). Increasing the equivalents of sQSY-Tet from 4 to a 100, 250
and 500 molar excess did increase the extracellular quenching efficiency (Figure 3.17D). However,
at the maximum concentration, the signal was reduced by only ~38%. By extrapolating, an
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estimated 1200 molar excess of quencher would be required to match the reduction in fluorescence
observed in section 3.2.
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The inability of sQSY-Tet to quench Substance P bound to NK1R but not transferrin bound to its
receptor can be explained by comparison of these structures. Inspection of the transferrin-receptor
complex shows large regions of the protein are exposed to the surrounding environment and away from
the binding region (Figure 3.18) As the amino acid sequence of transferrin contains over 50 lysine
residues,24 several of these are expected to be exposed in this area. This grants access of the
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hydrophilic sQSY-Tet to any click group conjugated in these regions. The inefficient quenching of sCy5Substance P-BCN fluorescence in solution suggests the click group is obstructed when the peptide is
bound to the NK1R.

Figure 3.18 – Illustration of receptor bound transferrin. (A) Transferrin receptor with two bound holo-transferrin molecules
rendered from protein data bank entry 1SUV.24

In contrast to transferrin, there is only a single point on Substance P where the click group is present.
The BCN is positioned on the lysine residue which in its native form, points into the receptor surface
(Figure 3.19). Although conjugation of BCN may alter the adopted orientation of this residue, the
structure of the peptide-receptor complex does suggest the poor quenching efficiency is due to steric
hindrance. The quencher sQSY-Tet may have reduced access to this location. In addition, the
hydrophilic properties of sQSY-Tet augment this issue as the quenching efficiency of the hydrophobic
quencher BHQ2-Tet was less affected. An alternative possibility is that the modifications to Substance
P increase the non-specific interactions of the peptide with the cell surface which may also hinder
access of the quencher to the TCO group. This was not investigated here, but could be probed by
determining binding in both non-transformed HEK cells which lack the NK1R and in the presence of
unlabelled Substance P.
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Figure 3.19 – Side and overhead illustrations of Substance P bound to the neurokinin I receptor in solution rendered from protein
data bank entry 2KS9.25 Major atoms of the peptide (C, N, O, S) are represented.

3.5 Conclusions
The fundamental importance of endocytosis in biology and medicine necessitates the generation of
better tools to understand this process. In addition to the development of the fluorescent internalisation
covered in the first section of this chapter, two modifications to the system were also investigated.
Alterations to the sensor structure to improve the method of conjugation to the material of interest was
pursued by adding an azide group. The sensor components were also assembled on to two peptide
sequences in an attempt to probe their internalisation behaviour.

Conversion of the sensor attachment group to an azide from a carboxylic acid was not feasible. While
this rate of reaction between TCO and azide groups is slow enough that TCO-Tetrazine is considered
orthogonal to the azide-strained alkyne reaction pair, this is only over a short time scale such as when
labelling proteins on a cell surface. The reaction rate was significant enough to cause the conjugate to
react with itself following synthesis and purification. However, other options are available for the
attachment group that could be pursued in the future. This includes changing the carboxylic acid to a
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maleimide for attachment to thiol residues or exchanging the click groups on the sensor components
so that fluorescent component is composed of an azide for attachment and a tetrazine for a click
reaction with a TCO-modified quencher.

In addition, the sensor could not be assembled functionally on the specific peptide sequences for
Substance P and Spantide I. The fluorescence of modified Spantide I self-quenched due to the highly
hydrophobic sequence of the peptide. While the fluorescence could be restored by addition of a
surfactant, the concentration required was too high to be used under in vitro assay conditions.
Substance P behaved as intended in solution but could not be quenched efficiently when bound to its
receptor on the cell surface by the membrane impermeable quencher. Although not possible for the two
sequences described here, the construction of the internalisation sensor system on a peptide may be
possible when access to lysine residues is not hindered. This work emphasises how hydrophobicity
and orientation effect quencher access which is critical for the action of the sensor.

3.6 Materials and Methods
3.6.1 Materials
Peptide coupling reagents including
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU)
and

Bromotripyrrolidinophosphonium

hexafluorophosphate

(PyBroP)

were

purchased

from

ChemImpex. Bicyclononyne-succinimidyl ester (BCN-NHS) was obtained from Synaffix and sCy5-NHS
ester was attained from Lumiprobe.

Substance P (Amino acid sequence: Arg - Pro - Lys - Pro - Gln - Gln - Phe - Phe - Gly - Leu - Met) and
Spantide I ([D-Arg1, D-Trp7,9, Leu11] Substance P) was obtained from Josh Conner (Monash University,
Melbourne). Spantide was synthesised on rink amide resin and substance P on NovaSyn TGR resin
via standard Fmoc solid-phase peptide coupling conditions on a PS3 benchtop peptide synthesiser
(Gyros Protein Technologies). All side groups were BOC protected except the N-terminal arginine which
was protected with a pentamethyldihydrobenzofuran-5-sulfonyl (PBF) group.
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3.6.2 Azide Modified TCO Sensor Synthesis
BOC-lysine(N3)-COOH (8.9 mg) was deprotected in 50/50 % DCM/TFA for 3 hours at room
temperature. The solvent was evaporated under nitrogen and dissolved in 1.1 mL sodium bicarbonate
solution (4 equivs, 11 mg, 0.13 mmol). To the theoretical yield of deprotected amino acid (5.63 mg),
sCy5-NHS (1 equiv, 2.5 mg, 3.28 μmol) was added in water (1 mL) to EDC, also dissolved in water
(200 μL, 1.2 equiv, 0.75 mg, 3.94 μmol). The reaction was stirred overnight at room temperature and
lyophilised. The product mass was confirmed via LCMS and HRMS.

The crude product (2.6 mg) was combined with TCO-amine (2 equiv, 1.72 mg, 6.56 μmol) and HATU
(1.5 equiv, 1.87 mg, 4.92 μmol) with DIPEA (6 equiv, 2.54 mg, 19.7 μmol) in DMF (300 μL) and reacted
for 1 hour at room temperature before purification via preparative HPLC with a 0 – 80% MeCN/H2O
gradient containing 0.1% TFA at a flow rate of 7 ml min-1 over 38 minutes. The product fraction was
lyophilised and the mass confirmed via LCMS and HRMS. The purity was estimated by HPLC to be
approximately 85%.

3.6.3 Peptide Liquid Chromatography – Mass Spectrometry
Peptide liquid chromatography – mass spectrometry (peptide LCMS) was performed on a Shimadzu
LC-MS system with a LC-20AD liquid chromatograph system, SPD-M20A diode array detector, CTO20A column oven with a Luna 3 micron C8(2) 3 µm, 100 Å, 100 x 2.0 mm column and a LC-MS-2020
system, functioning in positive mode.

3.6.4 sCy5-Substance P-BCN Synthesis
Substance P was fluorescently labelled on resin, cleaved and then modified with the click group, BCN.
Substance P (20 mg resin with 0.18 mmol g-1 binding) on rink amide resin was swelled in DCM and
washed in DMF in a solid-phase peptide synthesis column. The resin was combined with sCy5
carboxylic acid (2 equivalents, 2.6 mg), PyBroP (2.2 equivalents, 2.05 mg) and an excess of DIEPA (40
µL). the solution was bubbled in DMF for 2 hours, disconnected and then left overnight.

The resin was washed 3 times in DMF and the conjugate cleaved with 95/5% TFA/TIPS for 1 hour at
room temperature. The solution was filtered through cotton wool and the solvent was evaporated under
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nitrogen gas. The conjugate was precipitated in ether, centrifuged and the supernatant discarded before
drying under nitrogen again. The conjugate was then dissolved in 1 mL 25/75% MeCN/H2O and purified
using preparative HPLC with a 0 – 60% MeCN/H2O gradient over 40 minutes with 0.1% TFA and a flow
rate of 7 mL min-1.

The conjugate was combined with BCN-NHS (2.2 equivs to the total sCy5 added in the previous
conjugation, 2.31 mg) with an excess of DIPEA (40 μL) in DMF (200 µL) and left overnight at room
temperature. The presence of the target mass was confirmed via peptide LCMS and the conjugate was
purified using preparative HPLC with a 20 – 100% MeCN/H2O gradient with 0.1% TFA over 45 minutes
and a flow rate of 7 mL min-1. The product fraction was lyophilised and the mass confirmed via peptide
LCMS. The purity was estimated to be 82% based on the absorbance spectrum via analytical HPLC.

3.6.5 sCy5-Spantide-BCN Synthesis
Synthesis assisted by PhD student, Josh Conner (Monash University, Melbourne).
Excess Spantide I (16 mg resin with 0.59 mmol g-1 binding) on rink amide resin was combined with
sCy5-NHS (2.3 mg equivalents, 2.6 mg), PyBroP (1.2 equivalents to sCy5, 3.72 mg) and DIEPA (10
equivalents to Spantide, 16 µL) in a 1.6 mL Eppendorf tube in DMSO (200 µL) overnight at room
temperature. Additional PyBroP (2.1 equivalents, 6.5 mg) was added and the reaction left overnight at
room temperature.

The resin was transferred to a peptide synthesis column and washed with DMSO until the flow through
was clear. It was then washed with MeOH before a final rinse in DCM. The resin was then cleaved with
93.6/4.7/1.7% TFA/H2O/TIPS (3 mL) for 2 hours at room temperature. The solution was transferred into
a round bottom flask and the resin was rinsed with HFIP. The solvent was evaporated under nitrogen
gas. The conjugate was then dissolved in 1 mL 75/25% MeCN/H2O and purified using preparative HPLC
with a 20 – 100% MeCN/H2O gradient over 45 minutes with 0.1% TFA and a flow rate of 7 mL min-1.

The conjugate was combined with BCN-NHS (2.2 equivalents to the total sCy5 added in the previous
conjugation, 2.31 mg) with DIPEA (10 equivalents, 7 μL) in DMF (200 µL) and left overnight at room
temperature. The presence of the target mass was confirmed via peptide LCMS and the conjugate was
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purified using preparative HPLC with a 20 – 100% MeCN/H2O gradient with 0.1% TFA over 45 minutes
and a flow rate of 7 mL min-1. The product fraction was lyophilised and the mass confirmed via peptide
LCMS. The purity was estimated to be approximately 92% based on the absorbance spectrum via
analytical HPLC.

3.6.6 Peptide Conjugate Reconstitution
Both peptide conjugates were reconstituted in 50/50% MeCN/H2O and stored at -20oC. The
concentration of the dissolved peptide was estimated by measuring the absorbance at 646 nm on a
NanoDrop ND-1000 spectrophotometer and an extinction coefficient of εsCy5 = 271,000 M-1 cm-1. The
concentrations of sCy5-Substance P-BCN and sCy5-Spantide-BCN stock was 18.1 µM and 22.5 µM
respectively.

3.6.7 Peptide Fluorescence in Solution
The fluorescence emission spectra of sCy5-Substance P-BCN and sCy5-Spantide-BCN in solution was
obtained with a Shizmazdu RF-5310PC fluorescence spectrophotometer. The background
fluorescence of PBS, SDS (0.01 or 2 w/v % in PBS) or DMSO (5 w/v % in PBS) was collected before
adding the fluorescent peptides. Peptides were diluted to a final concentration of 0.6 µM and the spectra
was obtained by excitation at 646 nm with emission measured between 655 – 700 nm with a 5 nm slit
width and fast scanning speed.

To assess the ability of BHQ2-Tet to quench sCy5-Substance P-BCN, the fluorescence spectrum of
0.16 µM peptide was obtained before adding 10 equivalents quencher. The emission was collected
every 5 minutes over a 30 minute time period. The quenching efficiency using sQSY-Tet was also
assessed on 80 nM peptide with 10 equivalents quencher with emission collected every 3.3 minutes
over a 10 minute time period.

3.6.8 sCy5-Substance P-BCN Internalisation by Flow Cytometry
HEK293 cells stably expressing the NK1R were kindly donated by Dr. Nicholas Veldhuis, Monash
University. HEK-NK1R cells were seeded in two 24-well plates at 100,000 cells per well in in 400 µL
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DMEM supplemented with 10% FBS one day prior to the experiment. After both plates were cooled on
ice for 30 minutes to stop internalisation, 50 µL of diluted sCy5-Substance P-BCN was added at a final
concentration of 0.1 (stock diluted to 0.95 nM) and 0.5 nM (stock diluted to 4.5 nM) and allowed to bind
or 30 minutes. The cells were washed twice in DMEM with 10% FBS and incubated at 4oC or 37oC for
30 minutes. The cells were then detached with 200 µL citric saline buffer (135 mM potassium chloride,
15 mM sodium citrate)26 for 5 minutes, transferred to a 96 well V-bottom plate and spun at 250 g for 5
minutes before resuspension in PBS with or without 100 equivalents of BHQ2-Tet to the amount of
peptide added and analysed by flow cytometry.

In experiments quenched with sQSY-Tet, cells were cooled on ice for 15 minutes to stop internalisation
before sCy5-Substance P-BCN was added at a final concentration of 0.1 and 0.5 nM and allowed to
bind or 15 minutes. The cells were washed twice in DMEM with 10% FBS and incubated at 4oC or 37oC
for 30 minutes. The cells were then detached with 200 µL citric saline buffer for 5 minutes, transferred
to a 96 well V-bottom plate and spun at 250 g for 5 minutes before resuspension in PBS with or without
4, 100, 250 or 500 equivalents of sQSY-Tet to the amount of peptide added and analysed by flow
cytometry.

3.6.9 Inhibiting Endosomal Acidification with Bafilomycin A
HEK-NK1R cells were seeded in two 24-well plates at 120,000 cells per well in 400 µL DMEM
supplemented with 10% FBS one day prior to the experiment. Bafilomycin A was added to half of the
wells at a final concentration of 1 µM for one hour27 and bafilomycin A was included in all media,
detachment solution, PBS and quenching solutions at the same concentration for all subsequent
washes for samples with endosomal acidification inhibition.

