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Abstract 

Recent advanced studies have highlighted cancer's multidimensional nature. However, most 

cancer therapies remain one-dimensional, targeting only a single facet of the intricate tumor 

ecosystem. Unfortunately, such singular approaches often prompt the tumor microenvironment 

(TME) to adopt a more aggressive nature, fueling resistance. The implementation of a 

multidimensional strategy becomes imperative to enhance therapeutic outcomes. One such 

emerging approach is the concept of combined chemo-immunotherapy. Chemotherapy could 

kill the tumor cells, reduce tumor-cell-mediated immune suppression, and generate tumor 

antigens for T-cell activation. However, many chemotherapeutic agents exhibit inherent 

immunosuppressive traits, rendering them unsuitable for this approach. Exceptions like 

paclitaxel (PTX) stand out, displaying immune-stimulating properties at therapeutic levels with 

improved cross-priming of antitumor CD8+ T cells and enhanced immune cell infiltration. 

However, effective T-cell activation hinges on antigen presentation. Tumor-associated 

macrophages (TAMs), the primary antigen-presenting cells in TME, often exist in an immune-

suppressed state and are the most abundant immune cells in the TME in almost all types of 

solid tumors. They play a vital role in regulating tumor growth. TAM-targeted therapies are 

primarily designed for TAM depletion; however, it was found that TAM depletion did not show 

required anti-cancer activity. An alternative therapeutic approach is re-educating TAMs, which 

can actively promote antitumor immune responses and could be more efficacious. Several 

approaches have been proposed for re-educating the TAMs, among which the use of TLR 

agonists is highly effective, exhibiting potent immunogenic properties by triggering 

macrophage activation. Thus, we propose therapy with PTX combined with TLR agonist for 

effectively converting tumor immune suppressive microenvironment to immune-stimulatory 

microenvironment by M1 macrophage polarization and potential combined chemo-

immunotherapeutic activity. 

Various TLR agonists were initially screened to find the most potent one. Among them, the 

TLR7/8 agonist RSQ exhibited the highest potency. Numerous studies have attested to the 

effectiveness of RSQ in cancer immunotherapy, indicating its ability to enhance immunity. 

However, no previous study evaluated the efficacy of PTX and RSQ combination. In our 

current study, we observed a remarkable enhancement in the chemo-immunotherapeutic 

effectiveness of the PTX+RSQ combination. 
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Extensive research has been conducted to pursue tumor-targeted drug delivery, resulting in the 

approval of a few formulations for clinical application. Nevertheless, many of these 

formulations adhere to intricate design parameters that hinder the scalability of production. 

Traditionally, nanoformulations have primarily been synthesized using batch processes such 

as ultrasonication, microemulsion, nanoprecipitation, and thin film methods. Unfortunately, 

these processes often lead to significant batch-to-batch variations. To successfully transition 

nanocarriers from the laboratory to clinical practice, precise control over particle size 

distribution, uniformity, colloidal stability, reproducibility between batches, and scalability is 

essential. To accomplish this, we have established a continuous flow microfluidics system-

based nanoprecipitation method. The effectiveness and reproducibility of this method were 

initially established to prepare PTX-encapsulated NPs, allowing for the modulation of NP size 

by adjusting the PTX: polymer ratio. NPs prepared by this method were found to be more 

uniform in size and demonstrated increased cytotoxicity against both 2D and 3D in-vitro 

models, along with improved internalization into tumor cells and penetration into 3D spheroids. 

In summary, this continuous flow microfluidics-based nanoprecipitation method holds great 

promise for developing an economical and effective NP delivery system. With this approach, 

we can readily produce various types of polymeric NPs with consistent results and the potential 

for scalability. 

Designing nano-formulations for multi-drug delivery, where each drug targets different cells, 

presents a significantly greater challenge than single drug-loaded NPs. Various nanocarriers, 

including liposomes, polymeric NPs, micelles, and drug conjugates, can be internalized by 

cells, with the encapsulated drug(s) exhibiting effectiveness against the specific cell type they 

enter. Therefore, in the context of a multi-drug-loaded nanocarrier targeting diverse cell types, 

it becomes essential for these drugs to be efficiently released within the TME to allow the drug 

combination to act on their respective target cells. 

This study synthesized a pH-responsive polymer to enable precise drug release within the 

TME. The TME exhibits an acidic extracellular pH (ranging from pH 6.5 to 6.9) compared to 

the normal physiological pH (typically between pH 7.2 to 7.5) due to elevated glycolysis and 

the accumulation of lactic acid in the TME. This lower pH in the TME was leveraged to achieve 

the TME-specific release of  PTX and RSQ. Histidine, a key component in this pH-responsive 

system, contains an imidazole ring with a lone pair of electrons on an unsaturated nitrogen 

atom. This imidazole ring can undergo pH-dependent protonation-deprotonation and polarity 

changes. At physiological pH, histidine predominantly remains in the non-protonated form, 
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facilitating interactions with other hydrophobic groups. However, when the pH drops below its 

pKa, the imidazole ring becomes protonated, resulting in a solubility transition that functions 

as an efficient pH-sensitive moiety. Furthermore, histidine's high pH buffering capacity, 

commonly referred to as the "proton sponge effect," has been observed to play a crucial role in 

facilitating the endosomal escape of the NPs. 

In this study, pH-sensitive polymers were synthesized by conjugating a poly-histidine moiety 

with two different types of poly(lactic-co-glycolic acid) (PLGA) polymers: a five-armed PLGA 

(spH) and a linear PLGA (lpH). These polymers were compared for their effectiveness in co-

delivering PTX and RSQ. The NPs were prepared using an optimized microfluidic-based 

nanoprecipitation method, allowing for the incorporation of variable polymers. Notably, the 

spH NPs exhibited increased loading of both PTX and RSQ compared to the lpH NPs. 

Previous studies have established the influence of polymer shape on drug loading and release. 

Multi-armed polymers, such as spH, have been shown to accommodate more drug loading than 

their linear counterparts. In the drug release experiments, lpH and spH NPs displayed enhanced 

drug release at lower pH levels than neutral pH. However, in the case of spH NPs, the drug 

release ratio between PTX and RSQ was nearly 1:1, a feature not observed in lpH NPs. 

Maintaining this specific drug ratio could be advantageous for synergistic activity. The 

hypothesis is that in lpH NPs, only one end of the polymer underwent ionization while the rest 

remained stable, potentially leading to differential drug release. In contrast, with spH NPs, 

histidine modification at the end of each arm of its multi-arm structure resulted in ionization 

across all arms, leading to uniform charge repulsion and complete opening of the NPs, releasing 

the encapsulated drugs fully. This hypothesis supported the variation in NP size observed at 

different pH levels. 

The pH-sensitive delivery of this drug combination was found to impact its bioactivity 

significantly. When tested against cancer cells in isolation, both the free drug combination and 

the NP-encapsulated drug combination exhibited similar cytotoxicity. However, when tested 

against a more complex spheroid model comprised of cancer and macrophage cells, mimicking 

actual tumor conditions, treatment with PTX and RSQ alone resulted in marginal cancer cell 

death, with cell viability rates of 76±2.3% and 81±3.8% for PTX and RSQ, respectively. In 

contrast, the drug combination group exhibited a significantly increased level of cancer cell 

death, with cell viability of 51±2.6% when treated with the PTX+RSQ combination. These 

results strongly indicated the potential for synergistic efficacy when using the drug 
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combination. Interestingly, encapsulation of PTX+RSQ in the pH-sensitive NPs exhibited a 

differential effect. With the sp NPs, the cancer cell viability was 58±5.5%, whereas, with spH 

NPs, the cancer cell viability was 29±3.6%. The significantly higher cell death with the spH 

NPs could be due to the more uniform (maintaining 1:1 ratio of PTX and RSQ, as shown in 

release data) drug release observed in the spH NPs. This could also be due to improved spheroid 

core delivery of the encapsulated drugs by the spH NPs. This was confirmed using a spheroid 

penetration study, where a significant difference in fluorescence distribution and penetration 

of DiI fluorescence was observed between the pH-sensitive and non-pH-sensitive NPs. With 

both lp and sp NPs, DiI fluorescence was mainly localized in the periphery of the cancer 

spheroid. However, with lpH and spH NPs, significantly increased spheroid core penetration 

was observed. Among all the groups, spH NPs exhibited the highest spheroid core penetration, 

significantly more than lpH NPs.  

After that, to confirm that the pH-sensitive release of the NPs at the TME is the reason for the 

enhanced penetration, we analyzed the colocalization of the NPs loaded with DiI and DiO in 

tumor complex spheroids. After 24h of treatment of the DiO+DiI loaded NPs, we have found 

increased colocalization of non-pH sensitive NPs, i.e., 0.84 with lp NPs and 0.75 with sp NPs, 

compared to 0.6 with lpH NPs and 0.5 with spH NPs. The least colocalization index of spH 

NPs shows the release of payload, i.e., DiI +DiO at the acidic pH of the TME, when compared 

to other groups, were found to be stable with the dyes encapsulated inside, showing increased 

colocalization. 

Treatment with spH NPs also exhibited reversal of the M2-phenotype of cancer, which was 

confirmed by increased M1 macrophage polarization marker expression, i.e., TNF-α 

expression with almost 100-fold in 2D, 390-fold increase in conditioned media and 410-fold 

increase in 3D complex spheroids when compared to control indicating M1 macrophage 

polarization. With spH NPs, there was a significant increase in TNF-α expression, i.e., 200-

fold in 2D, 420-fold increase in conditioned media, and 820-fold increase in 3D complex, 

which has more effective macrophage activation with immune activation when compared to 

the free drug combination. Similarly, IL-10 expression (M2 marker) decreases with PTX+RSQ 

combination, i.e., 50-fold in 2D, 100-fold decrease in conditioned media, and 120-fold decrease 

in 3D complex spheroids. Regarding spH NPs, there are 20 folds in 2D, 60 fold decrease in 

conditioned media, and 70 fold decrease in 3D complex spheroids, proving that M2 

macrophage expression was about to basal level, leading to decreased immunosuppressive 

nature of the TME. We have also observed improved tumor-specific cell death with spH NPs 
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compared to other groups using live dead staining and luciferin-tagged tumor cells. After that, 

it was also confirmed that improved combined chemoimmunotherapeutic activity has involved 

ROS induction in both macrophage polarization and cancer cell death. 

After successful demonstration of in-vitro combined chemo-immunotherapeutic acidity of spH 

NPs loaded with PTX+RSQ, ex-vivo splenocyte + 4T1 complex spheroids were used to check 

antigen presentation capability, wherein we observed ~ 2-fold increased MHC-I and MHC-II 

expression with the spH NPs compared to the PTX+RSQ combination, proving an improved 

immunogenic potential, in turn leading to M1 polarization. This might be because MHC-II 

expression can help in activating CD4+T cells, which in turn helps in the immunogenic 

potential of other immune cells, which is merely because MHC-II can typically expressed by 

immune cells but not cancer cells to help in effective immune response to cancer cells was also 

found to be increased showing successful combined chemo-immunotherapeutic activity of spH 

NPs. 

After successful confirmation of in-vitro and ex-vivo chemo-immunotherapeutic activity of 

spH NPs, we then moved into in-vivo studies, where, in the initial toxicity studies, we didn't 

find any signs of toxicity and no change in the body weight of the animals throughout the study 

with all the treatment groups at the given doses. After that, improved PK parameters were 

observed with PTX and RSQ when given in spH NPs form. The plasma half-life (t1/2) of PTX 

and RSQ were improved with ~2 folds when administered in combination with PTX+RSQ. 

Similarly, when administered as SpH NPs, there was a ~ 7-fold increase in the AUC, ~11-fold 

reduction in the clearance (cl), and ~150-fold increase in the t1/2, with PTX whereas, with RSQ, 

there was a ~ 68-fold increase in the AUC (0-∞), ~ 16-fold reduction in cl, and a ~130- fold 

increase in the t1/2. In the in-vivo biodistribution study, mice treated with spH NPs displayed 

consistently superior fluorescence intensity at all time points compared to those treated with sp 

NPs. Both sp and spH NPs demonstrated increased accumulation in the tumor compared to 

other organs; however, the fluorescence signal from sp NPs decreased significantly within 1440 

minutes due to their interaction with plasma proteins and subsequent clearance by the liver. In 

continuation, in-vivo efficacy study after 21 days of treatment, the mean tumor volumes were 

as follows: 624 ± 23 mm3 for the PTX group, 510 ± 28 mm3 for the RSQ group, 310 ± 87 mm3 

for the PTX+RSQ group, and 167 ± 23 mm3 for the spH NPs group. Tumor weight displayed 

a similar trend, with average tumor weights of 3.82 ± 0.20 g for the control group, 2.62 ± 0.12 

g for the PTX group, 1.67 ± 0.70 g for the RSQ group, 1.20 ± 0.45 g for the PTX+RSQ group, 

and 0.32 ± 0.12 g for the SpH NPs group. This decreased tumor weight and volume with spH 
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NPs might be because of the pH-sensitive tumor-targeted drug delivery of spH NPs. It was also 

found that decreased tumor growth involves ROS induction as well. spH NPs were also found 

to show decreased proliferation rate (Ki67), improved apoptosis rate, decreased metastasis rate, 

and number of lung nodules with spH NPs treatment. Altogether, we can conclude that spH 

NPs loaded with PTX and RSQ have improved in-vivo efficacy in a breast cancer model. 
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1.0. Breast Cancer: 

Breast cancer (BC) has become one of the most prevalent life-threatening diseases among 

women worldwide, with a high prevalence (2.3 million new cases reported in 2020 and over 

685,000 deaths). In 2020, it surpassed lung cancer as the leading cause of cancer incidence 

universally, with an expected 2.3 million new cases, with 11.7% of all cancer cases [1]. 

Epidemiological analysis expects that the global burden of BC will reach approximately 2 

million cases by the year 2030 [2]. 

In India, the occurrence of BC has increased dramatically, almost by 50%, between 1965 and 

1985 [3]. In 2016, it was estimated that there were 118,000 new cases of BC in India [4]. Over 

the past 25 years, the incidence rate of BC in Indian women increased by 39.1% and was 

observed in every state of the country [4]. According to Globocan data for 2020, breast cancer 

accounted for 13.5% of all cancer cases and 10.6% of all cancer-related deaths in India [5]. In 

the 1990s, cervical cancer was the leading among the Indians, while BC had a lower incidence. 

However, by the early 2000s, breast cancer had surpassed cervical cancer as the leading cancer 

site in India, indicating a notable shift in the disease landscape [6]. Current research suggests 

that most of the BC cases in India occur in younger women compared to Western countries.  

Significant variability in the survival rate was observed in the BC patients based on the disease 

status. The 5-year overall survival rate was found to be highest among the stage I BC patients 

(95%), followed by stage II (92%), stage III (70%), and stage IV (21%) [7]. Unfortunately, the 

survival rate for BC patients in India is lower compared to Western countries due to an earlier 

age at onset, late-stage diagnosis, delayed treatment initiation, and fragmented or inadequate 

treatment [5]. According to the World Cancer Report 2020, early detection and prompt 

treatment are the most effective interventions for controlling BC [8]. A 2018 review of 20 

studies also revealed that treatment costs for breast cancer increased with the stage of cancer 

at diagnosis, underscoring the importance of early detection in reducing treatment costs [9]. 

Despite significant improvements in screening techniques and systemic treatments, a complex 

interplay of genetic and non-genetic factors made BC therapy challenging. Current treatment 

for BC primarily includes surgery, radiation therapy with adjuvant chemotherapy, followed by 

hormonal therapy. BC is a heterogeneous form of cancer composed of a collection of diverse 

biological entities with distinct pathology, genomic alterations, gene expression patterns, and 

the tumor microenvironment (TME). BC is grouped into three categories based on histological 

[10], molecular [11], and clinical subtypes of breast cancer (Figure 1.1). 
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Figure 1.1. Classification of breast cancer.  

 

Limitations of Traditional chemotherapeutics: 

Most of the traditional chemotherapeutics currently used in the clinic target cancer cells alone. 

However, such monodimensional therapies commonly lead to therapeutic failure. Some 

standard recommendations for initial chemotherapy in the treatment of metastatic breast cancer 

typically involve anthracycline-based regimens and the use of taxanes such as paclitaxel and 

docetaxel. These are majorly associated with response rates ranging from 30% to 70% [5]. 

However, these responses are often of short duration, with a median time to disease progression 

of 6 to 10 months [12]. For patients with disease progression and resistance development to 

these drugs, alternative strategies include capecitabine, gemcitabine, vinorelbine, albumin-

bound paclitaxel, or ixabepilone. Unfortunately, response rates with these drugs are also 

relatively low, typically within the range of 20% to 30% [13]. The duration of responses is 

generally less than 6 months, and these results do not always lead to improved long-term 

survival [14]. Therefore, a proper understanding of tumor and TME is essential for effectively 

targeting BC for an improved treatment outcome [15, 16]. Some examples of chemotherapeutic 

combinations and their response rates are mentioned in Table 1.1.  
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Table 1.1: Current treatment approaches against breast cancer. 

DRUG OVERALL 

SURVIVAL 

Progression Free 

survival  

REFERENCE 

Docetaxel + Gemcitabine 22.99 months 9.01 months [17] 

Capecitabine 94.0% (3 years), 

89.2% (5 years) 

82.8% (3 years), 

74.1% (5 years) 

[18] 

Cyclophosphamide, 

Methotrexate, and 5-Fluorouracil 

9.4 months 3.1 months [19] 

Eribulin Mesylate 9.0 months 2.6 months [20] 

Gemcitabine 7.8 months 4 months [21] 

ixabepilone 11.3 months 3.6 months [22] 

Thiotepa (Intrathecal) 4.5 months 3.3 months [23] 

Mitomycin C, vinblastine and 

cisplatin 

8 months 4 months [24] 

5-fluorouracil+vinorelbine 15 months Information not 

available 

[24] 

Docetaxel 16 months 6.5 months [25] 

Nab-Pacliatxel 20.9 months 5.3 months [26] 

Cyclophosphamide + 

Doxorubicin +Paclitaxel 

 68.75% (5 years) [27] 

Cyclophosphamide, Ixabepilone 

 

53.57% (36 months) Information not 

available 

[28] 

Pemetrexed + Cyclophosphamide 12 months 6.26 months [29] 

Eribulin Mesylate 12.9 months 3.6 months [30] 

Exemestane 92% 4.1% [31] 

Fulvestrant 22.8 months Information not 

available 

[32] 

Ixabepilone +carboplatin 12.5 months 7.6 months [33] 

Vinflunine plus Capecitabine 13.9 months 5.6 months [34] 

 

The existing chemotherapeutics failed because, for decades, neoplastic diseases were 

considered autonomous disorders involving only the cancer cells, and the pathophysiology and 

disease prognosis were linked to the phenotypic and genotypic changes in the cancer cells only. 

Though the importance of the tumor microenvironment (TME) was proposed more than a 

century ago by Stephen Paget [35], the role of non-cancerous cells present in the TME has been 

ignored for a long time. Recent advanced studies have established that cancer is a multicellular 

disorder, and the proliferation and metastasis of the neoplastic cells are supported by a complex 

interaction with the non-neoplastic cells in the TME [36-38]. Apart from the tumor cells, TME 

contains cancer-associated fibroblasts (CAFs), tumor endothelial cells (TECs), tumor-

associated macrophages (TAMs), cancer stem cells (CSCs), and extracellular matrix, all of 

which play critical roles in tumor development and progression [39]. However, the interplay 

between the tumoral and non-tumoral cells contributes to the niche formation, resistance to 

conventional treatment approaches, and cancer metastasis. Most of the current therapeutic 

strategies against cancer are still one-dimensional, i.e., they are directed against only one 

component (cancer cells) of this complex, multi-integrant tumor ecosystem. This one-
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dimensional treatment strategy is ineffective, as the other supporting cells can help the tumor 

cell to survive and/or prevent the activity of the anticancer drugs [40]. For example, it has been 

demonstrated that CAFs promote resistance to common anticancer drugs in tumor cells [41]. 

Similarly, TECs make the tumor cells less responsive to anticancer drugs by expressing multi-

drug resistance proteins, like P-glycoprotein [42]. These findings suggest that drug resistance 

is not an intrinsic property of the cancer cells but also depends on the parallelly evolving TME.  

1.2. Cellular components of the tumor microenvironment (TME): 

A large variety of cells contribute to the formation of the TME. Apart from a heterogeneous 

population of cancer cells, it also contains various resident and infiltrating non-malignant cells 

such as CAFs, TAMs, and TECs. As described in Figure 1.2, these components of the TME 

have a profound effect on tumor progression [43]. The TME niche involving tumoral and non-

tumoral components plays an intertwining dynamic role reflecting the pathological state of 

TME. Functional modulation of these non-neoplastic components of the TME holds significant 

potential as a possible therapeutic strategy. Additionally, unlike cancer cells, the supporting 

cells in the TME are genetically stable, making them a good target [38].  

The following sections summarize the role of different cellular components in the TME, how 

they influence tumor development and progression, and combination therapeutics strategies 

targeting them.  
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Figure 1.2: Components of the tumor microenvironment and its impact on the survival and growth of the tumor. 

(Source: Swetha et al., Drug Deliv. and Transl. Res. 2022). 

Cancer-Associated Fibroblasts (CAF): 

Fibroblasts are present in all epithelial tissues, where they maintain the tissue architecture by 

producing the extracellular matrix (ECM), such as collagens and fibronectin. Fibroblasts can 

also secrete various proteases to remodel the overall tissue architecture [44]. In the TME, 

fibroblasts are activated by factors released by the tumor cells, like FGF, PDGF, and TGF-β, 

and become cancer-associated fibroblasts (CAFs) [45]. CAFs are the primary stromal cells 

present in the TME, producing tumor ECM. They also potentiate tumor angiogenesis by 

secreting VEGF and PDGF, promoting tumor growth and invasion [46]. CAFs also modulate 

antitumor immunity by secreting CCL2, CCL5, and TGF-β, attracting regulatory T cells (Treg) 

and myeloid-derived suppressor cells [45, 47]. It is also found that CAFs promote physical 

resistance to chemotherapy by building ECM that compresses the blood and lymphatic vessels, 
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leading to reduced perfusion, elevated interstitial fluid pressure, and poor drug penetration [48, 

49].  

Tumor-Associated Endothelial Cells (TECs): 

Tumor-associated endothelial cells (TECs) play a vital role in the development of the TME. 

Likewise, tumors need a high rate of angiogenesis to get the oxygen and nutrients required for 

their growth [50]. To aid the angiogenesis, a large number of endothelial cells are recruited to 

the TME, rendering the tumor blood vessels different from the normal blood vessels in many 

aspects, including morphology and gene expression [51]. The genotypic and phenotypic 

abnormality of the TECs results in the aberrant expression of endothelial markers like CD31, 

CD105 [68], and VEGFR, which leads to defective endothelial monolayer formation [52]. 

Normal blood capillaries are surrounded by pericytes, improving blood vessel stability. 

However, the loss of pericyte growth factor (PDGFB) and its receptor in the tumor vasculature 

leads to the loss of pericyte support, resulting in unstable and leaky blood vessel formation, 

promoting tumor metastasis [53, 54]. Increased expression of CXCR7 in the TECs promotes 

tumor cell proliferation, invasion, and trans-endothelial migration [55]. TECs are responsible 

for hypoxia-inducible factor-1 (HIF-1) dependent augmentation of VEGF expression, which 

further induces angiogenesis [56].  

Cancer Stem Cells (CSCs): 

Cancer stem cells (CSCs) have heterogeneous phenotypes and can self-renew and differentiate, 

which helps form tumorigenic and non-tumoral cells, including CAF, TEC, and TAM [57]. It 

is well reported that the presence of CSC markers in a tumor leads to poor disease prognosis 

[58]. CSCs are not a single type of cells; they are of multiple heterogeneous phenotypes [59]. 

Different CSC markers have been identified, and many of which are associated with poor 

disease prognosis. For example, CSC marker CD133 has been associated with drug resistance 

and reduced survival in many cancers [60]. CD44, a transmembrane receptor for many ECM 

components and co-receptor for growth factors and cytokines, is associated with increased 

tumor progression [61]. Many other CSC markers, like aldehyde dehydrogenase (ALDH), 

CD166, CD9, CD24, and CD49f, have been shown to play an important role in developing 

resistance to therapeutics [62-64]. CSCs are resistant to radiation therapy and chemotherapy 

and can enter a dormant stage, resulting in recurrence and metastasis [60, 65]. 

 

 



Chapter 1  Introduction 

Page | 7  

 

Tumor-Associated Macrophages (TAM): 

Macrophages are one of the most prominent components present in the TME among all the 

other cells in various cancers, and breast cancer (BC) is one among them. In most cases, 

macrophages constitute 50% of cell populations, and when coming to BC, multiple clinical 

studies have proved a strong correlation between the TAM population and the survival of 

patients [66]. A meta-analysis report stated that an increased macrophage population correlated 

with a poor prognosis in over 80% of breast cancer patients [67]. 

Macrophages are commonly known as the "Swiss army knife" of the immune system because 

of their wide range of functions [68]. When activated appropriately, they have specific and 

dedicated roles. Multiple factors influence macrophage function and behavior, including 

hypoxia, lipids, and cytokines like CCL2, CCL3, CSF-1, TNF-α, INF-γ, and MIF. Specific 

chemoattractants regulate the migration ability of macrophages into tissues. One among them 

is CCL2 (monocyte chemoattractant protein-1, MCP-1), which has been connected to the 

recruitment of TAMs to the stromal tissue of BC and plays a vital role in BC relapse [69]. 

Another major chemoattractant, macrophage migration inhibitory factor (MIF), also plays a 

crucial role in tumor progression [70]. MIF interacts with CXCR2 and CXCR4 to recruit 

leukocytes and activate cellular responses. Increased MIF levels were primarily observed in 

prostate and breast cancer [71]. MIF remains upregulated in breast cancer cells and macrophage 

co-cultured experiments [72]. MIF from tumor cells increases the production of macrophage 

MMPs and facilitates tumor cell invasion [73]. 

As the significant immune-inhibitory cells found in the TME, TAMs significantly promote 

tumorigenesis and metastasis through non-immune and immune mechanisms, negatively 

affecting clinical outcomes in various cancer types [74, 75]. TAMs augment tumor proliferation 

by releasing growth factors (e.g., EGF, PDGF, TGF-β) and cytokines, impacting cancer 

initiation [76]. They support cancer stem cells, enhancing tumor progression and therapy 

resistance via TNF-α, IL-6, and Akt/mTOR pathway [77]. TAMs also sustain the CSC niche 

through juxtacrine communications [78] and promote CSC survival during chemotherapy [79]. 

Inhibiting CSF1R or CCR2 on TAMs improves chemotherapeutic responses [80]. 

TAMs play a crucial role in angiogenesis by secreting pro-angiogenic factors (e.g., VEGF, 

PDGF, bFGF) and promoting tumor neovascularization, supporting cancer growth [81]. 

Hypoxia and CSF-1 upregulate Tie2 expression on TAMs, activating the angiogenic switch 

[82]. TAMs, through HIF-1α, contribute to pro-angiogenic functions [83]. Moreover, TAMs' 
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signaling cascades can enhance metastasis by promoting tumor cell invasiveness with MMPs, 

serine proteases, and cathepsins [84]. Various molecules from TAMs induce cancer cell 

invasion and migration, including cathepsin B, macrophage inflammatory protein 1-β, and 

TGF-β [85]. TAMs support intravasation and metastasis through CCL18 and other factors [86]. 

Additionally, TAMs enhance epithelial-mesenchymal transition (EMT) in tumor cells [87] and 

create a pre-metastatic niche [88]. 

TAMs suppress adaptive immune responses through various mechanisms, decreasing 

antitumoral immune cells while increasing immunosuppressive cell types. They impede CD8+ 

T cell activation by affecting T cell trafficking, depleting essential metabolites, and secreting 

anti-inflammatory cytokines [89]. Metabolism of L-arginine and L-tryptophan by TAMs 

inhibits T cell receptor (TCR) complex re-expression [89]. Hypoxia and tissue hypoxia also 

contribute to T cell suppression [90]. TAMs produce anti-inflammatory cytokines, including 

IL-10, TGF-β, and PGE2, which hinder T cell functions [91]. They express PD-L1 and other 

inhibitory ligands, affecting T-cell activation and proliferation [92]. TAMs attract 

immunosuppressive cells like Treg cells, further hampering immune responses [93]. Moreover, 

TAMs can induce Treg cells in the tumor microenvironment [94]. Overall, TAMs play a 

substantial role in immune evasion in the tumor microenvironment, making them potential 

targets for cancer treatment to boost immune responses [95]. 

 
Figure 1.3. Role of tumor-associated macrophages (TAM) in immunosuppressive tumor microenvironment. 
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1.3. Drugs targeting TAMs: 

Different drugs have been developed to modulate the TAMs for cancer therapy (Fig. 1.4). These 

drugs can be divided into three main categories: i) drugs that deplete TAMs, ii) drugs that 

stimulate and polarize TAMs into the immunostimulatory M1 phenotype, and iii) drugs that 

inhibit the production of immunoregulatory factors by the TAMs. Many of these drugs have 

shown promising efficacy in preclinical or clinical studies [96]. Apart from these, metronomic 

chemotherapy has been demonstrated to polarize TAMs through the induction of immunogenic 

cancer cell death (ICD) [97].   

 
Figure 1.4. Drugs targeted against tumor-associated macrophages for cancer therapy. (Source: Swetha et al., 

Drug Deliv. and Transl. Res. 2022). 

1.4. Immunotherapy alone targeting macrophages: 

To overcome the limitations of the established traditional chemotherapy and other cancer 

treatments, immunotherapy has now become an important and promising candidate for cancer 

therapy. Various immunotherapeutic strategies have emerged recently, including adoptive 

cellular immunotherapy, vaccines, antibodies, small molecule inhibitors, immune checkpoint 

inhibitors, and many more. All these strategies target macrophages directly or indirectly, 

significantly affecting the TME. 

Among all the categories of drugs that target macrophages, the class of drugs that limits the 

recruitment of monocytes has gained significant interest because the migration of monocytes 

from bone marrow to tumor depends on the CCL2-CCR2 signaling. Elevated CCL2 levels in 

human neoplasia are linked to increased metastasis and decreased survival. Blocking CCL2-

CCR2 signaling reduced tumor growth and metastasis in mouse models [98]. PF-04136309 

was found to act by CCR2 activation and has an excellent treatment response in pancreatic 

cancer patients [99]. CCX872, a CCR2 antagonist, has also shown a great response in 

pancreatic cancer treatment [100]. Carlumab (CNTO88), a CCL2 antibody, has limited clinical 

efficacy [101]. Dual blockade of CXCL12/CXCR4 and PD-1-PD-L1 signaling has shown 
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reduced tumor burden[101]. Integrin αMβ2 (CD11b/CD18) on myeloid cells also had a major 

role in their migration. Antibodies against CD11b have shown reduced myeloid cell 

recruitment, while ADH-503 prevented tissue infiltration, with a significant reduction in TAMs 

in multiple solid tumors [102]. From this, it was found that limiting TAM infiltration was an 

effective strategy for overcoming the immunosuppressive nature of solid tumors. Other 

examples are listed in Table 1.2. 

TAM depletion in another category of drugs targeting macrophages. CSF-1 plays a major role 

in TAM differentiation and survival, and blocking CSF1-CSF1R signaling might reduce TAM 

viability and survival [103]. Recent preclinical studies have shown that inhibiting the CSF 

signaling pathway has decreased primary tumor growth, metastasis, and enhanced survival rate 

in mice [104]. Other molecules like BLZ945, PLX3397, and antibodies against CSF1R have 

shown promising results in TAM depletion, with improved activation of immune cells and 

therapeutic activity in various cancer models [105].  

Reprogramming TAMs is another promising technique used in macrophage-targeted 

immunotherapy. TLR activation and CD40 agonists are most likely to activate pro-

inflammatory TAMs from anti-inflammatory TAMs [106]. TLR agonists like 3M-052 were 

found to be effective in many preclinical models with enhanced antitumor activity and 

enhanced activity of checkpoint inhibitors when given in combination [107]. TLR7 agonists, 

when administered topically, have been found to show promising results in breast cancer 

patients with skin metastasis [108]. Motolimod, a TLR8 agonist, has now been in clinical trials 

with HPV-positive squamous cell carcinoma [109]. CD40 agonists were also found to activate 

TAMs, enhance the release of pro-inflammatory cytokines and T-cell activation, and reduce 

tumor growth. Combining CD40 activation with CSF-1R inhibitors effectively suppressed 

tumor cytokine production in TAMs [110].  

