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SYNOPSIS 

 

Cancer remains one of the most lethal diseases and leading cause of death worldwide. Cancer-

related morbidity and mortality is close to 8 million annually and incidence of cancer is 

increasing due to change in lifestyles and increase life expectancy [1]. Current modalities of 

cancer treatment such as radiation and chemotherapy lack selectivity induce serious side effects 

and also cancers develop resistance to these treatments. To overcome these limitations treatment 

modalities which are more selective, safer and effective than chemotherapy or radiation therapy 

are being investigated. Of late, there is a considerable interest in exploring the use of natural 

herbal compounds which have anticancer activities. One such natural product that has attracted 

attention is curcumin. This is a hydrophobic polyphenol derived from the herb Curcuma longa 

commonly called turmeric [2] and is well known for its antioxidant, anti-inflammatory, cancer 

preventive, chemotherapeutic and wound healing properties [3]. Curcumin also exhibits 

photosensitizing activity. This property has been explored for enhancing anticancer effects and 

antibacterial activity of curcumin [4, 5]. However, the use of this natural polyphenol for 

therapeutic applications is limited by its poor water solubility, rapid intestinal and hepatic 

metabolism. To enhance its biological effectiveness various polymer drug conjugates, liposomes, 

polymeric nanoparticles are being explored as drug carriers [6, 7]. Although curcumin loaded 

liposomes /polymeric nanoparticles, and curcumin polymer conjugates have shown improved 

water-solubility, stability and bioavailability, many of these systems have low drug loading 

efficiency and also have short storage life as these are prone to biofouling. 
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Among different inorganic nanomaterials, Organically modified silica nanoparticles (SiNp) have 

received a lot of attention as a delivery vehicle for photosensitizers and genetic materials. These 

are biocompatible, resistant to pH changes, optically transparent, have porous structure, allows 

easy encapsulation of hydrophobic drugs thus protect them from degradation. Also selectivity of 

drug delivery of these Nps can be enhanced by covalently conjugating ligands of interest with 

their surface functionalized of groups [8]. Therefore, SiNp is expected to be a good delivery 

agent for hydrophobic curcumin. One of the objectives of this study was to explore the use of 

SiNp for improving bioavailability and targeted delivery of curcumin. 

Another attractive approach for cancer treatment is Photodynamic therapy (PDT). Compared to 

radiation and chemo therapy, PDT provides better tumor selectivity and fewer side effects [9]. It 

involves the administration of photosensitizer (PS) which preferentially gets accumulated in 

tumor. Photosensitizer localized in tumor when excited with light of appropriate wavelength 

leads to generation of reactive oxygen species (ROS) which is cytotoxic to cancer cells. The 

efficacy of PDT depends upon selective accumulation of PS in malignant cells and its 

photophysical and photochemical properties. The important parameters that an ideal PS should 

have for PDT include high quantum yield for ROS, amphiphilic nature to ensure higher 

accumulation in cancer cell and a strong absorbance in the red region (660-800 nm) for deeper 

penetration in tumor tissue [9]. In this respect, pyropheophorbide–a (PPa), a chlorophyll-a based 

second generation photosensitizer is attractive because it possess significantly high absorption in 

the longer wavelength region, is chemically well characterized and has good singlet oxygen yield 

[10]. However, this photodynamic agent in native form is poorly soluble in water and its 

photodynamic efficacy gets reduced due to aggregation. Entrapping this photosensitizer in 

hydrophobic core of SiNp is expected to improve its photodynamic efficiency. Evaluation of the 
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photodynamic efficacy of pyropheophorbide–a (PPa) entrapped in SiNp, was the second 

objective of this thesis work. 

The thesis is organized as follows: 

Chapter 1: In this chapter, we present an overview of the use of nanoparticles for delivery of 

drugs in cancer therapy. First, we discuss briefly cancer treatments and their limitations. Use of 

nanoparticle for drug delivery in cancer therapy, in particular mesoporous and organically 

modified silica nanoparticle (SiNp) is discussed next. Literature on in vitro and in vivo studies 

pertaining to use of SiNp for delivery of photodynamic drugs for therapeutic applications and 

gene delivery is described next. We also summarize the literature related to anticancer and 

photosensitizing property of curcumin, a natural herbal agent and use of different 

nanoformulations for improving its bioavailability. Basic principle of photodynamic therapy, 

characteristics of ideal photosensitizer, photophysical, and photobiological effects of PPa, 

conjugates of PPa based PS and nanoformulations prepared for improving their drug delivery is 

also briefly described. 

Chapter 2: In this chapter, details of preparation and the methods used for characterization of 

SiNp and their complexes with curcumin and PPa are described. Next, we describe the 

experimental protocols used for cell culture, including spheroid cultures, methods for measuring 

drug uptake, cell viability, mode of cell death, protein expression, biochemical assays and photo 

irradiation of cells. Procedure used for tumor induction in mice, methods for measuring 

distribution of PS in different organs and histology has been described subsequently.  

Chapter 3: In this chapter, we describe the results of our investigation on uptake and 

phototoxicity of curcumin loaded SiNp in human oral cancer cells grown in monolayer. Results 
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showed that the uptake of curcumin-SiNp complex (cur-SiNp) by these cells was ~5 times higher 

than that for free curcumin. This was attributed to the enhancement in stability of curcumin 

incorporated in SiNp which was ascertained by absorption spectroscopic measurements. Studies 

carried out on cytotoxicity (dark, as well as light induced), showed that as compared to free 

curcumin, cur-SiNp led to enhanced cell killing and inhibition in the activity of NF-κB and its 

regulated proteins involved in invasion (MMP-9), angiogenesis (VEGF), and inflammation 

(TNF-α).  

Chapter 4: In view of the encouraging results obtained in monolayer culture, the efficacy of 

SiNp was investigated in tumor spheroids which are a better model system as these have three 

dimensional organization, extracellular matrix, complex biochemical and biomechanical 

environments as in tumors under in vivo conditions. In this chapter, we describe the results of 

our investigations on relative uptake efficacy and phototoxic potential of free curcumin and its 

cur-SiNp complex in multicellular spheroids of human oral cancer cells (Nt-8e) cells. Result 

showed that uptake of nanoformulated curcumin was ∼1.7 times higher than free curcumin in 

spheroids of size ∼195 μm. Increase in uptake of cur-SiNp resulted in enhancement of 

phototoxicity by ∼2.7 times when spheroids were irradiated with blue light. However, 

phototoxic efficacy of nanoformulated curcumin decreased with increase in size of spheroids 

(>195 μm). Spheroids treated with nanoformulation and light led to larger inhibition in growth 

and migration of cells and enhanced reactive oxygen species (ROS) generation as compared to 

spheroids treated with free curcumin under similar conditions. To further confirm the 

involvement of ROS in cur-SiNp induced phototoxicity, experiments were carried out in 

presence of a ROS scavenger, glutathione (GSH). The results showed that irradiation in presence 

of GSH decreased the phototoxic effects induced by cur-SiNp. This was ascertained by 
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observation of reduced cell death, reduced inhibition of growth and migration of cells in 

spheroids and thus confirmed phototoxicity induced by nanoformulation involves ROS.  

Chapter 5: In this chapter, results of our investigations on uptake and cytotoxic efficacy of 

Hyaluronic acid (HA) conjugated SiNp-cur (HA-SiNp-cur) on human colon carcinoma (colo-

205) cells are presented. SiNp-cur complex was conjugated with HA as the later has strong 

affinity for CD44 receptor which is over expressed in cancer cells. Results showed that uptake of 

curcumin delivered through HA-SiNp-cur was significantly higher in monolayer and spheroid 

cultures as compared to free curcumin and HA free SiNp-cur. This resulted in higher 

cytotoxicity. The involvement of receptor in uptake of HA-SiNp-cur by cells was confirmed by 

observation of reduction in accumulation of curcumin in presence of free HA. Studies carried out 

on cytotoxicity, showed that cell death, inhibition in growth and migration of cells was higher in 

spheroids treated with HA-SiNp-cur complex as compared untargeted complex and free 

curcumin. Experiments done in cell free system showed, a time dependent increase in 

fluorescence of curcumin in release media when HA-SiNp-cur was incubated with 

hyaluronidase. This suggests involvement of enzyme in release of curcumin from nanoparticle 

under intracellular conditions.  

Chapter 6:  Use of SiNp for targeted delivery of PPa, a potential PS for photodynamic therapy 

of cancer has been described in this chapter. We investigated the effect of pH on the uptake and 

photodynamic action of plain SiNp entrapping PPa and its folic acid conjugate in two cell lines 

squamous cell carcinoma (Nt-8e, oral), and adenocarcinoma of breast (MCF-7) cells as pH of 

tumor strongly influence the outcome of anticancer drugs by affecting their uptake and as well as 

the expression of many receptors in cells. Confocal and fluorescence spectroscopic study showed 
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that while the uptake of untargeted (Np-PPa) was independent of pH of the incubation media for 

both the cell lines, for FR-Np-PPa, uptake of PPa increased with decrease in pH from 7.4 to 6.5. 

These studies also showed that in presence of free folic acid, the uptake of FR-Np-PPa was lower 

than the uptake of Np-PPa. These results suggest that acidic pH influences the level of folate 

receptor expression and binding of FR-Np-PPa to cells. Phototoxicity for untargeted Np-PPa was 

independent of pH of the incubation media for both the cell lines and was consistent with uptake 

studies. For FR targeted SiNp phototoxicity was more at pH 6.5. These results suggest that 

photodynamic efficacy of FR-targeted nanoformulated PPa is higher under acidic pH. 

Chapter 7: To understand the in vivo effects of SiNp entrapped with PPa (Np-PPa) and its folic 

acid conjugate (FR-Np-PPa), biodistribution of Np-PPa and FR-Np-PPa and possible toxicity of 

these formulations was studied in mice bearing mammary tumors. The results of these studies are 

presented in this chapter. Biodistribution of different formulations of PPa injected in mice were 

studied by measuring the fluorescence of PPa extracted from tumor tissue and other organs. 

Results of this study showed that at 24h, PPa accumulation was ~ 2.2 times and ~1.4 times 

higher in FR-Np-PPa, Np-PPa than the animals injected with free PPa. Clearance study showed 

nanoformulated PPa was excreted mainly by hepatobiliary pathway. The possible oxidative 

stress induced by these particles in liver has also been evaluated by measuring lipid peroxidation 

and GSH content. The results showed that there was no significant change in oxidative stress 

markers. Histology of liver and kidney were normal even after 15 days of administrating 

nanoparticles. This indicated that SiNp did not cause any long term toxicity.  

Finally in Chapter 8 a brief summary of the results obtained are presented along with the 

possible future research work. 
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Cancer remains one of the leading causes of death worldwide. According to data compiled by 

International Agency for Research on Cancer, a World Health Organization, it was reported that 

in 2012 there were about 8.2 million cancer deaths, about 14.1 million new cancer cases and 32.6 

million people living with cancer worldwide.  It was speculated that cancer incidences will rise 

from 14 million to as many as 22 million in ten years due to the change in life styles and the 

increase in life expectancy [1]. Cancer prevention and treatment therefore has become one of the 

most important priorities in public health.    

Surgery, radiotherapy and chemotherapy are the standard approaches for cancer treatment. These 

strategies often fail to improve the survival rates and prevent recurrence of cancer due to several 

drawbacks. While early stages of cancer can be treated with surgery, for metastatic tumors and 

tumors located in sensitive regions surgery may not be effective, also surgery may lead to 

disfigurement especially for oral and mouth related cancers. Radiotherapy and chemotherapy are 

associated with many side effects as these treatment modalities are not selective. Also, there is 

always a possibility of recurrence of cancer. Further can cancers can develop resistance to these 

treatments due to inadequate drug dose or radiation exposure. Investigations have now focused 

on developing alternate treatment modalities that may be safer and more effective than 

chemotherapy and radiation therapy. During the last two decades, there has been increased 

interest in exploring the use of natural herbal compounds for anticancer activities. One such 

natural product that has attracted immense attention is curcumin which is a hydrophobic 

polyphenol derived from the herb Curcuma longa commonly called turmeric [2]. Unlike 

conventional cancer therapeutic drugs, curcumin is capable of targeting cancers via several 

pathways and also known to have better therapeutic effects alone or in combination with other 

therapies [3]. However, the usage of this natural polyphenols is limited by poor water solubility. 
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Another promising approach for cancer treatment is photodynamic therapy (PDT). This approach 

involves the use of photosensitizers (PS) which preferentially localizes in tumor. Excitation of 

PS with light (visible) of appropriate wavelength results in the generation of reactive oxygen 

species (ROS) which kills cancer cells. A major advantage of PDT over conventional 

chemotherapy is that the PS itself is not toxic in the absence of light and hence PS accumulation 

in non-specific tissues causes minimum or no systemic toxicity. Furthermore, unlike 

radiotherapy, the light used for activating the PS is non-ionizing and hence its effect on tissues 

without the PS is not harmful. Hence, PDT can be repeated with minimal damage to healthy 

tissue [4] and is a useful approach for treatment of recurrent tumors [5].  Several PSs which have 

good photosensitizing properties including absorption in the long wavelength region of visible 

light that penetrate deeper in tissue are hydrophobic in nature. These aggregate in water and 

therefore their in vivo application is limited [6]. Utilization of these requires a suitable delivery 

system. 

 

1.1. Nanoparticles for cancer therapy  

Nanotechnology has attracted lot of attention in cancer therapy. Materials developed at the 

nanoscale level have been used in drug delivery, diagnostic and medical imaging. Use of 

nanotechnology based drug delivery systems can overcome many of the limitations associated 

with chemotherapeutic drugs, PS and natural anticancer agents.  

 

1.2. Advantages offered by nanocarriers 

The most unique property of nanocarriers/nanoparticles (Nps) is their size in nanoscale and high 

surface to volume ratio due to which they have high drug carrying capacity. Use of nanocarriers 
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can overcome problems associated with solubility and stability of many good anti-cancer drugs 

and improve their bioavailability. For example, uptake and delivery of poorly soluble drugs may 

be increased by enveloping the compound in a hydrophilic nanocarrier [7]. Encapsulation of anti-

cancer agents into nanocarriers or coupling to polymers may also protect the drugs from 

enzymatic degradation and rapid elimination of the drug and prolong the circulation time of 

drugs under in vivo conditions. This will facilitate Nps to accumulate preferably at the tumor site 

as they have leaky intra tumoral blood vessels with gaps between 100 nm and 800 nm of size [8] 

through phenomenon known as enhanced permeability and retention effect (EPR) [9] or passive 

targeting. Further, to improve selectivity of anti-tumor drugs, and to overcome the limitation that 

affect the efficacy of drugs delivered by passive targeting due to heterogeneity of the tumor such 

as a hypoxic gradient, increased interstitial fluid pressure [10] nanocarriers can also be developed 

to deliver drugs specifically to tumors which is known as active targeting [11]. Targeted delivery 

is ensured by attaching a ligand to nanocarrier which has a high affinity to the receptor present 

on the surface of tumor [12]. A wide range of ligands to receptors over expressed in cancer cells 

such as growth factors (folate, epidermal growth factor, transferrin), hormones (insulin, HER-2), 

CD44, low density lipoproteins have been used for such purposes. The ligands include small 

molecules, carbohydrates or macromolecules such as peptides, antibodies [13]. Nanocarriers can 

also be designed to release drugs loaded in them in response to stimuli for enhancing the 

therapeutic efficacy of drugs [14, 15]. For example, drugs whose delivery is not pH-dependent, 

such as doxorubicin, can be conjugated with a pH sensitive Np carrier to increase cellular drug 

uptake and intracellular delivery [16]. Another important feature is nanocarrier mediated drug 

uptake may decrease resistance of tumors against anti-cancer drugs as they are internalized by 
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cells through endocytotic pathway. This uptake pathway avoids nonspecific uptake by multidrug 

resistant / ATP pump driven drug elimination [17]. 

 

1.3. Nanoparticles used for drug delivery 

Depending on composition, Nps can be divided into lipid-based vehicles (liposomes, solid lipid 

Nps and micelles), polymer carriers (hydrogel Nps, dendrimers), protein based, metallic Nps 

(gold, iron), and inorganic Nps (silica-based).  

 

1.3.1. Lipid based carriers 

Liposomes are lipid based Nps which have spherical structure and made up of one or several 

lipid bilayer, with hollow aqueous core. These are amphiphilic in nature have hydrophilic head 

and hydrophobic tail. They have attracted attention as drug delivery systems because they can 

encapsulate both hydrophilic and/or lipophilic drugs, also they are biodegradable and non 

immunogenic [18, 19]. They are internalized in cells either by adsorption or by endocytosis [20, 

21]. Hydrophobic drugs can be incorporated into liposomes with 100% trapping efficiencies. 

Some of the lipid carriers approved by the US Food and Drug Administration (FDA) in 1995 for 

clinical use are liposomal doxorubicin (Doxil® or Caelyx®), non-pegylated liposomal 

doxorubicin (Myocet®), non-pegylated liposomal daunorubicin (DaunoXome®), non-pegylated 

liposomal cytarabine (DepoCyt®), vincristine sulfate liposomes (Marqibo®), and liposomal 

mifamurtide (Mepact®) [22]. The problems encountered with liposomes are, they are poorly 

soluble in water, stability is low, they are prone to oxidative degradation and also they are 

rapidly cleared from the body due to capture by reticuloendothelial system (RES) [23, 24]. 
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Functionalization with biopolymer such as polyethylene glycol (PEG) can delay hydrolysis and 

improve their stability and circulation time. However, use of PEG can hinder the binding of the 

liposome to the target site [25]. 

Solid Lipid Nanoparticles (SLN) are alternative to liposomes. They are made up of lipids which 

are solid at both room and body temperatures [26]. Drugs in SLN are stable and their release 

occurs in controlled manner, both lipophilic and hydrophilic drugs can be incorporated in them, 

and the toxicity of SLN is minimal. The disadvantage of SLN is that the drugs are expulsed from 

the carrier during storage owing to transformations. 

Micelles are another lipid based drug delivery systems which have attracted significant interest. 

These are formed by self-assembly of amphiphilic copolymer. Use of micelles improves 

solubility of hydrophobic drugs, circulation time via evading recognition by RES and passive 

targeting ability of tumor tissues by the EPR effect [27, 28]. One of the significant disadvantages 

of normal self-assembled polymeric micelles is that micelles are not stable and they may 

dissociate upon dilution [29].  

 

1.3.2. Polymeric nanoparticles 

Polymeric Nps are submicron sized (< 1µm) colloidal systems, made up of biodegradable or 

non-biodegradable polymers. The most common biodegradable polymers used include 

Poly(Lactide-co-Glycolide) (PLGA), chitosan, poly-alkyl-cyanoacrylates (PACA), polylactic 

acid (PLA) and polycaprolactone. 

Chitosan is a modified natural carbohydrate made up of biopolymer chitin after partial N-

deacetylation. Several drug molecules incorporated in these have been tested under in vivo 

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&sqi=2&ved=0CCsQFjAC&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fmaterials-science%2Fmaterial-science-products.html%3FTablePage%3D112230057&ei=yltgVd-IDoOsuQSfoIPACg&usg=AFQjCNEzaQeywSzFusItEJSLU-ar1c_Idw&bvm=bv.93990622,d.c2E
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condition. Their clinical application is limited because of poor reproducibility and stability. 

These are also prone to contamination by microbes [30]. 

PLGA based Nps are more biocompatible and biodegradable, easily undergoes hydrolysis in the 

body than other polymers. PLGA nanoparticles protect poorly soluble and unstable drugs. 

Surface of the PLGA Np can be modified for specifically to target the cancer cells [31]. Many of 

the chemotherapeutic drugs (cisplatin, dexamethasone, 9-nitrocamptothecin, DOX 

(Doxorubicin), 5-FU (5-fluorouracil), PTX (paclitaxel), triptorelin and curcumin have been 

successfully encapsulated in PLGA [30]. Their degradation products such as glycolic acid and 

lactic acid, cause minimal systemic toxicity. 

Another polymer which is used for drug delivery is PLA. This is also biodegradable polymer, 

degrades to monomeric lactic acid after hydrolysis under physiological conditions and does not 

show any systemic toxicity. However, their clinical application is limited by its poor aqueous 

solubility and low therapeutic effectiveness [32, 33]. PCL is another polymer which has gained 

attention for use in drug delivery. It undergoes slower degradation than PLA and can incorporate 

drugs such as vinblastine, tamoxifen, docetaxel and PTX [34]. 

 

1.3.3. Protein based nanoparticles 

Human and bovine albumins are most widely used proteins for the production of Nps. [35]. 

Albumin is non-toxic, non-immunogenic, biocompatible, biodegradable and easily metabolizable 

under in vivo [36, 37]. Further, amine and carboxylic groups present on surface of albumin 

particles can be used for covalent modification and attachment of drugs or other proteins [38]. 

Abraxane®, albumin-PTX is the first water-soluble Nps which were approved by the FDA for 
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the treatment of cancer (metastatic breast) all over the world [35]. This nanocarrier is safe, have 

good efficacy and significantly higher response rates compared with standard PTX (33% vs. 

19%). Since it is a protein based Np, it is prone to contamination by microbes. 

 

1.3.4. Dendrimers 

Dendrimers are highly branched macro molecules. The core of the dendrimers is symmetric. 

These have three dimensional spherical morphology with multiple targeting sites. Dendrimers 

which have functional groups can selectively bind drug molecules and deliver them to the target 

sites [39, 40]. For example, polyamidoamine dendrimers is the most common type of dendrimer 

which can selectively host chemotherapeutic drug like methotrexate [41]. However, the main 

concern in use of dendrimers is that undegraded Np produces lot of side effects [39, 42] therefore 

it is less biocompatible than other biopolymers [23]. Chemical compositions of dendrimers need 

to be modified to prevent their accumulation in the liver and also to inhibit its nonspecific 

toxicity. 

 

1.3.5. Metallic nanoparticles 

Gold and iron oxide Nps are widely investigated for cancer therapy as well as in diagnosis. 

These Nps are used mostly with combination of other biomolecules [43]. The advantage of using 

gold Np is that they release drugs in controlled manner upon absorption of heat on exposure to 

NIR. Iron oxide Nps release drugs in controlled manner under influence of an external magnetic 

field. For gold Nps, the cost is the main concern, also accumulation of the particles within the 

bloodstream can hinder the blood flow and excretion of gold Nps is also not well understood 

[44]. 

http://en.wikipedia.org/wiki/Branching_(polymer_chemistry)
http://en.wikipedia.org/wiki/Molecules
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 1.4. Silica nanoparticles 

Among the inorganic Nps, Silica Nps have gained lot of attention for tumor imaging and therapy 

[45, 46]. Since these Nps are inert and have hydrophilic properties, they are useful carriers for 

bioimaging as well as for therapeutic applications. Compared to other metal oxides such as 

titania and iron oxide, silica has better biocompatibility. These particles can be taken up by cells 

due to presence of silanol groups (Si-O-H) which have good affinity to phospholipids. Si-O 

bonds present in the silica Nps can overcome mechanical stress and degradation and are more 

stable compared to liposomes and dendrimers [47]. Additionally, these Nps can be synthesized in 

large scale at low cost. Ultra small nonporous silica Np has been approved by US (FDA) for 

clinical trial of molecular imaging of cancer [48]. 

Silica Nps used for drug delivery can be classified as nonporous or mesoporous silica 

nanoparticles (MSNs). Nonporous silica Nps are solid and drugs are conjugated to these Nps.  

MSNs have a porous structure with pores size ranging from 2–10 nm , large pore volume (> 0.9 

cm3/g) and high surface area (> 900 m2/g), due to which their drug loading capacity is high. By 

modifying the environment of pores drug loading can be enhanced and the surface of particles 

can be functionalized for targeted delivery [49]. The most notable property of MSNs is their 

controlled drug release. Drugs can be carried to targeted cells or tissues precisely without 

leaching by blocking the pore entrances with caps or stimuli responsive agents. In addition, silica 

Nps are hydrophilic, also they do not show any swelling or porosity changes with changes in pH 

which is very important for in vivo application [50-52]. These Nps are also resistant to microbial 

attack and have long storage life. 
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1.4.1. Preparation of MSNs  

MSN’s are synthesized by Stober or micro-emulsion method using silica precursors. In Stober 

method, silica precursors (eg. tetraethyl orthosilicate) undergo hydrolysis and condensation in a 

micellar solution in the presence of catalyst such as ammonium hydroxide at ambient 

temperature. Precursor polymerizes around the micelles which act as a template. Porous structure 

is formed after the removal of micelles. Any dye/drug molecules can be either covalently 

attached or encapsulated in these Nps formed [53]. The density, pore size, structure of the silica 

matrix and size of particles can be varied by changing concentration of precursors [54]. MSNs 

can also be prepared by direct microemulsion (oil in water) or reverse microemulsion (water in 

oil) method, which uses surfactants. Reverse microemulsion gives smaller Nps [55, 56]. MSNs 

can be prepared using hybrid materials like organotrialkoxysilanes or organotrichlorosilanes that 

possess specific functions for drug delivery, or organosilanes are condensed along with the silica 

precursors in the presence of surfactant templates [55-59]. 

 

1.4.2. Release of drugs from MSNs 

Release of drugs loaded in MSNs can be controlled by various stimuli such as organic molecules, 

pH, temperature and light [60]. Gold, quantum dots and iron oxide Nps have also been 

investigated as gate keepers and release drugs in controlled manner. Advantage of stimuli-

responsive drug delivery systems is that drugs incorporated in MSNs can be delivered  

specifically to cancer cells and tissues under both in vitro and in vivo conditions. For example, 

pores in the MSN encapsulated with drug molecules have been capped using cadmium sulfide to 

physically block the drugs loaded in MSNs from leaching out [61]. Drug loaded MSNs have 

been coated with polymers which release drugs in response to proteases present in tumor cells 
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[62]. Self-complementary duplex DNA has been used as the gatekeeper to control the release of 

drugs. Studies have shown that the drugs entrapped in MSNs whose surfaces are modified using 

self-complementary duplex DNA can induce release of drugs, when DNA is denatured by 

heating or hydrolyzed by endonucleases in cancer cells [63]. pH can also be used as another 

triggering factor for drug release from MSNs for tumor therapy.  Meng et al [64] developed pH 

responsive β-cyclodextrin coated MSNs for DOX delivery into cancer cells. Their studies 

showed that under acidic condition, DOX in the MSNs could be released into nuclei of cancer 

cells. 

Redox potential is another accepted stimulus for triggering drug release. Nps linked to disulfide 

have been designed to trigger the release of drugs by GSH which is 4-fold higher in tumor cells 

[65]. Lin et al developed a redox-responsive nanoparticle in which MSNs and the CdS Nps 

joined by disulfide linkages, could be cleaved by GSH leading to the subsequent drug release 

from the MSNs [61]. Light is also used as stimuli to release drugs from MSNs. It has been shown 

that when thymine coated MSNs are exposed to 365 nm UV light, cyclobutane dimers are 

formed in the pore entrances which blocks the pores. When these Nps are exposed to 240 nm UV 

light, cyclobutane dimmers are cleaved and drug is released. The advantage of this MSN is drug 

release occurs at specified location [66].  

 

 

1.4.3. Uptake of MSNs by cells 

Cellular uptake and subcellular distribution of MSN is dependent on its size, surface charge and 

targeting moiety. Studies have shown that Nps of size between 50-200 nm is efficiently taken up 

by non-phagocytic cells, whereas large particles of size > 300 nm are easily captured by 
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phagocytotic cells [67, 68]. Surface property of MSNs is another important parameter which 

influences cellular uptake. It has been shown that as compared to negatively charged Nps, the 

uptake of positively charged MSNs is better due to electrostatic interaction with negatively 

charged surfaces of cells [69].  

Studies have shown that uptake of MSNs occurs through endocytosis and efficient uptake of  

these particles has been demonstrated in several cancer cells such as ovarian, HeLa, as well as 

normal cells CHO, PANC-1, macrophages, stem cells such as 3TL3, mesenchymal [49, 70]. 

Mechanisms of endocytosis may involve either clathrin or caveolae mediated pathway. Pathway 

followed depends on cell type and particle size. A study carried out in human ovarian cancer 

cells has shown that MSNs of sizes 10 nm and 50 nm are internalized in the lysosomes via 

caveolae-mediated endocytosis. While, 10 nm Nps was shown to get relocated to cytoplasm with 

increase in time, 50 nm Nps were permanently retained within these organelles [70].  In another 

study, it has been shown that MSNs of size ~110 nm were internalized by clathrin dependent 

endocytosis in human mesenchymal stem cells [71].   

Cellular uptake of Nps can be enhanced by attaching a ligand which binds specifically to 

membrane bound receptors. Studies have shown that when chemotherapeutic drug or PS loaded 

MSNs are conjugated with ligands like folic acid, HA, their uptake efficacy increases remarkably 

in cells which over express receptors for folic and CD44 [72, 73]. It has also been demonstrated 

that in addition to targeting, both folic acid and HA anchored to the pore outlets act as capping 

agents thus eliminate premature drug leakage and release drugs only within the cytoplasm of 

targeted cells [74].  
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1.4.4. Biocompatibility of MSNs 

The biocompatibility of MSN with and without surface functionalization has been evaluated in 

different cells. It has been shown that viability, proliferation of cells is not affected if MSN 

concentrations is below 100 μg/mL and in cells treated with MSNs, morphology, membrane 

integrity and  mitochondrial activity is conserved and the growth rate of MSN internalized cells 

are similar to the cells not treated with MSNs [49].   

