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Microfluidic production of nanogels as alternative
triple transfection reagents for the manufacture of
adeno-associated virus vectors
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Adeno-associated viral vectors (AAVs) have proved a mainstay in gene therapy, owing to their remarkable
transduction efficiency and safety profile. Their production, however, remains challenging in terms of
yield, the cost-effectiveness of manufacturing procedures and large-scale production. In this work, we
present nanogels produced by microfluidics as a novel alternative to standard transfection reagents such
as polyethylenimine-MAX (PEI-MAX) for the production of AAV vectors with comparable yields. Nanogels
were formed at pDNA weight ratios of 1:1:2 and 1:1: 3, of pAAV cis-plasmid, pDG9 capsid trans-plasmid
and pHGTI helper plasmid respectively, where vector yields at a small scale showed no significant differ-
ence to those of PEI-MAX. Weight ratios of 1:1:2 showed overall higher titers than 1:1: 3, where nano-
gels with nitrogen/phosphate ratios of 5 and 10 produced yields of ~8.8 x 108 vg mL™* and ~8.1 x 108 vg
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mL™! respectively compared to ~1.1 x 10° vg mL™ for PEI-MAX. In larger scale production, optimised
nanogels produced AAV at a titer of ~7.4 x 10™ vg mL™%, showing no statistical difference from that of
PEI-MAX at ~1.2 x 10' vg mL™%, indicating that equivalent titers can be achieved with easy-to-implement
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1 Introduction

Gene therapy offers a transformative approach to the treatment
of many diseases, particularly those for which poor or no treat-
ment options were previously available. Adeno-associated viral
vectors (AAVs) represent one of the most widely studied gene
delivery systems, comprising recombinant viruses based on
the naturally occurring AAV serotype 2 (AAV2), itself composed
of a single-stranded DNA genome of approximately 4.7 kb."
AAVs have shown considerable success in two recently
approved products; Luxturna (voretigene-neparvovec-rzyl), an
AAV2-based gene therapy for the treatment of inherited retinal
disease in 2017>* and Zolgensma (onasemnogene abeparvo-
vec) utilising an AAV9 vector for the treatment of spinal muscu-
lar atrophy.® The marked success of AAV vectors can be attribu-
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microfluidic technology at comparably lower costs than traditional reagents.

ted to their ability to efficiently transfect a broad range of cell
types, promote long-term gene expression and exhibit low
pathogenicity."°

The clinical capabilities of AAV vectors have prevailed in
spite of difficulties experienced in their manufacture. AAV
preparation is a multi-step procedure, consisting of plasmid
production, cell expansion, transfection of typically three plas-
mids, vector production and finally purification.” While vector
manufacturing in non-GMP settings within academic labs is
generally reproducible and cost-effective, the process at a
larger scale and at GMP is considerably more challenging and
expensive. AAV vectors can be produced by several methods,
including triple transfection where three plasmids are intro-
duced in to producer cells (outlined in more detail below), ade-
novirus acting as a helper virus® and insect cells using baculo-
virus expression systems.” Shortcomings of triple transfection
include inefficient transfection efficiency and high costs of
DNA and reagents.”'° The three plasmids are typically; an AAV
trans-plasmid encoding replication (Rep) and capsid (Cap)
genes, an AAV cis-plasmid coding for the gene of interest, pro-
motor and inverse terminal repeats (ITRs) and a third plasmid
encoding the adenovirus helper genes E4, E2a and VA.'"'*> The
transfection of producer cells for AAV manufacture necessitates
a transfection reagent, usually polyethylenimine (PEI), calcium
phosphate or cationic liposomes such as lipofectamine."*™
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Often considered the most cost-effective transfection method,
manufacture using calcium phosphate is difficult to scale up
and batch-to-batch variations can negatively impact the vector
titer,"> where it was reported that sub-standard preparation
could result in over a 10-fold decrease in the production of
AAV.'® Lipofectamine offers high transfection efficiencies,
though its use is limited by the considerable costs of reagents
for large-scale transfections'® and in some cases high cyto-
toxicity."” Since the first reporting of complexing PEI with
nucleic acids,"® this approach has been widely used in triple
transfection for AAVs,'*'°>? owing to the ease of preparation
and reduced cost in comparison to cationic liposomes. Triple
transfection with PEI still requires optimisation given its
inability to withstand pH changes, high cytotoxicity to produ-
cing cell lines” and the opportunity for batch-batch variations.
In recent years, novel transfection reagents such as
FectoVIR-AAV,”® PEI-Max** and PEI-Pro*® have been developed
and used in both small and large-scale manufacturing, though
the expense of these reagents may limit their use.

Recent research focusing on improvements in transfection
has relied on the optimisation of PEI/pDNA vectors, in terms
of their total pDNA content and the ratio between constituent
plasmids. Huang et al. produced PEI:pDNA complexes for
transfection with optimised pDNA ratios, which resulted in an
overall decrease in the pDNA content without compromising
AAV2 vector quantity, thus resulting in lower costs of
reagents.’® A nitrogen/phosphate (NP) ratio of 40 was main-
tained throughout the study, where the highest titer was seen
at 10" vg¢ mL™"."° The plasmid DNA ratios between the three
plasmids may also impact the transfection efficiency and
vector titer, hence Zhao et al varied the ratios of
pHelper : pRC : pAAV, using plasmid ratios of commonly used
2:1:1 respectively and their optimised ratio of 1:5:0.31.>°
Although insignificant differences in vector yields on HEK293
adherent cells were found, the 5.1-fold reduction in the quan-
tity of pAAV DNA used in the optimised ratio may, depending
on the gene of interest, reduce the plasmid toxicity to pro-
duction cells.*®**” Most recently, Guan et al. optimised various
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aspects of production including, the type of reagent for trans-
fection in order to achieve a scalable process with high
yields.”® Guan et al. compared calcium, lipofectamine and cat-
ionic liposomes, formulated in-house, as transfection reagents
on adherent HEK293AAV cells, generating AAV-DJ/8 titers of
3.87 x 10° gc mL ™", 8.37 x 10% gc mL™" and 5.29 x 10° gc mL™"
respectively. Although the cationic liposomes synthesised in-
house showed lower transfection than calcium phosphate and
lipofectamine, it was argued that their use could significantly
reduce the cost of AAV manufacture.’®