Multiple advancements have been made that are helpful in selectively repolarizing TAMs into 

a pro-inflammatory M1 phenotype. Some of the approaches include using NPs to deliver M1 

polarizing agents, synthetic molecules like RP-182, inhibition of RIP1, suppression of PI3Kγ 

signaling, and hedgehog signaling modulation [111]. Reprogrammed TAMs were also found to 

serve as "Trojan Horses" to deliver drugs directly at the tumor site, inducing complex 

modifications in the TME and avoiding systemic toxicity [106]. These developments offer 

promising avenues for TAM targeting by enhancing tumoricidal effects and minimizing the 

immunosuppressive activity of TME. 
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Table 1.2. Various immunotherapeutics targeting TAMs in tumor microenvironment 

Treatment Strategy Molecule Mechanism Phase 
Clinical Trial 

Number 

Limiting monocyte recruitments 

PF-04136309 CCR2 antagonist 1b NCT01413022  

CCX872 CCR2 antagonist 1b NCT02345408  

Carlumab CCL2 antibody 

Ib NCT01204996  

I NCT00537368  

II NCT00992186  

LY2510924 CXCR4 antibody I NCT02737072  

Motixafortide 
CXCR4 

antagonist 
IIb NCT02907099  

Depleting TAMs 

PLX3397 CSF-1R antibody 
III NCT02371369  

Ib NCT01525602  

RG7155 CSF-1R antibody I NCT01494688  

AMG 820 CSF-1R antibody I NCT01444404  

IMC-CS4 CSF-1R antibody I NCT01346358  

MCS110 CSF-1 antibody Ib/II NCT02807844  

Reprogramming TAMs 

Imiquimod TLR7 agonist II NCT00899574  

Motolimod TLR8 agonist II NCT01836029  

APX005M CD40 agonist I/II NCT03214250  

RO7009789 CD40 agonist I NCT02665416 

SEA-CD40 CD40 agonist I NCT02376699 

CP-870893 CD40 agonist I NCT01103635 

IPI-549 PI3Kγ inhibitor 
Ib NCT02637531 

II NCT03961698 

Targeting inhibitory molecules on 

TAMs 

Hu5F9-G4 CD47 antibody 

I NCT02216409  

I/II NCT02953509  

I NCT03558139 

I/II NCT02953782 

CC90002 CD47 antibody I NCT02367196 

TTI-621 SIRP antibody 
I NCT02663518 

I/II NCT04996004 

CC-95251 SIRP antibody I NCT03783403 

 

1.5. Limitations of macrophage targeting monotherapy and the need for combination 

therapy: 

Immunotherapy alone targeting macrophages might not be highly effective in the treatment of 

cancer which is due to several reasons, such as:  

1) The primary reason behind this is that macrophages in TME are polarized into TAMs, 

which often exists in M2 immune inhibitory macrophages, i.e., anti-inflammatory 

phenotype. M2 macrophages can promote tumor growth and progression by 

suppressing anti-tumor immune responses, in turn supporting angiogenesis and helping 

in tumor evasion immune surveillance. In this case, individual targeting of 

macrophages might not help in converting immune inhibitory macrophages (M2) to 

immune-stimulatory macrophages (M1); for successful conversion of pro-tumor to 

antitumor response anti-cancer agents, a combination is also necessary [106]. 

https://clinicaltrials.gov/ct2/show/NCT01413022
https://clinicaltrials.gov/ct2/show/NCT02345408
https://clinicaltrials.gov/ct2/show/NCT01204996
https://clinicaltrials.gov/ct2/show/NCT00537368
https://clinicaltrials.gov/ct2/show/NCT00992186
https://clinicaltrials.gov/ct2/show/NCT02737072
https://clinicaltrials.gov/ct2/show/NCT02907099
https://clinicaltrials.gov/ct2/show/NCT02371369
https://clinicaltrials.gov/ct2/show/NCT01525602
https://clinicaltrials.gov/ct2/show/NCT01494688
https://clinicaltrials.gov/ct2/show/NCT01444404
https://clinicaltrials.gov/ct2/show/NCT01346358
https://clinicaltrials.gov/ct2/show/NCT02807844
https://clinicaltrials.gov/ct2/show/NCT00899574
https://clinicaltrials.gov/ct2/show/NCT01836029
https://clinicaltrials.gov/ct2/show/NCT03214250
https://clinicaltrials.gov/ct2/show/NCT02665416
https://clinicaltrials.gov/ct2/show/NCT02376699
https://clinicaltrials.gov/ct2/show/NCT01103635
https://clinicaltrials.gov/ct2/show/NCT02637531
https://clinicaltrials.gov/ct2/show/NCT03961698
https://clinicaltrials.gov/ct2/show/NCT02216409
https://clinicaltrials.gov/ct2/show/NCT02953509
https://clinicaltrials.gov/ct2/show/NCT03558139
https://clinicaltrials.gov/ct2/show/NCT02953782
https://clinicaltrials.gov/ct2/show/NCT02367196
https://clinicaltrials.gov/ct2/show/NCT02663518
https://clinicaltrials.gov/ct2/show/NCT04996004
https://clinicaltrials.gov/ct2/show/NCT03783403


Chapter 1  Introduction 

Page | 12  

 

2) TAMs are heterogeneous in nature, play multiple roles in TME, and have both pro-

tumorigenic and anti-tumorigenic properties. Targeting all TAMs without 

distinguishing the role of macrophage present could also disrupt the macrophages with 

anti-tumor properties. Thus, to avoid this, targeting agents are deployed in combination 

for effective cancer treatment [112]. 

3) It is well-reported that tumors can easily develop resistance to therapies, including 

immunotherapy. The therapeutic resistance can lead to multiple complex mechanisms 

that enhance tumor growth, proliferation, and invasion, which cannot be addressed just 

by targeting macrophages alone. Thus, combination therapy is needed [113]. 

4) Reports also suggest that tumors create an immunosuppressive microenvironment, 

which might be because of multiple immune cell inactivation, such as T cells and 

dendritic cells, which are responsible for improved antigen presentation and anti-tumor 

response. Though macrophages also play a major role in immune suppressive TME, 

macrophage targeting alone cannot solve this problem [114]. 

5) Some of the successful immunotherapies available in the market, including checkpoint 

inhibitors, were given in combination with other immunotherapies for effective cancer 

treatment, which makes our view clear that combination of multi-targeted 

immunotherapies or immunotherapy in combination with other strategies will be 

helpful for effective cancer treatment [115]. 

1.6. Rationale behind the combination of chemotherapy with immunotherapy: 

Conventional treatment with cytotoxic drugs used for cancer target and destroy tumor cells 

through various mechanisms, including DNA damage, inhibition of DNA replication, and 

mitosis prevention. While chemotherapeutic drugs have limited efficacy in solitary treatment, 

combination chemotherapy offers a more promising approach. Combination chemotherapy 

aims to maximize eradication while maintaining tolerable toxicity, targeting a broader array of 

tumor cells with varying genetic and epigenetic abnormalities. It also serves as a deterrent 

against drug resistance. Conventional chemotherapy has cytotoxic and cytostatic effects on 

healthy, rapidly proliferating cells, leading to myelosuppression [116]. 

This raises concerns about a potential antagonistic relationship between chemotherapy and 

immunotherapy. However, evidence suggests that activating the host's immune system 

contributes significantly to the effectiveness of specific cytotoxic drugs. Under specific 

conditions, these drugs may exhibit an immune-stimulatory effect, creating opportunities for 

their combination with immunotherapy. Immunotherapy excels at eliminating disseminated 
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and metastatic cancer but faces challenges when eradicating solid tumor masses. 

Chemotherapy complements immunotherapy by reducing the primary tumor mass and 

decreasing the number of cells that need to be eliminated by immune cells [113]. Chemotherapy 

can also mitigate the production of immunosuppressive factors by cancer cells. Some 

chemotherapeutic agents can directly stimulate antitumor immunity, particularly in cases 

involving cold tumors with low effector T cell infiltration. The synergy between chemotherapy 

and immunotherapy offers a promising avenue for enhancing the overall efficacy of cancer 

treatment [117, 118].  

1.7. Combined chemo-immunotherapy targeting macrophages: 

Significant research has been done to evaluate the efficacy of combined anti-TAM treatment 

with chemotherapy for synergistic effects. For example, in a phase I clinical trial, zoledronate 

was evaluated along with carboplatin plus paclitaxel, which exhibited superior efficacy [119]. 

Sui et al. have developed a sialic acid-modified liposome to deliver epirubicin and zoledronate 

[120]. They have observed a differential therapeutic effect depending on the administration 

methods: delivery of epirubicin and zoledronate together (either in separate liposomes or in the 

same liposome) did not exhibit better efficacy; however, sequential administration of epirubicin 

liposome followed by (after 24 h) zoledronate liposome resulted in increased efficacy. The 

initial tumor cell death caused by epirubicin might reduce the tumor cell-mediated TAM 

sustenance in the TME, enhancing the activity of zoledronate. An IDO-inhibitor NLG919 was 

co-encapsulated with paclitaxel in a charge-convertible micelles to induce immunogenic cell 

death and inactivation of IDO, resulting in effective antitumor activity [121].  

Reprogramming the TAM phenotype from anti-inflammatory M2 to pro-inflammatory M1 can 

mount an antitumor response [122]. As potent toll-like receptor (TLR) agonists, bacterial cell 

walls have been used to polarize TAMs. Bacterial cell wall components have been incorporated 

into liposomal membranes to make immunostimulatory liposomes. Such liposomes, when 

loaded with anticancer drugs, showed combined chemo-immunotherapeutic activity. For 

example, Ektate et al. developed a temperature-sensitive liposome laden with Salmonella cell 

wall components (thermobots), which delivered doxorubicin [123]. Similarly, liposomes 

decorated with the outer membrane of Klebsiella pneumoniae (OMV) were synthesized to 

deliver doxorubicin [124]. In both cases, the cell wall lipopolysaccharide (LPS) present on the 

liposomal membrane contributed to the TAM's polarization to the M1 phenotype. However, as 

LPS is toxic and can lead to systemic inflammation, Roy et al. developed a non-toxic derivative 

of LPS (SP-LPS) to circumvent the issue. NP-mediated codelivery of paclitaxel and SP-LPS 
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led to heightened antitumor activity, which could be attributed to a significantly higher 

percentage of M1 macrophages (CD14+/ CD40+) in the TME [125, 126]. Apart from using 

LPS as a TLR agonist, other researchers have used different synthetic TLR agonists. Imiquimod 

was the first FDA-approved small molecule TLR7 agonist for treating basal cell carcinoma 

[127]. Different groups have evaluated imiquimod for combined chemo-immunotherapy. A 

combination of fluorouracil and imiquimod is in phase III clinical trial as a topical or ablative 

treatment to prevent anal cancer in patients with anal high-grade squamous intraepithelial 

lesions (NCT02135419). Nanogel prepared by electrostatic interactions between negatively 

charged lipid vesicles (containing gemcitabine and imiquimod) and positively charged 

liposomes (containing clodronate) exhibited a robust antitumor response [128]. Multi-walled 

carbon nanotubes, co-delivering doxorubicin and CpG-oligodeoxynucleotide (TLR 9 agonist), 

were shown to promote polarization of TAMs from M2 to M1 type macrophages and decreased 

Treg cells in a melanoma model [129]. Polymeric NP-mediated co-delivery of zymosan 

(polysaccharide, TLR 2 agonist) and doxorubicin resulted in improved anticancer effect with 

decreased CD206+ cells, indicating modulation of TAM differentiation into the M1 phenotype 

and synergistic effect with chemotherapy [130]. Effective TAM polarization to the M1 

phenotype was also achieved by IKKβ-siRNA co-encapsulated with doxorubicin in a layered 

NP prepared with polyethyleneimine and carboxymethyl-chitosan [131]. As discussed above, 

NP-mediated delivery of TAM-targeted drugs and cytotoxic agents was highly effective. More 

such examples are listed in Table 1.3. 

Table 1.3. Multidimensional nanocarriers targeting macrophages against cancer. 

Carrier system Molecule and 

mechanism of action 

Combination 

therapy 

Outcome Reference 

Liposomal epirubicin 

(SEL) and Liposomal 

zoldronate (SZL) 

Zoledronate – inhibits 

TAM infiltration 

Epirubicin Sequential 

administration of SZL 

24hr after SEL led to 

no tumor growth and 

100% survival of 

treated murine sarcoma 

mice model. 

[120] 

Charge convertible 

polymeric micelles 

NLG919 – IDO inhibitor 

and TAM eliminator 

Paclitaxel 

(PTX) 

Combination of PTX 

and NLG919 induced 

inactivation of IDO, 

elimination of TAM, 

and ICD of tumor cells, 

resulting in effective 

antitumor 

immunogenicity. 

[121] 

NLG919 conjugated 

poly(oligo(ethylene 

glycol) methacrylate) 

NLG919 – IDO inhibitor 

and TAM eliminator 

Doxorubicin Better efficacy than 

Doxil in 4T1 tumor 

bearing mice with 

increased CD4 and 

[132] 
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(POEG) NPs loaded 

with doxorubicin 

CD8 T cell infiltration 

in the TME.  

Salmonella-laden 

temperature-sensitive 

liposomes (thermobots) 

Lipopolysaccharide from 

Salmonella – TLR agonist 

and immune stimulator 

Doxorubicin Thermobots treatment 

increased both M1 

macrophage and Th1 

cells in the TME, 

enhancing therapeutic 

outcome in mice model 

of colon cancer. 

[123] 

Bacterial outer 

membrane vesicular 

(OMV) Liposomes 

OMVs from 

attenuated Klebsiella 

pneumonia – TLR agonist 

and immune stimulator 

Doxorubicin Treatment with OMVs 

elicited enhanced 

immune responses and 

increased antitumor 

effects. 

[124] 

Polymeric nanoparticle SP-LPS – TLR4 agonist, 

acts as immunostimulant 

Paclitaxel Synergistic antitumor 

activity, significantly 

increased percentage of 

M1 macrophages 

(CD14+/ CD40+) and 

CD4 and CD8 T-cells 

in the TME. 

[125, 126] 

Multidomain Nanogel 

+ Clodronate liposome 

Clodronate + Imiquimod 

– deplete TAM  

Gemcitabine Combination treatment 

showed strong anti-

tumor effects due to 

ICD and generation of 

memory T-cell 

response in mice breast 

tumor model. 

[128] 

Multiwalled carbon 

nanotubes 

CpG –TLR 9 agonist Doxorubicin 

+ 

photothermal 

(NIR) 

Promoted TAM 

polarization from M2 

to M1 with a decreased 

Treg cells in the TME, 

contributed to the 

enhanced anti-tumor 

efficacy.  

[129] 

Polymeric nanoparticle Zymosan (an 

immunotherapeutic 

polysaccharide) –TAM 

differentiation 

Doxorubicin  TAMs differentiation 

with decreased CD206 

population and 

improved anti-

angiogenic effect. 

[130] 

Layer peeling NPs IKKβ-siRNA – TAM 

polarization 

Doxorubicin Effective TAM 

polarization with 

improved anti-tumor 

efficacy due to 

synergistic effect of 

combination therapy. 

[131] 

Sensitive cluster NPs 

(SCNs) (pH-sensitive 

NPs) 

BLZ-945 – Colony-

stimulating factor 1 

receptor (CSF-1R) 

inhibitor - depletes TAM 

from tumor tissue 

Platinum 

prodrug 

Cancer cells and TAM 

were killed, modulating 

TME to augment the 

anti-tumor effect 

mediated by CD8+ T 

cells. 

[133] 

Synthetic high-density 

lipoprotein 

nanoparticles (sHDL) 

CpG 

oligodeoxynucleotides– 

TLR9 agonist 

Docetaxel Improved survival 

compared to 

chemotherapy alone in 

mice model of colon 

adenocarcinoma. 

[134] 
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Polymer-drug 

conjugate 

P-LPS (LPS derivative) – 

TLR-4 agonist 

Paclitaxel Combined chemo-

immunotherapeutic 

activity, TAM 

activation into M1 

phenotype, increased T 

cell infiltration in the 

TME. 

[135] 

Self-assembly of iRGD 

peptide derivatives, 

paclitaxel, and 

imiquimod  

Imiquimod (R837) –TLR-

7 agonist 

Paclitaxel ICD and enhanced 

tumor-specific immune 

response, including 

CD4 and CD8 T cell 

infiltration.  

[136] 

Twin like core-shell 

pH-responsive NPs 

IMD-0354 – IKKβ 

inhibitor, TAM 

polarization 

Sorafenib  Combination therapy 

exhibited enhanced 

antitumor efficacy. 

[137] 

PEG-PLGA NPs Gd-metallofullerenol – 

TAM polarization 

Doxorubicin Showed strong 

immune-stimulating 

effect through TAM 

polarization and 

induced Th1 immune 

response suppressing 

the tumor growth.  

[138] 

Separate PLGA NPs 

loaded with 

doxorubicin and 

resiquimod, complexed 

with glycol chitosan 

and nonpathogenic 

bacterium E. coli 

MG1655 

Resiquimod – TLR-7 

agonist and 

nonpathogenic E. coli 

Doxorubicin  TAM polarization, 

improved infiltration of 

T lymphocytes, 

enhanced antitumor 

activity.  

[139] 

   

1.8.Nanoparticles in cancer treatment:  

Nanoparticles (NPs): the term indicates that they are fine-tuned and designed with a nm size 

range (10-9 m). Typically, it ranges from a few nm to several hundred nm, based on their 

application. NPs in cancer treatment help them navigate through the gaps present in the leaky 

vasculature of the endothelial cells due to the deficiency of the tumor lymphatic drainage 

system, which helps them reach the tumor site easily. This phenomenon is known as the 

Enhanced Permeability and Retention (EPR) effect [140]. Besides the use of NPs, their size 

plays an important role where they can be easily taken up and eliminated by the 

reticuloendothelial system (RES), which primarily includes highly perfused organs such as the 

liver, lungs, spleen, and bone marrow. This phenomenon is commonly known as RES uptake, 

and this can be avoided by surface modification of the NPs like PEGylation, which helps give 

a "stealth effect", where it prevents macrophage uptake of NPs and evades RES recognition as 

well [141]. Surface modification of NPs, which can help them to be more hydrophilic, can also 

help reduce the opsonization effect, which reduces macrophage clearance. This is known as the 

"cloud effect" [142]. 
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Figure 1.5. Role and need of nanoparticles for the delivery of payload for the treatment of cancer. 

 

1.9. NP design strategies for multidimensional combination therapy: 

NP formulations offer advantages over free drugs for tumor-targeted multi-drug delivery. 

Almost all types of combination therapeutics work best at a particular dose ratio [143]. NPs 

deliver encapsulated drugs to tumors in a fixed-dose ratio, which is highly challenging to 

achieve with conventional formulations. NPs shield drugs from normal metabolism and deliver 

them in a pre-decided encapsulation ratio. 

Designing NPs for multi-drug delivery is significantly more challenging compared to a single 

drug. Different drugs have different physicochemical properties (like molecular weight, log P, 

and pKa), so their NP encapsulation efficiencies could be different. Polymeric or micellar NPs 

are often used if both drugs are hydrophobic, as these NPs contain a hydrophobic core for the 

drug loading. This strategy could co-deliver different hydrophobic drug combinations [144-

147]. On the other hand, encapsulating drugs with different physicochemical properties in the 

same nanocarrier becomes challenging. However, liposome-based formulations were more 

successful for this purpose, as they have both hydrophobic (lipid bilayer) and hydrophilic 

(aqueous core) compartments. Few such formulations are being evaluated clinically as well, 

including cytarabine + daunorubicin (CPX-351) [148] and irinotecan + floxuridine (CPX-1) 

[149]. However, incorporating any hydrophobic drug in a liposomal formulation has dose 

limitations, as the lipid bilayer exhibited a relatively low loading capacity. Also, incorporating 

drugs inside the liposomal membrane can make the liposome unstable, leading to quick drug 
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release. To improve drug delivery, Park et al. developed a method to incorporate hydrophobic 

drugs into the core of a liposome. They made a water-soluble complex of a hydrophobic drug 

with cyclodextrin, mixed it with a hydrophilic protein interleukin-2, and encapsulated this 

mixture in the core of a liposomal formulation [150]. The solvent-assisted active loading 

technology (SALT) approach was developed by Tang et al. to encapsulate hydrophobic drugs 

into the liposomal core [151]. They showed that a limited amount of organic solvent can 

dissolve poorly soluble drugs in the aqueous loading mixture and permeabilize the liposomal 

membrane, enabling efficient drug penetration into the liposomal core for loading [151-153].  

Like liposomal formulations, polymeric NPs prepared by the double-emulsion method can also 

encapsulate hydrophilic and lipophilic drugs. Roy et al. reported the development of such an 

NP using PLGA. The double-emulsion-based NP's hydrophilic core was loaded with an 

immunomodulator, SP-LPS, and the hydrophobic shell had the chemotherapeutic drug 

paclitaxel [125]. This combined chemo-immunotherapeutic NP exhibited enhanced efficacy in 

both in-vitro and in-vivo studies [125, 126]. 

Another potential approach to encapsulate a hydrophobic-hydrophilic drug combination is the 

conjugation of the hydrophilic drug with a polymer and then using the drug-conjugated 

polymer to encapsulate the hydrophobic drug. Kolishetti et al. used this strategy for codelivery 

of docetaxel and platinum complex [Pt(IV)] [154]. The Pt(IV) complex was chemically 

conjugated with a PEG-PLA copolymer, which was then used to encapsulate the docetaxel to 

make a micellar NP. Roy et al. used a hydrophilic, polymeric immunomodulator (P-LPS) to 

conjugate with the chemotherapeutic drug paclitaxel [135]. This drug conjugate exhibited 

combined chemo-immunotherapeutic activity and converted the immunosuppressive TME into 

an immune active state with macrophage activation into M1 phenotype and increased T cell 

infiltration.  

Most of the combination drug delivery strategies discussed above did not consider targeting 

two different cells. Nano-carriers, like liposomes, polymeric NPs, micelles, drug-conjugates, 

etc., can be taken up by cells [155], and the drug/s encapsulated in that nano-carrier would be 

effective against that cell only. Hence, a multi drug-loaded nano-carrier targeting different 

types of cells should release the drugs efficiently upon reaching the TME to act on their specific 

target cells. For this purpose, different types of stimuli-responsive NPs have been developed. 
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TME-specific stimuli-responsive NPs: 

Compared to active targeting that depends on some tumor-specific proteins, stimuli release 

NPs, which depend on tumor microenvironmental conditions like pH, temperature, and redox 

conditions, appear to be more effective because of variability in expression of tumor-specific 

proteins [156]. Various strategies exist for TME-responsive delivery systems. NPs commonly 

use the enlarged fenestrae present in the tumor vasculature for selective accumulation. Other 

physiological abnormalities in TME, like decreased pH and hypoxia, can be exploited to release 

drugs from the NPs.  

Redox sensitive NPs: 

In the tumor microenvironment, the higher concentration of glutathione (GSH) leads to multi-

drug resistance in cancer. Redox-sensitive nanoparticles (NPs) are developed due to the 

variation in GSH levels [157]. Most redox-responsive NPs have disulfide bonds (S-S) in their 

backbone, linkers, side chains, or surface [158-163]. Some other linkers include diselenide (Se-

Se), succinimide-thioether and trimethyl-locked benzoquinone as redox-sensitive moieties 

[157, 164, 165]. Though most of these formulations are used to deliver a single drug [166-168], 

a few multi-drug-loaded nano-carriers have been prepared. A redox-responsive 

immunostimulatory polymeric prodrug carrier (PSSN10) was developed to deliver doxorubicin 

for combined chemo-immunotherapy [132]. The PSSN10 system consists of a POEG 

hydrophilic block and a PNLG hydrophobic block with several motifs attached via redox-

sensitive S-S linkages. This polymer-drug conjugate was used for loading doxorubicin for 

combined chemo-immunotherapy. 

Hypoxia-sensitive NPs:  

Insufficient amount of oxygen, because of impaired vascularization and commonly termed 

hypoxia, also plays a major role in the TME [169]. Multiple NPs have been explored for tumor-

specific drug release using hypoxia with various groups like quinone, nitroaromatic, and 

azobenzene as hypoxia-sensitive compounds. [170]. In hypoxic cancers, these compounds are 

reduced to amino-aromatics; in normoxic cells, they remain oxidized. In the majority of the 

reported studies, only a single drug was incorporated. For example, Thavasyappan et al. 

developed a hypoxia-sensitive NP by conjugating hydrophobically modified 2-nitroimidazole 

with carboxymethyl dextran for the delivery of doxorubicin [171]. Under hypoxic conditions, 

the 2-nitroimidazole groups were converted to hydrophilic 2-aminoimidazoles via a series of 

selective bio reductions, resulting in NP destabilization and release of the payload.  
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Enzyme responsive NPs:  

Another important strategy explored for tumor-targeted drug delivery is enzyme-responsive 

NPs using specific TME enzymes, like proteases, phosphatases, and glycosidases. Multiple 

enzymes, such as plasmin, cathepsin B,  MMP-2, hyaluronidase, etc., are overexpressed in 

tumor cells [172]. For example, Zhang and co-workers developed a multi-responsive, peptide-

based prodrug platform using a peptide (2-Nap)- FFKGGGPLGVRG [173]. This peptide was 

used for simultaneous delivery of cisplatin (Pt, chemotherapeutic), adjudin (ADD, anticancer 

agent), and WKYMVm (formyl peptide receptor 1 agonist, an immune adjuvant) for combined 

chemo-immunotherapy. Pt and ADD were conjugated to the peptide through the amino group 

of lysine (K) via a pH-sensitive 4-carboxybenzaldehyde (CBA) linker, while WKYMVm was 

conjugated with the terminal glycine (G). This drug-conjugated peptide was self-assembled 

into spherical NPs (~50 nm). After the accumulation in the tumor, WKYMVm was released 

from the NPs by MMP-2 cleavage. In the presence of GSH and the weakly acidic conditions 

in the TME, both Pt and ADD were released due to the dissociation of the CBA linkers. This 

drug cocktail of Pt, ADD, and WKYMVm exhibited synergistic efficacy against a mouse s.c. 

tumor model. 

pH-responsive NPs: 

pH-responsive nanoparticles are a prominent class of nanomaterials that respond to the acidic 

conditions in the tumor microenvironment (TME) for controlled drug release. The TME has a 

lower pH (~6.5 to 6.9) due to increased lactic acid accumulation from cancer cell glycolysis, 

making it an ideal target for drug delivery [135]. Several approaches have been explored to 

develop pH-sensitive nanoparticles, including those with acid-sensitive linkers or ionizable 

moieties, to exploit the acidic TME for drug release. 

One approach involves the incorporation of nitrogen-containing ring systems into polymer 

structures. These ring systems exhibit pH-dependent ionization, capturing H+ ions at low pH. 

For instance, poly(2-azepane ethyl methacrylate) (PAEMA) modified poly(amidoamine) 

dendrimers were developed for pH-sensitive drug delivery, destabilizing in the TME to release 

a platinum prodrug and a small molecule inhibitor [58]. Similarly, a piperazine ring-containing 

diacrylate-based polymer was used to create pH-sensitive nanoparticles for the co-delivery of 

doxorubicin and curcumin [136]. The protonation of the piperazine ring at acidic pH led to 

rapid drug release. Other strategies involved attaching histidine to a polymer to develop pH-

sensitive nanoparticles for synergistic drug delivery [137]. These nanoparticles, ionized at 
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acidic pH, released anticancer and cancer stem cell inhibitory agents. Imidazole-based pH-

responsive polymers were employed to create magnetic nanoparticles that could release 

therapeutic cargo upon protonation in the TME [138]. 

Another strategy is to employ pH-sensitive linkers to conjugate drugs with nanoparticles. These 

linkers are hydrolyzed at the acidic pH of the TME, facilitating drug release. For instance, 

single-walled carbon nanotubes were conjugated with salinomycin and paclitaxel using a pH-

sensitive hydrazone linker [117]. Lipid-based nanoparticles with pH-sensitive Schiff's base 

linkers were developed for the delivery of doxorubicin and curcumin [139]. Inorganic 

nanoparticles, such as pH-responsive silica nanoparticles, were designed using pH-sensitive 

boronic ester linkages, leading to tumor-targeted drug release [140]. pH-sensitive crosslinked 

protein-based nanoparticles loaded with doxorubicin were created by using an ortho ester-

based crosslinking agent, enhancing drug penetration into the tumor [141]. Additionally, certain 

inorganic nanoparticles, like PEG-modified CaCO3 nanoparticles, exhibit intrinsic pH-

dependent drug release capabilities, degrading under acidic TME conditions to release 

encapsulated drugs [142]. 

Liposomes are another versatile platform for pH-sensitive drug delivery, often composed of 

dioleoyl phosphatidyl-ethanolamine (DOPE), dioleoyl phosphatidylcholine (DOPC), and 

weakly acidic amphiphiles like cholesteryl hemisuccinate (CHEMS). These lipids can be 

protonated at low pH, leading to membrane destabilization and drug release [143]. Some 

liposomes incorporate pH-sensitive polymers to enhance drug release characteristics [144]. To 

maximize the internalization of PEGylated liposomes, some formulations utilize detachable 

pH-sensitive PEG in their design [146, 147]. 

Among all the stimuli-responsive NPs, pH-sensitive NPs are particularly relevant and 

beneficial in BC treatment as they offer several advantages like: 

a) Selective drug release: pH-sensitive destabilization to release drugs in the acidic pH of 

the tumor microenvironment (TME). This enhances tumor accumulation, reduces off-

target effects, and improves therapeutic activity. 

b) As pH-sensitive NPs have the capability to enhance the solubility and BA of the drugs, 

it can lead to improved drug delivery to the tumor site. 

c) pH-sensitive NPs are also highly useful when we need to target different types of cells 

with multidimensional therapeutics.  
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d) It can also help in the controlled and prolonged release of the payload, improving the 

drug's pharmacokinetic profile. 

e) These can also help overcome therapeutic resistance by bypassing drug efflux pumps 

and other resistance mechanisms, allowing the payload to reach tumor cells directly. 

Thus, we have opted for pH-sensitive NPs in our study as they offer a promising strategy for 

improving the targeted delivery and efficacy of anti-cancer drugs and combinational 

therapeutics in BC treatment.  

  

1.10. Background of the Proposed Research 

Among different non-neoplastic cells present in the tumor stroma, tumor-associated immune 

cells play one of the most critical roles by promoting angiogenesis, modifying other stromal 

cells, and maintaining an immune inhibitory milieu [174]. If adequately activated, these 

immune cells can become tumoricidal, as has been shown by multiple studies [175]. 

Understanding the importance of immune cell reactivation in the tumor microenvironment, 

different immunotherapeutic strategies have been designed for cancer therapy [175]. However, 

as tumor cells are responsible for nurturing the immunosuppressive tumor microenvironment, 

activation of the antitumor immune response is highly challenging without tumor depletion. 

Due to that, the combination of chemotherapy with immunotherapy can have significant 

advantages as chemotherapy can alter the immune tolerance and regulation induced by tumor 

cells to generate a more potent immune activation [176]. Also, chemotherapy-induced cancer 

cell death will produce cancer-specific antigens for enhanced cross-priming of T cells [177, 

178]. Expression of MHC molecules on the tumor cells also increases with chemotherapeutic 

treatment, making them an easier target for cytotoxic T cells [179]. Unfortunately, most of the 

chemotherapeutic drugs are immunosuppressive, hence not useful for this purpose. One 

significant exception is Paclitaxel (PTX), which has shown immune stimulatory activity, 

including increased accumulation and activation of effector T cells, dendritic cells (DCs), 

natural killer (NK) cells, and macrophages [180]. Another exception is gemcitabine (GEM), 

which has shown immune stimulatory activity at the therapeutic dose. It was shown to enhance 

the cross-priming of antitumor CD8+ T cells as well as immune cell infiltration [181]. 

