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Recent developments in polymer synthesis methods allow the preparation of new materials across a wide
chemical space and with high atom efficiency. In this work, we developed a strategic approach to the syn-
thesis of a diverse array of novel ionisable polyesters via a modular and iterative synthetic approach. We
initially designed a range of diacid monomers and subsequently used the Passerini 3-component reaction
as a simple, one-pot step growth polymerisation to build a library of novel, highly functionalised polymers.
This library was expanded further by the application of thiol/ene and copper-initiated azide/alkyne click
chemistries to introduce further structural diversity into the materials. Selected polymers were found to
internalise readily in a model cell line (HEK-293T), and for a subset of these polymers, bright lumine-
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scence was observed in the cells upon internalisation, even though neither the cells, nor the polymers,
were luminescent on their own at these wavelengths. Our synthetic approach offers a versatile platform
for the systematic development and modification of novel macromolecules and for cell-labelling
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Introduction

Multicomponent reactions (MCRs), which combine 3 or more
components in a single, one-pot reaction, have revolutionised
our ability to access complex products at high atom economy,
high yield and in mild solvents whilst also providing orthogon-
ality with multiple functional groups.' There now exists a
wide range of MCRs, each of which combines a unique combi-
nation of substrates into a different product. For example, the
Passerini 3-component reaction (P3CR) combines an aldehyde
with a carboxylic acid and an isocyanide to form an a-acyloxy
amide.* Meanwhile, the A® reaction involves the reaction of
aldehyde, an alkyne and an amine to form a propargyl-amine,”
while further possibilities are offered by the Mannich reaction,
which reacts a non-enolizable aldehyde with a primary or sec-
ondary amine and an enolizable carbonyl group to form
B-amino-carbonyl compounds.® The enormous diversity in pro-
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ducts derived from MCRs has enabled the development of
high throughput combinatorial libraries to screen for putative
drug products’” and for the total synthesis of natural
products.®

MCRs also represent an ideal strategy to impart complex
chemical functionality to synthetic macromolecules, with the
potential to encode previously inaccessible chemistries. There is
now a growing body of literature reporting the use of MCRs in
polymer chemistry. This includes P3CR chemistries to
synthesise novel, multifunctional acrylate® or diene'® monomers
that can be subsequently polymerised to form networks and
cross-linked materials. Subsequent work has also seen the P3CR
utilised as a technique to functionalise polymers, with pendant
carboxylic acid groups.' The Ugi 4-component reaction has
similarly been used to generate diene monomers that were later
polymerised by both acyclic diene metathesis and by thiol-ene
addition."” The reaction has been used more broadly in polymer
science as a method to link different components into block
copolymers.”> MCRs have also played a role in polymer post-
modification, including the use of the Kabachnik-Fields reac-
tion to generate a-amino phosphonate motifs on polymer side
chains,'* whilst the Debus-Radziszewski reaction has been used
to crosslink polymers by converting pendant amine groups into
imidazolium groups.’®

More recently, MCRs have been directly employed to
produce polymers in multicomponent polymerisations (MCPs)

This journal is © The Royal Society of Chemistry 2025
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where several units are incorporated as single monomers in
the repeating polymer chain. Most commonly this has been
exploited using an AB + C type step growth MCP including the
P3CR,'*"® Ugi 4-component reaction'® and the Debus-
Radziszewski reaction,?® but has also been conducted via an
A2 + B2 route.'® One of the key advantages of MCPs is the
ability to produce a chemically diverse library of synthetic
macromolecules often imparting more than one pendant func-
tional group per repeating unit in a single polymerisation step.

Of these MCP techniques, the Passerini-3 component poly-
merisation (P3CP) remains among the most popular due to its
mild conditions with high yields, 100% atom economy,
minimal by-products and use of simple acids, aldehydes and
isocyanides.'”'>® P3CP is a relatively recent development,
first reported in 2011 via so-called A2 B2 monomers, when
simple, unfunctionalized diacid and dialdehyde monomers
were combined with four different isocyanides.'® AB type P3CP
was later established in 2014, when novel aldehyde/acid mono-
mers were prepared, which were then successfully reacted with
a range of isocyanides.'® Subsequently, more functionalised
monomers have been successfully integrated into the reaction,
resulting in polymers that display a large variety of addressable
chemistries.'®*?*%2° Recent advances have seen a number of
novel macromaterials synthesised via the P3CR and P3CP,
including light>” and heat®® responsive polymers, self-healing
materials®>® and modified nanocellulose materials for peptide
delivery.*®

Accordingly, P3CP derived materials offer considerable
promise for the development of novel biomaterials, as the
diversity in functionality in many ways mimics those of natural
polymers. Many current biomaterials are derived from proteins
and polysaccharides because of this high functionality, and
also due to their intrinsic biodegradability and established
biological properties.”® The most explored applications are in
wound healing, implants, tissue regeneration scaffolds
and drug delivery.*> Synthetic polymers have the potential to
replace some of these natural macromolecules in
biomaterials applications, as the additional chemical versati-
lity they offer allows the tailoring of properties specifically
towards the desired application.®® Passerini derived
polymers have a great advantage as biomaterials because they
are derived from ester and amide linkages, so are likely to be
biodegradable.'”**?%3* In addition, the range of functional
groups tolerated by the reaction allows for the synthesis of
materials that can be used as prepared or modified further
according to the intended use.

