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Abstract 

Dendrimers have gained much attention in the recent years for their unique architecture 

and feasibility of surface modification to cater various functions in drug delivery. They 

have been successfully explored for delivery of poorly soluble anti-cancer molecules to 

different types of cancers. The purpose of the present research is to study the delivery 

potential of dendrimers in targeting anti-cancer agents specifically to tumors by 

utilizing various benefits they offer in improving the biopharmaceutical properties of 

the drugs. The current thesis focuses on the delivery of paclitaxel (PTX), a poorly 

soluble chemotherapeutic agent to cancer cells utilizing Generation 4 (G4) 

poly(amidoamine) (PAMAM) dendrimers as delivery system. 

First, α-tocopheryl succinate (α-TOS) was conjugated to the surface amino groups of 

generation 4.0 PAMAM dendrimer via acid/amine coupling reaction to yield G4-TOS. 

Polyethylene glycol was conjugated to the terminated amines of the G4-TOS conjugate 

to improve the long circulation in the body and reduce the toxicity of positively charged 

dendrimers. Another conjugate G4-poly (ethylene glycol)PEG was also prepared to 

assess the therapeutic potential of PTX. PTX was loaded physically into both the 

synthesized dendrimer conjugates α-TOS anchored PEGylated G4 PAMAM dendrimer 

(G4-TOS-PEG) and PEGylated G4 PAMAM dendrimer (G4-PEG) to yield PTX loaded 

α-TOS anchored PEGylated G4 PAMAM dendrimer (G4-TOS-PEG-PTX) and PTX 

loaded PEGylated G4 PAMAM dendrimer (G4-PEG-PTX) respectively. The newly 

synthesized dendrimers nano-conjugates were characterized by proton nuclear 

magnetic resonance (NMR), gel permeation chromatography (GPC), dynamic light 

scattering and in-vitro release measurements to confirm the construction of conjugates. 

From the GPC results, it was observed that there were 3.47 molecules of TOS and 8.044 
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molecules of PEG that were attached on each PAMAM dendrimer molecule. The 

hemolytic assay of the developed conjugates revealed that the PEGylated dendrimers 

were non-toxic to the cells and α-TOS attachment did not cause any toxicity. The 

synthesized nano-conjugates were assessed in murine melanoma cancer cells (B16F10) 

and human breast adenocarcinoma cells (MDA MB231) in cell monolayers and 3D 

multicellular spheroids well. The α-TOS anchored nano-conjugate G4-TOS-PEG was 

internalized significantly into the cancer cells as evaluated by microscopy and flow 

cytometry experiments. The anti-cancer activity of PTX was significantly enhanced 

when loaded into the G4-TOS-PEG compared to free PTX. Attachment of α-TOS 

further improved the delivery of PTX to cancer cells due to solubilization of PTX into 

dendrimer cavity and anticancer activity of α-TOS. The studies in multi-layered 3D 

spheroids clearly showed the benefit of attaching α-TOS to the surface of dendrimers 

which improved the penetration into 3D spheroids thereby accumulating the more 

amount of drug into cancer cells. Further, the in vivo efficacy study using B16F10 

xenografted C57Bl6/J mice indicated that the G4-TOS-PEG localized in tumor 

sections. G4-TOS-PEG-PTX reduced the tumor growth significantly compared to free 

PTX and G4-PEG-PTX. G4-TOS-PEG-PTX had more apoptotic potential in tumor 

sections as analyzed by terminal deoxynucleotidyl transferase dUTP nick end labelling 

(TUNEL) assay. 

In the next study, active targeting strategy was employed to deliver the drug into the 

cancer cells only. Transferrin (Tf), a human serum glycoprotein of molecular weight 80 

KDa serves as a cargo for iron and receptor of which are overexpressed in cancer cells 

was conjugated over the surface of synthesized dendrimer nano-conjugate to yield Tf 

conjugated α-TOS anchored PEGylated G4 PAMAM dendrimer (G4-TOS-PEG-Tf). 

The PTX was loaded physically into the synthesized dendrimer conjugate G4-TOS-
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PEG-Tf to yield PTX loaded Tf conjugated α-TOS anchored PEGylated G4 PAMAM 

dendrimer (G4-TOS-PEG-Tf-PTX). The transferrin targeted and non-targeted 

conjugates were evaluated in vitro in human cervical cancer cells (HeLa) which 

overexpress transferrin receptors abundantly. The size exclusion chromatography 

(SEC) results showed that 3.67 molecules of TOS, 7.27 molecules of maleimide PEG 

and 4.19 molecules of Tf were conjugated to each G4 PAMAM dendrimer. Transferrin 

saturation studies in HeLa cell lines were carried out to evaluate the uptake pathway of 

transferrin anchored dendrimer nano-conjugate into cells. It was observed that the 

Transferrin anchored dendrimer conjugate was found to internalize actively via the 

transferrin receptors. The G4-TOS-PEG-Tf-PTX revealed the highest cytotoxicity and 

penetration in cell monolayers as well as 3D spheroids in comparison to G4-TOS-PEG-

PTX and free drug. 

Third, Vitamin-E-succinate (VES) was conjugated to the surface amino groups of 

generation 4.0 PAMAM dendrimer (D) via acid/amine coupling reaction to yield VES 

anchored G4 PAMAM dendrimer (VES-D). Further, the Polyethylene glycol (P) was 

conjugated to the terminated amines of the VES-D conjugate to improve the long 

circulation in the body and reduce the toxicity of positively charged dendrimers. The 

VES anchored PEGylated G4 PAMAM dendrimer (VES-PD) conjugate was anchored 

with a cell penetrating peptide octa-arginine (R) to yield (RVES-PD) to improve the 

penetration of conjugate (VES-PD) into the cancer cells. The PTX was loaded 

physically into the synthesized dendrimer conjugate RVES-PD to yield RVES-PD-

PTX. 

The newly synthesized dendrimers nano-conjugates were characterized by proton 

NMR, gel permeation chromatography (GPC), dynamic light scattering and in-vitro 

release measurements to confirm the construction of conjugates. From the GPC results, 
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it was found that 3.41 molecules of VES, 8.07 molecules of PEG and 2.40 molecules 

of octa-arginine were conjugated on each dendrimer molecule. The synthesized nano-

conjugates were assessed in murine melanoma cancer cells (B16F10) and human lung 

carcinoma cells (A549) in cell monolayers and 3D multicellular spheroids well. The 

octa-arginine anchored nano-conjugate RVES-PD was internalized significantly into 

the cancer cells as evaluated by microscopy and flow cytometry experiments. The anti-

cancer activity of PTX was significantly enhanced when loaded into the RVES-PD 

compared to free PTX. Attachment of VES and octa-arginine further improved the 

delivery of PTX to cancer cells due to solubilization of PTX into dendrimer cavity and 

anticancer activity of VES as well as attachment of cell penetrating peptide octa-

arginine. The studies in multi-layered 3D spheroids clearly showed the benefit of 

attaching VES and octa-arginine to the surface of dendrimers which improved the 

penetration into 3D spheroids thereby accumulating the more amount of drug into 

cancer cells. Further, the in vivo efficacy study using B16F10 xenografted C57Bl6/J 

mice indicated that the RVES-PD localized in tumor sections. RVES-PD-PTX reduced 

the tumor growth significantly compared to free PTX and VES-PD-PTX. RVES-PD-

PTX had more apoptotic potential in tumor sections as analyzed by TUNEL assay. 

Altogether, these studies concluded the ability of multifunctional PAMAM dendrimer 

system in efficiently delivering PTX to cancer cells thereby improving the cytotoxic 

potential. Therefore, the newly developed PAMAM dendrimer-based drug delivery 

system is promising approach to deliver chemotherapeutics to cancer clinically. 
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in tumor homogenates. The significance between the groups was 

evaluated by one-way analysis of variance, where ***p < 0.001, 

**p < 0.01 and *p < 0.05 

147 

Figure 4.13 Determination of apoptosis by TUNEL assay. The treated tumor 

sections are visualized under fluorescence microscope with 20X 

magnification 
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Figure 5.1 Graph representing the tumor volume reduction of different 

dendrimer based formulations over time 
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1.1 Cancer 

Cancer is the malignant and autonomous progress of cells which is induced by 

epigenetic and genetic mutations thereby escaping normal cell cycle (Rubin, Strayer, 

and Rubin 2008). The millions of people are killed every year due to cancer disease 

irrespective of age, gender and origin. The normal cells are transformed to cancer cells 

due to external stimulus by damaging DNA in the normal cells e.g. certain carcinogens 

like ultraviolet light, cigarette, tobacco, food contaminants, water pollutants, certain 

viral/bacterial infections, or genetic mutations (Rubin, Strayer, and Rubin 2008, Nair, 

Varghese, and Swaminathan 2005). Lifestyle related factors like excessive alcohol use, 

unhealthy diet, and physical inactivity also pose considerable risk of developing cancer 

(Ingole, Kakde, and Bonde 2016). 

Cancer is the first or second leading cause of premature death in 134 of 183 countries 

in the world (Ferlay et al. 2019). In 2018, there were an estimated 18.1 million new 

cases and 9.6 million deaths from cancer. Cancer will develop in one in five people 

before they reach the age of 75 (Organization 2020). The cancer statistics in world is 

reported has been below. 

 

Figure 1.1. Global burden of cancer (Organization 2020) 
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Figure 1.2. Estimated global burden of cancer in male in 2018 (Organization 2020). 

 

Figure 1.3. Estimated global burden of cancer in female in 2018 (Organization 2020). 
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Figure 1.4. Cancer statistics in India according to WHO cancer country profiles 2020 

(https://www.who.int/cancer/country-profiles/IND_2020.pdf?ua=1). 

The normal cells in the human body are developed and divide to form new cells as per 

the need of the human body (Sherwood 2015). As time goes, the normal cells die or 

become damaged, and those old cells are replaced by new cells formed as a general 

mechanism whenever it is necessary in a healthy human being. Sometimes the normal 

cells may start growing uncontrollably due to fault in cell to cell communication which 

leads to irregularities in the cell growth. These abnormalities make the old or damaged 

cells continue to live which resulted the formation of tumor. They spread in the whole 

human body to places where they do not belong due to loss of ability to distinguish their 

own boundaries. The division of the cells is controlled and functioned by the nucleus 

which contains the genetic material deoxyribonucleic acid (DNA), a blueprint for 

everything the cell does, depending on the body’s need (O’Connor, Adams, and 

Fairman 2010). 

https://www.who.int/cancer/country-profiles/IND_2020.pdf?ua=1
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The structural proteins are synthesized by certain genes whereas some other genes 

direct the cell to form hormones, growth factors or cytokines, which travel outside the 

cell and start signal transmission with other cells. The regulatory proteins is synthesized 

by some genes which control the function of proteins or convey other genes when to 

turn "on" or "off." (Griffiths et al. 2005). 

In the mitosis, the cells divide from parent to daughter cells, a event is called cell cycle. 

The cell cycle consists of mitosis phase (M phase) and a synthetic phase called S Phase. 

DNA is synthesized during S phase. Between M phase and S phase is G1 phase where 

RNA, proteins, and enzymes needed for DNA synthesis in S phase are produced. After 

S phase is the G2 phase which prepares the cell for M phase. G0 phase is the resting 

phase where the non-dividing cells fall. The normal cells are divided according to this 

process of cell cycle (Hartwell and Weinert 1989). 

1.2 Cell biology of cancer disease 

The 90% of all cancers induced due to damage in DNA which causes genetic mutations 

occur in somatic cells arbitrarily, or by exposure to certain carcinogens such as 

ultraviolet light, cigarette, tobacco, food contaminants, water pollutants, certain 

viral/bacterial infections like human papilloma virus (HPV) (Siegel, Naishadham, and 

Jemal 2012, Curiel and Douglas 2007). The remaining 10% of cancers are induced by 

heredity from the family history such as breast cancer 1 (BRCA1), breast cancer 2 

(BRCA2) (Walsh and King 2007), or adenomatous polyposis coli (APC) for familial 

adenomatous polyposis colorectal cancers (Curiel and Douglas 2007). 

Cancer is induced by the genetic mutations like inactivation tumour suppressor genes 

or activation of oncogenes (Rubin, Strayer, and Rubin 2008, Walsh and King 2007). 

The genetic mutations include frameshift mutations (change in reading frame), 

missense mutations (change in amino acid sequences), or non-sense mutations 
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(truncated proteins) which affect functions of other proteins responsible for the DNA 

damage repair, cell functions, cell cycle and apoptosis such as p53 (Walsh and King 

2007, Muyrers-Chen and Paro 2001). This irregularities is the major cause for cancer 

developed due to gene mutations  (Rubin, Strayer, and Rubin 2008, Walsh and King 

2007, Muyrers-Chen and Paro 2001). Hence, there are some hallmarks of cancer which 

shows typical characteristics of cancer which are not seen in healthy human beings 

(Rubin, Strayer, and Rubin 2008, Walsh and King 2007, Verma, Agarwal, and Verma 

2014, Hanahan and Weinberg 2011). These are as follows: 

▪ Loss of contact through abnormal cell adhesion. 

▪ Irregularities in cell cycle and apoptosis 

▪ Augmented response to growth inducing agents by altering the transmission of 

growth regulating signals. 

▪ Weakness in immune defence. 

▪ Irregularities in angiogenesis. 

Cancer due to epigenetic inheritance is developed by the non-encoded genes in the 

primary sequence of the DNA, or changes in histone acetylation, histone methylation 

and DNA methylation (Muyrers-Chen and Paro 2001, Verma, Agarwal, and Verma 

2014, Phillips 2008). Sometimes chronic inflammation (i.e. Crohn’s disease, hepatitis, 

cystitis) also cause cancer (about 15–25%) by providing the right environment to 

growth factors, DNA-damaging agents like oxidative stress which promote the 

exaggerated proliferation (Eiró and Vizoso 2012, Kawasaki and Abe 2012). 
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1.3 Biological hallmarks for cancer and their therapeutic targeting 

 

Figure 1.5. The biological hallmarks of cancer (Hanahan and Weinberg 2011). 

 

Figure 1.6. Therapeutic targeting of the hallmarks of cancer (Hanahan and Weinberg 2011) 

Hanahan et al. has identified the hallmarks acquired at different stages in the cancer 

which has distinct characteristics for each type of human cancers like carcinoma, 
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sarcoma, myeloma, leukemia, lymphoma and mixed types (Hanahan and Weinberg 

2011). The six hallmarks of cancer are sustaining proliferative signaling, evading 

growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, and activating invasion and metastasis. 

The anti-cancer drugs targeting hallmarks have been developed which interfere with all 

six hallmarks, and including genome instability and tumor-promoting inflammatory 

markers. Some of these chemotherapeutic drugs are in clinic, some are being tested in 

the clinical trials while others are being tested pre-clinically. Eventually, the 

development of resistance during cancer treatment with these hallmark targeting drugs 

is apparent and co-targeting of multiple hallmarks with chemotherapeutics may prevent 

the emergence of drug resistance clinically and preclinically (Hanahan 2014). 

1.4 Cancer treatments 

The suitable cancer treatments which include chemotherapy, radiotherapy and surgery, 

are given to the patients depending on the type and stage of cancer as well as age and 

gender of the human being. The chemotherapy and radiotherapy are commonly used 

cancer treatments, often given in combinations followed by surgery (Urruticoechea et 

al. 2010). But, these commonly used cancer treatments have several drawbacks like 

poor prognosis and severe side effects. Hence, there is a need to develop better 

treatments to improve the current outcomes. 

1.4.1 Chemotherapy 

Chemotherapy is the most commonly used cancer treatment which consists of several 

hormones, targeted immunotherapy or most commonly used cytotoxic drugs. The 

cytotoxic drugs categorized based on the mechanism of action are: alkylating agents 

(cyclophosphamide, ifosfamide, dacarbazine, carmustine, lomustine), antimetabolites 

(Folate antagonists, purine analogues), natural products and microtubule inhibitors. 
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Taxanes (paclitaxel, docetaxel, and cabazitaxel), and vinca alkaloids (vincristine, 

vinblastine, vinorelbine) act on the spindle apparatus during cell division. These drugs 

can be given before surgery to reduce the tumour size or adjuvantly after surgery to 

inhibit metastasis, or in the combination with radiotherapy or hormonal therapy 

(Huitink and Teoh 2013). The cytotoxic drugs act rapidly on dividing cells but they are 

not able to distinguish between cancer cells and healthy labile cells like bone marrow 

cells, gastric mucosa lining, and skin cells (Huitink and Teoh 2013, Urruticoechea et 

al. 2010, Galmarini, Galmarini, and Galmarini 2012). These drugs are given at the 

maximum tolerated dose (MTD) resulting in dose limiting toxicity in the healthy cell 

also. Moreover, these drugs cause myelosuppression, nausea, vomiting, mucositis and 

alopecia (Frishman et al. 1997). Furthermore, these anti-cancer agents such as 

anthracyclines cause damage to permanent tissues like heart, kidneys and brain. The 

cyclophosphamide and ifosfamide cause cardiac failure and life-threatening 

arrhythmias at high doses (Frishman et al. 1997). The doxorubicin and 

cyclophosphamide  cause neurocognitive deficits such as impaired learning, attention, 

memory and information processing speed in approx. 40% breast cancer treated patients 

(Monje and Dietrich 2012, Jansen et al. 2008). Consequently, due to these side effects, 

survival rate of patients falls with the chemotherapy which limits its application in clinic 

(Galmarini, Galmarini, and Galmarini 2012). 

1.4.2 Radiation and surgery 

Radiation therapy is rarely given alone, and often is given in combination with 

chemotherapy to treat approximately 60% of all cancers, or post-surgery to remove any 

malignant cells post-surgery (Huitink and Teoh 2013, Urruticoechea et al. 2010).  

Ionizing radiation is applied to induce DNA damage in malignant cells which cause 

programmed cell death and reduce tumour size. Though, the patients suffer severe side 



  CHAPTER 1 

 

9 
 

effects in normal tissue after radiation therapy resulting in failure to treat the cancer 

leads to poor prognosis (Mayer et al. 2011). 

Surgical treatments are frequently used in the treatment of breast cancer (lumpectomy), 

ovarian cancer, some intestinal cancers, and lung cancers (pneumonectomy). But these 

procedures cause other morbidities like psychological problems and deprived quality 

of life. The pain is induced after mastectomy in 25% of women which cause depression 

social  isolation, anxiety and low self-esteem (Miaskowski et al. 2012, Enache 2012). 

1.4.3 Limitations of conventional cancer treatments 

The current cancer treatments have some drawbacks although the cytotoxic drugs are 

being used alone or in combinations. 

Poor solubility in water and biological fluid: More than 90% of the anti-cancer agents 

are poorly water soluble and necessitate some toxic solvents in formulations. These 

chemotherapeutic agents suffer from low bioavailability problems and needs dosing 

frequently to achieve minimum effective therapeutic concentrations in blood. 

Intravenous dosage forms require the active agents in solubilized form in aqueous 

media to stay in the biological system. For example, Paclitaxel (PTX), a highly potent 

anti-cancer agent has poor solubility of less than 0.5 mg/L (Kakde et al. 2011). Hence, 

Taxol ® was developed to solubilize the PTX in Cremophor EL (castor oil derivative) 

and dehydrated alcohol to be administered intravenously which causes serious toxicities 

to heart, kidney, brain, hypersensitivity, systemic toxicity, and peripheral neuropathy 

(Rowinsky et al. 1993). Moreover, when the drug is solubilized in the surfactants in the 

formulations, it may get precipitated in vivo, due to their high critical micelle 

concentration in biological fluids. 

Non-specific toxic effect: When conventional anticancer agents are administered by 

intravenous route, they go into the blood circulation and reaches to the cancer cells and 
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normal cells well. These agents have broad biodistribution profile and show non-

specific toxicities resulting in serious side effects such as bone marrow depression, 

systemic toxicity, alopecia, anaemia, weight loss, nausea, diarrhoea, infertility, 

cardiovascular toxicity, vomiting etc. Also, the cells develop drug resistance to these 

single agent therapies over the period of time (Stortecky and Suter 2010). The absence 

of selective mechanism of action is a noticeable drawback of conventional 

chemotherapy. 

Internalization by reticuloendothelial system (RES): The rapid clearance of 

hydrophobic drugs from systemic circulation is major drawback due to presence of 

macrophages and monocytes in the reticular connective tissue (ex: liver, spleen) 

compose the reticuloendothelial system (Kakde et al. 2011). They eliminate the foreign 

particles and pathogens from the circulation by phagocytosis mechanism. Most of the 

anti-cancer agents are lipophilic in nature and they get engulfed by the RES which 

results in rapid clearance of drug from the systemic circulation. Hence, very high drug 

concentrations need to be administered to reach the therapeutic concentrations at the 

target site and elicit the good response. RES uptake is influenced by the lipophilicity of 

the delivery system, particle size and surface charge. 

Drug resistance (MDR): The cancers cells become resistant to the drugs over the period 

of time and it is the major drawback associated with conventional chemotherapy. The 

over-expression of P-glycoprotein (P-gp), a the major efflux protein of the family of 

ATP binding cassette (ABC) transporters, in the resistance cells effluxes the drugs out 

of the cell obstructing intracellular accumulation of therapeutic agents (Kakde et al. 

2011, Chidambaram, Manavalan, and Kathiresan 2011). 

Poor vascularization: Tumor environment decreases the drug accumulation to the entire 

cancer tissue due to poor vascularization leading to low therapeutic efficacy of drugs in 
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cancer cells. Some of the basic drugs get ionized in the acidic environment of the tumor 

which prevents their movement across the cell membrane. High interstitial pressure and 

low microvascular pressure may also holdback the extravasation of drug molecules. 

Apart from the drug efflux pumps, cancer cells also show drug resistance by decreasing 

the uptake of drug, increasing the drug metabolism, altering the drug targets, impair 

apoptotic pathways and cell cycle checkpoints (Bar-Zeev, Livney, and Assaraf 2017). 

The ideal cancer chemotherapy involves the delivery of the right amount of drugs in a 

controlled manner for the suitable time period to the tumor to achieve the desired 

therapeutic response and cause no damage to the normal cells. To accomplish this 

objective, the delivery systems should be designed in such a way that it should hold 

required amount of chemotherapeutic agent and it should eliminate the drawback of 

poor bioavailability, unfavourable biodistribution, rapid clearance, non-specific 

toxicities, and drug resistance. Hence, the drug delivery system should be able to remain 

in the systemic circulation for longer period of time, with tumor specificity, more drug 

accumulation in tumor, and modified drug release, providing the maximum therapeutic 

efficacy of the chemotherapeutic agents. 

1.5 Nanoparticulate drug delivery system 

Pharmaceutical nanotechnology is a developing branch in pharmaceutical and 

biomedical sciences. It involves the applications of nanotechnology to pharmaceuticals 

and biopharmaceuticals as nanomaterials for drug delivery, diagnostic, imaging, and 

biosensors as an alternative to conventional dosage form. Nanoparticulate drug delivery 

system is powerful tool which provided more fine-tuned diagnosis and focused 

treatments for various diseases such as cancer, diabetes mellitus, neurodegenerative 

diseases, detecting the microorganisms and viruses at a molecular level. It is anticipated 
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that the pharmaceutical market will be flooded with nanotechnology-based medicine 

called nanomedicine in next 10 years (Rana and Sharma 2019). 

The nanocarriers allows the materials to carry, bind, or absorb a variety of drugs, 

genetic material, peptides and, diagnostic agents with great efficacy due to their 

nanometer size (1-1000 nm) and high surface to volume ratio which discriminate 

nanomaterials from other conventional materials. The nanomedicine are capable of 

improving the solubility of poorly soluble drugs, and improving the bioavailability of 

poorly absorbed drugs in the human body (Senapati et al. 2018, Chavda 2019). 

The nanocarriers discovered in the cancer chemotherapy can be categorized into 

targeted and non-targeted nanocarriers. Liposomes, polymeric nanoparticles, 

nanocrystals, dendrimers, polymeric micelles, albumin bound nanoparticles, metal 

nanoparticles, and polymer-drug conjugates are some of the widely explored nano 

systems for delivery of chemotherapeutic agents (Peer et al. 2007). 

The drug is either covalently conjugated to the system or it can be entrapped physically 

in the delivery system to provide the drug release in controlled manner. The drug 

degradation, first pass metabolism and precipitation in the biological system can be 

prevented by entrapping the drugs inside the nanocarriers leading to improved 

bioavailability (Bobo et al. 2016). 
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Figure 1.7. Most commonly used nanoparticles for drug delivery (Cerqueira et al. 2015) 

In 1960, the liposome was developed as first nanocarriers by encapsulating the 

chemotherapeutic drug doxorubicin to treat various cancers (Farokhzad and Langer 

2009). As research progressed over the period of time, the various nanocarriers have 

been investigated for the delivery of anti-cancer agents due to their capability of 

improving the solubility and stability of lipophilic drugs, reducing the non-specific 

uptake in the body, improving circulation time in blood, reducing undesirable side 

effects, improving cellular association, and effective targeting to tumors. 
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Table 1.1. Currently FDA and EMA approved nano-systems (Cerqueira et al. 2015). 

The nanocarriers offer following advantages: 

▪ Improvement in the therapeutic index of encapsulated drugs encapsulated in 

compared to their conventional dosage forms. 

▪ Augmenting the drug efficacy by sustaining the steady state therapeutic 

concentrations over a period of time. 

▪ Capable of escaping the phagocytosis by RES with the help of surface 

modification with polymers such as polyethylene glycol. 

▪ Potential to conjugate a variety of ligands/drugs which can actively target the 

receptors overexpressed in the cell. 

▪ Capability of accumulating in the tumor tissue passively by enhanced 

permeation and retention (EPR) effect due to the nano size. 

1.6 Targeted drug delivery systems (TDDS) 

Conventional dosage forms for tumor treatment are usually administered through 

intravenous injection or oral route. Though, the drug molecules will be distributed 

systemically after entering into the systemic circulation, they are rapidly eliminated 

from the body leading to poor bioavailability of drugs and unwanted toxic side effects. 
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Hence, a typical strategy to overcome these issues is the surface functionalization of 

nanocarriers or drugs by proteins, nucleic acids, enzymes, receptors and other 

functional biological molecules to effectively reach tumor sites in a highly selective 

manner. So the design of functional DDSs needs to specifically deliver the drug to target 

sites (Torchilin 2006, Breunig, Bauer, and Göpferich 2008, Bae and Park 2011). The 

targeting of drugs can be divided into two major categories in general: passive targeting 

and active targeting (Koo et al. 2011). 

1.6.1 Passive tumor targeting 

 

Figure 1.8. Schematic representation of the passively targeting DDS and the influence of nanoparticles 

for EPR. Nanoparticles passively extravasate though the leaky vasculature and accumulate in tumors due 

to the damaged lymphatic drainage (Dai et al. 2016). 

Most solid tumors have unique pathophysiological characteristics such as augmented 

angiogenesis, defective vascular architecture, limited lymphatic drainage, and 

increased production of a number of permeability mediators (Maeda et al. 2000, Petrova 

et al. 2004). Hence, the passive targeting to the solid tumor majorly depends on the 

enhanced permeation and retention (EPR) effect that has been unanimously observed 

in solid tumors (Greish 2012). Matsumara et al. discovered the EPR effect in 1986 and 
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was considered as ‘‘a crucial step’’ by the researchers (Torchilin 2011). Moreover, the 

rapid vascularization allows the external nutrients and oxygen which are important for 

rapid tumor growth. The defects in the tumor blood vessels allow to extravasate the 

large molecules and nanocarriers and enhances their retention in the tumor. 