However, antigen presentation is essential for effective activation of the T cells. The primary 

antigen-presenting cells (APCs) present in the tumor are the tumor-associated macrophages 

(TAMs) [74], which exhibit immune suppression by the production of a host of immune 
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inhibitory cytokines, including IL-10, TGF-β, CCL2 etc. and helps to maintain the 

immunosuppressive tumor microenvironment [182]. Re-educating these TAMs from their 

immunosuppressive state to the immune stimulatory phenotype can be a potential strategy for 

a successful antitumor response [183]. Toll-like receptor (TLR) agonists are one of the most 

potent ligands for activation of macrophages. Breast cancer is the most common cancer among 

women, and it is the second leading cause of deaths in women. Treatment options are limited 

for metastatic breast cancer, and the failure rate is high. However, complete response rate is 

rare. Many subtypes of breast cancer have been identified, triple-negative breast cancer 

(TNBC), characterized by the absence of estrogen and progesterone receptor as well as HER2, 

is one of them. TNBC is a poor prognostic factor as no effective targeted therapy is available 

for TNBC [184]. Recently it has been observed that lymphocytic infiltration is significantly 

higher in TNBC, making them highly suitable for immunotherapy.  

Our main goal is to come up with a strategy for combined chemo-immunotherapy for TNBC. 

To achieve this, we propose to create pH-sensitive nanoparticles that can deliver both 

chemotherapy and immunomodulator drugs to the tumor. Since we want to target two types of 

cells, it is crucial that the drugs are available to interact with their specific target cells in the 

tumor microenvironment. At the same time, we need to protect the drugs from elimination by 

the body and nonspecific accumulation. To do this, we need a delivery system to protect the 

drugs during systemic circulation and release them when they reach their target tissue. pH-

sensitive nanoparticles are currently the most advanced trigger-sensitive formulation for 

clinical application. These nanoparticles are designed to release the drugs at the tumor site, 

taking advantage of the different pH levels in tumor tissue compared to normal tissue [185]. 

By using two strategies - passive accumulation at the tumor site through the EPR effect and 

active drug release at the tumor site upon external acidic pH stimulus - these triggered release 

nanoparticles can deliver cytotoxic drugs to the tumor site. 

1.11. Gap in Existing Research 

As a strategy, combined chemo-immunotherapy has gained significant interest in the last few 

years. Currently, mostly checkpoint inhibitors (CTLA-4, PD-1, or PD-L1 inhibitors) are used 

for immunotherapy along with different chemotherapeutic drugs [186]. Checkpoint inhibitors 

prevent tumor-mediated CTL deactivation through cell-cell interaction. It is an ingenious 

therapeutic strategy; however, to function, they need a high amount of CTL in the tumor 

microenvironment. Other prognostic markers for the success of checkpoint inhibitor therapy 

include the presence of a high amount of neoantigen, a high Teff to Treg ratio, low MDSC 
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levels, and increased secretion of IFN-γ and other immune stimulatory cytokines [187]. The 

presence of a high level of immunosuppressive cells, such as Tregs and myeloid-derived 

suppressor cells (MDSCs), and very low levels of activated T cells is a negative prognostic 

indicator [187]. In most of the solid tumors, the tumor microenvironment is maintained in a 

highly immunosuppressive milieu, which prevents the activation and function of effector T 

cells, which can potentially prevent the activity of checkpoint inhibitors [188].  

Among different cellular components of the tumor, macrophages have the most significant 

contribution in maintaining the immunosuppressive tumor microenvironment. Tumor-

associated macrophages (TAM) are of M2 phenotype, which secrete a host of immune 

inhibitory cytokines, thereby preventing other immune cells, including CTL activation. 

Interestingly, these M2 macrophages exhibit functional plasticity, i.e., they can be activated to 

the M1 phenotype if a proper activation signal is present [189, 190]. Activation of M1 

macrophages can lead to the secretion of immunostimulatory cytokines and the conversion of 

the immunosuppressive tumor microenvironment into an activated one. There are several 

benefits of targeting the TAMs: they are the most abundant immune cells present in the tumor, 

they are the major mediator for tumor immunosuppression, and they show functional plasticity, 

hence can be converted to the stimulatory phenotype, strengthening the hypothesis of 

macrophage stimulation for cancer therapy. 

 
Figure 1.6. Types of macrophages and their roles after stimulating with chemokines. 

There are several ligands that can stimulate macrophage conversion. Among them, TLR 

agonists are the most potent [191]. Research indicated that the administration of a combination 

of TLR agonist with a chemotherapeutic drug can have synergistic anticancer efficacy. 

However, developing a specifically designed delivery system for such multidimensional 
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therapy is still in its infancy. Most of the advanced studies on combined chemo-immunotherapy 

have been done using two separate formulations delivering two drugs separately. However, as 

both drugs are supposed to function in the tumor microenvironment, their co-delivery using the 

same vector would be beneficial to enhance their tumor bioavailability and efficacy. Different 

nano-delivery systems have been developed for tumor-targeted delivery of different 

chemotherapeutic drugs; however, almost all of them are for single-drug delivery. The delivery 

of a multidimensional drug combination is more complicated than a single drug. As different 

drugs target different types of cells, their bioavailability in the tumor microenvironment is 

critical. Different targeting strategies have been evaluated for tumor delivery of NPs. One of 

the most researched areas is active targeting, i.e., targeting the tumor cells using tumor-specific 

ligands. However, although active targeting has demonstrated better efficacy than non-targeted 

NPs, these NPs exhibited a unique intra-tumoral distribution pattern. Upon entering the tumor, 

the targeted NPs encounter the peripheral tumor cells and are immobilized there, after binding 

with the respective receptor [192]. Due to this, most of the actively targeted NPs are 

concentrated in the peripheral region of the tumor, and tumor core penetration is very low. The 

tumor core harbors most of the tumor-supporting cells, and tumor core penetration has been 

shown to be one of the most important factors for efficacy [193]. Burst release of the 

encapsulated drugs in the tumor microenvironment would facilitate drug penetration by 

diffusion as well as free availability to their target cells. We would like to exploit the acidic pH 

of the tumor interstitial fluid to develop a smart release delivery system for a multidimensional 

drug combination. 

1.12. Hypothesis: 

Cancer therapy has traditionally focused on targeting cancer cells alone. However, recent 

research has shown that cancer is a multi-cellular disorder that involves a variety of supporting 

cells. As a result, therapies targeting these supporting cells have been developed and are 

proving to be highly effective in combination with other treatment modalities. Tumor-

associated macrophages (TAMs) are one of the most important supporting cells for tumor 

growth. They promote angiogenesis, modify stromal cells for the benefit of cancer cells, and 

contribute to maintaining an immune inhibitory environment at the tumor microenvironment. 

However, with proper stimulation, TAMs can be transformed into an immune-stimulatory 

phenotype, which can help T cell activation. Transforming the immunosuppressive tumor 

microenvironment into an immune-stimulatory state is challenging without neutralizing the 

cancer cells. Chemotherapy can induce immune tolerance, so combining a chemotherapeutic 
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drug with an immune stimulant can be advantageous. Additionally, chemotherapy-mediated 

cancer cell death provides cancer antigens to the effector T cells for better T cell activation. 

Although there has been extensive research on developing NP formulation of anticancer drugs, 

research on immunotherapeutic NPs is scarce. The development of an advanced tumor-targeted 

pH-responsive nanoformulation for combined chemo-immunotherapy can be highly 

advantageous. Based on that, we propose developing a smart nanocarrier (NP) system 

encapsulating a chemotherapeutic drug and an immunomodulator in a pH-responsive NP 

system. 

 

Figure 1.7. Fabrication of pH-sensitive nanocarrier targeting tumor microenvironment.  

 

1.13. Objective of the Proposed Research: 

Based on the current literature and observed gaps in the existing research, we have made a 

hypothesis of combining a chemotherapeutic agent and an immunomodulator (TLR agonist) 

for macrophage targeting combined chemo-immunotherapy against breast cancer and develop 

a novel pH-triggered nanoformulation for dual drug delivery of chemotherapeutic and TLR 

agonist to target macrophages. Accordingly, we have designed our objectives as follows: 

Objective 1: 

Screening of anticancer drugs and immunomodulators for synergistic anticancer efficacy.  

Objective 2: 

Formulation optimization and Preparation of a pH-sensitive nanoparticle encapsulating the 

selected chemotherapeutic agent and immunomodulator. Physicochemical characterization of 

the nanoparticles in terms of size, polydispersity, encapsulation efficiency, stability, and drug 

release profile.  
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Objective 3: 

Determination of the pharmacological activity of the combination therapy in the in-vitro model 

using both 2D and 3D co-culture systems. Analysis of the synergy and the molecular 

mechanism responsible. 

Objective 4: 

In-vivo pharmacokinetic and bio-distribution analysis. Efficacy study in mouse model of 

tumor. 
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Introduction: 

Even after decades of research for the development of advanced therapeutics, breast cancer 

remained the leading cause of cancer-associated death among women worldwide [1]. While 

mortality from other cancers has shown a gradual decline over the years, breast cancer mortality 

significantly increased from 1990 to 2017 [2]. The development of different subtypes, 

including triple-negative breast cancer (TNBC), makes therapeutic prognosis even poorer [3]. 

It has been observed that almost all types of breast cancers exhibit a significant increase in the 

infiltration of macrophages in the tumor [4]. These macrophages facilitate malignancy and 

promote therapy evasion and metastatic progression. 

Cancer was considered a disease of the neoplastic cells for a long time. Due to this, cancer cells 

are the lone target against which almost all the anti-cancer drugs were developed, and 

chemotherapy has become the first-line therapy in most cancers, including breast cancer. 

However, the prognosis remained poor due to high toxicity and the development of drug 

resistance [5]. Many advanced studies have now established that cancer is supported by a 

complex interaction of neoplastic and non-neoplastic cells in a strong symbiotic relationship 

that helps the growth and progression of the malignant cells [6]. Conversely, most of the current 

therapeutic strategies against cancer are one-dimensional, i.e., it is directed against only one 

component (cancer cells) of the complex, multi-integrant tumor ecosystem. With most of these 

single-pronged therapeutic strategies, tumor regression was initially seen due to the death of 

bulk neoplastic cells; however, these tumors can relapse with aggressive resistant phenotypes 

developed due to modulation by the dynamic tumor microenvironment (TME) [7-9]. For a 

more successful treatment, multidimensional treatment modalities targeting different 

components of the tumor ecosystem need to be developed. 

Among different non-neoplastic cells in the TME, tumor-associated immune cells play one of 

the most critical tumor-promoting roles by increasing angiogenesis, modifying other stromal 

cells, and maintaining an immune inhibitory milieu [10]. However, if adequately activated, 

these immune cells can become tumoricidal, as shown by multiple studies [11]. Activating the 

immune cells in the TME against the cancer cells is a multistep process. Antigen-presenting 

cells (APC) like macrophages and dendritic cells play one of the most critical roles in this 

process, as, without effective antigen presentation and co-stimulatory signals, no T-cell 

activation would occur. The primary APCs present in the tumor are tumor-associated 

macrophages (TAMs) [12]. However, TAMs maintain an immunosuppressive TME by 
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producing a host of immune inhibitory cytokines, including CCL2, TGF-β, and IL-10, and 

convert effector T-cells to regulatory T-cells [13]. Re-educating these TAMs from their 

immunosuppressive state to the immune-stimulatory phenotype can be a potential strategy for 

a successful anti-tumor response [14]. Toll-like receptor (TLR) agonists are one of the most 

potent ligands for activating macrophages. It has been proven that TLR7/8 agonists have 

enhanced immune response in mouse models of breast cancer [15]. Poly-IC, a synthetic double-

stranded RNA targeting TLR3, has shown promising efficacy in a Phase II clinical trial against 

breast cancer [16]. In the current study, different TLR agonists were initially screened to 

evaluate their immune stimulatory activity. Among all the TLR-agonists screened, resiquimod 

(RSQ) was the most effective. In multiple studies, RSQ is a TLR7 and 8 agonist, showing 

significant TAM activation capability [17-19]. However, though highly effective for cancer 

immunotherapy, no systemic formulation of RSQ is available due to its solubility and toxicity 

problem, limiting its use. Also, as cancer cells are responsible for nurturing the 

immunosuppressive TME, activating the anti-tumor immune response is challenging without 

tumor depletion. Chemotherapeutic drugs can be used for this purpose. Unfortunately, most 

chemotherapeutic drugs are immunosuppressive, hence not helpful. One significant exception 

is paclitaxel (PTX), a potent anti-cancer agent that has been approved for the treatment of 

breast, ovarian, and other cancers [20]. PTX has shown immune stimulatory activity, including 

increased accumulation and activation of effector T cells, dendritic cells (DCs), natural killer 

(NK) cells, and macrophages [21]. Henceforth, co-delivery of PTX and RSQ can be highly 

effective for combined chemo-immunotherapy of breast cancer. This study aimed to evaluate 

the in-vitro efficacy of PTX and RSQ combination against breast cancer in a cancer cell–

macrophage co-culture system using a 2D and 3D multi-cellular breast cancer spheroid model.  

Materials and Methods 

Chemicals and reagents: 

PTX was received as a gift sample from INTAS Pharmaceuticals Ltd, and RSQ was purchased 

from TCI, India. Dimethyl sulfoxide (DMSO) and methanol were procured from Merck, India. 

3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from 

Sigma-Aldrich. cDNA synthesis kit and SYBR green qPCR kit were purchased from Bio-Rad. 

All other chemical reagents used were of A.R. grade. 
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Cell culture: 

4T1 (a breast cancer cell line derived from the mammary gland tissue of a mouse BALB/c 

strain) and RAW 264.7 (mouse monocyte-macrophage cell line) were separately cultured in 

Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum and 

50 units/mL penicillin, and 50 mg/mL streptomycin at 37 ◦C, 5%CO2 in a humidified 

atmosphere. Cells were sub cultured at 90% confluency using Trypsin–EDTA solution (0.05%) 

for cell detachment. 

Cancer-macrophage co-culture and complex spheroid model: 

To better mimic the in-vivo tumor conditions, 4T1+RAW 264.7 spheroids were prepared. 

Briefly, cells (7,500 4T1 cells and 2,500 RAW 264.7) at 10,000 cells / 10µl (in 0.2% methyl 

cellulose-containing cell culture medium) were placed as hanging drops on the lid of the cell 

culture Petri dish. The hanging drops were humidified by putting PBS in the Petri dish's base 

to prevent the spheroid's drying. After that, the hanging drops were transferred to 1% agarose-

coated round bottom 96 well plates with 200 µl cell culture medium and incubated for 24 h, 

yielding the 4T1+RAW 264.7 spheroids.  

For RNA isolation from RAW 246.7 cells after co-culture with 4T1, only 4T1 spheroids were 

made and co-cultured with RAW 246.7. Briefly, 4T1 cells at 10,000 cells / 10µl (0.2% methyl 

cellulose-containing cell culture medium) were placed as hanging drops on the lid of the cell 

culture Petri dish. Spheroids were humidified by putting PBS in a Petri dish. After 24 h of 

incubation, spheroids were transferred into 1% agarose-coated wells (in 24 well plates) with 1 

mL cell culture medium. Then RAW 246.7 cells at a density of 10,000 cells were plated on a 

transwell (0.4 µm, polycarbonate membrane) inserted in 4T1 spheroids (5 spheroids per well) 

containing well.  

Cytotoxicity assay (2D and 3D): 

For cell viability assay of 2D culture, 4T1/RAW cells were seeded at 5000 cells/ well density 

in a 96-well plate. After 24 h of incubation, cells were treated with drug solutions (0.5-500 nM 

PTX, 0.1-1µM RSQ in the initial screening, and 5nM PTX and 1µM RSQ in further studies) 

and incubated for 72 h at 37 °C with 5% CO2. No drug treatment was given in the control cells, 

and the same amount of complete medium was added. After 72h of incubation, cells were 

treated with 200µl of 1 mg/mL MTT solution dissolved in a complete medium. After 4 h of 

incubation with MTT, the medium was replaced with 200 µl of DMSO to dissolve the formazan 
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crystal formed by the viable cells. Optical density at 570 nm was measured by removing 

background absorbance at 630 nm. Cell viability was calculated using the following formula: 

Cell Viability (%) = (mean absorbance value of drug-treated cells)/ (mean absorbance value of 

control) × 100 

For cell viability assay of 3D culture, treatment was given for 72 h with free drug and 

encapsulated drugs equivalent to 10nM PTX and 2µM RSQ. Further, the spheroids were 

collected into 1.5 mL centrifuge tubes with medium and centrifuged for 10 min at 200×g. The 

supernatant was removed and replaced with a medium containing MTT (1mg/mL). After 4 h 

of incubation, MTT was replaced with DMSO (500 µl) to dissolve the formazan crystals 

formed by the viable cells. Then, cell viability was calculated, as mentioned earlier. 

Screening of TLR agonists: 

Initially, different TLR-7/8 agonists, i.e., Imiquimod, Resiquimod, and Pidotimod, were 

screened for their toxicity effects against macrophage cell lines (Raw 264.7 cells) at different 

doses by using MTT assay and the effective M1 macrophage polarization was also evaluated 

with all the drugs selected by checking M1 macrophage marker- TNF-alpha expression using 

qRT-PCR. 

Apoptosis assay: 

PI/Annexin-FITC staining by flow cytometry was performed to measure apoptosis. This was 

achieved by using 2D co-culture conditioned media, where PTX(5nM), RSQ (1 μM), PTX 

(5nM) + RSQ (1 μM) were treated with RAW 264.7 cells, then the supernatant was collected 

and added to a plate seeded with 4T1 tumor cells for 24h. After 72h treatment, cells were 

trypsinized and washed twice with phosphate-buffered saline. Then, cells were suspended in 

500 μl of 1× binding buffer (Annexin Binding Bufer (5X) for flow cytometry, Thermo Fisher 

Scientific). After that, the cells were stained with four μl Annexin V-FITC (Annexin V-FITC, 

Invitrogen™) and ten μl of PI (propidium iodide solution, FluoroPure™ Grade, Invitrogen™). 

The samples were incubated for 15 minutes at room temperature (25 °C) in dark conditions. 

The cytometric analysis was performed in a flow cytometer (CytoFLEX, Beckman Coulter), 

and the data were analyzed by CytExpert software. % Apoptosis was calculated over all viable 

cells and after subtracting the autofluorescence of cells. The results were represented as 

mean±SEM values.  
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Tumor-specific cell death  

a) Live-Dead Staining: 

We have used Transwell (Quasi 3D system) to identify the tumor-specific cell death. Here, we 

have made 4T1 spheroids and added them in the lower chamber of the Transwell and Raw 

macrophages (2D) on the transwell membrane in the top chamber. After 72h of treatment 

periods, we stained both the 4T1 spheroids and 2D macrophages using Annexin  (10 μg/mL)  

and Propidium Iodide (PI- 1μg/mL) diluted with PBS. Annexin labels all the nuclei in blue of 

all the viable cells, and PI labels the nuclei of dead cells in red. The staining was attained after 

incubating it for 15 minutes in the dark at 37°C, followed by microscopy analysis. 

b) Luciferin tagged 4T1 cells (LUC2-4T1): 

We have used luciferin-tagged 4T1 cells to confirm further tumor-specific cell death to check 

the fluorescence intensity after treating the LUC2-4T1 cells with luciferin-D. The experiment 

was done in 2D conditioned media and 3D complex spheroid (4T1+RAW 264.7 cells). In 2D 

conditioned media, RAW 264.7 cells were initially treated for 24h. The treated media was 

added to luc-2-4T1 cells and incubated for 24h, followed by luciferase treatment (4µg/ml) for 

1h. The cells were washed with PBS, then microscopic images were captured using a 

fluorescent microscope. The same procedure was followed for the 3D complex spheroid after 

24 hours of treatment. 

Intracellular reactive oxygen species (ROS) generation by DCFDA assay 

Cellular ROS in 2D cells and 3D spheroids were analyzed by DCFDA assay. The ROS present 

in the cells can convert DCFDA into a highly fluorescent compound 2′, 7′–dichlorofluorescein 

(DCF). The amount of ROS can be quantified by measuring the fluorescence intensity of DCF. 

2D cells and 3D tumor spheroids were treated with free drugs and combination for 24 h. Then, 

the drug-containing media was removed, followed by DCFDA incubation (20 µM) for 15 min. 

After that, fluorescent images were captured through an inverted fluorescence microscope 

(ZEISS, Axio Vert.A1) at 10X magnification. 

 

Spheroid invasion assay: 

3D invasion assay was performed using 24-well plates with Transwell inserts (Corning, New 

York, USA). Briefly, 24 well inserts were pre-coated with Matrigel (BD Biosciences, New 

https://www.sciencedirect.com/topics/chemistry/fluorescent-dye
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Jersey, USA), and 4T1+RAW 264.7 cell complex tumor spheroids were made and allowed to 

grow in the top chambers of the transwell. After that, the spheroids were treated with drugs 

(PTX, RSQ, PTX+RSQ). Parallely, 900 μL DMEM complete media was added to the 

transwell's lower chamber and kept for incubation for 24h at 37°C. After treatment, the cells 

on the transwell membrane were removed using a cotton swab. After that, the cells penetrated 

the membrane and were fixed using 4% ice-cold methanol and staining with 0.1% crystal 

violet. Microscopic images of the migrated cells were captured using an inverted microscope, 

and the number of migrated cells was counted using ImageJ software. 

Macrophage marker expression analysis: 

Total RNA was isolated using a TRI reagent to synthesize cDNA using a cDNA synthesis kit. 

Gene-specific primers were used for the amplification of templates. The qRT-PCR reactions 

were performed using the SYBR Green supermix, and the data was normalized against 

GAPDH as a housekeeping gene. The primers used for qRT-PCR are GAPDH F(5’-3') 

ACCCAGAAGACTGTGGATGG, R (3’-5') TCTAGACGGCAGGTCAGGTC, TNF-α F(5’-

3') GCCTCTTCTCATTCCTGCTTG, R (3’-5') CTGATGAGAGGGAGGCCATT, CD86 

F(5’-3') ACGATGGACCCCAGATGCACCA, R (3’-5') GCGTCTCCACGGAAACAGCA, 

TGF-β F(5’-3') CCTGTCCAAACTAAGGC, R (3’-5') GGTTTTCTCATAGATGGCG,IL-10 

F(5’-3')CCCTGGGTGAGAAGCTGAAG,R (3’-5') CACTGCCTTGCTCTTATTTTCACA. 

qRT-PCR studies were performed on CFX Thermal Cycler (Bio-Rad). The 2(-Delta-Delta 

C(T)) method analyzed the relative RNA expression. 

Statistical analysis 

The graphs and data were analyzed using Graph Pad Prism software version 7.0. The 

significance level was indicated by **, where < 0.05 in all the figures. One-way ANOVA was 

used when ≥ 2 groups were compared to the same control, and post hoc Tukey's test was 

performed to compare the means of each group with every other group. Two-way ANOVA 

was used for the studies, where two or more groups were compared with the control group with 

more than two variables. Post-hoc Bonferroni, multiple comparison tests were used to compare 

the means of each group. Data were represented as mean ± SD. 

 

 



Chapter 2                                                Paclitaxel and Resiquimod chemo-immunotherapeutic activity 

Page | 43  
 

Results and Discussion: 

Screening of TLR-agonists for macrophage stimulating efficacy: 

Initial screening was carried out using imiquimod (IMQ), resiquimod (RSQ), and pidotimod 

(PTM)to find out their macrophage polarization efficacy against RAW 264.7 cell line (5,000 

cells/ well). They all exhibited more than 100% macrophage viability, indicating no cellular 

toxicity at the dose range tested (0.1µM to 10 µM) (Figure 2.1A). Next, macrophage 

stimulatory potency was evaluated by analyzing TNF-α expression, a major anti-cancer 

macrophage activation marker. After treating RAW 264.7 cells (50,000 cells/well in a 6-well 

plate) with the drugs for 12 h, TNF-α expression was studied using qRT-PCR. Among all the 

TLR-agonists tested, RSQ exhibited the highest potency. Figure 2.1B shows a highly 

significant (p<0.05), 16±3.4-fold increased TNF-α expression was observed with RSQ 

treatment at 1 µM concentration. In contrast, IMQ exhibited a moderated increase (3±0.32-

fold), and with PTX, only a basal level of expression was observed (0.3±-0.2 fold). Even at a 

lower concentration of 500 nM, RSQ exhibited an 8±1.8-fold increase in TNF-α expression, 

signifying greater potency of RSQ. Based on these observations, RSQ was selected as the 

candidate TLR-agonist to be used with PTX for combined chemo-immunotherapy. 

 

Figure 2.1: A: Evaluation of the cytotoxicity of different TLR agonists on RAW 264.7 cells. B: Evaluation of the 

macrophage stimulatory activity of different TLR agonists. ** indicates p< 0.05. 

Evaluation of combined chemo-immunotherapeutic efficacy: 

Immunotherapy can be combined with chemotherapy to improve its efficacy. PTX was selected 

as a model drug for combined chemo-immunotherapy and RSQ as the immune modulator. To 

determine whether RSQ treatment can directly influence the activity of PTX, 4T1 cancer cell 

viability was evaluated when treated with PTX alone and PTX+RSQ combination. As shown 
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in Figure 2.2A, dose-dependent cytotoxicity was observed for PTX treatment (in 0.5 to 500 

nM range); however, the inclusion of RSQ at 1 µM dose did not significantly influence the 

cytotoxic potential of PTX, indicating no synergistic or additive effect of this drug combination 

against cancer cell alone. Next, to find out the chemo-immunotherapeutic efficacy of the 

PTX+RSQ combination, initially, RAW 264.7cells were treated with PTX alone (5 nM) or 

RSQ alone (1 µM) or PTX+RSQ combination for 24h. After 24h, the conditioned medium was 

added to 4T1 cells and incubated for 48h. 4T1 cells directly treated with PTX alone (5 nM), 

RSQ alone (1 µM), or PTX+RSQ combination for 48h were taken as controls to compare the 

efficacy of RAW 264.7 cells conditioned medium with drug treatments. Direct treatment on 

the 4T1 cells was found to have low cytotoxicity, with RSQ exhibiting no cytotoxicity, and 

PTX and PTX+RSQ showed 90±2.3% and 72±3.4% cell viability, respectively (Figure 2.2A). 

Treatment of the 4T1 cells with the RAW 264.7 conditioned medium with PTX or RSQ alone 

exhibited similar cytotoxicity (85±1.6% and 77±1.4%viability, respectively). Interestingly, 

treatment of the 4T1 cells with RAW 267.4 conditioned medium with PTX+RSQ combination 

exhibited significantly increased cancer cell death (49±1.2% viability, Figure 2.2B). This data 

signifies the improved chemo-immunotherapeutic efficacy of the PTX+RSQ combination.   

 

Figure 2.2: A: Evaluation of the effect of RSQ (1µM dose) treatment on the cytotoxic activity of PTX on 4T1 

tumor cells. B: Analysis of the combined efficacy of PTX+RSQ treatment in a quasi-coculture experiment using 

4T1 tumor cells and conditioned media of RAW 264.7 macrophages. ** indicates p< 0.05. 

Next, the immunomodulatory potential of this drug combination was evaluated. 4T1 cells 

(50,000 cells/ well in a 6 well plate) were treated with PTX alone (5 nM), RSQ alone (1 µM), 

or PTX+RSQ combination for 24h, and the conditioned medium was transferred to RAW 264.7 

cells. After 24h incubation with the conditioned medium, the expression of M1 (TNF-α, CD86) 

and M2 (IL10, CD206) markers were analyzed using qRT-PCR. Treatment of RAW264.7 with 

the native 4T1 conditioned medium was found to polarize the RAW 264.7 cells to an M2 
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phenotype with a significant increase in TGF-β(13±2.4-fold) and IL10 (8±1.3-fold) expression. 

In contrast, expression of M1 markers TNF-α and CD86 was at a basal level. However, 

treatment of the 4T1 cells with both PTX and RSQ alone abolished the M2 polarizing activity 

of the conditioned medium and restored the macrophages. Remarkably, treatment with 

PTX+RSQ combination to the 4T1 cancer cells normalized the M2 marker expression to the 

basal level and significantly increased the M1 marker TNF-α (9±0.5-fold) and CD86 (3±0.4-

fold), indicating polarization of the macrophages to the immune stimulatory M1 phenotype. 

 

Figure 2.3: A: Analysis of the expression of M1 markers by RAW 264.7 macrophages exposed to conditioned 

media of 4T1 tumor cells treated with different drugs. B: Analysis of the expression of M2 markers by RAW 

264.7 macrophages exposed to conditioned media of 4T1 tumor cells treated with different drugs. ** indicates p< 

0.05. 

Quasi-3D and 3D complex spheroid model: 

Next, the cytotoxic potency of the drug combination against the co-culture of the 4T1 cancer 

cells and RAW 264.7 macrophage cells was evaluated. Initially, a complex cancer spheroid 

model, prepared with 4T1 and RAW 264.7 cells, was developed to mimic the TME in an in-

vitro system (Figure 2.4A). These spheroids were treated with free drugs and combination at 

the dose of 10nM PTX and 2µM RSQ for 72 h. The dose of drugs was doubled for cancer 

spheroid treatment compared to monolayer culture because the cancer spheroids exhibit more 

resistance [22]. Cell viability was measured by MTT assay. As depicted in Figure 2.4B, 

treatment with PTX and RSQ alone resulted in marginal cell death, with 76±2.3% and 81±3.8% 

cell viability with PTX and RSQ, respectively. However, the drug combination group observed 

a significantly increased cell death. Cell viability was found to be 51±2.6% with PTX+RSQ 
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combination treatment. This data indicated that treatment with the drug combination could have 

synergistic efficacy.  

 

Figure 2.4: A. Microscopic image of a complex spheroid made with 4T1 tumor and RAW264.7 macrophage cells. 

B.  Cytotoxic activity of the free drugs and combination against the complex spheroid model. C. Designing a 

quasi-3D-coculture system to analyze differential death of tumor cells and macrophages. D. Analysis of cell 

viability of 4T1 tumor and RAW 264.7 macrophages in the quasi-3D co-culture experiment. ** indicates p<0.05. 

The mixed cancer spheroid model can mimic the actual in-vivo cancer more consistently. 

However, analyzing the death of individual cell types is challenging in that model. A transwell-

based co-culture experiment was performed to understand the impact of the combination 

treatment on both 4T1 cancer cells and the RAW macrophages individually. In this experiment, 

cancer spheroids were made using 4T1 cancer cells, which were kept in the lower chamber of 

the trans-well, whereas RAW 264.7 cells were plated in the upper chamber (Figure 2.4C). 

Drug treatment was given in the lower chamber; however, as the RAW 264.7 cells are exposed 

in the same medium, they are equally exposed to the drug. Corroborating the observation in 

the experiment using the mixed cancer spheroid model, increased cancer cell death was 

observed with the PTX+RSQ combination treatment (38±1.5% viability). The death of the 

macrophages was relatively low (68±5.3% viability) (Figure 2.4D), supporting the observation 

in the previous experiment with a mixed cancer spheroid model. 
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Apoptosis assay: 

After understanding the improved cytotoxic behavior of the combination, we wanted to check 

the contribution of apoptotic cell death with the PTX +RSQ combination. Here, we analyzed 

apoptosis using flow cytometry with Annexin V-FITC/PI staining. The treatment groups were 

PTX, RSQ, and PTX +RSQ combination. In 2D, quasi 3D (Transwell), and 3D, we have 

observed a slight increase in apoptotic cell death with the combination PTX (4T1-9folds, 

RAW-0.1folds, 3D Complex-15folds) and RSQ (4T1-2 folds, RAW-0.2 folds, 3D Complex-

8folds). However, there is a significant increase in the percentage of the apoptotic cells 

(Annexin V+PI-positive cells) with PTX +RSQ (4T1-12 folds, RAW-8 folds, 3D Complex-

24folds). Based on the results, we can say that PTX +RSQ combination cytotoxicity is 

mediated by apoptosis death concerning cancer cells. However, there is almost similar cell 

death (<10%) with macrophages even with the PTX+RSQ combination, and there is a drastic 

increase in tumor cell death in 3D compared to the 2D system. The improved cytotoxic 

behavior of the PTX +RSQ combination in the MTT assay complemented this data. 

