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Advances in the field of genome engineering demand the development of efficient non-viral transfection
agents capable of delivering multiple distinct nucleic acids efficiently to cells (co-transfection). However,
current delivery methods result in lower co-transfection efficiency than single plasmid transfections, and
the efficiency decreases further with increasing numbers of plasmids. The development of a high-
throughput methodology is required for the validation of co-transfection platforms to facilitate
independent tracking of not only the multiple DNA plasmids during transfection but also the localisation of
transfection agents. This is pivotal to determine the bottlenecks in achieving high transfection efficiencies
at various stages of the cell internalisation and plasmid expression process. Herein we demonstrate that this
can be achieved using a facile methodology in which quantum dots (QDs) are used to label two different
plasmid DNA assemblies that are delivered to cells simultaneously using a dendronised polymer system.
Multispectral confocal imaging can be used to separate signals from each polyplex as well as the expressed
fluorescent reporter proteins to determine whether co-transfection difficulties result from poor
internalisation or the inability of DNA to escape from polyplexes. The results demonstrate the utility of this
facile approach to label polyplexes without interfering with gene expression, and enable high-throughput
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Introduction

Transfection is an important route for the introduction of genetic
material into cells to facilitate gene-based therapies.' In contrast
to viral transduction, which is associated with severe toxicity and
immunogenicity problems,” non-viral transfection employs
synthetic carriers to condense plasmid DNA (pDNA) into compact
nanoparticles which are then taken up by cells via endocytosis.?
However, non-viral transfection remains a relatively poorly
understood route, prone to failure and low transfection effi-
ciency.* Non-viral delivery materials can be divided into two main
groups: those that use lipids to form liposomes (lipoplexes), and
those that use synthetic polymers (polyplexes).> Previous work
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has shown that polyplexes are internalised via endocytosis with
trafficking through the endolysosomal pathway,** which results
in a low efficiency with which pDNA escapes from endosomal
compartments.® A separate study established that transgene
expression does not necessarily require cell division to trans-
locate the pDNA into the nuclei.” Therefore, cell surface binding,
endosomal escape, translocation to the nucleus, and intracellular
polyplex decomposition may all be rate-limiting in the process of
successful transfection.®®

The advent of genomic editing tools such as CRISPR/Cas9,
which is usually delivered as a mixture of pDNA components,
has drawn attention to the inefficiency of non-viral transfection,
particularly because such platforms require the delivery and
expression of multiple plasmids simultaneously.” Questions
addressing bottlenecks in plasmid co-transfection, whether of
similar or different size, are important for this reason, and have
been overlooked. For transfection agents with only moderate effi-
ciency, the likelihood of transfecting a given cell with multiple
different plasmids simultaneously is low, and in previous studies
this has necessitated the use of cell sorting to select for specific
cellular populations."** Consequently, identifying limiting steps
in the transfection pathway and improving current understanding
of the transfection process are paramount if successful non-viral
delivery of genetic therapies is to be realised, and the technology
progressed towards a clinical setting.
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While tracking the final outcome of transfection is now
routine with the use of reporter genes such as fluorescent
proteins,™ probes that follow uptake and endosomal trafficking
suffer from drawbacks, and some transfection agents (e.g:, poly-
ethylenimine) are known to quench fluorescent DNA labels when
polyplexes are formed.** A non-covalent high-throughput method
of tracking could assist in overcoming these problems. Herein we
describe a method which allows labelling of polyplexes without
interfering with gene expression, which can be utilised for
screening of transfection reagents to elucidate and overcome
current barriers in achieving optimum co-transfection.

Results and discussion

A new dendronised polymer system that is capable of delivering
large pDNA constructs with high efficiency was prepared and
utilised for the study.” The dendronised polymer was prepared
by a copper-catalysed ‘click’ reaction of 4.5-generation poly(-
amidoamine) (G4.5 PAMAM) dendrons onto a random poly[(2-
hydroxyethyl methacrylate)-ran-(glycidyl methacrylate)] copol-
ymer backbone (Scheme 1). The dendronised polymer design
and composition was selected over sterically-hindered tradi-
tional G5 PAMAM dendrimers to allow for optimal flexibility
and charge density for plasmid binding and efficient delivery.*®
Incorporation of the HEMA monomer as a spacer unit increases
polymer biocompatibility, avoiding the high toxicity levels
observed with G5 PAMAM dendrimers.*>™”

Forming polyplexes from premixed pDNAs improves rates of
co-transfection compared to the formation and addition of two
distinct polyplexes. Presumably this is because pre-mixing
PDNAs increases the chance that a given polyplex, which is
usually composed of several pDNA macromolecules," will
contain both pDNAs. Regardless of whether pDNAs are mixed
before or after polyplex formation, we find that there are
significant cellular populations that express only a single pDNA
(Fig. 1) and this difference in co-efficiency is always lower than
that which can be achieved using a single reporter gene. In such
a situation, whether the low co-transfection efficiency is the
result of differing uptake of individual polyplexes or the
inability of polyplexes to be degraded and facilitate endosomal
escape remains unknown.

