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Cationic star-shaped poly(L-lysine) are efficient nanovectors for the delivery of nucleic acids (gene deliv-
ery). They are commonly obtained by the ring-opening polymerisation of L-lysine N-carboxyanhydrides
(NCA) from multifunctional amine initiators such as dendrimers. To date, commonly reported dendritic
precursors are non-degradable which can cause dose dependant cytotoxicity in vivo. Herein, we present
a new synthetic route for the preparation of star-shaped poly(L-lysine) from ammonium terminated 2,2-
bis-(hydroxymethyl)propionic acid (bis-MPA) dendrimers. A range of well-defined star polypeptides with
exceptionally low dispersities (By < 1.05) was obtained by varying the dendrimer generation and adjusting
the monomer to initiator feed ratio. The ability of efficient dendrimer core degradation was confirmed
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under physiological and basic conditions. Moreover, preliminary pDNA complexation studies demonstrate
successful polyplex formation between the gene cargo and the star poly(L-lysine). The results suggest that
the bis-MPA star poly(L-lysine) platform is a promising fully degradable alternative to leading non-degrad-

Open Access Article. Published on 17 May 2023. Downloaded on 2/12/2026 5:31:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/polymers able polymeric vectors.

Introduction

Gene therapy has long been seen as a potential solution to pre-
viously unmet clinical needs." To realise the immense possibi-
lities presented by nucleic acid-based therapeutics, the devel-
opment of effective and safe delivery vehicles (vectors) is criti-
cal.” Nucleic acids are large, negatively charged molecules and
are rapidly cleared by circulating nucleases in the body.
Suitable vectors must not only protect the gene cargo against
hydrolysis but also efficiently deliver them intracellularly.
Positively charged polymers are poised to form stable com-
plexes (polyplexes) with nucleic acids and have been widely
investigated as non-viral gene vectors." Cationic polymers
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including polyamidoamine (PAMAM) dendrimers and poly
(ethylene imine) (PEI) have seen some success for in vitro gene
delivery but underperform in vivo, which is a barrier to clinical
translation.>” One critical drawback of these synthetic polya-
mines is their dose dependent cytotoxicity.* '® While improved
stability and easier scale-up is recognised as a benefit of poly-
meric vectors, it is indeed surprising that their major advan-
tage, i.e. the greater flexibility in structural design and the
ability to easily modify them, has not been utilised to any
large extend to overcome these drawbacks.

We recently began to investigate star-shaped poly(i-lysine)
(PLL) as gene delivery vectors."™'*> Well-defined star-shaped
PLL was readily prepared via controlled ring opening poly-
merisation (ROP) of amino acid-derived N-carboxyanhydrides
(NCAs) by initiation from the primary amino groups of poly
(propylene imine) (PPI) dendrimers.”® Our research has shown
that the adaptability of the macromolecular architecture is a
critical advantage when optimising delivery performance to
best meet the nature of the gene cargo and the clinical target.
Star-shaped PLL has since been successfully applied for the
delivery of advanced gene therapeutics in pre-clinical in vitro
and in vivo models. The versatility in design enabled easy tai-
loring of the technology for delivery of gene therapeutics with
different physicochemical properties. For example, a star PLL
system was used to form gene nanomedicines with plasmid
DNA (pDNA) to effectively transfect mesenchymal stem cells as

Polym. Chem., 2023, 14, 3151-3159 | 3151


http://rsc.li/polymers
http://orcid.org/0009-0001-2538-8895
http://orcid.org/0000-0002-4673-0207
http://orcid.org/0000-0003-0543-5671
http://orcid.org/0000-0002-3941-496X
http://orcid.org/0000-0001-5916-8500
https://doi.org/10.1039/d3py00346a
https://doi.org/10.1039/d3py00346a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3py00346a&domain=pdf&date_stamp=2023-07-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00346a
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014027

Open Access Article. Published on 17 May 2023. Downloaded on 2/12/2026 5:31:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

well as for siRNA and pDNA delivery to epithelial cells to treat
conditions such as cystic fibrosis (CF).'"'* Incorporated into
gene activated scaffolds and implanted into a rat calvarian
defect model (bone defect), star PLL nanomedicines were
found to significantly enhance bone regeneration after just
four weeks.'®> These materials were found to be more efficient
at delivery of gene cargoes to difficult-to-transfect cells, while
exhibiting enhanced biocompatibility when compared to
leading commercial vectors."® One concern of the current star
PLL delivery vector technology is the incorporation of dendritic
PPIL. PPI dendrimers show a low degree of hydrolytic degra-
dation which could result in prolonged circulation in the
blood stream and potential bioaccumulation in the liver."”
Moreover, PPI dendrimer synthesis is tedious, requiring high
temperature and pressure, which limits easy access to the
material.'® Other multivalent polymers have been used as a
core in the preparation of star-shaped polypeptides, including
polyamidoamine (PAMAM) dendrimers but all of them suffer
from similar drawbacks as PPL.'*>*