 

Figure 2.5: Apoptosis assay in A) 4T1 cells, B) Quantification of % apoptotic cells in 4T1 cells, C) RAW 264.7 

cells, D) Quantification of % apoptotic cells in RAW 264.7 cells, E) 4T1+ RAW complex spheroid  treated with 

different groups, F) Quantification of % apoptotic cells in 3D Complex spheroid (Control, PTX, RSQ, and PTX 

+RSQ) 
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Live/dead staining: 

We conducted live-dead staining experiments to validate the tumor-specific cell death observed 

in our cytotoxicity data. In this study, we formed spheroids composed of 4T1 tumor cells and 

allowed them to grow in the lower chamber of a Transwell system. At the same time, 2D 

macrophages were cultured on the polycarbonate membrane in the upper chamber. We exposed 

all experimental groups, including those treated with PTX, RSQ, a combination of PTX and 

RSQ, for 72 hours, followed by the fluorescent images to assess changes in the morphology of 

both 4T1 spheroids and 2D macrophages. 

 

Figure 2.6: Live/dead staining in transwell system of 4T1 tumor and 2D raw 264.7 cells. A) Representative 

fluorescent images of 4T1 tumor spheroids used to analyze cell death stained with Propidium iodide (PI) and 

Hoechst 33342 as outlined. B) %Cell Viability with 4T1 spheroids. C) As outlined, Representative fluorescent 

images of RAW 264.7 cells were used to analyze cell death stained with Propidium iodide (PI) and Hoechst 33342. 

D) %Cell Viability with RAW 264.7 cells. Scale bars indicate100 μm 

In Figure 2.6A&B, our observations reveal distinctive alterations after the 72-hour treatment 

period. Notably, the spheroids in the control and free drug groups, when given alone, 

maintained their shape and stability throughout the experiment. In contrast to the combination 

PTX+RSQ treatment, we observed significant spheroid shape deformity. This deformation is 

likely attributed to the cytotoxic effects induced by the treatment group on the spheroids. The 

free drugs alone displayed lower PI staining than the PTX+RSQ combination, indicating higher 

cytotoxicity and efficacy within tumor spheroids. Regarding macrophages, no cell death is 

observed with null PI staining in all the treatment groups, showing that the treatment groups 

are non-cytotoxic to macrophages (Figure 2.6C&D). 
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After observing the cancer cell death using live-dead staining, we have further used luc-2 

tagged 4T1 tumor cells to confirm the tumor-specific cell death using luciferin expression. 

Here, we have performed this experiment in both 2D conditioned media and 3D complex 

spheroid, where in 2D conditioned media, we have observed that there is an increase in cell 

death of tumor cells when RAW 264.7 conditioned media was added along with decreased 

luciferase expression when treated with PTX+RSQ when compared to free drug treatment 

groups alone. Regarding 3D complex spheroid, luciferase expression was diminished to almost 

50% in the PTX+RSQ group compared to control group signifying improved tumor-specific 

cell death. (Figure 2.7) 

 

Figure 2.7: A) 2D Luciferin tagged 4T1 cell microscopy images when treated with conditioned media of RAW 

264.7 cells and treatment groups, B) Quantification of fluorescence intensity in 2D CM. C) 3D LUC-2 4T1+RAW 

264.7 complex spheroid expressing luciferin fluorescence after treatment for 72h. D) Quantification of 

fluorescence intensity in 3D complex spheroid. 

Reactive oxygen species (ROS) generation:  

After confirming the improved cytotoxic cell death of the drug combination, we studied ROS 

generation's role in tumor cell death. We have checked ROS generation capability in 4T1, 

RAW 264.7 cells alone, 2D conditioned media, and 3D complex spheroid system. Initially, 

with 2D RAW 264.7 cells, it is visible that there is not much ROS generation with PTX RSQ 

alone, but there is a bit of an increase in DCFDA fluorescence (1.5 folds) with the PTX+RSQ 

combination. When treated with 4T1 tumor cells alone, though there is similar fluorescence 

with the PTX group, there is an increased DCFDA fluorescence of 2folds with RSQ and 3folds 
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increase with PTX+RSQ treatment. For 2D conditioned media, Initially, we treated the 

macrophages for 24h and then transferred the media to previously seeded 4T1 cells for 24h. 

After that, DCFDA was added and incubated for 15min followed by imaging using fluorescent 

microscopy at 10X magnification in an inverted fluorescent microscope (ZEISS Axio Vert. 

A1). For complex spheroids, tumor-macrophage co-cultured 3D spheroids were treated with 

PTX (10nM) and RSQ (2µM) and with the same dose in PTX+RSQ combination for 24h, 

followed by DCFDA treatment for 15min and microscopy.  

 

Figure 2.8: Induction of ROS in PTX+RSQ treatment. Fluorescent microscopic images of DCFDA stained 

A)Microscopic images of DCFDA treated RAW 264.7 Cells, B) Quantification of DCF fluorescence in RAW 

264.7 cells, C) Microscopic images of DCFDA treated 4T1 Cells, D) Quantification of DCF fluorescence in 4T1 

cells E) Microscopic images of DCFDA treated 2D conditioned media of RAW added to 4T1 cells, F) 

Quantification of DCF fluorescence in 4T1 CM cells and G) Microscopic images of DCFDA treated 4T1+RAW 

3D complex spheroids. H) Quantification of DCF fluorescence in 3D complex spheroids (Treatment groups-

Control, PTX, RSQ, PTX+RSQ). The scale bar in the image indicates 50 µm. 

We have observed an increase in ROS generation with the PTX +RSQ combination (4folds) 

when compared to PTX (1.1 folds) and RSQ  (2.5 folds) alone in 2D CM and in 3D complex 

spheroid systems as well we have also observed a similar pattern an increase in ROS generation 

with the PTX +RSQ combination (5.8folds) when compared to PTX (2.2 folds) and RSQ  (3.5 

folds) alone which proves that improved cytotoxicity of ROS might be because of ROS as well 
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(Figure 2.8). It was also evident that M1 macrophage activation leads to ROS activation, 

primarily because of the high production of TNF-α [23, 24] [25]. From this, it is evident that 

enhanced cytotoxicity and improved M1 macrophage stimulation (Immunostimulatory 

macrophage activation) of the PTX +RSQ combination might also be because of improved 

ROS generation. 

Spheroid invasion assay: 

To check the metastatic property of the tumor cells, we have performed a spheroid migration 

assay using a transwell system, using tumor-macrophage complex spheroid. We have observed 

that though there is a decrease in migration ability with PTX and RSQ alone, there is a 

significant decrease in the number of cells migrated to 50% with the PTX+RSQ combination 

when compared to control, proving the potential to inhibit the migration ability of the tumor 

cells effectively, indicating it can reduce metastasis as well (Figure 2.9A&B). 

 

Figure 2.9: A) Microscopy images of cell migration assay of 4T1+RAW 264.7 complex 3D spheroids after 24 h 

treatment in 24-well transwell inserts with crystal violet staining. B) Quantification of the number of cells migrated 

in the migration assay. 

Conclusion: 

In the current study, initial screening of different TLR-agonists was performed. The most 

efficacious one, RSQ, was selected to be combined with PTX. The current study suggests that 

the PTX and RSQ combination has potent in-vitro chemo-immunotherapeutic activity through 

M1 macrophage polarization and tumor-specific cell death in 2D and 3D complex spheroid 

models. PTX and RSQ combination was also found to show improved efficacy by modulating 

ROS. Hence, this strategy can be developed as a therapeutic approach for chemo-

immunotherapy of cancer in the future. 
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3.1. Introduction: 

After years of research in cancer treatment, chemotherapy remained one of the primary 

treatment modalities, used alone or in combination with surgery and/or radiation. The major 

problem associated with chemotherapy is its toxicity due to non-specific tissue distribution. 

Different strategies have been evaluated to reduce this off-target toxicity; tumor-targeted drug 

delivery is a major one among them. It has been demonstrated that delivering the drug 

encapsulated in a nano-carrier system can significantly improve its tumor bioavailability and 

reduce systemic toxicity due to the enhanced permeability and retention (EPR) effect in most 

solid tumors [1, 2]. Till now, several nanomedicines have been approved by the FDA for 

clinical therapy against cancer, including doxorubicin-loaded liposome, albumin-bound 

paclitaxel NPs, liposomal irinotecan, and many others [3]. Though these nanomedicines 

exhibited improved pharmacokinetics and reduced side effects, their extensive use is restricted 

due to their high cost. Developing new nanomedicine is challenging due to the complexities 

associated with scale-up and batch-to-batch uniformity, limiting clinical success. Most of the 

nanoparticle design strategy and fabrication process is highly complex, which is also a 

bottleneck for increasing the number of clinically approved nanomedicines [4]. The 

continuous-flow microfluidic-based system can be a viable alternative to improve the current 

state-of-the-art. Microfluidic-based method offers multiple advantages compared to other batch 

processes in terms of better manipulation of reagents, low sample consumption, synthesis with 

high reproducibility, and the possibility of streamlined continuous synthesis and precisely 

controlled size [5, 6]. This method makes manipulating the nanoformulation characteristics 

much easier, including size tuning, leading to enhanced clinical performance [7]. As reported 

earlier, the nanocarrier's ability to control its physical characteristics (size, shape, 

polydispersity, etc.) would be highly beneficial in enhancing its antitumor efficacy [8, 9]. 

Also, the use of easily available excipients would make them commercially viable. Paclitaxel 

(PTX) is a highly potent chemotherapeutic agent used for the treatment of various types of 

cancers, including ovarian, lung, gastro-esophageal, endometrial, and breast cancer, as well as 

lymphoma and leukemia [10]. PTX binds to cellular microtubules, promotes polymerization, 

and stabilizes the microtubule structure, thereby blocking the cell cycle in the late G2/M phase, 

resulting in cancer cell death [11, 12]. However, poor aqueous solubility and non-specific 

pharmacokinetics are some challenges associated with developing a successful PTX 

formulation. To address these problems, a few clinically approved nanoformulations of PTX 

have been developed, including albumin-bound PTX (Abraxane), poly-L-glutamic acid 
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conjugated PTX (Polyglumex/ Xyotax/ Opaxio), and mPEG-PLA micellar PTX (Genexol-PM) 

[13]. These formulations exhibited enhanced efficacy compared to native PTX; however, they 

are highly expensive and difficult to develop. Also, the size of the nano-carrier system plays a 

critical role in influencing their tumor bioavailability and penetration [14]. It has been proven 

that smaller particle size is better for tumor delivery and penetration [15]. However, it is highly 

challenging to prepare nano-carriers of a smaller size range due to their complex design 

strategy.  

Polymeric NPs are getting significant attention among different nano-carrier systems due to 

their simplistic design, easy formation, and good drug-loading efficiency [16]. Amphiphilic 

block copolymers form these NPs via self-assembly into a core-shell structure. The 

hydrophobic segments of the polymer form the core, and the hydrophilic head forms the outside 

shell. The formation of such a structure aids in the solubilization of non-polar drugs by 

encapsulating them in the hydrophobic core. Many different block copolymers have been used 

for making drug-loaded NPs [16].  

In the current study, we initially evaluated the effectiveness of a continuous-flow microfluidic-

based nanoprecipitation method over conventional nanoprecipitation using Soluplus as a 

representative polymer. Further, the effect of NP size on the drug release kinetics, cytotoxicity 

against both 2D and 3D cancer cells, and cellular internalization was studied. A 3D spheroid 

penetration assay was carried out to understand tumor penetration. We have also evaluated the 

cellular uptake pathway by analyzing the cellular internalization of the NP with different uptake 

inhibitors. 

Delivery of a multidimensional drug combination is more complicated than a single drug. 

Different drugs target different cells, so their bioavailability in the TME is critical. For delivery 

of a combination of drugs, an ideal delivery system should protect the drugs from metabolism 

during systemic circulation, minimize non-specific accumulation in normal tissues, and, upon 

reaching the TME, release the drugs to act on their specific targets. For this purpose, triggering 

the release of the drugs from the NPs at the TME can be an effective strategy by exploiting the 

acidic extracellular pH of the TME. After demonstrating the superiority of the continuous-flow 

microfluidic-based nanoprecipitation method for making NPs, we developed a pH-responsive 

NP to deliver the PTX and RSQ combination. The objective was to synthesize a pH-responsive 

polymer, formulate an NP system using that polymer co-encapsulating PTX and RSQ, and 

evaluate the pH-responsive behavior of the NPs. 
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3.2. Material and methods: 

Materials: 

Paclitaxel was a free gift from INTAS Pharmaceuticals Ltd, Ahmedabad, India. RSQ was 

purchased from TCI, India. Acetonitrile (HPLC grade), diethyl ether (DEE), chloroform 

(CHCl3), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and methanol were 

procured from Merck, India. Hydroxyl-terminated linear PLGA, hydroxyl-terminated star-

shaped PLGA, Boc-His(Dnp)-OH,N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide 

hydrochloride (EDC), 4-(dimethylamine)pyridine (DMAP), 3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. HPLC grade 

acetonitrile and methanol were purchased from SD Fine-Chem limited, Mumbai, India. All 

other chemicals, solvents, and reagents used for HPLC analysis were either of HPLC grade or 

analytical grade. HPLC analysis was performed on a Shimadzu liquid chromatography system 

(Kyoto, Japan) consisting of LC10AT binary pump, SPD-M20A Photo Diode Array detector, 

CTO-10ASP column oven, and SIL-HT autosampler. Phenomenex RP-18 column (#00G-

0234-E0) was used for the HPLC. NP synthesis was done using a Mitos Duo XS-Pump and 

micromixer chip (part number 3200401) from Dolomite, Royston, UK. 3-(4,5-dimethylthiazol-

2yl)-2,5-diphenyltetrazolium bromide (MTT) (#M2128), nystatin, chlorpromazine were 

procured from Sigma Aldrich, USA. Penicillin-Streptomycin (10,000 U/mL)(#15140122), DiI 

(#D3911), LysoTracker® Green DND-26 (LT, #L7526), ProLong™ Gold Antifade Mounted 

with DAPI (4′,6-diamidino-2-phenylindole) (#P36935), were purchased from Thermo Fisher 

Scientific, USA. MCF7 (human breast cancer) cell lines were purchased from the National 

Centre for Cell Science (NCCS), Pune. 

Development of PTX-loaded polymeric NPs: 

Variable sized PTX loaded NPs of Soluplus were prepared by using the continuous-flow 

microfluidic-based nanoprecipitation method. Briefly, PTX and polymer were solubilized at a 

specified ratio (0.5 mg/30 mg or 5 mg/30 mg of PTX to Soluplus) in the organic phase, 

methanol (1 ml). Distilled water was taken as an aqueous phase into pump "A" of the 

microfluidic syringe pump. Drug and polymer containing organic phase were delivered through 

pump "B". Pump "A" was divided into two channels using a "T" junction. Then, Pump A and 

B were connected to the micromixer chip as described in the schematic (Figure 3.1). The flow 

rate was controlled using syringe pumps, pump A at a flow rate of 250 µl/min and pump B at 

50 µl/min. In the micromixer chip, due to the hydrodynamic flow focusing strategy, aqueous 
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flow squeezes and narrows the stream of the organic phase (Soluplus + PTX in methanol), 

which further enters into herringbone mixer in the micromixer chip, resulting in the formation 

of NPs due to rapid solvent exchange via diffusion. These NPs were collected and stirred 

overnight for solvent evaporation, then dialyzed for 6 h against distilled water to remove the 

unentrapped free drug; subsequently, nano-carriers were lyophilized and stored at 4oC. Blank 

NPs of soluplus were prepared by the same method as above, without PTX. DiI-loaded NPs 

were prepared by adding 1 mg/ml of DiI into methanol along with Soluplus and PTX; the rest 

of the processing was the same as drug-loaded SNP and LNP. 

 

Figure 3.1: Schematic diagram of the Soluplus NP formation using the microfluidic system. PTX and polymer 

(Soluplus) were solubilized in methanol, which was delivered through pump B at a flow rate of 50 µl/min. Distilled 

water was delivered through pump "A" at a flow rate of 250 µl/min. The two miscible phases got mixed due to 

hydrodynamic flow focusing in the Herringbone mixer in the micromixer chip, resulting in rapid solvent exchange 

and NP formation. NPs were collected and stirred over night for solvent evaporation, then dialyzed for 6h against 

distilled water to remove the unentrapped free drug; subsequently the NPs were lyophilized and stored at 4°C. 

Measurement of PTX concentration by HPLC method: 

HPLC analytical method for PTX was developed to study drug entrapment efficiency and 

release profile of the prepared NPs. A reverse-phase isocratic analytical method was developed 

for the estimation of PTX. Briefly, Phenomenex RP C-18 analytical column was used as the 

stationary phase, and the mobile phase was 60:40 acetonitrile to water (v/v). A flow rate of 1 

ml/min and an injection volume of 20 µl, with run time 10 min provided a sharp peak with 
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good intensity. PTX peak was detected at ƛmax 227 nm. The retention time of the PTX was 

found to be 6.6 min. With this method, linearity was observed from 1 to 15 µg/ml and r2 = 

0.999. 

Physicochemical characterization: 

NP size (hydrodynamic diameter) and PDI were analyzed by dynamic light scattering (DLS), 

using Malvern Nano ZS (Malvern's instrument Ltd., UK) at 25ºC. A dilute suspension of NPs 

was used to determine the size (dilution was optimized to obtain consistent and reliable 

readings). 

Morphology of the NP was analyzed by Scanning Electron Microscopy (SEM). NP suspension 

was placed on a glass coverslip and air-dried. The glass coverslips were dropped onto a double-

sided carbon tape attached to the sample stub and coated under vacuum with gold in an argon 

atmosphere for about 45 seconds. Then morphology was examined by scanning at 20kv with 

SEM. 

To calculate the percent encapsulation efficiency (%EE) and percentage drug loading (%DL), 

1 mg of freeze-dried NPs were dissolved in 1 ml of methanol and vortexed for 5-10 minutes. 

Then the resulted solution was injected into HPLC, and the concentration of PTX was analyzed 

using a calibration curve prepared by using the developed PTX analytical method. %EE was 

calculated using the following formula: 

%EE = weight of the drug in the NPs / initial weight of drug × 100 

%DL was calculated by the formula:  

%DL = weight of the drug in the NPs / total weight of the NP × 100 

Solubility factor (fs) of PTX in the NP formulations was calculated using the formula:  

fs = Sa/Swater 

where Sa was the apparent solubility of PTX in the NP formulation and Swater was the intrinsic 

solubility of PTX in distilled water (0.19 μg/mL). 

 In-vitro drug release profile: 

For the in-vitro release study, 1 mg of PTX loaded NPs were dispersed in 1 ml of phosphate 

buffer solution (PBS) (20 mM, 7.4 pH) and placed in a dialysis bag (MWCO-10,000, HiMedia, 

Mumbai). After hermetically sealing both the ends of the dialysis bag, it was dipped in 10 ml 

of release media (20 mM PBS with 1% tween 80) and was placed on a rotary flask shaker at 
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37ºC. 1% tween 80 in release media acts as a solubilizer to maintain sink conditions. 2 ml of 

sample was aliquoted at fixed time intervals i.e., 0.5, 1, 2, 4, 6, 8, 12, 24, 48, and 72 h, and the 

same amount was replaced with fresh buffer. Drug content was analyzed by using the 

developed HPLC method. From the obtained data, % cumulative drug release (CDR) was 

calculated. By using this data, the time vs. % CDR graph was plotted. 

CDR (%) = (Amount of drug released from the NP at the time (t) / Amount of drug in the NP) 

× 100 

2D cell culture: 

MCF7 (human breast cancer) cells were cultured in Dulbecco's Modified Eagle's Media 

(DMEM) (Gibco) with 10% fetal bovine serum (HiMedia), 50 units/ml penicillin and 50 mg/ml 

streptomycin at 37ºC, 5% CO2. Cells were sub-cultured at 80% confluency. Trypsin-EDTA 

solution (0.05%) was used for the detachment of cells.  

3D (spheroid) cell culture model: 

MCF7 cells were suspended in DMEM media containing 0.2% methylcellulose at density of 

10,000 cells/ 10µl. Hanging drops (10 µl) of above cell suspension were incubated for 24 h at 

37ºC, 5% CO2. Then the spheroids from hanging drops were transferred into 96 well round 

bottom plate coated with 1% agarose, containing 200 µl media and cultured for three days, and 

experiments were performed. 

In-vitro cytotoxicity study: 

Cytotoxicity of SNP, LNP, and free PTX was examined against MCF-7 cell lines using MTT 

assay. In the case of 2D culture, the cells were seeded in a 96 well plate with a density of 2,000 

cells per well and were cultured at 37ºC in the presence of 5% CO2. After 24 h of incubation, 

cells were treated with either SNP or LNP or the free drug at different concentrations (0.64, 

3.2, 16, 80, 400, 2000, 10000 nM) and incubated for 72 h. Blank NP was used as a control. The 

cells were then treated with MTT (1mg/ml) in cell culture media and incubated for 4 h. After 

this, the MTT solution was replaced with 200 µl of DMSO to dissolve the formazan crystals 

formed in viable cells. Finally, optical density (OD) was observed at 570 nm using a microplate 

reader with a reference wavelength of 630 nm. Percentage of viable cells was calculated using 

the following formula:  

 Cell viability (%) = (mean absorbance value of drug-treated cells) / (mean   absorbance 

value of the control) x 100. 
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MTT assay for the 3D model was performed, as reported earlier, with some modifications [25]. 

Briefly, after 72 h of treatment to spheroids, MTT solution at a concentration of 1mg/ml was 

added to each well and then incubated for 4 h at 37° C. Then spheroids were carefully collected 

into 1.5 ml centrifuge tube, centrifuged at 500 × g for 10 min at 4°C. Then the intensity of 

formazan crystals was analyzed, and cytotoxicity was calculated the same way as before. 

NP internalization study: 

MCF7 cells were plated on a coverslip placed in a 6 well plate at a density of 50,000 cells/ well 

in 2 ml of DMEM media and then incubated for 24 h. The cells were then treated with DiI 

loaded NPs of variable size (1 µg/ml of DiI) and incubated for 4 h. After three times wash with 

PBS, the cells were fixed with 100% methanol at -20ºC for 15 min, and then the coverslips 

were mounted onto glass slides with antifade DAPI containing mounting media. Internalization 

was confirmed by examining these slides through the ZEISS Axio Scope A1 microscope at 

63X magnification. 

Colocalization analysis (Lysotracker assay): 

MCF-7 cells (50000 cells/ well) were seeded on glass coverslips placed in a 6 well plate and 

were incubated in 2 mL of culture medium for 24 h. Subsequently, the DiI-loaded NPs (1 µg/ml 

of DiI) were added, and the cells were allowed to incubate for 4 h. Then the media was removed 

and 3 times PBS wash was done. Then the cells were incubated with lysotracker green (1 mM), 

for 20 min. After that, lysotracker green was removed and 3 times wash with PBS was done. 

After washing, cells were fixed with 100% methanol at -20º C for 15 min, and then the 

coverslips were mounted onto glass slides with antifade DAPI containing mounting media. 

Later the slides were examined by using the ZEISS Axio Scope A1 microscope with 63X 

magnification. 

Spheroid penetration study: 

Spheroids were treated with variable sized NPs loaded with DiI and were incubated at 37°C. 

To study the NPs' penetration into tumor spheroids, fluorescent images of spheroids were taken 

at 4 h and 24 h by using the ZEISS Axio Scope A1 microscope with 10X magnification. 

Synthesis of pH-sensitive polymers: Linear PLGA-poly-histidine (l-PLGA-pH) and star 

PLGA-poly-histidine (s-PLGA-pH) 

s-PLGA-OH (100mg) was reacted with succinic anhydride (20mg) in the presence of DMAP 

(20mg) in 1mL of anhydrous acetonitrile and was kept for continuous stirring for 24h in N2 
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atmosphere at room temperature, which resulted in the formation of s-PLGA-COOH. It was 

then purified using 50 ml of ice-cold DEE and repeated 3 times to remove the unreacted 

polymer. Boc-His(DNP)-OH (1g) was suspended in 10mL of anhydrous acetonitrile, and 1mL 

of thionyl chloride was added dropwise under continuous stirring in an N2 atmosphere for 

1hfor the formation of DNP-NCA-HCl. The product was precipitated using 100ml of ice-cold 

DEE with consecutive washing for 3 times (50ml each). Then obtained product DNP-NCA-

HCl was dissolved in 10mL of anhydrous DMF, and then for ring-opening polymerization, 

isopropyl amine (1mL) was added, the product poly-(N-DNP-L-histidine) was purified by 

precipitation in an excess of ice-cold DEE in order to remove the unreacted reactants. Then, 

poly-(N-DNP-L-histidine)was reacted with s-PLGA-COOH in EDC and NHS to forms-PLGA-

poly-histidine-(DNP).DNP deprotection was carried out by reacting s-PLGA-poly-histidine-

(DNP) with 1mL of 50% 2-mercaptoethanol in DMF for 12h with continuous stirring and then 

precipitated by using 100ml of ice-cold DEE for 72 h, repeated for 3 times to obtain the final 

product s-PLGA-poly-histidine (s-PLGA-pH).The obtained precipitate was washed with Milli-

Q, then lyophilized for 24h and stored at −20ᵒC. 

l-PLGA-pH was synthesized by conjugating l-PLGA-COOH with poly-histidine in EDC and 

NHS to obtain l-PLGA-poly-histidine-(DNP) followed by DNP deprotection and purification 

as that of s-PLGA-pH. 

Structural identification of the synthesized pH-sensitive polymer: 

1H NMR and FTIR analyses were performed to confirm the formation of s-PLGA-pH and l-

PLGA-pH. The chemical structures of s-PLGA, Boc-His (DNP)-OH, DNP-NCA-HCL, poly-

histidine, s-PLGA-pH, and l-PLGA-pH were characterized by 1H NMR spectroscopy at 300 

MHz on a Bruker Avance spectrometer using tetramethyl silane as an internal standard. FTIR 

spectra in the range of 4000 to 400 cm-1 were also acquired using ATR-IR using a Bruker ATR-

IR machine. 

Preparation of drug-loaded NPs: 

s-PLGA-pH and l-PLGA-pH NPs loaded with PTX and RSQ were prepared by the 

nanoprecipitation-based method, using microfluidic technology. Briefly, 0.5% Soluplus 

solution was used as the aqueous phase. PTX (100ug), RSQ (2mg), and s-PLGA-pH (20mg) 

were dissolved in 1mL ACN, which was used as the organic phase. Two separate pumps 

dispensed both the aqueous and organic phases at a flow rate of 100 µL/min for the aqueous 
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phase and 10µL/min for the organic phase. Outlets of both organic and aqueous pumps (A&B) 

were introduced into the micromixer chip, which combines the two solutions using a 'T' 

junction. Here, both the aqueous and organic phases were mixed by hydrodynamic flow 

focusing and staggered herringbone mixing, leading to the formation of the NPs due to 

nanoprecipitation of the polymer and drugs after mixing with the aqueous phase. These NPs 

were then collected and stirred overnight for the evaporation of ACN. Residual solvent and 

unentrapped (free) drugs were removed by dialyzing with an MWCO membrane of 10,000 Da 

(HiMedia) for 24h using 500ml of MQ water as an external medium with two changes of water 

at 6h and 12h. NPs were then concentrated by centrifugation at 2000 g for 15min. To obtain a 

1:200 molar ratio of PTX: RSQ loading in NPs, variable drug concentrations were observed 

for entrapment and drug loading in the initial screening. DiI-loaded NPs were prepared in the 

same way, where 1mg of DiI and 20mg of polymer were dissolved in 1ml of ACN and used as 

the organic phase, and 10ml of 0.5% Soluplus solution was used as the aqueous phase. NPs 

were prepared by using microfluidics, as discussed earlier, followed by solvent evaporation 

and free drug removal by dialysis.  

HPLC method for simultaneous estimation of PTX and RSQ:  

An HPLC method was developed to simultaneously estimate both the drugs (PTX and RSQ). 

Briefly, HPLC analysis was done using a Zodiac C18 column as the stationary phase and ACN: 

pH 5 phosphate buffer (60:40) as the mobile phase, with a flow rate of 1mL/min, and 10minrun 

time. The column oven temperature was 40°C. HPLC analyses of all the samples were 

performed using a 20µL injection volume, where the samples were dissolved in 60% ACN. 

The linearity curve was plotted for both PTX and RSQ, R2=0.99. The limit of detection (LOD) 

was found to be 0.04μg/mL, 0.075 μg/mL for PTX and RSQ, respectively, and the limit of 

quantification (LOQ) was found to be 0.14μg/mL and 0.2 μg/mL for PTX and RSQ 

respectively. Both LOD and LOQ were calculated according to ICH guidelines. 

Drug loading and encapsulation in NPs: 

5 mg of NP was taken and dissolved in 200µL of ACN, vortexed for 15 min and s-PLGA/s-

PLGA-pH/l-PLGA/ l-PLGA-pH NPs were precipitated by adding1mL of methanol. The 

polymers were separated by centrifuging at 3000g for 30 min. The supernatant was collected, 

dried, and dissolved in 60% ACN before analyzing with HPLC. 

The entrapment efficiency of the NPs was calculated by using the formula: 
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% Entrapment efficiency (%EE) = (Weight of actual drug loading /Total weight of drug added 

initially) × 100. 

Loading capacity was calculated by using the formula: 

% Loading capacity (%LC) = (Weight of total drug loading /Total NP weight) × 100. 

Analysis of particle size, polydispersity index (PDI), and zeta potential: 

The mean particle size, polydispersity index (PDI), and zeta potential of the NPs were 

measured using Zetasizer Nano ZS, Malvern Instruments, UK, at a backscattering angle of 

173°.  

Analysis of the pH-dependent size variation of the nanoparticles: 

s-PLGA, l-PLGA, s-PLGA-pH, and l-PLGA-pH NPs 5mg/ml each were dispersed in 

phosphate buffers of pH 7.4 and 6.5. Particle sizes and PDI of NPs were analyzed using DLS 

at 6h time point. In addition to DLS, the pH-dependent change in the NP morphology was 

analyzed by field emission scanning electron microscopy (FESEM) after suspending the NPs 

for 3h in a buffer of pH 7.4 and 6.5. After that, the NP suspension was air-dried, placed on the 

sample stub by using double-sided carbon tape, and gold coated. These were then subjected to 

FESEM analysis. 

In-vitro drug release study: 

The drug release studies in different pH buffers were performed by using the dialysis method. 

In brief, 5mg of the drugs-loaded NPs (s-PLGA (0.59µgPTX +53µg RSQ), l-PLGA (0.6µg 

PTX +58µg RSQ), s-PLGA-pH(0.64µg PTX +58µg RSQ), and l-PLGA-pH(0.7µgPTX +56µg 

RSQ) NPs) was diluted in 1mL of release medium in a dialysis bag and kept in a beaker 

containing 20mL of release medium (20 mM phosphate-buffered solution, pH 6.5 and 7.4).Sink 

condition was maintained using 0.2% tween 80 in the medium and kept on a magnetic stirrer 

(150 rpm) at 37°C. At 0, 0.25, 0.5, 1, 3, 6, 12, 24, 48, and 72h time intervals, 500 µL of the 

sample was collected and replaced with the same amount of buffer. The collected samples were 

then mixed with an equal volume of ACN and centrifuged at 3000×g for 30 min. The 

supernatant was taken and further analyzed using HPLC. Cumulative drug release (CDR) was 

calculated as follows: 

% Cumulative release (% CDR) = (Drug released from the NPs at the time 't'/Amount of drug 

present in NPs) × 100 
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Statistical analysis: 

The obtained data were analyzed, and graphs were made using Graph Pad Prism software 

version 5.0. In all the figures, the level of significance was indicated by * where p <0.01. The 

student's t-test was performed when the comparison was made between 2 experimental groups. 

Two-way ANOVA was used when the comparison was made between 2 or more groups 

containing 2 independent variables; posthoc Bonferroni multiple comparison tests were 

performed to compare the means of each group. Data were represented as mean ± SD. 

3.3. Results and Discussion: 

A large number of studies have been done for the development of tumor-targeted 

nanoformulation of PTX [17]. Few formulations among them have been approved for clinical 

use. However, many of these formulations follow complex design parameters that make scale-

up very difficult. Conventionally, nanoformulations are synthesized predominantly using batch 

processes, like ultrasonication, microemulsion, nanoprecipitation, thin film, etc. However, 

these processes often resulted in high batch-to-batch variation [18, 19]. For the successful 

translation of nano-carriers from bench to bedside, precise regulation of particle size 

distribution, uniformity, colloidal stability, batch-to-batch reproducibility, and scale-up facility 

are required [20].  