 

1.4.5. Drug delivery applications 

1.4.5.1. Chemotherapeutic drugs 

Studies have shown that MSNs are good carriers for many chemotherapeutic drugs. Drugs such 

as paclitaxel, camptothecin (CPT), doxorubicin, methotrexate, colchicine including curcumin 

have been successfully loaded in MSNs or covalently conjugated to MSN [75, 76]. Efficacy of 

MSN loaded CPT has been tested under in vitro as well as in vivo conditions and therapeutic 

efficiency of MSNs/CPT tested in nude mice having xenografts of human breast cancer cell 

(MCF7) is reported to be higher than animals treated with CPT alone group [77, 78].  In another 

study, it was reported that killing efficacy of doxorubicin delivered by TAT peptide-modified 

MSNs was enhanced than drug delivered by unmodified MSN [79].  

 

1.4.5.2. Photosensitizers 

MSNs have been encapsulated with hydrophobic PS like protoporphyrin IX (PpIX), hypocrellin 

B, silica phthalocyanine. The photodynamic efficacy of these PS has been demonstrated to be 
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better than the free drugs [80-82]. Lipid, poly (ethylene glycol) (PEG) and polyethylenimine 

(PEI), galactose coated and DNA capped MSN’s loaded with PS have been prepared for targeted 

release [75, 83-85]. To improve the penetration depth of visible light required for PS activation, 

PS loaded MSNs have been coated with up conversion fluorescent Nps. These particles have 

shown improved phototoxicity both under in vitro and in vivo conditions [86].  

 

1.5. Organically modified silica (ORMOSIL) nanoparticles 

ORMOSIL nanoparticles (SiNp) are another silica based mesoporus Nps which have gained 

importance as agents for delivery of genes, peptides and PS for PDT [45]. SiNp are prepared 

using organosilanes precursors such as methyltrimethoxysilane, phenyltrimethoxysilane, 3-

aminopropyltriethoxysilane, triethoxyvinylsilane [87]. Due to presence of high density of organic 

groups in SiNps, hydrophobic drugs can be incorporated in them effectively. SiNp can be 

synthesized by the alkaline condensation and polymerization of organosilane precursors within 

the microemulsion of oil-in-water (normal) or water-in-oil (reverse) phase [88]. These methods 

do not require any complex purification steps such as ultracentrifugation, solvent evaporation or 

use of any corrosive solvent like cyclohexane. The presence of both hydrophobic and hydrophilic 

groups on the organosilane precursor helps them to self-assemble as normal micelles or reverse 

micelles under appropriate conditions.  

The presence of the organic group imparts flexibility and silica matrix provides rigidity and 

enhances the stability by preventing precipitation in aqueous conditions. The biomolecules like 

proteins as well as drugs can be entrapped in micellar (and reverse micellar) cores [89, 90]. They 

can also be loaded with either hydrophilic or hydrophobic drugs/dyes after the Np preparation or 

conjugated through surface functionalization. Their organic groups can be modified further by 
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attaching targeting molecules [89]. Like MSNs, these Nps are resistant to pH, do not shows any 

swelling or porosity changes, their sizes can be tuned by varying precursor and surfactant 

concentrations [88]. 

 

1.5.1. Applications of ORMOSIL  

1.5.1.1. Photodynamic therapy 

SiNps are widely explored as carriers for PS used in therapy as well as in photodiagnosis of 

cancer. For these applications, the PS can be either entrapped in them or conjugated to surface 

functionalized groups of Np.  Advantage of using SiNp for PDT compared to other carriers is 

that these are light transparent. Therefore, PS need not be released from the Nps at the tumor site 

before light exposure for initiating photochemical reactions. Roy et al [88] were the first to 

demonstrate the efficacy of SiNp for PDT use. They synthesized SiNp of diameter ~ 30 nm, 

entrapped with water insoluble PS, 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide (HPPH), 

using triethoxyvinylsilane as precursors. These Nps were stable in aqueous conditions. Drug 

entrapped Nps on exposure to light, generated 1O2 which diffused through the porous matrix. 

Their studies also showed that HPPH doped SiNp were taken by tumor cells efficiently and were 

more phototoxic compared to free PS [88]. Subsequently, Qian et al. [80] prepared SiNp 

encapsulating protoporphyrin IX following Prasad’s method and demonstrated their improved 

photodynamic efficacy in HeLa cells. In another study, it was reported that photodynamic 

efficacy of hydrophobic silicon phthalocyanine (Pc4) improved significantly when it was 

entrapped in SiNp as compared to free drug [91]. This study also showed that localization and 

mechanism of cell death induced by Pc4-SiNp was different as compared to free Pc4. A study 

carried out by Reddi et al [92] showed that SiNp was more stable in presence of FBS (3%), in 
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aqueous media with high salt concentrations SiNp underwent aggregation and precipitation. In 

another study, it was shown that uptake of meta-tetra (hydroxyphenyl) chlorine (mTHPC), a 

hydrophobic PS formulated in SiNp reduced by about 50% in human esophageal cancer cells in 

comparison to standard solvent. However, photokilling activity of mTHPC in both the 

formulation was similar. In this study, it was also demonstrated by using fluorescence resonance 

energy transfer approach, mTHPC is transferred from the SiNp to serum proteins in the medium. 

By coating the surfaces of Nps doped with PS with poly (ethylene glycol) the transfer of PS to 

proteins could be prevented [92].   

It is also been reported that the 1O2 generation efficacy of HPPH doped SiNp enhanced 

considerably when heavy atom like iodine was conjugated to SiNp as compared to non iodinated 

Nps. The enhanced efficacy was attributed due to increase in rate of intersystem crossing of 

HPPH which increased its triplet yield. Phototoxic efficacy of these iodinated nanoformulation 

tested in cancer cells was indeed higher than the non iodinated nanoformulation [93]. To 

overcome the possibility of premature release of the physically entrapped PS during systemic 

circulation, PSs have been covalently conjugated to SiNp. It has been shown that iodobenzyl 

pyropheophorbide covalently conjugated to SiNp retains its photophysical and photochemical 

properties and also exhibit efficient phototoxicity in tumor cells [87]. Phototoxic effects of Rose 

Bengal, an anionic PS conjugated to SiNp either by covalent or electrostatic interaction have also 

studied in oral (4451) and breast (MCF-7) cancer cell lines. This study shows that both 

complexes are more phototoxic than free Rose Bengal. Observed enhancement in phototoxicity 

of complexes is reported to be due to increased uptake, enhanced photo stability of Rose Bengal 

and 1O2 generation [94]. 
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1.5.1.2. Bioimaging 

Since SiNp is optically transparent, it can be loaded with fluorophores of interest and used for 

bioimaging studies. It has been shown that SiNp encapsulating Nile red, conjugated with 

biomolecules like folic acid or apotrasferrin selectively bind to cancer cells which over express 

folate and transferrin receptors [95]. For improving bioimaging efficacies, SiNp have been doped 

with two photon absorbing PS/fluorophore. These can be excited using near infrared wavelength 

of light which penetrate deeper than visible light in the tissue. Kim et al [93] encapsulated a, 

HPPH, and a fluorescent two-photon absorbing dye, 9,10-bis [4’-(4’’-aminostyryl)styryl]-

anthracenein (BDSA) in SiNp (≤30 nm) for two-photon PDT. Their studies showed BDSA 

aggregates in SiNp matrix, up converted the energy of near infrared light and transferred it to the 

co-encapsulated HPPH molecules. This resulted in enhanced two photon generation of 1O2 in 

water. They also demonstrated the photodynamic efficacy of co-encapsulating Nps in tumor cells 

and their potential for two photon PDT applications. Use of PpIX doped SiNps for two photon 

fluorescence imaging and PDT of tumor cells were also demonstrated by Qian et al 2012 [96].  

They also showed the use of PEG modified IR-820 doped SiNps for in vivo brain imaging in 

mice. This study showed that NIR fluorescence signal could be detected at 4 mm depth in 

animals injected with IR-820 doped SiNps which is useful for noninvasive detection of 

metastatic cancer cells localized through lymphatic drainage from a primary tumor. This study 

showed that intravenously injected NIR Nps selectively accumulated in subcutaneously 

xenografted tumor of a mouse through EPR [96]. SiNp have also been demonstrated to be ideal 

nanocarriers for multimodal imaging probes such as magnetic resonance imaging and positron 

emission tomography [97].  
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1.5.1.3. Gene delivery 

Gene delivery is another major application of SiNp besides the delivery of PS and fluorophores. 

The use of silica Nps for gene delivery has been extensively explored because silica is 

biocompatible and less toxic than commonly used cationic polymers for gene delivery, and more 

stable than liposomes. Also negatively charged nucleotides can be conjugated to silica Nps easily 

by modifying their surfaces with cationic molecules [98]. It has been shown that DNA binds 

efficiently to SiNp through their surface functionalized amino groups. DNA bound to Nps has 

been shown to evade DNAse digestion. Cellular studies showed that these Nps could deliver 

DNA to the nucleus efficiently after it was uptaken by cells and expression of GFP provided 

evidence for efficient transfection induced by pEGFP plasmid delivered through these Nps [99].  

In vivo efficacy of gene delivery using these particles was also demonstrated by Bharali et al by 

injections of Nps complexed with plasmid DNA encoding for EGFP in mice brain. Transfection 

of neuronal like cells in substantia nigra and the lateral ventricle regions of brain were confirmed 

by observing GFP fluorescence. It was observed that transfection efficiency of plasmid delivered 

via Np was comparable to that of using a viral vector. This study also showed that SiNp did not 

cause any toxicity [100]. It has been demonstrated that SiNp mediated transfection can be used to 

manipulate the biology of neural stem or progenitor cells as well as studying the poly Q peptides 

induced neuronal disorders in mice model [100, 101]. These studies suggest that SiNp could be a 

promising carrier for targeted gene delivery for brain disease. 

 

1.5.2. Toxicity and biosafety  

Toxicity and biosafety are important for successful translation of preclinical to clinical studies. 
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Although SiNp is biocompatible, there is some concern about toxicity [102, 103]. In a recent 

study, it was reported that toxicity of SiNp was found to depend on cell type [104].  While PEG 

coated SiNp did not induce any toxicity in normal fibroblasts and non small cell lung 

adenocarcinoma cells, for A549 carcinoma cells of Alveolar type II these particles were toxic in 

the concentration range 0.3-0.5 mg/ml.  Studies also indicate that size, shape, surface properties, 

aggregation behaviors of silica Np in cellular environment and body fluids influence toxicity 

[105, 106]. The precise role of these factors influencing toxicity is still lacking. However, in vivo 

studies carried by using SiNp are encouraging. The study carried out by Kumar et al, 2010 [107] 

on biodistribution of the SiNp conjugated with the NIR fluorophore DY776 and SiNp conjugated 

with radioactive Iodine in mice model has shown that although SiNp accumulates in the RES, 

these Nps do not induce any toxicity to the organs of the RES system and are excreted from this 

with time [107]. Effect of SiNp on development of Drosophila larvae has also been studied. This 

study showed that feeding of SiNp to Drosophila larvae at concentration 0.2 to 1 mg/ml did not 

induce any adverse effect on locomotion or survival of larvae.  Although these Nps penetrated 

brain and did not cause any developmental defects. These studies show that silica based Nps are 

biocompatible and not toxic to whole organisms, and has potential for the development of long 

term applications [108]. 

 

1.6. Curcumin  

Curcumin (diferuloylmethane; (1E, 6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-

3,5-dione (IUPAC); C21H20O6) is a hydrophobic polyphenol derived from Curcuma longa 

(turmeric), a rhizomatous plant belonging to the ginger family. Dried turmeric powder is used as 

spice in India and other Asian countries. Turmeric powder has several curcuminoids that include 



38 

 

curcumin (77%), demethoxycurcumin (17%), and bisdemethoxycurcumin (3%). Curcumin is the 

most active constituent of turmeric and comprises approximately 2-5% of turmeric; it is 

responsible for the yellow color of the spice. Majority of turmeric’s therapeutic effects are due to 

curcumin and this is accepted as safe by the Food and Drug Administration [109].  

 

1.6.1. Background of Curcumin  

Vogel and Pelletier discovered curcumin from the rhizomes of C. longa about two centuries ago. 

They first extracted curcumin in impure form in 1815 and it was purified in 1842. The chemical 

structure of curcumin was reported by Milobedzka in 1910. However, the biological properties of 

curcumin were studied systematically only in the mid-twentieth century [110]. 

 

1.6.2. Physicochemical Properties 

The chemical structure of curcumin is shown in Figure 1.1. Curcumin is a diferuloylmethane and 

it has two methoxyl groups, two phenolic hydroxyl groups and a beta-diketone moiety. 

Curcumin exhibits keto-enol tautomerism, having a predominant keto form in acidic and neutral 

solutions and a stable enol form in alkaline media [111]. Curcumin is poorly soluble in water at 

neutral pH but has good solubility in polar solvents like dimethyl sulfoxide (DMSO), ethanol, 

methanol, acetonitrile, chloroform and ethyl acetate. In methanol, its molar extinction coefficient 

is ~ 48000 M-1cm-1 at 428 nm [112]. 
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Figure 1.1: Turmeric and chemical structure of different components of curcuminoids (A) 

curcumin, (B) demethoxycurcumin and (C) bisdemethoxycurcumin. 

 

1.6.3. Therapeutic potential of curcumin 

Curcumin is extensively used in Ayurveda for the management of various diseases. Curcumin 

exhibits a wide range of pharmacological activities against many diseases (Figure 1.2).  It has 

been shown that curcumin is effective against many chronic diseases including type II diabetes, 

rheumatoid arthritis, multiple sclerosis, atherosclerosis and prevent Alzheimer’s disease by 

suppressing the amyloid-induced inflammation and has also shown protection against liver 

injury, cataract formation, pulmonary toxicity and fibrosis [113-115]. It is also a good wound 

healing agent, has been used for treating various skin disorders. Curcumin has also shown to 

inhibit human immunodeficiency virus replication, platelet aggregation, suppression of 

thrombosis and also has good antimicrobial, anti-malarial activities [116-118]. Anti-cancer 

activity of curcumin (Figure 1.3) has been extensively investigated and has been suggested a 

potential anticancer agent for both prevention and treatment of different cancers, including 
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gastrointestinal, melanoma, genitourinary, breast, lung, hematological, head and neck, 

neurological and sarcoma [119, 120]. Additionaly, it has been shown to possess 

chemotherapeutic as well as photosensitiztion activities [120-123] and improves the efficacy of 

conventional chemotherapeutic drugs when used synergistically. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Pharmacological activities of curcumin on different diseases. 
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Figure 1.3: Anti-cancer activities of curcumin. 

 

1.6.4. Molecular targets of curcumin for anticancer activity 

Curcumin modulates growth of tumor cells through regulation of multiple cell signaling 

pathways including cell proliferation (cyclin D1 which is deregulated in a wide variety of 

tumors, c-myc). It also induces apoptosis by modulating several pro-inflammatory cytokines like 

tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-1b, IL-12, and interferon (INF)-g, growth 

factors (epidermal growth factor, hepatic growth factor and platelet-derived growth factor, 

human epidermal growth factor receptor (HER)-2, IL-8R and Fas-R), transcription factors 

(signal transducer and activator of transcription (STAT) 3, nuclear factor (NF)-kB, Wilms’ tumor 

(WT-1) and peroxisome proliferator-activated receptor and protein kinases (e.g. extracellular 

signal-regulated kinases, mitogen-activated protein kinases, protein kinase A, B and C) [124-
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128]. It modulates the expression of early growth response protein 1 (Egr-1), β-catenin, and Nrf-

2. It also inhibits cyclooxygenase 2 (COX-2), genes involved in metastasis (matrix 

metalloproteinase (MMP-9) and angiogenesis and the adhesion molecules [128]. Studies have 

shown that curcumin inhibits various pathways such as cell survival (Bcl-2, Bcl-xL, cFLIP, 

XIAP, c-IAP), caspase activation (caspase-8, 3, 9), tumor suppressor (p53, p21), death receptor 

(DR4, DR5), mitochondrial, and protein kinase (JNK, Akt, and AMPK) pathways [119]. Because 

of this multi-targeted nature, curcumin has a wide range of actions and therefore better than 

conventional therapeutic drugs which have only one target and are removed from cells if they do 

not bind the right target [129]. 

 

1.6.5. Curcumin bioavailability 

The pharmacological studies done in animals and humans have shown that curcumin is safe and 

causes negligible systemic toxicity even after administration of high doses orally. Studies carried 

out in human healthy subjects administered with oral dose of curcumin ranging from 500 to 

12000 mg as well as cancer patients taking oral curcumin (500 to 8000 mg/day) for three months 

did not show any adverse effects  [130, 131]. Despite curcumin's superior properties as an anti-

cancer agent and safety, its therapeutic applications are limited which is due to its low aqueous 

solubility (only 0.6 mg/ml), high susceptibility to degradation particularly under alkaline 

conditions [132-134]. In addition, bioavailability of curcumin within the body is very less 

because of its poor absorption and it gets metabolized in the liver fast and is eliminated from the 

body rapidly. These effects are confirmed from many studies carried out in animals and humans. 

For instance, in a study carried out in rats when 10 mg/kg of curcumin was intravenously 

injected, a maximum serum concentration was found to be 0.36 ± 0.05 mg/ml, whereas 500 
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mg/kg of orally administered curcumin gave a maximum plasma concentration of 0.06 ± 0.01 

mg/ml, indicating that oral bioavailability was only 1% [135]. In an another study, when 

curcumin was given orally at a dose of 2 g/kg to rats, a maximum serum concentration of 

1.35±0.23 µg/ml was observed after 0.83 h, whereas in humans the same dose of curcumin 

resulted in either undetectable or extremely low (0.006±0.005 µg/ml at 1 hour) serum levels 

[136]. Similarly, studies carried in a rat model it was demonstrated that when 1 g/kg of curcumin 

was orally administered more than 75% was excreted in feces due to its rapid intestinal and 

hepatic metabolism and negligible amount of curcumin was detected in urine [137]. In another 

pharmacokinetic study carried out in healthy humans showed presence of only 1.73 ± 0.19 and 

2.30 ± 0.26 μg/ml of curcumin in serum even after administration of 10 and 20 g curcumin 

orally. This suggested that curcumin undergoes extensive metabolic changes in the intestine and 

liver [138]. Additionally, a clinical study carried out in 15 patients with colorectal cancer showed 

that administration of 3.6 g of curcumin for 4 months did not show any favorable response [139]. 

All these studies indicate that concentration of curcumin at the tumor site is insufficient for 

exhibiting anti-cancer effects. 

 

1.6.6. Formulation for curcumin delivery 

For overcoming low bioavailability problems of curcumin several approaches are being explored 

such as modulation of route of administration, blocking of metabolic pathways, co administration 

of curcumin with other agents (use of black pepper alkaloid - piperine for inhibition for curcumin 

metabolism) [136, 140]. Another strategy is the conjugation or structural modifications of 

curcumin with amino acids or polymers. Some of the conjugates of curcumin and their stability 

are shown in Table 1.1.   
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Conjugates of curcumin Efficacy 

Proline, glycine, leucine, isoleucine, 

alanine, phenylalanine, phenyl 

glycine, valine, serine and cysteine 

were coupled to curcumin 

Conjugation increased curcumin aqueous 

solubility 1to10 mg/ml [141] 

Conjugation of hyaluronic acid 

(high molecular weight: polymer) 

and curcumin 

 Curcumin in conjugate was intact (90%) in 

aqueous solution at pH 7.4 for 8h whereas 

free curcumin showed 60% degradation 

within 25 min [142] 

Curcumin-oligo (ethylene glycol) 

conjugate  

Conjugate showed high loading content 

(25.3 wt %) and cytotoxic efficacy of 

conjugate was high [143] 

 

  

Table 1.1: Conjugates of curcumin and their stability. 

  

1.6.7. Nanotechnology approaches for curcumin 

Nanotechnology based drug delivery systems (nanocarriers, nanoparticles) have shown good 

potential for improving bioavailability of curcumin as these delivery vehicles possess several 

attractive features: improved encapsulation or solubilization, protect curcumin from degradation, 

also delivery of curcumin can be targeted by using ligands which bind specifically to receptors 

on cancer cells and therefore expected to have superior pharmacokinetics under in vivo 

conditions. 

 

1.6.8. Curcumin nanoformulations 

Liposomes, polymeric Nps, micelles, nanogels, cyclodextrins, dendrimers and solid lipids have 

been shown to enhance solubility, stability of curcumin by preventing hydrolysis and also 

improve its bioavailability by increasing circulation, permeability, and stronger resistance to 
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metabolic processes and targeted delivery. However, the amount of curcumin encapsulated, size 

of particle and the amount of curcumin released in its active form for the therapeutic effect 

depends on nature of Nps. In vitro cytotoxicity and in vivo stability of different curcumin 

nanoformulations are shown in Table 1.2 and 1.3. 

 

1.6.8.1. In vitro cytotoxicity of different curcumin nanoformulation 

Curcumin 

Nanoformulations 

In Vitro Cytotoxicity 
 

Molecular 

Mechanism 

β-cyclodextrin self-

assembly  

Significant enhancement in 

uptake and cytotoxicity of self-

assemblies compared to free 

curcumin (Inhibitory 

concentration (IC50) was 17.6 

μM and16.8 μM for DU145 

cells and C4-2 cells)  

 

Increased cleaved 

poly ADP ribose 

polymerase (PARP) 

expression [144] 

poly(butyl 

cyanoacrylate) 

nanoparticles  

IC 50(~15 μg/mL) for Huh7 

cells, and HepG2 was less 

compared to free curcumin 

 

Down regulation of 

VEGF and COX-2 

expression [145] 

Thermo-sensitive 

nanocarrier  

Shows better selectivity 

compared to free curcumin. 

Cytotoxicity is high for cancer 

cells (KB, MCF-7, and PC-3) 

and non toxic to normal cell 

line (L929). 

 

Loss of mitochondrial 

membrane potential 

and increased 

apoptosis [146]  

Dendrosome  2-fold reduction of IC50 value 

for A431 and in WEHI-164 

cancer cells (14.3 and 7.5 μM) 

after 48 h. 

 

Higher PARP, 

increased apoptosis 

[147] 
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PLGA  

(Single-

emulsion/solvent-

evaporation 

method) 

Cytotoxicity of  PLGA 

nanoparticle was comparable to 

free curcumin against A549 

cells, SKBr3 and HeLa cells 

 

Down regulation of 

NF-κB, increased 

annexin V staining 

PARP induced 

apoptosis [148] 

 

PLGA  

(Nanoprecipitation 

method) 

IC50 for PLGA curcumin 

nanoparticles was less than free 

curcumin in breast (MDA-MB-

231), prostate (DU145), 

esophageal (SEG-1) and colon 

(HCT116) cancer cells 

 

Downregulation of 

cyclin D1, NF-κB, 

MMP-9, VEGF 

Expression [149] 

NanoCurc™  IC50 ranged between 10–15 

μM for ASPC-1, BxPC3, XPA-

1 and PL-11 cell lines, 0.5% of 

the injected nanoparticle was 

localized in the brain 

Downregulation of  

of NF-κB and 

multiple pro-

inflammatory 

cytokines [150] 

Amphiphilic 

mPEG-palmitic 

acid Polymer  

Cytotoxicity of 

nanoformulation was 

comparable to free curcumin in 

HeLa cells 

Drug release 

catalyzed by lipase 

enzyme enhances the 

anticancer activity 

[151] 

Folate-modified self 

micro emulsifying 

drug delivery 

system  

Cytotoxicity of Folate CUR 

nanoemulsion, CUR-emulsion 

and free curcumin were 20.57, 

38.59, 25.62 μM in HT-29 

cancer cells respectively. 

Not available [152] 

Curcumin-loaded 

cationic liposome 

cytotoxicity increased ~1.3 

times in HeLa and SiHa cell 

line as compared to free 

curcumin  

apoptosis induced by 

nanoformulation was 

~9 times more than 

free curcumin [153] 

Hyaluronic acid-cur 

conjugated gold 

nanoparticle (HA–

Cur@AuNPs) 

cytotoxicity of nano formulated 

curcumin was ~3.4, ~2.6 and 

~2.7 fold higher than native 

curcumin in HeLa, glioma and 

coco-2 cells at similar 

concentration of curcumin 

(0.63 μg/0.1 mL) after 24h 

 

Enhanced cellular 

uptake by endocytic 

process [154] 

Table 1.2: In vitro studies on cytotoxicity of different curcumin nanoformulations. 
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1.6.8.2. In vivo studies of curcumin nanoformulation 

Curcumin 

Formulation 
In vivo curcumin 

Administration 
Bioavailability of 

nanoformulation 
 Dose Route   

PLGA-CUR  7.5 mg/kg 

body weight of 

rat 

Intravenous Enhanced compared to 

native curcumin [155] 

PLGA-poly(ethylene 

glycol) (PEG)  

50 mg/kg body 

weight of rat 

Oral Improved by 55.4-fold 

[156] 

Low (L)and High(H) 

molecular weight (Mw) 

PLGA-CUR 

nanoformulations 

 

50 mg 

(nanocurcumin 

formulations) 

/kg body 

weight for rat   

Oral ~1.67 (LMw) and 40-

fold (HMw) higher 

compared to free 

curcumin [157] 

 

Curcumin loaded 

poly(lactide-co-

glycolide) (PLGA) NPs  

100 mg /kg 

(PLGA NPs) 

along with 10 

mg/ kg 

(piperine),  

Body weight of 

rat 

 

Oral 9-fold higher for 

nanoformulation 

+piperine compared to 

free curcumin+piperine  

[158] 

Solid lipid NPs  400 mg/kg 

body weight of 

mice 

Intraperitoneal Improved by ~ 83 fold, 

compared to free 

curcumin [159] 

Silica-coated flexible 

liposomes nanohybrid  

50 mg/kg body 

weight of rat  

Oral Improved by 7.76 fold, 

compared to free 

curcumin [160] 

Lipid based oral 

formulation  

250 mg/kg rat Oral  Improved  the area under 

the curve (AUC0-∞) by 

35.8 fold compared to 

free curcumin [161] 

Nanocur™ (polymeric 

nanoparticles prepared 

from isopropyl 

acrylamide,  vinyl 

pyrrolidone and acrylic 

acid  

25 mg/kg body 

weight of mice 

 

Intraperitoneal Improved by ~345 fold 

compared to free 

curcumin [150] 

Organogel-based 

nanoemulsion  

240 mg/kg 

body weight of 

mice 

Oral ~ 9.8 fold increase in 

bioavailability of 

curcumin [162] 
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Glycerol monooleate-

poly(vinyl alcohol) 

with pluronic (F127) 

polymer NPs 

30 mg/kg body 

weight of mice 

Intravenous Improved by ~87.5 fold 

compared to free within 

24 h [163] 

Triblock copolymer 

NPs Poly(ε–

caprolactone)-b-

poly(ethylene glycol)-

b-poly(ε–caprolactone) 

15 mg/kg body 

weight of rat 

Intravenous Increased ~4.2fold [164] 

Nanoemulsion (NE-

Cur),  Amorphous solid 

dispersion (ASD-Cur), 

Nanocrystal solid 

dispersion (CSD-Cur), 

 

20 mg (NE-

CUR, ASD-

CUR and 

CSD-CUR) /kg 

body 

weight of rat 

Oral Increased by 7.9, 10.7 

and 14.3%, for NE-CUR, 

ASD-CUR and CSD-

CUR, respectively 

compared to free 

curcumin [165] 

Curcumin 

nanosuspension in 

combination with D-α-

tocopheryl 

polyethylene glycol 

1000 succinate 

(TPGS) 

15 mg/kg body 

weight of 

rabbit 

 

Intravenous Improvement by ~ 3.8-

fold than free curcumin 

[166] 

 

 

Table 1.3: Bioavialability of curcumin nanoformulation - In vivo studies. 

 

 

1.6.9. Curcumin as photosensitizer 

Curcumin has been shown to exhibit photosensitizing effects in bacteria and mammalian cells 

when irradiated with visible or ultraviolet light (UVA) [167, 168]. The phototoxic effects of 

curcumin have been shown to involve both oxygen dependent and independent mechanism. 