Conversely, 2,2-bis-(hydroxymethyl)propionic acid (bis-
MPA) based dendrimers are an economical polyester-based
alternative to PPI dendrimers, because of their non-demand-
ing and inexpensive preparation. A main advantage is their
proven biodegradability, biocompatibility, and low toxicity.
They undergo pH triggered hydrolytic degradation resulting in
low molecular weight products that can easily be eliminated
from the body.>® Recently, Garcia-Gallego et al. proposed a
concept of fluoride promoted esterification chemistry to
prepare bis-MPA dendrimers.*® That concept is based on a
straightforward synthetic method, where 1,1'-carbinyldiimida-
zole (CDI) is used as a coupling agent for activation of aceto-
nide-protected bis-MPA and caesium-fluoride (CsF) as a cata-
lyst, allowing full conversion of the building blocks. Bis-MPA
dendrimers thus combine a number of benefits, which makes
them interesting alternatives as core materials for the star PLL
platform. However, their feasibility as initiators for NCA ROP
has never been investigated. Here we present a systematic
study into the design of fully degradable star PLL based on a
bis-MPA dendritic core. We demonstrate the flexibility in the
design of well-defined star polypeptides with different number
of arms and molecular weights. Moreover, preliminary data on
degradation and plasmid DNA complexation are presented.

Experimentals
Materials and methods

All chemicals and solvents were purchased from Sigma Aldrich
and used as received unless otherwise noted. Syntheses of
Lysine NCA and alanine bis-MPA initiators were carried out fol-
lowing literature procedures (details provided in the ESI{).>¢7®
Amberlyst A21 resin was purified following literature.”” 1,1-
Carbonyldiimidazole (CDI) was stored in a desiccator due to
moisture sensitivity. Attenuated total reflection (ATR) FT-IR
spectroscopy was performed using a PerkinElmer Spectrum
100 in the spectral region of 650-4000 cm™". Proton (*H) and
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carbon (**C) nuclear magnetic resonance (NMR) spectra as
well as diffusion ordered (DOSY) spectra were recorded using a
Bruker Avance 400 (400 MHz) spectrometer at room tempera-
ture in d-TFA, CDCl;, CD;0D, and D,O as solvents. All chemi-
cal shifts of 'H and *C NMR spectra are reported in parts per
million (ppm) while diffusion coefficients are reported in cm?
s~'. The obtained spectra were analysed in MestReNova 6.02
software. DOSY data were processed using the Bayesian trans-
form method. Diffusion coefficients were calculated from
intensity of methylene signal of r-lysine side chain at 2.81 ppm
using a mono-exponential decay equation, which is simplified
version of Stejskal-Tanner function: I = I, exp(—DZ) and Z =
y*G*8(A — d/3).%° I is the intensity of integral (methylene signal
at 2.81 ppm); I, is the maximum intensity, G is the gradient
strength in G em™, § is the gradient duration in seconds and
A is the echo delay in seconds. Z represents the argument of
the exponent and it is calculated from the arrayed experi-
mental data. Molecular weight dispersities (P) and number
average molecular weights (M,,) of the polymers were deter-
mined by gel permeation chromatography (GPC). GPC was
conducted in 1,1,1,3,3,3-hexafluoro-2-propanol (HFiP) using a
PSS SECurity GPC system equipped with a PFG 7 pm 8 X
50 mm pre-column, a PSS 100 A, 7 pm 8 x 300 mm and a PSS
1000 A, 7 pm 8 x 300 mm column in series and a differential
refractive index (dRI) detector at a flow rate of 1.0 mL min~".
The system was calibrated against Agilent Easi-Vial linear poly
(methyl methacrylate) (PMMA) standards and analysed by PSS
winGPCUniChrom. All GPC samples were prepared using a
concentration of 2 mg mL™, and were filtered through a
0.2 pm millipore filter prior to injection.

Synthetic procedures

Star poly-e-carbobenzoxy-i-lysine (G1-(8)-PZLLs). As a repre-
sentative procedure, the NCA of e-carbobenzoxy-r-lysine (ZLL)
(500 mg, 1.63 mmol) was dissolved in 5 mL of 2.2-dimethyl-
formamide (DMF) in a Schlenk tube. A solution of G1-(8)-NH;"
dendrimer (48 mg, 0.040 mmol) in 2 ml DMF was quickly
charged via a syringe to the NCA solution. The reaction was
carried out 72 h at 40 °C. Depending on the type of the
initiator, the used molar amounts of the initiator and the
monomer were adjusted to achieve the desired molecular
weight of the star-shaped polypeptides. The polymer was preci-
pitated into diethyl ether and dried under a vacuum. G1-(8)-
PZLLg: 'H NMR (400 MHz, CDCl;) & 7.30 (d, CH,-C¢H;), 5.11
(s, CeHs—CH,)"?™) 4.46 (s, —C-CH,-O-)PERT/PISMPA" 4 54 (s,
~CO-CH-NH-)"?"", 3,55 (s, -CO-CH,~CH,-)"™?, 3.13 (s, ~CH,~
CH,-NH-)"?L| 2,64 (s, -CH,-CH,-NH-)**!3, 1.82 (d, -CH,-
CH,-NH-)"""*, 1.37 (d, -CH,~CH,-)""". GPC: M,, = 13 600, M,,
=14 000, D = 1.03.

