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A B S T R A C T

Breast cancer represents the most prevalent tumor type worldwide, with hormone-responsive breast cancer the 
most common subtype. Despite the effectiveness of endocrine therapy, advanced disease forms represent an 
unmet clinical need. While drug combination therapies remain promising, differences in pharmacokinetic pro
files result in suboptimal ratios of free drugs reaching tumors. We identified a synergistic combination of bis
demethoxycurcumin and exemestane through drug screening and rationally designed star-shaped poly-L- 
glutamic acid-based combination conjugates carrying these drugs conjugated through pH-responsive linkers 
for hormone-responsive breast cancer treatment. We synthesized/characterized single and combination conju
gates with synergistic drug ratios/loadings. Physicochemical characterization/drug release kinetics studies 
suggested that lower drug loading prompted a less compact conjugate conformation that supported optimal 
release. Screening in monolayer and spheroid breast cancer cell cultures revealed that combination conjugates 
possessed enhanced cytotoxicity/synergism compared to physical mixtures of single-drug conjugates/free drugs; 
moreover, a combination conjugate with the lowest drug loading outperformed remaining conjugates. This 
candidate inhibited proliferation-associated signaling, reduced inflammatory chemokine/exosome levels, and 
promoted autophagy in spheroids; furthermore, it outperformed a physical mixture of single-drug conjugates/ 
free drugs regarding cytotoxicity in patient-derived breast cancer organoids. Our findings highlight the impor
tance of rational design and advanced in vitro models for the selection of polypeptide-based combination 
conjugates.

1. Introduction

Hormone-responsive tumors represent the most frequently diag
nosed breast cancer subtype [1,2], accounting for ~70 % of all cases. 
Molecular characterization of these tumors involves evaluating estrogen 
receptor (ER) expression, which drives hormone-responsive breast 
cancer cell proliferation [1,3]. The enzyme aromatase catalyzes the 
synthesis of estrogen [1], which binds to and activates ER to prompt 
nuclear translocation and gene transcription [4] or interact with cyto
plasmic proteins to activate signaling pathways [6]. Overall, ER down
stream responses regulate cell cycle progression, cell proliferation, and 

chemoresistance [1,4].
Therapeutic approaches to hormone-responsive breast cancer 

include aromatase inhibitors [3] such as exemestane (Exem), an FDA- 
approved drug widely employed in postmenopausal hormone- 
responsive breast cancer patients [5]. Despite this success, various 
cellular mechanisms can prompt therapeutic resistance [1,3]; for 
instance, ER-independent activation of downstream signaling induces 
tumor cell growth in the presence of Exem [6]. While resistance pro
cesses may arise spontaneously, Exem’s off-target side effects contribute 
to endocrine therapy resistance [7–10]; however, the implementation of 
an additional drug(s) in combination with Exem may overcome Exem 
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resistance [3,11].
Curcuminoids – a family of turmeric-derived compounds – target 

numerous pathways to affect multiple biological processes and represent 
candidates for inclusion in hormone-responsive breast cancer therapies 
[12]. Bisdemethoxycurcumin (BDMC) displays higher stability under 
physiological conditions than other curcumin/curcuminoid derivatives 
[13] and represents a candidate for combination therapies with Exem 
[14]. Unfortunately, both drugs present low water solubility/high de
gradability (hindering intravenous administration), while differences in 
pharmacokinetic profiles may result in their arrival at tumor tissues at a 
suboptimal ratio [13,15].

Conjugating drug combinations to the same nanocarrier can ensure 
simultaneous delivery to a desired site of action at a controlled ratio 
[16,17] and improve drug stability/solubility [16,18]; furthermore, 
conjugation provides advantages such as the bypass of resistance 
mechanisms due to endocytic internalization [19]. Using stimuli- 
responsive linkers supports drug stability in circulation and site- 
specific release to avoid off-target effects [20]. Polypeptides represent 
unique nanocarrier options due to their endogenous-like characteristics 
and tight synthetic control [20–22], in contrast with synthetic polymeric 
carriers (e.g., poly(ethylene glycol) or poly(N-(2-hydroxypropyl)meth
acrylamide) that present limitations regarding their biodegradability 
and immunogenicity [23,24]. Poly-L-glutamic acid (PGA) offers multi
valency (to help fine-tune drug loading and set synergistic drug ratios 
[20]), biocompatibility, biodegradability, and architectural versatility 
[21,25]. Branched nanocarriers possess advantages compared to their 
linear counterparts, such as improved biodistribution and cell traf
ficking (among notable others) [26]; however, widely employed den
drimers such as poly(amidoamine) and poly(propylene imine) suffer 
from cytotoxicity [27]. In contrast, star-shaped PGAs (St-PGAs) lack 
intrinsic cytotoxicity [28] and support increased tumor cell uptake, 
prolonged blood circulation, and significant tumor accumulation 
compared to linear PGAs [29].

Rationally selected drugs, loading, ratios, and stimuli-responsive 
linkers can enhance these polypeptide-based combination conjugates’ 
anti-tumor activity [16]. Previous reports noted that high drug loading 
prompts a compact conformation, inducing the formation of unim
olecular micelles (where drugs locate to the hydrophobic core with the 
hydrophilic polymer exposed to the aqueous media) that impede linker 
exposure, hinder drug release, and reduce cytotoxicity [23,30,31]. The 
drug combination strategy employed also influences therapeutic out
comes [16,21]. A physical mixture of single-drug conjugates provides 
benefits associated with polypeptide-drug conjugates [16,17] while 
providing for simpler manufacturing [32,33]; however, conjugate-based 
combination strategies - conjugating multiple drugs to the same poly
peptidic carrier - ensure simultaneous delivery of both drugs to the same 
cell securing synergism [16,17]. Thus, rational design can help to tailor 
a conjugate to a disease of interest [21]; additionally, evaluating com
bination conjugates in faithful preclinical models can accelerate devel
opment [34,35].

We synthesized, characterized, and evaluated a St-PGA-based com
bination therapy for advanced hormone-responsive breast cancer using 
Exem and BDMC. We maximized therapeutic potential using rational 
design to select drug loadings/ratios and stimuli-responsive linkers to 
allow controlled drug(s) release. Physicochemical and drug release 
characterization revealed that lower drug loading supported optimal 
drug release in the combination conjugate due to a less compact con
jugate solution conformation (as unimolecular micelle). We then used 
increasingly complex in vitro models to select/characterize candidate 
combination conjugates, validating efficacy in patient-derived 3D 
organoids. A low-drug loading combination conjugate demonstrated 
optimal cytotoxicity synergism in vitro in 3D models compared to 
combination conjugates with higher loadings or a physical mixture of 
single-drug conjugates/free drugs; moreover, this candidate modulated 
mechanisms inhibiting cancer progression and increasing cell death. 
Overall, the implementation of rational design and complex 3D 

preclinical models supported the development of a treatment for an 
unmet clinical need.

2. Materials and methods

Supplementary information (SI) section SI1.1 contains a list of ma
terials used and ethical statements. SI1.2 describes experimental details 
of physicochemical characterization of poly-L-glutamic acid-based 
conjugates, cell culture, and treatment evaluation methods.

2.1. Synthesis of poly-L-glutamic acid-based single and combination 
conjugates

2.1.1. St-PGA-Exemestane synthesis
St-PGA was first derivatized as carbazate (St-PGA-Hz-BOC) to allow 

Exem conjugation through a hydrazone bond following a previously 
described approach [30]. Two modification percentages (Exem maximal 
conjugation of 14 % or 5 % mol) were pursued, and reagent amounts 
were adjusted accordingly. In brief, St-PGA (150 L-glutamic acid units; 
molecular weight [Mw] = 129.1 g/mol; 1.0 eq.) was dissolved in 15 ml 
anhydrous N, N′-dimethylformamide (DMF) in an inert atmosphere and 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium tetra
fluoroborate (DMTMM; 0.20 or 0.07 eq.) was added and the solution 
stirred for 20 min. Tert-butyl-carbazate (Hz-BOC; 0.15 or 0.05 eq.) was 
added, and the pH increased to 8 by adding N,N-diisopropylethylamine 
(DIEA). The resulting solutions were left to react for 24 h at room 
temperature (RT). Products were precipitated in cold diethyl ether (3 x), 
and the resultant white powder was dried in a vacuum for 3 h to remove 
diethyl ether. St-PGA-Hz-BOC was deprotected by dissolving in excess 
trifluoroacetic acid (TFA) and stirring in a round bottom flask at RT for 
30 min. The solution was precipitated in diethyl ether (3 x), washed with 
water (2 x), and freeze-dried.

The resulting St-PGA-Hz (1.0 eq.) was then dissolved in 10 ml 
anhydrous DMF under an inert atmosphere, and Exem (0.28 or 0.06 eq.) 
was added to the solution. 20 μl acetic acid per 100 mg St-PGA-Hz was 
added, and the reaction was stirred for 48 h at RT. The solution volume 
was reduced by half, and the crude reaction was purified by an LH-20 
Sephadex column (DMF as mobile phase). The first eluting fraction 
was collected, evaporated up to 1/5 of the initial volume in a vacuum, 
and precipitated in cold diethyl ether (3 × 100 ml). The resultant 
yellowish powder was converted into the salt form by adding 5 ml 0.5 M 
NaHCO3 solution, purified using Vivaspin with cut-off 3 kDa, and 
lyophilized to yield St-PGA-Exem conjugate as an amorphous white/ 
yellowish solid.

