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Gene therapy has become a relevant tool in the biomedical field to treat or even prevent some diseases.
The effective delivery of genetic material into the cell remains a crucial step to succeed in this purpose. In
the search for efficient non-viral vectors, a series of amino-terminated dendronized hyperbranched poly-
mers (DHPs) of different generations based either on bis-MPA or bis-GMPA have been designed. All of
them have demonstrated an accurate ability to complex two types of genetic materials, a plasmid DNA
and a siGFP, yielding dendriplexes. Moreover, some of them have proved to be able to deliver the genetic
material inside the cells, resulting in the effective accomplishment of the desired genetic modification
and improving the activity of some commercial transfection reagents. Different cell lines, including cancer
and mesenchymal stem cells, have been studied here to evaluate the ability of DHPs as vectors for trans-
fection. Treatments based on mesenchymal stem cells are gaining importance due to their pluripotency.
Thus, it is of special relevance to introduce a genetic modification into a mesenchymal cell line as it

rsc.li/biomaterials-science

Introduction

The development of ingenious methodologies to deliver
genetic material inside the cells of interest has considerably
improved the efficacy of gene therapy-based treatments.
Physical methods such as electroporation, ultrasound, hydro-
dynamics, needle injection or gene gun immunisation are
included among the various approaches studied mostly for
ex vivo applications,"> whereas for in vitro and in vivo pur-
poses, the biggest attention is focused on chemical-based
vectors for gene delivery as they protect nucleic acids from
degradation and define complexes suitable for cell internalis-
ation.> A wide range of viral vectors have been explored as
genetic materials. Some of them have received clinical
approval,® but yet they present some limitations related to the
immune response provoked in the host tissues,® its safety and
some manufacturing limits.>

Non-viral vectors constitute an alternative method to
mediate gene delivery by overcoming those undesired aspects,
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allows it to act over a wide spectrum of tissues after inducing cellular differentiation.

although their transfection efficiency can be compromised due
to the endocytosis process by which they enter living cells.”
Among them, lipoplexes or polyplexes, formed by the electro-
static interactions between cationic lipids or polymers, respect-
ively, with the nucleic acids are the most widely explored.®
These cationic vectors exhibit versatility in the type and size of
genetic material complexation and in the attachment of
specific targeting ligands. Some cationic polymers studied as
non-viral gene delivery systems include polyamines like poly
(ethylenimine) (PEI) derivatives, polyesters like poly-pr-lactide
(PLA), polysaccharides like chitosan or pectin, polypeptides
like  poly-i-lysine  (PLL) or structurally controlled
dendrimers.”” The low polydispersity exhibited by dendrimers
and the possibility to functionalise them with diverse ligands
on the surface'® postulate them as promising candidates for
gene therapy."" Some recent successful examples include den-
drimers based on poly(amidoamine) (PAMAM),"* poly(propy-
lene imine) (PPI),"* polyesters (2,2"-bis(hydroxymethyl)propio-
nic acid, bis-MPA)** and polyesteramides (2,2"-bis(glycyloxy-
methyl)propionic acid, bis-GMPA),"”® and carbosilane,"
ornithine,'” guanidinylated,'® phosphorous'® or triazine®* con-
taining dendrimers.

The attachment of dendrons to a hyperbranched core
yielded dendronized hyperbranched polymers (DHPs) which
allowed us to obtain large molecules with a high number of
amino-terminal groups in a feasible way. This strategy

This journal is © The Royal Society of Chemistry 2022
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bis-MPA series

DHP(G2)-MPA
DHP(G3)-MPA
DHP(G4)-MPA

DHP(G2)- GMPA
bis-GMPA series DHP(G3)- GMPA
DHP(G4)- GMPA

Fig. 1 Chemical structures of the two series of DHPs: a hyperbranched polyester core of different generations (G2, G3 or G4) covalently linked to
dendrons of polyester (bis-MPA series, above) or polyester amide (bis-GMPA series, below) (note that the amide groups are marked in green and
ammonium groups in red). As detailed in the text (DHPs characterization section) and in the ESI (Table S17), a small average number of residual
groups (n), namely R = OH and/or R = —COCH,CH,C=C can be present in the final DHP depending on the generation of the HP core and the

nature of the dendron, either bis-MPA or bis-GMPA.

employed for the synthesis of DHPs rendered structures with
similar properties to those of high generation dendrimers with
the advantage of a lower synthesis effort required."**"** In
this regard, DHP derivatives consisting of hyperbranched cores
of an hyperbranched commercial polyester core of bis-MPA of
generations 2, 3 and 4 decorated with bis-MPA dendrons of
generation 3 have been previously synthesised by taking advan-
tage of the 1,3-dipolar cycloaddition click chemistry
(CuAAC).™ Their biocompatibility and their terminal polya-
mine composition enabled them to complex a plasmid DNA
and to transfect it into mesenchymal cells at levels comparable
to commercial transfectants.™*

In the present work, we aim to elucidate whether the substi-
tution of bis-MPA dendrons with bis-GMPA ones has an
impact on the transfection efficiency of the resulting DHPs. In
this line, the presence of inner amides in the bis-GMPA struc-
ture introduces hydrogen bonds that can modify the compact-
ness of the DHPs and consequently the disposition of external
amine groups and their interaction with the genetic material.
With this objective, two series of homologous DHPs compris-
ing three generations of the hyperbranched core (G2, G3 and
G4) and bearing either bis-MPA or bis-GMPA dendrons of
generation 2 have been prepared. The bis-MPA series includes
DHP(G2)-MPA, DHP(G3)-MPA and DHP(G4)-MPA and, on the
other hand, the bis-GMPA series includes DHP(G2)-GMPA,

This journal is © The Royal Society of Chemistry 2022

DHP(G3)-GMPA and DHP(G4)-GMPA (Fig. 1). To evaluate their
gene transfection ability, two different types of genetic
materials were employed to express or silence the expression
of a specific protein as a proof of concept, namely, pGFP, a
plasmid DNA, and siGFP, a small interference RNA (siRNA)
molecule. In addition, the potential of the mesenchymal stem
cells (MSCs) to differentiate into numerous cell types has
pointed them as a powerful tool to act over different tissues
raising their value in the biomedical field of regenerative medi-
cine and oncology.*® Consequently, its use as gene therapy
host cells is evaluated in this work and compared with the
tumoral cell line HeLa.