Star poly(r-lysine) G1-(8)-PLL;. G1-(8)-PZLL; (380 mg) was
dissolved in 5 mL of trifluoroacetic acid (TFA). A 6-fold excess
with respect to e-carbobenzoxy-r-lysine of a 33% solution of
HBr in acetic acid (0.44 mL) was added slowly to the reaction.
After 16 h, the solution was precipitated into diethyl ether. The
precipitate was re-dissolved in methanol and precipitated
twice into diethyl ether. The excess of the solvent was removed

This journal is © The Royal Society of Chemistry 2023
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by vacuum overnight. The polymer was dissolved in deionised
water and dialysed (cut-off 3500 Da) for 2 days with a frequent
change (3 to 4 times per day) of dialysate. Afterwards, the
polymer was lyophilised. G1-(8)-PLLs: "H NMR (400 MHz, D,0)
6 4.37 (s, -CO-CH-NH)"", 4.31 (s, -C-CH,-0-)"sMPA 4,00 (s,
-C-CH,-0-)""RT| 3.40-3.61 (d, -CO-CH,-CH,)"*2, 3.06 (s,
CH,~CH,-NH)"", 2.70 (s, -CH,~CH,-NH-)"*"| 1.82-1.69 (m,
-CH,-CH,)™™, 1.61-1.40 (m, CH,~CH,-NH-)"") 1.36 (s, C-
CH_;)bis-MPA.

Evaluation of monomer conversion. To monitor the
monomer conversion, FTIR spectra of the polymerisation solu-
tions were collected at different time intervals. The conversion
of NCA was calculated from the integral intensity ratio between
anhydride peak (C=O stretching) at 1793 cm™" and a peak
from 1-Lys fingerprint region (C-H wags), at 1255 cm™ "' which
remain unchanged during the polymerisation (Fig. S217).
Quantification of the NCA conversion was calculated using
equations:

Conversion, % = 100 — R; /R, x 100;

R: = I;(1786) /1(1255), Ry = Ip(1786)/1(1255)

R, represents the intensity ratio between the bands at
1786 cm™' and 1255 ecm™! at different time points. R, is the
intensity ratio of the bands of the sample taken before the
initiator was added into the reaction vessel.

Assessment of polypeptide degradation. Hydrolytic degra-
dation studies were conducted on the polypeptide G3-(32)-
PLL,,. Hydrolytic degradation of the bis-MPA core was per-
formed at pH = 4.5, 7.4, and 9.5. Acidic and basic solutions
were formed by adjusting the pH of deionised water using 1 M
solutions of hydrochloric acid and sodium hydroxide respect-
ively. pH = 7.4 was obtained using phosphate buffered saline
(PBS) solution as a degradation media. All solutions were pre-
pared by dissolving 30 mg of the polypeptide in 3 mL of pre-
prepared media. The solutions were placed in an incubator
and kept at 37 °C for 6 days. Aliquots of each solution were lyo-
philised and analysed by NMR and GPC.

Buffering capacity. A modified method described by Shi
et al. was used to determine the buffering capacity of G2-(16)-
PLL; and G3-(32)-PLL,, polymers.>* Approximately 6 mg of
each polymer was dissolved in 30 ml of molecular grade water.
The solution was brought to pH 11 using 0.1 N sodium hydrox-
ide (NaOH) then titrated with 50 pl aliquots of 0.1 N hydro-
chloric acid (HCL). The solution was allowed to equilibrate for
60 seconds following each addition of HCL aliquots under con-
stant stirring and the pH was recorded using a benchtop pH
meter.

Encapsulation efficiency and physicochemical studies.
Plasmid DNA, plasmid Gaussia Luciferase (pGlu) was used as
a cargo to study the encapsulation efficiency and complexation
capacity of bis-MPA-PLL star polymers. The polyplexes were
formed via self-assembly with 2 different generations of the
star polymers at several nitrogen:phosphate (N/P) ratios
including, 0.5, 1, 2, 5, 10 and 20 (N/P represents the molar
ratio of positively charged nitrogen (N) in the polyLys arms to

This journal is © The Royal Society of Chemistry 2023
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negatively phosphate (P) group present in the pGlu molecules).
The concentration of pGlu remained constant at 1 pg pl™. Gel
retardation assays were used to assess the encapsulation
efficiency across N/P ratios in the range 0.5-20. Briefly, a 1%
agarose gel (Fisher Scientific) was prepared in 1x TBE buffer
(Invitrogen, USA) containing SYBR® safe nucleic acid stain
(Invitrogen, USA). The gel and tray were placed in an electro-
phoresis tank containing 1x TBE running buffer. 20 pl of each
polyplex sample containing 6x gel loading dye was carefully
loaded into each well alongside an appropriately sized DNA
ladder (1Kb DNA Plus Ladder, Invitrogen, Ireland). The
samples were then electrophoresed at 80 V for 40 minutes
then visualised using Amersham Imager RGB 600 (GE
Healthcare). To explore polyplex size and zeta potential, poly-
plexes were prepared in 50 pl volumes and diluted to 1 ml with
molecular grade water. The polyplexes were assessed for dia-
meter (nm) using nanoparticle tracking analysis (NTA) utilis-
ing a Nanosight NS3000 (Malvern, UK), while a zeta potential
measurement (mV) was performed using a Malvern Zetasizer
ZS 3000 (Malvern, UK). All techniques have been previously
described.*