2.1.2. St-PGA-bisdemethoxycurcumin and St-PGA-bisdemethoxycurcumin 
/Exemestane synthesis

BDMC conjugation was adapted from a previously described 
approach to yield St-PGA-BDMC and St-PGA-BDMC/Exem conjugates 
[36]. St-PGA-BDMC synthesis pursued modification at high (6 % mol) or 
low (1 % mol) BDMC loadings. St-PGA (1.0 eq.) was dissolved in 
anhydrous DMF in an inert atmosphere, and BDMC (0.08 or 0.03 eq.) 
was added to the solution, which was cooled in an ice bath for 10 min 
before adding N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hy
drochloride (EDC; 0.1 or 0.05 eq.) and 4-dimethylaminopyridine 
(DMAP; 0.05 or 0.01 eq.). St-PGA-BDMC/Exem synthesis pursued 
maximal BDMC loading at 9 % or 3 % mol for high-loading or 1 % mol 
for low-loading St-PGA-Exem. St-PGA-Exem (1 eq.) was dissolved in 
anhydrous DMF in an inert atmosphere for each case. BDMC (0.1, 0.05, 
or 0.03 eq.) was added to the solution, which was cooled in an ice bath 
for 10 min before EDC (0.12, 0.07 or 0.05 eq.) and DMAP (0.07, 0.05 or 
0.01 eq.) were added. St-PGA-BMDC and St-PGA-BMDC/Exem synthesis 
followed the same protocol. Reactions were stirred at RT overnight, the 
volume was reduced by half, and the crude reaction was purified twice 
by size exclusion chromatography (SEC, Sephadex LH-20 column) with 
DMF as the mobile phase. The first fraction was evaporated under a 
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vacuum with 2 ml 0.1 M NaHCO3 solution, redissolved in Milli-Q water, 
and purified using a Vivaspin 3 kDa cut-off. Final conjugates were 
collected and freeze-dried as fine yellow/orange powders.

2.2. Physicochemical characterization of poly-L-glutamic acid-based 
conjugates

2.2.1. Identity confirmation by nuclear magnetic resonance spectroscopy
Proton nuclear magnetic resonance (1H NMR) used salt forms pre

pared at 1 mg/ml in deuterated water or free drugs at 3 mg/ml in 
deuterated dimethyl sulfoxide (DMSO).

2.2.2. Determination of total drug loading by ultraviolet-visible 
spectrometry

Conjugate salt forms were prepared at 1 mg/ml in H2O. Ultraviolet- 
visible (UV-VIS) analysis was performed using a JASCO V-630 spectro
photometer 20 at 25 ◦C with 1.0 cm quartz cells and a spectral band
width of 0.5 nm. Spectral analysis was recorded in the 200–600 nm 
range (3 x). UV-VIS signals for Exem and BDMC were determined at 280 
and 405 nm. Drug concentration was derived from a calibration curve 
obtained using standard solutions of Exem and BDMC in methanol 
(Fig. S1).

2.2.3. Free drug content analysis by reverse-phase high-performance liquid 
chromatography

Conjugates were dispersed in acetonitrile and incubated (1 h) before 
centrifuging the suspension and diluting the supernatant (10 x) with 
acetonitrile. Free drug (FD) content analysis used reverse-phase high- 
performance liquid chromatography (RP-HPLC) using the C-18 
Lichrospher column.

2.2.4. Determination of size, polydispersity index, and Z-potential by 
dynamic light scattering

Conjugate solutions (1 mg/ml) were freshly prepared in PBS (10 mM 
phosphate, 150 mM NaCl) filtered through a 0.45 μm cellulose mem
brane filter. The polydispersity index (PDI), size distribution (hydro
dynamic radius, Rh), and Z-potential were measured for each polymer- 
drug conjugate using a dynamic light scattering (DLS) (n ≥ 3, Zetasi
zerNano ZS (Malvern Panalytical, US).

2.2.5. Drug release kinetics study by liquid chromatography-tandem mass 
spectrometry

Drug release was assessed at physiological (7.4) and acidic pH (5). 
Conjugates were dissolved in 20 mM CH3COONa (pH 5) or Dulbecco’s 
phosphate-buffered saline (DPBS) (pH 7.4) containing 1 μg/ml curcumin 
as an internal standard. Samples were incubated at 37 ◦C, and 100 μl 
aliquots of each conjugate were collected over 72 h. Immediately after 
collection, samples were frozen in liquid nitrogen and lyophilized 
overnight. Free drugs were extracted with 100 μl MeOH by mixing and 
sonicating for 5 min. Samples were centrifuged (11,000 g, 10 min) and 
90 μl transferred to a liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) vial with 10 μl 0.1 % formic acid (FA) for analysis (SI).

2.3. Cell culture

2.3.1. 2D monolayer cell culture
MCF7 breast cancer cells - a model for hormone-responsive breast 

cancer - were cultured in DMEM supplemented with 10 % heat- 
inactivated fetal bovine serum (FBS) and kept in a humidified incu
bator (37 ◦C, 5 % CO2).

2.3.2. 3D breast cancer cell spheroid culture
Breast cancer cell monolayers were detached using trypsin and 

resuspended in fresh DMEM. Single-cell suspensions were mixed with 
10 mg/ml cold basement membrane extract (BME). Ten 40 μl-droplets of 
BME containing 10,000 cells/droplet were seeded in six-well suspension 

plates. Droplets were incubated for 30 min at 37 ◦C to gel. 3 ml DMEM 
was added to each well, and spheroids were cultured for eight days.

2.3.3. 3D patient-derived organoid establishment
Breast tumor samples from donors at Fundación Instituto Valenciano 

de Oncología (FIVO, Valencia, Spain) were used to establish 3D patient- 
derived organoids adapting a previously published protocol [37] (SI). 
Briefly, tumor samples were mechanically minced and enzymatically 
disaggregated before cells were pelleted by centrifugation and eryth
rocytes were eliminated. 5⋅105 cells were seeded in 40 μl of 10 mg/ml 
BME in a pre-warmed 24-well plate. After a 30-min incubation at 37 ◦C, 
400 μl of the organoid medium was added, and the medium was changed 
every 3–4 days. Organoids were used after 14 days when 80 % reached 
100 μm in diameter.

2.4. Treatment evaluation in breast cancer monolayer and advanced 3D 
models

2.4.1. Cell viability
Cells were seeded in 96-well white cell culture plates in 50 μl DMEM 

at 1.56⋅104 cells/cm2 for monolayers. For cytotoxicity evaluations in 
advanced models, spheroids/organoids were generated and harvested as 
described above. 1000 spheroids/organoids were seeded per well in 
white, clear bottom 96-well cell culture plates in 40 μl with 10 mg/ml 
BME. After a 30-min incubation (37 ◦C, 5 % CO2) to allow BME to gel, 
50 μl DMEM was added to each well. After 24 h for monolayers (to allow 
cell attachment) and immediately after seeding for spheroids/organoids 
cultures, 50 μl of DMEM (untreated controls) or DMEM containing serial 
dilutions of drugs, conjugates, or DMSO (vehicle control) were added. 
After 72 h, cell viability was measured using MTS (monolayers; during 
preliminary drug combination ratio selection), CellTiter Glo (mono
layers), or CellTiter Glo 3D (organoids/spheroids) following the manu
facturer’s instructions. Dose-response was presented as cell viability 
normalized to untreated controls.

2.4.2. Analysis of the mechanism of action of the St-PGA-based conjugates
Ten droplets containing spheroids (per condition) were cultured for 

eight days. The media was replaced with DMEM (untreated controls) or 
DMEM-containing drugs, conjugates, or DMSO. After 72 h, spheroids 
protein extracts were recovered for Western blotting, and the superna
tants were snap-frozen and kept for GenieAssay ELISA multiplex assay to 
detect tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and 
interleukin 8 (IL-8) and for AlphaScreen™ exosome (ExoScreen) anal
ysis. Table S1 lists the primary and secondary antibodies used and their 
optimized dilutions.

2.5. Statistical analysis and data representation

Unless otherwise specified, statistical analysis and data representa
tion were performed in GraphPad Prism 9.0 software (GraphPad, Cali
fornia, USA) with data expressed as mean ± standard error of the mean 
(SEM). Statistical significance was determined by Student’s t-test (1-to-1 
comparisons) or one-way ANOVA (group comparisons). IC50 values 
from cytotoxicity treatments were obtained by interpolating dose- 
response curves fitted to a log(inhibitor) vs. response-variable slope 
non-linear model. IC50 values for treatments were compared using the 
extra sum-of-squares F test. When applicable, synergy in combination 
treatments was studied in CompuSyn (dose-response curves) or Syn
ergyFinder Plus (discrete concentrations).

3. Results and discussion

3.1. Rational selection of St-PGA-based combination conjugate 
components

We first identified synergistic combinations in MCF7 cells (a model 
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for hormone-responsive breast cancer). We studied drug combination 
cytotoxicity and applied the highest single agent (HSA) model, which 
generates a synergism score (δ score) by comparing drug combination 
cytotoxicity with the maximum cytotoxicity achieved by the most potent 
drug within said combination [38] (Fig. S2A). Among the combinations 
with the highest synergism scores (δ value >20), we selected BDMC and 
Exem (Fig. 1A), given the ability of BDMC to target pathways associated 
with Exem resistance.