Polycationic biomaterials have been used to enhance drug
delivery into cells and as carriers for nucleic acid therapeutics
and vaccines.**?° In addition, a number of polycationic
materials have shown intrinsic antibacterial and antifungal
properties, owing to their ability to bind to or disrupt
cellular membranes.*>*" Accordingly, there is considerable
interest in expanding the toolkit for synthesising ionisable
polymers and in making libraries of these materials for bio-
logical screening.***”~*° However, the original P3CP reaction is
incompatible with primary amine groups, as this leads to
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competition with the Ugi 4-component reaction, instead
forming a bis-amide.*>** Therefore, although ionisable RAFT
polymers have been synthesised from P3CR-derived mono-
mers,** the preparation of ionisable polymers by direct MCPs
remains relatively unexplored. For this polymerisation
approach to be translated towards materials or biological
applications, there is a need for the development of new
monomer families. In this work, we have generated a set of
modular diacid monomers and exploited the A2 B2 approach
to P3CP to develop a library of novel ionisable polymers. To
the best of our knowledge, this is the first reported use of
P3CP to directly synthesise protonatable polymers. The range
of monomers studied allowed for the integration of a wide
range of functionality into our materials, which could then be
further enhanced by polymer post-modification via click-
chemistries.

Experimental
Materials

The following chemicals were used as received: allylamine
(Aldrich), propargylamine (Acros Organics), 1-(3-aminopropyl)
imidazole (Aldrich), piperazine (Aldrich), N,N-dimethyl-
ethylenediamine (Aldrich), N,N-dimethylethylenediamine
(Aldrich), N,N',N"-trimethyldiethylenetriamine (ABCR), tert-
butyl acrylate (Acros Organics), magnesium sulphate (Aldrich),
acetyl chloride (Aldrich), tert-butyl isocyanide (Aldrich), cyclo-
hexyl isocyanide (Aldrich), n-butyl isocyanide (Aldrich), methyl
isocyanoacetate (Alfa Aesar), azobisisobutyronitrile (Aldrich),
benzyl mercaptan (Aldrich), thioglycerol (Aldrich), 6-mercapto-
hexanol (Aldrich), 2-(dimethylamino)ethanethiol hydro-
chloride (Aldrich), pyridine (Aldrich), 3-mercaptopropionic
acid (Aldrich), benzyl bromide (Aldrich), sodium azide
(Aldrich), 3-bromo-propanol (Aldrich), 4-bromomethyl benzoic
acid (Aldrich), sodium ascorbate (Acros Organics), copper(u)
sulphate anhydrous (Aldrich), and ethylenediaminetetraacetic
acid disodium salt dihydrate (Aldrich).

Glutaraldehyde was purchased as a 50 wt% solution in
water (Aldrich) and was lyophilised before use.

Chloroform-d (99.8% D atom), methanol-d4 (99% D atom),
dimethyl-sulfoxide-d6 (>99.5% D atom) and deuterium oxide
(99.9% D atom) were obtained from Aldrich and used as
received.

All solvents were obtained from Fisher Scientific and were
of HPLC grade and used without purification.

HEK-293T cells were obtained from ATCC and were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) for cell
culture (Gibco, ThermoFisher) supplemented with foetal
bovine serum, r-glutamine and penicillin streptomycin from
ThermoFisher. Prior to fluorescent imaging, cells were incu-
bated in Opti-MEM reduced serum medium (Gibco,
ThermoFisher). PrestoBlue reagent was purchased from
Promega, UK. Phosphate buffered saline (PBS) was obtained
from Gibco, ThermoFisher.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py01165a

Open Access Article. Published on 13 December 2024. Downloaded on 12/25/2025 11:59:34 AM.

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

(cc)

Paper
Methods

NMR spectroscopy. 1H and "*C NMR spectra were recorded
on a Bruker DPX-400 spectrometer using deuterated solvent
(materials section).

Size exclusion chromatography (SEC). A Polymer
Laboratories PL-50 instrument equipped with differential
refractive index (DRI) was used for SEC analysis. The system
was fitted with 2 x PLgel Mixed D columns (300 x 7.5 mm) and
a PLgel 5 pm guard column. The eluent used was DMF with
0.1% LiBr. Samples were run at 1 mL min-1 at 50 °C. Poly
(methyl methacrylate) standards (Agilent EasyVials) were used
for calibration between 955 500-550 g mol-1. Analyte samples
were filtered through a membrane with 0.22 pm pore size
before injection. Experimental molar mass (M,, SEC) and dis-
persity (P) values of synthesised polymers were determined by
conventional calibration wusing Cirrus Size Exclusion
Chromatography (SEC) software.

Mass spectroscopy (MS). Mass spectra were recorded on a
Bruker MicroTOF spectrometer using electrospray ionisation
(ESI). Selected mass-to-charge ratio peaks (m/z) are quoted in
Daltons.

Fourier transform infrared (FTIR) spectrometry. FTIR spec-
trometry was performed on an Agilent Cary630 FTIR with an
attenuated total reflection (ATR) module between the wave-
number range of 4000-650 cm ™.