When irradiated with visible light, curcumin gets excited to singlet state from ground state, 

through intersystem crossing it goes to triplet state where it reacts with molecular oxygen and 
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contributes to formation of reactive oxygen free radicals such as superoxide radicals (O2
•−) and 

1O2 [169, 170]. Effect of photosensitizing property of curcumin has been studied in both 

mammalian cells and bacteria. Dahl et al. [171, 172] demonstrated the phototoxic effect of 

curcumin on mammalian cells (rat basophilic leukemia cell) and bacterial system in presence of 

oxygen. Studies of Koon et al showed that the cytotoxicity of curcumin was enhanced in 

nasopharyngeal carcinoma cell line (NPC/CNE2) when irradiated with visible light [173]. It was 

also reported that combination of light (UVA and Visible light) in presence of low 

concentrations of curcumin can induce apoptosis in human keratinocytes by inhibiting NF-kB, 

growth/survival kinases PKB/Akt, ERK1/2 and increase IKB-α expression [167]. Later same 

group demonstrated that combination of curcumin treatment with visible light could induce 

significant inhibition of tumor growth under in vivo conditions compared to curcumin alone 

[174]. Bruzell et al 2005 studied the photocytotoxicity of curcumin prepared in 5% DMSO, non-

ionic micelles, cyclodextrin, liposomes, or a hydrophilic polymer on salivary gland acinar cells 

(SM 10-12) and showed that among the different nanoformulations studied, liposome was found 

to be the most efficient vehicle [175]. These studies show that combination of curcumin and light 

can overcome the limitations of oral administration of high concentration curcumin required for 

therapeutic purpose. These studies indicate that curcumin can be exploited as a potential PS 

especially for superficial cancer. 

 

1.7. Photodynamic therapy  

As discussed earlier, PDT is a promising approach for treatment of tumor.  It involves the 

administration of PS which preferentially gets accumulated in tumor. When PS localized in 
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tumor is excited with light of specific wavelength it leads to generation of ROS which is 

cytotoxic to cancer cells [176, 177].  

A major advantage of PDT over conventional therapies is that only target tissue which has 

accumulated PS is exposed to light, PS itself is not toxic in the absence of light and hence 

accumulation of PS in nonspecific tissues does not cause any toxicity. The efficacy of the PDT 

depends on the chemical nature of the PS, PDT dose, i.e. PS concentration and light fluence, 

localization of PS in target cells [177]. 

 

1.7.1. Basics principle of photodynamic reactions 

The basic photophysical processes involved in PDT is illustrated in Figure 1.4.  Upon absorption 

of light of appropriate wavelength, the PS which in the ground electronic state (S0) gets excited 

to the short-lived excited singlet-state (S1) [178, 179]. The excited PS can return to the ground 

state by emitting the absorbed energy as fluorescence or by internal conversion. Alternatively, 

the excited PS (S1) can move to the lower energy triplet state (T1) by intersystem crossing. The 

T1-state of PS is long-lived and therefore can initiate photochemical reactions by reacting with 

other molecules and generate ROS or the PS (T1) can also return to the S0-state by emitting 

phosphorescence. Excited PS in triplet state can produce ROS through two mechanisms, Type I 

and Type II processes. In Type I processes, transfer of electron  or hydrogen occurs between the 

excited PS (T1) and other molecules giving rise to free radicals  like  superoxide anion, hydroxyl 

radical or hydrogen peroxide. In Type II processes, the excited PS interacts directly with 

molecular oxygen by transferring energy to produce 1O2.  Reaction products of both Type I and 

Type II induce oxidation of biological molecules such as lipids, proteins in cells which 

ultimately causes cell death either by apoptosis or necrosis. The mechanism of cell death induced 
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by PDT is dependent upon the localization of the PS within the cell and the amount of 1O2 or free 

radicals generated.   

 

 

 

Figure 1.4: Photophysical process involved in photodynamic therapy. 

 

1.7.2. Characteristics of an ideal photosensitizer 

Photophysical characteristics of PS determine the efficacy of PDT. Ideal PS should have the 

following characteristics [180, 181].  

 Should have high quantum yield of the triplet formation so that generation of 1O2 is high.    

 Should be a pure compound with known composition.  

 Should not be toxic in absence of light, should be eliminated from normal tissues rapidly to 

avoid systemic toxicity. 
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 Should have strong absorption in the long wavelength of visible light (> 650 nm), so that the 

deep seated tumors can be treated effectively.  

 Should have high molar extinction (~ 50,000–100,000 M−1 cm−1). 

 Should preferentially localize in tumor tissues compared to healthy tissues. 

 Should have ampihilic nature, it should be water soluble so that it can be easily administered 

in the body and also have sufficient lipophilicity to penetrate tumor cells for inducing 

photodynamic reaction. 

 Synthesis of the PS should be relatively easy and cost effective 

 

1.7.3. Classification of Photosensitizers 

PSs are classified as first and second generations based on their characteristics. Photofrin and 

hematoporphyrin derivative are the first generation PSs. Photofrin is approved by FDA (US) for 

treating esophageal cancer, lung cancer, and Barrett’s esophagus [182, 183].  It is a porphyrin 

based PS, and is a complex mixture of monomeric, dimeric, and oligomeric structures. 

Maximum wavelength of absorption of Photofrin is at 630 nm and at this wavelength ε max is ~ 

3000 M−1 cm−1which is lower than ideal PS. Also, at 630 nm, the penetration of light in tissue is 

limited to 2–3 mm. This limits its application to treatment of surface tumors. Toxicity of 

photofrin to skin is high and lasts for long durations (about three weeks).  

To improve PDT, second-generation PSs have been developed. These are either synthetic or 

prepared from natural precursors. Most of these PS have strong absorbance in the longer 

wavelength region (630 - 850 nm range), good ability to generate 1O2 and good retention at 

tumor site. The second generation PS belongs to the groups of porphyrins, phthalocyanines, 

texaphyrins, chlorins, and bacteriochlorins. Some of the PSs under clinical trial are 2-(1-
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Hexyloxyethyl)-2-devinyl pyropheophorbide (HPPH), Palladium bacteriopheophorbide, Tin 

ethyl etiopurpurin, Motexafin lutetium (Lu-Tex) and Silicon phthalocyanine (Pc4). Aluminum 

phthalocyanine tetrasulfonate (AlPcS4), N-aspartyl chlorin e6 (NPe6) and 5-Aminolevulinic acid 

(ALA) are already approved for ceratin cancers [184]. 

 

1.8. Chlorophyll derivatives 

Second generation PSs derived from plant pigment chlorophyll-a (Chl-a) have considerable 

interest for PDT applications due certain advantages over the synthetic PS. They are easily 

prepared from natural precursors like chlorophylls and protoheme which are available in 

abundance and are therefore more economical. [180]. Chlorophyll-a shows very good absorption 

in the wavelength range 660 to 800 nm (good tissue penetration). However, because of presence 

of lipophilic phytyl group, it is highly hydrophobic and can not be used in its natural form [180, 

185]. For PDT applications different hydrophilic derivatives of Chl-a such as chlorin e6 and 

chlorine p6 and hydrophobic derivaties like pheophorbide have been prepared. 

   

 

1.8.1. Pheophorbide and its derivatives 

Pheophorbide-a (Pba), [(3S,4S)-9-ethenyl-14-ethyl-21(methoxycarbonyl)-4,8,13, 18-tetramethyl-

20-oxo-3-phorbinepropanoic acid], is a chlorophyll (Chl) derivative prepared from Chlorophyllic 

mixture (solid Chl a/Chl b prepared from green leaves, such as spinach) using 30% (w/w) aqueous 

hydrochloric acid and diethyl ether [180]. Pba is an amphiphilic PS has a hydrophilic propionic acid 

residue but it gets aggregated when dissolved in aqueous solutions. The 1O2 quantum yield (ФΔ) of 

Pba in organic solvent like in ethanol is 0.51 [180, 186].  
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Pyropheophorbide-a (PPa) is a semisynthetic PS, synthesized from methyl pheophorbide-a 

(MPa) obtained from algae Spirulina pacifica biomass by a two step chemical procedure 

including pyrolysis of MPa with 2,4,6-collidine and hydrolysis of methyl pyropheophorbide-a 

[187]. PPa which has a carboxylic acid group and is more stable than Pba. The structure of PPa is 

shown in Figure 1.5.  

                     

 

Figure 1.5: The structural formula of pyropheophorbide-a.  

 

 

1.8.1.1. Photophysical properties 

PPa has a strong soret band centered at ~ 410 nm with extinction coefficient (ε) = 1.15 × 10 7 

(mol/l) −1m −1 and a strong Q band at 667 nm with ε = 4.96 × 106 (mol/l) −1 m −1 which is better 

than 630 nm peak of Photofrin and can penetrate more deeper in the tissue. Therefore PPa is an 

attractive PS for PDT. In DMF, PPa is in monomeric state [188]. Quantum yield of singlet 

oxygen for PPa is 0.52 in DMF. Photosensitizing efficacy of PPa either as methyl esters or as 

carboxylic acids, is found to increase with the length of the alkyl ether side chain. The 

photosensitizing ability increases with the length of the alkoxy group, being highest for the 
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hexoxy and heptoxy derivatives [189]. Photodynamic activity of methyl ester of PPa and HPPH  

are the two pyropheophorbide-a derivatives which have been investigated extensively. HPPH 

known with brand name Photochlor has been approved for use in clinical trials and has 

undergone Phase I/II trials for esophageal cancer and Barrett’s esophagus basal cell skin cancer, 

lung cancer, esophageal cancer at precancerous or early stage conditions, dysplasia, carcinoma of 

the oral cavity, carcinoma of the oropharynx [184]. 

 

1.8.2. Pyropheophorbide-a and its conjugates 

PPa in native form although has a good photophysical characteristics its bioavailability is poor 

due to limited solubility in water. To improve its solubility, native PPa has been conjugated with 

lysine. Conjugated PPa is 13 times more efficient than native PPa [190]. Complexes of PPa and 

hydrophilic organic amine containing piperazine and imidazole groups have been prepared for 

improving solubility. These complexes have shown to retain the phototoxic property of native 

PPa [187].  To improve the selective tumor targeting ability, PPa has been conjugated with tumor 

specific antigens or biomolecules (inhibitors or antagonists) which specifically bind with the 

receptors that are overexpressed in cancer cells. Savellano et al [191] conjugated PPa with 

monoclonal antibodies of HER2 receptors and studied the uptake and phototoxic efficacy of 

these PPa immune conjugates in HER2-overexpressing breast cancer (SK-BR-3), ovarian cancer 

(SK-OV-3) and HER2 negative (MDA-MB-468) cells. Their study showed photodynamic action 

of PPa immunoconjugates were selective and killed only HER2 overexpressing cells although 

these were less phototoxic than free PPa which did not show any selectivity. Their study also 

showed that multi epitope targeted photo immunotherapy with a HER50 and HER66 PPa 

immunoconjugate mixture was significantly more effective than single epitope targeted photo 
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immunotherapy with a single anti-HER2 photosensitizer [192]. In another study, PPa conjugated 

to an anti-HER2 scFv containing multiple PS molecules also showed good cellular uptake by 

HER2-positive, SKOV-3 cells, and negligible uptake in HER2-negative KB cells and significant 

tumor regression of human breast cancer xenografts than free PS following photodynamic 

treatment [193]. Studies carried out by Liu et al [194, 195] have also shown that PPa conjugated 

to inhibitor of prostrate cancer specific membrane antigens (PSMA) accumulate specifically in 

PSMA positive prostrate cancer (LNCaP) cells but not PSMA (negative) PC-3 cells. Targeted 

PDT efficacy of PSMA inhibitor conjugate of PPa was confirmed by observation of apoptotic 

events like cell permeability to HOE33342/PI double staining, appearance of poly-ADP-ribose 

polymerase (PARP) p85 fragment and terminal deoxynucleotidyltransferase dUTP nick end 

labeling (TUNEL) assay detected DNA fragmentation, activation of caspase 3 and 8, observed in 

PSMA+ LNCaP cells.  

Conjugation of PPa with estrogen antagonist have proved effective. It has been reported that PPa 

conjugated to tamoxifenan antagonist for estrogen receptor could specifically bind and 

selectively kill estrogen sensitive MCF-7 breast cancer upon light exposure [196]. In another 

study, PPa conjugated to C(17α)-alkynylestradiol has been shown to accumulate selectively in 

hormone sensitive breast cancer (MCF-7) cells expressing nuclear estrogen receptor and 

preferentially kill tumor cells upon exposure to visible light [197].  

Studies have shown by conjugating PPa with folic acid using peptide sequence as linker, its 

uptake as well as photodynamic efficacy improved particularly in folate receptor expressing 

cancer cells (KB cells). Improved efficacy was also observed under in vivo condition in mice 

bearing tumors induced by KB cells. By using a short peptide sequence it was demonstrated that 
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PPa retention in liver and spleen could be reduced compared to that peptide lacking PPa probe 

[198].  

 

1.8.3. Pyropheophorbide-a derivatives and nanoparticles  

 

Use of Np for delivery of hydrophobic PS like PPa provides additional advantages compared to 

traditional conjugation of PS with targeting moiety. These particles can be conjugated with high 

density of targeting moiety eg. antigens conjugated with more than one PS. They can be made 

multifunctional. Studies have shown that Nps such as ORMOSIL [88], polymeric micelles of 

diacylphospholipid-poly (ethylene glycol) (PE-PEG) and magnetic Fe3O4, liposomes, amine 

functionalized polyacrylamide (AFPAA) drug-doped Nps have shown improved efficacy as 

compared to native PS. Polymeric micelles and magnetic Fe3O4 loaded with HPPH showed 

magnetophoretic control of these Np cause efficient cellular uptake, enhanced imaging and 

phototoxicity of drug loaded Nps [199]. The studies have shown liposomal formulation of PPME 

improves the cellular uptake by 5 fold than free PPME in a human colon carcinoma cell line 

(HCT-116) [200]. Studies have shown HPPH post loaded in amine functionalized 

polyacrylamide (AFPAA) Nps exhibit good phototoxicity compared to free drug [201]. Up 

conversion Np containing PPa loaded chitosan wrapped NaYF(4):Yb/Er has been prepared for 

near-infrared PDT. In vitro studies showed improved targeting specificity of UCNP-Ppa-RGD to 

integrin α(v)β(3)-positive in U87-MG cells compared with free drug. UCNP-Ppa-RGD exhibited 

high phototoxicity against U87-MG cells, after 980 nm laser irradiation [202]. While all these 

studies have shown the use of different Nps for improving cellular uptake of PPa derivatives like 

HPPH, there are very few studies on effect of tumor environment such as pH on uptake of 

passive or actively targeted Nps entrapping PPa on cancer cells. 
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1.9. Aim & objective of study 

Although liposomes, polymeric Nps, drug polymer conjugates particularly for curcumin, have 

shown improved water solubility, stability and bioavailability, many of these systems requires 

elaborate preparations, have short storage life as these are prone to biofouling and also drugs get 

aggregated in some of these nanoformulations. For photodynamic applications, drugs entrapped 

in Nps need to be released at the target site before light exposure. Compared to polymeric Nps, 

ORMOSIL (SiNps) are optically transparent, resistant to pH changes, have hydrophobic core and 

porous structure, therefore allows easy encapsulation of hydrophobic drugs and protect them 

from degradation. Also selectivity of drug delivery of these NPs can be enhanced by covalently 

conjugating ligands of interest with their surface functionalized groups. 

In this thesis, use of SiNp for improving delivery of curcumin and pyropheophorbide-a has been 

evaluated. To improve tumor targeting efficacy, drugs loaded in SiNps have been conjugated 

with ligands that bind to receptors over expressed on cancer cells. Since pH surrounding the 

tumor strongly influences the outcome of anticancer drugs, effect of pH on uptake and 

photodynamic efficacy of passive and actively targeted SiNp entrapping PS on different tumor 

cells have also been studied. 

 

The main objectives of this study are as follows: 

1. To evaluate the uptake and phototoxic efficacy of curcumin loaded in SiNp on oral cancer 

cells and tumor spheroids. 

2. To evaluate the cytotoxic efficacy of Hyaluronic acid conjugated SiNp loaded with curcumin 

on CD44 expressing cancer cells. 



59 

 

3. To study the photodynamic efficacy of plain (Np-PPa) and folate receptor targeted SiNp 

encapsulating pyropheophorbide-a (FR-Np-PPa) on cancer cells at different pH. 

4. To assess biodistribution and in vivo toxicity of Np-PPa and FR-Np-PPa. 
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CHAPTER 2 

 
MATERIALS AND METHODS 
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2.1. Materials 

 

Dulbecco’s modified essential media (DMEM), Roswell Park Memorial Institute media (RPMI 

1640), N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid (HEPES), aerosol-OT (AOT), 

vinyl-trimethoxysilane (VTMS), vinyl-triethoxysilane (VTES), 3-aminopropyl-triethoxysilane 

(APTES), curcumin, hyaluronic acid (HA, oligomers-HA4), hyaluronidase, reduced glutathione 

(GSH), bicinchoninic Acid (BCA), dimethylsulfoxide (DMSO), thiobarbituric acid (TBA), 

bovine serum albumin, folic acid, propidium iodide (PI) and hoechst were purchased from 

Sigma, St.Louis, MO, USA. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), nystatin, streptomycin, penicillin, fetal bovine serum (FBS), phosphate buffered saline 

(PBS), trypsin, and 5,5'-Dithiobis-(2-Nitrobenzoic Acid) (DTNB) were purchased from Himedia, 

Mumbai, India. Ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochloride (EDC) was 

obtained from Merk, India. N-hydroxysuccinimide (NHS) was obtained from Fluka, 

pyropheophorbide-a (PPa) was purchased from Frontier Scientific, Inc., Logan, UT. 

LIVE/DEAD viability/cytotoxicity kit and 2,7’-dichlorodihydrofluorescein diacetate 

(H2DCFDA) were purchased from Invitrogen Molecular Probes, Eugene, Oregon. All antibodies 

MMP-9 (sc-6840), VEGF (SC1881), TNF-α (SC1348), NF-kB (SC1190) and horseradish 

peroxidase (HRP)-conjugated secondary antibodies and detection reagents were obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA). All other chemicals were of highest purity and 

procured locally. 

Cell line 4451, was obtained from Institute of Nuclear Medicine and Allied Sciences, Delhi, 

India. Human squamous cell carcinoma cell line (Nt-8e) was obtained from Advanced Centre for 

Treatment Research and Education in Cancer (ACTREC), Mumbai, India. Human breast 

carcinoma (MCF-7) cells, colo-205 cells (colon carcinoma) and mouse mammary carcinoma 
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(C127I) were purchased from National Centre for Cell Sciences (NCCS), Pune, India. Cell 

culture wares i.e. culture flask, petri plates, multiwell plates were obtained from Tarson, India. 

 

 

2.2. Preparation of NPs 

 

 

2.2.1. ORMOSIL (SiNp) Nanoparticles 
 

SiNp were prepared by microemulsion method under alkaline condition by condensation 

polymerization of organosilane precursors [88]. Precursors used for making SiNp were APTES, 

VTES and VTMS. Dioctyl sodium sulfosuccinate (Aerosol OT) and 1-Butanol were used as 

surfactant and cosurfactant respectively. SiNp were synthesized at room temperature in the 

nonpolar core of Aerosol-OT (AOT)/1-butanol/water micellar system. Micelles were prepared by 

dissolving 0.44 g AOT and 800 μl of 1-butanol in 20 ml of water by vigorous magnetic stirring. 

VTES was added to the micellar system, and the resulting solution was stirred for about ~1 h 

until it became clear. To this, 20 μl of APTES was added and stirred for about 20 h till the 

solution turned bluish white. This indicated the formation of Nps. This solution was dialysed 

against double distilled water for about 48 h using a cellulose membrane (cut off 20 kDa) to 

remove unreacted AOT and 1-butanol.  Colloidal solution of SiNp was sterilized using 0.2μ 

membrane filter and stored at 4 0C till further use. To determine concentration of SiNp, an 

aliquot (1ml) of the colloidal solution was transferred to microfuge tube and lyophilised. The 

weight of the lyophilized powder was determined and expressed as mg/ml.   
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2.2.2. Curcumin loading in SiNp 

For preparing curcumin SiNp complex (cur-SiNp), a known volume of curcumin from stock 

solution (10 mM curcumin in DMSO) was added to SiNp (100 µg/ml or 150 µg/ml) dispersed in 

aqueous medium and stirred for ~30 min. The absorption and the fluorescence spectra of cur–

SiNp complexes in water was measured and compared with free curcumin under similar 

conditions to ensure loading. Absorption spectra of curcumin and its complex with SiNp in water 

were recorded from 350 to 600 nm using Cintra 20 absorption spectrophotometer (GBC, 

Australia). Fluorescence spectra of free curcumin and cur–SiNp in water were recorded in the 

wavelength range 450 to 700 nm using Fluorolog-2 spectrofluorometer (Spex USA).  

For determining the loading capacity, different concentrations of curcumin was mixed with 

known concentration of SiNp (100 µg/ml or 150 µg/ml). Changes in the fluorescence spectra of 

the complex were measured. A concentration dependent enhancement in fluorescence of 

curcumin was observed upto 25 µM of curcumin loaded in 150 µg/ml of SiNp. Beyond this 

concentration, fluorescence of cur-SiNp decreased with red shift in peak position.  

 

2.2.3. Preparation of HA-SiNp and HA-SiNp-curcumin complexes  

Preparation of HA conjugated SiNp-curcumin complexes (HA-SiNp-cur) is shown in scheme 

2.1. SiNp was prepared as described above. HA was conjugated to amine modified SiNp 

(void/drug loaded) following the procedure described in Ref. [203]. Prior to conjugating, 

carboxylic groups of HA was activated. For this, 0.2 mg of HA was dissolved in 10 ml HEPES 

buffer (10 mM, pH 6.0) and stirred for 30–60 min, to this 20 mM EDC and 10 mM of NHS 

prepared in water was added, and the mixture was stirred at room temperature for 30 min. 
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Curcumin loaded SiNp was prepared by adding 0.6 mM of curcumin to SiNp (1 mg/ml) in 

aqueous solution and stirred for 30 min and then unbound curcumin was dialyzed in water 

containing 5% methanol using cellulose membrane (cut off 20 kDa). This solution was divided 

into two parts. To one part of the solution, 3 ml of activated HA (Oligomer) was added and 

stirred continuously overnight. Solution was dialyzed for 48 h against water to remove unbound 

reactants. Other part was used as HA free (untargeted) SiNp-cur. Similarly, void SiNp was 

conjugated with HA except that in this SiNp did not contain any curcumin. To determine the 

concentration of bound curcumin, 100 µl of HA conjugated or HA free SiNp-cur complex was 

added to 1 ml of DMSO. Mixture was stirred for 30 min and absorbance of curcumin was 

measured. Concentration was determined by comparing with the standard curve obtained by 

measuring the absorbance of known concentration of curcumin in DMSO. 

 

 

 

Scheme 2.1: Hyaluronic acid conjugated SiNp loaded with curcumin (HA-SiNp-cur) 

preparation. 
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2.2.4. Curcumin content in the SiNp 

Curcumin content in the SiNp and HA-SiNp was determined by encapsulation efficiency (EE) 

and drug Loading content (DL) was determined by the following equations: 

EE (%) = 100 × (Total amount of curcumin − Free curcumin)/ Total amount of curcumin 

DL (%) = 100 × Weight of curcumin in Np/ (Weight of the curcumin in Np + Weight of Np) 

 

2.2.5. Quantitation of HA 

HA density on nanoparticles was estimated by cetyltrimethylammonium bromide (CTAB) 

turbidimetric method as described in Ref. [204]. In this method, the CTAB reagent (2.5 g) was 

dissolved in 100 ml of 2% (w/v) NaOH. For standard, HA (1mg/ml) was dissolved in water. A 

50 µl of sample (HA-SiNp, curcumin free) and different concentrations of standard HA (25 – 

200 µg/ml) were placed in different wells of 96-well plates. To this, 50 µl of 0.1 M phosphate 

buffer (pH 7.0) was added. After incubating for 15 min at 37 ºC, 100 µl of CTAB reagent was 

added to each well and the plate was again incubated for 10 min. Absorbance of well contents 

was read at 600 nm after shaking the plate for 10 s using ELISA microplate reader (Biotech 

Instrument, US). Absorbance of the blank (water (50 µl) + phosphate buffer (50 µl) + CTAB 

(100 µl) was subtracted from the standard solutions of HA and plotted against HA 

concentrations. Concentration of the HA in sample (HA-SiNp) was determined from the standard 

graph. Conjugation efficiency of HA bound to surface of SiNp was determined by estimating the 

amount of HA bound to SiNp before and after dialysis. 
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2.2.6. Curcumin release in presence of hyaluronidase enzyme 

To study the release of curcumin from HA-SiNp-cur complex, a known volume of sample was 

taken in two different dialysis bags (MW cutoff 20 kDa). In one 120 U/ml of hyaluronidase 

enzyme was added. To the other sample, equal volume of water was added. The bags were 

placed in different beakers containing 20 ml of distilled water having 5% methanol.  Samples 

were incubated at 37 0C under shaking condition. At a specified time interval, 2 ml of sink media 

was withdrawn from each of the beaker containing complex with and without enzyme. 

Fluorescence spectra of samples were measured to evaluate the curcumin released from the 

nanocomplex. To maintain a constant volume, similar volume of sink media was added to the 

beakers. The concentration of curcumin released was determined from the standard curve of free 

curcumin generated under similar condition. 

 

2.2.7. Pyropheophorbide-a entrapped SiNp 

Preparation of pyropheophorbide-a doped SiNp (Np-PPa) and folic acid conjugated Np-PPa is 

shown in Scheme 2.2. SiNp was synthesized following procedure described by Roy et al [88] 

except that VTMS was used as precursor instead of VTES. Nonpolar core of Aerosol-OT (AOT) 

⁄ 1-butanol ⁄ water micellar system was prepared at room temperature. Micelles were prepared by 

dissolving 0.44 g AOT and 800 μl of 1-butanol in 20 ml of water by vigorous magnetic stirring. 

About 30 μl of PPa dissolved in DMF (stock 15 mM) was added to the above solution. For void 

(drug free) Nps similar volume of DMF without PPa was added. 300 μl of VTMS was added to 

the micellar system and the resulting system was stirred for about 1 h until solution was clear. 

After this procedure, 5 μl of APTES was added and stirred for about 20 h till the solution turned 
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bluish white. This indicated formation of Nps. Unreacted AOT, PPa and 1-butanol were removed 

by dialysis for about 72 h using a cellulose membrane (cut off 20 kDa). 

For determining the concentration of the PPa entrapped in the SiNp, a 50 μl PPa doped SiNp was 

dissolved in 1.0 ml of DMF and after thorough mixing the absorbance of the sample was 

measured at 668 nm. The concentration was determined by comparison with standard curve 

obtained by measuring absorbance of known concentrations of free PPa in DMF.  

 

 

2.2.8. Conjugation of SiNp with folic acid 
 

To a 5 ml portion of stock solution of amine-terminated Np PPa-doped or void Nps, 200 μl of 

EDC (10 mM) and NHS (10 mM) solution was added, and the mixture was stirred at room 

temperature for 30 min. Then, folic acid (2 mg) dissolved in distilled water containing 1mM 

NaOH (20 ml) was added to Np, and the reaction between folic acid and amino groups was 

allowed to proceed for 18-20 h. The reaction mixture was dialyzed against deionized water for 

50 h to remove unreacted molecules. Finally, all the samples were filtered through a 0.2 μ cutoff 

membrane filter and stored at 4 °C for later use. 

 

 

 

Scheme 2.2: Folate conjugated SiNp loaded with pyropheophorbide-a (FR-Np-PPa) preparation. 
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2.3. Characterization of SiNp 

The morphology of SiNps was determined by Atomic force microscopy (AFM) imaging. Size 

(hydrodynamic radii) of SiNp (void, drug free), post loaded with drug or entrapped with PS) 

conjugated with and without bioligands were measured by dynamic light scattering (DLS). 

Surface charge of the different SiNps was characterized by measuring their zeta potential. 

 

2.3.1. Atomic force microscopy  

The AFM consists of a cantilever which has a sharp tip (probe) made of silicon or silicon nitride 

of nanometers radius. When the tip is brought into proximity of a sample surface, forces between 

the tip and the sample lead to a deflection of the cantilever which is measured using a laser spot 

reflected from the top surface of the cantilever into an array of photodiodes.  

For measuring the morphology of Np by AFM, SiNp was spread on clean coverslips and air 

dried at room temperature. AFM measurements were carried out in a contact mode using silicon 

cantilever tips. Tip used for measurement had spring constant of 5.5 N/m and radius of curvature 

around 10 nm with resonance frequency 190 KHz. The topographic image (Figure 2.1) of SiNps 

was measured by imaging software (SOLVER-PRO, Russia).  

 

Figure 2.1:  Atomic force microscopic image of SiNp (scale bar, 0.2 µm). 
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2.3.2. Hydrodynamic radius measurement 
 

Size of SiNp was measured by particle size analyzer Brookhaven 90Plus particle analyzer 

(USA). The particle size analyzer determines the average hydrodynamic diameter of Nps by 

DLS. This technique is based on the measurement of diffusion of particles in solution. In this 

technique Brownian motion (random) of the particle due to forces from the solvent molecules 

that surrounded them is measured. Movement of particle in fluid is determined by its 

hydrodynamic diameter i.e. the particle surrounded by the counter ions. The smaller particle 

moves faster whereas movement of larger particle is slower. 

The principle of this technique is that the sample materials or Nps will scatter incoming laser 

light. The scattered light intensity fluctuates with time due to the random motion of these 

particles.  Processing the fluctuating signal gives the particle’s diffusion coefficient, from which 

the equivalent spherical particle size is calculated. 

