N

N

Linker chemistry dictates the delivery of a phototoxic
organometallic rhenium( i ) complex to human cervical
cancer cells from core crosslinked star polymer
nanoparticles
Sul Hwa Yu, Malay Patra, Stefano Ferrari, Paulina Ramirez Garcia, Nicholas
A Veldhuis, Lisa M Kaminskas, Bim Graham, John Quinn, Michael R
Whittaker, Gilles Gasser, et al.

» To cite this version:

Sul Hwa Yu, Malay Patra, Stefano Ferrari, Paulina Ramirez Garcia, Nicholas A Veldhuis, et al.. Linker
chemistry dictates the delivery of a phototoxic organometallic rhenium( i ) complex to human cervical
cancer cells from core crosslinked star polymer nanoparticles. Journal of materials chemistry B, 2018,
6 (47), pp.7805-7810. 10.1039/C8TB02464B . hal-02115232

HAL Id: hal-02115232
https://hal.science/hal-02115232
Submitted on 30 Apr 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02115232
https://hal.archives-ouvertes.fr

Linker Chemistry Dictates the Delivery of Phototoxic Organometallic
Rhenium(l) Complex to Human Cervical Cancer Cells from Core Crosslinked
Star Polymer Nanoparticles

Sul Hwa Yu®t, Malay Patra®t, Stefano Ferrari¢, Paulina Ramirez Garcia?, Nicholas A. Veldhuis® ¢, Lisa M. Kaminskas¢, Bim
Graham?, John F. Quinn?, Michael R. Whittaker®*, Gilles Gasser™ and Thomas P. Davis®

a ARC Centre of Excellence in Convergent Bio-Nano Science and Technology; Monash Institute of Pharmaceutical Sciences,
Monash University, Parkville, VIC 3052, Australia.

Department of Chemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland. Current address:
Department of Chemical Sciences, Tata Institute of Fundamental Research, 400005 Mumbai, India.
¢Institute of Molecular Cancer Research, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland.

b.

d. Drug Discovery Biology Theme, Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, VIC 3052,
Australia.
e School of Biomedical Sciences, University of Queensland, St Lucia QLD, 4072, Australia.

f-Chimie ParisTech, PSL University, Laboratory for Inorganic Chemical Biology, F-75005 Paris, France.
*email:thomas.p.davis@monash.edu,gilles.gasser@chimie-paristech.fr, Michael.whittaker@monash.edu

T These authors have contributed equally to the work

Electronic Supplementary Information (ESI) available: [experimental and additional data]. See DOI: 10.1039/x0xx00000x

We have investigated core-crosslinked star polymer nanoparticles designed with tunable release chemistries as potential
nanocarriers for a photoactive Re(l) organometallic complex. The nanoparticles comprised of a brush poly(oligo-ethylene glycol)
methyl ether acrylate(POEGA) corona and a cross-linked core of non-biodegradable N,N’-methylenebis(acrylamide) (MBAA)
and either pentafluorophenyl acrylate (PFPA), 3-vinyl benzaldehyde (VBA) or diacetone acrylamide (DAAM). Each star was
modified with an amine functionalized photodynamic agent (i.e. a rhenium(l) organometallic complex) resulting in the
formation of either a stable amide bond (POEGA-Star-PFPA), or hydrolytically labile aldimine (POEGA-Star-VBA) or ketimine
bonds (POEGA-Star-DAAM). These materials revealed linker dependent photo- and cytotoxicity when tested in vitro against
non-cancerous lung fibroblast MRC-5 cells and HeLa human cervical cancer cells: The toxicity results correlated with final
intracellular Re concentrations