The previously discussed methods require the manual
mixing of pDNA and the relevant transfection agent, hence
differences in preparation between operators may lead to
high batch variations'® and thus inconsistent transfection
efficiencies. In this work, we propose nanogels as novel trans-
fection reagents for the manufacture of AAV9 vectors, fabri-
cated by microfluidics to surmount the obstacles of batch-
produced transfection reagents. Nanogels are dispersions of
hydrogel nanoparticles, with a cross-linked polymeric
core.””*° They have been previously investigated for their use
as gene delivery vehicles,>* given their preparation under
mild conditions, rendering them suitable for the encapsula-
tion of biological macromolecules.*® Ionic gelation is the
classical method of producing nanogels, relying on the pres-
ence of polyelectrolytes to form physical cross-links,*® similar
in nature to the complexation of positively charged PEI with
negatively charged pDNA. Batch-to-batch variations may also
impede the production of nanogels, as several variables can
affect their formulation such as weight ratio, temperature, pH
and concentration of polymer and cross-linker.*”
Microfluidics, which refers to the control and manipulation
of fluid flow at a microscopic scale, is used in this work to
formulate nanogels and overcome such issues. This method
of production offers a continuous process, alleviates batch
variation and aids the production of monodispersed particles
through fine control of process parameters.’® An overview of
the triple transfection process in this study is demonstrated
in Fig. 1.

AAV production

cells

Fig. 1 Schematic of the triple transfection process using microfluidics produced nanogels for the encapsulation of the cis-plasmid pAAV, the trans-
plasmid pDG9 and the helper plasmid pHGTI and transfection of adherent HEK293T cells. Adapted from “Plasmid Transfection Workflow" for the
combination of three plasmids in PEI nanoparticles by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.
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The microfluidic system designed in this study builds on
previous research conducted on the microfluidic production of
nanogels and polymeric nanoparticles, which largely focussed
on using T-shaped microchips fabricated from polydimethyl-
siloxane (PDMS).>**° Glass reactors are anticipated to be
better-suited to this manufacturing process as they are easy to
clean and able to prevent fouling of polymers on the channel
walls,”* a key requirement of equipment used in the manufac-
ture of clinical grade AAV.*> A glass coaxial flow reactor (CFR),
shown in Fig. 2, was fabricated in this work, further developed
from Whiteley et al.*' The reactor operated under laminar
flow, which is typically characterised by layers of fluid flowing
in parallel to one another, mixing only by diffusion. This flow
regime is used in the production of the transfection reagent
with the intent of imparting little shear stress onto the three
plasmids used, thus reducing the incidence of damage and
degradation. In an effort to reduce the cytotoxicity and
enhance the transfection efficiency of PEI, a polymer conjugate
of carboxymethyl chitosan (CMC) and branched PEI (bPEI) is
used in this study.”* CMC, a derivative of chitosan, was
selected to conjugate to PEI due to its low toxicity, biocompat-
ibility and ability to form gels.*

In this work, we present an alternative triple transfection
method for AAV9 production, using nanogels produced by
microfluidics to encapsulate the pDNA, compared to the
widely used PEI-MAX polyplexes as a control. To the best of
our knowledge, nanogels have not yet been implemented as
triple transfection reagents, however, they offer high encapsu-
lation of biomaterials, biocompatibility and low toxicity in
comparison to other commercially available reagents. We
propose that the CFR will allow a controlled and reproducible
method for the manufacture of nanogels as triple transfection
reagents and hence facilitate the synthesis to become a con-
tinuous process with high yields and rapid production.
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Fig. 2 Schematic of CFR demonstrating the smaller glass microcapillary
delivering the carboxymethyl chitosan and branched PEI (CMC-bPEI)
polymeric solution and the pAAV, pDG9 and PHGTI plasmids in solution
with sodium tripolyphosphate as the cross-linker through the outer
stream. The solutions mix by diffusion to form nanogels by ionic
gelation.
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2 Materials and methods
2.1 CMC-bPEI polymer production

Carboxymethyl chitosan (CMC) 210-300 kDa (medium mole-
cular weight) (Chem Cruz Biochemicals, Texas, USA) and
branched PEI (bPEI) at 25 kDa (Sigma Aldrich, Gillingham,
UK) were conjugated wusing a 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC) (Thermo
Fisher Scientific, UK) and N-hydroxysuccinimide (NHS)
(Thermo Fisher Scientific, UK) conjugation protocol adapted
from Park et al.** Solutions of 0.7% (w/v) CMC and 30% (w/v)
bPEI were prepared in distilled water and mixed in equal parts
to a total volume of 30 mL. This solution was allowed to mix at
room temperature for 30 minutes before the pH was adjusted
to 5.5 with 1 M HCl. An aqueous solution of EDC (192 mg) and
NHS (115 mg) in 10 mL was prepared, creating a molar ratio of
1:2 respectively and added dropwise to the adjusted CMC-
bPEI mixture under stirring for 24 hours. The resulting solu-
tion was dialysed against PBS for 48 hours using a 7000 mole-
cular weight cut-off (MWCO) snakeskin dialysis membrane
(Thermo Fisher Scientific, UK) to remove the reaction waste
products, with a suspending solution medium change after
24 hours. The polymer remaining in the dialysis membrane
was freeze-dried and stored at —20 °C.