Experimental section
Materials

All the chemical reagents were purchased from Sigma Aldrich
or Acros Organics and the solvents from Fisher Scientific or
Scharlab. The plasmid DNA employed was the pAcGFP1-N1
vector (Clontech), abbreviated as pGFP, of 4.7 kb, which
encodes a GFP from Aequorea coerulescens (excitation
maximum = 475 nm; emission maximum = 505 nm). Among
its characteristics, this vector contains a multiple cloning site
that allows gene fusions to the AcGFP1 gene at the

Biomater. Sci,, 2022, 10, 2706-2719 | 2707
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N-terminus, yielding a fusion protein that maintains the fluo-
rescent properties. The small interference RNA selected to
silence GFP in those lines expressing the protein was the GFP
Duplex I (Horizon, Dharmacon), hereinafter named siGFP.
Superfect and Lipofectamine 3000 were purchased from
Qiagen and Invitrogen, respectively.

Plasmid DNA preparation and purification

The commercial pAcGFP1-N1 plasmid was transformed into
Escherichia coli DH50 and propagated in LB medium with
kanamycin, firstly in LB agar overnight at 37 °C to obtain iso-
lated colonies and then, the selected colonies were grown in
liquid LB for 24 hours at 37 °C. Then, plasmid DNA was puri-
fied with a PureLink Expi Endotoxin-Free Maxi Plasmid
Purification Kit (ThermoFisher). Digestion with the restriction
enzyme Notl (ThermoFisher) followed by gel electrophoresis
(0.8% agarose) was performed to evaluate the extracted
plasmid purity. Its concentration was spectroscopically deter-
mined using an ND1000 spectrophotometer.

DHPs: synthesis and characterisation

DHP synthesis. The synthesis of DHPs involved three main
stages: procedure (I) alkyne functionalisation of commercial
hyperbranched polyesters, procedure (II) azide-alkyne cyclo-
addition (CuAAC) of the corresponding -Boc protected
dendron and procedure (III) final cleavage of #-Boc ending
groups (see the ESI, section S1f). In addition, rhodamine
B-labelled DHPs were prepared by covalent bonding of a small
amount of the fluorophore to the terminal amino groups of
the DHPs already synthesised (see the ESI, section S27).
Specifically, the amount of RhB added was estimated to render
a final functionalisation of around 1% of the amino terminal
groups of each DHP. The synthesis of the constituent den-
drons N3-[MPA,G2]-(NHBoc), >* and N;-[GMPA,G2]-(NHBoc), *°
was previously described by our group for the construction of
various dendritic structures with different biomedical
purposes.

DHPs characterisation. 'H nuclear magnetic resonance (‘H
NMR) and >C NMR experiments were performed using a
Bruker AV-400 ('H: 400 MHz, *C: 100 MHz) spectrometer
using deuterated chloroform (CDCl;) or deuterated methanol
(CD;0D) as the solvent. The chemical shifts are given in ppm
relative to TMS and the coupling constants are given in Hz; the
residual solvent peak was used as the internal standard. The
infrared (IR) spectra were obtained using an FTIR ATI-Mattson
Genesis Series II or a JASCO FT/IR-4100 apparatus and
recorded between 4000 and 600 cm™". The measurements were
performed in the attenuated total reflection (ATR) mode. Size
exclusion chromatography (SEC) was performed using a
Waters e2695 Alliance system employing two in series Styragel
columns HR4 and HR1 (500 and 104 A pore size) and a Waters
2424 evaporation light-scattering detector with a sample con-
centration of 1 mg mL™". The solvent was THF (HPLC grade)
with a flow rate of 1 mL min™" at 35 °C; poly(methyl methacry-
late) (PMMA) was used as the standard for calibration.
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Transmission electron microscopy

Electron microscopy images were recorded using an FEI
TECNAI T20 system with a beam power of 200 kv. A droplet
(10 pL) of the freshly prepared sample at 1 mg mL™" was de-
posited on a formvar (10 nm)/carbon film (1 nm) coated with a
400 mesh copper grid (ANAME), and 1% aqueous uranyl
acetate solution was used as a negative stain.

For cryogenic TEM, lacey carbon film 300 mesh copper
grids were previously ionised. A droplet of the freshly prepared
sample was deposited on the grid. Sample vitrification was
automatically processed using a vitrobot (FEI) and performed
in liquid ethane. A specific sample holder, Gatan for cold
samples, was used to stock the grids in liquid nitrogen for
sample vitrification prior to observation with the microscope.

Dendriplexes formation and characterisation

Dendriplexes were freshly formed before each experiment.
DHPs and nucleic acids were softly mixed by pipetting in
serum free DMEM (Dulbecco’s Modified Eagle Medium)
medium (SFM). Then, they were incubated for 20 minutes at
room temperature. Different N/P ratios were assayed to estab-
lish the minimum amount of dendritic material needed to
complex a fixed amount of genetic material (0.2 pg of pGFP
and 0.225 pg of siGFP). The number of N' terminal groups of
each molecule of DHP and the P~ groups of the nucleic acids
were considered in N/P ratio determination. Lipofectamine™
3000 (Invitrogen) and SuperFect® (Qiagen) were employed as
control transfection reagents of different chemical nature, the
first one being a commonly used lipid transfection reagent
whereas the second one is based on a dendritic globular struc-
ture more similar to the DHPs here described.

Gel retardation assay

A gel retardation assay was performed in order to check the
complete nucleic acid complexation. 0.8% (w/v) agarose gels
stained with 3 pL of GelRed were prepared in 1x TAE buffer.
Different N/P ratios were assayed with a fixed amount of
nucleic acid and increasing amounts of DHP in a total volume
of 12 pL of SFM. Specifically, 0.2 pg of pGFP and 0.225 pg of
siGFP were fixed considering commercial recommendations
and the sensitivity of the technique. Electrophoresis was run at
90-100 V for 20-30 min and a GelDoc (Bio-Rad) was employed
to visualise the gels.