The size of a particle is calculated from the translational diffusion coefficient by using the 

Stokes-Einstein equation.  

 

D=kBT/6πηa 

Where 

D = Diffusion constant 

                                                           a =  Radius of the Nps 

   kB = Boltzmann constant 

                T = Temperature in Kelvin degrees 

      η = Viscosity of the solvent 
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Particle size analyzer 90 plus, Brookhaven used in this study can measure particle size ranging 

from ~1 nm to 6 μm with an accuracy of ±5%. The light source in this instrument is equipped 

with diode laser of 35 mW power output. For measurements Nps are diluted in distilled water (2 

ml). The scattered light is collected at 90º (right angle). This instrument gives the average size as 

well as polydispersity of the Nps. The size distribution of SiNp measured by DLS is shown in 

Figure 2.2. 

 

                                       

 

Figure 2.2: Measurement of size (nm) of SiNp by dynamic light scattering. 

 

2.3.3. Zeta potential measurements 

 
Zeta (ζ) potential is the potential difference between the stationary layer of fluid attached to the 

particle and solution in which it is dispersed. The particle is surrounded by strongly associated 

counter ions (Stern layer) and in the outer region, ions are loosely bound. The potential 

difference between the boundary of diffuse layer and strongly associated ions to particles is the 

zeta potential (Figure 2.3). The ζ potential is a measure for the degree of stability of a colloidal 

Size 
(nm 

((nm) 
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system. If all particles in suspension have a high negative or positive ζ potential, they repel each 

other. In contrast, if the particles have a low ζ potential, they are unstable and aggregate.  

For measuring the Zeta potential, SiNp (void) or drug loaded ligand free and ligand attached 

were diluted appropriately in water and placed in sample holder and potential was recorded.  

 

 

Figure 2.3: Illustration of the zeta potential measurement (modified from Malvern Technical 

Note). 

 
 

2.4. Cell lines  
 

The cell lines used are MCF-7 (human breast adenocarcinoma), Nt-8e (human squamous cell 

carcinoma derived from upper aero-digestive tract [205], colo-205 (human colon carcinoma), 

4451 cells (human squamous cell carcinoma) established from carcinoma of oral cavity [206] 

and C127I a mouse mammary carcinoma. 
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2.5. Cell culture 

2.5.1. Monolayer 

Nt-8e, MCF-7, C127I and 4451 cells were grown in Dulbecco’s minimum essential medium 

(DMEM), for MCF-7, medium was supplied with 1 mM pyruvic acid. Colon carcinoma cells 

(colo-205) were grown in RPMI-1640 medium. All the media used contained HEPES (25 mM), 

NaHCO3 (2.2 gm/l), 10% FBS and antibiotics penicillin (10,000 IU), streptomycin (10,000 

μg/ml) and nystatin (100 U/ml). The cells were incubated at 37 °C in a humidified atmosphere 

containing 5 % CO2.  

 

2.5.2. Spheroid  

Spheroids of Nt-8e and colo-205 cells were generated by modified hanging drop method [207].  

Single cell suspensions were prepared by using 1% and 0.25% trypsin (w/v) for Nt-8e and colo-

205 cells grown in monolayers respectively. Cell count was determined using hemocytometer. 

Cell suspensions were diluted in growth media so as to have ~ 2 X 106 cells ml–1 for colo-205 or 

~4 X 106 cells ml–1 for Nt-8e. For generating cellular aggregates, 10 µl cell suspension 

containing either ~20,000 cells (colo-205) or ~40,000 cells (Nt-8e) was placed as drops on the 

lids of 60 mm Petri dishes. The lids with drops were inverted over the dishes containing 2 ml 

growth medium and then incubated at 37 0C in 5% (v/v) CO2 incubator. After 24 h, cellular 

aggregates formed were picked up using a Pasture pipette. These were transferred to non-

adherent (agar coated (0.4% agar in distilled water) 96-well culture plates. A single aggregate 

was placed in each well and grown for 4 to 7 days. Growth was monitored by measuring the size 
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of spheroids using inverted microscope (Leica, Olympus). Thickness of spheroids was confirmed 

by optical coherence tomography as described in ref. [207].  

 

2.6. Animal model 

All animal experiments were performed following the protocols approved by the Animal Ethical 

Committee. Female Swiss albino mice (weight ~25 g, 8 weeks of age) were used in all 

experiments. All animals were housed in individual cages under constant temperature (20 ± 40C) 

with a 12 h light /dark cycle, and had free access to food and water.  

For generating tumor in mouse models, C127I cells grown for 96 h in tissue culture flasks were 

harvested by trypsinizing. Cells were centrifuged and pellet was resuspended in sterile PBS (pH; 

7.4) and the cell number was determined.  Cells (~3.0 X 107) suspended in 250 µl of sterile PBS 

containing 5% glucose was injected subcutaneously on dorsal side of mouse. After 10 days, 

tumors of size ~0.9 to 1cm3 were developed.   

 

2.7. Cellular uptake 

2.7.1. Curcumin uptake in monolayer  

The uptake of curcumin by 4451 (oral cancer cells) was evaluated following the protocol of 

Kunwar et al [208]. About 5×106 cells were seeded in each well of a 24-well plate (Tarsons, 

India). For each measurement, cells were plated in two wells. One well was used for extraction 

of curcumin from cells using methanol other well was trypsinized to determine cell count. After 

24h of incubation, the medium in wells was replaced with a fresh growth medium containing a 

specific concentration of either nanoformulated or free drug. Plates were incubated at 37 °C. 
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After specified time of incubation, cells were washed twice with PBS and 1 ml of methanol was 

added into each well. Curcumin extracted in methanol was collected from each well after 30 min 

of incubation at room temperature, and extracts were centrifuged at 10,000 rpm for 10 min at 

4°C to remove the cell debris. The fluorescence of curcumin from supernatant was measured 

using a Fluorolog-2 fluorometer by exciting samples at a wavelength of 420 nm. The 

concentration of the drug extracted from cells was determined by a standard graph obtained with 

known concentration of curcumin in methanol and values were normalized with the cell number 

determined from wells treated with similar concentration of curcumin.  

 

2.7.2. Curcumin uptake in spheroids 

To study the uptake of the curcumin and its nanoformulation, 3 and 7 days grown spheroids (Nt-

8e) were incubated in growth medium containing a containing 25 µM of either free curcumin or 

cur-SiNp complex with equivalent concentration of curcumin for 4 and 24 h. For each treatment 

three spheroids were used. Concentration of SiNp (150 µg/ml) used for drug loading was not 

cytotoxic. After specified time, spheroids were washed 3-4 times in PBS and transferred to 

microfuge tubes. About 300 µl of methanol were added for extracting cell bound curcumin and 

tubes were incubated at room temperature for 60 min. Methanol extracts were centrifuged at 

10,000 rpm for 10 min at 4 ºC to remove cell debris. 200 µl of the extract was transferred to 96–

well plates and absorbance was read at 420 nm using microplate reader (Biotech Instrument 

Power Wave 340). The total concentration of drug extracted from spheroids was determined by 

standard graph obtained from absorbance of known concentration of curcumin in methanol. The 

uptake of curcumin per spheroid was estimated and represented as nanomoles per spheroid. To 
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normalize uptake with cell number, small and big spheroids were dissociated using sterile 

accutase and the cell suspensions were counted microscopically. 

 

2.7.3. Quantitation of curcumin uptake from HA free and HA-SiNp  

To study the uptake of curcumin from HA free and HA-SiNp, colo-205 cells were grown in 

monolayer in 24 well plates. After 24 h, these cells were incubated with 25 µM free curcumin, or 

cur-SiNp or HA-SiNp-cur for 4 h. Cells were harvested by trypsinization after washing with PBS 

and cells were suspended in PBS. An aliquot of this suspension was used for cell counting. To 

the rest of cell suspension, 500 µl of methanol was added and incubated for 60 min at room 

temperature for extracting cell bound curcumin. Curcumin extracted in methanol was collected 

from each well and centrifuged at 10,000 rpm for 10 min at 4 ºC to remove the cell debris. 200 µl 

of extract was transferred to 96-well plates and absorbance was read 420 nm using microplate 

reader. To study the uptake of curcumin, spheroids grown for 120 h were incubated upto 96 h in 

growth medium containing either 25 µM curcumin (free) or in different nanoformulations. For 

each treatment three spheroids were used. After specified time of incubation, spheroids from 

different wells were pooled, washed 3–4 times in PBS, incubated with 200 µl accutase enzyme 

(37 ºC, 20 min) for dissociation of cells. Dissociated cells were centrifuged and the pellet was 

resuspended in PBS. An aliquot of this cell suspension was used for cell counting. Curcumin was 

extracted from the rest of the cell suspension as mentioned above. The concentration of drug 

extracted from cells was determined by standard graph obtained with known curcumin 

concentration in methanol containing PBS and normalized with the cell number. 
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2.7.4. Uptake of pyropheophorbide-a  
 

For studying the pH dependent uptake of  Np-PPa and FR-Np-PPa,  Nt-8e (∼0.6×106) and MCF-

7 (∼0.4×106) cells were grown in 24 well plastic dishes at 37 ºC. After 24 h of incubation, the 

medium was replaced with fresh HEPES buffered growth media of pH 7.4 or pH adjusted to 6.5. 

After incubating for 1 h in a medium of specific pH, a known volume of the two 

nanoformulations containing 0.5 µM of PPa was added into each well and cells were incubated 

for different durations. Each experiment included untreated (not treated with nanoformulated 

PPa) controls. After changing the growth media of pH 6.5 or 7.4, cells were incubated in CO2 

free atmosphere to avoid fluctuations in the pH. In some experiments, for studying the role of 

folate receptors, cells were incubated with 1 mM free folic acid for 30 min and then PPa loaded 

Nps were added to culture media of pH 6.5 or 7.4 and incubated for 4 h in the dark. Subsequent 

to incubation with drug loaded Nps, the culture medium containing the sensitizer was removed 

and the monolayer was washed three times with cold PBS with pH adjusted to 5.0 to remove 

loosely attached folate drug conjugates. Cells were harvested using 0.25% trypsin and 

resuspended in PBS (pH 7.4). About 10 µl of cell suspension was used for determining cell 

count. Rest of the cell suspension was solubilized using 2% SDS in 0.1 M NaOH, as described 

by [209]. Solubilized cells from drug treated and untreated controls were centrifuged to remove 

cell debris, supernatant was mixed with 1 ml of PBS and the fluorescence intensity of the PPa in 

the diluted supernatant was measured using spectrofluorometer. Samples were excited at 410 nm 

wavelength and emission was recorded from 550 to 700 nm. Fluorescence peak intensity of each 

sample measured at 677 nm was compared with standard curve to determine the concentration of 

PPa and values were normalized with the cell count of each sample. For quantifying the uptake, 

the background fluorescence of the untreated control was subtracted. For standard curve, 
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different volumes of known concentration of PPa (stock) were added into a 0.1 M NaOH 2% 

SDS (1 ml) and diluted with 1 ml of PBS. Samples were mixed thoroughly; the fluorescence 

emission peak intensity of each sample was recorded at 677 nm after exciting the samples at 410 

nm. Standard graph was generated by plotting concentration of PPa against fluorescence 

intensities. 

 

2.7.5. PPa uptake in C127I in presence of free folic acid 
 

In order to verify the involvement of folate receptors in uptake of FR-Np-PPa, a competitive 

binding assay was performed. Cells (C127I) were plated on poly-lysine coated cover slip at a 

density of 1×105 cells. After overnight incubation, medium was replaced with growth medium 

containing 0.5 mM folic acid. After 2 h of incubation, FR-Np-PPa or Np-PPa containing PPa at a 

concentration 0.5 µM  was added into petridishes containing cells  incubated further for 2 h in 

dark at 37 0C. Cells were washed thrice with PBS and then observed under fluorescence 

microscope. PPa fluorescence was observed using 405 nm excitation filter.  

 

2.8. In vivo biodistribution of free and nanoformulated PPa 

To study biodistribution of different formulations of PPa, about ~250 µl of free PPa (5.0 µM) 

and the two nanoformulated PPa (Np-PPa and FR-Np-PPa) containing similar concentration of 

PPa were injected intraperitonially into mice. The concentration of SiNp injected was 3 mg/kg 

weight. Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine 

(10 mg/kg) before injecting drug. After 4, 24, 72 and 120 h (post injection of Np), animals were 

euthanized and different organs were dissected and weight of the organs were determined. 
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Tissues of different organs were homogenized using homogenizer (3500 rpm, Remi, India). 

Homogenates were mixed with tissue extraction solvent containing perchloric acid, methanol, 

DMF in the ratio (1:1:1) left overnight for extraction of PPa from the tissue. Then the samples 

were centrifuged at 10,000 rpm for 10 min and supernatants were collected. Fluorescence of PPa 

from the supernatant was measured using SPEX fluorolog fluorometer by exciting at wavelength 

410 nm. The fluorescence intensity was compared with standard graph obtained using known 

concentration of PPa in tissue extraction solvent to determine the PPa in tissue and values were 

normalized with the weight of tissue and expressed as (PPa in n moles/gm). Tissues of some 

organs (liver, kidney) was used for histology or biochemical assays. 

 

 

 

2.9. Fluorescence microscopic study 
 

2.9.1. Monolayer 

To study the intracellular accumulation of free curcumin, cur-SiNp and HA-SiNp-cur, 4451cells 

or colo-205 cells were grown on poly-lysin coated glass coverslips placed in petridishes and 

incubated in CO2 incubator at 37 °C. After 24 h, cells were treated with a specific concentration 

of free curcumin and equivalent dose of nanoformulated curcumin. After a specified time of 

incubations, the cells from different groups were washed twice with PBS (pH 7.4) and examined 

under a fluorescence microscope (Olympus, Japan). Curcumin fluorescence was monitored by 

using blue excitation filter. The images of sample were recorded using a CCD Camera Model 

‘ProgRes CF scan’ and a ProgRes Capture Pro software (Jenoptik, Germany).  

To confirm involvement of HA receptors in uptake, colo-205 cells were incubated with 0.5 

mg/ml HA for 1 h before treating with free curcumin, SiNp-cur and HA-SiNp-cur. After 
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specified time of incubations, the cells treated with different formulations of curcumin washed 

with growth medium then twice with PBS (pH 7.4) and examined under fluorescence 

microscope. 

 

2.9.2. Spheroids 

Spheroids treated with free curcumin or its SiNp complex were washed with PBS to remove 

unbound curcumin and placed on coverslip and observed under fluorescence microscope. In 

some experiments to study the distribution of different formulations of SiNp within spheroids, 

spheroids were disrupted with accutase and single cell suspension was prepared. These were 

transferred to uncoated coverslips examined under fluorescence microscope. 

 

2.9.3. Confocal microscopy 

Confocal fluorescence microscopy was used to study the localization of PPa in Nt-8e and MCF-7 

cells incubated with the two Np formulations containing PPa in a medium of pH 6.5 and 7.4 

respectively.  Cells were plated on poly-lysine coated glass coverslips contained in 35 mm Petri 

dishes.  After overnight incubation, medium contained in the Petri dishes was replaced with fresh 

medium and required volumes of the nanoformulated  PPa was added, plates were incubated at 

37 ºC in the dark for specific duration. Cells were then washed with PBS and fixed using 

formaldehyde (4 %) for 15 min. Cells were imaged using near field scanning optical microscope 

(WiTec alpha 300SR, WiTec GmbH Germany) in confocal fluorescence mode. Argon ion laser 

of wavelength 488 nm was used for fluorescence excitation. All measurements were done using 

60×, 1.22 NA water immersion objectives. Fluorescence was collected using the same objective 
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and directed to the detector through a 100 µm core multimode optical fiber that also served as 

pinhole. A stack of 15 images were acquired at the interval of 0.5 µm in depth direction with 

each XY scan comprising 256×256 pixel image acquired over 50 µm ×50 µm area. Images were 

processed WiTec Project 2.10 software. Changes in cell morphology due to incubation in media 

of different pH were studied by phase contrast microscopy (Olympus Japan). 

 

 

2.10. Cytotoxicity 

 

2.10.1. Toxicity of void nanoparticles 
 

To determine the safe concentration of SiNp to be used for drug loading, cytotoxicity of void 

SiNp (drug free) was assessed. For this, 200 μl of growth medium containing 5×104 cells was 

seeded in each well of a 96-well tissue culture plate. After 24 h, cells were incubated in growth 

medium containing different concentrations of SiNp.  After a specified time period of incubation, 

the growth medium containing SiNp was removed, wells were washed once, and 100 μl of 

medium containing 10 μl of MTT (3-[4,5-dimethylthiazole-2-yl]-2,5- diphenyl tetrazolium 

bromide) (5.0 mg/ml) was added into each well and incubated for 4 h as described by Mosmann 

[210]. Subsequently, MTT was removed and formazan crystals formed were dissolved by adding 

150 μl of DMSO into each well. The absorbance of the resulting solution was recorded 

immediately at 570 nm using a microplate reader (BioTek Instruments, Vermont, USA). 

 

2.10.2. Phototoxicity of nanoformulated curcumin 

2.10.2.1. Monolayer  

For assessing phototoxicity, 4451 cells grown on 96 -well plates were incubated in a growth 

medium containing free curcumin and cur-SiNp complex  containing equivalent concentration of 
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curcumin. After a specified time, the medium containing free and nanoformulated curcumin was 

replaced with a fresh medium (not containing phenol red) and then exposed to white light. The 

light source used for irradiation was a halogen lamp equipped with a multimode fiber (Applied 

Optical Technologies, India) which is emitting in the wavelength range of 400–700 nm. Power 

output measured by a power meter (Ophir) at the cell surface was 200 mW. Following exposure 

to light, cells were incubated for 20 h and then MTT assay was performed as described above. 

All experiments included cells treated with free curcumin or curcumin in nanoformulation in 

dark and cells treated void SiNp as well as cells not treated with either curcumin or light 

(untreated control). 

  

2.10.2.2. Spheroids  

To study the phototoxicity of curcumin, spheroids were incubated in growth medium containing 

a specified concentration of either free curcumin or SiNp loaded with equivalent concentration of 

curcumin (cur-SiNp) at 37 0C. After a specific duration, wells containing spheroids were washed 

with PBS to remove unbound curcumin and 200 µl of fresh medium (not containing phenol red) 

was added into each well and then exposed to blue light. The light source used for irradiation 

was a LED (Applied optical technologies, India) emitting light of wavelength ~ 460 nm. Power 

output measured by a power meter at the cell surface was 36 mW. After irradiation spheroids 

were further incubated for 24 h in dark. Each experiment included untreated spheroids, spheroids 

treated with SiNp 150 µg/ml (void) or spheroids treated with either free curcumin or cur-SiNp 

complex in dark. After specified time period of incubation, growth medium was removed, wells 

containing spheroids were washed twice using PBS and each of the treated and untreated 
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spheroids were transferred to wells without agarose base in fresh micro-well plate to avoid its 

interference in absorbance. MTT assay was performed as described above. 

 

2.10.3. Phototoxicity of pyropheophorbide-a 

   

Cells were inoculated at the concentration of 2 × 104 cells per well in a 96-well microplate. After 

overnight incubation, medium in wells was replaced with growth medium of different pH. 

Specified quantities of Nps containing PPa was added and incubated for 2 h in the dark. 

Subsequently, the medium containing PPa doped Np was removed, the monolayer was washed 

with medium without serum, and fresh growth medium of the required pH was added. Cells were 

irradiated with red light (660 ± 25 nm). Source used for irradiation was LC-122A (Ci-Tec, US) 

which was coupled to an optical fiber probe (diameter 1.2 cm, length 1 m) with a built in narrow 

band pass filter. The intensity of light at the cell surface was ~ 39 mW/cm2. The power output 

was measured by a power meter. Following irradiation of the cells, the media in all the wells 

were replaced with fresh growth medium at pH 7.4. After 24 h, MTT assay was performed to 

determine the cell survival as described above. All experiments included dark controls in which 

cells were treated with PPa containing Nps but not exposed to light, and untreated cells (neither 

treated with light or PPa containing Nps). 

 

2.11. Post treatment growth of spheroids  

To study the effect of curcumin treatment on growth of tumor spheroids (Nt-8e, colo-205), 

spheroids were incubated with a particular concentration of either free curcumin or its 

nanoformulation for a specified time. Following which spheroids were washed with PBS and 

individual spheroid was placed in well (coated with agarose) filled with 200 µl of fresh growth 
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medium in a 96-well plate and the plates were incubated in the dark at 37 °C in CO2 incubator. 

Morphological changes and growth of treated and untreated spheroids were monitored upto 7 

days by measuring the diameter using a phase contrast microscope (olympus, Japan). The culture 

medium were changed every after 48 h. 

 

2.12. Migration of cells from spheroids 

Spheroids (Nt-8e) treated with curcumin and its SiNp complex in dark as well as spheroids 

exposed to light in presence or absence of Glutathione (GSH) were washed with PBS and then 

transferred to 24-well plates without agarose coating and incubated at 37 °C. Migration of cells 

from spheroids subjected to different treatments was assessed microscopically by measuring the 

total distance (diameter) covered by the cells after different durations as described in ref. [211]. 

 

2.13. Live and dead assay 

The LIVE/DEAD viability/cytotoxicity kit (Invitrogen Molecular Probes, Eugene, OR) was used 

to determine the live and dead cells based on membrane integrity and esterase activity. This 

assay uses calcein and ethidium homodimer. Calcein, is a polyanionic fluorescent dye that is 

retained within live cells and produces an intense uniform green fluorescence. Ethidium 

homodimer enters cells with damaged membrane and upon binding to nucleic acids it produces a 

bright red fluorescence but in live cells with intact plasma membranes ethidium homodimer do 

not permeate.  

4451 cells (1×106 ml−1) grown in 24-well plates were treated with either free or nanoformulated 

curcumin for a specific duration and then exposed to light as described above. After 3 h of 
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irradiation, cells were washed with PBS and incubated with the working solution containing 2 

µM calcein AM and 4 µM ethidium homodimer prepared according to the protocol described by 

the manufactures and were incubated for 30 min at room temperature. Cells were then washed 

twice with PBS to remove unbound dyes, and stained cells were examined under a microscope 

(Olympus, Japan).  

 

2.14. Estimation of intracellular ROS 
 

ROS generation in spheroids (Nt-8e) treated with different formulations of curcumin was 

monitored by using 2’,7’–dichlorofluoresceindiacetate (DCFDA). This is a non-polar compound 

that is converted into a polar derivative by cellular esterase after incorporation into cells, and is 

rapidly oxidized to highly fluorescent 2′,7′-dichlorofluorescein (DCF) by intracellular ROS. 

After photodynamic treatment, spheroids were incubated with 500 µl of PBS containing 10 μM 

H2DCFDA for 30 min at 37 ºC. Spheroids were then washed in plain medium (without serum), 

to remove the extracellular dye. The fluorescence of DCF was monitored by fluorescence 

microscopy using 480 nm and 530 nm excitation and emission filters respectively. 

 

2.15. Assessment of apoptosis and necrosis 

Spheroids (Nt-8e) treated with free curcumin and its SiNp complex after irradiation with light 

were washed with PBS twice and incubated with PBS containing Propidium iodide, PI (10 

µg/ml) and hoechst (20 µg/ml) for 30 min at 37 °C. Spheroids were then washed twice with PBS 

and observed under fluorescence microscope by exciting with 360 and 510 nm band-pass filters 

for hoechst. PI stained cells were viewed using 546 nm excitation and 590 nm emission filters. 
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Red fluorescence in cells due to uptake of PI indicated membrane damage associated with 

necrotic death. In some experiments, treated and untreated spheroids stained with fluorescent 

probes were dissociated and single cell suspension was observed under microscope. Cells 

showing fragmented nuclear morphology were scored as apoptotic. Images were captured using 

fluorescence microscope as described above. 

 

2.16. Biochemical test 

2.16.1. BCA assay 

 
Protein concentration of cell / tissue lysates was measured by BCA method. Principal of this 

assay is the peptide bonds in protein reduce Cu2+ ions from the copper (II) sulfate to Cu+ which 

is temperature dependent reaction. The amount of Cu2+ reduced is proportional to the amount of 

protein present in the sample. Reduced Cu forms a complex with BCA which is a purple-colored 

product that strongly absorbs light at a wavelength of 562 nm.  

Following reagents were used for the assay, reagent A, B and C. Reagent A comprises of sodium 

carbonate monohydrate (8 gm), sodium tartarate (1.6 gm), dissolved in 100 ml of distilled water. 

pH of solution is adjusted to 11.25 using 10 M NaOH.  Reagent B comprises of 4 gm BCA 

dissolved in 100 ml distilled water and Reagent C consists of 0.4 gm cupric sulfate (5 x 

hydrated) in 10 ml water). Working solution of reagents was prepared by mixing 1 volume of 

reagent C with 25 volumes of reagent B, to this 26 volumes of reagent A is added. For protein 

detection, an aliquot (50 µl) of the sample was mixed with 500 µl of working solution. Samples 

were heated at 60 ºC for 60 min and absorbance was read at 562 nm after cooling the samples. 
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The concentration of the protein was determined from the standard calibration curve prepared 

using different concentration of BSA. 

 
 

2.16.2. Western blot analysis 

 
Effect of photodynamic stress induced by free and nanoformulated curcumin on protein 

expressions (NF-κB and related proteins) were studied by western blot following procedure 

described in ref. [212]. Oral cancer cells (4451) were collected by scrapping petridishes 

following treatment with free curcumin or cur-SiNp in dark for 4 h or after irradiation with light. 

After washing once, cells were lysed using lysis buffer (100 mM NaCl, 500 mM Tris, pH 8.0, 

10% SDS (wt/vol) and protease inhibitors, AEBSF, Aprotinin, Pepstatin and Leupeptin). The 

protein concentration of cell lysate was determined by the BCA protein assay. Protein (50 μg) of 

each treated sample was solubilized in 2× sample buffer and electrophoresed on SDS PAGE. 

Separated proteins were transferred onto a nitrocellulose membrane and detected by incubating 

with primary antibodies against NF-κB p50, VEGF, TNF-α, and MMP-9 for 2 h and with HRP 

conjugated secondary antibody for 1 h; a conjugated antigen–antibody complex was detected by 

DAB reagent. The bands obtained were quantified using the GeneTools software (Syngene, UK). 

 

 

2.16.3. Estimation of lipid peroxidation in tissue homogenate 
 
Lipid peroxidation was estimated by determining the level of TBARS following the method of 

Placer et al [213]. After 72 h of injection of void SiNp (3 mg/kg weight) in mice, animals were 

sacrificed. Liver tissues were weighed. Tissues were suspended in phosphate buffer (0.1 M, pH 

7.4) homogenized for 10 min. Homogenized samples were centrifuged and then homogenate 
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(200 µl) was deproteinised by adding 500 µL of 5% (w/v) chilled TCA. Samples were incubated 

for 30 min at room temperature. To this mixture 500 µL of 0.67% TBA was added and the 

mixture was centrifuged at 5000 rpm for 15 min. The supernatant was collected and placed in a 

boiling water bath for 20 min. The absorbance of the pink colour developed was measured at 532 

nm by using a UV–visible spectrophotometer. The concentrations of TBARS were calculated by 

using the molar extinction coefficient 1.56 X 105 M-1cm-1. Protein content from same cell 

homogenate was determined by BCA method. The lipid peroxides detected were expressed in 

nmoles/mg of protein. 

 

2.16.4. Measurement of GSH in tissue homogenate 

The reduced glutathione (GSH) in the liver tissue homogenates were determined using DTNB 

method following method reported in ref. [214]. This method is based on a chemical reaction 

between GSH and DTNB which generates a yellow colored product formed due to glutathione 

disulfide (GSSG) and 5-nitro-thiobenzoic acid. Liver tissue homogenates (oragans resected after 

72 h from mice injected with different formulations of PPa) prepared and deproteinised as 

described in section 2.16.3. The protein precipitate was removed by centrifugation at 5000 rpm 

for 10 min. To 100 µl of supernatant, 100 µl of PBS and 50 µl DTNB (10 mM) were added and 

the mixture was incubated for 30 min at room temperature and the absorbance of the mixture was 

read at 412 nm by using a spectrophotometer. GSH content was determined and normalized with 

the protein content as (mM/mg of protein). 
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2.17. Histological analysis  

2.17.1. Spheroid  

 

Spheroids subjected to different treatments (free curcumin, cur-SiNp in dark as well as on 

exposure to light) were fixed with 4 % formaldehyde for 24 h. The samples were dehydrated in 

ethanol gradients up to 100 % ethanol for 1-2 h followed by xylene (100%) and then xylene: 

ethanol (1:1) for 30 min then again by 100% xylene for 30 min twice. Spheroids were transferred 

to mixture of xylene, liquid paraffin and bee wax in ratio of (1:1:1) for 1 hour at 80 °C 

temperature. Then mixture was transferred to mixture of paraffin wax and bee wax (1:1) at 80 °C 

for 30 min. Spheroids was then embedded in paraffin wax. Sections of 4 μm were cut using a 

microtome. Subsequently, these sections were stained with hematoxylin and eosin according to 

the standard protocol. The section were stained with alum hematoxylin then rinsed with running 

water, and then stained with eosin for 2 min, sections were dehydrated, mounted. Images of 

sections were observed by optical microscopy. 