2.2 Fabrication of microfluidic coaxial flow reactor

The CFR design has been previously discussed and adapted
from Whiteley et al*' An inner glass microneedle with an
internal diameter (ID) of 0.2 mm and length of 32 mm
(Drummond Scientific, PA, USA) was fixed using a PEEK
T-junction with a 0.020" thru-hole diameter and 1/16" outer
diameter (OD) (Cole Parmer, Saint Neots, UK) inside a larger
glass tube of ID 1.6 mm, an OD of 3 mm and length 162 mm
(VWR International, Lutterworth, UK), creating a 3D flow-
focussing profile whereby the core solution is fully surrounded
by the sheath solution. The polymer solution of CMC-bPEI at
varying concentrations according to the NP ratio, was used as
the core solution and TPP mixed in solution with the 3 plas-
mids; pAAV, pDGY9 and pHGT1, at a fixed concentration dis-
cussed below, was used as the outer sheath solution.

2.3 Preparation of nanogels in CFR

Nanogels were produced at a variety of NP ratios, where the
number of moles of the phosphate in the pDNA and sodium
tripolyphosphate (TPP) (Sigma Aldrich, UK) cross-linker
remained consistent throughout all experiments and the
number of moles of nitrogen from CMC-bPEI polymer was
varied to achieve the desired ratio. The anionic components of
the formulation were first mixed together outside of the
reactor, where a solution of 0.01% (w/v) TPP was mixed with
the pDNA by light vortexing for 2-3 seconds. To achieve a
PDNA weight ratio of 1:1:2, 13.125 ug of pAAV was added per
2.5 mL nanogel formulation, 13.125 pg/2.5 mL of pDG9 and
26.25 ng/2.5 mL of pHGTI. For a pDNA weight ratio of 1:1:3,
10.5 pg/2.5 mL of pAAV and pDG9 were mixed with 31.5 pg/
2.5 mL of pHGTI. The resulting TPP-pDNA solution was used

Nanoscale, 2023, 15, 5865-5876 | 5867


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06401d

Open Access Article. Published on 28 February 2023. Downloaded on 12/4/2025 9:21:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

as the sheath stream of the CFR in the outer glass tube
(Fig. 2).

The CMC-bPEI was used at concentrations of; 0.0048%
(wiv) (NP1), 0.024% (w/v) (NP5), 0.048% (w/v) (NP10), 0.072%
(w/v) (NP15), 0.096% (w/v) (NP20) and 0.120% (w/v) (NP25). As
this solution behaves as the cationic component of the
nanogel, it is delivered through the core stream in the smaller
glass microneedle of the CFR. The core stream flow rate is set
to 80 uL min~" and the sheath stream to 800 pL min™", creat-
ing a flow ratio (core flow rate/sheath flow rate) of 0.1, achiev-
ing an overall production rate of 0.88 mL min~" of nanogels in
the CFR.

2.4 Preparation of PEI-MAX transfection mix

For the small-scale transfections carried out in 6-well plates,
PEI-MAX (Polysciences, Inc. Warrington, PA, USA) and pDNA
polyplexes at pDNA weight ratios of both 1:1:2 and 1:1:3
were used. The total quantity of pDNA added for the transfec-
tion remained constant at 2.5 pg per well, irrespective of the
weight ratio of pDNA used in the formulations. Hence, for
1:1:2 ratios the mixture of pDNA contained; 0.625 pg per well
of pAAV, 0.625 pg per well of pDGY and 1.25 pg per well of
PHGTI and for 1:1: 3 ratios the mixture contained; 0.5 ug per
well of pAAV, 0.5 pg per well of pDG9 and 1.5 ug per well.
Following a PEI: pDNA respective weight ratio of 2.25 pg:1 ng,
2.8 uL of 2 mg mL ™" PEI-MAX was added to the pDNA mixture
and allowed to complex for 10-15 minutes at room tempera-
ture prior to transfection.

For the 10-dish large-scale transfections, only PEI-MAX/
PDNA polyplexes at weight ratios of 1:1:2 were used for AAV
production, at a total pDNA quantity of 52.5 pg pDNA per dish,
adapted from the protocol of Hughes et al.*> To prepare this
ratio, pAAV at 13.125 pg per dish was mixed with 13.125 pg per
dish of pDG9 and 26.25 ug per dish of pHGTI in a final
volume of 2.5 mL Opti-MEM per dish. To achieve a final
weight ratio of 2.25 pg: 1 pg of PEI: DNA, 59 pL of 2 mg mL ™"
PEI-MAX was added to the pDNA mixture and allowed to
complex for 10-15 minutes.

2.5 Cell preparation

HEK293T AAVPro cells were obtained from Takeda Bio (Japan)
from human sources. The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) growth medium with high
glucose and GlutaMAX, supplemented with 10% (v/v) heat-de-
activated fetal bovine serum (FBS) and 1% (v/v) penicillin/
streptomycin  (all  products purchased from Gibco,
Massachusetts, USA) at 37 °C and 5% CO,. For small-scale
transfections, cells were seeded at 0.25 x 10° cells per well in
2 mL DMEM GlutaMAX media and for large-scale transfections
in 150 cm?® cell culture dishes (Thermo Fisher Scientific, UK),
cells were seeded at a density of 1.3 x 10 per dish to a final
volume of 20 mL media per dish.

2.6 Transfections

Once 70-80% confluency was achieved, HEK293T cells were
triple transfected with both PEI-MAX polyplexes and nanogel
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formulations at varying NP ratios and pDNA weight ratios, at
both small (6-well plates) and large scale (10-dishes). At the
time of transfection in 6-well plates, 2.5 pg per well (48 pL) of
total pDNA content in the nanogel formulation was added to
each well, as nanogels contain a final loaded pDNA quantity of
52.5 pg/2.5 mL. Upon transfection at a larger scale, 2.5 mL
(52.5 pg/2.5 mL) of the nanogel formulation was added to each
dish. In both small and large-scale experiments, 72 hours
post-transfection, the eGFP expression from the pAAV plasmid
was checked under the fluorescence microscope (Evos FL,
Thermo Fisher Scientific, UK).

