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Introduction: Owing to its high prevalence, colossal potential of chemoresistance, metastasis, and relapse, breast cancer 
(BC) is the second leading cause of cancer-related fatalities in women. Several treatments (eg, chemotherapy, surgery, 
radiations, hormonal therapy, etc.) are conventionally prescribed for the treatment of BC; however, these are associated 
with serious systemic aftermaths. In this research, we aimed to design a multiprong targeting strategy for concurrent action 
against different phenotypes of BC (MCF-7 and SK-BR-3) and tumor-associated macrophages (TAMs) for relapse-free 
treatment of BC.
Methods: Paclitaxel (PTX) and tamoxifen (TMX) co-loaded chitosan (CS) nanoparticles (NPs) were prepared using the ionic-gelation 
method and optimized using the Design Expert® software by controlling different material attributes. For selective targeting through 
CD44-receptors that are heavily expressed on the BC cells and TAMs, the fabricated NPs (PTX-TMX-CS-NPs) were functionalized 
with hyaluronic acid (HA) as a targeting ligand.
Results: The optimized HA-PTX-TMX-CS-NPs exhibited desired physicochemical properties (PS ~230 nm, PDI 0.30, zeta 
potential ~21.5 mV), smooth spherical morphology, high encapsulation efficiency (PTX ~72% and TMX ~97%), good colloidal 
stability, and biphasic release kinetics. Moreover, the lowest cell viability depicted in MCF-7 (~25%), SK-BR-3 (~20%), and 
RAW 264.7 cells (~20%), induction of apoptosis, cell cycle arrest, enhanced cell internalization, and alleviation of MCF-7 and 
SK-BR-3 migration proved the superior anticancer potential of HA-PTX-TMX-CS-NPs compared to unfunctionalized NPs and 
other control medicines.
Conclusion: HA-functionalization of NPs is a promising multiprong strategy for CD44-receptors-mediated targeting of BC cells and 
TAMs to mitigate the progression, metastasis, and relapse in the BC.
Keywords: paclitaxel, tamoxifen, hyaluronic acid, polymeric nanoparticles, CD44-receptors, breast cancer, cell uptake, anticancer 
efficacy
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Introduction
Breast cancer (BC) is one of the most prevalent types of cancer and the second leading cause of cancer-related deaths in women 
globally, representing a significant health challenge with approximately 458,000 fatalities and more than a million new cases 
every year.1 The International Agency for Research on Cancer (IARC) and the World Health Organization (WHO) reported that 
the incidences of BC are continuously escalating around the globe. The ineffectiveness of currently available conventional 
treatments and lack of early diagnosis are among the prime reasons for escalating rates and deaths in BC patients. Unfortunately, 
most BC patients are diagnosed at advanced stage (stage IV), where cancer has already metastasized to other tissues and organs of 
the body, and hence are difficult to treat. Common signs and symptoms of BC include, but not limited to, alteration in breast or 
nipple appearance, discharge from the nipples, presence of lump in the breast, skin dimpling, and persistent pain in the breast area 
or under the armpits.2 BC patients who experience these signs and symptoms should undergo further investigations such as 
mammograms, ultrasound, magnetic resonance imaging (MRI), and tissue biopsies, to diagnose the stage of the BC.3–5

There are many approaches for the staging of BC; however, the TNM classification, which determines the stage of BC 
based on three important factors such as size and location of the tumor (T), involvement of lymph nodes (N), and the 
extent of metastasis (M). According to the TNM classification system, BC can be classified into four stages: stage 
I (early-stage) is characterized by tumor size of 2.0 cm or less. Based on metastasis, stage I can be further classified into 
stage IA, in which there is no involvement of surrounding lymph nodes, and stage IB which indicates the involvement of 
nearby lymph nodes. At stage II, the tumor size ranges between 2 and 5 cm with some metastasis to local tissues and may 
or may not involve the axillary lymph nodes. For example, stage IIA indicates no involvement of axillary lymph nodes 
and stage IIB indicates the spread of tumor to 1–3 axillary lymph nodes. At stage III, the tumor size is larger than 5.0 cm 
with moderate metastasis to the axillary or maxillary lymph nodes. Stage III can be subclassified into IIIA, IIIB, and IIIC. 
Stage IIIA identifies the spread of tumor to 4 to 9 lymph nodes or to the mammary lymph nodes but not to other parts of 
the body, or it indicates tumor size larger than 50 mm along with the involvement of 1–3 lymph nodes. On the other 
hand, stage IIIB indicates that the tumor has spread to the chest area or has caused breast to swell, or it is the 
inflammatory BC. In the stage IV (advanced stage), the tumor size is usually more than 5.0 cm with significant 
metastasis to the chest wall and other organs of the body (eg, liver, kidney, heart, brain, etc).
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Tumor microenvironment (TME) play a crucial role in the progression, metastasis, and development of chemoresistance 
in BC. TME consists of extracellular matrix (ECM), stromal cells (eg, MSCs, fibroblasts, adipocytes, vasculature), red blood 
cells, pericytes, immune cells (eg, macrophages, natural killer cells, dendritic cells, and lymphocytes), cancer cells, and tumor- 
associated macrophages (TAMs).6 TAMs are among the most abundant cells inhabiting the TME and play an important role in 
the development of TME via the dysregulation of various cytokines, chemokines, growth factors, angiogenesis, and immune 
function.7 TAMs exhibit two polarized phenotypes of macrophages, M1 (antitumor) and M2 (protumor); however, the M2 
phenotype is mainly exploited in the oncology research due to its abundance and dominance in the TME, especially when 
tumor grows and metastasizes to other tissues or organs of the body.8 Moreover, the pro-oncogenic role of the M2-TAMs, such 
as promoting the angiogenesis, immune suppression, cancer cell proliferation and invasion, and development of chemoresis
tance, make them a key oncogenic target for alleviating the progression and growth of cancer.7–10 Therefore, the M2-subtype 
of TAMs should be considered in addition to cancer cells while designing the new anti-neoplastic therapies for abolishing the 
chemoresistance, relapse, and cancer-related fatalities.

Depending upon the stage and the extent of metastasis, several treatment approaches are being clinically 
employed for the treatment of BC; however, the most prescribed treatments are chemotherapy, surgery, and 
radiotherapy. Surgery and radiotherapy are particularly beneficial for stage I and II BC, whereas stage III and 
IV BC patients usually require the chemotherapy. These treatment modalities can be used alone or in combination 
for more effective therapeutic outcomes. For example, the surgical resection of localized tumors can be followed 
by the chemotherapy to kill any remnants of BC cells/tissues. Chemotherapy can also be administered before 
surgery to shrink the tumor to minimize damage during the surgery. Chemotherapy and radiation can also be 
administered together to improve the therapeutic outcomes and mitigate chemoresistance and recurrence in 
cancer.11 Despite the several advantages, conventional treatment modalities are associated with several adverse 
events that reduce their therapeutic significance and patient compliance.12,13 To overcome these challenges, the 
safer, selective, targeted, and more efficacious treatments are urgently needed for the management of BC.14–16

Nanotechnology has emerged as a promising technology to mitigate most of the challenges associated with conventional 
treatments of BC.17,18 Nanotechnology can be defined as the design, characterization, manipulation, and application of 
nanoscaled (1–1000 nm) materials. Like many other fields, the deployment of nanotechnology in chemotherapy has shown 
promising results in improving the therapeutic outcomes in BC treatment while mitigating the side effects associated with 
chemotherapy. Tumor targeting is one of the most investigated aspects of nanotechnology for the early detection and targeted 
treatment of different types of cancer.19,20 There are different targeting mechanisms through which nanodelivery systems can 
target the TME in BC.19–22 For example, the stimuli-responsive nanodelivery systems specifically respond to certain stimuli (eg, 
pH, enzymes, redox, ultrasound, magnetic, electric, light, etc.) to release their cargo into TME with minimal to no release in the 
systemic circulation or other body tissues.19 Similarly, through several functionalization strategies (eg, PEGylation), the 
physicochemical properties of the nanodelivery systems can be enhanced to prolong their plasma half-life by impeding their 
early clearance from the body.16,18 Conversely, an active targeting strategy refers to conjugation of high affinity targeting ligands 
(eg, hyaluronic acid, folic acid, transferrin, peptides, aptamers, etc.) on the surface of nanodelivery systems to specifically bind to 
some cell receptors (eg, CD44, folic acid, transferrin receptors, etc.) that are overexpressed on the surface of different cancer 
types.23–25 The competitive binding of ligand-functionalized NPs to specific receptors on the cancer cells improves their 
internalization to the cancer cells, which enhances the cytotoxicity, apoptosis, and therapeutic efficacy of chemotherapeutics 
while mitigating their off-target effects.26–29

In this research, we have designed chitosan (CS)-NPs for the codelivery of paclitaxel (PTX) and tamoxifen (TMX) for 
synergistic action against the BC. For selective targeting of BC cells and TAMs through the CD44-receptors, the fabricated 
co-loaded NPs (PTX-TMX-CS-NPs) were functionalized with hyaluronic acid (HA) as a targeting ligand (Figure 1). The 
HA-functionalized NPs (HA-PTX-TMX-CS-NPs) were prepared using the ionic gelation method, optimized using the 
Design Expert® software, and characterized for various physicochemical properties such as particle size (PS), polydisper
sity index (PDI), zeta potential (ZP), encapsulation efficiency (EE%), morphology, colloidal stability, and in vitro release. 
The successful loading of PTX and TMX on CS-NPs and their functionalization with HA were confirmed using the Fourier 
transform infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC). Moreover, the cell uptake efficiency, 
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cytotoxicity (IC50), antiapoptotic effects, and the antimetastatic efficacy of HA-PTX-TMX-CS-NPs were assessed using 
two different phenotypes of BC cells (MCF-7 and SK-BR-3) and the M2-TAMs model (RAW 264.7 cells).

Materials and Methods
Materials
Low-molecular-weight chitosan (MW, 70 kDa; 85% deacetylated), pentasodium tripolyphosphate (TPP), tamoxifen 
(TMX), paclitaxel (PTX), hyaluronic acid (HA) (100 kDa), phosphate-buffered saline (PBS), and cellulose dialysis 
bags were purchased from Sigma‒Aldrich, USA. MCF-7, SK-BR-3, RAW 264.7 cells, Dulbecco’s modified Eagle’s 
medium (DMEM), and Roswell Park Memorial Institute (RPMI) were purchased from AddexBio (San Diego, USA). 
Mounting media supplemented with DAPI, penicillin–streptomycin, coumarin-6, and MTT (3-(4,5-dimethylthiazol- 
2-YL)2,5-diphenyltetrazolium bromide) were purchased from Biomedical Scientific Services, Al Ain, UAE. All other 
chemicals were of analytical grade and were resourced from G40 laboratory and sister laboratories at Research Institute 
for Medical and Health Sciences (SIMHR), University of Sharjah, UAE.

Quality-by-Design (QbD) Approach for Optimization of PTX-TMX-CS-NPs
To design a new formulation or optimize an existing formulation, it is crucial to recognize critical material attributes 
(CMAs) and critical process parameters (CPPs) and to understand their effect on the critical quality attributes (CQAs) of 
the formulation. Therefore, we applied the D-optimal response surface design to optimize the HA-PTX-TMX-CS-NPs 
using the Design-Expert® software (version 13.0, Stat-Ease Inc., Minneapolis, MN, USA).

