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Organ-targeted drug delivery systems (OTDDS) are essential for the effective treatment of complicated
diseases. Triple-negative breast cancer (TNBC) is an aggressive cancer with high mortality and requires
targeted therapeutics. This work was aimed at designing a library of polymeric OTDDS with N-acryloyl-
glycine (NAG) and N-acryloyl-L-phenylalanine methyl ester (NAPA) [p(NAG-co-NAPA),.)l and screening its
in vivo organ-targeting specificity. Among this library, the best p(NAG-co-NAPA)., NPs with an x:y ratio of
1:4 and size of 160-210 nm targeted breasts to a high extent compared to other organs and thus were opti-
mized for TNBC treatment. A network pharmacology study was performed, which revealed that 14 genes
were responsible for TNBC, and a combination of DHA (targets 6 genes) and piperine (targets 8 genes) drugs
was used to optimize the formulation, achieving the maximum therapeutic efficiency against TNBC with an
ICso value of 350 pg mL™% The designed organ-specific polymeric nanoparticle (NP) library, identification of
target genes and proteins responsible for TNBC, and the optimized formulation for effective combination
therapy established an effective therapeutic option for TNBC. The findings of this work further demonstrate
that this polymeric library of NPs shows exciting therapeutic potential for treating TNBC and presents innova-
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1. Introduction

The precise organ-specific delivery of therapeutic biomolecules
requires interdisciplinary research among scientists in chemistry
and biology, engineers, and clinicians for successful treatment
outcomes, given that the surface chemistry of organs is very
complicated." The development of effective organ-targeted drug
delivery systems (OTDDS) necessitates a clear understanding of
how the physical and chemical properties of OTDDS influence
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tive treatment options for critical diseases of the liver, heart, lungs and kidney.

biological processes at the molecular, cellular and organ levels.
OTDDS can deliver precise drug doses for the desired therapeutic
outcomes rather than delivering an arbitrary amount of free
drug at the targeted site.> However, for effective treatment,
OTDDS must overcome challenges such as poor biodistribution
and biological fate." Generally, three targeting mechanisms,
i.e., passive, active, and endogenous, are considered to engineer
OTDDS.*”® The passive and active targeting mechanisms have
been widely studied to date. Alternatively, endogenous target-
ing is emerging as a promising approach based on how the
chemical versatility of nanoparticles (NPs) leads to binding with
distinct plasma protein subsets of target organs, directing NPs
to specified organs and enhancing their cellular uptake.®’
However, for specific cellular uptake, controlled chemical mod-
ification of NPs is necessary. For instance, 7C1, an oligomer
derived from lipidated PEIsqo, was used for gene silencing in
lung epithelial cells, compared to kidney and heart endothelial
cells. However, the standardization of the lipidation process is
necessary for improved silencing across different organs.®°
IDD-3, a terpolymer formulated with lipid components, enables

This journal is © The Royal Society of Chemistry 2025
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lung-selective mRNA delivery. Interestingly, compounds sharing
the same polymerization degree as IDD-3 failed to target the lungs
when their amino-alcohol building block was altered.'® Further-
more, PEI modified with vitamin A was reported together with
enhanced retinol binding protein 4 in its protein corona, targeting
hepatic stellate cells for liver fibrosis treatment.* Similarly, phos-
pholipidation of cationic polymers could facilitate mRNA delivery
to the spleen and lymph nodes.”> However, identifying NPs that
can target inaccessible tissues such as muscles and the heart,
central nervous system, and gastrointestinal tract is challenging."
In this case, although chemical modification can enhance the
target specificity of the delivery vehicles, can also increase the
toxicity and side effects in the long run. These insights motivated
us to synthesize copolymer NPs with varying ratios (x:y) of
biologically safe monomers (amino acid based) without using any
endogenous or exogenous ligands for enhanced organ-specificity.
Several OTDDS have been approved by the FDA for clinical
use including viral vectors, molecular conjugates, antibody-
drug conjugates, and chemically modified polymer NPs. Among
them, polymer NPs are particularly useful due to their ability to
load various drugs separately or in combination with minimal
immunogenicity, enhanced capacity of endosomal escape,"
cell and tissue tropism'® and easy modulation of their properties
through controlled chemical synthesis." Amphiphilic copolymer-
based nanocarriers are gaining attention for hydrophobic drug
delivery in cancer treatment because of their synthetic versatility,
favourable size, biocompatibility, and stability."*"*> Compared to
free drugs, nano-scaled polymeric carriers can enhance their
accumulation in solid tumor cells via the enhanced permeability
and retention (EPR) effect.'® Furthermore, OTDDS can improve
the drug delivery to metastatic cancer cells and potentially
bypass permeability barriers. However, despite the development
of numerous polymeric nanovehicles for targeted or receptor-
mediated (exogenous ligands) drug delivery,"” achieving the
expected anticancer efficacy remains a challenge due to off-
target effects.'® The key feature of polymeric OTDDS is their
organ-targeted delivery, which can be engineered by varying
the ratios of the selected monomers, which is the main focus
of this work. By varying the x:y ratio, a library of copolymer NPs
i.e. organ-targeted drug delivery nanoparticles (OTDDN) can be
generated, and subsequently the selection of a particular
OTDDN can become dominant for the treatment of invasive
cancers such as triple-negative breast cancer (TNBC).
Considering different-organ based diseases, TNBC is the most
prevalent malignancy and the leading cause of cancer-related
mortality (lifetime is 18 months from detection) among women
worldwide, accounting 15%-20% of breast cancer cases.’®”! It
has the worst prognosis regarding tumor relapse and patient
survival, making it a clinically aggressive cancer with limited
therapeutic options.>** This highlights the urgent need for
developing combinatorial therapies for TNBC using suitable
copolymer-based drug delivery system OTDDN to eliminate che-
moresistance issues.>*>° To address this, a combination delivery
of DHA and piperine can be used for better efficacy. Dihydroarte-
misinin (DHA), a hydrophobic metabolite of artemisinin, shows
significant potential in treating TNBC.*”*® Also, piperine, a
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hydrophobic alkaloid from black pepper (Piper nigrum), has
demonstrated anticancer effects.’' Thus, treatment with a
combination of DHA and piperine can be an effective strategy
for TNBC through targeted drug delivery systems (TDDS) from a
designed copolymeric NP library. This option can potentially delay
TNBC adaptation, while minimizing the severe side effects asso-
ciated with free drug combinations.”*™° Previously, we also
reported the development of biocompatible acrylate-amino acid-
based polymers for various therapeutic applications.'***** we
reported that poly(N-acryloyl-i-phenylalanine methyl ester)
[p(NAPA)] NPs exhibit adjuvant properties on the innate immune
system™* and porous poly(N-acryloyl-glycine) [p(NAG)] NPs serve as
an excellent drug delivery carrier with enhanced anti-inflammatory
effects.™*? Presently, our idea of designing a library of copolymer-
based OTDDN without depending on organ-targeting mechanisms
can be a further game-changing option for the treatment of TNBC.

Accordingly, this work reports the synthesis of an OTDDN
library of porous amphiphilic copolymer NPs, specifically [p(NAG-
c0-NAPA) )], using N-acryloyl glycine and N-acryloyl--phenyl-
alanine methyl ester as monomers in varying molar ratios (x:y).
Furthermore, the physicochemical properties of OTDDNs were
studied to confirm their structural and chemical functionality
and further evaluate their efficiency to target different organs.
The targeting efficiency of these copolymer NPs was assessed based
on in vivo organ-based biodistribution studies. The [p(NAG-co-
NAPA)(; . 4] NPs demonstrated the maximum targeting efficiency
to breast tissue, which facilitated the loading of DHA and piperine
individually or in combination, and exhibited pH-based drug
release behavior. Also, in silico studies, including network pharma-
cology and molecular docking, were performed to predict the gene
targets for TNBC. Additionally, the in vitro ICs, values of nano-
formulations (NFs) on the MDA-MB-231 cell line were analyzed to
assess the TNBC inhibition efficiency and mechanisms through
quantitative estimation of the reactive oxygen species (ROS),
mitochondrial membrane potential assay, cell cycle arrest, and
apoptosis via flow cytometry. Finally, the future direction is
proposed for the use of various OTDDNs from this library, which
can be effective for several organ-targeted therapies.