The cells were cooled on ice for 15 minutes to stop internalisation before adding sCy5-Substance PBCN (25 µL of stock diluted to 9 nM) for a final concentration of 0.5 nM and allowed to bind to the cells
for 30 minutes. The cells were washed twice in DMEM with 10% FBS and incubated at 4oC or 37oC for
30 minutes. The cells were then detached with 200 µL citric saline buffer for 5 minutes, transferred to a
96 well V-bottom plate and spun at 250 g for 5 minutes before resuspension in PBS with or without 100
equivalents of BHQ2-Tet and analysis by flow cytometry.
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Chapter 4. SNAPSwitch: A
Molecular Sensor to Quantify
Endosomal Escape and Cellular
Localisation
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4.1

Summary

The ability to determine where internalised cargo is trafficked to following endocytosis is critical
when engineering nanomaterials for intracellular delivery. This includes determining if inbound
cargo remains trapped in endocytic vesicles or if it is able to reach the cytosol and nucleus.
However, there are currently limited tools available to establish how much material is transported
to a given location in real-time. To overcome this, a sensor that can signal when material arrives
at a location of interest is required. This chapter describes the synthesis and evaluation of a
quenched SNAP-tag substrate (SNAPSwitch) that can be conjugated to a material. The trafficking of
the material can then be followed by expressing the SNAP-tag at locations of interest in the cell as
the sensor will begin to fluoresce if it reaches this area. It was demonstrated that SNAPSwitch is
responsive to the SNAP-tag and that the fluorescence of SNAPSwitch was efficiently quenched
unless in the presence of the enzyme. In addition, SNAPSwitch attached to a protein was only
activated by SNAP-tag fused to the receptor for that protein, demonstrating the specificity of
activation. Finally, SNAPSwitch was able to detect delivery of a DNA oligonucleotide to the cytosol
and translocation to the nucleus induced by a commonly used transfection reagent.
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Background

The trafficking of proteins and nanoparticles following endocytosis is critical across many areas of
the biological sciences including cell signalling, pathogenesis, immunological responses and in the
cellular fate of nanomedicines. Ascertaining movement of cargo to a specific place within the cell is
commonly performed through colocalisation analysis, where the overlap of fluorescent markers
observed via microscopy signifies presence in a subcellular organelle. The implication of the results
can be difficult to interpret, and the method is inherently low throughput. Based on the enzymatic
SNAP-tag system, we have developed a quenched substrate (SNAPSwitch) that can be attached to a
nanoparticle or protein and allows for the detection of material trafficked to specific locations. The
fluorescence of SNAPSwitch is initially quenched. However, when the sensor is in close proximity to
the SNAP-tag, the quencher is transferred to the enzyme, and the fluorescence is switched on. We
show SNAPSwitch can be used to detect cytosolic and nuclear delivery of cargo, demonstrating its
power as a tool to probe the subcellular localisation of materials.

Main Text

Understanding where material is trafficked to once it is endocytosed is essential for improving the
therapeutic delivery of proteins and nanoparticles. Following internalisation, many therapeutics become
trapped in endo/lysosomes, preventing access to their site of action.1,2 For example, delivery of nucleic
acids for silencing and gene delivery applications requires transfer to the cytosol and nucleus.3 In order
to design efficient drug carriers, we need to understand how the properties of the material dictate
biological fate. Intracellular trafficking is routinely probed by performing colocalisation analysis. The
overlap between fluorescently labeled nanomaterial or proteins with markers for intracellular
compartments is assessed via microscopy.4 Rigorous statistical analysis such as calculation of the
Pearson correlation coefficient is required to quantify the degree of colocalisation, the results of which
can be unclear when intermediate values are obtained.5 A potential avenue to overcome this is to
develop a sensor that signals only when a particle or protein has reached a location of interest within
the cell.6
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Although fluorescent protein fusions have traditionally been used to specifically label a location within
the cell,7 enzyme tagging systems have recently attracted attention as an alternative. These systems
were developed to allow fluorescent labelling with small organic dyes which can be superior in terms of
brightness and photostability.8,9 One of the most established schemes is the SNAP-tag, which is an
engineered variant of the 19 kDa O6-alkylguanine-DNA alkyltransferase repair enzyme that reacts with
benzylguanine, covalently linking a fluorescent label to the tag.7,9,10

To address the issues with conventional colocalisation analysis, we have developed a clickable11 and
quenched substrate (SNAPSwitch). SNAPSwitch contains a fluorophore and quencher pair conjugated
through the benzylguanine moiety that also includes an azido lysine residue for attachment to a material
of interest (Figure 1a). Current quenched substrates are engineered to be membrane permeable and
are not designed for attachment, which prevents their use in studying the localisation of inbound
material.12,13

SNAPSwitch is structured so that the material begins to fluoresce after interaction with the SNAP-tag
(SI Figure 1). After activation, the fluorescence is permanently switched on, which means signal
strengthens over time, enabling accumulation and fleeting interactions to be detected. The fluorescent
component also dissociates from the SNAP-tag allowing for observation of the subsequent material
trafficking. Following synthesis, we evaluated the quenching and activation of SNAPSwitch by in-gel
fluorescence. The SNAPSwitch had low a background signal in its quenched state and in the presence
of the SNAP-tag, became intensely fluorescent (Figure 1b). The fluorescent band corresponds to the
free dye, and not the molecular weight of the SNAP-tag, as the quencher is transferred to the enzyme
and the fluorophore is released. Labeling of free SNAP-tag enzyme with SNAP Cell SiR 647 resulted
in a fluorescent band under 25 kDa while unreacted fluorescent substrate appeared at a similar position
to the cleaved SNAPSwitch (Figure 1b).

The SNAPSwitch conjugate was stable in the quenched state, showing no increase in fluorescence
intensity over a 90 minute incubation period in solution. However, the fluorescent signal was rapidly
activated in the presence of SNAP-tag. Incubation of SNAPSwitch with 20 molar equivalents of SNAPtag resulted in a 9.5-fold increase in Cy5 fluorescence intensity after 90 minutes (Figure 1c). A distinct
difference in SNAPSwitch signal compared to the control was observed within 10 minutes.
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Having established that SNAPSwitch was quenched efficiently and was responsive to the SNAP-tag
enzyme in solution, we moved to demonstrating activation in vitro. Activation of SNAPSwitch by SNAP–
tag expressed on the cell surface was tested by fusing the enzyme to the transferrin receptor (SNAPTfR). SNAP-TfR was transiently expressed in HEK293 cells and SNAPSwitch was conjugated to
transferrin. An additional fluorophore, Alexa Fluor 488 (AF488) was also attached to transferrin to track
the location of the protein while the sensor was switched off.

As anticipated, SNAPSwitch attached to transferrin was activated by SNAP-TfR in transfected HEK293
cells (Figure 2a). Transferrin was taken up into SNAP-TfR transfected cells, as shown by the punctate
SNAPSwitch fluorescence (Figure 2a, SI Figure 4). SNAPSwitch signal colocalised with the signal from
SNAP-tag labelled with SNAP Surface 549 (SI Figure 5), indicating that the activation is specific to the
presence of the SNAP-tag. The SNAPSwitch signal also colocalised with AF488 transferrin signal (Figure
2a, SI Figure 4), demonstrating that the Cy5 from the SNAPSwitch remains attached to the transferrin.
Cells without SNAP-tag expression showed transferrin uptake, but minimal Cy5 signal. This
demonstrates that SNAPSwitch is stable under intracellular conditions and the sensor only becomes
fluorescent in the presence of the SNAP-tag.

Material labelled with SNAPSwitch must be in close proximity to the SNAP-tag for the sensor to be
switched on. Cells expressing TfR-SNAP incubated with an anti-CD44 antibody labeled with SNAPSwitch
and AF488 show significant binding to the cell surface through the AF488 signal, but no activation of
SNAPSwitch (Figure 2b). CD44 is a membrane glycoprotein involved in cell adhesion, signaling and is
predominately located on the plasma membrane.14 A small proportion of CD44 internalises in 3T3-NIH
cells, but by clathrin-independent carrier (CLIC) endocytosis, rather than the clathrin-dependent
pathway followed by transferrin.15 The lack of SNAPSwitch signal suggests CD44 bound to the cell
surface does not come into the vicinity of SNAP-tagged TfR. The TfR has rapid membrane turnover, so
to further demonstrate the specificity of the system we incubated SNAPSwitch labeled anti-CD44 with
cells expressing SNAP-tag fused to the beta-2-aderenic receptor (ADRβ2). ADRβ2 is a G-proteincoupled receptor more strictly confined to the extracellular surface.16 The cells displayed significant
binding of anti-CD44 to the cell surface and high SNAP-tag expression on the cell membrane, but no
observable SNAPSwitch activation (SI Figure 6). This further demonstrates that SNAPSwitch activation is
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specific, and that labelled proteins must come into close proximity to the SNAP-tag for fluorescence to
occur. Therefore, SNAPSwitch can be used with fluorescence microscopy to investigate localisation
qualitatively.

Activation of SNAPSwitch can also be quantified by flow cytometry. Cells transfected with SNAP-TfR
showed slight increases in the background fluorescence intensity in both the AF488 (SI Figure 7a) and
Cy5 (SI Figure 7b) channels. The cells were then incubated with Tf dual-labelled with AF488 and
SNAPSwitch. After subtracting the background fluorescence, there was no significant difference in the
AF488 signal, which shows the level of association was the same between non-transfected and
transfected cells (Figure 2c). However, the Cy5 signal was significantly higher in transfected cells than
in cells with no SNAP-tag (Figure 2d). This demonstrates the ability of SNAPSwitch to determine colocalisation of sensor and tag in a high throughput manner. To account for any differences in the
association across non-transfected and TfR-SNAP cells, the ratio between the mean Cy5 fluorescence
and AF488 was be calculated. This confirms activation of SNAPSwitch in TfR-SNAP transfected cells as
the ratio is ~1.4, significantly higher than the background ratio of ~0.91 in cells without SNAP-tag
(Figure 2e).

To test if SNAPSwitch could be used to detect localisation in the nucleus and cytosol, and thus measure
delivery and transport, we expressed the SNAP-tag in both the cytosol (CytoSNAP) and nucleus
(NuclearSNAP). To express SNAP-tag in the cytosol, the commercially available pSNAPf plasmid from
New England Biolabs was used. SNAPf is a variant of the SNAP-tag that has been mutated to improve
the labeling kinetics.12 As the sequence is not targeted any specific subcellular organelle, the protein
is expressed diffusely throughout the cytoplasm and nucleus. Transfection with this plasmid resulted in
high SNAP-tag expression throughout the cell, observable from a diffuse fluorescent signal when
labelled with SNAP Cell SiR 647 (SI Figure 8). To restrict expression to the nucleus, the SNAP-tag
sequence was inserted prior to an mTurquoise-histone 2A (H2A) fusion.17 H2A is a histone protein
involved in the formation of nucleosomes in the nucleus.18 The presence of the fluorescent protein
mTurquoise allowed us to confirm the SNAP-tag was correctly confined to the nucleus as the SNAP
Cell SiR 647 signal colocalised with mTurquoise fluorescence in nuclear regions (SI Figure 9).
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We then tested the ability of SNAPSwitch to track cytosolic delivery of an oligonucleotide complexed with
Lipofectamine 3000 to the cytosol and subsequent transport to the nucleus. Dual-labelled complexes
were formed using a 20-mer oligonucleotide sequence labelled with AF488 and either Cy5 or
SNAPSwitch. The complexes were then incubated with HEK293 cells transfected with either an empty
plasmid, CytoSNAP or NuclearSNAP. Cells incubated with Cy5/AF488 complexes showed a linear
increase in Cy5 fluorescence intensity over the 16 hour time period (SI Figure 10a) while the AF488
signal increased until 4 hours before decreasing (SI Figure 10b). Importantly, SNAP-tag expression in
these cells did not cause any significant differences in the association of the complexes with cells when
compared to cells without the enzyme.

Lipofectamine 3000 induced cytosolic delivery of the oligonucleotides which were then transported to
the nucleus. In cells incubated with SNAPSwitch complexes, the Cy5 fluorescence of both CytoSNAP
and NuclearSNAP was significantly higher than the SNAP-free cells, signifying activation of SNAPSwitch
and thus detecting cytosolic delivery (Figure 3a). Presence of the SNAP-tag was confirmed by flow and
incubating the cells with SNAP Cell SiR 647. (SI Figure 10c). The AF488 signal behaved similarly to
the Cy5/AF488 complexes, with no significant difference at any of the time points between the various
transfections and followed a comparable trend (SI Figure 10d). The increase in mean fluorescence
intensity for both CytoSNAP (~44) and NuclearSNAP (~23) at the 16 hour time point confirms
SNAPSwitch can be used to detect cytosolic delivery and transfer of the oligonucleotides into the nucleus.

The increase in Cy5 signal is useful as an indicator for cytosolic delivery and transport to the nucleus.
However, the numerical value is an underrepresentation of the degree at which it has occurred as the
experiment is conducted using transiently transfected cells, not all of which express SNAP-tag.
Oligonucleotides in the cytosol of cells without SNAP-tag expression remain quenched, lowering the
overall mean fluorescence intensity (MFI) from the potential maximum signal. This could be overcome
by generation of a cell line stably expressing the SNAP-tag or alternatively, by using the mTurquoise
signal from NuclearSNAP transfected cells to identify SNAP-tag expression.

The delivery to the nucleus was reevaluated by examining the SNAPSwitch signal in cells positive for
mTurquoise expression. By gating on mTurquoise fluorescence, two populations were identified (SI
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Figure 10e), one with high fluorescence (MFI ~ 100) and one with no expression (MFI ~ 3). The
expression of SNAP-tag in the mTurquoise positive population was confirmed by the high SNAP Cell
SiR 647 signal within these cells (SI Figure 10f). The Cy5 signal from SNAPSwitch of the negative cells
slowly increases over the 16 hour time period from ~ 2 to 45 while the signal from the cells positive for
mTurquoise rapidly increases from ~1.3 to 157 (Figure 3b). The SNAPSwitch signal from negative cells
can then be treated as background fluorescence and subtracted from the MFI of the cells positive for
mTurquoise. By removing non-expressing cells, the true delivery and accumulation in the nucleus over
time can then be determined (Figure 3c).

SNAPSwitch was also used to visualise cytosolic delivery and nuclear translocation by fluorescence
microscopy. Cells transfected with CytoSNAP or NucleaSNAP and incubated with SNAPSwitch
oligonucleotide complexes showed activation of fluorescence in different regions of the cell. In cells
transfected with CytoSNAP, SNAPSwitch signal was observed dispersed throughout the cell in addition
to multiple bright punctate structures (Figure 3d). This suggests that a proportion of the
oligonucleotides may still be complexed with Lipofectamine in the cytosol or potentially associated with
the membrane remnants of ruptured endo/lysosomes. The fluorescent signal from within cells
transfected with NuclearSNAP was generally confined to the nucleus (Figure 3e). The lack of punctate
structures here implies that oligonucleotides completely dissociate from Lipofectamine 3000 either
before, or after reaching the nucleus. The localisation of the signal for both CytoSNAP and
NuclearSNAP was consistent with labelling with a membrane permeable fluorescent substrate (SI
figure 8 & 9). No signal was observed in cells incubated with SNAPSwitch complexes and transfected
with an empty plasmid when all images were normalised to the same pixel intensity range (Figure 3f).