Dynamic light scattering

The hydrodynamic diameters of the aggregates (empty DHPs
and dendriplexes) were determined by dynamic light scattering
(DLS) measurements using a Malvern Instruments Nano ZS.
Dendriplexes were prepared in distilled water, fixing the con-
centrations of pGFP at 20 pg mL™"' and siGFP at 5.7 pg mL™".
DHP concentrations ranged from 0.5 to 11.3 mg mL~" to estab-
lish the N/P ratios of 25 or 500 for pGFP and 150 or 750 for
siGFP, the ones at which the complexes are completely formed
and the most effective ones in terms of transfection activity.
Empty DHPs were prepared at 0.5 mg mL™" under the same

This journal is © The Royal Society of Chemistry 2022
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conditions. In all cases, complexes were formed by incubating
for 20 minutes at room temperature. Disposable cuvettes were
employed and a series of three measurements were performed
per sample. Hydrodynamic diameters (in nm) are obtained by
the size distributions measured in number and intensity.

¢ potential titration

Measurements were performed using Malvern Instruments
Nano ZS in PBS buffer of pH 7.4. Samples were prepared with
1 pg mL™" of pGFP and 0.3 pug mL™"' of siGFP, with DHPs
ranging from 26.3 to 565 pg mL ™" to form the same N/P ratios
described for DLS measurements. The complexes were softly
mixed and incubated for 20 minutes at room temperature.
Three measurements were performed per sample.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were carried
out using a Veeco-Bruker Multimode 8 instrument using a can-
tilever with a force constant of 22-100 N m™' (NT-NMD
Spectrum Instruments). 4 pL of samples in distilled water were
deposited into previously exfoliated mica substrate and
allowed to fix for 5 minutes. Then, three consecutive washes
with milliQ water were performed and the samples were softly
dried with N, flux for 3 minutes. The soft tapping mode in air
was employed for the measurements (150-800 kHz) and the
software WSxM 4.0 Beta 9.3*° was used for further image
analysis.

Cell lines and culture

Cervical carcinoma cell line HeLa (obtained from Cancer
Research-UK Cell Services) and HeLa-GFP, transformed to
intrinsically express the GFP protein, were grown in DMEM
(high glucose with r-glutamine) supplemented with 10% FBS
(fetal bovine serum), and 1% antibiotics (penicillin, strepto-
mycin, amphotericin) at 37 °C and 5% CO, under a humidi-
fied atmosphere. Mesenchymal stem cells from mouse
(mMSCs) from C57BL/6 strain and those stably expressing
GFP, mMSCs-GFP, were maintained under the same experi-
mental conditions with their specific MesenCult™ Expansion
Medium for mice (StemCell Technologies Inc) supplemented
with r-glutamine.

Viability assay

The evaluation of the cytotoxic effect of the compounds was
carried out by the Alamar Blue assay. Briefly, the cells were
seeded at a density of 1 x 10" cells per well in 96 multiwell
culture plates and after 24 hours of incubation at 37 °C, the
medium was replaced by 50 pL of the testing compounds dis-
solved in SFM per well, in triplicates. After 4, 8 or 24 h of incu-
bation, the solutions were removed and 100 pL of fresh com-
plete medium were added and incubated for another 48 hours.
After that, the medium was replaced by a 10% (v/v) Alamar
Blue dye solution in complete DMEM and allowed to react for
2 hours at 37 °C. Then, absorbance at 570 and 600 nm was
read using a Multiskan GO (ThermoScientific) plate reader.

This journal is © The Royal Society of Chemistry 2022
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Transfection experiments

For pGFP transfection, HeLa or mMSCs cells were seeded at a
density of 1 x 10" cells per well in 96 multiwell culture plates
in their respective culture medium. After 24 h of incubation at
37 °C, the culture medium was removed and 50 pL of dendri-
plexes already formed in SFM as described above were added
per well in triplicate. 0.2 pg of pGFP per well was added in all
the cases while the amount of dendrimer was adjusted to
cover a wide range of N/P ratios (25, 50, 100, 250, and 500).
The complexes were incubated for 4, 8 or 24 h at 37 °C and
then the compounds were replaced with 100 pL of fresh
medium. After 48 h of incubation, GFP expression was evalu-
ated by fluorescence microscopy (NIS-Elements, Nikon) and
quantified by fluorimetric determination at excitation and
emission wavelengths of 485/20 and 516/20 using a microplate
reader (Synergy HT). Transfection experiments with siGFP
were similarly performed with HeLa-GFP and mMSCs-GFP cell
lines, establishing 200 nM as the fixed concentration of siGFP
per well. N/P ratios tested were 150, 300, 500 and 750. Finally,
the GFP-expression decrease was determined following the
same procedures. For positive controls, the commercial
reagents Lipofectamine 3000 and SuperFect were incubated
with nucleic acids at the corresponding ratios previously estab-
lished by following the supplier recommendations. Naked
nucleic acids were also tested under the same concentrations
and no treated cells were included as negative controls for
transfection experiments.

Internalisation and intracellular distribution

To evaluate the intracellular distribution of the rhodamine
labelled DHPs with pGFP, they were visualised by confocal
laser scanning microscopy after incubation with cells. Briefly,
HelLa cells were seeded at a density of 4 x 10 cells per well and
mMSCs at 8 x 10 cells per well over sterile glass covers in
24 multiwell plates and incubated for 24 h at 37 °C. Then, the
medium was replaced with 500 pL of the corresponding den-
driplexes in SFM at an N/P ratio of 500, with 0.5 pg of pGFP
per well. After 4 h of incubation at 37 °C, the cells were washed
three times with PBS, fixed with 4% (v/v) paraformaldehyde
and washed twice with PBS. Cell permeabilisation was accom-
plished with a PBS plus 1% BSA and 0.1% saponin solution
and then actin filament staining was performed by incubating
for 1 h in the dark with phalloidin-Alexa Fluor 488 diluted in
the permeabilisation solution (1:200). Furthermore, washing
steps were performed and then the nuclei were stained at the
same time as the slides were mounted with a solution of DAPI
in Fluoromount-G mounting medium (1:250). The samples
were allowed to dry in the dark and sealed for later micro-
scopic observation using a confocal Zeiss LSM 880 with the
63x 0il immersion objective. DAPI fluorescence was observed
at Aexe: 405 nm and Aem: 453 nm and Alexa Fluor at Aeye:
488 nm and Aem: 526 nm and finally, the rhodamine of the
labelled DHPs was examined under Aee: 561 nm and Aem:
635 nm. The Zen Blue 2.3 software and Image ] were employed
for image analysis.