In our experimental design, two discrete numerical factors and one categorical factor were set as CMAs, and their 
effects on the chosen CQAs were investigated. The investigated CMAs were drug concentration (%w/v) (X1), incubation 
time (min) (X2), and homogenization (yes/no). The levels of independent variables were used to ensure a maximal design 
space as well as the reasonable processing of HA-PTX-TMX-CS-NPs (Table 1). To investigate the effect of studied 
CMAs (independent variables), five responses were evaluated such as, PS (Y1), PDI (Y2), ZP (Y3), %EE of PTX (Y4), 
and %EE of TMX (Y5). To achieve the highest desirability value, the optimization goals were set for each response such 
as smallest PS, narrow PDI, highest ZP, highest %EE of PTX and TMX (Table 1).

Based on our experimental design, the Design-Expert® software generated 18 experimental runs including five 
replications (Table 2). All the experimental runs were conducted in triplicate (n = 3) in a random order to disregard 
the bias and to improve the predictability of the model. The responses were fitted to the linear and the quadratic response 

Figure 1 CD44-receptors-mediated targeting of HA-PTX-TMX-CS-NPs. Created in BioRender. Hussain, (Z) (2024) https://BioRender.com/r16v219.
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Table 1 The Independent and Dependent Variables for the 
Optimization of PTX-TMX-CS-NPs

Numerical Factor (discrete) Applied Levels

X1 Drug concentration (% w/v) 0.01 0.05 0.1

X2 Incubation time (min) 10 30 60

Categorical Factor Applied Levels

X3 Homogenization Yes No

Responses Optimization Goal

Y1 PS Minimize

Y2 PDI Minimize

Y3 ZP Maximize

Y4 EE (%) PTX Maximize

Y5 EE (%) TMX Maximize

Table 2 Experimental Design and Measured Responses for the Optimization of PTX-TMX-CS-NPs. X1: Drug 
Concentration (% w/v), X2: Incubation Time (Min), and X3: Homogenization (Yes/No)

Formulations X1 

(%w/v)
X2 

(min)
X3 

(Yes/No)
Y1 

PS (nm)
Y2 

PDI
Y3 

ZP (mV)
Y4 

EE (%) PTX
Y5 

EE (%) TMX

F1 0.05 60 No 190 ± 23 0.32 ± 0.03 27.3 ± 4.6 71.9 ± 5.2 96.6 ± 8.8

F2 0.05 60 Yes 173 ± 13 0.30 ± 0.01 26.8 ± 5.2 68.9 ± 3.2 96.2 ± 7.9

F3 0.05 30 No 189 ± 18 0.34 ± 0.08 28.0 ± 3.5 69.2 ± 5.5 96.7 ± 5.6

F4 0.05 30 Yes 155 ± 16 0.31 ± 0.9 27.5 ± 3.8 67.7 ± 2.8 95.9 ± 9.2

F5 0.05 10 No 177 ± 22 0.31 ± 0.05 28.5 ± 2.7 66.7 ± 3.9 96.1 ± 9.6

F6 0.05 10 Yes 131 ± 13 0.28 ± 0.09 27.9 ± 4.2 66.1 ± 4.7 95.1 ± 7.2

F7 0.1 60 Yes 295 ± 11 0.44 ± 0.12 23.7 ± 3.5 71.4 ± 4.6 97.3 ± 5.9

F8 0.01 60 No 188 ± 14 0.35 ± 0.07 29.9 ± 5.9 62.6 ± 5.2 94.3 ± 9.1

F9 0.01 30 No 176 ± 9 0.35 ± 0.06 30.6 ± 4.2 61.2 ± 3.2 94.4 ± 8.6

F10 0.1 10 Yes 276 ± 12 0.43 ± 0.14 24.8 ± 2.2 65.9 ± 2.6 96.2 ± 6.9

F11 0.1 30 Yes 290 ± 21 0.45 ± 0.12 24.3 ± 3.7 68.5 ± 4.1 97.1 ± 9.3

F12 0.1 60 No 310 ± 22 0.47 ± 0.19 24.2 ± 2.1 74.0 ± 2.8 96.8 ± 8.4

F13 0.01 10 No 157 ± 14 0.32 ± 0.06 31.0 ± 4.8 59.5 ± 2.3 93.8 ± 4.9

F14 0.01 60 Yes 170 ± 17 0.34 ± 0.09 29.4 ± 5.1 59.4 ± 3.7 93.1 ± 5.6

F15 0.01 30 Yes 140 ± 13 0.33 ± 0.08 30.0 ± 5.9 59.3 ± 4.1 92.9 ± 10.2

F16 0.1 10 No 319 ± 23 0.47 ± 0.05 25.3 ± 2.2 66.2 ± 2.9 96.3 ± 9.5

F17 0.01 10 Yes 109 ± 8 0.30 ± 0.05 30.5 ± 3.8 58.6 ± 5.8 92.0 ± 7.5

F18 0.1 30 No 321 ± 12 0.49 ± 0.11 24.8 ± 2.9 69.8 ± 6.7 96.9 ± 9.2
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surface models, and the resulting polynomial equations were statistically validated by the analysis of variance (ANOVA). 
To simplify the models, three and higher order interactions were neglected. Moreover, several statistical parameters, such 
as the p value, lack-of-fit p value, adjusted multiple correlation coefficient (adjusted R2), predicted multiple correlation 
coefficient (predicted R2), and multiple correlation coefficient (R2), were determined. To enhance the significance of the 
model, the model with the maximum adjusted R2 and predicted R2 with an insignificant lack of fit was chosen.

Selection of Optimal Nanoformulation
After evaluating the significance of the chosen model for response prediction, 3D response surface plots were generated 
for each selected response to estimate the degree of interaction between different factors. The optimal value for each 
response was determined based on our optimization goals such as smallest PS, narrow PDI, highest ZP, and highest EE 
(%) of PTX and TMX. For the optimization, both numerical and graphical analyses were performed using the desirability 
function. Notably, the desirability values ranged between 0.0 and 1.0, and the value closest to 1.0 corresponds to desired 
response.30,31

Preparation of Blank (Drug-Free) CS-NPs
Prior to fabrication of drug-loaded CS-NPs, the blank CS-NPs were prepared using the ionic-gelation method in 
accordance with our previously established protocol32,33 with minor modifications. Briefly, CS solution (0.1% w/v) 
was prepared by dissolving 100 mg of CS into 100 mL of acidified water (2% v/v acetic acid) using the magnetic stirrer 
for 3 h for complete homogenization and dissolution of CS. Similarly, 0.1% w/v TPP solution was prepared by dissolving 
100 mg of TPP into 100 mL of distilled water using the magnetic stirrer for 5 min. Afterward, 10 mL of TPP solution 
was added dropwise into 25 mL CS solution while constantly stirring the mixture at 700 rpm for 30 min for the formation 
of blank CS-NPs.

Preparation of PTX-TMX Co-Loaded CS-NPs
According to our experimental design (Table 2), 18 different formulations (F1–F18) of PTX-TMX-CS-NPs were 
prepared using the ionic-gelation method.32,33 Briefly, after preparation of CS solution (0.1% w/v) in the acidified 
water, the drug solutions (PTX and TMX) were incubated with CS solution to allow the maximum interaction of drugs 
with CS. To investigate the effect of drug concentration on the physicochemical properties of PTX-TMX-CS-NPs, 
different concentrations of drugs (0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1% w/v) were prepared from 
their stock solution (0.1% w/v). The stock solution was prepared by dissolving the 0.1 g of PTX and TMX into 100 mL 
of ethanol using the magnetic stirrer for 45 min at the room temperature. Moreover, the effect of incubation time (min) 
was evaluated by incubating the drug solution with CS solution for different time periods (10, 20, 30, 40, 50, and 
60 min). At the end of each incubation period, 10 mL of TPP solution (0.1% v/v) was added dropwise into PTX-TMX- 
CS solution, resulting in the formation of PTX-TMX-CS-NPs. The fabricated PTX-TMX-CS-NPs dispersions were 
subjected to additional homogenization for 15 min to maximize the adsorption of drugs on to the surface of fabricated 
NPs. Finally, NPs dispersions were subjected to ultracentrifugation (Sorvall Evolution RC Superspeed Centrifuge, 
Thermo Fischer Scientific, USA) at 20,000 rpm for 30 min. The supernatants were collected to estimate the %EE and 
%LC, while NP pellets were harvested and redispersed into distilled water for further testing.

HA-Functionalization of Fabricated PTX-TMX-CS-NPs
For selective targeting of BC cells and TAMs through CD44 receptors, the fabricated PTX-TMX-CS-NPs were decorated 
with HA as a targeting ligand. For that, the fabricated PTX-TMX-CS-NPs were magnetically stirred (300 rpm) with 
0.001% w/v HA solution for 3 h at the room temperature (23 ± 1°C). HA solution (0.001% w/v) was prepared by 
dissolving the 1.0 mg of HA into 100 mL of sodium acetate buffer (pH 5.5) using the magnetic stirrer at 1200 rpm for 
30 min. The dispersions of HA-functionalized PTX-TMX-CS-NPs were finally subjected to ultracentrifugation 
(20,000 rpm) using the Optima L-100 XP Ultracentrifuge (Beckman-Coulter, USA) for 30 min at 10°C. The resulting 
NP pellets were harvested and redispersed into the distilled water for further testing.
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Physicochemical Characterization
The mean PS (nm), ZP (mV), and PDI of the fabricated HA-PTX-TMX-CS-NPs were measured using the Malvern 
Nano-ZS Zetasizer (Malvern Instruments, UK) which principled at dynamic laser light scattering (DLS) technique. The 
physicochemical properties of HA-PTX-TMX-CS-NPs were compared with unfunctionalized drug-loaded NPs (PTX- 
TMX-CS-NPs).

Measurement of %EE of PTX and TMX
The %EE of PTX and TMX were measured using the Synergy H1 microplate reader (BioTek, USA). Briefly, the freshly 
prepared PTX-TMX-CS-NPs were subjected to ultracentrifugation (20,000 rpm for 30 min) using the Optima LE-80K 
Ultracentrifuge (Beckman-Coulter, USA) at 10°C. The %EE efficiency of PTX and TMX were estimated in the 
supernatant of NPs dispersions using the following equation:

Where, Wt indicates the initial amount of drugs and Wf refers to the amount of unloaded drugs in the supernatant. All 
the measurements were performed in triplicate (n=3), and the results are reported as mean ± SD.

Fourier Transform Infrared (FTIR) Spectrophotometric Analysis
FTIR analysis was performed to qualitatively validate the encapsulation of PTX and TMX into CS-NPs and their surface 
functionalization with HA. Briefly, 2 mg of lyophilized HA-PTX-TMX-CS-NPs was finely ground with potassium 
bromide (98 mg) using the mortar and pestle. Prior to grinding the material, the samples were placed in the oven 
overnight. The dried ground samples were then processed to make the scannable pellets using the hydraulic press, 
followed by scanning at 4000–400 cm−1. The same procedure was used to scan CS, PTX, TMX, and unfunctionalized 
PTX-TMX-CS-NPs. The obtained FTIR spectra were interpreted based on characteristic peaks of different functional 
groups and characteristic shifts of various peaks, representing the specific structural and molecular changes in the 
materials.