SNAPSwitch provides a method to follow the journey of material in cells and its delivery to sub-cellular
locations following endocytosis. The low background fluorescence of the sensor when switched off and
the large increase when the SNAP-tag is encountered, provides the basis for a system to definitively
identify when internalised cargo has reached a specific location in the cell. The requirement of the
labeled material to be in close proximity to the SNAP-tag to trigger fluorescence represents a potential
method to further probe intracellular trafficking pathways. Additionally, the ability to detect delivery to
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the cytosol and nucleus provides a useful tool in the biological sciences to study the intracellular
trafficking, cytosolic delivery and subcellular transport of nanoparticles and proteins.
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Figure 1 – Attachable and quenched SNAP-tag substrate (SNAPSwitch ) scheme and activation. (a) SNAPSwitch consists of a
quencher and fluorophore conjugated to either side of a benzylguanine group. An azide is also included for attachment of the
sensor to a nanoparticle or protein through click chemistry. If the material reaches SNAP-tag fused to a protein in a location of
interest, the quencher is transferred to the enzyme, breaking the interaction and allowing the sensor to fluoresce. (b) In-gel
detection of the quenched SNAP-tag substrate. 600 µM quenched SNAPSwitch or fluorescent SNAP-Cell 647-SiR with or without
5 µM SNAP-tag protein incubated at 37oC for 30 minutes before adding to wells. (c) Fluorescence activation of 0.10 µM quenched
SNAP-tag substrate in the presence of SNAP-tag protein at 27oC over a 1.5-hour time period.
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Figure 2 – Surface localised and internalised SNAP-tag. Fluorescence microscopy images of transferrin dual-labelled with
SNAPSwitch and AF488 incubated for 30 minutes with 3T3-NIH cells transfected to express the SNAP-tag fused to the transferrin
receptor (TfR-SNAP). (a) Dual-labelled Tf (2 µg) in TfR-SNAP transfected cells. (b) Dual-labelled Anti-CD44 (0.5 µg) binds to the
cell surface (AF488) but does not activate SNAPSwitch (Cy5) in the presence of the SNAP-tag on the TfR (Cy3). Bottom panels of
(a and b) shows zoomed views of the boxed areas. (c-e) Flow cytometry analysis of dual-labelled transferrin in HEK293 cells
with and without transfection to express TfR-SNAP. The mean fluorescence intensity of the (c) AF488 and (d) Cy5 signal is
plotted with error bars representing the standard deviation (n = 3). (e) The average ratio of the Cy5 and AF488 for cells with and
without TfR is plotted with the error bars representing the maximum and minimum ratios from the available data (P = 0.0009
unpaired t-test, n = 3). Scale bar = 10 µm.
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Figure 3 – Time-dependent detection of oligonucleotides in the cytosol and nucleus by SNAPSwitch in HEK293 cells transiently
expressing Cyto- and NuclearSNAP, delivered by Lipofectamine 3000. (a) Mean fluorescence intensity of Lipofectamine 3000
complexes formed with SNAPSwitch -oligonucleotide over time by flow cytometry. The average background signal in cells without
SNAP-tag expression but transfected with SNAPSwitch labelled oligonucleotide had been subtracted from each time point. (b)
SNAPSwitch mean fluorescence intensity from flow cytometry in cells expressing mTurquoise versus those without expression. (c)
Nuclear accumulation of SNAPSwitch labelled oligonucleotide in HEK293 cells transfected with Lipofectamine 3000, the average
positive signal from (b) is plotted with the negative signal subtracted at each time point. The mean is plotted with error bars
representing the standard deviation over two biological replicates, in duplicate (n = 4). Deconvolved fluorescence microscopy
images of oligonucleotide labeled with SNAP-switch delivered into cells transfected with (d) CytoSNAP, (e) NuclearSNAP and (f)
an empty plasmid. Scale bar = 10 µm.
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Online Methods
Materials. Peptide synthesis reagents including 2-chlorotrityl chloride resin, N(α)-Fmoc-N(ε)-azide-Llysine and (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) were
purchased from ChemImpex. Fmoc-N-amido-dPEG4-acid was purchased from Quanta Biosciences.
Sulfonated Cyanine 5 Succinimidyl Ester (sCy5-NHS) was purchased from Lumiprobe. Solvents and
other organic synthesis reagents including acetonitrile (MeCN), ethylenediamine, dichloromethane
(DCM), dimethylformamide (DMF), methanol (MeOH), N,N-diisopropylethylamine (DIPEA), anhydrous
dimethyl sulfoxide (DMSO),

hexafluoroisopropanol (HFIP), triisopropylsilane (TIPS), Dithiothreitol

(DTT), piperidine and phosphate buffered saline tablets (PBS) were purchased from Sigma-Aldrich.
Sulfonated QSY-21 carboxylic acid (sQSY-21-COOH)19 and Fmoc-benzylguanine carboxylic acid
(Fmoc-BG-COOH)20 were synthesized and purified in house by from published procedures.

Fluorescent SNAP-tag labelling reagents were purchased from New England Biolabs. Additional labels
and reagents including Alexa Fluor 488 Succinimidyl Ester (AF488-NHS), Alexa Fluor 488 Azide, Wheat
Germ Agglutinin Alexa Fluor 488 conjugate, Click-IT Succinimidyl Ester DIBO Alkyne (DIBO-NHS) Zeba
Spin Columns 7k Molecular Weight Cut-Off, Lipofectamine 3000 Transfection Reagent and general
tissue culture supplies were obtained from Thermo Fisher Scientific. The monoclonal antibody against
mouse CD44 (5035-41.1D) was purchased from Novus Biologicals.

Instrumentation. Liquid Chromatography – Mass Spectrometry (LCMS) was performed on an Agilent
6100 Series Single Quad LCMS with a photodiode array detector (214/254 nm) coupled to an Agilent
1200 Series HPLC with a G1311A quaternary pump, G1329A thermostated auto sampler and 1200
Series G1314B variable wavelength detector with a scan range between 100–1000 m/z and a 5 minute
acquisition time.

High-performance Liquid Chromatography (HPLC) was performed on an Agilent 1260 series modular
HPLC fitted with a G1312B binary pump, G1316A compartment equipped with an Agilent Eclipse Plus
C18 3.5 µm, 4.6 x 100 mm column and a G1312B diode array detector using an elution protocol of 0 –
10 min, gradient from 5% MeCN/0.1% TFA/95% H2O/0.1% TFA to 100% MeCN/0.1% TFA with a flow
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rate of 1 mL min-1. Preparative high-performance liquid chromatography (HPLC) used a Grace Alltima
C8 5µ particle size, 22 x 250 mm column.

High Resolution – Mass Spectrometry (HRMS) was performed on a Waters LCT TOF LCMS Mass
Spectrometer coupled to a 2795 Alliance Separations module. All data was acquired and mass
corrected via a dual-spray Leucine Enkephaline reference sample. Mass spectra were created by
averaging the scans across each peak and background subtracted of the TIC. Acquisition and analysis
were performed using the Masslynx software version 4.1.

Gel fluorescence images were obtained on a Amersham Typhoon 5 Biomolecular Imager (GE
Healthcare Life Sciences). Fluorescence intensity measurements in solution were performed with a
PerkinElmer EnSpire Multilabel plate reader operating at 27oC. All absorbance measurements were
conducted on a NanoDrop ND-1000.

Cell Culture. 3T3-NIH (ATCC: CRL-1658) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM), high glucose (GlutaMAX) with phenol red, 20% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37oC with 5%. HEK293A (ThermoFisher Scientific R70507) were maintained
under the same conditions except 10% FBS was used.

Flow Cytometry. 10,000 events per sample were analysed with a Stratedigm S1000EXI flow cytometer
(Stratedigm, California, USA) using 405 and 552 nm excitation with emission collected between 415
and 475 nm (for mTurquoise), 488 nm excitation with emission collected between 515 – 545 nm (for
Alexa Fluor 488) and 642 nm excitation with emission collected between and 661 – 690 nm (for sCy5).
FCS3.0 files were exported using CellCapTure Analysis Software (Stratedigm, California, USA) and
imported into FlowJo (version 8, Tree Star, Oregon, USA) for further analysis.

Fluorescence Microscopy. Imaging by fluorescence microscopy was performed using a 60X 1.3 NA
silicone or 40X 0.9 NA air objective with a standard “Pinkel” DAPI/FITC/Cy3/Cy5 Filter set (Semrock).
Emission was separated and captured using a 414/497/565/653 nm dichroic mirror and a quad-band
bandpass emission filter. Images were analyzed with Slidebook 6 (Intelligent Imaging Innovations,

140

Denver, USA). For deconvolution, 10 slices were captured with a 0.33 µm step size, exported and
deconvolved using the Richard-Lucy algorithm21,22 with the CUDA deconvolution plugin in ImageJ.23

SNAPSwitch Chemical Synthesis. The quenched and attachable benzylguanine substrate (SNAPSwitch)
was constructed via Fmoc solid-phase peptide synthesis on 2-chlorotrityl chloride resin (200 mg). Fmoc
groups were removed using two treatments for 2 minutes and one treatment for 5 minutes with 20%
piperidine in DMF. The resin was bubbled for 1 hour in DCM with ethylenediamine (4 equiv, 50 mg,
0.83 mmol). N(α)-Fmoc-N(ε)-azide-L-lysine (1.5 equiv, 0.11 g, 0.3 mmol) was attached with PyBOP
(1.5 equiv, 0.16 g, 0.3 mmol) and DIPEA (2 equiv to amino acid, 76 mg, 0.6 mmol) in DMF for 1 hour.
A PEG linker was then attached by adding Fmoc-N-amido-dPEG4-acid (1.5 equiv, 0.15 g, 0.3 mmol)
with PyBOP (1.5 equiv, 0.16 g, 0.3 mmol) and DIPEA (2 equiv, 76 mg, 0.6 mmol) for 30 minutes in
DMF. After deprotection, Fmoc-BG-COOH (1.5 equiv, 0.17 g, 0.3 mmol) was attached with PyBOP (1.5
equiv, 0.16 g, 0.3 mmol) and DIPEA (2 equiv, 76 mg, 0.6 mmol) in DMF overnight before washing with
DMF, DCM and then followed by deprotection.

15 mg resin was combined in a 1.5 mL Eppendorf tube with the quencher sQSY-21-COOH (0.4 equiv,
5 mg, 5.94 µmol), PyBOP (1.5 equiv) and an excess of DIPEA (10 µL) in anhydrous DMSO for 23 hours,
rotating. The resin was transferred back to a solid-phase peptide synthesis column and washed once
with DMSO, followed by washes with MeOH until the flow through was clear and then three times with
DCM. The resin was dried under N2 and the compound cleaved with 4 mL of 50% DCM and 50% HFIP
with 10 μL TIPS for 2 hours at room temperature. The mixture was drained into a round bottom flask
using HFIP and the solvent evaporated under N2. The compound was purified via HPLC with a
water/MeCN 0.1% TFA 5 - 100% gradient at a flow rate of 7mL min-1 over 45 minutes. The product
mass was confirmed via LCMS.

To the entire fraction from HPLC (4.97 mg), sCy5-NHS (1 equiv) was added with excess DIPEA (10 µL)
in 200 μL DMSO and left overnight. The presence of the product mass was confirmed via LCMS and
purified using 5 – 100% gradient over 45 minutes at a flow rate of 7 mL min-1. The product mass was
identified by LCMS, confirmed by HRMS and lyophilised. HRMS (ESI) m/z: calculated for
C108H124N18O25S5 [M + 3H]+3 745.2602, found 745.2635, calculated for [M + 2H]+2 1117.8882, found
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1117.8887, calculated for [M + 2Na]+2 1139.8701, found 1139.8704 (SI Figure 2). Purity was estimated
by analytical HPLC as ~ 82% (SI Figure 3). SNAPSwitch was reconstituted in DMSO to a concentration
of 4 mM and stored at -20oC.

Fluorescence Activation by the SNAP-tag in Solution. The effect of SNAP-tag protein excess on
the SNAPSwitch was investigated using a fluorescence plate reader. SNAPSwitch was initially diluted in
PBS to 0.10 µM. 45 µL of this solution was then combined with 0 to 20 molar equivalents of SNAP-tag
and PBS to bring the final volume to 65 µL in a 96-well clear bottom black polystyrene microplate. The
fluorescence emission at 661 nm was obtained using a 646 nm excitation and was recorded every 10
minutes over a 90 minute time period.

Fluorescence In-Gel Detection. Samples were prepared by combining 5 µM SNAP-tag protein or PBS
with 10 µM of SNAPSwitch and 1 mM DTT in a final volume of 40 µL. The reaction was incubated at 37oC
for 30 minutes then left to cool for 10 minutes before adding 6 µL of 0.2% 2-mercaptoethanol in SDSpage loading dye.24 Samples were then heated to 94oC for 2 minutes and added to the wells of a precast
12% polyacrylamide gel (Bio-Rad). The gel was run for 45 minutes at 120 V in running buffer (25 mM
Tris, 250 mM glycine, 0.1% SDS at pH 8.3).

Plasmid Construction. The empty transfection control plasmid pcDNA3.1(-) was purchased from Life
Technologies. The TfR-SNAP fusion construct was modified from mEmerald-TFR-20 (a gift from
Michael Davidson, Addgene plasmid #54278). Briefly, the sequence encoding SNAP-tag was PCR
amplified from pSNAPf (New England BioLabs) with primers to append flanking BamHI and NotI
restriction sites (Forward: 5’ – GGA TCC ACC GGT CGC CAC CAT GGA CAA AGA CTG CG – 3’,
Reverse 5’ – CGC GGC CGC TTA ACC CAG CCC AGG CTT GCC – 3’). This PCR product was
subsequently ligated into mEmerald-TFR-20 at the same sites, replacing the mEmerald coding
sequence.

Plasmids were constructed from pCDH-EF1-MCS-IRES-Puro (System Bioscience). Briefly, the SNAPtag coding sequence from pSNAPf was subcloned into pCDH-EF1-MCS-IRES-Puro via NheI and
BamHI to generate pCDH-EF1-SNAP-IRES-Puro (CytoSNAP). The mTurquoise2-H2A sequence (a gift
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from Dorus Gadella, Addgene plasmid #36207)17 was PCR amplified to append BamHI and NotI
restriction sites (Forward: 5’ – ACA GGA TCC ATG GTG AGC AAG GGC GAG GAG – 3’, Reverse 5’
– TGC GGC CGC GTT ATT TGC CTT T – 3’). This PCR product was then ligated into pSNAPf. The
SNAPf-mTurquoise2-H2A coding sequence was excised by restriction with NheI and NotI and
subcloned into pCDH-EF1-MCS-IRES-Puro to generate pCDH-EF1-SNAP-mTurquoise2-H2A-IRESPuro (NuclearSNAP). All constructs were verified by DNA sequencing before use.