General procedure for diacid monomer synthesis. Diacid
monomers D1 to D6 were synthesised using the following
general procedure adapted from a previously described
method.*” A Michael addition substrate (containing either a
primary amine, or two secondary amines) was dissolved in
methanol (MeOH) along with 5 equivalents of tert-butyl acry-
late. The reaction mix was heated to 45 °C and stirred for
24 hours. Following reaction completion, the solvent and
excess acrylate were removed under reduced pressure and the
product was redissolved in dichloromethane (DCM) then
washed three times with brine before being dried over anhy-
drous magnesium sulphate, filtered and concentrated under
vacuum. The tert-butyl groups were then removed by dissolving
the product in DCM followed by the addition of 8 equivalents
of acetyl chloride and 8 equivalents of water. The reaction mix
was stirred at room temperature for 18 hours and the solvent
and excess reagents were then removed under reduced
pressure to yield the desired diacid monomer. Full characteris-
ation data are given in the ESIL.}

Monomer D7 was synthesised by mixing 1-(3-aminopropyl)
imidazole with 2.4 equivalents of tert-butyl acrylate and
heating the resultant mixture at 70 °C for 48 hours before
removing excess acrylate under vacuum.’® The tert-butyl
groups were then removed by the same method as described
for monomers D1 to D6, but after removing solvents and
reagents under vacuum, the product was redissolved in metha-
nol and precipitated from ice cold diethyl ether, repeated a
total of three times to improve the purity. The resultant
impure mix containing monomer D7 was used crude in the
polymerisation reaction.
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General procedure for A2 B2 Passerini 3-component poly-
merisation. Polymers were synthesised following previously
reported methodologies."® The diacid monomer was dissolved
at a concentration of 1 mmol mL™" with 1 equivalent of glutar-
aldehyde in an appropriate solvent, chosen based on
monomer solubility (either 9:1 DCM/N,N-dimethylformamide
(DMF), dimethyl sulphoxide (DMSO) or 9:1 water : DMF) and
the reaction mix was stirred at room temperature for
30 minutes. At this point 2 equivalents of isocyanide was
added and the reaction mix was stirred at room temperature
for a further 2 days. Polymers were purified by precipitation
twice in diethyl ether, or by dialysis against ultra-pure water as
appropriate.

General procedure for thiol/ene functionalisation of D1-11
and D1-12. Following previously reported procedures,*” alkene
functionalised polymer (either D1-I1 or D1-12) was dissolved
in DMF along with 10 equivalents of thiol and 0.55 equivalents
of azobisisobutyronitrile (AIBN). The reaction mixture was
degassed under nitrogen and then heated to 80 °C for
18 hours. The reaction mix was purified by precipitation from
ice cold diethyl ether, repeated a total of 3 times.

For reactions with 2-(dimethylamino)ethanethiol hydro-
chloride, additional purification was required before precipi-
tation. An excess of pyridine (2 ml per 100 mg of starting
material polymer) was added and the reaction mix was stirred
for 10 minutes and then filtered before precipitation from ice
cold diethyl ether was conducted as before.

General procedure for copper azide/alkyne click functionali-
sation of D2-I1, D2-12 and D2-I3. Adapting previously
reported procedures,*® alkyne functionalised polymer (D2-I1,
D2-12 or D2-13) was dissolved in a 1:1 mix of DMF/MeOH
along with 1 equivalent of azide, 0.45 equivalents of sodium
ascorbate and 0.1 equivalents of copper(u) sulphate (CuSO,).
The reaction mix was heated to 45 °C for 24 hours, then
diluted with water and dialysed against a 5% w/v solution of
ethylenediaminetetraacetic acid disodium salt (EDTA-Na,) in a
1 kDa cut-off membrane for 24 hours and then dialysed for a
further 24 hours against ultra-pure water.

Desired azide compounds were prepared by dissolving an
appropriate halide in DMF with 1.3 equivalents of sodium
azide and stirring at room temperature for 24 hours. The reac-
tion mix was then poured over ice and extracted three times
with DCM. The combined organic phase was dried over mag-
nesium sulphate and concentrated under vacuum.

Incubation of polymers with HEK-293T cells. Cells were
plated to a 96-well clear flat bottom plate at a cell density of
25 000 cells per well in 200 pL. DMEM and allowed to attach for
24 h at 37 °C, 5% CO, in a humidified incubator to reach 90%
confluency. After that, growth media was removed. Polymers
were dissolved at 640 pg mL™" in 25 mM sodium acetate buffer
and then diluted 1 in 10 in Opti-MEM to a final concentration
of 64 ug mL™" and 200 pL of polymer/Opti-MEM solution was
applied to each well. Cells were incubated for a further
24 hours at 37 °C, 5% CO, in a humidified incubator, then all
media was removed, and the cells were gently washed with
100 pL of PBS before imaging.

