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Polymer—drug conjugates are widely investigated to enhance the selectivity of therapeutic drugs to
cancer cells, as well as increase circulation lifetime and solubility of poorly soluble drugs. In order to
direct these structures selectively to cancer cells, targeting agents are often conjugated to the nano-
particle surface as a strategy to limit drug accumulation in non-cancerous cells and therefore reduce sys-
temic toxicity. Here, we report a simple procedure to generate biodegradable polycarbonate graft copoly-
mer nanoparticles that allows for highly efficient conjugation and intracellular release of S-(+)-camp-
tothecin, a topoisomerase | inhibitor widely used in cancer therapy. The drug—polymer conjugate showed

Received 6th October 2022, strong efficacy in inhibiting cell proliferation across a range of cancer cell lines over non-cancerous phe-
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notypes, as a consequence of the increased intracellular accumulation and subsequent drug release
specifically in cancer cells. The enhanced drug delivery towards cancer cells in vitro demonstrates the
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Introduction

Despite the large number of anticancer drugs on the market, a
lack of solubility and delivery strategies eliminates promising
therapeutic candidates from the clinical development pipeline.
Among the biggest pitfalls candidate chemotherapeutics face
are limited specificity for the target, insufficient cellular
uptake, and adverse side effects due to activity in healthy cells
and tissues. Drug-polymer conjugates have been explored as
drug delivery vehicles owing to their ability to increase the cir-
culation time of cytotoxic drugs in the blood, improve solubi-
lity, minimize immune recognition and uptake by reticuloen-
dothelial system, and also enhance structural stability of
fragile cargo.' Among them, successful formulations such as
Doxil (pegylated liposome-encapsulated doxorubicin) and
Abraxane (albumin bound paclitaxel) have reached the
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potential of this platform for selective treatments without the addition of targeting ligands.

market,® while three other polymer-camptothecin conjugates
MAG-CPT (methacryloylglycynamide), Prothecan (poly(ethyl-
ene)glycol), and CRLX101 (cyclodextrin-poly(ethylene)glycol)
are now in Phase I and II of clinical trials, respectively.” "
Nanoparticles incorporating cytotoxic drugs can either
accumulate in tumour sites via passive'>'? or active targeting,
the latter being mediated by a ligand specific for surface mole-
cules of certain cancerous cells."*™"” Although active targeting
has the advantage of being able to selectively bind specific
receptors on the cancer cells’ surface, passive targeting can be
regarded as a more general strategy, addressing a wide spec-
trum of solid tumours with leaky vasculature.'®>* Moreover,
the absence of targeting agents makes these drug-polymer
conjugates easier to synthesise, cheaper, more scalable, and
with longer storage shelf-life due to the absence of a biologi-
cally degradable molecule. However, their lack of selectivity for
cancer cells often makes them a less attractive choice as deliv-
ery systems. Recently, an interest in how physicochemical pro-
perties of materials can interact with surface molecules, lipid
membranes, and metabolic processes, has begun to shed
insight into how these materials could be designed to exhibit
improved selectivity and uptake without the need for attach-
ment of biomolecules or targeting motifs. Combined with
effective stimuli-responsive linker chemistry, an exciting new
niche of polymer-drug conjugates could soon revitalize pre-
viously failed chemotherapeutic candidates.

While a number of polymeric nanoparticles have been
specifically designed to respond to extracellular stimuli, intra-
cellular stimuli are equally important. For example, pH sensi-

This journal is © The Royal Society of Chemistry 2023
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tive nanoparticles have been designed to incorporate cleavable
linkers that can be triggered to release cargoes in endosomes
or lysosomes where pH values can drop as low as 4.0.>*7°
Among these, hydrazone,**>® orthoester,*®° vinyl ether,
cys-acotinyl,**** acetal,*®*>' and Schiff base®>** have been
widely reported to achieve systematic nanoparticle disassem-
bly. While the presence of pH-responsive units facilitates intra-
cellular drug release, nanoparticles containing these linkers
are normally indiscriminately uptaken by cancerous cells as
well as non-cancerous cells, with the risk of generating sub-
stantial systemic toxicity.

Recently, we reported the synthesis of a polycarbonate
scaffold (poly(NTC)) containing both a versatile norbornene
functionality for post-polymerisation modification and a pH-
sensitive acetal group for triggered release.”® In contrast to
approaches in which drugs are encapsulated within micelles,
covalent attachment of the drug to the polymeric carrier rep-
resents a more attractive strategy as it allows predictable drug
loading, enhanced stability at physiological conditions, and a
high level of control over the release event, which leads to
enhanced therapeutic efficacy and minimizes potential side
effects.?” In this work, we functionalise PNTC with an anti-
cancer drug, camptothecin, and investigate the ability of the
drug-polymer conjugate to form stable nanoparticles that can
be internalized by a variety of cancer cell lines and inhibit
their proliferation. We then demonstrate that the camptothe-
cin-conjugated system can predominantly affect the prolifer-
ation of cancer cells vs. non-cancerous cell lines, without the
need of targeting agents.