Effective drug release and maintaining a synergistic drug ratio at a 
desired site of action relies on drug loading, linking moieties, and the 
combinatorial strategy employed (as described below) [16,21]. We 
selected a BDMC:Exem combination ratio that ensured synergism by 
treating cells with varying concentrations of Exem and BDMC as single 
agents/in combination, obtaining a dose-response matrix (Fig. S2B). The 
HSA synergism model again identified synergistic BDMC:Exem ratios 
(Fig. 1B - a 2D projection of δ values with BDMC:Exem ratio; Fig. S2C - a 
3D projection without ratio information). BDMC and Exem synergism/ 
antagonism strongly depended on drug ratio and concentrations 
(Fig. 1B). Exem induced cell growth at low concentrations (Fig. S2B), 
perhaps due to induced cytoprotection and signaling pathway activation 
[7–9]; thus, low Exem concentrations require relatively high counter
acting BDMC concentrations to provide synergism (ratios <1:2 for Exem 
<50 μM) (Fig. 1B). In contrast, Exem reduced cell viability at high 
concentrations (Fig. S2B); consequently, higher Exem concentrations 
required low BDMC concentrations for synergism (ratios between 
1:2–1:5 for Exem >50 μM) (Fig. 1B).

We aimed to synthesize combination conjugates (St-PGA-BDMC/ 

Exem) containing BDMC and Exem at ratios under 1:2 or between 1:2 
and 1:5 to determine effective cytotoxic profiles across multiple drug 
concentrations in in vitro models. Previous studies highlighted the 
importance of drug loading in the combination conjugate’s final prop
erties [23,30,31]. The synthesis of high-drug loading conjugates (7–14 
% mol range) at desired ratios aims to minimize the required dose to 
achieve cytotoxicity, while a low-drug loading conjugate (2–3 % mol 
range) at a drug ratio of 1:2–1:5 explores the effect of drug loading. We 
also aimed to synthesize single-drug conjugates (St-PGA-Exem and St- 
PGA-BDMC) to explore combination conjugates’ therapeutic potential 
compared to physical mixtures of single-drug conjugates/free drugs 
(Fig. 1C).

We selected different pH-labile linkers for Exem and BDMC [39] to 
provide stability at physiological pH and controlled drug release at the 
acidic pH associated with the tumor microenvironment or the lysosomes 
[39,40], as St-PGA-based conjugates follow lysosomotropic drug de
livery [29]. A previous study reported that hydrazone linkers exhibited 
the most rapid and highest total release, followed by ester linkers [41]. 
We hypothesized that a hydrazone linker [Exem] and an ester linker 
[BDMC] would support more rapid and higher Exem release than BDMC, 
supporting the maintenance of the selected ratios over release. We 
previously optimized St-PGA-based BDMC conjugates using pH-labile 
ester linkers [36,42,43]. Exem contains a carbonyl group (Fig. 1A) 
enabling conjugation via a hydrazone linker [44], supporting the se
lection of hydrazone [Exem] and ester [BDMC] linkers as pH-labile 
linkers that maintain adequate drug ratios upon release.

Fig. 1. Rational design of a poly-L-glutamic acid-based combination therapy for hormone-responsive breast cancer treatment. A) Chemical structure of bisdeme
thoxycurcumin (BDMC), exemestane (Exem), and three-armed star-shaped poly L-glutamic acid (St-PGA). B) Synergism scores calculated by the highest single agent 
(HSA) model obtained from the dose-response matrix by treating MCF7 cell monolayers with BDMC and Exem alone/in combination (dose-response matrix in Fig. S2 
where the 3D representation reveals synergy scores (δ) for each combination). δ values of <− 10 indicate antagonism, − 10-to-10 indicate additivity (lack of syn
ergism/antagonism), and > 10 indicate synergism. The 2D projection contains the same δ information and presents the drug combination ratios for each evaluated 
concentration (BDMC:Exem molar ratios). White lines connect concentrations presenting equal δ values. C) Schematic representation depicting (middle) a combi
nation St-PGA-based conjugate of Exem and BDMC at an optimized ratio using bioresponsive linkers compared to alternative combination strategies based on a 
physical mixture of single-drug conjugates (right) or free drugs (left).
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3.2. Synthesis and characterization of St-PGA combination and single- 
drug conjugates

We conjugated BDMC and Exem (alone or in combination) to a three- 
arm star-shaped carrier, St-PGA (150 glutamic acid units; 50 units per 
branch). Combination conjugate synthesis began by modifying St-PGA 
with Hz-BOC (followed by BOC deprotection) for Exem conjugation 
through a hydrazone linker (Fig. 2A; Fig. S3; representative spectrum 
shown per synthetic intermediate). We prepared three St-PGA-Exem 
conjugates at varying drug loadings to serve as single-drug conjugates 
and combination conjugate precursors (Fig. 2A; Table 1). Combination 
conjugate synthesis continued by conjugating BDMC through an ester 
linker, which required carboxylic acid activation using a carbodiimide 
coupling reagent [36,42,43]. Employing St-PGA-Exem conjugates as 
starting materials yielded combination conjugates at desired drug 
loadings/ratios (Fig. 2A; Table 1). For single-drug St-PGA-BDMC con
jugates, we conjugated BDMC to St-PGA at high- and low-drug loading 
(Fig. 2A; Table 1).

We ensured St-PGA-BDMC, St-PGA-Exem, and St-PGA-BDMC/Exem 
identity using 1H NMR analysis (Fig. 2B; Fig. S4; representative spec
trum shown per conjugate). We successfully identified conjugate com
ponents in 1H NMR spectra; however, due to NMR’s semi-quantitative 
nature and low signal definition after conjugation, we implemented 
UV-VIS to determine total drug loading (TDL) [21]. We used calibration 
curves to quantify Exem and BDMC % mol TDL by determining the 
maximum absorbance in UV-VIS absorbance peaks (Exem λMax = 280 
nm; BDMC λMax = 405 nm) (Fig. S1; Table 1). We determined the FD 
content of conjugates by RP-HPLC to ensure purity, ensuring that drug 
release studies and biological characterization accurately reflect drug 
release from conjugates and not impurities. Conjugates presented an FD 
content <2 % wt TDL, meeting the standard required [45] (Table 1).

We next determined PDI, size distribution, and Z-potential values via 
DLS after dissolving conjugates in PBS (Fig. 2C; Table 1). Conjugates 
presented narrow molecular distributions (PDI values of 0.2–0.8) and 
negative Z-potential values (− 20 to − 30 mV). As expected, drug nature 
and loading influenced final conjugate size distribution and solution 
conformation. St-PGA-BDMC9/Exem5, St-PGA-BDMC3/Exem7, and St- 
PGA-BDMC1/Exem3 displayed Rh values of 5.3, 9.1, and 10.7 nm 
(Fig. 2C; Table 1; conjugate subindexes = drug loadings). St-PGA-Exem 
conjugates presented Rh values of 2.4, 2.9, and 3 nm for St-PGA-Exem7, 
St-PGA-Exem5, and St-PGA-Exem3 (Fig. 2C; Table 1). St-PGA-BDMC6 
possessed an Rh value of 5.2 nm (Fig. 2C; Table 1), while St-PGA-BDMC1 
reached a significantly higher Rh value of 47.5 nm (Fig. 2C; Table 1).

Overall, conjugates (except for St-PGA-BDMC1) displayed sizes 
within the 2–14 nm range previously described for unimolecular St-PGA 
carriers/conjugates [23,29]; however, the larger size of St-PGA-BDMC1 
suggests the acquisition of a supramolecular structure after BDMC 
conjugation (as described below). Exem is a highly hydrophobic and 
water-insoluble drug that can undergo π-π stacking interactions [13,46]. 
Exem possesses a more rigid, planar structure than BDMC; therefore, 
Exem could prompt more significant compaction upon conjugation 
compared to BDMC, reflected in the smaller size of St-PGA-Exem con
jugates (2.4–3 nm range) compared to St-PGA-BDMC/Exem conjugates 
with the same Exem loading (5.3–10.7 nm range) (Fig. 2D). Moreover, 
higher drug loading prompted more significant compaction for conju
gates of comparable components (Fig. 2D). For St-PGA-BDMC conju
gates, the significantly greater size observed with low loading of St-PGA- 
BDMC1 (47.5 nm) maintains BDMC exposed to the aqueous media and 
favors the less compact cis isomer of BDMC, where phenol-methoxy 
groups become positioned on the same side of the backbone (Fig. 2E) 
[47,48]. Cis isomers of BDMC could form interactions between other 
BDMC molecules between different conjugates, triggering supramolecu
lar aggregation. In contrast, high BDMC loading (5.2 nm) could induce a 
compact conformation, favoring the more compact trans isomer of 
BDMC (phenol-methoxy groups become positioned on opposite sides of 
the backbone [47,48]) (Fig. 2E), maintaining BDMC molecules in the 

hydrophobic pocket of the conjugate. In St-PGA-BDMC/Exem combi
nation conjugates, BDMC conjugation occurs on St-PGA-Exem (Fig. 2A), 
resulting in higher BDMC exposure to the aqueous media due to the 
synthetic sequence and as the Exem loading sterically impedes BDMC 
from adopting a cis isomeric form. Our results agree with previous ob
servations for single- and combination-drug conjugates carrying Dox - a 
planar molecule with a tendency toward π-π stacking [49]. Polymer- 
drug conjugates carrying Dox had smaller sizes when compared to an 
alternative drug with more significant steric effects; moreover, higher 
Dox loading led to more compact conformations, with Dox “protected” 
in an intramolecular hydrophobic pocket, hindering exposure to the 
aqueous media (impeding drug release and limiting cytotoxicity) 
[17,30].

