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Introduction

Free drug and ROS-responsive nanoparticle
delivery of synergistic doxorubicin and olaparib
combinations to triple negative breast cancer
modelsT}
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Alessandra Travanut,® Fatemeh Mehradnia,® Vincenzo Taresco,
Ruman Rahman, 2 ® Stewart G. Martin, 2 ® Anna M. Grabowska,®
Marianne B. Ashford ¢2 ¢ and Cameron Alexander () *@

C

Combinations of the topoisomerase Il inhibitor doxorubicin and the poly (ADP-ribose) polymerase inhibi-
tor olaparib offer potential drug—drug synergy for the treatment of triple negative breast cancers (TNBC).
In this study we performed in vitro screening of combinations of these drugs, administered directly or
encapsulated within polymer nanoparticles, in both 2D and in 3D spheroid models of breast cancer. A
variety of assays were used to evaluate drug potency, and calculations of combination index (Cl) values
indicated that synergistic effects of drug combinations occurred in a molar-ratio dependent manner. It is
suggested that the mechanisms of synergy were related to enhancement of DNA damage as shown by
the level of double-strand DNA breaks, and mechanisms of antagonism associated with mitochondrial
mediated cell survival, as indicated by reactive oxygen species (ROS) generation. Enhanced drug delivery
and potency was observed with nanoparticle formulations, with a greater extent of doxorubicin localised
to cell nuclei as evidenced by microscopy, and higher cytotoxicity at the same time points compared to
free drugs. Together, the work presented identifies specific combinations of doxorubicin and olaparib
which were most effective in a panel of TNBC cell lines, explores the mechanisms by which these com-
bined agents might act, and shows that formulation of these drug combinations into polymeric nano-
particles at specific ratios conserves synergistic action and enhanced potency in vitro compared to the
free drugs.

breast cancers, making TNBC particularly difficult to treat,*®
with poor prognoses and low overall survival.” The 5 years sur-

Breast cancer is a continuing global health concern, and
despite advances in surgery and radiotherapy, there are still
requirements for treatment when these options fail." Triple
negative breast cancer (TNBC) is a subtype of this disease, in
which the expression of estrogen (ER) and progesterone recep-
tors (PR) is reduced, and accounts for 15-20% of all breast
cancer cases.”” In addition, the human epidermal growth
factor receptor 2 (HER 2) is not overexpressed as in other
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vival of TNBC patients is approximately 70%, compared to
90% in other breast cancer subtypes, and decreases to approxi-
mately 10% following disease metastasis.®® Chemotherapy is
long-established for use in treating breast cancers, but many
current drugs have undesirable side-effects, including systemic
toxicity and limited efficacy, particularly in TNBC. The thera-
peutic window of some of these drugs can be improved by the
use of delivery vehicles, and liposomal formulations of the
topoisomerase II inhibitor, doxorubicin, have been used in
patients for over 25 years with clear benefits in terms of
quality of life."°

Despite these successes, the heterogeneity of many cancers
means that single agent chemotherapy is not always effective,
and combination therapies are increasingly being used."* The
combination of doxorubicin with the poly (ADP-ribose) poly-
merase (PARP) inhibitor, olaparib, has shown promising
results in preclinical and early stage clinical studies, and
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recently olaparib has been evaluated in platinum-resistant
ovarian cancer in combination with liposomal doxorubicin.'?
However, the differing pharmacokinetics of a small molecule
free drug, compared to a liposomal -carrier, introduces
inherent complications in terms of dosing. In addition, the
differences in cell entry mechanisms for drugs and nano-
particles™® mean that overexpressed efflux pumps in certain
cancer cell types might alter the relative intracellular concen-
trations of the drugs.™

As a consequence, there are some important potential
advantages of encapsulating or conjugating combinations of
drug molecules in a single carrier. The concept of co-delivery
of drugs by polymer carriers and liposomes has been well-
established in vitro'>'® and recently has been extended to
efficacy in humans."” Furthermore, the variety of mechanisms
by which some anti-cancer drugs act mean that there can be
advantages of co-delivery beyond avoidance of efflux pumps in
resistant cell lines.'® These can include directing drugs to
specific intracellular targets to induce apoptotic pathways or
sensitisation of the cell to other cytotoxic processes such as
radiation.'®* There is accordingly a clear rationale for incor-
porating combinations of drugs in carriers for many cancers,
and for breast cancer the specific combination of doxorubicin
and olaparib, in the same nanoparticle. In previous studies it
has been shown that TNBC cells can exhibit altered redox
environments,  with upregulation of  intracellular
glutathione.?* > However, it is also the case that reactive
oxygen species (ROS) can be present in higher concentrations
in TNBC compared to other breast cancer subtypes®® and is
believed to play a pro-tumorigenic role by maintaining the
oncogenic signalling required for proliferation and
survival.>’*® Moreover, increased ROS generation may be
induced therapeutically following radiotherapy, or via the
action of chemotherapy drugs.”>*° Polymer therapeutic and
nanoparticle delivery systems have been designed to exploit
abnormal redox environments in cancer cells by both
reduction-sensitive®' 3* and oxidation-sensitive
chemistries.?**® In this work we have evaluated combinations
of doxorubicin and olaparib, delivered via nanoparticle car-
riers containing an oxidatively-cleavable thioketal group cross-
linking the micellar-like cores, and demonstrate that the for-
mulations retain the advantages of specific drug: drug ratios
in synergistic cytotoxicity in TNBC cell lines.

Results

We set out initially to assess any synergistic or antagonistic
effects of combinations of doxorubicin and olaparib, and then
to encapsulate them in nanoparticulate carriers at ratios
shown to be most active against a series of TNBC cell lines.

Effects of individual drugs on breast cancer cells

The potencies of doxorubicin (DOX) and olaparib (OLA) were
studied in three breast cancer cells (BCC) lines, the luminal
subtype line MCF-7 and the triple negative MDA-MB-231 and
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MDA-MB-468 breast cancer lines. Cells were cultured in stan-
dard 2D models and as 3D spheroid models. Measured drug
potencies (Table 1) showed that in both 2D and spheroid
culture models TNBC lines were relatively less sensitive to DOX
than the luminal breast cancer line (MCF-7), with higher DOX
ICs, values calculated in the latter. In general, OLA was deter-
mined to be approximately two orders of magnitude less cyto-
toxic than the DNA damaging agent DOX in the BCC lines
tested. Comparison of ICs, values between cell cultures
models, revealed that 3D spheroids were more resistant to
DOX and OLA treatment than their 2D cultured counterparts,
in accordance with prior literature;”” DOX demonstrated
approximately 6-fold, 18-fold and 29-fold increased resistance
in MDA-MB-231, MDA-MB-468 and MCF-7 cells respectively,
and OLA 2-fold, 8-fold and 5-fold increased resistance in
MDA-MB-231, MDA-MB-468 and MCF-7 cells respectively,
when comparing 2D to 3D spheroid culture.

Identification of synergistic DOX and OLA combinations

Following the assessment of single drug potency, the effects of
DOX and OLA combinations were evaluated in the three cell
lines over a 48-hour period. Drug combinations were investi-
gated at 5 different molar ratios, and the combination index
(C1) values were calculated for each ratio. In accordance with
the median-effect algorithm established by Chou and
Talalay,*®*° CI values categorise and quantify drug-drug com-
binations at specific ratios as antagonistic (CI > 1.1), additive
(CI=0.9-1.1) or synergistic (CI < 0.9).

The CI results are presented in Fig. 1 as a heat map for
each DOX : OLA ratio and demonstrate that drug-drug synergy
occurred in a molar-ratio dependent manner. In the TNBC
lines (MDA-MB-231 and MDA-MB-468), synergistic efficacy was
observed at molar ratios wherein DOX was the dominant drug
(100:1 and 10:1) or when applied at equal amounts with OLA
(1:1). The highest synergy, as quantified by CI value, was
observed in MDA-MB-231 cells at these ratios. Interestingly,
only an additive effect was elicited at these molar ratios in the
luminal MCF-7 cell line. At higher OLA ratios, antagonist
effects were induced, or, in the case of MDA-MB-468 at 1:10
(DOX:OLA), additive effects. It can be noted that stronger
antagonistic effects, as denoted by increasing CI values, were
induced at the highest OLA ratio 1: 100.