2.7 Small scale vector production without concentration of
vector particles

Following small-scale transfections, 500 pL of cell supernatant
was collected after 72 hours of incubation with nanogels and
PEI-MAX/pDNA formulations. Magnesium chloride (MgCl,)
was added to the cell supernatant to a final concentration of
1 mM, subsequently, 150 U mL~" of Benzonase (Sigma, Dorset,
UK) was added and the supernatant was incubated at 37 °C for
1 hour. Samples were centrifuged at 4200 rpm for 30 minutes
at 15 °C and the viral titer of the supernatant was assessed by
quantitative polymerase chain reaction (qPCR) (StepOnePlus
Real-Time PCR System, ThermoFisher Scientific, UK).

2.7.1 Larger scale vector production with the concentration
of vector particles. The method for purification is detailed in
and adapted from Hughes et al.**> After 72 hours of incubation
in the 10 dishes, 15-20 mL of cell media supernatant and cells
from the dishes were collected and centrifuged (Avanti J-15R
Centrifuge, Beckman Coulter, Brea CA, USA), at 2000g for
10 minutes and resuspended in lysis buffer (140 mM NaCl,
5 mM KCl, 0.7 mM K,HPO,, 3.5 mM MgCl,, 25 mM Tris at pH
7.5). Ammonium sulphate (31.3 g/100 mL) was added to the
media supernatant and incubated on ice for 30 minutes. The
cells were spun for 30 minutes at 8300g and the pellet was
resuspended in 5 mL lysis buffer. The pellet was subjected to
four freeze-thaw cycles between —80 °C for 30 minutes and
37 °C for 20 minutes with vortexing. A final concentration of
1 mM MgCl, was added followed by 150 U mL ™" of benzonase
and incubated at 37 °C for 1 hour before centrifuging at 4200
rpm for 30 minutes at 15 °C to clarify the lysate. Iodixanol
(OptiPrep, Sigma Aldrich, UK) gradients were prepared for
purification, where concentrations of iodixanol were layered in
ultracentrifuge tubes (Beckman Instruments, High Wycombe,
UK) starting from the highest concentration of 60% followed
by 40%, 25% and 15%. The lysate was added over the final
iodixanol layer, and the tubes were centrifuged by ultra-cen-
trifugation (Optima XE Ultracentrifuge, Beckman Instruments,
High Wycombe, UK) using an SW32-Ti rotor at 32 000 rpm at
18 °C for 5 hours and 15 minutes. Subsequently, 19-gauge
needles were used to aspirate the 40% iodixanol gradient layer,
which then underwent dilution in phosphate-buffered saline
MK (PBS-MK) (PBS, 1 mM MgCl,, 2.5 mM KCl) and filtration
through 0.22 pm filters.

The AAV was concentrated using the Vivaspin 20 centrifugal
concentrators with an MWCO of 100000 (Sartorius, Epsom,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06401d

Open Access Article. Published on 28 February 2023. Downloaded on 12/4/2025 9:21:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

UK). The membrane was incubated with 5 mL of 0.1%
Pluronic F68 (Gibco, Massachusetts, USA) for 10 minutes,
before being replaced with 5 mL 0.01% Pluronic F68 and cen-
trifuged at 3000 rpm for 5 minutes at 4 °C. The filtrate was dis-
carded and the membrane was filled with 5 mL of 0.001%
Pluronic F68 with 200 mM NaCl PBS and centrifuged at 3000
rpm for 5 minutes at 4 °C. The viral titer of the concentrated
AAV was assessed by qPCR using primers to the ITR sequence.

2.8 Nanogel and polyplex characterisation

Particle characterisation including size, polydispersity index
(PDI), zeta potential measurements and particle concentration
was carried out using dynamic light scattering (ZetaSizer Ultra,
Malvern Panalytical, UK). The measurement temperature was
maintained at 25 °C for all readings. For the zeta potential,
samples were placed in DTS1070 folded capillary zeta cells
(Malvern Panalytical, UK). Nanogels and PEI-MAX/pDNA poly-
plexes were also assessed using transmission electron
microscopy (TEM). Samples were diluted 1 in 5 and placed on
copper grids coated with a carbon support film. TEM analysis
took place using a Phillips/FEI CM120 Bio Twin Transmission
Electron Microscope (Oregon, USA).

2.9 MTT assay

The CellTiter 96 non-radioactive cell proliferation assay MTT
kit (Promega, UK) was used to test the cell viability of the
nanogels and PEI-MAX polyplexes. HEK293T cells were seeded
at a density of 0.1 x 10° cells per well in a 96-well plate.
Following 24 hours of incubation, cells were transfected as per
section 2.7.1 and incubated for 72 hours in total. Untreated
cells were used as a positive control and media alone was used
as the negative control. Post-transfection, all media was
removed from the well and 15 pL of dye and 100 pL of cell
media were added to the wells and incubated for 4 hours. After
this time, 100 pL of stop solution was added to each well and
incubated at 4 °C for up to 24 hours before measuring absor-
bance at 570 nm using a SpectraMax Microplate reader
(Molecular Devices, Wokingham, UK). Cell viability was deter-
mined by the following equation:

(treated cells — negative control)

: : x 100
(positve control — negative control)