This journal is © The Royal Society of Chemistry 2025
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Effects of polymers on cell metabolic activity. Cells were
plated and treated as above, but 24 hours after treating the
cells, the medium in each well was replaced with 100 pL of
10% PrestoBlue in PBS. After incubation at 37 °C and 5% CO,
for 45 minutes, the total volume was transferred to a black
96-well plate and the fluorescence intensity was measured at
560 nm excitation and 590 nm emission to determine the
metabolic activity of the cells. Cells treated with 1% Triton
X-100 were used as a negative control group, and untreated
cells were used as a positive control. Metabolic activity (%)
measurement was calculated relative to these two controls.

Results and discussion
Monomer design and synthesis

In order to produce a chemically diverse library of synthetic
macromolecules, we planned to utilise an A2 + B2 + 2C type
P3CP with dicarboxylic acid (A2), dialdehyde (B2) and mono-
isocyanide (C) monomers to yield a polyester chain. This com-
bination of reagents results in a polymer chain of alternating
units formed from the diacid and the dialdehyde, with
pendant amide groups primarily formed from the isocyanide
component. To incorporate structural diversity into the resul-
tant polymers, we decided to synthesise a range of novel diacid
monomers, which could then be combined with the commer-
cially available dialydehyde glutaraldehyde and a range of iso-
cyanides. We sought to incorporate easily functionalisable
handles into several of the monomers to allow for post-modifi-
cation of the resultant polymers. We hypothesised that we
could adapt established Aza-Michael addition chemistries to
produce a range of beta-amino diacid monomers, which could
be further polymerised with the dialdehyde and isocyanide to
produce multicomponent polymers with an ionisable polyester
backbone and amide pendant chains.*®

For the initial monomer synthesis, we produced diacid
monomer D1 by an Aza-Michael addition between allylamine
with tert-butyl acrylate, followed by an acid-mediated de-
protection of the tert-butyl groups conducted by generating
hydrochloric acid in situ via the reaction of acetyl chloride
(AcCl) with water, which served to unveil the desired diacid
moiety. Reaction progress could be followed by '"H NMR spec-
troscopy, showing in the first step the complete conversion of
acrylate groups and in the second stage, the complete elimin-
ation of the distinctive tertiary-butyl group.

The result was an alkene functionalised pendant group
across a P-amino diacid. Following optimisation, this route
proceeded under mild conditions, with high yield, and
required minimal work-up or purification; the product of each
step could be isolated by washing and separation procedures
only, with no requirement for intensive procedures like
column chromatography or distillation, which makes this
chemistry amenable for scale up.

Encouraged by the initial monomer synthesis, we then
sought to generate a broader library of starting materials into
the monomer synthesis method to adapt the monomer struc-
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ture and consequently introduce further functionality into the
final polymer. The synthesis pathway proved robust enough
that the Aza-Michael addition with tert-butyl acrylate pro-
ceeded successfully with propargylamine as well as piperazine,
N,N-dimethylethylenediamine, N,N’-dimethylethylenediamine
and N,N',N"-trimethyldiethylenetriamine. Likewise, the de-
protection procedure could also be applied to these new sub-
strates without requiring any modifications, to yield diacid
monomers D2-D6. In each case, the combined yield over the
two steps ranged from 75-90%. Monomers were characterised
by NMR, MS and FTIR; in the same manner as for monomer
D1, the formation of each monomer could be tracked by 'H
NMR spectroscopy, showing the conversion of the acrylate
groups following Aza-Michael addition, and elimination of the
tertiary-butyl group during deprotection. Following de-
protection it was also possible to identify the carboxylic acid
moiety by the presence of a broad peak in the FTIR spectrum
at approximately 2900-2600 cm™". Data can be found in full in
the ESL.}

However, Michael addition with 1-(3-aminopropyl)imid-
azole following this protocol proved unsuccessful; with acrylate
'H NMR signals remaining. Instead, it proved necessary to
proceed via a high-temperature, solvent-free Michael addition
as described by Zhao et al.*® The product was then deprotected
as described above, but was impure. Partial purification was
achieved by precipitating the reaction mix dropwise in ice-cold
diethyl ether. The precipitate containing monomer D7 was
then dried and used without further purification in sub-
sequent polymerisation reactions.

Polymerisation

Having produced a library of diacids (D1-7), we then sought to
evaluate their ability to participate in an A2 + B2 + 2C P3CP
step-growth polymerisation. In the first instance, this was
achieved by combining D1 as a model diacid monomer along
with a dialdehyde, glutaraldehyde, and a monofunctional iso-
cyanide, tertiary-butyl isocyanide. The isocyanide and dialde-
hyde monomers were chosen because they are commercially
available and functionally simple, so would avoid adding
additional synthetic complexity at this stage. In addition, the
use of tertiary-butyl isocyanide has previously been well estab-
lished in Passerini polymerisations."® D1 was combined with
an equivalent amount of glutaraldehyde, before the addition
of two equivalents of tertiary butyl isocyanide (I1), and allowed
to react at room temperature for 48 hours, as outlined in
Fig. 1. Purification was achieved by repeated precipitation
from ice-cold diethyl ether, with no additional work-up
required. Following this methodology, P3CP proceeded suc-
cessfully under ambient conditions and delivered the desired
polymer D1-11 as a brittle, pale yellow solid, in good yield
(>90%).