Table 1 Calculated drug ICso values in 2D and 3D spheroid breast
cancer cells. Drugs exposed to cells for 48 hours. Potency assessed via
(2D) Prestoblue metabolic activity and (3D) spheroid ATP levels
measured using CellTiter Glo 3D assay. ICso values calculated via
GraphPad Prism and dose response curves shown in ESI Fig. 1.7 ICso
values presented as mean + S.D

2D cultured cells 3D cultured cells

Cell line Doxorubicin Olaparib Doxorubicin  Olaparib

MDA-MB-231 0.97+0.15uM 101+13uM 55+1.0uM 217 28 uM
MDA-MB-468 0.23+0.14uM 28+50puM 4.1+0.7uM 213 18 um
MCF-7 0.09+0.01 uM 74+21puM 2.6 +0.8uM 343 + 46 uM
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Fig. 1 (A) Combination index (Cl) values (mean + S.D) for DOX and OLA at different molar ratios using Tou and Chalay method for quantification of

synergy.383° Data generated from PrestoBlue metabolic assays following drug combination treatment. (B) Clonogenic survival assay in MDA-MB-231
cells, (C) subsequent dose-response plotting and (D) table of calculated dose modification ratio. Statistical significance tested using two-way
ANOVA and Tukey's multiple comparisons tests (*, p < 0.05; **** p < 0.0001).

These initial observations were made using a metabolic
activity-based assay (PrestoBlue™), and thus to derive further
mechanistic detail, clonogenic survival assays were undertaken
in MDA-MB-231 cells, whereby the capability of a single cell to
form a colony was assessed following single or combination
drug therapy. Levels of cytotoxicity in cells treated with DOX
were approximately three orders of magnitude greater than in
cells treated with OLA, with significant inhibition of colony
formation observed at concentrations >5.0 nM and >2.5 pM
for DOX and OLA, respectively (Fig. 1 and ESI Fig. 27). Molar
ratios 10:1, 1:1 and 1:10 (DOX: OLA) at DOX concentrations
in a range of 0.6-60 nM were then applied and the effects on
colony formation measured. Significantly decreased colony
survival was observed at molar ratios of 1:1 and significantly
increased survival noted at 1:10 when compared to DOX

1824 | Bjomater. Sci., 2024, 12, 1822-1840

alone treatment. Dose modification ratios (DMR) of DOX : OLA
combinations compared to DOX alone indicate an antagonistic
effect with 1:10 combination (DMR < 1), synergistic effects
with 1:1 (DMR > 1), and additive effects with 10:1 (DMR =~ 1).

In order to study DOX : OLA combinations in a more physio-
logically relevant model, 3D spheroids of MCF-7, MDA-MB-231
and MDA-MB-468 were generated. Displayed in Fig. 2 as a heat
map, the CI values of DOX:OLA combinations indicated
similar trends to those observed in 2D cultured cells. Namely,
in MDA-MB-231 and MDA-MB-468 TNBC spheroids, synergy
was observed in molar ratios higher in DOX (100:1 and 10: 1)
or equal drug ratios (1:1), and antagonism induced at higher
OLA ratios (1:10 and 1:100). Again, as with 2D models,
MCF-7 spheroids only demonstrated additive effects (at 100:1,
10:1 and 1:1) or antagonistic effects (1:10 and 1:100). These

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Synergism of DOX: OLA combinations in 3D BCCs spheroid models. (A) Cl values generated following treatment and assaying with CellTiter
Glo 3D probing cellular ATP levels. (B) Micrographs of spheroid morphologies pre- and post-treatment (72 h exposure) and (C) subsequent spheroid
volume analysis. Scale bar is 500 pm and volume change presented as mean + S.D.

observations made in spheroids via ATP level measurement
(CellTiter Glo 3D assay), and subsequent ICs, and CI value cal-
culations, were supported by morphological and spheroid
volume analysis performed via microscopy (Fig. 2).

Apoptosis assessment with caspase activation

Following measurements of drug potency via metabolic activi-
ties and cell survival, the potential of DOX, OLA and
DOX: OLA combinations to induce apoptosis was studied in
MDA-MB-231 cells via the measurement of caspase-3/7 acti-
vation (Fig. 3). DOX applied at a concentration of 10 nM
induced significant caspase-3/7 activation, relative to untreated

This journal is © The Royal Society of Chemistry 2024

control. OLA was shown to require concentrations >10 uM to
induce significant caspase-3/7 activation (ESI Fig. 31). When
solutions of 10 nM DOX were supplemented with either 1 or
10 nM OLA, to represent combination molar ratios of 10:1
and 1:1 (DOX: OLA) respectively, enhanced caspase activation
was observed relative to the single drug controls (Fig. 3A and
B). However, application of 10 nM DOX in combination with
100 nM OLA (representing 1:10 DOX: OLA ratio) resulted in
the abolishment of caspase activation, reducing levels to those
comparable to the vehicle control (Fig. 3C). Indeed, the 1:10
(DOX: OLA) combination was observed to required drug con-
centrations 100-fold higher (1 pM DOX + 10 pM OLA) in order

Biomater. Sci, 2024,12,1822-1840 | 1825
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Fig. 3 Detection of caspase-3/7 activation. MDA-MB-231 cells cultured in 2D manner and incubated with single, combination or the vehicle
control for 24 hours. Levels of caspase-3/7 activation were then probed using CellEvent caspase-3/7 detection reagent. Variations in dosing of OLA
compared to DOX are shown in (A), 1 nm OLA;, (B) 10 nM OLA, and (C) 100 nm OLA. Values normalised to vehicle control. Statistical significance
tested using one-way ANOVA and Dunnett’'s multiple comparisons tests (*, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p < 0.0001). Data presented

as mean + S.D.

to induce levels of caspase activation that were significantly
higher than single DOX treatment (ESI Fig. 31). Together, the
caspase-3/7 activation assays supported the noted molar ratio-
dependency of synergy or antagonism with DOX: OLA combi-
nations observed in 2D and 3D cytotoxicity experiments (Fig. 1
and 2).

Investigation of mechanisms for synergistic drug combination
efficacy

To investigate the mechanism of synergy of the DOX and OLA
combinations, the level of double stranded DNA breaks (DSBs)
was assessed in MDA-MB-231 and MCF-7 cells using the
YH2AX assay (Fig. 4). The data demonstrated that 1 pM DOX
induced significantly increased levels of yH2AX foci, indicating
increased DSBs, compared to the untreated controls for both
cell lines. Treatment with OLA generated significant increases
in yH2AX foci at concentrations of 1 and 10 pM but not for
0.1 pM OLA in both MDA-MB-231 and MCF-7 cells. In MCF-7
cells, DOX and OLA combinations, tested at molar ratios of
10:1, 1:1 and 1:10, did not elicit any significant increases in
YH2AX foci relative to DOX mono-treatment (Fig. 4). Indeed,
only comparable yYH2AX foci numbers were seen at 10: 1 (foci,
38 + 8) and 1:1 DOX: OLA (foci, 39 + 13) combinations com-
pared to DOX (foci, 43 + 15), and a non-significant (P = 0.31),
decrease in foci at the 1:10 combination (foci, 32 + 5).
Together with previously calculated CI values (Fig. 1 and 2),
the yH2AX assay thus indicated that only additive or antagon-
ist effects were induced by DOX and OLA combinations in
MCF-7 luminal breast cancer cells. In MDA-MB-231 cells, sig-
nificant increases in yH2AX foci were observed with DOX and
OLA combinations compared to treatment with DOX alone
(foci, 43 + 7). Notably, a significant increase with 10:1 (foci,
63 + 11; P=0.055) and 1:1 (foci, 89 + 11; P = 0.004) DOX : OLA
combinations, combinations that were previously determined
synergistic via CI calculations (Fig. 1 and 2). The 1:10
DOX:OLA combination, in support with antagonistic CI
values, induced significantly decreased yH2AX foci (foci, 23 +
3; P=0.011) relative to the DOX mono-treatment control.