In addition, high interstitial fluid pressure and impaired lymphatic drainage in the tumor 

environment governs the passive targeting by the size of nanocarriers/macromolecular 

drugs preferably with suitable size around 100 nm by accumulating the higher amount 

of drug in the tumor (Dai et al. 2016). The nanoparticles with size around 100 nm 

facilitate the leakage from defective tumor vessels, avoid kidney filtration and evade 

the capture by RES (Qiu et al. 2010, Chithrani, Ghazani, and Chan 2006).  

Moreover, the surface charges of the nanocarriers also influence the phagocytic uptake 

by RES. For example, negatively charged/neutral nanoparticles have arbitrary effect on 

the systemic clearance (Bertrand et al. 2014) but positively charged nanoparticles are 

up taken more rapidly compared to other charged particles due to the electrostatic 

interactions with negatively charged cell membrane (Thorek and Tsourkas 2008, Wang 

et al. 2010). Hence, the EPR effect offers a great opportunity for targeting of lipid or 

polymer conjugated anticancer drugs/nanocarriers to the tumor tissues (Figure 8). 

1.6.2 Active tumor targeting 
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Figure 1.9. Schematic representation of the actively targeting DDS. Targeting ligands grafted on the 

surface of nanocarriers bind to receptors overexpressed by tumor cells and facilitate internalization via 

receptormediated endocytosis. Target receptor/sites mainly exist on the tumor (1) cytomembrane, (2) 

endo/lysosome, (3) endoplasmic reticulum, (4) mitochondria and (5) nucleus. Intracellular drug release 

is triggered by special stimuli (Dai et al. 2016). 

The surface of nanocarriers are capable for modification by attaching specific ligands 

or antibodies which is called active targeting or ligand-mediated targeting. This 

targeting approach can enhance the uptake of nanocarriers in tumors and improve the 

therapeutic efficacy of the anticancer agents in the tumor sites. In addition, it could also 

reduce the unwanted side effects and toxicities because the ligand mediated 

nanocarriers bind specifically to the over-expressed receptors in tumors (Figure 9). 

Some of the widely used ligands for active targeting of nanocarriers include transferrin, 

folic acid, biotin, hyaluronic acid, lactoferrin, angiopep, cyclic RGD peptide etc. 

The antitumor efficacy of cytotoxic drugs could be enhanced by developing the smart 

nanocarriers which effectively deliver the chemotherapeutic drugs to the cytoplasm in 

response to various endogenous (pH, redox, etc.) and exogenous (temperature, light, 

ultrasound, magnetic, etc.) stimuli. Hence, the actively targeted nano systems has 

gained more attention and they have shown better performance than non-targeted nano 
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systems in terms of enhanced cytotoxicity to tumor cells and the elimination of side 

effects. 

1.7 Intracellular targeting 

The chemotherapeutic agents are localized in the particular targets in the intracellular 

compartments (cytosol, mitochondria or nuclei) thereby reaching the targets through 

diffusion which depends on biological forces responsible for the cell penetration. These 

vectors provide improved delivery of chemotherapeutic drugs to these subcellular 

compartments thereby leading to enhanced specificity and efficacy, with lesser toxicity 

(Pandya and Debinski 2012). One such approach of intracellular targeting to specific 

organelles can be achieved by special class of peptides called cell penetrating peptides. 

Some carriers enter into endo/lysosomes and release the drugs or escape into the cytosol 

and then release the drugs. The released drug molecules have to translocate from the 

cytosol to the nucleus. This cytosol-targeted drug delivery followed by drug nuclear 

localization is achieved by increasing cytosolic drug concentration to facilitate the drug 

nuclear accumulation (Minotti et al. 2004).  

Attaching nanocarriers with biorecognized molecules such as ligands whose receptors 

are overexpressed on tumor cell surface leads to receptor-mediated endocytosis and 

thus promote their cellular uptake. Such ligands including folic acid (FR), peptides, 

antibodies, transferrin (Tf), interleukin 13, epidermal growth factor (EGFR) and 

transforming growth factor-α and some other moieties have been shown to contribute 

to nuclear delivery of various chemotherapeutic drugs (Zaki and Tirelli 2010, Yoon et 

al. 2011). 

Generally, nanocarriers are internalized by receptor-mediated endocytosis, become 

entrapped in endosomes, and eventually encounter late endosomes and lysosomes 

where active degradation of the nanoparticles and drugs takes place. The pH of early 



  CHAPTER 1 

 

19 
 

endosomes is typically near 6, the pH of late endosomes is near 5 and that of lysosomes 

is about 4 to 5. The acid pH and related enzymes in these compartments are extensively 

used to trigger drug release from the carriers for the drugs to diffuse into the cytosol 

and nucleus (Ganta et al. 2008, Sahay, Alakhova, and Kabanov 2010, Steinman et al. 

1983). 

1.7.1 Cell penetrating peptides 

Ineffective penetration of chemotherapeutic agents and nanoparticles is a noteworthy 

concern with chemotherapy (Ruoslahti 2017). The tumor microenvironment contains 

dense connective tissue which restricts the free movement of drug molecule into the 

tumor cells (Ruoslahti 2017, Uchida et al. 2011). In addition, the leaky vasculature 

creates high osmotic pressure zone within the tumor due to which fluid cannot penetrate 

inside, and hence, the chemotherapeutics cannot enter freely. Eventually, very little 

drug amount reaches to the core of tumor cells. Hence, the cells in the core of tumor 

develop resistant over multiple drug administrations (Ruoslahti 2017). This concern can 

be overcome by using cell penetrating peptides (CPPs). 

CPPs are short peptides which consist less than 40 amino acids and are able to deliver 

the bioactive cargoes intracellularly in energy-dependent or independent manner by 

means of various endocytosis mechanisms (Langel 2007, Ye et al. 2016). Most of the 

CPPs are cationic, assume amphipathic structures and are rich in lysine and arginine 

residues (Hackett 2012). 

The mechanism of internalization largely depends on the nature of CPP employed such 

as its length, charge, amphiphilicity along with the properties of cargo being 

transported. It further depends on the type of cell target and the CPP to cell ratio 

employed (Papadopoulou and Tsiftsoglou 2013). The mechanism of cellular uptake 

mainly is the endocytosis.  CPPs enter into the cells via clathrin/caveolin mediated 
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endocytosis or macropinocytosis. The arginine rich positively charged CPPs were 

reported to establish electrostatic interactions and hydrogen bonding between the 

guanidine group of arginine and the negatively charged cell membrane (like heparin 

sulphate proteoglycans, phosphates or carboxylates) before undergoing endocytosis or 

macropinocytosis (Papadopoulou and Tsiftsoglou 2013, Shin et al. 2014).  

Deshpande et al. has reported that the optimum number of arginine residues needed for 

maximum activity is around 8 among polyarginines (Deshpande et al. 2018). A 

reduction in the activity was reported for polyarginines longer or shorter arginine 

residues than 8. Therefore, the CPP, octa-arginine (R8) can be regarded as a basic or a 

proto-type of the proteintransduction domains. Khalil et al. Studied that the mechanism 

of cellular internalization of liposomes modified with a low R8 density shifted from 

clathrin-mediated endocytosis to macropinocytosis when the density of R8 was 

increased (Khalil et al. 2006). Further, PEGylation of CPP-conjugated system protects 

the delivery system from the proteolytic enzymes in blood circulation. This improves 

the half time of the system by reducing the filtration by kidneys due to increase in size 

(Koren and Torchilin 2012). R8 was studied for its ability to improve the anticancer 

drug delivery by various research groups. 

El-Sayed et al. investigated the role of nanocarriers whose surface was modified with 

an octaarginine peptide (R8). It was revealed that R8 on the liposome surface stimulates 

efficient escape from endocytic vesicles via a fusion mechanism that works at both 

neutral and acidic pH (El-Sayed et al. 2008). 

Zhang and co-workers developed the gold nanocarriers modified with R8 to assess the 

effectiveness in colorectal cancer cell line LS180. The R8-modified gold nanoparticles 

were efficiently up taken by LS180 cells (Zhang et al. 2018). 
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Biswas S. et al. have worked on surface functionalization of doxorubicin loaded 

liposomes using octa-arginine for enhanced anti-cancer activity. Arg8 was conjugated 

to PEG-DOPE co-polymer. The modified liposomes significantly improved the 

intracellular and intratumoral delivery of doxorubicin as studied by flow cytometry and 

confocal laser scanning microscopy (Biswas, Dodwadkar, et al. 2013). 

Deshpande et al. studied R8 and transferrin modified DOX-loaded liposomes to 

improve targeting of A2780 ovarian carcinoma cells for intracellular DOX delivery. It 

was concluded that R8 and Tf combination elevated the therapeutic potential of DOX 

loaded liposome and intracellular delivery via R8 (Deshpande et al. 2018). 

1.8 Dendrimers 

The remarkable efforts have been done to develop adequate biodegradable polymeric 

macromolecules in the 20th century. As a result, the dendrimers have been discovered 

as emerging innovations in the field of polymer chemistry. Tomalia et al. and Buhleier 

et al. synthesized dendrimers for the first time during 1970-1990 which have indeed 

controlled architecture with tailor-made surface groups, which could be surface 

modified (Buhleier 1978, Tomalia et al. 1985). 

The term dendrimer is derived from a Greek word dendron indicates tree like typical 

structure with a number of branching units. They are synthetic macromolecules 

characterized by high branching units, three-dimensional globular structure, 

monodisperse and size range in nanometer (1-100 nm) with a large number of surface 

groups that can be modified to offer a template in the field of drug delivery (Newkome 

et al. 1985, Tomalia, Naylor, and Goddard III 1990). 

Dendrimers are nano-sized macromolecules which constitute three discrete domains: i) 

a core at the center of dendrimer having an atom or a molecule having at least two 

identical chemical functions; ii) branches, originating from the central core having 
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repeated units whose repetition is organized in such a way that results in a series of 

radially concentric layers called “generations”; and iii) terminal functional groups 

located at the surface of dendritic molecules which determine the properties of dendritic 

macromolecules (Fréchet 1994). 

Dendrimers are used to deliver vaccines, drugs (small molecules and peptides), and 

genes effectively. They are being utilized in numerous applications such as drug 

solubilization, gene therapy, drug delivery, immunoassays, imaging and diagnostics. 

Dendrimers were found to be well tolerated cutaneously, intravenously, orally, rectally, 

and vaginally when being employed as nanodrug formulations. 

The different strategies have been used to synthesize dendrimers from monomers: (i) 

divergent synthesis, (ii) convergent synthesis, (iii) double exponential growth 

technique, (iv) self-assembling synthesis, (v) Lego chemistry, and (vi) Click chemistry 

(Menjoge, Kannan, and Tomalia 2010). 

 

Figure 1.10. Synthesis of dendrimers by the divergent growth method (Santos, Veiga, and Figueiras 

2020) 
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Figure 1.11. Synthesis of dendrimers by the convergent growth method (Santos, Veiga, and Figueiras 

2020) 

 

Figure 1.12. Synthesis of dendrimers by the double exponential growth technique (Santos, Veiga, and 

Figueiras 2020) 

1.8.1 Types of dendrimers 

The recent advances in synthetic chemistry leaded very fast development of dendritic 

nanocarriers with defined nanometric size and abundant numbers of functional end 

groups which can be finely tuned [59]. The types of dendrimers are as follows: 

Poly(amidoamine) dendrimers (PAMAM), Poly(propylene imine) dendrimers (PPI), 
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Liquid crystalline dendrimers, Core shell (tecto) dendrimers, Chiral dendrimers, 

Peptide dendrimers, Glycodendrimers, Hybrid dendrimers, PAMAM-organosilicon 

(PAMAMOS) dendrimers Poly(ethylene imine) dendrimers (PEI) (Kesharwani, Jain, 

and Jain 2014, Menjoge, Kannan, and Tomalia 2010). 

1.8.2 PAMAM dendrimers 

PAMAM dendrimers are now commercially available as ‘‘Starburst dendrimer’’, a sub-

class of these hyperbranched polymers on a tris-aminoethylene-imine core. The name 

itself indicates the star-like pattern observed when the dendrimer structure is viewed in 

2D. PAMAM dendrimers commercially available have multiple options for core 

materials which includes ethylenediamine, diaminobutane, diamonododecane, 

diaminohexane, and cystamine. The terminal groups on surface can be of hydroxyl, 

carboxylic acid, or amine functionality. One of the major advantages of PAMAM 

dendrimers is their spherical, globular structure resembling endogenous proteins 

(Pourianazar, Mutlu, and Gunduz 2014). 

Basically, a PAMAM dendrimers have three distinct architectural components: (i) a 

core, (ii) interior layers called generations consisting of repeating units which are 

attached radially to the core, and (iii) end functional groups (Jain et al. 2010). Each 

branching unit is termed a generation (G). The molecular diameter increases by about 

1 nm with each generation and ranges from 1.1 to 12.4 nm as they multiply from 

generations 1 to 10 in the PAMAM series (Maiti et al. 2004, Pourianazar, Mutlu, and 

Gunduz 2014). The shape of the dendrimers is changed by the number of generations. 

For example, lower generations (G0-G4) PAMAM dendrimers are planar and elliptical 

while higher generations (G5-G10) have spherical/globular with densely packed 

branches. The molecular weight, size, and the number of surface groups are also 
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changed from generations to generations in PAMAM dendrimers (Pourianazar, Mutlu, 

and Gunduz 2014). 

Table 1.2. Approximate diameters (Generations = 0-7) of PAMAM dendrimers (Pourianazar, Mutlu, and 

Gunduz 2014) 

1.8.3 PEGylated PAMAM dendrimers 

The major drawbacks of dendrimers are haemolytic toxicity, immunogenicity, RES 

uptake, stability, drug leakage etc. which limits their application to the biomedical field. 

Dendrimers interact with the components of cell such as plasma membranes, cell 

organelles, and proteins such as enzyme etc. effectively because of their size in 

nanometre range. The dendrimers which are being used in the drug delivery field have 

surface cationic charge e.g. PPI, PAMAM and PLL and they show remarkable in vitro 

cytotoxicity due positive charge (Agashe et al. 2006). These limitations can be 

overcome by attaching PEG or ligands over the surface of dendrimers (Jain et al. 2012). 

Additionally, conjugation of PEG or other moieties over the dendrimer surface enhance 

the solubility of hydrophobic drugs. PEG offers some favourable features such as non-

toxicity, non-antigenic, non-immunogenic, high solubility in water and FDA approval. 

The PEG-drug-dendrimer conjugates decrease degradation of drug by metabolic 

enzymes and improve the residence time in body (Jain et al. 2012). There are several 

type of PEG derivatives which are being conjugated to dendrimers e.g. bromo, amino, 
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carboxymethyl, succinimido succinate,tosylate, mesylate, aldehyde, octadesylamine, 

monopalmi-tate, and stearyloxy, or methoxy PEG (MPEG) (Harris 1985). 

PEGylated PAMAM dendrimers are one of the most efficient nanocarrier to deliver the 

anti-cancer agents to tumor site by evading the opsonization and RES uptake and  

improve the biodistribution and pharmacokinetics profile of poorly soluble 

chemotherapeutic agent (Layek, Lipp, and Singh 2015). Moreover, these PEGylate 

PAMAM dendrimers offer higher drug loading and controlled drug release property. 

Further, partial conjugation of PEG on the nanoconjugates imparts optimal cationic 

charge for cellular association and help in endocytosis of PEG-PAMAM conjugates 

(Kesharwani, Jain, and Jain 2014). 

1.8.4 PAMAM dendrimers in drug delivery 

PAMAM dendrimers are hydrophilic molecules capable of entrapping lipophilic 

molecules which makes them good solubility enhancers. PAMAM dendrimers of 

generation 3.0 to 5.0 are most widely explored for the delivery of drugs and 

macromolecules. PAMAM dendrimers offer wide choice of load to be delivered to the 

target site owing to its versatility in physical holding of drugs or chemical conjugation. 

Hydrophobic/hydrophilic molecules can be entrapped inside the dendrimers 

(dendrimer-drug networks) by host guest interactions inside their empty cavities present 

around core (Jang et al. 2009). 

In one study, 5-fluorouracil (5-FU) was loaded into PEGylated pH-responsive 

dendrimer nanocarrier to tumors for hypoxia treatment. It was revealed that the 5-FU-

loaded nanocarrier improved circulation and residence time in the body after 

intravenous administration in mice and showed tumor targeting efficiently (Jin et al. 

2011). 
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Liu et al. developed PTX loaded hybrid lipid-PAMAM and assessed for in vitro and in 

vivo cytotoxic activity on ovarian cancer cell line (Liu et al. 2015). It was concluded 

that this nanocarrier significantly improved the PTX activity by 37-fold compared to 

free PTX. In addition, this lipid-PAMAM hybrid nanocarriers improved the solubility 

of PTX approximately 465-fold compared to PAMAM alone (Liu et al. 2015). 

Zheng and co-workers developed amine terminated PAMAM dendrimer generation 5 

(PAMAM-G5) modified selenium nanoparticles for delivery of small interfering RNA 

(siRNA) and cisplatin (Zheng et al. 2015). It was revealed that the formulated 

nanocarriers significantly improved the cytotoxicity through apoptosis. Additionally, 

in vivo results proved that these nanocarriers improved the antitumor efficacy of drug 

without causing abnormality in organs.  

Biswas S. et al. investigated the use of dendrimer in SiRNA delivery. They have 

synthesized a conjugate consisting poly(amidoamine) dendrimer (generation 4)-poly 

(ethylene glycol)-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). This 

polyplexes were formed to be stable in serum and improved the cellular internalization 

and transfection efficiency (Biswas, Deshpande, et al. 2013). 

Huihui Liao and Hui Liu along with their co-workers encapsulated Doxorubicin in 

PEGylated G5 PAMAM dendrimer. Methoxy PEG with COOH end group was 

conjugated to amine terminated G5 PAMAM dendrimer. The conjugate loaded with 

Doxorubicin was water soluble and stable. Cytotoxicity using MTT assay was 

performed in HeLa cells which was effective than unconjugated doxorubicin (Liao et 

al. 2014). 

Mekuria et al. developed DOX loaded PAMAM-G4.5 conjugated with IL-6 antibody 

and a peptide, arginine-glycine-aspartate (RGD) to improve the activity of DOX for 

treatment of cervical cancer (Mekuria et al. 2016). PAMAM-IL6/DOX showed higher 
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encapsulation efficiency of 51.3%, higher loading and faster release which 

corresponded to greater cytotoxicity. 

Urbiola et al. conjugated the Tf over the surface of PAMAM dendrimer (P-Tf) with 

enhanced gene delivery to cancer cells. This new vector showed good transfection 

efficacy in HeLa, HepG2 and CT26 cell lines (Urbiola et al. 2015). 

1.9 Paclitaxel 

Paclitaxel is one of the most potent and effective chemotherapeutic drug which is active 

against a broad range of cancers like lung carcinoma, ovarian, and breast carcinoma 

(Jordan and Wilson 2004). The PTX promotes and stabilizes microtubules and inhibits 

late G2 or M phases of cell cycle which results into the cell death (Ma and Mumper 

2013). Paclitaxel (PTX), a white crystalline powder, was isolated from the bark of 

Pacific Yew tree Taxus brevifolia by Mrs. Monroe E. Wall and Mansukh C. Wani firstly 

(Ma and Mumper 2013). The PTX also induces cellular processes which lead to 

programmed cell death (Poruchynsky et al. 1998). There are many genes e.g. Bcl-2 

which are responsible in the regulation of the apoptotic pathways modulated by post-

translational phosphorylation thereby targeting the microtubules (Blagosklonny et al. 

1997, Markman and Mekhail 2002). Although PTX has massive therapeutic potential, 

it suffers serious drawbacks of poor aqueous solubility, lack of cancer specificity, and 

substrate to P-gp efflux proteins (Sarisozen, Abouzeid, and Torchilin 2014). The low 

solubility problem was overcome by developing the PTX formulations based on 

Cremophor EL (e.g. Taxol®) and administered via slow intravenous infusion following 

dilution with normal saline (0.9% NaCl) or dextrose (5%) solutions. Nevertheless, the  

Taxol® shows serious side effects such as brain toxicity and kidney toxicity because of 

the excipient Cremophor EL which was used to solubilize PTX (Yuan et al. 2016). 

Therefore, Cremophor EL-free formulations of PTX have been investigated and 
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numerous attempts were carried out to enhance its therapeutic potential by 

incorporating the PTX in different nanocarriers. 

The various attempts were reported to enhance the solubility and efficacy of PTX.  For 

example, PTX is encapsulated in PLA-b-mPEG diblock co-polymers (Paxceed®) 

which forms micelles with water. Presently, Paxceed® is in phase II clinical trials 

(Ehrlich et al. 2004). In 2005, Albumin-bound PTX-NPs (Abraxane®) was approved 

by US FDA to treat patients of metastatic breast cancer who fail other chemotherapy or 

relapse and to treat non-small cell lung cancer approved in October 2012 (Green et al. 

2006). Another micellar formulation is based on the co-polymer of  PEG and 

polyaspartate (NK 105) by incorporating the PTX into the core of the micelles via 

hydrophobic interaction which is in phase III clinical trials (Kazunori et al. 1993). The 

most promising poly (L-glutamic acid)-PTX conjugate (CT-2103) was developed 

where PG is conjugated to 2′-OH position of PTX via an ester linker which is in phase 

III clinical studies currently (Singer 2005). A PTX-Angiopep-2 conjugate (ANG 1005) 

is a novel drug-peptide conjugate, which consists of three PTX molecules conjugated 

to one molecule of an Angiopep-2 thereby targeting low-density lipoprotein receptor-

related protein 1 (LRP1) receptor to facilitate PTX delivery to across blood brain barrier 

for the treatment of brain cancer. The ANG 1005 is in phase II clinical trials recently 

(Regina et al. 2008). 

1.9.1 Physicochemical properties of paclitaxel 

Paclitaxel (C47H51NO14; molecular weight: 853.9 g/mol), is a cyclodecane derivative 

isolated from the bark of the Pacific yew tree, Taxus brevifolia and other Taxus spp. 

Sold under the brand name Taxol®, it is a fine, white to off-white crystalline powder 

which is poorly soluble in water. Paclitaxel is soluble in alcohols (methanol: 50mg/ml; 



  CHAPTER 1 

 

30 
 

ethanol: 1.5mg/ml) and DMSO (50mg/ml). Paclitaxel is rapidly degraded in weakly 

alkaline, aqueous solutions with minimum degradation observed between pH 3–5. 

Paclitaxel melts at 213°C and has a logP~3, with the UV absorption maxima at 227 nm. 

The chemical structure of paclitaxel is shown in Figure 1.14. It has 4 hydrogen bond 

donors and 14 hydrogen bond acceptors ("National Center for Biotechnology 

Information, PubChem Compound Database; CID=36314"). 

 

Figure 1.13. Chemical structure of Paclitaxel 

IUPAC name: [4,12-diacetyloxy-15- (3-benzamido-2-hydroxy-3 phenylpropanoyl) 

oxy-1,9 dihydroxy-10,14,17,17-tetramethyl-11-oxo-6 oxatetracyclo [11.3.1.03,10.04,7] 

heptadec-13-en-2-yl] benzoate 

1.10 Objectives 

The core objective of the proposed research work was to synthesize and assess the 

surface modified PAMAM dendrimer nano-conjugates for the delivery of a 

chemotherapeutic agent, paclitaxel (PTX). The PTX has very limited application in the 
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clinic due to its poor aqueous solubility, non-specific delivery to other organs, drug 

efflux by P-glycoprotein transporters and unwanted side effects. The various efforts 

were performed to overcome the abovementioned challenges by improving the 

availability of PTX inside the cancer cells. To that end, α-TOS or VES was conjugated 

to G4 PAMAM dendrimer. The PEGylation strategy was used to make nano-carriers 

long circulating. The various ligands were attached onto the surface modified PAMAM 

dendrimer e.g. Transferrin (Tf) or octa-arginine (R) for effective delivery of PTX into 

the cancer cells. The chief objectives and definite aims of this thesis are: 

Objective 1: To synthesize α-TOS anchored PEGylated multifunctional G4 PAMAM 

dendrimer system to deliver PTX. 

Specific aims: 

(i) To synthesize α-TOS anchored G4 PAMAM dendrimer conjugate by using 

EDC/NHS coupling reaction. 

(ii) To attach the PEG onto the synthesized G4-TOS which yields G4-TOS-PEG. 

(iii) To load the PTX physically inside the synthesized G4-TOS-PEG dendrimer 

nano-conjugate. 

(iv) To perform the physico-chemical characterization of the conjugates using 

proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug 

loading and GPC analysis. 

(v) To assess the PTX loaded G4-TOS-PEG dendrimer conjugate in vitro in cancer 

cell monolayers and multi-layered 3D spheroids. 

(vi) To evaluate the therapeutic efficacy of the multifunctional dendrimer conjugate 

in tumor-bearing mice. 

 

Objective 2: To develop Transferrin anchored multifunctional G4 PAMAM dendrimer 

system to deliver PTX. 

Specific aims: 

(i) To synthesize α-TOS anchored G4 PAMAM dendrimer conjugate by using 

EDC/NHS coupling reaction. 
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(ii) To attach the PEG onto the synthesized G4-TOS which yields G4-TOS-PEG. 

(iii) To conjugate the targeting ligand Transferrin onto the G4-TOS-PEG which 

yield G4-TOS-PEG-Tf. 

(iv) To load the PTX physically inside the synthesized G4-TOS-PEG-Tf dendrimer 

nano-conjugate. 

(v) To perform the physico-chemical characterization of the conjugates using 

proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug 

loading, FTIR, XRD, TEM and GPC analysis. 

(vi) To assess the PTX loaded G4-TOS-PEG dendrimer conjugate in vitro in cancer 

cell monolayers and multi-layered 3D spheroids. 

Objective 3: To synthesize octa-arginine (R) anchored PEGylated multifunctional G4 

PAMAM dendrimer system to deliver PTX. 

Specific aims: 

(i) To synthesize VES anchored G4 PAMAM dendrimer conjugate by using 

EDC/NHS coupling reaction to yield VES-D. 

(ii) To attach the PEG onto the synthesized VES-D which yields VES-PD. 

(iii) To conjugate the cell penetrating peptide octa-arginine (R) onto the VES-PD 

which yield RVES-PD. 

(iv) To load the PTX physically inside the synthesized RVES-PD dendrimer nano-

conjugate. 

(v) To perform the physico-chemical characterization of the conjugates using 

proton NMR, hydrodynamic size, zeta potential, encapsulation efficiency, drug 

loading and GPC analysis. 

(vi) To assess the PTX loaded RVES-PD dendrimer conjugate in vitro in cancer cell 

monolayers and multi-layered 3D spheroids. 

(vii) To evaluate the therapeutic efficacy of the multifunctional dendrimer conjugate 

in tumor-bearing mice. 
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2.1 Abstract 

This study involves development of a dendrimer-based nanoconstruct by conjugating α-

tocopheryl succinate (α-TOS) and polyethylene glycol (PEG) on a poly (amidoamine) 

dendrimer (G4 PAMAM) to improve intracellular delivery of a poorly water-soluble 

chemotherapeutic drug, paclitaxel (PTX). The conjugates were characterized by NMR, 

and PTX-loaded nanocarriers (G4-TOS-PEG-PTX) were evaluated for hydrodynamic 

diameter, polydispersity index (PDI), zeta potential, percentage encapsulation efficiency 

(%EE), and percentage drug loading (%DL). A hemolysis study was performed, which 

indicated that the synthesized dendrimer conjugates were not toxic to red blood cells; 

hence, they were biocompatible. A cellular uptake study in (B16F10 and MDA MB231) 

monolayer cells and 3D spheroids showed that α-TOS conjugation improved the time 

dependent uptake of nanosized dendrimer conjugates. The cell viability assay revealed 

that G4-TOS-PEG-PTX enhanced the cytotoxicity of PTX as compared to free PTX and 

PTX-loaded G4-PEG (G4-PEG-PTX) at tested concentrations. Correspondingly, the α-

TOS-anchored dendrimer induced more apoptosis as compared to free PTX and G4-

PEG-PTX. Moreover, the fluorescently labeled G4-TOS-PEG penetrated deeper into 

MDA MB231 3D spheroids as visualized by confocal microscopy. G4-TOS-PEG-PTX 

showed significant growth inhibition in 3D spheroids as compared to free PTX and G4-

PEG-PTX. Further, the in vivo efficacy study using B16F10 xenografted C57Bl6/J mice 

indicated that the G4-TOS-PEG localized in tumor sections. G4-TOS-PEG-PTX reduced 

the tumor growth significantly compared to free PTX and G4-PEG-PTX. G4-TOS-PEG-

PTX had more apoptotic potential in tumor sections as analyzed by TUNEL assay. 