2. Results and discussion

2.1 Synthesis and physicochemical characterization of
monomers, homopolymers and library of OTDDNs

To develop a library of OTDDNs of amino acid-based amphi-
philic copolymers, N-acryloyl glycine (NAG) and N-acryloyl-i-
phenylalanine methyl ester (NAPA) monomers were used. The
monomers were synthesized (yield 60-65%) and their structure
confirmed through 'H (Fig. S2a and S3a, ESIt), "*C NMR
(Fig. S2b and S3b, ESIt) and FTIR (Fig. S4, ESIt), respectively.
The monomer synthesis process followed the Shorten-Baumann
reaction approach, where the amine group of the monomers
reacts with acryloyl chloride in basic medium to form an amide
bond. In the final stage of washing or extraction, ethyl acetate was
used as an organic phase to improve the yield percentage of
monomers. Further, the free radical miniemulsion polymerization
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method (Fig. S1, ESIT) was used to synthesize a library of [p(NAG-
c0-NAPA) ;)] copolymers. p(NAG) and p(NAPA) homopolymers
were synthesized and used as references. Here, hexadecane
(HD) was used as a co-stabilizer of the droplets formed during
the emulsion process, which prevented quiescent crystallization
and grain growth. Initially, the monomers were dispersed in the
oil phase (toluene), forming monomer droplets. AIBN, a radical
initiator, was used to initiate the polymerization reaction at ~70-
75 °C. The oily core surrounded by a thin polymeric membrane
was stabilized by crosslinking the monomer droplets with DVB,
which helped generate pores and provide mechanical strength in
the NPs. To generate a library of copolymers, the NAG to NAPA
wt% ratio was varied (Table 1) and a series of reactions was
performed. Additionally, SDS was used as a surfactant to avoid
aggregation during the emulsion process. AIBN initiated the
polymerization process by interacting with the terminal sp>
hybridized carbon of NAPA, NAG, and DVB, forming radicals.
This led to chain propagation and crosslinking, resulting in the
formation of the amphiphilic copolymer [p(NAG-co-NAPA)]
NPs. The carboxylic acid groups of the NAG monomer formed a
hydrophilic shell, while its phenyl rings created a hydrophobic
core, potentially forming dense-core NPs with pores.

The chemical functionalities of the [p(NAG-co-NAPA)(.]
NPs were confirmed through 'H NMR, *C NMR, FTIR, and
UV-Vis spectroscopic analysis. It can be clearly noted that for
simplicity and better understanding, the data points men-
tioned in this section are particularly for the P1 copolymer,
which was already published in another report. All the other
copolymers present in the library (P2-P5) are quite similar to P1
with a variation in a considerable range and their spectra are
shown in their respective images for reference. The number of
protons with probable positions was determined using "H NMR
spectroscopy (Fig. 1a). The distinct bands identified for p(NAG)
and p(NAPA) in their "*C NMR spectra are presented in the ESIt
(Fig. S4, ESIf). As mentioned in our earlier works, the ¢
(*H NMR) for the P1 copolymer are as follows: 8.21 (1H, d,
secondary amine of glycine monomer and phenylalanine
monomer), 7.16 (5H, m, aromatic protons), 4.1-3.2 (m, back-
bone H of monomers), 3.29 (3H, alkoxide of phenylalanine
monomer), 2.4 (-CH,, m, DVB), 1.07 (-CH,, m, monomer). In
the >C NMR, the § corresponding to the monomers disap-
peared and a single band in the range of 40.27 to 39.18
appeared, indicating the presence of a splitting of 2° alkanes
(Fig. S4, ESIf). Further, in the FTIR spectra, the distinct bands
observed for the p(NAG) and p(NAPA) homopolymers are shown
in Fig. 1b and coincide well with the library of copolymers
(Fig. 1b). The major characteristic bands present in the copo-
lymers are (v in ecm™'): 3413 (secondary -NH, s), 1739 (ester
C=0, s) and 1659 (-NH-C=O0, s). Similarly, the UV-vis spectra

Table 1 Physicochemical properties of P4, PP4 and DP4

Nanoparticle Size (d. nm) Zeta potential (mV) PDI EE% LE%
P4 538.8 —34.40 0.730 — —

PP4 429.7 —31.36 0.722 48.60 32.69
DP4 492.6 —37.50 0.736 93.85 48.09
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of the copolymers confirmed the formation of p(NAG-co-NAPA)
NPs, showing two distinct bands at 213 nm and 265 nm, which
correspond to the m-n* transition and phenyl rings, respectively
(Fig. 1c). Furthermore, based on the XRD results (Fig. 1d), it is
clearly noticed that OTDDNs are amorphous in nature. Com-
pared to the homopolymers, the copolymers exhibited higher
thermal stability (Fig. 1le). The P1 to P5 NPs showed three
degradation steps, where the first step observed is due to the
loss of surface moisture, followed by polymer chain degrada-
tion (Fig. 1e). According to DSC (exo up and endo down), it was
revealed besides the homopolymers, all five copolymers showed
a phase transition at ~70-75 °C with an endothermic peak
(Fig. 1f). The MALDI-TOF spectra were recorded for all the
samples (Fig. S6-512, ESIT) and tabulated in Fig. 1g. The results
clearly showed the presence of heterogeneous fragments in the
copolymers, indicating the formation of random copolymers.
The linearity in the PDI index represents the uniformity of the
chains. It was observed that with an increase in the monomer
ratio, there was a change in M,, and M,; however, the PDI was
calculated for all the NPs to be ~1.0 (table in Fig. 1). This may
be due to the fact that the overall weight of the two monomers
always remained fixed (500 mg). Overall, the chemical function-
ality and MALDI-ToF studies confirmed the successful formation
of the library of NPs [p(NAG-co-NAPA)(.;]. All the library NPs
were checked for their different organ-target specificity, as
shown in the subsequent section.

The morphology and colloidal stability of the library of NPs
were studied through HRTEM, DLS, zeta potential analysis
and CD spectroscopy. The HRTEM images of p(NAG) and
P(NAPA) NPs are shown in Fig. S13 (ESIt) with their respective
SAED patterns. The HRTEM image of p(NAG) suggested the
formation of porous NPs with a size of ~130-190 nm
(Fig. S13a1 and a2, ESIt), while the p(NAPA) NPs showed a
dense core with a porous shell and size of ~100-120 nm
(Fig. S13b1 and b2, ESI{). In this series, it can be observed that
from P1 to P5 a smooth change in porous spherical structure with
a change in size was observed (Fig. 2a1-e3). In the case of P1, the
particles with a size of ~130 nm agglomerated (Fig. 2a1-a3),
while in the case of P2-P4, the particles were monodispersed in
nature, mimicking the structure of p(NAPA) NPs with an increase
in the concentration of NAPA (Fig. 2b1-d3), respectively. Alterna-
tively, in the case of P5, spherical co-connected NPs with a chain-
type structure were observed (Fig. 2e1-e3). This chain-like struc-
ture was formed with an increase in the concentration of NAPA,
i.e., with a higher content of phenyl rings, they tended to form a
linearly arranged structure with less steric hindrance. Further, the
hydrodynamic size and { of the NPs were studied, as shown in
Fig. 2(f). It was clearly noticed that with an increase in NAPA
concentration, the hydrodynamic size and obtained ( increased.
The higher hydrodynamic size of p(NAG) is due to the spongy
porous structure of the NPs, as observed from HRTEM (Fig. S13a1
and a2, ESIt). Furthermore, CD spectroscopy was performed to
study the chiral and optical properties of the NPs. It was noticed
that due to the presence of a phenyl ring in the copolymer system,
for P1-P4, the intensity of the CD band increased and shifted
towards the left. This shifting can be attributed to the increase in

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Physicochemical properties of library of NPs (P1 to P5) with p(NAG) and p(NAPA) as references. (a) Stack plots of *H NMR spectra, (b) stacked FTIR spectra of
copolymers (dashed lines represent the overlapping peaks between the reference NPs and copolymers), (c) UV-vis spectra, (d) XRD, (e) TGA, (f) DSC and (g) MALDI-

ToF summary (weight average molecular weight (M.

the number of phenyl rings in the system.* In the case of P5, no
2° arrangement was observed. The absence of folding in P5 is due
to the formation of chains at this ratio rather than dispersed NPs
(Fig. 2e1 and e2). The corresponding o-helix and B-sheet turns and
random coil % are provided in ESI} (Table S2). These porous
structures, spherical-shaped morphology, and negative zeta
potential with chiro-optical properties of the OTDDNs offer valu-
able insights into designing specific drugs or vaccines with greater
stability and shelf-life in biological media.