Differential Scanning Calorimetric (DSC) Analysis
DSC is a powerful technique used to evaluate the thermal characteristics of test materials. DSC measures the heat flow 
into or out of a sample as a function of temperature or time, providing the meaningful information about the purity, phase 
transition, and thermal stability of the tested material. Briefly, the lyophilized powder of HA-PTX-TMX-CS-NPs was 
sealed in an aluminum-bottomed pan and subjected to thermal analysis using the Discovery DSC 25 instrument (Thermal 
Analyzer). A flow of nitrogen gas was introduced into the system to mitigate the oxidative and pyrolytic effects typically 
induced by the air. The temperature was increased from 20°C to 200°C at a constant rate of 10°C/min. For a comparative 
evaluation, the same protocol was followed to perform the DSC analysis for the raw material such as CS, TPP, PTX, 
TMX, and HA as well as the physical mixture of these ingredients. The DSC thermograms of HA-PTX-TMX-CS-NPs 
and the other materials were comparatively evaluated for their thermal characteristics, stability, purity, and compositional 
integrity.

Morphological Examination
The morphology of optimized HA-PTX-TMX-CS-NPs was analyzed using the scanning electron microscopy (SEM) 
(Zeiss Sigma 300 VP-FESEM). Briefly, NPs dispersion of HA-PTX-TMX-CS-NPs was subjected to ultracentrifugation 
(20000 rpm for 30 min) and the NPs pellet was collected, redispersed into the distilled water, and finally stored at –20°C. 
The frozen NPs dispersions were then subjected to lyophilization for 24 to 48 h. To minimize the dehydration effect of 
freeze-drying process, the optimized HA-PTX-TMX-CS-NPs were pretreated with mannitol as a lyoprotectant. The 
lyophilized NPs powder was redispersed into PBS (pH 7.4) by sonication for 5–10 min using the Branson 2510 ultrasonic 
cleaner (Marshall Scientific, USA). After complete redispersion, one drop of NPs dispersion was spread over a glass 
slide, carefully covered with a coverslip, and left to dry under vacuum. The test samples were then fixed on carbon tape, 
and a gold sputter module under high vacuum was used to sputter coat the dried NPs. Finally, the gold-coated NPs were 
scanned and imaged at an acceleration voltage of 3.0 kV using the SEM.
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Storage Stability
One of the most significant challenges in the development of nanodelivery systems, particularly in the form of liquid 
dispersions, is their poor colloidal stability upon storage or after administration. Therefore, this experiment was 
conducted to evaluate the storage stability of our optimized HA-PTX-TMX-CS-NPs in the refrigerator (2–8°C) for 
a period of 8 weeks and results were compared with unfunctionalized PTX-TMX-CS-NPs. Briefly, the freshly prepared 
HA-PTX-TMX-CS-NPs dispersion was subjected to ultracentrifuge (20000 rpm for 30 min) and NPs pellets were 
redispersed into PBS (pH 7.4) with subsequent storage in the refrigerator. At various time points (day 1, week 1, 2, 3, 4, 
5, 6, 7, and week 8), 2 mL of the samples were withdrawn and analyzed for the mean PS (nm), PDI, and ZP (mV) using 
the Malvern Nano-ZS Zetasizer (Malvern Instruments, UK).

In-vitro Release
To estimate the release kinetics of PTX and TMX from the optimized HA-PTX-TMX-CS-NPs, we performed the in vitro 
release experiment. Moreover, the effect of pH on the release pattern of both encapsulated drugs was also analyzed. 
Briefly, the freshly prepared lyophilized HA-PTX-TMX-CS-NPs were redispersed into 10 mL of PBS (pH 6.0 and 7.4) 
and introduced into dialysis tubes, which were then tide up from both ends. The dialysis tubes were then immersed into 
10 mL of dissolution media (PBS/ethanol, 50:50 @ pH 6.0 and 7.4) and placed in water bath at 37°C while constantly 
stirring at 200 rpm. At various time points, 1.0 mL of the dialysate was withdrawn and replenished with the same volume 
of the fresh media. The standard calibration curves were generated and used to calculate the cumulative release of both 
drugs. The amount of drug released was measured using the UV‒visible spectroscopy.33,34

Cytologic Evaluation
A series of in vitro experiments were conducted using two different phenotypes of BC cells (MCF-7 and SK-BR-3) and M2- 
TAMs model (RAW 264.7) to evaluate the cytotoxicity, IC50, cell cycle arrest, apoptotic potential, cellular uptake efficiency, 
and antimetastatic efficacy of optimized HA-PTX-TMX-CS-NPs, and results were compared with unfunctionalized PTX- 
TMX-CS-NPs, native drugs (PTX+TMX), blank CS-NPs, and control (untreated) groups. Prior to conduct the cell culture 
experiments, MCF-7 and SK-BR-3 cells were cultured in Roswell Park Memorial Institute (RPMI-1640) media supplemented 
with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin. On the other hand, RAW 264.7 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% streptomycin/penicillin. The cultured 
cells were incubated at 37°C in the incubator with a humidified atmosphere containing 5% CO2.

Cytotoxicity and IC50

To evaluate the cytotoxic potential of optimized HA-PTX-TMX-CS-NPs against BC cells and TAMs in comparison with 
unfunctionalized PTX-TMX-CS-NPs, blank CS-NPs, HA-CS-NPs, free drugs (PTX+TMX), and control (untreated), we 
conducted the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Briefly, 5 × 103 cells were 
seeded into each well of 96-well plate and treated with different concentrations of NPs or remained untreated. After 24 h, 
10 μL of 5 mg/mL MTT solution was added to each well, and 96-well plate was incubated at 37°C for 4 h. At the end of 
the incubation period, cell culture media was removed from each well, 100 μL of DMSO was added to dissolve formazan 
crystals, and the optical density (OD) of each well was measured at 570 nm using the Synergy H1 (BioTek) ultraviolet 
spectrophotometer. The percentage of viable cells was calculated using the following equation:

We further evaluated the cytotoxic potency of our optimized HA-PTX-TMX-CS-NPs by estimating its IC50 value (half- 
maximal inhibitory concentration), in comparison with unfunctionalized PTX-TMX-CS-NPs and free drugs (PTX+TMX). 
The obtained results are reported as mean (n = 3) ± S.D. Moreover, the cell morphology of treated cells was assessed using the 
light microscopy (magnification 20×, scale bar = 100 µm) to evaluate the apparent cellular damage or morphological changes 
(eg, shrinkage, cell membrane disruption, apoptotic bodies, etc.) observed in BC cells (MCF-7 and SK-BR-3) and TAMs 
(RAW 264.7) followed by treatment with different formulations.
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Cell Apoptosis
This experiment was performed to detect early- or late-stage apoptosis or necrotic potential of our optimized HA-PTX- 
TMX-CS-NPs using the MCF-7, SK-BR-3, and RAW 264.7, and results were compared with unfunctionalized PTX- 
TMX-CS-NPs, free drugs (PTX+TMX), blank CS-NPs, and control (untreated) groups. This experiment was performed 
using the Annexin V-FITC and the viability dye 7-AAD Apoptosis Detection Kit according to the manufacturer’s 
instructions. Briefly, 7.5 × 104 cells were plated into 60 mm petri dishes and incubated at 37°C for 24 h in DMEM. The 
cells were then treated with 10 μg/mL of HA-PTX-TMX-CS-NPs for 24 h, washed three times with PBS (pH 7.4) and 
resuspended in the binding buffer (10 mm HEPES/NaOH, pH 7.4, 140 mm NaCl, 2.5 mm CaCl2). Afterward, Annexin 
V-FITC conjugate (250 ng) and 7-AAD dye solution (1 μg) were added to each cell suspension (500 μL), followed by 
incubation at the room temperature for 10 min in the dark. Finally, the cells were analyzed using the flow cytometer (BD 
Biosciences, San Jose, CA, USA). The obtained results were compared with unfunctionalized PTX-TMX-CS-NPs, free 
drugs (PTX+TMX), blank CS-NPs, and control (untreated) groups.

Cell Cycle
To analyze the relative proportions of MCF-7, SK-BR-3, and RAW 264.7 cells into different phases (G1, S, G2, M) of the cell 
cycle, the cell cycle analysis was performed using the flow cytometer (BD Biosciences, San Jose, CA, USA). Briefly, 
8.5 × 104 cells/mL were seeded into 60 mm petri dishes and incubated for 24 h followed by treatment with HA-PTX-TMX-CS 
-NPs (10 μg/mL) for 24 h. The cells were then harvested with trypsin/EDTA solution, washed in PBS, fixed with 70% ethanol 
(ice-cold) and kept at –20°C. The fixed cells were then centrifuged, resuspended into DNA extraction buffer (0.2 M Na2PO4 

and 0.1 M citric acid, pH 7.8), and incubated at 37°C for 30 min. Finally, cells were incubated with a dye solution (0.1% Triton 
X-100 + 20 μg/mL PI + 200 μg/mL RNAse + PBS) for 1 h in the dark, followed by analysis using the flow cytometer. The 
obtained results were compared with unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX+TMX), blank CS-NPs, and 
control (untreated) groups.

Cell Uptake
This experiment was performed to evaluate the cell internalization efficiency of our optimized HA-functionalized NPs 
into MCF-7, SK-BR-3, and RAW 264.7 cells using the confocal laser scanning microscopy (CLSM) (Nikon Eclipse Ti, 
Melville, New York, USA). In this experiment, we used coumarin (CMR) as a fluorescent dye (which acquires bright 
green color under fluorescent microscope) to analyze the cell uptake efficiency of different test groups. Notably, HA- 
functionalized CMR-CS-NPs (HA-CMR-CS-NPs) and unfunctionalized CMR-CS-NPs were prepared using the same 
protocol (Preparation of PTX-TMX Co-Loaded CS-NPs and 2.6), adapted for the HA-PTX-TMX-CS-NPs and unfunc
tionalized PTX-TMX-CS-NPs. Briefly, 1 × 103 cells were plated into each well of 6-well plate, covered with coverslip, 
and incubated at 37°C for 24 h to allow cell adhesion. At the end of the incubation period, cells were treated with HA- 
CMR-CS-NPs and incubated for 24 h at 37°C. The same treatment protocol was used for other test formulations such as 
unfunctionalized CMR-CS-NPs, free CMR, and control (untreated) groups. After 24 h, cells were washed thrice with 
PBS (pH 7.4) and fixed with 5% paraformaldehyde (PFA) solution for 30 min. After that, cells were washed again with 
PBS (pH 7.4) twice, and their nuclei were stained with DAPI (containing mounting solution) for 20 min at the room 
temperature. Finally, the fluorescence images of treated cells were taken (60× magnification) using the CLSM with violet 
(405 nm) and blue (488 nm) lasers.