1826 | Biomater. Sci, 2024, 12, 1822-1840

Investigation of redox species induction via combination drug
treatments

To explore the potential mitochondrial or redox mechanisms
of DOX and OLA combinations, drug induced ROS generation
was studied in MDA-MB-231 TNBC cells (Fig. 5). DOX has been
previously found to increase intracellular ROS generation via
redox cycling and the Fenton reaction.*® In MDA-MB-231 cells
it can be observed that significant increases in ROS, as deter-
mined by the CM-H2DCFA assay, were induced, in an approxi-
mately linear time-dependent manner, within the first
60 minutes of exposure to 1 pM DOX (Fig. 5A). On the other
hand, OLA was observed to induce a transient ROS spike
evident at 15 minutes of exposure which subsided to basal
levels by 30 minutes. The ROS spike appeared to be concen-
tration dependent, with the largest magnitude observed to
approx. 2-Fold basal levels with 10 pM OLA, 1.5-fold with 1 uM
OLA, and a slight, but significant increase to 1.2-fold with
0.1 uM OLA (Fig. 5A). Following the OLA-induced ROS burst at
15 minutes, no further significant increase in ROS was
observed with OLA within a 60-minute time frame. For drug
combination treatments, intracellular ROS profiles demon-
strated aspects of both DOX and OLA in an exposure time-
dependent manner. Notably, for 1 uM DOX with 1 pM OLA or
10 uM OLA (1:1 and 1:10 molar ratios, respectively), the tran-
sient ROS burst at 15 minutes was experienced in a compar-
able manner to OLA alone treatment. ROS levels subsequently
returned to basal levels at 30 minutes, as observed with OLA
treatment, followed by an increase in ROS levels observed at
60 minutes. This latter ROS increase was likely resulting from
the effects of DOX, which in DOX-only treatments increased
ROS at this time point. In DOX : OLA combinations, this DOX-
associated ROS generation at 60 minutes appeared signifi-
cantly lower in DOX combinations with 1 uM OLA or 10 pM
OLA than in DOX alone treatment. Together, the data thus
indicated that OLA might suppress DOX-mediated ROS gene-
ration when applied at these concentrations.

To investigate further, mitochondrial membrane potentials
(AY,,) were studied using a JC-1 assay (Fig. 5B and C). When

This journal is © The Royal Society of Chemistry 2024
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Immunofluorescence microscopy of YH2AX foci as a marker of dsDNA breaks in (A—E) MDA-MB-231 and (F—J) MCF-7cells. Cells exposed to

single dosed DOX (1 uM), OLA (0.1-10 uM) and DOX : OLA combinations for 24 hours. DOX concentration was kept constant at 1 yM and OLA con-
centration ranged from (A and F) 0.1 pM, (B and G) 1 pyM, and (C and H) 10 uM as either single drug or in combination with DOX, to represent
DOX : OLA combinations of 10:1, 1:1 and 1: 10, respectively. Scale bar, 5 ym. (D and I) Foci quantification was performed using ImageJ and data
presented in bar charts (mean + S.D). (E and J) Induced foci per cell data presented for response additivity analysis. Statistical significance tested
using one-way ANOVA and Dunnett's multiple comparisons tests to compare (D and ) treatments to control and, (E and J) summation of single

treatments to combination treatments (*, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p < 0.0001).
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applied as mono-treatment, 1 pM DOX was observed to induce
significant AY;, depolarisation at 60 minutes of drug
exposure. In addition to DOX-mediated DNA damage, overpro-
duction of ROS is known to have detrimental effects on mito-
chondrial processes such as the electron transport chain and
mitochondrial membrane permeability.”” Thus, the DOX-
mediated AY;, depolarisation was likely a consequence of the
observed DOX-associated ROS generation (Fig. 5A). Application

1828 | Biomater. Sci,, 2024, 12, 1822-1840

of 0.1 uM and 1 pM OLA was not observed to induce any altera-
tions in A%,,. However, 10 pM OLA was noted to elicit A¥,,
hyperpolarisation manner, peaking at
5 minutes, with a decreased but still significant hyperpolaris-

in a transient
ation at 10 minutes and a return to baseline levels at
15 minutes of exposure. Interestingly, mitochondrial hyperpol-
arisation has been reported before with PARP inhibition and
associated with conferring mitochondrial protection and cell

This journal is © The Royal Society of Chemistry 2024
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survival.? In the current work, AY,, hyperpolarisation
appeared to precede the OLA-mediated ROS burst, suggesting
both events may be associated, with AY;, hyperpolarisation
potentially driving increased mitochondrial ROS generation,
an event that has been reported elsewhere, albeit under
different conditions.*?

In combinations of DOX and OLA, no significant differ-
ences were observed from the DOX alone treatment. A gradual
AY,, depolarisation was found when either 0.1 pM or 1 pM
OLA were applied alongside 1 pM DOX (Fig. 5B). However,
application of 10 pM OLA with 1 pM DOX, resulted in A¥,
hyperpolarisation at 5 minutes. This effect was similar, albeit
reduced, relative to treatment with OLA alone, and was fol-
lowed by an apparent A¥,, depolarisation at 60 minutes. This
suggested that 10 uM OLA may have conferred some protection
against the AY,, depolarisation mediated by DOX at
60 minutes, an effect likely mediated by the reduced ROS gene-
ration noted with this combination at 60 minutes. Taken
together, these data suggested that antagonism, observed in
combinations where DOX < OLA (i.e. 1:10, 1:100), may have
resulted from OLA-mediated mitochondrial protection. This
phenomenon we associate with A¥,,, hyperpolarisation, a con-
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sequent ROS spike, and ultimately a suppression of DOX-
mediated ROS generation.

Nanoparticle formulation and uptake in BCCs

It has been suggested that some combination therapies may
be enhanced by co-delivery of the therapeutic agents by a
single carrier, so that variations in the individual pharmacoki-
netic profiles of the drugs can be avoided and simultaneous
intracellular dosing achieved by the delivery agent. Thus, to
investigate any synergies of drug combinations delivered intra-
cellularly, we chose to prepare polymeric nanoparticles as
delivery vehicles for the drug combinations. For the architec-
tures and chemistries of the carriers, we selected micellar-like
nanoparticles, employing a poly(ethyleneglycol) component to
provide colloidal stability and reduce protein adsorption, and
a mixed poly(p,L-lactide-co-2-azidocaprolactone) block with the
pendant azide groups installed (Fig. 6) to enable facile core-
cross-linking via click chemistries.** The synthetic strategy was
adapted from that which we used for reduction-responsive
polymers for docetaxel delivery in TNBC,* but in this case we
prepared an oxidatively-sensitive dithioketal®> between the
cross-link points to replace the disulfide linker we employed

OH DCC DCM

0
"’J%\ s *Tu CH;/O{“/O}\/O e I . 01 H
N-N N-N
N N
ROS
—
0,/ H,0

Fig. 6 Synthetic scheme for the preparation of ROS-responsive nanoparticles. A bis(alkynyl) thioketal cross-linker is reacted with mPEG-poly
(lactide-co-poly(azido-caprolactone)) in the presence of DOX and OLA to form drug-loaded nanoparticles designed to release payload in the pres-

ence of reactive oxygen species (ROS).