Biomater. Sci, 2022,10, 2706-2719 | 2709
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Statistical analysis

The results are reported as mean + SD (standard deviation)
and the data were analysed by one-way analysis of variance
(ANOVA) with Tukey post-hoc testing using the GraphPad Prism
8.0.2 software. p < 0.05, *; p < 0.01, **; p < 0.001, *** and p <
0.0001, **** were considered statistically significant.

Results and discussion
DHP synthesis

The synthesis strategy to obtain the final DHPs was done follow-
ing our previous report'* (schematically shown in Scheme S1,
ESIt). It consists of the convergent attachment of the corres-
ponding dendron N;-[MPA,G2]-(NHBoc), or N3-[GMPA,G2}-
(NHBoc), to a MPA hyperbranched core of the second, third or
fourth generation. Increasing the core generation while main-
taining the dendron generation was thought as a feasible strat-
egy to raise the number of the desired amino-terminal groups
and avoid arduous synthetic steps. Previously, the commercial
hyperbranched polyesters of the different generations (G2, G3
or G4) were functionalised with 4-pentynoic acid by means of
Steglich esterification to introduce alkyne groups in the sur-
roundings of the structures (see the ESI, section S1,T procedure
I). These functional groups were essential to accomplish sub-
sequent convergent coupling through the azide focal groups of
the corresponding dendron by means of the CuAAC reaction
(see the ESI, section S1,} procedure II). Finally, the ¢-Boc pro-
tecting groups were removed under acidic conditions with a
mixture of CHCl; : TFA (see the ESI, section S1,T procedure III)
to obtain the amino-terminated DHPs as white solids.

DHP characterisation

The products were characterised by '"H NMR, *C NMR, and
FTIR spectroscopy and SEC. DHP(G2)-MPA and its corres-
ponding precursors, the ¢Boc protected DHP(G2)-MPA
(NHBoc) and the alkyne functionalised hyperbranched core

HP(G2)-=, are shown here as representative examples to
discuss the characterisation results.
NMR spectroscopical characterisation allowed wus to

confirm the correct product formation as well as to quantify
the number of groups inserted. The Steglich alkyne addition
was confirmed by the appearance of three '"H NMR peaks at
2.55, 2.47 and 1.99 ppm, compared with the commercial HP,
which correspond to the protons H-10', H-11' and H-13',
respectively (Fig. 2a). Moreover, their integration with respect
to the unaltered methyl group in the bis-MPA core (H-7') at
1.24 ppm revealed that 15, 31 or 62 alkyne groups were intro-
duced for each HP generation (G2, G3 or G4), respectively.
High levels of functionalisation were reached considering that
the maximum theoretical ending groups are 16, 32 and 64 for
each HP generation. The success of the CuUAAC reaction could
be observed by the appearance of a peak at 7.41 ppm that
corresponds to the proton of the triazole ring, H-13, resulting
from the cycloaddition (Fig. 2b). The appearance of two peaks
at 146.1 ppm and 121.3 ppm in the >C NMR spectrum corres-
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ponding to the triazole carbons C-12 and C-13, respectively,
also corroborate the progress of the reaction (see the ESI,
Fig. S11). The 'H NMR spectrum also showed a chemical
downfield shift of the protons adjacent to the alkyne groups as
well as the inversion of their signals (Fig. 2b). Namely, the
H-10" and H-11’ peaks moved from 2.55 and 2.47 ppm to H-11
at 2.98 ppm and H-10 at 2.72 ppm when coupled to the den-
drons. The integration of these downfield methylene signals
(H-10 and H-11) and their comparison to the remaining non-
functionalised ones (H-10'and H-11"), if any, allowed us to
determine the number of dendrons covalently linked by the
CuAAC reaction. According to this characterisation, the ¢-Boc-
protected DHPs were estimated to bear a total number of term-
inal amino groups as follows: the bis-MPA series (DHP(G2)-
MPA(NHBoc), DHP(G3)-MPA(NHBoc) and DHP(G4)-MPA
(NHBoc)) contained 60, 124 and 248 dendrons, respectively,
whereas the bis-GMPA series (DHP(G2)-GMPA(NHBoc), DHP
(G3)-GMPA(NHBoc) and DHP(G4)-GMPA(NHBoc)) respectively
included 60, 116 and 232 dendrons. Consequently, high levels
of dendron attachments were obtained for both series (esti-
mated as 100% for the bis-MPA and higher than 94% for the
bis-GMPA series) and the expected polycationic DHPs for gene
therapy were obtained.

In the FTIR spectra of DHP(G2)-MPA(NHBoc), a band at
3375 ecm™ " corresponding to the N-H bond stretching appeared
and the two almost overlapped intense bands around
1700 cm™" (1731 and 1710) were due to the C=0O bonds of the
ester groups and the carbamate groups, respectively (Fig. 2c). In
addition, the bands corresponding to the stretching of the =C-
H and C=C bonds of the HP(G2)-= (3281 and 2145, respect-
ively) and the band at 2100 cm™" corresponding to the azide
group of the dendron were no longer observed, thus indicating
the correct coupling to the dendrons.

SEC analysis revealed the absence of any remaining free
reactive dendrons as well as low polydispersity values for all
the t-Boc protected DHPs, ranging from 1.12 to 1.23. The reten-
tion times of the resulting DHPs underwent a considerable
decrease compared with the hyperbranched cores without co-
valently added dendrons, as expected due to the increase in
the Mw (see the ESI, Fig. S27).