40-42

Results & discussion

The functional monomer used in this work, 9-norbornene-
2,4,8,10-tetraoxaspiro[5,5Jundecan-3-one (NTC), was syn-
thesized as previously reported.>® The ring opening polymeris-
ation (ROP) of NTC catalysed by 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) was initiated from benzyl alcohol in CHCl; at
ambient temperature. The resultant polymer exhibited a
narrow molar mass distribution (Py; = 1.15) and a degree of

CHCl3, 90 °C
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Scheme 1 Synthesis of PNTC-g-CTP-g-PEG from PNTC.
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polymerisation (DP) of 20, with retention of the norbornene
functionality (Fig. S1 and S2).}

We have shown that poly-NTC (PNTC) can undergo post-
polymerisation modifications through a variety of chemistries,
including Huisgen 1,3-dipolar cycloaddition, inverse electron
demand Diels-Alder (DA;,,) reaction, and photoinduced
radical thiol-ene addition.”” In order to conjugate CPT to the
polymer backbone via the norbornene moiety, the synthesis of
a thiol-functionalised version of the drug was firstly attempted.
However, as a consequence of the high reactivity of the thiol
group, a pure thiol-functional CPT derivative was not achieved
in reasonable yields. Nevertheless, the versatility of our
polymer system allowed us to explore different functionali-
zation pathways. Following a reported procedure,*" > the
hydroxyl group in position 20 on the E ring was esterified with
11-azidoundecanoic acid, to present an azide functional group
which could readily react with the norbornene on the polymer
chain (Scheme 1, Fig. S3-S5).T

Drug loading was calculated by integration of the "H NMR
spectroscopy resonances at 6 = 8.42-7.68 and 6 = 6.15-5.93
that correspond to camptothecin and the norbornene alkene
protons from the polymer backbone, respectively. As expected,
the targeted 15% conjugation was successfully achieved, indi-
cating an average of 3 units of camptothecin are present per
polymer chain (Fig. S51). SEC analysis also confirmed full
attachment of the drug to the polymer backbone, showing
overlapping of the RI signal with the UV signal at 375 nm
attributed to camptothecin (Fig. S6).1

In order to efficiently serve as a drug delivery carrier, the
polymer conjugate should be able to self-assemble into nano-
structures that isolate the drug from the external environment
and deliver it intracellularly. For this reason, an amphiphilic
copolymer was synthesized by the introduction of poly(ethyl-
ene glycol) (PEG) to the polymer backbone via the norbornene
functionality. 3-Mercaptopropionate-functionalised poly(ethyl-
ene glycol) methyl ether (M, = 550 g mol™') (PEG-SH) was
grafted to PNTC-CPT (DP20) using a radical thiol-ene addition
(Fig. S6 and S7).1

The resulting amphiphilic drug-polymer conjugate was
able to self-assemble into spherical nanoparticles of 130 nm in
diameter, as confirmed by multi-angle dynamic light scatter-
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Fig. 1 (A) Dynamic light scattering analysis and (B) representative cryo-

TEM image of PNTC-g-CPT-g-PEG nanoparticles (inset = zoom-in of
one particle). Particle size was found to be 130 nm. The hollow structure
of the nanoparticles is evident from the TEM picture. Scale bar equals to
100 nm.

ing (DLS) and static light scattering (SLS) analyses, as well as
through transmission electron microscopy (TEM) and cryo-EM
(Fig. 1, S8 and S9).1

Importantly, while dry state TEM and DLS cannot give infor-
mation about the shape of the nanoparticles, the hollow struc-
ture was confirmed by both cryo-EM and SLS (Ry/R;, = 0.992).
Beyond the versatility in the conjugation approach, a second
advantage of PNTC is represented by the pH-sensitive acetal
bond.*®*° The nanoparticles’ stability at acidic pH was investi-
gated by multi-angle light scattering (MALS). After incubation
at pH 5.0 and 4.0 for 12 h the Ry/Ry, ratio and N,g, increased
considerably, which suggests a change from a hollow structure
at pH 7.4 (Ry/Ry, = 0.99) to a swelled and elongated structure at
acidic pH (Rg/Ry, > 2) (Table S1). This indicated that the par-
ticles were stable at pH 6 but responded to the external
environment (pH < 5) with a structural change, within a 12 h
window. This observation is in agreement with the data
reported by Chen et al., for their PEG conjugated poly mono-
2,4,6-trimethoxybenzylidene-pentaerythritol carbonate
(PEG-PTMBPEC) block copolymer and with our previous work
with poly(NTC).>*°"¢ Although an ester linker is also present
between camptothecin and the polymer backbone, acetals
hydrolyse much faster at pH 5 or lower as well as in cellular
endosomes and lysosomes.?”>” Hence it is expected that insig-
nificant ester hydrolysis occurs within the time frames con-
sidered. It has also been reported that hydroxy polycarbonate
derived from pentaerythritol is highly hydrophilic but not
soluble in water,”® which may explain the preservation of
micellar structures even after complete acetal hydrolysis.