Taken together, the cell uptake efficiency of HA-CMR-CS-NPs into MCF-7, SK-BR-3, and RAW 264.7 was also 
assessed using the flow cytometry (BD Biosciences, San Jose, CA, USA), and results were compared with unfunctio
nalized CMR-CS-NPs, free CMR, and control groups. Briefly, 1 × 103 cells were plated into each well of 6-well plate, 
covered with coverslip, and incubated at 37°C for 24 h to allow cell adherence. After 24 h of incubation, cells were 
treated with HA-CMR-CS-NPs and incubated for another 24 h at 37°C. At the end of the incubation period, cells were 
harvested via trypsinization and washed thrice with PBS (pH 7.4). The collected cells were then analyzed to detect the 
fluorescence intensity using the BD FACSAria™ III Flow Cytometer. The standard fluidics, optical, and electronic 
configurations were used to acquire the resulting data using the BD FACSDiva software with subsequent analysis by 
FlowJo software (FlowJo LLC., Ashland, Oregon, USA).
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Scratch Assay
Cancer cell migration play an important role in the progression, invasion, and metastasis of BC. Therefore, we conducted 
the scratch assay to evaluate the anti-metastatic potential of optimized HA-PTX-TMX-CS-NPs in comparison with 
unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX+TMX), blank HA-CS-NPs, and control groups using the MCF-7 
and SK-BR-3 cells. Briefly, 1 × 105 cells were seeded into each well of 24-well plate and incubated for 24 h at 37°C to 
allow cells adherence to form a confluent cell monolayer. After 24 h of incubation, a scratch was introduced into each 
cell monolayer using a 1.0 mm pipette tip. The scratched cell monolayers were then treated with 100 μg/mL of HA-PTX- 
TMX-CS-NPs, PTX-TMX-CS-NPs, free drugs (PTX+TMX), blank HA-CS-NPs, or remained untreated (control). 
Finally, the microscopy images of all scratched cell monolayers were captured (4× magnification, scale bar = 150 µm) 
at different time points (0 h, 24 h, and 48 h) using the light microscope (IM-3 OPTIKA).

Statistical Analysis
All experiments were performed in triplicates (n = 3) and the resulting data were reported as mean ± S.D. The statistical 
analysis of the obtained results was carried out using the Prism version 9 (GraphPad Software, USA). Student’s t test was 
applied for comparing two test groups, while one-way analysis of variance (ANOVA) was utilized for the analyses 
involving the multiple comparisons.

Results and Discussion
QbD Approach for Optimization of PTX-TMX-CS-NPs
To produce the PTX-TMX-CS-NPs with optimum physicochemical properties (ie, PS, PDI, ZP, and %EE), QbD 
approach (Design Expert® software) was applied to investigate the effect of different CPPs and CMAs on the chosen 
CQAs of fabricated NPs.31 The D-optimal response surface design demonstrated a significant effect of investigated 
factors such as drug concentration (X1), incubation time (X2), and homogenization (X3) on various CQAs of the 
fabricated PTX-TMX-CS-NPs (Figure 2). The mean PS of PTX-TMX-CS-NPs was varied from 109 ± 8 nm to 321 ± 
12 nm, PDI was varied from 0.30 ± 0.01 to 0.49 ± 0.11, ZP was varied from 23.7 ± 3.5 mV to 31.0 ± 4.8 mV, %EE of 
PTX ranged from 58.6 ± 5.8% to 74.0 ± 2.8%, and %EE of TMX was varied from 92.0 ± 7.5% to 97.3 ± 5.9%. For each 
response (eg, PS, PDI, ZP, and %EE of PTX and TMX), a mathematical expression in the form of second-order 
polynomial equation was generated from the statistical analysis of our experimental design. These mathematical 
expressions have reported the intercept and regression co-efficient of studied factors (X1-X3), as described below:

Figure 2 Response surface plots for the effects of drug concentration (X1), incubation time (X2), and homogenization (X3) on the mean PS (Y1) (A and F), PDI (Y2) (B and 
G), ZP (Y3) (C and H), and %EE of PTX (Y4) (D and I) and TMX (Y5) (E and J).
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For each response (eg, PS, PDI, ZP, and %EE of PTX and TMX), a model with highest possible predicted R2 and 
adjusted R2 and with equitable agreement between both parameters was chosen (Table 3). In accordance with the lack of 
fit analysis (p value), the quadratic model was best fit to analyze the effect of investigated factors (X1, X2, X3) on the PS, 
PDI, and %EE of PTX and TMX, while the linear model was best fit to analyze their effects on ZP (Figure 2).

Effect of Drug Concentration
The obtained 3D response surface plots indicated that drug concentration (X1) exhibited a significant (p<0.0001) impact 
on the mean PS of fabricated PTX-TMX-CS-NPs (Table 3). A consistent increase in the mean PS of PTX-TMX-CS-NPs 
from 109 ± 8 nm to 321 ± 12 nm was observed when drug concentration (PTX+TMX) was increased from 0.01 to 0.1% 
(w/v), and the smallest PS (109 ± 8 nm) was obtained at 0.01% (w/v) drug concentration (Figure 2). The increase in the 
mean PS of PTX-TMX-CS-NPs was likely due to differences in the degree and extent of crosslinking of amino groups 
(–NH3

+) of CS and (–PO4
–) of TPP at different concentrations of drugs, which ultimately affects the kinetics of NPs 

formation during the ionic-gelation process. A possible increase in the viscosity of polymeric solution due to increasing 
concentrations of drugs could be another argument that explains the resulting increase in the mean PS of fabricated PTX- 
TMX-CS-NPs due to changes in nucleation and growth processes.35,36

Another important property of NPs is the PDI, which indicates the uniformity of size distribution and colloidal 
stability of NPs formulation. A lower PDI (closer to zero) indicates greater stability of NPs due to lower propensity of 
Ostwald ripening when exposed to fluctuating temperature. Conversely, a higher PDI indicates less stability due to 
greater likelihood of Ostwald ripening under similar conditions.32,33 Our resulting data showed that drug concentration 
(X1) had a significant (p<0.0001) effect on the PDI (Y2) of fabricated PTX-TMX-CS-NPs (Table 3). In general, higher 

Table 3 Outcomes of the Experimental Design

Response Model R2 Adjusted R2 Predicted R2 Lack of fit p value Model p value Most significant terms

PS (nm) Quadratic 0.9706 0.9470 0.8803 0.7275 <0.0001 X1 (p<0.0001) 

X2 (p=0.0226) 
X3 (p=0.0039) 

X1
2 (p=0.0003)

PDI Quadratic 0.9251 0.8652 0.7101 0.2384 0.0001 X1 (p<0.0001) 

X1
2 (p=0.0004)

ZP (mV) Linear 0.8378 0.8053 0.7427 0.4635 <0.0001 X1 (p<0.0001)

%EEPTX Quadratic 0.9400 0.8921 0.7503 0.4701 <0.0001 X1 (p<0.0001) 
X2 (p=0.0015) 

X1
2 (p=0.00118)

%EETMX Quadratic 0.9216 0.8590 0.7218 0.0808 0.0001 X1 (p <0.0001) 

X1
2 (p = 0.0153)
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PDIs were observed at higher drug concentrations, and the lowest PDI (0.28 ± 0.09) was evident at 0.05% (w/v) drug 
concentration (Figure 2).

ZP is also a crucial physicochemical feature of NPs that can affect their colloidal stability by reducing their 
agglomeration potential. ZP also affects the membrane permeability, cellular uptake, pharmacokinetics, tissue biodis
tribution, clearance, and the therapeutic efficacy of NPs.37,38 Our results revealed that drug concentration (X1) exhibits 
a significant (p<0.0001) effect on the ZP (Y3) of fabricated PTX-TMX-CS-NPs (Table 3). A consistent decrease in the 
ZP of NPs was observed when drug concentration was increased from 0.01% to 0.1% (w/v), and the highest ZP (+31.0 ± 
4.8 mV) was observed at 0.01% (w/v) drug concentration (Figure 2). The decrease in the ZP of NPs at increasing drug 
concentration could be due to the interaction of drugs with the cationic surface of NPs. PTX, which is a negatively 
charged compound at the acidic pH, could possibly interact with positively charged CS (–NH3

+), leading to shielding of 
cationic charges of CS and ultimately reduction in the ZP of CS-NPs.39

%EE is a promising characteristic of a nanodelivery system, determining its pharmacokinetics, effectiveness, 
therapeutic efficacy, and the safety. Our results demonstrated that drug concentration (X1) had a significant (p<0.0001) 
effect on the %EE of PTX (Y4) and TMX (Y5) in the PTX-TMX-CS-NPs (Table 3). It was evident that %EE of PTX and 
TMX were increased from 58.6 ± 5.8% to 74.0 ± 2.8% and from 92.0 ± 7.5% to 97.3 ± 5.9%, respectively, when drug 
concentration was increased from 0.01 to 0.1% (w/v) (Figure 2). This can be explained by this fact that higher drug 
concentration might result in better interaction with CS matrix, leading to more efficient encapsulation and adsorption. At 
higher concentration, drug molecules might interact more effectively with the available binding sites on the polymeric 
chain of CS, leading to higher entrapment and adsorption on to fabricated PTX-TMX-CS-NPs.33

Effect of Incubation Time
The effect of drug incubation time on the mean PS of NPs is complex and depends on several factors including, drug- 
nanomaterial interactions. To determine the optimum incubation time for NPs, the experimental characterization and 
optimization are crucial. Our results indicated that the mean PS (Y1) of PTX-TMX-CS-NPs was significantly (p<0.022) 
varied between 109 ± 8 nm to 321 ± 12 nm when drug incubation time (X2) was varied between 10 and 60 min, which 
could be due to enhanced encapsulation and adsorption of drugs on CS-NPs.40,41 Another possible reason could be the 
temporary agglomeration of NPs upon prolonged exposure to drugs. On the other hand, the effect of incubation time on 
PDI (Y2), ZP (Y3), and %EE of TMX (Y5) was not significant; however, a significant effect (p<0.0015) of incubation 
time was evident on %EE of PTX (Y4) (Table 3). This could be due to greater hydrophobicity of PTX compared to TMX, 
which might require relatively longer incubation time with NPs to undergo electrostatic and/or hydrophobic interactions, 
leading to greater adsorption of PTX on the CS-NPs.40,41

Effect of Homogenization
Following the preparation of PTX-TMX-CS-NPs, we employed an additional homogenization step (15 min), aiming to 
maximize drug adsorption on the surface of NPs, de-aggregation of NPs, and to improve the uniformity of size 
distribution. Our results revealed that additional homogenization (X3) exhibited a significant effect (p<0.0039) on the 
mean PS (Y1) of PTX-TMX-CS-NPs, but an insignificant effect on the PDI (Y2), ZP (Y3), and %EE of PTX (Y4) and 
TMX (Y5) (Table 3). These findings indicated that an additional homogenization step could influence only the mean PS 
without affecting the other physicochemical properties of PTX-TMX-CS-NPs; therefore, we anticipated that additional 
homogenization step is not mandatory to produce the NPs with desired physicochemical features.