Hence, the newly developed dendrimer conjugate, G4-TOS-PEG, has the potential to 

target loaded drug to the tumor, and G4-TOS-PEG-PTX has the potential to be utilized 

successfully in cancer treatment. 
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2.2 Introduction 

Nanotechnology plays a vital role in providing new strategies for the development of 

effective therapeutics for cancer with minimal side effects and improved bioavailability. 

The chemotherapeutic drugs can be entrapped or conjugated on the nanocarriers, which 

provide stability, improved pharmacokinetics, longer circulation times, specificity 

toward cancer cells, and improved therapeutic efficacy. Various types of nanodrug 

delivery systems include lipid nanocarriers, polymer-drug conjugates, polymeric 

micelles, inorganic nanoparticles, and dendrimers. Even though the effectiveness of these 

nanoparticles improved compared to conventional free drug treatment, the toxicity 

associated with the polymeric systems, premature drug release from the nanocarriers, and 

overall effectivity in human cancers still poses challenges and necessitates further 

research in this direction to develop superior treatment strategies for cancer (Biswas et 

al. 2011). 

Dendrimers are hyper-branched synthetic macromolecules having an ordered nanometric 

architecture. Dendrimers are available in many generations and possess a central core 

withbranches emanating from it, which makes them modifiable by attaching the desired 

functional groups at the periphery. For the past decade, poly(amidoamine) dendrimers 

(PAMAM) gained more attention over the other nanocarriers in the delivery of small 

molecules, proteins and peptides, and gene-based materials in various diseases 

(Kesharwani, Jain, and Jain 2014). The toxicity of dendrimers is attributed mainly to the 

end group present over the periphery (Malik et al. 2000). However, the toxicity can be 

overcome by modifying their periphery using anionic or neutral groups (e.g., 

polyethylene glycol, PEG), which also improve the systemic circulation in vivo (Roberts, 

Bhalgat, and Zera 1996, Fuchs et al. 2004, Kesharwani et al. 2011). These nanocarriers 

passively enter into the tumor tissue via leaky vasculature by an enhanced permeability 
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and retention (EPR) effect. Still the internalization of the dendrimeric nanocarriers into 

the cell membrane is limited and energy dependent, which can be largely modulated by 

surface modification. 

α-Tocopheryl succinate (α-TOS) is a well-known hydrophobic analogue of vitamin E 

that has been extensively used in preclinical studies by conjugating it to PEG to improve 

the solubility of poorly soluble drugs, and it was proven to be an efficient penetration 

enhancer (Gill, Kaddoumi, and Nazzal 2012, Chandrasekharan et al. 2011). Moreover, 

α-TOS has proven its anticancer activities in a variety of human cancer cell lines (Abu-

Fayyad et al. 2015, Emami et al. 2015, Nam et al. 2015, Gruber et al. 2014, Muddineti et 

al. 2017, Neuzil et al. 2002). α-TOS has apoptosis inducing potential in various cancer 

cell lines (Neuzil et al. 2002, Kline, Yu, and Sanders , Yu et al. 2001). α-TOS has proven 

its inhibitory effect on cell proliferation by cell cycle arrest at G0 or G1 cycle block in 

MDA-MB-435 breast cancer cells (Yu, Sanders, and Kline 2002). α-TOS can reduce the 

multidrug resistance of various chemotherapeutic drugs (paclitaxel, curcumin, and 

doxorubicin) by inhibition of Pglycoprotein (P-gp) (Duhem, Danhier, and Préat 2014, 

Guo et al. 2013). 

In the present study, we have conjugated α-TOS with the G4 PAMAM dendrimer, which 

was further coupled with PEG to explore its potential to deliver the chemotherapeutic 

agent, paclitaxel (PTX), to the cancer cells as well as to the solid tumor. The PTX-loaded 

dendrimer conjugates were evaluated in the triple negative breast cancer cell (MDA 

MB231) in monolayers and 3D spheroids, the murine melanoma cell line (B16F10), and 

in B16F10-xenografted C57BL/6 mice to assess in vitro and in vivo therapeutic efficacy. 

2.3 Materials and methods 

2.3.1 Materials 

The generation 4 PAMAM (G4 PAMAM) dendrimer was procured from Dendritech 

(USA). PTX wasgiven as a gift sample from Fresenius Kabi India Pvt., Ltd. (Gurgaon, 
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India). Methoxy-polyethylene glycol-succinimidyl carboxymethyl ester (mPEG-SCM 

ester, MW 2000 Da) was purchased from Jenkem Technology (USA). N-

Ethyldiisopropylamine (DIPEA) was purchased from Avra Chemicals, India. NHS-

Fluorescein was procured from Thermo Scientific (USA). α-TOS was obtained from 

Sigma-Aldrich Chemicals (Bangalore, India). N-(3-(Dimethylamino)propyl)-N′-

ethylcarbodiimide hydrochloride (EDC·HCl, 98%) and N-hydroxysuccinimide (NHS, 

98%) were procured from Sigma-Aldrich Chemicals (USA). The regenerated cellulose 

dialysis membrane (MWCO 2 kDa, 3.5 kDa, and 14 kDa) was purchased from Spectrum 

Laboratories, Inc. (USA). All other chemicals and solvents used for the study were of 

analytical grade. 

Murine melanoma cancer cells (B16F10) and triple negative breast adenocarcinoma cells 

(MDA MB231) were procured from the National Center for Cell Sciences (NCCS, Pune, 

India). Heat-inactivated fetal bovine serum (FBS), leibovitz (L-15) media, Dulbecco’s 

modified Eagle’s media (DMEM), and penicillin/streptomycin solution were obtained 

from Himedia Laboratories (Mumbai, India). B16F10 cell lines were grown in DMEM 

(10% FBS and 100 IU/mL of penicillin/streptomycin solution) at 37 °C and 5% CO2 

atmosphere. MDA MB231 cell lines were grown in L-15 medium (10% FBS and 100 

IU/mL of penicillin/streptomycin solution) with the same incubation conditions. 

2.3.2 Methods 

2.3.2.1 Synthesis of the α-TOS-Conjugated G4 PAMAM Dendrimer (G4-TOS) 

The amine terminated G4 PAMAM dendrimer (50 mg, 3.52 μmol) was dissolved in 2 

mL of anhydrous dimethylformamide (DMF). α-TOS of about 5 mol equiv (9.341 mg, 

17.6 μmol) was dissolved in 1 mL of DMF containing EDC (10.13 mg, 52.8 μmol) and 

NHS (6.072 mg, 52.8 μmol), and this mixture was stirred for 3 h to activate the carboxylic 

acid group of α-TOS. Then, the activated α-TOS was dropwise added to the G4 solution 



  CHAPTER 2 

 

48 
 

in DMF containing 20 μL of DIPEA under vigorous magnetic stirring. The stirring 

process was continued overnight to complete the reaction in an inert atmosphere. The 

DMF was evaporated by rotary evaporator, and the reaction mixture was purified by 

dialysis and lyophilized to get G4-TOS. The scheme of the synthesis is shown in Figure 

2.1. 

2.3.2.2 Conjugation of PEG to G4-α-TOS 

mPEG-NHS of about 10 mol equiv (67.82 mg, 33.91 μmol) of G4-TOS was dissolved in 

1 mL of DMF and was mixed with G4-TOS (50 mg, 3.391 μmol) dissolved in 2 mL of 

DMF containing 20 μL of DIPEA under vigorous magnetic stirring. The stirring process 

was continued overnight to complete the reaction in an inert atmosphere. The DMF was 

evaporated by rotary evaporator, and the reaction mixture was purified by dialysis 

(MWCO 12-14 kD) and lyophilized to get G4-TOS-PEG. 

2.3.2.3 Conjugation of PEG to the G4 PAMAM Dendrimer 

mPEG-NHS (10 mol equiv of G4 PAMAM dendrimer, 70.4 mg, 35.2 μmol) was 

dissolved in 1 mL of DMF and mixed with G4 (50 mg, 3.52 μmol) dissolved in 2 mL of 

DMF containing20 μL of DIPEA under vigorous magnetic stirring. The stirring process 

was continued overnight to complete the reaction in an inert atmosphere. The DMF was 

evaporated by rotary evaporator, and the reaction mixture was purified by dialysis 

(MWCO 12-14 kD) and lyophilized to get G4-PEG. 



  CHAPTER 2 

 

49 
 

 

Figure 2.1. Schematic representation for α-TOS and PEG conjugation onto the G4 PAMAM dendrimer. 

2.3.3 Characterization of Multifunctional Conjugate 

The proton NMR in D2O (300 MHz, Bruker, USA) was done for the synthesized dendrimer 

conjugates. The hydrodynamic diameter, PDI, and surface potential of the synthesized 

conjugates were performed using a Malvern Zetasizer (Nano ZS, Malvern Instruments, 

UK). The dendrimer samples were diluted in deionized water and analyzed by dynamic 

light scattering using a Malvern zetasizer at 25 °C. The gel permeation chromatography 

was carried out to determine the molecular weight of the synthesized G4-conjugates. 

Ultrahydrogel linear (7.8 mm ID × 300 mm × 6 μ) size size exclusion column was used to 

elute the samples in GPC system (Waters Alliance series). Tris buffer (40 mM) and 

potassium chloride (80 mM) was used as a mobile phase with flow rate of 1 ml/min. The 

standard molecular weight compounds were run before analysing the sample to plot the 

calibration curve. The calibration curve was plotted using different molecular weight 

pullulan standards of molecular weight range 0.63 × 104, 0.98 × 104, 2.20 × 104, 4.71 × 104, 

10.7 × 104, 20.1 × 104, 33.4 × 104, 64.2 × 104 Da. 

2.3.4 PTX Loading in the G4-α-TOS-PEG Nanoconjugate 
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For drug loading, an excess (5 mg) of PTX was added to the G4-PEG (25 mg) and G4-

TOS-PEG (25 mg) dendrimer conjugates dissolved in methanol under slow stirring at 50 

rpm for 24 h. The methanol was evaporated by rotary evaporator, and PBS was added to 

the dried mixture. The suspension was centrifuged at 5000 rpm, and the supernatant was 

taken and estimated by HPLC to determine the amount of drug loaded within the dendrimer. 

2.3.5 Percentage Entrapment Efficiency (%EE) and Drug Loading (%DL) 

Entrapment and drug loading were carried out for G4-PEG and G4-TOS-PEG by diluting 

the sample in methanol to release PTX from dendrimer. PTX concentration was determined 

by using an HPLC LC-20AD system (Shimadzu, Kyoto, Japan), LC-20AD prominence 

pump, SIL-20ACHT autoinjector, and SPD-20A UV detector. The mobile phase was 

phosphate buffer saline pH 7.4 and acetonitrile (60:40 v/v) with a flow rate of 1 mL/min at 

λmax 227 nm. After centrifugation, the supernatant was diluted with mobile phase to 

determine the amount of PTX. %EE and %DL of PTX-loaded G4-PEG and G4-TOS-PEG 

were calculated by the following equations: 

%𝐸𝐸 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑜𝑓 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
 × 100 

%𝐷𝐿 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑜𝑓 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑛𝑑 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒
 × 100 

2.3.6 In Vitro Release Study 

A dialysis method was used to determine the PTX release from dendrimer formulations 

(Kulhari et al. 2016). Two milliliters of G4-PEG-PTX and G4-TOS-PEG-PTX 

(equivalent to 2 mg of PTX) solution were filled into dialysis bags (MWCO 2000 Da) 

using PBS (pH 7.4) as a release media (50 mL) and stirred at 100 rpm at 37 °C. At 

different time points, an 1 mL aliquot was taken out from the media, and the same volume 

of fresh medium was replaced again to maintain the sink condition. The aliquots were 

diluted (if necessary) and filtered through a 0.22 μm membrane filter. The amount of 
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PTX release was analyzed by HPLC. Free PTX was dissolved in the mixture of Tween 

80 and ethanol, and it was used as the control. The sink condition was maintained using 

20% methanol added to the media. The experiment was done in triplicate. The graph was 

plotted for the percentage cumulative amount of PTX released versus time (mean ± SD, 

n = 3). 

2.3.7 Hemolytic Toxicity Study 

This assay was carried out to evaluate the safety of the newly synthesized α-TOS-

anchored dendrimer conjugate in vivo following a previously reported literature 

(Rompicharla et al. 2018). Briefly, the rat blood (5 mL) was collected in heparinzed 

tubes. Further, the red blood cells (RBCs) were isolated by centrifugation of blood for 30 

min at 3000 rpm at 4°C. The supernatant was discarded, and these cells were resuspended 

by diluting with PBS after a thorough washing (5% v/v suspension). In the next step, a 

RBC solution of 5% v/v was incubated with G4-PEG and G4-TOS-PEG (dissolved in 

PBS at 5 and 10 mg/mL) for 1 h at 37 °C (without PTX). PBS and Triton-X 100 (1% 

solution) were added in the RBC solution as the negative and positive controls, 

respectively. After incubation, all the samples were subjected to centrifugation for 20 

min at 7000 rpm. The haemoglobin (Hb) present in the supernatant was analyzed by a 

microplate reader (Spectramax, Molecular Devices, USA) at 576 nm. The degree of 

hemolysis was derived from the following formula: 

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =
(𝐴sample −  𝐴(−))

𝐴(−))/(𝐴(+)  −  𝐴(−))
 × 100 

where Asample = the absorbance of the sample, A(−) = the absorbance of sample treated 

with just PBS, and A(+) = the absorbance of the 100% lysed sample (Triton X-100). 

2.3.8 Cellular Uptake by Flow Cytometry 
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The internalization of the α-TOS-conjugated dendrimer was evaluated by flow 

cytometry. The B16F10 and MDA MB231 cells were seeded at a cell density of 0.8 × 

106 cells/well and allowed to attach overnight in 6-well tissue culture plates. On the next 

day, the cells were treated with fluorescently labeled G4-PEG (F-G4-PEG) and G4-TOS-

PEG (F-G4-TOS-PEG) (25 μg/mL) and kept for incubation at 37 °C for 1 and 4 h. After 

incubation for 1 and 4 h, the cells were washed with sterile PBS and trypsinized. To 

obtain the cell pellet, the cells were centrifuged for 7 min at 1000 rpm. Next, the cells 

were suspended again in sterile PBS before analysis using a flow cytometer (Amnis 

FlowSight, Millipore, USA) with an argon laser of λexc at 488 nm. Cells without any 

formulation treatment were taken as the control. The data were analyzed by plotting 

histograms using IDEAS software (version 6.0). The mean fluorescence of samples (n = 

3) was plotted as a bar diagram. 

2.3.9 Confocal Microscopy 

Confocal microscopy was used to visualize the internalization of the α-TOS-conjugated 

dendrimer. B16F10 and MDA MB231 cells were seeded at a cell density of 50000 

cells/well in complete media onto the tissue culture plates (12-well) on top of circular 

coverslips. On the next day, cells were treated with fluorescently labeled G4-PEG and 

G4-TOS-PEG (25 μg/mL) for 1 and 4 h at 37 °C. Following incubation, the cells were 

washed two times with PBS and treated with DAPI (1 μg/mL) for 5 min to stain the 

nucleus. Further, the cells were washed with PBS and fixed using 4% para-formaldehyde 

for 15 min. The treated coverslips were mounted upside down on microscopic slides 

using fluoromount-G mounting medium. These microscopic slides mounted with 

coverslips were visualized under a confocal microscope (Leica DMi8, Leica 

Microsystems, Germany) using FITC and DAPI filters, and the images were captured. 

The images were analyzed by ImageJ software. 
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2.3.10 Cytotoxicity Study 

The MTT assay was carried out to assess the in vitro cytotoxicity of free PTX and PTX-

loaded dendrimer formulations in B16F10 and MDA MB231 cells. The cells were seeded 

at a density of 10,000 cells/well in culture medium in tissue culture plates (96-well). On 

the next day, the cells were treated with the above formulations (PTX concentration 0−50 

μg/mL) and kept for incubation in an incubator (5% CO2) at 37 °C for 24 and 48 h. Free 

PTX was dissolved in DMSO (not more than 0.5% v/v) and diluted further with culture 

medium. Following 24 and 48 h of incubation, the growth medium was removed, and the 

MTT reagent (50 μL, 5 mg/mL) was added to the cells and incubated for 4 h. The MTT 

reagent was discarded, and the formed formazan crystals were dissolved in dimethyl 

sulfoxide (DMSO) (150 μL). The optical density was assessed by a microplate reader 

(Spectramax M4, Molecular Devices, California, USA) at 590 nm by keeping reference 

λmax at 620 nm. Cells with no treatment were taken as the control. Percentage cell 

viability was determined by the following equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
Abssample

Abscontrol
 × 100 

where Abssample = absorbance of the cells treated with free PTX as well as the 

formulations, while Abscontrol = average absorbance of the untreated living cells. The data 

were shown as the mean ± SD; n = 3. 

2.3.11 Apoptosis Study 

MDA MB231 cells at a density of 0.5 × 106/well were seeded in tissue culture plates (6-

well) and kept for incubation with free PTX and PTX-loaded dendrimer formulations 

(PTX concentration 25 μg/mL) for 18 h at 37 °C in a CO2 incubator to assess the 

apoptosis. The study was carried out as per the manufacturer’s instruction. Following 18 

h, cells were washed with cold PBS and centrifuged, and the cell pellets were suspended 

using the AnnexinV binding buffer (100 μL). Then, 5 μL of propidium iodide (PI) 
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solution and 5 μL of AnnexinV were added to stain the cells and kept for incubation for 

15 min. AnnexinV binding buffer (200 μL) was added to each sample and characterized 

by a flow cytometer (Amnis Flowsight, Millipore, USA). The cells with no treatment 

were taken as the controls. The 10 000 cells were gated, and the fluorescence of FITC 

and PI was measured at 535 and 550 nm, respectively. PI versus Annexin V-FITC with 

quadrant gating was done as a dot plot, which represents live cells (Q3, Annexin V-

FITC−PI−), early apoptosis (Q4, Annexin V-FITC+PI−), late apoptosis (Q2, Annexin V-

FITC+PI+), and necrotic (Q1, Annexin V-FITC−PI+). To determine the extent of 

apoptosis, early and late apoptotic events were taken. The apoptosis data of the histogram 

were plotted by IDEAS software version 6.0. 

2.3.12 Evaluation of the α-TOS-Conjugated Dendrimer in 3D Spheroid Model 

2.3.12.1 Formation of MDA MB231 Spheroids 

The MDA MB231 cancer cell spheroids model was developed by the liquid overlay 

method as reported previously (Kumari et al. 2018, Rompicharla et al. 2018). Briefly, 

1.5% (w/v) agar as a base was prepared in L-15 (serum free) medium and sterilized. To 

prevent cell adhesion, agar solution (50 μL/well) was added to the 96-well plates to 

prevent cell adhesion, and the plates were kept for drying (30 min) before use. In 8-well 

plates, 150 μL of agarose solution was added. MDA MB231 cells (10000 cells/well) were 

seeded in 96-well plates which were precoated with agar. Further, the plates were 

centrifuged for 15 min at 1000 rcf. The spheroids were visualized daily by an inverted 

microscope. 

2.3.12.2 Penetration Efficiency in MDA MB231 Spheroids 

The MDA MB231 3D spheroids were developed in 8-well tissue culture plates with a 

cell density of 1 × 104 cells/well. The depth of penetration of fluorescently labeled G4-

PEG and G4-TOS-PEG into the spheroids was assessed by confocal microscope (Leica 
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DMi8, Leica Microsystems, Germany). After incubation for 1−4 h, the spheroids were 

washed with PBS and then visualized by a confocal microscope at 10× magnification. Z-

stack images were captured from the top surface toward the equatorial plane of spheroids 

at the thickness of 20 μm intervals. Images were assessed by ImageJ software. 

2.3.12.3 MDA MB231 3D Spheroids Uptake by Flow Cytometry 

Quantitative assessment of cellular internalization of the α-TOS-conjugated dendrimer 

in MDA MB231 3D spheroids was done by flow cytometry. The 5-day old MDA MB231 

spheroids were kept for incubation for 1 and 4 h with NHSfluorescein-labeled G4-PEG 

and G4-TOS-PEG. Twelve spheroids were collected to achieve sufficient cell count as 

one replicate at the 1 and 4 h time points. Following being washed with PBS, the 3D 

spheroids were dissociated by Accutase (200 μL) solution and kept for gentle shaking for 

10 min at 37 °C. The cell suspension was transferred to centrifuge tubes, and FBS was 

added to neutralize the effect of Accutase. After centrifugation, the cells were again 

suspended in PBS (200 μL) to be analyzed by a flow cytometer (BD FACSCANTO II, 

BD Biosciences, USA). The intracellular fluorescence exhibited by NHS-fluorescein-

labeled G4-PEG and G4-TOS-PEG-treated 3D spheroids was reported as a bar diagram. 

The data were analyzed by plotting histograms using FCS express software (version 6.0). 

2.3.12.4 Growth Inhibition of the MDA MB231 3D Spheroids 

The MDA MB231 3D spheroids were grown with density (10,000 cells/well) in tissue 

culture plates (96-well). When the spheroids attained integrity and uniform size, they 

were incubated with free PTX and PTX-loaded dendrimer formulations (PTX 

concentration 25 μg/mL) for 9 days. The growth medium was changed on alternate days. 

Growth inhibition in MDA MB231 spheroids was visualized under a fluorescence 

microscope (Leica DMi8, Leica Microsystems) at predetermined intervals (0, 3, 6, and 9 
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days) at 10X magnification, and the images were captured. The quantitative data are 

reported as the mean diameter of four spheroids with standard deviation. 

2.3.13 Determination of Therapeutic Efficacy in Vivo 

The antitumor efficacy of free PTX and various PTX-loaded formulations was evaluated 

in 6−8 week old female C57BL/6 mice with weights of 18−22 g. The animals were 

obtained from the Sainath Agency, Hyderabad, India. Mice were kept in in-housed 

conditions at a controlled temperature of 19−23 °C with 12 h nocturnal−diurnal cycles 

with a relative humidity of 50−60%, and they were allowed free access to food and water. 

For 1 week, animals were subjected to adaptation before initiating the experiment. The 

study was performed following the approval from the Institutional Animal Ethics 

Committee. 

The subcutaneous tumor was developed by injecting B16F10 cells (1 × 106 cells 

suspended in 100 μL of Hank’s balanced salt solution) into the dorsal flank region of 

mice. The animals were supervised for 10−14 days for the palpable appearance of a solid 

tumor. The tumor volume ((length × width2)/2) was measured using the vernier caliper 

every alternate day, and body weight was also measured. 

2.3.13.1 Localization of Denrimeric Nanocarriers in Tumor 

The animals were considered to be used for the treatment when the average volume of 

the tumor reached 200 mm3. The animals were divided into two groups (n = 4). 

Fluorescently labelled G4-PEG and G4-TOS-PEG were injected intraperitoneally into 

the tumor bearing mice at a dose of 10 mg/kg in PBS. After 8 and 24 h, the tumors were 

isolated after sacrificing the mice using CO2. The isolated tumors were frozen by 

immersing them in tissue freezing media after being washed with PBS (pH 7.4) and 

stored at −80 °C. The frozen tumors were cryosectioned with a thickness of 5 μm by a 

Cryotome, and they were mounted on glass slides. The sections were treated with DAPI 
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at 1 μg/mL for 5 min and washed with PBS, and the sections were fixed in 4% 

paraformaldehyde at 25 °C for 15 min. The stained section was visualized by a 

fluorescence microscope at 20× magnification. 

2.3.13.2 Tumor Inhibition Study 

After injecting B16F10 cells (1 × 106 cells), when the tumor volume reached 50−100 

mm3, the mice were divided into four different groups (each group having 5 animals). 

Intratumoral treatment with PBS, free PTX, and PTX-loaded dendrimer formulations 

was given at PTX doses of 10 mg/kg/day. Free PTX was dissolved in Tween 80 and 

ethanol (500 μL each), and a further dilution was made by vigorous stirring and dropwise 

addition of PBS. The animal groups were as follows: (i) PBS (controls), (ii) free PTX, 

(iii) G4-PEG-PTX, and (iv) G4-TOS-PEG-PTX (n = 5 per group). Intratumoral injections 

were given near the vicinity of solid tumors on alternate days for up to 10 days. The 

volume of the tumor and body weight were noted at alternate days for all tumor-bearing 

mice for 21 days, including the control group. After the end of the study period, mice 

were sacrificed by cervical dislocation, and the mass of the tumor was collected 

surgically and weighed. 

2.3.13.3 TUNEL Assay in Tumor Cryosections 

The tumors were cryosectioned with 5 μm thickness by a cryostat (Leica biosystems, 

Germany) and fixed with 4% paraformaldehyde. The tumor sections were subjected to 

treatment with TUNEL reagent (FragEL DNA Fragmentation Detection Kit, Merck, 

Darmstadt, Germany) as per the manufacturer’s instructions to determine the level of 

apoptosis in tumor sections. The green fluorescence emitted from TUNEL (+) cells was 

observed in the DAPI and FITC filter using a fluorescence microscope. The images were 

captured and evaluated by ImageJ software. 

2.3.14 Statistical Analysis 
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Above experiments were carried out in triplicate, and data are represented as mean ± 

standard deviation (SD). Among all the groups, the significance was assessed by applying 

one way ANOVA analysis followed by the Bonferroni’s post hoc test Graph Pad prism 

7 (GraphPad Software, Inc.; CA, USA). A p value < 0.05 in data was considered to be 

statistically significant. The denotation of *, **, and *** in figures corresponds to p 

values < 0.05, 0.01, and 0.001, respectively. 
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2.4 Results and discussion 

2.4.1 Synthesis and Characterization of Multifunctional Dendrimer Conjugate 

 

Figure 2.2. Proton NMR spectrum of G4-TOS-PEG in D2O at 300 MHz. 

The 1H NMR of the G4-TOS-PEG is shown in Figure 2.2. The NMR spectrum showed 

the PEG chain protons at a chemical shift of δ (ppm) 3.17-3.7 and the G4 dendrimeric 

protons at a chemical shift of δ (ppm) 1.20-3.4. The chemical shift of δ (ppm) 1.2−2.6 

relates to the α-TOS protons. The NMR spectra confirm the conjugation of TOS and PEG 

in the dendrimer to form G4-TOS-PEG. The chemical shift of δ (ppm) 4.7 relates to the 

D2O protons. 

 

Table 2.1. Molecular weight and approximate number of TOS and PEG attached to each PAMAM 

dendrimer assessed by GPC analysis. 
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Figure 2.3. GPC chromatograms. (A) G4-TOS. (B) G4-TOS-PEG 

The conjugation efficiency of TOS and PEG to the PAMAM dendrimer was calculated 

by gel permeation chromatography (GPC) analysis. From the GPC results, it was 

calculated that there were 3.47 molecules of TOS and 8.044 molecules of PEG that were 

attached on each PAMAM dendrimer (Figures 2.3 and Table 2.1). 