Stability of polyplexes by heparin competition assay. To
evaluate the stability and dissociation of polyplexes, heparin
displacement assays were performed. bis-MPA-pDNA poly-
plexes were prepared at N/P 10 in 50 pL volumes (described
above) and incubated with 1 pg-10 pg of heparin sodium at
37 °C for 60 minutes. Samples were run on a 1% agarose gel
and visualized as described in previous section. Controls
included a 1 kb DNA Plus ladder, uncomplexed pDNA, and
polyplexes not incubated with heparin.

Results and discussion

Synthesis and characterisation of star PLL from bis-MPA
dendrimers

Three generations of bis-MPA hydroxy dendrimers were pre-
pared via esterification of acetonide protected bis-MPA
(Scheme S1%) and pentaerythritol (PERT) as a tetrafunctional
core following a literature procedure.”” The divergent growth
was accomplished by addition of bis-MPA monomer ‘layer-by-
layer’. Due to the unique "H NMR resonances of both bis-MPA
and PERT, it was possible to confirm the successful synthesis
and purity of three generations of hydroxy terminated dendri-
mers corresponding to 8, 16 and 32 terminal hydroxy groups
(Fig. S5-S10t). Typically, controlled NCA ROP polymerisation
is initiated by nucleophiles, mostly primary amines. This
offers straightforward control over molecular weight through
the initiator (amine) to monomer (NCA) ratio.** Initiation from
weaker nucleophiles such as hydroxy groups is rarely reported
due to their low nucleophilicity relative to primary amines.
Indeed, when the direct polymerisation of e-carbobenzyloxy-r-
lysine N-carboxyanhydride (ZLys NCA) from the native 8-arm
bis-MPA dendrimer was attempted, reactions were slow produ-
cing polymers with relatively high dispersity (Py; = 1.35) imply-
ing an uncontrolled polymerisation (Fig. S111). This result was

Polym. Chem., 2023, 14, 3151-3159 | 3153
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not unexpected for the initiation from a weak nucleophile,
although two recent reports disclosed some success for the
initiation from hydroxy groups using 1,1,3,3-tetramethyl-
guanidine (TMG) as a catalyst for N-substituted and unsubsti-
tuted NCAs.**** In the present study, a different strategy is pro-
posed by converting the bis-MPA dendrimer hydroxy groups
into amino groups. Following Stenstorm’s protocol, the func-
tionalisation of hydroxyl-terminated bis-MPA dendrimers was
performed by addition of imidazole-activated tert-butyloxycar-
bonyl (Boc) protected f-alanine (Scheme S271).*® Subsequent
deprotection by trifluoroacetic acid (TFA) yielded the three
generations of amino terminated dendrimers with 8, 16, and
32 amino end groups as ammonium trifluoroacetate salts
(denoted as G1-(8), G2-(16) and G3-(32)). To compare the
efficiency of chemically identical, but architecturally different
initiators, a commercially available second generation of bis-
MPA hyper-branched polyester was purchased and post-func-
tionalised using the same synthetic strategy as for the dendri-
mers (G2HB-(16)). "H and "*C NMR spectra of the dendrimers
and hyper-branched polymer (Fig. S12-S19%) confirmed the
presence of both f-alanine and bis-MPA moieties in all
samples verifying quantitative functionalisation with amino
acid units. Specifically, for the G1-(8) the f-alanine methylene
proton resonance at 2.81 and 3.24 ppm are clearly distinguish-
able from the methyl signals of bis-MPA segment at 1.32 ppm
and the PERT methylene groups at 4.22 ppm. GPC results
(Fig. S207) confirmed monodisperse molecular weight distri-
butions with increasing M, as a function of dendrimer gene-
ration (Table S17).

It was hypothesised that the ROP polymerisation of ZLys
NCA can be directly initiated from the ammonium trifluoroa-
cetate terminated dendrimers (Scheme 1). This was based on

w*
A Y

H

"’Ha"r,r,q 2. TFA/HBr

G1-(8)-PLL,

\(J o}
HN\CbZ

G2-(16)-PLL,
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previous reports on NCA initiation from tertiary amino salts.
The concept was first demonstrated by Dimirtov and Schlaad
using hydrochloride salt of @-amino terminated polystyrene.*?
The ammonium chloride chain ends were found to be a
dormant species, while their dissociation affords the ROP of
NCA through the nucleophile attack by the primary amines.
The authors later proposed further modification of the pro-
cedure by introducing tertiary amines as the catalysts.*®?’
Additionally, ammonium hydrochloride salts were used in the
preparation of block copolymers.®® Tetrafluoroborate salts
were also used successfully for the initiation of y-benzyl-t-glu-
tamate from different amines.*>*® However, to date, the
concept of using ammonium salts for the initiation of the ROP
of NCAs has not been applied in the synthesis of complex poly-
peptides architectures. Moreover, ammonium trifluoroacetate
salts have not been investigated for their ability to initiate NCA
polymerisation hitherto. Successful initiation would open a
straightforward route from readily obtained p-alanine functio-
nalised bis-MPA dendrimers to star polypeptides omitting any
neutralisation of the ammonium groups after Boc
deprotection.