This journal is © The Royal Society of Chemistry 2024
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previously. The oxidation-cleavable cross-linker (DTK, Fig. 6)
was chosen with a view to potential subsequent application in
radiation-treated cells, as first-line interventions for breast
cancer usually involve radiotherapy.*°

In addition, to enable intracellular tracking of the NPs via
microscopy, Cy5-tagged NPs were prepared via reaction of ~1%
of the azide groups on the polymeric back bone with alkyne-
functional Cy5 fluorophore. ‘Core’ cross-linking of the poly-
mers was carried out in a similar way, in this case by reacting
the azide-groups with 3,3'-(propane-2,2-diylbis(sulfanediyl))bis
(N-(prop-2-yn-1-yl)propanamide) pre-mixed with/without DOX
and OLA in DMSO, with a solution of ascorbic acid followed by
copper sulphate in water under a nitrogen atmosphere.
Extensive extraction with EDTA solutions was used to remove
copper ions which might otherwise be toxic to the cells. The
resultant cross-linked polymer nanoparticles were sufficiently
colloidally stable that they could be freeze-dried, and when
resuspended in water, exhibited diameters of 120-130 nm
(Table 2). By varying amounts of drugs in the ‘feed’ solutions
in DMSO, it was possible to encapsulate combinations of
DOX:OLA at various ratios. However due to the variability
associated with encapsulating two drugs with distinct physio-
chemical properties, formulating the exact ratios used in
initial studies (10:1, 1:1, 1:10) was technically challenging.
The exact determined DOX:OLA ratios in the prepared NPs
were 13:1 (as the closest ratio to 10:1), 1:1.2 (~1:1) and
1:15 (as the closest to the desired 1:10). Previous in vitro CI
synergy assessments (Fig. 1 and 2) demonstrated comparable
synergistic effects at 100:1 vs. 10:1 and comparable antagon-
istic effects at 1:10 vs. 1:100, thus a degree of variation from
the exact desired ratios was deemed acceptable. For simplicity
these are hereby referred to as their approximate, rounded
ratios, however it should be noted that all in vitro studies use
for control comparison unformulated counterparts at their
‘exact’ ratio (13:1,1:1.2 and 1:15).

In the absence of oxidative conditions, the polymer NPs
were stable for up to 24 h under the conditions used for cell
culture, and did not markedly alter in size or polydispersity
when stored at 4 °C (Fig. S47), but incubation of the polymer
NPs with hydrogen peroxide solutions resulted in the rapid
loss of discrete particles as evidenced by poor correlation func-
tions in DLS, indicating particle breakdown via the oxidising
species (Fig. S5T). We chose a hydrogen peroxide solution at
much higher concentrations (50 pM) than the reactive oxygen

Table 2 NP formulation details and characteristics. Drug loadings
varied from 3-3.7 weight percent across the formulations

Drug Particle  Polydispersity
Formulation combination size, nm index
mPEG-b-PLA-PCL-DTK1 — 129 0.05
mMPEG-b-PLA-PCL-DTK 2 DOX:OLA13:1 124 0.27

(10:1)
mPEG-b-PLA-PCL-DTK 3 DOX:0OLA1:1.2 119 0.06

(~1:1)
mPEG-b-PLA-PCL-DTK 4 DOX:OLA1:15 111 0.10

(1:10)
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species (ROS) present in normal tissue, but which we reasoned
might occur transiently in localised areas of high oxidative
stress in cancer cells. Indeed, measurement of ROS levels in
breast cancer cell lines using the general oxidative stress indi-
cator probe CM-H2DCFDA indicated raised levels of oxidative
species in the cancer cell lines (Fig. S61). Incubation of cross-
linked and non cross-linked polymer NPs, and those prepared
with a non-degradable cross-linker,** indicated no loss of
metabolic activity in MCF-7, MDA-MB-231 and MDA-MB-468
cells, and no evidence of membrane disruption in the absence
of encapsulated drugs (Fig. S71). These experiments suggested
that any effects observed in TNBC cells treated with polymer
NPs containing drugs would not be due to activities of the car-
riers, but only the drugs.

The internalisation of NPs was studied in breast cancer
cells (Fig. 7). For these initial studies we prepared non-drug
loaded Cy5 labelled NPs (Cy5-NPs) by mixing a labelled
mPEG-PLA-PCL polymer, in which a proportion of the azide
groups were reacted with Cy5 alkyne, with the mPEG-PLA-PCL-
azide prior to cross-linking with the dithioketal. Particle sizing
for these NPs was problematic due to absorbance by the Cy5
label close to the laser wavelength of the light scattering
instrumentation, but we reasoned that the sizes and charges
would be representative of the ‘parent’ cross-linked polymers
as the preparation methods were largely the same.*®
Fluorescence microscopy images demonstrated the uptake and
intracellular accumulation of the Cy5-NPs in MCF-7,
MDA-MB-231 and MDA-MB-468 cells (Fig. 7A). Image analysis
and Cy5-NPs signal quantification revealed that NP internalis-
ation was time-dependent and comparable between cell lines at
0.5 h (Fig. 7B). However, it was found that at 1 h and 2 h, NPs
uptake was approximately 2-fold higher in MCF-7 relative to
MDA-MB-231 and MDA-MB-468 lines, with the latter two TNBC
lines exhibiting similar levels of internalised NPs. Furthermore,
the use of Lysotracker dyes enabled the extent of co-localisation
of the NPs with active lysosomal compartments to be measured
at the 2 h timepoint (Fig. 7C). The Pearson correlation coeffi-
cient (PCC) values for NP-Cy5 and Lysotracker labels in
MDA-MB-468 and MDA-MB-231 cells at 2 h were 0.58 + 0.07 and
0.64 + 0.10, respectively, indicating that a proportion of the NPs
were external to lysosomal compartments by this time.

Following confirmation that Cy5-NPs were readily interna-
lised, the uptake of drug combination loaded NPs were
studied. Fluorescent cell imaging was used to demonstrate
that the drug-loaded NPs (mPEG-b-PLA-PCL-DTK 3 formu-
lation; Table 1) were endocytosed and by monitoring the fluo-
rescence of DOX it was possible to show the accumulation of
DOX in breast cancer cell nuclei when administered either as
free drug or in a polymer NP formulation (Fig. 8).

Image analysis and DOX signal quantification indicated
increased DOX delivery via NPs to MCF-7 and MDA-MB-468
cell lines relative to free DOX (Fig. 8D). Moreover, the NPs’
enhancement of DOX delivery was higher in MCF-7 cells com-
pared to MDA-MB-231 and MDA-MB-468, an observation likely
linked to the overall increased Cy5-NPs uptake noted in MCF-7
cells (Fig. 7) and the increased basal ROS levels in this cell line

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 NP-Cy5 uptake characteristics. (A) NP uptake in BCCs following 0.5, 1 and 2 hours incubation. Scale bar is 50 pm. Magnified sections high-
lighted with white box are shown underneath. (B) Quantification of NP-Cy5 uptake images. Fluorescent unit (FU) ratio calculated via Cy5 signal nor-
malisation to Hoechst nuclear signal. Data presented as mean + S.D. (C) Lysosomal accumulation of NPs following 2 hours incubation. Staining of
lysosomes performed with Lysotracker Green. Scale bar is 20 pm. White triangles indicate co-localisation of NP and lysosome signal. Statistical sig-
nificance between cell lines tested using one-way ANOVA and Dunnett’s multiple comparisons tests (*, p < 0.05; **, p < 0.005).

relative to TNBC lines which may facilitate increased DOX
release from NPs (Fig. S61). These differences in DOX accumu-
lation may also have been due to the different entry mecha-
nisms for the free drug, via organic cation transporters,*”*®
and the polymer carriers which were likely internalised
through a range of clathrin-dependent and clathrin-indepen-
dent pathways.*’

The effects of DOX : OLA combination NPs were then evalu-
ated in triple negative breast cancer spheroids (Fig. 9 and
Table 3). The data demonstrated that increased potency was
observed with NPs delivery of the DOX:OLA combinations
relative to the unformulated combinations at the corres-
ponding molar ratios. It can be noted that the enhanced
potency with NPs was most prominent with combination
molar ratios of 10:1 (DOX:OLA), with a 2.3 and 2.1-fold

This journal is © The Royal Society of Chemistry 2024

increase observed in MDA-MB-468 and MDA-MB-231 cells,
respectively (Table 3). NPs containing a DOX : OLA ratio of 1: 1
induced 1.9 and 1.7-fold increases in potency relative to unfor-
mulated combinations in MDA-MB-468 and MDA-MB-231
cells, respectively. No substantial change in potency was noted
between NP formulations and unformulated control combi-
nations with the previously determined antagonistic ratio of
1:10 in both cell lines tested.