From the above Table 2.3, the molecular weight of plain G4 PAMAM dendrimer was 

found to be 14359 Da. The molecular weight of G4-TOS conjugate was found to be 

16206 Da. The molecular weight of each TOS molecule is 530.79 Da. α-TOS of about 5 

molar equivalents was taken to conjugate with each PAMAM dendrimer initially as 

mentioned in the method section. Hence, the TOS molecules got attached to each 

PAMAM dendrimer was calculated as follows:  

Number of TOS molecules attached to each PAMAM dendrimer

=  
(molecular weight of G4 − TOS conjugate) −  (molecular weight of G4)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑇𝑂𝑆 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
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The molecular weight of G4-TOS-PEG conjugate was found to be 32294 Da. The 

molecular weight of each PEG molecule is 2000 Da. PEG of about 10 molar equivalents 

was taken to conjugate with each PAMAM dendrimer initially as mentioned in the 

method section. Hence, the PEG molecules got attached to each PAMAM dendrimer was 

calculated as follows: 

                                                     Number of PEG molecules attached to each PAMAM dendrimer

=  
(molecular weight of G4 − TOS − PEG conjugate) −  (molecular weight of G4 − TOS)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑃𝐸𝐺 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
 

2.4.2 Characterization of Dendrimer Conjugates by Dynamic Light Scattering 

Surface conjugation was also further confirmed by measuring the zeta potential of 

conjugates at each step after synthesis (Table 2.2). 

Table 2.2. Size, PDI, zeta potential, %EE and %DL values of PTX loaded dendrimer formulations and 

plain G4 dendrimer (Mean±SD, n=3) 

The plain G4 dendrimer amine functional groups at the terminal ends. Further, after PTX 

loading in G4-PEG, the charge was reduced to +10.4 mV due to the nonionic nature of 

PEG, which also shields the surface charge. After conjugation with α-TOS and loading 

of PTX in G4-TOS-PEG, the surface potential was decreased to +5.32 mV due to anionic 

nature of α-TOS. The hydrodynamic diameter of the plain G4 dendrimer, G4-PEG-PTX, 

and G4-TOS-PEG-PTX was found to be 13.67 ± 0.067, 15.39 ± 0.060, and 31.19 ± 0.073 

nm, respectively. %EE and %DL. The PTX loading was found to be 14.93 ± 1.64 and 

10.49 ± 1.31% in G4-TOS-PEG and G4-PEG, respectively. The solubility of PTX in G4-
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PEG and G4-TOS-PEG was 521.5 ± 3.4 and 742.3 ± 2.8 μg/mL in water, respectively. 

The increase in %DL in the case of G4-TOS-PEG could be due to the presence of α-TOS 

on the surface of the dendrimer, which could solubilize PTX and facilitate entrapment in 

the dendrimer. It has also been proven that α-TOS promotes solubilization of 

hydrophobic drugs (Duhem, Danhier, and Préat 2014). 

2.4.3 In Vitro Release Study from Dendrimers Nanoconjugates 

Release of PTX from free PTX solution, G4-PEG, and G4-TOS-PEG in PBS was 

represented graphically as the % cumulative PTX release over time (Figure 4).  

 

Figure 2.4. In vitro release study (pH 7.4) (each data point is expressed as mean ± SD; n = 3). 

As shown in Figure 2.4, PTX was released faster (about 99%) within 8 h from PTX 

solution compared to dendrimer formulations. In contrast, G4-PEG-PTX and G4-TOS-

PEG-PTX showed controlled release of PTX over 48 h. G4-PEG-PTX showed a PTX 

release of 74.83% after 24 h and 80.36% after 36 h. The α-TOS conjugated dendrimer 

had a better sustained drug releasing property compared to G4-PEG-PTX or free PTX 

alone, with a PTX release at 58.55% after 24 h and 63.97% after 36 h. The reason for the 

controlled release in G4-TOS-PEG-PTX is likely due to the attachment of α-TOS and 

PEG on the surface of the dendrimer. These attachments made the release path longer for 

the PTX, as well the partially hydrophobic coat over the dendrimers decreases the 

diffusion of PTX molecules from the dendrimeric cavity. 

2.4.4 Hemolytic Toxicity Study 



  CHAPTER 2 

 

63 
 

The hemolysis study was carried out to assess the biocompatibility of G4-PEG and G4-

TOS-PEG for in vivo applications. The synthesized G4-PEG and G4-TOS-PEG showed 

negligible toxicity to the RBCs. The plain G4 showed more hemolysis at both of the 

concentrations (5 and 10 mg/mL) compared to G4-PEG and G4-TOS-PEG (Figure 2.5). 

 

Figure 2.5. Hemolysis. (A) Percent hemolysis analyzed by the interaction between dendrimer conjugates 

and the RBCs. Data are represented as mean ± SD, n=3. The statistical significance of difference was 

assessed by ANOVA, and *p < 0.05. (B) Images of tubes containing centrifuged blood following treatment 

with formulations.  

The attachment of PEG chains to the dendrimer molecules reduces the surface charge by 

providing a protective shield as compared to the plain G4. Moreover, modification with 

α-TOS on the G4 PAMAM dendrimer did not show any remarkable toxicity. The 

presence of surface amino groups and the associated cationic charge on dendrimers limits 

their applications in drug delivery due to the hemolytic and cytotoxic activity. Hence, the 

use of the G5 PAMAM dendrimer is limited in drug delivery applications, as a higher 

number of amino groups are present in G5 compared to the G4 PAMAM dendrimers. 

Attachment of PEG to the G4-TOS reduces the surface charge and improves the long 

circulation of nanocarriers. Conjugation of G5 dendrimers with α-TOS has been reported 

elsewhere (Zheng et al. 2014, Wang et al. 2017). However, PEGylation would reduce the 

side effects by effective charge neutralization. 
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2.4.5 Cellular Uptake by Flow Cytometry 

The flow cytometry was carried out to assess the cellular internalization of the α-TOS-

anchored dendrimer system.  

 

Figure 2.6. Cellular uptake of F-G4-PEG and F-G4-TOS-PEG in B16F10 (A) and MDA MB231 cells (B) 

measured by a flow cytometer at 1 and 4 h. The mean fluorescence data were plotted as bar graphs. The 

data were represented as mean ± SD, n = 3. The statistical significance of difference was evaluated by one-

way ANOVA, and *p < 0.05 and **p < 0.01. 

In this study, more mean fluorescence was observed in cells following F-G4-TOSPEG 

treatment compared to the treatment with F-G4-PEG (Figure 2.6). The α-TOS 

conjugation on the dendrimer surface facilitated the nanocarriers uptake, resulting in an 

increase in the internalized fluorescence, as indicated by the geometric mean of 

fluorescence. The histograms obtained from the flow cytometer are shown and the value 

of mean fluorescence is plotted as a bar graph in Figure 2.6. The internalization was time 

dependent in the case of both B16F10 and MDA-MB231 cells. The data indicated that 

MDA-MB231 cells were sensitive to the internalization of the α-TOS-conjugated 

dendrimer system compared to B16F10 cells. 
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2.4.6 Confocal Microscopy 

Following the treatment of B16F10 and MDA MB231 cells with fluorescently labeled F-

G4-PEG and F-G4-TOS-PEG for 1 and 4 h, the cells were visualized under a confocal 

microscope to assess the effect of α-TOS on the cellular internalization of the synthesized 

dendrimer conjugates.  

 

Figure 2.7. Confocal microscopic images of (A) B16F10 and (B) MDA MB231 cells following treatment 

with FITC-labeled G4-PEG and G4-TOS-PEG for 1−4 h to assess the cellular internalization potential of 

the nanocarriers. 

Higher intensity of green fluorescence was observed in cytoplasm for F-G4-TOS-PEG 

compared to F-G4-PEG (Figure 2.7). These results are in corroboration with the data 

obtained using flow cytometry. The α-TOS-anchored dendrimer improved 

internalization into the cells as compared to F-G4-PEG at both tested time points of 1 

and 4 h. 

2.4.7 Cytotoxicity Study 

The MTT assay was carried out to assess the cell viability of free PTX, PTX-loaded G4-

PEG, and G4-TOS-PEG, in which both B16F10 and MDA MB231 cells were treated 

with formulations for 24 and 48 h at a PTX concentration in the range of 0−50 μg/mL. A 

time and concentration dependent decrease in cell viability was observed (Figure 2.8).  
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Figure 2.8. Percent cell viability of B16F10 and MDA MB231 cells treated with free PTX, Blank G4-

PEG, Blank G4-TOS-PEG and PTX-loaded nanocarriers (at PTX concentrations at 0-50 μg/mL) and blank 

nanocarriers (without PTX loading) for 24 and 48 h (mean ± SD; n = 3). The significance of difference 

was calculated by one-way ANOVA. ** and * indicate p < 0.01 and 0.05, respectively. 

As shown in Figure 2.8, G4-TOS-PEG-PTX showed the highest cell death by decreasing 

the cell viability to 37.21 ± 2.60% compared to 49.66 ± 2.43% following PTX-loaded 

G4-PEG and 66.85 ± 3.28% following free PTX treatment in MDA MB231 at the 24 h 

time point. At the 48 h time point, the cell viability of G4-TOS-PEG-PTX, G4-PEG-

PTX, and free PTX was further reduced to 18.33 ± 2.19, 40.66 ± 2.03, and 60.45 ± 2.85%, 

respectively, in MDA MB231 cells, indicating a time dependent decrease in cellular 

viability. A similar cell viability profile was observed in B16F10 cells. Blank G4-PEG 

did not show significant cytotoxicity; however, G4-TOS-PEG demonstrated a cell 

viability of 70.94 ± 3.18 and 46.70 ± 2.49% after 24 and 48 h, respectively. Blank G4-

TOS-PEG showed cytotoxicity due to the anticancer activity of TOS. PTX loaded G4-

TOS-PEG and G4-PEG showed that the nanocarriers loaded with PTX were more 

cytotoxic compared to free PTX at all concentrations, as analyzed in both the tested time 

points and in both of the cell lines. 

2.4.8 Apoptosis 
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The AnnexinV assay was performed to assess the extent of apoptosis induced by PTX as 

free drugs or dendrimeric formulations. Following a treatment, phosphatidylserine (PS), 

an early apoptotic marker, is exposed to the outer plasma membrane from inner 

membrane, which leads to the attraction of macrophages. The phenomena thus initiate 

the formation of phagocytized apoptotic bodies. FITCAnnexinV could bind to PS with a 

high affinity, which allows for the estimation of the induction of apoptosis by measuring 

the FITC fluorescence (Mulik et al. 2010). Moreover, PI binds specifically to necrotic 

bodies, which can also be measured simultaneously in a cell population. As shown in 

Figure 2.9, MDA MB 231 cells were treated with formulations at a PTX concentration 

of 25 μg/mL for 18 h. Signs of a late apoptosis of 11.6 ± 2.9% (Figure 2.9 B) were 

quantified in cells treated with free drug; whereas PTX-loaded G4-PEG and G4-TOS-

PEG induced a late apoptosis of 27.3 ± 1.6 (Figure 2.9 C) and 40.7 ± 2.5% (Figure 2.9 

D), respectively. 

 

Figure 2.9. Quantitative assessment of apoptosis in MDA-MB231 cells induced by free PTX, G4-PEG-

PTX, and G4-TOS-PEG-PTX as studied by the AnnexinV assay (Q1, necrotic cells; Q2, late apoptosis; 

Q3, live cells; and Q4, early apoptotic cells). 
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Both formulations induced a higher level of apoptosis compared to free PTX, which 

could be due to the enhanced cellular uptake of PTX via the nanocarrier extent, leading 

to enhanced therapeutic efficacy in treated cells. Additionally, the presence of α-TOS in 

the dendrimer system contributed to enhanced apoptotic action by various mechanisms 

(Ottino and Duncan 1997a, Ottino and Duncan 1997b, Malafa et al. 2002, Prasad, Cohrs, 

and Sharma 1990, Prochazka et al. 2013). 

2.4.9 Penetration Efficiency in MDA MB231 3D Spheroids 

3D spheroids have a natural morphology of cells, pH, redox gradients, and extracellular 

matrix, which makes them an alternative tool to simulate the microenvironment of in 

vivo tumors while studying the internalization of molecules into deep tumor tissue. The 

3D spheroids improve the importance of in vitro data as compared to monolayers. Here, 

spheroids of MDA MB231 cells were visualized using a confocal microscope at varied 

focal lengths (Z-stack) following 1 and 4 h treatment to determine the penetration 

efficiency.  
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Figure 2.10. Penetration efficiency of fluorescent-labeled G4-PEG and G4-TOS-PEG in MDA MB231 

3D spheroids at various depths (Z-stacks) observed using a confocal microscope following 1 and 4 h of 

incubation. 

As shown in Figure 2.10, F-G4-TOS-PEG showed deeper penetration (toward center) in 

the 3D spheroids as compared to the fluorescently labelled G4-PEG in a time dependent 

manner. The α-TOS conjugation with the dendrimer improved the cellular internalization 

significantly, resulting in deeper tissue penetration into the spheroids, which evades the 

problem of the poor permeability of the nanocarriers into the tumor. 

2.4.10 3D Spheroidal Uptake of Fluorescently Labeled Dendrimer Conjugates by 

Flow Cytometry 

The spheroidal uptake of the fluorescently labeled G4-PEG and G4-TOS-PEG was 

quantified by analyzing the samples using a flow cytometer.  

 

Figure 2.11. Quantitative evaluation of MDA MB231 3D spheroidal uptake of F-G4-PEG and F-G4-TOS-

PEG by flow cytometry (data represented as mean ± SD; n = 3). The mean fluorescence data were plotted 

as bar graphs. The statistical significance of the difference between groups was assessed by ANOVA, and 

***p < 0.001 and **p < 0.01. 

The α-TOS-conjugated dendrimers were taken up by the spheroids to a much greater 

extent compared to the fluorescently labeled G4-PEG after 1 and 4 h (Figure 2.11), as is 

evident from the value of the mean fluorescence obtained using flow cytometry. The 



  CHAPTER 2 

 

70 
 

same results were observed when the MDA MD231 3D spheroids as well as monolayer 

cells were analyzed qualitatively by confocal microscopy. The 3D spheroidal uptake 

study suggested that the α-TOS conjugation enhanced the cellular internalization 

significantly, resulting in deeper tissue penetration. This observation confirmed the 

importance of the surface modification of dendrimers with α-TOS, which maintained a 

balance of hydrophilicity and lipophilicity for enhanced absorption. Moreover, it could 

facilitate the cellular penetration via possible macromolecular interactions for enhanced 

cellular internalization. 

2.4.11 Growth Inhibition of the MDA MB231 3D Spheroids 

The treatment of free PTX and PTX-loaded dendrimer formulations to MDA MB231 3D 

spheroids was continued for 24 h to assess the treatment-mediated inhibition of 

spheroidal growth.  

 

Figure 2.12. Spheroidal growth inhibition study. (A) Bright field microscopic images of MDA MB231 

spheroids after treatment with free PTX, G4-PEG-PTX, and G4-TOS-PEG-PTX captured at day 0, 3, 6, 

and 9 at 10× magnification. (B) MDA MB231 spheroid growth inhibition was shown in a bar graph (mean 

of diameter in μm with standard deviation; n = 3). The statistical significance of the difference between 

the groups was assessed by one-way ANOVA. ** indicates p < 0.01. 
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As shown in Figure 2.12, the growth of the G4-TOS-PEG-PTX-treated spheroids was 

significantly more reduced than G4-PEG-PTX and free PTX-treated spheroids. 

Moreover, over the period of time, an increment in the diameter of untreated spheroids 

(size reached up to about 1000 μm) was observed, which was significantly larger in 

volume in comparison to the spheroids treated with dendrimer formulations as well as 

free PTX. The mean diameters of spheroids were found to be 1012.43 ± 40.81, 732.34 ± 

50.10, 527.14 ± 20.13, and 373.20 ± 11.61 μm for the control, free PTX, PTX-loaded 

G4-PEG, and PTX-loaded G4-TOS-PEG, respectively, at 9 days. The data are shown as 

a line graph in Figure 2.12B. α-TOS facilitates the PTX to accumulate more in the 3D 

spheroids, which leads to the inhibition of the progression of their growth. Moreover, the 

3D spheroidal growth inhibition study proves that the synthesized G4-TOS-PEG-PTX 

get internalized efficiently into the 3D spheroids over a period of time and increases the 

therapeutic action of PTX. Therefore, it can be concluded, that the α-TOS-anchored 

dendrimers have the potential to efficiently suppress the tumor growth in vivo based on 

the fact that the multicellular spheroids mimic the tumor microenvironment. 

2.4.12 Tumor Localization of α-TOS-Anchored Dendrimer Conjugate in Tumor 

The F-G4-TOS-PEG-treated tumor sections exhibited significantly higher green 

fluorescence compared to the F-G4-PEG-treated sections at both of the time points (8 

and 24 h) (Figure 2.13).  
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Figure 2.13. Tumor localization study. Fluorescence microscopic images of the B16F10 tumor sections 

showing the localization of fluorescently labeled G4-PEG and G4-TOS-PEG after the intraperitoneal 

administration at 10 mg/kg. Objective, 20X. 

The strong localization efficiency could be due to the efficient permeation of the α-TOS-

anchored nanocarriers into the interstitial extracellular matrix as well as efficient cellular 

internalization (Tan et al. 2017). Moreover, nanosized PEGylated dedrimeric 

nanocarriers accumulated into the tumor microenvironment by an EPR effect (Prabhu, 

Patravale, and Joshi 2015, Zhang et al. 2015, Feng and Mumper 2013, Blanco and Ferrari 

2014, Wolinsky and Grinstaff 2008, Miele et al. 2009). 

2.4.13 Tumor Inhibition Study 

In the tumor inhibition study, combined treatment of the α-TOS-anchored dendrimer and 

PTX suppressed the growth of the tumor to a significantly higher extent (more than 4-

fold) compared to the control (no treatment), free PTX, as well as G4-PEG-PTX (Figure 

2.14 A). α-TOS could inhibit the tumor volume suppression by various proven 

mechanisms, including modification of activity of protein kinase C, blockage of the G1 

cell cycle, increasing TGF-β type II receptor expression, and arresting the DNA 
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synthesis, which finally leads to enhancement of apoptosis (Ottino and Duncan 1997a, 

Ottino and Duncan 1997b, Malafa et al. 2002, Prasad, Cohrs, and Sharma 1990, 

Prochazka et al. 2013). It is also reported, that α-TOS imparts anticancer activity by the 

formation of the reactive oxygen species in the early apoptosis, which leads to 

mitochondrial destabilization (Prochazka et al. 2013). Suppression of tumor growth was 

also found significantly in G4-PEG-PTX as compared to free PTX. The possible reason 

could be more tumor accumulation, biodistribution, and cytotoxicity of the nanosized 

dendrimer conjugate (G4-PEG-PTX) by passive targeting (EPR effects) (Qin et al. 2011, 

Maruyama 2011). 

Furthermore, the formulations did not show any toxicity in mice, as evidenced by no 

change in body weight throughout the study (Figure 2.14 B). At the end of the tumor 

volume reduction study, the tumors were isolated and weighed. The weight of the tumor 

in the G4-TOS-PEG-PTX-treated group was significantly lower compared to the control, 

G4-PEG-PTX, and free PTX-treated groups (Figure 2.14 C). 

 

Figure 2.14. Evaluation of in vivo therapeutic efficacy of free PTX, PTX-loaded G4-TOS-PEG, and G4-

PEG in B16F10 tumor bearing mice. (A) Graph representing the tumor volume reduction over time. (B) 

Graphical representation of the body weight over time. (C) A Bar graph representing tumor weight of 
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individual groups after study. (D) Images of tumors collected randomly from mice that received treatment 

as mentioned. The statistical significance of the difference between the groups was assessed by one-way 

ANOVA, and **p < 0.01 and *p < 0.05. 

2.4.14 TUNEL Assay on Tumor Cryosections 

The TUNEL assay is based on the principle of fragmentation of nuclear DNA by 

nucleases (activated by caspases), which induce the cell death. Terminal 

deoxynucleotidyl transferase catalyzes the addition of dUTP nucleotides to the free 3′ 

ends of fragmented DNA. dUTPs that are tagged with a chemical entity produce 

fluorescence or color of apoptotic cells (Kyrylkova et al. 2012).  

 

Figure 2.15. Detection of apoptosis by TUNEL assay in tumor cryosections treated with PTX formulations 

and free PTX as visualized by a fluorescence microscope. Magnification, 20X. 

The presence of apoptotic bodies (indicated by strong green fluorescence) was 

significantly higher in tumor sections following G4-TOS-PEG treatment as compared to 
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the sections of other treatment groups (Figure 2.15). As stated earlier, α-TOS induced a 

higher extent of apoptosis leading to cell death; therefore, therapeutic action due to the 

combined effect of α-TOS and PTX was evident in apoptosis induction. 

2.5 Conclusion 

In this study, a newly synthesized α-TOS-conjugated PEGylated dendrimer was 

successfully developed as a delivery system for the improvement of the solubility of the 

chemotherapeutic drug PTX as well as to enhance its therapeutic efficacy. The developed 

dendrimeric conjugate entrapping PTX was characterized by proton NMR, 

hydrodynamic diameter, surface potential, %EE, and %DL. A hemolysis study revealed 

that the α-TOS-conjugated PEGylated dendrimer had negligible toxicity to RBCs. A 

cytotoxicity study in B16F10 and MDA MB231 cells demonstrated that the G4-TOS-

PEG-PTX produced significantly higher cytotoxicity compared to G4-PEG-PTX and free 

PTX. Moreover, the α-TOS-conjugated dendrimers improved the internalization of 

dendrimer-based delivery systems into the monolayer cells as well as in the 3D spheroids. 

The apoptotic potential of G4-TOS-PEG-PTX was significantly higher compared to the 

other formulations, as determined by the AnnexinV assay. Deeper penetration was 

observed for F-G4-TOS-PEG into the 3D spheroids than that of the F-G4-PEG conjugate, 

as revealed by confocal microscopy and flow cytometry assays. Further, the α-TOS-

conjugated dendrimer exhibited superior growth inhibition in 3D spheroids. F-G4-TOS-

PEG accumulated in the tumor to a much greater extent compared to F-G4-PEG. An in 

vivo therapeutic efficacy study revealed that the tumor growth was suppressed with G4-

TOS-PEG-PTX treatment to a greater extent compared to G4-PEG-PTX, free PTX, and 

saline-treated mice due to the induction of apoptosis, as evidenced by the TUNEL assay. 

Hence, the newly synthesized dendrimeric nanoconjugate could be a promising delivery 
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system for PTX or other hydrophobic chemotherapeutic drugs and could be utilized for 

the treatment of solid tumors. 
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3.1 Abstract 

Transferrin anchored, PEG and α-Tocopheryl Succinate (α-TOS) conjugated generation 

4 dendrimer has been prepared in order to develop a tumor targeted delivery system of a 

hydrophobic chemotherapeutic agent, paclitaxel. The dendrimers were characterized 

physico-chemically for size, zeta and encapsulation ability. The cellular uptake, 

cytotoxicity potential and apoptosis of prepared nano-construct were evaluated in HeLa 

monolayer and 3D spheroids. G4-TOS-PEG-Tf demonstrated increased cellular uptake, 

cytotoxicity and apoptotic potential of PTX compared to free paclitaxel and G4-TOS-

PEG-PTX. G4-TOS-PEG-Tf-PTX inhibited growth of HeLa spheroids significantly. The 

newly developed dendrimers hold promise as an efficient delivery system for paclitaxel 

or other hydrophobic chemotherapeutic agents for targeted delivery to tumors. 
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3.2 Introduction 

Dendrimers are synthetic macromolecules which have nano-size, narrow polydispersity 

index, novel three dimensional architecture and high branching units originating from the 

central core. Poly (amidoamine) dendrimers (PAMAM) have gained interest over the 

decades to deliver small molecules, macromolecules, and genes to treat various diseases 

(Kesharwani, Jain, and Jain 2014, Prieto et al. 2014). However, the positively charged 

dendrimers are more toxic to the cells due to the presence of end group over the periphery 

of dendrimers (Malik et al. 2000). This toxicity can be overcome with suitable 

functionalization of the dendrimer surface (Ciolkowski et al. 2012, Kesharwani et al. 

2011). The possibility of surface functionalization provides limitless possibility to tailor-

made this drug delivery system for improving specific functions, including drug loading, 

tumor targetability and on-demand drug release. 

α-Tocopheryl succinate (α-TOS) (Vitamin-E succinate) has been conjugated to 

polymers/drug delivery systems to utilize it as non-ionic surfactant or increase the 

efficiency of the DDS to load hydrophobic drugs efficiently (Gill, Kaddoumi, and Nazzal 

2012, Chandrasekharan et al. 2011, Bhatt et al. 2019). α-TOS has proven its anticancer 

effects in various cancer cell lines by activating the apoptotic pathways (Abu-Fayyad et 

al. 2015, Emami et al. 2015, Nam et al. 2015, Gruber et al. 2014, Neuzil et al. 2002, 

Prasad et al. 2003, Yu et al. 2001, Muddineti et al. 2017). Moreover, α-TOS-conjugated 

ligands have demonstrated potential to overcome multiple drug resistance (MDR) 

induced by various anticancer drugs by inhibiting the drug efflux transporter, P-

glycoprotein (P-gp) (Duhem, Danhier, and Préat 2014, Guo et al. 2013, Muddineti et al. 

2017). 

Over the past few years, modification of the surface of the nanocarriers using various 

targeting ligands has been performed to make the drug delivery systems actively targeted 
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to the tumor site or internalized more efficiently by the cancer cells thorough mechanism 

of receptor-mediated endocytosis (Hayashi et al. 2011, Sriraman et al. 2016, Zeng et al. 

2010, Kulhari et al. 2016). Transferrin (Tf), a 78 kDa-monomeric glycoprotein which 

binds to transferrin receptor (TfR), a homodimeric type (II) transmembrane protein 

(Tortorella and Karagiannis 2014). The active role of Tf is to deliver iron in 

erythropoietic as well as proliferating cells. Rapid proliferation in cancer cells causes 

over-expression of TfR to meet iron demand. Therefore, surface modification of 

nanocarriers with Tf is a promising active tumor targeting approach, and proven its 

effectivity elsewhere. Various studies have revealed that cancer cells over-express 

(several hundred folds) the Tf receptors on metastatic and drug resistant tumors 

(Sriraman et al. 2016, Yue et al. 2012, Abouzeid et al. 2014, Chen et al. 2013). Therefore, 

the potential of active targeting of nanocarriers by anchoring transferrin on the surface of 

various drug delivery systems in order to improve the therapeutic efficacy of the loaded 

cargo have been investigated (Muddineti et al. 2018, Tortorella and Karagiannis 2014, 

Nam et al. 2013, Zhang et al. 2012, Muthu et al. 2015, Kumari et al. 2018, Li et al. 2012). 

In this study, the Tf was conjugated over the surface of synthesized G4-TOS-PEG 

(Chapter 2) to improve the loading and targeting ability of PTX towards cancer cells. The 

multifunctional dendrimer conjugates were characterized physico-chemically, assessed 

for its targeting ability and cytotoxicity in human cervical epithelial cells (HeLa) in 

monolayers and in 3D spheroid model. 