All NCA polymerisations were performed at 40 °C due to the
increased dissociation rate of the ammonium salts at elevated
temperatures.*" Initially the synthesis of G1-(8)-PZLLs (8 arms;
5 ZLys units per arm) was carried out (Scheme 1). The
monomer conversion was monitored by FT-IR spectroscopy fol-
lowing the NCA signature bands at 1852 and 1786 cm™ " attrib-
uted to the anhydride C=O0 group (Fig. S21t). By comparison
of the 1786 cm™" band intensity with that of an unchanging
band at 1255 cm™', the monomer conversion was estimated.
As can be seen in Fig. 1 after an initial conversion of about
30% within the first 2 h, the NCA conversion increased linearly

LG

G3-(32)-PLL,

Scheme 1 Synthesis of PLL star polypeptides by NCA polymerisation using three generations bis-MPA dendrimers as the initiator.
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Fig.1 Top: Conversion of ZLys NCA initiated from p-alanine

ammonium trifluoroacetate bis-MPA dendrimers. Conversion was calcu-
lated from FTIR reduction of the 1786 cm™ NCA band relative to the
unchanged band at 1255 cm™ (Fig. $217). Bottom: GPC traces taken at
different time points of the ZLys NCA polymerisation from the G1-(8)
p-alanine ammonium trifluoroacetate bis-MPA dendrimer.

to reach quantitative conversion after 72 h for all three
samples. GPC traces of samples taken within the 72 h time
interval confirmed a steady increase in molecular weight and
highly symmetrical monomodal distributions verifying a well-
controlled polymerisation process (Fig. 1). Extending the reac-
tion time beyond 72 h did not result in significantly further
molecular weight increase corroborating the FT-IR spectro-
scopic analysis. Similar results were observed for the reactions
with second and third generation dendrimers and the second
generation of the hyper-branched bis-MPA polymer when tar-
geting 5 (Z)Lys units per arm. However, increasing the target
degree of polymerisation (DP) per arm to 10 or more required
longer reaction times.

Next, a set of star-shaped (Z)PLL with different degrees of
branching and arm lengths was synthesised, whereby FT-IR
spectroscopy was used to determine full monomer conversion.
Three generations of (Z)PLL with 8, 16 and 32 arms and 5 Lys
units per arm were targeted, denoted as G1-(8)-PLLs, G2-(16)-
PLLs; G3-(32)-PLL; and G2HB-(16)-PLL;, as well as a star-
shaped polypeptide with 32 arms and 10 t-lysine units per
arm, G3-(32)-PLL,,. GPC analysis (Fig. 2) demonstrated that all
resulting star-shaped polypeptides possess a monomodal and
narrow molecular weight distribution (Py; = 1.03-1.04). For the
samples with constant degree of polymerisation (DP = 5) per
arm, their molecular weight (MS?C) gradually increased with

This journal is © The Royal Society of Chemistry 2023
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A —G1(8)-PZLLS

—G1-(8)

14 15 16 17 18 19 20 21
Volume, mL

B —G2(16)-PZLLS

—G2-(16)

1 15 16 17 18 19 20 21
Volume, mL

c —G3(32)-P2ULS
~—G3(32)-PzLL10
—G3-(32)

1’4 15 1‘6 17 1‘8 1; 2'0 £1
Volume, mL
Fig. 2 GPC chromatograms of f-alanine ammonium trifluoroacetate
bis-MPA dendrimers and their corresponding star PLL (HFIP, dRI detec-
tion). (A) G1-bis-MPA(8) and G1-(8)-PZLL(5), (B) G2-bis-MPA(16) and G2-
(16)-PZLL(5), (C) G3-bis-MPA(32) and G3-(32)-PZLLs, G3-(32)-PZLL;o.

Table 1 Star-shaped and hyper-branched PLL. Note that GPC data
were obtained from the protected polymers (Z)PLL while NMR data refer
to the deprotected materials

M;heo MSPC a
Sample Arms (gmol™) (gmol™) Py’? DPyeo DPumr’
Gl-(S)-PLLs 8 11670 13 600 1.03 5 5
GZ-(lG)-PLLS 16 23 640 22 600 1.03 5 5
GZHB-(lﬁ)-PLLs 16 25694 24 900 1.15 5 6
G3-(32)-PLL5 32 47 665 35300 1.04 5 6
G3-(32)-PLL10 32 89636 58400 1.03 10 11

“GPC using HFiP at a flow rate of 1 mL min~' (PMMA calibration) of
the protected (Z)PLL. ” Degree of polymerisation per arm obtained by
'H-NMR integration ratio between —-CH, of alanine at 2.70 ppm and
PLL at 3.06 ppm after deprotection.