3.3. Drug(s) release kinetics studies from combination and single-drug 
conjugates

We studied drug release from combination conjugates and St-PGA- 
BDMC1 and St-PGA-Exem3 (comparable to St-PGA-BDMC1/Exem3, as 
detailed below) for comparative purposes at pH 7.4 and 5 [20] (Fig. 3; 
statistical analyses presented in Fig. S5–7 for purposes of clarity). We 
first confirmed pH-dependent drug release from combination and single- 
drug conjugates; overall, conjugates displayed more rapid drug release 
kinetics at acidic pH (Fig. 3A and B; statistical analysis in Fig. S5). These 
results confirm linker pH-responsiveness and validate rational design, 
agreeing with previous observations [41,43,50]; however, drug release 
kinetics at acidic pH varied considerably between conjugates (Fig. 3A and 
B) potentially due to the conformation-mediated differential exposure of 
the linkers (discussed below).

We compared drug release from combination conjugates to under
stand how differences in drug loading and conformation (reflected in 
size) might affect release; specifically, we focused on drug release pro
files at pH 5, representing the tumor microenvironment or the lysosome- 
associated pH. St-PGA-BDMC9/Exem5 (highest drug loading) presented 
the lowest drug release at any given time point (30 % total BDMC and 2 
% total Exem release after 72 h) (Fig. 3A and B; statistical analysis in 
Fig. S6). High drug loading in St-PGA-BDMC9/Exem5 could impede 
linker immolation by protecting Exem within a hydrophobic pocket; 
conversely, higher BDMC exposure to aqueous media could explain 
partial BDMC release. In contrast, the lower drug loadings in St-PGA- 
BDMC3/Exem7 (intermediate drug loading) and St-PGA-BDMC1/Exem3 
(lowest drug loading) supported optimal 84 and 71 % total BDMC and 
95 and 94 % total Exem release after 72 h (Fig. 3A and B; Fig. S6A and 
B). Despite reaching comparable total release values, release kinetics 
from St-PGA-BDMC3/Exem7 and St-PGA-BDMC1/Exem3 differed at 
early time points (< 24 h) (Fig. 3A and B; Fig. S6A and B). St-PGA- 
BDMC3/Exem7 released significantly more BDMC than St-PGA-BDMC1/ 
Exem3 from 15 min to 6 h due to a higher exposure of BDMC (Fig. 3A; 
Fig. S6A), although St-PGA-BDMC1/Exem3 releasing significantly more 
Exem than St-PGA-BDMC3/Exem7 from 15 min to 6 h, probably due to a 
less compact core due to the lower Exem loading (Fig. 3B; Fig. S6B). Low 
drug loadings in St-PGA-BDMC1/Exem3 support accessibility of the 
drugs/linking moieties to the aqueous medium from early time points; 
hence, given equal exposure of linkers, the hydrazone linker employed 
for Exem conjugation could drive rapid Exem release in contrast to 
slower release facilitated by the ester linker conjugating BDMC for PGA- 
BDMC1/Exem3, benefiting toward an adequate relative BDMC:Exem 
release kinetics.

As drug ratio impacts synergism, we explored ratios obtained after 
drug release from each conjugate at pH 5 over 72 h. St-PGA-BDMC9/ 
Exem5 released BDMC and Exem at a ratio under 1:0.1 at all times 
(Fig. 3C; obtained from data in Fig. 3A and B). St-PGA-BDMC9/Exem5 
possesses drugs at a 1:0.6 ratio (Table 1); therefore, the released ratio 
represents a five-fold lower value than the conjugated ratio, suggesting 
minimal cytotoxicity. St-PGA-BDMC3/Exem7 and St-PGA-BDMC1/ 
Exem3 possess drugs at a 1:2.5 ratio (Table 1). Drug release from St-PGA- 
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Fig. 2. Synthesis and physicochemical characterization of St-PGA single and combination conjugates. A) Synthetic scheme describing the synthesis of star-shaped 
poly L-glutamic acid (St-PGA)-based conjugates carrying bisdemethoxycurcumin (BDMC) and exemestane (Exem) alone or in combination. i) DMTMM BF4, N,N- 
diisopropylethylamine, tert-butyl carbazate, anhydrous DMF, 24 h, RT; ii) trifluoroacetic acid, 30 min, RT; iii) Exem, CH3COOH, anh-DMF, 48 h, RT; iv and v) 
BDMC, EDC, DMAP, anhydrous DMF, 16 h, ice bath. B) Representative 1H NMR spectra of BDMC, Exem, St-PGA, and single-drug and combination conjugates (Fig. S4 
identifies the specific protons in the chemical structure of molecules generating each signal). The black square delimits a magnified area, allowing more precise 
visualization of peaks at the 6.0 to 8.6 ppm region. The 5.0 to 4.6 ppm region was removed to eliminate the deuterated water signal and improve spectra resolution. 
DMSO‑d = deuterated DMSO. C) St-PGA-based conjugate sizes measured by dynamic light scattering. Size distribution graphs expressed as the number of molecules 
(%) per hydrodynamic radius (Rh) obtained by dynamic light scattering in phosphate-buffered saline at 2.0 mg/ml. D) Proposed model for conjugates with size 
directly correlating drug steric hindrance (top) and inversely correlating drug loading (bottom) in an aqueous solution. E) Chemical structure of bisdemethox
ycurcumin conformational isomers.
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BDMC3/Exem7 increased slowly, maintaining a ratio below 1:2 until 24 
h and reaching a plateau of 1:2.5 after 24 h (Fig. 3C). Drug release from 
St-PGA-BDMC1/Exem3 supported a rapidly increasing ratio, reaching 
1:2–1:5 (within the target range) from 1 h and increasing to 1:5.3 at 6 h 
before decreasing to a plateau of 1:3 maintained until 72 h (Fig. 3C). 
Maintaining an optimal drug ratio from early time points may represent 
an advantage for St-PGA-BDMC1/Exem3.

We next evaluated potential differences in the release of multiple 
drugs conjugated to the same carrier compared to those conjugated to 
independent carriers [13,46]. Combination conjugates and St-PGA- 
Exem conjugates presented similar drug loading due to their common 
synthetic origin (Fig. 2A); however, we synthesized St-PGA-BDMC 
conjugates independently, and they acquired similar, but not neces
sarily equal, drug loading. St-PGA-BDMC1 and St-PGA-Exem3 present 
the same individual drug loadings as St-PGA-BDMC1/Exem3; thus, we 
expect that any differences could inform how one drug’s release may 
impact the other. We observed comparable BDMC release from St-PGA- 
BDMC1/Exem3 and St-PGA-BDMC1 at all time points (Fig. 3A and B; 
statistical analysis in Fig. S7A); in contrast, Exem release differed 
significantly, with significantly higher release observed from St-PGA- 
BDMC1/Exem3 at all time points (Fig. 3B; Fig. S7B). While St-PGA- 
BDMC1/Exem3 supported 96 % Exem release at 72 h, St-PGA-Exem3 
released a significantly lower level of release (55 %) (Fig. 3B; Fig. S7B).

Our drug release kinetics study from combination conjugates 
demonstrated a correlation between lower loading and optimal release. 
The combination conjugate with the highest drug loading (St-PGA- 
BDMC9/Exem5) showed low total drug release and low drug combina
tion ratio; in contrast, combination conjugates at lower drug loadings 
(St-PGA-BDMC3/Exem7 and St-PGA-BDMC1/Exem3) presented optimal 
total drug release, with the combination conjugate at the lowest drug 
loading (St-PGA-BDMC1/Exem3) demonstrating optimal drug ratio from 
early time points. Importantly, our results also suggest that BDMC 
conjugation reduces the compactness of the conformation acquired by 
St-PGA-Exem, highlighting the advantage of combination conjugates 
compared to single-drug counterparts and providing evidence that 
BDMC conjugation supports drug exposure to the aqueous media (in 
single-drug and combination conjugates).

3.4. Evaluation of St-PGA-based conjugate therapeutic potential in breast 
cancer cell monolayer culture

We next evaluated the synergism of rationally designed combination 
conjugates by exposing MCF7 cell monolayer (simplistic and cost- 
effective) to combination and single-drug conjugates, with the free 

drugs (individually or combined) as control. St-PGA-based conjugates 
internalize following the endocytic pathway [29], where they encounter 
the low pH conditions of lysosomes (pH ≈ 5) that trigger drug release. 
We calculated IC50 (Table 2) and combination index (CI) values to 
characterize synergism (CI < 1), additivity (CI ≈ 1), or antagonism (CI 
> 1).