2.2 Biocompatibility, hemocompatibility and biodistribution
of library OTDDNs

For the therapeutic application of the OTDDNSs, they should be
biocompatible, hemocompatible and target specific in nature.

This journal is © The Royal Society of Chemistry 2025

W), number average molecular weight (M,

), and polydispersity indexes (PDI)) for copolymer NPs (P1-P5).

Initially, the cell viability of the designed OTDDNs was checked
against L929 cells, i.e., mouse fibroblast cells. Fig. S14a and d
(ESIT) and Fig. 3a-d represent the cell viability results of p(NAG),
P(NAPA), P1 NPs and P2-P5 NPs, respectively, for concentrations
in the range of 1 to 500 pg mL™ ' against L929 cells. It was
observed that for the p(NAG) NPs, the cell viability was ~100%
at 500 ug mL ™", while at a lower concentration starting from 50
to 1 ug mL ™", the cell viability % varied from 110% to 101%.
Alternatively, for the p(NAPA) NPs, the cell viability decreased
from 74% (100 pg mL ™) to 69% (500 pg mL ). In the case of P1
NP, at a higher concentration, the cell viability was observed to
be 78% and 89% for 500 pg mL~" and 250 ug mL ™", respectively.
In the range of 100 to 25 pg mL™", the cell viability varied from
114% to 102%. The cell viability % observed for P2 was ~85% to

J. Mater. Chem. B, 2025, 13, 3876-3894 | 3879
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Fig. 2 Morphology and colloidal stability studies of copolymer NPs. (al)—(a3), (b1)-(b3), (c1)-(c3), (d1)-(d3) and (e1)-(e3) HRTEM images of P1-P5 NPs at
0.5 pm and 200 nm magnification with their SAED patterns. (f) DLS and Zeta potential and (g) CD spectra of P1-P5 NPs with p(NAG) and p(NAPA) as

references, measured at 250 pg mL™ concentration in MilliQ at 25 °C.

75% from lower to higher concentrations. In contrast, for P4, the
achieved viability was better with respect to P3 and P5 for all
the concentration ranges used here. In the case of P5, at
500 pg mL ™', it exhibited toxicity (viability ~60%) due to the
higher content of NAPA monomer. Furthermore, the cytotoxicity
of the OTDDNSs was tested against two cancer cell lines, i.e., A549
and MDA-MB-231 (Fig. S14b, ¢ and e (ESI}) and Fig. 3e-h), at
concentrations varying from 7.8125 to 1000 pg mL™'. The
pP(NAG) NPs were incubated with both cancer cells and the
viability observed to range from 100% to 80% from lower to
higher concentration (Fig. S14b and c, ESIT), respectively.

In the case of p(NAPA), the cell viability % against A549 was
determined to be ~ 100% for all concentrations, whereas MDA-
MB-231 exhibited ~ 80% viability at 1000 pg mL~". Further, P1
NPs were also incubated with A549 and MDA-MB-231 cell lines
and the cell viability % observed to be 85% and 67% for

3880 | J Mater. Chem. B, 2025, 13, 3876-3894

1000 pg mL ", respectively. Considering P2 to P5, other than
P2 in all three OTDDNSs, a similar trend of cell viability %, i.e.
with an increase in concentration, a smooth decrease in cell
viability % was observed. In the case of P2, at all the tested
concentrations, the cell viability against A549 was determined
to be ~90%, while against MDA-MB-231, at a lower concen-
tration it exhibited ~100% viability. Among P3, P4 and P5, P4
showed the lowest % cell viability at 1000 pg mL™" (~45%).
Thus, it can be concluded that all the NPs in the library are
quite toxic against MDA-MB-231 cells with respect to A549.
Hemocompatibility evaluation for biomaterials is crucial for
all therapeutic purposes given that they enter the systemic
circulation and cause harmful effects by limiting therapeutic
benefits. A material considered to be an effective biomaterial if
its hemolysis value is below 5%. Therefore, the hemolytic
activity of all the samples was studied in both dose- and time-

This journal is © The Royal Society of Chemistry 2025
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() hemocompatibility of P2, P3, P4 and P5 NPs at different concentrations. For (a)—(l), the statistical significance values are provided in the ESIt (Table S3-S6).

dependent manners in the range of 7.8125 to 500 pg mL ™"
(Fig. 3i-1). A variation in the degree of hemolysis % was
observed for selected concentrations at 2 h and 8 h. It was
seen that for p(NAG), p(NAPA) and P1, the hemolysis % was
below 5% up to 8 h (Fig. S14, ESIt). In the case of P3, at higher
concentrations (500 and 250 pg mL ') the hemolysis % was
determined to be 15% and 8%, respectively, whereas for all the
other samples, the hemolysis results were determined to be in a
considerable range. The images of the hemolytic tubes are
presented in the ESIt (Fig. S15). Therefore, OTDDNs are sui-
table biomaterials and can be used for different therapeutic
uses. To evaluate the organ selectivity of OTDDNs, in vivo
biodistribution studies were conducted following the process
mentioned in the Experimental section (Fig. 4a). Five major
organs (lungs, heart, liver, kidney, and breast) were considered
to quantify the target efficiency of OTDDNs by measuring the
fluorescence intensity and compared with the control p(NAG)
and p(NAPA) NPs. According to the in vivo biodistribution
study, the diverse properties of the library of NPs were
observed. According to the intensity, it is obvious that
P(NAG), P3, and P5 are target specific to the lungs (Fig. 4b).
The control sample p(NAG) targeted the lungs and heart,
whereas p(NAPA) targeted the heart and liver. P1 was target
specific to the heart, kidney and liver efficiently. P2 was only
target specific to the heart. P3 preferably targeted the lungs.
Interestingly, it is exciting to report that P4 is very target specific
to the breast (700000 p s~' cm™? sr™'). However, P5 is target
specific to the lungs, heart, liver and kidney. The detailed target

This journal is © The Royal Society of Chemistry 2025

specificity is mentioned in Table (Fig. 4g). Therefore, the
obtained results of cell viability, hemolysis and in vivo biodis-
tribution are clear evidence that P4 can be a suitable OTDDS for
the targeted delivery of drugs for the treatment of TNBC. Further,
to use the P4 NPs for TNBC treatment, a biodegradation study
was performed in simulated body fluid (SBF) (pH 7.4), as
discussed in the Method section. The morphology of the
degraded P4 NPs was scrutinized through HRTEM after 7 days
of post-incubation with SBF (Fig. S16, ESIT). The results exhib-
ited that the P4 NPs (of size 180 to 200 nm) were degraded into
small fragments (10 to 20 nm), as shown in the supporting
HRTEM images (Fig. S16al and b1, ESIt). Therefore, it can be
concluded that the P4 NPs are degradable.

2.3 In silico assessment of DHA and piperine as targeted
drugs for TNBC

The in silico assessment of selected anticancer drugs, i.e.; DHA
and piperine, was conducted using network pharmacology and
molecular docking, which can predict gene targets and the
binding affinity of selected ligands with them, respectively.
The results exhibited that both drugs are effective as anticancer
agents. The Swiss Target prediction tool was used to determine
the targeted enzymes of TNBC (seven for piperine and two for
DHA). These enzymes were run through DisGeNET and the
targeted proteins were listed and further analysed as a PPI
network using Cytoscape. A network of common genes and
target compounds with enzymes was constructed (Fig. 5a and b).
Additionally, more gene targets were found from GEPIA2 and

J. Mater. Chem. B, 2025, 13, 3876-3894 | 3881
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In vivo biodistribution of OTDDN:Ss. (a) IVIS imaging of NPs at 1, 6, 12 and 24 h, (b)—(e) average radiance at concerned time period in different body organs

such as the lungs, heart, liver, kidney and breast, and (g) table with indications of organ specificity (+": targeted, ‘+++": highly target specific and ‘—": non targeted).