3.3 Materials and methods 

3.3.1 Materials 

The dendrimer Generation 4 Poly (amidoamine) (G4 PAMAM) was obtained from 

Dendritech Incorporation (MI, USA). The Paclitaxel (PTX) was provided as gift sample 

from Fresenius Kabi India Pvt., Ltd., India. Maleimide-polyethyleneglycol-N-
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hydroxysuccinimidyl ester (mal-PEG-NHS ester, MW 2000 Da) was purchased from 

Jenkem Technology (USA). N-ethyl-di-isopropylamine (DIPEA) was procured from 

Avra Chemicals, Mumbai, India. The NHS-Fluorescein was purchased from Thermo 

Scientific (USA). α-tocopheryl succinate (α-TOS) was purchased from Sigma-Aldrich 

Chemicals (Bangalore, India). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC. HCl, 98%) and N-Hydroxysuccinimide (NHS, 98%) were procured 

from Sigma Aldrich Chemicals (USA). Dialysis membrane with MWCO 3.5 kDa, 12-14 

kDa and 100 kDa was procured from Repligen Inc. (Massachusetts, USA). 

HeLa cells were obtained from National Center for Cell Sciences (NCCS, Pune, India). 

Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s media (DMEM) and 

penicillin/streptomycin were obtained from Himedia Laboratories (Mumbai, India). 

HeLa cells were grown in DMEM medium (DMEM complete medium with 10 percent 

FBS and 100 IU/mL of antibiotic solution) at 37 °C in 5% CO2 incubator. 

3.3.2 Methods 

3.3.2.1 Conjugation of TOS to G4 Poly (amidoamine) dendrimer 

The synthesis scheme procedure was represented in Figure 3.1. The conjugation of TOS 

to G4 Poly (amidoamine) dendrimer was done through the reaction reported in previous 

literature (Bhatt et al. 2019). The acid group of α-TOS (9.341 mg, 17.6 μmol) was 

activated using EDC and NHS in excess in anhydrous dimethylformamide (DMF). Into 

the solution of G4-PAMAM dendrimer (3.52 μmol) in anhydrous DMF mixed with the 

base di isopropyl ethylamine, the activated α-TOS was added drop wise at room 

temperature. Under inert atmosphere, the mixture was kept for stirring overnight. The 

next day, DMF was removed by vacuum under rotary evaporator. The reaction mixture 

was dialyzed using regenerated cellulose membrane with MWCO 12-14 kDa and dried 

by lyophilisation to obtain pure G4-TOS. 
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3.3.2.2 Synthesis of PEGylated G4-TOS 

To the solution of G4-TOS (3.391 μmol) in DMF, maleimide-PEG-NHS (33.91 μmol) 

(molar ratio of G4-TOS to Maleimide-PEG-NHS. 1:10) in DMF and 20 μl DIPEA was 

added. The reaction wascontinued for overnight under inert atmosphere. Following day, 

DMF was removed by rotary evaporator. Furhter, the product was purified by dialysis 

membrane with MWCO 12-14kD and dried by lyophilization to get pure G4-TOS-PEG. 

3.3.2.3 Synthesis of Tf anchored G4-TOS-PEG 

Thiolation of Tf was done using 2-iminothiolane hydrochloride in sodium borate buffer 

(pH 8.0) as per the instructions of Trout’s reagent (Pierce, Thermo Fisher Scientific). Tf 

was incubated with Trout’s reagent for 60 min. The number of thiol (-SH) groups present 

on the Tf was calculated using Ellmann’s reagent (Ellman 1959). Thiolated Tf was 

coupled with G4-TOS-mal-PEG (at 10:1 ratio) in 10 mM HEPES buffer by incubating 

the reaction under mild stirring condition at 25°C for overnight. Then, the product was 

dialyzed using cellulose ester membrane of MWCO. 100 KDa using HEPES buffer for 8 

h to get rid of unconjugated Tf. 
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Figure 3.1. Schematic representation of the synthesis of α-tocopheryl succinate, poly (ethylene glycol) and 

G4-TOS-PEG-Tf. 

3.3.3 1H NMR spectroscopy, Size exclusion chromatography (SEC), dynamic light 

scattering, transmission electron microscopy (TEM) of synthesized dendrimer 

conjugates 

The 1H NMR for the synthesized dendrimer conjugates was performed using NMR 

spectrometer (300 MHz, Bruker, USA) and Deuterium oxide (D2O) as the solvent. The 

SEC was performed to estimate the molecular weight of the synthesized Tf anchored G4-

TOS-PEG conjugate (G4-TOS-PEG-Tf). The samples plain G4, G4-TOS, G4-TOS-PEG 

and G4-TOS-PEG-Tf were eluted through SEC column, Ultrahydrogel™ linear (7.8 mm 

× 300 mm) in Gel Permeation Chromatography system (Waters series). Milli-Q water 

was used as a mobile phase with flow rate of 0.7 ml/min. The pullulan standards were 
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run prior to analyze the dendrimer conjugates. The calibration curve was plotted using 

different molecular weight pullulan standards of molecular weight range 0.63 × 104, 0.98 

× 104, 2.20 × 104, 4.71 × 104, 10.7 × 104, 20.1 × 104, 33.4 × 104, 64.2 × 104 Da. The data 

of relative molecular weight obtained from the SEC was represented in Table 3.1. The 

SEC chromatograms of plain G4, G4-TOS, G4-TOS-PEG and G4-TOS-PEG-Tf 

conjugates were depicted in Figure 3.3. 

The hydrodynamic size, polydispersity index and zeta potential of the dendrimer 

conjugates was determined using a Malvern Zetasizer (Malvern Instruments, UK). The 

deionized water was used to dilute the dendrimer conjugates and the samples were 

assessed by photon correlation spectroscopy in Malvern zetasizer at room temperature. 

Further, the morphology of the synthesized dendrimer conjugate G4-TOS-PEG-PTX was 

determined using TEM analysis. 

3.3.4 PTX loading in dendrimer 

PTX in excess (5 mg) was added in dendrimer solution (25 mg) in PBS pH 7.4. The 

reaction mixture was sonicated for 1 min and kept overnight with gentle stirring. The 

PTX-loaded formulations were filtered through syringe filter (0.45 μm). Percentage drug 

loading (%DL) and encapsulation efficiency (%EE) of PTX were estimated by HPLC 

(Shimadzu, Japan). The flow rate was kept at 1 mL/min and λmax 227 nm. The drug was 

eluted out with the phosphate buffer saline, pH 7.4 and acetonitrile used as mobile phase. 

%EE and %DL of PTX-loaded dendrimer formulations were evaluated by the below 

equations: 

%𝐸𝐸 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑜𝑓 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑
 × 100 

%𝐷𝐿 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑜𝑓 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑛𝑑 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒
 × 100 
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3.3.5 Fourier-transform infrared spectroscopy (FTIR) and X-ray diffractometry 

(XRD) analysis 

The lyophilized G4-TOS-PEG-PTX and free PTX were accurately weighed and mixed 

with KBr to make the pellet. The pellet of lyophilized G4-TOS-PEG-PTX and free PTX 

was analyzed by FTIR spectrometer (FT/IR-4200, Jasco, USA) individually. The 

spectrum was recorded in range from 4000 to 400 cm-1. The final spectrum of the G4-

TOS-PEG-PTX was compared with free PTX to assess the spectral changes. 

The XRD analysis of lyophilized G4-TOS-PEG-PTX and free PTX was carried out by 

X-Ray diffractometer (Rigaku Ultima IV, Japan) equipped with Copper anode (1.54 Å), 

current 30 mA and voltage 40 kV. The each samples were run with step size 0.02° and 

2θ angle of 5–50° using scintillation counter detector. The final XRD diffractogram of 

the G4-TOS-PEG-PTX was compared with free PTX to assess any change in intensity 

using PDXL software. 

3.3.6 In vitro PTX release study from dendrimers 

In vitro release experiment was performed using dialysis method (Kulhari et al. 2016). 

PTX-loaded dendrimer formulations (equivalent to 2 mg of PTX) were filled in the 

dialysis bag (MWCO 2000), which was immersed in PBS, pH 7.4 (supplemented with 

0.2 % Tween-80 for maintaining sink condition) and kept on magnetic stirring at 100 

rpm at 37 °C. Then, 1 mL aliquot was taken from the release media at predetermined 

time points, and replaced with fresh medium. If necessary, the withdrawn aliquots were 

diluted, and filtered through a syringe filter (0.22 μm). The PTX release was estimated 

by HPLC following the same HPLC conditions mentioned above. The experiment was 

carried out in triplicate. The data were shown by plotting the graph of % cumulative 

release versus time (mean ± standard deviation, n = 3). 

3.3.7 Cellular uptake in HeLa by flow cytometry 
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The cellular internalization of dendrimers in HeLa cells was evaluated quantitatively by 

flow cytometer (FlowSight, Millipore, USA). The cells were seeded in 6-well tissue 

culture plates at a cell density of 0.8 × 106 cells/ well and allowed the cells to attach 

overnight. Following day, the cells were treated with fluorescently labelled non-targeted 

G4-TOS-PEG and targeted G4-TOS-PEG-Tf at 20 μg/ml for 1 h and 4 h at 37 °C. To 

assess the mechanism of cellular internalization of dendrimers, the clathrin inhibitor 

chlorpromazine (CPZ) (30 μM) was added to the HeLa cells and the cells were incubated 

for 30 min at 37ºC/ 5% CO2 environment. Next, the cells were washed with phosphate 

buffer saline (pH 7.4) and fluorescently tagged dendrimers were added to the cells for 1-

4 of incubation. Tf receptor-mediated cellular internalization of G4-TOS-PEG-Tf was 

assessed by pre-incubing the cells with free Transferrin (2 mg/mL) for 1 h before the 

treatment with G4-TOS-PEG-Tf. Following treatment, the cells were washed with 

phosphate buffer saline and trypsin were added for detachment of the cells from the well 

plate. Next, the cells were kept for centrifugation for 5 min at 1200 rpm. The obtained 

cell pellets were re-suspended in sterile phosphate buffer saline prior to analyze by flow 

cytometry at excitation wavelength of 488 nm using argon laser. The data obtained from 

flow cytometry were assessed in IDEAS software. The geo mean fluorescence of 

individual samples (triplicates) was shown as a bar graph. 

3.3.8 Cellular uptake by confocal microscopy 

The cellular uptake was determined qualitatively by confocal microscopy. HeLa cells 

were seeded in 12-well tissue culture plates onto circular coverslips at a cell density of 

50000 cells/well. Following day, the cells were treated with non-targeted F-G4-TOS-

PEG and targeted F-G4-TOS-PEG-Tf (20 μg/ml) and incubated for 1 h and 4 h at 37 °C. 

Similar to the flow cytometry study, the internalization pathway was assessed by adding 

the clathrin-mediated inhibitor chlorpromazine (CPZ) (30 μM) to the cells. The cells 
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were incubated for 30 min at 37 ºC in a CO2 incubator. In another experiment, Tf 

receptors were saturated by pre-incubation of HeLa cells with free Transferrin (2 mg/mL) 

for 1 h prior to the treatment with dendrimers for 1-4 h. After the treatment with 

formulations, the cells were washed with phosphate buffer saline three times, then treated 

with DAPI to stain the nucleus and kept in dark for 5 min. The para-formaldehyde 

solution was used to fix the cells. Following fixation, the treated coverslips were 

transferred on glass slides using Fluoromount-G medium. The slides were seen under 

confocal laser scanning microscope (Leica DMi8, Leica Microsystems, Germany) at 40X 

magnification using FITC and DAPI channels. The Image J software was used to process 

and analyze the captured images. 

3.3.9 Cytotoxicity study 

The cytotoxicity assay was performed to evaluate the cytotoxicity of free PTX and PTX 

loaded non-targeted and targeted dendrimer formulations in HeLa cells. The cells were 

seeded in 96-well sterile cell culture plates at cell density of 8000 cells/well in culture 

medium. Next day, the cellswere treated with free drug and drug loaded dendrimers (at 

paclitaxel concentrations of 0-50 μg/ml) and kept for 24 and 48 h at 37 °C. Free drug was 

dissolved in dimethyl sulfoxide, and further diluted with culture media (not more than 

0.5% v/v in the final media). The culture media was removed after 24 and 48 h, and MTT 

reagent (50 μl) was added to the cells and kept for incubation for 4 h. MTT solution was 

removed from the plates, and the dimethyl sulfoxide was added. The optical density at 

590 nm was checked by microplate reader instrument (Spectramax M4, Molecular 

Devices, California, USA). The reference absorption maxima was kept at 620 nm. The 

percentage cell viability was calculated by the below mentioned equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
Abssample

Abscontrol
 × 100 
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Where, Abssample = absorbance of the cells treated with free drug and drug loaded 

dendrimer formulations, and Abscontrol = absorbance of the control cells. The data were 

represented as the mean and standard deviation (triplicates). 

3.3.10 Apoptosis assay 

HeLa cells were seeded in 6-well plates at cell density of 1.2 × 106/well. The following 

day, cells were treated with free drug and drug loaded non-targeted dendrimer and drug 

loaded targeted dendrimer formulations at 25 μg/ml of paclitaxel concentration for 18 h 

and kept in the incubator at 37°C in 5% CO2 atmosphere. This study was carried out as 

per the protocol provided with Annexin V kit. Following a treatment period of 18 h, HeLa 

cells were washed with phosphate buffer saline and centrifuged to obtain cell pellets. The 

obtained cell pellets were again re-suspended in AnnexinV binding buffer (100 μl). 

Further, the cells were stained using 2 μl propidium iodide (PI) solution as well as 2 μl 

AnnexinV. Following 15 min of incubation in dark, AnnexinV buffer was added to all 

test samples and control tubes and assessed by using flow cytometry (Flowsight Amnis, 

Millipore, USA). The fluorescence of FITC (at 535 nm, Ch02) and propidium iodide (at 

550 nm) was measured from the 10000 gated cells. The dot histogram plot for apoptosis 

data was obtained using IDEAS software. Early apoptosis as well as late apoptotic events 

were taken into consideration to analyze the magnitude of apoptosis induced in the cells. 

3.3.11 Spheroid study 

3.3.11.1 Formation of HeLa spheroids 

Liquid overlay method was used to develop HeLa cancer cell spheroids as reported in 

previous literatures (Kumari et al. 2018, Rompicharla et al. 2018). Briefly, 1.5% w/v agar 

solution in serum free DMEM was prepared and sterilized. Next, the agarose solution (60 

μL per well) was poured to the 96-well sterile plates to avoid cell attachment with the 

bottom surface of well plates. The plates were dried for 30 min before further use. 10000 
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cells per well were added in pre-coated agar plates. These plates were centrifuged at 1000 

rpm for 15 min. The developed HeLa spheroids were seen daily under microscope. 

3.3.11.2 Penetration efficiency in HeLa spheroids  

HeLa cells were seeded at cell density of 1×104 cells/well into 8-well tissue culture plates 

to make the spheroids. The depth of penetration of fluorescently labelled dendrimers into 

the 3D HeLa spheroids was visualized by confocal microscope for 1 h as well as 4 h. 

Post incubation period, the spheroids were washed with phosphate buffer saline and then 

observed at 10X magnification under confocal microscope at different focal length (Z-

stack). The images of the spheroids were taken and processed using Image J software. 

3.3.11.3 HeLa 3D spheroid uptake by flow cytometry 

HeLa spheroids (5 days old) were treated for 1 h and 4 h with non-targeted F-G4-TOS-

PEG and targeted F-G4-TOS-PEG-Tf. For sufficient cell count, 12 spheroids were taken 

together as one replicate for both the time points. The spheroids were broken by 

AccutaseTM solution and were shaken moderately for 10 min. The suspension of the 

cells was moved to eppendorf tubes and fetal bovine serum was added. Following 

centrifugation, the supernatant was discarded and the cells were re-suspended in 

phosphate buffer saline to analyze by flow cytometer (BD Biosciences, USA). The mean 

fluorescence shown by non-targeted F-G4-TOS-PEG and targeted F-G4-TOS-PEG-Tf 

treated spheroids was plotted as a bar graph using Graph Pad prism 7 software. The FCS 

express software was used to analyze the data and to plot the histograms. 

3.3.11.4 Assessment of growth inhibition of the HeLa spheroids 

When the spheroids achieved proper integrity grown in 96-well plates, they were treated 

with free drug and drug loaded non-targeted and targeted dendrimer formulations, with 

paclitaxel concentration of 25 μg/mL. The growth media was replaced with fresh medium 

on alternate days. The spheroids were observed under bright field microscope (Leica, 



  CHAPTER 3 

 

94 
 

Leica Microsystems, Germany) and the diameters of the spheroids were measured at 

predetermined time points (0, 2, 4 and 6 days) and the images were captured at 10X 

magnification. The mean diameter of 4 spheroids with standard deviation was shown 

quantitatively in Figure 3.12 (B). 

3.3.11.5 Live/dead cell detection in HeLa spheroids 

The live/dead cells in treated spheroids were detected using live/dead cells detection kit. 

Briefly, the treatment was given to the spheroids with following formulations, (i) free 

paclitaxel; (ii) paclitaxel loaded non-targeted G4-TOS-PEG; and (iii) paclitaxel loaded 

targeted G4-TOS-PEG-Tf, with 25 μg/mL of PTX concentration for 24 h. Next, calcein 

blue AM (2 μM) as well as propidium iodide (PI) (4 μM) were added to stain the 

spheroids. The stained spheroids were kept in incubation for 20 min at 37 ºC and was 

observed under fluorescence microscope using red and blue channels. 

3.3.12 Statistics 

All of the above experiments were performed in triplicates and the data are shown as 

mean and standard deviation (mean ± SD). The significance of difference between all the 

groups was evaluated by one-way ANOVA using Graph Pad prism software (GraphPad, 

Inc., California, USA). At p value < 0.05, the data were considered to be statistically 

significant. 

3.4 Results and discussion 

The presence of high number of surface amino groups and associated cationic charge on 

PAMAM dendrimers limits their applications in drug delivery due to their hemolytic 

toxicity, and other nonspecific toxicities. Anchoring of α-TOS to G4 was expected to 

enhance penetrability and solubility of poorly soluble chemotherapeutics drugs e.g. 

paclitaxel. Moreover, attachment of PEG to G4-TOS could reduce the surface charge, 

provide biocompatibility, and improve long circulation of the nanocarriers (Abedi-
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Gaballu et al. 2018, Ghaffari et al. 2018). Here, TOS, PEG and Tf-modified G4 PAMAM 

dendrimer conjugate, G4-TOS-PEG-Tf has been prepared to load PTX efficiently to 

improve the solubility of PTX, and deliver it effectively to the tumor site as well as in 

the intracellular compartments via facile translocation through endocytosis. Vitamin-E 

could solubilize many hydrophobic drugs, and has been incorporated physically or 

covalently in various polymeric drug delivery systems for facile drug incorporation and 

improved loading (Chandrasekharan et al. 2011, Bhatt et al. 2019, Muddineti et al. 2018, 

Muddineti et al. 2017). Apart from its ability to solubilize various poorly water soluble 

drugs, α-TOS has proved its anticancer activity as an apoptosis inducer in a variety of 

human cancer cell lines (Bhatt et al. 2019, Abu-Fayyad et al. 2015, Emami et al. 2015, 

Nam et al. 2015, Gruber et al. 2014, Neuzil et al. 2002, Muddineti et al. 2017). Tf protein 

is considered as a stable and efficient tumor homing ligand, which has proved its ability 

to drag nanocarriers towards tumor by its anchorage on the nanocarriers surface 

(Kesharwani and Iyer 2015). As stated earlier, the selective accumulation is due to the 

high iron demand of the proliferating cancer cells that enables Tf-receptor mediated 

endocytic internalization of the nanocarriers. 

3.4.1 Confirmation of synthesis of Tf anchored multifunctional dendrimer nano-

construct 
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Figure 3.2. 1H NMR spectra of G4-TOS-PEG in D2O at 300 MHz. 

Figure 3.2 showed the proton NMR of the maleimide functionalized G4-TOS-PEG. The 

chemical shift at 3.5-3.9 in the NMR spectrum represented the protons of PEG chains. 

The chemical shift δ (ppm) at 3.1-3.5 are related to the G4 dendrimeric protons. The 

proton signals at chemical shift δ (ppm) 2.3-2.7 are related to the α-TOS protons. This 

confirms that TOS and maleimide PEG were conjugated to the G4 PAMAM dendrimer. 

Maleimide functionalization was required to conjugate the Tf via thiolation reaction.  
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Figure 3.3. SEC chromatograms of synthesized dendrimer conjugates. (A) G4, (B) G4-TOS, (C) G4-TOS-

PEG, (D) G4-TOS-PEG-Tf. 

Table 3.1. Molecular weight of each conjugates and estimated number of TOS, PEG and Tf attached to 

each PAMAM dendrimer obtained by SEC analysis. 

The conjugation efficiency of TOS, maleimide PEG and Tf was estimated by size 

exclusion chromatography (SEC). SEC results showed that 3.67 molecules of TOS, 7.27 

molecules of maleimide PEG and 4.19 molecules of Tf were conjugated to each G4 

PAMAM dendrimer (Figure 3.3 and Table 3.1). 
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From the above Table 3.1, the molecular weight of plain G4 PAMAM dendrimer was 

found to be 14359 Da. The molecular weight of G4-TOS conjugate was found to be 

16312 Da. The molecular weight of each TOS molecule is 530.79 Da. α-TOS of about 5 

molar equivalents was taken to conjugate with each PAMAM dendrimer initially as 

mentioned in the method section. Hence, the TOS molecules got attached to each 

PAMAM dendrimer was calculated as follows:  

Number of TOS molecules attached to each PAMAM dendrimer

=  
(molecular weight of G4 − TOS conjugate) −  (molecular weight of G4)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑇𝑂𝑆 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
 

The molecular weight of G4-TOS-PEG conjugate was found to be 30871 Da. The 

molecular weight of each PEG molecule is 2000 Da. PEG of about 10 molar equivalents 

was taken to conjugate with each PAMAM dendrimer initially as mentioned in the 

method section. Hence, the PEG molecules got attached to each PAMAM dendrimer was 

calculated as follows: 

                               Number of PEG molecules attached to each PAMAM dendrimer

=  
(molecular weight of G4 − TOS − PEG conjugate) −  (molecular weight of G4 − TOS)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑃𝐸𝐺 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
 

The molecular weight of G4-TOS-PEG-Tf conjugate was found to be 358318 Da. The 

molecular weight of each Tf molecule is 78000 Da. Tf of about 10 molar equivalents was 

taken to conjugate with each PAMAM dendrimer initially as mentioned in the method 

section. Hence, the Tf molecules got attached to each PAMAM dendrimer was calculated 

as follows: 

                             Number of Tf molecules attached to each PAMAM dendrimer

=  
(molecular weight of G4 − TOS − PEG − Tf conjugate) −  (molecular weight of G4 − TOS − PEG)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑇𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
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The NMR spectrum showed that the conjugation of TOS and PEG to the dendrimer to 

form G4-TOS-PEG was done successfully. The size exclusion chromatography 

confirmed the successful attachment of Tf molecules to the dendrimer surface. 

3.4.2 Physicochemical characterization of dendrimer conjugates 

 

Table 3.2. Size, PDI, zeta potential, %EE and %DL values of PTX loaded dendrimer formulations and 

plain G4 dendrimer (Mean±SD, n=3) 

The zeta potential of the dendrimers was measured after PTX loading to assess the 

surface properties after drug subsequent conjugation and drug loading as shown in Table 

3.2. The zeta potential of plain G4 dendrimer was found to be +20.3 mV. Furthermore, 

the zeta potential was reduced to +14.7 mV following paclitaxel loading in PEGylated 

G4 (G4-PEG). The surface potential was reduced further to +8.19 mV following 

attachment with α-TOS. In final step, zeta potential was reduced to +2.44 following Tf-

attachment. The hydrodynamic diameters of G4 PAMAM dendrimer, paclitaxel loaded 

G4-PEG, paclitaxel loaded non-targeted G4-TOS-PEG and PTX loaded targeted G4-

TOS-PEG-Tf were 13.69 ± 0.098, 15.4 ± 0.084, 30.42 ± 0.058 and 37.91 ± 0.069 nm, 

respectively. The PTX loading was found to be 13.04 ± 1.29 %, 15.9 ± 1.23 % and 10.32 

± 1.69 % in G4-TOS-PEG-Tf, G4-TOS-PEG and G4-PEG, respectively as shown in 

Table 3.2. 

Physico-chemical characterization revealedthat the zeta potential was reduced following 

PEG-attachment in G4-PEG. PEG is nonionic in nature, which reduces the positive 

surface charge of the dendrimer. The surface potential was reduced further following 
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attachment with α-TOS due to its anionic nature. In final step, zeta potential was reduced 

following Tf-attachment due to its shielding effect. The increase in % drug loading in 

case of G4-TOS-PEG than G4-PEG because α-TOS molecules was present on the surface 

of dendrimer, which could solubilize paclitaxel and provide an interior hydrophobic 

cavity for the entrapment of any poorly water soluble drugs. Further, PTX loading was 

decreased in G4-TOS-PEG-Tf, which could be due to bulkiness of Tf on the surface that 

limits the access of PTX into the interior dendrimer cavity. 

 

Figure 3.4. Free PTX and G4-TOS-PEG-PTX. (A) FTIR; (B) XRD; (C) TEM 

The FTIR spectrum of free PTX (Figure 3.4 A) showed characteristic peaks at 1723 cm−1 

(C=O group), 1644 cm−1 (-CONH2 group), 1247.7 cm−1 (C–O–O bending), 1072.2 cm−1 

(C–O stretching), and 710.6 cm−1 (aromatic C–H). The FTIR spectrum of G4-TOS-PEG-

PTX (Figure 3.4 A) showed characteristic peaks at 3425 cm−1, which indicated the 

presence of -NH2 groups on the surface. The absence of characteristic peaks of PTX in 
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the FTIR spectrum of G4-TOS-PEG-PTX revealed that the PTX was successfully 

encapsulated inside the TOS anchored PEGylated dendrimer. The FTIR spectrum of G4-

TOS-PEG-PTX showed the characteristic peaks at 1653.7 cm−1 (C=O stretching) (amide-

I) and 1566.9 cm−1 (N-H bending) (amide-II), which confirmed the formation of amide 

bond between G4 and TOS as well as G4 and PEG. 

The free PTX showed typical diffraction peaks at 5.4°, 8.7°, 12.1° and 21.0°, suggesting 

that the drug was crystalline in nature (Figure 3.4 B). The G4-TOS-PEG-PTX showed 

the diffraction peaks at 19.08° and 23.2° (Figure 3.4 B). The absence of typical 

diffraction peaks of PTX in the diffractogram of G4-TOS-PEG-PTX confirmed that the 

PTX was converted into amorphous from. TEM analysis showed that the PTX loaded 

G4-TOS-PEG had spherical morphology and size in the nanometer range (Figure 3.4 C). 

3.4.3 In vitro release study 

 

Figure 3.5. In vitro PTX release study in PBS (pH 7.4) (Mean ± SD; n = 3) 

Drug release study of free PTX, PTX loaded Tf anchored dendrimer and non-Tf anchored 

dendrimer was carried out using PBS as the release medium (Figure 3.5). The plain PTX 

showed faster release within 8 h as compared to PTX loaded non-targeted G4-TOS-PEG 

and PTX loaded targeted G4-TOS-PEG-Tf. Whereas, PTX loaded non-targeted G4-TOS-
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PEG and PTX loaded targeted G4-TOS-PEG-Tf showed controlled release behavior of 

drug over 48 h. G4-TOS-PEG showed PTX release of 70.30 and 89.93% after 24 h as 

well as 48 h, respectively. G4-TOS-PEG-Tf-PTX demonstrated PTX release of 58.55 

and 72.45% after 24 h as well as 48 h, respectively. The attachment of Tf over the surface 

of the dendrimer created a barrier, which retarded drug release from the internal cavity. 