 

2.17.2. Tissue  

Liver and kidney tissues resected at 72 h or 360 h after mice were injected with void Np or FR-

Np and untreated mice were fixed in 10% neutral buffered formalin after dissection. Tissue 

sample processed as described above and stained by Hematoxylin and eosin (H&E) and observed 

under an optical microscope.  
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3.1. Introduction  

As discussed in Chapter 1, curcumin is well known for its antioxidant, anti-inflammatory, cancer 

preventive and chemotherapeutic properties [215, 216]. In addition, curcumin also exhibits 

photosensitizing activity [173]. This property has been explored for enhancing its anticancer 

effects and antibacterial activity [173, 217].  Nevertheless, the therapeutic effectiveness of 

curcumin is hampered due to its low bioavailability under in vivo conditions. The reasons for this 

include poor solubility in water, lack of stability at physiological pH and rapid metabolism when 

taken orally [112, 131].  

For superficial cancers like cancer of the oral cavity, since curcumin can be applied locally, its 

photosensitizing effect may be explored for improving its therapeutic effect. However, curcumin 

being hydrophobic in nature, it needs to be suitably formulated for local application. To enhance 

the aqueous solubility of curcumin, it has been encapsulated in liposomes [218], polymeric 

nanocarriers [219] and lipid-based nanoparticles [158, 220]. Among the different 

nanoformulations of curcumin such as non-ionic micelles, cyclodextrin, liposomes and alginate 

tested for photodynamic application in mammalian cells, liposomal preparation has been 

reported to be the most efficient [175]. Although, liposomes are good carriers, drug loading in 

these particles is poor [221] and also these are prone to microbial attack. To overcome these 

drawbacks, biocompatible inert Nps are being explored as drug carriers. 

As reported in chapter 1, organically modified silica nanoparticles (SiNp) are emerging as 

promising delivery systems for genes and photodynamic drugs that are investigated in therapy 

and diagnosis [96, 222]. These offer several advantages such as aqueous solubility, resistance to 

pH changes, stability under in vivo conditions, [108]. These have hydrophobic core because of 
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which hydrophobic drugs can be entrapped inside these particles, targeting biomolecules like 

antibodies to receptors can be conjugated to these through surface functionalized chemical 

groups [88] or drugs can be covalently conjugated to functional groups. Also these are optically 

transparent [94]. In addition, these particles have excellent storage stability and are resistant to 

contamination. Since SiNp have hydrophobic core, it is expected that water insoluble drugs like 

curcumin form stable complexes with these particles.  

In this chapter, we have presented results of our investigation on the efficacy of SiNp for 

delivery of curcumin (cur-SiNp) in squamous cell carcinoma cells derived from oral cavity 

(4451). The cytotoxicity, uptake, and photodynamic efficacy of cur–SiNp complexes and the 

effect of photodynamic stress induced by these complexes on the expression of transcriptional 

factors in oral cancer cells have been compared with free curcumin. 

 
3.2. Experimental methods 

 
3.2.1. Nanoparticle and curcumin loading in SiNp 
 

Details of procedure used for preparing SiNp and cur-SiNp complex are described in chapter 2. 

Concentration of SiNp used for loading curcumin was 100 µg/ml.  Concentration of curcumin 

used is 25 µM. 

  

3.2.2. Cellular uptake of curcumin  

The cell line used in this study is human squamous cell carcinoma (4451).  Cells grown on 24- 

well plates were incubated with 25 µM of either free curcumin or its SiNp complex for 1, 2, 4 
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and 20 h in dark. Curcumin from cells was extracted using methanol after washing the unbound 

curcumin and quantitated by fluorescence spectroscopy. Details are described in chapter 2.   

3.2.3. Fluorescence microscopy  

Intracellular accumulation of curcumin was studied by incubating cells grown on cover slips 

with either 10 or 25 µM of free curcumin and its SiNp complex for 1 h. Fluorescence of 

curcumin was monitored using fluorescence microscope using blue excitation filter. The detailed 

procedure is described in chapter 2.  

 

3.2.4. Cytotoxicity  

 

3.2.4.1. Toxicity of SiNp  

To determine the safe concentration of SiNp to be used for loading curcumin for cellular studies, 

cytotoxicity of void SiNp (drug free) was assessed.  Cells grown in 96-well culture plate were 

incubated with SiNp (50 µg/ml-150 µg/ml). After 24 h, growth medium containing SiNp was 

removed, wells were washed once with PBS and the MTT assay was performed as described 

chapter 2. 

 

3.2.4.2. Toxicity of curcumin in dark and light 

For assessing dark as well as phototoxicity of curcumin, 5X104 cells were seeded in each well of 

96-well culture plates. After 24 h, cells were incubated in a growth medium containing 25 µM of 

free curcumin and equivalent concentration of curcumin mixed with SiNp (100 μg/ml). After a 

specified time (1 or 4 h), the medium containing free and cur-SiNp was replaced with a fresh 

medium (not containing phenol red) and then exposed to white light for different durations. For 
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studying dark toxicity cells were treated with either 25 µM of free curcumin or its SiNp complex 

(1 or 4 h) but not exposed to light. Control cells were neither treated with curcumin nor exposed 

to light. Microplates were incubated for 20 h after treatment and then MTT assay was performed. 

Details of light source and procedure of MTT assay followed is described in chapter 2. 

 

3.2.5. Live and Dead Assay 

Cells (1×106) grown in 24 well plates for 24 h were treated with 25 µM free curcumin or its SiNp 

complex for 4h and then exposed to light (20 J/cm2). After 3 h of post irradiation, live/ dead 

assay was performed to study membrane integrity. Cells fluorescing green (viable) and cells 

which showed red fluorescence (dead) due uptake of PI were counted separately in different 

microscopic fields.  The details of the procedure followed are described in the chapter 2.  

 

3.2.6. Western blot analysis 

Western blot analysis was done to study the effect of photodynamic stress induced by free and 

nanoformulated curcumin on NF-kB and related gene products (MMP-9, VEGF and TNF-α) in 

4451 cells following procedure described in chapter 2.  

 

3.2.7. Statistical analysis 

All the experiments were repeated at least three times. Data was represented as mean ± standard 

error of the mean (SEM) of three experiments. A t-test was used to compare the statistical 

difference among the groups. P value <0.05 was considered as statistically significant. 
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3.3. Results 
 

3.3.1. Cytotoxicity of void SiNp 
 

In order to determine the safe concentrations of SiNp to be used for curcumin loading for cellular 

experiments, concentration and incubation time dependent effect of SiNp (void) on cell viability 

was studied. Viability of cells treated with SiNp upto 100 µg/ml for 72 h did not change 

significantly. However, reduction in viability (35%) was observed when cells were treated with 

150 µg/ml of SiNp (Table 3.1). 

 

 

SiNp (μg/ml) Viability 

(% untreated control) 

0 100 

50 93.07±2.72* 

100 92.27±2.73* 

150 65.07±6.33 

 

 

 

Table 3.1: Viability of 4451 cells treated with different concentrations of SiNp for 24 h. 

Viability was measured by MTT assay following treatment *p<0.05, with respect to untreated 

control. 
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3.3.2. Physicochemical characterization of curcumin-SiNp complex 
 

Absorption and fluorescence spectra of curcumin post loaded in SiNp (cur–SiNp complex) and 

free curcumin in aqueous solution are shown in Figure 3.1 (a & b). The nature of absorption 

spectra of cur–SiNp was similar to free curcumin except that the absorbance at peak (426 nm) 

was higher. However, fluorescence spectra of cur–SiNp complex showed a blue shift (~45 nm) 

in the fluorescence peak with ~5 times enhancement in intensity as compared to free curcumin. 

The size and surface charge determined by dynamic light scattering and zeta potential 

measurements of drug free (void) SiNp were ~32 nm and −39 ± 1.0 mV, respectively. No 

significant change in zeta potential was noted when curcumin was post loaded. 
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Figure 3.1: (a) Absorption and (b) fluorescence emission spectra of free curcumin and cur–SiNp 

complex in aqueous solution. 

 

 

3.3.3. Cellular accumulation of curcumin 

 

3.3.3.1. Fluorescence microscopic study 
 

It is important to determine the cellular uptake of curcumin to assess the efficacy of delivery 

vehicle. Therefore, incubation time and concentration dependent uptake of free and cur-SiNp 

complex by cells was studied by fluorescence microscopy. Cells were incubated with SiNp (100 

μg/ml) containing different concentrations of curcumin and equivalent concentrations of free 

curcumin. Within 1 h of incubation, curcumin fluorescence was observed in cells treated with 

either free curcumin or cur–SiNp complex at concentrations 10 and 25 μM respectively. Cells 

treated with 10 μM cur-SiNp complex showed stronger fluorescence after 1h of incubation 
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(Figure 3.2 c) as compared to cells incubated with free curcumin (Figure 3.2 a). At higher 

concentration of curcumin (25 μM), stronger fluorescence of curcumin was observed throughout 

the cells whereas in cells treated with free curcumin, fluorescence was weaker (Figure 3.2 b). 

This indicated that the uptake of curcumin from SiNp complex is higher than the free curcumin. 

                                                      

Figure 3.2: Fluorescence microscopic images of 4451 cells treated for 1 h with (a) 10 μM and 

(b) 25 μM of free curcumin and (c) 10 μM and (d) 25 μM of cur–SiNp complex. Scale bar: 50 

µm. 

 

3.3.3.2. Quantitation of uptake  
 

To quantify the time-dependent uptake, curcumin was extracted from cells incubated with 25 μM 

of free curcumin or its SiNp complex (25 μM) for different time durations using methanol. 

Curcumin fluorescence from the methanol extracts was measured by fluorescence spectroscopy 

(Figure 3.3). As compared to free curcumin, in cells incubated with cur-SiNp, the drug uptake 

increased with incubation time (up to 4 h), and at this time point, the uptake of curcumin 

complexed with SiNp was ~5 times higher. However, the uptake of both free curcumin and cur–
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SiNp decreased at longer incubation time (20 h). To check the stability of free and 

nanoformulated drug, free curcumin and cur–SiNp complex incubated in PBS at pH 7.4 for 

different durations were examined by measuring absorption of curcumin. As seen in (Figure 3.3, 

inset), compared to free drug, degradation of curcumin in SiNp complex was slower; however, at 

longer incubation time, difference in rate of degradation was much less. 
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Figure 3.3: Uptake of curcumin in 4451 cells incubated with 25 μM of free curcumin or cur–

SiNp complex containing equivalent concentration of curcumin for different durations. The inset 

shows stability of 10 μM of free curcumin and cur–SiNp complex containing equivalent 

concentration of curcumin in PBS (pH 7.4) at different time points. 
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3.3.4. Cytotoxicity of curcumin with and without light treatment 
 

Figure 3.4 shows the cytotoxic effect of free curcumin (25 μM) and cur–SiNp complex with and 

without exposure to visible light on 4451 cells. Cells were incubated for 1 and 4 h in dark before 

exposing to light. In all the experiments, 100 μg/ml of SiNp was used for curcumin loading. 

Incubating cells with only SiNp, free curcumin or cur–SiNp complex in the dark for 1 h did not 

lead to any significant change in viability. Dark toxicity of cells incubated with cur-SiNp 

complex for 1 h was about ~10 %. However, exposure of these cells to light (12 J/cm2) reduced 

the viability to ~58 %. On the other hand, at similar light dose in cells treated with free 

curcumin, viability reduced only by ~13 %. Exposure of cells to light without any treatment did 

not reduce the viability. We also investigated the effect of varying incubation time of 

nanoformulated curcumin on cytotoxicity with and without exposure to light. As expected, dark 

toxicity of cur-SiNp complex increased with increase in incubation time (Figure 3.4). About 

~40% cell death was observed in cells treated with 25 µM cur-SiNp complex for 4h. Exposure of 

these cells to light (~12 J/cm2) increased the cell death to more than 80%. On the other hand, 

increasing incubation time did not have significant influence on the viability of cells pretreated 

with similar concentration of free curcumin. On exposure to light, cell death in free curcumin 

treated cells enhanced only by ~20%. Increasing the light dose did not enhance death in cells 

pretreated with either free or cur-SiNp complex significantly at both the incubation time points 

(1 and 4 h). This may be due to photobleaching of curcumin.  
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Figure 3.4: Viability of 4451 cells treated with 25 μM of free curcumin and equivalent 

concentration of cur–SiNp complex for 1 and 4 h in the dark and then exposed to light. Viability 

of cells after different treatments was compared with untreated controls. *p<0.05, with respect to 

free curcumin. 

 

3.3.5. Phototoxicity of curcumin on membrane integrity  

To study the effect of treatment of free and its SiNp complex on cell membrane, Live/Dead assay 

was performed (Figure 3.5). Cells incubated with free curcumin for 4 h in the absence of light 

showed predominantly green fluorescent cells (~97 %), indicating more number of viable cells 

with intact membrane (left: upper panel). In cells treated with cur–SiNp complex in the dark 

some cells (~15 %) showed red fluorescence (nonviable). On the other hand, cells exposed to 

light (20 J/cm2) after 4 h of incubation with cur–SiNp complex showed predominantly red 

fluorescent cells (~70 %) as compared to cells treated with a similar concentration of free 
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curcumin and light dose (~20 %) and to cells exposed to cur–SiNp complex in the dark. This 

indicated extensive plasma membrane damage in this group. Addition to this, phase-contrast 

images showed extensive morphological alterations in cur–SiNp treated cells following 

photodynamic treatment, indicating necrotic cell death due to membrane damage. 

 

 
Figure 3.5: Fluorescence and phase-contrast images of 4451 cells stained with Live/Dead stain 

after incubation with 25 μM of free curcumin and cur–SiNp complex containing equivalent 

concentration of curcumin in dark for 4 h and then irradiated with light (20 J/cm2). Nonviable 

cells (in percent) observed due to treatments are shown below each fluorescence image. (Scale 

bar: 50 µm). 

3.3.6. Effect of photodynamic action of curcumin on transcriptional factor 

NF-kB, a transcription factor regulates the expression of genes involved in cellular proliferation, 

inflammation, tumor metastasis, angiogenesis and stressful stimuli such as oxidative stress [223]. 

To understand the cellular responses to photodynamic stress, NF-kB and its related gene 
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products were studied in cells treated with 25µM of free curcumin and its SiNp complex after 

exposure to 20 J/cm2 light dose.   

The results presented in Figure 3.6, show strong intensity of NF-kB in extracts of whole cells not 

treated with curcumin. Band intensity of NF-kB reduced by ~25% in cells treated with free 

curcumin as compared to untreated controls and much higher (~50%) inhibition was observed in 

cells treated with cur-SiNp complex. 

                         

 

Figure 3.6: Effect of treatment of 4451 cells with free curcumin or cur–SiNp complex in dark 

and after irradiation on NF-kB, VEGF, MMP-9 and TNF-α. Cells were irradiated (20 J/cm2) after 

incubating cells with 25 μM of free curcumin and cur–SiNp for 4 h in the dark. 

 

On exposure to light, in both free curcumin and its SiNp complex treated cells, NF-kB band 
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nanoformulated curcumin. We also examined the effect of free curcumin and its SiNp complex 

before and after light exposure on NF-kB regulated gene products VEGF, MMP-9 and TNF-α 

which are involved in angiogenesis, metastasis and inflammation. We observed less intense 

bands of VEGF, MMP-9 and TNF-α in light exposed cells pretreated with cur–SiNp complex as 

compared to cells exposed to free curcumin and light.  

 

3.4. Discussion 

In this chapter, we have described use of SiNp for improving the uptake and phototoxicity of 

curcumin in oral cancer cells. The porous matrix of SiNp facilitated post loading of curcumin. 

Results presented in Figure 3.1, show that whereas free curcumin, gets aggregated in aqueous 

media as evidenced by reduction in fluorescence peak intensity and red shift, curcumin in 

nanoformulation, remain uniformly dispersed. This is confirmed by the blue shift and 

enhancement in the fluorescence peak intensity of curcumin. Similar spectral changes have been 

noted when curcumin is bound to hydrophobic domains in phosphatidylcholine, liposome, 

human serum albumin [208] and in glycerol monooleate based nanoparticle [212]. It should be 

noted that no significant change in zeta potential and size was observed when curcumin was post 

loaded in SiNp. This confirms that curcumin is in hydrophobic core of SiNp and do not influence 

the charge of SiNp.  

Our data on cytotoxicity (Table 3.1) indicates that drug free SiNp at concentrations below 

150µg/ml do not cause toxicity in oral cancer cells which implies that these nanoparticles do not 

interfere with cell survival when used at 100 µg/ml concentration. Indeed, no toxicity was 
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observed in larvae of Drosophila melanogaster fed with SiNp (ORMOSIL) upto 0.2, 0.4 and 1 

mg/ml although particles were shown to get incorporated into living neuronal cells [108]. 

Higher uptake of curcumin observed in cells incubated with nanoformulated curcumin at shorter 

durations could be due to enhanced permeation of cur-SiNp complex (Figure 3.3). Curcumin 

being in hydrophobic environment in SiNp is protected from rapid degradation (Figure 3.3; 

inset). Also due to small size, cur-SiNp complex is expected to get internalized in cells faster. 

Previous studies have shown that silica nanoparticles are internalized rapidly by cells [224] as 

compared to studies reported in curcumin entrapped in polymeric nanoparticles [219]. 

Additionally, since curcumin is hydrophobic it may get released rapidly from SiNp through its 

porous matrix when internalized nanocomplexes are localized in membranes of subcellular 

organelles. This contention is consistent with strong fluorescence of curcumin observed in cells 

incubated with cur-SiNp complex (Figure 3.2; panels c & d). The observed decrease in uptake at 

longer incubation time (20 h) is attributed to higher loss of cell viability as compared to free 

curcumin.  The results presented in Figure 3.4, show that incubation time dependent increase in 

dark toxicity observed is consistent with higher uptake of curcumin from nanoformulation 

(Figure 3.3) as compared to free drug which could have inhibited cell proliferation and induced 

cell death. It has been shown that curcumin inhibits cell proliferation and survival associated 

kinases, such as phosphatidylinositol-3-kinase/AKT signaling [225, 226] and epidermal growth 

factor receptor (EGFR) signaling [227] and induces apoptosis in a variety of cells. Manifestation 

of these effects depends on concentration, incubation time and also cell sensitivity. High uptake 

of curcumin could have caused  excess of oxidative stress on exposure to visible light in presence 

of oxygen via formation of highly reactive singlet molecular oxygen (1O2), and superoxide (O2
-) 

and curcumin radicals [169, 228]. This could have contributed to increased cell death in cur-
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SiNp treated cells as compared to free curcumin. In contrast to our results, other studies have 

reported phototoxicity of curcumin at much lower concentration than used in this study. A study 

carried out in Rat submandibular salivary gland acinar cells has shown that curcumin at 0.4 µM 

and 0.7-13.5µM in liposomal and cyclodextrin formulation respectively are effective in inducing 

cell death at a light dose of 6 J/cm2 [175]. In another study, significant reduction in viability of 

human epidermoid carcinoma cell line (A431) was reported when cells are treated with 2 µg/ml 

curcumin dissolved in DMSO and exposed to 1 J/cm2 visible light [174]. However, in these 

studies cells were exposed to light and curcumin simultaneously in PBS along with cell unbound 

drug. In this irradiation procedure, reactive intermediates such as curcumin radicals formed in 

the bulk phase would also contribute to toxicity [169]. However, for localized photodynamic 

therapy it may be more appropriate to remove the unbound drug to avoid the possible cell 

damage to surrounding normal cells. It should be noted that in our study since unbound curcumin 

was removed before irradiation, the intracellular concentration of curcumin which contributed to 

phototoxicity was only in picomolar range.  

The reason for observed necrosis in cur-SiNp treated cells in the dark and due to photodynamic 

treatment (Figure 3.5) could be due to localization of curcumin in the hydrophobic pockets of 

membranous structure in cells [112, 218] which might have led to alterations in membrane 

functions. Studies on curcumin in model membranes (micelles) have shown formation of 

curcumin radicals and its ability to chelate cations even in absence of light [229]. These 

properties may affect functions of membrane bound enzymes and also augment sensitivity of 

cells towards light induced reactions. In addition, short lived ROS such as 1O2 generated on 

exposure to light in these regions could have caused structural damage to membrane resulting in 

necrosis. Extensive necrosis observed in cur-SiNp complex treated cells is attributed due to 
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increase in concentration of reactive oxygen species generated due to enhanced accumulation of 

curcumin in cells.  

Results presented in Figure 3.6 show that in oral cancer cells (untreated) active NF-kB is 

expressed constitutively and consistent with other studies reported in head and neck squamous 

cell carcinoma [230]. Decrease in NF-kB expression in cells treated with cur-SiNp in dark could 

be due to loss of cell survival. Curcumin, at high concentrations in dark has been shown to 

inhibit the expression of prosurvival transcription factor NF-kB in various cell types by blocking 

phosphorylation of IkB and p65 and subsequent translocation of NF-kB into nucleolus [231]. 

However, ROS generation has been shown to activate NF-kB that lead to inflammatory response 

[232]. In contrast to these findings, results of  this study showed that exposure of curcumin 

treated cells on exposure of light down regulated the NF-kB expression further as compared to 

cells treated with curcumin in dark (Figure 3.6). This observation is in agreement with results 

reported on inhibition of NF-kB activity in HaCaT cells subjected photodynamic treatment using 

0.2 µg/ml curcumin and light. However, in these cells NF-kB inhibition facilitated apoptosis 

[167]. Nevertheless, necrosis observed in curcumin treated cells after light exposure in this study 

implies the reduced expression of NF-kB is more likely due to damage of NF-kB transcriptional 

factor which might have occurred due to excess oxidative stress generated during light 

irradiation as result of increased drug uptake from cur-SiNp complex. The induction of necrosis 

together with down regulation of NF-kB gene products confirmed the damage to NF-kB due to 

higher uptake of curcumin. This correlated with enhanced cytotoxicity induced by 

nanoformulated drug.  
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3.5. Conclusion 

In summary, we have shown that uptake and cytotoxic effects of curcumin loaded in SiNp is 

higher for oral cancer cells as compared to free curcumin which is due to its increase in aqueous 

solubility and stability at physiological pH. In addition, photodynamic activity of curcumin in 

nanoformulation is enhanced as indicated by increase in cell killing, and down regulation of NF-

kB activity. Enhanced accumulation of nanoformulated curcumin in oral cancer cells and its 

increased photodynamic activity suggest that SiNp could be a useful delivery vehicle especially 

for topical application of curcumin for photodynamic treatment of oral malignancies.  
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4.1. Introduction  

Although nanocarriers have been demonstrated to improve efficacy of chemotherapeutic and 

photosensitizing drugs used in cancer therapy by offering several advantages such as targeted 

delivery [233], protection against degradation of drugs under physiological conditions, facilitate 

delivery of insoluble agents [234], accumulation of nanocarriers under in vivo conditions remains 

a concern due to limited penetration into avascular tumor compartments. Studies suggest that 

size of the Nps plays a critical role in their penetration and retention within the tumor tissue 

[235-237]. Generally monolayer cultures (2-D cultures) are used for testing the efficacy of 

nanocarriers. Although many of the Nps including gold and SiNps of sizes upto ~50 nm have 

been shown to be internalized efficiently in monolayer cells, results observed in two dimensional 

culture models do not translate similar results in vivo [238-241]. This is due to the inherent 

limitations of monolayer cultures such as absence of three dimensional organization, 

extracellular matrix (ECM), phenotypic differences, complex biochemical and biomechanical 

environment as present in vivo [242]. To more accurately predict the in vivo efficacy, 

nanocarriers need to be screened by using three dimensional culture systems. Multicellular tumor 

spheroids models reflect the in vivo situation as these have closely packed cells with extracellular 

matrix, gradients of nutrients, oxygen, and wastes. As a result, spheroids contain heterogeneous 

regions of tumor cell growth, including a proliferating region, a quiescent region, and a necrotic 

core which may have different responses to drugs [242, 243]. 

 In the previous chapter, we have presented results on evaluation of efficacy of SiNp for delivery 

of curcumin in oral carcinoma cells (4451) grown in monolayer [244]. Our study showed that the 

phototoxic effect of curcumin could be improved significantly when drug was loaded in SiNp 
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due to lower degradation of curcumin and higher uptake as compared to free curcumin. Also 

cells treated with nanoformulated curcumin showed reduced expression of NF-kB, a key 

transcription factor related to growth and invasiveness of cancer. However, since the size of 

nanoformulated curcumin is larger than the free curcumin, efficacy of its accumulation and 

cytotoxicity induced in tumor which has complex environment may therefore vary. In this 

chapter, results of investigations on uptake and phototoxic efficacy of cur-SiNp complex in 

tumor spheroids of oral cancer (Squamous cell carcinoma, Nt-8e) cells which mimic avascular 

tumors are presented. Effect of free curcumin and nanoformulated curcumin on growth, 

migration of cells in spheroids was also investigated as gradients of oxygen and nutrient 

concentration results in changes in gene and protein expression involved in proliferation and 

migration [242]. 

4.2. Experimental methods 

4.2.1. Preparation of cur-SiNp complex  

SiNps and cur-SiNp complex were prepared and characterized as reported in chapter 2.  

 

4.2.2. Curcumin uptake in spheroids 

Nt-8e cells (human squamous cell carcinoma derived from upper aero-digestive tract) were 

grown in monolayer and as spheroids. Small (195 ±10 µm thick) and big (365 ±10 µm thick) 

spheroids were incubated in growth medium containing 25 µM of either free curcumin or cur-

SiNp complex with equivalent concentration of curcumin for 4 and 24 h. Curcumin accumulated 

in the spheroids was extracted by using methanol and quantitated by measuring its absorbance at 

420 nm using a microplate reader (Biotech Instrument Power Wave 340, USA). Detailed 

procedure used is described in chapter 2. 
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4.2.3. Phototoxicity of free and nanoformulated curcumin 

Spheroids grown for 3 or 7 days were incubated in a growth medium containing either 25 µM of 

free curcumin or SiNp loaded with similar concentration of curcumin at 37 0C for 24 h. Wells 

containing spheroids were replaced with fresh medium without phenol red after washing with 

PBS and exposed to blue light (~460 nm) for different durations. To study if ROS was involved 

in the phototoxicity, in some experiments spheroids were irradiated in presence of GSH (1 mM), 

a ROS scavenger. Spheroids were incubated with GSH for 4 h prior to light exposure. Viability 

of cells in spheroids subjected to different treatments was assessed after 24 h by MTT assay. 

Details of light source used for irradiation and the procedure of MTT assay followed are 

described in chapter 2.  

 

4.2.4. Detection of ROS generation 

For evaluating ROS generation induced by curcumin and light treatment, spheroids treated with 

25 μM of either free curcumin or cur-SiNp complex for 24 h in the dark or exposed to light (10 

J/cm2) after incubation with different formulations of curcumin were incubated in growth 

medium containing 10 μM H2DCFDA for 30 min at room temperature. Fluorescence of DCF 

was monitored by fluorescence microscopy. Detailed procedure used is described in chapter 2.  

 

4.2.5. Mode of cell death  

Spheroids treated with 25 μM of either free curcumin or cur-SiNp complex for 24 h in the dark 

or exposed to blue light (10 J/cm2) after incubation with different formulations of curcumin were 

stained with PI (10 µg/ml) and hoechst (20 µg/ml) for 15 min at 37 °C. Stained spheroids (intact) 
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or after dissociation were examined under fluorescence microscope (Olympus, Japan) using 

appropriate emission filters. Details are described in chapter 2. 

 

 4.2.6. Post treatment growth and migration  

For studying post treatment growth, spheroids treated with 25 μM of free curcumin or its SiNp 

complex in dark (24 h) or subjected photodynamic treatment (light dose 20 J/cm2) in presence or 

absence of GSH were placed in agarose coated 96-well plate again after washing with PBS. 

Single spheroid was placed in individual well. Growth of spheroid was monitored upto 7 days 

using a phase contrast microscope.  

To study migration of cells subjected to different treatments, spheroids were transferred to 24 

well plates without agarose coating and incubated at 37 °C. Migration of cells from spheroids 

was assessed microscopically. All procedures are described in detail in chapter 2. 

 

4.2.7. Histology 

Spheroids treated with 25 μM of free curcumin or its cur-SiNp complex in dark or irradiated with 

light (10 J/cm2) were fixed with 4% formaldehyde for 24 h and processed for histology. 

Morphology of cells in the spheroids was observed under microscope. Detailed procedure 

followed for histology is described in chapter 2.  

 

4.2.8. Statistical analysis 

All the experiments were repeated at least three times. In each experiment at least three spheroids 

(n=3) for each data point. Data was represented as mean ± SEM of three experiments. A t -test 
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was used to compare the statistical difference among the groups. P value <0.05 was considered 

as statistically significant. 