Discussion
Molar ratio-dependent effects

The data gathered here demonstrates that combinations of
DOX and OLA can generate synergistic or antagonistic effects

Biomater. Sci, 2024,12,1822-1840 | 1831
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Fig. 8 Doxorubicin delivery in BCCs using NPs. (A—C) Fluorescent micrographs of free doxorubicin and NP-doxorubicin. Doxorubicin treatments
applied at 10 pM for 4 hours, followed by counter-staining with DAPI nuclear stain (blue), and PFA-fixation. Scale bars are 20 pM. (D) Quantification
of intracellular DOX via fluorescence imaging ratioed across doxorubicin and DAPI signals. The NP-Dox formulation studied is mPEG-b-

PLA-PCL-DTK 3 (Table 1).

in a manner dependent on the molar ratio applied. Thus, for
excess DOX (100:1, 10:1) or equal (1:1) ratios, there were
synergistic effects in terms of cytotoxic activity, whereas for
excess OLA ratios (1:10, 1:100) there were antagonistic
effects. Similar molar ratio dependent activity with these drugs
has been observed previously in ovarian cell lines.”® These
observations were consistent across both 2D and 3D in vitro
models and with the range of assays conducted (Fig. 1 and 2,
respectively). In 2D models, metabolic activity testing, used for
ICs0 and CI value calculation, was supported with colony survi-
val studies, the latter testing effects on cell proliferation and
colony formation over a series of cell generations. Similarly, in
3D spheroid models, IC5o and subsequent CI value determi-
nation assessed with ATP measurement (CellTiter Glo assay),
correlated with spheroid morphology and size changes follow-
ing drug treatment. Moreover, varying molar ratios of the
drugs in combination were studied, as combination synergy
and effects are known to be dependent on molar ratios in
addition to distinct drug mechanism of actions.’*>!

Luminal vs. triple negative breast cancer

Single treatment with OLA induced DNA damage and cell
killing in both MDA-MB-231 and MCF-7 cells (Table 1 and

1832 | Biomater. Sci,, 2024, 12, 1822-1840

Fig. 4); interestingly, however, the synergistic effects with DOX,
including increased cell death and enhanced DNA damage,
were manifest only in triple negative cell lines, and not in the
luminal MCF-7 breast cancer cell line (Fig. 4). Further work is
required to establish the reasons for this difference; however,
it may be hypothesised that the DNA damage response associ-
ated with DOX treatments, even though this is not a primary
mode of action for DOX, may differ between TNBC and
luminal breast cancer, thus resulting in differential sensitis-
ation of DOX by OLA treatment. Moreover, homologous recom-
bination (HR) alterations or deficiencies in TNBC cells®*™*
may further limit available repair mechanisms following DOX
insult when combined with PARP inhibition (via OLA) and
play a role in the synergy observed here. Indeed, several clini-
cal trials are investigating PARP inhibition with OLA to induce
synthetic lethality in HR deficient TNBC.>>>® A potential
further explanation of differential DOX/OLA synergy across
TNBC and luminal breast cancer cells may be centred around
distinct regulation of the transcription repressor Snail, a
protein associated with cancer cell survival and EMT.
Treatment of MDA-MB-231 cells with DOX in combination
with a PARP-inhibitor resulted in an increase in apoptosis
compared to cells treated with DOX alone at the same dose.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Cytotoxicity testing of combination NPs. (A) Potency of 10:1, 1:1 and 1:10 DOX: OLA combination NPs in (A) MDA-MB-231 and (B)
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DOX : OLA molar ratio and calculated ICsq values (uM) are displayed in Table 3. Treatments applied for 72 h and assessed for cellular ATP levels using
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DOX induced significant increases in Snail expression in
several breast cancer cell lines but inhibition of PARP-1 with
the investigational compound ABT-888 reduced DOX-induced
Snail expression, leading to subsequent increases in apoptotic
cell death in these cases.>® In addition, several reports have
demonstrated that cancer cells undergoing epithelial-
mesenchymal transition (EMT) exhibit enhanced multidrug

This journal is © The Royal Society of Chemistry 2024

resistance.®"®® In ERa-positive cells, such as MCF-7 cells, re-
sistance to DOX has been reported via DOX-induced upregula-
tion of EMT-associated transcription factors, a mechanism
shown to be absent in ERa-negative mesenchymal-like cells
(MDA-MB-231 and MDA-MB-468).°* DOX treatment is also
reported to induce expression of differing EMT-related pro-
teins (E-cadherin, N-cadherin) in ER positive (MCF-7) and
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Table 3 Calculated ICsq values (uM) of NP combinations and unformu-
lated controls in MDA-MB-231 and MDA-MB-468 3D spheroids.
Relevant dose-response graphs shown in Fig. 8. Data presented as
mean + S.E.M. Nota bene drug ICsq values calculated via exact combi-
nation ratios (Table 2)

Control Nanoparticles
IC50 DOX (OLA) IC5o DOX (OLA) Fold-increase
MDA-MB-231
10:1 3.28 +0.24 (0.25 + 0.02) 1.59 +0.16 (0.12 £ 0.02) 2.1
1:1 8.63 + 0.25 (10.3 + 0.25) 5.02 + 0.42 (6.02 + 0.42) 1.7
1:10 7.55+0.14 (113 +1.43)  5.84 +0.27 (87.6 £2.71) 1.3
MDA-MB-468
10:1 2.91 +0.15 (0.22 + 0.02) 1.26 +0.12 (0.10 £ 0.01) 2.3
1:1 7.20 £ 0.54 (8.64 £ 0.54)  3.76 +0.03 (4.51 £0.03) 1.9
1:10  5.80+0.50 (87.0 £5.04)  6.45 + 0.29 (96.8 +2.91) 0.9

negative (MDA-MB-231, MDA-MB-468) cells, while OLA and
other PARP inhibitors have been reported to reduce EMT.% It
is thus possible that the observed synergistic effects seen in
our studies with DOX and OLA arose from a combination of
enhanced apoptosis and reduced chemoresistance at specific
dose ratios. However, antagonistic effects of the drug combi-
nations, observed with cell viability assays (Fig. 1 and 2) were
apparent also in MCF-7 cells. This suggests that the OLA-
mediated mitochondrial effects noted in triple negative
MDA-MB-231 cells (Fig. 5) may also be occurring in MCF-7
cells, although further assays would be required to validate
this hypothesis.

Mechanisms of synergistic anti-cancer activity

Induction of DNA double-strand breaks was assessed using
immunostaining for the yH2AX foci.®® In the TNBC line,
MDA-MB-231, significantly more yH2AX foci were observed
with the synergistic combination ratios of 10:1 and 1:1
(DOX: OLA) compared to either drug as monotherapy (Fig. 4).
At the antagonistic 1:10 (DOX:OLA) ratio, significantly
decreased yH2AX foci were noted relative to the DOX mono-
therapy. Furthermore, at this antagonistic ratio foci numbers
were not significantly different relative to those induced by
OLA at the corresponding combination concentration (10 pM).
Together, these observations suggest that the DNA damaging
effects of DOX can be enhanced via OLA-mediated inhibition
of PARP associated DNA repair and subsequently increase
apoptosis and cell death. DOX is known to intercalate with
DNA and inhibit topoisomerase II, in turn preventing DNA
unwinding during transcription to halt DNA replication.®” In
addition to topoisomerase II poisoning via trapping topoi-
somerase II at cleavage sites, DOX has been suggested to
induce anticancer activity through inducing DNA strand break-
age, either directly through DNA torsion resulting from inter-
calation®® or indirectly via the generation of ROS and sub-
sequent oxidative stress.”” We have observed these mecha-
nisms of DNA damage and generation of ROS in the current
study (Fig. 4 and 5, respectively) and surmise that they may be
responsible for the demonstrated synergy with the PARP1

1834 | Biomater. Sci,, 2024, 12,1822-1840

View Article Online

Biomaterials Science

inhibitor OLA. PARP1 is involved in various DNA damage
responses’® and during the DNA repair process OLA inhibits
PARP activity through trapping the enzyme at damaged DNA
sites, subsequently preventing repair and additionally indu-
cing DNA lesions through collision and collapse of replication
forks.”*

The use of high OLA concentrations appears however to
abrogate DOX-induced DNA damage and this phenomenon
may be driven in some part via mitochondrial-associated pro-
cesses whereby DOX-induced ROS is reduced and mitochon-
drial membrane potential protected (Fig. 5). The current work
investigated simultaneous application of drugs, reflecting how
co-encapsulated drugs would be delivery via nanoparticles,
however it is hypothesised synergy may be improved with a
regime involving OLA pre-treatment prior to DOX in order to
achieve pre-sensitisation.”