Polymerisation was confirmed by both 'H NMR spec-
troscopy and SEC. The 'H NMR spectrum of D1-I1 is shown in
Fig. 2. The distinctive multiplet at 4.95 ppm is highly charac-
teristic of the CH group between the ester and amide groups
that form via the P3CR - in this instance, this correlates with

Polym. Chem., 2025, 16, 538-548 | 541
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Fig. 1 Strategies for the synthesis of novel diacid monomers and
Passerini 3-component reaction derived polymers.
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Fig. 2 (A) 'H NMR spectrum of Passerini derived polymer D1-I1; (B)
DMF-SEC chromatograms of polymer D1-11 conducted at intervals
throughout the synthesis.

the atom labelled C in Fig. 2A. The progress of the reaction
was followed by SEC analysis of reaction samples extracted at
intervals throughout the course of the reaction (Fig. 2B).
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As anticipated for a step-growth polymerisation procedure,
initially, we observed the presence of a large number of small
oligomers, which appear to be the most prominent peaks in
SEC chromatograms up to the 2 hour time point. Over time,
these oligomers were replaced with larger polymers, which can
be seen by the steady increase in the size of peaks corres-
ponding to higher molecular weights over the next few time
points. The molar mass of the polymer increased until it
reached a maximum of 5300 g mol™" at 48 hours, after which,
no further increase in molar mass was detected. As a result, all
subsequent reactions were stopped after 48 hours.

Whilst the initial polymerisation of D1-I1 was conducted in a
9:1 mixture of DCM/DMEF, to investigate an alternative solvent
system, the polymerisation was also tested in THF. In addition,
the polymerisation was conducted at both 20 °C and 35 °C in
the DCM/DMF solvent system and at 20 °C, 35 °C and 50 °C in
THEF. All other elements of the methodology were unchanged.
The reaction proceeded successfully under all five conditions,
with the target polymer isolated and characterised by NMR. The
length of the resultant polymers was studied via SEC, with the
results shown below in Fig. 3 and Table 1. The longest polymer
chains were obtained from the reactions conducted at 20 °C in
DCM/DMF and at 50 °C in THF. However, the THF reaction led
to a significantly lower yield (less than half that of the DCM/
DMF reaction) and additionally the sample was significantly dis-
coloured; a dark orange colour relative to the pale yellow
observed for the product obtained under all the other con-
ditions. For these reasons, the DCM/DMF solvent mix was used
for remaining polymerisations unless noted otherwise.

Having established that novel diacid monomer D1 was com-
patible with Passerini polymerisation, we then expanded the
range of materials under investigation. Diacid D2 was intro-
duced first and behaved similarly to D1, and when polymerised
with glutaraldehyde and tert-butyl isocyanide (I1) led to the syn-
thesis of D2-11. We then explored the introduction of a wider
variety of isocyanide compounds, cyclohexyl isocyanide, n-butyl

1.0
1 — DCM/DMF 20°C
-+ DCM/DMF 35°C
— THF 20°C
-+ THF 35°C
- THF 50°C

wLogM Normalised
o
o0
L

0.0
1000

T
10000 100000

Molar Mass (g mol™")

Fig. 3 DMF-SEC chromatograms of polymer D1-I1 synthesised from
two different solvents at different temperatures.
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Table 1 Molecular weights and yields for samples of D1-I1 obtained
from two solvent systems at different temperatures
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Table 2 Passerini 3-component
described in this paper

polymerisation derived polymers

Solvent Temperature M, “ (Da) p* Yield Polymer M, “ (Da) p* Yield
9:1 DCM/DMF 20 °C 7400 1.45 68% D1-11 5000 1.38 92%
9:1 DCM/DMF 35°C 5800 1.43 56% D2-11 4000 1.72 93%
THF 20 °C 4300 1.45 45% D3-I1 4200 1.22 7%
THF 35°C 5700 1.50 57% D4-I1 1900 1.41 5%
THF 50 °C 7200 1.30 30% D5-11 1100 1.25 13%
D6-11 4400 1.22 10%
“ Calculated by SEC using 0.05 M LiBr in DMF at 50 °C as the eluent. D7-11 4500 1.26 7%
D1-12 2900 1.23 78%
D2-12 2900 1.41 66%
D2-13 3500 1.20 69%
isocyanide and methyl isocyanoacetate, leading to the successful D2-14 3700 1.70 4% (impure)
synthesis of polymers D1-12, D2-12, D2-13 and D2-14. With ~D1-11-T1 2400 1.49 41%
. . . . . D1-11-T2 2000 1.30 68%
cyclohexyl isocyanide and n-butyl isocyanide, these reactions pro- 7 _1j_13 2800 141 49%
ceeded similarly to the tertiary-butyl isocyanide polymerisations D1-11-T4 2400 1.24 17%
and delivered the desired polymers in yields of over 60%, with ~ D1-11-T5 4700 1.31 72%
e s . e . . . D1-12-T2 2600 1.51 18%
full purification achieved by precipitation from ice cold diethyl 5] 15 14 2900 2.03 61%
ether, with no changes to the methodology required. However, D2-I1-A1 4300 1.22 8%
while polymerisation with methyl isocyanoacetate led mainly to =~ D2-11-A2 6700 1.31 50%
. . D2-11-A3 2800 1.36 39%
the desired product, the polymer could not be fully isolated ), 15 4] 3500 124 51%
either by precipitation or dialysis and remained impure. D2-12-A2 3200 1.34 40%
Polymers were subsequently synthesised from the remain- D2-12-A3 3700 1.25 62%
D2-13-A2 2000 1.63 31%