increasing number of arms from 13600 to 35300 g mol ™"
(Table 1). Similarly, for the two samples with constant number
of arms (32), a shift to higher molecular weight was seen when
the DP per arm was increased from 5 (MSC = 35300 g mol ™)
to 10 (MSPC = 58 400 g mol ™). Moreover, for all samples a clear
shift of the traces from initiator to star polypeptide was
observed (Fig. 2). The GPC trace of hyper-branched polypeptide
followed the same trend, showing monodisperse molecular
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weight distribution (P = 1.15) even though the initiator was
less structurally uniform than the corresponding dendrimers
(Fig. S241). 'H NMR spectra were in agreement with the
polymer structures displaying signature peaks of the dendritic
initiator and the (Z)PLL (Fig. S227). Overall, the results empha-
size a highly controlled polymerisation from the ammonium
trifluoroacetate terminated multifunctional initiators giving
rise to well-defined star (Z)PLL in which the molecular weight
and number of arms can be readily controlled similar to our
previously reported PPI core.'” It is hypothesised that the TFA
anions behave as dormant species during the polymerisation
of (Z)LL NCA as previously proposed in the literature.>>>%>°

The final synthetic step was the deprotection of the (Z)PLL
arms with TFA and HBr (33 wt% in acetic acid), which was
confirmed by the disappearance of the characteristic protect-
ing group proton signals at 7.28 and 5.08 ppm (Fig. S227). The
degree of polymerisation (DP) was obtained from the 'H NMR
spectra of the deprotected star PLL by the calculating the inte-
grated peak area of the -CH, signal from f-alanine at
2.70 ppm and the PLL signal at 3.06 ppm (Fig. 3). It was found
that the calculated DPs were in good agreement with the tar-
geted ones (Table 1). Notably, "H NMR analysis did not
suggest any degradation under the applied conditions. The
results confirm that the proposed synthetic route gives access
to well defined and structurally distinct PLL star polymers.

Core degradation

The motivation for replacing the PPI dendrimer with the bis-
MPA dendrimer in the star PLL platform was to impart core
degradability, while retaining the ability to form polyplexes
with a gene cargo. In a recent study we have demonstrated the
degradability of the PLL arms on PPI 8-arm star polypeptide by
the proteolytic enzyme trypsin.*” In light of that, here we exclu-
sively focused on investigating hydrolytic degradation of the
bis-MPA core. Previously reported results of degradation
studies on hydroxy terminated bis-MPA dendrimers showed

lel(/OR
o
OR 12
NHy
G3-(32)-PLLyo

G3-(32)-PLLs

G2-(16)-PLLg

5.6 5.0 4.4 3.8

L]

3.2 2.6 2.0 1.4 0.8
f1 (ppm)

Fig. 3 'H NMR spectra of deprotected star PLL with arm length 5 and
10 in D,0O. Peaks used for the calculation of the degree of polymeris-
ation (DP) are highlighted.
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fast degradation at physiological and basic pH with a first
degradation fraction at pH 7.5 appearing after only 6 h.>® All
degradation studies were standardised and carried out on G3-
(32)-PLL,, in aqueous media at a concentration 0.3 mM for 6
days at 37 °C. The star PLL was subjected to hydrolytic degra-
dation under acidic (pH 4.5), basic (pH 9.5) and physiological
(pH 7.4) conditions. At the end of the degradation experiment
aliquots of the reaction solutions were removed and lyophi-
lised. The obtained solids were subject to diffusion ordered
spectroscopy (DOSY) and GPC analysis. DOSY measures
diffusion coefficients of individual components in a solution
mixture.”*** Due to diffusion being a function of molecular
weight and hydrodynamic volume, we found DOSY measure-
ments a convenient method to track the changes in molecular
weight through changes in the diffusion coefficient. The DOSY
contour plot of the starting sample and the materials isolated
after degradation under the applied conditions is shown in
Fig. 4A with diffusion coefficients listed in Table 2. The
diffusion coefficient of freshly made G3-(32)-PLL;, was 2.55 x
1077 em?® s™'. An increase of diffusion coefficient of the initial
star polymer was recorded for the sample subjected to degra-
dation under physiological (9.10 x 10~” cm? s~*) and basic con-
ditions (8.70 x 1077 cm? s™") suggesting the formation of lower
molecular weight molecules due to hydrolysis. When exposed
to acidic hydrolysis a smaller increase in the diffusion coeffi-

L

Bavesan DOSY Transtorm -
— '
DZO 1E-05.
2
§
H
PHTA |
—_— ] 3 Hp———
pH9.5
— 0 2o
—_— 8 5 . PH4S
63-(32)-PLLy,
7.0 65 60 55 50 45 40 3.5 30 25 20 15 1.0 0.5 L\.D‘E-m
2 (ppm).
—G3-bis-MPA(32)-NH3+
G3-bis-MPA(32)-OH
—G3(32)-PLL10
pH 9.5
B ==pH 7.4
—pH 4.5