Selection of Optimal Nanoformulation
In accordance with our optimization results (Table 3), the PTX-TMX-CS-NPs prepared with 0.5 mg/mL drug concentra
tion, incubated for 60 min, and without homogenization exhibited the most desirable physicochemical properties. With 
a maximum desirability of 0.792, the optimized PTX-TMX-CS-NPs showed the highest level of optimization for all 
CQAs such as the mean PS (Y1) of 190 ± 23 nm, PDI (Y2) of 0.32 ± 0.03, ZP (Y3) of 27.3 ± 4.6 mV), %EE of PTX (Y4) 
of 71.9 ± 5.2%, and %EE of TMX (Y5) of 96.6 ± 8.8 (Figure 3).

The physicochemical properties of NPs play a crucial role in their colloidal stability, release kinetics, cellular uptake, 
cytotoxicity, pharmacokinetics, tumor targeting, and anticancer efficacy. Specifically, PS (<200 nm), narrow PDI, high 
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Figure 3 Response surface plots for the desirability value (A) and the optimum levels of the studied CQAs such as mean PS (B), PDI (C), ZP (D), and %EE of PTX (E) and 
TMX (F) of the optimized PTX-TMX-CS-NPs based on the investigated factors (X1, X2, X3).
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ZP (>±30 mV), high %EE, spherical morphology, and sustained release are highly desirable features of NPs for passive 
tumor targeting. These NPs can easily navigate through the underdeveloped blood capillaries and leaky tumor endothe
lium and can retain in the TME for an extended period due to minimal lymphatic drainage to exert a powerful anticancer 
effect.

HA-Functionalized PTX-TMX-CS-NPs
The optimized PTX-TMX-CS-NPs were further decorated with HA (0.001% w/v) for the selective targeting of BC cells 
and TAMs through CD44 receptors. The resulting HA-PTX-TMX-CS-NPs exhibited nanoscaled dimension (PS = 230 ± 
21 nm), narrow PDI (0.30 ± 0.04), good ZP (21.5 ± 3.4 mV), and high %EE of PTX 71.9 ± 5.2% and TMX 96.6 ± 8.8.

FTIR Analysis
The successful encapsulation of PTX and TMX into CS-NPs and functionalization with HA were qualitatively assessed 
using the FTIR analysis (Figure 4). The characteristic peaks appeared in the FTIR spectra of native CS included 

Figure 4 FTIR analysis of HA-PTX-TMX-CS-NPs in comparison with PTX-TMX-CS-NPs and the raw material such as pure PTX, TMX, and CS.
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3611 cm−1 and 3328.4 cm−1 (OH stretching, alcoholic), 2919 cm−1 and 2878 cm−1 (C–H stretching), 1690 cm−1 (N–H 
stretching in amide I), 1588 cm−1 (N–H bending in –NH2), 1379 cm−1 (C–H bending in –CH2), 1324 cm−1 (C–N 
vibration in amide III), and 1064 cm−1 and 1023 cm−1 (C–O stretching).32,33 FTIR spectrum of PTX displayed 
characteristic peaks at 3618 cm−1 (–OH stretching), 2914 cm−1 (C–H stretching), 1720 cm−1 (C=O stretching), 
1643 cm−1 (C=C stretching), 1264 cm−1 and 1074 cm−1 (C–O stretching), and 662 cm−1 (C=C bending). TMX spectra 
displayed characteristic peaks at 2917 cm−1 (C–H stretching), 1254 cm−1 and 1012 cm−1 (C–N stretching), and 648 cm−1 

(C=C bending). The data interpretation revealed that the peak of –OH stretching (3328.4 cm−1) in the spectra of pure CS 
was shifted to 3398 cm−1 and 3423 cm−1 in the spectra of PTX-TMX-CS-NPs and HA-PTX-TMS-CS-NPs, respectively 
(Figure 4). Moreover, the absorption band at 3611 cm−1 in the plain CS spectra became sharper and more intense in the 
spectra of PTX-TMX-CS-NPs and HA-PTX-TMX-CS-NPs, which indicates an enhanced hydrogen bonding. On the 
other hand, the characteristic peaks of C-H stretching, which appeared at 2919 cm−1 and 2878 cm−1 in the spectrum of 
plain CS, were shifted to 2954 cm−1 and 2883 cm−1 in the spectra of PTX-TMX-CS-NPs and to 2998 cm−1 and 
2885 cm−1 in the spectra of HA-PTX-TMX-CS-NPs, respectively (Figure 4). These shifts indicate interactions between 
CS, PTX, TMX, and HA. Other conformational changes including the shifting of 1690 cm−1 and 1588 cm−1 peaks in the 
plain CS spectra to 1712 cm−1 and 1686 cm−1 in the spectra of PTX-TMX-CS-NPs and to 1723 cm−1 and 1698 cm−1 in 
the spectra of HA-PTX-TMX-CS-NPs, also indicate interactions between –NH3

+ groups of CS, PTX, TMX, and HA. 
Moreover, an obvious decrease in the intensity of absorption band at 1690 cm−1 was observed in the spectra of PTX- 
TMX-CS-NPs and HA-PTX-TMX-CS-NPs compared to plain CS also indicates interactions between these ingredients. 
The characteristic peaks at 1379 cm−1 and 1324 cm−1 in the plain CS spectra also shifted to 1381 cm−1 and 1311 cm−1 in 
the spectra of PTX-TMX-CS-NPs and to 1394 cm−1 and 1318 cm−1 in the spectra of HA-PTX-TMX-CS-NPs.32,33 Two 
additional sharp absorption bands of good intensity were noted in the spectra of HA-PTX-TMX-CS-NPs at 2412 cm−1 

and 654 cm−1, which also indicated the successful loading of PTX and TMX and functionalization with HA (Figure 4).

DSC Analysis
The encapsulation of PTX and TMX into CS-NP and their functionalization with HA were also validated by analyzing 
the thermal behavior of HA-PTX-TMX-CS-NPs in comparison with the raw material using the DSC analysis (Figure 5). 
The obtained DSC thermogram of CS showed a broad peak appeared at 82.75°C (enthalpy 34.749 J/g with onset at 
38.34°C), which indicates an endothermic reaction that could be due to melting, polymorphic conversion, or denaturation 
of CS. A sharp peak at 104.8°C (enthalpy of 65.873 J/g with an onset at 95.88°C) in the DSC thermogram of PTX 
indicated an endothermic reaction, which could be due to melting, polymorphic conversion, or denaturation of PTX. The 
melting point of PTX was noted to be 226.93°C. In the DSC thermogram of TMX, a sharp peak at 82.75°C (enthalpy of 
89.95 J/g with an onset at 95.88°C) indicated an endothermic reaction, which could be due to melting, polymorphic 
conversion, or denaturation of TMX. The melting point of TMX was 95.9°C. On the other hand, a sharp peak at 
116.79°C (enthalpy 86.258 J/g with onset at 114.91°C) indicated an endothermic reaction, which could be due to melting, 
polymorphic conversion, or denaturation of TPP. The melting point of TPP was 115.0°C. In the DSC thermogram of HA, 
a broad peak at 104.8°C (enthalpy of 204.71 J/g with an onset at 49.83°C) indicated an endothermic reaction, which 
could be due to the dehydration of HA. Moreover, a sharp characteristic peak was evident at 237.75°C (enthalpy 109.06 
J/g with an onset at 228.37°C), indicating an exothermic reaction that corresponds to degradation, polymorphic 
conversion, crystallization, or crosslinking of HA (Figure 5). The melting point of HA was noted to be 108.39°C. 
Similarly, the DSC thermogram of the physical mixture of all ingredients showed a sharp peak at 97.65°C (enthalpy 
5.0207 J/g with onset at 96.54 °C), indicating that the reaction was endothermic. Another sharp peak with an enthalpy of 
8.5581 J/g and onset at 116.18°C was noted at 119.59°C. These peaks correspond to an exothermic reaction, which could 
be due to melting, polymorphic conversion, or denaturation of the individual components of the physical mixture. The 
melting point of physical mixture was 96.56°C. In the DSC thermogram of HA-PTX-TMX-CS-NPs, the distinct peaks 
associated with PTX, TMX, and TPP disappeared, suggesting a possible interaction or encapsulation of these compo
nents within polymeric matrix of CS, resulting in their distinct melting behavior (Figure 5). Moreover, a sharp 
exothermic peak at 246.08°C (enthalpy of 65.057 J/g with an onset at 240.21°C) corresponding to degradation, 
polymorphic conversion, crystallization, or crosslinking of HA was clearly visible in the DSC thermogram of HA- 
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PTX-TMX-CS-NPs, confirming their successful surface decoration with HA. The melting point of HA-PTX-TMX-CS- 
NPs was 250.69°C, which was greater than that of all the individual components, indicating their greater thermal stability 
(Figure 5). These findings corroborated the successful encapsulation of PTX and TMX in the CS-NPs and their surface 
functionalization with HA.

Morphological Examination
Like other physicochemical properties (eg, PS, PDI, and ZP), the morphology or shape of NPs also play a crucial role in 
their colloidal stability, pharmacokinetics, cellular uptake, and biomedical efficacy. NPs exhibiting the relatively smaller 

Figure 5 DSC analysis of HA-PTX-TMX-CS-NPs in comparison with the raw materials such as CS, PTX, TMX, TPP, and HA.
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size, spherical morphology, and smooth surface exhibit better colloidal stability, sustainable release, and greater 
absorption and distribution within the body because they can effectively pass-through various biological barriers.42 In 
the context of targeted cancer therapy, smaller NPs with smooth morphology are more effectively taken up by the cancer 
cells and exhibit better anticancer efficacy.43 Our SEM results indicated that the optimized HA-PTX-TMX-CS-NPs 
exhibited a spherical morphology with uniform size distribution ranging from approx. 170 to 200 nm (Figure 6A). The 
PS distribution depicted in the SEM image was relatively smaller than that measured by the DLS (Nano-ZS Zetasizer) 
(~230 nm) (Figure 6B). This was attributed to moderate shrinkage of the NPs because of the dehydration effect 
(evaporation of solvent) of freeze-drying process. Moreover, HA-PTX-TMX-CS-NPs showed a nominal aggregation, 
possibly due to surface coating with HA which might result in decrease in the surface charge of NPs (Figure 6C). Overall, 
our findings were in accordance with our research objectives of producing the NPs with smooth spherical morphology to 
achieve good cellular uptake into BC cells and TAMs.

Storage Stability
The colloidal stability of NPs during the storage is critically important for their intended applications. Therefore, it is pertinent 
to analyze possible interactions among the dispersed NPs as well as their interactions with the dispersed medium, as explained 
by the DLVO theory and the electrical double layer (EDL) phenomenon. The surface charge of NPs plays a key role in their 
interactions, leading to their potential reversible (flocculation) or irreversible (coagulation) agglomeration, which can 
significantly impact their storage stability, pharmacokinetics, therapeutic efficacy, and the safety.