used to construct a Venn diagram (Fig. 5¢), which represents that
860 genes are responsible for TNBC. Piperine and DHA can target
94 and 92 genes, respectively. Among the 860 genes responsible
for TNBC, piperine and DHA can target 6 and 8 genes, respec-
tively. However, none of these common genes of TNBC have been
reported, which can be targeted by both piperine and DHA.
Furthermore, the gene targets were collected from NCBI and
recent literature on TNBC*®™*® and the top 40 genes with the
highest connectivity screened. A network-like structure was con-
structed with different colour gradients, which represents the
degree of relatedness of genes with TNBC (Fig. 5d). The identified
genes were further explored to understand their pathways related
to the targeted genes responsible for TNBC (Fig. 5e). A lollipop
plot was drawn to represent the top 15 pathways. It was clearly
observed that among the various cancers, breast cancer GO
enrichment is ~50 fold, and these targeted genes can be highly
expressed in breast cancer following various pathways. According
to the network pharmacology study, 24 receptor proteins respon-
sible for TNBC were selected for molecular docking with paclitaxel

3882 | J Mater. Chem. B, 2025, 13, 3876-3894

as an FDA approved anti-TNBC drug. Then, single docking was
performed for the 24 receptor proteins with piperine and DHA
separately. The obtained binding energies, inhibition constant (K;)
values and amino acid residues are listed in Table S7 (ESIT). It is
clearly evident that piperine and DHA interact differently with
different amino acid residues. Further, among the 24 proteins,
seven proteins (CXCR2, Caspase 9, BCL-2, PR, ER o, EGFR and
CDK2) dominantly responsible for TNBC are selected according to
their highest negative binding energy with lowest K;. Their bind-
ing energy and inhibition constant values are compared with
paclitaxel (Fig. 5f and g). Here, B-tubulin is also considered a
potential target, given that paclitaxel inhibits the growth of TNBC
by binding with the B-subunit of tubulin.’*">* Fig. 5f and g reveal
that compared to paclitaxel, both piperine and DHA show a
greater binding affinity with lower K;.

Given that one of the important objectives of this work is
to determine the synergistic anti-TNBC effects of piperine and
DHA, combination docking has been performed to find the
binding pockets with the selected 8 receptor proteins in two steps,

This journal is © The Royal Society of Chemistry 2025
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(i) piperine followed by DHA and (ii) DHA followed by piperine. The
binding energy and K; values are shown in Fig. 5c and d. The
docking scores are shown in Table S8 and S9 (ESIt), which clearly
show that for the combination study, the binding energy is highly
negative, and K; is very low with respect to paclitaxel. Therefore, a
combination of piperine and DHA can be used for TNBC treatment
with better efficacy. The detailed binding energy, K; values
and amino acid residues are listed in Table S8 and S9 (ESIt) for
B-tubulin, CXCR2, Caspase 9, BCL-2, PR, ER o, EGFR and CDK2.
Further, their 3D structures and corresponding 2D Lig Plots
were extracted (Fig. 6), as mentioned in the Method section,
which clearly represents both polar (H-bonds) and nonpolar
interactions with specific amino acid residues. According to the
figures and tables, it is clearly visible that piperine and DHA
form H-bonds at Gln98 and Pro274 for B-tubulin, at Try24,
His27 and Leu28, and Phe26 for CXCR2, whereas for caspase 9,
DHA only forms H-bonds at Phe413 and Thr415. In the case of
piperine, PR formed H-bonds with Arg766 and Gln725 residues.
In the case of ER o, DHA formed strong H-bonding with three

This journal is © The Royal Society of Chemistry 2025

amino acid residues (Lys449, Gly390 and Arg394). In the case of
EGFR, piperine established three polar interactions (Val112,
Gly15 and Thr47) and DHA showed two polar interactions
(Arg329 and Asp59) with amino acid residues. Similarly, in
CDK2, DHA forms three hydrogen bonds (Lys33, Tryl5 and
Gly16), whereas it is limited to two polar interactions for piperine
(Leu83 and Lys89). The presence of these common interacting
amino acid residues suggests that piperine and DHA can inhibit
TNBC more efficiently by targeting these four proteins (CXCR2,
PR, ER o and EGFR) among the selected eight proteins. The
network pharmacology and molecular docking results further
revealed that a number of protein targets exist for piperine and
DHA to inhibit TNBC, and among them the major potential
targets can be selected for in vitro and in vivo TNBC studies.

2.4 Preparation, characterization, in vitro cytotoxicity and
migratory effect of piperine or DHA-loaded P4 NPs (PP4 and DP4)

P4 was selected to load piperine or DHA for targeting TNBC
according to the method discussed in the Experimental section.

J. Mater. Chem. B, 2025, 13, 3876-3894 | 3883


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02445a

Open Access Article. Published on 12 February 2025. Downloaded on 7/19/2025 2:04:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

EGFR

N

/[ Leus87(A) Cys891(A) | Lou797(A) ﬂ

—_—,’—/—\

b K—/
7 T 10) \
- Bo14(A)

A1e®) ;7 Gaw
s
Vairae) e
Louss(8) (Presa®)
THRIE) § peaee)
) G com
Vva2(®) Prosa®)

Gloa7(8)

Tyr61(8)

Leud71(8)

Pro274(8) ¢ Ser232(8)
‘::" S er (szoom)

M::i S Phe272(8)
i N o

)

Rro336(B)
Thi337(8), (Lou335(8)
. Ypip 1Lys280(8)
Ser339(8) ) Phe267(8)
Pro338(8) ASN268(8)
lie341(8)

Asn265(8) Vai264(8)

_

Ser156(8)

Leu155(8) ) (Lys414(8)
Phe412(8) ) (Arg146(8)
DHA

.
< e
Tyr153(8) & € Thr415(8)
-, 4 .
vy
e
“Phe413(8)

~
N

Tyr890(A) ) (Thres4(A)
Met756(A) )
VMMA)W@ OHA
. PIP
Met801(A) | «
Pho778(A) VAGINT25(A)

-

Asn719(A)
L iLeu718(A)

Glu723(A) 5
Met759 PP
Tp755(A
G722 gy © PO
‘Leu726(A)

« Valt12(A)
Pho3s(A) , v 9"
Loy 2L lounmy
s ¥
Gy46A)

Ala142(A) )
" (T
A Ry

PoddtiA) V4T
oy

Tipa8(A) ) {yresia)
P Phe24s(a)
o
AgI20(A) "¢ = 7(A)
LouST(A) ¥ %y ¢ SorsaiA)
AspsoASg”

Asn22(A)

L.
” < fe27a
- %, SEhe27(A)
Tyr24(A) ~.": - ‘,-
& Giy25(A)

PIP OHA

»
(A)
Giy23 @ Iy $079(%)

His72(A)
Val76(A) ) o
e
.
AR q
Leu2B(A) %o " il
Y e
S
Phe26(A) N”)
P~
980JA)

1o186(A) | Trp192(A)
No144(A)
. (Pho195(A)
Leutg2(A) ¥ Xe ™ aiy191(4)
Aa194A) ) . K TP141(A)
(Asn189(A)

R Lou198(A) /)

Phe101(A) . Ala146(A)
DHA ™

(Glu149(A)
Phe109(A) ) sLOu134(A)
R Met112(A) } Pe150(A)
S G133k e Val131(A)

‘Val130(A)

- ~
BCL-2 >
P 7 Gly420(A) \
GYS21A), ™ fetaz1(A)
; 1 Leud28(A)
HisS24(A)) J N
Mot388(A) ) - Me424(A)
i 1 (o
Lou387(A) | Phedod(A)

\ Lou391(A) )
eud27(A) 1Pro325(A)

u
Prod24(A) ; ¢ DHA Ro2oA)

.
Gly390(A)
1e385(A) 5 b4

.
Gl»@)t' ¢ AgI%(A
(51(9::’9"

v
COL N o A

«
Lyst498) T Pnodadia)

s S

Leus3(A) ¥ L ALeu13A)
PIP
. . ) 4
His84(A) ) .
-
P4

- ®Lys89(A)

Thri4(A) § -
s -.:Ly:.:!:!r/\)
© T
- ¥ Gly16(A)
:‘fn’y N

-
5 - -
lymu:): G DHA
, 2

‘:ﬂ. Gly13(A) /Asp145(A)

cpk2 )

View Article Online

Paper

Fig. 6 Sequential docking for 3D complex structures of B tubulin, CXCR2, Caspase 9, BCL-2, PR, ER o, EGFR, and CDK2 with piperine and DHA in
combination. In Lig Plots, green colour lines represent the H-bonds between the ligands and amino acid residues, and red circles represent the common
polar and nonpolar hydrophobic interactions between the ligands.