The final cleavage of the ¢-Boc groups to yield the amino
terminated DHPs was assessed by the evolution of some
signals in the NMR and FTIR spectra. On the one hand, the
peak at 1.43 ppm in "H NMR and those at 156.0, 80.0 and
28.4 ppm in "*C NMR, corresponding to the t-Boc groups dis-
appeared in these spectra (see the ESI, Fig. S3a and bf). In
return, two quadruplets centered at 163.0 and 118.2 ppm
appeared corresponding to the carbons in the trifluoroacetate
counterion (TFA™) resulting from the deprotection method
employed. This presence was also corroborated by the '°F
NMR spectra (see the ESI, Fig. S3ct). Regarding the FTIR
spectra, the deprotection implied the disappearance of the
NC=O st band at 1710 cm™", while the N-H st band around
3000 cm ™" got wider and more intense because of the terminal
amine protonation and a new band due to the bending of the
N-H" band that appeared around 1650 cm ™" (Fig. 2c).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Chemical structures and shifts in the *H NMR spectra of (a) HP(G2)-= and (b) DHP(G2)-MPA(NHBoc) (CDCls, 400 MHz). Full spectra are rep-
resented in the left side, while enlargements from 3.3 to 2.3 ppm corresponding to the spectra section indicated within the boxes are represented in
the right side. (c) Compilation of FTIR spectra in the transmission mode of HP(G2)-= core (blue), N3-[MPA,G2]-(NHBoc), dendron (green), DHP(G2)-

MPA(NHBoc) (orange) and deprotected DHP(G2)-MPA (black).

DHPs morphology in water

The synthesised DHPs showed complete solubilisation in
water and their morphology was studied by TEM. The spheri-

This journal is © The Royal Society of Chemistry 2022

cal objects observed and their size ranging from 10 to 20 nm
suggest that the DHPs arrange in unimolecular micelles when
dissolved in water (Fig. 3). This unimolecular arrangement has
been previously reported for similar hyperbranched polymers
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DHP(G2)-GMPA DHP(G3)-GMPA

Fig. 3 Transmission electron microscopy (TEM) images of the DHPs in
distilled water at 1 mg mL™". Scale bars: 50 nm.

based on a core-shell structure.”® In addition, more compact
unimolecular morphologies were observed for the bis-GMPA
series when compared with the bis-MPA derivatives, which
may be caused by the presence of intramolecular interactions
favoured by the amide groups of the bis-GMPA dendrons.
These observations were corroborated by the DLS measure-
ment of the hydrodynamic diameter (Dy) of the aggregates in
water. Dy data analysed in intensity and number are gathered
in Table 1, and it can be observed that the sizes observed by
TEM correlate with the DLS in number, as it has been pre-
viously described,”” while DLS in intensity yields bigger
sizes.”®*? In addition, the small discrepancies observed by
TEM and DLS (in number) may arise from the differences in
the sample preparation for measurements. While DLS
measures the sizes of the samples in solution, TEM imaging
requires the drying and staining of the samples onto a grid. In
addition, the ¢ potential of the DHPs was measured (Table 2),
which showed a positive surface charge in all the cases. No

View Article Online
Biomaterials Science
Table 2 ( potential of empty DHPs and their dendriplexes with pGFP

(N/P ratios 25 and 500) and siGFP (N/P ratios 150 and 750). Results are
expressed as the average in mV

pGFP siGFP
dendriplexes dendriplexes
Empty N/P N/P N/P N/P
DHPs carriers 25 500 150 750
DHP(G2)-MPA 6.8 3.7 6.5 8.1 12.1
DHP(G3)-MPA 5.9 4.6 12.3 12.8 13.5
DHP(G4)-MPA 6.1 5.5 13.1 11.2 10.6
DHP(G2)-GMPA 4.5 3.6 3.6 6.4 5.0
DHP(G3)-GMPA 4.3 2.5 8.5 9.3 6.0
DHP(G4)-GMPA 4.7 0.6 4.1 7.0 7.4

relevant differences were found in the surface charge among
the DHP within the same series, being around 6.3 for the bis-
MPA series and around 4.5 for the bis-GMPA DHPs. The differ-
ences upon comparing both series of DHPs could be related to
the interactions of the terminal amino groups with the inner
amide groups of the bis-GMPA dendrons that lead to a lesser
number of positive charges exposed on the surface and then a
decrease in their  potential.

Dendriplexes formation and characterisation

The gel retardation assay allowed us to identify the minimum
N/P ratios at which the nucleic acids were totally complexed by
the DHPs. The commercial transfection reagents
Lipofectamine 3000 (lipidic formulation) and SuperFect (den-
dritic formulation) were used under supplier specifications
and their w/w ratios for nucleic acid complexation were deter-
mined by following the same procedure. As seen in Fig. 4a,
PGFP was totally complexed at a N/P ratio of 25 by all the
DHPs studied, when no band of free pGFP was observed,
although partial complexation could be observed at lower
ratios, especially for the highest DHP generation. Even though
the majority of the siGFP was complexed by the DHPs at a N/P
ratio of 100, especially for G4-DHPs, the N/P complexation

Table 1 Hydrodynamic diameters (Dy) of empty DHPs and their dendriplexes with pGFP (N/P ratios of 25 and 500) and siGFP (N/P ratios 150 and
750). Dy were measured after number or intensity treatment. Data are given as mean + SD (in nm) and the percentage of each population is included

in brackets if applicable

PGFP dendriplexes

siGFP dendriplexes

Empty carriers

N/P 25 N/P 500 N/P 150 N/P 750

DHPs Dy number Dy intensity

DHP(G2)-MPA 12+3 197 + 8 (91) 349 + 15 (92) 236 + 15 164 + 6
32+4(9) 12+2(8)

DHP(G3)-MPA 15+4 210 + 18 (92) 251 + 5 (100) 269 +7 224 + 16
29 + 3 (8)

DHP(G4)-MPA 18+1 166 + 19 (85) 271 +18 (72) 259 + 14 165 + 10
29 + 8 (15) 22 + 3 (28)

DHP(G2)-GMPA 7+1 183 + 18 (89) 248 + 12 (82) 253 +15 184 +7
34+12(11) 4+1(18)

DHP(G3)-GMPA 14+2 190 + 40 (69) 371+ 14 (85) 234 +13 171+ 4
42 + 6 (31) 43 £ 5 (15)

DHP(G4)-GMPA 9+2 128 + 1 (88) 243 +9 (78) 251+ 9 276 +15
19 +2 (12) 15 + 1 (22)
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Fig. 4 Complex formation between polycationic carriers and nucleic
acids. (a) Gel retardation of pGFP in the presence of increasing amounts
of DHP and (b) Gel retardation of siGFP in the presence of increasing
amounts of DHP.

ratio for further cell studies was established at 150 in all the
cases to ensure whole nucleic acid capture (Fig. 4b).