% Cell Viability =

3 Results and discussion

3.1 Nanogel production and particle characterisation

3.1.1 Nanogels and PEI-MAX polyplexes with pDNA weight
ratio of 1:1: 3. Nanogels were produced in the CFR at varying
NP ratios in order to assess the most suitable for triple trans-
fection, in terms of their particle characteristics and ultimately
viral genome production. It is widely reported that with a
rising NP ratio, higher levels of transfection are achieved due
to charge-facilitated cellular entry, often at the expense of cell
viability in many systems.*® Analysing the optimum NP ratio
requires investigating a number of key physicochemical pro-
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perties for transfection, including particle size, PDI, zeta
potential and particle concentration. Particle sizes of 200 nm
or below were targeted in this work, given that common endo-
cytic pathways for nanoparticles are generally facilitated below
this size,”” thus increasing the potential for transfection.
Successful nanogel and polyplex production would also
include particles with a PDI below 0.3, indicating a high
degree of monodispersity, whilst a zeta potential in the cat-
ionic range would generally be desirable for enhancing cellular
entry and determining transfection.*®

Nanogels and PEI-MAX/pDNA polyplexes were initially pre-
pared at a weight ratio of 1:1:3 of pAAV, pDG9 and PHGTI
respectively, using NP ratios of 10, 15, 20 and 25. The size of
particles prepared using the 1:1:3 weight ratio, are all below
200 nm based on three independently produced batches
(Fig. 3a). PEI-MAX/pDNA polyplexes show an average particle
size of 152.4 + 16.4 nm, where particle sizes for nanogels
ranged from 127.1 + 8.2 nm at NP20 to 167.0 + 22.3 nm at
NP25. All nanogels showed no significant difference in the size
displayed by PEI-MAX/pDNA polyplexes (P = 0.486, 0.360, 0.370
and 0.881 for NP10, 15, 20 and 25 respectively).

The zeta potential of the particles is a fundamental com-
ponent of nanoparticle characterisation. Positively charged
particles are often able to transfect cells with greater ease,
given the ionic attraction to the oppositely charged cell
membrane.'”*® The zeta potential of the PEI-MAX polyplexes
with a 1:1:3 ratio of pDNA shows positively charged particles
with a value of 12.4 + 1.5 mV (Fig. 3b). The nanogels have an
overall net negative charge, which is likely attributed to the
two negatively charged entities in the formulation; sodium tri-
polyphosphate and pDNA. The small rise in zeta potential
from —28.4 + 0.4 mV at NP10 to —23.2 + 0.5 mV at NP25 can be
attributed to the increasing quantity of cationic polymer as the
NP ratio increases. It is acknowledged that whilst cationic
surface charges are generally consistent with successful trans-
fection, various other characteristics must be considered, not
least that particles may enter the cell by means other than
electrostatic interaction at the cell surface. Therefore, at this
stage, it is reasonable not to rule out the possibility of nano-
gels with weak negative surface charges transfecting cells,
which is further explored in section 3.2.

The PDI is a measure of the degree of monodispersity
between the particles, where values of 0.3 or below indicate a
high level of monodispersity’® within the nanogels, hence
decreasing the size distribution around the mean. Microfluidic
production allows for both rapid and homogenous mixing of
solutions resulting in low PDI values compared to bulk-mixing
methods,*® and was employed in this study to produce mono-
disperse nanogels with the potential for continuous pro-
duction. Fig. 3(c) reveals that increasing NP ratios of the nano-
gels results in a decrease in the PDI, achieving values as low as
0.070 + 0.016 at NP25, indicating highly monodisperse par-
ticles can be produced in the CFR. The PDI of nanogels at
NP20 and NP25 was statistically lower (P = 0.040 and 0.010
respectively) than the PDI of PEI-MAX/pDNA polyplexes. Whilst
no minimum particle concentration was determined before
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Fig. 3 Particle characterisation comparing increasing NP ratios of nanogels (10, 15, 20, 25) produced by microfluidics, to the control PEI-MAX/
pPDNA polyplexes produced in standard batch production. All data depict the pDNA weight ratio of 1:1: 3 for pAAV, pDG9 and pHGTI respectively,
where each graph demonstrates; (a) particle size (nm), (b) zeta potential (mV) (c) PDI (d) particle concentration (particles per mL). Data are rep-
resented as individual points with mean + standard deviation and a one-way ANOVA study and Dunnett’s multiple comparison test were conducted,
comparing the mean of each nanogel formulation to the control group PEI-MAX.

the study, the parameter was measured to ensure microfluidics
could yield a similar or higher particle concentration to that of
PEI-MAX production. Particle concentration of the nanogels
showed no significant difference from that of PEI-MAX/pDNA
particles, where values ranged between 2.60 x 10"' particles
per mL = 7.70 x 10'° and 6.23 x 10"" particles per mL + 1.75 x
10'", as shown in Fig. 3(d).

Nanogels and polyplexes produced at NP ratios from 10-25
displayed mean sizes below the desired 200 nm and below 0.3
PDI, which were used as criteria for predicting successful
transfection. The negative zeta potential observed may impede
the ability of the formulation to be endocytosed upon transfec-
tion. Although negative surface charges are not desirable, the
nanogel characteristics of size and PDI assessed in this
section, are useful indicators of positive transfection and con-

5870 | Nanoscale, 2023, 15, 5865-5876

sequently high viral titres. Therefore, section 3.2 explores the
viral titer produced from nanogels at varying NP ratios to
ascertain the relationship between titer concentration and par-
ticle characteristics.