ing diacid monomers with tertiary-butyl isocyanide. Diacids
D3-D6 were insufficiently soluble in DCM/DMF to proceed
with the reaction as originally developed, necessitating a
change in solvent. Monomers D3, D5 and D6 proved wholly
soluble in deionised water, and polymerisation was conducted
in 9:1 water/DMF; the addition of DMF assured complete
solubilisation of the other monomer compounds and resulted
in the greatest polymer chain length relative to the other
solvent systems tested. Diacid D4 proved completely soluble in
DMSO, and polymerisation was conducted in 100% DMSO,
which again resulted in the greatest chain length from the
solvent systems tested. Purification of the resultant polymers
was conducted not by precipitation, but instead by dialysis
against ultrapure water for 24 hours.

Diacid D7 was suitably soluble in DCM/DMF to proceed
with polymerisation via the original procedure, but to comple-
tely purify the polymer, precipitation proved insufficient, and
it was again necessary to dialyse the polymer against ultrapure
water for 24 hours.

In total, successful reactions with different combinations of
diacid and isocyanide monomers led to the synthesis of 11
unique Passerini derived polymers. The range of structures
incorporated shows the versatility of the reaction, and the pro-
ducts are anticipated to have a range of different properties
resulting from their structural diversity.

The resultant polymers were all characterised by NMR and
SEC, and the yields, masses and dispersities (P) are shown in
Table 2 below. Full characterisation data can be found within
the ESL.}

Polymer post-functionalisation

Post-modification of polymers offers an opportunity to incor-
porate additional functional groups onto the polymer chain,

This journal is © The Royal Society of Chemistry 2025

¢ Calculated by SEC using 0.05 M LiBr in DMF at 50 °C as the eluent.

providing a means to modify the properties of the polymers,
potentially tailoring them towards desired applications. Post-
functionalisation has been applied across polymer science to
achieve a wide range of goals, from cross-linking polymers into
hydrogels,*® incorporation of sugar units for interaction with
carbohydrate binding sites®® and the addition of fluorescent
labels for polymer imaging.*® Such modification requires the
polymers to possess functional groups that are compatible
with further reactions for modification, so monomers D1 and
D2 were designed to incorporate alkene or alkyne functional
group side chains. These motifs are amenable to post-functio-
nalisation via thiol/ene and azide/alkyne click chemistries, and
are well tolerated by the P3CP process, so are preserved in the
resultant polymer chains. Click chemistries offer simple yet
efficient means to modify these handles with a wide variety of
different substrates. They offer further benefits as they are typi-
cally highly selective and can proceed under mild conditions.*”
Developing click methodologies compatible with our novel
polymer system would therefore open up a large amount of
chemical space for future expansion of the polymer library.
Thiol/ene functionalisation. Our first branch of study was
the use of thiol/ene reactions; in this case, a radical addition
mechanism converting a thiol and an alkene group into a
thioether. As polymers derived from monomer D1 possessed a
pendant alkene group, this provided a route to modify the
polymers with a broad range of different thiol reagents
(Fig. 4A). In the past, thiol/ene reactions have been used
mostly to generate crosslinked polymer networks,”" but more
recently they have also been used to introduce a variety of func-
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Fig. 4 (A) Synthesis of post-modified Passerini-derived polymers via

AIBN-initiated thiol/ene reaction. (B) *H NMR spectra of polymer D1-I1
(top) and the product D1-11-T1 (bottom) following functionalisation via
thiol/ene reaction.

tional groups into polymer side chains, with subsequent
impacts on molecular properties.’>>® The thiol/ene reaction is
a popular tool for this work, as it proceeds relatively rapidly
with a variety of substrates and without the need for metal
catalysts.>*

Passerini derived polymers have previously been shown to
be compatible with thiol/ene chemistries and so we investi-
gated a range of techniques to develop a suitable protocol for
the modification of our novel polymers derived from diacid
monomer D1.””°® In reactions between polymer D1-I1 and
benzyl mercaptan, thermally initiated coupling using azobisi-
sobutyronitrile (AIBN) proved superior to thermal initiation via
4,4'-azobis(4-cyanopentanoic acid) (ACVA), or UV initiation
reactions using 2,2-dimethoxy-2-phenylacetophenone (DMPA).
Following reaction progression by NMR, we were able to estab-
lish reaction completion by the loss of alkene peaks at approxi-
mately 5.5-6.0 ppm. We observed that the AIBN reaction
reached completion overnight in just one step, whereas the
ACVA and DMPA reaction required multiple days along with
repeated dosing of both catalyst and thiol for complete conver-
sion of the alkene group. This difference may result from the
higher temperatures used for the AIBN reaction, as the poly-
mers synthesised here are significantly sterically hindered and
lack torsional flexibility owing to their structure. This rigidity
and hindrance may restrict access to the reaction site at lower
temperatures. Ultimately, we established an AIBN catalysed
procedure that involved combining the alkene functionalised
polymer with 10 equivalents of thiol and 0.55 equivalents of
AIBN under an inert atmosphere. Reaction progress was fol-
lowed by NMR (Fig. 4B) and SEC (Fig. S1%), allowing us to
observe the complete loss of the alkene peaks (highlighted in
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blue) from the polymer, and the presence of the new side
chain peaks (highlighted in green). Following the successful
thiol/ene reaction, polymers were purified by repeated precipi-
tation from ice-cold diethyl ether.