Estimation of SNAPSwitch Concentration. The estimated extinction coefficient of SNAPSwitch was
determined using the binary system25 Beer-Lambert law: 𝐴" = 𝜀% 𝑐% 𝑙 + 𝜀) 𝑐) 𝑙 (Equation 1) where, An =
absorbance at wavelength n, l = path length (cm), εm = extinction coefficient of species m at wavelength
n (M-1 cm-1), cm = concentration of species m at wavelength n (M).
Since both the fluorophore and quencher are conjugated to the same molecule, the concentration of
each species was assumed to be the same (c1 = c2 = c). Using a path length of 0.1 cm, equation 4.1
reduces to: 𝐴" = 0.1𝑐(𝜀% + 𝜀) ) (Equation 2).

The extinction coefficient of each dye at the absorption maximum of the other dye was estimated by
measuring the absorbance of a solution with known concentration of sulfoCy5 at 661 nm and of
sulfQSY21 at 646 nm to give εQSY(646) and εCy5(661). Using the absorbance of the conjugate at either of
these two wavelengths with equation 2 and the extinction coefficients at the absorption maximum of
each dye (εCy5(646) = 271,000 M-1 cm-1 εQSY(661) = 90,000 M-1 cm-1).

Protein Labelling. Transferrin in PBS at 5 mg mL-1 (0.25 mg, 3.1 nmol) was incubated with DIBO-NHS
(5 equiv, 7.6 µg ,15.6 nmol and AF488-NHS (2.5 equiv, 5.0 µg, 7.8 mol) for 2 hours at 4oC. Unreacted
dye was removed using a Zeba Spin column, 7k MWCO buffer exchanged with PBS, following the
manufacture’s protocols. SNAPSwitch was then added (1.5 equiv, 4.6 nmol) and allowed to react
overnight at 4oC. Excess SNAPSwitch was removed with two Zeba Spin columns.

To label the antibody, Anti-CD44 (50 µg, 0.33 nmol) was incubated with DIBO-NHS (9.1 equiv, 1.5 µg,
3.0 nmol) and AF488-NHS (11.7 equiv, 2.5 µg, 3.9 nmol) for 2 hours at 4oC. Unreacted DIBO and
AF488 were removed with a Zeba Spin column. SNAPSwitch was then added to the antibody (0.75 equiv,
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0.25 nmol) and allowed to react overnight at 4oC before removing unreacted dye with an additional
Zeba Spin column.

The degree of labelling (DOL) was estimated by dividing the molar concentration of SNAPSwitch
approximated using equation 2, by the protein concentration as determined using the absorbance at
280 nm with the Beer-Lambert law and an extinction coefficient for the protein (εtransferrin = 87,000 M-1
cm-1, εantibody = 210,000 M-1 cm-1). The concentration of AF488 conjugated to the protein was calculated
using the Beer-Lambert law, the absorbance at 495 nm and an extinction coefficient of εAF488 = 73,000
M-1 cm-1. Approximate DOL: Transferrin SNAPSwitch = 0.36, AF488 = 0.47. Anti-CD44 SNAPSwitch = 0.11,
AF488 = 0.51.

Oligonucleotide Labelling. The custom 20-mer oligonucleotide modified with dibenzocyclooctyne
(DBCO) (Sequence: 5’ - TCA GTT CAG GAC CCT CGG CT – DBCO – 3’) was purchased from IBA
Life Sciences, reconstituted in nuclease free water at a concentration of 600 µM and stored at -20oC.
For oligonucleotide labelling, 1.2 x 10-8 mol of the sequence was incubated with SNAPSwitch (2 equiv,
24 nmol) or AF488-Azide (1.25 equiv, 12.9 µg, 15 nmol) overnight at 4oC. Unconjugated dye was spun
through 7k molecular weight cut-off Zeba Spin columns until free dye no longer permeated throughout
the entire resin. Approximate DOL: SNAPSwitch = 0.37, AF488 = 0.44.

SNAP Fluorescence Imaging. 3T3-NIH cells were seeded in a clear bottom, black 96-well plate at
5,000 cells per well in 100 µL DMEM supplemented with 20% FBS and 10,000 penicillin/streptomycin
one day prior to the experiment. Cells were transfected with 100 ng TfR-SNAP plasmid using 0.3 µL
Lipofectamine 3000 and 0.2 µL P3000 reagent per well in Opti-MEM and left overnight. The following
day the cells were washed 3 times in serum-free DMEM and incubated with 2 µg transferrin or 0.5 µg
Anti-CD44 labelled with SNAP Switch and AF488 for 30 minutes at 37oC. Cells were washed 3 times
in FluoroBrite DMEM with 10% FBS and imaged with a 40X air objective.

Transferrin Receptor-SNAP Flow Cytometry. HEK293A cells were seeded in a 24-well plate at
60,000 cells per well in DMEM supplemented with 20% FBS and 10,000 penicillin/streptomycin one day
prior to the experiment. Cells were transfected with 500 ng TfR-SNAP or ADRβ2-SNAP plasmid using
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Lipofectamine 3000 with 0.3 µL Lipofectamine 3000 and 0.2 µL P3000 reagent per well in Opti-MEM
and left overnight. The following day the media was replaced with 250 µL DMEM without serum
containing 60 µg transferrin labelled with SNAP-Switch and AF488. Cells were incubated for 30
minutes, washed 3 times with DMEM with 20% FBS and detached by replacing the media with 200 µL
citric saline and incubating for 5 minutes. The cells were transferred to a 96-well, V-bottom plate, spun
at 250 g for 5 minutes before re-suspending in 200 µL PBS before analysis by flow cytometry.

For analysis, the geometric mean fluorescence intensity of cells with or without transfection was taken
as the background. This average of cells only was subtracted from each non-transfected sample while
the mean of TfR-SNAP transfected cells was taken from the remaining samples. The ratio of the
average, maximum and minimum Cy5 and AF488 signals of the samples in triplicate was then
performed.

Lipofectamine 3000 Endosomal Escape Time Course. HEK293 cells were seeded in 24-well plates
1 day prior at 50,000 cells per well in 400 µL DMEM supplemented with 10% FBS and 10,000
penicillin/streptomycin. Cells were transfected with 500 ng CytoSNAP, NuclearSNAP or an empty
plasmid (pcDNA3.1) with Lipofectamine 3000 by following the manufacturers protocol. 0.75 µL of
Lipofectamine 3000 reagent and 1 µL of P3000 reagent was used per well.

After 16 hours, cells were washed 3 times in DMEM + 10% FBS and transfected again with
combinations of unlabeled oligonucleotide and oligonucleotide labelled with SNAPSwitch, Cy5 or Alexa
Fluor 488. Samples consisted of 500 ng total DNA with 250 ng each of unlabeled and labelled
oligonucleotide (also containing an unlabeled fraction) and were transfected using the same amounts
of Lipofectamine 3000 and P3000 reagent as the previous transfection. The transfection was performed
at 5 time points between 0.5 – 16 hours before washing twice with DMEM + 10% FBS and detaching
with 200 µL TrypLE at 37oC for 5 minutes. After detachment, 100 µL 1% bovine serum albumin in PBS
was added to each well and the entire content transferred to a 96-well V-bottom plate. Cells were spun
at 350 g for 5 minutes and resuspended in PBS before analysis by flow cytometry.
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Cells initially transfected with empty plasmid and subsequently with non-fluorescent oligonucleotide at
the 4 hour time point were gated on forward versus side scatter log area plot and applied to all samples.
Cells subsequently transfected with the Alexa Fluor 488 labeled oligonucleotide at the 4 hour time and
positive for this fluorescent signal were used to compensate for excitation of this fluorophore by the
405/552 nm lasers. Cells transfected with NuclearSNAP with and mTurquoise fluorescence as positive
or negative by side-scatter versus mTurquoise fluorescence expression and were used to compensate
for spillover into the Alexa Flour 488 channel. Spillover of mTurquoise and Alexa Fluor 488 fluorescence
into the Cy5 channel was negligible.

Lipofectamine 3000 Endosomal Escape Imaging.
HEK293 cells were seeded at 20,000 cells per well in an 8 well chamber slide 1 day prior in 400 µL
DMEM supplemented with 10% FBS and 10,000 penicillin/streptomycin. Cells were transfected with
500 ng CytoSNAP, NuclearSNAP or an empty plasmid (pcDNA3.1) with Lipofectamine 3000 by
following the manufacturers protocol. 0.75 µL of Lipofectamine 3000 reagent and 1 µL of P300 reagent
was used per well.

After 16 hours, cells were washed 3 times in DMEM + 10% FBS and transfected again with 3100 ng
oligonucleotide labelled with SNAPSwitch also containing an unlabelled fraction and were transfected
using the same amounts of Lipofectamine 3000 and P3000 reagent as the previous transfection. The
cells were incubated for an additional 16 hours before washing the cells twice with cold FluoroBrite with
10% FBS and then left for 10 minutes on ice. The membrane was then stained with wheat germ
agglutinin-AF488 at a final concentration of 1 µg mL-1 for 5 minutes before washing an additional two
times in FluoroBrite with 10% FBS.
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Supplementary Figure 1 – Chemical structure of SNAPSwitch. SulfoQSY21 (purple) is conjugated to the
side of the benzyl guanine substrate (green) that is transferred to the SNAP-tag. The substrate is linked
to an azide (orange) for attachment to the particle or protein of interest through a PEG linker. A sulfoCy5
(blue) fluorophore resides on the side of the substrate that remains with the material after interaction
with the SNAP-tag.
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Supplementary Figure 4 – Additional fluorescence microscopy images of transferrin dual labelled with
SNAP Switch and AF488. Fluorescence microscopy images of transferrin labelled with SNAPSwitch (Cy5,
first column, red) incubated for 30 minutes with 3T3-NIH cells transfected to express the SNAP-tag
fused to the transferrin receptor (TfR-SNAP), labelled with SNAP Surface 549 (second column, green).
The AF488 fluorescence showing the location of transferrin is displayed in the third column. Zoomed
views of the boxed areas are shown in the bottom panels. Scale bar = 10 µm.
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Supplementary Figure 5 – SNAP-tag expression in TfR-SNAP cells labelled with SNAP Surface 549.
Fluorescence microscopy image of SNAP-tag (first panel) of the same location from Figure 2a in the
main text overlaid with the Tf-SNAPSwitch signal (Cy5, second panel). Zoomed views of the boxed areas
are shown in the bottom panels. Scale bar = 10 µm.

Supplementary Figure 6 – Fluorescence microscopy image of 3T3-NIH cells transfected with beta-2aderenic receptor 2 (ADRb2-SNAP) labelled with SNAP Surface 549 (Cy3, blue), incubated with antiCD44 dual-labelled with SNAP Switch (Cy5) and AF488 (green). Scale bar = 10 µm.
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Supplementary Figure 7 – Background fluorescence of HEK293 cells with and without transfection to
express TfR-SNAP. The mean fluorescence intensity of the (a) AF488 and (b) Cy5 signal is plotted with
error bars representing the standard deviation. ***P < 0.0001 unpaired t-test, n = 3.

Supplementary Figure 8 – Cytosolic SNAP-tag labelling with membrane permeable SNAP Cell SiR
647. HEK293 cells transfected to express SNAP-tag in the cytosol were or non-transfected labelled
with 5 µM SNAP-Cell TMR-Star for 30 minutes at 37oC. Brightness and contrast normalized across
the Cy3 channel. Scale bar = 10 µm.
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Supplementary Figure 9 – HEK293 transfected with NuclearSNAP, (a) with and (b) without treatment
with SNAP Cell SiR 647. Zoomed views of the boxed areas in (a) and (b) are shown in the rightmost
panels. (c) Non-transfected treated with SNAP Cell SiR 647. Brightness and contrast normalised, scale
bar = 10 µm.
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Supplementary Figure 10 – Delivery of fluorescently labelled oligonucleotides with Lipofectamine
3000 and expression of the SNAP-tag by flow cytometry. (a) Cy5 and (b) AF488 mean fluorescence
intensity of cells transfected with dual-labelled Lipofectamine 3000 complexes formed with Cy5- and
AF488-oligoncleoide over 16 hours. (c) SNAP-tag labelling with SNAP Cell SiR 647 across all
experiments. (d) Mean fluorescence intensity of cells transfected with complexes formed
with oligonucleotides labelled with AF488 and SNAPSwitch. (e) mTurquoise and (f) SNAP Cell SiR 647
signal of cells gated for positive or negative expression of the mTurquoise in NuclearSNAP
transfected cells. Mean of results from two biological replicates in duplicate is plotted with the error
bar representing the standard deviation. Significance in (c) is determined by unpaired t-test (n = 4) by
comparing CytoSNAP and Nuclear SNAP to the sample transfected with an empty plasmid.
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Chapter 5. Oligonucleotide
Switches for Quantifying
Endosomal Escape Efficiency
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5.1 Summary
Endosomal escape is a critical event in the delivery of therapeutics that are active in the cytosol or in
other subcellular locations. There is currently a lack of robust assays to directly detect endosomal
escape adding difficulty to the design of nanoparticles engineered for this purpose. The use of the
quenched SNAP-tag substrate described in Chapter 4 was demonstrated as a method to detect
endosomal escape but requires transfection of the cells to produce an exogenous protein. An ideal
escape sensor would respond to a molecule already present within the cytosol such as mRNA. A DNA
sensor complementary to the mRNA for the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was designed and tested in vitro. However, the signal-to-noise ratio was too
low for results to be reproducible due to the low copy number of individual mRNA sequences within
cells.
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5.2 Introduction
Endosomal escape is currently regarded as a major bottleneck in the delivery of therapeutics by
nanoparticle systems.1,2 To design materials that can effectively transport drugs to the cytosol, robust
methods for detecting this event and determining its efficiency are required. Current methods generally
fall under one of two categories: leakage or endpoint assays and are covered in greater detail in in
Chapter 1 and reviewed elsewhere.3

The distribution of small fluorescent molecules such as calcein or labelled dextran within a cell can be
used to visualise endosomal escape (Figure 5.1A).4–6 Calcein is a membrane impermeable dye that is
co-internalised into endosomes when material is taken up by endocytosis. Dye trapped in endosomes
experiences a high local concentration which causes self-quenching6 and a punctate appearance
(Figure 5.1C).7 Bursting or leakage of endocytotic vesicles causes an even distribution of dye
throughout the cytosol and an overall increase in cell fluorescence intensity (Figure 5.1B). A major
issue with this method is that assigning the cell an “escape” or “no escape” state is subjective.