3.1.2 Nanogels and PEI-MAX polyplexes with pDNA weight
ratios of 1:1:2. Nanogels and PEI-MAX/pDNA polyplexes were
also produced at pDNA weight ratios of 1:1:2 of pAAV, pDG9
and PHGTI respectively, where the total quantity of pDNA
remained the same as for the 1:1:3 weight ratio. PEI-MAX/
PDNA nanoparticles with a pDNA ratio of 1:1:2 had an
average particle size of 224.4 + 21.1 nm, statistically higher (p
= 0.0095) than PEI-MAX/pDNA particles at 1:1: 3 ratio of size
152.4 + 16.4 nm (Fig. 4a). The smaller size of the particles pro-
duced at 1:1:2 may be due to the presence of a lower quantity
of the pHelper plasmid, which has a large size of 17.8 kb in

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Particle characterisation results comparing increasing NP ratios of nanogels (1, 5, 10, 15, 20) produced by microfluidics, to the control
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are represented as individual data points and the mean + standard deviation and a one-way ANOVA study and Dunnett's multiple comparison test

were conducted.

comparison to 6.2 kb and 7.9 kb for pAAV and pDG9 respect-
ively. As the pHelper is approximately 2.5 to 3 times larger
than the other plasmids, this could contribute to increases in
particle size.

The overall charge balance of the particles remained equi-
valent between the two weight ratios used, therefore the zeta
potential of the nanogels showed no significant differences
between weight ratios. The zeta potential of the particles pro-
duced with 1:1:2 ratios range from —35.3 mV + 7.3 at NP1 to
—26.9 mV + 0.3 at NP20 (Fig. 4b), mimicking the correlation in
Fig. 3(b) where increasing NP ratios led to increasingly positive
surface charge values. PEI-MAX/pDNA particles at 1:1: 2 ratios
had a zeta potential of 41.9 + 6.6 mV, a significantly higher (p
= 0.0016) surface charge than the particles produced at 1:1:3
ratios. We would not anticipate a difference between the two

This journal is © The Royal Society of Chemistry 2023

samples, as the overall charges present in the particle remain
the same, hence any differences may highlight the inconsis-
tency in the production and physicochemical properties of
PEI-MAX/pDNA polyplexes from different batches.

A high degree of polydispersity is demonstrated in the
PEI-MAX/pDNA particles produced at 1:1:2 ratios, as the
value of 0.321 + 0.004 is greater than the recommended value
of <0.3.*° The PDI of nanogel samples ranged from 0.154 +
0.018 at NP20 to 0.310 + 0.068 at NP10, where again the lowest
PDI value was seen at the highest NP ratio. The particle con-
centration ranged from 1.96 x 10'° particles per mL + 3.10 X
10" at NP1 to 4.13 x 10"? particles per mL + 1.16 x 10" at
NP10, which may be explained by the particle size displaying
the smallest size at NP10, indicating that a higher number of
smaller particles are forming. Thus, as per the nanogels pro-
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duced at 1:1:3 ratios, nanogels at 1:1:2 largely met the
success criteria of size, PDI and particle concentration.

3.2 Small-scale AAV production

Initial assessments of AAV viral vector production from
PEI-MAX/pDNA polyplexes and nanogels were performed at a
small scale in 6-well plates of HEK293T cells. At 72 hours post-
transfection of PEI-MAX/pDNA and nanogels, the GFP
expression from the cells was observed to confirm the release
of the plasmids from the nanogel complexes and thus success-
ful transfection, followed by the assessment of the cell super-
natant for AAV titer production. Fig. 5(a) and (g) demonstrate
the positive control of PEI-MAX/pDNA at 1:1:2 and 1:1:3
ratios respectively, where high levels of GFP expression can be
seen 72 hours post-transfection. As expected, the negative con-
trols (Fig. 5(b and h) show no GFP expression as the three plas-
mids were not complexed with a transfection reagent.
Although GFP expression was observed with all nanogel formu-
lations (Fig. 5c-f and i-1), reveal that higher levels of
expression appear to be at higher NP ratios, which may be
rationalised by the higher concentration of CMC-bPEI
polymer with increasing NP ratio. In this study, increasing the
polymer content of the formulation increases the molar con-
centration of nitrogen, responsible for producing a more posi-

View Article Online
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tive surface charge of the particles, theoretically leading to
higher levels of transfection.*®

The viral genomes produced per mL (vg mL™') were
assessed by measuring their presence in the supernatant of
the cells 72 hours post-transfection using qPCR. As can be
seen in Fig. 6(a) and (b), which show the viral titer for pDNA
ratios of 1:1:3 and 1:1:2 respectively, higher NP ratios led to
lower titer production. Nanogels at NP10 with a 1:1: 3 weight
ratio produced a viral titer of 2.07 x 10° vg¢ mL™" + 1.85 x 10°%,
which presented no significant difference (P = 0.5817) to the
titer of 5.63 x 10% vg¢ mL™" + 3.39 x 10%, produced by PEI-MAX/
PDNA polyplexes. Nanogels formed at higher NP ratios of
NP15, 20 and 25 all showed AAV titers which were significantly
lower than PEI-MAX (P = 0.0396, 0.0404 and 0.0369 respect-
ively). Nanogels with 1:1:2 weight ratios were produced with
NP ratios ranging from 1-20, rather than 5-25 as seen with
1:1:3 weight ratios, due to the previous success of lower NP
ratios of nanogels as seen in Fig. 6a. For 1:1:2 weight ratios,
it was found that NP5 and NP10 nanogels at 8.83 x 10° vg
mL™" +9.71 x 107 and 8.13 x 10°® vg mL™" + 4.97 x 10° were
statistically equivalent in titer to PEI-MAX at 1.09 x 10° vg
mL™" + 5.44 x 10° (P = 0.866 and 0.7003 respectively). The
nanogels demonstrated equivalent titres to the commercially
available transfection agents in spite of the negative surface

pDNA weight ratio 1:1:2

(a) PEI-MAX ... . -~ | (b) pDNA

(c) Nanogel ‘NP5

pDNA weight ratio 1:1:3

(h) pDNA

Fig. 5 Fluorescence microscopy images of GFP expression in HEK293T cells 72 hours post-transfection, (a—f) represents PEI-MAX/pDNA nano-
particles and nanogels at 1:1: 2 pDNA weight ratios and (g—1) represents pDNA weight ratios of 1:1: 3. Individual images show; (a) PEI-MAX/pDNA
nanoparticles, (b) HEK293T cells transfected with pDNA in the absence of vector, (c—f) nanogels at NP ratios from NP5-20 respectively, (g)
PEI-MAX/pDNA nanoparticles, (h) HEK293T cells transfected with pDNA in the absence of vector, (i—1) nanogels at NP ratios from NP10-25 respect-

ively. Scale bars: 400 pm.
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Fig. 6 AAV viral titer from small-scale 6-well plate transfections, where (a) represents pDNA weight ratios of 1:1: 3 and (b) represents pDNA weight

ratios of 1:1:2. One-way ANOVA.