The complexation involving the commercial reagents also
needed more amount of polycationic DHP in the case of siGFP
(w/w ratio 7 for Lipofectamine and 3 for SuperFect) than pGFP
(w/w ratios 1.5 and 2 for Lipofectamine and SuperFect, respect-
ively) (see the ESI, Fig. S5f). These prominent differences
between the nucleic acid complexation ratios may reside in the
size and rigidity of each construct.’*>*" Considering that all
DHPs have a similar number of N* per mass unit (between 1.5
x10"® and 1.8 x 10"® N" mg™"), differences in the total number
of peripheral amino groups have shown not to have a strong
influence on the N/P ratio of dendriplex formation for the
range of DHP generations studied. Besides, the presence of
inner amide groups in the series of DHPs containing the bis-
GMPA dendron (DHP(G2)-GMPA, DHP(G3)-GMPA and DHP
(G4)-GMPA) does not affect the amount of DHPs required to
form the complexes compared to the bis-MPA DHP series
(DHP(G2)-MPA, DHP(G3)-MPA and DHP(G4)-MPA). A slight
difference is only observed for DHP(G3), since DHP(G3)-GMPA
starts the pGFP complexation at the N/P ratio of 1 whereas its
bis-MPA homologue needs to increase the N/P ratio to 5 to
modify the electrophoretic mobility of the nucleic acid.

The morphological characterisation of the dendriplexes at
different N/P ratios was carried out together with the character-
isation of the empty DHPs in order to elucidate the nucleic
acid influence on the established structures. Different tech-
niques were used for their characterisation: dynamic light scat-
tering (DLS), { potential, atomic force microscopy (AFM) and
cryo-TEM.

The sizes determined by DLS in intensity (see Table 1)
showed two size populations of nanoparticles for the majority

This journal is © The Royal Society of Chemistry 2022
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of dendriplexes involving pGFP, while only one population was
observed for the siGFP dendriplexes. This may be related to the
higher flexibility exhibited by the plasmid DNA that allows more
possibilities of conformation. The bigger population of dendri-
plexes with pGFP at the forming ratio (N/P 25) displayed sizes
below 210 nm that predominated in abundance over the
smaller population (around 30 nm), but it is important to con-
sider that DLS in intensity tends to overestimate the particles
size in detriment to the smaller ones.”®** These diameters were
incremented when the ratio N/P was raised to 500. siGFP den-
driplexes underwent less size variations once the complexes
were already formed, observing diameters around 250 nm for
all dendriplexes at the N/P ratio of 150 and more compact struc-
tures around 200 nm at the highest ratio assayed (N/P 750).

The measurement of the { potential (see Table 2) revealed
that all the dendriplexes presented a positive surface charge,
thus indicating that the nucleic acid had been completely com-
plexed, as was evidenced by the gel retardation assays (see
Fig. 4). Besides, a general increase in the charge was observed
when increasing the N/P ratio due to the presence of a higher
number of molecules of the positively charged DHPs. Regarding
both DHP series, dendriplexes with DHP-GMPA vectors pre-
sented lower { potential values than those with the DHP-MPA of
the same generation. This could be due to the location of the
peripheral amino groups of the DHP in a more internal cavity of
the complex and it may be related to interactions with the inner
amide groups of the bis-GMPA dendrons.

As an example, the formation of dendriplexes between
PGFP and the biggest DHP of the bis-MPA series, DHP(G4)-
MPA, was further investigated by AFM and cryo-TEM (Fig. 5).

c) DHP(G4)-MPA/pGFP, N/P 25

Fig. 5 AFM topographic images of DHP(G4)-MPA empty aggregates (a)
and the dendriplexes formed with pGFP at a N/P ratio of 25 and (b)
Cryo-TEM image of these dendriplexes (c).
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As observed in DLS measurements, two size populations were
found by AFM for the complexes involving pGFP. Namely, for
the DHP(G4)-MPA/pGFP dendriplexes at a N/P ratio of 25,
some large aggregates around 200 nm in length were found,
while a more abundant population of small, rounded struc-
tures of ca. 20 nm were observed, probably corresponding to
empty DHPs (Fig. 5b). The discrepancy between the abundance
of populations observed between DLS and AFM can be related
to the fact that the DLS data in intensity tend to overestimate
the presence of the biggest population. However, the DLS in
number reflects more accurately these AFM sizes, yielding Dy
below 33 + 2 nm for all the dendriplexes with pGFP (see the
ESI, Table S27). The sizes observed by cryo-TEM for DHP(G4)-
MPA/pGFP dendriplexes at a N/P ratio of 25 were in the range
of 150-200 nm (Fig. 5c), which is in agreement with the values
obtained by DLS in intensity.

Transfection and viability experiments

In vitro pGFP transfection. After an initial optimisation of
the experimental conditions regarding incubation time and
the amount of loaded pGFP (see the ESI, Fig. S61), 4 h of incu-
bation and 0.2 pg of pGFP were established as the most appro-
priate parameters to carry on the comparative study of trans-
fection ability on our DHPs.

The ability of all the DHPs as gene delivery vectors for pGFP
in a broad range of N/P ratios was evaluated in two different
cell lines: HeLa and the mesenchymal cells mMSCs (the whole
data are gathered in the ESI, Fig. S7 and the ratios in w:w in
Table S37). It can be observed that the naked pGFP did not
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have any transfection ability by itself under these conditions,
corroborating the necessity to employ a vector to facilitate its
delivery into the cells. The trend in pGFP transfection
efficiency exerted by the N/P ratios follows the same tendency
within the two cell lines (Fig. S71), with better values observed
for the highest N/P ratio assessed, namely N/P = 500. In order
to evaluate the effect of the type of DHP (bis-GMPA or bis-
MPA) and generation (G2, G3, and G4) in pGFP transfection
and viability results in both cell lines, the results at the ratio of
N/P 500 are gathered in Fig. 6.