The amphiphilic nature of the copolymers enhanced the loading
of hydrophobic piperine and DHA in the core and shell of the P4
NPs. Piperine and DHA were loaded separately in P4 NPs and
designated as PP4 and DP4, respectively. The LE% and EE% were
calculated for both drugs (Table 1) and it was observed that the
encapsulation efficiencies were very good for both piperine

3884
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(48.60%) and DHA (93.85%). Due to the difference in hydro-
phobicity, different extents of loading were observed. It can be
noted that the increased EE% in DHA is high due to its more

hydrophobic complex ring structure with respect

to piperine.

The thermal stability of all the samples was studied from
25 °C to 600 °C and it was observed that they were quite stable

This journal is © The Royal Society of Chemistry 2025
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up to 50 °C. The minor weight loss (2-3%) observed up to
100 °C is due to the surface moisture. Beyond 160 °C, the weight
loss of the polymer particles occurred due to the breaking of the
polymer bonds. After loading drugs, PP4 and DP4 showed
greater thermal stability compared to P4 (Fig. 7a). The in vitro
drug release behavior of PP4 and DP4 was studied using the
dialysis bag approach in 1x PBS buffer (pH 7.4) acidic medium
(pH 6.8) for up to 30 days and the results are shown in Fig. 7b.
In the case of neutral medium, ~5% and ~15% release were
observed at 24 h for PP4 and DP4, respectively. It was clearly
observed that the release occurred stepwise in a stimuli-
responsive nature® for all the samples at all pH. However, it
is interesting to mention that DP4 at pH 6.8 released DHA very
fast compared to the other samples. It can also be mentioned
that up to 30 day, DP4 released the maximum of ~40% DHA.
This can be explained by pH acting as a stimulus and there is a
possibility of breaking the network of copolymer chains peri-
odically, which influenced the stepwise release of piperine/
DHA.>® To assess the effects of NFs against TNBC, the MTT
assay was performed (Fig. 7c—e) by varying the doses of PP4 and
DP4 from 25 to 2500 pg mL™'. According to Fig. 7c-e, it is
clearly evident that the effective treatment of TNBC is dose
dependent. The ICs, values for PP4 and DP4 were calculated to

View Article Online
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be 450 ug mL ™" and 409.5 ug mL ™", respectively. Interestingly,
with a variation in the ratio of DP4:PP4 for combination
therapy, synergetic TNBC inhibition was observed (Fig. 7d
and Fig. S17, ESIf). In the case of combination therapy
(DP4 + PP4), the ICs, obtained for a 7:3 ratio (Fig. 7d) is
promising. Further, different concentrations of mixed DP4 : PP4
at 7:3 were employed to study the TNBC inhibition and the
ICso was found to be 350 pg mL ™. According to this study, it
can be concluded that for each composition ratio, different ICs,
values were obtained. By selecting the ICs,, based on the
severity of TNBC in patients, their dose-dependent treatment
can be programmed. Furthermore, the ICs, values for PP4 and
DP4 were used to calculate CI and it was observed that the CI
value was less than ‘1’, which implies the synergetic inhibition
effect of DHA and piperine against TNBC. The K; value for each
NF was determined by using the Dixon plot>* (Fig. 7h), where
the K; values were obtained by extrapolating the cytotoxicity
results and found to be 0.941 pug mL™", 0.571 pug mL™ ' and
0.45 pg mL ™" for PP4, DP4 and Co-NP;. ), respectively. Thus,
the effectiveness of the designed NFs follows the order of Co-
NP(;.3) > DP4 > PP4. All the designed NFs show competitive
inhibition, which matches well with the earlier mentioned
docking results.
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NFs at different pH, (c)—(e) in vitro treatment efficiency of NFs studied against TNBC (MDA-MB-231) with different concentrations, (g) and (h) represent
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To effectively prevent metastasis caused by tumor cells, it is
crucial to study the behavior of MDA-MB-231 cell migration in
the presence of our designed NFs. An in vitro wound scratch
assay was performed to study the proliferation and migratory
properties of the cells in presence of P4, PP4, DP4 and Co-NP ;.3
for 24 h (Fig. 7f and g). The change in width (%) results revealed
that compared to the control (22.82%), for the P4 NPs (15.94%),
a minor change was observed. Alternatively, compared to P4 or
the control with NFs (for PP4, DP4 and Co-NP), the change in
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width (%) values were below 5%, which is negligible (Fig. 7f).
Similarly, according to the rate of cell migration results, it was
found that although the rate of migration for the control and P4
was 0.95% and 0.66%, respectively, for PP4, DP4 and Co-NP(;.3),
the obtained values were 0.06%, 0.08% and 0.06%, respectively
(Fig. 7g). The rate of migration by NFs decreased by 90% of that
of the control. Thus, by considering the above-mentioned
results, further studies were conducted with 350 pg mL ™" for
all the NFs including P4 NPs as the control.
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Fig. 8

(a) Annexin-V/PI flow cytometry study, (b) cell cycle analysis, (c) ROS quantification and (d) mitochondrial membrane potential study of P4, PP4,

DP4 and Co-NP ;.5 at 350 pg mL~* with unstained (only cells) and control (only dye) samples.
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2.5. Effect of PP4, DP4, and Co-NPs(, ;) on programmed cell
death, cell cycle and TNBC inhibition mechanism

The ICs, values were obtained from the MTT assays for the
individual and Co-NPs(;.3 for the MDA-MB-231 cells, and to
confirm whether NFs induced apoptotic or necrotic pathway, flow
cytometric assays have been performed (Fig. 8a). Herein, Annexin-
V/PI was used to deduce the various stages of apoptosis.>® P4, PP4
and DP4 together with Co-NPs(; . 3 were treated with MDA-MB-231
cells at 350 pg mL ™" and their cell death pathway was studied. As
observed earlier, P4 induced cytotoxicity in the cells (Fig. 3g). The
flow cytometry results revealed that P4 induced necrotic cell death
(51.26%). Comparing PP4 and DP4, PP4 induced more necrotic cell
death (extent of live cells: 13.68%, late apoptotic cells: 1.14% and
necrotic cells: 85.12%). However, DP4 promoted late apoptotic cell
death (live cell: 41.63%, late apoptotic: 28.48% and necrotic cells:
29.24%), which further justified the considered target ratio of
DP4:PP4, ie., 7:3 for TNBC treatment. The use of DHA surged
the late apoptotic stage from 1.14% to 28.48%, which is highly
remarkable. Furthermore, Co-NPs(; .3 demonstrated a decrease in
necrotic cells (9.21%), with a significant increase in live cells
(56.44%), early apoptotic cells (13.31%), and slight decrease in late
apoptotic cells (21.04%). This study further revealed that instead of
P4, PP4 and DP4, Co-NP(;.3 can be potentially used as a TNBC
target, given that it showed programmed cell death (apoptosis) at
the ICs, concentration (350 pg mL™).