In the current study, we initially evaluated the effectiveness of a continuous-flow microfluidic-

based nanoprecipitation method over conventional nanoprecipitation using Soluplus as a 

representative polymer. Though Soluplus is mainly used as a solubility and bioavailability 

enhancing agent, being an amphiphilic copolymer, it can form micellar nanostructures, as it 

has been previously reported [21, 22]. We wanted to evaluate the feasibility of the microfluidic-

based continuous flow technique for synthesizing simple Soluplus NPs for PTX loading and 

check the effect of NP size on in-vitro cellular internalization. 

Synthesis and physicochemical characterization of the NPs: 

Soluplus NPs were synthesized using a microfluidic-based continuous flow nano-precipitation 

technique, where variable-sized NPs were prepared by varying the drug/polymer ratio (Figure 

3.2A). The critical NP concentration (CMC) of Soluplus is reported to be 0.8 mg/ml [23]. 

Keeping that in mind, we have taken a Soluplus concentration of 30 mg/ml, well above the 

CMC. Significant size variation of the NPs was observed between drug: polymer ratio of 0.5:30 

and 5:30. Use of a lower drug: polymer ratio (0.5:30) resulted in significantly smaller NPs of 

the size ~90 nm, named hereafter as small-Soluplus NPs (SNP). Higher drug: polymer ratio 
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(5:30) made NPs of the size ~180 nm, named hereafter as large-Soluplus NPs (LNP) (Figure 

3.2 and Table 3.1). This composition-dependent size variability was may be due to the highly 

lipophilic nature of PTX (logP 3.96). When a higher ratio of PTX was present, it aggregated 

into a larger core during the NP formation, whereas the presence of a lesser amount of PTX 

resulted in the opposite. This was also evident from the size of the blank Soluplus NPs (~60 

nm), indicating the absence of the hydrophobic PTX might make smaller NP.  

 

Figure-3.2: (A) Size distribution of SNP and LNP using DLS. Scanning Electron Microscopy (SEM) images of 

(B) LNP and (C) SNP.  

Both SNP and LNP were relatively monodisperse with a PDI of 0.21 and 0.23, respectively 

(Table 3.1), establishing the usefulness of the microfluidic platform for NP synthesis. SEM 

analysis also indicated that the NPs were spherical without any aggregation (Fig. 3.2B-C). 

Encapsulation efficiency was calculated by HPLC, where significantly higher encapsulation 

efficiency was observed with the SNP (95.5±2.9%) compared to the LNP (51.8%±2.4%) 

(Table 3.1). Higher encapsulation efficiency in the SNP may be due to the higher ratio of the 

polymer relative to the drug. In the SNP, less PTX was present per unit of encapsulating 

polymer, improving the encapsulation efficiency. % drug loading was found out to be 7.4±2.7% 

for LNP and 1.6±2.9% for SNP (Table 3.1). Higher drug loading in the LNP was probably 

responsible for its larger size, as discussed previously. In terms of PTX solubility in these NPs, 

it was calculated to be 79 μg/mL for SNP and 433 μg/mL for LNP (Table 3.1). Almost 415- 

and 2280-fold increase in solubility of PTX was observed with SNP and LNP, respectively.  
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NPs 
Organic: 

aqueous 
(v/v) 

Drug: 

Polymer 
(w/w) 

Size 
(nm) 

PDI 
Encapsulation 

Efficiency (%) 

Drug 

loading 

(%) 

Solubility 

(µg/ml) 

Solubility 

factor (fs) 

Blank 1:5 0:30 62±0.8 0.05±0.03 - - - - 

SNP 1:5 0.5:30 95±3.6 0.21±0.02 95± 3.2 1±0.5 79±0.25 415±0.83 

LNP 1:5 5:30 174±4.2 0.23±0.03 52±2.3 7±0.2 433±0.16 2280±0.51 

Table-3.1: Physicochemical characterization of different PTX loaded and blank Soluplus NPs.  

In-vitro drug release profile: 

The in-vitro release of PTX from the NP was carried out by the dialysis method, where the 

drug release pattern of SNP was compared with that of the LNP formulation. In the initial stage 

till 6 h, a burst release was observed in both the formulations, and both the NPs showed similar 

drug release at this stage, with a cumulative release of 22.6±0.4% and 22.9±0.1% for SNP and 

LNP, respectively. However, after the initial burst release, a prolonged sustained release was 

observed, where the SNP exhibited a higher release rate than the LNP. At 72 h, PTX release 

from the SNP was found to be 96.9±0.05%, whereas the same with LNP was 51.3±0.04% 

(Figure 3.3).  

 

Figure 3.3: Cumulative PTX release profile of SNP and LNP. Data was expressed as mean ± SD of 3 independent 

experiments. * indicates p < 0.01, analyzed using 2-way ANOVA test followed by posthoc Bonferroni multiple 

comparison test. 

From this data, it can be concluded that SNP showed faster drug release compared to LNP as 

smaller NPs have a larger surface area to volume ratio. In earlier studies, different PTX-loaded 

Soluplus NPs exhibited a low drug release rate. For example, Bernabeu et al. found ∼30% PTX 

release at 72 h [24] from a Soluplus-TPGS NP with a size of ~120 nm. Surface modification 
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with glucose moiety of the same NP did not change the release pattern significantly [25]. Hou 

et al. reported a ~40% cumulative drug release at 48 h from the ~165 nm Soluplus-Solutol NPs 

{Hou, 2016 #231. These data support our observation that the drug release rate from larger-

size NPs would be lower. In the current formulation, smaller NPs had a relatively higher 

amount of Soluplus, which could also enhance the hydration of the NPs, improving drug 

release.  

In-vitro cytotoxicity studies using 2D and 3D culture systems: 

Next, we compared the in-vitro cytotoxicity of SNP and LNP formulations using the MCF-7 

cell line. MCF-7 is a human breast cancer cell line. As PTX is used as a first-line drug against 

breast cancer [40], we have selected MCF-7 as a model system for the in-vitro efficacy analysis 

of the PTX-loaded NPs. Both the traditional 2D culture system and the 3D spheroid model 

were used to evaluate the efficacy of the formulations. A concentration-dependent cytotoxic 

effect was observed with both LNP and SNP as well as the free drug in the 2D model. 

Interestingly, both the free drug and LNP showed similar efficacy, whereas a significant 

increase in cytotoxicity was observed with the SNP compared to both LNP and the free drug. 

As depicted in Figure 3.4A, the IC50 of both the free drug and LNP was found to be ~16 nM, 

whereas that of SNP was ~3.2 nM. The blank Soluplus NPs were found to be non-toxic at the 

dose tested.  



  Chapter 3                                                            NPs - Optimization, Preparation and Characterization 

Page | 68  

 

 

Figure 3.4: (A) Cell viability analysis by MTT assay after treatment with SNP and LNP in MCF-7 cells in 2D 

model. Blank NPs were used as a control. Data was expressed as mean ± SD of 3 independent experiments. * 

indicates a significant difference compared to LNP treatment, p <0.01, calculated using 2-way ANOVA followed 

by posthoc Bonferroni multiple comparison tests. (B) Cell viability assay in 3D model. Data was expressed as 

mean ± SD of 3 independent experiments. * indicate p <0.01, calculated using 2-way ANOVA followed by 

posthoc Bonferroni multiple comparison tests. (C) Fluorescent microscopy images of MCF-7 cells after treatment 

with DiI-tagged SNP and LNP. Cell nuclei were stained with DAPI. (D) Comparison of the relative DiI 

fluorescence intensity (DiI/DAPI ratio) of SNP and LNP. Data was expressed as mean ± SD of 3 independent 

experiments, * indicate p < 0.01 calculated using student's t-test. 

Apart from the traditional monolayer cell culture system, we also evaluated the efficacy of the 

PTX-loaded NPs against the 3D spheroid model, as they better mimic the conditions and factors 

present in the in-vivo tumor [26]. Tumor cells are less sensitive to chemotherapeutics in 3D 

culture systems as they have a higher resistance than the monolayer culture system [27]; hence, 

an increased drug dose is needed for cytotoxic activity. Like the 2D culture study, both the free 

drug and LNP exhibited similar cytotoxic efficacy, whereas the SNP formulation exhibited 

higher potency (Figure 3.4B). The smaller size and enhanced hydrophilicity of the SNP may 

improve the spheroid penetration. In the case of free PTX, it may accumulate at the periphery 

of the spheroid due to its hydrophobic nature.  
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Effect of particle size on in-vitro cellular internalization and lysosomal colocalization 

study: 

To confirm the improved efficacy seen with the SNP, we compared the cellular internalization 

of LNP and SNP. The therapeutic effects of nanoformulations would depend on the cells' 

internalization and retention of nano-carriers. To evaluate cellular internalization, we prepared 

DiI (red fluorescent probe) loaded NPs of the same composition and size as that of SNP and 

LNP. After treating MCF-7 cells with the fluorescent probed NPs for 4 h, the intracellular 

uptake was analyzed by fluorescent microscopy. Mean fluorescence intensities were calculated 

using ImageJ. As depicted in Figures 3.4C and D, SNP shows significantly higher fluorescence 

intensity than LNP. The ratio of red (DiI, representative of NPs) to blue (DAPI, representative 

of cell nucleus) fluorescent intensities for SNP and LNP were found to be 1.6±0.6 and 0.7±0.1, 

respectively (Figure 3.4D), which indicates greater cellular internalization of SNP compared 

to LNP. In multiple previous studies, it has been demonstrated that smaller nano-carriers 

exhibited better cellular internalization compared to larger ones [28]. Next, to understand the 

drug-loaded NPs intracellular fate, the lysosome colocalization study was performed using DiI-

loaded LNP and SNP. As depicted in Figure 3.5, enhanced lysosomal localization was noted 

with the SNP compared to the LNP, corroborating the previous data. Increased lysosomal 

localization would improve the efficacy of the drug [29]. Paclitaxel is a lysosomal membrane 

permeabilizing agent, so delivering this drug to lysosomes provides an added advantage of 

lysosomal membrane permeabilization-induced cytotoxicity [30, 31]. This could be one of the 

reasons behind the higher cytotoxic efficacy of SNP over LNP as well as free PTX in the 2D 

in-vitro cytotoxicity study. 

 

Figure 3.5: Comparative analysis of lysosomal localization of the DiI-loaded SNP and LNP NPs in the MCF-7 

cells. Lysosomes were stained with lysotracker green, and the nuclei were stained with DAPI. 
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Tumor spheroid penetration: 

Nano-carriers can accumulate at the tumor site, taking advantage of the EPR effect. However, 

after the accumulation of nano-carriers at the tumor periphery, its penetration into less perfused 

tumor core is impeded by high extracellular matrix, interstitial fluid pressure, and cell density 

[1]. As the tumor core is rich in highly resistant cancer cells, penetration of nano-carriers to the 

tumor core is a major limiting factor determining its efficacy [32]. To analyze the tumor 

penetration capacity of SNP and LNP, we have used a 3D in-vitro model. Unlike 2D cell 

cultures where cells grow in monolayers, in the 3D spheroids, tumor cells self-aggregate into 

a complex 3D structure that better mimics the intercellular and transcellular signaling present 

in the in-vivo solid tumors [33]. Due to that, 3D in-vitro tumor models are highly recommended 

for the screening and evaluation of anticancer drugs and formulations, and they are better 

models for evaluating the penetration capacity of nanocarriers [34]. We have analyzed the time-

dependent penetration of SNP and LNP into the MCF-7 tumor spheroids. Penetration was 

assayed by a fluorescent microscopic study using DiI-loaded NPs of SNP and LNP with ~500 

µm spheroids. Two time points were studied: 4 h and 24 h. After 4 h, a considerable amount 

of SNP was found to have penetrated and accumulated in the peripheral region of the tumor 

spheroid, whereas, with the LNP, only background signal was detected, signifying very low 

spheroid penetration. After 24h, SNP exhibited excellent spheroid core penetration with almost 

100% coverage, while LNP showed a similar background signal as that of 4 h treatment (Figure 

3.6). SNP with NP size less than 100 nm shows effective penetration, whereas LNP with NP 

size greater than 100 nm shows restricted penetration. This may be because smaller nano-

carriers have transportation access to the collagen fibrils as they are small enough to diffuse 

between them, as interfibrillar spacing will be almost 70-130 nm, as the size of LNP is larger 

than 130 nm they have restricted penetration capability [35].  

 

Figure-3.6: Spheroid penetration of DiI loaded SNP, after 4h incubation (A), after 24h incubation (B) and DiI 

loaded LNP, after 4h incubation (C), and 24h incubation (D).  
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After successful optimization of the formulation process, a pH-sensitive nano-formulation was 

envisaged to evaluate their efficacy when co-encapsulated in an NP formulation. Designing 

nano-formulations for multi-drug delivery (in which different drugs target different cells) is 

significantly more challenging than designing single drug-loaded NPs. Nano-carriers, like 

liposomes, polymeric NPs, NPs, and drug-conjugates, can be taken up by cells [36], and the 

drug/s encapsulated in that nano-carrier would be effective against that cell only. Hence, a 

multi-drug-loaded nano-carrier targeting different types of cells should release the drugs 

efficiently upon reaching the TME so that the drug combination can act on their specific target 

cells. In this study, a pH-responsive polymer for TME-targeted drug release was synthesized. 

The extracellular pH in the TME is more acidic (pH 6.5 to 6.9) than the normal physiological 

pH (pH 7.2 to 7.5) due to the increased glycolysis and accumulation of lactic acid in the TME 

[37]. This lower pH in the TME was exploited for the NPs TME-specific release of PTX and 

RSQ. Due to the imidazole ring that contains s a lone pair of electrons on the unsaturated 

nitrogen atom, histidine can undergo pH-dependent protonation-deprotonation and polarity. 

Histidine remains in the non-protonated form at physiological pH, favoring interactions with 

other hydrophobic groups. At pH below its pKa, the imidazole ring becomes protonated and 

undergoes solubility transition, which can function as an efficient pH-sensitive moiety [38]. It 

has also been observed that histidine is responsible for the endosomal escape of the NPs 

because of its high pH buffering ability, commonly known as the proton sponge effect [39]. 

Synthesis and characterization of the pH-sensitive polymer: 

We have developed a pH-sensitive NP delivery system for TME-targeted delivery of the drug 

combination. A five-armed star-shaped PLGA was modified by conjugating it with poly-(L-

Histidine) as a pH-sensitive moiety at the end of each arm. This modified polymer should 

remain in the non-polar, unionized form in the systemic circulation at neutral pH, protecting 

the drug in encapsulated form. However, upon reaching the TME, it would get destabilized due 

to the protonation of histidine groups at the acidic pH and converted to ionic form, leading to 

a quick release of the entrapped drugs. The reaction scheme is depicted in Scheme 1. Initially, 

the terminal hydroxyl group of a commercially available star-shaped PLGA (s-PLGA-OH) was 

converted to the carboxyl (s-PLGA-COOH) by reacting with succinic anhydride. In a separate 

reaction, Boc-His (DNP)-OH was reacted with thionyl chloride in DMF to form DNP-NCA-

HCl, then reacted with iso-propylamine for ring-opening polymerization and production of 

poly-(N-DNP-L-Histidine), which was then reacted with the previously formed s-PLGA-

COOH to form s-PLGA-poly-Histidine-DNP in the presence of EDC and NHS.  
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Scheme 1: Reaction scheme for the synthesis of s-PLGA-pH 
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After every step, the product was purified by precipitation in ice-cold DEE and dried under a 

vacuum. DNP deprotection was done by using 50% 2-mercaptoethanol. The final product was 

dialyzed against distilled water to remove byproducts if formed. It was then lyophilized, and 

the final yield was around 92%. It was then stored at -20 °C for further use. A linear PLGA (l-

PLGA) was similarly modified to compare the polymer's shape to the pH-sensitive behavior. 

Poly-(N-DNP-L-Histidine) was reacted with l-PLGA-COOH in the presence of EDC and NHS 

and was purified with ice-cold DEE and dried under vacuum, followed by DNP deprotection. 

The final product obtained was characterized using 1H NMR (Figure 3.7). Herein, Boc-

His(DNP)OH has shown a peak at δ h12.6 ppm [which is of -COOH group of histidine, at δ 

7.9, 8.63, and 8.68  ppm [which belonged to the DNP group (i1, i2, and i3)], and at δ j1.36 ppm 

[that corresponds to the Boc group] [40]. The 1H NMR spectrum (in DMSO- d6) of NCA 

showed peaks at δ 8.2–9 ppm (the proton b, c, and d on phenyl group, DNP), δa 9.2 ppm 

(−N=CH−C), δe 7.9 ppm (−N=CH−N), δf 4.9 ppm (−CH−) and δg 3.20 ppm (−CH2) (Figure-

2). The 1H NMR spectrum (DMSO- d6) ) of poly-(Nim-L-histidine) has not shown peaks at δ 

8.15–9.00 ppm (proton a, c, and d on phenyl group, DNP), which indicates the successful 

deprotection of DNP, δb 8.4 ppm (−N=CH−C), δe 7.4 ppm (−N=CH−N), δf 3.9 ppm (−CH−), 

δg 3.7 ppm (−CH2) and δh 1.4 ppm (−C(CH3)2) [40]. 

s-PLGA (sp) has shown peaks at δa 5.32, δb 4.81, and δc 1.7 ppm, which were also present in 

the final product, s-PLGA-pH.s-PLGA-pH (spH) showed peaks at δf1.2 ppm ((−C(CH3)2)), δ 

7.3 ppm (−N=CH−N), δ 3.9 ppm (−CH−), and δd 3.6 ppm (−CH2), which all are indicative of 

the histidine group. However, the peaks at δ 8.25–9.1 ppm (the proton on phenyl group, DNP) 

were absent, signifying the removal of the DNP moiety. Overall, the NMR spectrum 

established the successful formation of histidine-conjugated spH. 
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 Figure 3.7: Structural characterization of the modified polymers using NMR spectroscopy.  

Similarly, 1H NMR of l-PLGA (lp) revealed characteristic peaks at δa 1.6 ppm (−CH3), δc 

4.97 ppm (−CH2 −), and δb 5.23 ppm (−CH−) [41]. l-PLGA-pH has shown the peaks similar 

to PLGA at δa 1.9 ppm (−CH 3), δc 4.99ppm (−CH2−),andδb5.18 ppm (−CH−), along with δ d 
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1.5 ppm ((−C(CH3)2)), δ 7.24ppm (-N =CH -N), δ 3.9 ppm (−CH−), δe 3.6 ppm (−CH2) of 

histidine group indicates the successful formation of histidine conjugated l-PLGA-pH (lpH). 

 

Figure 3.8: Structural characterization of the modified polymers using FT-IR spectroscopy. 

Further FTIR analysis was carried out to confirm the successful conjugation of poly-histidine 

to sp (Figure 3.8). The absence of OH peak and presence of N-C=O peak has shown the DNP-

NCA-HCl formation; after that, the presence of N-H and C=O has proved the formation of 

poly-(N-DNP-L-Histidine). In the FTIR spectra of spH, the absence of -OH stretch (at ~3200 
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cm-1) indicated ester link formation between poly-histidine and sp. Along with the absence of 

the −OH group signal, spH also exhibited NH (3400cm-1), stretching vibrations of histidine 

and C=O (1750 cm-1), C-O (1100 cm-1) stretching vibrations, and CN stretch (1089 cm-1) of 

sp. Even with lp, the absence of O-H and the presence of C-N have shown the product 

formation of lpH. Altogether, 1H NMR and FTIR results confirmed the successful formation 

of spH and lpH.  

Preparation and characterization of PTX and RSQ-loaded nanoparticles: 

The microfluidic-based nanoprecipitation method was used to prepare the drug-loaded NPs 

using these pH-sensitive polymers. Both the drugs (PTX and RSQ [100µg and 2mg] were 

dissolved in ACN(1mL) containing 20 mg of the polymer. 0.5 % Soluplus (BASF Pharma) was 

used as a stabilizer in the aqueous phase (10mL). Both the phases (organic and aqueous) were 

injected into a micromixer chip with the help of a syringe pump. The aqueous-to-organic flow 

rate was optimized to a 1:10 ratio (organic 10 µL/min and aqueous 100 µL/min). 

Hydrodynamic flow focusing and turbulent mixing in the Herringbone mixture allowed for the 

rapid exchange of solvent, resulting in the drug-loaded NP formation. The resultant NP 

suspension was kept for overnight stirring at room temperature for solvent evaporation; then, 

it was dialyzed against distilled water to remove the organic solvent and un-entrapped drugs. 

 

Figure 3.9: Particle size analysis of different NPs prepared with different polymers.  

The same procedure was followed with all four polymers [linear PLGA (lp), star PLGA (sp), 

linear PLGA-polyhistidine (lpH), and star PLGA-polyhistidine (spH)] with similar amounts of 

drug, polymer, and stabilizer concentration to make NPs, and the particle size was analyzed. 

Uniform particle sizes and PDIs were observed with NPs prepared with all the polymers 
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(Figure 3.9 and Table 3.2). The size was around 100-120nm, with a PDI of around 0.1-0.4. 

The Zeta potential of all four different NPs was found to be in the range of −6 to −8 ( Table 

3.2). Next, the entrapment efficiency and drug loading of PTX and RSQ were checked, as 

described in Table 3.2. All the NPs exhibited high entrapment efficiency and drug loading; 

however, moderately increased encapsulation was observed with the sp NPs over the lp NPs 

and after poly-histidine modification.  

Table 3.2: Effect of polymer modification on physicochemical characteristics of NPs  

Type Size (nm) PDI EE (%) LC (%) 

sp  NPs 120 ± 5.2 0.29 ± 0.03 
74± 0.12% PTX, 

69 ± 0.61% RSQ 
10.5 ± 0.16% 

spH NPs 128 ± 2.6 0.24 ± 0.12 
80 ± 0.86% PTX,  

85 ± 0.32% RSQ 
9.83± 0.25% 

lp  NPs 121 ± 3.5 0.31 ± 0.02 
69± 0.18% PTX, 

64 ± 0.36% RSQ 
9.61 ± 0.12% 

lpH NPs 136 ± 3.2 0.28 ± 0.10 
70 ± 0.21% PTX,  

87 ± 0.32% RSQ 
8.57 ± 0.27% 

 

Next, the pH-dependent stability of all the formulations (sp, lp, spH, and lpH) was compared 

at two different pH: 7.4 and 6.5. First, pH-dependent change in the particle size was evaluated 

with the help of DLS. As depicted in Figure 3.10A, no significant change in size was observed 

in the lp and sp NPs at both pH levels even after 6h of incubation. Lp NPs had shown size of 

212±1.7 nm in pH 7.4 and 191±2.3 in pH6.5. sp NPs exhibited a size of 174±2.5 nm in pH 

7.4and 131±3.6 nm in pH 6.5.In both cases, PDI was between 0.1-0.3.On the other hand, both 

the pH-sensitive NPs exhibited pH-dependent size variation. lpH and spH NPs remained stable 

at pH 7.4 (169±5.3 nm and 195±6.2 nm, respectively) with a PDI of 0.1-0.3. However, at pH 

6.5,a significant change in size happened. The size of lpH NPs was 2420±522.1 nm, and spH 

NPs were 8184±857.2 nm, with a PDI of 1, indicating high polydispersity (Table 3.3).  
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Figure 3.10:A: Particle size analysis through DLS of different NPs incubated at different pH (7.4 and 6.5) for 6h. 

B: SEM analysis of the size and shape of the NPs incubated at different pH (7.4 and 6.5).  

Then, the pH-dependent change in particle size was evaluated by field emission scanning 

electron microscopy (FE-SEM) for further confirmation. Corroborating with the DLS data, lp 

and sp NPs were similar in size and morphology at pH 7.4 and 6.5 after 3h incubation (Figure 

3.10B).  
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Table 3.3: Effect of pH on the size and PDI of the NPs measured using DLS (n = 3). 

 

In-vitro drug release: 

To evaluate the effect of pH on the drug release pattern, an in-vitro cumulative drug release 

study of drug-loaded (PTX and RSQ) NPs prepared with different polymers incubated at 

different pH (7.4, 6.5, and 5.5) was performed. Compared to sp, lp was more sensitive to 

changes in the pH. The cumulative drug release after 72hfrom lp NPs was found to be 

55±4.3%for PTX and 39±1.6% for RSQ in 5.5 pH buffer, while 26±3.5%PTX and 17±0.8% 

RSQ were released in 7.4 pH buffer (Figure 3.11A), an increase of more than20% in both of 

the drug released at pH 5.5 compared to pH 7.4. Contrarily, sp NPs were found to be more 

stable, with 52±3.3% PTX and 49±4.8% RSQ released in 5.5 pH buffer, whereas 42±2.4% 

PTX and 39±3.6% RSQ was released in pH7.4 buffer (Figure 3.11B), a difference of about 

10%. However, with poly-His modification, both the polymers exhibited significantly 

increased drug release at acidic pH. lpH NPs exhibited 79±3.8% PTX release and 88±4.6% 

RSQ release at pH 5.5, compared to 64±4.5% PTX and 43±5.17% RSQ release at pH 7.4 

(Figure 3.11C). spH NPs had shown even higher drug release at pH 5.5, which was 91±2.3% 

for PTX and 92±5.6% for RSQ, compared to 54±3.2% PTX and 51±3.4% RSQ release at pH 

7.4 (Figure 3.11D).  

NP 

formulations 

pH 7.4 pH 6.5 

0h 6h 0h 6h 

Size PDI Size PDI Size PDI Size PDI 

lp 176±3.1 0.2 212±1.7 0.3 109±2.4 0.2 191±2.3 0.2 

lpH 98±2.4 0.2 169±5.3 0.2 280±2.3 0.3 2420±2.1 1 

sp 164±4.1 0.2 174±2.5 0.1 101±3.7 0.3 131±3.6 0.1 

spH 112±1.3 0.3 195±6.2 0.2 308±2.7 0.4 8184±8.2 1 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/photon-correlation-spectroscopy
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Figure 3.11: Cumulative drug release study from NPs prepared with different polymers.   

Interestingly, for spH NPs, the drug release pattern showed almost 1:1 % release of PTX and 

RSQ. As our initial data indicated, maintaining this drug ratio might be necessary for improved 

synergistic efficacy. Earlier studies have demonstrated the impact of the polymer shape on drug 

loading and drug release [42]. It has been proven that multi-armed polymers have more drug 

loading than linear polymers [43]. In the drug release study, both lpH and spH NPs exhibited 

increased drug release at lower pH than neutral pH; however, with the spH NPs, the drug 

release ratio between PTX and RSQ was almost 1:1, which was not observed in lpH NPs 

(Figure 3.11). Maintaining the specific dose ratio could be beneficial for synergistic activity. 

The hypothesis was that in the case of the lpH NPs, only one end of the polymer was ionizing. 

However, the body of the polymer remained stable, which could lead to differential drug 

release. In the case of spH NPs, due to histidine modification at the end of each arm of its multi-

arm structure, ionization would lead to the same charge repulsion among all the arms, leading 

to complete opening of the NPs, releasing the encapsulated drug entirely. This hypothesis was 

supported by the NP size variation at different pHs (Figure 3.10 and Table 3.3). 

3.4. Conclusion: 

Clinical translation of nanomedicine is hindered due to the complexities associated with the 

formulation and scale-up process. The development of a simple, continuous flow process for 

the synthesis of nano-carriers with readily available and economical excipients can enhance 

the possibility of clinical success. The current study established that drug-encapsulated NPs 
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can be easily prepared with a continuous-flow microfluidics system. NPs smaller than 100 nm 

showed enhanced cytotoxic activity against both 2D and 3D in-vitro models, better tumor cell 

internalization, and 3D spheroid penetration. For tumor-targeted delivery of PTX+RSQ 

combination, a comparative study was done between two different pH-sensitive nano-delivery 

systems, one made with a linear polymer and the other with a multi-armed, star-shaped 

polymer, to evaluate the impact of polymer structure on the pH-sensitive property. The multi-

arm polymer exhibited improved efficacy in terms of pH-dependent size variation and drug 

release; a smart carrier system for the TME-specific release of the drug combination further 

improved its in-vitro efficacy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 3                                                            NPs - Optimization, Preparation and Characterization 

Page | 82  

 

References: 

1. Swetha, K.L. and A. Roy, Tumor heterogeneity and nanoparticle-mediated tumor targeting: 
the importance of delivery system personalization. Drug Deliv Transl Res, 2018. 8(5): p. 1508-
1526. 

2. Ernsting, M.J., et al., Factors controlling the pharmacokinetics, biodistribution and 
intratumoral penetration of nanoparticles. J Control Release, 2013. 172(3): p. 782-94. 

3. Choi, Y.H. and H.K. Han, Nanomedicines: current status and future perspectives in aspect of 
drug delivery and pharmacokinetics. J Pharm Investig, 2018. 48(1): p. 43-60. 

4. Hua, S., et al., Current Trends and Challenges in the Clinical Translation of Nanoparticulate 
Nanomedicines: Pathways for Translational Development and Commercialization. Front 
Pharmacol, 2018. 9: p. 790. 

5. Abou-Hassan, A., O. Sandre, and V. Cabuil, Microfluidics in inorganic chemistry. Angew Chem 
Int Ed Engl, 2010. 49(36): p. 6268-86. 

6. Song, Y., J. Hormes, and C.S. Kumar, Microfluidic synthesis of nanomaterials. Small, 2008. 4(6): 
p. 698-711. 

7. Yang, Y., S. Liu, and J. Geng, Microfluidic-Based Platform for the Evaluation of Nanomaterial-
Mediated Drug Delivery: From High-Throughput Screening to Dynamic Monitoring. Curr Pharm 
Des, 2019. 25(27): p. 2953-2968. 

8. Roy, A., et al., Selective targeting and therapy of metastatic and multidrug resistant tumors 
using a long circulating podophyllotoxin nanoparticle. Biomaterials, 2017. 137: p. 11-22. 

9. Yang, Y., et al., Comparison of Tumor Penetration of Podophyllotoxin-Carboxymethylcellulose 
Conjugates with Various Chemical Compositions in Tumor Spheroid Culture and In Vivo Solid 
Tumor. Bioconjug Chem, 2017. 28(5): p. 1505-1518. 

10. Barbuti, A.M. and Z.S. Chen, Paclitaxel Through the Ages of Anticancer Therapy: Exploring Its 
Role in Chemoresistance and Radiation Therapy. Cancers (Basel), 2015. 7(4): p. 2360-71. 

11. Mukhtar, E., V.M. Adhami, and H. Mukhtar, Targeting microtubules by natural agents for 
cancer therapy. Mol Cancer Ther, 2014. 13(2): p. 275-84. 

12. Orr, G.A., et al., Mechanisms of Taxol resistance related to microtubules. Oncogene, 2003. 
22(47): p. 7280-95. 

13. Barkat, M.A., et al., Nanopaclitaxel therapy: an evidence based review on the battle for next-
generation formulation challenges. Nanomedicine (Lond), 2019. 14(10): p. 1323-1341. 

14. Barua, S. and S. Mitragotri, Challenges associated with Penetration of Nanoparticles across 
Cell and Tissue Barriers: A Review of Current Status and Future Prospects. Nano Today, 2014. 
9(2): p. 223-243. 

15. Tang, L., et al., Investigating the optimal size of anticancer nanomedicine. Proc Natl Acad Sci 
U S A, 2014. 111(43): p. 15344-9. 

16. Ahmad, Z., et al., Polymeric micelles as drug delivery vehicles. Rsc Advances, 2014. 4(33): p. 
17028-17038. 

17. Ma, P. and R.J. Mumper, Paclitaxel Nano-Delivery Systems: A Comprehensive Review. J 
Nanomed Nanotechnol, 2013. 4(2): p. 1000164. 

18. Baer, D.R., The Chameleon Effect: Characterization Challenges Due to the Variability of 
Nanoparticles and Their Surfaces. Front Chem, 2018. 6: p. 145. 

19. Mülhopt, S., et al., Characterization of Nanoparticle Batch-To-Batch Variability. Nanomaterials 
(Basel), 2018. 8(5). 

20. Salvioni, L., et al., Thirty Years of Cancer Nanomedicine: Success, Frustration, and Hope. 
Cancers (Basel), 2019. 11(12). 

21. Zhang, S., et al., Bile acid transporter mediated STC/Soluplus self-assembled hybrid 
nanoparticles for enhancing the oral drug bioavailability. Int J Pharm, 2020. 579: p. 119120. 

22. Homayouni, A., et al., Curcumin nanoparticles containing poloxamer or soluplus tailored by 
high pressure homogenization using antisolvent crystallization. Int J Pharm, 2019. 562: p. 124-
134. 