Rhenium(l) organometallic compounds show great potential as therapeutic agents, demonstrating cytotoxicity against various
cancer cell lines at least equal to cisplatin."»?Their photoactive properties can also be exploited as photosensitizers (PS) in
photodynamic therapy (PDT), where Re(l) organometallic complexes generate highly reactive oxygen species (ROS), including
singlet oxygen (*0,), upon light irradiation.® 1322 The light-mediated activation of Re(l) organometallic complexes allows spatial
and temporal control of activity, and has been demonstrated to have anti-cancer activity by inducing oxidative damage of cellular
components leading to cell death.”1617 However, these complexes lack a selective affinity for cancer cells, thereby limiting
therapeutic efficacy. Also, their long systemic half-lives lead to significant off-target side-effects that include long-term
phototoxicity. Consequently, the development of carrier systems has been proposed as a strategy to improve their selectivity and
specificity towards the target cancer cells and reduce off-target adverse effects.?% 23

Multi-armed structured star polymers have been considered as well-defined nanoparticles?*2¢ that have been widely used for a
number of applications, including as nanomedicines, catalysts and emulsification reagents.?’-33 Our group previously reported the
synthesis of narrow dispersity core crosslinked star polymer nanoparticles using a reversible addition fragmentation transfer
polymerization (RAFT) arm-first approach,3* 3> in which the arm polymers were chain extended with a suitable cross-linker. We
have previously shown that these polymeric nanoparticles demonstrate size tunable pharmacokinetics as well as passive tumor
accumulation properties,3? and cellular association could be manipulated via coronal functionality.3® The incorporation of a
functional co-monomer in the nanoparticle design allowed post-modification for applications such as biological imaging and drug
delivery.37-40
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Scheme 1. Synthesis of Re-NH, conjugated star polymers. Star 1 (Re-NH; conjugated POEGA-Star-VBA); Star 2 (Re-NH, conjugated POEGA-Star-DAAM); Star 3 (Re-NH;
conjugated POEGA-Star-PFPA).

In this communication we probe the suitability of core cross-linked star polymers nanoparticles as carriers to support the delivery
of a Re(l) organometallic complex, using three different linker chemistries, into target cells in vivo. Three different star polymers
were developed comprising poly(ethylene glycol) (PEG)coronas, non-biodegradable N,N’-methylenebis(acrylamide) (MBAA)
cross-linkers and three different functional cores; 3-vinyl benzaldehyde (VBA), diacetone acrylamide (DAAM) or pentafluorophenyl
acrylate (PFPA) (Scheme 1). POEGA linear polymer was firstly prepared by RAFT polymerization in the presence of 3-(benzyl sulfanyl
thiocarbonyl sulfanyl)-propanoic acid, and characterized by *H nuclear magnetic resonance spectroscopy (*H NMR) and gel
permeation chromatography (GPC) (Scheme 1, Figure S1, Table 1). The purified linear polymer was then chain extended separately
with individual functional co-monomers (VBA, DAAM or PFPA) in the presence of MBAA cross-linker (Scheme 1). The resulting
narrow polydispersity core cross-linked star polymers were purified by precipitation and characterized via *H NMR, °F NMR and
GPC (Table 1, Figure S2-S5, S7-S9). NMR revealed that 20 - 40 mol % (molar composition relative to OEGA monomer) of each
functional group was incorporated into the core of stars (23.5/76.5 mol % in VBA/OEGA, 37.4/62.6 mol % in DAAM/OEGA and
31.0/69.0 mol % in PFPA/OEGA, as described in the ESI).

To conjugate the Re(l)-based photosensitizer into each functional core of the star polymers, a rhenium tricarbonyl complex
containing a free amine group (Re-NHs-Cl, — Scheme 1) was synthesized as presented in the ESI (Scheme S1).%%17 To prepare
reversibly linked nanoparticle conjugates, Re-NHs-Cl was transformed, in the presence of triethylamine (TEA), via the aldehyde
groups of VBA and the ketone groups of DAAM to form Schiff base aldimine/ketimine linkages which are hydrolytically unstable
under acidic conditions. The Re-NH; conjugated star polymers were then exhaustively dialyzed against water (adjusted to pH= 8-9
by triethylamine addition) and analyzed by dynamic light scattering (DLS), transmission electron microscopy (TEM) and inductively
coupled plasma mass spectrometry (ICP-MS) (Figure S10, Figure S11, Table 2). The Re-content (wt %) in Re-NH; conjugated POEGA-
Star-VBA (Star 1) and Re-NH, conjugated POEGA-Star-DAAM (Star 2) was quantified by ICP-MS (Table 2). Additionally, the ICP-MS
values (wt %) measured for each star polymer was in excellent agreement with the maximum theoretical amount of Re (wt %)
attached in each star polymer core, indicating that the functional cores (VBA and DAAM) in the star polymers were mostly
conjugated with Re-NH,. Characterization by DLS revealed that the hydrodynamic diameters of Star 1 and Star 2 were 18 and 20
nm, respectively, both with a polydispersity of 0.2 (Table 2, Figure S10).