One of the key steps in developing potential anticancer NFs
is controlling the cell cycle.’® Based on the cell cycle study
(Fig. 8Db), the developed NFs possessed potential to initiate apopto-
sis in MDA-MB-231 cells. In the case of P4, the activation of the GO-
G1 phase (65.72%) is responsible for reduction in cell viability %. In
contrast, in the case of PP4 and DP4, the GO-G1 phase percentage
was in a similar in range; however, drastic differences were
observed for the S and G2-M phases, e.g,, the S phase decreased
from 20.80% to 13.52%, while the G2-M phase increased from
11.73% to 22.74%. This indicates that the G2-M phase is dominant
for DP4 and the value almost doubles compared to that for PP4. In
the case of Co-NP;. 3), the extent of S phase decreased, whereas the
G2-M phase increased compared to the P4, PP4 and DP4 NPs. It can
be stated that Co-NP. 3 inhibited cell growth by arresting the cell
cycle at the G2-M phase. Subsequently, the TNBC inhibition
mechanism was established by quantifying the reactive oxygen
species (ROS) and mitochondrial membrane potential (MMP)
(Fig. 8c and d). ROSs are strong oxidants that can trigger cells by
increasing the intracellular reactive oxygen species, further causing
DNA, protein or lipid degradation and diminishing their activities.
Here, DCFDA is a green fluorescent dye used to quantify the ROS
generated by the treatment conditions. The fluorescence intensity
is directly proportional to the amount of ROS present in the
sample. Similarly, apoptosis is related to the change in mitochon-
drial membrane potential and mitochondrial damage. The mito-
chondrial potential is the determinant for cell death. Rhodamine-
123 (Rh-123) was used to estimate MMP. It enters the mitochondria
when the membrane potential is intact. However, when the
mitochondria lose their potential, the excess Rh-123 leaks out,
resulting in a detectable reduction in fluorescence. This decrease in
fluorescence is directly related to the loss of mitochondrial
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potential. In the case of ROS, all the NFs including Co-NP(;.;
exhibited greater ROS-based cell inhibition than the control, and
the inhibition efficiency followed the order of DP4 > P4 > PP4>
Co-NP(7.3). In the case of Co-NP;.3), the maximum fluorescent
intensity value approached the order of ~10°. Further, between
ROS and MMP, MMP was dominant, and compared to the control,
P4, PP4, and DP4 shifted more towards the right side of the
fluorescence intensity plot with a range in the order of 10°
(Fig. 8c). Further, Co-NP;.3 shifted more, showing a broad spec-
trum with an increase in the cell count, which depicts that the
underlying cell killing mechanism of Co-NP;. 3 is majorly due to
the change in the membrane potential of TNBC (Fig. 8d). There-
fore, it can be stated that Co-NP.3) exhibited late apoptotic cell
death by inducing MMP-based TNBC killing. Therefore, all the
above-mentioned results corroborate that Co-NP.3 can be a
potential agent for the treatment of TNBC. It can also be noted
that all the combinations of PP4 and DP4 can be used according to
the cancer severity.

3. Conclusions

The current challenges in targeted therapy are associated with
the fact that none of the reported nanocapsules are 100% target
specific, where most of the existing drug delivery devices miss
the target, leading to side effects. Considering this, the present
work focused on constructing a library of organ-targeting amino
acid-based amphiphilic copolymers, i.e., p(NAG-co-NAPA),.,, for
therapy. Physicochemical characterization of the synthesized
P(NAG-co-NAPA) ;) NPs was conducted to ensure their success-
ful synthesis, and subsequently screened for their potential to
act as drug delivery vehicles to different organs. The in vivo
organ-based biodistribution was studied to reveal the best
OTDDNS targeting the breast, i.e., p(NAG-co-NAPA)(; .4y NP (P4).
In addition, an in silico study was also performed to justify the
selection of piperine and DHA, given that they target 14 genes
responsible for TNBC. The prepared piperine (PP4) and DHA
(DP4)-loaded NFs exhibited an excellent drug loading and pH-
dependent drug release, which enhanced the targeted delivery in
the TNBC site by minimizing systemic side effects. The low IC5,
values in combination treatment, i.e. with Co-NPs. ), revealed
the synergetic treatment efficiency of TNBC rather than antag-
onism behaviour. The flow cytometry results revealed that the
inhibition of TNBC by the Co-NP.;) formulation was due to
mitochondrial membrane potential-mediated apoptosis by
arresting the G2-M phase in the cell cycle. It can be noted that
block-co-polymers with varying mers have different extents of
target efficiency to various organs, which has never been
reported. This finding is similar to that based on the treatment
of interest, given that any member of the library of nanocapsules
can be selected for the optimum delivery of drugs and to achieve
the maximum therapeutic efficiency, which may not be restricted
to the major organs such as liver, heart, lungs and kidney, rather
it can be used to treat other organs too. It can further be noted
that the used polymeric NPs can be subsequently degraded and
eliminated from the body. However, to comprehend the effica-
cies of the NFs and progress towards future clinical trials, in vivo
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studies are under consideration and the results will be reported
as a continuation of this work.

4. Experimental
4.1 Materials

All chemicals were used as received without further purification
unless otherwise stated. Glycine (98%, Qualigens), .-phenylalanine
methyl ester (Sigma), triethylamines (>99.5%, Merck), 1,4-dioxane
(99%) extra pure (Merck), potassium hydroxide (KOH), 2,2'-azo-bis-
isobutyronitrile (AIBN, 98%, SRL), SDS (sodium dodecyl sulfate)
(90%, Merck), magnesium sulphate anhydrous (SRL), hexadecane
anhydrous (HD) (99%, Sigma-Aldrich), acryloyl chloride stab. with
400 ppm phenothiazine (96%, Alfa Aesar), divinyl benzene (DVB),
diethyl ether, dichloromethane, sodium bisulphate, potassium
chloride, potassium hydrogen phosphate, magnesium chloride,
sodium sulphate, sodium chloride, toluene, DMSO ds, CDCl,,
phosphate buffered saline (pH 7.4), phosphate buffered saline
(pH 6.8), isopropanol, piperine (Sigma), dihydroartemisinin (TCI),
phosphotungstic acid (Sigma), Triton-X, DNS (sodium chloride and
dextrose injection IP (0.9% & 5% w/v)) (Jedux), calcium chloride,
methyl thiazoltetrazolium (MTT, >99.9%, Himedia), Dulbecco’s
modified Eagle medium (DMEM, Cell Clone), trypsin-EDTA, thio-
pentone sodium (Abbott), 1,1’-dioctadecyl-3,3,3',3- tetramethylin-
dodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) dye, 4%,
Triton-X (Thermo), Fetal Bovine serum (FBS, Gibco), FACS Kit
(Invitrogen), DCFH-DA (Cymann), Rhodamine 123 (Sigma), peni-
cillin-streptomycin cocktail (Himedia), and DMSO (Merck). L929
(mouse fibroblast cells), A549 (lung carcinoma epithelial cells) and
MDA-MB-231 (triple-negative breast cancer, TNBC) cell lines were
acquired from NCCS-Pune Repository, India. A Pure Lab Ultra water
system (ELGA, High Wycombe, United Kingdom) was used to
obtain Ultrapure water (18.2 M) for sample processing.

4.2 Synthesis and characterization of NAG, NAPA, p(NAG),
P(NAPA), and library of OTDDNs

4.2.1 Synthesis and characterization of NAG and NAPA
monomers. NAG and NAPA monomers were synthesized follow-
ing our earlier reported approach.'*** A detailed description of
their synthesis and physical characterization, e.g. "H NMR, *C
NMR and FTIR spectra, is provided in the ESIL{

4.2.2 Synthesis of p(NAG), p(NAPA) and p(NAG-co-
NAPA)(,.;y) NPs. The library of [p(NAG-co-NAPA),,,)] copolymer
NPs was synthesized via free radical miniemulsion polymeriza-
tion, as reported in our earlier work.'**® Briefly, monomers
with varying ratios of NAG:NAPA, as mentioned in Table 2,
were dispersed in toluene. Then, HD and DVB were added and
sonicated for 5 min at RT. The mixture was stirred for 30 min.
Then, a water-based SDS solution and defined amount of AIBN
were added to the above-mentioned reaction mixture and
stirred at RT for 1 h. Then, the reaction mixture was sonicated
(Sonics, Vibra Cell, 750 Watt, 45:15 s, 40% power) for a few
minutes in an ice bath, followed by polymerization under
continuous stirring until the reaction finished.
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Table 2 Homopolymers and library of OTDDS [p(NAG-co-NAPA)(x:y)]
with different monomer ratios

Polymer code Composition Monomer’s ratio (x:y)
p(NAG) NAG NA
p(NAPA) NAPA NA
P1 P(NAG-co-NAPA) 1:1
P2 P(NAG-co-NAPA) 1:2
P3 P(NAG-co-NAPA) 1:3
P4 P(NAG-co-NAPA) 1:4
P5 P(NAG-co-NAPA) 1:5

Finally, the residual toluene was evaporated. The prepared
NPs were washed thoroughly with a (1:1) ethanol and water
mixture 8-10 times, followed by centrifugation. Then, the
samples were freeze dried and stored for further studies. The
P(NAG) and p(NAPA) homopolymers were synthesized following
the same procedure and used as control samples. The different
ratios of monomers used are mentioned in Table 2. The details
synthesis method of this polymeric NP library has been filed for
an Indian patent.

