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ABSTRACT

According to World Health Organization, cancer remains the second leading cause of mortality
worldwide, accounting for approximately 10 million deaths in 2020. Among various cancer types, breast
cancer has consistently been the most frequently diagnosed malignancy in women and a leading cause of
female cancer related deaths, with an estimated 2.3 million new cases and 685,000 deaths reported globally
in 2020. Conventional treatment strategies for solid breast tumors rely heavily on surgery, radiation
therapy and chemotherapy. Among chemotherapeutic agents, anthracyclines, particularly Doxorubicin
(Dox), have been widely employed due to their broad-spectrum anti-cancer activity. However, the clinical
utility of Dox is significantly limited by its dose-dependent cardiotoxicity and multidrug resistance.
Pirarubicin (Pira), a semi-synthetic analogue of Dox with a tetrahydropyranyl (THP) substitution at the 4-
O position, has emerged as a promising alternative due to its enhanced cellular uptake, reduced
cardiotoxicity and efficacy in Dox-resistant tumor models. Combination chemotherapy remains a
cornerstone strategy for overcoming drug resistance and achieving synergistic therapeutic effects by
attacking cancer cells via multiple mechanisms. However, challenges such as mismatched
pharmacokinetics of individual drugs and increased systemic toxicity hinder its clinical effectiveness.
Nanotechnology based drug delivery platforms offer a promising solution by enabling site-specific drug
accumulation through the enhanced permeability and retention (EPR) effect. In this context, polymeric
nanoparticles have gained particular attention due to their tunability, biodegradability and ability to
respond to tumor-specific stimuli such as pH or redox conditions. In the first phase of this research,
Pirarubicin and Gemcitabine (Gem), an FDA-approved antimetabolite with limited therapeutic efficacy
due to rapid deamination and systemic toxicity, were conjugated to an amphiphilic block copolymer
(mPEG-b-PLA) via a Schiff base linker (Levulinic acid) to formulate pH-sensitive dual-drug-loaded

nanoparticles. The resulting polymeric nanoparticle system exhibited uniform size distribution, low
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polydispersity and favourable biocompatibility profiles. In-vitro release studies demonstrated accelerated
drug release in acidic environments, corresponding to the tumor microenvironment. Furthermore, cellular
uptake assays revealed enhanced internalization, while cytotoxicity studies indicated a synergistic effect
of the Pira-Gem combination in some breast cancer cell lines. However, two critical limitations were
encountered (i) The nanoformulation exhibited low drug-loading efficiency, attributed to the limited
number of available conjugation sites on the polymer backbone, thereby necessitating a higher polymer-
to-drug ratio, which poses potential concerns regarding systemic safety (ii) The observed therapeutic
synergy between the drug combination was inconsistent across different breast cancer cell lines,
underscoring the need for broader validation to establish universal applicability. To overcome these issues,
a second nanoparticle system was designed using polyethyleneimine (PEI), a branched polyamine polymer
known for its high density of functional groups. Polyethyleneimine (PEI) was used to form Schiff base
linkages with both Pirarubicin (Pira) and Salinomycin (Sal). Sal is an ionophore antibiotic known for its
strong ability to target and eliminate cancer stem cells (CSCs), which are major drivers of tumor recurrence
and resistance. It was strategically combined with Pirarubicin to achieve a more potent and synergistic
anticancer response. The resulting PEI-Pira/Sal conjugates were encapsulated within mPEG-b-PLA to
improve biocompatibility and systemic circulation. The dual-loaded nanoparticles achieved a significantly
higher drug loading (~90%) compared to the initial system and maintained excellent colloidal stability
while retaining a moderately negative surface charge. In-vitro studies confirmed the enhanced
cytotoxicity, synergistic therapeutic effects and effective CSC inhibition by Pira—Sal co-loaded
nanoparticles across various drug ratios (1:1, 3:1, 1:3) and multiple breast cancer cell lines. The Pira—Sal
(3:1) co-loaded nanoparticles showed the highest synergy and was selected for in-vivo evaluation. In
syngeneic EAC tumor-bearing Balb/c mice, these nanoparticles led to ~95% tumor regression after