Table 1. Molecular weight of polymers, POEGA, POEGA-Star-VBA, POEGA-Star-DAAM and POEGA-Star-PFPA

Polymers M, M pivl
(g mol)ll (g mol)l/
POEGA 9551 11000 110
POEGA-Star-VBA - 85500 115
POEGA-Star-DAAM ] 79500 L15
POEGA-Star-PFPA - 76500 113

12l Molecular weight determined by *H NMR spectroscopy. ?!: Molecular weight determined by gel permeation chromatography. [c]: Dispersity
index, b, as determined by GPC analysis in DMAc.

Table 2 Characterization of Re(l)-NH, conjugated star polymers

Re(1)-Stars Theoretical Wt % Rel®/ Dn PDIl
wt % Re [/ (nm)lel
Star 1 7.7 7.4 18 0.2
Star 2 1.0 1.1 20 0.2
Star 3 9.2 9.8 19 0.2

lal: A =0.001 g x [(Molar composition (%) of functional core monomer x
M.W of functional core monomer)/(Molar composition (%) of functional core monomer x M.W of functional core monomer + molar composition
(%) of OEGA x 480 g)]. B = A x (M.W of Re(l)-NH2/M.W of functional core monomer). C= B x (M.W of Re(l)/ M.W of Re(l)-NH, complex). Re (wt %) =
[C/(0.001 g + B)] x 100. ®!: ICP-MS measurement. [°I: Size distribution (by number) and polydispersity for each star in water, assessed by dynamic
light scattering.

Finally, to prepare a non-reversibly linked nanoparticle conjugate, the pentafluoro-activated ester (PFP) of POEGA-Star-PFPA was
reacted with Re-NH3-Cl to form a stable amide bond (Scheme 1). Re-NH; conjugated POEGA-Star-PFPA (Star 3) was then purified
and characterized using °F NMR, DLS, TEM and ICP-MS (Table 2, Figure S6, S10). Importantly, °F NMR analysis confirmed the
covalent attachment of the Re-NH; complex into the star core by the concomitant release of pentafluorophenol byproduct (Figure
S5, S6). Further, ICP-MS analysis of Star 3 revealed a Re content of 9.78 wt % which is in excellent agreement with the theoretical
value of 9.21 wt % (Table 2). The hydrodynamic diameter of Star 3 was determined by DLS to be 19 nm, with a polydispersity of
0.2 (Table 2, Figure S10). The release profile of Re-NH; from the star polymers was examined under different biologically relevant
pH conditions (pH 7.4 and 5.0), using UV-visible spectrophotometry (see ESI for detailed procedures, Figure 1). The pH dependent
release of the Re-NH; via imine linker hydrolysis in Star 1 and 2 was observed (Figure 1, A and B). The acidic pH 5 condition,
representing the approximate pH of lyso/endosomes and the lower pH end of the tumour interstitium,*% #? triggered faster release
of Re-NH; from both stars, compared to release kinetics at pH 7.4. As expected, Star 2 showed slow hydrolysis of the secondary
ketimine bonds at pH 5.0. (Figure 1, B) with approximately 80% of the Re complex released from Star 2 after 180 h, in comparison
with 80% released from Star 1 after only 50 h. No Re-NH; release was observed from Star 3 under any pH condition used (Figure
1, C).