4.2.3 Physicochemical characterization of p(NAG), p(NAPA),
and [p(NAG-co-NAPA).,)] NPs. The chemical functionality, and
structural analysis of OTDDNs were confirmed through "H NMR
and *C NMR spectroscopy (500 MHz OneBay NMR spectro-
meter, BRUKER BioSpin INTERNATIONAL AG) and FTIR
spectroscopy (Nicolet iS5, THERMO Electron Scientific Instru-
ments LLC). Chemical shifts are reported in ppm relative to the
signals generated by deuterated solvents (CDCl;, DMSO-ds and
1:1 mixture of CDCl; and DMSO-D6 (co-solvency approach) for
p(NAG), p(NAPA), and [p(NAG-co-NAPA).,], respectively, and
plotted using MestReNova 14.1. UV-vis spectroscopy (Lambda
750 spectrophotometer, PerkinElmer) was performed (4 = 180-
300 nm). Matrix-assisted laser desorption/ionization-time of
flight (MALDI-ToF) mass spectra were acquired using a Bruker
Autoflex instrument using dithranol in THF as the matrix and
the method followed for analysis was RN_900-4500_Da.par. The
thermal stability and phase transition of the NPs were studied
through TGA (TGA-50, M/s Shimadzu (Asia Pacific)) from 25 °C to
600 °C at a heating rate of 10 °C min~" with 100 mL min~" of N,
gas flow and DSC (DSC-60 Plus, M/s Shimadzu (Asia Pacific))
from 25 °C to 300 °C at a heating rate of 10 °C min ' with
50 mL min " of N,-gas flow, respectively. The crystallinity of
the NPs was evaluated using high-resolution X-Ray diffraction
(Rigaku SmartLab 9 kW Powder type (without ycradle) at 20 =
10°-90° equipped with a Cu Ka X-Ray source with / = 1.54 A).

The colloidal stability of the OTDDNs were evaluated by
measuring their zeta potential ({) using a Zeta sizer (Malvern
Zeta Sizer) at 25 °C. For this, suspensions of 500 pug mL " of NPs
in MilliQ were prepared and three acquisitions were recorded
for each sample and the average hydrodynamic diameter and {
values were recorded. Circular dichroism (CD) experiments
using a Jasco J-1500 CD spectrometer were performed in MilliQ
at 250 pg mL ™" at RT from A = 190 to 300 nm with a 0.5 nm
data pitch and bandwidth of 1.0 nm. For the HRTEM analysis,
~0.1 mg OTDDNs were taken in 500 pL of isopropanol with
two drops of phosphotungstic acid and sonicated at regular
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intervals up to 8 h to form a uniform dispersion. Then, a few
drops of suspension were added to a C-coated Cu grid
(200 mesh size). Images and EDAX patterns were acquired
using a Tecnai G2 20 TWIN (FEI Company of USA (S.E.A.)
PTE, LTD) equipped with an EDS SYSTEM and Octane Plus
SDD detector.

4.3 Cell viability study of p(NAG), p(NAPA), and library of
OTDDN [p(NAG-co-NAPA),...,)] NPs

The cell viability of the homopolymers and OTDDNs was
determined using one healthy cell line (L929) and two cancer
cell lines, A549 and MDA-MB-231. DMEM supplemented with
10% of FBS and 100 U of penicillin-streptomycin antibiotic was
used to culture the cells and maintained in incubator at 37 °C
with 5% CO,. 1 x 10* cells per well were cultured in a 96-well
plate for 24 h, followed by the addition of OTDDNs (1 to
500 pg mL~" and 7.8125 to 1000 pg mL™"). After incubation,
the samples were removed, and 5 pg mL™" of MTT reagent
added to each well and kept for 4 h. Further, MTT reagent was
removed and 100 pL of DMSO was added per well and incu-
bated for 20 min in the dark. Then, the cell viability was
estimated by recording the absorbance at Ay,x = 570 nm using
a microplate reader (Biotek, SYNERGY H1M).

4.4 Hemocompatibility of p(NAG), p(NAPA), and library of
OTDDN [p(NAG-co-NAPA),...)] NPs

Hemolysis was conducted on RBCs collected from rat whole
blood. Initially, RBCs were collected and suspended in DNS. To
determine the hemolytic effect of the copolymer NPs, 5 x 10°
RBCs were incubated with all the samples separately at differ-
ent concentrations (7.8125 to 500 ug mL ') for 2 h and 8 h at
37 °C with 100 rpm. Incubation with distilled water and DNS
were considered as the positive and negative control, respec-
tively. After incubation, the samples were centrifuged at
3500 rpm for 5 min at RT. Then, the supernatants were collected,
and hemolysis was calculated by recording the absorbance at
Amax = 540 nm. Experiments were performed with the same rat
blood in three distinct tubes for each concentration of NPs.

4.5 In vivo biodistribution of p(NAG), p(NAPA), and library of
OTDDN [p(NAG-co-NAPA),..,)] NPs

The in vivo biodistribution of all the NPs was studied using DiD
dye. Initially, 20 uL of dye (1 mg mL~" in DMSO) was incubated
with a NP suspension (1x PBS) for 24 h in the dark with
constant stirring at 100 rpm. The NP suspension was centri-
fuged for 5 min at 14000 rpm, followed by removal of the
supernatant, washing of the pellet, and re-suspending it in PBS
for bio-imaging studies. Swiss albino mice (female) were
divided into seven groups with n = 3 and anaesthetized by IP
injection with thiopentone sodium at a dose of 0.2 mg kg~" of
body weight, followed by injection of 200 uL of DiD-loaded NPs
through their tail vein. After the administration of NPs, images
were acquired at 1, 6, 12 and 24 h by using an IVIS imaging
system (PHOTONIMAGER OPTIMA, Biospace Lab, France) at
the excitation/emission maxima of 637/672 nm in the near
infrared (IR) region.
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4.6 Biodegradation of p(NAG-co-NAPA), . 4 (P4) NPs

The biodegradation study was only performed®” for P4 NPs in
simulated body fluid (SBF) at pH 7.4. In brief: 4 mg of P4 NPs
was suspended in 8 mL of SBF solution, and then shaken at
37 °C and 100 rpm for 7 days. The degraded NPs were centri-
fuged at 14 000 rpm at 4 °C for 15 min and lyophilized further for
morphology observations through HRTEM. 0.2 mg mL ™" of
sodium azide was used to prevent any microbial contamination.
The biodegradation study was only conducted for P4 NPs given
that were finally used for the TNBC treatment.

4.7 Network pharmacology and molecular docking
assessment for finding targets of DHA and piperine

4.7.1 Network pharmacology. To find the targeted proteins
and genes, a network pharmacology study was performed.
Initially, the ADME parameters of the drugs were determined
in SwissADME (https://www.swissadme.ch/). 3D conformers of the
drugs were retrieved from PubChem and.sdf files were subjected
to SwissADME (https://www.swisstargetprediction.ch/) to find the
enzyme targets of the compound with a similarity index <0.7. The
enzyme list was saved and processed in DisGeNET (https://www.
disgenet.com/) to find protein targets related to TNBC. Further,
based on other protein databases, NCBI (https://www.ncbi.nlm.
nih.gov/geo/geo2r/?acc=GSE41678), GEPIA 2 (https:/gepia2.
cancer-pku.cn/) and the recent literature,®*® more targeted pro-
teins were listed and placed in the STRING database (https:/
string-db.org/) to generate.tsv files. The.tsv files were run through
Cytoscape 3.9.1 to generate a map of interrelated proteins for
TNBC. The Bioinformatics & Evolutionary Genomics site (https://
bioinformatics.psb.ugent.be/webtools/Venn/) was used to draw
the Venn diagram. Additionally, the pathways related to the
targeted genes were drawn using Shiny GO 0.80 (https://bioinfor
matics.sdstate.edu/go/).

4.7.2 Molecular docking assessment

4.7.2.1 Preparation of target proteins and ligands. 3D crystal
structures of the targeted proteins were retrieved from the
Protein Data Bank (PDB) and pre-processed by removing water
molecules, and the ligand present, identical chains, and other
heteroatoms listed in Table S1 (ESIt). After that, polar H-atoms
and Kollman charges were added, followed by saving in.pdbqt
format. Ligand structures (DHA (3000518), piperine (638024)
and paclitaxel (36314)) were downloaded from the PubChem
database in SDF format and energy minimization was per-
formed using the Avogadro Software (Universal force field) to
ensure the optimal conformation for the docking study and
saved in PDB format.