biweekly intravenous injections. However, the survival analysis showed signs of systemic toxicity, as
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most mice in both the single and dual-loaded nanoparticles treatment groups did not survive until the end
of the study. This was likely caused by the release of free polyethyleneimine (PEI) upon degradation of
the nanoparticle matrix, which is known to be toxic in its unbound form. These findings prompted the
exploration of a safer, yet equally effective, alternative strategy. In the final phase of this work, a folic
acid (FA)-conjugated, redox-responsive block copolymer system [S-(PLA-b-PEG-CONH)]., was
developed to achieve active targeting and controlled drug release. Folic acid was employed as a targeting
ligand to exploit the overexpression of folate receptors on various breast cancer subtypes, enhancing
cellular uptake and tumor-specific accumulation. The copolymer, [S-(PLA-b-PEG-CONH)]., was
synthesized through a multistep process and characterized by 'H NMR spectroscopy and gel permeation
chromatography (GPC). The number average (Mn) and weight average molecular weights (Mw) were
determined to be 27,726 g/mol and 38,386 g/mol, respectively, with a polydispersity index of 1.384. Dual-
loaded nanoparticles incorporating Pira and Sal in varying ratios (1:1, 3:1, 1:3) were formulated using the
FA-conjugated redox-responsive polymer. The nanoparticles demonstrated excellent physicochemical
stability, enhanced drug loading and prominent biocompatibility under physiological conditions. /n-vitro
assays showed significant improvements in cellular uptake in both 2D monolayer cultures and 3D tumor
spheroids. The redox-sensitive disulfide bonds facilitated drug release in glutathione-rich environments
typical of tumor intracellular conditions, while maintaining drug integrity under normal physiological
conditions. Cytotoxicity and proliferation inhibition studies indicated that the Pira/Sal dual-loaded
nanoparticles were significantly more effective than either free drug or singly-loaded nanoparticles.
Moreover, the combination index (CI) analysis revealed consistent synergy across all tested ratios and
folate receptor-positive breast cancer cell lines. The Pira/Sal (3:1) formulation was again selected for in-
vivo evaluation due to its superior in-vitro performance. /n-vivo studies in EAC tumor-bearing mice

involved biweekly tail vein injections for 3 weeks, followed by monitoring for 60 days. The FA-
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conjugated redox-responsive nanoparticles achieved nearly complete tumor regression with no observable
tumor recurrence during the study duration. Importantly, there was no significant body weight loss in
treated mice and histopathological evaluation of major organs revealed no signs of notable toxicity. These
findings confirmed the in-vivo safety and therapeutic effectiveness of the formulation, in clear contrast to
the earlier PEI-based system, which exhibited prominent toxicity. In conclusion, this work presents a
comprehensive comparison of multiple polymeric nanoparticle-based strategies for combination
chemotherapy in breast cancer. FA-conjugated, redox-responsive polymeric nanoparticles co-loaded with
Pirarubicin and Salinomycin not only resolved critical limitations of previous formulations such as low
drug loading, systemic toxicity and variable therapeutic responses but also demonstrated exceptional in-
vivo compatibility and anti-tumor efficacy. This dual-targeted nanoformulation emerges as a potent and
safe candidate for breast cancer therapy, with potential for clinical translation. Future investigations will

focus on validation in higher animal models and advancement toward clinical trials.