Endpoint assays measure the overall outcome in the delivery of a certain molecule. For example,
delivery of nucleic acids results in either the production8,9 or knock down10,11 of a specific gene which
can then be detected via flow cytometry or microscopy. However, this is an indirect measure of
endosomal escape3 as the readout from these assays is obtained after multiple steps following the
delivery event such as the transport of the gene to the nucleus and subsequent synthesis of the protein.
Both assays are limited in that they only offer a binary indicator that escape has occurred, without
providing any information on the efficiency of delivery to the cytosol. A strategy to overcome these
issues is to design a fluorescent sensor that is triggered when the endo/lysosomal pathway has been
breached. A potential avenue to accomplish this is to engineer the sensor to respond to a molecule
found exclusively in the cytosol. Ideally, the sensor would increase in fluorescence as more material
escapes, allowing the efficiency of escape induced by a given material to be quantified.
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Figure 5.1 – A comparison of punctate and diffuse fluorescence. 3T3-NIH cells co-incubated with endosomal escape inducing
nanoparticles and the membrane impermeable dye, calcein. (A) A mixture of cells displaying punctate or diffuse fluorescence are
present. The highlighted region on the right (B) shows diffuse fluorescence while the region on the left shows (C) punctate
fluorescence. Scale bar = 50 µm.

5.2.1 Cytosolic Response Assays
A rational approach in the design of an improved endosomal escape sensor is to have the probe
respond to entities only present in the cytosol. An example of such a target is the glucocorticoid receptor
which has already been used to develop assays for the transfer of peptides and proteins to the cytosol.
This receptor binds small lipophilic molecules and controls a host of cellular processes including
metabolism and development through gene regulation.12 The protein contains three domains which
include a transcription activation region, a DNA-binding domain and ligand-binding domain.13 When
present in the cytosol, the receptor is complexed with heat shock protein 90 at the ligand-binding
domain. In the presence of an agonist such as dexamethasone,14 heat shock protein 90 is displaced
and the receptor undergoes a conformational change, translocates to the nucleus and modifies gene
expression.15
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Appelbaum et al. (2012) modified an assay originally developed by Yu et al. (2005)16 to compare the
ability of miniature proteins containing multiple α-helical arginine residues to escape to the cytosol.17 In
this assay, cells were transfected to express a glucocorticoid-green fluorescent protein (GFP) fusion.
This resulted in a diffuse GFP signal in both the cytosol and nucleus. Potential candidates for escape
were conjugated to dexamethasone and incubated with the transfected cells. If the proteins could
access the cytosol, heat shock protein 90 was displaced by the dexamethasone causing translocation
to the nucleus and an increase in GFP signal in this location (Figure 5.2). Using microscopy and the
image analysis software CellProfiler, they calculated the ratio of nuclear to cytosolic GFP signal as a
relative indicator of escape ability.

Figure 5.2 – Scheme of the glucocorticoid receptor-based assay to detect the endosomal escape of proteins. Proteins of interest
are conjugated to dexamethasone and are taken up by endocytosis into cells transfected to express fusion proteins of the
glucocorticoid receptor with GFP in the cytosol. Conjugates capable of escape reach the cytosol where dexamethasone binds to
the ligand-binding domain of the glucocorticoid receptor, displacing heat shock protein 90. This causes the GFP fusion protein to
translocate to the nucleus and causes an increase in the nuclear GFP signal.

Exogenous substances known to accumulate in the cytosol have also been used as a target to detect
escape. The fluorescent molecule coumarin-cephalosporin 4-acetoxymethyl ester (CCF4-AM) is
membrane permeable and moves to the cytosol of cells where it is converted to a charged and
membrane-impermeable form by cytosolic esterase cleavage of the AM group. The coumarin and
cephalosporin components are linked through a lactam group and form a Förster resonance energy
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transfer (FRET) pair. The lactam group is a substrate of the enzyme β-lactamase and if it encounters
CCF4, the lactam group is cleaved, resulting in an increase in donor signal.18 Although this system was
originally developed for the study of β-lactamase expression,19 the CCF4-AM substrate has been used
to investigate protein delivery to the cytosol in dendritic cells through delivery of CCF4-AM followed by
β-lactamase.20 Currently, this assay and the glucocorticoid receptor assay have only been used to
measure protein delivery. However, they demonstrate there is potential in using substances localised
to the cytosol as effective targets for designing assays to detect endosomal escape.

5.2.2 mRNA as a Cytosolic Recognition Element
Protein synthesis via the translation of messenger RNA (mRNA) is a fundamental cellular process that
occurs at ribosomes located both in the cytosol and endoplasmic reticulum. mRNA for specific genes
can move to certain regions within the cytosol to assist with localisation of the gene product.21 However,
many mRNA molecules are uniformly distributed throughout the cytosol. An example of this is the
sequence for glyceraldehyde 3-phosphate dehydrogenase (GAPDH).22,23 GAPDH takes part in multiple
pathways within the cell but is most commonly known for the role it plays in ATP production via
glycolysis in the cytosol.24 The mRNA for this protein has traditionally being considered to be a
housekeeping gene,25 signifying its critical role for basic cell maintenance and hence, expression in all
cells under regular circumstances.26 These properties make mRNA, and specifically the sequence for
GAPDH a prime target for recognition by an endosomal escape sensor.

5.2.3 DNA-based Sensors for mRNA Detection
Several methods have been developed for detection of mRNA sequences in a cell. In situ hybridisation
(ISH) uses DNA oligonucleotide probes complementary to a mRNA sequence, allowing them to
hybridise and signal the presence of the molecule. These probes were originally tagged with biotin or
radioactive groups for detection but are now labelled with fluorescent dyes (FISH), permitting analysis
via fluorescence microscopy or flow cytometry.27 This method has been extended to allow quantification
of mRNA through detection of single mRNA molecules using additional probes that hybridise to multiple
locations along the target mRNA. All FISH protocols require cells to be fixed and permeabilised to permit
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access of the probes to the cytosol.28 In addition, the cells must be thoroughly washed to remove
unbound sequences and reduce the background fluorescence.

Molecular beacons were developed as fluorogenic probes that only fluoresce when the target mRNA is
encountered and hybridisation has occurred.29 They exploit the native ability of DNA to form hairpin
structures due to self-complementarity. The beacon is composed of a single strand of DNA with a
fluorophore at one end and a quencher dye at the other. The sequence of base pairs next to the
fluorophore is complementary to the those next to the quencher allowing for hybridization (stem
sequence). The base pairs in between these two regions (loop sequence) is complementary to the
mRNA sequence of interest. Binding of the mRNA sequence to the loop causes a conformational
change which results in breaking of bonds within the stem region and subsequent opening of the
beacon. Molecular beacons have multiple applications,30 including their use as mRNA detection probes
in live-cell experiments.31–33 Delivery to the cytosol is possible through permeabilization of the
membrane using bacterial toxins such as streptolysin O, microinjection, electroporation and cellpenetrating peptides.34

A more recent development is a nanoparticle-based mRNA detection probe called the “SmartFlare” or
“NanoFlare”.35,36 This probe consists of an oligonucleotide duplex conjugated to a gold nanoparticle.
The conjugated sequence is complementary to an mRNA strand of interest and the non-conjugated
sequence is fluorescently labelled. Without the target sequence present, the fluorescent signal is
quenched through non-radiative energy transfer with the gold particle.37 If the mRNA target sequence
is encountered, the fluorescently labelled sequence is displaced, disrupting the quenching which in turn
results in a fluorescent signal. By conjugating two different NanoFlare probes on to one nanoparticle,
the authors were simultaneously able to detect both actin and survivin mRNA expression,36
demonstrating the probes specificity. The nanoparticles are commercially available through Merck and
exist for a variety of target mRNA sequences for both human and mouse, including GAPDH. The details
on how the particles are able to reach the cytosol has not yet been established.
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5.2.4 Design of a DNA-based Switch to Quantify Endosomal Escape
The use of nucleic acid hybridisation in sensors has proven itself as a robust method to detect mRNA
in a variety of situations. An additional requirement of an endosomal escape sensor using mRNA as a
trigger is that it needs to be responsive in live cells, without need for fixing, permeabilising or washing
out excess intracellular probes. This requires the probe to behave as a switch. The fluorescence must
remain off until the mRNA in the cytosol is encountered, breaking the quenching interaction and allowing
the probe to switch on. The endosomal escape sensor design proposed is based on a quenched
oligonucleotide duplex that can be attached to a particle or protein of interest via an azide using copperfree click chemistry. If internalised nanoparticles escape into the cytosol, the sensor responds to
GAPDH mRNA, resulting in a fluorescent signal (Figure 5.3).

Figure 5.3 – Scheme of the proposed endosomal escape sensor. The sensor is covalently attached to a particle of interest and
taken up by the cell. If the particle escapes its endocytic vesicle after internalisation, it will encounter GAPDH mRNA in the cytosol
and cause an increase fluorescence intensity.
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5.4
Figure 5.4 – Duplex escape sensor scheme. A fluorescently labeled oligonucleotide is quenched through hybridization of a
shorter strand tagged with a quencher. GAPDH mRNA can bind to the overhanging sequence of base-pairs and remove the
quencher strand through competitive hybridization.

The duplex escape sensor is composed of a 27-mer fluorescently labelled (Cyanine 5 – Cy5)
oligonucleotide that is quenched when hybridized to a complementary strand labelled with a quencher
dye (BlackHole Quencher 2 – BHQ2) (Figure 5.4). The opening of this sensor is based on the concept
of toehold-mediated strand displacement. Here, a strand of DNA in a hybridized pair is replaced by a
new strand, causing dissociation of the original sequence. This event is predicted to occur in three steps
(Figure 5.5A). The invading strand must initially bind to a region of complementary base pairs called a
toehold. This region is critical as both the forward and reverse rates of single base pair binding are
extremely rapid. The original strand is then removed through branch migration of the invading strand
down the sequence.38
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Figure 5.5 – Toehold strand displacement. (A) The invading strand binds to a complementary overhang sequence of base pairs
(toehold) in the duplex to form an intermediate. The invading strand then gradually displaces the original shorter strand. (B) With
no toehold region to bind to, the invading strand cannot replace the currently bound strand.

In theory, duplexes containing quencher strands of different lengths should respond differently to the
presence of complementary mRNA. For example, a 20-mer quencher strand would leave a 7 base-pair
toehold region, allowing for the strand to be competed off by the mRNA. However, a quencher strand
that extends fully down the fluorescent strand (27-mer oligonucleotide) should not be removed as there
is no toehold to establish the initial intermediate (Figure 5.5B). Any increase in fluorescence in the
second scenario would then be due to degradation of the sensor and not detection of the mRNA.
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5.3 Results and Discussion
5.3.1 Sensor Sequence Design
The duplex escape sensor sequence is designed to bind to a region on the mRNA for the protein
GAPDH. As a starting point for the sensor, the 27-base pair sequence used on the commercially
available mRNA NanoFlare live mRNA detection probe for mouse GAPDH was obtained from Merck
Millipore (Figure 5.6). The human sequence for GAPDH varies by one base pair within the 27-mer
sequence. This mismatch is at the 5th base position on the 3’ end of the sequence where a cytosine
(mouse) is substituted with an adenosine (human). The reverse complementarity of these sequences
to GAPDH mRNA in the mice was confirmed via a mRNA nucleotide sequence search using the Basic
Local Alignment Search Tool (BLAST).39

Figure 5.6 – Comparison of the fluorescently labelled sensor and control sequences.

Two control sequences were also designed (Figure 5.6). A scrambled sequence with mismatches
placed along the entire stand was designed. This scrambled control contains 17 mismatches to mouse
GAPDH, 18 mismatches to human GAPDH and both at have at least 3 mismatches within the toehold
region. The most similar mRNA sequence within the mouse and human genome contain less than 16
base pairs of complementarity. The second control sequence includes a 27-mer quencher sequence
which lacks the toehold region required for removal of the quencher strand (as discussed in section
5.2.4).

The potential for degradation of the exogenous nucleic acids by cytosolic nucleases40 was also
considered. Several base-pair modification strategies have been developed to reduce this susceptibility.
Phosphorothioation substitutes the non-bridging oxygen with a sulfur atom on the DNA backbone41
(Figure 5.7) which reduces nuclease degradation by displacement of metal ions present in the active
site that are required for its catalytic activity.42 The DNA backbone of both the fluorescent and quencher
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strand of the duplex sensor was modified to include phosphorothioated bonds down the entire
sequence.

Figure 5.7 – Illustration of a regular and modified DNA backbones. (A) Phosphodiester bond as found in regular DNA. (B)
Phosphorothioate bond, substituted with a sulfur atom to prevent degradation from nucleases.

5.3.2 Duplexed Sensor Complementary Sequence Detection and Stability
The ability of the complementary strand to quench the fluorescent component of the sensor efficiently
and the stability of the duplexes was investigated. After addition of the complementary strand to either
the GAPDH (Figure 5.8A) or scrambled fluorescently labelled strand (Figure 5.8B), the fluorescence
intensity rapidly decreased to a minimum within 2 minutes. Monitoring the fluorescence at 37oC over
40 minutes showed no non-specific opening of the duplex as the fluorescent intensity remained stable
over this period in media containing fetal bovine serum. This demonstrates the stability of the duplexes
in conditions similar to experiences in the extracellular environment.
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The response of the quenched sensor and control strands to the target GAPDH sequence was also
tested. Addition of the complementary sequence restored fluorescence of the GAPDH sensor strand
by approximately 70% when quenched with the 20-mer sequence (Figure 5.9A). No return in signal
was seen when the GAPDH sensor was quenched with the 27-mer strand and challenged with the
complementary sequence (Figure 5.9B). This confirms that the lack of toehold region prevents the 27mer quencher displacement in favour of the GAPDH sequence and is therefore useful as a control to
monitor degradation of the duplex in vitro. Furthermore, no increase in fluorescence was detected from
the 20-mer quenched scrambled sequence when the GAPDH sequence was added (Figure 5.11C)
which demonstrates the specificity of the sensor and the suitability of this duplex as a second control
sequence.
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Figure 5.9 – GAPDH sensor responds to the target sequence but the scrambled does not. (A) GAPDH sensor quenched with
the 20-mer sequence. (B) GAPDH sensor quenched with the 27-mer sequence and (C) scrambled strand quenched with the 20mer sequence. In each experiment, 0.2 µM fluorescent strand was quenched with 3.7 equivalents of quencher sequence in
phosphate buffered saline then challenged with 4 equivalents of the GAPDH target strand.