Herein, we investigated the storage stability of our optimized HA-PTX-TMX-CS-NPs in comparison with unfunc
tionalized PTX-TMX-CS-NPs. In our previous studies, we established that storage of NPs in the refrigerator (2–8°C) 
preserves their physicochemical properties.32,33 To confirm these findings, we evaluated the storage stability of both 
nanoformulations in the refrigerator (2–8°C) over a period of 8 weeks. The obtained results demonstrated a significant 
increase in the mean PS of unfunctionalized PTX-TMX-CS-NPs from ~190 nm to ~301 nm after 8 weeks of storage, 
suggesting a 58% increase in their mean PS (Figure 6D). Conversely, HA-PTX-TMX-CS-NPs showed lesser enlargement 
(36%) in their mean PS (~313 nm) after 8-week storage compared to freshly prepared NPs (~230 nm). The lower 
variation in the mean PS of HA-PTX-TMX-CS-NPs was attributed to lesser variation in their ZP from 21.5 mV to 19.8 
mV compared to unfunctionalized PTX-TMX-CS-NPs in which the ZP was declined from 27.4 mV to 16 mV 

Figure 6 Morphology of HA-PTX-TMX-CS-NPs using the SEM (A), PS distribution (B) and ZP distribution (C) using the DLS analysis, colloidal stability of HA-PTX-TMX- 
CS-NPs in comparison with unfunctionalized PTX-TMX-CS-NPs in terms of mean PS (D), ZP (E), and PDI (F), and the percent cumulative release of PTX and TMX from 
HA-PTX-TMX-CS-NPs in comparison with unfunctionalized PTX-TMX-CS-NPs at pH 6.0 (G) and pH 7.4 (H).
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(Figure 6E). Similarly, a lesser fluctuation was noted in the PDI of HA-PTX-TMX-CS-NPs compared to unfunctionalized 
NPs (Figure 6F). These findings highlighted the significance of HA-functionalization to preserve the physicochemical 
properties of developed NPs by preventing their undesired flocculation or coagulation.

In vitro Drug Release
The release of drugs from the polymeric matrix of NPs depends on the inherent properties of the matrix, polymer composition, 
and breakdown capability. There are three possible mechanisms through which drugs can be released from the polymeric matrix 
of NPs. The foremost mechanism is the diffusion, in which the encapsulated drugs diffuse out from the mesh of the polymeric 
network due to the concentration gradient. Depending upon the nature of the polymer, the encapsulated drug(s) may also be 
released from the polymeric matrix due to the erosion or degradation of the polymer in the biological environment. On the other 
hand, some polymers absorb fluid, swell, and ultimately release the encapsulated drug(s) in the release media. The swelling of the 
polymers can also be triggered by various factors such as change in the pH, temperature, light, and the ionic strength.19,44

Our results revealed that the optimized HA-PTX-TMX-CS-NPs exhibited a biphasic release pattern with an initial burst 
release within 8 h followed by the sustained release of the remaining drugs over a period of 8 days (Figure 6G and H). 
Interestingly, the release of both drugs was more pronounced at the acidic pH (pH 6.0) (Figure 6G) compared to physiological 
pH (pH 7.4) (Figure 6H) at 37°C. This was expected to be due to increase in the mesh size (swelling) of CS matrix at the acidic 
pH due to strong repulsion between amino groups (–NH3

+) on the adjacent polymeric chains of CS. Notably, HA-PTX-TMX- 
CS-NPs displayed the slower release of the encapsulated drugs (~48% PTX and ~39% TMX) compared to unfunctionalized 
NPs (~76% PTX and ~69% TMX) within 24 h at the acidic pH, and a similar trend was noted at pH 7.4. This could be due to 
neutralization of the amino groups (–NH3

+) on the contour of CS because of the adsorption of polyanionic HA, which possibly 
undermine the ionic repulsion between the similar charges and resulted in lesser swelling of CS network.19 Another possible 
explanation could be the existence of an additional layer of HA coating on the surface of the NPs, which could have restricted 
the swelling of CS network and ultimately decreased the diffusion of the encapsulated drugs.32,33 The total amount of drug 
released (PTX 56% and TMX 51%) from the HA-functionalized NPs after 192 h (8 days) was significantly lower than that 
released from the unfunctionalized PTX-TMX-CS-NPs (PTX 86% and TMX 79%) (Figure 6G and H). Moreover, we 
observed that the rate of TMX release from both NPs was relatively slower than PTX, which was attributed to hydrophilic 
nature of the TMX, resulting in good interactions with CS chains and ultimately restricting its release from the polymeric 
matrix.19,44 The pH-responsive and sustained release behavior of HA-functionalized NPs signifies their potential for the 
targeted release of chemotherapeutic drugs in the TME (which is slightly acidic compared to healthy body tissues).19

Cytologic Evaluation
Cytotoxicity, IC50, and Microscopy
Cytotoxicity assay is a fundamental biological method that is commonly used to evaluate the cytotoxicity and potency 
(IC50) of bioactive compounds by analyzing the viability of treated cells. We conducted this assay to evaluate the 
anticancer efficacy of our optimized HA-PTX-TMX-CS-NPs using the MCF-7, SK-BR-3, and RAW 264.7 cells, and 
results were compared with unfunctionalized PTX-TMX-CS-NPs, HA-CS-NPs, blank CS-NPs, native drugs (PTX 
+TMX), and control (untreated) groups. The obtained results revealed that after 24 h of exposure the viability of 
MCF-7 cells treated with blank CS-NPs and HA-CS-NPs was greater than 90%, which indicated that CS-NPs were not 
toxic with or without HA-functionalization (Figure 7A). MCF-7 cells treated with free drugs (PTX-TMX) showed 
a noticeably higher cytotoxicity (~55% viability) than the control (100% viability), blank CS-NPs (>90%), and HA-CS- 
NPs (>90%). As anticipated, our optimized HA-PTX-TMX-CS-NPs exhibited superior cytotoxicity (~25%) against 
MCF-7 cells compared to unfunctionalized PTX-TMX-CS-NPs and other tested groups (Figure 7A). These results were 
also validated by estimating the IC50 values, which indicated that HA-PTX-TMX-CS-NPs were more potent (IC50 

5.0 µg) than unfunctionalized PTX-TMX-CS-NPs (IC50 6.2 µg) and free drugs (IC50 10.8 µg) (Figure 7D). Similarly, the 
viability of SK-BR-3 cells was greater than 90% after 24 h treatment with blank CS-NPs and HA-CS-NPs, indicating that 
these NPs were not cytotoxic (Figure 7B). Compared to control group (100% viability), SK-BR-3 cells treated with free 
drugs (PTX-TMX) showed 55% reduction in cell viability; however, cytotoxicity was pronounced when SK-BR-3 cells 
were treated with HA-PTX-TMX-CS-NPs. The viability of SK-BR-3 cells was decreased to ~35% and ~20% after 
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treatment with PTX-TMX-CS-NPs and HA-PTX-TMX-CS-NPs, respectively (Figure 7B). The superior cytotoxic 
potential of the optimized HA-PTX-TMX-CS-NPs was also confirmed by calculating their IC50 values, where HA- 
PTX-TMX-CS-NPs exhibited the lowest IC50 value (4.6 µg) compared to PTX-TMX-CS-NPs (5.5 µg) and free drugs 
(9.5 µg) (Figure 7E). A similar pattern of cytotoxicity and IC50 values was also evident in RAW 264.7 cells (Figure 7C 
and F). The superior cytotoxicity induced by NPs formulations, particularly HA-functionalized NPs, in BC cells and 
TAMs was anticipated to be due to their nanoscaled dimension, cationic charge, and spherical morphology, which 
enhanced their cellular uptake and induced cell apoptosis.10,45

Taken together, the cytotoxic potential of HA-PTX-TMX-CS-NPs was also analyzed using the light microscopy to detect any 
morphological changes (eg, shrinkage, cell membrane disruption, apoptotic bodies, etc.) and density of cell population of MCF-7, 
SK-BR-3 and RAW 264.7 cells (Figure 8A). The obtained microscopic images revealed no marked morphological aberrations in 
MCF-7 (Figure 8B), SK-BR-3 (Figure 8C), or RAW 264.7 cells (Figure 8D) after treatment with blank CS-NPs, HA-CS-NPs, 
and control (untreated) group. However, apparent cellular changes including cell shrinkage (which may be caused by leakage of 
cell content), swelling (which may be caused by osmosis), cell clustering, formation of apoptotic bodies, poor adherence, and 
decrease in cell density, were evident in MCF-7, SK-BR-3, and RAW 264.7 cells after treatment with free drugs (PTX-TMX). In 
consistence with cytotoxicity and IC50 results, morphological aberrations were more pronounced when cells were treated with 
NPs, particularly the HA-PTX-TMX-CS-NPs, indicating their superior cytotoxic and apoptotic potential (Figure 8).

Cell Apoptosis
To further investigate the cytotoxic potential of our optimized HA-PTX-TMX-CS-NPs, we performed the cell apoptosis 
assay with MCF-7, SK-BR-3, and RAW 264.7 cells. In this double-staining assay, annexin V-FITC (which can bind to 
phosphatidylserine, PS) and 7-AAD (which intercalates into DNA fragments) were used to assess the translocation of the 
inner plasma membrane phospholipid PS to the outer layer of membrane in apoptotic cells. Our results indicated that 
compared with control (untreated) group, MCF-7 cells did not undergo considerable apoptosis (Q1-LR: early apoptosis; 
Q1-UR: early apoptosis) or necrosis (Q1-UL) after treatment with blank CS-NPs (81% viable Q1-LL cells) (Figure 9), 

Figure 7 Cytotoxicity of HA-PTX-TMX-CS-NPs using the MCF-7 cells (A) cell viability and (D) IC50), SK-BR-3 cells (B: cell viability and (E) IC50), and RAW 264.7 cells (C) 
cell viability and (F) IC50) in comparison with unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX-TMX), blank CS-NPs, HA-CS-NPs, and control (untreated) groups. The 
statistical significance between tested groups is presented as ***p < 0.0005 and ****p < 0.0001.
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Figure 8 Cytotoxicity of HA-PTX-TMX-CS-NPs: flow diagram of cell morphology (A), cell morphology of MCF-7 cells (B), SK-BR-3 cells (C), and RAW 264.7 cells (D) 
using the light microscopy (magnification 10×, scale bar = 100 µm) in comparison with unfunctionalized PTX-TMX-CS-NPs, plain drugs (PTX+TMX), HA-CS-NPs, blank CS- 
NPs, and control (untreated) groups.

Figure 9 Apoptotic potential of HA-PTX-TMX-CS-NPs (10 μg/mL) against MCF-7, SK-BR-3, and RAW 264.7 cells according to annexin V-FITC/7-AAD dual-staining flow 
cytometry analysis compared to unfunctionalized PTX-TMX-CS-NPs, free PTX-TMX, blank CS-NPs, and control (untreated group) (Q1-LL: live cells, Q1-LR: early 
apoptosis, Q1-UR: late apoptosis, and Q1-UL: necrosis).
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indicating their biocompatibility and non-toxicity against MCF-7 cells. In consistence with our results from the MTT 
assay, the percentage of live population of MCF-7 cells treated with blank CS-NPs was noticeably lower than the control 
group, which was likely due to CS which causes death of a small cell population. Notably, MCF-7 cells treated with HA- 
PTX-TMX-CS-NPs showed higher percentage of cells undergone late apoptosis (Q1-UR: 46.5%) compared to unfunc
tionalized PTX-TMX-CS-NPs (Q1-LR: 8%, Q1-UR: 1.2%, Q1-UL: 21%) and free drugs (Q1-LR: 29% and Q1-UR: 3%). 
The percentage of live cell population in HA-PTX-TMX-CS-NPs group was also lower (Q1-LL: ~43.4%) than 
unfunctionalized NPs (Q1-LL: ~70%) and free drug (Q1-LL: ~68%) groups (Figure 9).