Before exploring the biological activity of the PNTC-g-CPT-g-
PEG nanoparticles, their stability in cell culture conditions
was investigated by suspending the nanostructures in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum (FBS) for 72 h. Analysis by DLS demon-
strated that the nanoparticles are colloidally stable in these
conditions, without significant change in size or morphology
(Fig. S10t). Subsequently, the cytotoxicity of the PNTC-g-CPT-g-
PEG nanoparticles was evaluated using a series of cancer cell
lines: A549 (lung cancer epithelial cells), PC3 (prostate cancer
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epithelial cells), MCF-7 (breast cancer epithelial cells), and
MDA-MB-468 (breast cancer epithelial cells).”® Cells were incu-
bated with a concentration range (0-100 uM) of drug-polymer
conjugate or free camptothecin azide for a period of 72 h.
Metabolic activity was then measured using the MTS metabolic
assay. Proliferation of all cancerous cell lines was significantly
decreased by incubation with the CPT-loaded nanoparticles
(Fig. 2 and S117). In particular, A549 cells were the most
affected with an ICs, of 3.06 pM, followed by MDA-MB-468
(3.82 uM), PC3 (4.48 pM), and MCF-7 (6.29 uM), with a p-value
< 0.05, which was calculated using a student t-test. Full IC50
values and 95% confidence intervals are available in the ESI
(Tables S2 and S3).¥

As expected, the PNTC-g-PEG grafted copolymer is not toxic
to any of the cell lines investigated, demonstrating the
decrease in cell viability can be only ascribed to the cytotoxicity
of camptothecin (Fig. S12}). Predictably, camptothecin alone
(even in the azide-modified form) is more toxic compared to
the drug-polymer conjugate (A549: 0.184 uM, MCF-7: 0.44 pM,
MDA-MB-468: 0.082 puM, PC3: 0.068 uM, p < 0.05). This is not
uncommon for drug-polymer systems, and in this case is
likely to be a consequence of the fact that camptothecin needs
first to be released from the polymer backbone before entering
the cell nucleus and subsequently inducing DNA damage
through interference with its Topoisomerase target.

In sharp contrast to these results, the same concentration
of nanoparticles did not affect the proliferation of the four
non-cancerous cell lines tested (Fig. 2 and S11t). Indeed,
IMR-90 (human lung fibroblasts), HS792 (human fibroblasts),
CHO-K1 (hamster ovarian cells), and NIH-3T3 (murine fibro-
blasts) reported a viability higher than 80% even at the highest
CPT concentration tested (100 pM). On the other hand, free
camptothecin remarkably affected the proliferation of all non-
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Fig. 2 Viability of A549 (A) and PC3 (B) cancer cell lines, and IMR-90
(C), and HS792 (D) non-cancerous cell lines when incubated for 72 h
with camptothecin azide (orange line, squared marker), PNTC-g-CPT-g-
PEG (dark blue line, round marker).

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01626e

Open Access Article. Published on 15 December 2022. Downloaded on 2/7/2026 10:26:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

cancerous cell lines tested (Fig. 2 and S11, Table S37). The sig-
nificant decrease of proliferation of cancer cell lines was sur-
prising, especially considering there is no appreciable differ-
ence between the intracellular pH of most non-cancerous and
cancerous cell lines.®® However, it can be expected to observe a
higher nanoparticle uptake in cancer cells, and hence a more
significant decrease in viability, simply as a result of their
faster metabolism.

In order to further investigate the mechanism that leads to
such a significant difference in the viability of non-cancerous
cells compared to cancer cell lines, live cell experiments were
performed. To facilitate monitoring of the polymer-CPT conju-
gate inside cells using confocal fluorescence microscopy,
PNTC was functionalised with a fluorescent dye (Cy5-azide), as
well as camptothecin and PEG (Fig. S13-S15%). Nanoparticle
internalization was monitored by measuring the fluorescence
intensity inside and outside the cell over time, using the red
fluorescent channel for Cy5 (Fig. 3 and S16, S177). Confirming
our results, a distinct behaviour was observed between cancer-
ous and non-cancerous cell lines. Indeed, cancer cells (PC3
and MDA-MB-468 were selected in this experiment) constantly
uptake the drug-polymer conjugate over time, increasing the
concentration of camptothecin inside the cell, which even-
tually leads to cell death (Fig. 3A, B and E). On the contrary,
the same experiment performed with non-cancerous cells
shows that 3T3 and CHO-K1 cells initially uptake the nano-
particles but then excrete the material from their cytoplasm,
hence decreasing the overall concentration of free camptothe-
cin inside the cell (Fig. 3C-E). While the live experiment was
conducted for 90 minutes, confocal images of 3T3 and
CHO-K1 cells after 24 hours still show the drug-polymer conju-
gate predominantly outside of the cells, as is evidenced from
the high extracellular fluorescence (Fig. S167). This mecha-
nism, exocytosis, is well known and is particularly efficient in
non-cancerous cells, which have better mechanisms to recog-
nize and excrete toxic molecules, impaired vesicular trafficking
being a common hallmark of cancerous cells. While camp-
tothecin alone cannot be excreted from non-cancerous cells,
and as a result induces cell death (Fig. 2 and S11%), the drug-
polymer conjugate is easily expelled from the cell cytoplasm,
thus not affecting cell viability. Indeed, this behaviour was
also observed when only Cy5 (and not camptothecin) was con-
jugated to the polymer backbone, demonstrating that the
selectivity towards cancer cells is a consequence of the
polymer assembly itself rather than the presence of camp-
tothecin (Fig. S17).F