3.4.4 Cellular uptake study by flow cytometer and confocal microscopy 

 

Figure 3.6. (A) cellular uptake study of FITC-labelled non-targeted G4-TOS-PEG and targeted G4-TOS-

PEG-Tf in HeLa cells as assessed by flow cytometry instrument after 1 and 4 h (Mean ± standard deviation, 

triplicates). The bar graph represented the mean fluorescence observed. The statistical significance was 

assessed by applying one-way ANOVA, ***p<0.001. (B) assessment of cell internalization mechanism of 

fluorescently tagged non-targeted G4-TOS-PEG and targeted G4-TOS-PEG-Tf in HeLa cells assessed by 

flow cytometry instrument after 1 h and 4 h (Mean ± standard deviation, triplicates). The bar graph 

represented the mean fluorescence observed. CPZ : chlorpromazine; Tf : transferrin 

This study was performed to evaluate the influence of Tf modification on the cellular 

internalization of multifunctional dendrimers. From the results, it was evident that more 
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uptake was observed in Tf anchored dendrimer at 1 h as well as 4 h time points compared 

to F-G4-TOS-PEG. Tf modification facilitated the cellular association of the dendrimers 

significantly. The geometric mean fluorescence was represented as histogram and bar 

graph as shown in Figure 3.6 (A). 

 

Figure 3.7. Cellular uptake and assessment of internalization mechanism of non-targeted G4-TOS-PEG 

and targeted G4-TOS-PEG-Tf in HeLa cells using confocal microscope. CPZ : chlorpromazine; Tf : 

transferrin 

The cellular association of passively targeted F-G4-TOS-PEG and actively targeted F-

G4-TOS-PEG-Tf was further evaluated using confocal microscopy. The intensity of 

associated fluorescence was higher for F-G4-TOS-PEG-Tf treated cells as compared to 

the cells treated with F-G4-TOS-PEG as shown in Figure 3.7. This confocal microscopy 

results are in accordance with the data acquired from the flow cytometry study. In order 

to determine the cellular internalization mechanism, the competitive inhibition of the 

cellular internalization was carried out by preincubation of the HeLa cells with free Tf 

which saturated the Tf receptors. The intensity of fluorescence as measured by using 

confocal microscopy and flow cytometry has been represented in Figure 3.6 (B) and 

Figure 3.7. Moreover, the internalization of F-G4-TOS-PEG-Tf was decreased 
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significantly following CPZ (clathrin-mediated endocytosis inhibitor) pre-treatment as 

shown in Figure 3.6 (B) and Figure 3.7. 

Chlorpromazine is a cationic amphiphilic drug which inhibits the function of AP2, one 

of the key adaptor proteins in clathrin-mediated endocytosis. Chlorpromazine is also 

known to trap receptors inside the endosomes, thus blocking their recycling. Therefore, 

this compound interferes with clathrin-mediated endocytosis at multiple levels (Francia 

et al. 2019). 

Cellular uptake study proved that the conjugation of α-TOS and Tf molecules over the 

surface of G4 PAMAM dendrimer enhanced the uptake of nanocarriers resulting in 

increase in the geo mean fluorescence acquired from flow cytometry. Confocal 

microscopic observation of cells corroborated the flow cytometric data. Further, 

fluorescence intensity decreased following pre-treatment with Tf, which could be due to 

the inaccessibility of the Tf receptors for F-G4-TOS-PEG-Tf due to the presaturation. 

The result clearly indicated that the internalization of Tf-anchored dendrimers was via 

the interaction with the Tf-receptors, over-expressed on the surface of the HeLa cells. 

Moreover, the internalization of F-G4-TOS-PEG-Tf was decreased significantly 

following CPZ (clathrin-mediated endocytosis inhibitor) pre-treatment, which indicated 

that the internalization of F-G4-TOS-PEG-Tf could be via clathrin-mediated endocytosis 

pathway. Overall, Tf-modification in G4-TOS-PEG-Tf targeted the nano-conjugate 

efficiently to the Tf-receptor over-expressing cancer cells. 

3.4.6 Cytotoxicity study 
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Figure 3.8. % cell viability of HeLa cells treated with free drug and drug loaded dendrimer conjugates 

(Mean with standard deviation; triplicates). The statistical significance was analyzed by applying one-way 

ANOVA test, ** and * represented p < 0.01 and 0.05, respectively. 

Cell viability following the treatment with free drug and drug-loaded dendrimer 

conjugates was measured to determine the in vitro therapeutic efficacy. As shown in 

Figure 3.8, the time as well as concentration dependent cytotoxicity in Hela cells was 

observed in all the time points following all the treatments. Treatment with G4-TOS-

PEG-Tf-PTX as well as G4-TOS-PEG-PTX at paclitaxel concentration of 50 μg/mL 

showed cell viability of 39.12±2.6 and 52.66 ± 2.43 %, respectively following 24 h 

treatment as compared to free PTX (69.58±3.28%). The further reduction in cell viability 

of paclitaxel loaded actively targeted G4-TOS-PEG-Tf, PTX loadedpassively targeted 

G4-TOS-PEG and free paclitaxel was found to be 12.29±2.23%, 20.69±2.39%, and 

33.85±2.18% respectively after 48 h. Cell viability study showed that the Tf attachment 

in G4-TOS-PEG-Tf-PTX promoted the cellular internalization of dendrimer conjugates, 
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which liberated the entrapped PTX efficiently and resulted in decreased cell viability as 

compared to the treatment with free PTX and G4-TOS-PEG-PTX. 

3.4.7 Apoptosis assay 

 

Figure 3.9. Quantitative assessment of apoptosis. (a) control, (b) free paclitaxel, (c) PTX loaded non-

targeted G4-TOS-PEG, (d) paclitaxel loaded targeted G4-TOS-PEG-Tf assessed by AnnexinV reagent. 

(Q1 denotes necrotic cells population, Q2 denotes late apoptotic population, Q3 denotes live cells 

population, Q4 denotes early apoptotitc population) 

Induction of apoptosis following treatment with PTX was determined by Annexin V 

assay. Upon activation of apoptotic pathway in the cells, phosphatidylserine (PS) 

translocates outside the plasma membrane by attracting macrophages which initiates the 

formation of apoptotic bodies. AnnexinV, a ligand of PS binds specifically to PS, which 

could be detected by its tagged fluorescence. Furhtermore, propidium iodide (PI) binds 

to necrotic cells (Rompicharla et al. 2018). As shown in Figure 3.9, free PTX induced 

apoptosis of 15.2 ± 2.4 %, whereas targeted dendrimer (G4-TOS-PEG-PTX-Tf) and 

nontargeted (G4-TOS-PEG-PTX) induced the total apoptosis of 56.3 ± 1.4 and 37.3 ± 
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2.2 %, respectively. In control cells, no apoptosis or necrosis was observed. Moreover, 

both the formulations showed more induciton in apoptosis compared to free paclitaxel. 

Tf anchored dendrimers targeted cancer cells and got internalized efficiently which 

resulted in enhanced intracellular PTX availability leading to induction of apoptosis to a 

greater extent compared to freepaclitaxel and G4-TOS-PEG-PTX. Furthermore, the 

apoptotic action could would be due to the combine effect of simultaneous delivery of α-

TOS and paclitaxel intracellularly. 

3.4.8 Penetration efficiency in HeLa spheroids 

 

Figure 3.10. Penetration efficiency of fluorescently tagged G4-TOS-PEG as well as G4-TOS-PEG-Tf in 

HeLa spheroids at different depths visualized under confocal laser scanning microscope after 1 h and 4 h 

time points. 

In this penetration study, the HeLa spheroids were visualized under confocal microscope 

at different depths (Z-stack) after 1 and 4 h. Tf anchored dendrimer conjugate showed 

more permeation as indicated by more fluorescence towards center in the 3D spheroids 
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in comparison to non-Tf anchored G4-TOS-PEG over the period of time as shown in 

Figure 3.10. The penetration efficiency study in 3D soheroids proved that the Tf/TOS 

attachment in dendrimer enhanced deeper tissue penetration in the 3D spheroids. 

Penetration of nanomedicines to the solid tumor mass is challenging, which limit their 

therapeutic potential. However, it is evident from the study that the actively targeted 

dendrimer system with Tf-attachment on the surface could penetrate in deeper tumor 

tissues and deliver the loaded cargo. 

3.4.9 Uptake study of spheroids treated with dendrimer conjugates 

 

Figure 3.11. Quantitative evaluation of uptake in HeLa spheroid treated with non-targeted F-G4-TOS-

PEG and targeted F-G4-TOS-PEG-Tf as analyzed by flow cytometer (Mean and standard deviation; n = 3). 

The bar graph represented the mean fluorescence observed. The statistical significance between all the 

groups was carried out by applying one-way ANOVA test, ***p < 0.001. 

The cellular internalization into HeLa spheroid was carried out by assessing the samples 

using flow cytometry. From the Figure 3.11, it was observed that the Tf anchored 

dendrimer conjugate was taken up into the spheroids more efficiently as compared to the 

fluorescently labelled non-Tf anchored G4-TOS-PEG at both, 1 and 4 h time points. 

These results supported the observations of cellular uptake when the HeLa spheroids and 

monolayer cells were visualized using confocal microscopy. 
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3.4.10 Assessment of Growth inhibition in 3D spheroids of HeLa 

 

Figure 3.12. (A) Brightfield images of HeLa spheroids after treatment with free drug and drug loaded 

dendrimer conjugates. The images were captured at 0th Day, 2nd day, 4th day and 6th day at 10X 

magnification. (B) Representation of growth inhibition of HeLa spheroids as bar graph. The statistical 

significance between all the groups was assessed by applying one-way ANOVA test, ***p < 0.001 and 

**p<0.01. 

The spheroid growth inhibition was assessed by checking the diameter of HeLa spheroids 

when the spheroids were incubated with free paclitaxel as well as paclitaxel loaded 

dendrimer formulations for 24 h. The diameter of HeLa spheroids were measured on zero 

day, second day, fourth day and sixth day by inverted microscope. The bright field 

images were taken and the data had been shown in Figure 3.12 (A). The progression of 

growth of the spheroids treated with PTX loaded targeted G4-TOS-PEG-Tf was retarded 

significantly compared to the spheroids treated non-Tf anchored PTX loaded dendrimer 

and free paclitaxel. The average diameter of spheroids was found to be 994.34 ± 20.18, 

820.34 ± 23.51, 589.41 ± 20.56, and 415.94 ± 18.51 μm for control group, free paclitaxel 

group, PTX loaded non-targeted G4-TOS-PEG group and paclitaxel loaded targeted G4-
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TOS-PEG-Tf group treatment, respectively at the end of 6 days. These data are shown in 

the line graph plotted between the diameters versus days as shown in Figure 3.12 (B). 

Further, the growth inhibition study in HeLa 3D spheroids revealed that the Tf-anchorage 

on the dendrimer surface promoted active targeting of the conjugate, whereas presence 

of both TOS and PTX caused effective spheroid volume regression by cell killing. 

3.4.11 Live and Dead cell detection in HeLa spheroids 

 

Figure 3.13. LIVE/DEAD cell assay of HeLa cells treated with free drug and drug loaded dendrimer 

conjugates 

To elucidate whether the spheroid growth inhibition is caused by the cell death induced 

by the treatment, live and dead cell detection assay was performed on treated spheroids. 

After theformulation treatment, live/dead cell populations in HeLa spheroids were 

visualized after incubating the soheroids with calcein blue reagent. The blue fluorescence 

was produced when the live cells internalized the calcein blue. The ester bond in calcein 

blue AM is broken by the intracellular estersses to liberate the dye that emits blue 

fluorescence. Moreover, PI stains the dead cells. G4-TOS-PEG-Tf-PTX showed more 
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red fluorescence than PTX loaded non-targeted G4-TOS-PEG and free paclitaxel as 

shown in Figure 3.13. The dead cell population was observed mostly on the periphery of 

spheroids treated with free PTX in life/dead cells assay, which indicated that free PTX 

was unable to penetrate deeper in HeLa spheroid. The dead cell population was observed 

evidently in the core as well as periphery of the spheroids treated with G4-TOS-PEG-Tf-

PTX and G4-TOS-PEG-PTX, which revealed that both the formulations had the ability 

to penetrate towards the central core. Tf/TOS-dual attachment to the dendrimer promoted 

better penetration of dendrimers in deep spheroid tissues causing cell death. 

3.5 Conclusion 

Here, an actively tumor-targeted polymer, Tf anchored α-TOS conjugated PEGylated 

dendrimer, G4-TOS-PEG-Tf was synthesized and loaded with practically insoluble 

anticancer drug, paclitaxel. The new multifunctional dendrimer was characterized using 

1H NMR and the hydrodynamic size, zeta potential, %EE and %DL were determined. 

G4-TOS-PEG-Tf was readily taken up by the clathrin-dependent transferrin receptor-

mediated endocytosis process. Cell viability study in HeLa cells revealed that the 

paclitaxel loaded targeted G4-TOS-PEG-Tf demonstrated significantly higher 

cytotoxicity compared to non-targeted G4-TOS-PEG-PTX and free paclitaxel. 

Moreover, Tf attachment to α-TOS anchored dendrimer enhanced the cellular uptake in 

3D spheroids. Apoptosis inducing potential of PTX was higher when delivered using 

targeted G4-TOS-PEG-Tf compared to non-targeted G4-TOS-PEG or free 

administration as confirmed by AnnexinV assay. Penetration efficiency into 3D 

spheroids was higher for G4-TOS-PEG-Tf than G4-TOS-PEG as assessed by confocal 

laser scanning microscopy and flow cytometry study. Moreover, G4-TOS-PEG-Tf-PTX 

showed superior inhibitory effect in the growth of spheroids. While the developed 

dendrimer nanoconjugate loaded and delivered PTX successfully due to the PTX 
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modification on its surface, moreover, the combined delivery of TOS and PTX produced 

significant cytotoxicity in HeLa cells. Conclusively, the newly synthesized dendrimer-

based PTX delivery system proved to be promising for further exploration to be utilized 

in the treatment of Tf-over-expressing tumors. 
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4.1 Abstract 

Even though existing chemotherapeutic agents, including paclitaxel (PTX) possess 

superior anticancer activity, their application is limited due to extreme hydrophobicity. 

Here, a dendrimers-based nanoparticles system has been prepared for improved 

delivery of loaded paclitaxel to the tumor. The cell penetrating peptide, Octa-arginine 

(R) and Vitamin-E Succinate (VES) had been conjugated to the PEGylated generation 

4 polyamidoamine dendrimer (D) to form RVES-PD. The synthesized polymers had 

been characterized by 1NMR, IR, and gel permeation chromatography. The PTX-

loaded RVES-PD (RVES-PD-PTX) was physico-chemically characterized for particle 

size, zeta potential analysis, drug loading, release, and encapsulation studies. The 

cellular uptake, and cytotoxicity, and apoptosis determination studies were carried out 

in human lung cancer cells (A549) in monolayers, and spheroids, respectively. In vivo 

antitumor efficacy of RVES-PD-PTX was determined using B16F10-tumor bearing 

mice. The results indicated that the RVES-PD nanoparticles were taken up by cancer 

cells effectively and demonstrated improved cellular translocation compared to non-

targeted VES-PD. The cytotoxicity study revealed that the RVES-PD-PTX exhibited 

highest cytotoxicity of PTX compared to non-targeted, VES-PD-PTX and free PTX at 

PTX concentration range of 0-50 µg/mL. RVES-PD-PTX induced apoptosis as 

analyzed by Annexin V assay and suppressed the growth of spheroids to the highest 

extent compared to VES-PD-PTX and free PTX. Further, the bio-distribution study 

indicated that the RVES-PD had higher accumulation in tumor compared to VES-PD. 

The in vivo experiment using B16F10 tumor bearing mice demonstrated that the RVES-

PD treatment resulted in highest rate of tumor volume reduction and apoptosis primarily 

by upregulating the caspase 3/7 to the highest extent compared to VES-PD and free 

PTX. In conclusion, the developed RVES-PD could load PTX, showed efficient cell 
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penetration and improved PTX-mediated cytotoxicity in all tested in vitro and in vivo 

assay systems. The results strongly suggest further exploration of this developed PTX-

nano-formulation in cancer treatment. 
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4.2 Introduction 

Use of nanoscale materials (5-150 nm diameter) as drug delivery cargo offers multiple 

advantages over conventional free drug administration. Nanomaterials improve the 

solubility of hydrophobic drugs, minimize non-specific interaction of drug, delay drug 

clearance from body, enhance tissue penetration, and passively target the drug at the 

tumor site by Enhanced Permeability and Retention (EPR) effect. Various nanoparticles 

have been tried for anticancer drug delivery, including liposomes, polymeric micelles, 

solid lipid nanoparticles, inorganic nanoparticles, drug-polymer conjugates, and 

spherical polymers such as dendrimers (Min et al. 2015, Sethi et al. 2014, Au et al. 

2015). Dendrimers are nano-sized, synthetic, monodisperse systems, which possess 

well-defined geometrical branching units. Dendrimers are highly hydrophilic with 

superior biocompatibility (Kesharwani, Jain, and Jain 2014, Kesharwani et al. 2011, 

Barrière et al. 2012). Dendrimers possess a large number of functional groups on the 

surface, which increases in numbers with generations. The surface functional groups 

could be derivatized with various ligands for improving their functional activities, such 

as improving drug loading, enhancing tissue penetration, and targeting ability of 

nanocarriers to the cancer cells (D'Emanuele and Attwood 2005, Tekade, Kumar, and 

Jain 2008, Tekade et al. 2008). However, due to the presence of large number of 

functional groups, dendrimers encounter non-specific interactions in circulation leading 

to toxicity. Usually, the -NH2 terminated Poly(amidoamine) and Poly(propyleneimine) 

dendrimers have shown the concentration-dependent toxicity and hemolysis as 

compared to neutral or negatively charged dendrimers (Malik et al. 2000, Roberts, 

Bhalgat, and Zera 1996, Jevprasesphant et al. 2003, Padilla De Jesús et al. 2002). 

However, the toxicity of positively charged dendrimers could be reduced by modifying 

the surface with acetyl groups, polyethylene glycol (PEG) etc (Malik et al. 2000, 
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Jevprasesphant et al. 2003, Chen et al. 2004, Kesharwani et al. 2011, Padilla De Jesús 

et al. 2002, Ihre et al. 2002). 

Vitamin-E succinate (VES) has been conjugated to variety of drug delivery systems to 

achieve multiple benefits in cancer therapy (Gill, Kaddoumi, and Nazzal 2012, 

Chandrasekharan et al. 2011, Abu-Fayyad et al. 2015, Emami et al. 2015, Nam et al. 

2015, Gruber et al. 2014, Neuzil et al. 2002, Prasad et al. 2003, Yu et al. 2001, 

Muddineti et al. 2018, Bhatt et al. 2019). VE solubilizes many hydrophobic agents, 

therefore, incorporation of VE in the micellar core improves solubility of many 

anticancer drugs. VE and its derivatives demonstrated anticancer activity by induction 

of apoptotic pathways  (Muddineti, Ghosh, and Biswas 2017). Moreover, VES has the 

ability to inhibit the drug efflux transporters such as P-glycoprotein, and multiple drug 

resistance proteins (Duhem, Danhier, and Préat 2014, Guo et al. 2013, Muddineti et al. 

2017).  

A major issue with existing chemotherapy is the ineffective penetration of drug 

molecules into the tumor (Ruoslahti 2017). Penetration into cancer tissues is a 

noteworthy concern with nanoparticles as well. The poor penetrability could be due to 

the fact that the tumor micro-environment is made of dense connective tissue stroma 

which retards free movement of drug molecules into the tumor cells (Ruoslahti 2017, 

Uchida et al. 2011). Moreover, the leaky vasculature in the tumor forms a high osmotic 

pressure zone within the tumor not allowing fluid to penetrate in, and hence, the 

chemotherapeutics cannot enter freely (Golombek et al. 2018). Moreover, compact 

mass of solid tumors stands impermeable to chemotherapeutic agent to enter into the 

core. Due to this, the accumulation of sub-optimum concentration of drug in the tumor 

enables cancer cells to develop drug resistance.(Ruoslahti 2017). This situation can be 

addressed by using a class of peptides called cell penetrating peptides (CPPs). The 
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advantage of CPPs is their capability to deliver cargos through the cell membrane, 

which are many times higher than their own molecular weight. Cell-penetrating 

peptides (CPPs) are extensively used as an attachment to impermeable macromolecules 

or nanocarriers to translocate them intracellularly (Dissanayake et al. 2017, Liu et al. 

2015, Li et al. 2016). In this regard, Octa-arginine (R), a CPP containing 8 arginine 

residues enhanced cellular uptake of various nanocarriers in previous studies (Yamada, 

Hashida, and Harashima 2015, Biswas et al. 2013, Kitagishi et al. 2015, Rompicharla 

et al. 2018a). 

In this study, the octa-arginine (R) was conjugated over the surface of synthesized G4-

TOS-PEG (Chapter 2) via step-by step synthesis procedure and loaded with an 

anticancer drug, PTX to improve the loading and targeting ability of PTX towards 

cancer cells. The multifunctional dendrimer conjugates were characterized physico-

chemically, assessed for its ability for intracellular translocation and cytotoxicity in 

human alveolar basal epithelial lung carcinoma cells (A549) in monolayers and in a 3D 

spheroid model. Further, the therapeutic efficacy of paclitaxel loaded multifunctional 

dendrimer was evaluated in vivo using B16F10 tumor bearing mice. 

4.3 Materials and methods 

4.3.1 Materials 

The poly(amidoamine) dendrimer of Generation 4 (D) was obtained from Dendritech 

Inc. (MI, USA). The Paclitaxel (PTX) was provided as a gift sample from Fresenius 

Kabi India Pvt., Ltd. Methoxy-polyethyleneglycol-N-hydroxysuccinimidyl ester (m-

PEG-SCM ester, MW 2000 Da) was purchased from Jenkem Technology (USA). N-

ethyl-di-isopropylamine (DIPEA) was procured from Avra Chemicals, Mumbai, India. 

The NHS-Fluorescein was purchased from Thermo Scientific (USA). Vitamin-E 

succinate (VES) was purchased from Sigma-Aldrich (Bangalore, India). The peptide, 



  CHAPTER 4 

 

123 
 

octa-arginine was custom synthesized from GCC Biotech India Pvt. Ltd. (Kolkata, 

India). The 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC. 

HCl) and N-Hydroxysuccinimide (NHS) were purchased from Merck (Germany). 

AccutaseTM and Fluoromount-G were purchased from Himedia Laboratories (Mumbai, 

India). Dialysis membrane with MWCO 3.5 kDa, 12-14 kDa was procured from 

Repligen Inc. (Massachusetts, USA). 

A549 and B16F10 cells were obtained from National Center for Cell Sciences (NCCS, 

Pune, India). Fetal bovine serum (FBS), DMEM F-12 and penicillin/streptomycin were 

purchased from Himedia Laboratories (Mumbai, India). A549 cells were sub-cultured 

in DMEM F-12 medium (DMEM complete medium with 10 % FBS and 100 IU/mL of 

antibiotic solution) in a CO2 incubator regulated at 37 °C and 5% CO2. 

4.3.2 Methods 

4.3.2.1 Synthesis of VES-D 

The synthesis procedure was represented in Figure 4.1. The conjugation of VES to G4 

PAMAM dendrimer was done through the reaction reported in previous literature 

(Bhatt et al. 2019). The acid group of VES (9.341 mg, 17.6 µmol) was activated using 

EDC and NHS in 3 moles equivalent excess in presence of diisopropyl ethylamine 

(DIPEA) in anhydrous dimethylformamide (DMF). Into the solution of G4-PAMAM 

dendrimer (3.52 µmol) in anhydrous DMF, the activated VES was added dropwise at 

room temperature. The mixture was kept in stirring condition for overnight. The 

following day, DMF was removed by vacuum under rotary evaporator. The reaction 

mixture was dialyzed using regenerated cellulose membrane (MWCO 12-14 kDa) and 

dried by using lyophilization technique.  

4.3.2.2 Synthesis of VES-PD 
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To the solution of VES-D (50 mg) in DMF, mPEG-NHS (67.82 mg) and 20 µl DIPEA 

was added. The reaction was continued for overnight under inert atmosphere. The 

following day, DMF was removed using rotary evaporator. Further, the product was 

purified by dialysis technique using regenerated cellulose membrane with molecular 

weight cut-off, 12-14kD. Pure VES-PD in solid form was obtained by lyophilizing the 

dialysate. 

4.3.2.3 Synthesis of RVES-PD 

Octa-arginine (4.08 μmol, 4.298 mg) was activated using EDC and NHS in excess in 

presence of DIPEA in anhydrous dimethylformamide (DMF) for 2 h.  VES-PD (molar 

ratio of VES-PD to R: 1:3) was added dropwise to the reaction mixture. The crude 

reaction mixture was stirred overnight at room temperature under nitrogen atmosphere. 

The solvent was evaporated, and the crude product was purified by dialysis and 

lyophilized to obtain solid RVES-PD.  

 

Figure 4.1. Scheme for the synthesis of RVES-PD. 

4.3.3 Characterization of the synthesized polymers. 
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The 1H NMR spectrum in Deuterium oxide (D2O) was obtained by using NMR 

spectrometer (300 MHz, Bruker, USA). Gel permeation chromatography was carried 

out using Ultrahydrogel™ linear size exclusion column (7.8 mm × 300 mm) in SEC 

system (Waters series). The calibration curve was plotted using different molecular 

weight pullulan standards of molecular weight range 0.63 × 104, 0.98 × 104, 2.20 × 104, 

4.71 × 104, 10.7 × 104, 20.1 × 104, 33.4 × 104, 64.2 × 104 Da. The hydrodynamic size, 

polydispersity index and zeta potential of the dendrimer nano-conjugate RVES-PD was 

measured using a Malvern Zetasizer (Malvern Instruments, UK). The samples were 

assessed by photon correlation spectroscopy in Malvern zetasizer at room temperature. 

The deionized water was used to dilute the dendrimer conjugates. 

4.3.4 PTX loading in dendrimer 

PTX in excess (5 mg) was added into the VES-PD or RVES-PD solution (25 mg/mL) 

in PBS, pH 7.4. The reaction mixture was sonicated for 1 min and kept overnight with 

gentle stirring. The VES-PD-PTX or RVES-PD-PTX formulations were passed through 

syringe filter (0.45 μm). Percentage drug loading (%DL) and encapsulation efficiency 

(%EE) of PTX were estimated by HPLC (Shimadzu, Japan). The PTX was liberated 

from VES-PD/RVES-PD by dissolving the polymers in methanol. The flow rate was 

kept at 1 mL/min and λmax 227 nm. The drug was eluted out with the mobile phase of 

phosphate buffer saline, pH 7.4 and acetonitrile (Bhatt et al. 2019). The percent 

encapsulation efficiency (% EE) andpercent drug loading (% DL) of VES-PD-PTX or 

RVES-PD-PTX were determined following the equations: 

%𝐸𝐸 =
drug amount present in supernatant of dendrimer conjugate

initial drug amount added
 × 100 

%DL =
drug amount present in supernatant of dendrimer conjugate

initial drug amount drug and dendrimer conjugate added
 × 100 
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4.3.5 In vitro PTX release study from VES-PD-PTX and RVES-PD-PTX  

The in vitro release experiment was performed using dialysis method (Kulhari et al. 

2016). VES-PD-PTX and RVES-PD-PTX formulations (equivalent to 2 mg of PTX) 

were filled in a dialysis bag (MWCO 2000), which was immersed in PBS, pH 7.4 

(supplemented with 0.2 % Tween-80 for maintaining sink condition). The solution was 

stirred continuously at 100 rpm at 37 °C. Then, 1 mL of aliquot was taken from the 

release media at predetermined time points, and replaced with fresh medium. The PTX 

release was estimated by HPLC following the same HPLC conditions as mentioned 

above. The experiment was carried out in triplicate. The data were shown by plotting 

the graph of % cumulative release versus time (mean ± standard deviation, triplicates). 