Upon comparing the two DHP series (bis-MPA and bis-
GMPA), it is remarkable to see the absence of any transfection
activity in either of the cell lines with those DHPs including
the bis-GMPA dendron (DHP(G2)-GMPA, DHP(G3)-GMPA and
DHP(G4)-GMPA). Although, according to the gel retardation
assay (see Fig. 4), the dendriplexes were all successfully
formed at the N/P ratio of 25 and their final transfection
activity showed significant differences (see Fig. 6). Indeed, the
data seem to suggest that the presence of the bis-GMPA den-
drons somehow hinders the final expression of the GFP
protein as lower values (below 0.3 a.u.) are observed in all the
cases comprising DHPs-GMPA (see Fig. 6).

The DHPs of the bis-MPA series presented good character-
istics as non-viral pGFP vectors. Indeed, they showed higher
transfection efficiencies than SuperFect, a commercially avail-
able gene delivery vector with a dendritic structure. Besides,
the results obtained for the DHPs in the mMSCs were even
higher than that for the lipid based Lipofectamine 3000
control. In this line, larger transfection efficiencies were
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Fig. 6 Transfection experiments with pGFP in Hela (left) and mMSC (right) cell lines. All the DHPs of the bis-MPA and bis-GMPA series were
assayed as vectors at the N/P ratio of 500. Controls without treatment, naked pGFP, with SuperFect and with Lipofectamine 3000 are also included
for each cell lines. Green bars show the transfection efficiency and red points indicate cell viability. Error bars indicate the standard deviation (SD) (n
= 3). Statistical analysis was performed by one-way ANOVA; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001.
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observed when the N/P ratio was significantly higher than that
established as the minimum for dendriplex formation, which
had been previously observed by us.'* Among the bis-MPA
series, the bigger the polyester core generation, the more
activity it exhibited as a pGFP vector. At the N/P ratio of 500,
even the small DHP(G2)-MPA showed better transfection
efficiency than the commercial lipidic Lipofectamine 3000 (8.0
a.u. versus 6.0 a.u.). It is interesting to note that no significant
differences in the levels of transfection were found at the N/P
ratio of 500 for DHP(G3)-MPA and DHP(G4)-MPA (11.3 a.u.
and 10.6 a.u., respectively). The { potential values of these two
dendriplexes formed between DHP(G3)-MPA or DHP(G4)-MPA
with pGFP at the N/P ratio of 500 are the highest ones among
the pGFP complexes (12.3 and 13.1 mV, respectively, see
Table 2), which may contribute to a more favourable cellular
uptake, thus benefiting subsequent transfection activity. The
low cytotoxicity of these dendritic vectors, with above 70% via-
bility in all the cases, arose as another advantageous feature
compared to the Lipofectamine vector.

Fluorescence microscopy was used to corroborate the spec-
troscopic results. As a representative example, the fluorescence
on mMSCs after transfection with DHP(G4)-MPA and pGFP at
different N/P ratios is shown in Fig. 7. The expression of green
fluorescence was observed to increase upon increasing the N/P
ratio from 100 to 500. While scarce fluorescence was observed
at the N/P of 100, at the highest ratio assayed, N/P 500, the
levels of GFP expression were higher than those of the cells
transfected with the commercial Lipofectamine 3000. These
qualitative results are in good agreement with the previous
spectroscopic data measured (see Fig. 6 and S77).

In general terms, better pGFP transfection results were
obtained within the mMSCs. Interestingly, all DHPs of the bis-
MPA series show superior values for pGFP transfection com-
pared to previous bis-MPA DHPs reported by us.'* Whereas the

DHP(G4)-MPA, N/P 100 DHP(G4)-MPA, N/P 250

DHP(G4)-MPA, N/P 500 Lipofectamine

Fig. 7 Fluorescence images of mMSC cells expressing GFP after incu-
bation with the plasmid in combination with DHP(G4)-MPA at N/P ratios
100, 250 or 500 and the plasmid with Lipofectamine 3000 as control.
Scale bars: 100 pm.
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current series contains bis-MPA dendrons of generation 2 and
were used at a N/P ratio of 500 for better transfection, pre-
viously reported series were prepared with bis-MPA dendrons
of generation 3 at a maximum N/P ratio of 200. Thus, for these
materials, larger transfection values can be obtained by
increasing the N/P ratio even if a lower amount of ammonium
groups are present at the surface.

In vitro siGFP transfection. The DHPs showed similar trends
for the transfection of siGFP in the two cell lines, HeLa-GFP
and mMSCs-GFP, at a broad range of N/P ratios tested (the
whole data are gathered in the ESI, Fig. S8t and the ratios in
w:w in Table S4t). As for the pGFP transfection section (see
Fig. 6), the results at the highest N/P ratio, i.e. 750, are shown in
Fig. 8. Among the DHPs, the bis-MPA derivatives showed better
transfection activity than their GMPA counterparts. Focussing
on the DHP-MPA series, a core generation dependence was
observed again, being the levels of DHP(G4)-MPA fluorescence
inhibition at a N/P ratio of 750 (35%) comparable to those of
Lipofectamine (34%). An improvement in the transfection
efficiency was observed upon increasing the N/P ratio but it
compromised the cell viability levels (see the ESI, Fig. S87). The
dendriplex formulation that yielded the higher rate of fluo-
rescence inhibition, DHP(G4)-MPA at a N/P ratio of 750, was
also responsible for a 60% decay in cell viability. No relevant
differences were found in the activity of DHP(G2)-MPA and DHP
(G3)-MPA as siGFP vectors (20 and 19% of fluorescence inhi-
bition, respectively) but the differences in cell viability postulate
DHP(G3)-MPA as a better vector at a N/P ratio of 750.