Taken together, through elegant chemistries enabled by the
norbornene side chains present within the macromolecular
architecture, we were able to modify our PNTC with both
camptothecin and PEG to produce cytocompatible cancer-cell
selective polymer—drug conjugates with controlled chemother-
apeutic loading. Our results demonstrate that not only were
our PNTC-g-CPT-g-PEG nanoparticles colloidally stable in phys-
iological conditions over extended periods of time, but that
their innate physicochemical properties enabled enhanced tox-
icity for cancerous cell lines when compared to healthy epi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Confocal fluorescent images of PC3 (A), MDA-MB-468 (B), 3T3
(C), and CHO-K1 (D) cells incubated with PNTC-g-CPT-g-Cy5-g-PEG
for 90 minutes. Scale bar = 10 um. (E) Fluorescence ratio over time
obtained by measuring fluorescent intensity from points inside and
outside cells. A minimum of 10 points were chosen each side per time
point.

thelial cells and fibroblasts. Through exploitation of the
natural vesicular trafficking dysregulation of cancerous cells,
our nanoparticles were able to accumulate substantially intra-
cellularly, with the residence time within the cell being indica-
tive of efficacious chemotherapeutic delivery. On the contrary,
healthy cells were able to exocytose the material owing to their
intact recycling pathways. These nanoparticles represent a safe
an effective means to both target and deliver chemotherapeu-
tic cargoes without need for the addition of a targeting agent.

Conclusions

We herein report a drug-polymer conjugate that self-assembles
into nanoparticles and allows for enhanced uptake and release
of the anticancer drug camptothecin in cancer cells.

Biomater. Sci, 2023, 11, 908-915 | 9
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Interestingly, nanoparticles were uptaken by both cancerous
and non-cancerous cell lines, however cell viability was greatly
decreased in cancer cells, while non-cancerous cells were not
affected by the polymer-drug conjugate. These results were
ascribed to a faster uptake of our material into cancer cells,
which translates into a higher intracellular camptothecin con-
centration, underscoring the potential of a targeting-free
approach for drug delivery to cancer. Indeed, impaired vesicu-
lar trafficking®®> and higher metabolic activity®® are common
traits of cancer cells, which lead to their higher proliferation
rates compared to non-cancerous phenotypes. Both these pro-
cesses contribute to a higher accumulation of nanoparticles
inside cancer cells, and indeed the implication of these para-
meters on the efficacy and targeting of cancer therapeutics has
been already exploited.®®> In the case of our pH sensitive
polycarbonate, the higher nanoparticle uptake in cancer cells
and increased exocytosis in normal cells seem to play a key
role in enhancing delivery to cancer cells. In essence, taking
advantage of the kinetics of nanoparticle accumulation in
cancer cells as opposed to normal cells leads to different resi-
dence times of the particles within the cells, allowing us to
deliver into cancer cells more effectively. We believe that this is
the first report of such kinetic control as part of a passive
delivery system and as such represents a new strategy and sig-
nificant advance on the state of the art, although a high
selectivity for cancer cells has been previously reported when
using different stimuli-responsive polymers.®®®” The simplicity
of this approach, in combination with the biodegradable and
biocompatible polymers applied opens the possibility to
further explore these polymeric systems for a range of cancer
therapies in vivo.

Experimental section

All reagents used for the monomer synthesis, polymerisation
reactions and coupling reactions were purchased from Sigma-
Aldrich. All reagents were used without any further purifi-
cation, except for 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and
benzyl alcohol which were dried over calcium hydride and dis-
tilled  under before  polymerisation.  S-
(+)-Camptothecin was purchased from Alfa Aesar. NTC,>
11-azidoundecanoic acid,®® PEGss,-SH,**”° and CPT-azide>*”®
were synthesized following previously published procedures.
NMR spectra were recorded on a Bruker HD-300 and HD-400
spectrometer at 293 K unless stated otherwise. Chemical shifts
are reported as § in parts per million (ppm) and referenced to
the chemical shift of the residual solvent resonances (CHClj:
'H § = 7.26 ppm, *>C § = 77.16 ppm). Size exclusion chromato-
graphy (SEC) was used to determine the molar masses and
molar mass distributions (dispersities, Dy;) of the synthesized
polymers. SEC in chloroform or THF was conducted on a
system comprised of a Varian 390-LCMulti detector suite fitted
with differential refractive index (DRI), light scattering (LS)
and ultra-violet (UV) detectors, equipped with a guard column
(Varian Polymer Laboratories PLGel 5 mM, 50 x 7.5 mm) and

vacuum
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two mixed D columns (Varian Polymer Laboratories PLGel
5 mM, 300 x 7.5 mm). The mobile phase was chloroform with
5% triethylamine eluent or THF at a flow rate of 1.0 mL min ™",
and samples were calibrated against Varian Polymer labora-
tories Easi-Vials linear poly(styrene) standards (162-2.4 x 105 g
mol ™) using Cirrus v3.3. All cell lines were purchased from

ATCC.

General procedure for the organocatalysed ROP of NTC

The ROP of NTC was carried out following a reported pro-
cedure, using 1 mol% DBU and benzyl alcohol (BnOH) in dry
CDCIl; at ambient temperature.> "H NMR (400 MHz; CDCl;): 6
7.38 (m, 5H), 6.16 (m, 20H), 5.93 (m, 20H), 5.16 (s, 2H) 4.42
(m, 40H), 3.91-3.81 (m, 110H), 3.55 (m, 40H), 2.93 (s, 20H),
2.81 (s, 20H), 2.30 (m, 20H), 1.82 (m, 20H), 1.38-1.23 (m, 40H),
0.84-0.81 (m, 20H). M,, = 5.3 kg mol™", By, = 1.10 (RI detection,
CHCI, SEC).