The apoptotic potential of HA-PTX-TMX-CS-NPs was also validated in SK-BR-3 cells. SK-BR-3 cells treated with blank 
CS-NPs (Q1-LL: ~90, Q1-LR: 7%, Q1-UR: 2.5%, Q1-UL: 0%) showed no significant apoptosis or necrosis compared to 
control group (Q1-LL: ~99, Q1-LR: 0.07%, Q1-UR: 0.01%, Q1-UL: 0.05%) (Figure 9), indicating their biocompatibility and 
non-toxicity against SK-BR-3 cells. Like MCF-7 cells, SK-BR-3 cells treated with HA-PTX-TMX-CS-NPs also showed 
enhanced late apoptosis (Q1-UR: ~64%) compared to unfunctionalized NPs (Q1-UR: ~8%) and free drugs (Q1-UR: 11%). 
Moreover, the percentage of live cell population in HA-PTX-TMX-CS-NPs treated SK-BR-3 cells was lower (Q1-LL: ~32%) 
than the unfunctionalized NPs (Q1-LL: ~74%) and free drug (Q1-LL: ~81%) cultures (Figure 9).

Similarly, the apoptotic potential of optimized HA-PTX-TMX-CS-NPs was also verified in RAW 264.7 cells, and similar 
findings were observed. For example, like the control group (Q1-LL: ~94, Q1-LR: ~2%, Q1-UR: ~3%, Q1-UL: 0%), RAW 
264.7 cells treated with blank CS-NPs showed no significant apoptosis (Q1-LL: ~90, Q1-LR: ~2.5%, Q1-UR: ~6.5%, Q1-UL: 
0%). Though, the RAW 264.7 cells treated with HA-PTX-TMX-CS-NPs showed a comparable late apoptosis; however, their 
necrotic potential (Q1-UL: 21.5%) was superior to unfunctionalized NPs (Q1-UL: ~8%) and free drugs (Q1-UL: ~10.5%). 
Taken together, the percentage of live cell population in HA-PTX-TMX-CS-NPs treated RAW 264.7 cells was also noticeably 
lower (Q1-LL: ~64%) than the unfunctionalized NPs (Q1-LL: ~72%) and free drug (Q1-LL: ~70%) (Figure 9), which 
indicated their superior cytotoxic potential against the MCF-7, SK-BR-3, and RAW 264.7 cells. The superior apoptotic 
potential of HA-PTX-TMX-CS-NPs was attributed to their nanoscaled dimension, cationic charge, smooth spherical 
morphology, and enhanced cellular uptake through CD44-receptors-mediated endocytosis.10,24,46

Cell Cycle
Our findings from the previous experiments revealed that cytotoxic potential of HA-functionalized NPs is attributed to 
reduction in cell viability, morphological changes, and the induction of apoptosis in BC cells (MCF-7 and SK-BR-3) and 
TAMs (RAW 264.7); however, this experiment was conducted to evaluate the effect of HA-PTX-TMX-CS-NPs on 
different phases of the cell cycle. The results indicated that blank CS-NPs did not induce any change in the cell cycle of 
MCF-7 cells (G0/G1: ~62%, S: ~16%, G2/M: ~21%) compared to the control (untreated) group (G0/G1: ~62%, S: ~16%, 
G2/M: ~21%) (Figure 10). Following the treatment with free drugs (PTX-TMX), no significant changes were observed in 
the S (~18%) and G2/M (~22.5%) phases of the cell cycle; however, a marked decrease in the percentage of MCF-7 
subpopulation was evident in the G0/G1 phase (~54%) in comparison to the control group (G0/G1: ~62%), indicating that 
the free drugs predominantly induce cell cycle arrest at the G1 phase. Moreover, an additional 5% of MCF-7 cells were 
arrested at the sub-G1 phase, indicating the induction of apoptosis. On the other hand, MCF-7 cells treated with HA-PTX 
-TMX-CS-NPs exhibited mild changes in the cell cycle, including a nominal decrease in the percentage of cells in G0/G1 

(~58%) and an increase in the percentage of cells in the S (~17%) and G2/M (~23%) (G0/G1: ~62%, S: ~16%, G2/M: 
~21%) compared to the control group (Figure 10).

Similarly, the SK-BR-3 cells treated with HA-PTX-TMX-CS-NPs exhibited a noticeable decrease in the 
percentage of cell population in G0/G1 (~68%) and an increase in the percentage of cell population in the 
S (~16%) and G2/M (~16%) phases compared to the control group (G0/G1: ~75%, S: ~14%, G2/M: ~11%) 
(Figure 10). Moreover, we also evaluated the effect of HA-PTX-TMX-CS-NPs on the cell cycle of RAW 264.7 
cells. The RAW 264.7 cells treated with HA-PTX-TMX-CS-NPs showed a slight increase in the percentage of cell 
population in the G0/G1 (~36%) and S (~25%) phases and a decrease in the cell population in the G2/M (~36%) 
phase compared to the control group (G0/G1: ~32%, S: ~24%, G2/M: ~40%) (Figure 10). These results indicate that 
the cytotoxic potential of HA-PTX-TMX-CS-NPs is mainly attributed to reduction in cell viability, morphological 
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aberrations, and induction of apoptosis, while inducing the modest changes in the cell cycle of MCF-7, SK-BR-3, 
and RAW 264.7 cells.

Cell Uptake
Cell uptake or internalization of chemotherapeutic agent(s) into cancer cells is a crucial step for inducing the apoptosis 
and enhancing the anticancer activity. To evaluate the cell internalization efficiency of HA-PTX-TMX-CS-NPs into 
MCF-7, SK-BR-3, and RAW 264.7 cells in comparison to the unfunctionalized NPs and free drugs, we used CLSM and 
flow cytometry. In this experiment, CMR, which is known for its bright green fluorescence, was chosen as a fluorophore 
due to its suitable emission spectrum. Similarly, DAPI (which appear as bright blue color) was used to stain the nuclei of 
cells, aiding in visualization of cell nuclei. The obtained CLSM images displayed a distinctive pattern of cellular uptake 
into MCF-7 cells after treatment with different test formulations. The absence of green fluorescence in the control group 
confirmed that MCF-7 cells were untreated. The low intensity of green fluorescence in MCF-7 cells treated with free 
CMR indicated poor internalization of CMR, which was expected to be due to its hydrophobicity and low penetrative 
ability (Figure 11A). On the other hand, MCF-7 cells treated with CMR-CS-NPs and HA-CMR-CS-NPs displayed bright 
green fluorescence, indicating that CMR was highly internalized when it was encapsulated into NPs. Notably, the 
fluorescence intensity was more pronounced in the MCF-7 cells treated with HA-CMR-CS-NPs (Figure 11A).

These findings were further confirmed using the flow cytometry (Figure 11B and C). Flow cytometry is a widely used 
technique in cell imaging and is commonly employed to investigate cellular uptake of fluorophores into various cells or 
tissues. Our resulting data showed that MCF-7 cells treated with the free CMR displayed only 6.85% uptake compared to 

Figure 10 Cell cycle histograms of MCF-7, SK-BR-3, and RAW 264.7 cells treated with HA-PTX-TMX-CS-NPs, unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX-TMX) 
, blank CS-NPs, and control (untreated) using the flow cytometry.
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virtually undetectable internalization in the control group (Figure 11B and C). The poor uptake of free CMR into MCF-7 
cells is presumably due to its inherent hydrophobic nature and poor penetrability. On the other hand, a notable increase in 
the fluorescence intensity (~65%) was noted in the MCF-7 cells treated with CMR-CS-NPs, indicating the significance of 
NPs in enhancing the cellular uptake of encapsulated payload. In consistence with our results obtained from the CLSM, 
the efficiency of CMR uptake into MCF-7 cells was significantly higher (~96%) in HA-CMR-CS-NPs group (Figure 11B 
and C) compared to unfunctionalized NPs, free CMR, and control (untreated) groups. The superior intracellular uptake of 
HA-CMR-CS-NPs was attributed to HA-receptors-mediated endocytosis.10,24,42

The cell uptake efficiency of HA-CMR-CS-NPs was also validated in SK-BR-3 cells compared to unfunctionalized 
CMR-CS-NPs, free CMR, and control groups. The obtained CLSM images indicated that SK-BR-3 cells treated with free 
CMR displayed lower fluorescence intensity (faint green color), indicating its poor cellular uptake due to its hydrophobic 
nature and low permeability (Figure 12A). On the other hand, the CLSM images of SK-BR-3 cells treated with HA-CMR 
-CS-NPs and CMR-CS-NPs depicted a notably higher fluorescence intensity, indicating NPs potential to enhance the 
intracellular trafficking of CMR due to their nanoscaled dimension, surface chemistry, and smooth spherical morphology. 
Like MCF-7 cells, the SK-BR-3 cells treated with HA-CMR-CS-NPs depicted noticeably higher uptake compared to 
unfunctionalized CMR-CS-NPs, free CMR, and control (untreated) groups. The striking uptake of CMR into SK-BR-3 
cells obtained with HA-functionalized NPs was attributed to CD44-receptors-mediated endocytosis, along with their 
nanoscaled dimension, cationic charge, and smooth spherical morphology (Figure 12A).47,48 These results were also 
verified using the flow cytometry (Figure 12B and C). The SK-BR-3 cells treated with free CMR exhibited approxi
mately 10% uptake compared to almost 0% uptake in the control group (Figure 12B and 12C). On the other hand, SK-BR 
-3 cells treated with CMR-CS-NPs exhibited notably higher cellular uptake (~67%) compared to free CMR and control 
groups, indicating the ability of CS-NPs to promote the cell internalization of encapsulated payload. The cell uptake of 
CMR into SK-BR-3 cells was highest (~96%) when treated with HA-CMR-CS-NPs (Figure 12B and C) compared to 
unfunctionalized NPs, free CMR, and control groups. The superior cellular uptake of HA-CMR-CS-NPs was attributed to 

Figure 11 Cell uptake efficiency of HA-CMR-CS-NPs into MCF-7 cells using the CLSM (A) (magnification 60×, scale bar = 30 µm) and flow cytometry (B and C) in 
comparison with unfunctionalized CMR-CS-NPs, free CMR, and control (untreated) groups. The statistical significance between tested groups is presented as ***p < 0.0001.
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CD44-receptors-mediated endocytosis into SK-BR-3 cells, highlighting the significance of HA-functionalization for 
targeted delivery of therapeutic payload to BC cells.24,46