4.7.2.2 Docking procedure. The docking studies were con-
ducted in two steps, as follows: (1) single docking (protein with
ligand) and (2) sequential docking (proteins with piperine
followed by DHA and proteins with DHA followed by piperine).
Blind docking was performed using AutoDock Tools 1.5.6. For
single docking, the grid box centered on a protein with dimen-
sions to cover the complete protein. For sequential docking,
one ligand was docked with the protein and saved as a complex
in.pdbqt format and further docked with another ligand
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following the same steps. The parameters set here were GA run of
50, population size of 300 and saving the output file by selecting the
Lamarckian Genetic Algorithm (4.2) in “protein.dpf’ format.
Further, 3D structures of the protein-ligand complex were visua-
lized in Pymol and all types of interactions (polar hydrogen
bonding and hydrophobic nonpolar interactions) between the
ligands and proteins were obtained from the Lig Plot.

4.8 Preparation of DHA or piperine-loaded p(NAG-co-NAPA) (; . 4)
NPs (DP4 and PP4)

DHA and piperine were encapsulated in the pores of P4 NPs via the
vacuum loading method. Briefly, 200 mg of drugs (DHA and
piperine) and 200 mg of NPs (P4) (1:1) were separately dispersed
in 8 mL of ethanol, followed by the dropwise addition of the
formed to the latter under continuous stirring at 4 °C. After
complete addition, two different mixtures of (1) DHA in P4 (DP4)
and (2) piperine in P4 (PP4) were placed in a rocker and shaken at
300 rpm at 4 °C for 24 h. Within 24 h, 4 cycles of vacuum (20:10 s,
i.e. on—off cycle) was performed to achieve the maximum loading
efficiency. Further, the NFs were centrifuged at 14000 RPM for
5 min at 4 °C, and then the supernatants were collected and stored
for calculating the drug entrapment efficiency (EE (%)) and loading
efficiency (LE (%)). Further, the pellets were washed with MilliQ
twice and centrifuged at 14 000 rpm for 5 min at 4 °C to remove the
unloaded drug molecules, then lyophilized and stored in airtight
amber colour tubes at 4 °C. The supernatant was assessed for DHA
(Amax= 205 nm) and piperine (A= 343 nm) loaded in P4 by UV-vis
spectroscopy. The following equations (Eqn 1 and 2) were used to
calculate EE (%) and LE (%) for the respective NFs. Further, TGA
was studied to confirm the loading of drugs in the NFs.

Weight of entrapped drug o

EE (%) = initial drug weight 100 M
Weight of entrapped drug

LE = 1 2

(%) Weight of formulation 00 @)

4.9 Invitro drug release study of DP4 and PP4 NFs

The dialysis bag method was followed to study the in vitro drug
release % of NFs. Briefly, 4 mg of prepared NFs was added to
2 mL of 1x PBS (pH 7.4) and the solution was placed in a
10000 kDa dialysis bag and immersed in a beaker containing
50 mL of 1 x PBS (pH 7.4). The beaker was placed in an orbital
shaker at 100 rpm and 37 °C + 2 °C for a period of 30 days (720 h).
At predefined intervals, 3 mL of supernatant was collected from the
beaker for UV-vis analysis at 4 = 205 and 343 nm for DHA and
piperine, respectively. Simultaneously, the beaker was replenished
with an equal amount of fresh 1 x PBS (pH 7.4). The release studies
were also performed at pH = 6.8, given that the pH of the tumor
microenvironment is at a similar level. All the release studies were
performed in triplicate for statistical significance.

4.10 Evaluation of IC5, and combination index (CI) for DP4,
PP4 and DP4:PP4 (Co-NPs)

The ICs, values of the developed NFs were determined using
the MTT assay. In the case of Co-NPs, a ratio-based
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concentration was considered for the MTT study. Further, the
combination index for Co-NPs was determined using the Chou
and Talalay method.>® The synergistic or antagonist effect of
Co-NPs on MDA-MB-231 was studied using eqn (3).

(D), . (D),
(Dx)i (Dx)y
where (D), and (D), represent the concentration of DP4 and PP4

in Co-NP with ICs, values and (D,); and (D,), represent ICs,
values of individual DP4 and PP4, respectively.

Cl, =

(3)

4.11 In vitro inhibition of MDA-MB-231 cell migration

The migration inhibitory effect of P4, DP4, PP4 and Co-NPs was
investigated using MDA-MB-231 cells by considering no treatment
as the negative control. 2 x 10> cells per well was cultured with
800 pL of complete media in a 12-well plate and kept for 24 h for
70%-80% confluency with adhesion. Then, a linear scratch wound
was generated in each well using a 20 pL sterile tip, followed by
washing with 1 x PBS three times. Then, the desired concentration
of NPs (350 pg mL~") was added to the wells. Further, images were
acquired at 0 and 24 h. The Fiji Image] software was used to
quantify the change in width (%) and rate of migration (%).

4.12 Apoptosis study by annexin-V/propidium iodide

The apoptosis study was performed using an annexin-v/PI kit
(Cat. No. BMS500F1-100, Invitrogen). 2 x 10> cells per well were
cultured in a 6-well plate and incubated for 24 h. Then, P4, DP4,
PP4, and Co-NPs at a final concentration of 350 ug mL~" each were
separately added to the cells and incubated for 24 h. Then, the
cells were trypsinized in PBS, followed by centrifugation at 200xg
for 5 min. After discarding the supernatant, 5 uL of annexin-V and
10 pL of PI were added to each tube, mixed thoroughly and
incubated in the dark for 30 min. Finally, 400 pL of binding buffer
was added to each tube and flow cytometry performed for the
apoptosis study (CytoFlex B53000, Beckmann Coulter).

4.13 Cell cycle analysis

The cell cycle analysis was performed according to an earlier
study with slight modification.”® 2 x 10> cells per well were
cultured in a 6-well plate and kept for 24 h. Then, P4, DP4, PP4,
and Co-NPs at a final concentration of 350 ug mL ™" each were
separately added to the cells and incubated for 24 h. Then, the
cells were trypsinized in PBS, followed by centrifugation at
200xg for 5 min. After discarding the supernatant, the cells
were fixed in 70% ethanol (—20 °C) and incubated for 20 min.
Further, the cells were centrifuged at 200xg for 5 min and the
supernatant discarded. 500 pL of RNase A (200 pug mL ™" stock)
was added to each tube and incubated for 30 min. Then, 500 pL
of PI (50 pg mL~" stock) was added to each tube and incubated
for 30 min in the dark (in ice). Finally, the samples were mixed
thoroughly and analyzed through flow cytometry.

4.14 Quantification of intracellular ROS generation and
mitochondrial membrane potential (MMP)

Flow cytometry analysis was also conducted to quantify the
intracellular ROS and change in mitochondrial membrane

This journal is © The Royal Society of Chemistry 2025
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potential. After 24 h of treatment with NPs (P4) and NFs (DP4,
PP4, and Co-NP) at 350 ug mL™" and untreated as the control,
the adhered cells were collected (1200 rpm) and washed with
1 x PBS 3 times. Then, the cells were stained with 50 uM
solution of DCFH-DA and incubated at 37 °C for 30 min in the
dark. Further, the supernatant was removed and washed with
1 x PBS two times and suspended in 500 pL of 1 x PBS. The
shift in the bands and intracellular ROS generation were
analyzed. Similarly, for the mitochondrial membrane potential
measurement, instead of DCFH-DA, Rhodamine-123 was used
and all other steps were followed, similar to the procedure for
the measurement of ROS.

4.15 Animal ethical approval

All animal experiments were carried out in accordance with the
guidelines of CPCSEA and approved by the Institutional Animal
Ethical Committee (IAEC) of IIT (BHU), Varanasi, Uttar Pra-
desh, India (regd. no. 2123/GO/Re/S/21/CPCSEA). The animal
ethical approval reference No. is IIT(BHU)/IAEC/2024/L049.

4.16 Statistical significance

One-way ANOVA with independent Student’s t-test was used to
evaluate the in vitro and in vivo data statistically. The signifi-
cance was calculated by considering p < 0.05 and represented
as mean (+) SD, unless otherwise stated.
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