We compared the cytotoxicity/synergism of combination conjugates 
with corresponding physical mixtures of single-drug conjugates/free 
drugs (Fig. 4A-F; Fig. S8A-C - cytotoxicity expressed in Exem equiva
lents). We compared combination conjugates with higher drug loadings 
(PGA-BDMC9/Exem5 and PGA-BDMC3/Exem7) to St-PGA-BDMC6 and 
the lowest drug loading (St-PGA-BDMC1/Exem3) to St-PGA-BDMC1 for 
the corresponding physical mixtures of single-drug conjugates. All 
combination conjugates resulted in higher cytotoxicity and synergism 
than the corresponding physical mixtures of single-drug conjugates 
(Fig. 4A-F). The high-drug loading combination conjugate (St-PGA- 
BDMC9/Exem5) provided decreased cytotoxicity/synergism compared 
to the physical mixture of free drugs (Fig. 4B); in contrast, intermediate- 
(St-PGA-BDMC3/Exem7) and low-drug loading (St-PGA-BDMC1/Exem3) 
combination conjugates outperformed the cytotoxicity/synergism of 
free drug physical mixture (Fig. 4D and F). St-PGA-mediated drug de
livery to cells could explain the benefit of combination conjugates 
through, for example, the bypass of resistance mechanisms involving 
multidrug-resistance (MDR) pump activity [51] or co-delivery of drugs 
at optimized drug ratios [16,52]. Studies have reported the superiority 
of conjugating drugs to the same polymeric carrier over a mixture of 
corresponding single-drug conjugates [31,53] when the drugs benefit 
from simultaneous delivery and share the target cell.

A direct comparison of cytotoxicity/synergism between combination 
conjugates (Fig. 4G and H; cytotoxicity expressed in Exem equivalents in 
Fig. S8D) confirmed the significantly lower cytotoxicity of St-PGA- 
BDMC9/Exem5 compared to St-PGA-BDMC3/Exem7 and St-PGA- 
BDMC1/Exem3 (which displayed comparable cytotoxicity) (Fig. 4G); 
moreover, we confirmed distinct synergism profiles, with St-PGA- 
BDMC9/Exem5 displaying increased antagonism with concentration, St- 
PGA-BDMC3/Exem7 ranging from additivity to synergism, and St-PGA- 
BDMC1/Exem3 displaying synergism at all concentrations (Fig. 4H). 
These results agree with the combination conjugate drug release data 
(Fig. 3A and B; Fig. S6), where St-PGA-BDMC1/Exem3 released drugs at 
an optimal drug ratio at earlier time points than St-PGA-BDMC3/Exem7 
(Fig. 3C), which may explain the increased synergism of St-PGA- 
BDMC1/Exem3 at all concentrations.

The cytotoxicity of single-drug conjugates as independent treatments 
supported the observed correlation between conjugate loading/ 

Table 1 
Summary of the physicochemical descriptors of St-PGA-based combination and single-drug conjugates.

Compound name BDMC loading (% 
mol)*

Exem loading (% 
mol)*

Molar ratio (BDMC: 
Exem)

Size** (Rh, nm ±
SEM)

PDI** (±
SEM)

Z-pot** (mV, ±
SEM)

FD (% wt to TDL)

BDMC Exem

Combination conjugates
St-PGA-BDMC9/ 

Exem5
9.1 5.0 1:0.6 5.3 ± 1.4 0.47 ± 0.01 − 17.4 ± 0.7 0.98 1.02

St-PGA-BDMC3/ 
Exem7

2.8 7.0 1:2.5 9.1 ± 2.2 0.29 ± 0.01 − 31.1 ± 0.4 1.05 0.90

St-PGA-BDMC1/ 
Exem3

1.2 2.9 1:2.5 10.8 ± 1.2 0.29 ± 0.02 − 28.0 ± 1.0 0.35 0.152

Single-drug conjugates
St-PGA-BDMC6 6.8 n/a n/a 5.2 ± 0.7 0.66 ± 0.03 − 19.4 ± 1.0 1.40 n/a
St-PGA-BDMC1 1.2 n/a n/a 47.5 ± 0.9 0.22 ± 0.01 − 34.4 ± 0.8 0.46 n/a
St-PGA-Exem7 n/a 7 n/a 2.4 ± 0.2 0.78 ± 0.01 − 28.3 ± 1.0 n/a 1.01
St-PGA-Exem5 n/a 5 n/a 2.9 ± 0.3 0.37 ± 0.04 − 17.4 ± 0.7 n/a <0.2***
St-PGA-Exem3 n/a 2.9 n/a 3.0 ± 0.2 0.73 ± 0.07 − 17.9 ± 1.2 n/a 0.23

BDMC = Bisdemethoxycurcumin; Exem = Exemestane; FD = free drug; n/a = not applicable; PDI = polydispersity index; Rh = hydrodynamic radius; St-PGA = star- 
shaped poly-L-glutamic acid; TDL = total drug loading; wt = weight; Z-pot = Z-potential.

* Obtained by UV-VIS.
** Obtained by DLS.
*** Below limit of quantification.
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composition and conformation (Fig. 2C). St-PGA-BDMC6 presented 
lower cytotoxicity than BDMC (Fig. 4A and C), with St-PGA-BDMC1 
presenting higher cytotoxicity than BDMC (Fig. 4E). The improved 
cytotoxicity of St-PGA-BDMC1 could derive from higher BDMC stability 
afforded by conjugation [54], while the reduced cytotoxicity of St-PGA- 
BDMC6 could derive from the compact conformation that protects 
BDMC (Fig. 2C). St-PGA-Exem5 (Fig. S8A), St-PGA-Exem7 (Fig. S8B), 
and St-PGA-Exem3 (Fig. S8C) failed to reduce cell viability under 50 %, 
presenting lower cytotoxicity than Exem. These results provide evidence 
for a tendency for conformation compaction in St-PGA-Exem conjugates, 
which protects Exem and hinders release.

Our evaluations of cytotoxicity/synergism in cell monolayers 
confirmed combination conjugates as a more promising strategy than 
physical mixtures of single-drug conjugates/free drugs; moreover, 
combination conjugates at lower drug loading induced higher cytotox
icity/synergism due to the adopted conjugate solution conformation 

yielding to adequate drug(s) release kinetics, providing the desired drug 
bioavailability and an adequate ratio that secures synergism.

3.5. Evaluation of St-PGA-based conjugate therapeutic potential in breast 
cancer 3D cell spheroids

Monolayer cell cultures do not fully recapitulate the characteristics 
of in vivo tumors and lack an extracellular matrix (ECM) [35]. In this 
sense, cell line-based spheroids cultured in ECM-like matrices (such as 
BME) represent more faithful tumor models, recapitulate relevant cell- 
cell/cell-matrix interactions [35,55], demonstrate higher chemo
resistance, and hence may serve as an improved screen for therapeutics 
[35,56]. MCF7 cells repeatably formed compact, round spheroids with 
similar growth rates between independent experiments and mean di
ameters of 77.20 ± 1.08 μm (Fig. S9). Following an equivalent strategy 
as for monolayers, we treated spheroids with combination conjugates 

Fig. 3. Drug release kinetic profiles of St-PGA single and combination conjugates. (A) BDMC or (B) Exem release at pH 5 and 7.4 from the St-PGA-BDMC9/Exem5, St- 
PGA-BDMC3/Exem7, and St-PGA-BDMC1/Exem3 combination conjugates and the St-PGA-BDMC1 and St-PGA-Exem3 single-drug conjugates. Data represented as the 
percentage of free drugs normalized to total drug loading. Data shown as mean ± SEM of two independent experiments comprising two independent quantifications 
each (n = 2) for combination conjugates or three independent experiments for single-drug conjugates (n = 3). The magnified area provides a more precise visu
alization of the 0–6 h time points. Fig. S5-S7 report statistical analyses of the data in individual figures for more precise visualization. C) Ratio of released drugs from 
combination conjugates over 72 h at pH 5. Data calculated as molar drug combination ratio (Exem:BDMC mol:mol) from the drug release profile at each time point 
represented in A and B.
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and single-drug conjugates/free drugs (individual/combined). Of note, 
the low cytotoxicity of various treatments hindered IC50 value calcu
lation, statistical comparisons, and CI curve characterization.

We first compared cytotoxicity/synergism in cell spheroids for 
combination conjugates with corresponding physical mixtures of single- 
drug conjugates/free drugs (Fig. 5A-C; cytotoxicity expressed in Exem 
equivalent concentration in Fig. S10A-C). St-PGA-BDMC9/Exem5 (high 
drug loading) displayed comparably lower cytotoxicity than a physical 
mixture of St-PGA-BDMC6 and St-PGA-Exem5 or free drugs (1:0.6 ratio) 
(Fig. 5A; Fig. S10A). St-PGA-BDMC3/Exem7 (intermediate loading) 
displayed higher cytotoxicity than a physical mixture of St-PGA-BDMC6 
and St-PGA-Exem7 – which induced cell growth, resulting in antagonism 
(Fig. 5B; Fig. S10B), potentially due to cytoprotective effects exerted by 
Exem at low concentrations, enhanced due to the higher chemo
resistance of spheroids. St-PGA-BDMC3/Exem7 displayed lower cyto
toxicity than a physical mixture of free drugs (1:2.5 ratio) (Fig. 5B; 
Fig. S10B). St-PGA-BDMC1/Exem3 (low drug loading) displayed higher 
cytotoxicity than a physical mixture of St-PGA-BDMC1 and St-PGA- 
Exem3, and comparable cytotoxicity to a physical mixture of free BDMC 
and Exem (1:2.5 ratio) (Fig. 5C; Fig. S10C).