Quantum dots (QDs) can be used as particle-based imaging
probes, and can display high fluorescence quantum yield, wide
spectral absorption, narrow spectral emission bands, large
Stokes shifts, and a high level of photostability.’>** Quantum
dots have been previously used to quantify the rate of polyplex

(l) (i, iii)
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R = 5G PAMAM dendron R

Scheme 1 Preparation of dendronised polymer. (i) NaNsz, NH,4Cl, DMF,
60 °C, 72 h; (ii) alkyne-functionalised 4.5G PAMAM dendron, PMDETA,
CuBr, DMF, r.t., 72 h; (iii) ethylenediamine, MeOH, 0 °C.
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Fig. 1 Comparison of the efficiency of transfection with a single type
(total transfected’) versus multiple types (‘co-transfected’) of plasmid
DNA across three different cell lines using either our own dendronised
polymer (‘Polymer’) or Lipofectamine 2000 ('Lipo2000°) transfection
agents. A significant decrease in efficiency is observed across all cell
lines and transfection agents when multiple types of plasmid DNA are
delivered simultaneously. Breakdown of population of mCherry- and
EGFP-positive cell proportions in co-transfected populations demon-
strate co-transfection is limited by the expression of a single plasmid.
EGFP and mCherry expression levels were observed to be significantly
different in HEK293T cells. *p < 0.05, **p < 0.01, ***p < 0.001.

unpacking by a FRET-based method.>** CdTe(S) quantum dots
(Fig. 2a) were prepared according to the method of Zou et al.

High resolution TEM (Fig. 2b) and the corresponding fast
Fourier transform (FFT, Fig. 2c) reveals a lattice spacing of
0.374 nm, which matches the distance between (111) planes in
CdTe (JCPDF card 15-0770). The QDs display good photo-
luminescence properties, including bright and tuneable emis-
sion (Fig. 2d, e and S1f). The QD samples collected had
emission maximums ranging from 590 to 690 nm, and high
quantum yields (QYs) =23-44%. QD59 and QDo were used in
subsequent studies and were characterised to have diameters of
3.01 nm and 3.99 nm respectively.

Dendronised polymer was mixed with QDs and then used to
condense plasmid DNA (Fig. 3a). TEM of polymer-QD-pDNA
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Fig. 2 Characterisation of QDs used in this work. (a) TEM of as-
prepared QDs, (b) high-resolution TEM image showing lattice struc-
ture, and (c) corresponding FFT. (d and e) Uncorrected absorption
(dashed) and emission (solid) curves showing peak emission wave-
lengths for the two QD samples (QDsgo and QDggg respectively) used
for polyplex labelling. The corresponding photographs show QDs
under ultraviolet (360 nm) illumination.
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complexes confirmed the formation of condensed organic
structures with uniform QD labelling (Fig. 3b). The optimal
binding ratios to obtain well-formed polyplexes of stable size
and zeta potential were determined by dynamic light scattering
(DLS). The ratios of polymer : QD, polymer : pDNA, and poly-
mer + pDNA : QD (Fig. 3¢, d, and e respectively) were optimised
based on polyplex size and zeta potential. The polymer-
: pDNA : QD optimal ratio was determined to be 16.5: 1:24,
based on mass, which resulted in complexes with a hydrody-
namic radius of =125 nm and zeta potential of =+7 mV. It is
known that polyplexes reach a minimum stable size and should
be positively charged to facilitate cellular uptake.”® Further
characterisation of polyplexes showed -electron-dense QDs
within the structures (confirmed by high-angle annular dark-
field imaging, HAADF): the material contained the expected
QD elements Cd, Te, and S (Fig. 3e), and is capable of forming
highly condensed electrostatic complexes with both QDs and
pDNA as illustrated in Fig. 3f and g. Taken together, Fig. 3
confirms the stability and co-mixture of the optimal chosen
ratio of positively-charged polymer with negatively-charged QDs
and pDNA. The quantum yield of QDs following complexation
decreased modestly, from 44% and 38% for the QDsq, and
QDgoo respectively. The decrease is likely to be due to either the
polymer contributing to total absorbance, or displacement of
ligands from the QD surface by the dendronised polymer and
introduction of surface defects.”* However, the quantum yield
remained sufficiently high (11% and 20% for QDsq, and QDgg,
respectively, Fig. S2 in ESIf) for imaging by fluorescence
microscopy techniques.