The initial procedure was developed with benzyl mercaptan,
due to the distinctive NMR signature of the benzene ring,
which was beneficial for early analysis during the method
development. Following success with this model substrate, the
same methodology was successfully applied to both polymers
D1-11 and D1-12 and a range of different thiol substrates,
chosen to incorporate a broad range of different functionalities
and chemical properties, with each functional group antici-
pated to have different impacts on polymer properties. This
allowed us to develop a small library of thiol/ene functiona-
lised polymers (Fig. 4A), detailed in Table 2. The molecular
weight of the polymers as measured by SEC was in many cases
observed to decrease following the thiol/ene reaction, this was
generally considered to be a result of the changing identity of
the polymer side chain impacting behaviour of the polymer
within the column, which in turn could impact elution times,
although it is also possible that the high temperatures used
could have led to some degree of degradation of the polymer
chain during the reaction.

Copper initiated azide/alkyne click. Subsequently, we sought
to introduce copper-initiated azide/alkyne cycloaddition
(CuAAQC) reactions as a further method of polymer post-func-
tionalisation via click-chemistries. CUAAC provides a route to
react terminal alkyne groups with azide-containing substrates
to yield substituted triazole products, it is highly selective, tol-
erates a wide range of functional groups and solvents, and is
compatible with a wide range of substrates.”® CuAAC has been
widely adopted by polymer chemists for roles including
polymer conjugation®” and polymer functionalisation.’® >

We therefore sought to modify the alkyne functionalised
polymers derived from monomer D2 by reaction with azide
functionalised substrates. Polymer functionalisation was
initially tested between polymer D2-I1 and benzyl azide as a
test substrate. We utilised a synthetic route that used sub-stoi-
chiometric amounts of copper and regenerated the active
species throughout the reaction.”® In this instance, the poly-
mers were combined with 1 equivalent of azide along with
0.45 equivalents of sodium ascorbate and just 0.1 equivalents
of copper sulphate. Polymers were then purified by dialysis
against a solution of EDTA disodium salt, and then sub-
sequent dialysis against deionised water, followed by
lyophilisation.

Once this protocol was successfully established with D2-11
and benzyl azide it was then expanded to the remaining D2-
derived polymers and other azide substrates (Fig. 5A), once
more, these substrates were chosen to test diverse functional
groups both for compatibility with the reaction protocol and
for impacts on polymer properties. Reaction progress was fol-
lowed by NMR (Fig. 5B) and SEC (Fig. S2t), allowing us to
track completion by observing the complete loss of the alkyne
peak (highlighted in blue, Fig. 5B) from the polymer D2-I1.
Additionally, the successful formation of the triazole ring

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) Synthesis of post-modified Passerini derived polymers via

copper-initiated azide/alkyne click. (B) *H NMR spectra of polymer D2—-
11 (top) and the product D2-11-A2 (bottom) following functionalisation
via copper/click chemistry.

could be observed by the presence of the distinctive signal for
the triazole proton at approximately 7.3 ppm, which can be
seen in Fig. 5B (highlighted in green) for the product D2-I1-
A2. FTIR spectra from before and after the reaction show the
loss of the alkyne C-H stretch at 3300 cm ™" and CEC stretch at
2140 cm ™' showing conversion of the alkyne group; (Fig. S37).
As before, some of the functionalised polymers were found to
differ in apparent molar mass compared to the unfunctiona-
lised starting materials. This could again be the result of the
functionalised polymers interacting differently with the SEC
column, leading to different elution times.

Luminescence properties of polymers in intracellular
environments

Many synthetic polymers have found applications in biology,
from carriers for enhanced delivery of therapeutics,*” to syn-
thetic extra-cellular scaffolds.®® In our previous work,> we
found that amphiphilic Passerini block co-polymers with no
charged or reactive groups in their backbone or side chains
were well-tolerated in specific cell lines at concentrations up to
0.5 mg mL~". However, for the materials in this study, the
presence of ionisable amines in the polymer main chains was
a potential concern for membrane interaction or cytotoxicity.
Consequently, we thought it prudent to test how well human
cells, in this case, the widely used HEK-293T cell line, would
tolerate the amine-containing Passerini polymers. Initial
assays showed that the polymers were not toxic in this cell line
(Fig. S4t). However, microscopy investigations revealed that,
despite lacking typical chromophores, a number of these poly-
mers induced luminescence in the GFP channel when incu-
bated with the HEK-293T cells. The results of this can be seen
in Fig. 6.