Synthesis of thiol-functionalised PEG

Synthesis of poly(ethylene glycol) with a thiol functionality was
carried out as previously reported, from poly(ethylene glycol)
methyl ether (molar mass ca. 550 g mol™, 18 mmol) and
3-mercaptopropionic acid (3.82 g, 36 mmol).”® 'H NMR
(400 MHz; CDCl,): 6 4.18 (m, 2H), 3.73-3.38 (m, 52H), 3.28 (s,
3H), 2.71-2.58 (m, 4H), 1.62 (t, 1H, *Jy;_y = 16). "H NMR spec-
troscopy indicated ca. 98% conversion of the hydroxyl group to
mercaptopropionate group. M, = 725 g mol™', Py = 1.21 (RI
detection, CHCl; SEC).

Synthesis of azide-functionalised camptothecin

Caution: Small organic azides are potentially explosive and
must be handled with care, particularly in concentrated forms
and/or in large quantities. Keep away from sources of heat,
pressure, light, shocks and strong acids. S-(+)-Camptothecin
(100 mg, 2.9 x 10~" mmol), 11-azidoundecanoic acid (261 mg,
1.14 mmol), EDC-HCIl (220 mg, 1.14 mmol), and DMAP
(14 mg, 1.14 x 10~" mmol) were dissolved in CH,Cl, (5 mL).
The mixture was stirred for 1 h at 0 °C, then cooled down to
ambient temperature and stirred overnight. The residue was
washed with 1 M HCI and 0.1% NaHCO;, then dried over
MgSO,. The crude product was recrystallized in
MeOH : CH,Cl, (95:5), to yield pale yellow crystals (136 mg,
85%). 'H NMR (300 MHz; CDCl;): & 8.40 (s, 1H), 8.22 (d, 1H,
*Jun = 9 Hz), 7.95 (d, 1H, *Ji_y = 9 Hz), 7.84 (m, 1H), 7.67 (m,
1H), 7.22 (s, 1H), 5.68 (d, 1H, *Jy_i = 18 Hz), 5.41 (d, 1H, >y
= 18 Hz), 3.21 (t, 2H, *Juyg = 15 Hz), 2.51-2.45 (m, 2H),
2.36-2.09 (m, 2H), 1.69-1.48 (m, 5H), 1.34-1.21 (m, 13H), 0.97
(t, 3H). *C NMR (400 MHz; CDCl3): § 172.9 (COtactone), 167.7
(COester), 157.5, 152.6, 148.9, 146.3, 146.1, 131.3, 130.8, 129.8,
128.6, 128.4, 128.3, 128.1, 120.6, 96.2, 75.8, 67.2, 51.6 (CH,Nj;
c-1), 50.0, 33.9, 32.0, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 26.8,
24.8, 7.7 (CH; ¢_o). Mass spectrometry (ESI + ve); m/z = 580.25
((M" + 1] Na' salt). Elemental analysis; anal. caled for
C31H35N505: C 66.77; H 6.33; N 12.56%. Found: C 66.21; H
6.31; N 12.35%.

This journal is © The Royal Society of Chemistry 2023
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Synthesis of PNTC-g-CPT-g-PEG conjugate

In a dry vial fitted with a stirrer bar, PNTC (DP20) (50 mg, 1.09
x 107% mol) was dissolved in 500 pL of CHCl;. CPT-azide
(21.5 mg, 3.3 x 10> mol) and/or Cy5-azide (7.8 mg, 1.3 x 107>
mol) was added and the solution was stirred overnight at
90 °C. The functionalised polymer was recovered by precipi-
tation into cold diethyl ether before being filtered and dried in
vacuo. "H NMR (500 MHz; CDCl,): § 8.42 (s), 8.20 (d), 7.96 (d),
7.84 (t), 7.68 (t, all of them integrate for 13H), 7.21 (s, 1H), 7.36
(m, 5H), 6.15 (m), 5.93 (m, 33H with & 6.15), 5.66 (d, 1H), 5.43
(d, 1H), 5.16 (m, 2H), 4.42 (m, 39H), 3.91 (m, 68H), 3.82 (m),
3.58 (m, 53H), 2.93-2.81 (m, 40H), 2.29 (m, 20H), 1.64 (m,
36H), 1.38 (m, 21H), 0.96 (t, 11H), 0.83 (m, 18H). M, =
6.4 kg-mol™', Py = 1.35 (RI detection, CHCl; SEC); M, =
5.9 kg:mol™, Py = 1.41 (UV detection, 375 nm, CHCIl; SEC).
PNTC-g-CPT (70 mg, 1.61 x 10~ mol) was then re-dissolved in
500 pL of CHCl;. PEGss0-SH (79.3 mg, 1.8 x 10™> mol) and 2,2-
dimethoxy-2-phenylacetophenone (31 mg, 1.2 x 10~* mol) were
added to the solution before being sealed and UV irradiated
for 30 min. The functionalised polymer was recovered by pre-
cipitation into cold diethyl ether before being filtered and
dried in vacuo. "H NMR (500 MHz; CDCl,): § 8.42, 8.21, 7.96,
7.84, 7.68 (m, CPT signals), 7.37, 5.15 (m), 4.27 (m), 3.95 (m),
3.64 (m, PEG), 3.38 (s, OCHj), 2.83 (m), 2.45 (m), 2.17 (m), 1.83
(m), 1.60 (m), 1.30 (m), 0.83 (m). M;, = 17.6 kg-mol™", Py, = 1.29
(RI detection, CHCI; SEC); M;, = 15.9 kg-mol™", By, = 1.48 (UV
detection, 375 nm, CHCl; SEC).