  Chapter 3                                                            NPs - Optimization, Preparation and Characterization 

Page | 83  

 

23. Tanida, S., et al., Evaluation of the Micellization Mechanism of an Amphipathic Graft 
Copolymer with Enhanced Solubility of Ipriflavone. Chem Pharm Bull (Tokyo), 2016. 64(1): p. 
68-72. 

24. Bernabeu, E., et al., Novel Soluplus(®)-TPGS mixed micelles for encapsulation of paclitaxel with 
enhanced in vitro cytotoxicity on breast and ovarian cancer cell lines. Colloids Surf B 
Biointerfaces, 2016. 140: p. 403-411. 

25. Moretton, M.A., et al., A glucose-targeted mixed micellar formulation outperforms Genexol in 
breast cancer cells. Eur J Pharm Biopharm, 2017. 114: p. 305-316. 

26. Breslin, S. and L. O'Driscoll, The relevance of using 3D cell cultures, in addition to 2D monolayer 
cultures, when evaluating breast cancer drug sensitivity and resistance. Oncotarget, 2016. 
7(29): p. 45745-45756. 

27. Perche, F. and V.P. Torchilin, Cancer cell spheroids as a model to evaluate chemotherapy 
protocols. Cancer Biol Ther, 2012. 13(12): p. 1205-13. 

28. Operti, M.C., et al., Microfluidics-Assisted Size Tuning and Biological Evaluation of PLGA 
Particles. Pharmaceutics, 2019. 11(11). 

29. Torchilin, V.P., Recent approaches to intracellular delivery of drugs and DNA and organelle 
targeting. Annu Rev Biomed Eng, 2006. 8: p. 343-75. 

30. Rathore, B., et al., Nanomaterial designing strategies related to cell lysosome and their 
biomedical applications: A review. Biomaterials, 2019. 211: p. 25-47. 

31. Serrano-Puebla, A. and P. Boya, Lysosomal membrane permeabilization as a cell death 
mechanism in cancer cells. Biochem Soc Trans, 2018. 46(2): p. 207-215. 

32. Zhang, Y.R., et al., Strategies to improve tumor penetration of nanomedicines through 
nanoparticle design. Wiley Interdiscip Rev Nanomed Nanobiotechnol, 2019. 11(1): p. e1519. 

33. Nunes, A.S., et al., 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors 
resistance to therapeutic drugs. Biotechnol Bioeng, 2019. 116(1): p. 206-226. 

34. Xu, X., M.C. Farach-Carson, and X. Jia, Three-dimensional in vitro tumor models for cancer 
research and drug evaluation. Biotechnol Adv, 2014. 32(7): p. 1256-1268. 

35. Pluen, A., et al., Role of tumor-host interactions in interstitial diffusion of macromolecules: 
cranial vs. subcutaneous tumors. Proc Natl Acad Sci U S A, 2001. 98(8): p. 4628-33. 

36. Donahue, N.D., H. Acar, and S. Wilhelm, Concepts of nanoparticle cellular uptake, intracellular 
trafficking, and kinetics in nanomedicine. Adv Drug Deliv Rev, 2019. 143: p. 68-96. 

37. Feng, L., et al., The acidic tumor microenvironment: a target for smart cancer nano-
theranostics. National Science Review, 2018. 5(2): p. 269-286. 

38. Li, S. and M. Hong, Protonation, tautomerization, and rotameric structure of histidine: a 
comprehensive study by magic-angle-spinning solid-state NMR. J Am Chem Soc, 2011. 133(5): 
p. 1534-44. 

39. Swetha, K.L., et al., Development of a tumor extracellular pH-responsive nanocarrier by 
terminal histidine conjugation in a star shaped poly (lactic-co-glycolic acid). European Polymer 
Journal, 2021. 147: p. 110337. 

40. Hong, W., et al., Thermo- and pH-responsive copolymers based on PLGA-PEG-PLGA and poly(L-
histidine): synthesis and in vitro characterization of copolymer micelles. Acta Biomater, 2014. 
10(3): p. 1259-71. 

41. Dao, T.P.T., et al., A new formulation of curcumin using poly (lactic-co-glycolic acid)—
polyethylene glycol diblock copolymer as carrier material. Advances in Natural Sciences: 
Nanoscience and Nanotechnology, 2014. 5(3): p. 035013. 

42. Chen, Y., et al., Synthesis, characterization, and evaluation of paclitaxel loaded in six-arm star-
shaped poly(lactic-co-glycolic acid). Int J Nanomedicine, 2013. 8: p. 4315-26. 

43. Tao, W., et al., Docetaxel-loaded nanoparticles based on star-shaped mannitol-core PLGA-
TPGS diblock copolymer for breast cancer therapy. Acta Biomater, 2013. 9(11): p. 8910-20. 

 



                                 

 

 

 

 

 

 

Chapter 4: 

In-vitro efficacy of NPs 



Chapter 4 In-vitro efficacy studies 

Page | 84  

 

4.1 Introduction: 

In the previous chapter, we screened different TLR agonists for their immunostimulatory 

activity and found that resiquimod (RSQ; TLR 7/8 agonist) was the most effective for TAM 

activation [1]. The only problem associated with RSQ is its solubility and toxicity, because of 

which there is no systemic formulation available, which also limits its use. Most of the 

chemotherapeutics available to date are immunosuppressive in nature, making it challenging 

for tumor depletion [2]. One significant exception is paclitaxel (PTX), which was found to 

show immune stimulatory activity against different cancers like breast and ovarian cancer [3, 

4]. We have shown in the previous chapter that the PTX and RSQ combination has shown 

effective anticancer activity against cancer and macrophage cell lines when given in free drug 

form [1]. To deliver this drug combination targeted to the tumor, we need a drug delivery 

system that can deliver multiple drugs and should be able to protect the drugs from metabolism 

during systemic circulation and can release the payload upon reaching the TME and act on 

their target cells [5]. To attain this, triggered release NPs will be highly useful [6]. We have 

also explored the acidic pH of the TME to prepare pH-sensitive NPs that would remain stable 

in the vascular pH and get triggered with the acidic pH of the TME for the release of its cargo 

and its characterization in the previous experiments [7]. 

After successfully developing and optimizing the NPs, we aim to explore the efficacy of the 

prepared triggered release NPs encapsulating PTX and RSQ against tumor-macrophage co-

culture systems in 2D and 3D. The activity of the pH-responsive NPs was evaluated in 2D, 

quasi-3D (Transwell system), and 3D multicellular spheroid (tumor + macrophage). We have 

evaluated macrophage uptake of the NPs, cancer cell uptake, spheroid penetration, macrophage 

polarization (M2 to M1), and mechanisms involved, like ROS induction.  

4.2. Materials and Methods: 

PTX was received as a gift sample from INTAS Pharmaceuticals Ltd, and RSQ was purchased 

from TCI, India. Soluplus was procured as a free gift sample from BASF. cDNA synthesis kit 

and SYBR green qPCR kit were purchased from Bio-RadThe solvents used for HPLC analysis 

and polymer synthesis: methanol (HPLC grade), Acetonitrile (HPLC grade), 

dimethylformamide (DMF), diethyl ether (DEE), dimethyl sulfoxide (DMSO), and chloroform 

(CHCl3), were procured from Merck, India. HPLC analysis was done using a Shimadzu LC 

instrument (Kyoto, Japan). Zodiac C-18 column (5 mm particle size, L £ ID 15 cm £ 4.6 mm) 

was used as the stationary phase. All other chemical reagents used were of AR grade. 
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Cell Culture: 

4T1 (a mouse breast cancer cell line derived from the mammary gland tissue of BALB/c 

strain) and RAW 264.7 (mouse monocyte-macrophage cell line) were separately cultured 

in Dulbecco's Modified Eagle Medium (DMEM), with 10% fetal bovine serum and 50 

units/ml penicillin, and 50 mg/ml streptomycin at 37 °C, 5% CO2 in a humidified 

atmosphere. Cells were sub-cultured at 85% confluency using Trypsin−EDTA solution 

(0.05%) for cell detachment. 

Cancer-Macrophage Co-Culture and Complex Spheroid Model 

Quasi-3D RAW 246.7 cells after co-culture with 4T1, only 4T1 spheroids were made and 

co-cultured with RAW246.7. Briefly, 4T1 cells at 10,000 cells / 10ml (0.2% methyl 

cellulose-containing cell culture medium) were placed as hanging drops on the lid of the 

cell culture Petri dish. Spheroids were humidified by putting PBS in a Petri dish. After 24h 

of incubation, spheroids were transferred into 1% agarose-coated wells (in 24well plates) 

with 1ml cell culture medium. Then RAW246.7 cells at a density of 10,000 cells were 

plated on a Transwell  (0.4mm, polycarbonate membrane) inserted in 4T1 spheroids (10 

spheroids per well) containing well. 

4T1+RAW264.7 spheroids were prepared. Briefly, cells (7,500 4T1 cells and 2,500 RAW 

264.7) at 10,000 cells / 10ml (in 0.2% methyl cellulose-containing cell culture medium) were 

placed as hanging drops on the lid of the cell culture Petri dish. The hanging drops were 

humidified by putting PBS in the Petri dish's base to prevent the spheroid's drying. After that, 

the hanging drops were transferred to 1% agarose-coated round bottom 96 well plates with 200 

µl cell culture medium and incubated for 24 h, yielding the 4T1+RAW 264.7 spheroids. 

In-vitro tumor cell Internalization 

4T1 cells were seeded at a density of 50,000 cells on coverslips placed in a six-well plate with 

2 mL DMEM media in each well and incubated for 24 h. Followed by four h treatment with 

DiI-loaded NPs. After treatment, the media was removed and washed thrice with PBS. After 

that, the cells were fixed with 100% methanol for 20 min at −20 °C, followed by washing with 

phosphate buffer saline (PBS) two times, and then the coverslips were placed on the glass slides 

using DAPI containing mounting media. The prepared slides were then examined using a 

Confocal microscope at 10X magnification. 
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Macrophage uptake study: 

Macrophage uptake of the NPs was studied using fluorescently labeled NPs prepared by 

loading DiI in the NPs by substituting drugs. RAW 264.7 macrophage cells (50,000 cells/well) 

were seeded on coverslips placed in 6 well plates. After 24 h, macrophages were treated with 

lp NPs, lpH NPs, sp NPs, and spH NPs (1 μg/mL DiI). After 6 h incubation with DiI-loaded 

NPs, the media was removed, and the cells were washed thrice with PBS. Then, cells were 

fixed with 100% ice-cold methanol for 10 min. Then, they were washed three times with PBS. 

Next, the nucleus of the cells was stained by incubating the cells with DAPI (1 μg/ mL) solution 

for 10 min and then washed with PBS thrice. Afterward, the coverslips were drained and 

mounted on glass slides using glycerol. Microscopy was done using confocal laser scanning 

microscopy (CLSM) at 20× magnification. 

Endosomal escape 

4T1 cells were seeded on coverslips at 50,000 cells / well density in a six-well plate with 2 mL 

DMEM media and incubated for 24 h. After treatment with DiI-loaded NPs for 1h, NP-

containing media was removed and washed with PBS three times. Then, the cells were 

incubated in DMEM media for 3 h. After that, media was removed, and cells were washed with 

PBS twice, followed by incubation with lysotracker green for 20 min; then, cells were fixed 

with 100% ice-cold methanol for 20 min at −20 °C. After that, cells were washed with PBS 2 

times; the coverslips were then mounted on the glass slides using DAPI containing mounting 

media. The prepared slides were then examined using a confocal microscope at 20X 

magnification. The images were processed with ZEN 2.3 software, and colocalization was 

analyzed using ImageJ software (version: Fiji) with the Coloc 2 plugin. 

Spheroid penetration of NPs: 

Spheroid penetration of the NPs was studied using DiIl-loaded NPs. 5-day old spheroids were 

treated with NPs containing 10 µM of DiI and were incubated for 24 h. Imaging of spheroids 

was done through fluorescent microscopy (ZEISS, Axio Vert. A1) at 4X magnification. For 

optical sectioning, spheroids were treated for 48h, and image acquisition was performed using 

a Confocal microscope at 10X objective magnification. Ten z-stack images with 10% surface 

overlap were acquired for each spheroid with a 20 µm-z step. The image represented is the 

stacked image of 10 z-stack images captured. Images were then processed with Zen 2.3 

software. 



Chapter 4 In-vitro efficacy studies 

Page | 87  

 

Evaluation of payload release of NPs using DiI/DiO colocalization in 3D spheroids: 

Drug release from the NPs in the spheroid microenvironment was studied using DiI + DiO 

loaded NPs by evaluating DiI/DiO colocalization in the tumor spheroids. 5-day old spheroids 

were treated with 100 µg/ml of DiI + DiO loaded. They were incubated for 24h; after that, 

spheroids were taken for imaging through a confocal microscope (ZEISS LSM 880, 

AxioObserver) at 10X magnification. The green fluorescence of DiO was measured at an 

excitation wavelength of 488 nm and an emission wavelength of 532 nm. Red fluorescence of 

DiO was measured at excitation wavelength 514 nm and emission wavelength 560 nm. 10 z-

stack images with 10% surface overlap were acquired with a 15 µm-z step. The image 

represented is the stacked image of 10 z-stack images captured. Images were then processed 

with Zen 2.3 software. 

Analysis of drug release using FRET: 

FRET analysis confirmed the payload release from the DiI + DiO NPs in the tumor spheroid 

microenvironment. After treating the tumor spheroids with DiI + DiO co-loaded NPs for 24h, 

microscopic analysis was done using ZEISS LSM 880, Axio Observer at 10X magnification. 

Images were captured using the DiO channel (488 nm excitation, 535 ± 20 nm emission) and 

FRET channel (488 nm excitation, 560 ± 20 nm emission). Z-stack images were captured with 

a 15 µm z-step. The FRET ratio was calculated using the following formula. 

FRET ratio = IFRET / (IFRET + IDiO) 

 

IFRET is the intensity of the FRET signal, and IDiO is the intensity of the DiO signal. 

 

Cytotoxicity assay (2D and 3D): 

For cell viability assay of 2D culture, 4T1/RAW cells were seeded at 5000 cells/ well density 

in a 96-well plate. After 24 h of incubation, cells were treated with drug solutions (0.5-500 nM 

PTX, 0.1-1µM RSQ in the initial screening, and 5nM PTX and 1µM RSQ in further studies) 

and incubated for 72 h at 37 °C with 5% CO2. No drug treatment was given in the control cells, 

and the same amount of complete medium was added. After 72h of incubation, cells were 

treated with 200µl of 1 mg/ml MTT solution dissolved in the complete medium. After 4 h of 

incubation with MTT, the medium was replaced with 200 µl of DMSO to dissolve the formazan 

crystal formed by the viable cells. Optical density at 570 nm was measured by removing 

background absorbance at 630 nm. Cell viability was calculated using the following formula: 
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Cell Viability (%) = (mean absorbance value of drug-treated cells)/ (mean absorbance value of 

control) × 100 

For cell viability assay of 3D culture, treatment was given for 72 h with free drug and 

encapsulated drugs equivalent to 10nM PTX and 2µM RSQ. Further, the spheroids were 

collected into 1.5 ml centrifuge tubes with medium and centrifuged for 10 min at 200×g. The 

supernatant was removed and replaced with a medium containing MTT (1mg/mL). After 4 h 

of incubation, MTT was replaced with DMSO (500 µl) to dissolve the formazan crystals 

formed by the viable cells. Then, cell viability was calculated, as mentioned earlier. 

Apoptosis assay: 

PI/Annexin-FITC staining by flow cytometry was performed to measure apoptosis. This was 

achieved by using only tumor cells (4T1), only macrophages (RAW 264.7), and 3D complex 

spheroid, where PTX(5nM), RSQ (1 μM), PTX (5nM) + RSQ (1 μM) sp NPs, and spH NPs 

were used as treatment groups. After 72h treatment, cells were trypsinized and washed twice 

with phosphate-buffered saline. Then, cells were suspended in 500 μl of 1× binding buffer 

(Annexin Binding Bufer (5X) for flow cytometry, Thermo Fisher Scientific). After that, the 

cells were stained with four μl Annexin V-FITC (Annexin V-FITC, Invitrogen™) and 10 μl of 

PI (propidium iodide solution, FluoroPure™ Grade, Invitrogen™). The samples were 

incubated for 15 minutes at room temperature (25 °C) in dark conditions. The cytometric 

analysis was performed in a flow cytometer (CytoFLEX, Beckman Coulter), and the data were 

analyzed by CytExpert software. % Apoptosis was calculated over all viable cells and after 

subtracting the autofluorescence of cells. The results were represented as mean±SEM values.  

Tumor-specific cell death  

a) Live-Dead Staining: 

We have used Transwell (Quasi 3D system) to identify the tumor-specific cell death. Here, we 

have made 4T1 spheroids and added them in the lower chamber of the Transwell and Raw 

264.7 macrophage cells (2D) on the Transwell membrane in the top chamber. After 72h of 

treatment, we stained the 4T1 spheroids and 2D macrophages using Annexin  (10 μg/mL)  and 

Propidium Iodide (PI- 1μg/mL) diluted with PBS. Annexin labels all the nuclei in blue of all 

the viable cells, and PI labels the nuclei of dead cells in red. The staining was attained after 

incubating it for 15 min in the dark at 37°C, followed by microscopic analysis. 
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b) Luciferin tagged 4T1 cells (LUC2-4T1): 

We have used luciferin-tagged 4T1 cells to confirm further tumor-specific cell death to check 

the fluorescence intensity after treating the LUC2-4T1 cells with luciferin-D. The experiment 

was done in 2D conditioned media and 3D complex spheroid (4T1+RAW 264.7 cells). In 2D 

conditioned media, RAW 264.7 cells were initially treated for 24h. The treated media was 

added to luc-2-4T1 cells and incubated for 24h, followed by luciferin-D treatment (4µg/ml) for 

1h. Afterward, the cells were washed with PBS, and microscopic images were captured using 

a fluorescent microscope. The same procedure was followed for 3D complex spheroid after 

24h of treatment. 

Spheroid invasion assay: 

3D invasion assay was performed using 24-well plates with transwell inserts (Corning, New 

York, USA). Briefly, 24 well inserts were pre-coated with Matrigel (BD Biosciences, New 

Jersey, USA), and 4T1+RAW 264.7 cell complex tumor spheroids were made and allowed to 

grow in the top chambers of the transwell. After that, the spheroids were treated with PTX, 

RSQ, PTX+RSQ, sp NPs, and spH NPs. Parallely, 900 μL DMEM complete media was added 

to the transwell lower chamber and kept for incubation for 24h at 37°C. After the treatment, 

the cells on the transwell membrane were removed using a cotton swab. After that, the cells 

penetrated through the membrane and were fixed using 4% ice-cold methanol and staining with 

0.1% crystal violet. Microscopic images of the migrated cells were captured using an inverted 

microscope, and the number of migrated cells was counted using ImageJ software. 

Intracellular reactive oxygen species (ROS) generation by DCFDA assay 

Cellular ROS in 2D cells and 3D spheroids were analyzed by DCFDA assay. The ROS present 

in the cells can convert DCFDA into a highly fluorescent compound 2′, 7′–dichlorofluorescein 

(DCF). The amount of ROS can be quantified by measuring the fluorescence intensity of DCF. 

2D cells and 3D tumor spheroids were treated with free drugs and N.P.s, for 24 h. Then, the 

treatment containing media was removed, followed by DCFDA incubation (20 µM) for 15 min. 

After that, fluorescent images were captured through an inverted fluorescence microscope 

(ZEISS, Axio Vert.A1) at 10X magnification. 

Gene expression Analysis: 

Total RNA from the cells was isolated from TRI reagent, which was then used to synthesize 

cDNA using a cDNA synthesis kit. qRT-PCR reactions were carried out using SYBR green 
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super mix. GAPDH was used as a housekeeping gene, which normalized specific primer 

interest data. Primers used in the present study are given below: 

 

GAPDH : F: ACCCAGAAGACTGTGGATGG, R : TCTAGACGGCAGGTCAGGTC,    

TNF-α : F: GCCTCTTCTCATTCCTGCTTG, R: CTGATGAGAGGGAGGCCATT, 

IL-10 : F: CCCTGGGTGAGAAGCTGAAG, R : CACTGCCTTGCTCTTATTTTCACA. 

IL-12 : F: ACGAGAGTTGCCTGGCTACTAG, R: CCTCATAGATGCTACCAAGGCAC 

CD-86 : F: ACGATGGACCCCAGATGCACCA, R: GCGTCTCCACGGAAACAGCA, 

CD-206 : F: GTTCACCTGGAGTGATGGTTCTC, R: AGGACATGCCAGGGTCACCTTT 

TGF-β : F: CCTGTCCAAACTAAGGC, R : GGTTTTCTCATA GATGGCG, 

VEGF: F: ACAAACCGATCGGAGCTGG, R: CTTGGCATGGTGGAGGTACA,  

iNOS : F: AACTTGTTTGCAGGCGTCAG, R: CACATTGCTCAGGGGATGGA 

SOS2: F: CACCAGTGGAATGGCACATCAG, R : CTTTGGTCCAGACACTCCCTAC 

Enzyme-linked immunosorbent assay (ELISA): 

After confirming the macrophage polarization using PCR, we confirmed by using ELISA. 

After the treatment of cells 2D conditioned media, quasi 3D and 3D  spheroids, the cell culture 

supernatant media were collected and analyzed for TNF-α and IL-10 secretion using an ELISA 

kit following the manufacturer's instructions (Ray biotech). All the samples were analyzed in 

triplicates. The data was analyzed by measuring the absorbance using a microplate reader 

(Epoch) at 450nm. TNF-alpha and IL-10 standard curves were plotted with the concentrations 

suggested according to the kit. 

Ex-vivo stimulation studies of PD-MIP NP/CWNP on splenocytes 

For evaluating the biological activity of the drug combination and the prepared NPs, 

Splenocytes were stimulated with these NPs ex-vivo. Briefly, Splenocytes were isolated from 

the spleen of BALB/C mice and co-cultured with 4T1 cells; then, the complex spheroids were 

made using splenocytes + 4T1 cells and transferred into a 6-well plate, 30 spheroids/well. The 

cells were then stimulated with treatment groups (PTX, RSQ, PTX+RSQ, sp NPs, spH NPs). 

After 72h of treatment, RNA was isolated and analyzed for M1 and M2 marker expression and 

antigen presentation ability using MHC-I and MHC-II expression.  
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Statistical analysis : 

All the data were analyzed using GraphPad Prism software version 8. One-way ANOVA was 

used when there were≥ 2 groups compared to the control; post hoc Tukey's test was performed 

when the means of every group was compared with every other group. All the data was 

represented in mean ± SD. In all the graphs, ns indicates a nonsignificant difference, and * 

indicates p < 0.001. 

4.3.Results and Discussion: 

Cellular uptake analysis: 

 
Figure 4.1 Tumor cell internalization of DiI loaded NPs in 4T1 tumor cells studied by confocal 

fluorescent microscope at 20X magnification (scale bar = 200 µm) 

To evaluate the cellular uptake in tumor cells, macrophages, and colocalization studies, DiI-

loaded NPs and DiO +DiI co-loaded NPs were prepared. Herein, we have screened all the 4 

different NPs preparations, i.e, both pH-sensitive NPs [linear PLGA-polyhistine NPs (lpH 

NPs), star-PLGA-polyhistidine NPs (spH NPs)] and non-pH-sensitive NPs [(linear PLGA NPs 

(lp NPs), star PLGA NPs (sp NPs)], to confirm whether the pH-sensitive behavior and shape 

of the polymer affect the intracellular delivery of the NPs (Figure 4.1).  

For tumor cell uptake, 4T1 cells were treated with DiI-loaded NPs for 4h, and then fluorescent 

microscopy was done using a ZEISS Axio Observer Z1/7 fluorescent microscope. Both lp and 

sp had a low accumulation of DiI, with most of the DiI in the periphery of the cell, representing 

a localized accumulation of NPs in the tumor cells. Both lpH and spH exhibited increased 
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intracellular distribution of the DiI. More uniform distribution was observed with spH NPs, 

which might be because of the uniform release of the payload from spH NPs, which also 

resembles the increased tumor cell death of spH NPs.  

Macrophage Uptake: 

As the NPs were prepared with a surface coating of Soluplus, to study the effect of this coating 

on lp NPs, sp NPs, lpH NPs, and spH NPs on macrophage uptake, we have treated DiI loaded 

NPs to macrophage cell RAW 264.7 for 24h and then observed under confocal microscopy. A 

moderate amount of macrophage uptake was observed with the lp, sp, and lpH NPs, whereas 

uptake of the spH NPs was found to be slightly lower. PLGA NPs have a high affinity towards 

serum proteins, which helps in macrophage uptake [8]. A uniform coating of Soluplus on spH 

NPs might reduce protein binding, leading to decreased macrophage uptake (Figure 4.2). 

 

Figure 4.2:Macrophage uptake of DiI loaded NPs using confocal microscopy (scale bar= 100 µm) 

Endosomal Escape: 

Endosomal escape of the NPs keeps them stable by preventing their degradation in the 

lysosomal compartments, for which cytosolic delivery of the NPs is essential for maintaining 

their efficacy. This is because of the uniform distribution of the drug targets in the cytosol [9]. 

It can be achieved using pH-sensitive NPs, which help endosomal escape [10]. In multiple 

previous studies, uniform distribution of drugs in the cytosol from pH-sensitive NPs was 
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observed [11]. Here, we treated the 4T1 tumor cells with DiI-loaded lp, sp, lpH, and spH NPs 

for 4h, and then the cells were stained with lysotracker followed by DAPI as nucleus stain. 

Images were captured using the ZEISS Axio Observer fluorescent microscope, and 

colocalization analysis was done by using Zen software. Figure 4.3 shows a higher 

colocalization index of lp and sp when compared to lpH and spH NPs. 

 
Figure 4.3: Endosomal escape of DiI-loaded NPs studied using lysotracker colocalization assay; images were 

captured using fluorescent microscopy at 40X magnification (scale bar = 50 µm). 

3D Tumor Spheroid Penetration: 

Next, drug penetration using these two pH-sensitive NPs (lpH and spH NPs) was analyzed in 

the cancer spheroids using DiI-loaded NPs. Non-pH-sensitive NPs were used as a control. 

Here, spheroids were treated with DiI-loaded lp, sp, lpH, and spH NPs and were observed under 

the microscope after 24h. Figure 4.4A shows a significant difference in the distribution and 

penetration of DiI fluorescence between the pH-sensitive and non-pH-sensitive NPs. With both 

lp and sp NPs, DiI fluorescence was mainly localized in the periphery of the cancer spheroid. 

However, with lpH and spH NPs, significantly increased spheroid core penetration was 

observed (Figure 4.4B). Among all the groups, spH NPs exhibited the highest spheroid core 

penetration, significantly more than lpH NPs.  
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Figure 4.4: A. Tumor spheroid penetration of DiI loaded NPs was evaluated after 24 h treatment using 

fluorescence microscopy at 10X magnification (scale bar = 100 µm) B. Quantifying fluorescence intensity in 

tumor spheroid core and periphery using ImageJ software. ** indicates p<0.01.   

DiI/DiO colocalization study in the tumor-macrophage complex spheroid: 

pH-sensitive NPs help in deeper penetration of the NPs to the core of the spheroids when 

compared to non-pH-sensitive NPs.  To confirm the pH-sensitive release of the NPs at the TME 

is the reason for the enhanced penetration, we have analyzed the colocalization of the NPs 

loaded with DiI and DiO in tumor complex spheroids. The images were captured using a 

confocal microscope, and Zen software calculated the colocalization index accordingly. After 

24h of treatment of the DiO+DiI loaded NPs, we have found increased colocalization of non-

pH-sensitive NPs, i.e., 0.84 with lp NPs and 0.75 with sp NPs, compared to 0.6 with lpH NPs 



Chapter 4 In-vitro efficacy studies 

Page | 95  

 

and 0.5 with spH NPs. The lowest colocalization index of spH NPs (Figure 4.5) indicated the 

release of payload, i.e., DiI +DiO at the acidic pH of the TME, when other groups were found 

to be stable with the dyes encapsulated inside showing increased colocalization.  

 

Figure 4.5: Analysis of the release of the payload by the dye-loaded NPs in the tumor spheroid model: A) 

Colocalization study of DiI and DiO, delivered using DiI + DiO loaded lp, lpH, sp, and spH NPs to the tumor 

spheroids (scale bar = 200 µm).   

FRET analysis: 

After confirming the pH-sensitive release of the payload from NPs, we cross-verified it using 

FRET signaling from DiO and DiI co-loaded NPs. FRET efficiency is calculated based on the 

closeness of the dyes present, and the excitation wavelength of one dye will be used as the 

emission wavelength of the other dye. When DiI and DiO are encapsulated in the NP, they will 

be very close to each other with higher FRET efficiency, whereas when they are released, their 

FRET efficiency decreases. After treating the spheroids with DiI +DiO loaded NPS, FRET 

images were captured using excitation 488nm and 535 nm emission for DiO, which is also used 

as excitation for DiI. Interestingly, we have observed a significant decrease in FRET signaling 

with spH NPs 0.39 when compared to others, i.e., lpH NPs- 0.41, sp NPs- 0.59, lp NPs -0.78, 

indicating effective release of payload with spH NPs when compared to others (Figure 

4.6A&B).  



Chapter 4 In-vitro efficacy studies 

Page | 96  

 

 

Figure 4.6: A) Microscopic evaluation of  FRET analysis between DiO and DiI to evaluate the release of 

the dyes from the lp,lpH, sp, and spH NPs (scale bar = 200 µm). D) FRET ratio with all the NPs 

Cytotoxicity analysis: 

In the drug penetration analysis, spH NPs exhibited the highest penetration. Based on that 

observation, spH NPs were selected for further in-vitro efficacy analysis, and sp NPs were used 

as the control. Next, the effect of NP encapsulation of the drugs on the direct cytotoxic activity 

was evaluated with both spH and sp NPs. Both 4T1 cancer and RAW 264.7 macrophage cells 

were separately treated with the native drugs, their combination, and the drug combination 

encapsulated in the poly-His modified NPs at the dose of 5 nM PTX and 1 µM RSQ. Against 

only 4T1 cells, treatment with the drugs alone or in combination (both native and NP 

encapsulated) exhibited moderate cytotoxicity. Cell viability was found to be 75±2.3% with 

PTX alone, 86±1.1%with RSQ alone, and 74±2.3% with PTX+RSQ. With sp N.P.s, cell 

viability was 74±1.6%, and with spH N.P.s, it was 71±3.1% (Figure 4.7A). Against only RAW 

264.7 cells, all drug treatments showed very low cytotoxicity, with more than 95% cell viability 

observed with all the treatments (Figure 4.7B). 

Next, the cytotoxic potency of the drug combination against the co-culture of the 4T1 cancer 

cells and RAW 264.7 macrophage cells was evaluated. Initially, a complex cancer spheroid 

model, prepared with 4T1 and RAW 264.7 cells, was developed to mimic the TME in an in-

vitro system (Figure 4.7C). These spheroids were treated with free drugs, and NP encapsulated 

drugs at the dose of 10nM PTX and 2µM RSQ for 72 h. The dose of drugs was doubled for 

cancer spheroid treatment compared to monolayer culture because the cancer spheroids exhibit 

resistance.[12] Cell viability was measured by MTT assay. As depicted in Figure 4.7D, 

treatment with PTX and RSQ alone resulted in marginal cell death, with 76±2.3% and 81±3.8% 

cell viability with PTX and RSQ, respectively. However, the drug combination group observed 

a significantly increased cell death. Cell viability was found to be 51±2.6% with PTX+RSQ 
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combination treatment. This data indicated that treatment with the drug combination could have 

synergistic efficacy. Interestingly, encapsulation of PTX+RSQ in the pH-sensitive NPs 

exhibited a differential effect. With the sp NPs, the cell viability was 58±5.5%, whereas, with 

spH NPs, the cell viability was 29±3.6%. The significantly higher (p<0.05) cell death with the 

spH NPs could be due to the more uniform (maintaining 1:1 ratio of PTX and RSQ, as shown 

in release data Figure 3.12) drug release observed in the spH NPs. 