 

4.3. Results 

4.3.1. Uptake of free curcumin and its complex by spheroid  

In Figure 4.1 A, we show the quantity of curcumin accumulated in small and big spheroids after 

incubation with free curcumin or its SiNp complex for different durations. This was determined 

by measuring the absorbance of methanol extracted curcumin from spheroids. Uptake of 

curcumin in small spheroids increased with an increase in incubation time for both free as well as 

nanoformulated curcumin. Compared to free curcumin, the uptake of nanoformulated curcumin 

was ~1.5 and ~1.7 times higher at 4 and 24 h respectively. In big spheroids uptake of 

nanoformulated curcumin increased  by ~ 1.4  times as compared to free curcumin after 24h of 

incubation. Between small and big spheroids, no significant difference (p>0.05) in the uptake of 

both the formulations of curcumin was noted. However, when normalized with respect to cell 

number, uptake of nanoformulated curcumin by small spheroids was significantly (p<0.05) 

higher (∼3.9 times, 6.8 nmole/106 cells) as compared to big spheroids (1.75 nmol/106 cells). In 

Figure 4.1 B, we show the fluorescence microscopic images of spheroids (small) incubated with 

either free curcumin or its nanocomplex for 24 h. For 4h incubation time, fluorescence of 

curcumin from spheroids was similar for both free curcumin and nanocurcumin. However, at 24 

h, curcumin fluorescence was stronger in spheroids (small) incubated with nanoformulated 

curcumin as compared to free curcumin. In agreement with this, the cells dissociated from the 

spheroids incubated with cur-SiNp complex for 24 h also showed strong fluorescence (Figure 

4.1B (d) as compared to free curcumin treated cells. 
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Figure 4.1: (A) Uptake of curcumin in small and big spheroids. Spheroids were incubated with 

either 25 μM of free curcumin or its SiNp complex for different incubation times. *P < 0.05 & # 

P > 0.05.  (B) Fluorescence microscopic images of intact spheroids incubated for 24 h with 25 

μM of (a) free curcumin, (b) cur–SiNp complex; Curcumin fluorescence in cells dissociated 

from spheroids incubated with 25 μM for 24 h (c) free curcumin and (d) cur–SiNp complex. 

A) 

B) 
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4.3.2. Phototoxicity of free and nanoformulated curcumin 

Effect of light exposure on viability of monolayer Nt-8e cells treated with free curcumin (25 µM) 

or its SiNp complex (25 µM curcumin equivalent) is shown in Figure 4.2 A. The data are 

compared with the viability of cells in small and big spheroids treated with similar concentration 

of free curcumin and its SiNp complex for 24 h and then irradiated with light (Figure 4.2 B and 

C). For monolayer cells incubated with either free curcumin or nanocurcumin in dark, viability 

reduced by ∼30 and ∼50 %. After exposure to light (20 J/cm2), less than ~10% of nanocurcumin 

treated cells were viable as against ~40% viability observed in free curcumin treated cells under 

similar conditions. On the other hand, treatment of small spheroids with either free curcumin or 

its SiNp complex in dark reduced the cell viability by ~14% and ~22% respectively. Significant 

reduction in cell viability was observed in spheroids treated with either free or nanoformulated 

curcumin following exposure to blue light. While the cell death was about ~78% in 

nanocurcumin treated spheroids irradiated at a light dose of 20 J/cm2, in free curcumin treated 

spheroids viability reduced by ~39% under similar irradiation condition. Although viability of 

cells in big spheroids treated with cur-SiNp complex was significantly (p<0.05) lower as 

compared to free curcumin, surviving fraction was much higher in nanocurcumin treated (∼58 

%) or free curcumin (∼69.5 %) treated spheroids as compared to small spheroids. It should be 

noted that no significant change in viability of cells was observed in spheroids treated with void 

SiNp (150 μg/ml) as compared to spheroids incubated with either curcumin or void nanoparticles 

(untreated control). 
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Figure 4.2: Viability of cells treated with 25 μM of free curcumin or equivalent concentration of 

cur–SiNp complex for 24 h in the dark and then exposed to blue light (A) monolayer, (B) Small 

spheroids, (C) Big spheroids. Viability of cells assessed by MTT assay in spheroids subjected to 

different treatments was compared with untreated controls *P < 0.05. 

 

4.3.3. Effect of curcumin and light on ROS generation 

To investigate the differences observed in the photodynamic effects of curcumin in two 

formulations, spheroids (small) subjected to different treatments were stained with H2DCFDA, a 

probe for detecting ROS (Figure 4.3). In the spheroids treated with free curcumin in dark (25 

µM), fluorescence of DCF was weak. This indicated low generation of ROS. Compared to free 

curcumin, fluorescence of DCF was stronger in nanocurcumin treated spheroids indicating 
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higher generation of ROS. However, ROS increased remarkably in spheroids treated with cur-

SiNp complex after irradiation with blue light (10 J/cm2) in comparison to free curcumin treated 

spheroids. We also investigated the effect of two formulations of curcumin and light treatment 

on ROS generation in big spheroids. ROS was quantitated by measuring the fluorescence of DCF 

in cells dissociated from the spheroids spectroscopically. The fluorescence intensity of DCF in 

nanocurcumin treated spheroids after exposure to light (10 J/cm2) was found to be ~1.24 times 

higher than the free curcumin treated spheroids under similar conditions.  

 

 

 

 

Figure 4.3: Fluorescence images of spheroids stained with H2DCFDA after treatment with 

curcumin or its nanoformulation in dark and subsequent to light exposure. Spheroids were 

incubated with 25 μM of either free curcumin or cur–SiNp complex for 24 h in the dark and then 

exposed to blue light (10 J/cm2). Treated and untreated spheroids were stained with H2DCFDA 

(10 µM) for 30 min for evaluating ROS generation.   
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4.3.4. Phototoxicity in presence of ROS scavenger 

To confirm the involvement of ROS in the phototoxic effect induced by different formulations of 

curcumin, spheroids (small) incubated with either free curcumin or its silica complex were 

irradiated in presence of GSH (1mM). GSH was chosen because it is a water soluble low 

molecular weight antioxidant present in cellular compartments and has been used widely to study 

the involvement of ROS generated in the photochemical reactions of photosensitizers [245-247]. 

In Figure 4.4, we show the effect of irradiation (20 J/cm2) of small spheroids treated with 

different formulations of curcumin in presence of GSH on cell viability.  
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Figure 4.4: Phototoxicity of different formulations of curcumin on spheroids irradiated in 

presence and absence of GSH. Spheroids treated with 25 μM of free curcumin or equivalent 

concentration of cur–SiNp complex for 24 h in the dark and then irradiated with blue light (20 

J/cm2) in presence and absence of GSH. Spheroids were incubated with GSH (1 mM) for 4 h 

prior to irradiation. Viability of cells assessed by MTT assay in spheroids subjected to different 

treatments was compared with untreated controls *P < 0.05.   
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Viability of cells was higher in spheroids irradiated in presence of GSH after treatment with 

either free curcumin or cur-SiNp than the spheroids irradiated without GSH. In cur-SiNp treated 

spheroids, a remarkable difference in cell viability was observed between GSH treated and 

untreated (without GSH) groups. When cur-SiNp spheroids were irradiated in presence of GSH 

cell death reduced by ~2 times as compared to spheroids irradiated without GSH. These results 

indicated involvement of ROS. 

 

4.3.5. Effect of curcumin and light on mode of cell death 

Figure 4.5 A shows the spheroids stained with PI and hoechst following photodynamic treatment 

with either free or cur-SiNp complex. As seen in Figure 4.5 A, compared to untreated and 

spheroids treated with free curcumin in dark, fluorescence of PI from the surface of spheroids 

treated with cur-SiNp complex (right panel) was higher. When nanocurcumin treated spheroids 

were irradiated with light, significant enhancement in PI fluorescence was observed (lower right 

panel) as compared to spheroids treated with nanoformulated curcumin in dark. These results 

indicated that nanocurcumin induces extensive membrane damage in cells. To further verify this 

observation, cells from spheroids subjected to different treatments were dissociated and 

examined under the microscope. The population of cells with condensed chromosomes 

(apoptotic) was higher in disaggregated spheroids treated with free curcumin and light, whereas 

cells with PI uptake was predominant in spheroids treated with nanocurcumin and light after 

dissociation (Figure 4.5 B). 
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A) 

 

 

 

B) 

                          

Figure 4.5: Fluorescence images of Hoechst (10 µg/ml) and PI (20 µg/ml) stained (A) intact 

spheroids, (B) cells dissociated from spheroids. Spheroids (small) were incubated with 25 μM of 

either free curcumin or its cur–SiNp complex in dark for 24 h and then irradiated with light (10 J/ 

cm2) before staining with hoechst and PI. 
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4.3.6. Histology of spheroids  

Figure 4.6 shows histological sections of spheroids (small) treated with the two formulations of 

curcumin with and without irradiations. Cells in untreated spheroids appeared normal with well 

defined nucleus, abundant cytoplasm and intact extracellular matrix (top panel). The spheroids 

treated with free curcumin and light at 10 J/cm2 showed large nucleus and a scanty cytoplasm. 

Apoptotic cells were also abundant. In contrast, cells in spheroids treated with nanocurcumin and 

light showed irregular nucleus, damaged extracellular matrix, many cells lacked nucleus. 

 

  

 

 

 

 

 

 

 

 

Figure 4.6:  Histological analysis of spheroids treated with 25 μM of either free curcumin or its 

cur–SiNp complex. Spheroids were incubated in dark for 24 h with either free or cur–SiNp 

complex and then irradiated with light (10 J/ cm2). 
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4.3.7. Effect of phototoxicity on growth of spheroids 

To study the possible regrowth of cells surviving in spheroids (small) after treatment with two 

formulations of curcumin in dark and after exposure to light, spheroids were incubated in fresh 

culture medium on nonadherent surfaces. The morphology and time dependent changes in 

diameter of the treated and untreated spheroids are shown in Figure 4.7 A & B.  
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Figure 4.7: Phase-contrast images of spheroids grown for different days after treatment with 

either 25 μM of free curcumin or its SiNp complex in dark (24 h) and then exposed to light (10 J/ 

cm2) Scale bar represented is 100 μm. (A). Changes in diameter of spheroids subjected to 

different treatments (B) *P < 0.05.  

 

With increase in incubation time, diameter of the untreated spheroids increased, from initial 170 

µm ± 4.0 to 203 ± 5.0 µm after six days and appeared compact. On the other hand, diameter of 

spheroids treated with free curcumin or nanoformulated curcumin with and without irradiation 

decreased with increase in incubation time (Figure 4.7 B). The size of spheroids treated with 
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nanoformulated curcumin after irradiation decreased from initial 171.3 ± 2.0 µm to 89.8 ± 5.0 

µm, whereas for spheroids treated with free curcumin the decrease was from 170.3 ± 3.0 µm to 

112.2 ± 4.0 µm after six days of incubation. 

 

4.3.8. Migration of cells from Spheroids 

To investigate the effect of free curcumin and its complex on cell dissemination from extra 

cellular matrix of spheroid, spheroids (small) were transferred to adherent surfaces. Figure 4.8 (A 

& B) shows the extent of migration of cells from untreated and spheroids treated with either free 

and nanoformulated curcumin (for 24 h) in dark and after exposure to light (10 J/cm2). 

Representative images of untreated spheroids, spheroids treated with either free curcumin, or 

nanocurcumin on Day 0 and 2 post irradiation are shown in Figure 4.8 (A). Untreated spheroids 

had a mean diameter of 176.6 ± 5.0 µm. After 4 days (96 h) of incubation, the diameter of 

spheroids plus cells emigrating from them increased to 672 ± 5.0 µm. Spheroids treated with 

void nanoparticle showed similar results (Figure 4.8 B).  
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Figure 4.8: (A) Phase-contrast images of cells migrating from spheroids subjected to different 

treatments after transferring to petridishes, Scale bar represented is 100 μm. (B) Changes in 

diameter of cells migrating from spheroids subjected to different treatments. Spheroids were 

incubated with 25 μM of either free curcumin or its SiNp complex for 24 h in dark before 

exposing to blue light (10 J/cm2).  

 

Compared to untreated control, migratory capacity of spheroids incubated with either free 

curcumin or its complex in dark, reduced by ~1.7 and ~2.0 times respectively (Figure 4.8 A and 

B). In spheroids treated with nanocurcumin and light, inhibition in cell migration was even more 

remarkable (~2.7 times than that of untreated control). 
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4.3.9. Effect of ROS scavenger on regrowth and migration  

The effect of irradiation of small spheroids treated with different formulations of curcumin in 

presence of GSH on regrowth and cell migration is shown in Figure 4.9 (A & B). As seen, post 

treatment inhibition in growth of spheroids treated with either free or cur-SiNp complex 

irradiated in presence of GSH was less as compared to spheroids irradiated in absence of GSH at 

144 h. However the effect was more for cur-SiNp complex. Similarly, as compared to untreated 

control, cells spreading (migrating) from spheroids treated with cur-SiNp complex and light was 

reduced by ~68%, whereas in spheroids irradiated in presence of GSH inhibition in spreading of 

cells was ~18% at 48 h. While in free curcumin treated spheroids, inhibition was ~48% after 

light exposure. In presence of GSH, inhibition in migration was only ~23%. These results 

indicated the involvement of ROS in phototoxicity of curcumin. 

 

A) 
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Figure 4.9: (A) Relative change in diameter of spheroids, (B) Phase-contrast images of cells 

migrating from spheroids subjected to photodynamic treatment in presence and absence of GSH. 

Spheroids were incubated with 25 μM of either free curcumin or its SiNp complex for 24 h in 

dark and then irradiated with blue light (20 J/cm2) in presence and absence of GSH. Spheroids 

were incubated with GSH (1 mM) for 4h prior to irradiation. 

 

4.4. Discussion 

The objective of the present study was to evaluate the accumulation and phototoxic efficacy of 

free curcumin and its silica nanoformulations in three dimensional cell culture models 

(spheroids) of human squamous cell carcinoma cells which have extracellular matrix, complex 

biochemical and biomechanical environment other phenotypic differences similar to tumors 

under in vivo conditions. Results of our study presented in Figure 4.1 (A & B) suggests that the 

uptake of curcumin in nanoformulation in both small (~ 195 µm) and big spheroids (~ 365 µm) 
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is better than the free curcumin. One of the reasons for high uptake observed is due to higher 

stability of curcumin in SiNp formulation and lower dark toxicity of curcumin at 24 h in 

spheroids as compared to monolayer [244]. The strong fluorescence observed from the large 

number of cells dissociated from spheroids treated with nanoformulated curcumin suggests that 

nanocarriers are distributed within the spheroids. The differences in the accumulation of two 

formulations may also arise due to variation in the mechanism of internalization in spheroids. 

Whereas free curcumin enters cells through diffusion, cur-SiNp complex due to its large size 

(~30 nm) may be internalized through endocytosis. Penetration of nanocarriers in spheroids is 

also influenced by surface charge [248, 249]. Since nanocomplex has negative surface potential, 

it is likely that it diffuses deeper in spheroids due to reduced nonspecific adsorption by 

negatively charged extracellular matrix components like collagen and proteoglycans present in 

spheroids [250, 251]. These results are consistent with studies carried out on uptake of gold 

nanoparticles by tumor cylindroids wherein it has been shown that negatively charged particles 

diffuse faster and deliver drugs deep into the spheroids as compared to positively charged 

particles [252]. In addition, our results suggest that the size of spheroid has limitation on uptake 

of both the formulations of curcumin. Lower uptake of both formulations of curcumin observed 

in big spheroids as compared to small spheroids when normalized with cell number could be due 

to variation in distribution of curcumin SiNp complexes in different regions of the spheroids. It 

has been reported that spheroids have heterogenous population of cells. This arises due to 

variations in nutrients, oxygen levels, size and cell-cell communications [253, 254]. Rapidly 

dividing cell population present in the periphery generally show higher uptake of drugs than the 

quiescent population found in hypoxic regions. As the size of spheroids increases hypoxic 

regions and necrotic regions (dead cells) also increase contributing to overall reduction in uptake. 
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Indeed, spheroid size dependent difference in accumulation of photosensitizer has been reported 

in other studies also [255]. 

Our data (Figure 4.2) show that nanoformulated curcumin exhibits higher cytotoxicity in dark 

and after exposure to light in small spheroids as compared to free curcumin which is consistent 

with the higher uptake of curcumin in nanoformulation. Since cytotoxicity of cur-SiNp complex 

is comparable with monolayer cells, it confirms that there is little hindrance to penetration of the 

curcumin nanocomplex. Dark toxicity (~20%) of nanoformulated curcumin observed in 

spheroids might be due to release of curcumin from the SiNp which may be localized near the 

hydrophobic pockets. Released curcumin may induce toxicity by interfering with various 

signaling pathways such as phosphatidylinositol-3-kinase/AKT and epidermal growth factor 

receptor signaling associated with cell proliferation and survival [226, 227, 256]. However, 

observed lower dark toxicity and higher resistance to photodynamic damage exhibited by big 

spheroids as compared to small spheroids is consistent with the lower uptake of cur-SiNp 

complex (Figure 4.1 A) due to nonuniform distribution of curcumin SiNp complexes in different 

regions of the spheroids. The existence of hypoxic regions and reduction in the light penetration 

with increase in thickness also contribute to lower photodynamic efficacy. In spheroids hypoxic 

cells are found either in the core, or in the rim surrounding the necrotic core with low oxygen 

tensions typically below 10-mm Hg [257]. It has been shown that photosensitizing effect of 

curcumin requires the presence of oxygen for generating free radical photoproducts [169, 171]. 

Therefore, it is likely that if oxygen in the spheroids reduces the photototoxic effect also reduces. 

It has been reported that within 150 μm radius of spheroids, the light dose is reduced by ~ 20% 

while the oxygen concentration is reduced by around 15% compared to the periphery [258, 259]. 

Results of our study are consistent with a study carried out on size dependent photodynamic 
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sensitivity of human colon carcinoma spheroids wherein it has been shown that the 

photosensitizer uptake and photodynamic sensitivity reduces sharply in spheroids of size 500 µm 

as compared to spheroids of sizes 100 and 200 μm [255].  

Higher phototoxicity observed in spheroids treated with curcumin complexed with SiNp as 

compared to free is consistent with the higher generation of ROS (Figure 4.3) which may be due 

to enhanced stability of curcumin in nanocomplex. It has been shown that curcumin produce 

ROS such as superoxide and curcumin radicals upon irradiation with visible light of >400 nm. 

However, the type of species depends upon sensitizer environment [169, 171]. Higher protection 

of phototoxic damage (reduction in cell death) induced by cur-SiNp complex when irradiated in 

presence of GSH as compared free curcumin observed in our study (Figure 4.4) further confirm 

that curcumin entrapped in SiNp generates higher ROS. It should be noted that the ROS levels 

induced by either free curcumin or its complex in big spheroids after light exposure was almost 

comparable to reduction in viability of cells in spheroids treated with respective formulations of 

curcumin in dark. These results confirmed reduced photosensitivity of big spheroids to curcumin.    

Increased ROS generation induced in cur-SiNp complex treated spheroids (small) resulted in 

necrotic cell death (Figure 4.5) and damage to extra cellular matrix as evident in histology 

(Figure 4.6). Apoptotic death appears to be more predominant in free curcumin treated spheroids 

(Figure 4.5). This variation could have arisen due to differences in amount of curcumin 

accumulated within cells and also due to differences in the subcellular localization of the free 

drug and nanocomplex. While free curcumin may diffuse and get localized in membrane and 

other subcellular organelles, curcumin associated with nanoparticle may be more likely to be 

localized in lysosomes as nanocarriers are internalized by cells via endocytosis [260]. ROS 
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generated due to interaction of curcumin and light in lysosomally located SiNp may destroy 

lysosomes and release lytic enzymes leading to necrosis. Since the concentration of free 

curcumin accumulated by spheroids is lower than nanocurcumin, cell death occurs mainly 

through apoptosis. Induction of apoptosis by curcumin in combination with light has been 

reported in other studies also [167, 173]. 

The high phototoxicity induced by cur-SiNp complex and necrotic cell death could have 

contributed to remarkable growth inhibition in small spheroids (Figure 4.7). It should also be 

noted that regrowth was not observed even in spheroids treated with curcumin in absence of 

light. This observation confirms that both forms of curcumin have infiltrated the spheroids and 

inhibition of cell proliferation due to curcumin leaked out from nanoformulation appears to be 

sustained and irreversible. Marked differences observed in the sizes of spheroids treated with 

cur-SiNp complex irradiated with and without GSH is consistent with differences observed in the 

viability. Larger size of GSH treated spheroids is due to reduced cell death as a result of 

quenching of ROS by scavenger (Figure 4.4).  

Inhibition of migration of cells from irradiated spheroids pretreated with nanocurcumin observed 

in our study (Figure 4.8) may be due to inhibition of NF-kB, not only due to cell death as at this 

light dose ~40% cells were still found to be viable. Studies carried out by us and others have 

shown that curcumin and light treatment inhibits NF-kB which is a key transcription factor that 

regulates metastasis and invasion of cancer cells [167, 244]. In addition, migration of the cancer 

cells involves interaction with ECM components, proteases (such as metallomatrix proteases), 

adhesion molecules and cytoskeletal proteins, curcumin has been reported to inhibit invasiveness 

of cancer cells [261]. Thus, damage to ECM observed in spheroids treated with light and 
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nanocurcumin (Figure 4.6) along with reduced NF-kB expression could have contributed to 

inhibition of migration of cells from spheroids. Increased migration of cells observed in 

spheroids treated with cur-SiNp after irradiation in presence of GSH as compared to spheroids 

irradiated in absence of it is due to enhancement of viable cells in spheroids and lower damage to 

ECM components due ROS scavenging activity of GSH (Figure 4.9). 

 

4.5. Conclusion 

This study showed that compared to free curcumin silica nanoparticles loaded with curcumin 

could penetrate better in oral cancer spheroids and the efficacy of uptake was found to be higher 

for small (~195µ) spheroids than large spheroids (~365 µ). Due to enhanced uptake of curcumin, 

cytotoxicity, inhibition in growth and antimetastatic ability were amplified in small spheroids 

treated with cur-SiNp complex and light profoundly as compared to free curcumin. Further, 

significant attenuation of phototoxic effect of cur-SiNp observed in presence of GSH vis- a -vis 

free curcumin treated spheroids confirmed enhanced generation of ROS. These results suggest 

that cur-SiNp complex and light treatment could be effective in controlling the growth of 

avascular tumors of oral cancer.  
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5.1. Introduction  

As discussed in chapter 1 & 4, Np based drug delivery offers several advantages in cancer 

therapy as they can encapsulate poorly soluble drugs [262], protect therapeutic molecules from 

degradation [234], modify their blood circulation and also reduce side effects of drugs [263]. 

Although nanoscale delivery vehicles increase the local concentrations of drugs in tumors by 

enhanced permeability and retention (EPR) effect, the distribution of Nps within the tumor cells 

is still challenging due to limited permeability of Nps within the tumors and lack of inherent 

affinity between the passively targeted Nps and tumor cells. By conjugating drug loaded Nps 

with suitable ligands that bind specifically to receptors over expressed on cancer cells (Active 

targeting) cellular or intracellular targeting can be improved. Receptor targeted drugs delivered 

through nano carrier systems have shown better pharmacokinetic and internalization of drugs 

than passive targeting [264, 265].  

In our previous studies we showed that the phototoxic effect of curcumin in oral carcinoma cells 

(4451) could be improved significantly when drug was loaded in SiNp due to enhancement in its  

stability [244]. However, bioavailability of curcumin to diseased tissue may be enhanced further, 

if the drug loaded SiNp particles are conjugated with biomolecules which selectively bind to 

cancer cells. In this context, Hyaluronic acid (HA), a naturally occurring polysaccharide 

composed of N-acetyl-d-glucosamine and d-glucuronic acid is receiving a lot of attention 

because it has a strong affinity for cell-specific surface marker CD44 that are over expressed on 

the surface of malignant cells and HA also interacts with receptors which influences hyaluronan-

mediated motility (RHAMM), HARE (HA receptor for endocytosis) and migration [266, 267]. 
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However, biological functions and applications are dependent on molecular mass of HA. It has 

been reported that HA of molecular weight of about tens of kDa (about 100 disaccharides) and 

oligosaccharides up to a few kDa (10–15 disaccharides) enhance angiogenesis [266-268], 

whereas short oligomers (3–9 disaccharide units), exhibit anti carcinogenic effect under both in 

vitro and in vivo conditions [269-271]. It is therefore expected that by conjugating the SiNp-cur 

complex, curcumin delivery can be targeted to CD44 expressing cancer cells. 

In the present chapter, we present results of study on evaluation of cellular uptake and cytotoxic 

potential of curcumin loaded in the SiNp conjugated with short oligomers (HA4). The cellular 

uptake and cytotoxic efficacy of HA targeted SiNp-cur was compared with untargeted SiNp-cur 

in colon carcinoma (Colo-205) cells grown in monolayer and multicellular spheroids. The cell 

line chosen express CD44 receptors [272].  

 

5.2. Experimental methods 

5.2.1. Preparation of nanoparticles 

Preparation and characterization of SiNp, HA-SiNp, SiNp–cur, HA-SiNp-cur, quantitation of HA 

in HA-SiNp-cur and procedure used for release of curcumin from SiNp and HA-SiNp-cur have 

been described in detail in chapter 2. 

 

5.2.2. Fluorescence microscopy 

Colo-205 cells (5 × 104) were grown on poly-lysine coated cover slips. After 24 h, the attached 

cells were treated with 25 µM of either free curcumin or its different nanoformulations. In some 

experiments, to confirm involvement of HA receptors, colo-205 cells were incubated with 0.5 

mg/ml HA for 1 h before treating with different formulations of curcumin. After specified time 
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of incubations, cells from different groups were washed first with growth medium then with PBS 

(pH 7.4) and examined under fluorescence microscope (Olympus, Japan) using blue excitation 

filter. For studying distribution of free curcumin and nanoformulated curcumin in spheroids, 

after 72 h of incubation with different formulations of curcumin, the spheroids were either 

disrupted by accutase to prepare single cell suspension or examined as such (intact) under 

fluorescence microscope after these were transferred to uncoated coverslips. Curcumin 

fluorescence was monitored. 

 

5.2.3. Quantitation of curcumin uptake in cells 

Cells were grown in monolayer for 24 h, were treated with either 25 µM curcumin in free  form 

or in different nanoformulations for 4 h. Cells were harvested and curcumin was extracted from 

cells using methanol as described in chapter 2. To study the uptake of curcumin in spheroids, 3-4 

days grown spheroids were incubated upto 96 h in growth medium containing either 25 µM 

curcumin (free) or different nanoformulations. After specified time of incubation, spheroids from 

different wells were pooled, washed 3-4 times in PBS, incubated with 200 µl accutase enzyme 

(37 ºC, 20 min) for dissociation of cells from spheroids and curcumin was extracted using 

methanol and quantitated as described in chapter 2.  

 

 

 

 



141 

 

5.2.4. Cytotoxicity of free and nanoformulated curcumin 

5.2.4.1. Monolayer 

To evaluate the cytotoxic effect of different nanoformulations of curcumin, cells were seeded at 

a density of 3X104 cells in 24 well plates and grown for overnight. Subsequently, cells were 

incubated with 25 µM of curcumin in free or its nanoformulations for different durations (24-96 

h). MTT assay was performed after specified time as described in chapter 2. 

 

5.2.4.2. Spheroids 

Spheroids grown for 120 h (~250 µm diameter) were incubated with 25 µM of free curcumin, 

SiNp-cur, and HA-SiNp-cur complex containing equivalent concentration of curcumin in fresh 

medium (200 µl) for 24 to 96 h at 37 ºC. After specified time of incubation, growth medium was 

removed, spheroids were washed twice using PBS and spheroids were transferred to uncoated 96 

-well plate. MTT Assay was performed as described in chapter 2. Viability of cells in treated 

spheroids was calculated with respect to untreated spheroids. 

 

5.2.5. Post treatment growth of spheroids 

Spheroids incubated with 25 µM of curcumin in free or its nanoformulations for 72 h, were 

washed twice with PBS, and transferred to agar coated 24 well plate containing 1ml of fresh 

growth medium and incubated at 37 0C. Growth of spheroids was followed upto 6 days by 

measuring the size of spheroids using reticulated eye piece by phase contrast microscope. 
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5.2.6. Effect of free and nanoformulated curcumin on invasion of cells from 

spheroids 

For studying invasion, 24-well plates were coated with collagen (1 mg/ml). Spheroids incubated 

with 25 µM of curcumin in free or its nanoformulations for 72 h were washed in PBS and then 

transferred to collagen coated plates. Culture medium (500 µl) supplemented with 2% (v/v) FBS 

was added over the spheroid placed in each well. Migration of cells from spheroids through 

collagen matrix was imaged using phase contrast microscope at 0, 24, 48 and 72 h. 

 

3.2.7. Statistical analysis 

All the experiments were repeated at least three times. Data was represented as mean ± SEM of 

three experiments. In each experiment at least three spheroids (n=3) for each data point was 

used.  A t-test was used to compare the statistical difference among the groups. P value <0.05 

was considered as statistically significant. 