The levels of green fluorescence expression were also assessed
by fluorescence microscopy. Apart from Lipofectamine
3000-transfected cells, control of the wild-type mMSCs-GFP cells
was included to visualise the highest level of fluorescence
reached within this cell line. As a representative example, images
of transfection with DHP(G4)-MPA and siGFP at different N/P
ratios (300, 500 and 750) are shown (Fig. 9). As previously
observed in the spectroscopic fluorescence determination (see
Fig. S8%), the increase in the N/P ratio from 300 to 750 resulted
in a decrease in fluorescence levels, that is, an improvement in
the siGFP silencing activity. The largest GFP expression inhi-
bition in mMSCs-GFP with a DHP vector was reached after trans-
fection with DHP(G4)-MPA/siGFP at a N/P ratio of 750, whose
levels of fluorescence were comparable to those of the mMSCs-
GFP cells transfected with Lipofectamine 3000.

Internalisation and cellular distribution

The most promising DHP combinations with pGFP were evalu-
ated in terms of cell internalisation and intracellular distri-
bution of both cell lines, HeLa and mMSCs. Dendriplexes
between DHP(G4)-MPA and DHP(G4)-GMPA at a N/P ratio of
500 were chosen to carry out this assay. To visualise the den-
driplexes within the intracellular compartments by confocal
microscopy, the DHPs were previously labelled with the fluoro-
phore rhodamine B (as explained in the ESI, section S27). The
results are shown in Fig. 10.

The internalisation of the dendriplexes containing DHP
(G4)-MPA-RhB or DHP(G4)-GMPA-RhB was low in both cell

Biomater. Sci, 2022,10, 2706-2719 | 2715
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Fig. 8 Transfection experiments with siGFP in HeLa-GFP (left) and mMSC-GFP (right) cell lines. All the DHPs of the bis-MPA and bis-GMPA series
were assayed as vectors at the N/P ratio of 750. Controls without treatment, naked siGFP, with Superfect and with Lipofectamine 3000 are also
included for each cell lines. Black bars show transfection efficiency and red points indicate cell viability. Error bars indicate the standard deviation
(SD) (n = 3). Statistical analysis was performed by one-way ANOVA; ns, p > 0.05; **, p < 0.01; ***, p < 0.001.

DHP(G4)-MPA, N/P 300

control

DHP(G4)-MPA, N/P 500

DHP(G4)-MPA, N/P 750

Lipofectamine

Fig. 9 Fluorescence images of mMSCs-GFP cells showing a reduction in the GFP expression after incubation with the siGFP in combination with
DHP(G4)-MPA at N/P ratios 300, 500 or 750. siGFP with Lipofectamine 3000 and the wild type cells are included as controls. Scale bars: 100 pm.

lines. Interestingly, few dendriplexes composed of DHP(G4)-
MPA-RhB were found within the HeLa cell line (Fig. 10a, top
row) whereas the confocal microscopy did not show any DHP
(G4)-GMPA-RhB dendriplexes inside these cells (Fig. 10a, the
bottom row). In the case of mMSCs, a higher number of den-
driplexes containing DHP(G4)-MPA-RhB were found inside the
cells (Fig. 10b, top row), while just few DHP(G4)-GMPA-RhB

2716 | Biomater. Sci, 2022, 10, 2706-2719

dendriplexes were found on the cellular surface (Fig. 10b,
bottom row). Moreover, the location of the DHP(G4)-MPA-RhB
dendriplexes revealed their distribution along the cellular mor-
phology, with the presence of some aggregates colocalising
with actin in the peripheral cytoplasm and others in the sur-
roundings of the cellular nucleus. The absence of DHP(G4)-
GMPA-RhB dendriplexes inside the HeLa cells and their scarce

This journal is © The Royal Society of Chemistry 2022
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Rhodamine B

Rhodamine B Merged

Fig. 10 Confocal z-stack projections of the internalisation dendriplexes DHP(G4)-MPA-RhB and DHP(G4)-GMPA-RhB with pGFP at an N/P ratio of
500 in (a) HeLa and (b) mMSCs. Scale bars: 10 pm. Color code: blue, nuclei; green, actin; and red, rhodamine B. Single images for each channel are
represented as well as all channels merged and some representative lateral views (LV). White arrows indicate dendriplexes inside the cells or on the

surface and yellow arrows indicate dendriplexes near the nucleus.

presence only at the surface of the mMSCs is in good agree-
ment with the low transfection efficiencies previously
measured (see Fig. 6). A plausible explanation could be related
to the lower { potential values observed for DHPs-GMPA com-
pared to DHPs-MPA (see Table 2), which could reduce their cel-
lular uptake.>® In addition, the establishment of hydrogen
bonds between the bis-GMPA dendrons present in the DHP
could contribute to the better entrapment of pGFP of the den-

driplex, thus hampering subsequent release.**>*

Conclusions

A series of hyperbranched dendronized polymers (DHP) of G2,
G3 and G4 with dendrons built either with bis-MPA or bis-
GMPA have been synthesised and their ability to complex
plasmid DNA and siGFP have been demonstrated. Their trans-

This journal is © The Royal Society of Chemistry 2022

fection activity as non-viral vectors has revealed better suit-
ability in terms of the functionality of the DHP-MPA deriva-
tives over their DHP-GMPA homologues and, more remarkably,
other highly efficient commercial dendritic-based
reagents. Most interestingly, transfection levels as good as the
lipidic commercial Lipofectamine 3000 were obtained for
SiGFP transfection with DHP(G4)-MPA at a N/P ratio of 750
and almost a 2-fold improvement in the pGFP transfection
efficiency of Lipofectamine 3000 was achieved with DHP(G3)-
MPA and DHP(G4)-MPA at a N/P ratio of 500. A generation
dependence and the influence of some parameters like N/P
ratios or incubation times on the transfection efficiency were
observed. The lower efficiency obtained for the DHP-GMPA
series as gene delivery vectors compared to the DHP-MPA
series is proposed to occur mainly by the lower { potential
values of the former, which limit their cellular internalisation.
In addition, the establishment of hydrogen bonds between the

over
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bis-GMPA dendrons may produce a better entrapment of the
nucleic acids and consequently hamper their release. Finally,
the good results obtained in gene delivery with the mesenchy-
mal cell line, especially for pGFP transfection, are quite rele-
vant, as this type of cells are usually difficult to transfect,®”
thus opening a promising landscape for gene delivery into
these pluripotent cells with a wide range of further
applications.
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