Nanoparticle uptake and potency

The increased potency of the NPs relative to unformulated
combinations may be a result of increased drug delivery, as
observed in Fig. 8. This observation of increased drug uptake
was based on quantification of DOX, owing to its inherent
fluorescence, and the enhanced delivery of this drug alone
may have been responsible for the increased potency observed.
DOX is a small molecule and can be rapidly transported into
cells and enter its target site of action (nuclei) by organic
cation transporters and also passive diffusion. Dox-loaded NPs
rely however on endocytosis for cell internalisation and subse-
quence drug release prior to entry into the nuclei. Uptake of
DOX into the cell nuclei is critical due to the mechanism of
action for this molecule which involves intercalation with DNA
to induce cell death. Previous reports indicate that this can be
hindered by incomplete DOX release from particles, and this
is typically associated with DOX-conjugates*®’® and nonre-
sponsive NPs with high stability in the cellular
environment.”>”7® On the other hand, responsive polymeric
materials for NP delivery of DOX have been shown to generate
increased nuclear DOX delivery.”>’® Our studies using Cy5-
NPs demonstrate rapid NP cellular uptake within 1 h and pres-
ence of the cytoplasmic Cy5-NP signal (Fig. 7). Moreover, this
is coupled with DOX-NPs at 2 h showing increased DOX deliv-
ery relative to the free drug and a nuclear DOX localisation
(Fig. 8). Thus, in the current work the use of oxidative-respon-
sive materials to aid drug release alongside the rapidly interna-
lised NPs are together likely responsible for the increased DOX
delivery observed.

A number of studies have demonstrated that the use of car-
riers for anti-cancer drugs can improve efficacy in vitro and/or
therapeutic window in vivo compared to the free drugs, attribu-
table to different internalisation mechanisms in vitro and also
altered pharmacokinetic parameters in vivo.”” %° Although the
full details of the endocytic mechanisms for the NPs in this
study are not yet known, polymers of similar composition and
size were internalised by both clathrin-and caveolin-mediated
pathways in a range of breast cancer cells,” and thus it is
likely that these polymers entered by similar routes.

This journal is © The Royal Society of Chemistry 2024
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However, it can be hypothesised that OLA delivery is also
enhanced with NP formulation, as OLA is subjected to similar
drug resistance efflux pumps as DOX, which may be overcome
via NP-mediated endocytosis.®" Interestingly, NP formulation
of a 1:10 DOX: OLA combination resulted in a non-significant
effect on potency. The reasons for this are unclear but may be
related to the antagonistic effects (mitochondrial protection;
Fig. 5) of high OLA concentrations. The theorised increased
OLA delivery, and thus increased OLA intracellular accumu-
lation with NP formulation, may be subsequently enhancing
mitochondrial-mediated cell survival and protection from DOX
cytotoxicity.

It is further possible that the more “DOX-rich” nano-
particles operated via a self-catalytic mechanism, in which any
initial release of DOX caused the production of ROS species
which in turn helped to cleave the oxidation-sensitive cross-
links in the NPs, thus releasing more DOX. Confirming such a
hypothesis would require in situ sensing of ROS generation,
which is beyond the scope of this initial investigation, but the
observation of enhanced combination potency of synergistic
ratios (10:1 and 1: 1) of these drugs in a responsive NP formu-
lation suggests a potential advantage for these systems in
future clinical practice. The differing pharmacokinetics of
DOX and OLA when administered as free drugs mean that sim-
ultaneous delivery to target cells may be difficult to achieve,
and thus tumours will be exposed to a range of drug:drug
ratios, some of which will be antagonistic. In principle, main-
tenance of synergistic combination ratios is inherently simpler
when the drugs are incorporated within the oxidation-respon-
sive nanoparticles, as release will occur only on cleavage of the
thioketal link. In practice, it may be that esterase activity
in vivo also degrades the NPs to accelerate drug release, but
such processes should be slower than those of cross-linker
cleavage mediated NP breakdown, thus the systemic release of
drug from these NPs is still less likely than the intended intra-
cellular release.

Conclusions

In summary, we have shown that specific ratios of a topoi-
somerase II inhibitor and a DNA-damage repair inhibitor can
exhibit potent and synergistic cytotoxicity in triple negative
breast cancer cells in both 2D and 3D cultures. We suggest
that the overall effects of the drugs are not simply additive and
may arise from a range of different mechanisms, including a
potential role of DOX in DNA damage in addition to its well-
established topoisomerase II activity. In combination with
OLA this resulted in an increase in DNA strand breakage,
apoptosis, and cell death in TNBC cell lines. Furthermore,
delivery via a polymeric carrier with an oxidation-sensitive
cross-linker resulted in a further increase in cytotoxicity in 3D
spheroids at specific drug: drug ratios, which we suggest is a
function of the different entry mechanisms for small molecule
drugs compared to nanoparticles. These experiments thus
establish a further rationale for drug:drug combinations in
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breast cancer therapies, the use of nanoparticle formulations
to enable controlled delivery of specific synergistic drug ratios
and the potential advantages of responsive nanoparticle car-
riers for co-delivery of these agents.

Materials and methods
Materials

Standard reagents, solvents monomers and other materials for
chemical synthesis were purchased from Sigma-Aldrich or
ThermoFisher. High glucose DMEM (phenol red free, cat. #
31053-028) was acquired from Gibco (Life technologies). High
glucose DMEM (cat. # D6546), Trypsin-EDTA (cat. # T3924),
foetal bovine serum (FBS, cat. # F7524), penicillin-streptomy-
cin antibiotic solution (10000 U penicillin and 10 mg mL™"
streptomycin, cat. # P0781), r-glutamine (200 mm, cat. #
G7513) and DMSO (cat. # D2438) were purchased from Sigma-
Aldrich. Hoechst 33342 (cat. # H1399) and Presto Blue 10x
solution (cat. # A13262 100 mL) were acquired from Invitrogen.
Cy5 alkyne was purchased from Sigma-Aldrich.

Monomer, cross-linker and polymer synthesis

Synthesis of a-chloro-e-caprolactone. The chlorocaprolac-
tone monomer was made by a previously reported route,** and
characterisation data were consistent with those in prior litera-
ture for this compound.®

Synthesis of 3,3'-(propane-2,2-diylbis(sulfanediyl))dipropio-
nic acid. 3-Mercaptopropionic acid (8.52 g, 6.99 mlL,
80.3 mmol) and a catalytic amount of trifluoroacetic acid (TFA,
34 pL) were dissolved in acetone (3 mL, 41 mmol). The
mixture was stirred at room temperature for 8 h. Then the
resultant white precipitate was filtered and washed with
hexane and cold water. The white product was obtained with a
yield of 90%.

'H NMR (300 MHz, CDCl,): 6 2.91 (m, 2H), 2.68 (m, 2H),
1.60 (s, 6H).