Next, the Re-NHs-Cl complex and the nanoparticle conjugates (Stars 1 to 3) were evaluated for their in vitro cytotoxicity against

Hela human cervical cancer cells and non-cancerous lung fibroblast MRC-5 cells (Table 3). First, the cells were exposed to
increasing
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Figure 1: Cumulative release profile (%) of Re(l)-NH2 complex from the star polymers was examined in different pH conditions (pH 7.4 and 5) over the time period. (A) Re-NH2
conjuated POEGA-Star-VBA (Star 1); (B) Re-NH2 conjugated POEGA-Star-DAAM (Star 2); (C) Re-NH2 conjugated POEGA-Star-PFPA (Star 3).
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Figure 2. Re concentration-response curves of Star 1 (Re-NH, conjugated POEGA-Star-VBA) and Star 2 (Re-NH, conjugated POEGA-Star-DAAM) in Hela cells (4 h incubation with
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concentrations of either Re-NH3-Cl complex or the nanoparticle conjugates, and incubated for 48 h to evaluate their cytotoxicity
under dark conditions. As shown in Table 3, the IC50 values for Re-NH3-Cl were found to be >100 uM against both cell lines.
Interestingly, our compounds were found to have a slight selectivity for cancer cells over non-cancerous cells (Table 3).

Table 3. ICso values (LM Re) in the dark (48 h and 4 h assays), and upon light irradiation (350 nm). Sl = selectivity index calculated
as ICso (MRCS5, 48h, dark)/ ICso (Hela, 48h, dark). Pl = phototoxic index calculated as ICso (4h, light)/ ICso (4h, dark) against Hela
cells. All concentration response curves are given in Figure S12.

HeLa MRCs HeLa HelLa SI PI
(48h) (48h) (4h) (4h)
dark dark dark 350 nm
10 min
Star 1 44123 75.3%2.4 >100 15.8+2.1 17 >6
Star 2 25.4+2.6 41.6+0.8 >100 6.9+0.3 1.6 >14
Star 3 >100 98.2+9.1 >100 52.6+5.9 >1 >2
Re- >100 >100 >100 27.4%1.7 n.d. >4
NH;-Cl

Figure 3. Fluorescence microscopy images of Hela cells treated in the dark with a. Re-NHs-Cl; and its polymer conjugates: b. Star 1, c. Star 2 and d. Star 3 (50 uM, 9 h). Scale bar, 50
um.

However, the linker chemistry used in the conjugation with polymer stars was found to significantly influence the observed cytotoxicity. The
cytotoxicity of the conjugated stars was significantly increased if the linker used was hydrolytically unstable, i.e. Stars 1 and 2, with
the order of cytotoxicity determined to be Star 2 > Star 1 > Star 3 under dark conditions. Encouragingly, the most active star polymer
conjugate data (Star 1 and Star 2) suggests a potential selectivity for cancer cells as demonstrated by a significant 2 fold higher IC50 values
for non-cancerous cells: the 1Csg values of Star 1 and Star 2 against Hela cancer cells were 44 and 25 puM, whereas the IC50 values against
non-cancerous MRC5 cells were 75 and 41 uM, respectively. The photo-toxic potential of the Re-NH3-Cl complex against Hela cells was then
examined and compared to the nanoparticle conjugates Star 1, Star 2 and Star 3 (Table 3, Figure 2, Figure S12). In this assay, cells were
treated with complex for 4 h (followed by replacement of media with fresh media), and then either irradiated with 350 nm UVA (2.58 J/ cm?)
or kept in the dark for 10 min. Cells were then kept in the dark incubator for additional 44 h before assaying viability. In the dark, ICso values
of > 100 uM were observed for the parent Re(l) complex as well as its polymer conjugates. Strikingly, low micromolar ICso values were



identified when cells were treated with the Re(l) complex and its polymer conjugates were irradiated with 350 nm light. As shown in Table 3
and Figure 1, the phototoxicity followed the order Star 2 > Star 1 > Re-NH3-Cl > Star 3. Specifically, the lowest I1Csq values were observed with
the treatment of Star 1 (15.8) and Star 2 (6.9), and these also showed the highest Pl values (>6.3 and >13.5, respectively). This indicates that
Star 1 and 2 possess higher phototoxicity against the cells when compared to toxicity in the dark, as well as to other treatments (Re-NHs-Cl
and Star 3).