While St-PGA-BDMC9/Exem5 constituted an exception due to low 
cytotoxicity, St-PGA-BDMC3/Exem7 and St-PGA-BDMC1/Exem3 
demonstrated improved cytotoxicity in spheroids compared to corre
sponding physical mixtures of single-drug conjugates. Combination 
conjugates carry both drugs together while crossing complex barriers (e. 
g., the ECM, cell mass, and cell membranes [35]), while single-drug 
conjugates must overcome each barrier independently; thus, spheroids 
may provide a more faithful representation of the in vivo setting. In 
spheroids, combination conjugates presented lower (St-PGA-BDMC3/ 
Exem7) or comparable (St-PGA-BDMC1/Exem3) cytotoxicity than a 
physical mixture of free drugs. In contrast, these combination conjugates 
demonstrated higher cytotoxicity than a physical mixture of free drugs 
in monolayers (Fig. 4B and C). The differential result between cell 
models could derive from the recapitulation of ECM composition/ 
structure in spheroids, representing a barrier that hinders nanomedicine 
diffusion to a greater extent than free drugs [57]. To envision how these 
results could translate to the in vivo setting, we must consider that in 
vitro models represent a static scenario that does not represent nano
medicine clearance. Slow penetration through the in vitro ECM may 
delay drug arrival at tumor cells (hindering in vitro cytotoxicity); 
however, slower penetration through the in vivo ECM could prevent 
rapid tumor clearance [58], thereby enhancing treatment efficacy. Thus, 
in vitro models cannot fully reproduce the complexity of the tumor 

response, and these limitations should be considered. Finally, the direct 
comparison of cytotoxicity/synergism between combination conjugates 
in spheroids (Fig. 5D; cytotoxicity expressed in Exem equivalent con
centration in Fig. S10D) confirmed the higher cytotoxicity of St-PGA- 
BDMC1/Exem3 compared to both St-PGA-BDMC9/Exem5 and St-PGA- 
BDMC3/Exem7.

Overall, these data suggested that St-PGA-BDMC1/Exem3 out
performs St-PGA-BDMC9/Exem5 and St-PGA-BDMC3/Exem7 in 3D 
spheroid cultures of breast cancer cells. In contrast, St-PGA-BDMC1/ 
Exem3 presented comparable cytotoxicity to St-PGA-BDMC3/Exem7 in 
cell monolayers (Fig. 4D); thus, the novel differences encountered in the 
3D model highlight that more complex models can amplify differences 
between nanomedicines, aiding the selection of the most promising 
candidate to undergo further characterization. We conclude that St- 
PGA-BDMC1/Exem3 represents the most promising candidate for 
hormone-responsive breast cancer treatment and hence selected this 
combination conjugate for subsequent investigations.

3.6. Understanding combination conjugate synergism in breast cancer 3D 
cell spheroids

We aimed to study intersecting pathways and biological processes 
regarding the mechanisms of action of BDMC and Exem in cell spher
oids, which may help describe their synergistic activity.

3.6.1. St-PGA-BDMC1/Exem3 modulates key signaling pathways toward 
an efficient anticancer effect

Few studies explore the mechanism of action of Exem or BDMC in 
hormone-responsive cancer cells; however, previous reports demon
strated that Exem activates ERK independently of ER signaling, which 
can prompt endocrine resistance [9,65], and highlighted Exem-induced 
autophagy as a cytoprotective mechanism [8,10]. The demonstrated 
anti-tumorigenic potential of a combination of Exem with an androgen 
receptor agonist relied on the blockade of Ras/MEK/ERK and PI3K/Akt/ 
mTOR signaling [7]. Various reports suggest the potential of curcumi
noids to downregulate Ras/MEK/ERK and PI3K/Akt/mTOR 
proliferation-associated signaling pathways [12,59]; moreover, BDMC 
and other curcuminoids represent known autophagy inducers [59,60]. 
Low levels of autophagic activity represent a compensatory mechanism 
that aids breast cancer cell survival [8], while elevated levels promote 
active cancer cell death [60,61]. Thus, these proliferation-associated 
signaling pathways and the activation of autophagy are affected by 
Exem and BDMC and could constitute different axes driving synergism.

We treated spheroids with St-PGA-BDMC1/Exem3 and single-drug 
conjugates/free drugs (individual/combined) and included an un
treated control (for St-PGA-based treatments; media) and a DMSO- 
treated control (for free drugs; DMSO-containing media). We exam
ined the phosphorylation (indicative of activation) of ERK and mTOR 
signaling pathway proteins to explore pathway activation [4,62]. We 
studied the ratio of the microtubule-associated protein light chain 3 
(LC3)-II to total LC3 levels (which reflect autophagosome formation 
[61,63]), indicating autophagy modulation. We confirmed that DMSO 
and untreated controls yielded comparable results (discounting solvent- 
derived effects on conclusions) and compared treatments with corre
sponding controls. We compared treatments with St-PGA-BDMC1/ 
Exem3 to explore potentially improved combination conjugate candi
date cytotoxicity in spheroids via the modulation of relevant pathways/ 
biological processes.

Previous reports reported that Exem activates ERK independently of 
ER signaling, which can prompt endocrine resistance [9,64]. Increased 
p-ERK levels upon Exem treatment failed to reach statistical signifi
cance, while St-PGA-Exem3 prompted a significant increase in p-ERK 
levels (Fig. 5E - representative Western Blot; Fig. S11 - uncropped 
Western blot membranes; Fig. 5F - densitometry quantitation). Treat
ment with non-Exem-containing treatments (BDMC and St-PGA-BDMC1) 
failed to increase p-ERK levels (Fig. 5F). St-PGA-BDMC1/Exem3 

Table 2 
IC50 values of St-PGA-based conjugates and free drugs in monolayer cultures.

Compound name IC50 (μM 
BDMC eq.)

IC50 (μM 
Exem eq.)

Molar ratio 
(BDMC:Exem)

BDMC 29.2 ± 1.4 n/a n/a
Exem n/a 156.0 ± 1.2 n/a
BDMC + Exem (1:0.6) 28.3 ± 1.4 19.7 ± 1.2 1:0.6
BDMC + Exem (1:2.5) 20.1 ± 1.3 50.2 ± 1.1 1:2.5
St-PGA-BDMC9/Exem5 48.5 ± 1.6 29.1 ± 1.20 1:0.6
St-PGA-BDMC3/Exem7 14.7 ± 1.2 35.9 ± 1.21 1:2.5
St-PGA-BDMC1/Exem3 13.4 ± 1.3 33 ± 1.3 1:2.5
St-PGA-BDMC6 + St- 

PGA-Exem5
78.0 ± 2.1 46.8 ± 1.2 1:0.6

St-PGA-BDMC6 + St- 
PGA-Exem7

59.0 ± 1.8 147.0 ± 1.2 1:2.5

St-PGA-BDMC1 + St- 
PGA-Exem3

31.0 ± 1.6 77.5 ± 1.21 1:2.5

St-PGA-BDMC6 83 ± 1.4 n/a n/a
St-PGA-BDMC1 18 ± 1.4 n/a n/a
St-PGA-Exem7 n/a n/d n/a
St-PGA-Exem5 n/a n/d n/a
St-PGA-Exem3 n/a n/d n/a

BDMC = Bisdemethoxycurcumin; Exem = Exemestane; n/a = not applicable; n/ 
d = not detected.
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maintained low p-ERK levels, with levels not significantly differing 
compared to St-PGA-BDMC1, BDMC, or Exem (Fig. 5F). In contrast, a 
physical mixture of single-drug conjugates/free drugs prompted a sig
nificant increase in p-ERK levels (Fig. 5F). Maintaining a synergistic 
combination via simultaneous drug delivery may, therefore, represent 
the primary mechanism inhibiting ERK signaling. A physical mixture of 
St-PGA-BDMC1 and St-PGA-Exem3 induced significantly higher p-ERK 
levels than St-PGA-BDMC1/Exem3 (Fig. 5F). Although not statistically 
significant, St-PGA-BDMC1/Exem3 maintained reduced p-ERK levels 
compared to a physical mixture of BDMC and Exem or St-PGA-Exem3 
(Fig. 5F). Thus, St-PGA-BDMC1/Exem3 prevented ERK activation, 
thereby impeding the potential induction of endocrine-based therapy 
resistance.