 
Figure 4.7:A. Direct cytotoxic activity of the drug-loaded NPs against 4T1 tumor cells. B. Direct cytotoxic 

activity of the drug-loaded NPs against RAW 264.7 macrophage cells. C. Microscopic image of a complex 

spheroid made with 4T1 tumor and RAW264.7 macrophage cells. D. Cytoxic activity of the drug-loaded NPs 

against the complex spheroid model. E. Designing a quasi-3D-coculture system to analyze differential death of 

tumor cells and macrophages. F. Analysis of cell viability of 4T1 tumor and RAW 264.7 macrophages in the quasi-

3D co-culture experiment. ** indicates p<0.05. 
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The mixed cancer spheroid model can mimic the actual in-vivo cancer more consistently. 

However, analyzing the death of individual cell types is challenging in that model. A transwell-

based co-culture experiment was performed to understand the impact of the combination 

treatment on both 4T1 cancer cells and the RAW macrophages individually. In this experiment, 

cancer spheroids were made using 4T1 cancer cells, which were kept in the lower chamber of 

the trans-well, whereas RAW 264.7 cells were plated in the upper chamber (Figure 4.7E). Drug 

treatment was given in the lower chamber; however, as the RAW 264.7 cells are exposed in the 

same medium, they are equally exposed to the drug. Corroborating the observation in the 

experiment using the mixed cancer spheroid model, increased cancer cell death was observed 

with the PTX+RSQ combination treatment (38±2.5% viability). The death of the macrophages 

was relatively low (68±5.3% viability). Among the NP encapsulated drug treatment, treatment 

with spH NPs exhibited increased cancer cell death (29±8.6% viability) compared to sp NPs 

(46±6.5% viability) (Figure 4.7F), supporting the observation in the previous experiment with 

mixed cancer spheroid model. 

Apoptosis assay: 

Following our observation of the enhanced cytotoxic effects associated with the PTX+RSQ 

combination and NPs, our interest turned to investigating the specific contribution of apoptotic 

cell death in the context of PTX+RSQ treatment. To address this, we conducted an apoptosis 

analysis utilizing flow cytometry with Annexin V-FITC/PI staining. The treatment groups 

encompassed the PTX+RSQ combination, sp NPs, and spH NPs. In both 2D and quasi-3D 

(Transwell) as well as 3D experimental setups, we observed a slight increase in apoptotic cells 

with the PTX+RSQ combination administered as free drugs (10%-4T1, 7%-RAW 264.7, 21%-

3D complex spheroid). However, a substantial increase in the percentage of apoptotic cells 

(Annexin V+PI-positive cells) was observed in the spH NPs group (35%-4T1, 8%-RAW 264.7, 

27%-3D complex spheroid), as depicted in Figure 4.8.  
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Figure 4.8: Apoptosis assay in A) 4T1 cells, B) RAW cells, C) 4T1+ RAW complex spheroid  treated with different 

groups (control, PTX, RSQ, PTX +RSQ, sp NPs, and spH NPs) 

This data strongly suggests that the cytotoxicity associated with the PTX+RSQ combination 

primarily operates through the mechanism of apoptosis. Importantly, these results are 

consistent with our previous findings of improved cytotoxic behavior exhibited by the 

PTX+RSQ combination in the MTT assay (Figure 4.7), and more improvement in the 

%apoptosis rate with spH NPs might be because of the triggered release of the payload at the 

acidic pH; thus the drug combination and NPs gave us complementary evidence of the efficacy 

of this treatment approach. 

Live/dead staining: 

We conducted live-dead staining experiments to validate the tumor-specific cell death observed 

in our cytotoxicity data. In this study, we formed spheroids composed of 4T1 tumor cells and 

allowed them to grow in the lower chamber of a Transwell system. At the same time, 2D 

macrophages were cultured on the polycarbonate membrane in the upper chamber. We exposed 

all experimental groups, including those treated with PTX, RSQ, a combination of PTX and 

RSQ, sp NPs, and spH NPs, for 72 hours, followed by the fluorescent images to assess changes 

in the morphology of both 4T1 spheroids and 2D macrophages. 
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Figure 4.9: Live/dead staining in transwell system of 4T1 tumor and 2D raw 264.7 cells. A) Representative 

fluorescent images of 4T1 tumor spheroids used to analyze cell death stained with Propidium iodide (PI) and 

Hoechst 33342 as outlined. B) Representative fluorescent images of 2D RAW 264.7 cells to analyze cell death 

stained with Propidium iodide (PI) and Hoechst 33342. Scale bars indicate 100 μm.  

In Figures 4.9A and B, our observations reveal distinctive alterations after the 72-hour 

treatment period. Notably, the spheroids in the control and PTX+RSQ group maintained their 

shape and stability throughout the experiment, unlike the combination treatment and NP 

groups, where we observed significant deformities. This deformation is likely attributed to the 

cytotoxic effects of the treatment groups on the spheroids. This discrepancy can be attributed 

to the distinct permeability characteristics of the treatment modalities. The NPs, owing to their 

pH-sensitive property, were destabilized within the spheroids' acidic environment. 

Consequently, the released drugs penetrated deeper into the spheroids, leading to enhanced 

tumor cell death. Unlike the NPs, the free drugs did not exhibit the same pH-sensitive release 

behavior, resulting in less effective penetration into the spheroids and lower levels of PI 

staining. These findings underscore the importance of triggered-release NPs, which can 

enhance drug permeability and efficacy within tumor spheroids. 

Tumor-specific cell death using LUC2-tagged 4T1 cells: 

After observing the cancer cell death using live-dead staining, for further verification, we have 

used luc-2 tagged 4T1 tumor cells to confirm the tumor-specific cell death using luciferin 

expression. The experiment was performed in both 2D conditioned media and 3D complex 

spheroid. In the 2D conditioned media experiment, where RAW 264.7 conditioned media 

(treated with free drugs or NP) was added to the tumor cells, significantly increased tumor cell 
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death was observed with the spH NP treatment, compared to others, including PTX+RSQ 

combination and spNP. In the 3D complex spheroid, luciferin fluorescence was found to be 

decreased significantly with the spH NP treatment, compared to others, which could be because 

of the pH-sensitive destabilization of the spH NPs at the tumor's acidic core pH. (Figure 4.10A 

and B) 

 
Figure- 4.10A) 2D Luciferin tagged 4T1 cell microscopy images when treated with conditioned media of RAW 

264.7 cells and treatment groups, B) 3D LUC-2 4T1+RAW 264.7 complex spheroid expressing luciferin 

fluorescence after treatment for 72h. 
 

Reactive oxygen species (ROS) generation: 

After confirming the improved cytotoxic cell death of the drug combination and NPs, we 

studied the role of ROS generation in tumor cell death. We checked ROS generation capability 

in 2D conditioned media and 3D complex spheroid systems. For 2D conditioned media, we 

initially treated the macrophages for 24h and then transferred the media to previously seeded 

4T1 cells for 24h. After that, DCFDA was added and incubated for 15 min followed by imaging 

using fluorescent microscopy at 10X magnification in an inverted fluorescent microscope 

(ZEISS Axio Vert. A1). For complex spheroids, tumor-macrophage co-cultured 3D spheroids 

were treated with PTX (10 nM) and RSQ (2 µM) and with the same dose in NPs for 24h, 

followed by DCFDA treatment for 15min and microscopy. We have observed an increase in 

ROS generation with the PTX +RSQ combination compared to PTX and RSQ alone in both 

2D and 3D. It is also observed that a significant increase in ROS and DCFDA fluorescent 

intensity in spH NPs might be because the pH-sensitive nature of the  NPs allowed them to 

penetrate more into the core of the spheroid, and more cellular localization in 3D helped 

improve ROS generation. It was also evident that M1 macrophage activation leads to ROS 
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activation, primarily because of the high production of TNF-α [13, 14]. From this, it is evident 

that enhanced cytotoxicity and M1 macrophage stimulation of the PTX +RSQ combination, 

when given as spH NPs, might also be because of improved ROS generation. 

 

Figure-4.11: Induction of ROS in PTX+RSQ treatment. Fluorescent microscopic images of DCFDA stained 4T1 

cells, RAW Cells, 2D conditioned media of RAW added to 4T1 cells and 4T1+RAW 3D complex spheroid after 

treatment with Control, PTX, RSQ, PTX+RSQ, sp NPs, and spH NPs, showing increased DCF fluorescence in 

spH NPs compared to control, and other treatment groups. The scale bar in the image indicates 50  µm.  

In-vitro anti-metastatic property: 

To check the metastatic property of the tumor cells, we have performed a spheroid migration 

assay using a transwell system, using tumor-macrophage complex spheroid. We have observed 

that though there is a decrease in migration ability with RSQ alone, there is a significant 

decrease in the number of cells migrated to 50% compared to the control. Interestingly, the % 

of cells that migrated decreased drastically to 20% with spH NPs treatment, which indicates 

that spH NPs have the potential to inhibit the migration ability of the tumor cells effectively, 

indicating it can reduce metastasis as well (Figure 4.12A and B). 
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Figure-4.12: A) Microscopy images of cell migration assay of 4T1+RAW 264.7 complex 3D spheroids after 24 

h treatment in 24-well transwell inserts with crystal violet staining. B) Quantification of the number of cells 

migrated in the migration assay.  

Analysis of  gene expression pattern: 

After observing increased cancer cell death in the cancer spheroid model, we analyzed the 

macrophage polarization pattern following NP treatment in 2D conditioned media, a transwell-

based mixed cancer spheroid model (Quasi 3D), and 3D. Initially, the treatment with spH NPs 

led to when we checked the M1 macrophage polarization marker, i.e., NF- kB, IFN-γ there was 

an increased expression with spH NPs (Figure 4.13A and B) when compared to PTX+RSQ 

and other treatment groups as well. NF-kB is also majorly known for its immune activation, 

playing a role in macrophage polarization towards the M1 state and also regulates the 

production of multiple cytokines like TF-alpha, IL-6, and many others, which helps in reducing 

the immune suppressive activity of macrophages in turn, enhancing the anti-tumor immune 

response of combined chemoimmunotherapy [15, 16]. 

Conversely, a diminished expression of M2-marker TGF-β was observed (Figure 4.13C) with 

the PTX+RSQ treatment, both free and NP-encapsulated drugs. In a similar pattern, we have 

observed decreased expression of Pgp, a major MDR protein capable of effluxing 

chemotherapeutics out of cancer cells, which can reduce the effectiveness of treatment. In 

TME, TAMs were also found to express high p-gp, leading to the maintenance of an 

immunosuppressive microenvironment and even leading to drug resistance, which can, in turn, 

decrease the effectiveness of therapy. Thus, decreased Pgp expression with the spH NPs 

(Figure-4.13D) suggests that it can also help diminish drug resistance [17]. After that, VEGFA 

expression was also found to decrease when compared to the control group and free drug 

combination. It is well known that VEGFA helps in angiogenesis, which helps form the blood 

vessels in the tumor. To avoid tumor growth and spread along with improved immune cell 

delivery, VEGFA should be inhibited [18]. Reduced VEGFA can also promote immune cell 

infiltration in macrophages, leading to enhanced immunotherapy by increased anti-tumor M1 

macrophage polarization [19]. Thus, decreased VEGFA expression improved anti-tumor 
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activity (Figure 4.13E). Altogether, the data signifies the enhanced in-vitro 

immunotherapeutic ability of the PTX+RSQ drug combination encapsulated in a pH-sensitive 

NP.  

 

Figure-4.13: Quantification of gene expression after treatment to 2D conditioned media, Quasi-3D (Transwell 

system) 3D complex spheroid model A) NF-Kβ, B)IFN-γ, C) TGF-β, D) P-gp,  E)VEGFA, F) iNOS, G) SOS2, 

H) SOX-2, I) OCT-4 

The treatment with spH NPs has also led to increased iNOS and SOS2 expression when 

compared to the PTX+RSQ combination and free drugs alone. iNOS (Inducible Nitric Oxide 

Synthase) is majorly responsible for producing NO, which has both anti-tumor and pro-tumor 

effects; elevated Inos (Figure 4.13F), in turn, increased NO leads to anti-tumor effects by 

becoming cytotoxic to cancer cells, through induction of DNA damage and programmed cancer 

cell death, Increased NO can also lead to enhanced antigen by increased MHC molecules on 

macrophages that in turn helps in activating Tcell activation as well [20-22]. Increased SOS2 

could be because of the activation of Ras proteins that play a vital role in cell proliferation, 

survival, and differentiation (Figure 4.13G) [23, 24] 

We have also observed almost basal level of stem cell marker expression, i.e., Sox-2 and Oct-

4 with spH NPs treatment, compared to free drug combination and other groups. Thus, it was 

established that spH NPs encapsulated with PTX and RSQ can reduce therapeutic resistance 
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and tumor recurrence along with improved chemo-immunotherapeutic activity (Figure 4.13H 

and I) [25]. 

ELISA: 

After successfully analyzing M1 and M2 polarization of macrophage markers using PCR, we 

analyzed protein level analysis of macrophage polarization using TNF-α and IL-10 using 

ELISA kits. In the supernatant of the cells treated with drugs and NPs in only RAW 264.7 cells, 

2D conditioned media of 4T1 cells was added to RAW along 3D tumor-macrophage complex 

spheroid conditions. We have observed that there is an increase of TNF- α expression with 

almost 100-fold in 2D, 390-fold increase in conditioned media, and 410-fold increase in 3D 

complex spheroids when compared to control, indicating M1 macrophage polarization. With 

spH NPs, there was a drastic increase of TNF- α expression, i.e., 200-folds in 2D, 420-fold 

increase in conditioned media, and 820-fold increase in 3D complex spheroids as shown in 

Figure 4.14, which has a more effective macrophage activation with immune activation when 

compared to the free drug combination.  

Similarly, with IL-10 expression, there is a decreased expression with PTX+RSQ combination, 

i.e., 50-fold in 2D, 100-fold increase in conditioned media, and 120-fold increase in 3D 

complex spheroids. When it comes to spH NPs, there is a 20-fold in 2D, 60-fold increase in 

conditioned media, and 70-fold increase in 3D complex spheroids, proving that M2 

macrophage expression was about to basal level leading to decreased immunosuppressive 

nature of the TME (Figure 4.14). 

 

Figure-4.14: Quantitative estimation of M1 and M2 macrophage marker expression at protein level using ELISA  

TNF-α and IL-10. 
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Ex vivo immunostimulatory activity of NPs: 

The immunogenic potential of the TLR agonist by macrophage polarization has become the 

key to immune-mediated tumor growth reduction in almost all types of cancers. To evaluate 

the macrophage polarization ability of the drug combination along with NPs, they were co-

incubated with the primary splenocytes for 72 h. Interestingly, PTX+RSQ and spH NPs 

exhibited a Th1 type response stimulated splenocytes by secreting higher amounts of pro-

inflammatory cytokines, TNFα, IL-12, IFNγ and CD86 as compared to the free drugs 

individually, which could be attributed to the M1 macrophage polarization of RSQ drug 

combination and the pH sensitivity of the NPs as evident from the immunostimulatory activity 

of sp NPs (non-pH sensitive NPs) (Figure 4.15). After  72h, CD206, IL-10, and TGF-β levels 

were also estimated from the culture supernatant, which mainly indicated the pro-tumorogenic 

cytokines, leading to the immune suppression of the TME. Interestingly, both PTX+RSQ and 

spH NPs have reduced secretion of all the M2 marker expression compared to the free drugs, 

suggesting T cell activation [26, 27].  

 

Figure 4.15:  EX-vivo analysis: Protein level expression of M1 marker expression –CD86, IL-12, TNF-α, IFN-γ 

expression using splenocyte + tumor cell complex spheroid. M2 marker expression, i.e., TGF-β, IL-10, and 

CD206. Antigen presentation capability by MHC-I and MHC-II expression. 

Hereafter, as we know, MHC plays a crucial role in the immune system by presenting antigens 

to T cells, a crucial component of the adaptive immune response. So, after confirming the 
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macrophage polarization, we have checked the immunogenic potential of cancer cells as we 

are targeting macrophages, one of the significant antigen-presenting cells in the TME. The 

primary role of MHC-I is to present antigens to CD8+ cytotoxic T cells (CTL) by encountering 

antigens presented by MHC-I, activating by killing antigen-presenting cells along with cancer 

cells. Interestingly, when we checked the MHC-I expression in splenocytes after 72h of 

treatment, we observed increased MHC-I expression in spH NPs when compared to free drug 

combination and alone, proving that improved immunogenic potential as it is allowing CTLs 

to recognize macrophage, in turn leading to M1 polarization[23]. Surprisingly, we have also 

observed improved MHC-II expression (Figure 4.15), which might be because of the antigen-

presenting capability of macrophage, which can help in activating CD4+T cells, that, in turn, 

helps in the immunogenic potential of other immune cells, which is mere because MHC-II can 

typically be expressed by immune cells but not cancer cells for helping ineffective immune 

response to cancer cells [28-30]. 

4.4. Conclusion: 

The current study compared the tumor-targeted delivery of PTX+RSQ drug combination with 

in-vitro cell culture techniques. Initially, we have observed improved tumor-specific cell death 

and macrophage polarization. In continuation, the final formulation was found to have 

improved cancer cell uptake, decreased macrophage uptake along with improved endosomal 

escape and cytosolic distribution, proving the uniform distribution of payload and pH-

dependent destabilization of NPs have been found using 3D spheroid penetration, where 

improved tumor core penetration of spH NPs when compared to lpH and non-pH sensitive NPs 

(lp and sp NPs) proving the pH-sensitive release of the payload. The spH NPs showed potent 

in-vitro chemo-immunotherapeutic activity through M1 macrophage polarization and tumor-

specific cell death in both 2D and 3D complex spheroid models. PTX and RSQ combination 

was also found to show improved efficacy by modulating ROS. 

Overall, the efficacy of finally optimized spH NPs was also predominantly higher in 

comparison with free drug combination and non-pH sensitive NPs in terms of tumor cell 

cytotoxicity and macrophage immune stimulatory marker expression, showing that spH NPs 

have improved in-vitro chemo-immunotherapeutic activity. A further in-vivo study is warranted 

to evaluate its potential for clinical translation. 
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5.1. Introduction: 

It is well established that mouse physiology and anatomy are similar to humans. To take 

advantage of this and avoid the harm associated with human studies, animal models can be 

used for cancer research and new drug discovery processes [1-3]. Most commonly used animal 

models for cancer research consist of immune-competent or immunocompromised mice where 

the tumor can be transplanted orthotopically or subcutaneously with either xenograft or 

syngenic tumors, which are straightforward and cost-effective in tumor model development 

when compared to other models [4, 5]. 

Hence, after the successful demonstration of the improved efficacy of the PTX+RSQ 

combination for chemo-immunotherapeutic potential against tumor cells and macrophage co-

culture in both 2D and 3D in-vitro systems, next, we analyzed the in-vivo pharmacokinetic, 

bio-distribution, and efficacy in tumor-induced mice models. As we have developed pH-

triggered NPs, the pharmacokinetic profile of PTX and RSQ must be checked for its absorption, 

distribution, metabolism, and elimination rate to confirm the safety profile after a successful 

treatment period. As we have observed in-vitro pH-dependent stability and destabilization, an 

in-vivo tumor model would give us a clear picture of these NPs to confirm their payload in 

TME at acidic pH and tumor bio-distribution. 

We here initially checked the safety profile of free drugs and both NPs [sp NPs (non-pH 

sensitive) and spH NPs (pH-sensitive)], followed by tumor biodistribution and 

pharmacokinetics. Then, after this initial screening, the better formulation was taken forward 

for efficacy and other confirmational in-vivo studies. 

5.2. Materials and Methods: 

PTX was received as a gift sample from INTAS Pharmaceuticals Ltd, and RSQ was purchased 

from TCI, India. Soluplus was procured as a free gift sample from BASF. The solvents used 

for HPLC analysis and polymer synthesis: methanol (HPLC grade), Acetonitrile (HPLC 

grade), dimethylformamide (DMF), diethyl ether (DEE), dimethyl sulfoxide (DMSO), and 

chloroform (CHCl3), were procured from Merck, India. HPLC analysis used a Shimadzu LC 

instrument (Kyoto, Japan). Zodiac C-18 column (5 mm particle size, L £ I.D. 15 cm £ 4.6 mm) 

was used as the stationary phase. All other chemical reagents used were of A.R. grade. 
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Animals: 

Female Balb/C mice aged 5-7 weeks, with a weight range of 18-20 g, were procured from the 

National Centre for Laboratory Animal Sciences, National Institute of Nutrition in Hyderabad, 

India, with approved protocol no IAEC/RES/31/08. The mice were housed in standard cages 

with five individuals per cage within a temperature-controlled environment (23-24 ºC) with a 

relative humidity of 50-60 %. They followed a 12-hour light/dark cycle and were provided with 

appropriate quantities of food and water. 

Preparation of stock solutions calibration standards and quality control (QC) samples: 

10 mg/ml of PTX and RSQ stock solutions were prepared with ACN. Diazepam, 100 µg/ml 

solution working stock, was prepared in ACN and used as an internal standard at 1 µg/mL in 

all the samples. 100 µg/ml of working solution was prepared for PTX and RSQ. Then, the 

dilutions were made accordingly with 100 µl of mice plasma to obtain 500, 750, 1500, 4500, 

and 6000 ng/ml calibration standards of PTX and RSQ. Similarly, 5500 ng/ml (HQC), 4000 

ng/ml (MQC), 200 ng/ml (LQC), and 100 ng/ml (LLOQC) QC samples were made for PTX 

and 5500 ng/ml (HQC), 4000 ng/ml (MQC), 200 ng/ml (LQC) and 100 ng/ml (LLOQC) for 

RSQ. All QC samples were prepared in six replicates independent of calibration standards.  

Liquid chromatographic conditions: 

Chromatographic separation of PTX and RSQ from mice plasma interferences was achieved 

by using C18 (5 μm particle size, L × I.D. 15 cm × 4.6 mm) column as stationary phase and 

gradient method was used where, A: acetate buffer (pH-3.5), adjusted with 0.1% formic acid, 

B: ACN as mobile phase. The flow rate was set at 1 ml/min, with a run time of 20 min. The 

elution method was as follows: 0-6.5 min, A was maintained at 35%, then A was changed to 

80% in 6.5-6.7 min, and it was hold at 80% till 13 min, after which A was changed to 35% at 

13-13.2 min, then it was hold at 35% till 20 min for column equilibration. Samples were 

injected at 40 μl injection volume, PTX absorbance was measured at 230 nm, and RSQ 

absorbance at 249 nm wavelength. Hardware control and data interpretation of the obtained 

data were performed by using LC solution software version 1.22 SP1.  

Extraction of drugs from plasma: 

The protein precipitation method was used to extract PTX and RSQ from mice plasma, where 

100 µl of mice plasma was spiked with PTX and RSQ concentrations ranging from 500 ng/ml 

to 6000 ng/ml. Diazepam was taken as an internal standard, and 0.5 µg/ml concentration of 
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diazepam was added to the plasma with all the samples analyzed. Then, the plasma with drugs 

was precipitated with ACN, followed by vertexing for 60 seconds, then centrifuged for 20 

minutes at 10,000rpm and 4°C. After that, the obtained supernatant was kept for drying at 60ᵒC, 

then the dried samples were reconstituted with ACN, and the supernatant was analyzed using 

HPLC.  

Calibration curve and linearity range: 

All calibration standards ranging from 500 ng/ml to 6000ng/ml for PTX and RSQ were 

prepared and analyzed using the HPLC method. The graph was plotted between concentration 

(on the X-axis) Vs peak area (on the Y-axis). The relation between the x and y-axis was 

expressed through the equation y = mx + c, where m is the slope and c is the intercept of the 

line. The obtained data was calibrated by using linear regression analysis. 

Validation of the developed method: 

 The developed bioanalytical method was validated per the US Food and Drug Administration 

(US-FDA, 2018) guidelines [6]. The following parameters were analyzed accordingly.  

a) Selectivity: 

The selectivity of the above-developed method was enacted to examine the significant 

chromatographic interferences that can be because of the plasma matrix. To perform the 

selectivity, plasma was collected from six different mice and analyzed using the 

abovementioned procedure [7].  

b) Linearity and calibration curve: 

Calibration standards of PTX and RSQ were prepared, which ranging from 500 ng/ml to 6000 

µg/ml, and analyzed using HPLC; the obtained data was used to plot a graph with peak area 

ratios of both the drugs and IS (Diazepam). The relationship between the x-axis (concentration) 

and the y-axis peak area ratio) was expressed using the y = mx + c, where m and c are the slope 

and intercept, respectively. The linear regression analysis was performed using calibration data.  

c) The lower limit of quantitation (LLOQ) and limit of detection (LOD): 

Signal-to-noise ratios (S/N) of the response of the drug in the samples were considered to 

analyze the sensitivity of the developed bioanalytical method. According to the USFDA 

guidelines, the S/N ratio should be >3 for the LOD and >10 for the LLOQC. LLOQC was 

determined as the concentration of the PTX and RSQ that showed acceptable accuracy and 
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precision (± 20%). The LOD was analyzed by spiking PTX and RSQ at concentrations less 

than the LLOQC at which the drug could be detected [8].  

d) Accuracy and precision: 

The developed method's intra-day and inter-day accuracy and precision were ensured by 

analyzing LLOQC, LQC, MQC, and HQC in six replicates (n = 6). The accuracy was expressed 

as % Bias and precision as % RSD or % Coefficient of Variation. According to the guidelines 

for accuracy, the acceptance limit is ± 15% SD from the nominal concentration. For precision, 

it is ±15% SD from nominal concentration, whereas for LLOQC, it should not be greater than 

± 20% for both accuracy and precision. 

e) Recovery (%): 

The percentage recoveries of PTX, RSQ, and IS were analyzed by comparing the area of six 

replicate samples of LQC, MQC, and HQC (n=6), along with the corresponding standard 

concentrations. The percentage recovery of IS was also calculated at a single concentration of 

1 µg/mL in six replicates (n = 6). 

f) Carry-over effect: 

The carry-over effect of the blank plasma samples was analyzed by injecting immediately after 

injecting the HQC samples. The acceptable limit for blank plasma samples is less than 20% 

compared to LLOQC, according to the USFDA guidelines. 

Toxicity study 

Female BALB/c mice weighing 20 ± 5 g were divided into six groups (Control, PTX, RSQ, 

PTX+RSQ, PNPs, and spH NPs) containing three mice in each group. After overnight fasting, 

animals were treated with PTX (5 mg/kg), which was administered intravenously (i.v.) via tail 

vein, where 0.5 mg PTX in 100 µl of ethanol+ 100 µl of Tween 80 (1:1) and 800 µl of normal 

saline (N.S.). RSQ, Dissolve 19 mg RSQ in 100 µl of ethanol+ 100 µl of Tween 80 (1:1) and 

add 800 µl of normal saline (N.S.). From this, inject 200 µl through the tail vein (I.V.) into 20 

g mice; for PTX+RSQ and NPs, equivalent doses were given through i.v. Route. The treatment 

was carried out with repeated doses at intervals of 0, 4, and 8. Animals were monitored 

regularly for skin color, eye color, fur levels, locomotion activity, water intake, tears 

production, abnormal stereotypy, and death recorded. After eight-day treatments, animals were 

sacrificed on the 8th day, and all the major organs (Lungs, Liver, Kidneys, Heart, and Spleen) 
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were collected, followed by slicing and H & E staining. The tissue sections were then captured 

using light microscopic imaging at 40× magnification. 

H & E staining: 

Tissues were isolated, washed with saline, and fixed with 4% paraformaldehyde. Then, tissues 

were sliced at five μm thickness using a microtome. After mounting the slices on a glass slide, 

the manufacturer's protocol was followed with H & E staining. Histological modifications of 

tissue sections were performed using the light microscope.  

Pharmacokinetic studies: 

Pharmacokinetic studies were performed on female BALB/c mice, 4-6 weeks old 20 ± 5 g; 

animals were divided into six groups (Control, PTX, RSQ, PTX+RSQ, sp NPs, and spH NPs) 

with three animals in each group. Treatment for all the groups was administered by i.v. Route 

with the following doses: PTX (5mg/kg) and RSQ (150mg/kg). Equivalent amounts of PTX 

RSQ in PTX+RSQ, sp NPs, and spH NPs were also administered through i.v. Route. By retro-

orbital plexus, blood was collected at pre-determined time points from each animal (0.25, 

1,2,4,6,12,24, 48, and 72h). Blood was collected into a tube containing 10% disodium EDTA 

as an anti-coagulant; plasma was isolated by centrifuging these tubes at 6,000 rpm for 15 

minutes at 4 ◦C and then analyzed using HPLC. Plasma concentration Vs area profiles of PTX 

and RSQ were plotted. Different pharmacokinetic parameters, including area under the curve 

(AUC), apparent volume of distribution (Vd), drug concentration at t = 0 (C0), elimination 

half-life (t1/2), and systemic plasma clearance were obtained by applying a non-compartmental 

model in Phoenix 8.0 WinNonlin (Pharsight Corporation, USA). 

Establishment of the 4T1-Luc orthotopic tumor-bearing mice model: 

To study the tumor biodistribution and in-vivo efficacy of prepared NPs, the 4T1-Luc 

orthotopic tumor- model was developed in Balb/c mice. Briefly, 100 μL of 4T1-Luc cell 

suspension (50,000 cells in 100 μL) was injected into the lower-left mammary fat pad of the 

female BALB/c mice to develop  4T1-Luc orthotopic breast cancer model 

Biodistribution study: 

The in-vivo biodistribution analysis of Dil-labeled nanoparticles (sp NPs and spH NPs) was 

conducted using an in-vivo imaging system (IVIS® Lumina III, PerkinElmer, USA). A dose of 

100 μg/kg DiI equivalent of [DiI] loaded sp NPs and [DiI] loaded spH NPs was intravenously 
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administered to BALB/c mice bearing 4T1-Luc tumors via the tail vein. Following injection, 

the biodistribution patterns were assessed at different time points (0.5, 1, 3, 6, 12, and 24 hours). 

Images were captured using the in-vivo imaging system with an excitation filter set at 550 nm 

and an emission filter set at 567 nm. Furthermore, 24 hours post-injection, the treated mice 

were euthanized. The main organs were collected, and ex-vivo images were acquired using the 

same in-vivo imaging system. 

Tumor growth inhibition studies: 

4T1-Luc (1.5x106 ) cells were suspended in 100 μL of cold PBS and injected into the mammary 

fat pad of female Balb/c mice to induce tumor growth. Once the tumor volume reached 50-60 

mm3, the mice were divided randomly into five groups (n = 5 each): control, PTX, RSQ, 

PTX+RSQ, and spH NPs. Formulations were administered intravenously through the tail vein 

every other day for 0, 4, and 8 days. The mice were regularly weighed during this period, and 

the tumor volume was recorded. On days 0, 5, 10, 15, and 21, the mice received intraperitoneal 

injections of D-luciferin (150 mg/kg), and imaging was conducted using IVIS Lumina 

(PerkinElmer Inc, USA; Ex/Em. 620/780 nm) to monitor tumor progression. After the 

completion of the treatment regimen, the mice were anesthetized using ketamine/xylazine; the 

tumors were surgically excised and weighed.  

TUNEL assay: 

The assessment of apoptosis within the tumor tissues was conducted through the TUNEL assay. 

Tumor sections underwent treatment with the TUNEL reagent (TACS®TdT-Fluor). In Situ 

Apoptosis Detection Kit, R&D Systems, USA) following the guidelines provided by the 

manufacturer. Subsequently, the sections were examined using a fluorescence microscope. 

DAPI staining was observed using a blue filter (Ex/Em. 359/457 nm), while TUNEL-positive 

cells were visualized using a green filter (Ex/Em 488/520 nm). 

KI67 assay: 

Initially, tumor sections were incubated with a blocking buffer (1% BSA) for 1 hour. Following 

this, the sections were exposed to the Ki-67 primary antibody (Rabbit mAb #9129) for 12 hours 

at a temperature of 4°C. After being washed three times with PBS, the sections underwent an 

additional 2-hour incubation with a secondary antibody (Alexa Fluor® Plus 488) at room 

temperature in a dark environment. Following three additional washes with PBS, the sections 

were observed in a fluorescent microscope. 
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ROS detection assay: 

Reactive oxygen species (ROS) production within the tumor tissue was evaluated using the 

fluorescent probe DCFH-DA. Following a 21-day treatment regimen involving different drugs 

and formulations, an intratumoral injection of DCFH-DA (50 μL, 25 μM) was administered to 

BALB/c mice bearing 4T1-Luc tumors. After a 30-minute incubation period, the mice were 

anesthetized and observed using an in-vivo imaging system (IVIS® Lumina III, PerkinElmer, 

USA). Subsequently, the tumors were isolated and cut into 5 μm-thick sections using a cryostat 

(Leica Biosystems, Germany). These tissue sections were subjected to staining with DAPI, 

mounted onto glass slides, and examined using a fluorescence microscope (Leica, Germany). 