Additionally, we validated the cell uptake efficiency of HA-CMR-CS-NPs into RAW 264.7 cells in comparison with 
unfunctionalized CMR-CS-NPs, free CMR, and control groups. While control group depicted no fluorescence, the RAW 
264.7 cells treated with free CMR exhibited lower fluorescence intensity (dizzy green color), indicating the poor cellular uptake 
efficiency of free CMR due to its inherent hydrophobic nature and low permeability (Figure 13A). In comparison with free CMR, 
the RAW 264.7 cells treated with CMR-CS-NPs depicted higher fluorescent intensity, demonstrating the potential of NPs for 
enhancing the cellular uptake of hydrophobic compounds. Like MCF-7 and SK-BR-3 cells, the RAW 264.7 cells also displayed 
highest fluorescence intensity (bright green color) when treated with HA-CMR-CS-NPs compared to unfunctionalized CMR-CS 
-NPs, free CMR, and control (untreated) group (Figure 13A). These results were also confirmed using the flow cytometry 
(Figure 13B and C). The obtained results illustrated that RAW 264.7 cells treated with free CMR exhibited only 7% uptake 
compared to control group, which showed no uptake (Figure 13B and C). The uptake efficiency was significantly (p < 0.0001) 
enhanced (~66%) when RAW 264.7 cells were treated with CMR-CS-NPs compared to free CMR and control groups. These 
findings agreed with CLSM results, indicating that NPs boost the intracellular delivery of encapsulated payload. The cellular 
uptake of CMR into RAW 264.7 cells was strikingly high (~96%) after treatment with HA-CMR-CS-NPs (Figure 13B and C). 
The superior cellular uptake of HA-CMR-CS-NPs was attributed to CD44-receptors-mediated endocytosis, highlighting the 
significance of HA-functionalization for targeted delivery of therapeutic payload to TAMs.24,46

Scratch Assay
Metastasis is one of the critical attributes of the advanced stage BC, which is associated with low survival rate and high 
recurrence potential.6 The migration of cancer cells from the primary tumor sites to the distant parts of the body is a key 

Figure 12 Cell uptake efficiency of HA-CMR-CS-NPs into SK-BR-3 cells using the CLSM (A) (magnification 60×, scale bar = 30 µm) and flow cytometry (B and C) in 
comparison with unfunctionalized CMR-CS-NPs, free CMR, and control (untreated) groups. The statistical significance between tested groups is presented as ***p < 0.0001.
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factor in the development and progression of BC. Herein, we performed a scratch assay to evaluate the antimetastatic 
efficacy of our optimized HA-PTX-TMX-CS-NPs by analyzing the migration of MCF-7 and SKBR-3 cells to scratch- 
induced gaps in their cell monolayers. For comparison, the microscopy images of scratch-induced gaps were captured at 
three different time intervals (0 h, 24 h, and 48 h). Our results revealed that MCF-7 cells with no treatment (control) 
showed good migration with consistent increase in the closure of scratch-induced gap after 24 h and 48 h (Figure 14A). 
The MCF-7 cells treated with free drugs (PTX-TMX) also showed obvious migration to scratch-induced gap, indicating 
their low antimetastatic efficacy. On the other hand, a clearly visible scratch-induced gap was evident in the MCF-7 cells 
treated with NPs, particularly the HA-PTX-TMX-CS-NPs (Figure 14A). MCF-7 cells treated with unfunctionalized PTX- 
TMX-CS-NPs displayed a few cell colonies in the scratch-induced gap after 48 h, which indicated that PTX-TMX-CS- 
NPs exhibited higher antimetastatic efficacy compared to the free drugs and the control groups. Notably, no apparent cell 
colonies along with poor migration were evidenced in the MCF-7 cells treated with HA-PTX-TMX-CS-NPs after 
24 h and 48 h, demonstrating their exceptional antimetastatic efficacy.49,50 For quantification, the obtained results 
were also analyzed in terms of gap closure rate (%), and it was evident that MCF-7 cells treated with HA-PTX-TMX- 
CS-NPs displayed lowest gap closure rates at 24 h (<5%) and 48 h (<3%) compared to the unfunctionalized NPs (~10% 
at 24 h and ~7% at 48 h), free drugs (~20% at 24 h and ~35% at 48 h), and the control groups (~35% at 24 h and 55% at 
48 h). These results confirmed the superior antimetastatic potential of HA-PTX-TMX-CS-NPs compared to unfunctio
nalized NPs, free drugs, and control groups (Figure 14B). The patronizing antimetastatic efficacy of HA-PTX-TMX-CS- 
NPs was attributed to their superior cytotoxicity, induction of apoptosis, dysregulation of cell cycle, and pronounced cell 
internalization efficiency through CD44-receptors-mediated endocytosis.

Like MCF-7 cells, the SKBR-3 cells treated with HA-PTX-TMX-CS-NPs also showed the superior antimetastatic 
efficacy compared to other treatment groups. The SK-BR-3 cells that received no treatment (control) displayed immense 
migratory potential with a consistent increase in the extent of scratch-induced gap after 24 h and 48 h (Figure 15A). The 

Figure 13 Cell uptake efficiency of HA-CMR-CS-NPs into RAW 264.7 cells using the CLSM (A) (magnification 60×, scale bar = 30 µm) and flow cytometry (B and C) in 
comparison with unfunctionalized CMR-CS-NPs, free CMR, and control (untreated) groups. The statistical significance between tested groups is presented as ***p < 0.0001.
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migratory potential of SK-BR-3 cells decreased after treatment with free drugs (PTX-TMX) and HA-CS-NPs, demon
strating their good antimetastatic efficacies. Notably, in comparison with free drug, HA-CS-NPs, and control groups, the 
SK-BR-3 cells treated with NPs exhibited poor migration, demonstrating their promising antimetastatic potential.49,50 

The resulting data was also statistically analyzed in terms of gap closure rate (%), and it was evident that the SK-BR-3 
cells with no treatment (control) exhibited the highest gap closure rate (~50% at 24 h and ~60% at 48 h). On the other 
hand, the SK-BR-3 cells treated with free drugs (~15% at 24 h and ~25% at 48 h) and HA-CS-NPs (~15% at 24 h and 
~25% at 48 h) showed lower gap closure rates compared to control group, indicating the modest antimetastatic potential 
of these treatments. Notably, the lowest and comparable gap closure rates were detected in SK-BR-3 cells treated with 
HA-PTX-TMX-CS-NPs (~5% at 24 h and ~7% at 48 h) and PTX-TMX-CS-NPs (~7% at 24 h and ~10% at 48 h). These 
results validated the superior antimetastatic potential of NPs, particularly the HA-PTX-TMX-CS-NPs, in comparison 
with free drugs, HA-CS-NPs, and control groups (Figure 15B). The exceptional antimetastatic efficacy of HA-PTX-TMX 

Figure 14 Antimetastatic efficacy of HA-PTX-TMX-CS-NPs against MCF-7 cells using the light microscopy (magnification 4×, scale bar = 150 µm) (A) and scratch-induced 
gap closure rate (%) (B) in comparison with unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX-TMX), and control (untreated) groups. The statistical significance between 
tested groups is presented as ns (not significant), * p < 0.05, ** p < 0.005, and *** p < 0.001.
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-CS-NPs was attributed to their superior cytotoxicity, induction of apoptosis, effect on cell cycle, and pronounced cell 
internalization efficiency through CD44-receptors-mediated endocytosis compared to unfunctionalized NPs, free drugs, 
and control (untreated) groups.

Conclusion
In this research, we hypothesized that the surface functionalization of CS-NPs with HA could be a promising strategy for 
targeted delivery of chemotherapeutics to BC cells and TAMs through CD44-receptors-mediated endocytosis. Hence, we 
fabricated PTX/TMX co-loaded CS-NPs using the ionic gelation method and functionalized their surfaces with HA for 
their targeted delivery through the CD44-receptors, which are abundantly expressed on BC (MCF-7 and SK-BR-3) and 
RAW 264.7 cells. The physicochemical properties (ie, particle size, zeta potential, morphology, surface chemistry, etc.) 
of NPs play a crucial role in their intracellular delivery; therefore, we employed a quality-by-design approach using the 

Figure 15 Antimetastatic efficacy of HA-PTX-TMX-CS-NPs against SK-BR-3 cells using the light microscopy (magnification 4×, scale bar = 150 µm) (A) and scratch-induced 
gap closure rate (%) (B) in comparison with unfunctionalized PTX-TMX-CS-NPs, free drugs (PTX-TMX), and control (untreated) groups. The statistical significance between 
tested groups is presented as ns (not significant), * p < 0.05, ** p < 0.005, and *** p < 0.001.
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Design Expert® software for the optimization of fabricated NPs. A robust relationship between studied factors (CMAs 
and CPPs) and physicochemical properties of NPs suggested that drug concentration, incubation time, and homogeniza
tion are essential factors that should be considered when designing the NPs formulations. Based on our optimization 
results, the PTX-TMX-CS-NPs produced with 0.5 mg/mL drug concentration and incubated for 60 min without 
homogenization exhibited the most desirable physicochemical features. The optimized HA-PTX-TMX-CS-NPs exhibited 
the mean PS of 230 ± 21 nm, PDI of 0.30 ± 0.04, ZP of 21.5 ± 3.4 mV, and high %EE of PTX 71.9 ± 5.2% and TMX 
96.6 ± 8.8. The successful loading of PTX and TMX into the polymeric matrix of CS-NPs and their functionalization 
with HA were verified through the FTIR and DSC analyses. The SEM analysis of the optimized HA-PTX-TMX-CS-NPs 
depicted a smooth spherical morphology and nanoscaled dimension (170 to 200 nm) with nominal tendency for 
aggregation, which was likely due to the dehydration effect of lyophilization and the surface coating with HA. The 
insignificant variations in the mean PS, PDI, and ZP of HA-PTX-TMX-CS-NPs compared to unfunctionalized PTX- 
TMX-CS-NPs during their storage (PBS, pH 7.4) for 8-week at 2–8°C demonstrated that HA-functionalization improves 
the good colloidal stability of NPs. The in vitro release study revealed that HA-PTX-TMX-CS-NPs exhibited pH- 
responsive sustained release behavior, which signifies their ability to selectively deliver the encapsulated drugs into the 
TME (which is slightly acidic compared to healthy body tissues). The lowest cell viability witnessed in MCF-7 (~25%), 
SK-BR-3 (~20%), and RAW 264.7 cells (~20%) along with lowest IC50 values for MCF-7 (~5.0 µg), SK-BR-3 (4.6 µg), 
and RAW 264.7 cells (12.6 µg) certified that our optimized HA-PTX-TMX-CS-NPs exhibited powerful cytotoxic 
potential against the BC and TAMs. To elucidate the mechanism of cytotoxicity induced by HA-functionalized NPs, 
a series of experiments including cell apoptosis, cell cycle, and cellular uptake, were conducted. The confocal laser 
scanning microscopy and flow cytometry results demonstrated that the HA-PTX-TMX-CS-NPs possess exceptional 
ability to induce apoptosis, dysregulate cell cycle, and enhance cell internalization compared to unfunctionalized NPs, 
free drug, and control (untreated) groups. Taken together, HA-PTX-TMX-CS-NPs displayed a promising antimetastatic 
efficacy by downregulating the proliferation and migration of MCF-7 and SK-BR-3 cells within scratch-induced gaps. 
These findings confirm that HA-functionalization of CS-NPs is a promising targeting strategy to eliminate BC cells and 
TAMs with an ultimate abolishment of disease progression and metastasis. Based on our findings, we anticipate that HA- 
PTX-TMX-CS-NPs could be a promising anticancer nanomedicine for the treatment of BC and other types of cancer; 
however, substantial in vivo studies using the tumor-bearing animal models, pharmacokinetics, and safety evaluations are 
highly warranted prior to further development of this nanomedicine for the clinical translation.
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