The p70S6 kinase (p70) acts as an effector after phosphorylation (p- 

p70) and represents the most well-characterized mTORC1 target [65]. 
As this proliferation-associated pathway is often active in breast cancer 
cells, downregulation represents a therapeutic strategy [66]. Compared 
to respective controls, Exem, St-PGA-Exem3, St-PGA-BDMC1/Exem3, 
and a physical mixture of St-PGA-BDMC1 and St-PGA-Exem3 signifi
cantly reduced p-p70 levels, while BDMC, St-PGA-BDMC1, or a physical 
mixture of BDMC and Exem maintained p-p70 levels comparable to 
respective controls (Fig. 5E - representative Western Blot; Fig. S11 - 
uncropped Western blot membranes; Fig. 5G - densitometry quantita
tion). St-PGA-BDMC1/Exem3 treatment significantly reduced p-p70 
levels compared to all treatments except Exem or a physical mixture of 
St-PGA-BDMC1 and St-PGA-Exem3 (Fig. 5G). These data indicate that St- 
PGA-BDMC1/Exem3 and a physical mixture of St-PGA-BDMC1 and St- 
PGA-Exem3 effectively reduced p-p70 levels, suggesting proliferation- 

Fig. 4. Evaluation of the cytotoxicity and synergism of poly-L-glutamic acid-based combination/single-drug conjugates in breast cancer cell monolayers. A, C, E, and 
G describe dose-response curves of MCF7 cell monolayers incubated for 72 h with combination conjugates, single-drug conjugates, and free drugs (individually or 
combined). Data represented as mean ± SEM of three independent biological replicates (n = 3). Concentrations represented in BDMC-equivalents according to drug 
loading (Exem-equivalents in Fig. S8). Statistical analysis performed using an extra sum-of-squared F test fit comparison for IC50 values. B, D, F, and H describe 
combination index (CI) curves for combination conjugates and single-drug-conjugate and free-drug combinations. CI calculated from dose-response curve data using 
CompuSyn. A-F compares combination conjugates to corresponding single-drug conjugates/free drugs combined at a ratio. G and H report a comparison of com
bination conjugates. Statistical significance of relevant comparisons represented as p-value <0.05 (*), p-value <0.01 (**), p-value <0.001 (***), and p-value <0.0001 
(****) following the colour code presented in the legend.
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Fig. 5. Evaluation of the cytotoxicity, synergism, and mechanism of action of poly-L-glutamic acid-based combination/single-drug conjugates in breast cancer cell 
spheroids. A-D) Dose-response curves of MCF7 cell spheroids incubated for 72 h with combination conjugates and single-drug conjugates/free drugs (individually or 
combined). Concentrations represented at BDMC-equivalent according to drug loading. A-C present individual dose-response curves of each combination conjugate 
and corresponding single-drug conjugates/free drugs combined at corresponding ratios for (A) St-PGA-BDMC9/Exem5, (B) St-PGA-BDMC3/Exem7, and (C) St-PGA- 
BDMC1/Exem3. D presents a comparison between combination conjugates. Data represented as mean ± SEM of three independent biological replicates (n = 3). Low 
cytotoxicity hindered IC50 visualization of treatments and, consequently, statistical analysis by extra sum-of-squared F test fit comparison for IC50 values in A, B, and 
D. Statistical analysis performed using an extra sum-of-squared F test fit comparison for IC50 values in C. E) Representative Western blot images for LC3BI (14 kDa), 
LC3BII (18 kDa), phosphorylated ERK (p-ERK) (42–44 kDa), and phosphorylated p70 (p-p70) (70 kDa); total protein stained by Red Ponceau staining used as the 
loading control. Lane order has been altered (see gaps between moved lanes; Fig. S11 contains the original uncropped membranes). DMSO serves as a control for 
BDMC and Exem, as single drugs and combined. Untreated controls (“control”) serve as controls for St-PGA-based conjugates. F–H) Densitometry quantification 
normalized by Red Ponceau total protein in Western blotting. I and J) Measurement of (I) interleukin-8 (IL-8) levels (GeniePlex Multiplex Assay) or (J) exosomes 
(ExoScreen™) into the supernatant of MCF7 cell spheroids incubated for 72 h with St-PGA-BDMC1/Exem3 or corresponding single-drug conjugates. Free drug 
treatments from I and J not shown due to a DMSO-induced solvent effect are presented in Fig. S12 and 13. For graph F-J, statistically significant differences between 
each treatment and corresponding controls or St-PGA-BDMC1/Exem3 identified by one-way ANOVA represented as p-value<0.05 (*), <0.01 (**), p-value <0.001 
(***), and p-value <0.0001 (****). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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associated PI3K/Akt/mTOR pathway downregulation. While Exem 
significantly reduced p-p70 levels, conjugate-based treatments would 
provide additional advantages [19,21].

We also explored autophagy by quantifying the LC3-II ratio relative 
to total LC3 (I + II). Comparing treatments to respective controls 
revealed that free drugs (individual/combined) and St-PGA-Exem3 
reduced, St-PGA-BDMC1 maintained, and St-PGA-BDMC1/Exem3 and a 
physical mixture of St-PGA-BDMC1 and St-PGA-Exem3 increased the 
LC3-II ratio (Fig. 5E - representative Western Blot; Fig. S11 - uncropped 
Western blot membranes; Fig. 5H – LC3-II ratio derived from LC3-II and 
LC3-III densitometry). St-PGA-BDMC1/Exem3 resulted in the highest 
LC3-II ratio, suggesting significantly increased autophagosome forma
tion (Fig. 5H). The blockade of autophagy - a complex cyclic process - 
prompts the accumulation of autophagosomes; therefore, LC3-II accu
mulation could result from autophagy inhibition [63]; nevertheless, the 
activation of autophagy by BDMC and Exem treatment has been widely 
reported [8] which supports that our observation derived from auto
phagy upregulation. Our data suggest that free drugs (individual/com
bined) and single-drug conjugates (individually) reduce/maintain 
autophagic activity. The contrasting results may derive from a drug dose 
under a trigger threshold. In contrast, a physical mixture of single-drug 
conjugates and the combination conjugate increases autophagic activ
ity, which can contribute to active cell death. We observed increased 
LC3-II and decreased p-ERK levels upon St-PGA-BDMC1/Exem3 treat
ment. LC3-II and p-ERK levels correlate in the absence of drug treat
ment, as ERK phosphorylation requires LC3-II [67]; we hypothesize that 
BDMC/Exem treatment decouples LC3-II from p-ERK levels, leading to 
the independent regulation of both mechanisms.

3.6.2. St-PGA-BDMC1/Exem3 reduces the levels of paracrine and autocrine 
signaling molecules

Cancer cells also secrete autocrine and paracrine factors that pro
mote proliferation, metastasis, and endocrine resistance, such as in
flammatory cytokines and exosomes [6,68]. Curcuminoids, including 
BDMC, have important anti-inflammatory roles and have been widely 
applied in inflammation-related diseases [12,42]. Exem modulates pro- 
inflammatory NF-κB signaling, which regulates the levels of multiple 
cytokines [69]; therefore, Exem and BDMC treatment could also func
tion synergistically through this axis. Additionally, exosomes secreted 
by cancer cells transport various factors to neighboring and distant cells, 
which is fundamental to cancer progression and metastasis [70]. We 
next characterized the levels of the pro-inflammatory cytokines (TNF-α, 
IL-6, and IL-8) and exosomes secreted into the supernatant of spheroids 
treated with St-PGA-BDMC1/Exem3 and single-drug conjugates/free 
drugs (individual/combined) (compared to untreated and DMSO- 
treated controls).

We failed to observe modulation of TNF-α and IL-6 upon any of the 
evaluated treatments (Fig. S12A and B). The significant DMSO-induced 
modulation of IL-8/exosome levels hindered any comparison of BDMC 
and Exem treatments (individual/combined) with St-PGA-BDMC1/ 
Exem3 (Fig. S12C and 13 - IL-8 and exosome levels after treatment); 
thus, we focused on IL-8 and exosome release following St-PGA-based 
treatments.

While St-PGA-Exem3 maintained similar IL-8 levels to untreated 
controls, St-PGA-BDMC1, a physical mixture of St-PGA-BDMC1 and St- 
PGA-Exem3, and St-PGA-BDMC1/Exem3 reduced IL-8 levels (Fig. 5I). 
These results suggest that BDMC drives the reduction of IL-8 levels by 
the combination conjugate treatment; however, St-PGA-BDMC1/Exem3 
significantly reduced IL-8 levels compared to other treatments (Fig. 5I) 
suggesting the importance of synergistic activity. St-PGA-Exem3 main
tained similar exosome levels to controls, while St-PGA-BDMC1, a 
physical mixture of St-PGA-BDMC1 and St-PGA-Exem3, and St-PGA- 
BDMC1/Exem3 significantly reduced exosome levels (Fig. 5J). St-PGA- 
BDMC1/Exem3 exhibited a more significant reduction of exosome levels 
than individual treatments with St-PGA-Exem3 and St-PGA-BDMC1 
(comparable to a physical mixture of St-PGA-Exem3 and St-PGA-BDMC1) 

suggesting synergistic activity induced by both combination approaches 
(Fig. 5J). In breast cancer, IL-8 induces remodeling and the epithelial-to- 
mesenchymal transition, resulting in tumor progression [71,72]; more
over, exosome secretion represents a pivotal means of establishing 
distant metastases [70]. Thus, decreased IL-8 and exosome levels upon 
combination conjugate treatment suggest a reduction in tumor 
progression-related signaling.

Our results suggest that St-PGA-BDMC1/Exem3 simultaneously in
hibits Ras/MEK/ERK and PI3K/Akt/mTOR signaling, which may in
crease therapeutic efficacy/avoid therapeutic resistance via ER- 
independent pathway activation. We found evidence of synergistic 
modulation of autophagy as a potential cell death mechanism and syn
ergistic reduction of IL-8/exosome levels, which could inhibit breast 
cancer progression.