 

5.3. Results 

5.3.1. Physicochemical characterization of HA functionalized SiNp 

In Figure 5.1a, we show the absorption of 25 µM curcumin in different SiNp formulations in 

aqueous solutions. While the magnitude of absorbance of curcumin in SiNp-cur complexes was 

higher, no significant change in peak position was observed as compared free curcumin. Both 

SiNp-cur complexes (HA bound and free) showed a peak around 425 nm and no significant 

difference was observed in the magnitude of absorbance. The conjugation of HA to SiNp-cur, 

was ascertained by observation of a peak at ∼215 nm which corresponded with peak observed in 

absorption spectra of  free HA (inset). EE% and LC% was found to be ∼59 % and ∼11.4 % 
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respectively. In Figure 5.1b, we show the fluorescence spectra of 25 µM curcumin in different 

SiNp formulations in aqueous solutions.  
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Figure 5.1: Absorption (a) and Fluorescence spectra (b) of free curcumin, SiNp-cur and HA-

SiNp-cur in aqueous environment. 
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The fluorescence spectrum of HA conjugated SiNp-cur was similar to that of HA free SiNp-cur 

complex. Compared to free curcumin, curcumin fluorescence from HA conjugated and HA free 

SiNp-cur complex was blue shifted by ∼62 and ∼58 nm respectively and fluorescence intensity 

enhanced by a factor of ∼6. After conjugation with HA, size of SiNp increased from ∼45 nm to 

∼70 nm. The zeta potential of SiNp-cur complex increased to −33.25 ± 2.5 mV from −26 ± 1.6 

mV.  

 

5.3.2. Stability and release of curcumin 

 

To assess the stability, the absorbance of different nanoformulations of curcumin in aqueous 

media was compared at different time intervals. In Figure 5.2 a, we show change in curcumin 

peak absorbance at 425 nm with time. While absorbance of free curcumin (dissolved in DMSO) 

decreased by 90% in water by 4 h, only ∼20% change was observed for SiNp-cur. Curcumin 

absorbance in HA-SiNp-cur formulation did not change with time. This indicated that curcumin 

was very stable in HA conjugated SiNp formulation. 

To understand the mechanism of release of curcumin from HA-SiNp, a known volume of HA 

conjugated SiNp-cur complex was incubated with and without hyaluronidase enzyme and release 

of curcumin was compared with curcumin release from SiNp without HA. The cumulative 

release of curcumin in all the three cases is shown in (Figure 5.2 b). After 4 h, the amount of 

curcumin released from SiNp-cur was ∼35%, ∼28% in case of HA-SiNp-cur in presence of 

enzyme. Curcumin release increased with time from both SiNp-cur and HA-SiNp-cur incubated 

with hylauronidase and was comparable in both cases. However, curcumin release observed in 

the same amount of time from HA-SiNp without enzyme was negligible.  
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Figure 5.2: Stability of different formulations of curcumin in aqueous environment (a), Time 

dependent release of curcumin from HA-SiNp in presence and absence of hyaluronidase enzyme 

(b). 
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5.3.3. Intracellular localization and uptake of curcumin 

Cellular targeting efficacy of HA free and HA conjugated SiNp-cur was studied by visualizing 

the intrinsic fluorescence of curcumin by fluorescence microscopy. In Figure 5.3 a (first row) we 

show the fluorescence microscopic and corresponding transmitted light images (second row) of 

cells incubated with free curcumin, SiNp-cur and HA-SiNp-cur for 4 h. Compared to free 

curcumin and its SiNp complex, fluorescence of curcumin from cells incubated with HA-SiNp-

cur was strongest. While fluorescence of curcumin appeared to be arising from membrane in 

cells treated with free curcumin, fluorescence of curcumin in HA-SiNp-cur treated cells was 

observed throughout the cytoplasm. This suggests that HA-SiNp-cur was more easily 

internalized by the colo-205 cells than HA-free Nps. To confirm the involvement of CD44 

receptors in the uptake of HA-SiNp-cur by colo-205 cells, HA-SiNp-cur was co incubated with 

free HA. While the presence of HA did not alter the fluorescence of curcumin significantly in 

cells incubated with either free curcumin or SiNp-cur, in cells incubated with HA-SiNp-cur 

complex a very large decrease in fluorescence was observed due to competitive binding of free 

HA with receptors (Figure 5.3 a, third row). Differences in uptake of curcumin nanoformulations 

in cells incubated with free curcumin, SiNp-cur, and HA-SiNp-cur (25  µM, 4 h) was quantified 

by measuring the intracellular curcumin extracted in methanol (Figure 5.3 b). These results 

showed that as compared to free curcumin uptake of curcumin in cells incubated with SiNp-cur 

and HA-SiNp-cur increased by ∼2.9 and ∼4.5 times respectively. 
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Figure 5.3: Fluorescence and transmitted light microscopic images of cells incubated with free 

curcumin, SiNp-cur, and HA-SiNp-cur for 4 h in presence and absence of HA (free) (Scale bar: 

50 µm) (a). Uptake of curcumin in cells incubated with free curcumin, SiNp-cur, and HA-SiNp-

cur for 4 h at 37 ºC (b). *p<0.05, with respect to free curcumin. 

* 
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5.3.4. Uptake in tumor spheroids  

Figure 5.4 (a & b) show the uptake of curcumin in spheroids incubated with different 

formulations of curcumin for different durations and the microscopic images of spheroids (intact 

& dissociated) incubated with different formulations of curcumin for 24 h. It is apparent from the 

Figure 5.4 (a) that at all the incubation time points the uptake of curcumin from HA-SiNp-cur 

was higher than free curcumin and its SiNp complex. 

 

a)  
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b) 

     

 

 

Figure 5.4: Time dependent uptake of curcumin in spheroids incubated with 25 μM of free 

curcumin, SiNp-cur, and HA-SiNp-cur. *p<0.05, with respect to free and SiNp-cur (a). 

Fluorescence microscopic images of spheroids (intact and dissociated) (b). Spheroids were 

incubated with free curcumin and HA free and HA conjugated SiNp-cur complex for 24 h before 

imaging. Concentration of curcumin was 25 μM. Scale bar: (100 µm, upper panel), (50 µm, 

lower panel). 

 

As compared to free curcumin, uptake of SiNp-cur and HA-SiNp-cur increased ∼1.5 and ∼2.2 

times respectively at 96 h. Correspondingly, the curcumin fluorescence visualized by 

fluorescence microscopy from intact as well as cells dissociated from spheroids treated with HA-

SiNp-cur for 24 h was stronger as compared to HA free SiNp-cur and free curcumin (Figure 5.4 

b). 
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5.3.5. Cytotoxicity of nanoformulated curcumin in monolayer and spheroids  

Figure 5.5a shows the time dependent changes in viability of colo-205 cells grown in monolayer 

incubated with 25 µM curcumin in different formulations.  As compared to control (untreated), 

all the treatments reduced the cell viability. The reduction in viability observed in cells incubated 

with free curcumin, SiNp-cur and HA-SiNp-cur for 96 h was ~46%, ~67% and ~88% 

respectively.  

Figure 5.5b shows the cytotoxicity of different formulations of curcumin in spheroids. The effect 

of different formulations of curcumin in spheroids was similar to monolayer. Cytotoxicity 

induced by all the formulations of curcumin increased with increase in incubation time. 

Significant differences in cytotoxicity were observed after 48 h treatment. At 96 h, as compared 

to free curcumin, about ~ 2.0 times enhancement in cell death was observed in HA-conjugated 

SiNp-cur, whereas in HA free SiNp complex the cell death was about ~1.6 higher than free 

curcumin. 
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Figure 5.5: Viability of cells incubated with free curcumin, HA free or HA conjugated SiNp-cur 

complex. Monolayer (a), Multicellular spheroids (b). Cells grown in monolayer were incubated 

for 96 h; Spheroids were incubated for different durations. MTT assay was done to assess 

viability of cells. Concentration of curcumin in free and nanoformulation was 25 μM. *p<0.05 

compared to SiNp-cur treated group. 

 

5.3.6. Post treatment growth of spheroids 

To confirm the cytotoxic efficacy of HA conjugated nanoformulated curcumin, post treated 

spheroids were incubated in fresh culture medium on non adherent surfaces after washing the 

spheroids and growth was followed for 6 days. Figure 5.6 a shows the growth of spheroids after 

treating with different formulation of curcumin. The changes in diameter of spheroids with time 
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are shown in Figure 5.6 b. While the size increased in untreated and spheroids treated with void 

SiNp with increase in time, ~18%, ~38% and ~57% decrease in diameter was observed in 

spheroids regrown after treatment with free curcumin, SiNp-cur and HA-conjugated SiNp- 

curcumin respectively.  
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Figure 5.6: Phase-contrast images of spheroids grown for different days after treatment with 25 

μM of free curcumin or its different nanoformulations for 24 h, imaged at day 1 (upper panel) 

and day 6 (lower panel) (a), Scale bar ( 100µm). Changes in diameter of spheroids subjected to 

different treatments (b).  
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5.3.7. Effect of different formulations of curcumin on invasion of cells 

In order to study if CD44 targeted HA-SiNp had any influence on antimetastatic effect of 

curcumin, invasion of spheroids were assessed by embedding the treated spheroids in collagen 

matrix and tumor cell invasion was monitored up to 72 h. Figure 5.7 shows the effect of 

curcumin treatment on invasion of cells from spheroids embedded in collagen matrix.  Compared 

to untreated controls, while cells in spheroids treated with 25 μM of free curcumin, SiNp-cur 

showed less migration, cells in spheroids treated with HA-SiNp-cur containing similar 

concentration of curcumin did not migrate even after 72 h of incubation. 

 

 

 

       Control                         Free cur                         SiNp-cur                    HA-SiNp-cur 

 

Figure 5.7: Phase-contrast images of spheroids showing effect of curcumin on invasion of cells 

from spheroids embedded in collagen matrix.  Spheroids were treated with 25 μM free curcumin, 

SiNp-cur and HA-SiNp-cur for 24 h before embedding on collagen matrix. Scale bar ( 100µm). 
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5.4. Discussions 

The objective of this study was to investigate the cytotoxic potential of HA conjugated curcumin 

SiNp complex on CD44 expressing colon cancer cells. As reported in previous studies [244], 

since SiNps have hydrophobic core and porous matrix, curcumin post loaded in these particles 

formed stable complexes. This is confirmed from observed blue shift and enhancement in the 

fluorescence peak intensity of curcumin (Figure 5.1b). The absorption peak of HA observed at 

215 nm in the spectrum of HA-SiNp-cur (inset) confirmed that HA is conjugated to SiNp [273]. 

This led to enhancement in the size (from ~45 nm to ~70 nm) and increase in the negative charge 

(−33.2 ± 3.0 mV from −26 ± 2.0 mV) as surface amino groups in SiNp were utilized for 

conjugating with HA and these results are consistent with other reports [274, 275]. The results 

presented in Figure (5.2 b) show that curcumin loaded in HA free SiNp and HA conjugated SiNp 

(HA-SiNp-cur) incubated with hyaluronidase enzyme is released from SiNp with time in a 

biphasic manner, whereas in absence of hyaluronidase curcumin is not released from HA-SiNp-

cur. Initial high release of curcumin observed from SiNp without HA coating may be due to 

escape of curcumin associated on the pore surface. The gradual release of curcumin observed 

from SiNp is because curcumin is physically entrapped and it may diffuse out from Np slowly 

through pores which are of the order of nm size [47]. Diffusion of curcumin may occur due to 

differences in concentration gradients. However, in HA coated SiNp, network of HA is likely to 

cause hindrance to release. The increase in curcumin release from HA-SiNp in presence of 

enzyme with time suggests that on degradation of HA, the pores may open up, and the drug is 

released from pores. This is consistent with the report wherein it has been shown that the release 
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of chemotherapeutic drug loaded in mesoporous silica Nps gets hindered upon capping with HA 

[74]. 

Results presented on fluorescence microscopic study (Figure 5.3 a) and quantitation of curcumin 

uptake (Figure 5.3 b) shows that uptake is enhanced in cells incubated with curcumin in 

nanoformulation as compared to free curcumin and the uptake of curcumin from HA-SiNp-cur is 

the highest. This is due to its enhancement in stability as compared free curcumin. In 

nanoformulation, curcumin is in the hydrophobic core of SiNp and protected from rapid 

hydrolysis and degradation in physiological pH (7.4) [244]. Another reason for observed 

enhanced uptake of nanoformulated curcumin could be due to differences in the mechanism of 

internalization. While free curcumin internalizes through diffusion, both the nanoformulations 

are uptaken by cells through endocytosis. Among the two nanoformulations, uptake of HA-SiNp-

cur is more because it is internalized through CD44 receptors present in these cells [272]. This is 

consistent with the fluorescence microscopic study which shows a large decrease in fluorescence 

of curcumin in cells incubated with HA-SiNp-cur in presence of free HA due to competitive 

binding with receptors (Figure 5.3 a, third row).  

The results presented in Figure 5.4, show that uptake of nanoformulated curcumin is higher 

compared to free curcumin even in spheroids which have three dimensional structure with 

extracellular matrix. The variations in the uptake of different formulations of curcumin could 

have occurred due to cellular variations within the spheroids in addition to mechanism of uptake. 

It should be noted although free curcumin is smaller in size than nanoformulated curcumin, its 

uptake is limited in spheroids. This may be due to resistance exhibited by efflux pumps that are 

expressed generally in cells of hypoxic regions in spheroids [276]. Since both the formulations of 

SiNp-cur are internalized by endocytosis, this mechanism of internalization can overcome the 
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drug resistance exhibited by cells in deeper regions. In fact, in previous studies it has been shown 

that curcumin and DNA methylating agent co delivered in Nps accumulate more in tumor 

spheroids than free drugs as they are internalized by endocytosis, whereas free drugs are 

confined to periphery as these are internalized by diffusion [260]. Further, higher uptake of HA 

conjugated SiNp-cur observed in cells of spheroids may be attributed to transcytosis where HA 

nanoparticles exocytosed from cells might have been taken up by the neighboring cells within 

spheroids. These results are consistent with the previous observation wherein it has been shown 

that HA coating enhances the permeability of doxorubicin containing Nps by internalization 

through endocytosis and subsequent exocytosis of particles in 3D multilayered cell culture as 

well as spheroids [277].  

Enhanced cell death observed in both monolayer (Figure 5.5 a) and in spheroids (Figure 5.5 b) 

after treatment with HA-SiNp-cur as compared to HA free SiNp and free curcumin correlated 

with the higher accumulation of curcumin due to enhanced uptake of HA conjugated Nps and 

higher stability of curcumin in this formulation. High accumulation of curcumin would lead to 

increased cell death. These results are consistent with other studies wherein it has been shown 

that HA-conjugated nanomaterials have good tumor targeting and penetrating ability for drug 

delivery under in vivo and in vitro models [278]. 

A progressive decrease in growth of spheroids observed after treatment with SiNp-cur and HA-

conjugated SiNp-curcumin confirms that nanoformulated curcumin has infiltrated the spheroids 

and inhibition in cell proliferation due to curcumin leaked out from nanoformulation appears to 

be sustained and irreversible (Figure 5.6). It should also be noted that under intracellular 
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conditions hyaluronidase enzyme present in the cytoplasm may facilitate the release of curcumin 

from HA-SiNp-cur which would induce cytotoxic effects in sustained manner.  

The results presented in Figure 5.7, show that migration of cells in spheroids treated with HA-

SiNp-cur is reduced considerably as compared to free curcumin. These results suggest that anti 

migratory activity of curcumin is enhanced in HA formulation. It has been shown that 

hyaluronan oligomers inhibit invasion of malignant cells by interfering with interactions between 

endogenous hyaluronan and other matrix components that are necessary for the integrity of 

hydrated matrix [279]. Thus suggest HA oligomer contribute to inhibition of invasiveness of 

tumor cells. 

 

5.5. Conclusion 

In summary, our study has shown that conjugation of SiNp-curcumin complex with oligomers of 

hyaluronic acid results in enhanced uptake of curcumin possibly through CD44 mediated 

endocytosis and improvement in cytotoxicity in colon carcinoma cells. HA curcumin complex 

also showed improved distribution and internalization in spheroids of colon carcinoma as 

compared to HA free complex presumably due to exocytosis of endocytosed SiNp. These 

complexes were more potent in inhibiting growth as well as invasion of tumor spheroids 

compared to HA free complexes. 
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CHAPTER 6 

UPTAKE AND PHOTODYNAMIC ACTION OF 
PYROPHEOPHORBIDE-a ENTRAPPED IN FOLATE 
RECEPTOR TARGETED ORGANICALLY MODIFIED SILICA 
NANOPARTICLES ON BREAST AND ORAL CANCER CELLS 
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6.1. Introduction 

As discussed in Chapter 1, Photodynamic therapy (PDT) is an established treatment modality for 

many types of cancer [190, 280]. Successful use of PDT depends on preferential localization of 

the photosensitizer (PS) in the tumor and high yield of ROS produced on photoexcitation of PS 

which destroy the diseased tissues. Pyropheophorbide-a (PPa) and their derivatives are second 

generation PSs and are receiving considerable attention in PDT as these compounds are 

chemically well characterized, absorb light above 650 nm, have good singlet oxygen yield and 

low skin toxicity [88, 96]. However, the therapeutic effectiveness of PPa in native form is limited 

due to poor solubility in water which leads to aggregation and inefficient photodynamic activity. 

Therefore, suitable formulation is necessary for administration and target specific accumulation 

of PPa for in vivo applications. 

As discussed earlier, ORMOSIL (SiNp) are the suitable delivery vehicles for PSs because of 

their transparency to light over the region of interest for PDT [88], porosity ensures that 

molecular oxygen and light can reach the entrapped PS and the generated ROS can diffuse out 

and inactivate cells [88, 96].  

In this chapter, results of our investigations on the use of SiNp as a delivery vehicle for PPa have 

been presented. Both plain SiNp as well as SiNps conjugated with folic acid, a ligand which 

binds to receptor over expressed in many of the cancer cells were used for the study. Further, 

since pH strongly influence the outcome of anticancer drugs by affecting their uptake and release 

of drugs from the nanocarriers [281-283], as well as the expression of many growth factors [284] 

and receptors in cells [285], the effect of pH on uptake and photodynamic action of two 
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nanoformulations of PPa were investigated in two cell lines (squamous cell carcinoma Nt-8e) 

cells, and adenocarcinoma of breast (MCF-7) a cell line which express folic acid receptors [281]. 

 

6.2. Experimental methods 
 

 

6.2.1. Nanoparticle preparation and Characterization 
 

Preparation of PPa encapsulated in plain SiNp (Np-PPa) and conjugation of folic acid with Np-

PPa (FR-Np-PPa) and their characterization are described in chapter 2.  

 

6.2.2. Uptake of nanoformulated PPa 

The human breast adenocarcinoma (MCF-7) and human squamous cell carcinoma derived from 

upper aero-digestive tract (Nt-8e) cells have been used in this study. For studying the pH 

dependent uptake of PPa loaded Nps, Nt-8e (∼0.6×106) and MCF-7 (∼0.4×106) cells were grown 

in 24 well plastic dishes at 37 ºC. After 24 h, the medium was replaced with fresh HEPES 

buffered growth media of pH 7.4 or pH adjusted to 6.5. After 1 h of incubation in a medium of 

specific pH, 0.5 µM of PPa in two nanoformulations was added into each well and cells were 

incubated for different durations. PPa from cells was extracted by using 0.1 M NaOH-2% SDS 

after washing the unbound PPa and quantitated by fluorescence spectroscopy. Details are 

described in chapter 2.  

 

6.2.3. Mechanism of uptake 

To study the influence of pH on mechanism of internalization, cells were incubated either at 4 ºC 

where endocytosis is blocked or 37 ºC in the dark for 2 h with culture medium containing two 
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formulations of Nps (PPa  0.5 µM) of pH 6.5 or 7.4. After incubation, the cells were rinsed three 

times with sterile acidified PBS, and cells were solubilized and uptake was measured as 

described in chapter 2. 

 

 

6.2.4. Fluorescence confocal imaging 

Nt-8e and MCF-7 cells were incubated with the two Np formulations containing PPa (0.5 µM) in 

a medium of pH 6.5 or 7.4 for 2 h at 37 ºC or 4 ºC in the dark. Unbound Np-PPa were removed 

by washing cells with PBS and fixed using formaldehyde (4%) for 15 min. Cells were imaged 

using Near field scanning optical microscope in confocal fluorescence mode as described in 

chapter 2.  

 

6.2.5. Phototoxicity of PPa loaded Nps 

Nt-8e and MCF-7 cells grown in a 96-well plate for 24 h were incubated with growth medium of 

pH adjusted to 6.5 or 7.4. Specified quantities of Nps containing 0.5 µM of PPa was added and 

incubated for 2 h in the dark. Details of light source and procedure of MTT assay followed is 

described in chapter 2. 

 

6.2.6. Statistical analysis 

All the experiments were repeated at least three times. Data was represented as mean ± SEM of 

three experiments. A t-test was used to compare the statistical difference among the groups. P 

value <0.05 was considered as statistically significant. 
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6.3. Results 

6.3.1. Characterization of the plain and FR targeted PPa entrapped Nps 
 

Figure 6.1a & b show the absorption and fluorescence emission spectra of the two formulations 

of Np-PPa, free PPa in water and DMF. The absorption spectra of free PPa in water showed soret 

band at 383 nm and Q band was observed at 699 nm. In contrast, the absorption spectrum of Np-

PPa exhibited a strong broad band with a peak around 400 nm and four Q bands at wavelengths 

506, 542, 613 and 670 nm and was similar to the absorption spectra of PPa in DMF. The 

absorbance of Q band at 670 nm was predominant. Np-PPa conjugated with folic acid showed 

similar spectral profile except that longest Q band was blue shifted by ~2 nm. In comparison to 

free PPa in water, magnitude of absorbance of the nanoformulated PPa was stronger. The 

conjugation of folic acid to void Np, was ascertained by observation of a peak at ~290 nm (Inset 

i). The strong extinction noted in the spectra of the two nanoformulations of PPa in the lower 

wavelength region (280-350 nm) is due to Rayleigh scattering by the particles. The spectra 

corrected for scattering is also shown in inset (ii). Figure 6.1(b), we show normalized 

fluorescence spectra of free PPa and PPa encapsulated in Nps suspended in water. On 

encapsulation, the emission peak of PPa in Np-PPa and its folate conjugate was seem to red shift 

by about 5 nm. The zeta potential and size of Np-PPa was −24 ± 6.0 mV and ~65 nm 

respectively. Upon conjugation with folic acid, both zeta potential and size of Np-PPa increased 

to −45±4.0 mV and ~75 nm respectively. Encapsulation efficiencies of PPa in the two 

formulations of Np were above 60- 67%. 
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Figure 6.1: The absorption spectra of a) FR-Np-PPa, Np-PPa in water; free PPa in water and 

DMF; Inset (i) shows absorption spectra folic acid conjugated ORMOSIL-Np, inset (ii) shows 

spectra of FR-Np-PPa, Np-PPa corrected for Rayleigh scattering, Fluorescence spectra of b) FR- 
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Np-PPa, Np-PPa, free PPa in water, all samples were excited at 410 nm. Concentration of PPa in 

water, DMF and the two formulations ORMOSIL-Np was 2.0 μM. 

 

6.3.2. Effect of pH on intracellular accumulation of nanoformulated PPa 

 
Figure 6.2 shows the fluorescence confocal micrographs of MCF-7 and Nt-8e cells incubated 

with the two nanoformulation (equivalent to 0.5 μM PPa) in a media of pH 6.5 and 7.4. While 

the fluorescence of PPa in cells incubated with Np without conjugation (Figure 6.2, right panels) 

did not show any pH dependent difference, fluorescence of PPa from cells incubated with folate 

Np conjugate was stronger and cells incubated in a media of pH 6.5 were brighter as compared to 

7.4. The fluorescence of PPa was observed mainly from cytoplasm in cells incubated at pH 6.5 

as well as pH 7.4. 

 

 

Figure 6.2: Fluorescence confocal micrographs of MCF-7 or Nt-8e cells incubated with FR-Np-

PPa and Np-PPa (PPa (0.5 μM) in a medium of pH 6.5 and 7.4 for 2 h in dark. 
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6.3.3. Effect of pH on uptake 
 

In Figure 6.3 a & b, we show time dependent uptake of PPa by MCF-7 and Nt-8e cells incubated 

with either Np-PPa or its folate conjugate (PPa 0.5 µM) in a media of pH 6.5 and 7.4. Uptake of 

PPa via FR-Np-PPa formulation was higher than Np-PPa for all the incubation time points. The 

folate nanoformulation mediated uptake was more at pH 6.5. Compared to physiological pH, 

uptake of PPa at pH 6.5 was ~1.4 times higher after 2 and 4 h of incubation in MCF-7 cells and 

in Nt-8e the increase was ~1.4 and ~1.5 times at similar incubation times. Nevertheless, PPa 

accumulated via Np-PPa did not show any (significant) pH dependence in both types of cells. 

Among the two cell lines, the uptake of PPa through both the formulations was higher for MCF-

7 cells compared to Nt-8e cells. However, as compared to MCF-7, difference in uptake between 

the folate receptor targeted and untargeted nanoformulation was larger for Nt-8e cells at all the 

incubation time points at both the pH. 
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Figure 6.3: Time dependent uptake of FR-Np-PPa and Np-PPa by MCF-7 a) and Nt-8e cells b) 

incubated with FR-Np-PPa and Np-PPa (PPa (0.5 μM) in a medium of pH 6.5 and 7.4. Cell 

bound PPa was quantitated by measuring the fluorescence of PPa extracted with 2% SDS-0.1M 

NaOH. (*P<0.05 as compared to pH 6.5 group). 

 

6.3.4. Effect of pH on uptake in presence of free folic acid 
 

In order to confirm involvement of folate receptor in pH dependent uptake of FR-Np-PPa, a 

competitive binding assay was performed. This was done by incubating MCF-7 and Nt-8e cells 

with 1mM free folic acid (FA) in a medium of pH 6.5 and 7.4 prior to incubating with FR 

targeted Nps for 4 h. As shown Figure 6.4, uptake of PPa via FR-Np in MCF-7 cells was reduced 

by ~67 % and ~ 41.6 % when incubated in a medium of pH 6.5 and 7.4 respectively. In Nt-8e 
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cells, presence of FA reduced the uptake of PPa by ~83.8 % and ~ 71 % at pH 6.5 and 7.4 

respectively. 
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Figure 6.4: Uptake of PPa by MCF-7 and Nt-8e cells incubated with FR-Np-PPa (PPa (0.5 μM) 

in presence of 1mM free FA in a medium of pH 6.5 and 7.4 for 4 h in dark. Cell bound PPa was 

quantitated by measuring the fluorescence of PPa extracted with 2% SDS-0.1M NaOH. 

 

6.3.5. Effect of pH on morphology 

 

Figure 6.5 shows the morphology of cells incubated with growth medium of different pH. 

Whereas MCF-7 cells incubated in a medium of pH 6.5 for 4 h showed distinct change in 

morphology such as increase in cell size and projections, at physiological pH cells appeared 
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more spherical (Figure 6.5, left upper panel). Similar observations were noted in Nt-8e cells 

although the differences were less distinct as compared to MCF-7 cells (Fig 6.5, bottom right 

panel). 

 

                           

 

Figure 6.5: Morphology of MCF-7 and NT-8e cells grown for 30 h then incubated in medium of 

pH 6.5 and 7.4 for 4 h. Scale bar: 50 µm. 

 

6.3.6. Effect of pH on mechanism of uptake 

Effect of pH on internalization of two formulations of PPa, by cells is shown in Figure 6.6 a & b. 

Compared to cells incubated at 37 0C, uptake of PPa in MCF-7 cells incubated with FR-Np-PPa 

at 4 0C was reduced by ~80 % and ~70 % at pH 6.5 and 7.4 respectively. In cells were incubated 

at 4 0C with Np-PPa in a medium of pH 6.5 and 7.4, the uptake of PPa reduced by ~73 % and ~ 

68 % respectively. Similarly, low temperature dependent inhibition in uptake of PPa from the 

FR-Np-PPa was observed to be higher (~82 %) at pH 6.5 as compared to physiological pH 

   pH: 7.4   pH: 6.5 

MCF-7 

Nt-8e 
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(76%) and the pH dependent differences in uptake of Np-PP was reduced in Nt-8e cells (Figure 

6.6 b). In (Figure 6.6 c), we show confocal microscopic images of Nt-8e cells incubated at 4 0C 

and 37 0C with the two formulations of Nps. Compared to cells incubated at 37 0C, fluorescence 

of PPa from the cytoplasm of cells incubated with targeted and untargeted Np-PPa at 4 0C was 

weak. This indicated that some PPa was internalized nonspecifically. 
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(c) 

 

 
 

 

 

Figure 6.6: Uptake of PPa by MCF-7 a) and Nt-8e cells b) incubated with FR-Np-PPa or Np-

PPa (PPa (0.5μM) in a medium of pH 6.5 and pH 7.4 at 4 0C, and at 37 0C for 2 h in dark. 

Confocal images of Nt-8e cells incubated with Np-PPa or FR-Np-PPa (PPa 0.5 μM) in a medium 

of pH 6.5 at 4 0C, and at 37 0C for 2 h in dark c). 