Synthesis of 3,3'-( propane-2,2-diylbis(sulfanediyl))bis(N-
(prop-2-yn-1-yl)propanamide). The dithioketal product 3,3'-
(propane-2,2-diylbis(sulfanediyl))dipropionic ~ acid (1 g,
3.96 mmol) was dissolved in dichloromethane (50 mL) and the
solution cooled in an ice-water bath while stirring. Then HoBT
(105 mg, 0.79 mmol) dissolved in a minimum amount of DMF
was added, followed by propargylamine (0.87 g, 15.8 mmol)
and DMAP (0.96 g, 7.92 mmol). A solution of EDC (2.27 g,
11.9 mmol) in dichloromethane was added dropwise to the
reaction mixture at 0 °C, after which the reaction was allowed
to warm up to room temperature and stirring was continued
overnight. The reaction mixture was washed thoroughly with
0.5 M HCI, aqueous saturated NaHCO3, and brine, then dried
over Na,SO, and the solution concentrated by rotary evapor-
ation. The desired product was recovered following silica-gel
flash-chromatography using hexanes and acetone as the
eluent.
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Polymer synthesis

Synthesis of mPEG-b-poly(p,i-lactide-co-aCleCL) diblock
polymer. This polymer was synthesized by a previously
reported route with minor modifications.** p,i.-Lactide (1.00 g)
and chloro-e-caprolactone (1.03 g) were transferred into a flask
containing mPEG5000 (5.00 g) which was previously dried by
azeotropic distillation with anhydrous toluene. The contents
were heated at 90 °C and solubilized with 10 mL of anhydrous
toluene added into the sealed flask under nitrogen atmo-
sphere. At this moment, Sn(Oct), (0.002 g) was added and the
reaction was left to proceed at 90 °C for 24 h under stirring.
Afterwards, the reaction was cooled to room temperature. The
product was dissolved in dichloromethane and precipitated in
diethyl ether. It was then filtered and dried under reduced
pressure until constant weight was achieved. A white powder
was obtained in a 75% yield. "H NMR (400 MHz, CDCl;, § in
ppm): 8 5.20 (d, J = 6.0 Hz, 5H), 4.28 (dd, J = 37.1, 17.4 Hz,
10H), 3.67 (s, 320H), 3.41 (s, 2), 2.07 (d, J = 40.1 Hz, 7H),
1.67-1.41 (m, 35H).

Synthesis of mPEG-b-poly(p,L-lactide-co-a-N;-e-caprolac-
tone). An aliquot of mPEG-b-poly(p,L-lactide-co-a-Cl-e-caprolac-
tone) (1.00 g) was transferred into a flask and dissolved in
DMSO (3 mL). Subsequently, sodium azide (0.088 g) was care-
fully added, and the reaction was allowed to proceed for 24 h
at room temperature. The product was dissolved in a small
amount of dichloromethane and extracted with diethyl ether
to remove DMSO before filtering. The reaction product was
then dissolved in toluene and centrifuged to remove the in-
soluble salts followed by the precipitation of the polymer in
diethyl ether. The obtained functionalised copolymer was fil-
tered and dried under reduced pressure until constant weight
was achieved. A pale-yellow powder was obtained in a yield of
0.80 g, (80%). '"H NMR (400 MHz, CDCl;, § in ppm): 6
5.37-5.08 (m, 2H), 4.45-4.08 (m, 2H), 3.67 (s, 133H), 3.40 (s,
1H), 1.70 (d, J = 31.0 Hz, 11H), 1.67-1.40 (m, 10H).

Synthesis of Cy5-labelled mPEG-b-poly(p,p-lactide-co-o-N;-¢-
caprolactone). Briefly, azide-functional copolymer (110 mg,
0.016 mmol) and Cy5-alkyne (10 mg, 0.0179 mmol) were
added into a flask and dissolved in DMSO (2 mL). An ascorbic
acid solution (265 pL of 25 mg mL™") was added, and the reac-
tion was purged with nitrogen and left stirring. Afterwards,
CuSO, (520 pL of 10 mg mL™" solution) was added into the
flask and the reaction was allowed to stir overnight at room
temperature. EDTA was added (19.04 mg, 0.065 mmol per 2 eq.
vs. Cu) and the polymer was purified by dialysis to remove any
unreacted dye. Subsequently, the labelled polymer was frozen
and lyophilised. The conjugation efficiency was determined by
fluorescence spectroscopy.

Drug-loaded nanoparticles preparation

For a typical preparation, mPEG-b-poly(p,p-lactide-co-a-Nze
caprolactone) polymer (100 mg, ~0.0015 mmol), 3,3'-(propane-
2,2-diylbis(sulfanediyl))bis(N-( prop-2-yn-1-yl)propanamide)

(3.8 mg, 0.012 mmol), with doxorubicin and olaparib in the
desired molar ratios (10:1, 1:1, 1:10), were dissolved in
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DMSO (3 mL) and stirred or sonicated until completely dis-
solved. A solution of ascorbic acid (0.58 mg, 0.0029 mmol) in
double-distilled water (10 mL), previously degassed with argon
bubbling, was added dropwise via a syringe pump to the
DMSO with vigorous stirring followed by copper(u) sulphate
(0.47 mg, 0.0029 mmol) in 3 mL double-distilled water. The
vial was flushed with argon while stirring at 37 °C, and the
reaction was stirred overnight at 37 °C. The copper sulphate
and non-entrapped drugs were removed via dialysis against
double-distilled water containing EDTA (in excess relative to
the amount of copper added) for 24 h at room temperature.
Total drug loadings varied between 3-3.7 wt%, as determined
by HPLC methods.

Quantification of drug loading in NPs

Standard curves for doxorubicin and olaparib were prepared
using British Pharmacopoeia (BP) Reference Standards for
both drugs, and dual standards were made to quantify two
drugs together. Stock standards of DOX and OLA were pre-
pared in DMSO at a concentration of 1 mg mL™", and then
working standards of combined DOX and OLA were prepared
using a diluent similar to the mobile phase at time of injection
(see below). The concentration of each drug in the standards
was 50, 25, 10, 7.5, 2.5, 1 and 0.5 pg mL™"; separate working
standards of DOX and OLA were prepared at 10 ug mL ™" in the
diluent (80:20, water/ACN, pH 6.8) for comparison. Polymer
samples were prepared by resuspending the dried sample
(typically 3.5 mg) in 1 mL diluent with sonication and vortex-
ing. The resultant solution was filtered through a 0.25 pm
filter tip to remove any remaining polymer. OLA and DOX con-
centrations were determined on an Agilent Technologies 1200
Series HPLC system using an ACE Excel 5 C18 column (250 x
4.6 mm id) maintained at 25 °C. A gradient mobile phase of
10 mM sodium phosphate buffer (pH = 6.8) and acetonitrile
was employed at a flow rate of 1 mL min~'. 80% aqueous
buffer was applied for 5 minutes, linearly decreased to 40%
over 15 minutes, before returning to initial conditions over
2 minutes and holding for a further 8 minutes. For OLA, the
eluent was monitored using a variable wavelength detector at
254 nm with a peak eluting at a retention time of
15.0 minutes, while for DOX detection, a fluorescence detector
at 485/590 nm (ex/em) and a peak eluted at a retention time of
14.1 minutes.

Cell culture

All cells were purchased from the American Type Culture
Collection (ATCC; Manassas, Virginia). MDA-MB-231, MCF7
and MDA-MB-468 cells were used in a passage window of 15
and cultured in DMEM (Sigma-Aldrich) supplemented with
10% (v/v) foetal bovine serum (FBS; Sigma-Aldrich) and 2 mM
t-glutamine. Culture conditions were maintained at 37 °C with
5% CO, and 90% relative humidity.

Cytotoxicity experiments

Drug and nanoparticle potency in 2D cultured cells was evalu-
ated with the PrestoBlue cell viability assay (Thermo Fisher

This journal is © The Royal Society of Chemistry 2024
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Scientific). All cell types were seeded at a density of 1 x 10*
cells per well in a 96 well plate and cultured for 24 hours prior
to assaying. Doxorubicin and Olaparib were exposed to cells
for 48 hours applied in 100 pL phenol red free DMEM contain-
ing 10% (v/v) FBS. Triton X-100, applied at 1% (v/v) in phenol
red free DMEM, was used as a cell death (positive) control and
a vehicle control containing no drug used as a negative
control. Following exposure, cells were washed twice with PBS
and 100 pL 10% (v/v) PrestoBlue reagent diluted in phenol red
free medium applied per well for 60 min at 37 °C. The result-
ing fluorescence was measured at 560/600 nNM (Aex/Aem)-
Relative metabolic activity was calculated by setting values
from the negative control as 100% and positive control values
as 0% metabolic activity.