Our characterization of the mechanisms of action of St-PGA-BDMC1/ 
Exem3 and single-drug conjugates/free drugs (individually or com
bined) supports the benefit of conjugating both drugs to the same 
polymeric carrier. We hypothesize that the primary mechanism driving 
the advantages of combination conjugates over physical combinations of 
single-drug conjugates or free drugs lies in the delivery of drugs to cells 
at an optimized drug ratio. Thanks to conjugation to the same nano
carrier, drugs will become released within the cell at a rationally 
selected synergistic ratio, maximizing drug synergism. In contrast, cells 
will internalize single-drug conjugates or free drugs at independent 
rates, which can result in a suboptimal drug ratio. The benefits of co- 
delivering a synergistic combination of drugs, compared to physical 
mixtures of single-drug conjugates or free drugs, have been previously 
highlighted [16,17]. The advantage of nanomedicine-based codelivery 
of synergistic drugs is well-established with the clinical success of 
Vyxeos®, a liposomal co-encapsulation of synergistic chemotherapeutic 
agents for acute myeloid leukemia treatment [73]. In agreement with 
our data, preclinical studies by our laboratory [30,36,74] and others 
[53,75,76] have highlighted the benefits of conjugating drug combina
tions to the same polymeric nanocarrier over treatment with physical 
mixtures of single-drug conjugates/free drugs.

3.7. Validation of the benefits of St-PGA-based combination conjugates in 
patient-derived 3D breast cancer organoids

Patient-derived breast cancer organoids are established from pri
mary tumors and undergo long-term culture [37] while maintaining cell 
heterogeneity; therefore, they display improved tumor-like character
istics compared to cultures of commercially available cell lines [77,78]. 
While few studies have applied breast cancer organoids to evaluate 
nanomedicines despite their growing relevance [34], they represent 
promising in vitro models that bridge the gap between simplistic cell 
line-derived models and in vivo evaluations.

We evaluated St-PGA-BDMC1/Exem3 in a hormone-responsive 
organoid ERC012 (ER+, PR+, HER2-; Fig. S14A and B) established 
from an untreated tumor (Fig. S14C). We treated ERC012 with St-PGA- 
BDMC1/Exem3, corresponding single-drug conjugates/free drugs (indi
vidually or combined) at the corresponding ratio, imaged organoids at 
the highest concentrations (98 μM BDMC and 240 μM Exem equivalent; 
where we expected to find the highest differences between treatments) 
(Fig. 6A), and reconstructed dose-response curves (Fig. 6B; Fig. S15 - 
cytotoxicity expressed in Exem equivalent concentration). Table 3 re
ports IC50 values for each treatment.

Untreated ERC012 organoids presented a round, compact shape with 
well-defined limits (Fig. 6A; green arrow). ERC012 organoids treated 
with BDMC and Exem as single agents presented a mix of intact orga
noids (Fig. 6A; green arrow) and organoids with a partially dis
aggregated outer layer (Fig. 6A; yellow arrow). As cell death results in a 
loss of cell-cell interactions, these results suggested cytotoxicity 
affecting the outer cell layer of the organoid in close contact with the 
drug-containing media. A physical mixture of St-PGA-BDMC1 and St- 
PGA-Exem3 or BDMC and Exem provided a comparable result, with a 
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mix of organoids with a disaggregated outer layer and completely dis
rupted organoids, suggesting an impact on a more significant number of 
organoid cell layers (Fig. 6A; red arrow). Only St-PGA-BDMC1/Exem3 
treatment prompted complete organoid disruption, suggesting higher 
cytotoxicity (Fig. 6A). These results suggest that combination-based 
treatments provided higher cytotoxicity than free drugs and that St- 
PGA-BDMC1/Exem3 induced more significant cytotoxicity than other 
combination-based treatments.

To confirm these results, we analyzed dose-response curves at 
different concentrations (Fig. 6B; Fig. S15). The low cytotoxicity of 
BDMC and Exem as single drugs impeded statistical analyses and CI 
curve calculation (Fig. 6B; Fig. S15); nevertheless, combination-based 
strategies resulted in more significant cytotoxicity than free drugs as 
individual treatments, suggesting synergism in patient-derived breast 
cancer organoids (Fig. 6B; Fig. S15). St-PGA-BDMC1/Exem3 induced 
higher cytotoxicity than a physical mixture of St-PGA-BDMC1 and St- 
PGA-Exem3 or BDMC and Exem (Fig. 6B; Fig. S15). Thus, St-PGA- 
BDMC1/Exem3 induced significantly higher cytotoxicity than alterna
tive combination strategies, highlighting the benefit of conjugating both 
drugs to the same St-PGA carrier in a patient-derived model and vali
dating preliminary results obtained in cell monolayers and spheroids 
(Fig. 1B). The combination conjugate St-PGA-BDMC1/Exem3 out
performed all treatments in patient-derived organoids, displaying better 

cytotoxicity results than in cell spheroids (Fig. 5C). Thus, patient- 
derived organoids recapitulated further advantages of combination 
conjugates than cell line-derived spheroids. These results revealed that 
more complex models supported the benefit of combination conjugates 
over physical mixtures of single-drug conjugates/free drugs.

Overall, the present work highlights the importance of rational se
lection of candidates supported in advanced in vitro models. The rou
tinary implementation of advanced in vitro models, such as patient- 
derived breast cancer organoids, can reduce animal model use, which 
aligns with the European Commission’s 3R goals [79]. To the best of our 
knowledge, only one report previously applied patient-derived breast 
cancer organoids to the development of a novel nanomedicine-based 
therapeutic [80]. Our results further underscore the potential of 
advanced preclinical models in validating novel, promising breast can
cer therapeutics.

Multiple preclinical studies already supported the potential of PGA- 
based conjugates [30,53,75,81,82]. Additionally, the clinical evaluation 
of Opaxio®, PGA-conjugated paclitaxel, demonstrated safety advan
tages and supported the further clinical exploration of PGA-based con
jugates despite not reaching regulatory approval for various solid 
tumors [83–85]. St-PGA-based conjugates possess several advantages 
compared to their linear counterparts, such as improved biodistribution, 
pharmacokinetics, and cell trafficking [26]. In agreement with our 
previous St-PGA-based conjugates for single-drug [23] and combination 
therapy [74], the results for St-PGA-BDMC1/Exem3 underscore the po
tential of St-PGA-based conjugates for breast cancer combination 
treatment.

4. Conclusions

Herein, we report a rationally designed St-PGA-based combination 
conjugate carrying BDMC and Exem as a potentially effective advanced 
hormone-responsive breast cancer treatment. We explored a variety of 
drug loadings and combination ratios, utilizing pH-responsive ester and 
hydrazone linkers for BDMC and Exem conjugation, respectively. Our 
characterization highlighted the impact of drug loading and composi
tion on the size distribution and solution conformation of the resulting 

Fig. 6. Cytotoxicity and synergism of St-PGA-BDMC1/Exem3 compared to single-drug conjugates/free drugs in patient-derived hormone-responsive breast cancer 
organoids. A) Representative images of ERC012 organoids after treatment at 98 μM BDMC and 245 μM equivalent concentrations of PGA-BDMC/Exem used for 
cytotoxicity assays. Arrows indicate intact organoids (green), apoptotic organoids maintaining integrity (yellow), and apoptotic disaggregated organoids (red). Scale 
bars = 100 μm. B) Dose-response curves of organoids incubated for 72 h with St-PGA-BDMC1/Exem3, BDMC and Exem at a 1:2.5 ratio, St-PGA-BDMC1 and St-PGA- 
Exem3 combined at said drug ratio, and free BDMC. Concentrations represented in BDMC-equivalents according to drug loading (Exem-equivalents presented in 
Fig. S15). Data represented as mean ± SEM of three independent biological replicates (n = 3). Statistical analysis performed using an extra sum-of-squared F test fit 
comparison for IC50 values. Statistical significance for each concentration represented as p-value <0.01 (**) and p-value <0.001 (***). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 
IC50 values of St-PGA-based conjugates and free drugs in patient-derived 
organoids.

Compound name IC50 (μM 
BDMC Eq.)

IC50 (μM 
Exem Eq.)

Molar ratio 
(BDMC:Exem)

BDMC n/d n/a n/a
Exem n/a n/d n/a
BDMC + Exem (1:2.5) 81 ± 1.6 202 ± 1.2 1:2.5
St-PGA-BDMC1/Exem3 27 ± 1.4 68 ± 1.5 1:2.5
St-PGA-BDMC1 + St- 

PGA-Exem3
67 ± 1.5 167 ± 1.3 1:2.5

BDMC = Bisdemethoxycurcumin; Exem = Exemestane; n/a = not applicable; n/ 
d = not detected.
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conjugates, significantly influencing the kinetics of drug(s) release 
profiles under acidic environments. Drug synergism was determined in 
cell models of increasing complexity with the validation of the best 
rational design in patient-derived 3D organoids, demonstrating that 
combination conjugates displayed significant benefits compared to the 
single mixture counterparts. Notably, a combination conjugate (at the 
lowest drug loading) outperformed the remaining conjugates in terms of 
cytotoxicity/synergism. The selected candidate (St-PGA-BDMC1/ 
Exem3) synergistically inhibited proliferation pathways and inflamma
tory chemokine/exosome release but increased autophagy. St-PGA- 
BDMC1/Exem3 also outperformed a physical mixture of single-drug 
conjugates/free drugs in patient-derived organoids. Overall, we suc
cessfully applied rational design and selection using in vitro models of 
increasing complexity to obtain a promising St-PGA-based combination 
conjugate for hormone-responsive breast cancer treatment that we aim 
to evaluate in vivo in the future.
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[42] C.M. Cuesta, F. Ibañez, R. Lopez-Hidalgo, J. Ureña, A. Duro-Castano, A. Armiñán, 
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