Self-assembly and multi-angle light scattering analysis

PNTC-g-PEG polymers were self-assembled by a solvent switch
method. A solution of polymer was dissolved in THF at a con-
centration of 5 mg mL™" and stirred overnight. 9 mL of DI H,O
was then added slowly (0.6 mL h™"). Polymer solutions were
stirred at room temperature overnight before being filtered
(0.45 pum filters) and analysed via SLS, DLS, TEM, and cryo-
EM. PNTC-g-CPT-g-PEG particles prepared with this method
were then treated with acidic conditions (0.01M HCI) and ana-
lysed via SLS.

Cryo-EM imaging

Cryo transmission electron microscopy (Cryo-EM) analysis was
performed on a JEOL 2200 FX microscope. Samples were de-
posited onto plasma cleaned lacey carbon grids at a concen-
tration of 30 mg mL™". Grid were then blotted for 3s and
immersed in liquid ethane prior to be inserted in the cryo
holder for microscopic analysis.

Viability studies

A549, PC3, and CHO-K1 cell lines were cultured in F12K media
with the addition of 10% FBS and 100U mL™' pen/strep.
MCF-7, IMR-90, 3T3, and Hs 792 were cultured in DMEM with
the addition of 10% FBS and 100U mL™" pen/strep. Media for
MCF-7 was enriched with 0.01 mg mL~" human recombinant
insulin. MDA-MB-468 were cultured in Leibovitz’s
L-15 medium with the addition of 10% FBS and 100U mL™!
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pen/strep. Cells were seeded on 12 well plates at 2000 cells
em™? and left adhere and proliferate for 72 h. The medium
was then replaced with PNTC-g-PEG, PNTC-g-CPT-g-PEG, or
CPT-azide in a concentration range from 1 to 10 mg mL™" for
PNTC-g-PEG and from 0 to 100 pM for the free drug and
polymer-drug conjugate (relative to concentration of camp-
tothecin). After 72 h the solution was removed, cells were
washed with PBS (1 mL x 3) and incubated with MTS cell viabi-
lity assay for 2-4 hr, following manufacturer’s instructions.
100 pL of solution was taken from each well and placed in
triplicate in a 96-well plate. The fluorescence intensity (FI) was
detected in Plate Reader by excitement at 530 nm and emis-
sion at 590 nm. Cell data were reported as viability % in com-
parison with control sample. Significance was set at a p-value
< 0.05. Experiments were performed in triplicate (3 repeats per
experiment and 3 independent experiments per cell line). IC50
and 95% confidence interval for all data was calculated using
Graphpad Prism 8 software.

Live cell imaging

Cells were imaged using a Zeiss 710 laser scanning confocal
microscope (Carl Zeiss Microscopy, Oberkochen, Germany)
housed within the Australian National Fabrication Facility
(ANFF) Queensland Node. This machine is equipped with a
heated stage, 20x and 40x water objectives, a 405-nm diode,
and helium-neon and argon lasers. Prior to imaging, cells in
1.5 mL of fresh medium were plated into slide-bottomed
culture dishes (Mattek), returned to the incubator and left to
grow overnight. Cells were then incubated with the polymer-
CPT conjugate labelled with Cy5 and the fluorescence was
monitored over time (633 nm laser). Fluorescence intensities
at each time point were obtained by processing each image (at
least 10 images per time point) using the region of interest
tool within the ZEN Zeiss lite software (Carl Zeiss Microscopy,
Oberkochen, Germany). Retrieved values were transferred to
Microsoft Excel for further analysis.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

MCA thanks the Royal Society of Chemistry for the award of a
Researcher Mobility Grant to visit Prof. Thurecht’s labs at the
University of Queensland to conduct this study, and the
University of Birmingham for support through a Birmingham
Fellowship. L. D. B. was supported by an EPSRC Doctoral

Biomater. Sci, 2023,11,908-915 | 913


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01626e

Open Access Article. Published on 15 December 2022. Downloaded on 2/7/2026 10:26:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Award scholarship. Dr Saskia E. Bakker, the University of
Warwick Advanced Biolmaging Research Technology Platform,
BBSRC ALERT14 award BB/M01228X/1 are thanked for Cryo-
EM analysis. The authors would also like to acknowledge the
National Health and Medical Research Council for fellowship
support (KJT; APP1148582) and the Australian Research
Council (LP180100486). The CHO-K1 cell line was a kind gift
from Dr Nadya Panagides.

References

1

9

10

11

12

13

14

15

16

17

18

19

N. Larson and H. Ghandehari, Chem. Mater., 2012, 24, 840~
853.

T. M. Allen and P. R. Cullis, Science, 2004, 303, 1818-1822.
S. Zhu, M. Hong, G. Tang, L. Qian, J. Lin, Y. Jiang and
Y. Pei, Biomaterials, 2010, 31, 1360-1371.