To obtain initial insights into the mode of action of the Re-polymer conjugates, we determined the subcellular localization of

the Re-NHj3-Cl complex and the polymer conjugates Star 1, Star 2 and Star 3 by exploiting the luminescence properties of Re-
complex.?® 43 The cytosolic accumulation of Re-NHs-Cl seen in Figure 3 (Figure S13) is consistent with previous reports.2 43
Importantly, similar to the parent complex, Star 1, Star 2 and 3 were also found to accumulate largely in the cytosol of the cells
(with some nuclear localization observed). Interestingly those nanoparticles with hydrolytically unstable linkers displayed
increased luminescence, indicating greater intracellular Re concentrations. This observation is consistent with the higher observed
cytotoxicity and phototoxicity of Star 1 and Star 2 (Table 3, Figure 2).
Owing to the potential for this structural class of Re(l) complexes to undergo cell-mediated luminescence quenching once
internalized into inside cells, fluorescence microscopy may not be a fully convincing method for quantitative evaluation of cellular
uptake and quantification.” ** Therefore, we employed ICP-MS to quantify Re in whole cells as well as in isolated cytosolic and
nuclear intracellular compartments. As shown in Figure 4A, the total cellular accumulation followed the order Star 2~Star 1 >> Star
3 > Re-NHj3:Cl, suggesting pH-responsive Re-NH; conjugated star polymers clearly increase intracellular loading of Re-NH; complex.
These data are consistent with the higher phototoxic properties of Star 1 and Star 2 compared to Star 3 and Re-NHs-Cl (Table 3,
Figure 2). The observed differences in the cellular accumulation of Re from the nanoparticle reveals the balance of two competing
mechanisms: the Re complex release from the internalized nanoparticle into the cell and, the removal of the nanoparticle via
exocytosis mechanisms.*

Determination of Re-content in the cytosol and nuclear fraction confirmed that the Re-complex, as well as the polymer conjugates,
preferentially accumulate in the cytosol of Hela cells (Figure 4B). The results are consistent with the qualitative interpretation of
fluorescent microscopy imaging (Figure 3). The cells exposed to Star 1 and Star 2 exhibited statistically significant higher cytosolic
accumulation of Re in comparison with the parent Re(l) complex and that found for the Star 3 treated cells. Interestingly, while
accumulation of Re in the cytoplasm of Star 2 exposed cells was not significantly different to that found for Star 1, it did show a
statistically significant greater accumulation of Re in the nucleus (Figure 4B). This greater nuclear accumulation of Re may explain
the greatest observed photo- and cyto- toxicity of Star 2 (Table 3).
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In conclusion, three star polymers were synthesized with different functional cores: VBA, DAAM or PFPA. Each core was reacted
with the amine group of Re-NH,, resulting in different linker chemistries in the core of the stars. Based on their core linker
chemistries, the stars possessed unique release profiles for Re-NH, under various pH conditions. In particular, Re-NH, conjugated
star 2 showed a slower Re-NH, release profile compared to Star 1. No Re-NH; release was observed from Star 3 under any pH
conditions. These unique release characteristics contributed to their dark and photo-toxicity against Hela cells and the non-
cancerous MRC-5 cells. The order of cytotoxicity of the delivered Re-complex was determined to be Star 2 > Star 1 > Star 3. These
results were also consistent with the cellular uptake of Re-complex in the order Star 2 ~ Star 1 >> Star 3 > Re-NHs-Cl, suggesting
that reversible Re-NH; conjugation of star polymers clearly facilitated the cellular accumulation of the Re-NH,. Importantly, while
there was not a significant difference in the total cellular Re content between Star 1 and Star 2, the more hydrolytically stable
ketamine found in Star 2, led to a statistically significant greater nuclear accumulation of Re when compared with the aldimine
linker in Star 1. Thus leading to its greater observed photo- and cytotoxicity.
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