charge previously discussed in section 3.1, which would indi-
cate that the surface charge does not impede the transfection
of nanogels and subsequently the viral titre. Interestingly,
further decreases in the NP ratio to NP1 resulted in a reduction
in viral titer to 4.10 x 10" vg¢ mL™" + 1.05 x 107, significantly
lower (P = 0.0051) than PEI-MAX. At NP ratios below 5, the
polymer concentration decreases, indicating that there may
not be enough polymer to effectively encapsulate the three
plasmids. It could therefore be deduced that NP5 and NP10
possess enough polymer to effectively encapsulate the pDNA;
however, higher NP ratios may further condense the pDNA as
shown in Fig. 7, hindering the release of the cargo from the
polymer.

The data in Fig. 6 contrasts with the findings from the
initial transfection experiments in Fig. 5, where the latter indi-
cates that increasing the NP ratio of the nanogels increases the
level of GFP expression and hence transfection. Conversely, the
data in Fig. 6 indicates that increasing the NP ratio decreases

the viral titer produced. A possible explanation for this may be
that the GFP expression displayed in Fig. 5 only signifies trans-
fection of one of the three plasmids, the cis-plasmid pAAV,
which is the only one of the three to contain the GFP
expression gene. As previously discussed, pHelper is around 3
times larger than the pAAV and pDG9 plasmids, indicating
that the release of this larger structure from the polymer may
be hindered in vitro compared to the smaller plasmids.
Successful AAV production relies on the release of all three
plasmids in the triple transfection process, hence delays in the
release of one or more of the plasmids would inhibit AAV
formation.

3.2.1 Assessment of the physical interactions between par-
ticles, nanogels and plasmid DNA using transmission electron
microscopy (TEM). TEM imaging was performed on the
PEI-MAX/pDNA polyplexes, NP10 and NP20 nanogels at a
1:1:2 weight ratio to observe the size, shape and morphology
of the particles and nanogels. Following sample preparation,

Fig. 7 Transmission Electron Microscopy (TEM) images (a) PEI-MAX/pDNA polyplexes at 1:1: 2 pDNA ratio. Scale bar = 500 nm (b) NP10 nanogels
at 1:1:2 pDNA ratio where the scale = 100 nm and (c) NP20 nanogels at 1: 1: 2 weight ratio where the scale bar = 100 nm.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023,15, 5865-5876 | 5873


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06401d

Open Access Article. Published on 28 February 2023. Downloaded on 12/4/2025 9:21:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale

the particles were assessed within 30 minutes and the images around the mean titer, indicating reduced batch-to-batch differ-
were collected. PEI-MAX/pDNA polyplexes formed aggregates, ences. Nanogels with 1:1:2 ratios were subjected to an MTT
likely owing to the excess PEI-MAX polymer solution, which assay (Fig. 8a), where the cell death of HEK293T cells was evalu-
over time could lead to the instability of PEI-MAX formulations ated and compared to the cell viability of PEI-MAX. Nanogels at
(Fig. 7a). NP10 and NP20 nanogels produced highly dispersed the lowest NP ratios of NP1 and NP5 demonstrated cell viabil-
particles that lacked aggregation (Fig. 7b and c). Of note, the ities of 101.0% =+ 2.0 and 93.5% =+ 2.9 respectively. The lower
nanogels at NP10 appear to have a slightly more porous struc- concentration of polymer used in both formulations may be
ture in comparison to NP20 nanogels, with a dense core the cause of the lower cell viability as it is well-researched that
appearance. This may be a result of the higher polymer the high cationic nature of PEI can lead to significant cell
content of NP20 nanogels, causing the pDNA to condense in death. PEI-MAX shows cell viability of 44.5% + 15.1, compar-
the core of the particle. With rising polymer concentration, able to the nanogel formulation at both NP10 and NP20. For
there is a higher cationic charge present, allowing greater this reason, given that nanogels produced at NP5 and NP10
opportunity to attract and condense the anionic pDNA. produce equivalent viral titers, an NP ratio of 5 was selected for
Previous triple transfections in Fig. 6 indicated that for both AAV production at large scale, due to its lower tendency to
1:1:2 and 1:1:3 weight ratios of pDNA, higher NP ratios cause cell death. It is of note that the particle characteristics for
resulted in lower viral titers, hence the condensed structure of the NP5 nanogels used for large-scale AAV manufacture are the
NP20 nanogels may be critical in impeding pDNA release same as those reported for small-scale manufacture and have
in vitro. The TEM images in Fig. 7 display a high degree of con- therefore been reported previously in section 3.1.2.

trast due to the high polymer content of both the PEI-Max As shown in Fig. 8b, the titer of the concentrated AAV9
nanoparticles and the nanogels. This aids in highlighting the vector produced from nanogels at NP5 and PEI-MAX, showed
clear distinction between the aggregates in Fig. 7a and the dis- no statistically significant difference, revealing viral titers of

persed, more stable particles in Fig. 7b and c. 7.41 x 10" vg mL™" + 1.36 x 10" and 1.24 x 10 vg mL ™" + 4.4
x 10" respectively. It is, therefore, possible to denote that
3.3 Large-scale AAV production alternative methods of producing AAV viral vectors are avail-