M. Elsabahy and K. L. Wooley, Chem. Soc. Rev., 2012, 41,
2545-2561.

G. Sahay, D. Y. Alakhova and A. V. Kabanov, J. Controlled
Release, 2010, 145, 182-195.

Y. Lu, A. A. Aimetti, R. Langer and Z. Gu, Nat. Rev. Mater.,
2016, 1, 16075.

N. E. Schoemaker, C. van Kesteren, H. Rosing, S. Jansen,
M. Swart, J. Lieverst, D. Fraier, M. Breda, C. Pellizzoni,
R. Spinelli, et al., Br. J. Cancer, 2002, 87, 608-614.

E. K. Rowinsky, J. Rizzo, L. Ochoa, C. H. Takimoto,
B. Forouzesh, G. Schwartz, L. A. Hammond, A. Patnaik,
J. Kwiatek and A. Goetz, J. Clin. Oncol., 2003, 21, 148-
157.

S. Svenson, M. Wolfgang, J. Hwang, J. Ryan and S. Eliasof,
J. Controlled Release, 2011, 153, 49-55.

D. Bobo, K. J. Robinson, J. Islam, K. J. Thurecht and
S. R. Corrie, Pharm. Res., 2016, 33, 2373-2387.

A. J. Clark, D. T. Wiley, J. E. Zuckerman, P. Webster,
J. Chao, J. Lin, Y. Yen and M. E. Davis, Proc. Natl. Acad. Sct.,
2016, 113, 3850-3854.

H. Maeda, J. Wu, T. Sawa, Y. Matsumura and K. Hori,
J. Controlled Release, 2000, 65, 271-284.

H. Maeda, H. Nakamura and J. Fang, Adv. Drug Delivery
Rev., 2013, 65, 71-79.

T. Lammers, F. Kiessling, W. E. Hennink and G. Storm,
J. Controlled Release, 2012, 161, 175-187.

Y. H. Bae and K. Park, J. Controlled Release, 2011, 153, 198—
205.

N. M. Zaki and N. Tirelli, Expert Opin. Drug Delivery, 2010,
7, 895-913.

A. V. Fuchs, B. W. C. Tse, A. K. Pearce, M.-C. Yeh,
N. L. Fletcher, S. S. Huang, W. D. Heston, A. K. Whittaker,
P. ]J. Russell and K. ]J. Thurecht, Biomacromolecules, 2015,
16, 3235-3247.

S. Wilhelm, A. ]J. Tavares, Q. Dai, S. Ohta, J. Audet,
H. F. Dvorak and W. C. W. Chan, Nat. Rev. Mater., 2016, 1,
16014.

S. Manchun, C. R. Dass and P. Sriamornsak, Life Sci., 2012,
90, 381-387.

914 | Biomater. Sci, 2023, 1, 908-915

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

View Article Online

Biomaterials Science

C. J. F. Rijcken, O. Soga, W. E. Hennink and
C. F. v. Nostrum, J. Controlled Release, 2007, 120, 131-148.
S. Cajot, K. Van Butsele, A. Paillard, C. Passirani,
E. Garcion, J. P. Benoit, S. K. Varshney and C. Jérome, Acta
Biomater., 2012, 8, 4215-4223.

E. Fleige, M. A. Quadir and R. Haag, Adv. Drug Delivery Rev.,
2012, 64, 866-884.

W. Chen, P. Zhong, F. Meng, R. Cheng, C. Deng, J. Feijen
and Z. Zhong, J. Controlled Release, 2013, 169, 171-179.

L. Zhou, D. Liang, X. He, J. Li, H. Tan, J. Li, Q. Fu and
Q. Gu, Biomaterials, 2012, 33, 2734-2745.

A. W. G. Alani, Y. Bae, D. A. Rao and G. S. Kwon,
Biomaterials, 2010, 31, 1765-1772.

X. Guo, C. Shi, J. Wang, S. Di and S. Zhou, Biomaterials,
2013, 34, 4544-4554.

Y. Liu, W. Wang, J. Yang, C. Zhou and ]. Sun, Asian J.
Pharm., 2013, 8, 159-167.

I. Mellman, R. Fuchs and A. Helenius, Annu. Rev. Biochem.,
1986, 55, 663-700.

P. Paroutis, N. Touret and S. Grinstein, Physiology, 2004, 19,
207.

T. Etrych, T. Mrkvan, P. Chytil, C Konak, B. Rihova and
K. Ulbrich, J. Appl. Polym. Sci., 2008, 109, 3050-3061.

T. Etrych, M. Sirova, L. Starovoytova, B. Rihova and
K. Ulbrich, Mol. Pharm., 2010, 7, 1015-1026.

R. Duncan and M. ]. Vicent, Adv. Drug Delivery Rev., 2010,
62, 272-282.

D. P. Nowotnik and E. Cvitkovic, Adv. Drug Delivery Rev.,
2009, 61, 1214-1219.

M. Prabaharan, J. J. Grailer, S. Pilla, D. A. Steeber and
S. Gong, Biomaterials, 2009, 30, 5757-5766.

S. Gatti, A. Agostini, U. C. Palmiero, C. Colombo,
M. Peviani, A. Biffi and D. Moscatelli, Nanotechnology,
2018, 29, 305602.