The ability to label polyplexes in this way using QDs could
facilitate analysis of polyplexes during experiments requiring

View Article Online
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co-transfection. The emission of QDs can be tuned across broad
ranges of the visible spectrum, and by using spectral unmixing
and a short-wavelength excitation, multiple polyplexes can be
imaged simultaneously, revealing the location of potentially
many different polyplex assemblies within cells. To demon-
strate this, we formed polyplexes from either EGFP or mCherry
encoding pDNA, and labelled these with two different QDs (Aem
590 and 690 nm). Polyplexes were thus formed of single pDNAs
containing only one reporter each. Representative images show
the ability of QDs to label and spectrally resolve individual
polyplexes during co-transfection experiments (Fig. 4) while
also maintaining cell viability (Fig. S47). In Fig. 4, we show three
possible outcomes based on polyplex uptake and/or reporter
gene expression. Successful co-transfection of both EGFP and
mCherry, with both QDs present is demonstrated in Fig. 4a.
Successful internalisation of both plasmids, but unsuccessful
co-transfection is demonstrated in Fig. 4b where the cell has
internalised QDeggo but is lacking mCherry expression. Fig. 4c
demonstrates mCherry transfection with unsuccessful inter-
nalisation of EGFP-containing polyplexes, as QDsqo are not
present within the cell. Through these experiments, we show
that quantum dots can be successfully used to label polyplexes
and facilitate multispectral imaging (even with closely spaced
emission peaks). Additionally, while we have used easily-
visualised fluorescent reporter proteins for confirmation of
the technique, this system would be particularly useful tool in
the delivery of functional materials which do not encode for
a fluorescent reporter. Overall, from our confocal experiments,
it appeared that while polyplex uptake was a common occur-
rence, the presence of both EGFP and mCherry plasmids within
cells (and even within the same cellular compartment) did not
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Fig. 3 (a) Schematic demonstrating binding of QDs to dendronised polymer structure, and then condensation with plasmid DNA (pDNA) to

produce polyplexes labelled with QDs. (b—d) DLS and zeta potential measurements for optimisation of polymer : QD : pDNA ratios. Optimal
ratios were selected based on stabilised size and stable, positive zeta potential. (e) HAADF and elemental maps (left to right: Cd, S, Te) confirms
the presence and composition of QDs within polyplexes. (f) TEM of polyplex structure containing QDs. (g) Magnified view of the region in (f)

marked with a box.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Confocal imaging of labelled polyplexes and reporter gene
expression in MCF-7 cells at 24 h post transfection. Shown are three
different cases for polyplex uptake and plasmid expression. (a) Presence
of both QDs and expression of both reporter genes. (b) Uptake of both
polyplexes, but only expression of EGFP. (c) Uptake and expression of
only the mCherry polyplex; the EGFP polyplex was not visualised.

necessarily correlate with expression of pDNA from polyplexes
and escape from endosomes appeared to be the rate-limiting
step in our system, as has been reported for other polyplex
systems.**>*® These experiments clearly demonstrate final pol-
yplex destination has to be taken into consideration in the
design and screening of non-viral reagents for co-transfection,
and that QD-polymer composites as presented here are
a viable method for achieving polyplex tracking.

Conclusions

Identifying limiting steps in the transfection pathway and
improving current understanding of the transfection process is
crucial for non-viral delivery to be a competitive option to move
gene therapies into the clinic. Co-transfection of plasmids is
currently a major bottleneck for the application of genome
editing platforms such as CRISPR/Cas9. In summary QDs can
be utilised as useful labels for tracking polyplex internalisation.
Because of their relatively bright, narrow emission profiles,
multispectral imaging can be used to separate signals origi-
nating from multiple polyplexes and fluorescent protein
expression. Additionally, the multispectral confocal experi-
ments suggest that the major issue in co-transfection stems
from problems internal to the cell, rather than delivery to the
cell. However, this method is potentially limited by the resolu-
tion of spectra and detection of low-level signal by the confocal
microscope. Overall, this approach may be beneficial in future
studies where multiple assemblies (such as CRISPR/Cas9,
template DNA, and guide RNA) need to be simultaneously
tracked in cells.
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Experimental

All chemicals were purchased from Sigma Aldrich and used as
received unless otherwise stated. Milli-Q water was used
throughout.