5.3.3 Optimizing Sensor Response
To get a better of understanding of how responsive the sensor was, the amount of target sequence
required for the largest increase in fluorescent signal was examined. In addition, the amount of
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quencher required to completely suppress the fluorescent signal was also investigated. Altering the
molar equivalents of quencher strand mixed with the GAPDH sensor showed that 2 equivalents were
required to reach the maximum efficiency and a further increase did not improve the amount of
quenching (Figure 5.10A). In addition, the ability of the GAPDH sensor to respond to the
complementary sequence was independent of the amount of excess quencher. Challenging sensor
quenched with increasing amounts (1 to 5 equivalents) of the 20-mer strand with 3 equivalents of the
GAPDH target sequence had minimal effect on the final fluorescence intensity (Figure 5.10B).

By setting the quencher to GAPDH sensor ratio to 2, the effect of the number of equivalents of
complementary strand on the return of fluorescence signal was investigated. The fluorescence intensity
of the sensor quenched with the 20-mer linearly increased in the presence of GAPDH target sequence
until a plateau was observed above 2 equivalents of complementary strand (Figure 5.10C). These
results suggest that the maximum signal for the sensor was achieved in the presence of 2 equivalents
of complementary strand. Consistent with previous observations, minimal return was observed at any
concentration of GAPDH target sequence when the sensor was quenched with the 27-mer sequence
(Figure 5.10D).
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5.3.4 Duplex Sensor Stability In Vitro
As the duplex escape sensor did not degrade in simulated extracellular conditions (Figure 5.8), we next
investigated the stability in early-stage trafficking following endocytosis. The GAPDH and scrambled
sequences were conjugated to transferrin and incubated with 3T3-WT cells at 4oC to prevent
internalisation. The samples were then quenched with the corresponding 20 or 27-mer sequences.
Following quenching, the cells were either kept at 4oC to keep the transferrin at the surface or brought
up to 37oC for 1 hour to allow internalisation (Figure 5.11A,B & Figure 5.12A,B).

Over 85% of the fluorescence signal was quenched for all sequence and quencher combinations
(Figure 5.11C & 5.12C). The quenching efficiency of samples duplexed with the 27-mer sequence was
higher than the 20-mer equivalent (96% vs. 92% for the scrambled sequence and 97% vs. 95% for the
GAPDH sequence). In addition, lower efficiencies were observed at 37oC (86% for the scrambled
sequence and 85% for the GAPDH sequence quenched with the 20-mer strand). This indicates that
some degree of non-specific opening occurs for the 20-mer strands that is not due to the detection of
GAPDH once internalised.
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Figure 5.11 – Cellular stability of the scrambled control duplex conjugated to transferrin in 3T3-WT cells by flow cytometry.
Oligonucleotide conjugated to transferrin was incubated for 1 hour at (A) 4oC or (B) 37oC. The geometric mean of the results in
duplicate from flow cytometry is plotted with the error bars representing the standard deviation. (P < 0.05, t-test, n = 2). (C) The
calculated minimum, maximum and average quenching remaining after 1 hour. (*P < 0.05, one-way ANOVA, n = 3).
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Figure 5.12 – Cellular stability of the GAPDH sensor duplex conjugated to transferrin in 3T3-WT cells by flow cytometry.
Oligonucleotide conjugated to transferrin was incubated for 1 hour at (A) 4oC or (B) 37oC. The geometric mean of the results in
duplicate from flow cytometry is plotted with the error bars representing the standard deviation. (P < 0.05, t-test, n = 2). (C) The
calculated minimum, maximum and average quenching remaining after 1 hour. (*P < 0.05, one-way ANOVA, n = 3).
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The non-specific opening of the sensor over time was also investigated in later-stage trafficking. While
transferrin is returned to the cell surface quickly from recycling endosomes,43 the antibody to the
transferrin receptor (OKT9)44 is trafficked to lysosomes45 instead. Labelling the antibody with both the
oligonucleotide sequence and Alexa Fluor 488 allowed the amount of association to be tracked when
the sensor is quenched. In addition, this was carried out in HeLa cells (human, epithelial) as they do
not contain the target mouse GAPDH sequence. This allows degradation of the sensor to be detected
as there is no target sequence to release the quencher strand.

There was no difference in the association of antibody labelled with either scrambled or GAPDH
sequences to HeLa cells as the trend of the Alexa Fluor 488 signal over time was similar (Figure 5.13A).
In addition, hybridization of the quencher strand did not change association (Figure 5.13A). Quenching
was initially highly efficient as the Cy5 signal of both the scrambled and GAPDH sequences was low
compared to the unquenched samples (Figure 5.13B). This equated to a quenching efficiency of ~97%
for the scrambled and ~100% for the GAPDH sequence. However, the signal increased over time. The
Cy5 signal of the quenched samples increased to ~17% of the unquenched sample over 1.5 hours
(Figure 5.13C). The effect was similar for both the GAPDH sensor and the scrambled sequence. This
value is similar to the reduction in quenching efficiency seen in the 20-mer quenched oligonucleotides
conjugated to transferrin at 37oC (Figure 5.11C & Fig 5.12C). This suggests that both the control and
sensor oligonucleotide sequences undergo a comparable degree of non-specific opening when
trafficked along the endo-lysosomal pathway.
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5.3.5 Inducing Endosomal Escape with Lipofectamine 3000
To test the ability of the escape sensor to detect endosomal escape, a method known to induce
endosomal escape is required. Lipofectamine 3000 is a cationic liposome formulation that complexes
negatively charged DNA to assist in the delivery of nucleic acids into cells. Oligonucleotides delivered
using cationic liposomes are released from intracellular vesicles and into the cytosol.46 Internalised
Lipofectamine complexes have been reported to avoid trafficking along microtubules, evading transport
to lysosomes where degradation occurs.47 The degree by which Lipofectamine 3000 complexes could
evade lysosomes was investigated by qualitative colocalisation imaging (Figure 5.14A). The majority
of lysosomal associated membrane protein 1 (LAMP1) did not localize with Lipofectamine complexed
with the fluorescent GAPDH sensor strand. The majority of the signal from the GAPDH sensor
originated from other areas of the cell, possibly representing escape to the cytosol and trafficking to the
nucleus with several punctate structures surrounding this region. The specificity of LAMP labelling was
also validated. Fluorescent labelling of punctate structures was only observed when both the primary
and secondary antibodies were present (Figure 5.14B). When only the secondary antibody was present
(Anti-Rabbit Alexa Fluor 488), no labelling was seen (Figure 5.14C).
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Figure 5.14 – Lipofectamine 3000 localisation with lysosomes. GAPDH sensor sequence was complexed with Lipofectamine
3000 and incubated with 3T3-NIH cells overnight. (A) Cells were fixed, permeabilized and stained for lysosomal associated
membrane protein 1 (LAMP1) with anti-LAMP1 and goat anti-rabbit Alexa Fluor 488 then imaged with a 40X air objective. The
bottom panels show zoomed views of the boxed areas. (B) Anti-LAMP staining in 3T3-NIH cells without Lipofectamine 3000. The
right most panel shows a zoomed view of the boxed area. (C) Anti-rabbit Alexa Fluor 488 alone does not non-specifically label
cells. Images in (B) and (C) were obtained with a 60X silicone objective. Scale bar = 25 µm in all images.
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We investigated if free sensor could enter cells without Lipofectamine, as this phenomenon has been
documented for phosphorothioated oligonucleotides.48 Association of the single stranded GAPDH
sequence with 3T3-WT cells significantly increased when delivered with Lipofectamine 3000 compared
to the oligonucleotide alone (Figure 5.15A), demonstrating the role of Lipofectamine 3000 in this
increase. Single stranded sequences may be complexed by Lipofectamine differently to duplexes which
might change how they associate with cells. To test this, the GAPDH and scrambled sequences were
pre-hybridized with a non-fluorescent 27-mer complementary sequence. For both sequences, the
association with the double stranded sample was much higher than for those containing only single
stranded oligonucleotides (Figure 5.15B). Interestingly, the effect of the complementary strand on
association was more pronounced in the scrambled sequence than on the GAPDH sequence.
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Next, we examined the ability of the GAPDH sensor to detect delivery to the cytosol by Lipofectamine
3000. The sensor or scrambled sequence was hybridized with quencher strand and then complexed
with Lipofectamine. The amount the complexes associated with 3T3-NIH cells was variable as
demonstrated by the fluorescence intensity of the unquenched sensor across repeated experiments
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(Figure 5.16A & B). As this cell line expresses the target sequence, endosomal escape induced by
Lipofectamine should cause an increase in the 20-mer but not in the 27-mer quenched samples.
However, no significant difference between the 20-mer and 27-mer quenched samples was detected
(Figure 5.16A & B).
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To determine if the variability was due to disparities in the uptake of complexes containing quenchers
of different lengths, the complexes were labelled with an additional fluorophore. The sensor or
scrambled sequence was first hybridized with quencher strand and then complexed by Lipofectamine
with an additional non-complementary sequence labelled with Alexa Fluor 488. A similar Alexa Fluor
488 fluorescent signal across all samples showed that the length of the quencher on the sensor did not
change association of the complexes with 3T3-NIH cells (Figure 5.17B). There was a small difference
between the Cy5 signal of the 20-mer and 27-mer quenched sequences with the 27-mer quenched
sample being slightly higher (Figure 5.17A). To confirm there was no difference being overlooked by
the slight variations in association of the complexes, a ratio between the Cy5 and Alexa Fluor 488
signals was calculated but no escape could be detected (Figure 5.17C).
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Figure 5.17 – Lipofectamine 3000 delivery of GAPDH sensor to 3T3-NIH cells. Mean fluorescence intensity of the (A) Cy5 or (B)
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Microscopy also showed the sensor to be highly variable. Delivery of the unquenched GAPDH sensor
to 3T3-NIH with Lipofectamine 3000 resulted in cells with high amounts of fluorescence both diffusely
distributed in the cytosol and as punctate vesicles (Figure 5.18A & Figure 5.19A). Certain experiments
showed no difference between the 20-mer quenched sensor (Figure 5.18B) and 27-mer quenched
control sequence (Figure 5.18C). However, on other occasions there was a difference between the two
as fluorescence localised to nuclear structures (Figure 5.19C) in the 20-mer quenches sensor was
absent in the 27-mer control (Figure 5.19C).

Figure 5.18 – Fluorescence microscopy images of Lipofectamine 3000 delivery of GAPDH sensor. GAPDH sensor hybridized
with either (A) unlabeled complementary sequence, (B) 20-mer quencher or (C) 27-mer quencher complexed with Lipofectamine
3000 and incubated in 3T3-NIH cells overnight. Scale bar = 10 µm.
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Figure 5.19 – Fluorescence microscopy images of Lipofectamine 3000 delivery of GAPDH sensor. GAPDH sensor hybridized
with either (A) unlabeled complementary sequence, (B) 20-mer quencher or (C) 27-mer quencher complexed with Lipofectamine
3000 and incubated in 3T3-NIH cells overnight. Scale bar = 10 µm.
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Collectively, these results suggest that the sensor reliably cannot detect escape induced by
Lipofectamine. Even though Lipofectamine produces pronounced expression when delivering plasmid
to this cell type, the amount of escape may be too low for an appreciable quantity of replacement of the
20-mer quenched strand with GAPDH mRNA. Alternatively, the level of GAPDH within the cytosol may
be too low so that even when escape is high, the change in signal is out competed by the background
of the quenched sequences.

5.3.6 Testing for GAPDH mRNA with Unhindered Cytosolic Access
The lack in ability of the sensor to detect escape suggests the signal-to-noise ratio of the sensor may
be too low. To test this, the sensor was given unhindered access to the contents of the cytosol. This
was achieved by adding quenched sensor to lysed cells or to fixed and permeabilised cells. Lysis buffer
previously shown to preserve mRNA49 was added to cells and lysis was confirmed visually by light
microscopy. However, there was no difference between samples with the GAPDH sensor (Figure
5.20A), the scrambled sequence (Figure 5.20B) or in the intensity of the 20-mer or 27-mer quenched
samples. In addition, the percentage the 20-mer signal return of the maximum achievable signal was
low (0.9 to 1.8%) and not significantly different compared to either the 27-mer quenched or scrambled
controls (Figure 5.20C). In addition, there was no difference compared to samples with no cells present.
Therefore, the presence of GAPDH mRNA could not be confirmed using the duplex sensor in lysed
cells.
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Figure 5.20 – GAPDH mRNA detection in lysed cells. Quenched and unquenched GAPDH or scrambled sequence was added
to lysed 3T3-WT cells or lysis buffer without cells. (A) GAPDH sensor sequence (B) scrambled sequence (n.s = not significant
by unpaired t-test, P > 0.05, n = 3). (C) Percentage of Cy5 fluorescence of the quenched samples relative to the unquenched
sequences. Lysis performed triplicate. Mean fluorescence intensity is plotted with error bar representing the standard deviation
(A and B). The percentage return is plotted as the average, with the upper and lower limits calculated from the data as the error
bars (C).
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The potential that mRNA degradation was occurring following cell lysis could not be eliminated. To
overcome this, the cells were fixed and permeabilised before adding the sensor, similar to the protocol
followed for fluorescence in situ hybridization, an established method for mRNA detection.28 Addition of
unquenched GAPDH sensor sequence to 3T3-WT cells resulted in diffuse fluorescence throughout both
the cytosol and nucleus (Figure 5.21A) which corresponds to hybridisation of the sequence to GAPDH
mRNA. However, no displacement of the quencher occurred as the subsequent fluorescent signal was
not detectable in samples incubated with the 20-mer duplex (Figure 5.21B). In addition, the scrambled
sequence also showed a similar distribution to the GAPDH sensor even though the cells do not contain
the target sequence for hybridisation (Figure 5.21D). This indicated the sequences are non-specifically
sticking to components inside the cell.

Figure 5.21 – GAPDH sensor and control sequence added to fixed and permeabilised cells.