AR

%y TRy 6T & AR, AR 3§ U 3P TR TR g $T gORT Ty §31 HRUT &1 g3 §, 3R
s 2020 T TIHT 1 FRIS AN B Jog HIR o RO g3 | AT THR & HIR | T R Afgarsii &
T P e forar o aTel R § 3R ARl deR-9IHd g &1 U UHE HRU 6, o Iy
2020 T TTHT 2.3 T T A 3R 6.85 TG AId o B1 T8 | 319 W IR & URARS SUAR
¥ ey R, fafezu Rfear ik SHRd a1 MR toicy d, fady wu ¥
YT S SRR (Dox) BT SUART MU 0 I G311 § | 8T, Dox &1 WRIH- R
g fauTaddr 3R 9g-ga iRy 59% e IUaNT &) W R A & | STRISIARA &1 Th
Y- UTH e TATANT ORISR (Pira), 4-O UISNRM WR CCEIZSURMT (THP) WiRITTH & BRI,
IR PIRMGIT A, HH g fauadar siR Dox-UfRIeh SR Arsal # THERiAdr & SR
TP TSP [Ahed 57 P IHT & | TS HIAIRTYT, HIR BRI R fafve Sfaw amf &

HTeTH ¥ AT B, GaT UiRIY B R B 3R Tgad RIfrciia THId UTed & &1 U U@ UM
8 | gTaTifp, AfadTTd GaTsl Bt SRFTd GG IBIEACRT 3R 9G] 3 YU fauTaddl 39! A
gUTERIdT B ST HRd & | AFIcaHars SMemRd S fSeias] WewH, Tk ®d W aféd gal

T9T B EPR (Enhanced Permeability and Retention) WHTd & HIEHH § THT §1 B 39 A BT
JHTYH T HRd 21 39 Yo # uielimR S it srgam=iear, srfsisfafre iR
R-fafRry ISIeT (G pH a1 YSTa fRufaan) & ufd STRerl 8 & HRU avy e s ifd
A Bl 3T WY & Ugd WU H, RERRA iR SARedH (Gem) — T& FDA SfHICA
TeeTaaTse O dig el o vomeivTd fawTedar & wror e guTasfierar firerdt § — &
UH THIh{A® sld PR (mPEG-b-PLA) T digferid TRIS Smetikd Riw o9 feied & wres



3 ST T T pH-HdeT=Nd god-Gal-gad AHIaTcdhed qaR fhT o Tar | T AHIH 01 THH STHR
fIRUr, HH UTHfSTaRIcT 3R SER IRNSIHadT aRINd & | § facl Rl Sfermi = 3ty araraRor
(S TR HEHISTIRRAHC) T auit A a1 Refiel &1 g | Aeger ra=iyo udierl 3 ag Wy gai
3 S A-THUN BT TG 31T o, 3R T ICHARIC! ST 7 $© I HIR Ud A3l | Pira-
Gem TAOM & WgdN UWG &I SN gdifdh, & Ag@yul AN IHA oM —
(i) AT B i TaioH Ridl & BRI HH <dl-aST &1 TS 7T, R 3ifdies grefimR-a-