QD synthesis

3-Mercaptopropionic acid (MPA)-capped CdTe QDs were
prepared according to the method of Zou et al** using
Cd:Te:MPA = 10:1:17 and pH = 11.9. Reaction mixtures
were degassed prior to heating. Aliquots of the reaction mixture
were taken during the course of heating (40-240 min).

Polymer synthesis

Poly(2-hydroxyethyl methacrylate-ran-glycidyl —methacrylate)
copolymers bearing fifth-generation poly(amidoamine) den-
drons were synthesised by ATRP. In a typical reaction, CuBr
(100 mg, 0.70 mmol) and 2,2’-bipyridine (392 mg, 2.5 mmol)
were combined in a flask. Inhibitors were removed via a basic
alumina column and monomers were dissolved in MeOH at
a1: 3 ratio (monomer : MeOH). HEMA (12 ml, 24.7 mmol) and
GMA solutions (4 ml, 7.5 mmol) were added, followed by 2-(4-
morpholino)ethyl 2-bromoisobutyrate initiator (ME-Br, 210 pl, 1
mmol). Reaction was carried out at 80 °C under standard
Schlenk conditions for 2 h. Copolymer composition was deter-
mined by "H NMR (500 MHz, CD;0D), where the appearance of
peaks 6y 2.70 (1H, br) and 2.87 (1H, br) correspond to the
epoxide moiety, confirming presence of GMA. Molecular weight
and PDI of polymers were measured using GPC (methods
adapted from Weaver et al.”” and Kretzmann et al."®).

DLS/zeta measurements

QDs (as prepared), polymer (stock solution 1 mg ml~" in PBS),
and pDNA (stock solution 100 ng pul~ " in Tris-EDTA buffer) were
diluted 1 : 10 in ddH,O to working concentration. In an optimal
example, QDs (50 pl, 1 : 10 dilution of as-prepared solution in
PBS) were combined with polymer (300 ul, 0.1 mg ml~" in PBS),
and then pDNA (1.2 pg, 100 ng pl™' in water) was added,
incubated for 30 min at room temperature, and then diluted to
800 pl in PBS and analysed (Malvern ZetaSizer Nano).

Spectrophotometric characterisation

Absorption spectra were recorded at r.t. (PerkinElmer Lambda
35). Corrected steady-state emission/excitation spectra and
lifetime measurements were recorded on an Edinburgh
FLSP980 spectrometer (Fig. S31). Quantum yields were deter-
mined using the optically dilute method*® using an air-
equilibrated reference solution of quinine sulfate in 0.1 M
H,S0, (9, = 0.546).> Emission lifetimes were determined by
the single photon counting technique using a pulsed pico-
second LED (EPLED 295 or 360, fwhm < 800 ps). Fluorescence
lifetime curves of best fit were assessed by minimizing the
reduced x> function and by visual inspection of weighted
residuals.

This journal is © The Royal Society of Chemistry 2019
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Transfection

MCEF-7 cells (ATCC) were routinely cultured in MEMa media
(Gibco) containing 10% FBS (Gibco), 1.5 g L' NaHCO; (Gibco),
1x GlutaMAX (Gibco) at 37 °C in a humidified, 5% CO, envi-
ronment. For experiments, cells were seeded on poly-L-lysine
coated glass coverslips. Cells were transfected under serum-free
conditions as described previously.” Transfection cocktails
were prepared as for DLS/zeta measurements, except each
component was diluted to working concentration in OptiMEM
(Gibco) reduced serum media. For imaging, transfection cock-
tail was prepared by taking 100 pl QDs (1 : 10 dilution of as-
prepared solution) and mixing sequentially 600 pl polymer
(1 mg ml™") and then 2.4 ug DNA (100 ng pl™'). Following
transfection, cells were incubated for 24 h and then fixed using
4% paraformaldehyde solution and mounted on glass slides for
microscopy.

Microscopy

TEM was performed on a FEI Titan operating at 200 kV.
Confocal microscopy was performed on a Nikon Ti-E inverted
microscope with Nikon A1Si spectral detector confocal system.
Images were spectrally separated using NIS-C Elements soft-
ware. Slides were examined using a 60x oil-immersion (1.40
NA) objective.
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