In-vivo lung metastasis analysis: 

After the surgical excision of tumors, the animals were allowed to recover. On the 9th day 

following the surgery, metastasis of the 4T1-Luc tumors was assessed through 

bioluminescence imaging using luciferin-D. Subsequently, the animals were euthanized, and 

their lungs were extracted. Changes in total lung weight resulting from tumor metastasis were 

determined by weighing the lungs. The lungs were then photographed, and the count of tumor 

nodules was recorded.  

BrdU (Bromodeoxyuridine / 5-bromo-2′-deoxyuridine) is an analog of the thymidine 

nucleoside, commonly employed in the BrdU assay for identifying proliferating cells within 

cancer. To prepare a sterile solution of 10 mg/mL, BrdU was diluted in PBS. This solution, 

measuring 150 μL, was intraperitoneally injected into distinct tumor-bearing mice on the 30th 

day post-tumor inoculation after each treatment. After a 2-hour interval, the lungs were 

surgically resected and then embedded in OCT media. The following day, the frozen lung 

exhibiting metastasis was sectioned via cryo-sectioning, producing slices with a thickness of 5 

μm. These sections underwent DNA denaturation using 1 N HCl for 10 minutes, followed by 

an additional 10-minute exposure to 2 N HCl, all performed at room temperature. 

Subsequently, the sections were immersed in 0.1 M borate buffer for 15 minutes, facilitating 

the removal of HCl, and then subjected to three 5-minute washes using 1% Triton X-100 in 

PBS with a pH of 7.4. To enhance permeability, the sections were exposed to 1.5% Triton X-

100 in PBS for 1 hour, followed by an overnight incubation at 4°C with anti-BrdU rabbit IgG. 

On a subsequent day, the sections were subjected to a PBST wash, followed by a 1-hour 

incubation with a secondary anti-Rabbit IgG antibody. After a final PBS wash, the sections 

were examined under a fluorescence microscope. 
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To perform collagen I staining in metastatic lung tissue, 1% BSA-blocked tumor sections were 

incubated with Anti-Collagen I primary antibody (Abcam #ab138492) at a dilution of 1/1000, 

left overnight at 4°C. On the following day, the tissue sections underwent PBS washing and 

were subsequently incubated with Alexa Fluor® 488 secondary antibody for 2 hours in the 

dark at room temperature. After the 2 hours, the tissues were PBS-washed, treated with DAPI 

for 5 minutes, and then observed under a fluorescence microscope. 

For hematoxylin and eosin (H&E) staining, lung tissue sections measuring 4 μm in thickness 

were utilized. The sections were sequentially exposed to xylene, varying alcohol concentrations 

(30 % to 100 %), and water. Hematoxylin was employed to stain the nuclei, followed by 

thorough washing with tap water. Subsequently, eosin staining was applied to highlight the 

cytoplasm, followed by washing with dehydrated alcohol and xylene. The slides were then 

affixed using mounting media and inspected under a microscope with 10× magnification. 

Statistical analysis: 

All the data were analyzed using GraphPad Prism software version 8. One-way ANOVA was 

used when there were≥ 2 groups compared to the control; post hoc Tukey's test was performed 

when the means of every group was compared with every other group. All the data was 

represented in mean ± SD. In all the graphs, ns indicates a nonsignificant difference, and * 

indicates p < 0.001. 

5.3. Results and Discussion: 

Bioanalytical method development and validation: 

Drug recovery from the plasma samples was done using the protein precipitation method, 

where we found zero matrix effect and better extraction of PTX and RSQ from the plasma 

matrix. Wherein the recovery of both the drugs was found to be more than 85%. 

a) Selectivity and Specificity: 

Different concentrations of PTX and RSQ spiked into the plasma along with IS were used to 

analyze the selectivity of the developed method using the protein precipitation method. To 

check the specificity of the method, blank plasma samples without any drugs were used using 

the same method to check for any interferences from the plasma matrix. Where the retention 

time of PTX was 14.75 min, RSQ was 6.72 min, and IS was 17.5 min, and it was found that no 

interferences were observed from the plasma matrix near this Rt (Figure 5.1).  
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b) Calibration Curve, Linearity, LLOQ and LOD: 

The bioanalytical method developed for both drugs was characterized by analyzing plasma 

samples spiked with different concentrations of PTX and RSQ along with IS. The calibration 

curves obtained lay in the range of 500 ng/ml to 6000 µg/ml for both PTX and RSQ, showing 

an R2 of 0.998 and 0.998, respectively (Figure 5.1 B and C). Five calibration curves consisted 

of six different concentrations of PTX and 5 different concentrations of RSQ along with IS 

(500ng/ml), zero sample (IS only), and blank sample. The percentage RSD for LLOQ 0.05 

µg/ml and 0.1 µg/ml for PTX and RSQ, respectively, was < 20%. From the acquired calibration 

curve, precision (%RSD) and accuracy (%Bias) were calculated and were found to be within 

limits for PTX and RSQ. 

 

 

Figure 5.1: A) Chromatogram of PTX, RSQ and IS (Diazepam) at LQC. B) Calibration curve of PTX and C) 

Calibration curve of RSQ. 
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c) Accuracy and Precision: 

Table 5.1: Intra-day and inter-day precision and accuracy of PTX in mice plasma. 

Intra-day Inter-day 

Level Nominal 

Conc 

(ng/ml) 

Observed Conc 

(ng/ml) Mean ± 

SD 

%RSD %Bias Observed 

Conc (ng/ml) 

Mean ± SD 

%RSD %Bias 

LLOQC 100 98.05 ± 1.46 1.497777 -1.95 94.21±1.11 1.186122 -5.78117 

LQC 200 183.96±5.14 2.797389 -8.01667 178.3±1.75 0.984225 -10.8215 

MQC 4000 3970.87±37.80 0.952087 -0.72817 3919.0±56.17 1.432832 -2.02258 

HQC 5500 5406.03±50.01 0.925117 -1.70842 5386.3±10.8 0.200619 -2.0657 

 

Intraday and inter-day precision (%RSD) and accuracy (%Bias) of PTX and RSQ were 

determined in mice plasma samples at 4 QC levels, i.e., HQC, MQC, LQC, and LLOQC. Both 

% RSD and %Bias data of PTX and RSQ indicate that the developed method was accurate. 

The %bias range was within the acceptable limits with LQC, MQC, and HQC, i.e., ±15%, and 

for LLOQC, is ±20%. According to the ICH-Q-2-R1 guidelines as well, the LLOQC limits 

were ≤ 20% and ≤ 15% for QC samples (LQC, MQC, and HQC); this proves that the developed 

method for PTX and RSQ in mice plasma is suitable and acceptable for analyzing any plasma 

samples within the detectable range. 

Table 5.2: Intra-day and Inter day precision and accuracy of RSQ in mice plasma 

Intra-day Inter-day 

Level Nominal 

Conc (ng/ml) 

Observed Conc 

(ng/ml) Mean ± SD 

%RSD %Bias Observed Conc 

(ng/ml) Mean ± 

SD 

%RSD %Bias 

LLOQC 100 97.1±0.286 0.295448 -2.9 94.7±1.8 1.973439 -5.27 

LQC 200 178.5±5.55 3.113482 -10.72 180.0±4.3 2.422039 -9.99667 

MQC 4000 3814.3±1180 3.093848 -4.64242 3790.6±76.8 2.027543 -5.23475 

HQC 5500 5456.6±49.5 0.904468 -0.78782 5427.4±85.5 1.575504 -1.31855 

In-vivo toxicity studies: 

After observing the improved in-vitro efficacy of this drug combination, we tested the 

established therapeutic doses (PTX- 5mg/kg and RSQ-150mg/kg) for their in-vivo toxicity 

studies. During and after the treatment period, the animals exhibited no significant weight 
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variation (Figure 5.2) and no behavioral changes. Tissues were isolated and sectioned, 

followed by H&E staining on the 9th day. Microscopic images of all the tissues exhibited typical 

structures without any signs of toxicity, like inflammation and fibrosis (Figure 5.3). These 

results show that PTX, RSQ, PTX +RSQ, and NPs are non-toxic at these doses (PTX- 5mg/kg 

and RSQ-150mg/kg) within this period. 

 

Figure 5.2. % Change in the body weight of the animal concerning the number of days after treatment with 

different groups 

 

Figure 5.3: Histopathological evaluation (H&E staining, 40X) of highly perfused organs (Lung, Heart, Kidney, 

Liver, and Spleen) for toxicity study. Lungs: Black arrow: normal architecture of alveolar spaces with thin 

alveolar septa. Heart: Black arrow: normal architecture of cardiac myocytes with centrally placed nuclei. Kidney: 

Black arrow: glomerulus; Blue arrow: Proximal convoluted tubules PCT; red arrow: distal convoluted tubules 

(DCT). Liver: Black arrow: hepatocytes, red arrow: central vein. Spleen: Blue arrow: white pulp; red arrow: red 

pulp. 
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In-vivo pharmacokinetic studies: 

After determining the safe dose of the drugs, pharmacokinetic study was performed. Female 

Balb/c mice were divided into different groups; they were treated with equal doses of PTX, 

RSQ, PTX +RSQ, sp NPs, and spH NPs using the i.v. route. Plasma was isolated from the 

blood collected at different intervals and analyzed using the HPLC method. A significant 

difference was observed in the PK profiles of free drugs and NPs (Figure 5.4). Concerning the 

PK parameters, the plasma half-life (t1/2) of PTX and RSQ demonstrated approximately ~2-

fold improvement when administered in combination with PTX+RSQ. Similarly, improved PK 

parameters were observed when delivered in spH NPs, where PTX exhibited a ~7-fold increase 

in the AUC, ~11-fold reduction in clearance (cl), and ~150-fold increase in t1/2. Similarly, RSQ 

showed a ~68-fold increase in the AUC (0-∞), ~16-fold reduction in clearance, and ~130-fold 

increase in t1/2. Multiple studies have also reported that RSQ [9] and PTX [10, 11] have 

improved pharmacokinetic profiles with NP drug delivery systems. 

 

Figure 5.4: A) Plasma drug concentration-time profile of PTX and B) Plasma drug concentration-time profile of 

RSQ.  

Table 5.3: Pharmacokinetic parameters of PTX alone, PTX in combination with RSQ, sp NPs, and spH NPs after 

administration of free PTX, NPs at a dose of 5 mg/kg. 

 

Pharmacokinetic 

parameters 
PTX   
(FD) 

PTX  
(FD-Combination) 

PTX 
 (sp NPs) PTX (spH NPs) 

Cmax (ng /mL) 5889.25±212 5114.3711±319 8517.75±17.5 9080.18±212 
AUC0- ∞(µg*h/L) 38521.28±908 43132.42±397 222090.8±498 212151.14±718 
MRT(0-∞) (h) 14.3±2.27 16.80±3.65 101.50±36.2 187.11±19.8 
Cl (mL/h/kg)  0.18±0.10 0.1572±0.07 0.0164±0.007 0.0094±0.001 
Kel  0.060±0.01 0.054±0.012 0.009±0.001 0.005±0.002 
t1/2kel (h)  11.42±2.78 12.74±2.09 72.79±11.65 130.92±19.76 
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Table 5.4: Pharmacokinetic parameters of RSQ alone, RSQ in combination with PTX, sp NPs, and spH NPs after 

administration of free RSQ, NPs at a dose of 150 mg/kg. 

Pharmacokinetic 

parameters 
RSQ  
(FD) 

RSQ  
(FD-combination) 

RSQ  
(sp NPs) 

RSQ  
(spH NPs) 

Cmax (ng /mL) 25301.55± 855 23444.84±860 27354.01±277 30848.62±1024 
AUC0- ∞(µg*h/L) 133788.31±895 147991.7±675 820555.45±760 9107528.87±654 
MRT(0-∞) (h) 7.26±1.2 8.72±2.7 169.53±21.9 226.09±27.9 
Cl (mL/h/kg)  0.184±0.12 0.155±0.03 0.0096±0.0012 0.0066±0.002 
Kel  0.119±0.06 0.110±0.09 0.005±0.002 0.004±0.002 
t1/2kel (h)  5.82±1.26 6.24±1.83 119.04±12.80 157.26±22.37 
 

In-vivo biodistribution study: 

The tumor biodistribution of Dil-loaded NPs (sp NPs and spH NPs) was assessed following 

intravenous administration in the 4T1-Luc tumor-bearing mice. Near-infrared fluorescence 

(NIFR) images were captured using the IVIS Lumina system for the mice's entire bodies at 

various time points (30, 60, 180, 360, 720, and 1440 min). Mice treated with spH NPs displayed 

consistently superior fluorescence intensity at all time points compared to those treated with sp 

NPs. Notably, spH-treated mice showed higher fluorescence in the tumor tissue and other 

organs than sp NPs-treated mice (Figure 5.5). Both sp and spH NPs demonstrated increased 

accumulation in the tumor compared to other organs, possibly attributed to the prolonged 

plasma half-life observed in the pharmacokinetic study (Figure 5.3). 

In the case of spH NPs, the DiI fluorescence was significantly higher in the tumor tissue than 

in sp NPs (Figure 5.5 C and D). Building upon our earlier findings that demonstrated enhanced 

payload delivery with spH NPs in a tumor spheroid model (Chapter 4, Figure 4.4-4.6), this 

suggests that the pH-sensitive nature of spH NPs enables payload release at the tumor 

extracellular pH. This phenomenon leads to an enhanced accumulation of DiI in the tumor 

tissue, distinguishing it from the non-pH-sensitive sp NPs. The observed improvement in 

payload delivery to the tumor tissue holds promise for enhancing the efficacy of anti-cancer 

agents. 
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Figure 5.5: A) Representative fluorescent images of the whole body of the mice captured by the IVIS Lumina 

system at various time points (0.5, 1, 3, 6, 12, and 24 h) after DiI-encapsulated NP administration B) Total body 

fluorescent intensity and time plot. C) Representative fluorescent images of the tumor, liver, lungs, kidney, spleen, 

and heart. D) Fluorescent intensity of different organs after isolation indicating increased tumor distribution of 

spH NPs(DiI) and sp NPs. 

In-vivo anti-tumor efficacy study: 

Subsequently, the NP's efficacy in inhibiting tumor growth was evaluated in vivo in the 

orthotopic breast tumor (4T1-Luc) bearing female BALB/c mice. The NPs were administered 

at the exact dosage employed in the toxicity study on days 0, 4, and 8. Tumor growth was 

quantified using bioluminescence through luciferin-mediated detection (Figure 5.6). The 

control group consistently exhibited a significant increase in luminescence signal, indicating 

rapid tumor growth (Figure 5.6C). Conversely, the treatment groups displayed markedly 

reduced luminescence signals. Notably, the spH NPs group exhibited the lowest luminescence, 

significantly lower than all other groups. In addition to bioluminescence measurements, tumor 

volume was determined by assessing tumor dimensions using the formula [(length × width2)/2]. 

After 21 days of treatment, the mean tumor volumes were as follows: 624 ± 23 mm3 for the 

PTX group, 510 ± 28 mm3 for the RSQ group, 310 ± 87 mm3 for the PTX+RSQ group, and 

167 ± 23 mm3 for the spH NPs group (Figure 5.6E). After the 21-day treatment period, tumors 

were extracted from the mice to assess their weight and histology.  
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Figure 5.6:A) Quantification of bioluminescence of the whole animal. Representative IVIS images of whole 

animals at different time intervals and H and E stained tumor tissue images. C) Quantification of bioluminescence 

of the whole animal. D)average weight of tumors isolated from various treatment groups. E) average volume of 

tumors isolated from various treatment groups.  *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001 

respectively. Data are represented as mean ± SD, where n = 5. 

Tumor weight displayed a consistent trend, with average tumor weights of 3.82 ± 0.20 g for 

the control group, 2.62 ± 0.12 g for the PTX group, 1.67 ± 0.70 g for the RSQ group, 1.20 ± 

0.45 g for the PTX+RSQ group, and 0.32 ± 0.12 g for the spH NPs group (Figure 

5.6D). Histological examination of tumor sections stained with hematoxylin and eosin (H&E) 

revealed the fewest viable cancer cells in the spH NPs group, followed by the PTX+RSQ group. 

The notable enhancement in the efficacy of the combined drug treatment could be attributed to 

synergistic effects between PTX and RSQ [9, 12, 13]. 

 

 



Chapter 5                                                                                                               In-vivo efficacy studies 

Page | 125  

 

Effect on apoptosis  

At the culmination of the 21 days, tumor sections were obtained and subjected to the TUNEL 

assay to evaluate the initiation of apoptosis. The results revealed the highest level of apoptosis 

within the spH NPs-treated group, followed by PTX, RSQ, and PTX+RSQ groups (as depicted 

in Figure 5.7A and B). This data is in corroboration with the in-vitro apoptosis analysis, where 

we have found an increased apoptosis rate with PTX+RSQ combination when compared to 

free drugs alone, and spH has shown a striking increase in apoptosis induction when compared 

to PTX+RSQ combination, thus we can conclude that improved plasma half-life and pH-

sensitive release of payload at the TME might be the reason behind the enhancement of 

apoptosis rates observed in in-vitro studies. 

 
Figure 5.7: Effect of PTX+ RSQ loaded NPs treatment on tumor A) Evaluation of apoptosis in tumor tissues by 

TUNEL assay. B) Quantification of fluorescence from TUNEL assay. (In all the panels, * represents p < 0.05, ** 

represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001, and ns represents no significant 

difference). 

 

Ki67 analysis:  

Uncontrolled proliferation stands as a hallmark of cancer. Ki67 is a widely accepted marker 

for proliferation and is frequently employed in standard pathological cancer assessments due 

to its clinical relevance to metastasis and cancer stages.  

In the context of this research, we examined Ki67 expression in tumors collected after 21 days 

of treatment through immune-histofluorescence analysis. Remarkably, the expression of Ki67 

in animals treated with spH NPs was notably lower when contrasted with animals treated with 

PTX+RSQ and the individual drug treatments corroborating with in-vitro data as well as 

previous reports (Figure 5.8A and B) [10].  
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Figure 5.8: A) Evaluation of cell proliferation in tumor tissues by Ki67 immunohistofluorescence assay. B) 

Quantification of fluorescence from Ki-67 assay. (In all the panels, * represents p < 0.05, ** represents p < 0.01, 

*** represents p < 0.001, **** represents p < 0.0001, and ns represents no significant difference). 

 

Effect on ROS 

We noted a synergistic promotion of cancer cell apoptosis by generating reactive oxygen 

species (ROS) upon combining PTX with RSQ through in-vitro analysis. Thus, our objective 

was to investigate the production of ROS within tumor tissue in response to NP formulations 

in an in-vivo setting. On the 21st day, the levels of ROS were quantified by measuring DCFH-

DA fluorescence using the IVIS-Lumina in-vivo imaging system from PerkinElmer, Inc., USA, 

which has shown a drastically increased production of ROS with spH NPs treatment even in 

comparison with PTX+RSQ combination showing its pH triggered destabilization even in in-

vivo tumor developed animals which is corroborating with in-vitro studies as well as previous 

literature (as depicted in Figure 5.9) [14].  
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Figure 5.9:  In-vivo ROS analysis. A) DCFH-DA fluorescent images of the whole mice body with different 

treatments. B) DAPI (blue) and DCFH-DA (green) fluorescence images of the sectioned tumor tissues. C) 

fluorescent intensity analysis. (** represents p < 0.01, **** represents p < 0.0001).  

Effect on metastasis  

From a clinical perspective, more than 90% of breast cancer-related fatalities can be traced 

back to metastasis, with the lungs standing out as the primary destination for breast cancer 

metastatic spread. Given this context, we focused on examining the developed NP potential to 

influence breast tumors' metastatic behavior.  

After removing tumors on the 21st day, a 9-day monitoring period was initiated to observe 

metastatic events. The metastasis was evaluated by measuring luciferin-induced 

bioluminescence emanating from the 4T1-Luc cells. The control group exhibited prominent 

lung metastasis, and substantial bioluminescent signals were similarly detected in the PTX, 

RSQ, and PTX+RSQ groups. In stark contrast, the spH NPs group exhibited no noticeable 

signal (as depicted in Figure 5.10A). More precisely, the control and drug-treated groups 

(PTX, RSQ, PTX+RSQ) displayed significantly elevated luminescence compared to those 

treated with NPs. The control group had the highest cumulative lung bioluminescence, 

followed by the PTX, RSQ, and PTX+RSQ groups. Moreover, the spH NPs demonstrated the 

lowest overall lung weight (Figure 5.10D). 
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Figure 5.10: Analysis of in-vivo tumor metastasis. A) Tumor metastasis was assessed by whole animal 

bioluminescence imaging of 4T1-Luc tumors. B) Isolated lung image of 4T1 Luc tumor. C) Bioluminescence 

imaging of lung metastatic 4T1-Luc tumors. D) Analysis of lung weight, E) Number of metastatic nodules in 

lungs, F) Analysis of bioluminescence of 4T1-Luc tumor metastasis to lungs. Suppression of lung metastasis. G) 

Proliferation of the metastatic cells in lung tissue was detected by injecting BrdU into the tail vein, followed by 

lung resection 2 h and stained with anti-BrdU antibody. The section was stained with collagen1A1 antibody to 

see the collagen level in the lung. H&E staining of the lung section showed more proliferation of cells compared 

to treatment groups. (In all the panels, * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and 

**** represents p < 0.0001). 

BrdU, an analog of the nucleoside thymidine, is employed in the BrdU assay to identify actively 

proliferating cells. Consequently, it stands as a crucial marker in discerning cellular 

proliferation. The lung sections stained with BrdU were subjected to microscopic examination, 

revealing that the count of proliferating endothelial cells in lungs affected by metastasis was 

significantly higher in the untreated group and quite the opposite with spH NPs group even in 

comparison to the other treatment groups (as depicted in Figure 5.11). This observation might 

be attributed to the potential entrapment of cancer cells within vessels, subsequently leading to 
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metastatic foci within the lungs. Furthermore, the spH NPs treated group exhibited a reduction 

in collagen levels compared to the untreated group, corroborating earlier literature reports of 

PTX and RSQ [15-17].  

 

Figure 5.11: Proliferation of the metastatic cells in lung tissue was detected by injecting BrdU into the tail vein, 

followed by lung resection 2 h and stained with anti-BrdU antibody. The section was stained with collagen1A1 

antibody to see the collagen level in the lung. H&E staining of the lung section showed more proliferation of cells 

compared to treatment groups.  

5.4. Conclusion: 

In conclusion, we have found that PTX and RSQ, when administered in free drug form alone, 

in combination, and with NPs at the particular dose, didn't exhibit any toxicity signs. In 

continuation with pharmacokinetic studies, both PTX and RSQ pharmacokinetic profile has 

shown prolonged circulation of time, targeted drug delivery at the tumor site with enhanced 

EPR effect, reduced systemic toxicity, and enhanced therapeutic efficacy. Improved PK 

parameters such as half-life, clearance, Vd, Cmax, and Tmax were observed when the drug 

combination was given in spH Nps form when compared to free drugs alone and in 

combination. After that, tumor core penetration of spH NPs was visualized when compared to 

sp NPs, without any other tissue distribution, which might be because of the triggered release 

of the payload of spH Nps at the acidic pH of the TME in the tumor-bearing mice, which 

corroborates with our in-vitro 3D penetration study. 

Further in-vivo efficacy studies have demonstrated decreased tumor volume, tumor growth, 

and improved apoptosis rate and ROS induction with negligible proliferation and metastasis 

rate with least lung nodules with spH NPs compared to PTX+RSQ combination and free drugs 

alone. Altogether, we can conclude that spH NPs loaded with PTX and RSQ has shown 

improved in-vivo efficacy in a breast cancer model. 
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Conclusion 

Breast cancer is a devastating global health issue that continues to claim the lives of women 

each year. Recent cutting-edge research has shown that the multifaceted nature of the tumor 

microenvironment (TME) is a significant contributor to treatment failures. However, many 

conventional therapies available in the market are one-dimensional, focusing solely on cancer 

cells, resulting in resistance to treatment and early tumor recurrence. These single-faceted 

approaches often encourage the tumor microenvironment to become more aggressive, thus 

promoting resistance. To improve treatment outcomes, adopting a multidimensional approach 

is crucial. One promising emerging strategy is the concept of combined chemo-

immunotherapy. However, it's worth noting that some chemotherapeutic agents possess 

inherent immunosuppressive properties, making them unsuitable for this approach. Exceptions 

such as paclitaxel (PTX) are noteworthy for stimulating the immune system at therapeutic 

levels, leading to improved activation of anti-tumor CD8+ T cells and enhanced infiltration of 

immune cells. However, the effective activation of T cells depends on the presentation of 

antigens. Within the TME, macrophages, the primary antigen-presenting cells, often exist in 

an immunosuppressed state. Toll-like receptor (TLR) agonists possess potent immunogenic 

properties by triggering the activation of these macrophages. As a result, targeted delivery of 

chemotherapeutic agents and TLR agonists to tumors offers substantial potential for synergistic 

chemo-immunotherapy. Due to their distinct cellular targets, it is crucial to maintain these 

agents in their free form within the TME. A stimuli-responsive NP delivery system can protect 

these agents during their circulation in the bloodstream and facilitate their controlled release 

within the TME, effectively engaging the specific cells they target. 

During the initial phase, we screened different TLR agonists to evaluate their potential for 

chemoimmunotherapy and their impact on macrophage polarization. Among the TLR agonists 

evaluated, resiquimod (RSQ) showed the most promising results, even at the lowest dose, by 

enhancing TNF-α expression. Therefore, we selected RSQ to be combined with PTX. The 

combination of PTX+RSQ showed improved induction of tumor-specific cell death, which we 

confirmed through live-dead staining and luciferin-tagged cells. We also observed strong 

chemoimmunotherapeutic activity when the PTX and RSQ combination promoted M1 

macrophage polarization in 2D and 3D complex spheroid models. Moreover, the combination 

of PTX and RSQ modulated ROS leading to enhanced efficacy. 
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Following the successful in-vitro demonstration of the chemoimmunotherapeutic activity of 

the PTX+RSQ combination, our next objective is to create a formulation that can safeguard the 

drug payload during circulation in the bloodstream and deliver it in a targeted manner to tumor 

sites. It's well-known that the clinical translation of nanomedicine faces challenges related to 

complex formulation and scale-up processes. To increase the likelihood of clinical success, we 

aim to develop a straightforward, continuous flow process for synthesizing uniform 

nanocarriers. We could prepare highly reproducible PTX-encapsulated NPs with a continuous 

flow microfluidics system. By varying the PTX: polymer ratio, we can modulate the NPs' size 

while ensuring their uniformity. Our research has shown that NPs smaller than 100 nm exhibit 

enhanced cytotoxic activity against both 2D and 3D in-vitro models, improved internalization 

by tumor cells, and better penetration of 3D spheroids. Altogether, this formulation technique 

using a microfluidic-based continuous flow process holds great promise for developing an 

economical and effective PTX delivery system. 

With the successful optimization of the formulation preparation and procedure, our next goal 

is to load PTX and RSQ to target two different cell types: tumor cells and macrophages. To 

achieve this, we require a tumor-targeted drug delivery system. We have chosen pH as a trigger 

for this purpose, as it is well-established that pH-sensitive NPs remain stable in the neutral pH 

of the bloodstream and release their payload in the acidic pH of the tumor microenvironment 

(TME), typically around 6.5. We have synthesized a pH-sensitive polymer conjugated with 

poly-histidine using two different polymers, one linear PLGA and the other star-shaped PLGA 

with five arms. A comparative study was conducted between these two pH-sensitive nano-

delivery systems to assess the influence of polymer structure on their pH-sensitive properties. 

The multi-armed polymer exhibited superior pH-dependent size variation and drug release 

performance. This smart carrier system for TME-specific drug release further improved the in-

vitro efficacy of the drug combination. 

Subsequently, we conducted in-vitro cell culture studies utilizing 2D, quasi-3D, and 3D 

complex spheroid models. Initially, we observed enhanced tumor-specific cell death and 

improved macrophage polarization, which resulted in superior chemo-immunotherapeutic 

activity. The final formulation exhibited several key advantages. It demonstrated increased 

cancer cell uptake, decreased macrophage uptake, improved endosomal escape, and efficient 

cytosolic distribution.  
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Additionally, our formulation displayed pH-dependent destabilization of NPs, as evidenced by 

improved penetration into the tumor core of 3D spheroids, particularly with spH NPs, 

compared to lpH and non-pH sensitive NPs (lp and sp NPs). This confirmed the pH-sensitive 

release of the drug payload. Furthermore, spH NPs exhibited robust in-vitro chemo-

immunotherapeutic activity by promoting M1 macrophage polarization and inducing tumor-

specific cell death in both 2D and 3D complex spheroid models. The PTX and RSQ 

combination also demonstrated improved efficacy by modulating ROS.  

In ex-vivo studies involving splenocytes and cancer cell complex spheroids, we observed 

enhanced macrophage polarization and increased expression of MHC-I and MHC-II, indicating 

a potential improvement in antigen presentation capabilities. Overall, the efficacy of the 

optimized spH NPs surpassed that of the free drug combination and non-pH sensitive NPs in 

terms of tumor cell cytotoxicity and the expression of macrophage immune stimulatory 

markers, underscoring the enhanced in-vitro chemo-immunotherapeutic activity of spH NPs. 

To fully assess its potential for clinical translation, further in-vivo studies are warranted. 

Thus, After successful understanding and observations of in-vitro chemo-immunotherapeutic 

activity of spH NPs when compared to PTX+RSQ and alone as well, we then thought to found 

that PTX and RSQ toxicity when administered in free drug form alone, in combination, and 

with NPs at the particular dose, wherein we have found none of the treatment groups didn't 

exhibit any toxicity signs. In continuation, we have checked the pharmacokinetic profile of 

both PTX and RSQ in comparison with PTX+RSQ combination and NPs, where we have 

observed spH NPs have shown prolonged circulation of time, targeted drug delivery at the 

tumor site with enhanced EPR effect, reduced systemic toxicity and enhanced therapeutic 

efficacy. Improved PK parameters such as half-life, clearance, Vd, Cmax, and Tmax were 

observed when the drug combination was given in spH Nps form when compared to free drugs 

alone and in combination. After that, tumor core penetration of spH NPs was visualized when 

compared to sp NPs, without any other tissue distribution, which might be because of the pH-

triggered release of the payload of spH NPs at the acidic pH of the TME in the tumor-bearing 

mice, which corroborates with our in-vitro 3D penetration study. Further in-vivo efficacy 

studies have demonstrated the decreased tumor volume, tumor growth, and improved apoptosis 

rate and ROS induction with negligible proliferation and metastasis rate with the least lung 

nodules with spH NPs when compared to PTX+RSQ combination and free drugs alone. We 

can conclude that spH NPs loaded with PTX and RSQ have improved in-vivo efficacy in a 

breast cancer model.  
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Briefly, the PTX+RSQ combination co-loaded in the pH-sensitive polymer was found to have 

improved chemotherapeutic activity and enhanced macrophage polarization 

(Immunotherapeutic potential) against 2D, quasi-3D, and 3D in-vitro tumor models. spH NPs 

were found to show decreased macrophage uptake, increased intracellular tumor cell 

internalization by endosomal escape in a 2D system, and enhanced tumor spheroid core 

penetration and colocalization in the 3D system. spH NPs have also resulted in improved 

circulation half-life and decreased clearance rate of both PTX and RSQ, along with decreased 

toxicity, improved pharmacokinetic profile, enhanced tumor biodistribution, superior anti-

tumor efficacy, and decreased metastasis rate. 

Future scope 

⮚ The optimized NP preparation and pH-sensitive NPs can be used as a platform 

technology to deliver other combinations to tumors. 

⮚ The optimized combination of drugs and NPs can be studied in other immune cell 

modulation in detail. 

⮚ This combined chemo-immunotherapeutic strategy targeting macrophages 

(PTX+RSQ) can be studied in other tumor models. 

⮚ In-vivo macrophage polarization, immune cell activation, and antigen presentation can 

be performed for successful translation. 
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