This journal is © The Royal Society of Chemistry 2025
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Polymeric luminescence without conventional fluorophores
is not unprecedented, with studies of PAMAM dendrimers
dating back to 2001 which reported unexpected optical pro-
perties, and the topic was reviewed in 2019.°* More recent
papers include observation of green fluorescence in poly(ester
amides) by Zia et al.®® and an observation of fluorescence arising
from peptides without ‘conventional’ fluorophores from Monti
et al® In most instances, the occurrence of what has been
termed non-traditional intrinsic luminescence (NTIL) has been
ascribed to chain-association and confinement phenomena, in a
manner similar to aggregation-induced emission (AIE). One
common feature is the presence of tertiary amine functionality,
and it has also been noted that increasing the rigidity of a poten-
tial light-emitting (or lumogenic) unit within a polymeric struc-
ture can increase the emission intensity of the material.’”~*® All
the polymers in this study contained tertiary amines, and the
most emissive, i.e. D7-I1 and D2-I1-A1, contained aromatic
units, but these were not highly conjugated. Rigidity may have
been a factor, as the pendant t-butyl groups at the side-chain
amides would likely reduce mobility adjacent to these sites, with
the effect of ‘locking’ parts of the polymer main chain in set con-
formations. Thus, some of the criteria for NTIL are met by these
Passerini systems. However, the luminescence phenomena were
only observed when the polymers were incubated with cells,
suggesting that other components were important in the induc-
tion of light emission. To eliminate the possibility of cellular
autofluorescence, cells from the same cell line were incubated in
the absence of polymer and imaged under the same conditions
(Fig. 6I). No light emission was detected under these conditions
and so we conclude that the luminescence was due to a combi-
nation of the polymers with cellular components rather than the
cells or polymers alone. Solutions of a range of polymers were
prepared in different aqueous solvents and components of cell
media, and the resulting emission profiles were measured. We
also tested polymer luminescence in the presence and absence
of copper ions, in 25 mM sodium acetate buffer, ultra-pure
water, phosphate buffered saline and in OptiMEM reduced
serum medium (Fig. S5-S12). In all these cases, no significant
luminescence was apparent unless the polymers were interna-
lised in the HEK-293T cells. We also carried out experiments in
a different cell line, the triple negative breast cancer
MDA-MB-231 line, and again luminescence was observed with
the brightest emission from polymer D2-11-A1 (ESI Fig. S137). It
seems likely that aggregation occurred intracellularly, as evi-
denced by punctate luminescence in discrete regions in the cel-
lular interiors (ESI Fig. S14t). However, further dye-labelling
experiments to determine specific intracellular compartment co-
localisation were not able to give unequivocal data owing to the
broad band light emission of the polymers. We suggest that
macromolecular crowding in regions of the cellular interior may
have caused aggregation-induced emission from the polymers. It
is well-established that the cytosolic interior is a tightly regulated
environment, with high concentrations of biomacromolecules
and a fine balance of water and electrolytes. It is also known that
under stress conditions, cells can alter processes to reduce
damage, including the aggregation of macromolecules in tight
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Fig. 6 Combined brightfield and fluorescence microscopy images (left in each case) and fluorescence channel images (right in each pair), depicting
HEK-293T cells incubated for 24 hours with polymers at 64 pg mL™ in OptiMEM reduced serum medium. Fluorescence imaging captured with exci-
tation at 482 nm, emission at 524 nm. (A) D1-I1; (B) D7-11; (C) D1-11-T1; (D) D1-11-T2; (E) D1-I1-T3; (F) D2-11-A1; (G) D2-11-A2; (H) D2-12-A2; (1)
cells only (polymer free), media only control. Fluorescence images all enhanced by 10% for contrast to facilitate visualisation. Scale bar = 75 pm.

networks to mitigate dehydration and by formation of ‘stress
granules’ with phase-separated regions of nucleic acids and their
associated binding proteins.”® Although we observed no acute
toxicities of the polymers in this study, it is possible that the
cells in culture did experience temporary osmotic shock on the
ingress of the Passerini polymers, and any resulting increase in
macromolecular crowding would result in aggregation, and
alignment of acylamino, carbonyl and amine groups on adjacent
polymer chains. These functional groups have all been reported
to generate non-traditional intrinsic luminescence,”"’> and
experiments are now ongoing to establish a detailed mechanism
underlying this cell-induced luminescence with these Passerini-

type polymers.

Conclusions

The methods developed here have led to the successful devel-
opment of a range of novel, modular diacid monomers, which
can be polymerised by exploiting Passerini 3-component poly-
merisation to synthesise a library of novel polymers via a
robust, efficient procedure. This led to a broad polymer library,
which was further enhanced by utilising thiol/ene and azide/
alkyne click chemistries to achieve a wide degree of post-func-
tionalisation. Post-functionalisation is anticipated to impact
the properties of the polymers, and could be exploited further
for a process of rapid, iterative polymer design so that the
resultant polymers can be adapted for a wide range of appli-

546 | Polym. Chem., 2025, 16, 538-548

cations. A large area of chemical space remains untapped in
the modification of these polymers and many more substrates
could be integrated into the monomer synthesis, polymer syn-
thesis and the post-functionalisation process. Future studies
will explore further the use of these materials to label cells
without conventional fluorophores.
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