Gl U Pl SORIedl e, O UUTANIG {RET W UHE  UEl,
(i) fafta W9 FR Id Al 3R gar srural # fafecia guay & srimfa &t 18, o gt
FraHifierar R Uyfag i 39 JHwms ¥ Aued & fie, @R @Rur § uldizugdi=gHi= (PED)
snetia HuTéee Riken o1 fgaie fosar 7, S e Ed UTeilsmisH ¢ SR SH&! o SiEd
TYg AT & o ST el €1 PEL &I ORISR (Pira) 3R SRR (Sal) — T MAHR
Terifes St HIR TH BIRABI3H (CSCs) B AR B 3R FHIE B § & & — Sl 4 Rp
9 fefrd o ATe ¥ e 7T | A RE & RIS ORA & 91y WaeH § 39 3529 9 g1 T4
for fr) 9 31fi Tfdamrel SfR Tgarft SRR YT ITF Y| §9 PEI-SUIRG AIRD! Pl
mPEG-b-PLA ¥ @UCT 74T difds 3eh! STlSrIgHadr 3R Yad H R & R 81| 39 Jomelt = ugd
@I AT H ~90% dH I al-AleT 3R IV Dlaged (Rl fears | 37 faer st o faftr
U (1:1, 3:1, 1:3) 3R fafid W9 FWR Jd @2 H Pira-Sal & A-NBUN A YHTIRITA
gr3elciiagiel, Geantt UHTE 3R CSCs P GaH BI &HdT USRI BT 78  Pira-Sal (3:1) TaISH
Ty TR S aTa urn 74T 3R 39 3 faal tRieur & e A1 471 Balb/c A9 H EAC SR
HiSd IR TE IR ~95% TR UichTH b Ugdt | gTalifds, TRI3T B STRoiTadT [aRasul § I8 JrA
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3T o SR TRT ATSY S1eqg & THIGT ¥ Ugd 81 R T, YHId: b1 PEI & HRUT g5 [ANTaddl dI
qoIg ¥ | T U TP GRI&T SR THTIRITCH dh (el YU &1 HTIRI el DI o faT| TR 3iR
3iferd TROT 1, U Wifeies TRIS (FA)-TgfErd YSia-Hag-Rid sl DR Rieed fawmiid fasan
T, for T ST R Tfthy dedtenur 3R Fifad <ar Refisl U 31 Tl FA & U dgdfiopru ferils
& =Y H IuINT a1 T d1fch T ¥R SUUSRI H 31ieh e ticie RATH 1 elH IS1T o b,
o IR SHARIVOT SR SR-ARTY W $T Fgra1 i | §g-TROMT IRV Ufehan gRT TR
39 [S-(PLA-b-PEG-CONH)]. &1 'H NMR 3R GPC & HIeAH I fa=wdT U &1 75| $THT Mn 3R
Mw HHE: 27,726 g/mol 3R 38,386 g/mol TN TN, 3R polydispersity index 1.384 YT, S T THH
OTieR faaRor &1 =IfdT 81 Pira SR Sal BT fAfN SOTGT (1:1, 3:1, 1:3) H FA-J&d RS Ia9-Haa=iTd
TR ¥ @IE fam a1 Al A ST RIRIG, S8R gal AIfeT 3R ISP Y od-3had TeRid
@11 37 fae) sreagel & 2D SR 3D HIR Ared & 98 SIS SqUG /T 1| GSH-TG SR

IR0 # AN[E YSIa-HadeRd feaewrss digy A dférd gar Refiel gfRfda o, Jefes amm=
YRiRe fRuferdl # aa1 &t fRRAT 3711 57| ArscieioRict SR Id TR ARl 3eaaH! # I8 ol
T o I8 §d-aa1 gad YOI Had Tl a1 Uhd-adl gad A1 0l &t qoT 8 dal SHfd THIRITE
| S GEHiE faawor 7 Tt surdl $iR FAXSER Tififed WH HeR HiRawrell § Tar
TEART YT feaman | 91 Ue=i aTd Pira/Sal (3:1) BIHCRM &1 3 faal uteror & forg fOhr & g1 |
EAC TIR-9RT A9 # 3 IIE d% aadidd! SoiaRM & §16 60 &1 & A &t Ts| 39
ey A SR & Ty gof 9T 1 G fosa SR siera Sraft & 1s TRIghy 18t g3 1 IRR
& IO H B8 Hed Ul TRTaC e ol 718 3R 3T o1 R IuuIaTore d offd | ohis fasTadar el urg
T3 | 37 uRouImel 3 ugd & fauTed PEI snenfid Red &t gorqr & 39 Jomelt Bt GR&fT 3R THTa=iadr
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&1 g0 foa | Fshvier:, I8 1 T HaR &1 Faier SIHIRdt & forg fafte Sianféara emenfa
A B T T o U BRdl 81 FA-SgRd, VST aeagie uieliiR A A
RISk AfeAARRA & Wy aeR gaad! ®BidaxHl & dams — S &4 gar are,
JUITRTa fauTadr 3R 3rfTa fafercdta ufafshanst — & Iwaade ga fhar 3R SRITYRT Sid-
AT d SRR THTaRiedT fG@Ts | 98 ¢ @férd UM W Sk SUAR & forg U ifad=ima
3R GRFEA STfIgaR & =U H IHRCH &, foridh el Salg &1 Uad YU § | HiasT & siemai
o 39 S WG WOl Arsd ® T A1 3R Aeies Riar o1 fan  orR 1 vRdifad B
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