T
15 16 17 18 19 20 21

Volume, mL
Fig. 4 (A) DOSY spectra of G3-(32)-PLLyo before and after degradation

at different pH. (B) GPC traces of G3-(32)-PLL,, before and after degra-
dation at different pH as well as hydroxy and ammonium terminated G3-
bis-MPA dendrimers.
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Table 2 DOSY and GPC results of the degradation studies on G3-(32)-
PLL;o under different conditions

pNMRa MGSPC prim. ? MCFC secd. ¢

Sample (1077 em*s7Y) (g mol™) (g mol™)
G3-(32)-PLLy, 2.55 21630 —

pH 4.5 4.99 20900 5500

pH 7.4 9.10 20100 5000
pPHO9.5 8.70 20510 5150
G3-(32)-NH;* 10.87¢ 6530 —
G3-(32)-0H 16.86° 5310 —

“Diffusion coefficient in D,O calculated from intensity of methylene
51gnal of L-lysine side chain using a mono-exponential decay equatlon

b Number-average molecular weight of primary GPC trace. “ Number-
average molecular weight of secondary GPC trace. ? Diffusion coeffi-
cient in D,O calculated from intensity of methylene signal of f-alanine
moiety of the dendrimer using a mono-exponential decay equation.
¢ Diffusion coefficient in D,O calculated from intensity of methylene
signal of bis-MPA moiety of the dendrimer using a mono-exponential
decay equation.

cient (4.99 x 1077 ecm? s™") was seen. It is hypothesised that
buffering by the Lys amines protonation causes the higher
stability at low pH.

GPC measurements corroborate the DOSY results. Fig. 4B
depicts a clear breakdown of the G3-(32)-PLL,, starting sample
evident from the second lower molecular weight maximum
after degradation under basic and physiological conditions,
while absent under acid conditions. Previous studies on
p-alanine functional bis-MPA dendrimers showed that the
bond between the f-alanine and the dendrimer is
preferably hydrolysed as it is the most accessible labile bond.*
It is reasonable that this is also the case for the star polypep-
tides as the PLL arms are stable under the hydrolysis con-
ditions. While at this point somewhat speculative, this would
result in the initial detachment of PLL arms which are then
susceptible to further proteolytic degradation and full in vivo
clearance.

Pharmaceutical characterisation and pDNA loading
assessment

The buffering capacities of selected star PLL were investigated
to determine their suitability as gene delivery vectors. The
buffering capacity is a good indicator of the material’s ability
to facilitate a “proton sponge” effect upon cell internalisation
by endocytosis.”® From a range of polypeptides synthesised,
G2-(16)-PLLs and G3-(32)-PLL,,, were selected as the reference
star polypeptide materials in the following studies. As shown
in Fig. 5A and B, G2-(16)-PLL; demonstrated higher buffering
capacity than G3-(32)-PLL;,. G2-(16)-PLLs; required 1187 =
171 pl of 0.1 N HCL to reduce the pH to 4 versus G3-(32)-PLL;,
which required 681 + 48 pl of 0.1 N HCI to reduce the pH to 4.
The potential capacity of cationic polymers to facilitate gene
delivery is primarily attributed to the presence of titratable
amine groups within the pH range of 5-7. The presence of
these amines in the material structure promotes a “proton
sponge effect” in addition to the polymer’s ability to volumetri-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Assessment of buffering capacity by acid—base titration of A:
G2-(16)-PLLs and B: G3-(32)-PLL,q alone. Data represent as the mean +
SD (n = 3). Effect of NP ratio on encapsulation efficiency of pGlu by G2-
(16)-PLLs (C) and G3-(32)-PLLyo (D). Lane 1: 1Kb DNA ladder, lane 2:
unencapsulated pGlu (6.67 ng pl™), lanes 3-8: bis-MPA polypeptides
complexed with pGLu from NP 0.5-20. Stability of polyplexes by G2-
(16)-PLLs (E) and G3-(32)-PLL;o (F). Lane 1: 1 kb DNA ladder, lane 2:
unencapsulated pGlu, lane 3: control bis-MPA polyplex at NP10 and lane
4-9 polyplexes in presences of increasing heparin doses.

cally expand at lower pH 5-6 via the so-called “umbrella
hypothesis”. Together, these effects lead to endosome rupture
and the prompt release of internalised polyplexes.”” Thus the
result obtained herein would suggest that G2-(16)-PLL5 is more
likely to function as better proton sponge in the acidic lysoso-
mal environment once taken up by cells compared to G3-(32)-
PLL,,.