3D spheroid assays

Corning 7007 ultra-low attachment (ULA) 96-well round
bottom plates were used to culture the 3D spheroids.
MDA-MB-231 and MDA-MB-468 cells were seeded at 2000 cells
per well in the presence of Cultrex basement membrane
extract (Cultrex-BME, 100 pg mL™"), and MCF-7 cells seeded at
5000 cells per well in the absence of extract. The plates were
centrifuged at 300 RCF for 5 min and cultured for 3 days until
spheroid formation was confirmed by visual inspection. For
dosing, drugs and drug loaded nanoparticles were applied in
phenol red free DMEM containing 10% (v/v) FBS and incu-
bated with spheroids for 72 hours. Spheroid volume analysis,
from images obtained with a Nikon Ti Eclipse inverted micro-
scope, utilized an open source macro for the Fiji distribution
of Image] written by Ivanov et al.®® Cellular ATP levels were
measured as a proxy of spheroid viability, after 72 hours treat-
ment incubation using the CellTiter-Glo 3D assay (Promega).
In these experiments, 150 pL of cell culture media was
removed per well and 50 pL CellTiter-Glo 3D reagent added to
the remaining 50 pL well volume. The contents of the plate
were mixed vigorously for 5 minutes, and the plate was incu-
bated for 25 minutes at room temperature. Following this
luminescence was measured on a Tecan Spark 10M plate
reader using an integration time of 5000 ms.

Calculation of combination index (CI) values

CI values were determined using the widely established Chou
and Talalay method.*®*® To determine each CI value, cyto-
toxicity studies performed in either 2D or 3D spheroid BCC
culture were conducted on (A) DOX applied as a single drug,
(B) OLA as a single drug and (C) DOX: OLA combinations at a
series of molar ratios. IC5, values were subsequently calculated
and CI values determined for each combination based on the
Chou and Talalay formula, where Dgp, is the ICs, concentration
of DOX, Dgg is the IC5o concentration of OLA, D¢y is the ICsq
concentration of DOX in combination with OLA and D¢ is the
1C;5, concentration of OLA in combination with DOX.

DcpDco

_ Dcp
DspDso

~ Dsp

Dco
Dso

CI
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Using this method, CI values indicate synergy (<0.9), addi-
tive effect (0.9-0.1) or antagonism (>1.1).>**° Graphpad prism
(v7.05) was used to generate a heatmap using a three-colour
system based on synergy represented by green, additive effects
by yellow and antagonism by red.

Clonogenic cell survival assays

MCF-7 and MDA-MB-231 cells were seeded into 12 well plates
at a density of 6 x 10" cells per well and cultured for 24 hours
prior to treatment. Cells were exposed for 24 hours to doxo-
rubicin (0.6-60 nM), olaparib (0.3-10 puM) or doxorubicin/ola-
parib combinations. Treatments were applied in DMEM con-
taining 10% FBS, and this solution alone served as the vehicle
control in all experiments. Cells were then harvested using
trypsin, counted, and re-seeded at low density for colony for-
mation in drug-free medium in 6 well plates. After 14 days
colonies were fixed with 4% formalin solution in PBS, stained
with 0.5% crystal violet and counted as a survivor if containing
50 or more cells. All experiments were performed at least
thrice. Surviving fraction (SF) was calculated as: number of
colonies/(number of cells plated x plating efficiency), where
plating efficiency (PE) was defined as: number of control colo-
nies obtained/number of control cells plated. The damage
modification ratio (DMR) was calculated by dividing DOX con-
centration causing 90%, 50% or 10% cell survival in the
absence of OLA treatment by the DOX concentration leading
to 90%, 50% or 10% cell survival in the presence of OLA at set
molar ratios (1:10,1:1 or 10: 1).

Immunofluorescence microscopy of YH2AX

MCF-7 and MDA-MB-231 cells were seeded on LabTek
chamber slides (Thermo Fisher Scientific) with 3 x 10* per
chamber well and cultured for 24 hours. Cells were then
treated with doxorubicin, olaparib or combinations for
24 hours. Cells were fixed with 4% PFA for 15 minutes at room
temperature, permeabilised with 0.1% (v/v) Triton X-100 for
15 minutes at room temperature and then blocked with 1.5%
(v/v) bovine serum albumin (BSA) in PBS for 60 minutes at
room temperature. Cells were then incubated for 2 hours at
room temperature with (1:1000) mouse monoclonal anti-
gH2AX/ser139, washed thrice with PBS and then incubated
with (1 :500) goat anti-mouse IgG AlexaFluor 488 for 1 hour at
room temperature. The camber slides were also stained with
0.5 pg mL~" DAPI to visualise nuclei. Slides were washed twice
with PBS and then mounted with coverslips and ProLong™
Gold Antifade Mountant. Microscopy was performed using an
EVOS M5000 fluorescent microscope, with subsequent image
analysis and counting of foci using Image] software (v1.5).

Mitochondrial membrane potential

Alterations in mitochondrial membrane potential were
assessed by a JC-1 (Biotium) aggregation assay. MDA-MB-231
cells were seeded in 96 well plates at a density of 1 x 10* cells
per well, cultured for 24 hours and then incubated with doxo-
rubicin (1 pM), olaparib (0.1, 1.0 or 10.0 pM), or combinations
for 5-60 minutes. Following treatment cells were incubated
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with 5 ug mL™" JC-1 dye for 15 minutes at 37 °C. Fluorescence
was read at 550/600 nm (Aex/Aem) for detection of JC-1 aggre-
gates, and 485/535 nm (dex/dem) for detection of
JC-1 monomers. J-aggregate : monomer ratios were then nor-
malized to values induced by the untreated control (set to a
value of 1). For JC-1 imaging, live cell fluorescent microscopy
was performed on a Nikon Ti Eclipse inverted microscope.

Intracellular ROS detection

MDA-MB-231 cells were seeded in 96 well plates with 1 x 10*
cells per well, cultured for 24 hours, followed by incubation
with doxorubicin (1 pM), olaparib (0.1, 1.0 or 10.0 pM), or
combinations for 5-60 minutes. Intracellular ROS levels were
then assessed using 10 uM CM-H2DCFDA probe (Thermo
Fisher Scientific), incubated with cells for 30 minutes at 37 °C
and applied in HBSS. Resulting fluorescence was measured at
492/520 nMm (Aex/Aem). Measured values were then normalized
to the untreated control (set as a value of 1).

Detection of activated caspase-3/7

The CellEvent ® caspase-3/7 green detection reagent (Thermo
Fisher Scientific) was employed to evaluate levels of activated
caspase-3 or 7. MDA-MB-231 cells were cultured and treated as
described above in 96 well plates. After treatment, 100 pl 2%
(v/v) CellEvent probe in PBS was applied per well for
30 minutes at 37 °C. Fluorescent intensity was measured at
502/530 nMm (Aex/Aem) and normalized to the untreated control
(set as a value of 1).

Live cell fluorescence microscopy

To assess cellular uptake of Cy5-NP, live cell fluorescence
microscopy was used to image MDA-MB-231, MDA-MB-468
and MCF-7 cells. All cells were seeded in CellView™ 35 mm
diameter glass-bottom cell culture dishes at a density of 2.5 x
10> cells per dish and cultured for 24 hours. Cy5-NPs (50 pg
mL™") were incubated with cells for 30, 60 and 120 minutes at
37 °C with 5% CO,. Following exposure, NP solutions were
removed, and cells washed three times with ice-cold PBS. Cells
were then stained with 10 pg mL™" Hoechst 33342 (Thermo-
Fisher) or 10 pg mL™" Hoechst 33342 and 50 nM Lysotracker
green DND-26 (Thermo-Fisher) applied in Hank’s Balanced
Salt Solution (HBSS) for 30 min. Staining solution was
removed and cells washed twice with PBS. FluoroBrite DMEM
was added to wells and cells were imaged on an inverted
Nikon Eclipse TE 300 fluorescent microscope on DAPI, FITC
and Cy5 filters. Images were processed using Image] software
(1.52f).
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