3T3-WT cells were fixed,

permeabilised and incubated with (A) unquenched GAPDH sensor, (B) 20-mer quenched GAPDH sensor, (D) unquenched
scrambled sequence or (E) 20-mer quenched scrambled sequence. (C) and (F) shows the position of the cells in (B) and (E)
respectively via the differential interference contrast image (DIC). Scale bar = 10 µm.
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Fixing the cells may rigidify the mRNA too much to allow the quencher strand to be competed off.
Hybridization in FISH protocols do not require strand exchange and as there appears to be hybridization
of the unquenched sample this scenario is a possibility. However, the non-specific adherence of the
scrambled sequence within fixed cells and the lack of mRNA detection within lysed cells suggests that
the mRNA copy number is below detection threshold of the sensor. It is estimated there is approximately
200,000 mRNA copies per mammalian cell.50 Of this collection of molecules, approximately 1,300 1,800 of these are GAPDH mRNA molecules (in 3T3-NIH and K562 cells).51,52 As the optimum sensor
response was determined to occur in the presence of 2 equivalents of complementary sequence, it may
be that the amount of sensor delivered so that the fluorescent signal is high enough for detection causes
a high background signal when quenched. This leads to a poor signal-to-noise ratio and prevents any
change in signal when the sensor is in the presence of GAPDH mRNA.

The similarity of our sensor to the commercial NanoFlare mRNA detection system indicates that mRNA
copy number may not be the sole reason no response was seen in any of the trialled methods.
NanoFlares are reported to contain on average 90 oligonucleotides per particle and are delivered to
cells at a final concentration 0.5 – 5 nM35 which equates to between 45 – 450 nM oligonucleotide. The
amount of oligonucleotide delivered in the series of Lipofectamine experiment was within this range.
While it is difficult to compare the background signal across the experiments as the levels of uptake
may be different, it does imply that the signal to noise ratio of the NanoFlares is superior to the duplex
escape sensor.

A possible reason for this may be the level of degradation in the duplex sensor observed across the
experiments. The NanoFlare is reported to be resistant to break down as the high oligonucleotide
loading on the particles causes a negative surface charge which in turn induces a local salt
concentration that inhibits enzymatic degradation.53 This suggests that if our sensor was covalently
attached to the particle of interest and the degree of labelling was high enough, degradation may be
avoided. However, this is not feasible as this level of conjugation would change the physiochemical
properties of the material the sensor was attached to.
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5.4 Conclusions
The endosomal escape sensor in duplex form was demonstrated to be highly responsive in the
presence of its target sequence in solution. It was also shown to be specific as the fluorescence of
quenched samples did not increase when a scrambled duplex was challenged with the target sequence.
However, the sensor could not detect escape induced with Lipofectamine 3000. The sensor was also
unresponsive when unhindered access to the cytosolic constituents was provided by cell lysis or by
permeabilising the cell. The proposed issues with the sensor are twofold:

i)

The sensor, even though modified to resist cleavage is subject to degradation along the
endo/lysosomal trafficking pathway, decreasing the signal to noise ratio of the sensor.

ii)

This first problem is compounded by the low concentration of GAPDH mRNA within the
cell. The copy number is too low for this sensor design to detect the target sequence at the
level it is delivered to the cells.

This work highlights the balancing act between sensor supply and the amount of recognition element
present. Providing more sensor means an increased background but does not necessarily correspond
with a larger signal if the recognition element is limited. To move forward, a cytosolic entity present at
a much higher concentration is required. This may require overexpression to be induced, such as the
SNAP-tag system described in Chapter 4.

5.5 Materials and Methods
5.5.1 Instrumentation
UV/visible absorbance spectroscopy to determine the concentration of DNA oligonucleotide probes or
protein samples was performed on a NanoDrop Spectrophotometer ND-1000. Fluorescence spectra
was collected with a Shizmazdu RF-5310PC fluorescence spectrophotometer with temperature
maintained by an Eyela NTT-2200 Water Bath. Bulk fluorescence intensity values at set
excitation/emission were obtained with a PerkinElmer EnSpire Multilabel plate reader.
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5.5.2 Materials
Custom fluorescently modified oligonucleotide sequences using Cyanine (Cy) and Black Hole
Quencher (BHQ) dyes were purchased from Integrated DNA Technologies (IDT) or IBA Lifesciences
GmbH. Dulbecco's Modified Eagle's medium (DMEM) (Gibco), fetal bovine serum (FBS) (Gibco) and
Penicillin/Streptomycin (Invitrogen) were purchased from Thermo Scientific. Human holo-transferrin,
calcein, potassium chloride, Triton X-100 and phosphate buffered saline tablets were purchased from
Sigma-Aldrich. Tris hydrochloride was purchased from Fisher Scientific. Goat anti-rabbit Alexa Fluor
488 and Anti-Lysosomal Associated Membrane Protein 1 were purchased from Abcam. Anti-transferrin
receptor (human) antibody OKT9 was kindly donated by Dr. Justine Mintern (Bio21 Institute,
Melbourne).

5.5.3 Cell Culture
Cells were purchased from American Type Culture Collection (ATCC). 3T3 MEF WT (3T3-WT) (ATCC:
CRL-2752) and HeLa (ATCC: CCL-2) were maintained in DMEM, high glucose (GlutaMAX) with phenol
red, supplemented with 10% FBS and 1% penicillin/streptomycin at 37oC with 5%. 3T3-NIH (ATCC:
CRL-1658) were maintained in in DMEM, high glucose (GlutaMAX) with phenol red, 20% FBS and 1%
penicillin/streptomycin at 37oC with 5%. The cells were maintained by research assistants, Ewa Czuba
(3T3-WT), Moore Chen (3T3-NIH) and Honours student Josh Rennick (HeLa) (Monash University,
Melbourne).

5.5.4 Flow Cytometry
Flow cytometry was performed on a Stratedigm S1000EXI flow cytometer (Stratedigm, California, USA)
using a 488 nm excitation with emission collected in the 515 – 545 nm channel (Alexa Fluor 488) and
a 642 nm excitation with emission collected in the 661 – 690 nm channel or a BD FACS Canto II flow
cytometer (BD Biosciences, USA) with a 640 nm excitation and emission collected in the 650 – 670 nm
channel. FCS2.0 files were exported using BD FACSDIVA (version 6.0, BD Biosciences, USA) or
FCS3.0 files were exported using CellCapTure Analysis Software (Stratedigm, California, USA). 1×104
events were collected per sample. The cells were gated by forward versus side scatter and analysed in
FlowJo (version 10, Tree Star, Oregon, USA).
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5.5.5 Fluorescence Microscopy
Images were collected via fluorescence microscopy using a 60X 1.3 NA silicone or a 40X 0.9 NA air
objective with a standard “Pinkel” DAPI/FITC/Cy3/Cy5 Filter set (Semrock). Emission was separated
and captured using a 414/497/565/653 nm dichroic mirror and a quad-band bandpass emission filter
between 503 – 515 nm and 614 – 804 nm. For live cell imaging, CO2 and temperature controls were
used to maintain 5% CO2, humidity and a temperature of 37oC. All image analysis was performed in
Slidebook 6.0 (Intelligent Imaging Innovations, Denver, USA).

5.5.6 Oligonucleotide Sequences
Oligonucleotides were reconstituted in Milli-Q or nuclease free-water to prepare 150 μM or 600 μM
stock and stored at -20oC.

GAPDH Target Sequence
The GAPDH complementary sequence for opening the beacon or duplex sensor:
5’ – AGGGTGGAGCCAAAAGGGTCATCATCT – 3’

Fluorescent Components of the Duplex Escape Sensor
The sequences for the fluorescent components of the duplex escape sensor are as follows with
phosphorothioate bonds represented by a (*) symbol:
Mouse GAPDH sensor sequence
5’ – Cy5 – AGATGATGACCCTTTTGGCTCCACCCT – azide – 3'
Mouse GAPDH sensor sequence (phosphorothioated)
5’ – Cy5 – A*G*A*T*G*A*T*G*A*C*C*C*T*T*T*T*G*G*C*T*C*C*A*C*C*C*T* – azide – 3'
Scrambled control sequence
5’ – Cy5 – TCAGTTCAGGACCCTCGGCTTTACGGT – azide - 3'
Scrambled control sequence (phosphorothioated)
5’ – Cy5 – T*C*A*G*T*T*C*A*G*G*A*C*C*C*T*C*G*G*C*T*T*T*A*C*G*G*T* – azide - 3'
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Quencher Components of the Duplex Escape Sensor
GAPDH 27-mer quencher
5’ – A*G*G*G*T*G*G*A*G*C*C*A*A*A*A*G*G*G*T*C*A*T*C*A*T*C*T* – BHQ2 – 3’
GAPDH 20-mer quencher
5’ – A*G*C*C*A*A*A*A*G*G*G*T*C*A*T*C*A*T*C*T* – BHQ2 - 3'
Scrambled control sequence 27-mer quencher
5’ – A*C*C*G*T*A*A*A*G*C*C*G*A*G*G*G*T*C*C*T*G*A*A*C*T*G*A* – BHQ2 – 3'
Scrambled control sequence 20-mer quencher
5’ – A*G*C*C*G*A*G*G*G*T*C*C*T*G*A*A*C*T*G*A* – BHQ2 – 3'

5.5.7 Protein Degree of Labelling
The degree of labelling (DOL) of the protein by the oligonucleotide sensor was calculated from the
following equation using a correction factor to compensate for the additional absorbance at 280 nm
from DNA:

DOL =

(5.1)

[fluorophore]
2A456 × ε9:;<6=> ?
=
[protein]
ε456 2A@AB − CF × A456 ?

where,
Adye = absorbance of the sample at absorbance maxima of the dye
eprotein = extinction coefficient of the protein at 280 nm (M-1 cm-1)
edye = extinction coefficient of the dye at the absorbance maxima (M-1 cm-1)
A280 = absorbance of the sample at 280 nm
CF = correction factor calculated from the absorbance of the fluorescent component alone at
280 nm divided by the absorbance at the maxima

5.5.8 Quenching Efficiency and Return of Fluorescence Equations
To determine quenching efficiency, the mean fluorescence intensity of the cells alone was averaged
and subtracted from each sample and then substituted into the following equation:
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𝜂GHIJKLMJN = O1 −

𝐼GHIJKLIR
S × 100
𝐼HJGHIJKLIR

(5.2)

where,
hquenching = efficiency of quenching (%)
Iquenched = fluorescence intensity of the quenched sample
Iunquenched = fluorescence intensity of the unquenched sample

To determine the return in fluorescence signal, the mean fluorescence intensity of the cells alone was
averaged and subtracted from each sample and then substituted into the following equation:

𝜂UIVHUJ = O

𝐼GHIJKLIR
𝐼HJGHIJKLIR

(5.3)

S × 100

where,
hreturn = return of original signal (%)
Iquenched = fluorescence intensity of the quenched sample
Iunquenched = fluorescence intensity of the unquenched sample

5.5.9 Sensor Fluorescence in Solution
Obtaining the fluorescent spectra of several of the sensors in media containing FBS was assisted by summer research student
May Lai (Monash University, Melbourne) under my supervision.

A typical experiment involved obtaining the background fluorescence spectra by exciting solvent in a
0.5 mL cuvette at the wavelengths of any dyes to be checked. Emission spectra were then obtained for
the dye of interest before adding any second sequences and repeatedly measuring the emission over
set time intervals.

Duplex quenching efficiency, stability and return of signal in the presence of the complementary strand
was assessed. A fluorescence emission spectrum was obtained by excitation at 650 nm with emission
measured between 655 – 700 nm with a 5 nm slit width and fast scanning speed. The emission
spectrum of GAPDH or scrambled sequence diluted to 0.2 µM in PBS was obtained before adding 3.7
equivalents of quencher sequence. The emission was measured every 2 minutes after addition of the
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quencher to ensure quenching had reached completion before adding 4 equivalents of the
complementary strand. An emission spectrum was then obtained every 5 minutes until the fluorescence
intensity stabilised.

5.5.10 Duplex Sensor Response Optimization
The amount of quencher strand required to remove the Cy5 signal was optimised using a fluorescence
plate reader. GAPDH sensor was initially diluted in PBS to 75 nM. 100 µL of this solution was then
combined with 25 µL of PBS containing 5 to 0 molar equivalents of quencher in a 96-well clear bottom
black polystyrene microplate. 25 µL of PBS containing 3 equivalents of GAPDH complementary
sequence was added to a separate set of wells and analyzed. To determine the dependence of the
return in signal on the concentration of complementary strand, 100 µL of 75 nM GAPDH sensor was
mixed with 25 µL of PBS containing 2 equivalents of quencher for 15 mins before adding 25 µL of PBS
or PBS with 5 to 0 equivalents complementary sequence.

5.5.11 Duplex Escape Sensor on Transferrin in 3T3-WT Cells
The ability of the sensor to stay closed under conditions with no endosomal escape was investigated
using the protein transferrin with 3T3-WT cells. 3T3-WT were seeded at 60,000 cells per well in 400
µL DMEM supplemented with 10% FBS and 1% penicillin/streptomycin one day prior to the experiment.
Serum was removed by washing three times with DMEM without FBS. 25 μL DMEM was added with or
without transferrin labelled with sensor for a final concentration of 10 μg mL-1 to duplicate wells and
incubated for 30 minutes at 4oC to allow binding to the cell surface. Following two washes with DMEM,
2 equivalents of the 20-mer or 27-mer quencher added to the appropriate wells and cells were incubated
at either 37oC or 4oC for a further hour. To detach the cells, 200 μL of 10 mM EDTA in PBS was added
and left for 10 minutes at 37oC or 4oC followed by 300 μL 1% BSA in PBS. Cells were then manually
scrapped off the plate and transferred to flow cytometry tubes. The tubes were spun at 250g for 5
minutes and the cells were resuspended in 200 μL of 1% BSA in PBS before analysis by flow cytometry.
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5.5.12 Duplex Escape Sensor on Anti-Transferrin Antibody in HeLa Cells
Josh Rennick (Monash University, Melbourne) carried out the experiment under my supervision and I assisted with the
experimental design.

Mouse anti-transferrin receptor antibody (OKT9) was first labelled with DIBO by adding 5 equivalents
of DIBO-NHS (1 mg mL-1) to the protein (200 µg, 2 mg mL-1) for 2 hours at 4oC. Excess DIBO was
removed using a 0.5 mL Zeba 7k MWCO equilibrated with PBS. The OKT9-DIBO was split and nonphosphorothioated mouse GAPDH sensor or phosphorothioated scrambled sequence was added at 2
equivalents, overnight at 4oC. Excess oligonucleotide was removed using 0.5mL 30k MWCO Amicon
Ultra centrifugal filters. The samples were washed until the flow through was clear.