R. Tang, W. Ji and C. Wang, Macromol. Biosci., 2010, 10,
192-201.

Y. Zhefan, H. Jingyi, L. Jing, C. Sixue, Z. Renxi and L. Feng,
Nanotechnology, 2011, 22, 335601.

J. Cheng, R. Ji, S.J. Gao, F.-S. Du and Z.-C. Lj,
Biomacromolecules, 2012, 13, 173-179.

X. Wang, J. Xu, X. Xu, Q. Fang and R. Tang, Mater. Sci. Eng.,
C, 2020, 113, 111004.

J. Shin, P. Shum and D. H. Thompson, J. Controlled Release,
2003, 91, 187-200.

Z. Xu, W. Gu, L. Chen, Y. Gao, Z. Zhang and Y. Li,
Biomacromolecules, 2008, 9, 3119-3126.

E. Steiert, J. Ewald, A. Wagner, U. A. Hellmich, H. Frey and
P. R. Wich, Polym. Chem., 2020, 11, 551-559.

A. Al-Shamkhani and R. Duncan, Int. J. Pharm., 1995, 122,
107-119.

L. Xiao, J. Zhu, J. D. Londono, D. J. Pochan and X. Jia, Soft
Matter, 2012, 8, 10233-10237.

A. Kakinoki, Y. Kaneo, Y. Ikeda, T. Tanaka and K. Fujita,
Biol. Pharm. Bull., 2008, 31, 103-110.

J-K. Kim, V. K. Garripelli, U.-H. Jeong, J.-S. Park,
M. A. Repka and S. Jo, Int. J. Pharm., 2010, 401, 79-86.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01626e

Open Access Article. Published on 15 December 2022. Downloaded on 2/7/2026 10:26:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

47

48

49

50

51

52

53

54

55

56

57

E. R. Gillies, A. P. Goodwin and J. M. ]J. Fréchet,
Bioconjugate Chem., 2004, 15, 1254-1263.

E. M. Bachelder, T. T. Beaudette, K. E. Broaders, J. Dashe
and J. M. J. Fréchet, J. Am. Chem. Soc., 2008, 130, 10494—
10495.

K. Miao, W. Shao, H. Liu and Y. Zhao, Polym. Chem., 2014,
5,1191-1201.

M. Li, M. Gao, Y. Fu, C. Chen, X. Meng, A. Fan, D. Kong,
Z. Wang and Y. Zhao, Colloids Surf., B, 2016, 140, 11-18.

M. C. Arno, R. P. Brannigan, G. M. Policastro, M. L. Becker
and A. P. Dove, Biomacromolecules, 2018, 19, 3427-
3434.

Y. Yu, C.-K. Chen, W.-C. Law, E. Weinheimer, S. Sengupta,
P. N. Prasad and C. Cheng, Biomacromolecules, 2014, 15,
524-532.

Y. Yu, C.-K. Chen, W.-C. Law, H. Sun, P. N. Prasad and
C. Cheng, Polym. Chem., 2015, 6, 953-961.

X. Chen, S. McRae, S. Parelkar and T. Emrick, Bioconjugate
Chem., 2009, 20, 2331-2341.

O. Y. Zolotarskaya, A. F. Wagner, ]J. M. Beckta, K. Valerie,
K. ]J. Wynne and H. Yang, Mol. Pharm., 2012, 9, 3403-3408.
W. Chen, F. Meng, F. Li, S.-J. Ji and Z. Zhong,
Biomacromolecules, 2009, 10, 1727-1735.

R. Gannimani, P. Walvekar, V. R. Naidu, T. M. Aminabhavi
and T. Govender, J. Controlled Release, 2020, 328, 736-761.

This journal is © The Royal Society of Chemistry 2023

58

59

60
61

62
63
64

65

66

67

68

69
70

View Article Online

Paper

E. J. Vandenberg and D. Tian, Macromolecules, 1999, 32,
3613-3619.

K. A. Foster, C. G. Oster, M. M. Mayer, M. L. Avery and
K. L. Audus, Exp. Cell Res., 1998, 243, 359-366.

G. Hao, Z. P. Xu and L. Li, RSC Adv., 2018, 8, 22182-22192.
N. Oh and J. H. Park, Int. J. Nanomed., 2014, 9(Suppl 1), 51-
63.

S. Muro, Biomimetics, 2018, 3, 19.

M. Jang, S. S. Kim and J. Lee, Exp. Mol. Med., 2013, 45, e45.
W. Xu, E. J. Bae and M. K. Lee, Int. J. Nanomed., 2018, 13,
7549-7563.

E. Voronovic, A. Skripka, G. Jarockyte, M. Ger,
D. Kuciauskas, A. Kaupinis, M. Valius, R. Rotomskis,
F. Vetrone and V. Karabanovas, ACS Appl. Mater. Interfaces,
2021, 13, 39076-39087.

Y. Yan, L. Liu, H. Xiong, J. B. Miller, K. Zhou, P. Kos,
K. E. Huffman, S. Elkassih, J. W. Norman, R. Carstens,
et al., Proc. Natl. Acad. Sci., 2016, 113, E5702-E5710.

H. He, D. Altomare, U. Ozer, H. Xu, K. Creek, H. Chen and
P. Xu, Biomater. Sci., 2016, 4, 115-120.

C.-W. Huang, P.-W. Wu, W.-H. Su, C.-Y. Zhu and S.-W. Kuo,
Polym. Chem., 2016, 7, 795-806.

R. Mahou and C. Wandrey, Polymers, 2012, 4, 561.

V. X. Truong and A. P. Dove, Angew. Chem., Int. Ed., 2013,
52, 4132-4136.

Biomater. Sci, 2023, 11,908-915 | 915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01626e

	Button 1: 