Promising results in small-scale production of AAV without able, whereby equivalent titers can be achieved. The work
concentration indicated that nanogels produced with NP ratios ~demonstrates that AAV production is attainable at lower costs
of 5 and 10 (1:1:2) and NP10 (1:1:3) could produce AAV at compared to PEI-MAX and by continuous production, ensuring
equivalent titers to PEI-MAX. Therefore, we aimed to evaluate that batch-to-batch variation and disparities in operator skill
if this was also the case in larger AAV production scale and fol- levels can be alleviated. The coaxial flow reactor, therefore, has
lowing concentration of viral particles. Viral titers produced the potential to provide a cost-effective, reproducible and scal-
from nanogels were generally higher at all NP ratios using the able approach to the manufacture of nanogels for triple
1:1:2 weight ratio, in conjunction with the lower variation transfection.
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Fig. 8 (a) MTT assay to assess the cell viability of PEI-MAX and nanogels at NP1-NP20 on HEK293T cells, 72 hours post-transfection. Cell viability
(%) is expressed as a percentage of the untreated control cells where data are represented as individual points. A one-way ANOVA study and
Dunnett’s multiple comparison test were performed to compare nanogels at various NP ratios with the positive control group of PEI-MAX/pDNA
polyplexes. (b) AAV viral titer production at a large scale, comparing the titer production with PEI-MAX and the optimised nanogels at NP5 using a
pDNA weight ratio of 1:1: 2, with vg mL™ referring to viral genomes per mL. A two-tailed unpaired t-test was conducted comparing the mean titers
of the two groups where data are presented as individual points.
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4 Conclusions

AAV vectors have seen unprecedented success in the clinic in
recent years, achieved in parallel to an increased demand for
improved and reproducible manufacturing techniques suitable
for supporting this growth. Current production methods
remain unsatisfactory for meeting manufacturing needs,
hence means of producing vectors in quantities required for
late-stage development in academic and clinical settings alike
are highly sought after.”’

In this study, a microfluidic platform for the production of
nanogels encapsulating pDNA was used in the triple transfec-
tion process, as an alternative to current production systems
such as PEI-MAX/pDNA particles. Microfluidics confers many
benefits over typical batch production systems, as continuous
production can be achieved, allowing operators to reliably and
uniformly manufacture formulations for each transfection.
Nanogels were initially prepared by varying the pDNA weight
ratios of the three plasmids at 1:1:2 and 1:1:3. The size,
PDI, zeta potential, particle concentration and viral titers were
compared to that of PEI-MAX/pDNA polyplexes, typically used
for triple transfection of HEK cells.*>*"**°>7>* Nanogels with
both 1:1:3 and 1:1:2 pDNA ratios produced particles below
200 nm, necessary for efficient endocytosis. Similarly, nano-
gels were all largely below a mean PDI value of 0.3, indicating
a high degree of monodispersity and an increased likelihood
of particles remaining within the desired size range. Despite
the expectation that the negative charge of all nanogels pro-
duced in this study may impact the transfection efficiency, the
AAV vectors produced at a small scale with lower NP ratios suc-
cessfully transfected HEK293T cells to produce AAV titers equi-
valent to the control. Nanogels with 1:1:3 ratios produced
viral titers of 2.07 x 10% vg mL™" + 1.85 x 10® at NP10, showing
no significant difference in the titer of PEI-MAX polyplexes at
5.63 x 10%® v¢ mL™" + 3.39 x 10% Viral titers produced with
1:1:2 particles were also analogous, where NP5 and NP10
produced 8.83 x 10° vg¢ mL™" + 9.71 x 107 and 8.13 x 10® vg
mL™" + 4.97 x 10® respectively, statistically equivalent in titer
to PEI-MAX at 1.09 x 10° vg mL ™" + 5.44 x 105,

Owing to their overall higher viral titers compared to 1:1:3
ratios and reduced variation around the mean titer, nanogels
at 1:1:2 ratios were further pursued in large-scale production.
A nitrogen/phosphate ratio of 5 demonstrated higher cell viabi-
lity of 93.5% =+ 2.9 compared to 43.9% + 24.5 at NP10, and for
this reason, were chosen for the large-scale viral titer assess-
ment. Production of AAV at this scale revealed that nanogels
and PEI-MAX produced equivalent viral titers of 7.41 x 10" vg
mL ™" +1.36 x 10" and 1.24 x 10"* vg¢ mL™" + 4.4 x 10"" respect-
ively, indicating that alternative transfection reagents to the
classic PEI-MAX are available to synthesise in-house, with the
capacity to produce AAV9 in proportionate yields. The results
obtained in these experiments were based on one production
of AAV, hence multiple experiments run in parallel may be
required to evaluate if the nanogel can outperform PEI.

In conclusion, we have demonstrated microfluidic coaxial
flow reactors can efficiently produce nanogels for triple trans-

This journal is © The Royal Society of Chemistry 2023
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fection with desired viral titers and particle characteristics.
The nanogels produced in this work are not bound by the
same restrictions as PEI-MAX, where fabrication is not time-
limited, costs are comparably lower and the issues surround-
ing  batch-to-batch can be circumvented.
Microfluidics has been previously implemented in various
gene delivery studies, though here we have demonstrated the
production of a novel transfection reagent designed for triple
transfection, using microfluidic CFR reactors as a means to
add control to the synthesis. This study presents the first
known use of nanogels as reagents for triple transfection
where high AAV titers, equivalent to those of commonly used
reagents, are achieved through simple and cost-effective fabri-
cation methods.
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