4.3.6 Cellular uptake in A549 by flow cytometry 

The cellular internalization of dendrimers in A549 cells was evaluated quantitatively 

by flow cytometer (FlowSight, Millipore, USA). The cells were seeded in 6-well tissue 

culture plates at a cell density of 1 × 106 cells/ well. The cells were allowed to attach 

for overnight. The following day, cells were treated with fluorescently labelled (FITC) 

VES-PD and RVES-PD at dendrimer concentration of 20 µg/ml for 1 h and 4 h. Next, 

the cells were washed using phosphate buffer saline (pH 7.4). Trypsin was added for 

detachment of the cells from the well plate. Next, the cells were kept for centrifugation 

for 5 min at 1200 rpm. The cell pellets obtained by centrifugation were re-suspended in 

sterile PBS prior to analyzing the cells by flow cytometry (excitation wavelength of 

488 nm using argon laser). The data obtained from flow cytometry were assessed in 

IDEAS software. The geo mean fluorescence values of individual samples (triplicates) 

was shown as a bar graph. 

4.3.7 Cellular uptake by confocal microscopy 
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The cellular uptake was determined qualitatively by confocal microscopy. A549 cells 

were seeded in 12-well tissue culture plates onto circular coverslips at a cell density of 

50000 cells/well. Following day, the cells were incubated with fluorescently labelled 

(FITC) VES-PD and RVES-PD (20 µg/ml) and incubated for 1 h and 4 h. The major 

uptake mechanism of CPP mediated nano-carriers is through the macropinocytosis. 

Hence, the internalization pathway was assessed by adding the macropinocytosis 

inhibitor Amiloride (1 mM) to the cells. The cells were incubated for 30 min at 37 ºC 

in a CO2 incubator. After the treatment with formulations, the cells were washed with 

phosphate buffer saline three times, then treated with DAPI to stain the nucleus and 

kept in dark for 5 min. The para-formaldehyde solution was used to fix the cells. 

Following fixation, the treated coverslips were transferred on glass slides using 

Fluoromount-G medium. The slides were seen under confocal laser scanning 

microscope (Leica DMi8, Leica, Germany) at 40X magnification using FITC and DAPI 

channels. The Image J software was used to process and analyze the captured images. 

4.3.8 Cytotoxicity assessment 

The MTT assay was performed to evaluate the cytotoxic potential of free PTX, VES-

PD-PTX and RVES-PD-PTX in A549 cells. The cells were seeded in 96-well sterile 

cell culture plates at cell density of 10000 cells/well in culture medium. Next day, the 

cells were treated with free PTX, VES-PD-PTX and RVES-PD-PTX (at PTX 

concentrations of 0-50 µg/ml) and kept for 24 and 48 h at 37 °C. Free PTX was 

dissolved in dimethyl sulfoxide, and further diluted with culture media (not more than 

0.5% v/v in the final media). The culture media was removed after 24 and 48 h, and 

MTT reagent (50 µl) was added to the cells and kept for incubation for 4 h. MTT 

solution was removed from the plates, and the dimethyl sulfoxide was added for the 

dissolution of MTT reagent. The optical density at 590 nm was checked by microplate 
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reader instrument (Spectramax M4, Molecular Devices, San Jose, USA). The reference 

absorption maxima were kept at 620 nm. The percentage cell viability was calculated 

by the below mentioned equation: 

Percentage cell viability = Abssample /Abscontrol × 100 

Where, Abssample = absorbance of the cells treated with free drug and drug loaded 

dendrimer formulations, and Abscontrol = absorbance of the control cells. The data were 

represented as the mean and standard deviation (triplicates). 

4.3.9 Annexin V assay 

A549 cells were seeded in 6-well plates at a cell density of 1 × 106/well. The following 

day, cells were treated with free PTX, VES-PD-PTX and RVES-PD-PTX at 20 µg/ml 

of PTX concentration for 18 h and kept in the incubator at 37 °C in 5% CO2 atmosphere. 

This study was carried out as per the protocol provided with Annexin V assay kit. In 

brief, after the treatment for 18 h, A549 cells were washed with phosphate buffer saline 

and centrifuged to obtain cell pellets. The pellets were again re-suspended in AnnexinV 

binding buffer (100 µl). Further, the cells were stained using 2 µl propidium iodide (PI) 

solution as well as 2 µl Annexin V solution. Following 15 min of incubation in dark, 

AnnexinV buffer was added to all test samples and control tubes and assessed by using 

flow cytometry (Flowsight Amnis, Millipore, USA). The fluorescence of FITC (at 535 

nm, Ch02) and propidium iodide (at 550 nm) was measured from the 10000 gated cells. 

The dot histogram plot for apoptosis data was obtained using IDEAS software. Early 

apoptosis as well as late apoptotic events were taken into consideration to analyze the 

magnitude of apoptosis induced in the cells. 

4.3.10 Spheroid study 

4.3.10.1 Formation of A549 spheroids  
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Liquid overlay method was used to develop A549 cancer cell spheroids as reported in 

previous literatures (Kumari et al. 2018, Rompicharla et al. 2018b). Briefly, 1.5% w/v 

agar solution in serum free DMEM was prepared and sterilized. Next, the agarose 

solution (60 µL per well) was poured to the 96-well sterile plates to avoid cell 

attachment with the bottom surface of the well plates. The plates were dried for 30 min 

before further use. 10000 cells per well were added in the pre-coated agar plates. These 

plates were centrifuged at 1000 rpm for 15 min. The developed A549 spheroids were 

seen daily under microscope. 

4.3.10.2 Penetration efficiency in A549 spheroids 

A549 cells were seeded at the cell density of 1×104 cells/well into 8-well tissue culture 

plates to make the spheroids. The depth of penetration of fluorescently labelled 

dendrimers into the A549 spheroids was visualized by confocal microscope for 1 h and 

4 h. Following incubation, the spheroids were washed with phosphate buffer saline and 

observed at 10X magnification under confocal microscope at different focal length (Z-

stack). The images of the spheroids were taken and processed using Image J software. 

4.3.10.3 A549 spheroidal uptake of dendrimers by flow cytometry 

A549 spheroids (5 days old) were treated for 1 h and 4 h with fluorescently labelled 

RVES-PD and VES-PD. For sufficient cell count, 12 spheroids were taken together as 

one replicate for both the time points. The spheroids were broken by using AccutaseTM 

solution and shaking moderately for 10 min. The suspension of the cells was taken in 

eppendorf tubes and fetal bovine serum was added. Following centrifugation, the 

supernatant was discarded and the cells were re-suspended in phosphate buffer saline 

to analyze by using flow cytometer (Amnis, Millipore, USA). The mean fluorescence 

shown by RVES-PD and VES-PD treated spheroids was plotted as a bar graph using 
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Graph Pad prism 7 software. The FCS express software was used to analyze the data 

and to plot the histograms. 

4.3.10.4 Assessment of growth inhibition in A549 spheroids 

When the spheroids achieved proper integrity grown in 96-well plates, they were treated 

with free PTX, VES-PD-PTX and RVES-PD-PTX, with 25 µg/mL of paclitaxel 

concentration. The growth media was replaced with fresh medium on alternate days. 

The spheroids were observed under bright field microscope (Leica, Leica 

Microsystems, Germany) and the diameters of the spheroids were measured at 

predetermined time points (0, 2, 4 and 6 days). The images were taken at 10X 

magnification. The mean diameter of 4 spheroids with standard deviation was shown 

quantitatively in Figure 4.10 B. 

4.3.11 In vivo therapeutic efficacy 

The therapeutic efficacy of free PTX, VES-PD-PTX and RVES-PD-PTX formulations 

was assessed in female C57BL/6 mice (6−8 week, 18−22 g) obtained from the Vivo 

Biotech Pvt. Ltd, Hyderabad, India. The animals were adapted for 1 week at in-housed 

conditions of 19−25 °C with nocturnal−diurnal cycles with a relative humidity of 

50−60% with free access to food and water. The anti-tumor efficacy was carried out 

according to the approved protocol from the Institutional Animal Ethics Committee. 

The murine melanoma cells B16F10 (1 × 106) suspended in PBS was injected 

subcutaneously to develop the xenograft tumor model in mice. The animals were 

scrutinized for 10−15 days for the presence of a solid tumor. Once palpable solid tumor 

was formed, the tumor volume (length × width2)/2) and body weight was measured 

using the digital vernier caliper. 

4.3.11.1 Biodistribution of multifunctional dendrimer nano-conjugates 
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The animals were separated into two groups (n=5) when the average tumor volume was 

reached up to 200 mm3. The fluorescently labeled dendrimer formulations were injected 

to the tumor bearing mice at dendrimer concentration of 10 mg/ kg in PBS intra-

peritoneally. The tumors, heart, kidney, lungs, spleen and liver were isolated after 

sacrificing the mice at 4, 8 and 24 h using CO2. The tissue sections were washed with 

PBS (pH 7.4), immersed in tissue freezing media and kept in -80 °C freezer. Next, these 

frozen sections of all tissues were cryo-sectioned (5 μm thickness) by a Cryotome 

instrument (Leica, Germany), mounted on glass slides, washed with phosphate buffer 

saline, and fixed using 4% para-formaldehyde solution. The sections were visualized 

under fluorescence microscope at 20X magnification. 

4.3.11.2 Tumor volume reduction Study  

The tumor bearing mice were divided into four different groups when the tumor volume 

was reached at 50−100 mm3. Free PTX, VES-PD-PTX and RVES-PD-PTX were 

injected at PTX dose of 10 mg/kg/day intra-peritoneally to the tumor bearing mice. 

Polysorbate 80 and ethanol was used to dissolve free PTX and diluted with PBS if 

necessary (Sparreboom et al. 1996). The groups of the animals were as follows: (a) 

controls, (b) free PTX, (c) VES-PD-PTX, and (d) RVES-PD-PTX (no of animals in 

each group, n=6). The dosing of free drug and formulations was performed on alternate 

days till 10 days (5 times injections). The tumor volume and body weight of the mice 

were noted every alternate day for all groups for 21 days. After the study period, the 

mice were sacrificed by cervical dislocation, and the weight of the tumors was taken. 

4.3.11.3 Caspase 3/7 activity in tumor  

The level of Caspase 3/7 in isolated tumors was determined by using Apo-ONE 

Homogeneous Caspase-3/7 assay kit (Promega) following manufacturer’s instruction.  

A small portion of tumors was cut, and homogenized using a bead tissue homogenizer 
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(Minilys, Bertin Technologies, USA) in PBS, pH 7.4. Micro BCA protein assay was 

performed to measure the protein content in the tissue. Next, 25 µg of protein in 100 

µL of PBS was added to 96-well plate. The caspase substrate was added into the tissue 

solutions according to the manufacturer’s protocol and kept at room temperature for 6 

h. The fluorescence was measured by the microplate reader at excitation 499 and 

emission 521 nm. The fluorescence values were directly proportional to the amount of 

caspase 3/7 release and graph was plotted. 

4.3.11.4 TUNEL assay 

Measurement of the apoptotic effect following treatment with multifunctional 

dendrimers was carried out in frozen tumor sections by using TUNEL assay. The tumor 

sections (5 µm) were taken using Cryotome, mounted on superfrost plus slides. The 

cryo-sections were fixed using 4 % para-paraformaldehyde solution for 10 min at room 

temperature. TUNEL assay was done on the sections using TUNEL detection kit 

according to the manufacturer’s instructions. The apoptotic cells in the sections as 

stained by TUNEL assay reagent were visualized under fluorescence microscope. 

4.3.12 Statistics 

All of the above in vitro studies were executed in triplicates (n=3) and the data are 

shown as mean and standard deviation (mean ± SD). The animal experiment was 

performed using 6 animals in each treatment group (n=5, or 6). The significance 

between all the groups was determined by one-way analysis of variance using Graph 

Pad prism software. The experimental data were considered significant at p value < 

0.05. 
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4.4 Results and discussion 

4.4.1 Confirmation of synthesis of RVES-PD nano-construct 

Figure 4.2. Proton nuclear magnetic resonance spectrum of RVES-PD in CDCl3 at 300 MHz 

Dendrimer, a hyper branched molecule with defined architecture has gained attention 

in various biomedical applications, including drug delivery research since 1990s 

following its inception in 1980s. Dendrimers improve the solubility, stability and 

bioavailability of various anticancer drugs. The major advantage with dendrimers is the 

scope as well as the ease of surface functionalization, which enables covalent 

attachment of drugs, or other ligands to modulate drug loading, release, tumor 

targetability and minimize non-specific interaction of the nano-construct in systemic 

circulation (Dehshahri and Sadeghpour 2015, Palmerston Mendes, Pan, and Torchilin 

2017). Here, we design development of a multifunctional dendrimer nano-construct 

conjugating PEG, α-TOS- and R-on the surface. The attachment of PEG on the surface 

of dendrimer would improve its hydrophilicity, minimize non-specific interaction by 

reducing the surface charge, and prolong blood circulation, which would lead to passive 

targeting of the nano-sized dendrimers to tumor region via EPR effect. The presence of 
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α-TOS on the surface would improve its capacity to load hydrophobic drugs, and 

provide therapeutic benefits in cancer treatment. Anchorage of cell penetrating peptide, 

R8 would promote facile intracellular translocation of this macromolecule, therefore, 

would increase therapeutic efficacy of the loaded PTX.  

Following synthesis of the modified dendrimers following Figure 4.1, the conjugation 

of VES, PEG and octa-arginine was confirmed by analyzing the NMR spectrum of 

RVES-PD (Figure 4.2). NMR signals at 0.75 ppm, 2.25 and 2.5 ppm confirmed the 

presence of VES. Sharp singlet at 1.2 ppm confirmed the conjugation of octa-arginine 

to the dendrimer. The peaks at 3.5 ppm and 3.3 ppm was from the protons of PEG 

moiety and dendrimer, respectively. All NMR signals acknowledged the successful 

conjugation of VES, PEG and octa-arginine onto the dendrimer surface.  
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Figure 4.3. SEC chromatograms of synthesized dendrimer conjugates. (A) G4 PAMAM dendrimer, (B) 

VES-D, (C) VES-PD, (D) RVES-PD. 

 

Table 4.1. Relative molecular weight of each conjugate and estimation of the number of VES, PEG and 

octa-arginine attached to each PAMAM dendrimer obtained by SEC analysis. 

The increase in the molecular weights of the dendrimers upon each conjugation was 

determined by performing size exclusion chromatography (SEC). The SEC graphs and 

relative molecular weight are reported in Figure 4.3 and Table 4.1. As shown in Figure 

4.3 (A), Figure 4.3 (B), Figure 4.3 (C) and Figure 4.3 (D), 3.41 molecules of VES, 8.07 

molecules of PEG and 2.40 molecules of octa-arginine were conjugated on each 

dendrimer molecule. 

From the above Table 4.1, the molecular weight of plain G4 PAMAM dendrimer was 

found to be 14183 Da. The molecular weight of VES-D conjugate was found to be 

15995 Da. The molecular weight of each VES molecule is 530.79 Da. VES of about 5 

molar equivalents was taken to conjugate with each PAMAM dendrimer initially as 

mentioned in the method section. Hence, the VES molecules got attached to each 

PAMAM dendrimer was calculated as follows:  

                                           Number of TOS molecules attached to each PAMAM dendrimer

=  
(molecular weight of VES − D conjugate) −  (molecular weight of G4)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑉𝐸𝑆 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
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The molecular weight of VES-PD conjugate was found to be 32152 Da. The molecular 

weight of each PEG (P) molecule is 2000 Da. PEG of about 10 molar equivalents was 

taken to conjugate with each PAMAM dendrimer initially as mentioned in the method 

section. Hence, the PEG molecules got attached to each PAMAM dendrimer was 

calculated as follows: 

                                               Number of PEG molecules attached to each PAMAM dendrimer

=  
(molecular weight of VES − PD conjugate) −  (molecular weight of VES − D)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑃𝐸𝐺 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
 

The molecular weight of RVES-PD conjugate was found to be 35179 Da. The molecular 

weight of each octa-arginine (R) molecule is 1261 Da. Octa-arginine of about 3 molar 

equivalents was taken to conjugate with each PAMAM dendrimer initially as mentioned 

in the method section. Hence, the octa-arginine molecules got attached to each PAMAM 

dendrimer was calculated as follows: 

                                                     Number of R molecules attached to each PAMAM dendrimer

=  
(molecular weight of RVES − PD conjugate) −  (molecular weight of VES − PD)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑜𝑐𝑡𝑎 − 𝑎𝑟𝑔𝑖𝑛𝑖𝑛𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
 

 

4.4.2 Physicochemical characterization of dendrimer conjugates 

Table 4.2. Size, polydispersity index, zeta potential, % encapsulation efficiency and % drug loading 

values of various dendrimer nano-constructs (Mean ± standard deviation, n=3) 

The physico-chemical characterizations of PTX-loaded, VES-PD-PTX, and RVES-PD-

PTX were carried out and the data had been represented in Table 4.2. The zeta potential 

of plain G4 PAMAM dendrimer was found to be +18.6 ± 0.41 mV. After VES/PEG 
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conjugation and PTX-loading, the zeta potential was decreased to +7.25 ± 0.28 mV. 

The non-ionic PEG and anionic VES decreased the overall zeta potential in the 

conjugated dendrimer. Further, conjugation with cationic peptide, R8 increased the 

surface potential of RVES-PD.  

The hydrodynamic diameters of plain dendrimer, VES-PD-PTX and RVES-PD-PTX 

were 13.56 ± 0.072, 29.85 ± 0.013 and 38.14 ± 0.053, respectively. The increase in the 

diameter was due to the conjugation of VES, PEG, octa-arginine on the surface, and 

PTX loading. The PTX loading efficiency was 15.3 ± 1.09 % w/w and 12.48 ± 1.75 % 

w/w in VES-PD-PTX and RVES-PD-PTX, respectively.  The PTX loading in 

dendrimer was dependent on the non-covalent interactions between PTX and dendrimer 

formulations. The percent drug loading of PTX was increased in VES-PD as VES could 

improve the solubility of PTX by providing an internal hydrophobic space. In contrast, 

% drug loading of PTX was decreased in RVES-PD due to the attachment of octa-

arginine, which provided limited access to PTX to go inside the dendrimer cavity.  

4.4.3 In vitro drug release study  

 

Figure 4.4.  In vitro drug release study. Release of PTX from RVES-PD and VES-PD at pH 7.4 (Mean 

± SD; n = 3) 

Drug release study of RVES-PD and VES-PD formulations was performed using PBS 

pH 7.4 (Figure 4.4). The plain PTX showed faster release (92.79 ± 2.45 %) within 6 h 
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while PTX showed controlled release behavior of drug over 48 h when loaded into 

RVES-PD and VES-PD. VES-PD showed cumulative PTX release of 55.57 and 

70.45%, whereas RVES-PD showed PTX release of 40.55 and 51.23 % in 24, and 48 

h, respectively. The attachment of VES, PEG and octa-arginine over the dendrimer 

surface provided a shielding effect, which retarded the release of PTX. During initial 

hours, a nonlinear release profile was observed followed by controlled release later. 

The possible reason for the controlled release could be due to the entrapment of the 

paclitaxel molecules in the hydrophobic core of the dendrimer which acts as a reservoir 

to retain the paclitaxel molecules. 

4.4.4 Cellular uptake study by flow cytometer and confocal microscopy 

 

Figure 4.5. cell uptake study in monolayers and spheroids. (A) Flow cytometry analysis of cellular 

uptake of FITC-labelled RVES-PD and VES-PD in A549 cells. (B) Uptake of FITC-RVES-PD and VES-

PD in A549 spheroids analyzed by flow cytometry. Data in graph is represented as mean ± standard 

deviation performed in triplicates. The bar graph represented the mean fluorescence observed. The 

significance was assessed by applying one-way analysis of variance, ***p<0.001. 
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The cellular uptake study was carried out to evaluate the influence of octa-arginine 

attachment on the cellular uptake of the dendrimers. As shown in Figure 4.5, RVES-

PD had higher accumulation in cells compared to VES-PD. The geometric mean 

fluorescence was 37131.26 ± 1221.41 and 70745.70 ± 1150.23 for cells treated with 

VES-PD, which was increased to 57206.22 ± 1195.3 and 94032.57 ± 1056.21 for 

RVES-PD treated cells in 1 and 4 h, respectively (Figure 4.5 A). Similar observation 

was registered in spheroids, where the mean florescence of VES-PD, and RVES-PD 

treated cells were 13896.31 ± 1243.78, 32087 ± 950.11, and 42138 ± 1095.53, 59083 ± 

1126.76 in 1, and 4 h, respectively. The octa-arginine attachment enhanced the cellular 

association of the RVES-PD conjugate significantly compared to VES-PD. Octa-

arginine has demonstrated its potential to carry various macromolecules inside the cells 

(van Oppen et al. 2019). In a recent study, elastin like polypeptide-based nanoparticles 

were prepared with controlled density of octa-arginine on the surface (van Oppen et al. 

2019, Liu et al. 2017). In our previous study, octa-arginine-modified PEGylated 

PAMAM dendrimers were prepared, where PTX was conjugated on the surface of the 

dendrimer (Rompicharla et al. 2018c). In order to determine the cellular internalization 

mechanism of RVES-PD, the competitive inhibition of the cellular internalization was 

performed by pre-incubation of A549 cells with micropinocytosis inhibitor, amiloride 

(1mM). Amiloride inhibits macropinocytosis by blocking Na+/H+ exchanger and by 

lowering the sub-membranous pH. The intensity of fluorescence for this study has been 

represented in Figure 4.6. It was observed that the internalization of RVES-PD was 

decreased significantly following Amiloride pre-treatment.  
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Figure 4.6. Cellular uptake and assessment of internalization mechanism of VES-PD and RVES-PD in 

A549 cells using confocal microscope. 

The mechanism behind the higher octa-arginine mediated uptake is the non-clathrin and 

non-caveolar mediated endocytosis, called micropinocytosis. When the cell penetrating 

peptides are attached to large cargos (molecular weight >30,000 Da), the internalization 

by macropinocytosis involves the formation of macropinosomes (>1 μm). The 

macropinosoms tend to completely merge with the lysosomes, tend to be recycled and 

prevents the nanocarriers from lysosomal degradation (Meier et al. 2002, Swanson and 

Watts 1995, Wadia, Stan, and Dowdy 2004). 

4.4.5 Cytotoxicity study 
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Figure 4.7. Determination of cell viability by MTT assay performed using B16F10 and A549 cells. 

Percent cell viability of A549 and B16F10 cells incubated with free PTX, VES-PD-PTX and RVES-PD-

PTX was determined at 24 and 48 h post incubation (n=3, mean with standard deviation). The statistical 

significance was analyzed by applying one-way analysis of variance test, ** and * represented p < 0.01 

and 0.05, respectively. 

As shown in Figure 4.7, the cell viability decreased significantly with RVES-PD-PTX 

treatment compared to the treatment with VES-PD-PTX and free PTX. The RVES-PD-

PTX, VES-PD-PTX, and free PTX demonstrated cell viability of 32.21 ± 2.58, 45.66 ± 

2.34, and 61.85 ± 2.98 % respectively at 24 h at the PTX concentration of 50 µg/mL. 

Further decrease in cell viability was observed with RVES-PD-PTX (4.92 ± 2.28%) as 

compared to VES-PD-PTX (20.96 ± 2.69 %) and free PTX (28.58 ± 2.36 %) at the PTX 

concentration of 50 µg/mL at 48 h. Cell viability study demonstrated that the octa-

arginine attachment in RVES-PD-PTX promoted higher cellular internalization and 

resulted in decreased cell viability compared to free PTX and VES-PD-PTX. Another 

reason of obtaining cytotoxicity in RVES-PD-PTX would be due to the anticancer 

effect of VES. 
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4.4.6 Apoptosis assay 

 

Figure 4.8. Annexin V assay. Quantitative assessment of apoptosis in A549 cells induced by RVES-PD-

PTX, VES-PD-PTX and free PTX. R5-R2 denote necrotic, late apoptotic, early apoptotic, and live cells 

population, respectively. 

Upon activation of the apoptotic pathway in the cells following treatment, 

phosphatidylserine (PS) translocates outside the plasma membrane to attract 

macrophages, which initiates the formation of apoptotic bodies. AnnexinV, a specific 

ligand of PS binds specifically to PS, which could be detected by its tagged 

fluorescence. The assay also uses propidium iodide (PI), which binds to the necrotic 

cells. As shown in Figure 4.8, the free PTX induced apoptosis of 26.9 ± 1.6 %, whereas 

RVES-PD-PTX and VES-PD-PTX induced the total apoptosis of 49.85 ± 2.14 and 

36.51 ± 2.28 %, respectively. The higher level of cytotoxicity produced by RVES-PD-

PTX was due to the induction of apoptosis to higher extent compared to VES-PD and 
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free PTX. The significant improvement in apoptotic percentage could be be due to the 

improved internalization of the R8-conjugated nanomedicine, which increased the 

delivery of PTX in deeper tumor tissues. 

4.4.7 Penetration efficiency in A549 spheroids 

 

Figure 4.9. Penetration efficiency of fluorescently tagged RVES-PD and VES-PD in A549 spheroids at 

different depths visualized under confocal laser scanning microscope following 1 h and 4 h incubation. 

Spheroids are three dimensional in vitro cell culture system that closely mimic several 

features of in vivo tumor growth such as growth rate, close proximity of cells during 

growth, cellular heterogeneity and cell-cell signalling, development of necrotic core, 

higher rate of proliferation of the peripheral cells than the core region, deposition of 

extracellular matrix, similar gene expressions, and multiple drug resistance (Costa et 

al. 2016). Due to its close resemblance to in vivo tumor, 3D spheroids are promisingly 

used to screen various anticancer therapeutic modalities. In the penetration study, the 

A549 spheroids were visualized under confocal microscope at different depths (Z-

stack) after 1 and 4 h of treatment. RVES-PD showed more permeation as indicated by 

higher intensity of fluorescence towards center in the 3D spheroids in comparison to 

VES-PD at both the time points (Figure 4.9). The penetration efficiency study in 3D 

spheroids proved that the R/VES attachment in dendrimer enhanced deeper tissue 
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penetration in the 3D spheroids. Penetration of nanomedicines to the solid tumor mass 

is challenging, which limit their therapeutic potential. However, it is evident from the 

study that the RVES-PD system with R/VES attachment on the surface could improve 

the permeability of dendrimers to deeper tumor tissues (Rompicharla et al. 2018a). 

4.4.8 Growth inhibition of A549 spheroids  

 

Figure 4.10. Growth inhibition of A549 spheroids following treatment. (A) Bright field images of A549 

spheroids after treatment with free PTX, VES-PD-PTX and RVES-PD-PTX. The images were captured 

at 0, 2, 4 and 6 th day at 10X magnification. (B) Graphical representation of the growth inhibition of 

A549 spheroids. The significance between all the groups was assessed by one-way analysis of variance 

test, ***p < 0.001 and **p<0.01. 

The bright field images of spheroids treated with free PTX, VES-PD-PTX, and RVES-

PD-PTX at PTX concentration of 25 µg/mL has been represented in Figure 4.10 (A). 

The progression of growth of the spheroids treated with RVES-PD-PTX was retarded 

significantly compared to the spheroids treated with VES-PD-PTX and free PTX. The 

average diameter of spheroids was found to be 990.34 ± 23.2, 852.34 ± 25.58, 569.41 
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± 21.35, and 390.94 ± 18.15 μm for control, free PTX, VES-PD-PTX and RVES-PD-

PTX treatment, respectively at the end of 6 days. These data are shown in the line graph 

plotted between the diameters versus days as shown in Figure 4.10 (B). R/VES-

modified dendrimers translocated PTX more efficiently resulting in superior growth 

inhibitory effect. R8 facilitated PTX to accumulate in the spheroids thereby inhibiting 

the spheroid growth progression. Moreover, the cellular uptake data also corroborated 

that the RVES-PD gets internalized significantly into the spheroids which improved 

availability of the PTX in tumor. 