To investigate the suitability of the bis-MPA star PLL poly-
peptides as gene delivery vectors the materials were complexed
with plasmid DNA (pGLu) across a range of N/P ratios to form
star PLL-pGLu polyplexes and the physicochemical properties
of the polyplexes characterised. N/P represents the molar ratio
of positively charged nitrogen (N) in the PLL arms to negatively
phosphate (P) group present in the pGlu molecules. G2-(16)-
PLL; and G3-(32)-PLL,, polymers formed negatively charged
polyplexes with pDNA at N/P 1 but positively charged poly-
plexes with pDNA when complexed at N/P 10 indicating com-
plete condensation of the negatively charged pGlu at the
higher N/P ratio. In addition, all polyplexes had a particle size
less than 150 nm in diameter as measured with Nanoparticle
Tracking Analysis (NTA) which is widely quoted as being
optimal for effective nanoparticle uptake via endocytosis
(Table 3).*8

The encapsulation efficiency of pGLu was further confirmed
using gel retardation assays. The G2-(16)-PLLs polymer
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Table 3 Size and zeta potential of star PLL-pGlu polyplexes (n = 3)

Sample N/P ratio” Size” (nm) Zeta potential (mV)
G2-(16)-PLL; 1 129 + 45 -13+3
G2-(16)-PLLs 10 120 + 36 31+3
G3-(32)-PLLy, 1 125 + 54 —14+3
G3-(32)-PLL,, 10 142 + 55 33+4

“N/P ratio is the molar ratio of positively charged nitrogen (N) arms
present in the bis-MPA-PLL polymer to negatively phosphate (P) group
present in the pGlu molecules. ” Polyplex diameter (nm) measured
using nanoparticle tracking analysis (NTA).

achieved complete complexation of the anionic pGluc from
N/P 1 (though not at N/P 0.5) as indicated by clear lanes on the
agarose gel for all N/P ratios from 1-20 (Fig. 5C). The poly-
plexes formulated with G3-(32)-PLL;, achieved full complexa-
tion of the plasmid above N/P 2 but free (uncomplexed) pDNA
was still evident in the gel at N/P 0.5 and N/P 1 (Fig. 5D).
These results demonstrate complete complexation of pDNA at
relatively low N/P ratios. It can be concluded that star bis-
MPA-PLLs exhibit a similar pDNA complexation ability as the
star PPI-PLLs with a similar structural composition.'* To date,
very few studies have investigated the capacity of bis-MPA den-
drimers to complex with genetic materials. One study by
Movellan et al. demonstrated for the first time the ability of
bis-MPA dendrimers to condense pDNA.*® However, very high
N/P ratios were required to achieve full complexation with the
dendrimer alone. In the study, a generation 2 bis-MPA with 16
terminal amino groups required a 1 : 80 000 w/w ratio, which is
reported as a N/P ratio of 16 161, to fully condense the pDNA.
On the other hand, the ionic analogue, ammonium-carboxy-
late bis-MPA, was capable of complexing pDNA at 1:10 w/w
ratio that corresponds to N/P 100. In both cases, this is a strik-
ing difference in terms of N/P ratio versus our results and sub-
stantiates the significant role that the PLL arms likely play
when it comes to nucleic acid complexation and condensation.
In addition, results by Stenstrom et al. showed that second to
fourth generations of ammonium trifluoroacetate bis-MPA
dendrimers, with p-alanine moiety, at the periphery of the
macromolecule, were able to complex small interfering RNA
(siRNA) at N/P 1.5-3, which is similar to our results with pDNA
and again, emphasises the importance of post-functionalisa-
tion of the bis-MPA structure for gene complexation.® The
polyplex integrity, i.e. stability and ability of pDNA to dis-
sociate from polyplexes, was further examined in the presence
of a competing polyanion (heparin). Heparin is a large anionic
polysaccharide found in the extracellular matrix that can
compete with nucleic acid binding and disrupt polyplex stabi-
lity.>* As shown in Fig. 5E, pDNA-G2-(16)-PLL; polyplexes were
destabilised in the presence of heparin at all tested concen-
trations, however, complete dissociation was only observed at
heparin dose 2 pg or higher. While pDNA-G3-(32)-PLL,, poly-
plexes were stable up to 4 pg heparin (Fig. 5F). These findings
indicate that pDNA was effectively condensed by bis-MPA star
polymers and that the stability of the polyplexes in the pres-
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ence of a physiologically relevant molecule was dependent on
the molecular structure of the bis-MPA star polypeptide.
Polyplexes formed with bis-MPA star polypeptides synthesised
with a greater number of arms i.e. G3 (32) were more stable as
evidenced by the increased dose of heparin required to dis-
sociate pDNA from these polyplexes. Similar studies were per-
formed with PPI-based star polypeptides complexed with
pDNA polyplexes and found that dissociation of pDNA was
evident around the 4 pg dose of heparin.'*

Overall, these results would suggest that different gener-
ations of star bis-MPA-PLL hybrids have the ability to effec-
tively complex pDNA into nanoparticles that have properties
suitable for cellular transfection.>?

Conclusions

In this work, the synthesis of well-defined star-shaped PLL by
ring opening polymerisation of (Z)LL NCA from three gener-
ations of bis-MPA ammonium terminated dendrimers as well
as a second generation of bis-MPA hyper-branched polymer
was demonstrated. The ability of efficient core degradation was
confirmed wunder physiological and basic conditions.
Moreover, preliminary pDNA complexation studies demon-
strate successful polyplex formation between the gene cargo
and the star PLL. The results suggest that the bis-MPA star PLL
platform is a promising fully degradable alternative to leading
non-degradable polymeric vectors. Additional studies in cell
transfection are underway and will further inform the potential
of this platform as gene vectors.
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