 

 

6.3.7. Effect of pH on phototoxicity 
 

The pH dependence on phototoxicity of cells incubated with Np-PPa or its folate conjugates (PPa 

concentration 0.5 μM) for 2 h in the dark and then exposed to light is shown in Figure 6.7a & b. 

While no significant dark toxicity of the two formulations was observed in MCF-7 cells at pH 

6.5 as well as pH 7.4, a dose dependent loss of survival was observed on exposure to light. The 

loss of survival was ~77 % and ~67 % in cells incubated with FR-Np-PPa in a medium of pH 6.5 

and 7.4 after light exposure (5 J/cm2). On the other hand, about ~60% loss of survival was 

observed in cells treated with Np-PPa in a media of pH 6.5 or 7.4 under similar irradiation 



172 

 

conditions. pH dependent phototoxicity was also observed in Nt-8e cells. Compared to MCF-7 

cells, phototoxicity was slightly lower in these cells. 
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Figure 6.7: Phototoxicity of PPa in MCF-7 a), and Nt-8e b) cells incubated in a medium of pH 

6.5 and 7.4. Cells were treated with FR-Np-PPa and Np-PPa (PPa (0.5 μM) for 2h in dark prior 

to irradiation with red light. After 24 h MTT assay was performed. (*P<0.05 as compared to pH 

7.4 group). 

a) 

b) 
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6.4. Discussions 
 

 

The objective of the present study was to investigate the use of SiNp for targeted delivery of PPa 

and study the influence of extracellular pH on uptake and photodynamic efficacy of PPa 

entrapped in folate targeted and untargeted SiNp. Results presented in Figure 6.1 (a) show that 

whereas free PPa gets aggregated when suspended in aqueous media as evidenced by blue 

shifted soret band and a red shifted Q band (699 nm) [190], PPa in nanoformulations (SiNp) is in 

hydrophobic environment. This is confirmed by observation of strong absorbance of red shifted 

soret band and blue shifted Q band (670 nm) and red shift (5 nm) in the fluorescence spectra. 

These spectral features are similar to free PPa in hydrophobic solvents like DMF [286] and the 

PPa doped SiNps are monodisperse and stable in aqueous solution. The absorption peak of folic 

acid observed at 290 nm in the spectrum of SiNp confirmed that folic acid is conjugated to Np 

[287]. This led to enhancement in the size and increase in the negative charge as surface amino 

groups in SiNp were utilized for conjugating with folic acid. Our results on confocal microscopic 

study (Figure 6.2) and quantitative PPa fluorescence measurements (Figure 6.3 a & b) suggests 

that the uptake of folate conjugated nanoformulation of PPa is mediated through folate receptors 

and dependent on pH. This is evident from the enhanced intracellular fluorescence of PPa and 

higher accumulation of PPa observed in MCF-7 and Nt-8e cells incubated with folate conjugated 

nanoformulation as compared to cells incubated with unconjugated nanoformulation. 

Involvement of folate receptors is further confirmed by reduced uptake of PPa observed in 

presence of free folic acid which binds to folate receptors competitively (Figure 6.4). One reason 

for increase in uptake of PPa delivered via folate conjugated Np in Nt-8e and MCF-7 cells 

incubated under acidic (pH 6.5) condition might be due to increase in the activity and level of 
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folate receptor expression. Indeed, studies have shown that acidification affects the expressions 

of many receptor genes as receptors in the cytoplasmic membranes generally have a domain 

located outside the cells [284]. The activity of these may be more sensitive to external acidosis 

and have optimum activity at acidic pH compared with the cytosolic proteins which are exposed 

to alkaline pH (7.4) and many of the growth factors like VEGF, MMP-9 have been shown to get 

expressed within short durations of exposure to acidic conditions [288, 289]. Indeed, degree of 

folate expression is reported to have correlation with malignancy of tumors which are likely to 

have more acidic environment compared to non malignant cells [290]. Changes in morphology 

such as enhancement in projections and size of MCF-7 and Nt-8e cells incubated in a media of 

pH 6.5 observed in this study could have also contributed to increase in folate binding sites 

which in turn could have enhanced the uptake of PPa via folate receptor targeted Np (Figure 6.5). 

These changes are more evident in MCF-7 cells as compared to Nt-8e which explains the higher 

accumulation of PPa (both formulation) observed in these cells. However, the large difference in 

folate receptor dependent uptake observed in Nt-8e compared to MCF-7 cells indicates presence 

of higher levels of folate receptors. It should be noted that Nt-8e cell line is derived from grade 

III tumor therefore it is more likely that these cells have high density of folate receptors than 

MCF-7 cells.  

Results presented in Figure 6.4 indicate that difference in uptake of folate conjugated Np could 

also be due to pH dependent difference in the binding affinity of folate conjugated Np to 

receptors. Our observation of higher inhibition in uptake of PPa observed at pH 6.5 in presence 

of free folic acid as compared to physiological pH suggests increased affinity of folic acid to 

folate receptor at slightly acidic pH (pH 6.5) which may be due to changes in protonation of 

amino acids residues [291]. It has been reported that binding of folic acid to folate receptors is 
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pH dependent and have different pH optima in different type of cells. Binding of folic acid to 

receptors of rat kidney brush border membrane vesicles have pH optimum at 5.6 [292], FR 

isolated from porcine kidney shows a broad pH optimum ranging from 5.5 to 7.6, whereas pH of 

6.5 is optimum for folate receptor mediated influx of antifolate-methotrexate in F2-MTX A a 

leukemia cell line with a functional defect folate carrier [291]. The higher uptake of PPa by cells 

could be due to increase in affinity of folate conjugated Np to folate receptors in acidic pH (6.5) 

and consistent with other reports. Variation in the inhibition of uptake of folate conjugated Np 

observed in the two cell lines could be due to differences in the density of folate receptors. Our 

results (Figure 6.4) also show that uptake of FR-Np-PPa in presence of free folic acid (1 mM) is 

lower (more than two fold in MCF-7 and three fold in Nt-8e cells at pH 6.5) than the uptake of 

Np-PPa. This implies that nonspecific uptake of folate targeted particles is reduced in both the 

types of cells. The reduced nonspecific interaction of FR-Np-PPa with cells might be due to their 

higher negative zeta potential (-45 mV) as compared to non targeted particle (-24 mV). Nps with 

positive zeta potential are internalized more readily by cells due to their negative surface charge 

as compared to particles with negative zeta potential and it has been observed that surface charge 

on cell surface also influences the uptake of Np [293]. Thus it is possible that Zeta potential of 

particles as well as differences in the cell surface charges between MCF-7 and Nt-8e could have 

also contributed to reduction in non specific uptake of FR-Np-PPa in our study. Our study on 

mechanism of internalization suggests that uptake of both the formulation of PPa occurs 

predominantly through endocytosis (Figure 6.6). Since our results show significant differences 

inhibition of endocytosis of FR-targeted Np in both the cells at acidic pH (6.5) as compared to 

physiological pH, it implies pathway of internalization may be different. There have been 

conflicting reports on FR-mediated pathways of internalizations [294]. Studies have suggested 
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that FR is organized in the lipid rafts or receptor rich complexes of cholesterol in the membrane 

[295] and not associated with clathrin-coated pits [296]. Since the internalization of clatharin 

mediated endocytosis occurs at a slower rate when extracellular pH is low due slower rate of 

pinching of clatharin-coated vesicles [297], it is possible that FR-Np may be internalized through 

clatharin independent pathway when extracellular pH is mildly acidic (pH 6.5). Since 

internalization pathway also depends on surface charge and size of Nps [298], it is possible that 

untargeted nanoformulation and folate targeted PPa at physiological pH may follow a different 

pathway. Our study shows that pH dependent uptake of PPa through both the nanoformulations 

correlates with phototoxic studies. Low pH (acidic pH) induced enhancement in the 

phototoxicity of PPa taken up through folate targeted Np observed in our study (Figure 6.7) is 

attributed to an increase in PPa uptake. Although both the nanoformulations induce high 

phototoxicity in MCF-7 cells, when drug uptake is compared with cell killing Nt-8e appears to 

be more photosensitive compared to MCF-7 cells. The observed differences in pH dependent 

phototoxicity of the two nanoformulations may also be due to a difference in the uptake 

pathways as well as their localization in different subcellular organelles. It is reported that drugs 

internalized through the clathrin-mediated pathway may be localized initially in the early 

endosomes then in late endosomes and subsequently transferred to lysosomes [299]. On the other 

hand, drug Np entered through caveolae mediated pathway may get localized in the Golgi 

complex via early endosomes and caveosomes. Depending upon the pathway the relative 

distribution of targeted and nontargeted Np-PPa in the sensitive sites may vary and contribute to 

differences in the phototoxicity of the two nanoformulation observed between the MCF-7 and 

Nt-8e cells. 
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6.5. Conclusion 

In summary, pH dependent uptake and phototoxicity of FR targeted Np doped with PPa is 

significantly different as compared to untargeted Np-PPa in MCF-7 and Nt-8e cells. While the 

uptake and phototoxicity of untargeted Np-PPa is independent of pH of the incubation media for 

both the cell lines, uptake and phototoxicity of FR targeted Np-PPa increases with decrease in 

pH from 7.4 to 6.5. These results suggests that efficacy of FR-targeted nanoformulated PPa is 

higher under acidic pH have implications in photodynamic therapy of cancer. 
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CHAPTER 7 

 

BIODISTRIBUTION AND CLEARANCE STUDIES OF 

PYROPHEOPHORBIDE–a ENTRAPPED IN FOLATE 

RECEPTOR TARGETED ORGANICALLY MODIFIED 

SILICA NANOPARTICLES IN TUMOR BEARING MICE 
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7.1. Introduction  

For successful use of Np based drug delivery system for cancer therapy, it is required that drug 

delivered through Nps should be high at the tumor site, it should have a fast clearance from the 

normal organs, stable retention of the drug in Nps while in circulation [78]. Another important 

criterion of Np based drug delivery is its biosafety or biocompatibility under in vivo conditions. 

It is therefore essential that efficacy of any new drug Np complexes have to be evaluated under 

in vivo conditions [300]. 

Although several studies have demonstrated the use of ORMOSIL (SiNp) for imaging and 

delivery of photosensitizer (PS) for photodynamic therapeutic application under in vitro 

conditions [87, 88], there are a few reports on in vivo distribution of drug encapsulated SiNp in 

tumor models. In one of the studies, Kumar et al [107] have studied the biodistribution and 

toxicity of near infra-red fluorophore/ radioactive iodine conjugated SiNp of size 20-25 nm in 

nude mice by optical fluorescence imaging, as well by measuring the radioactivity from 

harvested organs and showed these particles were not toxic under in vivo conditions. However, 

biodistribution and clearance and toxicity of SiNp under in vivo conditions may vary depending 

upon size, surface charge and targeting moiety [301]. This is because under in vivo, 

environmental conditions are extremely complicated and the interactions of the nanostructures 

with biological components, such as proteins and cells, could lead to unique biodistribution, 

clearance, immune response, and metabolism [301].  

In the previous chapter, we have presented results of our study on evaluation of uptake and 

photodynamic efficacies of folic acid conjugated (FR-Np-PPa) and plain SiNp encapsulating PPa 

(Np-PPa) on folate receptor expressing cells. Results showed that under in vitro conditions the 
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uptake and photodynamic efficacies of FR-Np-PPa is higher for breast carcinoma and oral cancer 

cells than folic acid free Np-PPa. Also our study showed that uptake of FR targeted SiNp is pH 

dependent [274]. It is, however necessary to understand the tumor uptake efficacies of targeted 

and untargeted Np-PPa under in vivo conditions for evaluating their clinical potential. In this 

chapter, we present results of study on biodistribution of free PPa, Np-PPa and FR-Np–PPa in 

mice bearing mammary tumors. Possible toxicity induced by these SiNp on different organs has 

been evaluated.  

 

7.2. Experimental methods 
 

Preparation and characterization of plain Np-PPa, FR-Np-PPa, used in this study, procedures 

used for maintainace of C127I (a cell line used for induction of tumor), tumor induction in mice, 

method used for studying biodistribution and tumor uptake of nanoformulated PPa, histology, 

biochemical assays (lipid peroxidation and GSH estimation) carried out in tissue homogenates 

for evaluating the toxicities of Nps have been described in detail in chapter 2.  

Size and zeta potential of plain Np-PPa are ~65 nm, −24 ± 6.0 mV, FR-Np-PPa is ~75 nm, −45 ± 

4.0 mV.  

In this study, tumors in mice were developed by injecting subcutaneously mouse mammary 

tumor cells (C127I). For biodistribution studies, mice were injected intraperitoneally with 

different formulations of PPa containing 5.0 µM of PPa and concentration of SiNp used was 3 

mg / kg body weight of mice. 

 

7.2.1. Statistical Analysis 

Mice were divided in three groups for studying biodistribution and clearance studies of free PPa 

and nanoformulated PPa (Np-PPa and FR-Np-PPa). Organs resected from the same mice were 
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used for histology and biochemical (LPO and GSH) measurements. Data presented on tumor 

uptake and biodistribution of PPa are mean ± standard error of mean of two or three animals. 

Student’s t-test was applied for evaluating the significance and P value <0.05 was considered as 

statistically significant. 

 

7.3. Results  

7.3.1. Uptake of Np-PPa and FR-Np-PPa by C127I cells 

Figure 7.1 shows the fluorescence microscopic images of C127I cells incubated with either Np-

PPa or FR-Np-PPa (PPa, 0.5 μM) in presence and absence of free folic acid (0.5 mM). As seen in 

the figure, fluorescence of PPa in cells incubated with FR-Np-PPa is bright as compared to Np-

PPa. While in cells incubated with FR-Np-PPa in presence of free folic acid, fluorescence of PPa 

is reduced considerably, in Np-PPa treated cells the change in fluorescence of PPa is not very 

obvious. These results suggest involvement of folate receptors in uptake of FR-Np-PPa by C127I 

cells. 

 

 
 

Figure 7.1: Fluorescence microscopic image of C127I cells. Cells were incubated with folic acid 

(0.5 mM) for 2 h followed by incubation with FR-Np-PPa or Np-PPa for 2 h in dark. (Scale bar: 

50 µm).  
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7.3.2. Uptake of different formulations of PPa by tumor 

Figure 7.2 shows the accumulation of PPa in tumor bearing mice injected with different 

formulations of PPa. As seen in the figure, at 4 h, PPa accumulation in the tumor of the animals 

injected with free PPa is ~30 nmoles/gm of tissue at 24 h, PPa concentration is enhanced by ~4 

fold and at around 120 h PPa concentration is negligible in the tumor. In animals injected with 

Np-PPa, the concentration of PPa at 4 h and 24 h was ~2 and ~ 1.4 times higher respectively than 

in animals injected with free PPa. Compared to Np-PPa, accumulation of PPa in tumor of 

animals injected with FR-Np-PPa, was ~ 1.4 and ~1.5 times higher at 4 and 24 h respectively. 

Even after 120 h, concentration of PPa retained in the tumor injected with FR-Np-PPa was 

higher as compared to Np-PPa and free PPa. This indicated that FR-Np-PPa is targeted to 

tumors. 

 

Figure 7.2: Accumulation of PPa in tumor of the mice injected with free PPa, Np-PPa and FR-

Np-PPa after 4, 24 and 120 h. PPa concentration is 5.0 µM. (*P<0.05, statistical significance). 
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7.3.3. Biodistribution of different formulations of PPa 

The biodistribution of PPa entrapped in folate receptor targeted Np and untargeted Np was 

studied by quantitating the PPa extracted from different organs at 4, 24, 72 and 120 h post 

injection. This was compared with PPa extracted from mice injected with free PPa at similar time 

points (Figure 7.3 a, b & c).  
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Figure 7.3: Quantitation of PPa accumulated in various organs of mice injected with (a) Np-PPa 

(b) FR-Np-PPa (c) free PPa at 4, 24, 72 and 120 h. 

 

 

As shown in the figure 7.3a, at 4 h after injection of Np–PPa, the accumulation of PPa was 

observed to be highest in liver which was followed by stomach, spleen, skin and intestine. The 

accumulation of PPa was negligible in kidney, lung and heart at this time point. At 24 h, the 

concentration of PPa increased in liver, spleen, skin, stomach, intestine and kidney. However, 

overall concentration PPa in kidney was lower than liver, stomach, intestine and skin. With 

further increase in time the PPa accumulation increased in intestine but in all other organs 

decreased and at 120 h the concentration was negligible in all the organs. 

After 4 h of injection of FR-Np-PPa , PPa accumulation in the liver was maximum (Figure 7.3b). 

This was followed by stomach, spleen, skin and intestine. At 24 h the accumulation of PPa 

c) 
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increased in liver, stomach and kidney. At this time point PPa accumulation in skin was much 

lower than in mice injected with Np-PPa, and did not change significantly in spleen, skin, 

intestine and heart. At 72 h PPa accumulation increased in skin and intestine, whereas in liver 

and kidney it decreased. After 5 days, PPa concentration was negligible in all the organs. In 

contrast, when free PPa was injected maximum accumulation of PPa was observed in skin as 

compared to all other organs at 4 h (Figure 7.3c). Concentration of PPa in kidney and intestine 

was high compared to lungs and heart. At 24 h, PPa accumulation increased in all organs and 

skin showed the highest accumulation. PPa concentration in skin, stomach and spleen decreased 

slightly at 72 h, whereas in kidney, liver and intestine it increased. With further increase in time 

the PPa decreased to negligible amount in all the organs.      

 

7.3.4. Plain and folic acid conjugated SiNp induced oxidative stress 

Since nanoformulated PPa is retained for longer durations in liver, possible oxidative stress 

induced by the two nanoformulations on liver was assessed.  Figure 7.4, shows the levels of lipid 

peroxidation (LPO) and glutathione (GSH) in liver tissue homogenates after 72 h of 

administrating free and the two nanoformulations of PPa. As seen in figure the LPO and GSH 

levels in liver tissues of mice injected with Np and FR-Np (drug free) were comparable to that of 

control animals. This indicated that SiNp at the concentration (3 mg/kg) used did not induce any 

oxidative stress. 
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Figure 7.4: Oxidative stress induced by plain and FR conjugated Np in liver tissue (a) Lipid 

peroxidation (LPO) (b) GSH. Liver tissues were excised from animals after 72 h of injection 

with Np and FR-Np.  Concentration of Np injected was 3 mg/kg. 
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7.3.5. Histological evaluation 

Possible toxicity induced by plain and FR-Np on organs involved in excretion was evaluated 

through histology. Figure 7.5 shows the histological sections of the liver and kidney of mice after 

72 h of injection with the plain Np and FR-Np and untreated control.  

 

Figure 7.5: Representative histological images of liver and kidney of mice injected with Nps or 

FR-Np. Liver, and kidney samples were excised after 72 and 360 h after intaperitonial 

administration of different Nps, fixed and processed for histology. The hematoxylin and eosin 

stained tissue sections were observed under a microscope at 40×. Concentration of Np injected 

was 3 mg/kg. Scale bar (  100 µm). 
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As seen in figure, no apparent tissue damages were observed in the mice injected with the FR-Np 

or void Np, when compared with histology of organs of control mice. Histology of liver and 

kidney were normal even after 15 days of administrating void FR-Np. This indicated that SiNp 

did not cause any long term toxicity at the concentration used. 

 

7.4. Discussion 

The main objective of this study was to evaluate the tumor uptake efficacy and biodistribution of 

plain and folic acid conjugated SiNp encapsulating PPa under in vivo condition and also evaluate 

their possible toxicities in organs of excretion. As discussed in the previous chapter, the  

conjugation of Np with folic acid facilitates binding to folate  receptors  which is over expressed  

in  many types  of  tumors  and relatively  absent  in  most  normal tissues [294].  

The results presented in Figure 7.2 show that tumor accumulation of PPa delivered using Np is 

higher than free PPa at all the post injection time points studied. These results indicate that Np-

PPa formulation has better tumor localizing property than free PPa which is due to the EPR 

effect [302]. The concentration of PPa in tumors of mice injected with Np-PPa formulations was 

relatively higher. This further confirmed that nanoformulated drug is retained better than free 

PPa.  Among the two formulations, accumulation of folic acid receptor targeted Np-PPa was 

higher (~ 1.5 times) at 24 h and retained for longer period (120 h) than folic acid free Np. This is 

due to more efficient cellular uptake of Np-PPa which may be due to presence of folate receptors 

in C127I mammary tumor. These results are in agreement with our in vitro studies which shows 

reduced uptake of FR-Np-PPa in presence of free folic acid (Figure 7.1) due to competitive 
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binding. These results indicate that cellular uptake of folic acid conjugated Np accumulated at 

the tumor sites due to EPR is enhanced due to presence of high affinity sites on cells [294, 303]. 

Results presented in Figure 7.3 (a, b & c) show that biodistribution of Np-PPa and FR-Np-PPa is 

quite different compared to free PPa. Compared to free PPa, high accumulation of Np-PPa and 

FR-Np-PPa observed in liver, spleen and stomach initially (4 h) indicates that intraperitonially 

injected Nps gets absorbed in blood rapidly through peritoneum. It may be possible that 

nanoformulated PPa may penetrate into stomach and liver directly from peritoneal cavity [304]. 

Enhanced uptake of the nanoformulated PPa observed in the liver, spleen at 4 h post injection 

compared to free PPa is attributed due to capture of these particles by the macrophages residing 

in these organs. Large molecules or particles (>10 nm) and highly charged surfaces are 

recognized by the RES and are quickly removed from the circulation [300, 305, 306]. Since size 

of Np-PPa and FR-Np-PPa are of ~65 nm and ~75 nm respectively and both these particles are 

negatively charged (-25 & -45 mV) and also these particles are not pegylated they are more 

likely to be recognized and captured by RES in liver and spleen [274].  

Pharmacokinetics study shows for mice injected with FR-Np-PPa, uptake of PPa in liver peaks at 

24 h and slowly decrease with time (`~120 h), whereas accumulation of PPa in stomach and 

intestine is more at later time (72 h). This indicates that excretion pathway is mainly by 

hepatobiliary pathway. Compared to Np-PPa, PPa accumulation in liver of animals injected with 

FR-Np-PPa is high. One reason for this could be because macrophages have folate receptors 

therefore the uptake of FR-Np-PPa may be better than Np-PPa in liver [307].   

Uptake of PPa observed in the kidney, is not due to excretion of FR-Np-PPa or Np-PPa as the 

size of these particles are too large (~65 nm, ~75 nm) for glomerular filtration in kidney [300, 

305]. The observed accumulation of PPa in kidney at 24 h may be due to excretion of PPa leaked 
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out from the Nps or degradation Np-PPa in liver and spleen RES system. Interestingly, PPa 

accumulation in skin also increased after 24 h in Np-PPa injected mice which is also likely to be 

due to leakage of PPa or degradation of SiNp. In case of FR-Np-PPa injected mice, PPa 

accumulation in skin was more at later time points (72 h). This indicates that SiNp may get 

degraded slowly. Rate of leakage may vary in FR conjugated and FR free SiNp. Indeed, previous 

studies have also reported leakage of PS entrapped in SiNp [107]. However it should be noted 

that concentration of PPa in skin is much lower than the mice injected with free PPa.   

In contrast to nanoformulated PPa, free PPa accumulates less in liver, spleen initially (4 h) which 

may be because of its small size and being hydrophobic it is less likely to be taken up by RES 

[308]. Concentration of PPa in liver, stomach, intestine as well as in kidney increases at later 

time points (72 h) in mice injected with free PPa indicating that both renal and hepatobiliary 

pathway of excretion may be involved. Since free PPa molecules are small (less than 6 nm) 

compared to Nps and they can easily go through the renal filtration [300]. Increase in 

concentration of free PPa in skin with time (upto 72 h) indicates that skin has higher affinity 

binding sites.  

Our results on analysis of LPO and GSH (Figure 7.4) content in liver tissue of the mice injected 

with the either plain Np or FR-Np indicate that SiNp do not induce any oxidative stress. This is 

supported by observation of lack of any apparent tissue/cellular damages in the kidney and liver 

of these mice (Figure 7.5) even after 15 days after administration of Np. These results were 

consistent with other studies carried out using mesoporous SiNp [309]. In contrast to these 

studies, it has been reported that colloidal SiO2 Np induces extensive liver injury due to longer 

retention of SiO2 Np in the RES [310-312].  The negligible toxicity observed in mesoporous 
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SiNp could be due to efficient degradation in liver because of porous nature of SiNps as 

compared to SiO2 Np [313].  

 

7.5. Conclusion 

In summary, our study show that PPa accumulation in tumor is higher in mice injected with FR-

Np-PPa, Np-PPa than the animals injected with free PPa. Biodistribution and clearance studies 

showed nanoformulated PPa was excreted mainly by hepatobiliary pathway. The results of 

toxicity showed that these nanoparticles do not induce any oxidative stress in liver. No 

morphological changes are observed in kidney even after 15 days of administrating Nps. This 

indicated that SiNp did not cause any long term toxicity and could be an efficient drug delivery 

system. 
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CHAPTER 8 
 
SUMMARY AND FUTURE PROSPECTIVES 
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The main objective of the work reported in this thesis was to investigate the use of SiNp for 

improvement of bioavailability and therapeutic efficacy of hydrophobic drugs which are of 

interest to cancer treatment. Towards this objective, efficacy of SiNp for delivery of hydrophobic 

drugs curcumin, a natural herbal agent and pyropheophorbide-a (PPa), which is a potential PS for 

PDT of cancer was investigated. 

Results of our investigation on uptake of curcumin delivered using SiNp (cur-SiNp) in human 

oral cancer cells showed that curcumin uptake is more as compared to free curcumin. Increase in 

uptake was attributed to lower degradation of curcumin incorporated in SiNp. Studies on 

cytotoxicity showed that cur-SiNp induces enhanced cell killing and inhibition in the activity of 

NF-kB and its regulated proteins involved in invasion (MMP-9), angiogenesis (VEGF) and 

inflammation (TNF-α) in dark as well as on exposure to light. This study was extended to 

multicellular spheroids of human oral cancer cells (Nt-8e) cells which have three dimensional 

organization, extracellular matrix, complex biochemical and biomechanical environments as in 

tumors under in vivo conditions. Results showed that uptake and phototoxicity of 

nanoformulated curcumin was higher than free curcumin in spheroids. This resulted in larger 

inhibition in growth and migration of cells and enhanced reactive oxygen species generation as 

compared to spheroids treated with free curcumin under similar conditions. Phototoxicity of cur-

SiNp decreased in presence of GSH, a ROS scavenger confirming the involvement of ROS in 

phototoxicity. These results suggest that nanoformulation of curcumin is also able to penetrate in 

three dimensional tumor models.  

To improve targeting efficacy, SiNp-cur was conjugated with Hyaluronic acid (HA-SiNp-cur), 

which has a strong affinity for CD44 receptor that are over expressed in cancer cells. Results of 
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our investigations on uptake and cytotoxic efficacy of HA-SiNp-cur on human colon carcinoma 

(colo-205 cells) showed that uptake of curcumin delivered through HA-SiNp-cur was 

significantly higher in monolayer and spheroid cultures as compared to free curcumin and HA 

free SiNp-cur. The uptake of HA-SiNp-cur was found to be receptor mediated. Cytotoxicity, cell 

death, inhibition in growth and migration of cells was higher in spheroids treated with HA-SiNp-

cur complex as compared to HA free SiNp complex and free curcumin. Studies also showed that 

release of curcumin from HA-SiNp-cur involves enzyme.  

Results of study carried out on uptake and photodynamic action of plain Np-PPa as well as folic 

acid conjugated SiNp entrapping PPa (FR-Np-PPa) in two cell lines (squamous cell carcinoma 

(Nt-8e) cells, and adenocarcinoma of breast (MCF-7) showed that the uptake of untargeted Np-

PPa is independent of pH of the incubation media for both the cell lines, for FR-Np-PPa, uptake 

of PPa increased with decrease in pH from 7.4 to 6.5. These results suggested that acidic pH 

influence the binding of FR-Np to cells. Similarly, for FR targeted Np-PPa phototoxicity was pH 

dependent and showed higher phototoxicity at pH 6.5, whereas phototoxicity of plain Np-PPa 

was independent of pH of the incubation media for both the cell lines. These results suggests that 

photodynamic efficacy of FR-targeted nanoformulated PPa is higher under acidic pH. 

Results on biodistribution of free PPa, Np-PPa and its folic acid conjugate (FR-Np-PPa) and 

possible toxicity of these formulations studied in mice bearing mammary tumors showed that 

tumor uptake of FR-Np-PPa, was higher than in Np-PPa and free PPa. Clearance study showed 

nanoformulated PPa was excreted mainly by hepatobiliary pathway. The SiNp did not induce 

any significant change in oxidative stress markers and morphological changes in liver and 

kidney. This indicated that SiNp did not cause any long term toxicity.  
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In conclusion, results presented in different cancer cells and spheroids show SiNp is a promising 

delivery vehicle for curcumin and pyropheophorbide-a. It is therefore worthwhile to explore the 

photodynamic efficacies of these nanoformulations in in vivo tumor models for evaluating their 

clinical potential.  
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