4.4.9 Biodistribution of multifunctional dendrimer conjugates 
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Figure 4.11. Biodistribution of dendrimer nano-constructs. (A) Fluorescence microscopic images of 

tumor, heart and kidney sections isolated from the mice treated with FITC-labeled VES-PD and RVES-

PD for 4, 8 and 24 h. (B) Fluorescence microscopic images of liver, spleen and lungs sections isolated 

from the mice treated with FITC-labeled VES-PD and RVES-PD for 4, 8 and 24 h. Tumor sections are 

visualized at 20 X objective. 

The RVES-PD treated sections showed fluorescence intensity more prominent in all 

organs and tumor than other treatment groups at all the time points (4, 8 and 24 h) 

(Figure 4.11). The strong localization effect may be attributed to the efficient 

penetration of the RVES-PD into the interstitial extracellular matrix and cells (Tan et 

al. 2017, Biswas et al. 2013). Furthermore, it is evident that amine terminated 

dendrimers localize in higher concentration in spleen, kidney and liver (Labieniec-

Watala and Watala 2015, Agashe et al. 2007). The targeting ligand was not attached to 

the developed nano-carriers and hence they are accumulating in all the tissues including 

tumor. The justification behind prominent accumulation of RVES-PD in tumor could 

be the EPR effect as well the efficiency of R8 to deliver macromolecular cargo inside 

the cells (Prabhu, Patravale, and Joshi 2015, Wolinsky and Grinstaff 2008, Bhatt et al. 
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2019). It is evident that dendrimers with high positive charge and smaller size appear 

to clear rapidly from plasma which limits their application in drug-delivery 

(Kaminskas, Boyd, and Porter 2011). Attaching the anionic group like VES and neutral 

group like PEG reduces the renal clearance as macromolecules (molecular weight ≥ 25 

kDa) could not be eliminated through glomerular filtration (Kaminskas, Boyd, and 

Porter 2011). Moreover, PEG cloud on the dendrimer surface enables dendrimers to 

evade recognition by reticulo-endothelial system and as a result, prolong the systemic 

circulation of the nanocarriers.  The prolong systemic stay of the dendrimers eventually 

allow them to accumulate in the tumor site by EPR effect (Labieniec-Watala and Watala 

2015, Kaminskas, Boyd, and Porter 2011). Moreover, attaching various ligands on the 

nanocarriers surface increases their hydrodynamic diameter, and reduces their chance 

of renal clearance (Labieniec-Watala and Watala 2015).  

4.4.10 Therapeutic efficacy study 

 

Figure 4.12. Assessment of therapeutic efficacy of RVES-PD-PTX, VES-PD-PTX and free PTX in 

B16F10 tumor bearing C57Bl/6 mice. Graphical representation of (A) tumor volume vs. days during 

treatment, (B) Measurement of body weight during treatment, and (C) The average weight of tumors 
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isolated from various treatment groups. (D) Representative tumors isolated from animals’ post treatment, 

(E) Measurement of caspase 3/7 levels in tumor homogenates. The significance between the groups was 

evaluated by one-way analysis of variance, where ***p < 0.001, **p < 0.01 and *p < 0.05. 

In the tumor volume reduction study, it was observed that the treatment of tumor 

bearing mice with VES-PD-PTX and RVES-PD-PTX reduced their tumor volume more 

effectively compared to the treatment with free PTX (Figure 4.12 (A). There was 

significant difference (p<0.05) in the tumor volumes between VES-PD-PTX and 

RVES-PD-PTX treatment, the latter being more effective therapeutically. The data 

clearly supports the in vitro study results and proved that the dendrimer 

macromolecules, functionalized with PEG, VES, and octa-arginine could deliver the 

therapeutic cargo effectively to the tumor, and produce anticancer effect. Moreover, no 

significant change in body weight (Figure 4.12 B) was observed throughout the study, 

which proved that the tested formulations are safe in mice. The average weight of 

isolated tumors obtained after sacrificing the animals and tumor morphology are shown 

in Figure 4.12 (C) and (D). The data clearly demonstrated the superior therapeutic effect 

of RVES-PD-PTX compared to VES-PD-PTX. Moreover, the expression level of 

caspase 3/7 in isolated tumors were analyzed, and the data was represented in Figure 

4.12 (E). The result demonstrated that the expression of caspase 3/7 was upregulated in 

all the treatment groups compared to PBS. The RVES-PD-PTX treatment caused 

highest upregulation of the apoptotic marker in tumors. Nest, TUNEL assay was 

performed to determine the extent of apoptosis induced in tumors following treatment 

with free PTX, VES-PD-PTX, and RVES-PD-PTX. As shown in Figure 4.13, the 

presence of apoptotic cells was significantly higher in tumor sections isolated from 

RVES-PD-PTX-treated groups as indicated by increased green fluorescence.  
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Figure 4.13. Determination of apoptosis by TUNEL assay. The treated tumor sections are visualized 

under fluorescence microscope with 20X magnification. 

4.5 Conclusion  

A multifunctional generation 4 PAMAM dendrimer nano-construct has been prepared 

by conjugating VES, PEG, and a cell penetrating peptide, octa-arginine at approximate 

molar ratio of dendrimer: VES: PEG: octa-arginine: 1: 3.4: 8.0: 2.4. VES, PEG, and 

octa-arginine was envisioned to improve solubility of encapsulated hydrophobic drug, 

prolong systemic circulation, and improve intracellular translocation of the 

macromolecule loaded with the chemotherapeutic agent, paclitaxel, respectively. The 

nano-scaffold, RVES-PD-PTX was able to translocate efficiently through the cancer 

cells in monolayers and spheroids and the internalization was via majorly via 

micropinocytosis, mediated by octa-arginine. The increased translocation of 

dendrimers brought loaded PTX intracellularly to a high concentration, which 

improved the cytotoxicity. RVES-PD-PTX inhibited the growth of A549 spheroids as 

well as the murine melanoma tumors by inducing apoptosis. Overall, the developed 

multifunctional dendrimer system significantly improved the therapeutic efficacy of 
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PTX, and therefore, could be utilized as a promising chemotherapeutic agent to achieve 

PTX-mediated superior anticancer effect to treat solid tumors. 
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5.1 Introduction 

In the present research work, it was aimed to deliver a chemotherapeutic agent, 

paclitaxel (PTX) whose therapeutic potential is limited by its poor physicochemical 

properties, by loading into PAMAM dendrimers physically. PAMAM dendrimers were 

modified with α-TOS to improve the therapeutic potential of PTX intracellularly. 

Furthermore, PAMAM dendrimers were modified on surface with Transferrin, which 

actively targets the Transferrin uptake receptors overexpressed on the surface of cancer 

cells. Further, to improve the delivery of PTX intracellularly, PAMAM dendrimers are 

modified on surface with a cell penetrating peptide (CPP), octa-arginine (R8). 

PEGylation was performed to reduce the toxicity of positively charged PAMAM 

dendrimers and extend the blood circulation time. The dendrimers were fluorescently 

labelled for experiments which need fluorescence measurement. The proton NMR 

spectra of each dendrimer nano-conjugates confirmed the successful conjugation of 

different functional moieties. Moreover, the GPC analysis revealed an approximate 

number of molecules attached per PAMAM dendrimer molecule. The physico-

chemical characterization confirmed the formation of conjugates. The PTX-loaded 

dendrimer conjugates were evaluated in monolayers and 3D spheroids to assess the 

therapeutic potential of PTX. The antitumor efficacy of free PTX and various PTX-

loaded dendrimers was successfully evaluated in tumor bearing xenografted mice. The 

developed dendrimer-based formulations are non-specific for any cancer. Hence, 

various cell lines like MDA-MB231, HeLa and A549 were used to test therapeutic 

efficacy of developed formulations. 

5.2 Comparison of particle size, zeta potential, EE%, DL% and in-vitro release 

The particle size, zeta potential, EE% and DL% of the optimized formulations of G4-

PEG-PTX, G4-TOS-PEG-PTX, G4-TOS-PEG-Tf-PTX, and RVES-PD-PTX are given 
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in the Table 5.1. The particle size was increased after each successful conjugation over 

the surface of dendrimer. The PTX loading was found to be increased in case of G4-

TOS-PEG because TOS helped in the solubilization of PTX while drug loading was 

found to be decreased in case of G4-TOS-PEG-Tf-PTX and RVES-PD-PTX which 

could be due to steric hindrance of Tf or octa-arginine on the surface that limits the 

access of PTX into the interior dendrimer cavity. The increase in %DL in the case of 

G4-TOS-PEG could be due to the presence of α-TOS on the surface of the dendrimer, 

which could solubilize PTX and facilitate entrapment of PTX in the dendrimer. Further, 

the surface charge was reduced after each successful conjugation over the dendrimer 

surface due to the non-ionic nature of PEG and anionic nature of α-TOS but in case of 

RVES-PD-PTX the zeta potential was increased due to cationic nature of octa-arginine. 

Table 5.1. Physical characteristics of PTX loaded dendrimer conjugates 

Physical 

characteristics 
 G4-PEG-PTX 

 G4-TOS-PEG-

PTX  

G4-TOS-PEG-

Tf-PTX 
RVES-PD-PTX 

Particle size 

(nm) 
15.39 ± 0.06 31.19 ± 0.07 37.91 ± 0.069 38.14 ± 0.053 

PDI 0.233 ± 0.104 0.150 ± 0.092 0.266 ± 0.006  0.197 ± 0.008 

Zeta potential 

(mV) 
10.4 ± 1.11 5.32 ± 0.37 2.44 ± 0.31 9.58 ± 0.42 

Entrapment 

efficiency (%) 
65.79 ± 3.11 78.33 ± 2.81 71.18 ± 2.38 73.58 ± 2.27 

Drug loading 

(%) 
10.49 ± 1.31 14.93 ± 1.64 13.04 ± 1.29 12.48 ± 1.75 

 

In-vitro drug release study revealed that free PTX was released faster (about 99%) 

within 8 h from PTX solution compared to dendrimer formulations. In contrast, G4-

PEG-PTX and G4-TOS-PEG-PTX showed ~ 82% and ~ 70% release of PTX over 48 

h. G4-TOS-PEG-Tf-PTX demonstrated PTX release of ~ 62.45% over 48 h. RVES-PD 

showed PTX release of ~ 51% in 48 h. The reason for the controlled release in each 

dendrimer conjugate is likely due to the attachment of α-TOS, PEG, Tf and octa-
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arginine on the surface of the dendrimer. These attachments made the release path 

longer for the PTX, as well the partially hydrophobic coat over the dendrimers 

decreases the diffusion of PTX molecules from the dendrimeric cavity. 

5.3 Comparison of cell uptake, cytotoxicity, apoptosis and growth inhibition of 

spheroids 

The α-TOS or Tf or acta-arginine conjugation on the dendrimer surface facilitated the 

nanocarriers uptake, resulting in an increase in the internalized fluorescence, as 

indicated by the geometric mean of fluorescence. As shown in Figure 2.8, G4-TOS-

PEG-PTX showed the highest cell death by decreasing the cell viability to 37.21 ± 

2.60% compared to 49.66 ± 2.43% following PTX-loaded G4-PEG and 66.85 ± 3.28% 

following free PTX treatment in MDA MB231 at the 24 h time point. At the 48 h time 

point, the cell viability of G4-TOS-PEG-PTX, G4-PEG-PTX, and free PTX was further 

reduced to 18.33 ± 2.19, 40.66 ± 2.03, and 60.45 ± 2.85%, respectively, in MDA 

MB231 cells, indicating a time dependent decrease in cellular viability. Treatment with 

G4-TOS-PEG-Tf-PTX as well as G4-TOS-PEG-PTX at paclitaxel concentration of 50 

μg/mL showed cell viability of 39.12±2.6 and 52.66 ± 2.43 %, respectively following 

24 h treatment as compared to free PTX (69.58±3.28%). The further reduction in cell 

viability of paclitaxel loaded actively targeted G4-TOS-PEG-Tf, PTX loadedpassively 

targeted G4-TOS-PEG and free paclitaxel was found to be 12.29±2.23%, 20.69±2.39%, 

and 33.85±2.18% respectively after 48 h. The RVES-PD-PTX, VES-PD-PTX, and free 

PTX demonstrated cell viability of 32.21 ± 2.58, 45.66 ± 2.34, and 61.85 ± 2.98 % 

respectively at 24 h at the PTX concentration of 50 µg/mL. Further decrease in cell 

viability was observed with RVES-PD-PTX (4.92 ± 2.28%) as compared to VES-PD-

PTX (20.96 ± 2.69 %) and free PTX (28.58 ± 2.36 %) at the PTX concentration of 50 

µg/mL at 48 h. Signs of a late apoptosis of 11.6 ± 2.9% (Figure 2.9 B) were quantified 
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in cells treated with free drug; whereas PTX-loaded G4-PEG and G4-TOS-PEG 

induced a late apoptosis of 27.3 ± 1.6 (Figure 2.9 C) and 40.7 ± 2.5% (Figure 2.9 D), 

respectively. As shown in Figure 3.9, free PTX induced apoptosis of 15.2 ± 2.4 %, 

whereas targeted dendrimer (G4-TOS-PEG-PTX-Tf) and nontargeted (G4-TOS-PEG-

PTX) induced the total apoptosis of 56.3 ± 1.4 and 37.3 ± 2.2 %, respectively. As shown 

in Figure 4.8, the free PTX induced apoptosis of 26.9 ± 1.6 %, whereas RVES-PD-PTX 

and VES-PD-PTX induced the total apoptosis of 49.85 ± 2.14 and 36.51 ± 2.28 %, 

respectively. The higher level of cytotoxicity and apoptosis compared to free PTX was 

due to the improved internalization of the different nanocarriers by attaching various 

ligands over the dendrimer surface, which increased the accumulation of PTX inside 

the cells. The mean diameters of spheroids were found to be 1012.43 ± 40.81, 732.34 ± 

50.10, 527.14 ± 20.13, and 373.20 ± 11.61 μm for the control, free PTX, PTX-loaded 

G4-PEG, and PTX-loaded G4-TOS-PEG, respectively, at 9 days. The data are shown 

as a line graph in Figure 2.12B. The average diameter of spheroids was found to be 

994.34 ± 20.18, 820.34 ± 23.51, 589.41 ± 20.56, and 415.94 ± 18.51 μm for control 

group, free paclitaxel group, PTX loaded non-targeted G4-TOS-PEG group and 

paclitaxel loaded targeted G4-TOS-PEG-Tf group treatment, respectively at the end of 

6 days. These data are shown in the line graph plotted between the diameters versus 

days as shown in Figure 3.12 (B). The average diameter of spheroids was found to be 

990.34 ± 23.2, 852.34 ± 25.58, 569.41 ± 21.35, and 390.94 ± 18.15 μm for control, free 

PTX, VES-PD-PTX and RVES-PD-PTX treatment, respectively at the end of 6 days. 

These data are shown in the line graph plotted between the diameters versus days as 

shown in Figure 4.10 (B). α-TOS or Tf or octa-arginine facilitates the PTX to 

accumulate more in the 3D spheroids, which leads to the inhibition of the progression 

of their growth. Moreover, the 3D spheroidal growth inhibition study proves that the 
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synthesized multifunctional dendrimer conjugates get internalized efficiently into the 

3D spheroids over a period of time and increases the therapeutic action of PTX. 

Therefore, it can be concluded, that the synthesized multifunctional dendrimers have 

the potential to efficiently suppress the tumor growth in vivo based on the fact that the 

multicellular spheroids mimic the tumor microenvironment. 

5.4 Comparison of tumor volume reduction in B16F10 tumor-bearing C57Bl/6 

mice 
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Figure 5.1 Graph representing the tumor volume reduction of different dendrimer based formulations 

over time. 

In the tumor inhibition study, combined treatment of the α-TOS-anchored dendrimer 

and PTX suppressed the growth of the tumor to a significantly higher extent (more than 

4-fold) compared to the control (no treatment), free PTX, as well as G4-PEG-PTX 

(Figure 5.1). α-TOS could inhibit the tumor volume suppression by various proven 

mechanisms. There was significant difference (p<0.05) in the tumor volumes between 
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VES-PD-PTX and RVES-PD-PTX treatment, the latter being more effective 

therapeutically (Figure 5.1 and Figure 4.12). The data clearly supports the in vitro study 

results and proved that the dendrimer macromolecules, functionalized with PEG, VES, 

and octa-arginine could deliver the therapeutic cargo effectively to the tumor, and 

produce anticancer effect. The possible reason could be more tumor accumulation, 

biodistribution, and cytotoxicity of the nanosized dendrimer conjugate by passive 

targeting (EPR effects). 

5.5 Conclusion 

The above-mentioned in vivo studies of all of the dendrimer based nanocarriers revealed 

that RVES-PD-PTX is relatively better in terms of providing more tumor volume 

reduction and thereby improving anti-cancer activity of PTX. However, all of the three 

dendrimer based nanocarriers have showed better performance compared to 

conventional formulations of the drug. Yet it is expected that the synthesized Tf 

anchored dendrimer conjugate G4-TOS-PEG-Tf will show better performance than any 

other developed conjugates in in vivo studies which needs to be further explored in 

future because ligand mediated nanocarriers are up taken in to the tumor cells by active 

targeting mechanism.  
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6. Conclusion 

The use of chemotherapeutic agents is limited clinically due to their poor 

pharmacokinetic properties, toxicity and stability issues although they are potent. 

Therefore, there is need to develop delivery system capable of delivering drug efficiently. 

Various polymers have been identified as drug delivery nanocarriers but lack of well-

defined chemical structures is a major drawback associated with them. Hence, 

nanotechnology came as emerging field to overcome these problems and to improve 

physicochemical and biological properties of chemotherapeutic agents by increasing 

drug solubilisation, bioavailability, and drug targeting potential. PAMAM dendrimers 

have taken considerable attention in the field of drug delivery to achieve controlled drug 

delivery due to their well-defined architecture, size and monodispersity. PAMAM 

dendrimers have been explored to deliver anti-cancer agents either by physical 

entrapment in the internal cavities or by covalently conjugating them to the wide variety 

and number of functional groups they offer. 

The current study was aimed to deliver a chemotherapeutic agent, paclitaxel (PTX) 

whose therapeutic potential is limited by its poor physicochemical properties, by loading 

into PAMAM dendrimers physically. PAMAM dendrimers were modified with α-TOS 

to improve the therapeutic potential of PTX intracellularly. Furthermore, PAMAM 

dendrimers were modified on surface with Transferrin, which actively targets the 

Transferrin uptake receptors overexpressed on the surface of cancer cells. Further, to 

improve the delivery of PTX intracellularly, PAMAM dendrimers are modified on 

surface with a cell penetrating peptide (CPP), octa-arginine (R8). PEGylation was 

performed to reduce the toxicity of positively charged PAMAM dendrimers and extend 

the blood circulation time. The dendrimers were fluorescently labelled for experiments 

which need fluorescence measurement. The proton NMR spectra of each dendrimer 
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nano-conjugates confirmed the successful conjugation of different functional moieties. 

Moreover, the GPC analysis revealed an approximate number of molecules attached per 

PAMAM dendrimer molecule. The physico-chemical characterization confirmed the 

formation of conjugates. The PTX-loaded dendrimer conjugates were evaluated in 

monolayers and 3D spheroids to assess the therapeutic potential of PTX. The antitumor 

efficacy of free PTX and various PTX-loaded dendrimers was successfully evaluated in 

tumor bearing xenografted mice. The developed dendrimer-based formulations are non-

specific for any cancer. Hence, various cell lines like MDA-MB231, HeLa and A549 

were used to test therapeutic efficacy of developed formulations. 

In the first objective of the work, α-TOS was attached over the surface of PAMAM 

dendrimer to deliver PTX intracellularly to triple negative breast cancer (MDA MB231) 

cells. The synthesized nano-conjugates was found to be non-toxic to red blood cells in 

haemolytic assay. The cellular internalization and association of G4-TOS-PEG in vitro 

was significantly higher than the unmodified conjugate (G4-PEG) as evaluated by 

confocal microscopy and flow cytometry. The cytotoxicity results revealed that G4-TOS-

PEG dendrimer conjugates showed maximum cytotoxicity to cancer cells in comparison 

to free drug after 24 h and 48 h treatment. Further, the G4-TOS-PEG-PTX induced higher 

apoptosis in MDA MB231 cells which can be attributed to the greater cellular uptake and 

hence more availability of drug in the cells. Moreover, the dendrimer conjugates were 

evaluated in 3D multicellular MDA MB231 spheroids. The ability of α-TOS to 

internalize deeper into the tissues has resulted in increased permeation, uptake, growth 

inhibition, and cytotoxicity of TOS-modified dendrimer conjugates over G4-PEG-PTX 

and free PTX in the spheroid model. In animal experiments, the strong localization 

efficiency of G4-TOS-PEG could be due to the efficient permeation of the α-TOS-

anchored nanocarriers into the interstitial extracellular matrix as well as efficient cellular 
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internalization. In the tumor inhibition study, combined treatment of the α-TOS-anchored 

dendrimer and PTX suppressed the growth of the tumor to a significantly higher extent 

compared to the control free PTX and G4-PEG-PTX. The presence of apoptotic bodies 

was significantly higher tumor sections following G4-TOS-PEG treatment as compared 

to the sections of other treatment groups. 

In the second objective of the work, Transferrin, a ligand has been tagged on surface of 

α-TOS modified PAMAM dendrimers to actively target the cancer cells overexpressing 

Transferrin receptors (HeLa). The Tf receptors are overexpressed in the HeLa cells. 

Hence, HeLa cells were used to test our developed formulations by doing various cell-

based studies. GPC results revealed an attachment of around 4.19 molecules of 

Transferrin per PAMAM dendrimer. The active targeting of cancer cells by Transferrin 

has significantly improved the cellular uptake and cytotoxicity caused by G4-TOS-PEG-

PTX-Tf over G4-TOS-PEG-PTX, G4-PEG-PTX and free PTX. Saturation of Transferrin 

receptors by excess free Transferrin revealed that the uptake mechanism was receptor 

mediated. Also, due to the cationic nature of the dendrimer conjugates, adsorptive 

endocytosis also adds to the uptake mechanisms. Moreover, the evaluation in 

multicellular HeLa cell spheroids resulted in Transferrin tagged conjugates being more 

effective in therapeutic outcome by inhibition of spheroid growth and cell killing. The 

designed Transferrin dendrimer nano-conjugate is selective to cancer cells 

overexpressing Transferrin receptors and can minimize non-specific toxicities. 

In the third objective of the work, a cell penetrating peptide, octa-arginine (R8) was 

attached over the surface of α-TOS modified dendrimer to deliver PTX intracellularly to 

human lung carcinoma (A549) cells. The synthesized dendrimer nano-conjugate (RVES-

PD) was uptaken significantly into the A549 cells than the unmodified conjugate. The 

RVES-PD was internalized into the cells by macropinicytosis confirmed by Amiloride 
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inhibitor. The cytotoxicity study revealed that R8 modified dendrimer conjugates showed 

maximum cytotoxicity to cancer cells in comparison to free drug after 24 h and 48 h 

treatment. Furthermore, the RVES-PD-PTX induced higher apoptosis in A549 cells 

which can be attributed to the greater cellular uptake and hence more availability of drug 

in the cells. Moreover, the R8 modified dendrimer conjugates were evaluated in 3D 

multicellular A549 spheroids. The ability of R8 to internalize deeper into the tissues has 

resulted in increased permeation, uptake, growth inhibition, and cytotoxicity of R8-

modified dendrimer conjugates over VES-PD and free PTX in the spheroid model. 

Biodistribution study conducted tumor bearing mice revealed that the RVES-PD treated 

sections showed fluorescence intensity more prominent in all organs and tumor than other 

treatment groups at all the time points (4, 8 and 24 h) due to the EPR effect as well the 

efficiency of R8 to deliver macromolecular cargo inside the cells.  In the tumor volume 

reduction study, it was observed that the treatment of tumor bearing mice with VES-PD-

PTX and RVES-PD-PTX reduced their tumor volume more effectively compared to the 

treatment with free PTX. The RVES-PD-PTX treatment caused highest upregulation of 

the apoptotic markers Caspase 3 and 7 in tumors. The presence of apoptotic cells was 

significantly higher in tumor sections isolated from RVES-PD-PTX-treated groups as 

indicated by increased green fluorescence. 

Overall, the developed multifunctional dendrimer nano-conjugates could be a promising 

treatment strategy for the delivery of poorly soluble chemotherapeutic agents to cancer 

tissues. 
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Future Scope of Work 

The 20th century has mushroomed remarkable innovations in polymer synthesis and 

advancement in the design of biodegradable and biocompatible polymeric 

macromolecules. Initially very few researchers were interested in developing aesthetic 

pleasing macromolecules but later on it was understood that dendritic macromolecules 

have something very special to offer. In this context, the dendrimers have been explored 

as one of the most promising and innovative polymeric nanocarriers in the delivery of 

different bioactives i.e. drugs, oligonucleotides, enzymes and vaccines. 

Dendrimers are synthetic macromolecules having high branching points, three-

dimensional globular shape, monodispersity and nanometric size range (1-100 nm) which 

provides a well-defined branched structure with globular shape and a large number of 

surface groups that can be modified which offer a template in the field of drug delivery. 

The surface of dendrimers can be tailored to attach various ligands or peptides such as 

cell penetrating peptides along with receptor specific targeting ligands together which 

offer different functions making them dual-targeted delivery systems. These exclusive 

properties like molecular uniformity, multifunctional end groups and occurrence of 

numerous internal cavities make dendrimers appropriate for various pharmaceutical and 

biomedical applications. 

The developed dendrimer-based delivery system can be further explored to deliver other 

chemotherapeutic agents which possess poor physico-chemical properties which 

hampers its potential to be in clinic. The future exploration will focus on the covalent 

conjugation of drugs (prodrugs) which will be cleaved selectively by enzymatic or 

chemical environment present exclusively in the tumor cells which steer the location and 

rate of drug release from dendrimer-drug nano-conjugates. As majority of the 

chemotherapeutic agents are BCS class IV drugs, marked with extreme hydrophobicity, 
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further attempts can be undertaken to assess their loading and delivery efficiency to the 

cancer cells using this dendrimer system.  

The developed nanocarriers could be further explored by incorporating combination 

therapeutics with molecularly targeted biologics and conventional small molecules. 

However, the toxicity of the constituents of hybrid nanosystems vis a vis the hybrid itself 

will have to be explored and established, if not ruled out. As has been aforementioned in 

this research, the targeting of drugs mediated through PAMAM is an area that must be 

further explored, and we have been trying to reach better selectivity by attaching various 

targeting ligands to achieve selectivity of dendrimers. However, the story of dendrimer 

from bench of chemist to formulation desk is still far from complete. Lot of vistas remains 

to be unfolded. 

We anticipate that future research will be focused to achieve precision in terms of number 

of molecules of each type attached to the dendrimer molecule and a control over each 

step to reduce batch-to-batch variation which may lead clinical translation of developed 

dendrimer-based delivery systems in a cost-effective way. 

Further research is necessary in developing in vivo models for actively targeted 

dendrimers for better understanding of the effectiveness of the chemotherapeutic system 

in the biological system. The assessment of pharmacokinetic and pharmacodynamic 

parameters of actively targeted dendrimer-based nano-systems to translate it into clinic 

is viable approach for efficient delivery of chemotherapeutics in cancer. Moreover, the 

developed dendrimer-based nanocarriers need to be explored for hepatotoxicity and 

nephrotoxicity to assess the safety. 

Still dendrimer applications to drug delivery are in infancy and scientists are exploring 

different aspects of dendrimers as drug delivery vehicle. 
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