HeLa cells were detached from a T-25 cell culture flask using 0.25% trypsin and then counted. The
cells were pelleted by spinning at 400 g for 4 minutes then resuspended in cold DMEM with 10% FBS
to a final concentration of 1 million cells per mL. Cells were then transferred into 1.6 mL Eppendorf
tubes at 100,000 cells per tube. OKT9 was added to the cells on ice at a final concentration of 5 µg mL1

for 30 minutes to allowing binding to the cell surface. Excess OKT9 was removed by washing the cells

3 times with DMEM + 10% FBS by spinning at 350 g for 5 minutes. Cells were then transferred to a 96
well plate at 0, 15, 30, 60 and 90-minute time points and incubated at 37oC. Cells were then spun once
in the plate for 5 minutes at 350g, resuspended in PBS and analysed via flow cytometry.

5.5.13 Duplex Escape with Lipofectamine 3000 by Flow Cytometry
3T3-NIH cells were seeded at 50,000 cells per well in 450 µL DMEM supplemented with 10% FBS and
1% penicillin/streptomycin 1 day prior to the experiment. A bulk dilution of P3000 (2 µL per sample) and
Lipofectamine 3000 reagent (1µL per sample) was made up in 25 µL OptimMEM per sample. The
P3000 solution was split into Eppendorf tubes and combined with the 250 ng GAPDH or scrambled
sensor with or without 3.7 equivalents quencher stand. The diluted Lipofectamine 3000 (25 µL per
sample) reagent was then added to the tubes and incubated for 5 minutes at room temperature to allow
for the complexes to form before adding to the cells and incubating for 4 hours at 37oC. Following
incubation, cells were washed 4 times with PBS, detached by adding 150 µL 0.25% trypsin in PBS for
3 minutes at room temperature, followed by 100 µL 1% BSA in PBS. The entire volume was transferred
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to a 96-well, V-bottom plate and spun at 250 g for 5 minutes, washed once in 150 µL 1% BSA in PBS,
resuspended in PBS and transferred to flow cytometry before analysis by flow cytometry.

5.5.14 Escape of Dual-Labelled Lipofectamine 3000 Complexes
3T3-NIH cells were seeded at 120,000 cells per well in 400 µL DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin 1 day prior to the experiment. Duplexes of the fluorescent strand (50
ng) were formed with 2 equivalents non-fluorescent complementary or quencher strands were formed
in OptiMEM with 1 µL of P3000 per sample for 10 minutes. The duplexes were then complexed with
one equivalent of a scrambled sequence labelled with Alexa Fluor 488 (see Chapter 4 for sequence
details) using 1.5 µL Lipofectamine 3000 per sample for 10 minutes before adding to the cells and
incubating overnight at 37oC. The following day, cells were washed 3 times with DMEM supplemented
with 10% FBS then detached by adding 200 µL of 0.25% trypsin in PBS. Following detachment, 100 µL
of 1% BSA in PBS was added to each well and the entire volume transferred to a 96-well, V-bottom
plate. Cells were spun at 250 g for 5 minutes and resuspended in PBS before analysis by flow
cytometry.

5.5.15 Lipofectamine 3000 Imaging
3T3-NIH cells were seeded at 5,000 cells per well in 100 µL in black, clear-bottom 96-well polystyrene
plates or at 40,000 cells per well in 8 well plates one day prior to the experiment. Duplexes of the
GAPDH sensor were formed by adding 2 equivalents of non-fluorescent complementary strand in
OptiMEM media with 0.2 µL P3000 reagent per well and incubating for 10 minutes at room temperature.
Cells were then transfected with a mass of 100 ng fluorescent strand per well using 0.23 µL
Lipofectamine 3000 per well and following the manufacturers protocols. After incubation overnight, cells
were washed 3 times in DMEM with 10% FBS. Cells were imaged live in FluoroBrite with 10% FBS or
fixed with 3% paraformaldehyde in PBS for 10 minutes at room temperature.

For permeabilization, cells were washed 3 times with PBS before blocking for 2 hours at room
temperature with blocking buffer (3% BSA, 0.2% Triton X-100 in PBS). The primary antibody, polyclonal
rabbit Anti-Lysosomal Membrane Associated Protein 1 (LAMP1) was added at 2 µg mL-1 in blocking
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buffer and incubated with the cells overnight at 4oC. The cells were then washed 3 times in washing
buffer (0.2% BSA, 0.05% Triton X-100 in PBS), allowing 10 minutes per wash. Goat polyclonal antirabbit Alexa Fluor 488 antibody was then added at 1 µg mL-1 in blocking buffer and left to incubate at
room temperature for 1 hour. Cells were washed again 3 times with washing buffer for 10 minutes per
wash, then once with PBS before imaging in PBS.

To validate the anti-LAMP1 antibody, 3T3-NIH cells were seeded at 40,000 cells per well in 8 well plates
one day prior the experiment. Cells were washed once in PBS and then fixed with 3% paraformaldehyde
in PBS for 10 minutes at room temperature. Cells were then washed 3 times with PBS before blocking
for 2 hours at room temperature with blocking buffer (3% BSA, 0.2% Triton X-100 in PBS). The primary
antibody, polyclonal rabbit Anti-Lysosomal Membrane Associated Protein 1 (LAMP1) was added at a
concentration of 1 µg mL-1 in blocking buffer and incubated with the cells overnight at 4oC. The cells
were then washed 3 times in washing buffer (0.2% BSA, 0.05% Triton X-100 in PBS), allowing 10
minutes per wash. Goat polyclonal anti-rabbit Alexa Fluor 488 antibody was then added at 1 µg mL-1
per well in blocking buffer and left to incubate at room temperature for 1 hour. Cells were washed again
3 time times with washing buffer for 10 minutes per wash, then once with PBS before imaging in PBS.

5.5.16 Cell Lysis
3T3-WT cells were seeded at 10,000 cells/well in 100 µL in black, clear-bottom 96-well polystyrene
plates one day prior to the experiment. To lyse the cells, a Tris buffer containing Triton X-100 was
used.49 Cells were washed once in PBS before adding Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.4)
with or without 1% Triton X-100. The fluorescent oligonucleotide sensor (GAPDH and Scrambled) was
added at 7.5 ´ 10-12 mol per well, pre-complexed with 3.7 equivalents of either non-fluorescent or
quencher-labelled complimentary strand. The lysed cells were left for 20 minutes before the
fluorescence intensity of each well was determined on a fluorescence plate reader.

5.5.17 Cell Fixation and Permeabilization
Cells were seeded at 40,000 cells per well in 400 µL in an 8-well chamber slide one day prior to the
experiment. Cells were fixed and permeabilised as described previously (section 5.4.16). Instead of
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adding antibody, GAPDH sensor or scrambled sequence at 0.16 nM incubated with or without 2
equivalents of quencher for 15 mins prior were added and incubated with the cells overnight at 4oC.
Cells were then washed 3 times with 1X saline-sodium citrate (0.15 M NaCl, 0.015 M sodium citrate,
pH 7) at room temperature, 5 minutes per wash and imaged.
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6.1

Main Findings and Future Directions

6.1.1 Chapter 2: Histogram Deconvolution (HD Flow)
Flow cytometry is routinely used to assess nanoparticle and protein association with cells. The reported
mean fluorescence intensity and percentage of cells that have had a response are often an
underrepresentation of the true effect of a given treatment. This is due to overlap of the fluorescence
histogram of the control cells, containing negative cells, with that of the sample. Chapter 2 demonstrated
the application of the Richardson-Lucy deconvolution algorithm to “deblur” flow cytometry data in order
to identify positive cells within the sample with increased sensitivity. To validate the method, a data set
where the exact values for the percentage of positive cells are known was generated. To achieve this,
the percent positive was determined from the fluorescence channel with optimal intensity. The spill over
to a second channel where the intensity was lower was then used to artificially simulate overlapped
histograms and to validate the method. The algorithm was demonstrated to be more effective than
traditional techniques based on thresholding and those available in the commercial flow cytometry
software package FlowJo.

Further development of this algorithm will enable parameters such as the number of data bins and the
number of iterations to be automatically set by the program. For example, methods have been
developed to calculate optimal stopping conditions for this category of deconvolution algorthim.1,2 This
will simplify HD Flow analysis and make the process more accessible to non-expert users.

6.1.2 Chapter 3: Fluorescent Sensors for Quantifying Internalisation
Quantifying the amount of material transferred from the outside to the inside of cells is critical in
improving drug delivery and understanding simple cellular processes. There are currently limited tools
to determine the internalisation of a specific molecule or particle. In addition, the current methods are
non-specific, preventing the use of multiple fluorescent labels such as in immunophenotyping. The
DNA-based specific hybridization internalisation probe (SHIP) is an exception, however its innately
large size and negative charge may limit its use on label some materials. Chapter 3 describes the
synthesis of a fluorescent internalisation sensor that acts analogous to SHIP but is based on click
chemistry. This allows the same specific removal of extracellular fluorescence but drastically reduces
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the size of the component attached to the material of interest to the molecular weight of a standard
fluorescent label. In this chapter, the ability of the internalisation sensor to quantify the uptake of various
sized proteins was demonstrated.

Under conditions where there is no internalisation, ~80% of the surface signal was quenched. This
efficiency was superior to the commonly used pH responsive dye pHrodo red (~50%) and similar to that
obtainable with anti-dye antibodies (85%).3 Although the amount of quenching was lower than SHIP
under the same conditions (~95%), this can be compensated for using a simple equation (Chapter 1)
when determining the amount of material internalised. In addition, the decreased size and charge of
the click-based sensor compared to SHIP is advantageous when probing uptake and trafficking, despite
the lower quenching efficiency.

The remaining sections of Chapter 3 focused on extending the system by modifying the method of
conjugation and reconstructing the elements of the sensor on a peptide. Currently, peptide coupling
reagents are required to activate the carboxylic acid for reaction on to amines which can lead to protein
cross-linking. Although tetrazine-TCO and azide-cyclooctyne reaction pairs have been used
simultaneously for labelling purposes in vitro,4 this chapter showed that the groups were cross
reactivate enough to prevent the use of these groups on the same molecule. Future work could address
this by modifying the carboxylic acid on the fluorescent component to a succinimidyl ester for reactivity
with amines or maleimide for attachment to thiols. Reconstruction of the sensor components on the
particular peptide sequences chosen was not possible due to issues with hydrophobicity and steric
hindrance. However, it may be possible to use this system to study the internalisation of other
sequences by attaching the sensor components to less obstructed residues.

6.1.3 Chapter 4: Following Trafficking and Detecting Endosomal Escape with
SNAPSwitch
Enzymatic tagging systems have been developed that allow for the fluorescent labelling of specific
subcellular locations in live cells. However, they have not yet been applied to track the localisation of
endocytosed content as none of the fluorescent substrates are attachable to a material. Chapter 4
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establishes a quenched and attachable SNAP-tag substrate for investigating localisation within cells
after uptake by endocytosis. Following synthesis of the conjugate, the system was shown to detect
binding on the cell surface and delivery to both the cytosol and nucleus through generation of a
fluorescent signal. The switch-on fluorescence of the sensor allows escape to the cytosol and delivery
to the nucleus to be tracked over time and represents a significant advance in signalling localisation in
live cells. SNAPSwitch addresses problems associated with traditional methods for probing localisation
by microscopy, such as the difficulty in interpreting results from incomplete overlap of fluorescent
signals and also provides an improved option for detecting endosomal escape as the current
approaches are generally non-quantifiable.

Given the potential of SNAPSwitch, there are several areas where this project could be further developed
in order to facilitate its adaptation as a commonplace technique. A priority is the development of cell
lines that stably express the SNAP-tag. Currently, a second fluorescent marker is needed to identify
cells positive for the SNAP-tag as the cells only transiently express the enzyme. In order to simplify
experimental execution and analysis, cell lines with stable expression could be generated using
lentiviral transduction.5 The genes for SNAP-tag expression in the cytosol and nucleus within Chapter
4 have already been engineered into a lentiviral expression vector. Therefore, they are ready to be
transfected, along with lentiviral packaging vectors, into a cell line of choice for integration into the
genome.

Exchanging the specific type of quencher and fluorescent dye on the benzylguanine substrate could
also be pursued. This has the potential to improve the kinetics of activation and increase the quenching
efficiency, as has been demonstrated for non-attachable quenched substrates.6 In addition to receptors
on the cell surface, other locations can be tagged within the cell such as the mitochondria, endoplasmic
reticulum and the Golgi complex. As drug delivery improves, more focus falls on addressing diseases
arising from problems within subcellular organelles.7 By expressing the SNAP-tag in these locations
and using SNAPSwitch, the intracellular trafficking and endosomal escape capacity of materials can be
probed.
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6.1.4 Chapter 5: Identifying Endosomal Escape with an Oligonucleotide Sensor
The ability of a material to induce escape from endosomes following endocytosis is a critical attribute
for many drug delivery applications. Existing methods to detect endosomal escape are either subjective
as they are require observing a diffuse fluorescence appearance within cells, or only provide an overall
efficiency of transfection without describing the amount transferred to the cytosol. Chapter 5 attempts
to address this by design of an oligonucleotide duplex that exchanges a quencher-labelled strand for
mRNA found in the cytosol, allowing the sensor to fluorescence and signal endosomal escape. By using
a cytosolic entity to induce a response in the sensor, transfection of the cells can be avoided as was
required for the system described in Chapter 4.

Although the sensor was responsive to the target and resistant against responding to incorrect
sequences in solution, it was unable to detect endosomal escape in vitro. The sensor underwent a
degree of degradation within the cell under conditions where no escape was expected. When combined
with the low copy number of individual mRNA sequences, this resulted in a poor signal-to-noise and
made any change in signal indiscernible above the background fluorescence of the sensor. These
problems are avoided in the NanoFlare live cell mRNA detection system as the high degree of labelling
of oligonucleotides induces an increased local salt concentration which lowers DNAase association,
increasing stability.8 However, modification with numerous negatively charged oligonucleotides to
provoke this effect will likely impact the properties of the material and is hence not feasible as a method
to detect endosomal escape. To design an endosomal escape sensor that does not require prior
transfection of the cells will require selection of a target molecule that is present in much higher amounts
than a specific mRNA sequence.

6.2 Overall Summary
This thesis describes the design, synthesis and demonstration of systems for the investigation of the
cellular processing of materials. These probes represent advances within the sensor field and are able
to track internalisation, trafficking and endosomal escape, three key steps essential for efficacious drug
delivery by nanomaterials. In addition, the flow cytometric data analysis method developed improves
on current evaluation techniques and is relevant to multiple scientific disciplines. Collectively, a set of
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tools and methods was developed that will assist in improving our understanding of how cells and
nanomaterials interact.
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